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GENESIS 



Importance of the pineapple plant and distinctive characteristics 

The author's studies on invertase were on the pineapple plant (Ananas 

contosrls (L.) Merr.). The pineapple fnlit is one of the important commercial fnllta 

in the world.1n recent years, India has entered the world market as an exporter of 

the fnllt and its products.In India, the Kerala state occupies a special position in the 

fnllt production. 

The pineapple plant (family Bromeliaceae) is monocarpic in the strict sense 

and has xerophytic characteristics. In Nature, it is probably polycarpic, since ratoon 

growth permits indefinite growth and flowering. 

The horticulturd varieties of the pineapple plant, with parthenocerpic fruit, 

are propagated vegehtively, employing axillary outgrowths (or crowns). In respect 

of propagation in this manner, the pineapple propagule is analogous to the 

vegetative, cuttings (Jackson, 1986), but differs by possessing not only a number of 

leaves, bllt also R few roots, aome emerged, ("aerial roots") but mostly as buds 

embedded in the tissues. The process of rooting ,without exogenously supplied 

auxin, takes a few weeks, and offers considerable scope for a critical study of the 

biochemistry of rooting and the interaction among the five known growth factor 

groups; it offers, algo, an ideal system to explore any biochemical changes attendant 

on the transformation of the aerial-to the terrestrial root. 
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The leaves of the pineapple plant are characterized by a distinct 

achlorophyllous region at the bnse separated from the chlorophyllous region by a 

diffusely pigmented region.The green part contains water accumulating cells, which, 

probably, play a role during the stress imposed by the rooting process. The leaves 

are a rich source of the pyrophosphate-specific phosphofructokinase, in addition to 

the conventional ATP-linked enzyme (Carnal and Black, 1983). They have the 

Crass~llacean type of metabolism, but with soluble neutral sugars as the storage 

products, in the place of starch, in the light (Carnal and Black, 1989). An 

outstanding feature of the leaves is the virtual nonexistence of senescence, suggesting 

that ethylene is not produced in sufficient atnounts, or that ethylene action L 

antagonized by kineti 

A remarkable, and probably udq~ie, characteristic of the transition of the 

vegetative-to the reproductive shoot apex is the ease with which it can be induced 

("forced") by exogenous ethylene (or ethylene-generating chemicals) and the fact 

that this induction can be brought about also in chronologically, and probably also 

physiologically jmmatire plants. Apparently, receptor sites and acceptor molec~lleu 

are always available. The mechanism of flower induction by exogenously applied 

ethylene is not clear; ethylene frlnctions as the seneucence-indudng horrr~one in 

plants in general.Does the supplied ethylene elicit its ailtocatalytic augmentation by 

activation of ACC (l-amino cyclopropane-l-carboxylic acid) synthase, the rate 

llmiting enzyme in the pathway of ethylene biogenesis? In this connection, it has to 

be borne in mind that the pineapple fruit is one of the better known non-climacteric 

fruits and that absence of autocatalysis L the most important criterion dstinguishing 



non-climacteric from climacteric fruits. It would be of interest to examine any 

enhanced generation of free radicals such as superoxide and hydroxyl, which can 

convert ACC to ethylene. The forclng of flowering in pineapple can be effected 

also by auxin. noes auxin function by promoting ACC synthese activity and the 

enzyme (system) forming ethylene from ACC? 

Among all plant species, the pineapple plant L outstanding in the 

reprogramming, under normal conditions, of the reproductive-to the vegetative apex, 

a reversion which it shares with a few other plants (Atherton, 1987). In the ulthate 

analysis, the reversion is genetically determined, but the immediate agency for the 

triggering action is apparently a hormone or a hormonal balance. The pineapple 

plant offers an ideal research materfa1 to explore the reverse transition from the 

reproductive to the vegetative state. 

The non-climacteric nature of pineapple fnllt suggests that autocatalytic 

formation of ACC does not occur in the fruit tissues, possibly by a block in ACC- 

synthase. This is rather ~mexpected, because the vegetative shoot apex is responsive 

to autocatalysis through exogenous ethylene. Recent studies indicate that ripening 

and senescence m genetically distinct stages in fruit developrnent.There is reasor] 

to believe that on biochemical grounds, senescence in pineapple fruit b distinct from 

ripening. 
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INTRODUCTION 

literature 

Invertase (B-fnlctosidase; I3-l)-fnlctofilranoside fructohydrolase, E C 

3.2.1.26) In higher plants  ha^ been reviewed by Oottschalk (19581, ep Rees (1974, 

1984), Avigad (1982), Duffils and Duffus (1984), Dey and Del Campillo (1984), 

Hawker (1985) and Copeland (1990). Aspects of invertase have been dealt with by 

Pontis (1977). An early review on yeast and Nervosporainvertases is that by Lampen 

Invertase catalyses the hydrolysis of sucrose into glucose and fructose: 

Sucrose + Hzo ----- * glucose t fructose 

A '  = -27.6 k.1 al. pl.1 7.0. 

The large chmge h free energy and the dornit~mce of the equilibri~nn 

position by water rules out invert.nse as a tneans of significant synthesis of sucrose 

in plants. The enzyme has been shown also t,o effect fnictosyl transfer in varying 

degrees (Cainls, 1987). 
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Sucrose cannot, by itself, directly participate in respiratory metabolism; 

invertase by its ~ct ion gives rlse to hexose, which, apart from functioning as the 

respiratory substrate, is the central source material for practically all cellular 

components. 

Occurrence of invertase 

The enzyme is wide-spread in the vascular plants; it occurs in both 

photosynthetic and non-photosynthetic tissues. Different tissues of a plant vary 

widely in their invertase activity. In a given tissue, marked changes in acthity may 

occur depending on the physiological status of the tissue.The changes so occurring 

provide valuable insight into the physiological role played by the enzyme. 

Forms of invertase 

Invertese ~ctivity is not due to a single protein.It is customary t.o distingrli~h 

between two tnain types: 

R. those with pH optima in the range 3.5 to 5.1, acid invertmes 

and 

b. those with optlma in the range pI-I 7.0 to 7.8 ~lkdine  (neutral) invertases. 

The distribution of the two types is closely related to the intracellular p1-I and 

extracellular PI-I, considered in R following section. 

Another distinction is between: 
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a. soluble invertase, whose activity is readily extracted on cell rupture in 

aqueous media and 

b. insoluble or extxacellular Invertme, whose activity resides in the cell wall 

fractior~ or1 differential centrifugation of aqueous homogenates. 

The wall-associated type is an acid invertrtse. Wall association of enzymes and their 

sol\~bilization are being considered in a later section. 

As will be evident. frorrl s~ibsequent. sectjons, acid i n v e r t ~ ~ e  occllrring 

intracelldarly and extracellllarly can each be rnade up of a group of enzymes. 

A. BIOCHEMISTRY 

Localization 

To uridemt.nnd the physiological signif'ica~~ce of RTI enzyme, it is necessary to 

know the localization of: 

i. the enzyme m ~ d  

11. its silbstrate (clp Rees, 1987). 

The ch~racteristically low pH optlmurn for acid Invertase suggests that it. 

operates in the 

(a) vacuole, or (b) the free space, or (c) in both. 
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a. The isolation of vacuoles presents considerable difflcultles in view of the 

fragility of the t.otioplast. With standardization of the technique of enriching the 

vacuolar fraction/isolation of vacuoles, by mechanical means from cells or from 

protoplastr;, it has been possible to demonstrate that acid invertase is located in 

vacuoles, in the storage tissue. Leigh, ap Rees, Fuller and Banf eld (1979) utilized the 

fnct thnt the red pigment betanin of the storage rools of  beet. root. 1s coritltied t.o t t ~ e  

vacuoles to isolnte these orgru~elles using n n~ect~anical technique. Vacuoles were 

isolated fiorn (a) mature t.issue which contdned large rur101mt.s of sucrose and lit.tJe 

detectable acid invertase and (b) thin slices washed by continuous circulation in 

fterated water over three days when there was R marked increase in acid invertase 

activity and decrease in sucrose cot~terit. It wcu, four~d that in beet toot rr~ost of the 

sucrose and much of the ticid invertase are in the vacuoles. Deterrniriations in 

washed slices demorlstrated an inverse relationship between sucrose cor~terlt arid acid 

invertase actdvity. 

That. in slicrose storing t.lss~ies, vacuolar invertase activity is either inversely 

proportional to the sucrose content, orvirtrlnlly absent was cot~ch~ded ~ l s o  by Thorn, 

Maretzki and Komer (1982), using s~igarcar~e suspension cdt.11re cells. 

Acid invertase was R3 per cent vacuolar in preparations frorri t.obacco 

suspension crilt.rlre (Holler and Kencie, 1970). 

Techniques of isolation of vacuoles have been worked out, enabling studies 

of the biochemical composition of the contents. Isla, Leal, Vattuone and Sarnpietxo 

(1992) prepared protoplasts from potato by digesting macerated slices with 
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commercial celldases. The digest was filtered through gauze and the filtrate 

centrifuged at 270 X g for 5 min to sediment the prot.oplasts, Vaclioles were obtained 

by subjecting the protoplasts to osmotic shock and sedimenting in low gravity fields, 

which eliminated contmination wilh other organelles. Tile vncilolar preparation, 

obtained hi yield of 619'0 of protoplasts, was homogeneous, as revealed by vital 

staining with neut.rd red and brilliant cresyl blue. Freedom from contarnination with 

extravacuolar cell comporients was shown by the absence of rnarker enzymes specific 

for such mat.erlnl.Also, lysa1.e~ from the preparation contained the major parl. of 

cellulnr 13-galact.osidnse (879'0) and acid phosphatases (85Y0), considered as v~cuolar 

markers. 'The soluble acid inverhse of potat.0 tuber was recovered in 82% yield from 

this preparation, irldicatirig that it is a vacuolar enzyme. 

Somewhat. opposite findings have been rrlade by a Sew workers. In a recent 

study on the vacuolar localization of (sugars nnd) sucrose trarisformlng enzymes, 

Echeveda and Valich (1988) found that in pro top last,^ from Vdencia orange juice 

sacs, acid and neutral invertases were exclusively located in the cytosol fraction, no 

nctivity being fo~md in the isolat.ed vacuolar fraction. Sucrose In this tissue wm 

entirely vacuolar. The authors considered that the ncid invertase in the cytosol was 

nonf~lnctiorial it1 view of the rlnfavourable pH. ' 

b. There is substantial evidence that in rriany plant tissues, some of the acid 

invertase is located in the free space. it is often found that appreciable 

proportions of acid ir~vertase in plant tlsslles are recovered in the cell-wall 

fraction on differential centrif~lgntion of hornogenates, snggesting cell wnll 
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location of the enzyme. In sugarcane, the properties of the cell wall enzyme 

differ fri-otn those of the soll~ble en7.ynle.lt. IIRR also been est.nblished t.hal. in 

sugarcane intenlode and some other tissues, the apoplastic uptake of sucrose 

is preceded by ext.racellular hydrolysis. 

In addition to localization study by biochemical methods, histochemical 

method has been employed for gerierrd aspects of' invertase localization (Krishnnn, 

Blarichette m d  Oikitn, 1985). Using n coupled gll~cose oxid~se m d  nltrotohlene 

tertrazolium reactdon, the deposition of insoluble formazan product indicated 

invertase act1vity.B~ this method, free-hand sectioris of dark-grown wheat coleoptiles 

were shown t.o contain both cell wall end cyt,oplasmic Invertase, Flirthermore, higher 

levels of invertase activlty were found to be associated with the vascular bundles 

compared to the bulk parenchyma cells, supporting t.he role of the enzyme in sucrose 

translocatiori and utilization. 

In conclusion, it. rnay be st.at.ed that. acid invertnse has, in general, R dual 

location in platit tjssues and that the relative proportion In the vacuole arid free 

space varies with tissue ar~d the stnte of Its differentiatdon. 

ii Substrats (Sugm) 

Sucrose 

The vacuolar localization of sucrose in sugar beet. was referred to (1,eigh et 

d, 1979). Sucrose is exclusively located in the vacuoles in sugarcane suspension 
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culture cells (Thorn et d., 1982) and in citrus fruit protoplasts (Echeverria et d., 

1992) and Valencia orange protoplasts (Echeverria and Valich, 1988). 

Hexoses 

In Valencia ozrange juice sacs, about. 75% of each of glucose and fnlct.ose 

was present hi the vacuole, tile remaining 25% being located in the cytosol 

(Echeveda and Valich, 1988). This distribution differs frorn that. of apple fnlit tlesh 

and that of tulipa leaf, it1 whicll 1 0 %  of both t~exoues iu found within the vacuole 

(Wagner, 1979; Y arnaki, 1982). However, in Heppemtnm petals, the percentage of 

glucose and fructose in the vacuoles was found to be 81 to 85Yo respectively 

(Wagner, 1979). It is interesting to note that, in lillipa petals, 100% of the glucose 

was found to be it1 the vacuole, but only 50% of the fructose was within the sarne 

compnrtmer~t. (W~gt~er, 1979). 

The standardization of the preparation of homogeneous, ~lncoritarriinat.ed 

vacuoles from potato tuber protoplasts by osmotic shock enabled Isla, et d., 1992) 

t.o study dso the localizatjon of s11gm. (M~nrlitol was ernployed in p l~ce  of sucrose 

as the medium for the preparation of protoplasts). The sugars were composed of 

sucrose, glucose and fn~ct.ose. Sucrose WRS the most. abund~~ l .  cornpotlent, followed 

by hlctose whose concer~tration was about a third that of the disacchatide, but twice 

that of glucose. The major part of the pro1.oplast sucrose, 65% was in the vacuole; 

the content of glucose arid fructose was substailtia1, being 42% and 40% respectively 

of the protoplast content. The vacllolar cont.ent and the proport.iot1 of the s~~gnrs 

were not altered when vacuoles were incubated for 30 mln at 4OC; this indicated that: 
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(a) no loss of sugars occurred during vacuole's isolation and (b) sucrose was not 

hydrolysed during the isolation of vac~ioles (which the authors assumed to be due 

to product inhibition of invertase). 

There is reason no believe that s~lbstantial mo~lnt ,s  of sligm are present also 

in the apoplast (Avignd, 1982; Getz, 1991). 

The occurrence together of invertase and hexose (int.0 vac~ioles and apoplast) 

110s considerable significance in the light of a possible regulation of the enzyme by 

its reaction prod11ct.s. 

The importance of intracelllilar pH in cell activity was reviewed by Kurkdjian 

and Guern (1989). Large transmembrane pH differences are built across membranes 

such as the tonoplrvlt (t.ypically, pH at the cyt.oplmmic side 7.5, PI-l at the vac~~olar 

side 5.0) arid the thylakoid mernbrme in the light (typlcnlly, pH inside the thylakoid 

4.0, pH in the strorna 8.0). The cytoplasmic (cyt,osolic) pH is mdntAned at relatively 

constant vdues close to neutrality (range pIi 6.7 to 7.9), despite tile existence of 

pH-perturbing processes. The sitnation is quite different for vactioles which 

ger~erally have a r~ the r  variable pI-1 hi the range 4.0 to 6.0 with sotrie remnrknble 

exceptdons as low m 1.0 in some p l ~ l t .  spedes. '['he mdritsr~fulce of cyt.oplnsrnic p1 l 

is understood, but little is known about the in vivo regulntion of the vacuolar pH. 

The wide variation in the vacuolar pH suggestx that,, contrary to the requirement for 
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a well-cotitrolled homeostasis of the proton concentration in the cytoplasm, plant 

cells can sllat.~iri large vdatior~s in their vnc~iolnr pfl. 

In keeping with the marked difference in pH between the vacrloles and the 

cytosol, intraceiltllar acid invertase is localized in the vac~iole and the netitral 

invertase in the cytosol. 

The vac~iole of CAM plarits ~lr~dergoes drarriatic p11 uhifts, from aboc~t. pkl 

6.0 in the light to about 3.5 In Uie dark, that is, acidification by nearly 3 pII units, 

owing to the accum~llation of mdic ~ c i d  and protons in the vcrcnole (Lutt.ge and Ball, 

1979; Luttge, Smith, Marigo and Osmond, 1981). The transport of ~ - ~ a l a t e ' -  is 

accompanied by 2 H' and is coupled to the activity of the tonoplast 3-1'-ATYR~~. 

Acid invertnse has, i r ~  general, fairly allat-p pfI oplirn~im at pH 5. Vacuolar 

l? 
acid invertase in CAM plants can, therefore, be expected to manifest considerabe 

X 
~AfiatJons in endogeriolis activity, depetlding or1 the prevailitig pH, other f~clors  

remaining cot~sta~it. Vrrcuolar acid invertase in the  leave^ of the pineapple plant is, 

thus, atlbtly reglllated by the ambient pH. 

Non-enzymatic hydrolysis, by the acidity in the vacuole, cannot be expected 

to p l ~ y  R signilicnrit role in sucrose metnbolistri in CAM plants, RS it does in mrrtrire 

acid Hnle fniits, it1 whose vnc~iolcs the 1311 v~~lrie is RR low RR 2.1 (I'?choverrin, et nl., 

1992). 



In tissues in which the uptake of sugm is in the form of hexoses, 

extracellular lnvertase plays ari essential role, by hydrolysing the phloem-transported 

sucrose. This nspect is being considered in R later section. 'l'he pH and ionic 

conditions in the apoplast have been reviewed by Orignon and Sentenac (1991). The 

rel~tive volume of the ~ p o p l ~ s t  is very srnrtll, 5% or less of the tissue vol~rrne of aerial 

organs arid of root cortexes. Apoplaatic pfl  has been v ~ o u s l y  reported, rmging 

from 4 to 7, but more often from 5.0 to 6.5. Apoplastjc pH is higher for 

dicotyledons than for monocotyledons and higher for angiospenns than for 

gymnosperms. 

In slipport of the physiological signiticance of a pH optimum m low as 3.1 

for the cell wall invet-tase of beet root, Getz (199 1) referred to reported flnding of 

cell wall pH of 3 to 4 u s i ~ ~ g  m npoplaslic tluorescent t.rncer. 

Cell wall proteins 

The topic of cell wall proteins has been reviewed by (:nssah and Varrier 

(1988). Cell walls are comprised of cellrrlose, hemicelluloses~ pectic cornpountls, 

lignin, suberin, pro(eitis ar~d w~ter .  Primary cell WRIIR, the first t.o be formed by the 

cell, from dicotyledonous plants contain 5-10% protein. The protein component of 

cell wall may be either stnictrual or enzymic. The best characterized stnict,ural 

protein L extensiTn, which is a hydroxyproline-rich glycoprotein, covalently bound 
W 

md which is believed to play a role in cell wdl Rrchitect.are. A number of enzymes 
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are associated with the cell walls-peroxidases and hydrolases, inclusive of invertase; 

however, we cannot. yet. distirigliish enzymcs in the wall or frotn those in the wall 

space. The "lytic compartment" of cells is made up of the cell wnll space besides the 

vncuoles (Matlle, 1975). 

Many, but not all, of the cell wall enzymes have a dual localization, being 

present also intracellularly, in particular, in the vacuoles.Cel1 wall enzymeR 

prefilitnnbly plny a role it1 modif1cnt.ion o f  sllbstrntes in tnrlro and in defence 

tnechanisms.Invertase was for long considered particularly important in plants such 

as sugarcane and mdze, in which substantJal sugw niovernent occiured t.hrough the 

cell wall space and was accompanied by the action of extracellular invertase.Recent 

evidence, however, ir~dicat.es that. dt.holigh n~lich hydrolysis is often observed, 

invertase activity may not be esse~~tlnl for sr~crose uptnke into either uugnrcane stern 

or maize kernel (Duke, McCarty and Koch, 1991). 

The sol~ibilization of cell wall enzymes is being considered separately. These 

enzymes, llslially glycoproteins, can be extracted from the wall t.o vwyir~g degrees.0f 

all glycoproteins, peroxidase is the most studied.It has to be borne in mined that 

changes in the conformation of wall enzymes ate likely to occur on solubilizatiori.At. 

low ionic strength, wall-bound acid phosphatase shows negative cooperativity, while 

in free sol11tJon it. SJIOWR Michnelis-Menl.en kinetics ((>rignon ruld Senterlac, 199 1 ) .  

fi 

It. has been proposed that extenai:.ln Is ir~itially present as a salt-extractnble 
J 

glycoprot.ein, but is slowly insol~ibilized in the cell wall by a covalent. link (Cassab 

and Varner, 1988). Reports exist that cellwall associated invertase occurs in both 
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salt-extractable and EDTA-extractable forms in same tissues (Ranwala, Suematsu 

~ n d  Masudn, 1992). It. is not. clear whelher in these instmces dixtinct inverltlses exis(. 

in the cell wall, or the same invertnse occurs in the process of change In niode of 

att.nchment to the wdl. 

Release of wall-bound invertme 

The activity tnanikst.ed by R tlne dispersion of well-wnahed cell-wrrll fraction 

may be taken as representing the maximum potential activity of the cell waU.Wit.li 

this as the base value, the activity solr~bilized by R particulm treatment can be 

calculated as the percentage of activity extracted. Enzyme bound by ionic interaction 

can be sol~ibilized by treatment with high molarity salt solution (1 M NaC1); the 

enzyrne more firmly bound by chelntion can be extracted with chelatlng agent such 

as EDTA. 

I t  was already pointed out that a wall-associated enzyme may undergo 

change in kinetJc properties on solubilizatlon as a result of conformntional changes. 

Also, that the distJnction between ionic link~ge nrid covnlet~t. linkage may not. be 
e 

rigorous, since extensi, .n attachment may be ionic initially, but, later, changes to 
d 

covalent linkage. 

Putiflcadon of acid invertase 

Sol~ible enzyme 

Typical examples will be described. 



l. Potato tuber 

Potato tuber, a typicd st.orage tjssue, wo~lld have been expected to contain 

the alkaline form of invertase,but the acid form is prominent. 

The presence of invertase in pol,nt.oen was flrst. reported over 80 yenrs ago,hrrl. 

it was only in recent times that purification could be achieved. The most satisfactory 

method is probably that of Rrncho and Whitaker (1990 b). The starting material was 

the tuber which had high invertase activity and low inhibitor activity and which had 

been st.ored In the cold for 3 t.o 4 weeks, a step which reat~lted in about. 3-fold 

enrichment with respect to enzyme activity. 

'The purffication schedule is summarized below: 

Fractjon 

Crude Extract - ----- ----W- 

(a) Con A-Sepharose 4B 11.0 

(b) DEAE-Sephadex A-50-120 193 

1 c )  U-1 50 Sephadex .-....-... .. ...-.-- 210 

(d) DEAE-Sepd~adex A-50- 120 65.5 1560 

The following may be noted: 

1. The crude extract., the starting material, was obtained after centrifilgal 

removal of the cell wall fraction. Since cell wall fractions of plant tissues 

retnin only n comparatively stnnll proportjon of t.he t,ot.nl prol.eit~ in 
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homogenates, the protein in extract may be tnken as a rough estimate of the 

tissue prot.ein. 

2. Affinity chromatography with Concanavalin-A, which binds mannose, 

effected only 1 l-fold enrichment. The recovery of activity was 10% in excess 

of the starting material, suggesting rele~se of inhibitor from the enzyme 

inhibitor coniplex present in the cnide extract. 

3. DEAE-Sephadex A-50-120 chromatography was carried out twice, the 

second being after G-150 Sephadex filtration as an intermediate step. 

4. The second DEAE-Sephadex A-50-120 chromatography yielded the enzyrne 

as a homogerieous protein as indicated by SDS-PAGE and by regular PAGE. 

The enzyme was 1,560-fold parifled, with 29% recovery. SDS-PAGE of the 

purified enzyme gave a single band, with an estimated Mr of 30,000 on the 

basis of mobility relative t.o that of standwd calibration prot.ein. The native 

Mrwas estimated to be about 60,000 by Sepahadex (3-150 chromatography. 

'I'his itidicnled tjint. potnt,o invet-tnne was composed of t.wo ident.ica1 rnolecrilar 

weight polypeptide chains. 

Rrirch, Davies, Cutlhbert, M~chray, tIedley and Waiigh (1992) reported 

purification of soluble acid itlvertnse frorri tuber and leaf of potato. Following 

precipitation with ammonir~m sulphate 30 to 80Y0 sat.urat.lon, the en7,ytne was 

subjected to Phenyl-Sepharose treatment, Concanavalin-A Sepharose chromato- 

graphy and methyl mannoside ehition and metal-chelating Sepharose (for tuber only 
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to remove patalin, the major storage protein) and Sephadex G-75 gel filtration. A 

Mr of 60,000 was obtained for each invertme on gel filtration. Under denaturing 

conditions (SDS-PAGE), the purified invertase was found to be associated in each 

case with a 58,000 Mrpolypeptide. These res~llts indicated that the p~u-ifled invert~se 

WRS associated in each case with a 58,000 Mrpolypeptide. These results contradict 

the findng of Bracho and Whitaker (1990 b) that potato invertrise is a dimer of t.wo 

30,000 subunits. 

Soybean hypocotyl acid invertnse activity, with peak of activity at 5.0, WRR 

concentrated in the 50-709'0 (particularly 60-7096) range of arnmoniurn sulfate 

saturation (Chen and Black, 1992). 

Wheat 

Krishnnn, et RI. ,  (1985) purified sol~ible acid invertme ti-om wheat, coleopt.ile 

4 days seedlings to new homogeneity. The overall purification was 175-fold, with a 

recovery of about. 26% from the starting material, which was an ammonium s1~1fat.e 

(75% saturation) precipitated protein fraction, from tissue extract in buffer (31,000 

X g, 20 min, supernatant from 3,000 X g, 20 rnin, s~lpernatarrt of horr~ogenate).A 

tridor step in (.he purification schudule was the utilizntion o f  Concar~nvaliri A- 

Sepharose ~ftinity chromatography, followirrg 1)EAE-Celhfose chromatography, 

which step alone resulted in about 100-fold purification. The elution from the 

concanavalin A-Sepharose col~imn WRS with 2-methylmnnnodde. This step was 

followed by filtration on a Sephacryl S-300 colwnn, standardized with the standnrd 

proteins of known rnolec~llar weight.Analyrds of the p e ~ k  eluted from this colurnn 
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gave a specific activity of 1,305 units/mg protein. Moleculrv weight was 158,000. 

Analysis by SDS-PAGE indicated arrlajor polypept.ide band at 5:J,OW, irldicating that 

wheat coleoptile invertase was a multimeric protein, possibly a homotrimer. 

(1) Potato 

?'he p~lriflcntion of pot.nt.o leaf by Ili~rch et d., (1992) was reporl.ed dong 

with that of the tuber. 

The citrus leaf enzyme was reported by Schaffer, (1986). 

Cactus fruit 

The pllrificat.ion of invertase from 0pl~11t . j~ fjC11s-indjCR fnlib (Ouelhazi, 

Ghrir, Diep Le and Lederer, 1992) was of special interest, representing as it does a 

CAM tissue. 'I'he enzyme assay was c h e d  out ~t 60°C, for 5 min. 'The stcirting 

material for purification was the fruit juice which was centrifuged at 14,000 X g for 

15 min to give the c n ~ d e  extract.. 'Illis was srlbject.ed to the DEAE-Sephadex A 50 

batch adsorption, DEAE-Sephadex A 50 column chromatography and C:oncanavalin- 

A Sepharose affinity chromatography. A 100-fold purification wm achieved, with 159'0 

yield and with specific activity of 1,210 tmits mg-l protein. SIjS-PAGE resolved one 

major diffuse band at 54,000. This band exhibited invertase activity in native gel 

electrophoresis, indicating that it is a monomeric protein. The enzyme wm optSmdly 



17 

active at pH 4.5. Tests with vdous  a-galactosides and a-and D-glucosides indicated 

that it has absolute specificity toward sucrose. At concentration of 1 mM, ~ a '  and 

N I J ~ '  bad no effect. Pyridoxal (10 mM), a perlrral irthihitor of pl~tlt inverinses 

(Prado, Vattuone, Fleischrnacher arld Smpietro, 1985; Pressey, 1968; I'ressey tind 

Avants, 1980), was without effect on the cactus enzyme. EDTA (10 mM) and Ivlg2+ 

( l  mM) stimulated activity. The enzyme wns particularly sensitive to H~', which in 

1 m M  concentration brought about the totd IriMbitjon of the enzyme. 

The temperature optimwn of the cactus enzyme sets it out as mwkedly 

different from all other enzymes, inclusive of the pineapple plant. enzyme. 

Specific activity of a i d  invertnse 

Rracho and Whjtaker (1990 b) have point.ed out. h a t  wide rarlges of specitlc 

activity are found for higher plant invertase from different sources and even 

isoerizymes from Nle same organism,as evident. from the following compruat.ive 

specffic activities (units/mg protein); invertases from microbial sources are aiso given, 

for comparative purposes. 

Radish seedlings 

Lily pollen 

Castor bean 

Wheat coleoptile 

Potato 

Neurospora 

: 25 (Faye, nerjonneau arid Kollin, 1981). 

: 50 (Singh and Knox, 1984). 

: 166 (Pr~do,  et d., 1985). 

: 1,305 (Krishnan, et al., 1985) 

: 65.5 (Bracho arid Whit~ker, 1990 b). 

: 1,820 (Metzenbery, 1963) 
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: 4,000 (Neumann and Idampen, 1967). 

Wlch nn order of v~ifitiorl is unllsunl for 1111 enzyme. Yresnmnhly, the arnino 

acid compositior~ ~ n d  sequence are not the same in acid invertase from different 

sources. This rdses the qrlestion whether vari~tiorrs i r~  the enzyme protein occur 

during ontogeny of the plant and whether the enzyme 1 1  different organs of a given 

plant exhibit vnriation in composition arnong tllemselves. 

Insoluble 

Wheat coleoptile dso contains a cell wall-bormd acid invertase (Krishnan, et 

d, 1985) but in a much smaller proportion of the total activity than the soluble 

enzyme. 'The wdl enzyme could be ext,rncted with high molmity salt uolution. This 

enzyme form was partially p~lrifled (DEAE-Cellulose column chromatography), hut 

details were not. reported. 

The isolation of wall-bound invert~se in homogeneo~ls form wan reported by 

I,auriere,I-auriere, Stumi, Fnye N I ~  Chrispeels (1988) using suspendon cultured 

carrot cells (8 days ni'ter transfer), in which 98Yo of the total activlty was In the cell 

wall extract and only 2Yo in the supernntant fraction. This distribution may be 

contrasted with that of the seedlings (7 days old) in which 85% t.o 90% was in the 

supernatant fraction and only 10 to 15Yo in the cell wall extract. The high specific 

activities of the acid invertase in cell wdl ext r~ct  Erom the cultared cells and of t.he 

soluble invertnse in seedling was evident from the figures reported by the authors. 

For cultured cells, the specific activity (n Knt mg-l protein) was 100 for the wdl 
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extract rmd 0.5 for the supernatant; for the seedling, the specific activity of the 

supernatant was 6.5, while for the cell wall extract. it was l.8. 

The soluble B-fructosidase from carrot seedlings (7 days old) was enriched, 

brit collld not be pllritied to homogeneity. 'l'he seedlings were ground with fortitled 

acetate buffer. Following centrifugntion n t  1,000 X g for 5 min, the supernatant, 

which contained 85 to 90% of the t0t.d activit.y, wau precipitated with 40 to 70% 

saturation of runrnonium sulfate. Chromatography of the protein fraction on a 

carboxyrnethyl-cell~dose colrlmt~ m d  elntjon led t,o the separation of activity in two 

major peaks, I arid 11, establisliirlg that tile soluble enzyme it~elf is made up of at 

least two forms. 

It. may be pointed o ~ l t  that. carrot seedlings and suspension cultuued cells did 

not contain the neutral form of the enzyme. In this respect they differ froin cwrot 

roots, which possess both acid and tleulral forms of the enzyrne (Hichardo and ap 

Rees, 1970). 

Lardere, et RI., (1988) did not employ affinity chromatography with 

Concanavah-A. However, they pointed out that all forms of cnrrot invertase (acid) 

bind t.o Cot~cnt~nvnlin-A-SephRrose, frorn whicli tlley collld be elr~t.ed with 250 rrlM 

a-methylmannoside; but the yield was relatively low. 

The B-fnictosidnses were exmined after SUS-PAGE and imrnunoblotting. 

The purified enzyme preparation was used for production of antibodies after 

deglycosylat.iotl. Irnm~~noblot.ting with arlt.ihodles ngairlst deglycosylaled cell wall U- 
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fructosidase showed that there were three moleci~lar forms of D-fructosidase. The 

largest form, 63,000, WRR present in the wt-~ll extract of cultured cells nnd seedlings. 

The soluble B-fructosidase of seedlings was made up of Mr 58,000 and 52,000, the 

latter being more ~btmdant. The solrlble enzyme in cultured cells had Mr of 58,000. 

Antibodies raised against the cell wall D-fnlctosidase, purified to homogeneity 

and deglycosylated,cross-reacted with the two sol~lble enzyniea. 

