
        

University of Bath

PHD

Chemical and biochemical changes occurring during growth and storage of Rheum
raponticum.

Ali, Naiem Abdalla

Award date:
1976

Awarding institution:
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 24. May. 2023

https://researchportal.bath.ac.uk/en/studentTheses/af1f34b4-18dd-4e21-a75e-883f4ee3db26


Chemical and Biochemical Chants Occurin^
During Growth and Storage of 

Rhenm raponticnm

Submitted by 
Naiem Abdalla Ali 

for the degree of Ph.D. 
of the University of Bath 

1976 

COPYRIGHT

"Attention is drawn to the fact that copyright of this thesis 
rests with its author. This copy of the thesis has been 
supplied on condition that anyone who consults it is under
stood to recognise that its copyri^t rests with its author 
and that no quotation from the thesis and no information 
derived from it may be published without the prior written 
consent of the author".

"This thesis may be made available for consultation within 
the University Library and may be photocopied or lent to 
other libraries for the purposes of consultation".



ProQuest Number: U416249

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U416249

Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



7^' 07845



(ii)

CONTENTS

ACKNOWLEDGEMENTS................ iii

ABBRHVIATIOI^IS................... iv

SUMMARY.......................... V

INTRODUCTION .................... 1

EXPERIMENTAL.................... 23
RESULTS :

I Carbohydrate changes in crown, root,
and bud tissue during cold storage ............ 53

II Enzymic changes during cold storage  .........  70

III Carbohydrate changes during forcing...... 93
rV Enzymic changes durirg forcing  ........  99
V Chemical analysis of the petioles  ....... 103
VI Seasonal changes in dry matter and 

carbohydrates in the root tissue in the field .. 110
DISCUSSION................................... 115
SUGGESTIONS FOR FURTHER W O R K .................  132.
REFIERENCES ................................... 133



(iii)

ACKNOWLEDGEMENTS

I would like to thank professor L. Broadbent and 

Professor A.H. Rose for providing facilities to carry out 
this work in the Biochemistry Department, School of Biological 
Sciences. I would also like to express my grateful thanks 

to Dr. P.P. Rutherford for his encouragement and supervision 

during this work and to the Sudan Government for the 
Scholarship. The plant material supplied by Stockbridge 
House Experimental Horticultural Station, is gratefully 
acknowledged.



IV

The following abbreviations were used in this thesis
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ADPG = Adenosine diphosphate glucose
CCDD = Cumulative cold degree day
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SUMMARY

The carbohydrate changes were measured during the cold 
storage of rhubarb cultivars which have differing duration 
of cold requirements for breaking their dormancy. During 
cold storage starch is broken down in both roots and crowns 
mainly to sucrose prior to future growth. For these carbo
hydrate changes to occur there is about one third increase 
in cold requirement of virus free plants compared with 
virus infected ones. The carbohydrate changes occurring 

during cold storage correlated closely with the cold requir
ement necessary to obtain a high yield when rhubarb roots are 
forced, so offering a method for determining when roots could 
successfully be forced.

During cold storage an increase in the activity of 

phosphorylase and sucrosesynthetase in the soluble protein 
fraction prepared from root tissue was observed. This 
increase in enzymic activity could account for the breakdown 
of starch to sucrose during cold storage. Glucose and fructose 
showed very little change and invertase showed an increase in 

activity at later stages of cold storage.

During forcing a marked decrease in sucrose occurred 
in the root tissue. This decrease in sucrose was partly due 
to its conversion into starch in the root tissue at the 
early stages of forcing and its translocation to the growing



VI

region for supporting growth of petioles.

The main sugars in the petiole were reducing sugars. 
Petioles from virus free rhubarb contain more sugars than 

petioles from virus infected rhubarb.

There was a considerable seasonal changes in dry matter 

and carbohydrate in rhubarb roots when growing in the field.
In the spring the reserve carbohydrateswere utilized for 
supporting the growth of the shoot and in the summer the 
reserve carbohydrates were restored again.



INTRODUCTION

Rhubarb belongs to the family Polygonaceae, order 
Polygonals, genus Rheum. About fifty species of this genus 
were identified (Ministry of Agric. and Fisheries, 1949) and 
their roots find a wide use in the field of medicine. Rheum 
raponticum L., rhubarb which is widely used for edible purposes, 
was chosen for this investigation. The edible part of rhubarb 
is the leaf stalks or petioles, commercially known as sticks.

Two types of edible rhubarb are consumed; field rhubarb
grown under natural conditions and forced rhubarb which is
produced under controlled conditions of darkness and tempei>- 
ature.

The petioles of field grown rhubarb vary considerably 
in colour; from pale green to beetroot red. Those from forced
roots vary from pink to deep red. The texture, flavour and
petiole size is largely dependant on cultivars.

Work has shown that there is a considerable variation 
in the composition of the edible part of rhubarb, namely the 
petiole and this depends on the length of the growing season 
(Culpepper and Moon, 1953). Determination of the acid 
constituent of different cultivars showed that a limited 
number of acids common to all cultivars were present, but 
the concentration vary even within the same cultivar. The



major acids found are acetic, furaaric, succinic, lactic, 

oxalic, malic and citric acid. Malic acid is the predominant 

acid present in all cultivars (Blundstone and Dickinson, I964). 

Furthur work has sho’.m that the red pigments of rhubarb 

petiols were cyanidin-3-glucoside and cyanidin-5-rutinoside 

(Gallop, 1965, Blundstone 19&7, Wrolstad and Heatherbell, 1968, 

Blundstone, 1970 andlA«-'̂ «MsV«\ 5 I968). The work was

done using field grown rhubarb and mainly involved investigations 

of the various acids present because of their corrosive effect 

on tin plate.

The colour, texture and flavour of forced rhubarb are 

greatly superior to that of field grovm rhubarb. Forcing is 

essentially theproduction of well coloured petioles in darkness 

at high humidity using controlled temperatures from 10 - 12^0. 

Since forcing is non-photosynthetic, production of petioles 

depends on the amount of reserve carbohydrate in the root.

Early work with forced rhubarb has shown that the yield of 

petioles per root increased with the age of the plant up to 

three years, then the yield curve becomes flat with increasing 

age of the plant. It is normal practice to lift the plant 

when it is tvo or three years old for forcing (Sayre, 1927).

In common with other temperate zone deciduous herbaceous 

perennial plants, rhubarb. Rheum raponticum L., has definite 

cold requirement to satisfy its physio—dormancy. Physiodormancy 

was defined as that portion of the plant dormancy which is



controlled by the internal physiology of the plant (Wiebe,

1966 and 196?).

The ..cold requirement of dormant rhubarb plants can 
be satisfied either naturally or artificially.

Earlier work (Sayre, 1927) has shown that freezing the 
roots at 20°P for a period of two weeks induces certain 
physiological changes within the plant that stimulate growth 
when they were forced thus allowing high yield to be obtained. 
Severe freezing at - 10°F was found to be injurious; it 
reduced the yield but did not shorten the rest period.

Work had sh^vnnthat rhubarb roots, when forced before 
their cold requirement is satisfied produce considerably less 
than their potential yield (Bjomseth, 1946, Fry, 1957» Bought on, 
i960, and Wiebe, I96I). 49°F is taken as the base line from
which the dormancy requirements for most cultivars of rhubarb 
have been calculated. Temperatures below 49°F are regarded 
as being necessary for dormancy to occur. The most suitable 
temperatures have been found to be between 44 and 28°F, Below 
this chilling injury is likely to occur, above the range, the 
dormancy is not broken (lÆ.e be, 1967)

A cumulative cold degree day (CCDD) system has been 
used, where the product of each day and each degree below 
49°F has been taken as a single cold unit. Temperatures above



49°C are i<gnored (Loughton, 19&5). On the centigrade degree- 

day scale, is considered as the base line and any degree-

day below this is taken as a cold unit. %  correla.ting the 

yield obtained from forced roots which had received different 

amounts of cold units, it has been possible to estimate the 

amount of cold necessary for breaking the dormancy and 

obtaining high yields when the plants are forced.