Glycan moiety 

Treatment of purified cell wall B-fnlctosidase frorn c m o t  cells with 

erldoglycosidase H (endo-D-N-acetylgl~lco~arnrninidase H) resulted in the removal of 

one high mnnnose glycm. The Mr was reduced from 63,000 to 61,000. Treatment 

with trifluoromethane sulphonic acid, for total deglycosylation, leading to a Mr of 

58,000, indicated the presence of 2 complex glycans per molecule of B-fructosidase. 

Thus, the enzyme has one high mnnriose glycan and two complex glycans (which 

l contain hcoso). 'l'hese  result^ were confitlned by 1-1 lJ1.(: atlalyslu of ( H) Olc Nhc- 

3 ~ n d  ( II) fr~cose-labelled glycopeptides obtained on 1.rypsin digestion of radioactjvely- 

labelled enzyme. 

Kinetics 

a Km value 

The Km value for sucrose of the ficid invert~se varies from 2 to 13 mM. 
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b. Catalytic sites 

Acid invertases, in general, are most. stable and have maximnrn nctivity 

around pH 5.0. From the pH- activity curve of purified potato invertase, it can be 

seer] that the pH val~ies for half rr~aximurn activity we 3.7 m d  5.9 (Dracho and 

Whitaker, 1990 b). This is consistent with the participation of carboxyl and Mdmole 

groups in catalysis. In addition, a carboxy group may also participate in binding. 

c. k cat 

K cat, moles of sucrose hydrolysed per rnin per mole of enzyme was 2,940 

for date invertase and 1,125 for the potato enzyme (Bracho and Whitaker, 1990 b). 

Chemistry 

Lauriere et d. (1988) determined the amino acid composition of the pure 13- 

fnictosidase from cell wall of suspension cultured carrot cells. The most remarkable 

feature of the amino acid composition was the high glycine content (18.0 rnol Yo), 

7 with another 13.6 tnol % in the glyc+l-like residue9 of Ala m d  Ser, a common feature A 
of one of the two groups of cell wall-associated proteins (the ottier group beirig 

chnracterized by high hydroxyproline content). 

A subtle difference between the amino acid sequence in insoluble arid ~olllble 

invertase may be expected, because the polypeptide part of the enzyme carries the 
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signal for t~rgeting enzyme from Golgi bodies to extracellular or vacuolar 

compartments in cells. 

The amino acid composition of cactus fnlit soluble acid enzyme, purified to 

near homogeneity (Ouelhnzi et al. 1992) ~howed no similarity to the composition of the 

insoluble enzyrrle of carrot. (Lardere et al. 1988) The cactus enzyme protein 

resembled the ~ c i d  invertase From cultured tobacco cells and yemt enzyme Ouelhazl 

et d. (1992) dso reported the end group ~ n d y ~ i s  of the enzyme protein. 

Where soluble and insoluble enzymes occilr together, the more basic protein 

is usudly found in cell wall association (Faye et d. 1986). 

This will be considered separately. 

Olycoprotein nature of invertme 

Although the material presented in this part. relates to acid invertase, the 

author of this dissertation has included a sluvey also of dkaline invertase in view of 

the close relationship between the two act.ivi1Jes. 

Reviewing the biochemistry of invertase in 1974, ap Kees stated thnt the lnck 

of purified preparations for analysis rendered it uncert~in whether the enzyrne is 

associated with carbohydrate in the manner of the external invertme of yeast. Acid 

invertase from diverse sources,inclnsive of monocot and CAM plmt has since been 
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purified (reviewed elsewhere in this dissertntlon) and their analysis has shown that 

invertrrse protein is indeed glycosylated. 

The occurrence of carbohydrate grouping is shown by: 

1. Stairling of the enzyme of SDS-PAGE gels by periodic acid-Schiff's reagent. 

2. Phenol-sulphuric acid cdorimetry. Assayed by the phenol-sulphuric acid 

renctiot~, usir~g R I I C ~ O S ~  RS Ule stnr~dnrd, potnt.~ invert,rrse h ~ d  a cnrbot~ydrnle 

content of 10.99'0 by weight (Rracho rind Whit~ker, 1990 b). Date invertme 

had 8.2% carbohyclrfite (Al-B~kir and Wliit.aker, 1978). 

A number of enzymes occur glycosylated (Battey, ~ickinson and 

Hetherington, 1993) and it is intereslng t.o speculate whether the avail~bility of 

carbohydrate could become limiting for the elaboration of enzyme. 

It may be pointed out in this connection that the proteinaceous inhibitor of 

invertase in potato does not contain carbohydrnte, as shown by the absence of 

stdning reaction and by not reacting with phenol-sulphuric rrcid (Rrrrcho and 

Whitaker, 1990 b). 

3. Enzymatic/chernical removal of carbohydrate grouping. The study by 

Lauriere, et al., (1988) wns referred to elsewhere. The mannose-containing 

polysaccharide moiety constitihlted 3.2% of the invertarze, the filcose- 

containing moiety made up 4.9Y0 of the invertme. Together, the glycosyl 

grouping accounted for 7.9% of the ncid irlvertrrse. 



4. Binding to lectin 

Concannvdin A is a lectin t.hat binds specificnlly to a-1)-mannose- or a-D- 

glucose-terminal residues of the carbohydrate chains. Methyl a-D-mannopyranoside 
l A  

elfftes the glycoprotein I'rotn Iectin-Sepharose cc.~lurmn. Wheat gent] aggluti~~in, 

another lectin, has affinity for N-~cetyl-B-D-glucosarninyl residues of sugar chains 
U 

and N-acetyl-0-l)-glucosamine ollgomers. N-Acetyl-D-gh~cosarnine elfites the 

glycoprotein from lectin-Sepharose column. 

Concmnvalin A-Sepharose Rftinity chromat.ography has been a cnlcid step 

in the purificntion of a number of acid invertases. Chen and Black (1992) reported 

that soybean hypocotyl acid invert.nse binds to Concanavdin A, but not t,o wheat 

germ agglutinin. 

The glycosylatJon statrrs of dkdir~e invertnse is uncertdr~, lnrgeiy hecallse 

pure enzyme prepmtions hnve not been available for tests, until very recently. It hits 

been generally assumed that alkaline invertase dso is a glycoprotein. Dey (1986) 

reported that the dkaline Invertase of mung bean seeds and seedlings was also bound 

by Sepharose-Concar~avalin-collunn. Invertase nctivities in crude extracts of both 

d 
dortllmlt seeds (prodominnntly nlkaline nctlvity) and 192 h germinated sees 

A 

(predotninnntly ncid activity) were found to be tc~tally ndsorbed ont,o Cloncanavnlit! 

A-Sepharose columns; the activities were eluted with methyl mannoside. The 

dkaline/ncid activity ratio in the eluate fractions was comparable with that of the 

corresponding crude extracts. Contradicting the assumption of earlier workers, 

Stornmel and Simon (1990) reported that enzyrrle from suspension-cultured carrot 



cells did riot bind to Concanavalin A, which suggested that the enzyme was without 

the glycosyl gro~lpitlg charact.erist.ic of mid itlvertases. Chen and EJlack (1992) 

concluded that the electrophoretically homogeneous preparation of alkaline invertase 

which they isolated from soybean hypocot.yl was non-glycostylated, since it did not 
bind 

stain with periodic acid-Schlff's reagent tmd did not to Concanavalin A and ' X  
wheat germ agglut.inin columns, even t.hough at1 acid invert~qe puritied from t.he 

same source responded positively to the stnining test and Concanavalin - A binding. 

In view of the unexpected nature of the findings by Chen and Black (1992) 

and their total contradiction of the findings of Dey (1986) and other workers, it is 

necessary to hnve indeperlderlt confinnatjon by ar~dysis of alkaline invertase purifled 

from other sources. A possibility that the carbohydrate moiety in the elkdine 

invehse WRS lost during the enzyme processing was not considered by Chen and 

Rlack (1992). Staining reaction would have meaning only when carried out on 

holrlogeneous enzyme prepnrntion, but affinity chrornatography could be cmied out. 

even with interrltediate stages o f  purification and even in the presence of 

contamination by acid enzyme. 

Chen and Black (1992) hypothesized that giycosylation of acid invertase 

would be necessary for its transport across eit.her the tonoplwt or the plrtsma 

membrane, which is coneistxnt. with the locatior~ of acid itlvertase in the cell wdl, 

apoplast and vacuole; non-glycosylation of alkaline invertase would be consistent 

with its put.ative locallon in the cytosol fiact.ior~. However, studies by a number o f  
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authors show that in the higher places it is the polypeptide part, and not the glycosyl 

moiety, that is responsible for targeting. 

Sorting of proteins to the vacuoles of plant ceUs 

Despite its large volutne,the fluid-filled vacuole of a typical plant cell contains 

only 1-10% of the cellular protein (Boller and Wiemken, 1986). The topic of sorting 

of proteins in the secret.0t-y system and the targeting of proteins to the vacuole in 

plant cells has been reviewed by c.:hrispeels (1991), Vitale and CMspeels (1992) 

NRkmnurn nnd Mnt.suokn (1993) nt~d Fnye, 1itchet.te-Idre, Gomord, Chekkntl, 

Delaunay and Drionich, 1993). 

Proteins destined for the vacuoles, or for the cell surface, are synthesized 

by polysomes bound to the endoplasmic reticulum (ER), and inserted co- 

translationally into t.he lumen of the EH. The signal peptide that allows co- 

translational crossing of the ER membrane is removed CO-translationally in the lumen 

of the ER. It is then transported t.o the Oolgi complex. Uporl exit frorn the Oolgi 

complex, different transport vesicles direct ("sort out") the protein to the cell surface 

or the inner compartments. The "secretory pathway" sorts a large number of sollible 

proteins that either are secreted or nccr~rn~~lated in vacnoles. Secretion is R bulk-flow 

process thnt. requires no irlfonn~tjon beyond (.he presence of n signnl peplride 

necessary to enter the ER. Vacuolar targeting information, which determines that the 

protein is directed t,o the vacuoles instead of being secreted, is not contained in the 

glycans as it is in animal cells. Rather, the tnrgeting information Is in the polypeptide 



2 7 

domains as it is in yeast cells. Sorting of vacuolar proteins from secretion appears to 

operate through n~echat~isrne that. are uniqrle to plant. cells. 

Passage through the Golgi complex 

Many vacuolar prot.eiir~ are glycoproteins rind the glycans are often modified 

as the proteitis pass through the Uolgi complex. Secreted as well as vacuolnr 

glycoproteins have high tnat~nose ns well RS cornplex Asn-linked glycans, resulting 

from a series of enzymatic reactions in the Oolgi complex. The structure: "Olc NAcZ 

Manj GlcNAc; is the key intermediate from which all the complex chains can be 

generated. The most common complex chains found on glycoproteins are very 

similar in vacuolar M well as secretory proteins. Also, antibodies against the complex 

chdns of carrot. cell w ~ l l  invertase, a secret.ory protein, recognize the corrrplex chains 

of vacuolar proteins.These observations indicate that vacuolar and secretory proteins 

follow the sanie route in the Oolgi cornplex. Sorling for the different. destinations is, 

therefore, likely to occur when, or &er, these proteins exit frotn the compartment. 

Biological role of gtycosylation 

The precise role of the carb0hydrat.e moiety of irlvertase is not understood. 

(Faye et d. 1993). However, the cnrbahydrnte component is not necessary for t.he 

enzyrr~e activity or For (he stability of the enzyme (Faye, et RI., 1981; J:nye, et al., 

1986). As will be evident from the following section, alkaline invertase does not 

appear to be glycosylated (Chen and Black, 1992). 



Proteinaceous inhibitor of invertme 

Occurrence 

The first evidence for an endogenous proteinaceous inhibitor of invertme in 

potatoes was obtained by Schwimmer, MRkower and Horem (1961) from kinetic 

studies on the enzyme in cnide extracts. Yressey (1966, 1967) carried out detailed 

studies on the proteinaceous inhibitor of potato invertase. The inhibitor was p M e d  

to homogeneity and characterized; the key step in purific~tion wns adsorption on 

allmina C t  A partinl purification of potato invertase and its proteinaceous inhibitor 

was reported by Anderson and Ewing (1978). Jnvertase inhibitors have been found 

also in red beet and sugar beet (Pressey, 1968) and sweet potato (Pressey, 1968, 

Matsushita and Uritani, 1976), and maize endosperm (Janes and Nelson, 1971 b). 

The invertase inhibitor was characterized by Matsushita and Uritani, 1974. 

'These higher plarit invertme inhibitors were all held t.o be solrlble proteins. 

Their inhibitor activity seemed to be limited to acid invertases. 

The most comprehensive studies on the proteinaceoris inhibitor of inverl.ase 

in potnt.0 tuber are those by Bracho and Whitnker (1990 a, 11); R brief review is 

included hi the following account.. 

Molecular weight 

SDS-PAGE of p o t ~ t o  invert~se and inhibitor gave single band each, with Mr 

respectively o f  30,000 arid 17,000, oti the bwis of mobillties relatjve to those of 
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standard calibration proteins. The native molecular weights of invertase and inhibitor 

were 60,000 and 17,000, respeclively, by Sephadex G- 150 chromatography. These 

results indicated that invertase wm composed of two identical molecular weight 

peptide chRjtls and the inhibitor wws composed of one. 

The molecular weight of inhibitor, 17,000 was identical with that reported by 

Pressey (1966). 

Acid invertase inhibitor from other plants have similar moleculm weight. 

Sweet potato : 22,900 (Yressey, 1968) 19,500 (Matsushita and 

Uritani, 1976). 

Red beet : 17,800 (Pressey, 1968) 

Sugar beet : 18,000 (Pressey, 1968) 

The inhibitor gave a negative tevt for carbohydrate. 

Kinetics 

The inhibitor and invert~lse form m inactive complex. Cornplex formation 

required 1 day to rench completion at 2OC mid 1 h at 37OC.The kinetics of this 

inhibitdon was distinctive in some respects. 'I'he bir~dirlg of the inhibitor to the 

invertase protein was a slow two-step process (Dracho and Whitaker, 1990 a, b). 

Initial interaction was rapid, relatively we& and readily reversible; this was followed 

by isomerization to a higher complex. The rate of inhibitor binding could be reduced 

by iticremir~g the ionic strength and by the use of c1trat.e In the blrffered exlrnctior~ 
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media (Janes and Nelson, 1971 b). In addition, bubbling NI through the tissue 

extract destroyed unbound inhibitor, preventir~g any fhrther iriactivation (Yressey, 

1967; Reuveni, Len~er and Poljakoff-Mayber, 198 5). Electxophoretic separation of 

the inhibitor protein from enzyme protein was proposed by Fxheverria, et al., (1992). 

'The optimal p13 for inhibitor binding was 4.8, which is similar to the 

optim~un p13 for cnt~lytic activity of it~vertase. 'l'lre inhibitor activity would t.huu be 

lirnited to ndd it~vertnaeu. 

Modulation of invertase by reaction products 

There is ir~cre~sirlg evidence from in &ro str~dies that acid ir~vertme from 

many sources is inhibited by the reaction products, glucose and fructose and it has 

been suggested that hexose p l~ys  R regulatory role for invertase activity in M'vo. 

Soluble invertase 

The sugwcme leaf acid invertme wm competitively irfi~ibited by fructose, Ki 

32 mM, and noncompetitively by glucose, Ki 37 mM (Sarnpietro, Vattuone and 

Prado, 1980). Isla, Vat.tuone and Sarnpietro (J99J) conducted detniled studies on the 

kinetics of itivertase inhibition by fructose and glucose. The enzyme preparation used 

WAR prlrilfed l'rotn potato t.libor. PA(3E revealed a xirrgle actjvity band of invertme,but 

the preparation was not homogeneous, being contaminated by minor protein bands. 

Glucose was a classical noncompetitive inhibitor (Ki 1020 mM) whose inhibitory 

action was not suppressed by proteins. The inhibition by fructose fitted with a case 

of competitive inhibition by two interacting sites on the inverttise (Ki 180 mM, a Ki 
\ -  
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330 mM). A plot of the activity of the enzyme ngdnst frllctoso concentratiot~ gave 

a sigmoidal curve. 'file itrhibiliorl by fnic1.ose was not suppresse+y prot.eins, n5 

occlm with invertases inhibited in a single way by their reaction products. Thus, 

fnictose could be an important effector, vizo, of this enzyme. Since about 40% of 

the cellular fructose in potato tube was in the vacuoles, the hexose would be able to 

regulate the acid invertme localized in the vacuole. The hydrolysis of vacuole- 

localized sucrose would depend upon the use of fructose in metabolic reactions. 

Invertase from R. crlrnrntlnis and I. rnajrls are non-regulatory. 

Burch, et al., (1992) studied product inhibition of purified tuber and leaf 

enzyme of potato. Glucose and fructose both inhibited leaf m d  tuber irrvertase 

activity. The kinetics of inhibition was different for glucose and fn~ctose for a given 

enzyme; the kinetics differed also between the tuber and leaf enzyme. Product 

inhibitjon by fnlctose was ltrrear rnixed for the leaf enzyrne nnd competitive for the 

tuber enzyme. (3lucose inhibition WRS rlncompefjtive for the lenf enzyrrre rurd non- 

competitive for the tuber enzyme. The findings for the tuber enzyme agreed with 

those for fnlctose inhibition of pot nt.o enzyme by Isla, et al., (199 1). 

The modulation by fructose, RS proposed by Ida, et d., (1991), asst~mes 

significnr~ce It1 deternlining the cleavage pnt.11way of srlcrose it? vivo. 'l'he nctiot~ of 

sucrose synthase generates fructose; an accum~dation of fructose would inhibit 

inve-e m d  promote chanrrelhg of sucrose cleavage by the synthase pathway. It, 

has to be borne in mind that sucrose synthase is cytosolic, contrasting with the 

vaci~olar locatjor~ of irivert~se. 
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A regulation by fructose is dependent on its concentration.Avlgad (1982) 

pointed out. that free fructose is barely detect.able in intact hedthy leaves; in storage 

tissues,roots, developing seeds and In exudates, the level of fructose is often higher. 

As a metabolic salvage mechanism, any fructose taken into the cytoplasm may 

rapidly be phosphorylated by hexokinase or huctokinase. The regulation of invertase 

nctivity by reaction products assumes added significance In pineapple tissue because 

of the pronounced diurnal variation in sugnr constituents (Carnal and Black, 1989). 

Insoluble invertase 

Experimenting with invertase from mature red beet (the hypocotyl twned 

into storage organ), Getz (1991) claimed to have found for the first time a regulatory 

cell-wdl boilnd itlvertase frortl a non-greet) tissue. The cell wall tkactJort from "aged" 

tissue was extracted with high ionic NaCl and the enzyme concentrated by 75% 

saturation with ammonium sdphate.Using this admittedly crude preparation, Getz 

(1991) found that the activity was inhibited by the reaction products. Inhibition by 

a-D-glucose was competitive, with Ki of 12 mM. Inhibition by &D(-) fructose WRS 

rioncompetitive with Ki of 29.5 mM. It1 the estimated physiological range of 

apoplastic sucrose concentrations, upto 35 mM, fructose inhibition did not appear 

to have a physiological significance. Glucose, with lower Ki,rnight play a role. 



Alkaline Invertase 

II$UI early study with crude enzyme preparation, Matsushit,a and Uritani 

(1974) found slight inhibition of alkaline invertase of sweet potato by glucose and 

glucose 6-phosphate. 

Alkaline (neutral) invertme 

Distinctiveness 

ap Rees (1974) cited the following as evidence of the distinctiveness of 

alkaline invertase from acid invertase, apart from pH optimum: 

1. The two ~cl.ivil.ies are separnble. The ~lknline enzyme is coricentr~ted in the 

20-40% sal.urotiotl fraction of mmonium sulphate rind the ncid enzyme in 

the 60-70% fraction.'rhis separatior~ by conventional salt saturatjon technique 

has been confirmed by modern methods such column chromatography 

(Schnffer, 1986). 

2. The two nc1.ivities vnry itidepender~tly during developn~ent.'rhis was 

investigated in sugarcane storage tissue and in the roots of carrot and peas. 

3. The two have different properties. In general, alkaline invertmes h= higher 

Km value than acid invertase for sucrose. 
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In recent times, a number of other differences have been observed. A 

particularly important difference is the non-glycosylated nature of alkaline invert~se, 

isolated from soybean hypocotyl, an observation which needs confurnation by 

annlysis of purified prep~rations, from other sources (Chen and Rlnck, 1992). A 

clinching evidence for the sepcvate identity of alk~line lnverl~~se is i ts  jmm~inological 

distinctiveticss frorn ncid invertme I'rorr~ the sarrre tiss~le. 

ap Hees (1974) cited the following ns evidence, esser~tially circumstmtial and 

negative, for locnlization of invertnse in the cytosol fraction: 

1 .  The pH optimum of the enzyme is close to the pH of cytoplasm. 

2. During differentiation of the cells in pea roots, the ratio of alkaline invertase 

activity to readily exl.ract.able protein renldns coristmt.. This appears to be 

a specious arg~lrnent; t.here is no theoretical bads for cytoplasmic nlkaline 

invertme activity to vary with total soluble protein in the supernattint fraction. 

3. Alkaline invertase activity is always recovered exclusively in the soluble 

f r~ct io t~  of homogetlat.es on different.ict1 centrifiigation. 

It Is necessnry to point out that too much emphasis cannot be placed on the 

finding of the cytoplasmic location of a r ~  enzyme. There is reason to believe that in 

the cytoplasm itself, sub-localization might occur. Enzymes of the glycolytic pathway 

and gluconeogenetlc pathway we both cytoplnstnic, but there rrlust be some 



mechanisms to permit glycolytic reactions to proceed independently of 

gluconeogene(.ic reactions, arid vice v m n  ns otherwise futile reactions might occur. 

Sucrose is essentially compartmented in the vacuole, 1 
1 but some sucrose will always be present in cytoplasm 

along with alkaline invertase. There must be a mechanism to keep the two separate 
C 

when sucrose breakdown is not needed. Similarly, in the vacuoles, sucrose, regulatory 

acid invertase ~ l d  inhibitory fn~ctose/glucose might be subtly compartmented, 

dependhg upon the rnet,rrbolic stat.us of the tissue. 

It will be noted that contrasting with the dual spatial localization of acid 

invertase, alkaline invertase has unitary localization. Also contrasting with the 

occurrence of possible isoforrns of acid invertase both intracellirlarly and 

extracelhrlarly, alkaline inver(.ase appears to exist in only one form. 

Purification 

Alkaline invertase was enriched 2-3 fold frorn germinating Phaceoliis vulgm~c 

seeds (cited by Chen and Black, 1992), carrot roots (Rlcardo and ap-Rees, 1970) 

and cultured carrot root cells (Stornmel and Simon, 1990). A higher order of 

enrichment, 39 to 135-fold, was achieved from fresh sweet potato roots (Matsushita 

and Uritani, 1974), mature sugar beet roots (Masnda, Takahashi and Sugaw~ra, 1987) 

and infected soybean nodules (cited by Chen and Black, 1992), with specific activities 

of 2.4, 2.5 and 10.4 11 m01 mg-l protein min-l, respectively. Chen and Black (1992) 

reported,for the first time, the purificatior~ of alkaline invert~se to electrophoretic 



homogeneity, wit11 specillc activity of 48 unit5 mg-l protein rnin-l, Ule starting 

material being sprouting soybean. The followir~g is an account: 

Note may be made of the fact that affinity chromatography on Concanavalin 

--------p----.-- 

Step 

.-.-----.-----------.----. 

Crude extract -------...--,.-.-......-. 

20-40% Ammoni~un sulfate 
precipitate ---lllll_.-__l..-....--- 

DEAE-cellulose chromatography 

Green 19 dye chromatography 

Second Green 19 dye 
chromatography 

Blue dye chromatography 

A-Sephnrose column WRS not a ~ t e p  In the plViR~atior1 of the ~lkaline invertme. The 

fold pufication (98) and yield (119'0) data were not quantitative because of 

-.--p- 
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overlapping of acid and alkaline ~ctivities in the initid steps. ?'he final purified 

alkaline invertrise had a specific activity of 48 units rng-' protein. The specffic activity 
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was higher thm that of soybean nodule. I t  may be pointed out that the specific 
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Yield 
(W 

-.,E>-, 

53 
-I.-..- 

33 

26 ...---.---. 

17 
-- 

11 

activity of the alkt-iline enzyme was mrich lower than that of acid invertase isolated 

frorn a nurriber of' tissues. 



Molecular weight 

Udng Sephadex G-200 chromatography, the moleculnr weight of the native 

alkaline invertase was found to be 240 kDa. A single band was obtained also in 

denaturing SDS-PAGE, with an esumated submit Mr of 58 kDa. These data showed 

that alkaline invertase of soybean hypocotyl is a homotetramer. The Mr of native 

alkaline invertase From plants generally ranges from 60 to 240 kDa (Copelarrd, 

1990).The native Mr of alkaline itlvertase from sugar beet root was 280 k1)a and 

from the leaves of C:. sinensis was 200 kDa. The sub~mft molecular mass of other 

alkaline invertases has not been reported. Western blots of alkaline invertase from 

a number of plants with the soybem alkaline invertase antibody showed that there 

was only one type of subunit and that the subunits Mr was quite uniform among 

different. plntlts. 

Kinetic properties 

a pH optimum 

The p11 optitnurn for plnnl. dkalit~e Itkvertases lies In the range from 7.0 to 

7.8 (Avigad, 1982). The pII: optimum for enzyme from soybean hypocotyl (Chen mid 

Blnck, 1992) wns between 7.0 ar~d 7.6 for the purified preparation; it was the snrrke 

for the 20-40Y0 ammoriium sulfate fraction. Schaffer (1986) found that the alkaline 

invertase from Citn~s mature leaves was opt.imally active at pIJ 6.8. 



b. Substrate saturation curve 

Tested with the pMed enzyme, the activity response to increasing sucrose 

concentration fitted Michaelis Menten kinetics, with no inhibition even at sucrose 

concentration RS high as 700 mM. (Chen and Dl~ck, 1992) The apparent. Km value 

for sucrose was about lOmM Alkaline invertase from plants have Km values for 

sucrose in the range 10 to 65 (Avigad, 1.982; Cepeland, (1990).Crude preparations 

of alkaline invertase however, showed hiphesic kinetics with sucrose. Chen m d  Black 

(1992) concluded that the biphaqic saturation curves reported by Mabushita arid 

Uritani (1974) for sweet potato and Masuda, Takahashi and Sugawara (1988) for 

mature sugar beet root were due to the use of crude enzyme preparations. 

c. Subsbate specificity 

O n  Ule bnsis o f  (.Ire flrltlirigs with ~ c i d  invertaae,it hns been believed that 

sucrose Is a typical substr~te for the 13- fr~lctofuranosjdase activity of the alkaline 

enzyme. Schaffer (1986) found the ~ c i d  invertase of young Citrus leaves, separated 

from alkaline invertase by Sephadex (3-200 filtration, act.ed on r~ffinose (gal-fnr-glu) 

but not on melezitose (ghi-fnl-glu). 'The alkaline enzyme from rrlati~re leaves, 

separated from ncid invertme by Sephadex (3-200 filtration, ~ c t e d  on both raflinose 

and melezitose. Ilowever, the pJl optimum for rnelezitose hydrolysis WRS 5, 

suggesting that melezitose hydrolysis activity was due to contamination with an a- 

glucosidase. 
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The homogeneous enzyme isolated from soybean radicle (Chen and Black, 1992) was 

found to be specific for sucrose, exhibiting no release of hexoae from raffinose, 

maltose, lactose or cellobiose. 

Inhibitors 

Like acid invertase from aever~l plnnts, the soyhean alkaline enzyrrle (Oher1 

and Black, 1992) was totally inhibited by 10 ~ I M  HgCIZ (Ki value 2 p M). This 

suggests that a reduced sulfhydryl group is essential for the activities of both 

enxysnes. 

Pyridoxd is n general inhibitor of plant. inverl~ses (Pressey, 1968; Pressey 

and Avants, 1980). The 0. ficus-indica fruit enzyme, however, was not affected by 

pyridoxal (Ouelhazi, et d., 1992). The soybem enzyme was inhibited by 50pM 

pyridoxal phosphate (ki value 5 IIM) (Chen and Black, 1992). The physiological 

significance of this inhibition is not known. 

Tris is a powerful inhibitor of alkaline invertase but not acid invertase (Kato 

and Kubota, 1978), Schaffer (1986) forlr~d that 10 m M  Tris, while completely 

inhibiting alkaline invertwe of CiD7~s at p11 7, was without significant effect on the 

mid nctjvity (6% inhibition at pli  S). 'The enzyme horn soybean 11ypocol.yl (Chen nr~d 

Black, 1992) was strongly inhibited by lOmM Tris ( K i  value 4 mM). The mechanium 

of this reaction is not known. 



During enzyme fractionation from soybean hypocotyl, Chen and Black (1992) 

did not obtain any evidence for multiple forms of alkaline invertase, unlike as in the 

case of acid invertase from some plant sources (Ranwala, et al., 1992). Isoenzymlcity 

of an enzyme is a mechanism of regulation of its activity. Presumably, the alkaline 

activity is not endowed with this characteristic. 

B. PHYSIOLOUY 

Alternative pathwny of sucrose c1eavage:sumose synthase 

Sucrose synthase catalyses the following reaction. 

UDP-glucose UDP 
or + D-fructose + Sucrose + ' OY 

ADP-glucose ADP 

The highlights of the reaction are: 

a. the ready reversibility, permitting the generation of UDPO from sucrose and 

conserving the free energy of linkage in the dsaccharide 

b. the wide specificity towards the nucleodde base and 

c. the location in the soluble phase of the cytoplasm in photosynthetic arid 

non-photosynthetic tissue. 

Sticrose biosynthesis:sucrose phosphate synthase and sucrose synthase 



Sucrose cnn be synthesized by the catalytic action of: 

a. sucrose synthase, localfzed in the cytoplasm and 

b. sucrose phosphate synthase, also localized in the cytoplasm, followed by 

sucrose phospliate phosphatase. 

Researches along three lines-thermodynamic considerations, labelling studies 

and enzyme act.ivi& detenninations-have provided compelling evidence that sucrose 

synthesis in plants is mediated through the action, predominantly, if not entirely, of 

sucrose phosphate synthase. This is true not orAy of photosynthetic cells, but also 

non-photosynthetic cells. The discovery of the regulation of the enzyme by 

phosphokinase action (Fallon and Trewavas, 1993; Mackintosh and Mackintosh, 

1993). lends further support to the role played by sucrose phosphate synthase. 

It follows that tJle role of srlcrose syrllhase is essentially t h ~ t  of sucrose 

cleavage. 

The synthesis of sucrose takes place in the cytoplasm utilizing triose 

phosphate rnoving out of chloroplnst. Sucrose is rnade in the cytoplasm also in 

gl~lconeogenic tjssrles. 



Significance of dual pathways of sucrose cleavage 

Sucrose is utilized by plants: 

1. for generation of hexoses, which enter the glycolytic, pentose phosphate and 

finally, the Krebs cycle pat.hways of intermediary metabolism. 

Sucrose is utilized by plants: 

2. also for polysaccharide synthesis, both storage and structural. 

As a general rule, utilization of sucrose in intermediary metabolism,inclusive 

of respiration, is initiated by invertase action(acid and alkaline); conversion to 

polysaccharide is via sucrose synthase action. Whereas sucrose synthase pathway 

conserves much of the energy of (.he glycoddic bond of sucrose,utilization by the 

invertase pathway leads to the loss of all this energy. 

In addition, there is reason to believe that sucrose is involved in 

morphogenetic reactions, in which a hormonal mechanism has sometimes been 

postulated (ap Rees, 1974). The morphogenetic effect may be elicited by provision 

of respiratory s~ibstrate, or transient storage form of carbohydrate, by the action of 

invertase or/md sucrose synthase. In case sucrose effect is hormonal, the prornotor 

(inducer) has to be eliminated from the site once morphogenesis h ~ s  been uet in 

motion. This cnrl be brought about by invertase or sucrose synthase; their role 

would the11 be an indirect one. 



Conversion to polysaccharide 

Structural polysaccharide are elaborated mainly via UDP-glucose. Starch, the 

principal storage carbohydrate, is made via ADP-glucose. Fructosans, storage 

carbohydr~t.ee, do riot seem to lltilize the sugru nt~cleotide pathway. Both UDP- 

glucose and ADP-glucose could be made directly from sucrose by sucrose synthme 

action 

UDP UDP - glucose 
Sucrose + + + fructose 

ADP (7) ADP - glucose (?) 

The fnlctose liberated in the process can give rise to UDP-glucose/ADP-glucose 
after initial kinme action 

Fructose + ATP --- ------- --- fructose 6-phosphate + ADP 
hexokinase/fructokinase 

Fructose 6-phosphate + glucose 6-phosphate 
Phosphohexoisomerase 

Glucose 6-phosphate + Olucose l-phosphate 
phosphoglucomutase 

UTP UDP-glucose 
Glucose l-phosphate t r. + PPi 

ATP ADP-glucose 
pyrophosphorylase 

Among the various lines of evidence for the involvement of sucrose synthase 

in polysaccharide synthesis is the fact that tissues known to be particularly active In 

converting sucrose to polysaccharide (developing endospenn of maize; developing 

cotyledons of broad bean, seed of paddy; ~t.ele of root of pea) often have a high 



maximum catalytic activity of sucrose synthase, contrasting with tissues which are 

known to syntllesize sucrose (shoot of pea; leaves of spinach; leaves of broad bean; 

scutellurn of germinating mdze) mid which have high sucrose phosphate synthase 

activity. This correlation has been demonstrat.ed not only for the specffic activity, but 

the actual amount of the enzyrne.In developing kernels of mdze, sucrose synthase 

is one of the major proteins, acco~inting for 2.8% of the total protein. 