Different cultivars of rhubarb have been found to 

require differing amounts of cold to break their dormancy and 

hence they are divided into cultivars which can be forced 

early, mid and late season. This technique for estimating 

the cold requirement of dormant rhubarb enables growers to 

decide when to lift their crops for forcing so that a high 

yield can be obtained.

It was shov/n that the commercial stocks of the main 
cultivars of rhubarb were widely and possibly universally 

infected with viruses (Tomlinson and Walkey, 1967). The 

effect of virus infection on the vigor and yield was demons
trated when virus free rhubarb was produced from virus infected 

rhubarb by apical tip-culture (Walkey, I968). Virus free plants 

of the main commercial rhubarb cultivars Victoria, Prince 

Albert and Timperley Early were found to give 60 - 90% greater 

yield of petioles than the virus infected plants (Walkey and 

Coop^y? 1972).



It would be most profitable to growers if the dormancy 
requirement could be shortened and so a h i ^  yield could be 
produced early in the season. Ethylene and especially gibberellin 
have both been reported to be effective in shortening the rest 
period if applied in a suitable concentration (Bjomseth, 1946). 
Some workers reported that gibberellic acid (GA^) could sub
stitute for all or part of the cold requirement when applied to 
dormant plants, GAj, even when applied to plants which had 
received sufficient amount of cold, caused more rapid growth 
(Tompkins, I969, Case 1968 and Loughton, 1969)*

Early workers considered the interference by covering 
structure' such as bud scales, affected gaseous exchange and so 
concluded that dormancy -as due to the accumulation of the anaer- 
obiosis products. Recently dormancy was considered as a result of 
a highly useful adaptation to the environmental conditions which 
prevail where the species or variety originate. Growing plant 
organs are less reistant to unfavourable external conditions such 
as frost, draught and heat, than those which have matured. Dormant 
organs have high reistance to such conditions, thus growth cess
ation and the onset of dormancy before the unfavourable season 
begins ensures the survival of the plant (Vegis, I964).

Early account for bud dormancy was attributed to 
concentrations of indogenous auxins. Recent developments 
indicate the importance of growth promotors namely gibber- 
ellins and cytokinins and the growth inhibitors such as



absciçic acid (ABA) and ethylene in controlling dormancy*

The involvement of these growth hormones in overcoming 

dormancy was demonstrated in some woody plants and organs 

such as potato tubers and the occurrance of these hormones 

was shown in these organs (Lang, 1970).

A characteristic of dormant organs is that they show a 

lower rate of respiration than actively growing organs, and 

this low rate of metabolism could either cause or result in 

blocking growth. From this it is clear that the primary 

cause of dormancy is a partial block in respiratory metabolism, 

resulting in the decrease of the free energy supply required 

for a number of enderogonic processes involved in growth 

(Wareing and Saunders, 1971)•

Carbohydrates stored in plant roots and tubers vary 

during the annual growth cycle (Rutherford and Beacon, 1974,, 

and Bose a.nd Mulchouadhiaya, 1966), Early v;ork on the composition 

of rhubarb root at different stages of growth showed that the 

acid hydrolysable polysaccharides were at their lowest level 

in April and May and ha.d increased over six folds by October 

(Culpepper and Caldwell, 1932), Initially the plant uses 

the stored material for growth; and once formed, the leaves 

photosynthesise, the major product being sucrose, 'Phe sucrose 

so formed which is the major sugar of transport in higher 

plants (Arnold, 1968), is translocated to the root where



synthisis to and storage of starch occurs.

Calvin cycle enzymes convert atmospheric COq into 

fructose-6-phosphate (F-6-P) which is readily convertable 

to glucose-6-phosphate (C-6-P) and then glueose-1-phosphate 

(G-1-P) by the actions of the enzymes glucose-6-phosphate 

isomerase and phosphoglucomutase, respectively, 'pwo routes 

for synthesis of sucrose from (C-1-P) are knovm (Plant 

carbohydrate biochemistry, 1974). The first enzyme involved, 

UDP-glucose pyrophosphorylase is common to both routes and 

catalyses the following reaction:

UTP 4-cc_D-glucose-1-phosphate ^UDP-glucose + PPi 

The first rout in sucrose synthesis involves the enzyme sucrose 

synthestase (UDP-D-glucose : D-fructose 2-glucosyl transferase); 

this catalyses the following reaction:

UDP-glucose -h D-fructose se-sucrose + UDP 

This reaction is freely reversible and it was suggested that 

this enzyme in vivo catalyses the synthesis of nucteotide 

diphosphate glucose derivatives from sucrose ie, reversal of 

sucrose synthesis.

The second route in sucrose synthesis involves the 

enzymes sucrose phosphate synthetase (UDP-D-glucose:

D-fructose 6-phosphate 2-glucosyl transferase) and sucrose 

phosphatase (sucrose-6-phosphate phospholaydrolase, These 

catalyse the following reactions:-

UDP-glucose +fructose-6-phosphate ̂ sucrose-6-phosphate + UDP 

Sucrose -ô-uhosuhate sucrose + Pi



The sucrose phosphate synthetase pathway is now generally 

accepted as a major route for the biosynthesis of sucrose 

in plants and this is because the phosphatase step in the 

pathway is irreversible and hence favours the synthesis of 

sucrose.

Starch was first thought to be formed by the action 

of plant phosphorylase on c<-D_glucose-1-phospha.te, but it 

was shown that the phosphate content in plant cells is of such 

a level that the equilibrium would be expected to be in favour 

of starch breakda.m rather than synthesis and .another mech

anism for starch synthesis which did not involve phosphorylase 

was expected to take place.

Following the discovery of an enzyme that synthesises 

glycogen from UDP-glucose in animoJs, a search in plants 

for a similap one was initiated. Leloir, de Pekate and 

Gardini were the first to report the occurrenceof such an 

enzyme in plants (Leloir, de Pekate and Gardini, I96I).

It was found to be associated with starch grains from pot

atoes, beans and com seedlings. Freshly isolated grains 

from these sources were found to catalyse the incorporation 

of radioactivity from UDP-D-glucose labelled with in 

the glucosyl moiety into a polysaccharide containing 

lin]cag% of the c<-D (1 — ->4) type. This was shov/n by the 

degradation of the poly sac crjarite with p. amylase to radio

active maltose. The enzyme was found to be bound to the



starch .granule and attempts to dissociate activity from the 

grain were •unsuccessful.

Following this many other starch granule systems trsns- 

fering D-glucose from either ADP-D-glucose or UDP-D-glucose 

to starch have been discovered (Aka,zawa, Kinamikawa and Murata, 

1964 and Murata and Akazawa, 1964).

Other workers found a soluble enzyme from sweet com 

which catalyses the transfer of glucose from UDP-D-glucose 

and ADP-D-gluc ose to phytoglycogen that has a chemical structure 

similar to tha.t of amylopectin. With the same enzyme activity, 

soluble preparations were also obtained from tobacco leaves 

and potato tubers (Frydman and Gardini, 1964, # & B).

However, these soluble <X-1,4-glucan transferases 

were found to differ in specificity with regard to primer 

requirements. Soluble preparations from sweet com can use 

only glycogen or amylopectin as primers. Soluble enz;/me from 

tobacco leaves can use amylopectin, glycogen or heated starch 

granules as acceptors, whilst that from potato tubers can 

only use starch ..granules as acceptor.

Using starch .granules as a source of the enzyme, the 

transfer of D-glucose residues was found to be ten times faster 

from ADP-D-glucose than from UDP-D-glucose. Since ADP-D-glucose 

and a specific enzyme which catalyse the reaction:
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ATP +<<-D-glucose-1-P •>-ADP-D-glucose + PPi

have been detected in Chorella, corn and rice grains, it seems 

very likely that ADP-D-glucose is a precursor of starch syn

thesis in vivo. However, other workers are of the opinion 

that both UDP-D-glucose and ADP-D-gluc ose are involved in 

starch synthesis. Though UDP-D-glucose reacts more slowly, 

its concentration is five to ten times higher in plant 

tissues and this would produce the same rate of transfer.