A sigr~ificnnt finding in support of sucrose synthase involvement is the fact 

that the cells of pea roots receive their carbon for polysaccharide synthesis as 

sucrose via the syrnplasm; the transport system, thus, delivers sucrose directfy to 

sucrose synthase. 

The most. tellirlg evidence for the view that conversion of sucrose to 

polysaccharide proceeds mainly via sucrose synthase is from tissues where the 

invertase is very low, while sucrose synthase activity is high, as exemplified by 

developing cotyledons of broad bean and developing endosperm of maize (Hawker, 

1971) and developing grains of barley (Baxter and Duffus, 1973). 

lnvertase and sucrose synthase actlvltles In tlseuee 

Developing cotyledono of broad bean 

, . . - . - . . - - . C  ---W--- C-". I 
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after anthds 
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(a) A P M ,  6 mm 
-- ----.--.A-. 

(b) Stele, 6-24 mm from apex -.-- 

(c) Cortex 0-24 nm from apex 

In the developing cotyledons of broad bean,alkaline invertase is 23-fold m 

active as acid invertase. TMs is conl.rat-y to the hypothesis that alkaline invertase is 

characteristically much less active than acid invertase in developing tissues. In 

developing endosperm of maize, the two invertases have the same maximum speciflc 

activity. In developing grain of barley also, acid and alkaline invertase have the same 

activity. 

19 
-..-. 

,-. 
34 

17 

100 
---..."-.-- 

11 

91 

It may be pointed out, in passing, that several aspects of the transformation 

of sucrose to polysaccharide are yet to be understood. Among these are (a) the 

intracellularloc~tiotl of the relevant enzymes ar~d (b) the forrnatiotl of ADPC3 needed 

for starch synthesis. 

Provision of respiratory substrate: role of acid invertase 

20 
..-. 

20 

19 

The data reported in the above table, show that rapidly respiring md 

developing sugwcme Internode, carrot root wtd sugar beet root have high acid 

invertase activity, which greatly exceeds sucrose synthase activity. High acid invertase 

activities correlate closely the growth also of epicotyl of lentil and pea, petals of 

nmol aycrooe mln-' mg' 
-- P*ln 
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morning glory, and roots of pea. Most of the acid invertme is probably intracellulnr. 

The data reported in the tal~le suggest that in rapidly respiring tissues, conversion 

of sucrose to the respiratory substrate is medated essentially by invertase. 

Physiologicd role of alkaline invertme 

As the tissues cited develop and silcrose storage t&es place, acid invertase 

progressively falls to very low levels. Both in sugarcane internode and carrot root, 

alkaline invertase activity, very low in the immature tissue, progressively increases 

(with an exception) and manifests several fold the acid invertase activity in the 

mature tissue. This suggests that alkaline invertace, cytosol-located, could take over 

from acid invertase l11e role of providing respiratory substrate from sucrose in the 

mature tissue. 

Relationship between sucrose storage, intracellular acid invertase and U i n e  

invertase 

The data reported in the ~bove table, show that sucrose storage in maturing 

tissue occurs si~ntiltaneously with lowering of acid invertase. Sucrose storage is in the 

vacuole, acid invertase also is located in vacuole. High activity of vacuoltv ~ c i d  

invertase ensures that sucrose stored in, or entering, the vacuole is rapidly converted 

to hexosea. These move itrto the cytoplaurn where the glycolytic enzytnes nrc 

localized. Following oxidation in the mitochondria, the chemical energy conserved 

in the form of ATP is used for growth purposes. As growth declines, there is less 

demand for respiratory substrate, acid invertase drops and sucrose storage occurs in 
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vacuoles. The basal need for respiration of the mature tissue is met by alkaline 

invertase. Sucrose moving out of vncuole into cytoplasm will be acted on by alkaline 

invertase. 

Neither pathway is mrrtually exclusive 

On the bash of the occurrence of enzymes, without spatial relationship, it is 

possible that the inverlase pathwny could also provide sugar nlicleotjdes for 

polysaccharide synthesis.l'he hexoses formed by hydrolysis could follow tile pathway 

indicated for trm~sfonnation of fructose set free when sucrose synthase acts on 

sucrose. Similarly, the sucrose synthase pathway, which results h free fructose which 

c m  enter the respiratory pathway, can divert the glycosidically linked glucose moiety 

also into respiratory metabolism by the following pathway (Feingold and Avlgasd, 

1980): 

ADP-glucose + Pi ------------- >ADP + gllicose l-phosphate 
ADPG phosphorylase 

UDP-gl~icose -------------, IJMP + ghrcose l-phosphate 
UDPO phosphodiesterase 

Regional differences in the activity of sucrose metabolizing enzymes in root tissue 

The above hypothesis finds support h the distribution of enzymes and 

metabolic activity i r ~  the roots of 5-day-old seedling of pea. Acid invertase activity 

was very high in the apex and cortex; labelling studies showed that these two tissues 
e 

had high rate of respirati0n.h the stde, where acid invertase was much lower, and 
h 
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sucrose comparatively high, much less of the labelled sucrose was respired and there 

was a corresponding increase in the proportion stored. 

Sugar-Transforming F~lzymes in Rel~tion to Sink-Solme Tran~formation h Leaves 

With a view to assessing whether sugar transforrrling er~zyrnes play a key role 

in the growth of developing leaves, enzymes acting on sucrose, sucrosyl galactoses 

and polyols have been analysed for their levels of activity (Turgeon, 1989). Particular 

attention has been devoted to sucrose transforming enzymes, invertases and sucrose 

syi~thase. 

A. Invertase 

n. Invertme activity correlated to growth 

In Phnseoh~c vr~lgrujs, a readily solilble acid invertase is most nctive during 

the early stages of leaf growth (Mods  and Arthnr, 1984). The high activity of the 

enzyme correlates well with the hexose/sucrose ratio at the same period of 

development.. 

A sirnil~r correlation of acid invertase (solrrble) activity m d  growth is found 

in developing leaves of Citn~c; (Schaffer, 1986; - 

Schaffer, Sagee, ~oldschmidt and Goren, 1987). Of special interest to the present 

author is the finding that in Citnls, invertase has an acid pH optimum in the early 

stages, but, later, a neutral invert.ase is more prominent. 
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In Lofirmnl, dso, there exists a correlation of acid invertase activity and growth 

of leaves (Polock and Lloyd, 1977). 

Unlike in Pl~sseol~is and Citnjs, the acid invertase of LoLium, is also in the 

insoluble fraction, suggesting that it is extracelldar, that is, cell wall-msociated. 

A role for a cell wdl-associat.ed enzyme could be of physiological significance 

only if the uptake of sucrose by the cell is by the apoplastic route. The 

preponderance of evidence indicates that phloem uloading in sink leaves is 

symplastic mid, therefore, imported sucrose wo~~ld not be exposed to the action of 

wall-associated et1zyme.B~ following the fate of asymmetrically labelled sucrose in 

sugar beet, it has been found that there is no extracellular hydrolysis of sucrose 

d d n g  acc~lmdation in sink leaves (Giaquinta, 1977). It was concluded that sucrose 

enters intact the vac~ioles of mesophyll cells in sink leaves and is hydrolysed there 

by soluble acid irivertase to hexoses, which traverse the tonoplast back into the 

cytoplasm, in response to demand (Giaquinta, 1978). 

No correlation between invertase activity and growth rate 

Contrasting with the correlation of invertase activity and growth in Phmeolus, 

Citnjs and Loliru~~, the act.ivit.ies of acid invertme in soluce and sink leaves are 

approximately the same ia sugar beet (Olaquint~, 1978). 

As in sugar beet, the amount of invertase (acid or alkaline) is not correlated 

with development in the leaves of a variety of other species belonging to C, and C, 
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pathways, nor is there a gradient from lamina base to tip (Claussen, Loveys and 

Hawker, 1985). 

Inve-e actJvity actually increases with declining growth in tomato (Manning 

and Maw, 1975). 

Other lines of evidence 

St.udies in which ir~vertaae activity, in comparison wlth utwrose ~yrrthase 

activity, was determined as a gradient from lamina base to tip, using ("C) 

fluorosucrose as a substrate, did not provide support for the concept that invertase 

activity is characteristic of growing leaves. 

In a comparative study of the t~tilization of sucrose and mannitol in Celery, 

Fellman and Loescher (1987) found that, contrasting with mannitol, sucrose was 

degraded by both immature leaf and fully grown leaf. 

The above brief review will show that no unequivocal conclusion can be 

drawn as to the role of invertase in hydrolysis of imported sucrose and, especially, 

h controlling the rate of import. Apart from contradictory data on the relation 

between invertase activity and growth rate of leaves, considerable uncertainty in 

interpretation is introduced on account of the facts that: 

b. invertase is often not a rate limiting enzyme; the reported 



52 

levels in leaves are achially higher than that needed for complete sucrose 

hydrolysis. 

C. the timing of changes in suhstrate and enzyrne levels often do not coincide 

and 

d. sucrose metabolistn in growing tissues can follow pathway other than 

hydrolysis t o  the constituent hexosea. 

All the above facts have considerable relevance to the findings of the present 

author on pineapple tissues. 

B. Sucrose synthase 

Claussen, et d., (1985), mdysing growing, mature and old leaves of a 

number of C ,  and C, plants, found that sucrose synthase activity declined 

considerably as leaves aged. As already pointed out, invertase activity was not 

correlated with l e ~ f  development in these plants. 'The authon found also that there 

existed a laminn base-to-tip gradient, indcating that cllanges in ncttvity follow the 

same basipetal pattern as the sink-source transition (Turgeon, 1989). There was no 

such base-to-tip gradient in acid or alkaline invertase activity. 

Schaffer, et d., (1987) observed that sucrose synthase activity declined in 

C'it~ws lenves wit11 development (-as was the case with invertase-). 
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In contrast to the above two reports, Giaquinta (1978) found little difference 

in sucrose synthase activity between source and sink leaves in sugar beet (-as was 

found also for invertase activity-). 

Dads, Fellrrlan a.nd Loescher (1988) observed that in Celery, the highest 

sucrose synthase activity was actually Jn mature leaves. 

Schmalstig m d  Hitz (1987) determined the relative contribrition of nicrose 

I4 synthase and lrlvertme in leaves by ernploying as substrate ( C) fluorosucrose, which 

is cleaved at very different. rates by the two enzymes. By providing labelled control 

sucrose and the gluco-derivative as substrates to source leaf and monitoring 

incorporation into sink leaves, it was found that all cleavage of sucrose by very young 

leaves was by sucrose synthase, but the contribution of invertase to metabolism 

increased to a\>o~lt one-half by the end of the sfrlk period. 

To sumtnarize, no positive conch~sion could be drawn as to the role of 

sucrose synthase in sucrose cleavage in developing leaves. 

Neither invertase, nor sucrose synthase, seems to be truly regulatory (with 

appnrent exceptiorrs), in marked contrast to sucrose p11osphat.e sy~~t.t~ase which Is 

subject to both coarse and fine control (Battey et d. (1993). 

Metabolic role of the multiple forms of invertase 

The role of the multiple fonns of invertase in the metabolism of sucrose is 

not entirely clear. 
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Present extracellularly, the role of the (add) invertase L to hydrolyse 

apoplastic sucrose prior to uptake by t.he cell. Present Intracellulrirly, distinctive roles 

of the multiple forms of invertase acid and dkalitie fonns can only be conjectured, 

especidly h] those few cases where the acid form also is cytosolic. 

Patterns of enzyme distribution in tissues, particularly in fruits, which provide 

a clue to the metrlholic role we: 

R. Sink tiss~ies rlccumulating hexose wigm often have high levels of acid 

invertase (Yelle, Chetelat, Dofiris, DeVerna and Bennett, 1991; Hubbwd, 

Pharr m d  Huber, 1990; Hubbard and Pharr, 1991). Results obtained with 

strawbeny fruit support this concept (Rnnwala, et d., 1992). Sucrose was 

barely detectable in the immat~ire green fniit; it appeared in t.he maturt?, just 

turning red stage and thereafter increased steadily throughout development 

to the over-ripe stage. Sol~ible fnver t~~e  which increased steadily from the 

Immat~ire to the red-ripe state decreased markedly In the over-ripe s t ~ t e ,  

when sr~crose was maximum. The inference was drawn that soluble acid 

invertase, by catalyzing the cleavage of sucrose imported into fniit regulated 

the levels of sucrose and the hexoses. 

b. Sink tissiies nccumulating sucrose predominantly are characterized by the 

decline of acid invertase activity concomitant with sucrose accumdation 

(Yelle, et d., 1991; Kato and Kubota, 1978; Yamaki and Ishikawa, 1986; 

Lingle and Dunlop, 1987; Schaffer, Alani and Fogelman, 1987; MC Collum, 

Huber and Car~tliffe, 1988, ffubbard, Huber and Pharr, 1989; Ranwda, et d., 
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1991). Studying post-ripening str~wberry fruits, Ranwala, Suematsu and 

Maslid~ (1992) found a decrease in acid invert.ase while sucrose 

concentxntion increased. 

C. High act.iviljes of alkaline (neutral) hvertase have been reported in fiucrose 

storing stnges of several sink tissi~es (Kato and Kubota, 1978; Hatch and 

Olns7ior1, 1963; M~sudn, cl: nl., 1987; Ricnrdo and ap Rees, 1970). 

Of interest was the flr~ditig by Ranwala, et d., (1992) that both types of wall- 

bound invertase decreased continuously with fruit development, almost disappearing 

in the over-ripe fruit. This was in contrast to the soluble acid invertase which 

increased contitiuo~isly up t.o the red-ripe stage, 1.0 drop in the over-ripe fniit. The 

turnover of intracellular protein 1s well known, but there is no information about the 

turnover of wall-bound enzyme protein. 
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MATERIALS AND METHODS 

CULTIVATION OF PLANT 

Selection of variety and propagde 

The cliltivation of hodc~~l t r~ ra l  varieties of pineapple is by vegetative means. 

The 'Kew' variety ia cultivated extensively due to the excellent qualities of the fnlit. 

Hapas dominate over shoots and suckers in 'Kew'; slips production is rare. The use 

of crowns was avoided since these were not available in sufficient numbers at a time. 

Plants for the present resemch were raised from hapas. Hapas start forming when 

fruit development takes p l ~ c e  and continr~es after harvesting of the mature fniit. 

Ratoon crop wns avoided, since U I ~  chronology of phyaiologicd m d  biochemicd 

events may not correspond with those of crop growth. 

Although the origins of slip/hapn/shoot/ sucker are different 

morphologically, the ontogenetic changes undergone by the shoot apex may be 

expected to be qtiditatively the uRnle irrespective of the propagule ernployed for 

raising the crop growth. The findings with 'Kew' cultivar may be expected to be 

q~ialitatively applicable to the other pineapple varieties, inclusive of those insensitive, 

or differently sensitive, to photopedodism and those which produce seeds. 



Authentic propagules were procured from the Kerala Agricultural University, 

Trichur, and silpplemented with the material raised in the campus. The propagtlles 

used for planting were of abor~t 3 months age; uniform1 sized propagules were 

selected. There was no obligatory period of storage of propagule before planting. 

The hapas were planted, adopting the p~ckage of practices recommended by 

the Kerala Agric~lltllral University, in two to three rows and the plants were placed 

12 to 15 inches apart both ways. The bed was ploughed well before planting and 

manured heavily with dried cattle-dung. In order to expose the root buds in the stem 

and to facilitate root penetration in the soil, a few of the lower leaves were stripped 

off before planting. Any dried roots at the base of the propagules were also 

discarded. Mulching wtw done, after planting, with green leaves applied heavily on 

the bed. Apart fro111 soil improvement in the long nin, mulching minimized weed 

growth md served to retdn soil mloisture. Platltir~g wns done doring the rainy aeason 

(June-August). During the hot season, the plants were watered once in a week with 

hose pipe. The plants were observed every day and care was taken to protect from 

any pests. 

Selection of stages 

The st~idies pertained to selected stages irk the growth and development, the 

ontogeny, of the pineapple plant; 



Stnge I 

The mature propagrle collected fresh from mother plarlt. 

Stages I1 A and I1 B 

Represerlt~tive of the terrestrinl rooting of the propagale, that is, the 

transition from the semi-autotrophic to the fully autotrophic stage, were studied one 

month, (I1 A), find two months (I1 R), after plw~ting. 

Stage I11 A and 111 B 

The rnalrlre veget~tive plant., s t~ lded 12 months and again at 14 months after 

planting, wheri it was "ripe to flower", leading to the next stage: 

Stage N 

The trnr~sition from the ntnt~lre vegetnlive to the reprotirictive ~tnte,  rinder 

natural environ~nentd conciltions (Vince-Prue, 'Thomas arid Cockshull, 1984). This, 

in turn, led on to the next stage. 

Stage V 

The trcu~sformation of the evoked shoot apex to the organogenetic date. 

Stage VI 

Immediate post-organogenic stage: inflorescence development. 



Advnrlced post.-orgat~oget~ic st.age:early fndl development. 

Stage IV was in all probability a rapid change (2 to 3 days) (Collins, 1968). 

Stage V also was apparently a quick event (Kerns, Collins and Kim, 1936). The 

subsequent Stages V1 and VII, spmned several dtlys. 

'The iderrtificatiot~ of the trarlsition stage ~ t ~ d  tile following stages wm based 

or1 morphologicd cconsiderclt.ions, rather Uiar~ chronology, since the plants wore 

flowering under erlvironmental conditions, instead of being forced by 

che~nical/hormonal treatment. The plants were i r ~  tile "transition" state when the first 

kinked bract appeared (Kenrs, Collins m d  Kim, 1936). This examination was not 

possible in sitrr, the stern top had to be excised and defoliated. In actual practice, 

a large n~unber of plants had to be sacrificed in the search for thavtransitional apex. 

The orgatiogerric stage was determined following Evans (1975), Vince-Prue 

(1975, 1983) mrd nenrier (1980, 1988). 

Collections in Stages V1 and V11 were based on the height of the 

inflorescence-differentiating shoot tip. 

The sntrlple collection schedule and the dist.inguishing morphological features 

we set out in CI~t-irl I. 



stage 

I 

IIA 

119 

-- 
lllA 

lllB 

IV 

-- 

v 

VI 

-- 

Chart I 
Sample collection and dhtingulshlng physlologlcal and 

morphological features - 7- 

Propagule Root8 (aerlal) 540 mm long; root hake not 
promlnent; roots numbered 20-40 

-l 
Leaves 40-60 

Two months 
Roots 5300 mm long; dlstlnct elongation of the 
exlstent roots; root halm abundant roots 

--P--.-..----. 

numbered 50-70 --p----.p-.-----.- 

Praautokophk, 
(rootlng) 
One month 

-- .--.-. 

Autokophk Leaves 70-80 
Vegetative 

--- 

Leave8 40-66 

Roots 5-100 mm long; root helre present; roots 
numbered 30-50 -- -- 

14 rnonthe Leaves 70-80 
'rlpe to flowerB -- --p-- I 

Leavee 70-80 
Reproductive 
Trensltlon Sudden expanslon of the aplcal dome; flrst kinked 
- --p 

Organogenlc One to three klnked brads; 
Stem apex projected 0.5-1 cm vertically 

Post-organogenk, Leaves 70-80; no reddlsh tlnge yet; 
Immediate; 
Inflorescence Rows of klnked bracte In rosette form; 

- - -  Stem apex projected 1-2 cm vertkwlly -- 



Post-organogenla. 
advanced; 
early frult 

Leavee 70-80; the top moat rowm of leaves totally 
devold of plgment; leave6 below thle redon 
characterletlcally plgmented reddleh at the junctlon 
between the achlorophyllous and the 
chlorophylloue part; leaves subjacent to the 
plgmented leaves, whlch were collected for 
analysis, were curved backward and were rtgld at 
the curvature. 

Rowe of bracts In rosette form; 
Stem apex projected 8-10 cm vertically; 
A swollen Up, ( rmb l l ng  a small fnrlt), on the top 
of the peduncle; eyee elmllar to thorn found In 
frult 

Emphasis on selected stages 

Of tile above 7 stages (9 to be more precise), arbitrarily selected, but 

integrally inter-related, the emphasis was on the transition to flowering in the 

monocot and, to an extent, on the rooting of the propagule. 

The terrestrial rootir~g study represented an original approach, very little 

biochemical work havir~g beer1 carried out on adventitious root formation during 

vegetative propagation (Jackson, 1986). 

Sampling of tissues 

Twer~ty foor to 48 h prior to snmplitlg, the bed8 were thorol~ghly watered and 

t.he ieaf canopy sprinkled with water. Sample collection was restricted to a deflnite 

time of the day, so as to minimize my possible influence of diurnal variations in the 

analysis. This was fixed h the interval 7.30 to 9.30 a.m., more often 8 to 9a.m. At 

each of the stages, selected parts of the stem and the 'D' leaves were separately 
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analysed. With the exception of the propagule, and Stages I1 A and I1 B ('upper 

segment'), one plant each yielded sufficient stem tissue for analyses. The 'D' leaves 

from a single plmlt yielded sufficient tissue for analyses in all stages. 

Preliminary operations 

The whole plant was uprooted from the soil with the aid, when necessary, of 

R crow-bar. The plntits were washed under the tap to free from gross extraneous 

matter and taken to the nearby laboratory. Here, the stem bme wlth roots WRR 

cleaved away. The stem was defoliated hi the sequence of leaf origin, starting at the 

bwe and p111cki11g off the leaves one by one. The stem was thoroughly washed, first 

under the tap m d  then with distilled water, since pockets of soil and manure are 

cotnrnon at leaf bases. n e c ~ l ~ s e  of their turgid nature, the sessile leaves broke off at 

the base leaving vatyit~g arliollnts of achlorophyllot~s tissue ringing a major part of 

the stem. With experience, the residual l e d  m~terial adherent to the stem could be 

kept at a minimum. The leaf base still adherent to the stem was shaven away 

delicately using R sharp stainless steel blade, withol~t damaging the stem. In rooting 

studies, in additioti to the residr~al l e d  base, the ernerged roots were also cut way. 

For this purpose, a shwp knife was first used for gross removal and then a stainless 

steel blade to slice away the root stumps flush with the stem. It was considered 

advisable not to scoop out the root material embedded within the cortex, since this 

woldd have damaged the surrounding tissue. Invertase level is known to be 

inflrlerlced by wo~rnding (Matsushita and Uritani, 1974).The stem was washed again 

with distilled water mid surface dried. The leaves selected for cuialyses were similarly 
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waqhed with tap wnter followed by distilled water arid surface dried. The propagule 

did not require snch elaborate cleaning. 

A. Stem 

The defoliated stem was cut lrarisversely into three segments, somewhat 

arbitrarily; (a) the upper, (b) the middle arid (c) the lower segment. 

The hapa stern measured 7.5 to 9.5 cm in length and gradually curved and 

tapered from the middle part (b) toward the base (c) where the propagule was 

attached to the mother plant. An interesting feature, which does not seern to have 

been reported in literature, was the presence of localized greenish patches around 

the middle part (b) and lower pW. (c), scattered all nrorlnd the stem, and which were 

found, on dissection, to extend deep into the cortex. The pigmentation was more 

concentrated at the region of l e d  nttachment to the stem . The upper part of the 

stem (R) was completely devoid of the greet1 patches. Roots, 20 t.o 40 in number arld 

rntlgirig from 0.5 to 6 cm kl lengtl~, emerged from the middle part (b), as well m 

from the upper regions of the lower segment (c). In rare cases, roots pierced the 

lenves at die basal region. The reddish pigrrrentation present In the chlorophyllous 
6 9 

p u t  in some of the le~ves at rnature stages (page ) was apparently absent in the E; 

lenves of the psopagtiles. 'The region of attnchrrrent of the hapa/shoot to the leaf 

axil of parent plant was woody mid roots did not emerge from this region. Prior to 
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sectionirig of t l ~ e  stem for arlalysjs, this woody region was sliced away. There was 

gradual disintegration of the woody region Rfter planting of propagules in the soil . 

This region was sliced away, prior to sampling also in Stages I1 A and 11 B. 

a. Upper: About 1.5 to 2 cm length of stem, sliced at the commencement of the 

bulge, constituted the upper part; the diameter at the base wa7 about 1.5 to 2 cm. 

This consisted of, hesides the shoot ripex proper, qrimtitntively a rnin~lte fraction of 

tile total tissue mass, the tissue below in variorls levels of differentiation. The cut 

region exposed adventitiorls root buds, prominent by their brown pigmetltntior~ 

against a white background, encircling the pith in two or three rows, along the 

periphery of the stele. Tlie tissrie was tender nnci the preparation of cell-free 

suspetisions frotn these scunples wns tnrich ensier than from nll the other t,issues, 

except aclllorophyllolls leaf part. 

b. Middle: The middle portion was about 2cm in length. As already pointed out, this 

region had patches of green pigrnentation in the propagule stage, but these were 

absent In Stages 11 A mid 11 B. It. wns nearly cylindrical with R diameter of 2 to 2.5 

cm. The upper region contained the root buds and the lower region also the 

emerged roots. The root portion passing through the cortex in b was in general not 

HS tilick and leathery as i r ~  c. Ilowever, a few sach thick brown roots were seer1 in 

this region also. The tissue in b was somewhctt lenthery. 

c. 1.ower: The rest of the stem, 4 to 5 cni in length w ~ d  2 to 2.5 cm in diameter 

tlbove and 1 to 1.5 cm in dimeter below, at the point of attachment to the mother 

plant which in Stages I1 A arid 11 R was below gro~lnd, was characterized by brown 



65 

pigmentation in the rooting stages. The slight bend, characteristic of the basal 

portion of tile propngi~le, was prominent in Stage IT B. 

Stage 11 A (1 morith dd)  

R. Upper: The processir~g was Ra in the case of  the propagrlle. 

b. Middle: The dimerisions remained practically unaltered. The tjssue wns somewhat 

leathery; hence much effort had t.o be expended during homogenization. This 

segment. was cornpletely above the ground. 

c. Lower: The dimensions rern~itied tnore or less unaltered. The segment c was 

completely below the g r o ~ ~ r ~ d  level. The tissue in this segrnent was quite brown and 

highly leathery and fiornogenization was difficult. 

Stage 11 l3 (2 rnonUls old) 

a. Upper: There was no rnaterid alteration from tile previous Stage (I1 A). 

b. Middle: The processing was as in stage I1 A. 

c. Lower: The dimensions were not materially altered. fIornogenization of the tissue 

wns very dif'ficilll. 'l'l~e berid suet1 in hnpns before detaching from the rnother plnt~t 

persisted in this stage. 



66 

For the studies on the other stages of growth, the stem tissue was collected 

only from the upper part. 

111 12 months atid 14 trion(hs old pl~tits md  ~ I R O  in Uie trnnsition slage, there 

was no visible projectioti of the apical dome. 

Mature vegetative: 

Stage 111 A (12 months) and I11 1) (14 mor~ths 'ripe to flower') 

A 1.5 to 2 cm length of the stern tip was excised; the diameter at the base 

was 2.5 to 3.5 cm, which remained ~~naltered in the following stages. 

Reproductive 

In Stage IV dso, the apicd dorne did not. project out. The sample excised 

had the same dimensions as above. 

Stage V (wganogenic) 

In the next stage (Stage V), when the apex elongated 0.5 to l.Ocm, a 2 to 

3.5cm length of the stem tip was excised, inclusive of the projecting irfiorescence. 

The diameter at the base was 2.5 to 3.5cm. 



Post-orgmogenic, immediate (inflorescence) 

Frotn plnnts belonging to stnge V1, when the stem tip elongated 1 to 2cm, 

2.5 to 3 cm length of the stem inclriding the projected inflorescence was excised. 

The diameter at the base was 2.5 to 3.5crn. 

Stage VII 

Post-organogerdc, advanced (early fruit) 

In stage VII, when the tip projected 6 to 10 cm, the entire length, with 1 to 

1.5 cm of the srlbjacent stem, was excised. The diameter at the base was 2.5 to 

3.5cm. The inflorescence at this stnge was covered with soft bracts. These were 

cruefully sliced away with R blade, withorit darnage to the tissue underneath. 

Selection of leaves 

The cot~sjderntions ~inderlying the selection of leaves for analysis we set out 

below. 

The leaves selected by the present ~ n t h o r  were not exactJy identical with the 

D-leaf whorl or semi-mature leaf whorl as described by earlier workers (Su, 1969; 

Bartholomew and Kadzinlin, 1977). I'he whorl of 5-6 leaves selected did not include 

the longest leaves on the plant. As already explained, the author was guided by the 
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proxi~nity of the selected leaf to the shoot apex and considerations of source and 

sink. A rather empirical technique which the author adopted in earlier stages, on the 

advice of Kerala Agricultural University, was the force necessary to pluck the leaves 

from the plants. These leaves offer the least resistance to pulling out from the plant. 

Ry t h i ~  criterion, the leaves would correspond to the "immature" l e ~ f  referred to by 

Su (1969). It will be evident that, t.hough these leaves were not exactly identical with 

D-leaves referred to by Bartholomew and Kadzirnin (1977), they were immediately 

adjacent to ff~e D-leaves. By pooling as many as 5 to 6 consec~ltive leaves from a 

single plant, the author ha.. ensured that some at least of the leaves would have the 

optirtirun iliternction with the shoot apex. Incidentally, the Kerala Agtict~ltural 

IJriiversity used the term D-leaves to refer to these leaves. 

The lamina was cut transversely at the junction where the ptmly 

achlorophyllous part terminated m d  again nt the junction where the uniformly 

chlorophyllo~is part commenced and each sampled. 

I11 the 5 to 6 leaves selected for ~nalysis, the achlorophyllous region in the 

lowermost l e d  constituted 7 to 10% and the chlorophyllo~is region 78 to 849'0 of the 

total leaf area, wherens in the r~ppernloat leaf, the achlorophyllous region coristituted 

16 t.o 20% arid the chloropliyllous region 62 to 68%. 

(i) achlorophyllous (non-chlorophyllour;) region 

TMs segrrlent. contained very little fibre wld could be homogenized readily; 

it was sliced into sniall pieces nr~d thoroughly mixed. 



(ii) chlorophyllous region 

The extretrre tip region whlcl~ contained spirles and narrowed down to a sharp 

point was rejected. Four to 6 strips were cut out by transverse and oblique section 

over the entjre length, avoiding the reddish pigrnented region if and when present. 

The strips were then sliced into very small pieces and randornized. 

(iii) htervening dimuse region (sub-chlorophyllouu region) 

The irlterverlirig segment, with diffbse green pigmentation, was normally 

discmded, but for pH-activity delineation, this tissue also was used. It was sliced 

transversely into an upper arid a lower part, of nearly equal dimensions. Each part 

was comminuted, randornized and sanrples weighed out for pH-enzyme activity 

profile and protein determination. 

c. Root 

This coustStnted R set of experirrlerlts sepnrnte from the ontogenetic studies 

outlined earlier. 

Experiments were carried out using root tip tissue also, in plants belonging 

to a few selected growth utages. These included heterotrophic (Stnge l) nnd pre- 

a~~totropl~ic (Stnges 11 A 11 R) nnd also rr~at~ire reproductive stnge (Stnge V). 'l'he 

experlrlierlts were ititetlded to give a11 idea fibout the fimctiotl, if any, of invertase in 

roots in relation to the rooting process in the pineapple plant. 
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The major constraint was the non-availability of sufficient root tip tissue from 

a single plant ordike in ontogenetic studies. Thus, several plants h ~ d  to be sacrificed 

for each analysis. 

Sample size 

Stem and baf 

The stern tissue snmples collected from a single p l ~ n t  were cornminuted and 

randomized. Two 5 g portions of the various tissues (except in the case of stem 

segment (upper) of propagule and Stages I1 A and 11 B, where tissue was sufficient 

for only one 5 g snrnple) were weighed out, wrapped in polythene sheet and stored 

at -18OC, for ilue in e1lzyme nc1ivit.y F U I ~  protein determination. A 2 to 5g sample 

each was used for dry weight determination. 

Root 

After prelitninary operations, (described enrlier), root tip samples about lOmm 

long, which had rlot yet acquired the brown color~r, and the root buds just emerging 

frorri the stem, were dissecied onl and pooled. A minimrrm of 6 plants had to be 

used in Stage I for a single analysis. Similarly, 3-4 plants had top be used in Stage 

I1 A and I1 B and 2-3 plants in St.nge V. Abont 0.6 to 1.0 g of tissne could thus be 

collected for a single midysis. 