DePekete and Gardini were able to demonstrate the 

transfer of from sucrose to starch by enzyme preparation 

from com endosperm when the appropriate nucléotides were 

added to the reaction mixture and so they postulated the 

following scheme for transfer of sucrose to starchy

Sucrose + UDP ̂

ATP

UTP <-

UDP-D-glucose -h fructose

-----^  PPI

-> UTP
\ r

oc-D-gl ucose-1-P 
A

Primer

r ATP

PPi

Starch + ADP ^ — ZZZLJAT------ ADP-D-gluc ose

Reactions involved in transfer of sucrose to starch
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The fact that all the enzymes involved could be detected

in the endosperm provides support for the above scheme (deFakete 
and Gardini, 1964).

It was found that in a coupled system of sucrose synthetase
and starch-synthetase, both isolated from ripening rice grain,

14transfer of D-glucose- C from sucrose to starch occured more 
rapidly in presence of ADP than with UDP. Hence ADP-D-glucose 
was considered to have a predominant role in starch synthesis 
(Murata et al, 1966). UDP-D-glucose was found to inhibit the 
ADP-D-glucose-sucrose transglycosylation reaction. The Km value 
of sucrose synthetase for ADP was found to be higher than that for 
UDP-D-glucose. The conclusion reached is that the reversal of the 
enzymic reaction to form ADP-D-glucose is less likely to occur in 
vivo, this supported the view that sucrose breakdown proceeds 
through the reversal of UDP-D-sucrose transglycosylation rather 
than directly via the ADP-D-sucrose transglycosylation (Hassid, 
1967).

Amylose can be converted into amylopectin by the action of 
the Q enzyme which has been crystallized from extracts of potato 
tubers. Q enzyme, a transglycosylase, transfers a segment of 
about 15-20 units from an amylose chain of at least 40 units to 
C-6 of a non-reducing end group, so forming a branch linked to
the original chain by o L l  -- >  6 glucosidic bond. The reaction
is essentially irreversible (Introduction to plant Biochemistry, 
1972).

Higher plants were known to contain two types of enzymes
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that bring about the breakdown of sucrose and these are 
invertase and sucrose synthetase. The invertase aould be 
divided into acid and neutral or alkaline invertase; both 
catalyse the hydrolysis of sucrose into the free hexoses, 
glucose and fructose. Sucrose synthetase catalyses the form
ation of nucleoside diphosphate glucose from sucrose according 
to the following equation;

Sucrose + Nucleoside diphosphate 36Nucleoside diphosphate-
glucose + fructose.

The sugar nucleotides are important in synthesis of structural 
and storage carbohydrates and hence the breakdown of sucrose 
by sucrose synthetase could be veiy important in this respect.

The starch molecule consists of two heterogenious 
fractions namely amylose which is a linear chain consisting 
ofoc(l — ^ 4) glucosidic linkages and amylopectin which is 
the highly branched molecule of various chain lengths linked 
bycx(l — =^6) bonds (Bonner and Vanner, I965).

A number of enzymes have been shown to be responsible 
for starch breakdown and these Include o^-amylase, ^amylase, 
starch phosphorylase and debranching enzymes (Greenwood and 
Milne, I968 and Rees, 1975).

Studies on the action of plant .X-amylase on amylose 
indicated that initially the c<( 1 — > 4) bonds are cleaved at 
random, but non-random action of the enzyme becomes important
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in the later stages of hydrolysis and the final products 

are mainly glucose and maltose, The action of the enzyme on 

amylopectin is more complicated due to the fact that the

— ->6) bonds render the nearby«X( 1 — ->-4) bonds more resis

tant to the atta.ck. The final products of the enzyme action 

on amylonectin were found to be glucose, maltose, maltotriose 

and a series of branched o(-limit dextrins with a degree of 

polymerization (D.P.) of four or more.

p-amylase activity causes the successive removal of 

maltose units from the non-reducing end of the — ■̂ 4)'" 

D-glucan. Thus ^a,mylase can bring about the complete conversion 

of amylose to maltose. Its action on amylopectin proceeds 

by the successive removal of maltose from the external end 

till it is stopped by the oc(l — -^6) bond. Thus the net result 

is maltose and p!-limit dextrin which constitute about 43% of 

the original amylopectin.