Invertme activity detennlnatior~ 

Before proceeding with the det~iled analyses of invertase activities in various 

tissues, the pI-T optinln of ttie enzyme hnd to be separately determined. As a first 

step, this was carried out ~lsirlg the supernatant frnction (soluble form of the etizynle) 

of tissue homogelintes. 

In the following description, typical of the general procedure adopted, the 

tissues used were from plants 12-14 months of age, that is, fully mature, but still in 

the vegetative state. 

Homogenization 

A basal medium consisting of 10mM phosphate buffer, pH 7.0 and 1mM 2- 

mercaptoethanol was first employed for homogenization of various tissues. The 

protocol of these experimenh was as follows: 

The tissue (5g) was mixed with acid-washed sand as abrasive and ground in 

t.he cold with ~ b o ~ i t  5ml of the basal medium, in a prechilled m o w  with pestle, kept 

m~rro\inded with broken ice. More of chilled medium was added from time to time 

after the coarse grinding was over. The volur~le of the fine slurry, in which not only 

the cell walls but also all the nieinbrarieous structures were ruptured (as far as 

practicable), was made to 25 m1 (20% w/v) with medium. Such preparations will 

hereafter be referred to as homogenates, though the term homogenate as originally 
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proposed had a very restricted connotation. Twenty m1 of the homogenate was 

centrif~iged in the cold at 2000 X g for l0 n~jn in an International Refrigerated 

Centrift~ge, model PR-6, and the supernatant collected. The residr~e was suspended 

in aborit 20 1111 of [lie llornogenizing rnedrirn and the volrime noted. The activity of 

invertase, if any, in the residilal fraction was not tested at this stage. However, they 

were separately carried out as reported in a Inter section. When the pH o p t h a  of 
43 

invertase in tissues at different ontogenetic stages were studied (page .), the X 
procedrire ootlirled above was essentidly adopted. However, when root tissues were 

analysed 4Y0 (w/v) homogenates were prepared. Invertase activity was determined 

both in gel filtrate and in residue. Assay was c d e d  out in the pH range 3.6 to 8.0 

using 0.31l of the enzyme fraction. Other assay procedures were as described earlier. 

Protein was estimated in t l~e  hornogenate, residue, supernatant and gel 

filtrate. 

Sephadex G-25 gel filtration 

Preljmitiary studies (data not reported ) showed that invertase cannot be 

accurately estimated in homogenated supernatants of tissue extracts because of the 

high backgro~uid absorbance mainly due to endogenous reducing sugars. Dialysis 

using viscose bags was tirne-consuming m d  also led to undue dilution.Also, there 

was the risk of the slow inact.ivation of invertase by proteinaceous inhibitor (Rracho 

arid Whitaker, 1990 a). The method of choice for eliminating/reducing t.he 

backgro~md nbsorb~nce w ~ s  gel filtxation. The t.echniq~ie aimed at group separation 
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to yield a fraction containing all the proteins and other high molecular substances, 

excluded from the endogenous low molec~llar s~ibstances. 

The gel employed was Sephadex 0-25 (come). The method of gel treatment, 

column preparation, and loading was after Fischer, (1969). The procedure adopted 

for gel filtration of slipernatants is given hi some detail below. 

The dry gel bends were first allowed 1.0 swell in distilled water overnight m d  

the fine pn11.icles retnoved by swirlirlg and decantntiot~ of the shpernatant. The gel 

was now equilibrated with lOmM phosphnte buffer pH 7.0, overnight and was packed 

into a glass columln of 2.5 cm inner diameter. The height of the gel bed was 

generally about 16cm giving a total bed vol~irne of 80 ml. A filter paper disc was 

carefully placed over the top surface df the gel bed. The column was then transferred 

to a refriger~tor and allowed to cool ovenlight. 

The medium above the filter paper disc was drained by operating the 

stopcock till the fluid level wns in line with the filter pnper disc. Ten m1 of the 

s ~ l p e n ~ n t ~ ~ t  wns cnref~illy lflyered without dist~lrbitlg the gel surface. An equal vo111rne 

of the 1iq11id wns drair~ed away thror~gh (he stopcock at a flow rate of 2rnl/mIn. 'l'tre 

column was now flushed with fresh equilibrating medium. Since Blue Dextran was 

not used for the determination of void volume of the colamn, 309'0 of the told bed 

vol~lrne WRS tnkerl ns the void volurlie of the Sephadex 0-25. Four 5 tnl fractiot~s 

were collected (result.il~g in a two fold dilution of the origirlal sapernatant) at a flow 

rate of 2ml/rnin. &er the void volilme. 
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The prepar~tion of the bed and equilibrations were carried out at room 

temperature, but the sarrrple loading and collect.ion of the protein fraction were 

nlways inside A refrigerator. After completiori of the extraction of the protein 

fractions, the column was washed with several bed volumes of distilled water to 

remove the snlall molecular weight substru~ces (from the sample) retained in the 

cohlmn. Subsequent equilibrations were carried out by passing 2 bed volume of the 

medl~un through the colutnn. A column packed once cotlld be used several times 

during the course of the expedrnents, thlis nvojdir~g the repeated packing each h e .  

When the column was not in use for several days, the gel was taken out of the 

coluurln and suspended in 0.02% (w/v) sodium azide (to prevent bacterial 

contamination) nnd stored in the refrigerator till needed. 

Special advnnlage in thc use of gel f l l h t e  as e n m e  solme 

Invei-tase assays in crude enzyme preparations from various tissues necessitate 

deproteinization prior to copper reduction wit.h Somogyi's reagent. By the use of a 

gel filtrate of enzyme extract, one circumvented the deproteinization step, by adding 

the alkaline copper slllphate rengent directjy (Jaynes and Nelson, 1971 a), 

inactivating enzyme; U~is effected considerable saving of time when a number of 

ar~alyses had to be camed out sirr~ultaneously. Also, the sensitivity of the assay co~lld 

be enhanced 3-fold as the whole volume of the assay systern was used for colour 

development. 



Enzyme assay 

Itnmedintely after the collection of gel filtrates, the activity determinations 

were cnrried oi~t .  (It was found from separate experitnenls that dmont 50% of initial 

activity was lost on keeping the gel filtrates for 12 hours, even in the cold). 

The assay system was pattenled after Hatch and Glasziou, (1963) and 

consisted of 0.5~11 of 200rnM buffer (acetnte buffer in the pEI range 3.6 to 5.6 m d  

phosphate buffer 5.7 to 8.0), 0.2 tnl of the gel filtrate and w~te r  to 0.8ml. The tubes 

were then trntlsferred to a thermostnllc water bath nnlnintdned at 30°C. The reaction 

was started by the ~dditiori of 0.2tnl of 250 m M  sucrose (substrate) in the 

experimental tribes. At the end of 30 mh~ites incubation, the reaction was stopped 

with one nil of alkrrline copper sulphate reagent (Somogyi, 1952). Following this 

substrste was added to t.he control tubes also ruid rnixed well. 

A rnodifled procedure was adopted for the assay of the enzyme in the 

residllal fractions. TNs was necessary as the cell debris would otherwise interfere with 

the calorimetric measurements, if the reaction were to be terminated with alkaline 

copper sulphate rengerlt N I ~  cololv developed directly in the assay tubes. The 

method is as follows: 

The assay was carrieci out as rnentloned earlier in the pH range 3.6 to 5.6 

(acetate buffer) arid 5.7 to 8.0 (phosphate buffer). After incubation for 30 minutes, 

the reac~ornl was termin~ted with 1 . 0 m l  of Ba(0H)Z followed by ZnSO, (Somogyl, 
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1952). Following mixing and centrifugation, 1.0 m1 aliquots of the su~pernatants were 

used for colorir development. 

Colour development 

'The tubes were heated in boiling water for 10 minutes t.o complete reduction. 

After coolirig the tubes under nlnning tnp water, one m1 of arsenomolybdate 

(chromogenic reagent, Nelson, 1944) soliltion was added, rnixed and the colour 

developed. 

After appropriate dilutlon with distilled wet.er, the colour intensities were 

measured at 540 nm in a spectrophotometer or in a calorimeter using green filter 

(filter No.54). A rengerit blank was used for adjllsting 100% tr~nsmittance before 

readings were taken. Glucose was used as standerd. 

Extractability of invertme 

As was mentioned in the Introdr~ction, both soluble and cell wall 

associated/insoluble forms of invertases have been reported in many plant tissues. 

I t  was, therefore, felt necesstuy ( o  detenrllne t.he extent of extractability of the 

invertase under vnrying extractiori conditions so as to arrive at a suitable 

homogenizing rriedilur~ for the detailed or~togenetic studies envisaged. Since the pII 

optima deterniinations carried out earlier were by using the gel filtrates of 

supernnt.ants, the possibility of the presence of insoluble/cell wall associated enzyme 

t~ the residue had to be separately tested. 
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The following experitr~etits were therefore carried out with different tissues, 

~ising b a d  medium, basal medium nlppletnented with Triton X-100, and also 

employhg repeated extractions of the residual fraction. 

The following is the protocol of n typical experiment using chlorophylloris 

leaf tissue obtained frotn 12 month old plants. 

The effect of sr~ccessive grinding and Triton X-100 on invertase extraction 

Tritoti X-l00 is n non-iot~ic surf~ce active agent used with remarkable 

success with animal tissues in the release and solrlbilization of lysosomal enzymes 

and other particle-associated and latent enzymes. The reagent has found application 

also in plant tissues. 

The following experirnerlts were first carried orit using frozen samples of 

chlorophyllo~w lenf pnrts. Acid washed sand was rlsed as abrasive during extraction. 

The gel filtration and assays followed soon after all the extractions were complete. 

The first extract (&er centriffilgation) was gel filtered; subsequent extracts were 

directly essayed as most of the reducing sugars pnssed on to the first extract itself. 

The assay was nt pH 4.8 (the optini~~rn pH as determined earlier). The residue upon 

completion of extraclion, was suspended in an appropriate volrlme of the basal 

n~ediurti a id  analysed for invertase activity in the pH range from 3.6 to 8.0. 

7 1 
The basal medium, as described earlier (fIomogenization, page ) was used K 

as the control. The extraction with the basal medium was carried out 4 times and 

each extract was separately collected and assayed, along with the residual fraction. 



78 

When the effect of Triton X-100 was tested, it was incorporated in the 

medium at a final concentration of 0.5% (v/v) for the entire extraction steps; or it 

was incorporated In the successive extractjon of the residue left after the initial 

extraction with the basal medarn. 'The resid~ie in every case was suspended in the 

basal rnedii~m only. 

Observations uising the chlorophyllous leaf part, showed only margirlal effect 

on Triton X-100 treatment on enzyme extract~bility. Most of the enzyme could be 

soiribilized It1 tire first exlrncl ion with the basal rnedirirn itself. I Ience, Triton X- 100 

incorporation was not resorted to with the other tissues (stem and achlorophyllous 

leaf). Repeated extractions were carried out with the basal medium. Another reason 

for the deletion of Triton X-100 in the medium was the interference of Triton X-100 

during c o l o ~ ~ r  development in invertase assays. 

Since the well washed cell wall fraction was devoid of invertase activity, 

extractions wl tl I high snl t cot ~ceo tratjon wld ethylenedinminete traacetate (EDTA), as 

outlined in the Introduction, was not carried out. 

1.nck of solubility of protein in the chlorophytlou~ lenf tissue 

An unexpected observat,ion during the invertme activity and protein 

determir~ation in the chlorophylloris leaf tissue was the failure to detect protein in 

tile supernatant a l d  gel filtrate there~from by Lowry et d. (1951) method. As all 

other tjssues nrlalyzed gave estimable quantity of protein in the gel filtrates, the 

question arose as to the reason for this lack of detectable levels of protein in the 
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chlorophyllous leaf tissue supernatant/gel filtrate. Analysis of the homogenate and 

residual fraction, revealed that. the two fractions had nearly eqnal quantities of 

protein. This indicated that very little protein got solubilized under the homogenizing 

conditiot~a ~rairrg the bnual medium. Nevertlreleuu, tile gel filtrates had high invertase 

activity, but tile residiie wa9 devoid of any. 

Pineapple is a CAM plant mid hence one should expect high acidity in the 

leaf, particularly in the morning, when the samples were collected. During tissue 

disnlption,tlre addi1.y co~rld have resulted in ret~dering the b~dk of prot.eins insoluble. 

The pH of the homogenate was tested with a pI3 meter nrld was found to be around 

5.0. Whether protein sol~lbilizatiotr could be enhanced by neutralizing the acid during 

tissue homogenization, was to be tested. In order to accomplish this, tissue acidity 

was first determined by titration using aqueous  extract.^. Solid sodium bicarbonate 

in molar qrinr~tity equivalent to the acid content of the tissue was used to exactly 

r~erltralize the ~cidily it1 the tissue dllring homogenizntion. This was done by weighing 

the exact q~iantity of NaIIC0, nnd adding it along with tissue sample and add 

washed sand during homogenization in the basal tnedinm. The resulting pH of the 

homogenate WAR found to be 6.6 to 6.8. For comparison, homogenization in the 

basal medium (control) was uimultarreo~~sly carried out using another sarnple of the 

same pooled tissue. 

Determination of invertase activity ill the gel filtrate, and protein in the 

homogenate, residue, supernatant and gel flltrate showed that while invertase activity 

could be fully recovered in the gel filtrate of slipernatant, protein failed to get 
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extracted to any detectable qrrmitity colorhnetricnlly, in both the NaEICOj treated 

m d  control tissues. 

Freezing and thawing 

The ettiplrasis of the preser~t investigations wns on ontogenetic studies and 

smiples had to be collected when the appropriate stage was reached. In the 

reproductive stages, the gap betweerr successive stages was short and ar~alyses of 

samples collected of R previous stage were never complete by the time the next stage 

was ready. Often, the number of tissue sarr~ples collected on a single day we5 as 

rnariy as 36. Therefore, the sarriples had to be preserved in the frozen condition, tAll 

the analyses were complete. In order t.o see whether this freezing for several days 

and subsequent thawing of the samples during homoger~ization, affected enzyme 

actid tjes, sepnrat e experiments were perfornred as follows. 

Six snlrlples ( 5  g eacli) of the pooled chlorophyllous leaf tissue from 3 plants 

(12 months old) were weighed out. One sample was analyzed for invertase activity 

immediately; the others were stored it1 a deep freeze at -18OC. After 2 days, all the 

stored smples were trarisferred to a refrigerator maintained at a b o ~ ~ t  5OC and 

allowed to t h w .  One s~rnple wns mialysed (single cycle of freezing and th~wing). The 

ren~ninitrg sm~~ples were returned to the deep freeze. After two weeks, the fernairling 

samples were allowed to thaw, a third sample was analysed (two cycles) m d  the 

remaining samples returned to the deep freeze. The other two samples were similarly 

analysed at the erid respectively of 4(3 cycles ) &rid 6 (4 cycles) weeks. 



Optirni7~tion of assay conditions 

In order t.o have reliable m d  reproducible values on enzyme activity 

measurements of tissues at ontogenet.ical1 different growth stages, it is necessary to 

optJrnize the vn.dous fact.ors which influence the enzyme velocity. These factors 

include: 

i. the relationsllip between reaction velocity w ~ d  enzyme concentration 

ii. enzyme velocity-substrate concentration relationship 

iii. relation between incubation period and enzyme activity 

and 

iv. relation between incubation temperature m d  reaction velocity. 

Each of these was separately detennined at the predetermined pH optima for 

the respective tJssues. 

i. Relationship between reaction velocity and enzyme concentration 

The assay system was as already determined. The final substrate 

concentration was 50mM. Different volurr~es of the gel filtrates equivalent to R 10% 

(w/v) homogenate was used as enzyme, except hi chloropliyllous leaf tissue, where 

tile gel filtrate used was 2Y0. I'lie tJssrles malyzed were (a) stern Ussue (dl the three 

segments-upper, r~liddle and lower) (b) achlorophyllous rind (c) chlorophyllous leaf 

parts in rooting studies and (d) stem tjp tissue (upper segment only) and (e) 

achlorophyllous mid (f) chlorophyllous leaf parts in the ~natilre vegetative stages. 



ii. Enzyme activity-a~bstrrttc! concentration relationship 

'The effect of it~crensing the sllbstrate concentration was tested in the range 

5 to 60mM sucrose, except in the case of achlorophyllous leaf tissue, where the 

maxitn~un concentratjorl tested was 200 mM. Assay conditions and tissues analyzed 

were as described rrbove. 

iii. Incubation period and enzyme actMty 

This was tested in stem tip, nchlorophyllous, and chlorophyllous leaf tissue, 

at the mature vegetrrtive stage; predetermined optima with respect to pH, enzynle 

concentration arld suhstrrrte concentration were employed. Other assay conditions 

were RS already reported. 

iv. Incubation temperature and reaction velocity 

This was tested only in stem tip tissue of mature vegetative plant. The 

temperature tested were 30, 35, 40, arid 50°C. Incllbation period was 30 minutes and 

enzyme and sllbstr~le conceritrntiorl were as optin~ized previously. 

Validity of standardized assay conditions 

(.:onlpnrison of quarltitntjve levelr~ of enzytne aclvities arnong differerit tisstles 

and at different stages of growth become vnlid only if measurements rrre made under 

optimal conditions. These condillons differed from tissue to tissue. Therefore, there 

was no uniformly corntnon away system that could be employed. Each tissue was 
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cuialyzed employitlg separately ~t.~ndnrdized RRSRY conditjonn as described above. The 

results nre expected to be optJrnllrr~ and cotnpt-irahle arnong different tissues. 

Estimation of protein 

General 

Unlike in animd tissries, protein estimation in plant tissues in general, and 

crude enzyme prepwations therefrorn, presents many difficulties. Pineapple is not a 

phenolics-rich plant, nevertheless, protein estimation in its tissues necessitated 

special precautions. Working with tissue homogeriates and suspensions of residual 

rnnterid, the cellrllar debris added to the difficulty by greatly adding to the bulk of 

die protein precipitate with trichloraacetic ~ c i d .  

Precipitation 

Approprintc nliq~~ots of hornogetlnte, supernatant on centdfilgation, itrr gel 

filtrate and residue suspensiot~, in the range 0.50 to 2.0 m1 and contained in 15 m1 

centrifuge tubes with tapering bottom, were nlixed with 100% (w/v) trichloroacetic 

acid to 5% (w/v) final concentration and the mixture left in the cold for flocculation. 

The stock solution of precipitnnt was prepared in the Mgh concentration so that the 

volutne of the ncidified snmple co~lld be kept n miminl~un, Ttlis was of specid 

~dvantnge in the case of gel filtrates, whose proteir~ concent.rat.ion was low. CWlled 

in an ice bath, the flocculation was coniplete in about 30 min. The mixture was 

centrifuged for 10 min and the supernatant decanted off. 
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Elimination of intdering materials 

The s~ibsequeet. trentrr~e~~t. of prol.ein precipit.nt.e wns after Khannn et n1.(1969) 

~ b n e d  at elItninating/tninitnizirlg starch and pigments and any phenolics. The volumes 

in which reagents were employed in washing were based on the bulk of tile protein 

residue and were kept a minimum, sometimes R few drops only, since protein was 

sightly sol~ible in tile VRTIOIIR r e~ger~ t .~ .  

The protein precipitate was first washed with 2% trichloroacetic acid (0.20 to 

0.50ml) and centrifuged. The resulting residue was then washed once with 1% 

trichloroacetic acid (0.1 to 0.3 ml) and spun down. 

The nbove residue was kept suspended in LW0 (w/v) perchloric acid (0.3 to 

0.5ml) for 10min. (Since the starch content in pineapple tissues was not high, with 

the prominent exceptior~ of segment. bof the stem in the root3ng stage, the 30% and 

15% perchloric acid wnshing steps were avoided.) After 10 min. the suspension was 

centrifi~ged arid the s~ipernatattt decnnt.ed RWRY. 'The residue was next washed once 

with 5Yo perchlorlc ncid (0.1 to 0.31111). 

The residue was then washed with anhydrous acetone twice (0.3 to 0.5ml in 

the first stage and 0.1 to 0.3rnl in the second stage,followed by 80Y0 acetone (v/v) 

twice (0.3 to 0.5 m1 initially and 0.1 to 0.3 m1 snbsequently) for protein from 

chlorophyllous tissue mid the lower part of stetn dssue of rooting stages. In the cnse 

of other tissues, the precipitate was wa..hed only once each. 



The residue was suspended in 5.0 m1 of 0.1 N NaOH and heated for 5 min 

with mixirig in A bath of boiling water. It1 the caqe of protein precipitates from 

hortiogenate and residue, cetltrifi~gation was rlecessmy to get a clear solution, while 

for protein from supernatant from hornogenate and gel filtrate, centrifugation was 

not needed, since the protein got dissolved readily and the solution was clear. 

The resr~ltirig protein solution hnd a brownish colour when working with 

homogenate, or residual fraction, o f  clilorophyllous leaf and the lower segment of 

stem tissue in rooting studies, iri particular, Stage I1 B. Colourless solutions were 

obtained from all parts of the stem tissue of the propagule. In Stage I1 A, only the 

lower part of stem gave rise to pigniented solutions, but the colo~u was less intense 

than that of correspor~dit~g fraction from Stnge I1 D. In the two rnontJis old plants, 

the middle port.ion of the stetn dso gave rise to colorued protein sohition, but these 

solutions were less brown than the corresponding fraction from the lower part of 

stem. The other preparations were essentially free of pigment. The protein fractions 

from gel filtrates were always colourless, even when derived from the lower part of 

ffie stetn in Stages I1 A and If B. 

The hethod adopted was that of Lowry et d. (1951). Aliquots (O.lOml in the 

case of protein from whole homogenate md residue and 0.50 ml in the case of 

protein from supernatant and gel filtrate) were made to 1.0 m1 with water and 5.0ml 
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dkaUtie copper s~ilphnte reagent was added. At the end of 10 rnin at room 

temperature, 0.5ml of Folin Cliocaltea~l phenol reagent wm sdded. Colour intensities 

at 660 nrn were measured after 30 to 60 rrlin in a spectrophotometer, set to 100Yo 

tr~slsmittance with a blank containitlg the two re~gents nnd 1.0 m1 water. 

Bovine serum albumen w ~ s  used as standard. A stock soliltion containing 1 

mg of the protein per m1 was prepared (25.0 rrlg In 25.0 m1 soli,tion) and stored in 

the cold; this solution could be used for about 2 weeks. A working standard was 

prepared each t.ime by diluting l.Orr11 to 10.0n11, that. is, O.lOmg/ml. One rnl a1iqtlot.s 

were used directly for coloru development, without trichloroacetic acid precipitation. 

The author has preferred to have a standard colour prepared each time, instead of 

relying on a standard graph relating protein to optical density. 

Detednation of dry solids 

Since vnh~able insight irlto the pf~ysiology of the plant was provided by 

relating not only the protein but also the enzyme activity to dry solids content in the 

tissues, dry weight determinations ssstuned considerable importance. The principle 

consisted in rapid heating of tissue at a high temperature for a short period to 

inactivate enzymes, followed by contir~uous heating to constarit weight at a 

tempersture silmdenlly low to prevent loss of non-volatile tissue constitilenls. 

As already pointed out, comminuted tissues were separately pooled and 

rnndomized and a number of sarnples quickly weighted out. While the samples for 

enzyme acthity (mid protein) detenr~inat.ion were transferred to a deep-freeze, a 
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sample was directly used for dry weight detennlt~~tion. It was transferred to an oven 

maintdned at 100°C. The period of heating at this temperature depended upon the 

nature of the tissue. The more tough tiss~les such RS chlorophyUous leaf and the 

lower and middle parts of stem in States I, I1 A and I1 B were heated for an hour, 

while the tender upper pnrt of stern tip tiss~ie was heated for 45 min. The more 

delicate achlorophyllo~ls leaf tissue was heated for only 30 min. The samples were 

then transferred to nn oven ~naintained at 60°C until constant weight was attained 

.Prior to weighing, the samples were trmsferred to a desiccator and allowed to attain 

room temperatulre. 

Data on total erlzyme activity and total protein are expressed both on the 

basis of fresh tissue and dry tissiie equivalent. 

Unit of activity 

One unit of invertase nctivity wn8 defined as the mount  of enzyme which 

hydrolysed 1 11 mole of sucrose (one half the reducing equivalent at the end of 

assay) in 20 nlin at. 30°C, lir~der the optjmnl cotlditions of assay. 

Specific activity 

Specific rrctivi(y was defined as units of activity per mg proteirl it) the enzyrne 

preparation. In the case of stem tissue and achlorophyllous leaf tissue, the protein 

wm that. detem~ir~ed in the gel filtrate. In the case of the chlorophyllous leaf part, 
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protein could not be determined in the gel filtrate, or the extract prior to gel 

filtmtion; the ~ctivity WRS expressed in relntion to the protein in the homogenate. For 

purposes of compmisoti, the activily in the stem tissue and ~cilorophyllous leaf 

tissue was calclllated also on the basis of protein in the respective homogenates. 

Replications 

The ontogeny studies were carried orit with 6 samples of each tissue at every 

growth stage. 

Statisticcat evaluation 

All values are expressed RS mean It S E. Statistical significance was tested 

using the students 't' test. A '11' value of greater than 0.05 was taken as not 

significant. 

Chemicals 

All reage~lts ar~d sol~~tiotis were prepfired from analytical grade chemicals. 
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RESULTS 

Part A: Blochemlstry: Preliminary Studies 

pH optima of invertase 

The rationale behind the separate determination of the optimum pH in each 

tissue was already mentioned. The results obtained are graphically represented in Fig 

1 to 4. 

Heterotrophic and pre-autotrophic stages 

a Stem segments 

Only acid invertase with a pH optimum of around 4.8 was present in the 

stem, irrespective of the segment in the heterotrophic and pre-autotrophic stages. 

A sharp pH optirn~un was observed in the case of the lower segment (c). There was 

a tendency of broadening of the pH optimum commencing with the middle segment 

(b) and accentuating in the upper segment (a) (pH ranged from 3.6 to 5.6, that is, 

by as much as 2 pH units). 

[Fig. 1 A] 



b. Leaf 

Both acid and neutral invertase were present in this tissue. There was a sharp 

peak for acid invertase between 4.8 and 5.2. The activity declined sharply thereafter 

to a minimum value at pH 6.5. A second peak of invertase activity (neutral) was seen 

in the tissue, after pH 7.0, the activity decreasing above pH 7.3. The acid invertase 

was more prominent than the neutral invertase. 

[Fig. 1 B] 

ii. Chlorophyllous 

Only the acid form was present with a sharp pH optimum at 4.8. There was 

rapid decrease thereafter with total loss of activity at pH 8.0. 

[Fig. 1 R] 

iii. intervening diffuse regions (sub-chlorophyllous) 

The tissues resembled the achlorophyllous tissue in the pH profile, in that 

both activities were present. 

a Lower part 

The acid invertase had a sharp peak at pH 4.6. The activity fell sharply at pH 

6.0 and rose to register a second peak at pH 6.6. 

[Fig. 2 B] 



* Stem (upper segment) Stem (middle $90.) 

--V- Stem (lower seg.) 
0.26 

43- Aohlorophyllous -8- Chlorophyllous 

Fig.  1 pH optlmum of lnvertase In different tlssues of the 
pineapple plant: Stage I 

A: Stem segments. B: Leaf tissue 
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b. Upper part 

An identical, pattern of pH-activity profile, with acid invertase activity peaking 

at pH 4.6 and neutral at pH 7.0, was observed in the upper part as in the lower part. 

However, in relation to the acid invertase activity, the neutral activity was less 

prominent in the upper part than in the lower part. In other words, while the lower 

part tended to resemble the achlorophyllo~is leaf region, the upper part tended to 

resemble the chlorophyllous leaf part. 

[Fig. 2 B] 

c. Root 

(i) Stage I 

No invertase activity could be demonstrated in the root tips at this stage. 

(ii) Stage I1 A 

Both acid and neutral invertases were present, with pH optimum at 4.6 and 

7.0, respectively. The profile stood out prominently in that the neutral invertase was 

more active than the acid invertase, though only marginally. 

[Fig. 2A] 



(iii) Stage I1 B 

A similar profie as in Stage I1 A with peaks at 4.6 and 7.0 was observed. 

However, the neutral invertase was twice as active as the acid invertase. 

The root tip tissue in Stage 11, thus, resembled the achlorophyllous leaf tissue 

and the intervening region of the leaf in the pH activity profile. 

[Fig. 2 A] 

a Stem tip (upper) 

In marked contrast to the heterotrophic and pre-autotrophic stages, only the 

neutral form of invertase was present, with a sharp peak at around 7.0. 

[Fig. 3 A] 

b. Leaf 

Similar to the heterotrophic and pre-autotrophic stages of the tissue, the 

autotrophic stage showed both the acid and the neutral forms of the erizyme with 

pH optimum in the range 4.8 to 5.2 and 7.0 to 7.3 respectively. The latter peak was 

marginally lower than the former. 

[Fig. 3 A] 



4- Upper part -EF- Lower pert 

Flg.  2: pH optlmum of lnvertase In dlfferent tlssues of the 
pineapple plant: Stage I 

A: Root t ip tlssue B: Leaf-lntervenlng d l f fuse  reglon 
( -Su  bchlorophyllous-) 
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ii. Chlorophyllous 

Only the acid fonn was present with a sharp peak at pH 4.8. The activity 

diminished steeply and disappeared completely at pH 7.0 and thereafter. The profile 

was comparable to that obtained in the heterotrophic and pre-autotrophic stages. 

[Fig. 3 A] 

c. Root 

The sample tested was from Stage V of development of the plant. The pH- 

activity profile was very similar to that obtained in root tip tissue of Stage I1 A, with 

peak for acid invertase between 4.6 and 5.0 and for neutral invertase at pH 7.0. The 

latter enzyme was marginally more active than the former. 

[Fig. 3 B] 

Choice of assay pH 

The pH optim~un obtained for various tissues are tabulated and shown in 

Table 1. 

From the above chart, it is clear that in most tissues, acid invertase was 

optirnally active at pH 4.8. Even when a sharp pH optirnum at pH 4.8 was not 

obtained in some tissues, the activity obtained ~t k 0.4 pH units on either side of 4.8 

showed only marginal difference. Therefore, 4.8 was fixed as the pH optimum for 

acid invertase assays irrespective of the tissue or stage. Neutral invertme in most 
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Table 1 
pH optima of acid and neutral invertases in the tissues 

during ontogeny of the pineapple plant 

, S t ~ g e  and tlssue 
l 

I Acid 
p-- .--.. -----.-....---.-....--.--....- .- . . - -  

B. Leaf 
(i) Achlorophyllous 
(ii) Chlorophyllous 
(iu) Intervening 

(a) Lower 
2 b ) U p p e r  -..-.-.--. 

Heterotrophic & Pre-autotrophic 
IJpper 

A. Stetn Middle 
Lower 

-p- ----..-.. - 

3.6 to 5.6 
4.0 to 5.2 
4.4 to 5.2 

C. Root 
(i) S t ~ g e  I 
(ii) Stage IIA 
(iii) Stage IIB 

C. Root (Stage V) 1 4.2 to 5.0 

absent 
4.2 to 4.6 
4.2 to 5.0 

Autotrophic 
A. Stem tip (3 motlths) 

112- . . - ,  

B. Leaf 
(i) Achlorophyllous 
(ii) Chlorophyllous - 

.--- 
ltima 

Neutral 

absent 
absent -.----.---.-- 

4.8 to 5.2 
4.8 

absent 
absent 
absent 

6.9 to 7.3 
absent 

absent 
7.0 
7.0 --- -- 

6.9 to 7.3 
absent ------- 
7.0 --.--.-p- 

The assays were c~rried out in acetate buffer in the range pH 3.6 to 5.6 and phosphate 
buffer in the range pH 5.7 to 8.0. For t iss~~es in root tip and intervening region of leaf, 
citrate-phosph~te buffer was used in the range 3.8 to 8.0. Other procedures were as 
reported in Maten'ds and Methods. 
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tissues showed an optimum around pH 7.0. The slight differences in the pH value, 

0.4 unit on either side of 7.0 did not markedly affect the enzyme activity. The 

choice of pH 7.0 as the optimum was therefore, justifiable. 

pKa of acetate buffer is 4.7 and that of phosphate buffer is 6.9. Thus, assays 

of acid invertase at pH 4.8 and neutral at pH 7.0 are expected to be under 

conditions for efficient buffering. 

Shift from acid-to neutral form of invertase during development 

All tissues of the pineapple plant manifested invertase activity, with the 

prominent exception of the tip of the aerial root. A salient feature of pineapple 

tissues was the wide distribution of acid invertase. The prominent exception was the 

stem tip of the autotrophic plant, which contained only the neutral form. Neutral 

invertase was present also in the other nonchlorophyllous tissues, the achlorophyllous 

leaf part and the tip of the terrestrial root, in which two tissues, the acid form 

coexisted with the neutral form. The intervening diffuse regions of leaf tissue 

resembled the achlorophyllous part in this respect. 

The shift from the acid activity of the shoot tip to the neutral form when 

passing from Stage I1 B (two months after planting) to Stage I11 A (12 months after 

planting) was unexpected and warrar~ted further investigations. 