The debranching enzymes are those which catalyse the 

hydrolysis of the oc(l — ->6) bonds on amylopectin. These 

have been shovm in a wide range of plant species. The action 

of these enzymes facilitate the progress of the action of the 

other starch degrading enzymes such as oC and ip-amylase and 

phosphorylase.

Plants were knovm to contain starch phosphorylase which
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catalyses the following reaction:

— M )  glucan (n) + Pi 4) glucan (n-1 )

+ glucose-l-phosphate 

Thus starch phosphorylase can catalyse the successive phosphorylytic 

removal of glucose units from the non-reducing end of amylose 

chain and hence complete degradation could occur. In amylopectin, 

the oc(l — > 6 ) bonds form a considerable barrier to the enzyme 

activity, thus the enzyme acts on amylopectin to give about 

35 - 43% glucose-1-phosphate and the rest as a limit dextrin.

The effect of low temperatures in storage carbohydrates 

in plant roots and tubers have been recognised by many workers.

A common feature during storage at low temperatures is the 

breakdown of polysaccharides to lower molecular weight oligo

saccharides.

Cold storage of chicory and dandelion roots caused 

breakdown of inulin and high molecular weight oligosaccharides 

(degree of polymerisation, P.P.>10) to lower P.P. oligosaccharides 

(Rutherford and Weston, ^̂ 6Q), Poring cold storage of iris 

bulbs an increase of total soluble sugars and a decrease in 

starch were found to occur (îTalevy et al, 196$). Storage 

of potato tubers at low temperature resulted in the production 

first of sucrose and later this was broken to reducing sugars 

Mâ a/rs 9 1966 and Isherwood, 1973)» Inw temperature

storage of parsnip caused a brealcdovm of starch largely to sucrose.
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but little increase in the reducing sugars glucose and fructose 

occurs (Rutherford, 1975, unpublished). In tulip bulbs it 

was found that storage at caused an increase in sucrose 

and fructosyl sucrose with a concomitant decrease in starch 

V\oc 1975).

In virus infected rhubarb, G V. Victoria, it has been 

shown that about three quarters of starch is broken down to 

sucrose during storage at low temperatures, while the reducing 

sugars, glucose and fructose showed very little change 

(Rutherford etal, 1972),

The breakdown of polysaccharides during cold treatment 

appears to be a common feature to all plants, such as chicory, 

tulin, rhubarb etc, which become dormant. The mono and dis

accharides resulting from the breakdovm of polysaccharides 

are utilized for growth when temperature increased after the 

dormant neriod.

Since low termperature causes hydrolysis of polysacc

harides to mono and disaccharides, its effect on the enzymes 

involved in carbohydrates metabolism has been studied by many 

workers. Thus during the cold period of the season, it was 

found that there is an increase in hydrolase and a decrease 

in invertase activity in soluble protein extracted from Jerusalem 

artichok tubers (Rutherford and Flood, 1971).
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Following the activities of invertase and hydrolase 

during cold storage of chicory, it was found that little 

change in invertase occurred, while there was a large increase 

in hydrolase activity, and this increased activity could account 

for the considerable breakdown of insoluble polysaccharide to 

the soluble oligosaccharides (Rutherford and Phillips, 1970)*

In Verbascum thansus, a cold-requiring biennial weed, 

it was shown that starch breakdown during cold treatment is 

associated with an increase in the activities of the enzymes 

o<L-amylase, ^amylase and glue an phosphoylase (Cl'̂ v 

Caruso, 1974) •

The accumulation of reducing sugars in potato tubers 

kept at low temnerature was found to occur with the subsequent 

formation of the enzyme invertase (Pr*ssev̂ ay\cl Sbou>, i960).

^ther studies on the effect of low temperature in potato 

tubers showed that low temperature induced a sequence of 

changes in the following order; a temperory decrease in 

aldolase activity, accumulation of sucrose, an increase in 

invertase activity, an increase in monosaccharides concentration 

and finally a decrease in phosphohexose isomerase activity 

(Tisli«̂  , 1966).