In order to determine the stage during development (heterotrophic to 

autotrophic) in which the shift from acid to neutral form took place, separate 

experiments were planned. At intervals of 2 months, samples of stem tip were 
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analyzed for the pH-activity relationship and compared with that of the propagule. 

It was fo~md that while propagule and the two months old plant exhibited only the 

acid form of the enzyme, at 4 months and thereafter, the neutral form alone was 

present. This indicated that the shift from acid to neutral form occurred between the 

second and the fourth month.To precisely identify the exact chronological age of the 

plant at which the transition took place, experiments were repeated at shorter 

intervals starting with the two months old plant, that is, 60 days, 70 days, 90 days 

and 120 days. It was found that by about the 70th day, or so, the acid invertase 

disappeared and was replaced by neutral form. Only the neutral form was present in 

subsequent stages. This observation indicated that the shift from one form to the 

other form of the enzyme was a relatively rapid process and might have occurred in 

a few days' time. 

The exact physiological significance of the above observation in relation to 

the role of invertase in the pineapple plant is not certain. Also, the molecular biology 

underlying this remarkable phenomenon was not clear, but merits further researches. 

[Fig. 41 
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Chlorophyilous leaf tissue 

The results are recorded in Table 2. 

A. Basal medium as extractant (control) 

Supematant 

On extraction with basal mediurn and analysis separately in each extract, it 

was seen that 80% of the enzyme activity passed on to the first supernatant, 12.9% 

in the second, 6.590 in the third and 1% in the fourth supernatant. The residue was 

devoid of activity. 

B. Triton X-100 supplemented medium as extractant 

a Two extractions 

When the tissue was extracted twice, using the basal n~edium supplemented 

with Triton X-100, the initial extract yielded 91% and the second the remaining 

activity. 

b.Three extractions 

Using the Triton X-100 supplemented mediurn, when three extractions were 

canied out, and each analyzed, 96% activity passed into the initial extract, 2.890 into 

the second and 1.390 into the third extract. 



c. Triton X-100-supplemented medium used after basal medium 

When the initial extractions were canied out in the basal medium and the 

residue re-extracted twice with Triton X-100 supplemented medium, it was found 

that the activity in the combined fust and second extract was almost 909'0; and the 

third extract had 3.4% and the combined fourth and fifth extract 2.99'0 activity. 

Residue 

No invertase activity was observed in any of the above residual fractions left 

after the completion of extraction, at any of the pH values tested in the range 3.6 

to 8.0. 

On the basis of the results from the for oing experiments, it was concluded : 
that a single extraction with the basal medium is a satisfactory step and Triton X- 

100 supplementation has very little advantage. Achlorophyllous and stem tip tissues 

were, therefore, analysed for extractability studies in the basal medium only. 

Results showed that over 80 to 90% of the enzyme (both acid and neutral) 

could be recovered in the first extract itself (data not shown) with no detectable 

activity in the residual fractions over the pH range 3.6 to 8.0. 

Routine extraction procedure for enzyme assays 

During ontogenetic studies, spread over 15 months, a large number of 

samples had to be analyzed. As many as 4 homogeriizations were carried out on a 

single day, prior to centrifugation and gel filtration. Repeated extraction was time 



Table 2 
Effect of successive grinding operations and Triton X-100 supplementation on acid 

invertase extraction from chlorophyllous part of the pir~eapple leaf 

1 A. Basal 
-do- 
-do- 

Expt. 
No. 

B. Suppletnented 

Extraction 
Medium 

-- --.---...-..----h 

3. l C. Basal 

Supplemented 

Extract Number 
1 and Fraction 

Supernatant I 
Supernatant I1 
Supernatant 111 
Supernatant IV 
Residue --.-...-.--..-...- .,--....-- 

Supernatant I 
Supernatant I1 
Residue ---..-.---.-- --. 
Supernatant 1 
Supernatant I1 
Supernatant I11 ..-.-.--...-"------- 

Supematant I 
Supernatant I1 
Supematant I11 

Supematant IV 
Supernatant V 
Residue 

nil 
-p------. ----A-..-.-" 1 

-"-.*-"-.----..-------" 

Activity, 
units/g fresh 

tissue 

17.20 
2.80 
1.40 
0.22 

24.38 
2.36 

nil 

17.95 
0.52 
0.24 

Percentage 
recovery in 
extracts/ 
residue 

79.6 
12.9 
6.5 
1 .o 

91 
9 
nil -- 
96.0 
2.8 
1.3 

nil 

89.7 

6.6 

3.7 

nil 
,.- 

m 
The basal medium WRB made up of 10 mM phosphate buffer pH 7.0 and 1 m M  2 5  
mercaptoethanol. l'dton X-100 was s~~pplemented in final concentratior~ of 0.5% v/v. 
Other detdls were ns outlined in the M~te i ids  and Methods. The percentage of 
recoveries were calcualted on the b~sis  of the sum of activities recovered in the different 
extracts. The above experiment was duplicated and the results given represent a typical 
experiment. 
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consuming and did not offer any added advantage as most of the enzyme could be 

recovered in the first extract itself. Therefore, activity of the eruyrne in this fraction 

was taken as representative of the whole tissue equivalent. 

The effect of freezing and thawing 

The effect of freezing (and thawing) on invertase activity in the 

chlorophyllous leaf tissue was tested and the results are given in the table below. 

Effect of freezing and thawing on invertase activity from chlorophyllous leaf part 

- ~ 

The experiment was spread over 6 weeks. Freezing was at -18OC. Other 

details were as reported in Maten'als and Methods. 

Extracted activity, units per g fresh tissue equivalent 

Number of cycles of freezing and thawing 

The results obtained showed that: 

Control 
(Fresh sample) 

18.2 

1. Fresh tissue had the same activity as tissue frozen for 2 days. This indicated 

that the full activity of the enzyme was expressed even without the aid of 

endogenous cell rupture by freezing and thawing. Additional cycles of 

freezing and thawing did not alter the extractable activity. 

1 

17.6 

2 

18.0 

3 

17.2 

4 

18.5 
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2. Based on this findings, likely to be applicable also to the other tissues, the 

regular assays could be carried out with tissues in the fresh condition. In 

actual practice, it was preferred to analyze after storage frozen for a few 

days, since only 2 to 4 samples could be analyzed on the same day; also, the 

grinding operation was easier. 

Optimization of assay condition 

Relationship between reaction velocity and enzyme concentration 

A. Stem tissue 

The three segments of the stem in the rooting stages and the stem tip in the 

mature vegetative stage (12 months) were tested separately for reaction velocity- 

enzyme concentration relationship. Using a 10% equivalent of gel filtrate, 0.05, 0.10, 

0.15, 0.20, 0.25 and 0.30 m1 aliquots were used in the assay system. The activity was 

found to be nearly linear upto 0.2rl of the enzyme used in the assays. A typical plot 

using Stage 111 A tissue as the enzyme source is given in Fig. 5 A 

[Fig. 5 A] 

In regular assays, irrespective of the stage of growth, 0.20ml aliquot of 10% 

equivalent of gel filtrate was employed. Under these conditions measurable activities, 

within the sensitivity of the calorimetric procedure, could be obtained. 



B. Leaf 

Analyses were carried out at pH 4.8 and 7.0 using 0.05, 0.10, 0.15, 0.20, 

0.25, and 0.30 m1 of 1040 gel filtrates of the tissue extracts at Stage I and Stage I11 

A plants. The enzyme activity at either pH value was proportional upto 0.3ml of the 

enzyme. 

[Fig. 5 B] 

The sensitive range was between 0.OSml to 0.15 1n1 in the case of acid 

invertase and between 0.10 to 0.20ml in the case of neutral invertase., In routine 

assays, 0.10rnl of 10% equivalent of gel filtrate was used for acid invertase and 0.20ml 

of enzyme for neutral invertase activity. 

ii. Chlorophyllous 

The chlorophyllous leaf tissue had very high invertase activity as revealed 

from preliminary experiments. Therefore, the origirial gel filtrate (10% equivalent) was 

diluted 5 times (2% equivalent) with the basal medium. The determir~ations were at 

pH 4.8 using 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30 m1 aliquots. The enzyme activity 

increased proportionately upto 0.30 ml, the maximum amount tested. 

The colorirnetric readings were in the sensitive range when enzyme aliquot 

in the assay system was between 0.10 and 0.20ml. In regular assays, 0.20ml enzyme 

preparation was employed. 

[Fig. 5 C] 
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From the shape of the various curves, the following conclusions seemed to 

be justified: 

1. Since there was no lag in the exhibition of activity, that is, activity was 

manifested from the lowest amount tested, the reagents used in assay system 

were free of toxic impurities. 

2. Since the reaction velocity-enzyme concentration yielded a straight line 

relationship with increasing enzyme concentration, with the possible 

exception of the neutral activity in the stem tip in the autotrophic stage, the 

presence of R reversible inhibitor of the enzyme can be excluded. 

Enzyme activity-substrate concentration relationship 

A. Stem 

The invertase activity was determined in assay systems containing sucrose in 

the range 5 m M to 60 m M for all the three segments (-upper, middle and lower) at 

the rooting stages. A typical Michaelis-Menten relationship was obtained. Saturation 

was reached around 40 m M  to 60mMsucrose. The stem tip at the mature vegetative 

stage resembled the three stem segments in the substrate saturation profile. 

[Figs. 6 A, 6 B, 7 A and 9 A] 

In the routine assays the substrate concentration was kept at 50mM. 

R 
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Fig, 6: Substrate saturatlon curve of lnvertase 
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The Km values calculated from the substrate saturation c w e s  gave 15, 12, 

10, and 10 mM for the upper, middle and lower segments of stem (at the rooting 

stages) and the stem tip at the mature vegetative stage (12 months) respectively. 

B. Leaf 

Acid iowrtase 

A typical Michaelis-Menten kinetics was observed with substrate 

concentration in the range 5 to 200mM. Saturation was attained at a concentration 

of 120 mM sucrose with no fiuther change in velocity at higher concentration. For 

assays, the substrate concentration was kept at 150 mM. 

The Km value as calculated from substrate saturation curve was 20 mM. 

[Figs. 8 A and 10 A] 

Neutral. 

Substrate saturation was tested in the range 5 to 100 mM. Michaelis-Menten 

curve showed that substrate saturation was reached at 70 mM. Thereafter the activity 

~emained constant. In routine assays 75 m M sucrose was employed. 

The Km value as calculated from the substrate saturation curve was about 

IOmM. 

[Figs. 8 B and 10 Bj 
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ii. Chlorophyllou~ 

Tested in the range 5 to 60 mM sucrose, a typical Michaelis-Menten 

behaviour was observed with saturation attaining at 40 mM. Thereafter, the activity 

remained constant. In routine assays, sucrose concentration was kept at 50 mM. 

The Km value calculated from the substrate saturation curve was 5 mM. 

[Figs. 7 R and 9 B] 

Cornpadson of Km values 

Michaelis-Menten constant (Km) relates to the affinity of an enzyme towards 

its substrab. A comparison of various Km values obtained for the various tissues in 

the pineapple plant showed that the chlorophyllous acid hvertase has the highest 

affinity with the lowest Km value of 5 mM. The stem tissues (upper, middle and 

lower) gave near identical values in the range 10 to 15 mM which was double that 

for the chlorophyllous acid invertase. Of the acid invertases, the achlorophyllous 

invertase showed the highest Km (therefore, the least affinity) of 20 mM. This was 

double that of the stem acid invertase. 

Neutral hvertase in the stem tip had the same Km vdue as that in the 

achlorophyllous region (10 mM each). This value was comparable with the Km for 

the acid invertase in the stem. 
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When the acid - and the neutral invertases were present together in 

achlorophyllous tissue, the &ity of the enzyme for sucrose was greater in the 

neutral form. That this hes physiological significance is a distinct possibility. 

Whether the acid invertase of different tissues belong to the same enzymic 

protein or whether they are isoenymic forms is not certain. However, the wide 

variation in the Km value between the chlorophyllous and achlorophyllo~~ acid 

invertases may point to distinctly different enzymic proteins. 

Incubation period and enzyme activity 

Employing the enzyme preparations (gel-filtrates) from the various tissues, 

in the proportionality range and substrate concentration at saturating levels the assay 

system was incubated for 10, 20, 30, and 45 min. A straight-line relationship was 

obtained for 1111 preparations over the entire range of time, showing that the activity 

was directly proportional to the incubation period (Fig. 11 A). The shorter the 

reaction time, the greater the possibility that the initial rate of reaction of an enzyme 

is being determined. In regular assays, the incubation period was held at 20 min rat r ! 
than 10 min since absorbance readings under this condition fell in the most sensitive 

range of the instrument. 

[Fig. 11  A] 



Incubation temperature and enzyme activity 

Using the enzyme preparation from Stage I11 A stem tip, the assay was 

carried out, at 30,35, 40, and 50°C, with incubation period of 30 min. The peak of 

activity was at 35OC, with 30 minutes incubation. The invertase activity was found to 

be markedly reduced above 50°C. The regular assays were conducted at 30°C, which 

during the greater part of the year was only slightly higher than the ambient 

temperature so that the thermostatic mechanism of water bath functioned most 

efficient.&. 

[Fig. 11 B] 

The large majority of enzymes are heat-sensitive. Apart from enzymes of 

thermophilic orsanisms a few enzymes from higher tissues are heat-stable. One of 

the best examples is pancreatic ribonuclease. The temperature sensitivity of the 

pineapple enzyme was somewhat unexpected. The pineapple plant has properties of 

a xerophyte and its fleshy tissues may be expected to attain high temperatures in the 

sun. Again, invertase is a glycoprotein (c.f Stnuneyer and Malin, 1970) the 

carbohydrate moiety of an enzyrne usually bestows thermostability. 

Stability of enzyme preparation 

On storage of the gel filtrate of an extract of stem tip of mature vegetative 

plant (Stage I11 A) inside a refrigerator, the (neutral) invertase activity was observed 

to decrease continuously. There was about 50% decrease in activity after 2 days 

storage. Results reported earlier had shown that, in association with tissue matter, 
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invertase was highly stable in the frozen state and that extracts in buffers were stable 

for several hours when maintained in the cold. It was possible that gel filtration was 

associated with the removal of endogenous stabilizing factor(s) of low molecular 

weight. The dilution resulting on gel filtration might also be a contributory factor to 

storage sensitivity. 

Part B : Physiology 

Ontogenetic changes in physiological and biochemical parameters in the pineapple 

plant - Parameters considered 

The parameters considered were: 

l .  dry solids content (-moisture status-) 

2. protein content 

and 

3. invertase activity 

1. Dry solids content (-moisture status-) 

[Figs. 12 and 131 

The data are presented in Tables 3 A, 3 B, 4 and 8. 

Ontogenetic changes could be interpreted along two lines; (A) stage-specific, 

in which the events occurring in the stem and leaves are considered together at every 
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stage and (B) tissue-specific, in which the changes in a given tissue are followed over 

the entire ontogeny. 

A. Stage-specific 

State I: The percentage dry weight in the upper stem segment was 10.98. The middle 

and lower portions had 10.6% (P~0.01) and 63% higher values respectively (P<0.01). 

The lowest value of 6.21% (the minimum among all tissues of all stages) was 

observed in the achlorophyllous leaf part in this stage. The chlorophyllous tissue had 

almost double the value, as the achlorophyllous (Pe0.01). 

Stage I1 A: In the stem, the upper segment registered the minimum value. There was 

a 45% higher value (Pe0.01) in the middle portion. This dry weight was the highest 

for any tissue at any stage of ontogeny. The lower portion had 23% less (P<0.01) dry 

weight than the middle. 

The achlorophyllous region had 42% lower dry matter content (P < 0.01) than 

the upper stem segment. The chlorophyllous region had 38% higher dry weight than 

the achlorophyllous (P < 0.01). 

Stage I1 B: As in Stage I1 A the rninirnlun value was in the upper segment. The 

middle segment had 34% (P < 0.01) more dry weight. In this respect Stage I1 A and 

I1 B were nearly identical. The lower segment in Stage I1 B had only marginally 

lower value (N.S.) than the middle segment at this stage. Achlorophyllous region 
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registered the minimum dry weight among different tissues in this stage also. The 

chlorophyllous tissue had 86% more dry weight than the achlorophyllous (P < 0.01). 

m 111 A: Stem tip had 12.2% dry matter. As in every stage, Stage I11 A also had 

the minimum dry matter in the achlorophyllous region among the different tissues. 

The dry matter was more than double in the chlorophyllous than in the 

achlorophyllous (P < 0.01). 

From Stage I1 B to Stage W, a more or less similar pattern in terms of dry 

weight as in 111 A was observed. However, in the VIIth Stage, the achlorophyllous 

registered a higher value which was the highest (8.94%) mong the achlorophyllo~~s 

tissues. 

Tissue - specific 

Stem tip: The upper segment of stem registered the minimtun value at Stage I. An 

increase of 61% (Pe0.01) occurred at Stage I1 A. The value was the maximum among 

all stages for the stem tip. There was a marginal decrease of 8.5% (P < 0.01) in Stage 

I1 B. There was a further decrease of 25% (Pe0.01) in Stage 111 A. The value was 

nearly the same in Stage 111 B. At Stage IV, a marginal increase of 10% (P < 0.01) 

was,observed. The values remained nearly constant in Stage V and VI. A drop of 

16% (Pe0.01) occurred at Stage VII. The dry weight at this stage was almost the 

same as in Stage I. 
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Stem (middle) The minimum value was in Stage I with more than doubling at Stage 

I1 A (P < 0.01) Stage I1 B registered a 15% (P * 0.01) reduction from the preceding 

stage. 

Stem (lower) There was a gradual increase in percentage dry weight from Stage I to 

Stage I1 B. The increases were 10% (N.S.) from Stage I to I1 A and 5% from Stage 

11 A to I1 B (N.S.). 

Achlorophyllous: The lowest value was in Stage I. A signiticant increase of 64% 

(P<0.01) occurred in Stage I1 A, with a reduction of 26% (Pc0.01) in Stage I1 B, and 

a further reduction of 12% (Pc0.01) in Stage I11 A. The values remained nearly 

constant upto Stage VI. At Stage VII, 25% (Pe0.01) increase in percentage dry 

weight from the preceding stage occurred, to reach the maximum value for this 

tissue at any stage. 

Chlofophyilous: As in other tissues, chlorophyllous region had the minimum dry 

weight at Stage I. An increase of 15% at Stage I1 A was significant (Pe0.01). Only 

marginal fllictuations occurred thereafter in dry weight percentage upto Stage VII. 

The pineapple in common with many other bromellaceous plants, has water 

storage tissues, which is the basis for designating the plant as a 'stlcculent' or 

xerophyte. The non-chlorophyilous leaf part, in spite of its higher water content, 

does not appear to have water storage cells. The water-storage tissue is prominent 

in the chlorophyilous region of the leaf; in the fidly turgid pineapple, this occupies 
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approximately half the leaf cross section in the median portion of the central region 

(Krauss, 1949). In the sub-chlorophyllous region, the tissue assumes water storage 

function as the chlorophyllous region is approached. 

An increase in dry solids (-moisture loss-) could be an artefact of desiccation 

or as a result of active redistribution or an active accumulation of dry matter. As 

mentioned earlier, the plants were profusely watered on the previous day of plant 

collection. Desiccation due to environmental factors such as temperature, humidity 

etc. may not have appreciably influenced the water status in the tissues. However, 

in Stage I1 A and to a lesser extent in Stage I1 B partial desiccation due to internal 

water redistsib~ltion might have occurred as a result of inadequate development of 

soil roots for water absorption. The marked increase in dry solids in the stem regions 

in Stages I1 A and I1 B may be a result of this water redistribution. In the mature 

vegetative and the reproductive stages the increase in dry weight is more likely a 

result of active accumulation of metabolites as the plants are fully autotrophic by this 

time. 

fL PROTEIN CONTENT 

The word "content" is used here in the general sense. The vmious tissues 

were not weighed whole, but only sampled for analyses. A more appropriate term is 

probably "concentration", that is, content per unit weight of tiswie. 

Unless otherwise specified, the interpretation of the protein content will be 

on the basis of the dry weight of tissue. 



[Figs. 13, 14 and 15) 

[Tables 3 A, 3 B, 4 and 81 

The results are put under three categories/headings - pre-autotrophic; 

mature, vegetative; and reproductive - so that the changes can be correlated with the 

physiological state of the plant. Wherever necessary, tissue-specific and stage- 

specific comparisons have been made. 

Rwmummphic (semi-autotmphic) stages: 

Propagule and its mthg 

Stem: Protein content was lowest in the lipper part of the stem, rather unexpectedly; 

it increased 19% in the middle part (P*0.01) and this level was practically maintained 

in the lower part, although this tissue was harder. 

Leaf 

Achlomphyllous: The protein content in the achlorophyllous leaf part, the maximum 

in this tissue at any stage, was over 2-fold (Pq0.01) as high as in the various 

segments of the stem. 

Chlomp~ous: The protein content in the green leaf was only marginally higher 

(5.8%; N.S.) than in the achlorophyIlous leaf part unlike in most other stages when 

protein content was much higher in the green tissue. 



stage I1 A 

Stem: The pattern of protein distribution in the stem was substantially altered 

following planting of propagule. Protein decreased 10% in the upper part (P 0.01) 

and 16.4% in the middle part (P<0.01). In marked contrast, protein content doubled 

in the lower portion (P<0.01), which was unexpected because this tissue tended to 

turn "woody". The lowest protein content was in the upper part, as in the propagule, 

but this was only 10% less than in the middle part (P<0.01). The protein content in 

the lower part was 2.7-fold that in the upper part (P<0.01) and 2.4-fold that in the 

middle part (P<0.01). Protein in the upper part was the lowest at any stage of stem 

ontogeny. As already pointed out, the upper part in Stage I1 A had more dry solids 

than the corresponding part in any other stage. 

Leaf 

Achlorophyilous: Protein content in the achlorophyllous leaf part, per g fresh weight, 

decreased 22.4% following propagule planting (Pc0.01). Since dry solids content 

increased in this tissue, the decrease in protein content was particularly marked when 

expressed per g dry weight (52.7Y0 P<0.01). The protein content in the 

achlorophyllous leaf was 40.8% and 27% higher than the content respectively in the 

upper and middle part of the stem (P<0.01 and P<0.01 respectively), but it was 48% 

lower than in the lower stem part (P~0.01). 

That a change occurred in protein per g dry weight in Stage 11 A in relation 

to Stage I and that the magnitude of this change was so high argued against. a 



113 

concept that the dry solids increase (reported above) was an artefact of as yet 

inadequate water uptake from soil environment. It appeared as if protein was in a 

labile form in the achlorophyllous leaf part, readily mobilizable to meet the needs of 

transition of the plant from the semi-autotrophic to the fully autotrophic state. I t  

was possible also that the decrease in protein was Likely to be a stress response to 

desiccation consequent on transplanting. 

Chlorophyllous: Protein was found to have decreased also in the green leaf, but the 

decrease was only 2Q.4% (Pc0.01); it was now 78.1% higher than in the 

achlorophyllous part (PeO.0 1). 

Protein content, thus, varied independently in the achlorophyllous arid 

chlorophyllous leaf parts; it was pointed out earlier that dry solids also varied 

independently in the green - and non-green portion of the leaf, during the growth 

of the plant. 

Stage I1 B 

Stem: Protein content increased in relation to the one month old stem, in particulw 

in the lower segment (27%, Pc0.01). The distribution pattern was, however, the same 

as in Stage I1 A, in that the maximum was in the lower part and the minimum in the 

upper part. The lower part had over 3-fold the protein content of the upper part and 

2.7-fold that in the middle part. 
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Leaf: 

Achlorophyllous: Protein increased 50% in comparison to Stage I1 A (P<0.01), which 

was more prominent than the increase in any part of the stem. As in Stage I1 A, 

protein in the achlorophyl l~~ leaf was higher than in the upper and middle stem 

(respectively 889'0, Pc0.01, and 63Y0, P ~ 0 . 0 1 ) ~  and less than in the lower part 39%, 

Pc0.01). 

Chlorophyilous In the 2 months old plant, there was 66% increase in protein 

(P*0.01), an increase which coincided with the 50% increase in the achlorophyllous 

part. The highest protein content in the chlorophyllous part in any stage was 

recorded in Stage I1 B. 

Autotrophic stages 

A. Vegetative: Stages I11 A and I11 B 

Stem tip: In Stage 111 A. (12 months old) the protein content in stem tip increased 

25% in relation to the top segment of the stem of the 2 months old plant (I1 B) 

(PcO.01). 

In the 14 months old plant (I11 B), there was 15% decrease in the stem tip 

(Pc0.01). The protein content in Stage 111 B represented the lowest among the 

autotrophic stages, though it was higher than in all the pre-autotrophic stages. It was 

of interest to note that, on fresh weight basis, protein content in stem tissue was the 



115 

lowest in Stage I1 B among all the developmental stages, barring the propagule; this 

was in keeping with the near constancy of dry solids in Stages I11 A and 111 B. 

The stem tip (rather, the apex), with reduced protein content, was now fully 

poised to respond to signal from leaf and transform into the reproductive state. 

Leaf 

Acblorophyllous: Protein content from Stage I1 B decreased 29% (Pe0.01) in Stage 

I11 A, contrasting with the increase occuning in the stem tip. It was now, only 

marginally higher in the achlorophyllous leaf than in the stem tip (6.0%, N.S.). 

The protein content was further reduced, by 10% (Pe0.02) in the 14 months 

old plant; the content was now the lowest at. any vegetative stage in the 

achlorophyllous leaf. Protein in the achlorophyllous leaf was 12% higher (Pe0.05) 

than in the stem tip. The plant readying to flower had lowered protein both in the 

stem tip and the achlorophyllous part of the leaves attached to the stem tip. 

Chlorophyllous: In Stage I11 A, along with the decrease in the achlorophyllous leaf 

part, there was a marked drop (31%, Pe0.01) in protein content in the green part. 

The level of protein remained unaltered in the 14 months, contrasting with the 

decrease which occurred both in the stem tip and in the achlorophyllous leaf. Protein 

in the green leaf was 92% (Pe0.01) and 112.0% (P<0.01) higher than in the 

achlorophyllous leaf, respectively in Stages I11 A and I11 R. 
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Thus, a lowered level of protein in the achlorophyllous part and a low level 

maintained in the chlorophyllous part, seemed to characterize the leaf undergoing 

the induction reactions. This was followed by a sharp decrease in the chlorophyllous 

leaf part, but a sharp increase in the achlorophyllous part, when the transition 

actually occurred in the apex. 

B. Reproductive stages 

Stage TV: T d t i o n  stage 

Stem tip: The protein content, per g dry weight, increased 28% (P<0.01). Since the 

dry solids increased at this stage, the increase in protein was more marked when 

expressed per unit fresh weight of tissue (41%, P<0.01). 

An effect observed on analyzing a 5 g portion of the stem tip might be a 

diluted form of the event occurring specifically at the apex proper; it may also be a 

primary event in the subjacent tissue, modulating the response by the apex. 

Leaf: Pronounced changes in protein content seemed to characterize the leaf parts 

immediately following the induction reactions. 

Achlorophyllous: Protein content incre~sed by 24% (Pq0.0 l), coinciding with the 

increase in the stem tip. Protein in the achlorophyllous leaf continued to be higher 

than in the stem tip, but the increase was marginal (8%, N.S.). 

Chlorophyllous: Contrasting with the increase in the achlorophyllous leaf part, there 

was 29% decrease in protein content. in the green tissue (P<0.01). 



Stage V: Organogenesis 

Stem tip: There was a small increase in the protein contentQ.4%, N.S). 

Leaf 

Achlorophyllous: Protein decreased by 42% (P<0.01) to reach the lowest value in the 

achlorophyllous leaf tissue at any growth stage. .Protein in the tissue was lowest also 

on fresh weight basis. 

Protein in the achlorophyllous leaf was 42% (P<0.01) lower than in the stem 

tip. The organogenetic stage marked the commencement of a lowered level of 

protein in the achlorophyllous leaf in relation to the stem tip. This decrease occurred 

at a time when there was increased protein in stem tip, though marginally. 

It appeared that protein was mobilized from the achlorophyllous leaf part to 

meet the needs of organogenesis at the shoot apex. A depletion of protein in the 

achlorophyllous leaf was observed also in Stage 11 A. 

Chlorophyllous: The protein content increased in Stage V (20%, P*0.01), contrasting 

with the marked decrease in the achlorophyllous part. There was appctrently a partial 

restoration of protein lost during Stage IV. This level represented the highest protein 

content among all reproductive stages, but was only about one-half the peak content 

attained in the 2-months old plant. Protein in the green leaf was about 1.5-fold 

higher than in the achlorophyllous leaf (P<0.01). 
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Distribution between the achlorophyllous and chlorophyllous leaf parts was 

often one of magnitude, but the direction of changes sometimes altered. The 

increase in the green leaf in Stage V occurred when there was a marked reduction 

in protein content in the achlorophyllous leaf part. Independent changes in 

chlorophyllus and non-chlorophyllous leaf parts were noticed also in dry solids 

content. 

The total dry solids content was preferentially labile in the achlorophyllous 

leaf part, as pointed out above, but there was no indication of a preferential lability 

with respect to protein in either leaf part, the content in both altering during the 

growth of the plant. The variation was in the same direction in Stage I1 A, I1 B, and 

I11 A, but in opposing directions in Stage IV, V and VI. In Stage I11 B, protein 

content remained unaltered in the chlorophyllous part, but decreased in the 

achlorophyllous part. In Stage V11 the variation was in the same direction. 

C. Post-orgmogenic stages: Stages VI and VII 

Stem tip: Protein content was practically unchanged in Stage VI. A marginal increase 

occurred in Stage VII. 

Leaf 

Achlmphyllous: Protein increased in the achlorophyllous leaf in Stage V1 and Stage 

VII, with partial restoration to the level in Stage IV. The increase was only 14% in 

Stage V1 (P<0.05). In Stage VII, protein increased 34% on dry weight b~s i s  (P<0.01). 

Since there was an increase also in dry solids percentage, the increase in protein per 
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unit fresh weight of tissue was highly prominent (67%, Pe0.01). Protein was 34% 

(Pe0.01) and 17% (Pe0.01) lower than in the stem tip respectively in Stages V1 and 

VII. 

Chlmphyllous: Protein decreased continuously in the green leaf in the post- 

organogenic stages, contrasting with the increases in the achlorophyllous leaf part 

and the stem tip. In Stage VI, the decrease was 48% (Pe0.01), when protein in the 

green leaf exceeded that in the achlorophyllous leaf by 12% (Pe0.05). The increase 

in Stage V11 was 3290 (Pe0.01). Protein was now higher in the chlorophflous than 

in the achlorophyllous leaf, though marginally (13%, P*0.01). Unlike in all the other 

stages, the protein content of the green leaf was lower than that of the stem tip (6%, 

NS). 

Apparently, storage proteins (Fraction-I protein is one) were being degraded 

by endogenous proteolysis to meet the requirements of the developing fruit. 

C. Root tip 

The difficulties encountered in the collection and analysis of root tissue have 

been mentioned in Materids and Method!. Analyses were carried out in the 

propagule (Stage I) and one month- (Stage I1 A) and two months old plants (Stage 

I1 B), representing the pre-autotrophic stages; for comparison, analyses were also 

carried out in one of the mature stages, that is, Stage V. Dry weight dekrminations 

were not carried out and hence the values are reported on a fresh tissue basis. 

This results are represented in Table 9. 
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The content was lowest in the propagule. There was only marginal increase 

in Stage I1 A (7%) and a further increase of 57 % in stage I1 B. The highest. 

'content' was in Stage V, which was only 12 90 higher than that in Stage I1 B, but 

was 87 % higher than that in the propagule. 

In the propagule, the protein content was much higher in the root tip (6  to 

200%) than in the three stem segments. A more or less similar relationship was seen 

with the achlorophyllous tissue (100 90 higher). However, the chlorophyllous tissue 

had nearly the same protein content as the root tip, on a fresh weight basis. 

In Stage I1 A, the protein content remained higher in the root tip (125% and 

40%) in relation to the upper segment and the middle segment respectively. However, 

the value was lower (25%) in the root than in the lower stem segment at this stage. 

The achlorophyilo~~ tissue had considerably lower (64%) protein content than the 

root tip tissue. Protein was marginally higher (13 90) in the root tip than in the 

chlorophyllous tissue on a fresh weight basis. 

In Stage I1 B, a similar pattern as in Stage I1 A was discernible in the protein 

content, but the magnitude of changes were more prominent. The root tip had 244% 

and 12390 higher protein than the upper and middle segments respectively. In 

contrast, protein content was 13 % lower in the root tip than in the lower stem 

segment. 
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The achlorophyllous leaf region in Stage I1 B had only a fourth of the 

protein as in the root tip. The chlorophyllous leaf tissue had only marginally lower 

protein content (69'0) than the root tip tissue. 

In Stage V, the root tip tissue had 223% higher protein content than the stem 

tip. In comparison to the achlorophyllous leaf region, the root tip had 9.6-fold 

higher protein content which was very prominent than the preceding stages. In the 

chlorophyllous tissue, the protein content was only 46 % as that of the root tip. 

On a fresh weight basis, root tip had consistently higher protein value than 

the stem tip, achlorophyllous or chlorophyllous tissues, the exception being the 

lowest segments in Stage I1 A and I1 B. As a generalization, one can say that the 

lower segment and root tip resembled in protein content in the pre-autotrophic 

stage, with progressive increase in protein content in both. The high levels of protein 

in the root tip may reflect high metabolic activities inclusive of protein biosynthesis. 

Whether the high values obtained for protein was an artefact due to the 

pigmentation in the tissue homogenate resulting in interference in the calorimetric 

determination of proteins in homogenates (as mentioned in an earlier section) is not 

certain. 

Protein extractability 

The solubility (extractability) pattern of protein in the root tissue in the basal 

medium was comparable to that of the stem tissue, particularly middle segments in 

Stages I, I1 A and I1 B (Table 3 A). Only about 24 to 30 % of the protein in the 
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root tissue homogenates passed on to the supematant in Stage I to I1 B. By Stage 

V, the extractability was considerably reduced to about 15%. 

In pineapple plant, roots originate from the middle and lower segments of the 

stem. That the two tissues (root and stem (middle and lower segments) share 

common protein solubility characteristics is an interesting observation worth 

investigation. 

Protein solubilization 

Since the residue on centrifugation of homogenate was not re-extracted with 

medium (to avoid dilution of the extract which was to be gel filtered, vide Materials 

and Methods), protein in the residue would be a slightly higher value; but, by 

packing the residue hard on centrifugation and carefully draining away the 

supematant, the wetting of the residual fraction and the sides of the centrifuge tube 

was kept to a minimum. The sum of the protein in the residual fraction and the 

supematant gave the value for a reconstituted homogenate; this value did not always 

tally exactly with the value determined directly on the homogenate. The percentage 

recovery reported in the extract/residue was calculated in relation to the total protein 

directly determined in the homogenate. Protein solubilization data were compiled as 

part of. invertase activity studies using fresh/frozen tissue samples and hence 

percentage recoveries are calculated on fresh weight basis. 

The results are recorded in Table 5. 
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Stem 

Propagule: The highest solubilization of protein was from the upper part; there was 

progressive decrease in the middle and lower part. 

Stage I1 A: The pattern of solubilization of protein was the same as from the 

propagule; however, the decrease in the extraction from the middle and lower part 

was steep. The extract from the lower segment contained as little as 8% of protein. 

The sum of the recovery of protein in the separated fractions from the lower part 

of stem was only 86%. 

Stage I1 B: The same pattern of protein solubilization was observed in Stage I1 B. 

Only 5.3% of protein was recovered in the extract from the lower part of the stem. 

In this case also, about 10% protein could not be accounted for, in the reconstituted 

value for the homogenate. 

The reason for the low solubilization of protein from the lower part of stem 

in Stage I1 A and I1 B may be because of the fibrous nature of the tissue. 

Interference in estimation by the pigment in the protein solution from the 

homogenate and residual fraction (Materials and Methodc) was a possibility. 

Stage 111 A to VII: Protein recovered in the extract of stem tip ranged between 30 

and 45%. 
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Leaves 

Achlorophyllous: Among the tissues studied, the highest solubilization of protein was 

from the achlorophyllous leaf; the extraction from the propagule tissue was 

particularly prominent. In all the post-transitional stages, the protein solubilization 

was less than in the vegetative stages, and the transitional stage. 

The higher solubilization of protein from the achlorophyllous leaf part may 
to9 

be associated with the higher moisture content of the tissue (page ). Ice crystals A 
formed during freezing of tissue samples promote cell rupture. At the same time, it 

was possible that protein in the achlorophyllous part of the leaf had distinctive 

solubility characteristics; there might be a higher proportion of albumins in this 

tissue. 

Chlorophyilous: Although protein content was the highest, on a homogenate basis, 

in the chlorophyllous region among the tissues examined, trichloroacetic acid failed 

to yield a precipitate when the gel filtrate, or the extract. itself, was acidified. It is 

likely that the bulk of the proteins in the chlorophyllous tissue is in a nonextractable 

form in the basal medium. Invertase is, however, mostly soluble under these 

conditions. Practically the entire protein in the homogenate was found in the residue 

on centrifugation. 

pH of homogenates 

The homogenate of the tissues prepared in the neutrd basal medium had pH 

values in the ranges: 



stem upper segment: pH 6.6 

stem middle part: pH 6.6 

stem lower part: pH 6.6 

achlorophyllous: pH 7.1 

chlorophyllous: pH 5.0 to 5.2 

The reason for the lack of solubilization of protein from the green leaf was 

not clear. Maximum acidity in Crassulacean tissues develops at night. The pH of the 

homogenates of the chlorophyllous leaf p& was in the range 5.0 to 5.2, contrasted 

with pH values around neutrality for homogenates of stem tissue and of 

achlorophyllous leaf tissue. It was possible that the acidity developing during 

homogenization of green leaf denatured the proteins, rendering them insoluble. 

However, experiments in which the tissue acidity was neutralized with NaHCO] 

during grinding (Maten'ds and Method!) again failed to extract proteins. Thus, the 

raising of the pH of homogenate to neutrality appem to have little influence on 

protein solubility. Whether the chlorophyllous tissue is characterized by proteins 

which are mostly insoluble in the low ionic strength of the medium is not certain, but 

is a possibility. 

As will be pointed out elsewhere, acid invertase was highly active in the gel 

filtrate of extract from green leaves. A fortuitous outcome of the absence of 

appreciable protein in the extract WRS the several-fold enrichment of the invertase 

in green leaves by the single step of grinding the tissue with weakly buffered neutral 

medium. 
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At the same time, and by the same reasoning, it was possible that invertase 

in green leaf was in part denatured along with the total denaturation of other 

proteins and that a part of the enzyme was inactivated and rendered insoluble during 

homogenization. This would mean that the vdues obtained for invertme activity in 

green leaves were low. It was possible, also, that a neutral form of invertase was 

originally present in the green leaf, as in the achlorophyUous leaf pwt, but that, 

unlike the acid invertase in the tissue, it suffered total inactivation during the 

homogenization process. This possibility was discounted since no neutral invertase 

could be demonstrated in gel filtrates of extracts or the residual fractions when 

NaHC0, was used to neutralize the acidity during tissue homogenization (Materials 

and Methods). 

ill lnvertase Activity 

It is necessary to touch upon a few points before presentation of the data 

and their interpretation: 

1. In the case of the chlorophyllous leaf part: (a) protein in the extract was 

apparently too low a quantity to be precipitated by trichloroacetic acid 
8 

(TableA), although the extract had comparatively high invertase activity (b) 

the homogenate of the tissue in weakly buffered neutral medium (successfully 

used with other tissues to achieve homogenates with near-neutral pH), had 

a low pH which in all probability resulted in denaturation and precipitation 

of non-invertase protein. Furthermore, the residual fraction resulting on 
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centrifugation of homogenate was devoid of invertase activity, even after 

treatment with Triton X-100 (vide an earlier section). 

2. Invertase activity determination was in gel filtrates of the extracts of the 

various tissues. In the case of stem tissue and achlorophyllous leaf part, the 

specific activity was calculated, in the conventional manner, in relation to the 

protein in the gel filtrate. Since this was not possible in the chlorophyllous 

leaf part, an analogous value for the green tissue was calculated in relation 

to protein in the homogenate. For purpose of comparison, such values have 

been calculated also for the stem tissue and achlorophyllous leaf part and 

reported in the table, though not discussed. These values enabled the 

calculation of enzyme "enrichment" in the extracts (analysed as gel filtrates). 

3. The specific activity was a reliable value when reported on the basis of 

protein in gel filtrates, since this estimation was accurate. But, when related 

to the protein in tissue homogenates, the specific activity value was subject 

to any errors in the determination of protein in the particular tissue. As 

pointed out under Materials and Methods, the protein solutions used for the 

final estimation were devoid of extraneous colour only in the case of the 

stem tip and achlorophyllous leaf part. Error in the estimation of protein in 

tissue will affect also the calculation of enrichment of activity; this will be 

evident while considering middle and lower stem segments in Stages I and I1 

A and I1 B. 



128 

Data on invertase activities in various tissues are given in Tables 6 A, 6B, 7, 

and 8 and Figs. 16, 17, 18, 19, 20 and 21. 

Pre-autotrophic stages: Stages I, I1 A and I1 B 

[Fig. 161 

Stem: Invertase acid total activity in the upper segment of the stem of the propagule 

was the highest among any tissue in the pre-autotrophic stages. The one month (I1 

A) - and two months (11 B) old plants had 43% (Pe0.01) and 349'0 (Pe0.01) activities 

as the propagule. Specific activity showed a similar pattern. 

In the propagule, invertase total activity in the middle segment of the stem 

was nearly the same as in the upper portion. The total activity registered a marked 

drop in the lower part (49%, pe0.01); however, the specific activity of the enzyme 

remained unaltered. 

In Stage I1 A, the total activity in the middle segment of stem was only 

marginally lower than in the top part; but this activity was markedly lower (57%, 

Pe0.01) than that of the corresponding part in the propagule. The specific activity 

in the middle segment was 28% (P<0.01) higher than the top segment. Enzyme 

activity in the lower segment of stem in Stage I1 A was of interest. The total activity 

was 68% higher than in the upper segment (Pe0.01), in spite of the fact that protein 

extractability was only about a fifth; also, it was considerably higher 43%, (P<O.Ol), 
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than in the corresponding part in the propagule. The specific activity increased 14490 

in relation to the middle part (P<0.01), attaining the second highest value for any 

stem sample in the pre-autotrophic stages. Enzyme enrichment in the lower part of 

stem was about 13-fold, as against 4-fold in the middle part. 

Invertase total activity in stem top in Stage I1 R was reduced from the level 

in Stage I1 A by 21% (P<0.05) the activity in the middle was 4190 (P<0.01) lower. The 

lower segment showed only a marginal increase from Stage I1 A. The total activity 

in the middle part of stem in Stage I1 B was only 71% that in the upper pwt, 

(P*0.01) although protein solubilization was only 69'0 less (Table). The specific 

activity of the enzyme, the lowest level in stem part in any pre-autotrophic stage 

showed an identical decrease. In the lower segment of stem, the total activity was 

2.3-fold higher than that in the middle part (P<0.01) and the specific activity was 

over 5-fold higher although protein extraction in the lower part was only 5.3%,a fifth 

of that from the middle part. This was in support of increased invertase formation 

in the lower part of stem also in Stage I1 B. The enrichment of activity was as high 

as 20-fold. 

The reliability of the data for the specific activity on gel filtrate protein basis, 

but plausible flaw in the values for enrichment, were pointed out earlier. 



Leaf 

Acid Acid invertase total activity in the achlorophyllous leaf part was higher than 

that in the stem tissues in all pre-autotrophic stages. The enrichment of enzyme in 

the extracts was 2-to 2.5-fold. 

The total activity decreased 50% in Stage I1 A (P<0.01) parallel with the 

decrease in protein content; the specific activity increased 34% (P~0.01). This 

suggested a preferential retention of invertase protein in this stage, a physiological 

need; it could also be an artefact of preferential solubilization of invertase protein 

during tissue grinding in the buffered medium. Total activity increased 46% (Pc0.01) 

in Stage I1 B, corresponding to a 50% increase in protein; the specific activity 

remained unaltered. 

There was hardly any relation between the changes in (acid) invertase activity 

in the stem segments and the achlorophyllous leaf part. 

Neutral: Neutral invertme was always less active than acid invertase in the 

achlorophyllous leaf tissue, expressed as total activity or specific activity. Neutral 

invertase, both total and specific, in the achlorophyilous leaf tissue was more active 

than the acid activity in stem parts in the pre-autotrophic plant. The enzyme was 

enriched 2-to 2.5-fold in the various extracts. 
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Total neutral invertase activity decreased over 50% (Pe0.01) in Stage I1 A; the 

specific activity increased 30% (P<0.01) signifLing preferential retention or 

solubilization of invertase protein as mentioned earlier. The total activity increased 

77% in Stage I1 B (P<0.01); the specific activity increased 23% (W0.01). 

The pattern of activity changes in the achlorophyllous leaf appeared to be 

more or less the same in acid and neutral invertase, whether calculated per g dry 

tissue or mg protein in gel filtrate. However, for a given type of enzyme, there was 

not only quantitative but qualitative variation in activity per g dry tissue and per mg 

protein, because of change in protein content. Thus, total activity of the acid/neutrd 

enzyme decreased in Stage I1 A, but the activity per mg protein in tissue increased. 

Invertase (acid) was always more active in the green leaf than in the 

achlorophyllous leaf (-and in the stem segments of the pre-autotrophic plant-). 

Since protein could not be estimated in extracts, "enrichment" could not be 

quantified but it was likely to be of a higher order than in the achlorophyllous leaf 

and the stem tissue. 

Acid invertase total activity decreased 18% (Pe0.01) in Stage I1 A and then 

increased 12% (PeO.O1) in Stage I1 B, reaching the peak of activity at any stage. The 

decrease in invertase activity in the green leaf in Stage I1 A was similar to a decrease 

in the acid inve-e in the achlorophyllous leaf. 
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The specific activity remained nearly the same in Stage I and in Stage I1 A, 

but, decreased 33% in Stage I1 B (Pe0.01). Protein content had decreased 20% in 

Stage I1 A and then increased 66% in Stage I1 B to reach the maximum value in any 

stage for the chlorophyllous part. It appeared as if invertase protein was 

preferentially retained in the green leaf, as in the achlorophyllous leaf part, in Stage 

I1 A. 

Autotrophic stages 

Mature, vegetative: Stages 111 A and 111 B 

Stem tip 

Propagules started emerging when the plant was mature.1t was of interest to 

note that the mother plant with neutral invertase activity in the stem tip had the acid 

form of activity in the stem tip of its offshoot. 

Neutral invertase activity in the stem tip in all autotrophic stages was higher 

than the acid invertase activity in the top segment of the stem in the pre-autotrophic 

stages. 

Neutral invertase, calculated as total activity or specific activity was equally 

active in the stem tip of the 12-and 14 months old plants. 



Leaf 

Acid: Acid invertase total activity in the achlorophyllous leaf was 32% higher 

(Pe0.01) in the 12 months old plant than in the 2 months old plant, registering 

nearly the maximum at any growth stage. The activity decreased 17% (Pe0.01) in the 

14 months old plant. In Stage IV, the activity increased only marginally. But a 

lowering of 48% was registered in Stage V. The level was maintained in Stage VI. The 

specific activity nearly doubled in the 12 months old plant than in the 2 months old 

plant, reaching the maximum; the specific activity decreased 24% (Pe0.01) in the 14 

months old plant from the 12 months plant. 

The specific activity of the enzyme was maintained at a high level during the 

autotrophic growth of the plant, except in Stage VII. A decrease of 30.8% was noted 

in Stage V11 at which the value was the lowest in any stage. 

Neutral: Neutral invertase (both total and specific) was, at all stages, less active than 

acid invertase in the achlorophyllous leaf, as already pointed out. The ratio acid to 

neutral was highest in Stage I1 A (15.3)  and lowest in Stage V11 (1:2.4). Neutral 

invertase total activity in the achlorophyllous leaf was more active than neutral 

invertase in the stem tip in the vegetative stage, but, in the reproductive stages, the 

two activities were equal in one stage (Stage IV) and the activity in the 

achlorophyllous leaf was less than that in the stem tip in another (Stage VII). 
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Neutral invertase total activity in the achlorophyllous ledwas 42% less active 

in the 12 months old plant than in the 2 months old plant (Pq0.01); the activity 

remained unchanged in the 14 months old plant. Neutral invertase specific activity 

was 15% lower in the 12 months old plants than in the 2 months old plants (P<0.01); 

the specific activity decreased further (11Y0, ~ ~ 0 . 0 5 )  in the 14 months old plant. 

The decrease in neutral invertme activity both total and specific, in the 12 

months old plant contrasted with the increase in the acid activity. As will be shown 

later, a quantitative difference in response by the two activities was manifested in 

Stage VII. 

In the chlorophyllous leaf part, acid invertase total activity was 15% lower in 

the 12 months old plant than in the 2 months old plant (Pq0.01); the activity 

increased marginally (g%, Pe0.05) in the 14-months old plant. The speciiic activity 

in the 12 months old plant was 23% (Pq0.01) higher than in the 2 months old plant, 

with a further increase of 1 lY0  in the 14 months old plant (Pq0.02). 

Reproductive state 

Stage N: Transition stage 

Stem tip 

Neutral invertase total activity in the stem tip was enhanced 54% (P<0.01) on 

transition of the mature vegetative plant to the reproductive state, attaining the peak 
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of activity in stem tip at any growth stage. The specific activity increased 22% 

(P<0.01), also registering a peak. There was no distinctive enrichment of the enzyme 

in the extract, contrasting with the apparent enrichment which occurred in the lower 

stem segment in Stages I1 A and I1 b. 

The (neutral) invertase total activity in the stem tip was now nearly the same 

as that in the achlorophyllous leaf. Such a relationship did not hold good in speciiic 

activity changes; the specific activity was 24% (Pc0.01) higher in the stem tip than 

in the achlorophyllous leaf in Stage IV and the two were nearly the same in Stage 

VII. In subsequent Stages V,and VI, also the (neutral) invertase activity in the stem 

tip was nearly the same as the neutral invertase in the achlorophyllous led, but in 

Stage V11 neutral invertase was higher (37% P<0.01) in stem tip than in the 

achlorophyllous leaf. 

The increase in specific activity of the enzyme in Stage IV suggested 

preferential synthesis or preferential stabilization of invertase. Since there was an 

increase also in total protein, considerable amounts of invertase must have been 

synthesized. That the increase in invertase activity was an integral metabolic feature 

associated with the transitional phase of the shoot apex received support from the 

finding that the activity reverted to the original level in the succeeding stage 

(organogenesis), as would be pointed out below. 

(l) The endogenous activity of an enzyme can be regulated by (a) the 

turnover of the protein (equilibrium between synthesis and degradation and (b) 

inhibitors. Naturally occurring inhibitors of invertase are known, but the present data 
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do not permit any conclusion whether or not inhibitors are involved in the regulation 

of the activity. 

(2) Evocation reactions are distinctive of the shoot apex. However, the 

biochemical reactions in the group of cells in the apex proper in transition are likely 

to be influenced by reactions occurring in the subjacent partly differentiated and 

fully differentiated tissues. Such a relationship is likely also in the organogenic and 

subsequent stages. 

Leaf 

Acid: The acid invertase total activity in the achlorophyllous leaf was nearly 

unchanged,although the protein content increased 24%. The specific activity of the 

enzyme decreased negligibly by 8% (N.S.). It appeared that acid invertase in the 

achlorophyllous leaf did not have a special role in the evocative reactions at the 

shoot apex; this feature appeared to be shared by neutral invertase in the tissue, as 

will be shown below. 

Neutral. The neutral invertase total activity was enhanced 20% in the achlorophyllous 

leaf (Pc0.01) .The increase in specific activity in the gel filtrate was essentially of the 

same magnitude as was to be expected from equivalence between the increase in 

protein and enzyme activity per g dry weight. It appeared that unlike in stem tip, 

there was no preferential synthesis, or conservation, of invertase protein in the 

transition stage. 



Acid invertase total activity in the chlorophyllous leaf was essentially 

unaltered on transition of the shoot apex from the vegetative to the reproductive 

state. However, the specific activity increased 29% (Pc0.01), which considered in 

conjunction with 30% protein decrease, was an indication of conservation of the 

enzyme. 

A perceptible response by invertase to the transformation of the plant from 

the vegetative to the reproductive state was confined to the stem tip and did not 

extend to the 'D' leaves, in particular the achlorophyllous part. 

Organogenic stage 

Stage V: 

Stem tip 

When the shoot apex passed into the organogenic state, there was 32% 

(P<0.01) decrease in the neutral invertase total activity in the stem tip. The specific 

activity decreased 28% (P<0.01). The level of total activity was the same and the 

specific activity only slightly lower (12%, P<0.01) than that in the pre-evocation stage 

(Stage I11 B), an unequivocal evidence in support of the above conclusion that 

increased invertase activity was a specific manifestation of the evocation at the shoot 

apex. 



L e d  

Acid. Acid invertase total activity decreased 32% (PeO.01) in the achlorophyllous leaf 

part. It will be recalled that the enzyme had remained unaltered on transition from 

the vegetative to the reproductive state. The invertase specific activity showed 44% 

increase (Pc0.01), attaining the same high level as in Stage 111 A. There had been 

a marked decrease in the protein content (42%) and a small decrease in the 
5 

extractability of protein and its recovery in the gel filtrateeable NO@O clear picture 

emerged from these disparate findings, but it was possible that invertase protein was 

preferentially conserved. 

NeuWNeutral invertase total activity decreased 35%, (Pc0.01). The specific activity 

increased 18%, (P<0.01), registering the highest for any stage. 

The response of the leaf enzyme to organogenesis at the shoot apex was the 

same for the acid-and neutral form. 

Acid invertase total activity in the  chlorophyll^^ leaf tissue decreased 10% 

(Pc0.01) in the organogenic state; the specific activity decreased 24% (P<0.01). The 

stem tissue manifested a definite response by its invertase activity in Stage IV and 

Stage V. Stage IV and V per se, did not reveal a marked change in invertase activity 

in the leaf. 
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A possible role for leaf invertase in reactions centered round evocation in 

shoot apex in Stage IV seemed to be confined to the achlorophyllous part. 

Post-organogenic:stages VI and VII 

Stem tip 

Neutral invertase total activity and specific activity in stem tip decreased 8% 

(N.S.) and 13% (P<0.01) respectively in Stage VI. In Stage VII, the fonner increased 

22% (P*0.01) and the latter decreased marginally (N.S.). 

Leaf 

Acid: Acid invertase total activity in the achlorophyllous leaf remained unchanged 

in Stage V1 but decreased 48Y0 in Stage V11 (P<0.01) (although there was 34% 

increase in protein content), to attain the lowest value at any stage of development. 

The specific activity decreased marginally in Stage V1 (14%, P<0.01), but markedly 

in Stage V11 (63%, P<0.01), also to reach the lowest level at any stage. 

Although there was an increase in total protein in Stage VII, invertase 

activity, both total and specific, decreased. The increase in protein in Stage V11 was 

with respect to constituents other than invertase; that is, there was preferential 

destruction of the enzyme. 
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Neutral: The pattern of neutral invertase total activity in the achlorophyilous leaf 

tissue was the same as for acid invertase, with no change occurring in Stage VJ. 

There was marginal decrease (g%, P<0.05) in Stage VII, to attain the lowest level at 

any stage; at which level the activity fell 27% below that in the stem tip (Pc0.01). The 

specific activity decreased continuously, 11% in Stage V1 (Pc0.01) and 37% in Stage 

V11 (P~0.01) to attain a value lower than in all other stages. 

There was general resemblance between the response by the acid and neutral 

form of invertase in the achlorophyllous leaf in the post-organogenic stages. As in 

the case of the acid form, there was probably preferential destruction of neutral 

invertase in Stage VII, but this was not as pronounced as for acid invertase. 

Acid invertase total activity in the chlorophyllous leaf decreased 16% in Stage 

V1 (P<0.01) and increased marginally in Stage V11 (g%, Pe0.01) . The enzyme 

specific activity increased 61% (Pc0.01) in Stage VI, but decreased 18% (P<0.01) in 

Stage VII. 

Since the protein content of the green leaf decreased 48% in Stage V1 and 

the specific activity of the enzyme increased, it appeared that invertase was conserved 

in Stage VI. However, with an increase in protein in stage no corresponding increase 

in activity was observed in Stage VII, indicating that while invertase is conserved 

other proteins are synthesized. Stage V11 witnessed diametrically opposite response 

by invertase in the achlorophyllous and chlorophyllous parts of the leaf. 
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Root tip 

Total activities are expressed on a fresh weight basis; specific activity was on 

the gel filtrate basis, unless otherwise specified. 

[Table 91 

No invertase activity, either acid or neutral could be detected in the 

propagule. Both activities appeared from stage I1 A. 

Acid versus neutral 

In the stages selected for the study, neutral activity was more active than the 

acid invertase - l%, 134% and 18Y0 more - in Stages I1 A, I1 B and V respectively. 

This was in striking contrast to the two enzymes in the achlorophyllous leaf tissue 

throughout the ontogenetic stages, where acid invertase was more active than the 

neutral invertase (See Table 7)' on a fresh tissue basis. 

Acid invertase 

The value was the maximum in Stage I1 A than in any of the other stages 

studied. In stage I1 B there was a decrease of about 50% with a further decrease of 

13% in Stage V. The specific activity which was the highest in Stage I1 A decreased 

by 64% in Stage I1 B but increased 25% in Stage V (although the total protein 

increased only marginally). 
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Acid invertase in the root tip tissue was 6.14, 4.46 and 3.26 - fold as active 

as the enzyme in upper, middle and lower segments respectively in Stage 11 A, on 

a fresh weight basis. The enzyme was 92% as active as the achlorophyllous tlssue 

etizyme, but was only a fifth as active as the chlorophyllous leaf enzyme in Stage 

I1 A. 

The specific activity of the root tip acid invertme was 3.4, 2.4 and 0.4-fold 

higher (on a gel filtrate basis) than that of the upper, middle and lower segments of 

the stem, respectjvely, in Stage I1 A. In contrast, the achlorophyllous region had 59% 

at~d the chlorophyllourc reglon 4.7-fold higher speciflc activity than the root tip acid 

invertase. 

In Stage I1 R, the enzyme activity was 3.4, 3.8 and 0.46 fold higher than in 

the upper, middle and lower stem segments. I-Iowever, it was 56% and 91% lower 

than the ~chloropliyllouu nrld chloroplrylloiia t.iu~\ies reapectjvely. 

The specific nctlvily of the root tip enzyme in Stnge I1 B, was 74% and 135% 

higher than that of the upper and middle stem segments, respectively in Stage I1 B. 

In contrast, the e n v i e s  had 63% lower specific activity in comparison to the lower 

stem segment. l'he ~chloropliyllourc leaf had 3.4-fold higher speciflc activity than the 

root invertme. The chlorophyllous tissue had 11.5-fold higher speciflc actSvit;y thm 

the root tip on a homogenate basis. 

In Stage V, acid invert~se was more active (85%) in the achlorophyllous 

region md highly active (over R-fold higher) in the chlorophyllou~ regfon than the 
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root tip enzyme on a fresh tissue basis. The specitlc activity of the enzyme was 6- 

fold higher (on gel filtrate basis) in the achlorophyllous tissue and 18-fold higher 

(homogenate basis) in the chlorophyllous tissue. 

Neutral inveftase 

The activity remdned uncflmged in Stage 11 B, but was reduced to less thm 

a half in Stage V. The specific activity decreased by 31% at Stage I1 B, although the 

total activity did not chmge. A decrease (33%) in speciflc activity in Stage V was 

paralleled by a decrease in total activity. 

The total activity of the neutral invertase, on a fresh tissue bwis, was 32% 

higher in the root tip than in the stem tip, at St~ge V. The activity was 215% and 

142% and 182% higher in the root than in the achlorophyllous tissue in stages 11 A, 

I1 B and V respectively. 

The specific activity of the enzyme in the root was the same as that of the 

stem tip, but the achlorophyllous enzyme h ~ d  32% higher ~pecific activity, in Stage V. 
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(Table-5 contd. ) 

The recovery of protein in the extract and the residue on centrifugation was 
calculated as a percentage of protein in hornogenat.e. The recovery in the gel filtrate was 
calculated as a percentage of protein in the tissue and, in parenthesis, as a percentage 
of protein in ext.ract. Extracts of chlorophyllor~s leaf tissue did not yield a precipitate 
with trichloroacetic acid. The percentages have been calculated on the basis of the 
protein dnt.n being reported elsewhere (Tables 3 3 B, 4 and 8) . 
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DISCUSSION 

Invertas@ is a regulatory enzyme ? 

Sucrose is the principal transport form of the photosynthetic assimilation. 

Also, it is a storage product in some tissues. 'This storage is either comparatively 

permanent or txansierit. In the first category nre sugarcnne int.ernode and sugar beet. 

root. Instances of transient storage, of relevance in the present study are: 

a. in the rapidly developing shoot tip, which includes besides the apex, the 

partially differentiated tissue; 

b. a spurt in sticrose accumulation in the shoot tJp at the time of evocation; 

C. sucrose accumdation L1 the leaf during the ind~lctton process, leading to 

evocation of shoot npex; 

d. the lower rogiotis of the stem of t.he pineapple propngr~le drlririg rooting nnd 

terrestrial establishment; 

e. the tip of the developing root, which includes the apex; 

f. the diuninl nccumnlatJon of sucrose in the pineapple leaf as a storage 

product for rnalate formation in the night. 
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Invertase occupies a strategic position in the metabolism of sucrose. It is one 

of the two enzyme8 acting on sucrose, the other being sucrose synthase. Of the two, 

invertase is the otlly enzyme to have a single reaction pathway, namely, hydrolytic 

degradation; sucrose synthase can readily firnctJon also in the reverse direction. As 

such, it is to be expected that its activity could be modulated in vivo. 

Among possible modillation mechanisms are: 

1. Ontogonetic variation. 'l'his, n process spread over the life cycle of the 

monocrirpic plnnt, is a criticnl theme of this dissertntjon. 

2. Diurnal variatiorl in enzyme activity. Such a variation was reported by 

Glaszjo~i, Wddron and R1111 (1966), but R detslled stiidy does not. seem 1.0 

have been conducted. 

3. Regulation by the ncidity developing in the vnc~iole. 

The activity of a regulatory enzyme car1 have both "fine control" and "coarse 

control." In fine control, the ~c t iv i t .~  is moddated by effector molectiles, or end 

products; this is a rapid process. The A1'P-mediated phosphohctokinase reaction 

is an example. In c o m e  control, which takes n somewhat. longer time, the tunol~nt 

of the enzyme is altered. A well-studied and widely prevalent control is by post- 

translational phosphorylation of the enzyme prot.ein by protein kinase in the presence 

of ATP and h4g2', yielding nclive/inactive enzyme md reversal by depho~phorylation 

by a phosphatase yielding inactive/active enzyme. The original discovery of this 

mechanism (for glycogen phosphorylase in fiver) earned the 1992 Nobel prlze in 
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medicine by the American Biochemists Krebs and Fischer. Sucrose phosphate 

synthase is regulated by this mechanism (Batfey, et d., 1993). 

There is evidence to show that acid invertase activity can be regulated by 

phytohormones (Morrls nr~d Arthur, 1984). 

The significance of the occurrence of a proteinaceous inhibitor of invertase 

will be considered in a following section. 

A survey of literature does not indicate that a critical study has been 

cond~lcted to screen effectm substances (low molecular, organic) for invertase 

activity modulation, with the possible exception of pyridoxal phosphate. 

Nor have various end prod11ct.s (derived from gl~~cose/fruct.ose) been tested 

for possible regulatory action, excepting a report on the inhibition of invertase by 

gl~lcose 6-phosphat.e. I.Iowever, t.he reactjon prod11ct.s of invertase action, fructose 

and glucose, exert inhibitory action. 

Induction of enzyme 

Indlict.lon of enzyfnes hns been well st.~~died in mlcroorganirrms. However, 

recent studies establish that the phenomenon of induction plays a significant role in 

the regulation of plant. enlymes also (Wray, 1992). The accum~llation of sucrose in 

the shoot apex at the time of evocation can be thought of as inducing invertase 

activity (Pryke and Bernier, 1978). A well known phenomenon is the several-fold 
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accumulation of invertase on storage of potato tuber in the cold for a few weeks (ap 

Rees, 1981; Hawker, 1985). 

Invert~se has been shown t.o accum~llate in considerable concentration on 

ageing of tissues (J3acor1, MacDonald and Knight, 1965; aetz, 1991). This 

acc~~rn~rlatioti is chnmct.eristic not only of the solribie form but. also of lhe insolrible 

fonn. 

Is Inwrtase a rate-limiting enzyme? 

Closely related to the regul~tory role of m enzyme is the concept of its being 

n rnte limiting enzyme or not. The Hteratnre survey shows that in the large majority 

of cases invertnse is present in ample excess in tissues. However, there are occasional 

reports that invertase can be a rate limitirig enzyme (Ho, 1988). 

The question of rnte of rate-llmitatlon assume considerable importmce in the 

author's studies, in which the increase in invertase activity on evocation is totally 

non-cornmens~uat.e with the increase in sncrose. 

Assay for enzyme activity 

a. use of homogenatea and cn~de  extracts 

Unlike many other enzymes, acid invertase is a rugged enzyme, withstanding 

adverse conditions likely to develop during tissue disruption. The enzyme actlivity 

determined in conventionally prepared homogenates and crude extracts may, 

therefore, be t.Rken as representative of the activity h vivo. This is in contrast to the 
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sensitive nature of sucrose synthase and sucrose phosphate synthase, whose activities 

as determined in homogenntes mld crude ext.ract may be under-estimat.es. The 

validity of the use of whole extracts enables ready assessment of any ontogenetic 

variations in invertnse actjvity and comparison of enzyme activities among different 

tissues at a given growth stage. 