Though the activities of sucrose synthetase Sckwlmmcr 

o-nj 9 i960) and phosphorv’-lase (Kennedy and Isherwood,

1975) were measured in potato tubers stored at low and higher 

temperatures, the results presented did not show any difference
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between the two treatments. It has been suggested that.the

similarity between the activity of phosphorylase extracted 

from tubers kept at low temperatures and those kept at higher 

temperatures was due to a presence of inhibitor at higher 

temperature; this inhibitor was destroyed at low temperature, 

so restoring the enzyme activity so that starch could be 

degraded and sugars accumulate in tubers stored at low temper

ature (Arreguin and Bonner, 1949).

In tulip bulb stored at 5°C it was found that there was 

an increase in amylase, glucan-phosphorylase and p-fructo- 

furanosidases in the first 4 - 6  weeks of cold storage and 

associated with these changes in enzymic activities is the 

breakdown of starch (W(wl<kv\j,l974).

The major function of reserve polysaccharides in storage 

plants roots and tubers is to support growth during favourable 

conditions. During the colder part of the year "winter" when 

the plants are dormant no sign of growth could be seen, still 

many physiological changes occur within the plant and these 

include the breakdown of polysaccharides to simple oligosaccha

rides. These oligosaccharides are translocated to the growing 

points mainly in form of sucrose and utilized in growth when 

temperature increased.

Following the carbohydrate changes of tulip bulbs 

during development, it was found that only 17% of the starch
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in the dan^ter bulb was derived from the mother bulb and 
83% were photosynthetic products, and here the carbohydrate 
reserve of the mother bulb were first used to support the growth 
of the shoot which then converted the atmospheric CO2 into 
reserve carbohydrate by the well known process of photosynr- 
thesis and store them in the dau^ter bulb for future growth 

(Aung et al, 1973).

Further work by following CO2 fed to mature tulip plants, 
it was found that the major product was sucrose, and this was 
transported via the vascular bundles to the daughter bulb where 
it was converted into starch and stored there. After replant
ing the daughter‘"jbulb, the conductive tissue became labelled 
mainly with sucrose, showing that the starch was mobilized 
from the bulb in form of sucrose, and this was translocated 
to the growing region for supporting growth (Ho and Rees,

1975).

Analysis of carbohydrates during sprouting of potato 
tubers had shown that the level of total carbohydrate fell 
by about 90% and this was mainly used for the development 
of the shoot (Sdelman and Sin^, 1966).

In Jerusalem artichoke it was found that during the 
growth of the daughter plant, considerable changes in the 
carbohydrate content of the parent tuber took place. In 
about seven weeks from planting date, 80 percent of the dry 
weight of the tuber disappeared and about 85 percent of this
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loss was accounted, for by a parallel loss in polymerised 

fructose. Individual analysis of sugars during this period 

showed that all fractions with DP>2 decreased in amount 

with time, sucrose being the least lost (jefford and Edelman,

i960).

Similar changes in dry weight and carbohydrates during 

forcing of chicory roots for production of chicon were followed 

and it was found that the total carbohydrates decreased consid

erably, while the reducing sugars increased (Rutherford and 

Phillips, 1975 in press).

In potato tubers transferred from low temperature to 

higher temperature, it was found that during ten days after 

the transfer there was a decrease in sucrose and reducing 

sugars, while the starch level increased and a possible scheme 

for conversion of sucrose to starch has been proposed 

(isherwood, 1973 and Walsh and Rowan, 1973).

Though some work was done on the carbohydrates changes 

during sprouting or forcing of some storage plants, not much 

work was done on the enzymic changes involved in carbohydrate 

metabolism in such plants.

Following the seasonal changes in invertase and hydrolase 

activities in Jerusalem artichoke tubers it was found that, 

during sprouting there was an increase in invertase activity
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and a decrease in hydrolase activity (Rutherford and Flood,

1971).

Changes in invertase and hydrolase activities were 

measured in different parts of chicory during forcing and 

it was found that little changes in the two enzymes occured 

in the root, while both enzymes showed an increase in activity 

in the chicon (Phillips and Rutherford, 1975 in press).

Apart from the work of Culpepper (1952) on the chemical 

composition of rhubarb roots at different stages of growth, 

and the carbohydrate changes during the storage of the cultivar 

virus infected Victoria (Rutherford et a], 1972) no work was 

done on the carbohydrate metabolism during growth and storage 

of rhubarb roots.