At the smne time, there are reports U~at puritled enzyme fractions, when 

dilute, are llnstable (Bracho and Whitaker, 1990 b). Rapid ultrafiltration to reduce 

the voliune and incorporation of RSA during assay are recommended. 

b. Medium for cell disruption 

Wat.er may be used as the medium for cell disruption when the cell wdl 

fraction, with comparatively high invertase activity, is to be isolated for enzyme 

extraction (Lri~uiere, et HI., 1988). Most. often a biiffer is employed, as in the case 

of plant enzymes in general, often fortified with supplements, particularly to combat 

the action of phet~olics. The incorpornt,ion of specid supplements during Invertnse 

assay to minimize the action of endogenous proteinaceous inhibitor has been referred 

to in another context. When soluble invertase and wall-cissociated invertase have to 

be extracted together, 0.1 M. sodium chloride hris been used (Day, 1986). Invertase 

is, probably R uulfhydryl prot.ejn and, as s~ich, a uiilfhydtyl agent such as 2- 

mercaptoethmlol is ndvar~tageo~isly employed, not only during cell dlsnlption, but 

also during processing and in the assay systern. 
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It may be pointed out that 'I'ris buffer, in common use for many enzymes, 

cannot be used for invert.ase nssny because of its inhibiting nctjvity, as will be pointed 

out elsewhere, under neutral/alkaline invertase. 

c. Amay method 

The Somogyi method as modified by Nelson (1944), remains a very sensitive 

and precise procedure to determine invertase activity by estimating the total reducing 

sugar liberated from sucrose. The high molar extinction coefficient, 3.50 x 10' M- 

'cm-' at 660 nrn, permits the use of very low mounts of enzyme nnd short 

incubation periods in the assays. Invertase Is completely inactivated upon addition 

of the cu2+ reagent, thereby ~lopplng hrther enzyme acthity. Centdfiigal cl~rification 

may be necessary when one is denling with enzyme preparations containing 

interfering material. 

By det.erminin the activity by assaying gllicose liberated by gllicose oxldase 

method, any trrulsfnlctosylatlon reaction catalyzed by the enzyme is corrected. When 

the enzyrne activity has to be evnluated by fnict.ose liberatjon, fnictokinase or 

fructose dehydrogenase reaction can be used as coupling system. 

d. Control 

In tests on enzyme activity-temperat.11re relntionship, the activity at higher 

temperatures also have to be included. Invertase assays in some tissues are carried 

out at high incribation temperatures, as for example, 60°C which is the optimum for 

cactus tissues. While delineating the pH-activity profile of invertase in tissues in 
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general, one starts with buffer of pH 3. As a matter of fact, examples are known of 

invertase activity with optimutn in the neighbourhood of pH 3. In dew of the 

extreme sensitivity of sucrose to low p11 and to high temperature at acid pH, it L 

essential to have nn appropriate control wherein sucrose is exposed to the s m ~ e  

conditions as in the experimental tube, but without enzyme. 

Overlapping of acid-nnd neutml (alkaline). invertwe activity 

Unlike in the case of acid phosphatnse and alkaline phoaphatase, the 

optjrn~~rn-pH differetice between ~ c i d  invertme (around pH 5 in the me,lority of 

cases) and neutral invertase (whose optimum is sometimes at pH 6.8) may not be 

marked in crude extracts of tissues and partially purifled enzyme preparations. An 

acid invertase with much higher activity than neutral invertase in a given tissue may 

affect the determination of the activity of the latter and dce-vem Hatch and 

Olasziou (1963) reported that acid invertase is present in immature sugarcane storage 

tissue and is replaced by tm alkaline invertme in mature storage tissue. Cnrrot root. 

tissue showed two distinct peaks for invertase activity, one in the acidic and the other 

in the alkaline rmge (Hicnrdo atid rip Rees, 1970). 

Analyzing invertase activity in the developing leaf of L,dr~m ternr~le~~lnn~, a 

monocot, Pollock and Lloyd (1977) conclr~ded that no neutrd invertase was present. 

at any stage; the activity present at pH 7.4 was considered to be residual acid 

invertase activity. 
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In cit!17ls, there was a peak (pH 4.5) only in the acid range in young 

developing (1 month old) leaf, while in the mat.11re (4 months old) leaves, there was 

a peak (6.8) only in the neutral range (Schaffer, 1986). The acid invertase was over 

%fold ns nctive ns the neutral invertnse, on fresh weight basis. The actJvity at pH 7 

of both tissue was similar. Sephadex (3-200 gel flltratton of leaf extract showed that 

in developing leaf, there WRS a broad penk o f  actlvity nt pH 5, but. this WRR 

accompanied by an additional larger molecular weight fraction with activity at pH 7; 

similarly, the mature leaf contained a small proportion of lower molec~ilar weight acid 

invertase alorlg with the mejor proportion of neutral invertnse. It was concluded that 

acid invertase predorninnt.ed in the young l e d  and neutral invertsse predominated in 

the rnature leaf, without either being present exclusively although the pH-activity 

profile showed n single peak in either cnse. 

The overlapping of activities was pnrtic~fnrly marked in germinating mrlng 

bean (Vign~ rndintn) seed. Dey (1986) reported the pH-activity proille, from pH 3 

to 8, of the resting seed and at d e w t e  stages of germination over m eight day 

period, numerical data were also presented for acid and alkaline activity, witho~~t 

specifying the pH at which these activities were assayed. 'The resting seed contained 

hlgh alkaline activity, with a peak motlnd p11 7, br~t  with activity demonstrable also 

at pH 3, rind evaluated as such (acid invertase), though without a peak in the acid 

range. The alkaline activity decreased mnrkedly, retaining the peak, at the end of 24 

h of germination; the acid activity increased again without a peak in the acid range 

and was quantified. Analyzed at. the end of 72 h of germination, the peak in the 

alkaline range was no longer demonstrable, but the activity at pH 7, a considerably 
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reduced value, was evaluated as alkaline activity. An optimum in acid range was first 

demonstrable in 72 h; the acid invehse act.ivity in this stage was almost t.wice the 

alkdine activity. The nlkalino activity decreased further in 96 h nnd 192 h, with R 

semblance of R penk in the region; the acid activity, wit.h a peak in the region, 

increased and at the end of 192 h, the activity at pH around 3 was only slightly less 

than the alkaline activity around pH 7 in the resting geed. The profile figure 

presented by Iley (1986) showed that at nbolrt p11 6 the activity tended to be  

constant over the entire experiment.d period. 

Chen arid Black (1992) pointed out thnt it was difficult to assess whether acid 

invertase (pH optimum 5.0) or alkaline invertase (pH opthum 7.0), constituting 70% 

and 30% respectively of the total activity, ww being estimated in crude extracts of 

soybenn hypocotyls at a given p1 l becallue of overlapping of activities. 

It  will be evident from the above, that considerable uncertainty can arise 

when invertase activity in cnide extracts is categorized as acid-and alkaline- 

pwticularly so without a demonstmble peak. The present author has evaluated the 

pH-activity proflle nt every utnge of development mid reserved categorization or~ly 

when a peak was observed in the acid or alkaline range or both. At the snme time, 

the occurrence of a small proportion of neutral activity along with high acid activity 

in the stem tip of propagde arld rooting stage and a small proportion of acid 

invertnse along with high neutral nctivit.~ in the shoot tip of the autotrophic plant, 

could not be excluded. Also, the green leaf, with very high acid activity, might have 

contained a small proportion of nelltral activity 
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Granting that summation of activities could take place when the two activities 

are present together, the peak in the alkaline range would be elevated by the residual 

activity from a highly active acid enzyme. 

Incidenldly, were an acid invertme t.o be preuerlt partJy In the cytoplasm, It 

could exert its catalytic effect with an efficiency comparable to that of the neutral 

invertase present in low concentration and with its known weaker dllnity for sucrose. 

No method seems to have been worked out to selectively inhibit one type of 

activity in a rnixt.rire md assay the other. Ylnlluible techniqr~es are: (R) the 

incorporation of Tris buffer which effects total inhibition of the alkaline activity with 

only slight inhibition of the acid actjvity (Hawker, 1985) (b) the incorporation of the 

proteinaceous inhibitor from potato, which apparently inhibits only the acid enzyme 

(Bracho and Whitaker, 1990 h). Another R P P ~ O R C ~  is R preliminary separation of the 

two activities. This is possible by chromatography on Concanavnlin A-Sepharose 

cohunn, based on the pregence of lectin-sensitive glycosyl group only In the acid 

enzyme. Another separation method is by fractionation with ammonium sulfate. 

Stlldies with bean embryo, young carrot root., mature sugw beet root. md young corn 

root and stem and soybean hypocotyl hnve ~hown that alkaline invertase precipitates 

on 20 t.0 40% saturntion with ammonium snlfate, whlle ncId invertme appears in the 

50 to 709'0 saturation fraction (Chen and Black, 1992). However, other workers have 

found that arnmonilun sulfate is an ~msatisfactory precipitant. for invertlrse. 



Physiologlcd significance of proteinaceous inhibitor 

I h e  proteinaceo~~s inhibitor har: been implicated in the regulation of invertase 

activity in plant tissues. A direct experimental proof is non-existent. However, it is 

not clear how the inhibition can be considered to be regulatory, since regulation in 

its true sense connotes R reversible reaction. 

The endogeno~~s inhibitor of potato has been implicated also as playing a role 

in the increase in invertase activity resulting from cold treatment, wounding or 

transferring of call~is into liquid medium (Bracho and Whitnker, 1990 a). 

The present nuthor has not made a detniled study into a possible occurrence 

of a proteinaceous irihibit.or of invert.txse in pineapple tjsfiue. However, the fact that 

the plot of enzyme activity against period of incubation up to lh, using 

chlorophyllous leaf as enzyme source, was R straight line was proof for the non- 

existence of a free inhibitor; in case an inhibitor was present, the plot would have 

yielded a curve, with increasing curvature with increasing period of incubation. 

It is doubtful whether Yressey's inhibitor Is specific for invertase. 'I'he 

inhibitor has been shown to be m agglutinin. Potatoes are known to contain an 

agglutinin, which also is an invertase inhibitor, qualifying as a second endogenoris 

proteinaceoris inhibitor of invert~se in potato. 1,ectJns behave RS general "efYect.ors" 

of glycosidases, which are glycoproteins and which complex with lectins. 

I t  has also to be borne in mind that not all Ifssues contain Pressey's inhibitor. 

The inhibitor has been reported to be absent in sugarcane stem tissue, sugarcane leaf 
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sheath and papaya fruits (Isla, et d., 1991). A clinching evidence against a 

physiological role for the inhibitor in regulating soluble invertase in potato appears 

to be the finding by Isla, et d., (1992), that, contrary to the assumed 

vacuolar/cylosol loc~tion of the inhibitor, ttie inhibitor was located in t.he digested 

cell wall fraction resultirig on preparation of protoplasts from potato tuber by 

digestion with carbohydrases. It might be thought lhat this location was an artefact 

resulting on processing of the tissue, but this was unlikely since intact protoplasts 

and vacuoles prepared therefrom did not contain invertme inhibitor when tested in 

ruptured preparations. The known agglutinin also was located in the digested cell 

wall fractions. Isla, et al., (1991) concluded that the compm-tmentatJon of the 

inhibitor in a location non-contiguous, with two membranes separating with the 

vacnoles which contain the acid invertase renders unlikely a regulatory role for the 

inhibitor. A cell wall-associated (acid) invertase could, however, be ~ c t e d  on by the 

inhibitor. The present author has been unable to find m y  report on wclll-meociated 

invertases in potnto. Confirmation of the finding of wall-association of inhibitor is 

necessq  with other plant sources known t.o cont~in inhibitor. 

Absence of wall-associated Irivertasc in pineapple tissues 

an agy3ed 
Plant tissues which have been carefirlly -.- 1 contain a form of invertme 

X 
associated with cell wall fraction, apparently reflecting an in vivo occurrence. Such 

an activity is essential in tissues in which the celhilar uptake is in the form of 

hexoses derived from the phloem unloaded sucrose. In the present investigation, 
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invertase activity could not be demonstrated in any of the tissues studied. The 

following reasons appear plausible: 

1. Only a small proportion of the total invertase was in the insoluble form and 

it escaped detection in an assay system which necessitated the use of barium 

hydroxide and Zinc sulfate to clarify the incubated system. Whereas 98% of 

the tot.d Itnertase activity was wall auuociated in cultured cnrrot cells, only 

about 1090 was insol~lble in carrot seedlings (Lauriere, et d., 1988). 

2. Wall-associated invertase was confined to the cells close to the phloem tissue 

and this tissue constituted a small proportion of the total cellular mass. Such 

R likelihood was envisaged by Get.z (1991) in beet root hypocotyl. 

The wnll-msociated invert~se was in ionic linkage with the cell wall and RS 

such extractable with high ionic salt solution (1 to 2M sodium chloride, 

phosphate, etc.,) without the need for disrupting covalent linkage, as by the 

use of ELI'I'A. Dey (1986) showed that 0.1M ~ o d i ~ l m  chloride wau adequate 

for extracting the entire invertaue activity from resting and germinating mung 

bean seeds, no further activity being extracted when 0.1M was followed by 

0.5M sodium chloride. The extractant used by the present author was 0.01M 

with respect t.o pot~sdum phosphnt.e. Creaaulncem tjssue~ mny be expected 

to contain high endogenous concentration of ions. Together, sufficient ionic 

strength was available to solubilize the wall enzyme on tissue disruption. 
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4. It must be mentioned, at the same time that the inability to detect wall 

associated enzyme was due to an actual absence of the enzyme. Canesugar 

internode hm long been considered ns the typical case of a tlssue requiring 

hydrolysis of stlcrose prior to 1lpt.ake. Even In this tissue recent evidence 

casts doubt on thls concept. It is possible that in the pineapple tissues 

examined, all of which were meristematic, or only partly differentiated, the 

uptake of sucrose was totally symplastic. In leaves of Lolium temulenttun, 

particlllnte invertase constit.c~t.ed a high proportJon of totd invertme activity 

in mature leaves, but in the early stages of leaf development inveftase activity 

was totally solrlble (Pollock and Lloyd, 1977). SchRffer (1986) observed that 

insoluble invertase was absent not only in the young but also the mature 

leaves. 

A word in explanation of the use of I'rit,on-X 100 in assay system to test for 

invertase activity in the cell wall fraction (from green leaves). One of the likely causes 

for the dramatic increase in "ngeing" of tissues is the occurrence of invertme in 

vesicles (Oetz, 1991). 81ch vesicle-contained enzyme may normally be "dormant" 

and cnr~ be exposed by treatmerrt with a detergent, m in the standard practice in 

assaying lysosomal enzymes in liver tissue. 

MstributSon of enzyme forms 

In sugarcnne internode (Hatch, et d ,  1963), carrot roots (Ricardo and np 

Rees, 1970), sugarcane leaf sheaths (Sarnpietro, et d., 1980) and onion bulbs 

(Lercari, 1982) invertase occurs in both acid and neutral forms. In wheat coleoptlle 
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(Krishnan, et d., 1985) and strawberry fruit (Ranwala, et al., 1992) only the acid 

fonn is present. Add invertase has both an extracellular and vacuolar loc~tion in 

many plants. In carrot seedlings, 85 to 909'0 of the total activity was in the 

supernatmt fraction of homogenate and 10 to 1590 with the cell wall fraction. On the 

other hand, in suspension cultured carrot cells 98% of the total activity was in the 

cell wRU and only 2% in the supern~t.ant fraction (Lauriere, et d, 1988). The cell wail 

of mature leaves of Nicotinna tabacclun contains invertase. Potato invertase in its 

soluble acid form fms been studied by a number of workers Bracho and Whitnker, 

1990 b) but there does not seem to be any authentic report of alkaline invertase and 

cell wall associated acid invertase in the tissue. 

In genernl, cultured cells and tissues exhlblt high cell wall- associated acid 

lnvertase actlvj ty. 

As will be evident from the preceding pages, invert~se may not. occur in only 

one form in a t,issue. A particular form may be predominant in the tissue, but other 

forms may coexist, though in quantitatively minor amounts. 

The pineapple plnr~t has distinctive feattires. Invertase activity was assessed 

in (a) lhe fihoot. tjp (h) the diagnostic led ('I>' led) and (c)the root lip in selected 

stages of the ontogeny of the plmt. 

lnvert~se was actjve in all tissues of the pineapple plant rinalysed, with an 

exception. Only the soluble form was demonstrable and this was composed of the 

acid enzyme and neutral (alkdine) invert~se. The enzyme occurred singly in the 
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acidic- or neutral form or the two together. The tissue exception was the aerial root 

of propagule in which neither ~cidic nor neutral invertase was demonstrable. 

Three types of transition of activity were encountered, one in the stem, 

another in the leaf and the third in the root tip. In the heterotrophic (the developed 

axillary shoot, serving as propagule) and pre-autotrophic stages (following 

transplanting of propagule, about. two months period) d l  the three stem segments 

studied (upper (stem tip), middle and lower) contained only acid invertme. On the 

other hand, the stem tip of the pineapple in the autotrophic stages, both in the 

vegetative and reproductive stages, showed only neutral invertase activity. 

In limited studes conducted in t.his direction, the t.ransition WRS demonstrable 

in the shoot tip, by about 70 days following planting. However, no sample of shoot 

tip could be identified wherein the two forms were present side by side and where 

the neutral form dominated over the acid form. Also to be noted was the fact that 

the stem tip of the a~ltotrophic plnnt which continued to be R utdization sink 

contained the nlkaline form of the enzyme whereas the acid form of the enzyme is 

normally found in this type of tissue. It is possible that the inability to demonstrate 

the presence of the two enzymes together was due to overlapping of the activity, as 

discussed in the preceding section. 

The second type of enzyme nctivity tmsit.ion was built. into the tissues of the 

leaf which was composed of an achlorophyllous-(wraping round the stem) and 

chlorophyllous part, with an intervening diffi~sed regions. The achlorophyllous leaf 

part had both acid and neutral invertase. The chlorophyllous part had only the acid 
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form. The intervening diffuse regions(-snb-chlorophyllous) resembled the 

achlorophyllous leaf tissue in that both ncidfc nnd neutral actfvities were present. 

However, the relative activities of the two forms changed acropetally in the 

intervening diffuse regfons. The lower part of the intervening diffuse region had a 

sharp peak at pH 4.6 which decreased and then rose to register a second peak at pH 

6.6. In the region contiguous to the chlorophyllous leaf part, the activity at acid pH 

was very dominant and the activity in the alkaline region touched a minimum. 

The third type of transition in activity was mmifested in the root tip. No 

invertase activity could be demonstrated in the root tip in the heterotrophic stage, 

that is, when still crerial. In one month and two months old plant, the root tip tissue 

contained both acid and neutral invertases with pH optimum between 4.6 and 5.0 for 

acidic form and 7.0 for neutral fonn. This pattern of activity in the root tip tissue 

continued during the further development of the plant. Thus, the root tip tissue in 

the organogenetic stage showed the p11 actjvity proflle simlla1- to that. obtained in 

one month old plant with optimum activity for acid invertase between 4.6 and 5.0 

and for neutral invertme at pH 7.0. 

Induction, evocation and morphogenesis 

A wealth of literature exists on the flowering process. The most recent review 

is that by Bernier (1988). 

Day length is most effectively perceived by young expanded leaves. It is 

believed that the leaf transmits a promoter to the shoot apex, leading to evocation 
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of the latter. In the present author's study, the "D" leaves were assumed to 

discharge this functjon. 

The events occurring in the shoot apex that commit it to flower formation 

are called evocation. Evocation is characterized by marked histological and 

morphologicd chnnges. One of the most. conspicuous events of the floral transition 

is on increase 111 the r ~ t e  of cell division. Nd distinct cell lineages are involved, but 

flornl trnnsiiion obligntotily involves the activntion of the centrd zone. The start of 

evocation is difficult to determine accurately. Evocation is essentially a molecular and 

cellular process whose completion triggers the changes at the higher levels of 

organization, irreversibly committing the meristem to flower formation. 

Gene expression is highly reglllnted during flower developrrietit. Increaued 

synthesis in all RNA fractions is among the earliest events occurring in transitional 

meristem. It has not so far been possible to identify the mRNAs that may change 
cc=. 

at evocation. Immunologicd and electrophoretic analysis has established th protein K 
complement of transitional apices is dtered before flower primordin are initiated. 

Most of these changes are quantitative, but there are a few possible qualitative 

changes. 

Among other nloleculm changes nre rises i r ~  sucrose and ATP levels, invertase 

activity, mitochondrion number and energy charge. There L evidence to show that 

the increase in sucrose is unrelated to photosynthetic input, but is critically involved 

in evocation. The morphogenetic role of sucrose, referred to in the Introduction, 

assumes considerable significance in the light of this observation. In some plants, 
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early increases in the activity of the enzymes of the pentose phosphate pathway have 

been found. 

Pryke and Bemier (1979) found 58% increase in invertase activity on fresh 

weight basis in the evoked shoot apex of Sinapjs alba 

The present study shows about 60% increase in the (neutnil) invertase activity 

on fresh weight basis (about 54% increase on dry weight bas1s)which is unexpectedly 

low compared to the 7-fold increase in sucrose reported by Madhusudar~an and 

Nandakumar (1983). It has to be emphasized that the sampling of tiss~ies both stem 

tip and leaf by the present author differed from that by Madhusudanan and 

Nandakumar; the present author collected about 2cm length of stem tip, contrasting 

with the 5muup shoot tip by Madhusiidanan m d  Nnr~dakurnar. This enhancement was 

abolished in the next stage. In tMs context, two important factors have to be borne 

in mind; a. there is no evidence t.o suggest that invertase activity is rate-limiting in 

the stem tip of the pineapple plant b. sucrose cleavage can be brought about alao 

by sucrose synthase, acting independently of invertase. 'I'he study by Duke, et d., 

(1991) shows that under certain physiological conditions, sucrose cleavage IR effected 

wholly by sucrose synthase. 

In studies by earlier workers, and as is t.o be expected, the invertase in the 

shoot tip is the ncid type (Pryke and Bernler, 1978). Unexpectedly, but interestingly 

and probably ~ignificantly, it is the neutral form of invertase that seems to be 

operational in pineapple shoot. In this context, the observation that the affinity of 

neutral (alkaline) invertase of the shoot tip is comparable to that of the acid 
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invertase of the shoot tip in propagule and rooting stages, assumes significance. The 

affinity for slicrose is, if any, enhanced in the stem tip during development of the 

pineapple plnnt starting from the propagule, although the acid form was present in 

the l~ t t e r  m d  the neutrd form it] t.he developing plant. 

Ideally, the biochemical studies on shoot have to be carried out on the apical 

rneristem. This is difficult in practice and many workers have employed apices 

bearing leaf primordia and young intemodes. In justification, it may be pointed out 

that it is not the current photosynthesis alor~e that is involved, but that storage 

material may also be brought into the metabolic picture. There is reason to believe 

that the shoot tip sample selected by the present author is constituted of a 

comparatively high proporlion of meristematic tissues. Shoot development is a 

manifestly complex phenomenon (?'orrey, 1967). It involves the total activfty of the 

shoot apex, including the initiation of leaf primordia at the apex, the formation of 

new cell populations which perpetuate the cell layers formed at. the apex, the 

differentlation of the primary tissues, including the vascular tissues of the stem, and, 

all the while, the constant elongation of cells below the apex, giving growth in height. 

In ~ddltion, new   hoot apices are initiated in the axils of leaves, buds which may be 

conlpletely ~uppres~cd in their development or begin elongatJon and l e ~ f  fonflatJon 

too, producing a much branched shoot system. Two general types of shoot 

development can be distinguished: 

R. the long-shoot type, in which internodd elongation occurs regularly and 

often extensively, 



and 

b. the short shoot type, in whictl internodal elongation is almost absent and 

leaves are inserted one close upon the other along the axis. 

In short shoot type plants, leaves are produced in succession at the apex as in long- 

shoot types, but the internodes fail to elongate and the leaves remain close together 

in a rosette arrangement. It is tlds type of stem which occurs in the pineapple plant. 

The stem tip of the pineapple plant can, therefore, be expected to contain a 

comparatively high proportion of meristematic tissues. 

The splitting of vacuoles at the apex is an early ultr~stnictural chnnge in 

some plants. This assumes signiticnr~ce in the light of the localizntion of acid 

invertase in vacuoles. 

Are acid invertase and alkaline inveftase dl~ttnct proteins? 

A dccrease in invertnse nctivity with optimum in the acid rmge with growth 

of tissue and the appearance of, or increae in, act.ivity in the alkaline range in the 

mature tissue (constituting the basis of the roles postulated for the two forms of 

enzyme) could, R priori, be interpreted as a transformation of the acid- into the 

alkaline enzyme. Similarly, germination profile of enzyme activity corlld be thought 

of as transformation of the dkaline inverlase prot.ein in the resttng seed into the acid 

invertase protein in seedling. 



There is ample evidence that acid invertase from diverse sources is a 

glycoprotein. The detailed study by Chen and Black (1992) showed that 

electrophoretically homogeneous alkaline invertme from soybean hypocotyl, the first 

such preparation from R plant source, is not glycosylated. An enrlier study by 

Stommel and Simon (1990) also was indicative of the absence of glycosylation in 

alkaline invertase, the enzyme being obtained from wispendon-cultured carrot cells. 

A change from acid-to alkdine invertase and vice versa could be thought of as being 

brought about by deglycosylnUon. W~ch a post-translational modMcation of invertase 

would appear to be analogous t.o the post-translational phosphorylation- 

dephosphorylation of some enzyme proteins and nucleotidylation-denucleotidylation 

of some other enzymes (Battey, et d., 1993). However, there is an integral difference 

between these processes. One of the proteins resultdng from phosphorylation- 

deph osphorylnti on and aden ylyi ati on-de adenylylation (nucleo tldylati on- 

denucleotidylation) is enzymatically inactive. In the case of invertme, both the 
OF the 

products are enzymatically active. Of course, L e  glycosyl-free fonnpnzyme differs 

in location, pH optimum and affinity towards sucrose. Also, there is no evidence for 

the reversal of the reaction, glycosylation of deglycosylated protein; in the forward 

direction, glycosylation 1s efTected in the Golgi body. That deglycosylations of a 

protein can occur in vivo has been established in the case of a lectin. Concanavalin 

A, the mqiof constituent of the jack-bean seed, is glycosylated nt its acthe site for 

the major part of its maturation in the aolgi complex, but h the flnal stage of its 

synthesis, a glycanase removes this side group and "activates" the molecule (Rowles, 

1993). 
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That the above postulated mode of transformation of the acid-into the 

alkaline enzyme nctSvity by deglycosylation could not be operative fn some tissues, 

at any rate, follows from two lines of evidence: 

1. Chen nr~d Illack (1992) employed eletrophoretScally homogeneous alkaline 

invertase and acid invertase (the latter with glycosyl group intact) isolated 

from soybenn hypocotyl to raise r~bb i t  polyclonal antibodies. The soybean 

alkaline invertase ar~tibody was found to be specific for the alkaline invertase 

and to cross-react with partially puritled dkaline invertase from other plants. 

Neither the purifled soybean alkalitle invertase nor any of the crude alkaline 

invertase fronr a number of other plant sources cross reacted with the 

soybean acid invertase antibody. (This may be contrasted with the cross 

reactivity of the antibody from cell wall acid invertase with soluble acid 

invertase (L,auriere, et al., 1988)). The imm~~nological distinction between the 

alkaline and acid invertase of uoybem~ hypocotyl suggested that the two 

enzymes are encoded by distinct nuclear genes. 

2. Dey (1986) observed that dormant mung bean seeds have high alkaline 

invertase activity. During germination, the alkaline activity rapidly decreased 

and was replnced by incrensir~g ncid invertase activity. L~ciohexinride 

prevented the appearance of the acid activity during germhation. The author 

concluded that acid invertase wm formed by de novo synthesis of protein. 

This study cannot be considered to be unequivocal:cycloheximide is a general 

translational inhibitor. The germination process itself was inhibited by use of 
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cycloheximide. Also, the high alkaline activity initially present decreased 

markedly in the treated seeds, whlch the author attributed to endogenous 

degr~dation of the protein by preexisting proteases. 

The present atit.hor feels that. it hrts not been definitely proven that alkaline 

invertase and acid invertase from all plant sources are not interconvertible. 

Are the diff;erent forms of (acid) invertase coded by a single gene or multiple genes? 

I. Comparison of properties of invertase multiple forms 

Studies by Pollock and 1-loyd (1977) and Lauriere et d, (1988) showed the 

occurrence of plurnl forms of soluble invertase, respectively in Loli~m terndenttun 

and carrot seedling. Ranwda et d., ( 1992) showed two typeu of wall-botmd invertme 
0 

in strawberry fruit. Is$ectric focussing, probably the most sensitive method to detect 

isoenzymes, showed the presence of a number of isoenzymes in cell wdl fraction of 

radish seedling (Faye et d, 1986). 

An account of the differences, if any, in the properties of the isoforrns 

follows. 

A. Soluble invertase and wall-bound invert- and forms of wall-bound invertme 

Wheat coleoptile 

Krishnan et al., (1985) found that the solubilized cell wall enzyme of wheat 

coleoptile, which was only partially pure, and the highly purified cytoplasmic soluble 
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enzyme (-which represented the major part of the total enzyme activity-), both 

acidic, differed in pH optimum for activity (cell wdl enzyme pH 4.5 and cyt.oplasmic 

enzymo pH SS), chromntogrnphic behaviour on IIEAE-cellulose, thermnl stability, 

Km vdue and response to light treatment of tissue. 

strawbeny fruit 

Rar~wala et d., (1992) found that the soluble hvertase, which accounted for 

most of the total invertase activity, and the two wall-bound invertases, NaCI- 

released Eraction and EDTA-released fraction, all tested as crude prepar~tions, h ~ d  

somewhat similar properties with regard to: 

optimum pH: (range 4.2 to 5.2; soluble inver t~e ,  pH 4.6, the NK1-released cell wall 

fraction, p11 5.0 and the EI3TA-released cell wall enzyme, pH 4.2.) 

Optimum tempernture: (40 t.o 50°C; soluble invertase 50°C, the NaC1-released wall 

enzyme, 40°C and the EDTA-released cell wall enzyme, 50°C) 

Km vnlrie for sucrose: (3. 5 to 4.4 mM; 3.5 for soluble enzyme, 3.7 for NaCI- 

released enzyme and 4.4 for EDTA-released enzyme) 

substrnte specificity: (raffinose nnd stachyose were also acted upon; respecthe 

activities towards raffinose rind stachyose, as a percentage of the activity 

toward sucrose, were: 25Yn find 15Yn for soluble enzyme, 26% and 13% for 

NaC1-released fraction and 2390 and 1590 for EDTA-released fraction). 
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Findings cornrnon to the above two tissues are: (a) the sol~~ble enzyme 

represented the major part of total invertase activity of tjssue and (b) the wall-bound 

enzyme had a lower pH optimum than the soluble enzyme. 

In d l  these properties, the strawberry enzyme resembled the acid invertases 

reported in other tissues. However, they exhibited different degrees of inhibition of 

activity by metal ions, H ~ " ,  and ~ n ' + . ~ h e  complete inhibition of the (NaCl 

released wall-b0und)strawben-y fn l t  invertase by 1.7mM ~ r r ~  distinguishes it from 

other acid invertases. That differences existed between the two forms of wall-bound 

invertase was shown by the fact that while 1.7 mM MnC12 led to total inhibition of 

NaC1-released enzyme, the EDTA-released enzyme was inhibited only 35%. 

There, thus, appemed to be "two types" of wall-bound invertase in strawberry 

fn l t  based on difference in degree of inhibition by MnC12. 

It may be pointed out that while the wall-bound e n m e  fractions were 

completely precipitated by 80% saturation with ammonium sulfate, soluble invertnse 

was precipitated only 40Y0 in 809'0 saturation and required 90-10090 saturation with 

ammonium sulfate for total precipitation. 

Of interest wns the finding by Ranwdn et nl., (1992) that both types of wdl- 

bound invertnse decreased cor~tlnriorlsly with fruit development, alnlost disappearing 

in the over-ripe fruit. This was in contrast to the soluble acid invertase which 

increased continuously upto the red-ripe stage, to drop in the over-ripe fruit. The 
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turnover of intracellular protein is well known, but there is very little information 

about the turnover of wall-bound enzyme protein. 

Carrot 

Acid invertase isolated in homogeneous form from the cell wall fraction of 

suspension cultured carrot cells and in an enriched form from the cytoplasm of 7 

days old carrot seedlings (Lauriere, et al., 1988) differed in the following respects: 

1. The soluble enzyme (-a mixture of two molecular forms-) had its pH 

optimum around 5.6 and the cell wall-associated enzyme around 4.6, as 

determined in seedlings. 

2. The cell wnll enzyme (not. only of seedling, but also the crilt~rred cells) had 

M r of 63,000, while the soluble enzyme was made up of two Loforms, 

separable by chromatograpt~y, with M r of 58,000 and 52,000 (-the latter 

being the more abundant form -); only the M r 58, 000 form was present in 

the cultured cell. 

Comparison of sol~lble invertme fn)m dffemnt organs of the snme plmt 

Employing the purlfied enzyme preparations from potato tuber and mature 

fully expanded leaves from the top of the potnto plmt, Burch et al., (1992) found 

that in terms of: 



pH optimum (5.0 for the two enzymes) 

ability to hydrolyze lactose (10-11% of the rate of sucrose for either enzyme) 

and 

M r (58,000, monomeric, for each enzyme) 

The invertase from tubers and leaves appeared to be similar. However, in: 

Km value for sucrose (7.9 for tuber enzyme and 2.4 for leaf enzyme) re~ctivity 

towards raffinose ~ t l d  trehalose (tuber enzyme acts on both, loaf enzyme does not 

act on either) 

and 

product inhibition characteristics (the inhibition by fructose was linear mixed for the 

leaf enzyme and competitive for the tuber enzyme; glucose inhibition uncompetitive 

for the leaf enzyme and non-competitive for the tuber enzyme) 

The two irivertasefi differ from each other. 

B. Soluble acid invertas? and alkaline (neutral)invertase 

This WRS considered separately. 

A det.ailed study of the properUes of inverbfie occurring in different tisst~es 

of the pineapple plant was outside the scope of the author's investigation. However, 

some conclusions can be drm from the limited studies carried out. 



pH optimum 

A sharp acid pH optimum, 4.8, was obtained only in the chlorophyllous part 

of the leaf. In all other tissues, the optimum acid activity was spread over a range. 

The choice of pH optimlun 4.8 In stnndard msay of all tissues Is explained in the 

Results Section. 

Km value 

The comparatively wide range in the Km value for sucrose among the acid 

invertases from different tissues, suggestive of the existence of isoforrns of invertase, 

WRS emphasized in the results section. 

A remarkable finding emerging from the present study was the comparable 

Kmvalue for sucrose of the neutral enzyme occurring in the stem tip tissue and the 

acid enzyme occurring in the achlorophyllous stem tissues in the propagule and its 

rooting stages. Also remarkable was the finding that in the pineapple plant, the Km 

value of the neutral invertase in different tissues was lower than the Km value of acid 

invertase in one particular tissue, namely, the achlorophyllous leaf tissue. It is 

generally held that the neutral invertases have a higher Km value than the acid 

invertases (Avlgad, 1982). 

B.& viw and in viin, transformations' 

Multiple forms of soluble invertase were reported in wheat leaves by Roberts 

(1975) and an increase in the proportion of the hlgh molecular weight form 
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occurred when cold-hardy cultivar was grown at low temperatures. In studies by 

Pollock and Lloyd ( 1977) on developing leaves of Lolirun temnlenttm, fractionntion 

of soluble invertase by gel filtration showed the appearance of a high molecular 

weight form at the time when the insoluble activity was rising .This transient form 

could represent the insoluble form prior to incorporation into the cell wall matrix. 

In Utticn diocia, J2ahrendorf and neck (1990) reported that Umited 

proteolpis of the soluble 56,000 M rleaf lnvertese resulted in a range of forms on 

gel filtration which were both larger and smaller than the undegraded enzyme. 

Y elle, et al., (1991) found that the highly purified proportion of acid invertase 

from tomato fndts contained three polypeptides of 52,30 and 22 KDa. ?+he authors 

concluded that the smaller polypeptides were products of degradation of 52 KDa 

polypeptide because the N-terminal amino acid sequences of the 52 KDa md 30 

KDa polypeptides were identical. 

Aral, et RI., (1991) could not obtnin any evidence for secondnry formation 

of lnvertase. Acid Itlvertase from hypocotyl of etjolated seedlings was separated into 

two fractions of A and B by chromatography on ~ y d r o ~ 5 ~ a t i t e .  Acid invertrise 

fraction B consisted of two polypeptides 30 KDR and 38 KDa, but that in fraction 

A was 70 KDa in size. Immunochernicd reaction and Concanavalin A binding 

reaction showed that acid invertme in hypocotyls of mung bean seed is nctudly 

present in two forms: a monomer 70 KDa and a heterodimer of 30KDa and 38KDn 

polypeptides. Monomer was not converted into the heterodimer during incubation 
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of crude extract and WRS present together with the heterodimer in very young 

hypocotyls. 

As already pointed out, wide ranges of speciijc activity are found for Mgher 

plant invertase from different sources and even isoenzymes from the same organism. 

Molecular weight ( M  4 for invertase varies fron~ 48,500 for the radish 

seedlings (Faye, et d., 1981) to 450,000 for the Lolilun pollen (Singh and Knox, 

1984). Many purified invertase have M r in the range 50-60,000. The invertases are 

either monomeric or polymeric. In radah seedliag~ it is a monorner whereas in 

Lolium pollen it is an ollgomer. Prado, et d., (1985) reported that in Castor bean Mr 

77,800 is a heptomer composed of identical M r subunits (M r 11,000). AI-Bakir and 

Whitaker (1978) reported that date invert.me, M r 130,000 is composed of two 

identical subunits, M r of 70,000. Rracho and Whitaker (1990 b) reportedth~t potato 

invertase had M r of 60,000 and that it. was a dimer of 30,000 subunlts. The dimerlc 

nature of potato invertase could not, however, be confirmed by Bwch, et d., (1992) 

who found that SDS-PAGE gave a M r of 58,000. 

An exception to the llsual molecular range is the enzymes frorn sugar beet 

 seedling^ (28,000). 

All the above mentiorled polymeric forms are composed of identjcal subunits. 

Ard, et d, (1991) reported for the first time the presence of a heterodimeric form 

made up of 50 KDa and 30 KDR. 
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When soluble and insoll~ble invertase occur together, it is usually found that 

insoluble enzyme hru: a higher molecular weight than the soluble enzyme (Faye, et 

al., 1986; Lauriere, et d., 1988).The insoluble enzyme in suspension cultured carrot 

cells had a M rof 63,000 whereas the soluble form which occurred in two isoforms 

had M r of 58,000 and 52,000. 

The glycosylnted nature of invertnse tnay lead to a lack of precision (over 

estimation) in estimating the molecular weight. Ovomucoid, a glycoprotein, with a 

M rof 27,000, when subjected to Sephadex Gel filtration, revealed a M r of 38,000 

to 45,000 (Whitaker, 1963). 

Three types of yeast invertase molecules have been identified: 

(a) a high molecular weight, glycosylated external enzyme located at the periplasmic 

space of the cell; (b) a non- or poorly glycosylated intt~cellular enzyme and (c) an 

irlvertnse species with an intermediate level of glyco~ylation msociated wlth "cell 

tnernbrne" stn~cture. 'l't~e vnrio11.s Irivertnse ~pecies in yeast are nll related slnce they 

represent different stages of the patt~wny leading to the synthesis of a single 

glycoprotein molecule (Avigad, 1982). 

Involvement of R single gene or multiple geneu 

In the case of yeast, the dif'ferent forms of invertase are products of a single 

gene (Perlman, Halvorson nnd Cannon, 1982). The soluble and the cell wdl- 

associated forms of B-fructosidase in radish seedlings exhibit high mtigenic 

similarities (Faye, et d., 1984). The different forms of carrot IJ-hctosidase are 
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antigenically related, as tested with immune serum specific for deglycosylated cell 

wall B-fructosidase from carrot suspension cells (Lauriere et al., 1988). It  is not 

certain whether the different forms of B-fructosidase in higher plants are products 

of a single gene, as observed in yeast invertcrse. The study by Chen and Black (1992) 

suggestir~g that alkaline invertase coding is by a distinctive gene, was already referred 

to. 

Chitinrtse and B-1, 3-glucanase exist In multiple forms in higher plnr~ts, 

grouped into two classes, basic and acidic, with clifrerent subcellular location. The 

basic forms are generally vacuolar, while the acidic forms are usually secreted into 

the extracellular space (Van Den Buleke, et d., 1989; Keefe, et d., 1990). For each 

enzyme, the two forms are products of similar, but distinct, genes. 

Many plants have two root. systems that differ in origin (Fatln, 1989).0ne 

is the pfifnruyroot system, whose origin can be traced back to the radicle developed 

during etnbryogeneds. The other is m advet~titJonsroot system, whlcfi arises on parts 

of the plmt not originating from the embryonic root, that is, from parts of the 

shoot. Adventitious r o o l ~  usncrlly 'initiate etldogenously from tissue within the parent 

plant, though a few cases of exogenous origin are known. Roots which arise on the 

primary root are the late& mots, referred to sometimes also as secondnty roots. 

Lateral roots are sometimes also called adventitious; the term adventive can be 

applied to them to distinguish from roots of  hoot origin (U~rlow, 1986). 
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Adventitious rooting is the basis of vegetative propagation of plnnts, rnostly 

from cuttings (Jackson, 1986). 'I'hus, adventitious rooting is involved in the vegetative 

propagation of the horticultural varieties of the pineapple plant. 

Presumably, the future of development of each root type is determined at its 

inception, or at a very early stage of growth. The apices once formed arid detem~ined 

contjnue to prodnce tissrle~ of  the appropriate ttypc. Anal.omical changes occur when 

nerial roots of Ficus henghnlensis enter the soil nr~d get converted Into terrestrial 

roots. These changes are presumably the result of a redetermination of the meristem 

causing it to produce a new pattern of tissue differentiation(Barlow, 1986).Whether 

the enzyme profile is influenced on transformation of the aerinl to the terrestrial root 

is not known. 

Carbohydrates have most often been considered to be the principal source 

of energy and carbon skeletons during rooting (Haissig, 1986). Many studies have 

been carried out on carbohydrate-rooting relations involdng either total soluble 

carbohydrate, or total non-struct~ual carbohydrate. Reducing sugars and sucrose, but 

not starch levels, differed between the upper (non-rooting) and basal (rooting) sterns 

of jackpine seedling cuttings during propagation. 

The inhibiting activit.~ of jnvertnse inhibitors of higher plants seems to be 

limited to acid invertases (Bracho and Whitaker, 1990 b). This observation has 

considerable relevance to the present author's studies on root invertase. The inability 

to demonstrate an enzyme activity in a particular tissue could possibly be due to 

inactivation by an inhibitor during hotnogenization and processing. That such an 
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artefact did not result in the present study was indicated by results of assay by the 

mjxed hornogenate technique, which gave no indication of the presence of residual 

free inhibitor in the extracts of aerial roots. Also, the action of inhibitor on the 

enzyrne is a slow process, taking severnl hours for completion nt low ternperat~lre. 

Invertase activity in the terrestrial roots of the pineapple plant was dlstinctive in that 

the alkaline activity was higher that1 the acid activity; the two activities coexisted also 

in the achlorophyllous leaf part and intervening diffuse region, but the acid activity 

dominated over the neutral activity. l'he root. tip of the aerial roots failed to exhibit 

not only acid brit also alkaline activity, which latter is not susceptible to inhibition 

by the inhibitor. The conclusion may be dram that the absence/deficiency of 

invertase activity is an h vivo feature of the aerial root. Sucrose generally is believed 

to enter root tips without traversing the extracellular space (ap Rees, 1984), so that 

it is not obligatory that it be hydrolyzed before uptake into cell. In the absence of 

irivertase, sucrose utilization by the tissue could theoretically be initiated only via 

action of sucrose synthase. 

A factor which might be contributing to the inabiljty to demonstrate invertase 

activity in the tip of aerial root could be the cellular composition of the tissue. In 

the 5-d~y-old pea seedling root, the acid invertnse activity in the apex region is 

much higher in the cortex than in the stele. In case, the root of the propagule 

contained a much higher proportion of cells corresponding to stele, in comparison 

with cortex, the horrrogenate derived from the composite tissue would manifest a low 

activity which could be missed. 
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That invertnse conld be totdly dispensed with under certain physiological 

states has recently become evident. Iluke, et nl., (1991) reported organ-specific 

invertase deficiency affecting only the primary root system in the Oh 43 inbred 

maize; substantial invertase activity was evident, in extracts of the other tissues. This 

deficiency was evident also in the lateral roots arising from the primary root. In 

contrast, morphologically ider~tical lateral roots frorn the adventitio~is root sy~tem had 

normal invertse levels. Ontogenetic origin of root tissue appeared to be a 

determinant of invertme activity in maize. Adventitious roots (including the seminals) 

arise above the scutellar node and are, therefore, of shoot origin. The genetic 

potential for invertase activity was present. The lack of activities might have resulted 

from altered regulation of gene expression. The study with Oh inbred maize showed 

invertase activity was not essential for maize root growth. Sucrose .synthase was active 

in extracts from all root apices m d  could mediate the sucrose degradation in prjmary 

root tips of Oh 43. Sucrose synthase activity was not assayed in the aerid root of the 

pineapple plant; it is possible that this enzyme was active in the tissue ar~d WRS able 

to cleave translocated sucrose. 

Silva and Ricardo (1992) have drawn attention to the fact that sucrose may 

have dso important roles in the morphogenelc processes in plant  cell^. Wet.rnore 

and Rier (1963) and Jeffs and Northcote (1967) showed that sucrose induces 

vascular differentiation in callus and tissue culture. Other aspects of callus 

metabolism and growth are also influenced by sucrose concentration. (Edelrnan and 

Elanson, 1971; P m ,  Edelman and Hawker, 1976). Jn experiments involving the in 

M'tm promotion of flowering of tissues or apical buds, t.he importarlce of sugar levels 
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in the culture medium h ~ s  been demonstrated (Hendrickson, 1954; Deltour, 1970). 

Whether the primary role of sucrose is as source of energyhtorage carbohydrate, or 

as a nrorphogenetic effect, invertase/sucrose synthase would be involved as a step. 

Influence of light 

In terminnlly differentiated tissue, invertme levels (radish cotyledons) are 

influenced by light (Zouaghi, 1976). In radish hypocotyls, the levels of cell wall- 

bound invertase activity are enhanced by light treatment (Zouaghi, Kleh-Eude and 

Rollin, 1979; Zouaghi nrld Rollin, 1976). Jt was propo~ed t h ~ t  light vla phytochrorne 

induced n transfer of the rndish enzyme from the cytosol to the cell wdl. In studies 

by Krishnan, et d., (1985), it was found t h ~ t  the levels of cell wall-bound invertase 

are enhanced by light treatment. T'hytochrome is probably involved. 

The sohlble-and the wd-associated invertases of wheat differed in their 

response to light trentment., as tested in coleoptjle and root of light-grown and dark- 

grown 4 days seedliltg. Cell wall-ettzyrue ir~creafied 60-9091, in light-grown seedlitrg 

both in the coleoptile and roots. Soluble enzymes were slightly less in the light- 

grown both in the colebpt~le arid root. Thus, ilhunination had a pronounced 

influence on the distribution of the cell-wall-bound and soluble fonr~s and lesser 

effect. on the totnl invert~qe nctivity in these tJssues. 

Faye, et d., (1986) reported that when 36-hour-old dark-grown radish 

seedlings were transferred to far-red light, there was a decrease in cytoplasmic 13- 

hctosidase and an increase in cell wall-I3-fmctosidase compared to the dark 
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controls. Growth of radish seedlings in the presence of tunicamycin resulted in a 

partial Inhibition of B-fnictosidase glycosylation but nonglycosylated B-fructosidase 

still nccumdated in the cell wall under far-red light. 

The studies on illumination effect have bearing on the present. author's 

studies on: (a) achlorophyllous leaf versus chlorophyllous leaf md (h) possibly also 

in aerial root versus terresttjd root. 

Slow, but progressive tmnsforrnation of the nchlorophyllous-to the chlorophyllou.. 

leaf part 

Conifer seedlings can synthesize chlorophyll in the dark. Many algae, as for 

example, the brown-~nd blue green algne, also hnve the ability to elabornte 

chlorophyll in the dnrk. Jlowever, Ulc lnrge trinjority of the higher plmtu require light 

for the chlorophyll synthesis. Light is necessary not only for the synthesis of 

chlorophyll, but also for the elaboration of the internal stnlctures of the chloroplast. 

As the pineapple leaf develops and increases in length, the acropetal region 

of the part intervening between the acfllorophyllor~s and the chlorophyllous regions 

gets progressively exposed to light md greens. The intervening region, as also the 

achlorophyllous part, get narrower md narrower, until minima are attained in the 

fully mature leaf. Ordinarily, the chloroplast develops directly from the proplastid, 

which is abundant in meristematic tissue. Since the nchlorophyllous leaf part is not 

wholly meristematic, chloroplasts in this tissue can be considered to originate frorn 

plastids rather than directly from the proplastids. It appears likely that etfoplasts are 
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present in the achlorophyllous region md that these develop into ctdoroplasts under 

the influence of light. Etioplasts are ~isually a transitory stage; they are formed when 

the development of proplastids Into chloroplmts is irrternlpted by lnck of light.. When 

etiolated tissue is exposed to light, the et.ioplasts rcipidly develop into chloroplnsts 

m ~ d  the prolamellar bodies are transforrr~ed into the thylakoid membrane system. 

Studies with etiolnted seedlings, which contain small amounts of 

protochlorophyllide-holochrome, have shown that on exposure to short flmhes (as 

short as 10%), interspersed with 10-15 min. dnrk periods, considerable chlorophyll 

can accumulate ;(Goodwin and Mercer, 1983). After a lag period of about 2h, the 

rate of protochlorophyllide formation and its conversion into chlorophyllide are 

increased by at least 10-times. This is associated with the rapid formation of the 

lmellar structure. 

An alterl~atJve precursor of chloroplast is the chromoplast. In Nnture, 

chromoplasts, though cnpable of developing directly frorn the proplastids, are formed 

from chloroplasts. Chromoplasts have most of the structural features of the 

chloroplasts; the photosynthetic membrane system has, however, been replaced by 

structures rich in cnrotenoids. The reverse process, the ttwnsformation of the 

chromoplast to the chloroplast, has been observed in carrots and oranges. It should, 

however, be pointed out that there fa no indication of the occurrence of 

chromoplasts, characteristically pigmented yellow, orange and red due to carotenoids, 

in the achlorophyllous leaf region. 
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Yet another possibility is thnt the chloroplnst is formed from ar~ arnyloplast. 

Amyloplasts are usually formed as intermediate stages in the development of 

etioplasts and chloroplasts. Even the apparently stable amyloplast of potato tuber will 

develop a green thylRhcoid system if illuminated. 

Studies on the effect of light. on etiolat,ed tissue have centred on the 
it way be 

transformation to chloroplast. Howe~er~remembered that invertase is not known to 

be associated with chloroplasts but is present in the vacuoles and cell wall. 

Non-enzymic hydrolysis of sucrose 

It is generally held that substratsare metabolized in vivo by enzyrn~tic 

pathways. A few reactions are, however, known which are non-enzymic. The extreme 

sensitivity of the hexoses linkage in sucrose to acidity (Goodwin and Mercer, 1983) 

renders sucrose readily s~~sceptlble to non-enzymic hydrolysis in vacuoles which 

accum~llate considerable organic acids. Vacuolnr acid hydrolysis of sucrose has 

been postulated as the only ill vivo mechanism for sucrose breakdown in mature acid 

lime juice vesicle cells (Echeverria, et al., 1992). This non-enzymatic system replaces 

sucrose degradative enzymes present during earlier stages of ontogeny. The existence 

of vacuolar acid hydrolysis is dependent on three conditions operatjng concurrently: 

1. the absence in vacuoles of enzyme d t h  sucrose degradative actjvity-acid 

invertase and sucrose synthase 



3. sucrose cornptirtmentation in the vacuoles 

The first two conditjons are highly uncommon In plant cells, but their 

operation was demonstrated in acid h e  juice vesicle cells. It is, however, not clem 

how sucrose and such high acidity could coexist in a compartment. 

The diurnal variation in vacuolar acidity in the pinenpple plant (pH 3.5 to 

6.0) and other CAM plants operates against acid hydrolysis as a means of sucrose 

degradation. 



SUMMARY 



SUMMARY 

The ontogenetic changes in: (A) dry solids, (B) total protein and (C') 

invertase activity in stem and leaves were followed during growth of the pineapple 

plant from propagule to the early stage fniit, through the 'ripe to flower' vegetative 

state and the trartsltion state. The results obtained have been interpreted in particular 

relation to the biochemical and physiological events during rooting of the propagule 

and the transition to flowering state. Inter a l i ~ ,  the data permitted t.he assessment of 

the distinctive reactions in the achlorophyllous and the chlorophyllous portions of 

the same leaf. 

A. Dry solids 

1. Dry solids content varied with growth stage in all the plant. parts- the stem 

tip and the achlorophyllous-  rid the chlorophyllous parts of the "D" leaf. IIowever, 

the variation was a mirlimnm in the green leaf, which appeared to maintain a fair 

degree of homeostasis in moisture content after an initial increase (Stage I1 A) from 

the level in the propagl~le (Strige I) .  

A tnotitJ1 clfler plntlt.inp; of propngllle (Stnge I), there was R rrlarked increase 

in the dry solids percentage it] plant parts. This was particularly prominent in the 

achlorophyllous leaf part and stem. In the stem, the increase was greatest in the 

middle segment. At the end of 2 months following planting (Stage I1 B), by which 

time the terrestrial ro0t.s appeared to h ~ v e  established themselves, there was 
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reduction in dry solids in the stem md achlorophyllous leaf. 'The increase which 

occurred during rooting could be rin artefact of desiccation undergone by the 

propagule, or a redist.ribution of water, or even an ~ctive accumulation of dry solids. 

3. With the transition from the veget~tive (St~ge 111 B) to the reproducthe 

state (Stage IV), there was a small increase in the dry solids percentage in the stem 

tip and a tendency for increase in dry solids in the achlorophyllous leaf, but a 

decrease in the chlorophyllous leaf. The increase registered In the stem tip was 

irreversible, llrcre heirrg conslfurcy 111 lhc dry wci~hl percertt~ge in the ut~bsequent 

stages (Stages V nrld VI). ('This contrasted with invertase activity, which after 

registering a pronounced increase in St.age IV reverted to the former level (St.nge I l l  

B) in Stage V). 

4. Dry solidu decreased in the stem tip in the advnnced post.-orgmogenetic 

stage (Stage VII), presumably indicntive of the early stage of development of the 

rn\rltiple h i t .  Sim~~ltru~eo~isly, dry solids increased in the achloroptlyllous led,  

suggesting diversion of water to the fruit, or an active acc~miulation of dry solids to 

meet the anticipated demands of the developing fnlit. 

B. Total protein 

1. On dry weight bash 

1. There were marked changes in the protein content (concentratjon), during 

development h all the tissues analyzed : stem tip and the achlorophyllous and 
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chlorophyllous pnrts of the "D" leaf. 'i'his contrasted with the dry solids percentage 

picture, in which the green leaf mnniiest.ed compnrntive hotneost.ads. 

2. One rnonth following propagule planting, simultaneously with increase in 

dry weight percenl.age, protein decreased in 1111 t.isssl~e (in st.em only the top segnlerlt 

t ~ k e n  hito consideration), particularly proniiriently LI the achlorophyllor:s leaf. 

3. Two nlonths following planting, when the plant apparently turned 

autotrophic, protein increased in all tissues. The level was restored to the propagule 

level in the stem tjp, was enhanced to a higher level in t.he chlorophyl1oi:s leaf, but. 

remained lower in the achlorophylloi:~ leaf. The level of protein obtaining in the 

propagt~le wns never restored in the achlorophyllolis leaf at any growth stage. 

4. During the development of terrestrial roots, protein remained fairly 

constant in the top segnlerlt of stern. Lhit., there was a mwked incrense in t.he 

~pparent protein content in the lower segment of the stem. 

5. In the autotrophic stages of growth, protein in stem varied independently 

of that in the achlorophyllous leaf. In the leaf, protein in the achlorophyllous part 

vnried itidependently of that in the chlorophyllorls p&. 

6. When the plant was ready to flower, ("ripe-to-flower" stage), under wholly 

envirot~mentd.conditions, protein level was lowered In the stem tip. In the led, in 

which induction reactions were apparently in progress, there was a lowering of 

protein level in the achlorophyllolis part and maintenance of low level in the 

chlorophyllous part. 
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7. When the trnnsitlon frorn the vegetntive to the reproductive ~ t a t e  took 

place, prot.ein increased in t.he stem lip find continl~ed 1.0 rise, gradually, in the 

subsequent stages. 

During the transition, protein incrensed also in the achlorophyllolls leaf, but 

in the succeeding stage (organogcneds) t.here wns a pronounced decline. In the 

green leaf, there occurred a marked d e c r e ~ ~ e  in protein at t.he tSn\e of transitjon; in 

the following stage there was a partial restoration. 

8. In the post-organogenesis stages, protein increased continuously in the 

achlorophyllo~is region. In contrast, protein declined in the chlorophyllous region, 

signifying degradation, for utilization of the prodllct.~ elsewhere in the plant. 

IT. On fresh weight bwis 

1. ?'he incrense in apparent protein in the lower segment of stem during 

propagrile rooting was prominent. Protein decrensed in the two parts of the leaf at 

the end of one month, but increased partic~ilarly in the chlorophyllous part in the 

2-months old plant. 

2. Protein was at. R low level in the three tissues in the fillly mature plant 

rendy to flower. 

3. Cl11 transition, protein increaqed in the stem tip and in the achlorophyllous 

leaf, but decreased in the chlorophyllous part. 
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4. In the post-orgatlogenetic stages, prot.ein declined in the b e n  region and 

increased in the achlorophyllous region. 

Barring the tip of the "aerial" root. of the propagule, invertase was active in 

all tissues 'of the pineapple plant and at all growth stages tested. The enzyme 

occurred in both 'acid form' (pH optim~~m around 4.8) and 'ne~ltral form' (pH 

optimum aroutid 7.0). Detailed tests with t.he chlorophyllous leaf tisw~e, employing 

buffered aqueous media for cell disruption, revealed that the enzyme was entirely in 

the soluble form, no activity being demonstrable in a suspension of the cell wall 

fraction. The other tissues examined also gave no indication of cell wd-associated 

enzyme. 

(a) Stem tip 

Only the acid form of invertase was active in the stem tip of mat.11t-e 

propagule arid during the two months period required for developing root system and 

the establishment of the plant as arrtc)troph (pre-aul.otrophic stage). Bnt., only the 

neutral form of invertase was active in the stem tip in the autotrophic stages of the 

plant, both in the vegetative (-tested in plants upto 'ripe to flower' stage) and 

reproductive state (commencing with evocation of the apex). In separnte 
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experiments, it was found that this transition from the acid- to the neutral form of 

invertase occilrred by ribout. 70 days following planting of the propagule. 

In the subterminal lenves, ("11"-leaf group), throughout the life cycle of the 

plnnt, t.he non-chlorophyllous part contained both forms of invertase activity, while 

the chlorophyllo~a pnrt. contdneci only the ~ c i d  fonn. The intervening region of the 

leaf showed a pattern of activity approximating to that of the contiguous greenhon- 

green tissue. 

(c) Root 

The roots emerging from the propagule did not m.nifest. invertase nctivity 

while still aerial, that is, attached to the mother plant. But, the tip of the terrestrial 

root contained both ncid- and neutrd form of the enqme, analyzed at the end of 

one month, when it was establishing itself, ~ n d  at the end of two months, when it 

had presilmabiy estnblished itself ns nn n~~totroph. 'l'he same pattern of activity was 

observed also in the root tip of the rnature plant. Assays carried out by mixing of 

the inactive preparations of the aerial root tip m d  the root tJp of the ai~totrophic 

plant showed that a free inhibitor was not present in the ~erial root. 

Q~lantiticetion of activity 

Invertase activity was followed during the ont.ogeny of the pineapple plant., 

by analysing Sephadex G-25 gel filtrates from tissue extracts in buffered media. The 
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assay for activity was not only at the predetermined pH optimum, but also at the 

atypical PI-I (- an acid invertme at nelitrnl pJ1 and ri neutral inverlnse at acid pH-). 

The ratio of the two activities calculated at succeeding stages permitted detection of 

any preferentially ciltered activit.y at the atypical pH, though a peak was not 

manifested because of the carry over effect of the dominant form of activity 

(overlapping of activity). EIowever, no clew evidence wns obtdned for such a 

tnnskirrg of an act.ivity. Ilry solids in the tissiies (root tip was an exception) nnd their 

10t.d protein cnt~ter~t nt every stage pcnr~it,ted crtlcrllntfon of enzyme nctjvity on tAsaue 

dry weight basis anti protein basis, in addition to fresh weight basis. Protein 

determination was both in homogenates (interference not niled o ~ i t  in green leaf, 

root tip and lower regions of the stem of propagule, one month- and two months 

old plant) and in Sephadex G-25 filtrates (except In green leaves, where protein 

concentration was too low to be assclyed). The activity based on the latter value was 

taken as the 'specific activity' of the partially enrictled fraction. 

(a) Acid versus neutral form 

In the pre-nntotrophic stnge, ~cict invertsse was tnore ac(.ive Irl the 

~chlorophyllous leaf tissue than in the stem tip. Acid invertase in the chlorophyllous 

leaf part was several fold more active thml in the aciilorophyllous reglotl in the pre- 

autotrophic stage, as also at all other growth stages. The activity in the 

chloropl~yllous part retnailled the same whether the gel filtrate wns from n 

homogenate allowed to develop high acidity during its preparation by using the same 

buffered medium as for other tissues or from homogenate in a fortified medium 
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designed to yield a neutral preparatfon, by the addition of bicnrbonate equivalent to 

the predetermined acidity. 

In the aut.otrophic stage, neutral invertase in the stem tip was more active 

than the acid invertase in the pre-autotrophic stages. 

A comparison of the acid- and neutral invertase activity In the root tip 

showed that the neutral form was more active than the acid form, particularly in the 

two months old plant. This contrasted with t.he pat.tern of actlvity in the 

achlorophyllous leaf tissue. 

(b) Ontogeny of the pineapple plmt 

There were quantitative variations in the activity of the enzyme forms in the 

stem tip and "I)"leaveu during plant growth, superimposed on two qualitative 

phenomena : (R) the shift from the ~ c i d  form of enzyme in the stem tip (of the 

propagde and its rootjng stage) to the neutral form (In the rooted veget~tive plmit 

and in plants in the reproductive state) and (b) the appearance de novo of enzyme 

activity in the tip of the root on terrestrial establishment. These quantitative 

variations appenred to be related t,o the physiologicnl status of the pineapple plant. 

In partjcdar, the trnnsitjon of the mature veget.ntive plmt to the reprod~~ctlve st.nte 

was associated with a distinctive increase in invertase activity in the stem tip. 

However, the order of this increase ( 54% ) was not commensurate wlth that 

reported for sucrose ( 7-fold ) in the evoked stem tip. 



Rooting of propngrde 

During rootjng of the pineapple propagule in garden soil, spread over a two- 

months period, changes occurred in invertase activity along the stem and in the 

leaves. While the "D" leaves were used in enzyrne analysis in every case, the 

determination of eflzynle activity in the stem was separately in three segments: the 

upper (stem tip), the middle and the lower, the latter two being the site of origin of 

roots. Enzyme extraction from the lower parts of the stem proved to be difficult, 

because of their woody nature and the embedding of root buds. However, the 

increase in invertase act.ivity in the lower segment of stem was particularly prominent. 

F-e kinetics 

an attempt was made to evaluate, on the basis of kinetic properties, whether 

or not : (a) the same acid invertase occurred in the achlorophyllous and 

chlorophyllotis pm4.s of the "D" lenves nnd wlso in (he stern tip in the pre- 

at~totrophic stage and (b) the same neutral enzyme occurred in the achlorophyllous 

leaf part and the stem tip in the autotrophic stage (both vegetntjve and reproductive). 

A comparison was made also between the neutral enzyme and acid enzyme. 

A typical Michaelis-Menten relationship was obt.Rined bel.ween the substrate 

concentration and enzyme activity. Of the acid invertases, the lowest Km value of 5 

mM was observed in the chlorophyllous leaf tissue whereas the highest value (20 

mM) was in tile ~chlorophyllolls led tissue. The t.rnrlsformntion of achlorophyllous- 
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to chlorophyllous leaf part was associated not only with the suppression of the 

neutral form and m intensification of the acid form of invertnse actjvity, but. dso  by 

an increase in affinity of the acid enzyme to sucrose. The acid invertase of the stem 

tissues (upper (stem tip), middle and lower segments) gave near identjcal values in 

the range 10 to 15 mM which was 2 to 3- fold that for the chlorophyllous acid 

invertme. 

Neutral invettnse it! the stetn tip h ~ d  1he same Km vnltle as thnt In the 

achlorophyllous region (10 mM each). ']'his vdue was comparable with the Km for 

the acid invertase in the stem tissues. In other words, the transformation of the ~ c i d  

invertase to the neutral invertase in the stem tip was attended by an increase, if any, 

in the affinity of the enzyme for sucrose. 

Relevance of biochemical findings 

The releva~tllce of the biocheinical findings has been discussed in relailon to 

the physiology of the pineapple plant, inclusive of the rooting process, the asexrral 

mode of reprod~iction, the hductrlon process in the led, the evocation In the shoot 

apex and the reversion of the reproductive to the vegetative state. 
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