The purpose of this work is to follow the carbohydrate 

changes during the cold storage of different rhubarb cultivars 

with and without viruses, and relate these carbohydrate changes 

to the optimum amount of cold necessary for breaking the 

dormancy so that a high yield of petioles could be obtained 

when the plant is forced. Comparison of the amount of cold 

necessary for breaking dormancy in virus free and virus 

infected rhubarb has been made. Some of the enzymes involved 

in carbohydrate metabolism has been extracted from dormant 

rhubarb roots. The phosphorylase which is responsible for 

starch breakdoim and sucrose synthetase and Invertase which
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bring about sucrose synthesis aJid brealcdovm were examined.

The fate of sugars in the cultivars virus free Victoria and 

Timperley Early during forcing was examined in the root tissue 

and also the activities of the enzymes sucrose synthetase and 

invertase was followed during the forcing of the cultivar 

virus free Timperley Early in the root tissue. Sugars and 

enzymes in buds during cold storage and early stages of 

forcing were examined. The sugar composition of field gro;m 

and forced petioles from the cultivars virus free Timperley 

Early was done and the effect of storage on these sugars 

was examined. The sugnr composition of petioles at different 

stages of forcing were followed in the cultivar virus free 

Timperley Early, The seasonal changes of carbohydrate in 

the root tissue has been examined during growth in the field 

in the cultivar virus free Prince Albert,
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EXPERIMENTAL

Plant ilaterial

Ail plant material was kindly supplied by Stockbridge 

Experimental Horticulture Station, The virus infected plants 

were propagated in the traditional way by splitting two or 

three year-old outdoor grown rhubarb crov/ns into three or 

four planting ’sets’ depending on crovm size. Immediately 

after snlitting, the sets were planted in the field.

The virus free plants were propagated under insect- 

proof glasshouse conditions where they were gro\m on in small 

nots until large enough for planting out in the field. Seed

lings of the cultivar virus free Timperley Early were grô vn 

in the University site in Bath for further work.

In the autumn of 1972, 75 and 74 virus free and virus 

infected root from the cultivars Prince Albert and Victoria, 

virus free Timrerley Early and virus infected Arrow were 

lifted at the onset of dormancy when soil temperature dropped 

below 49°F, The virus infected plants were three years old 

and the virus free plants were tvjo years old. On arrival 

at Bath University, the roots were stored in moist peat in a 

thermostatically controlled cold room maintained at 4 - 1*̂ 0, 

receiving an average of 6 cold units per day.
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Triplicate samples all from a single plant were taken 

each time sugar measurements were made in the crown tissue 

of cultivar virus free Prince Albert during cold storage.

For sugars measurement in the root tissue for all the cultivars 

except virus free Timperley Early, two plants were used and 

duplicate samples were taken each time measurements were made 

during the cold storage.

In the sugars and enzymic changes, four different virus 

free roots of Timperley Early were used, duplicate samples 

were taken at different time intervals of the cold storage.

In the forcing experiments, two plants of virus free 

Victoria and six plants of virus free Timperley Early, after 

receiving sufficient amount of cold, were forced in moist 

neat, in the dark at 11 t- 1 and a high relative humidity 

"anprox 90/̂ ". The plants required watering at least once a 

week. Duplicate samples for sugars or enzymes measurements 

were taken from the root tissue of two plants at different 

time intervals.

Mature petioles from forced and field gro\m virus free 

Timnerley Early were picked on the same date and stored in a 

cabinet maintained at 12 - 2°C and high humidity. Triplicate 

samples were taken at different time intervals for sugar 

analysis.
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Chemicals

Uridine-5-diphospho-glucose (UDPG) disodium sait and 

glucose-1-phospha.te were obtained from Boehringer Mannheim 

Gmb H.

D-Enictose-6-phosphate (F-6-P) disodium sait and 

Bovine albumin Fraction 5 were obtained from Sigma Chemicals 

Company, St. Louis, U.S.A.

Glucose oxidase (GOB) was obtained from Roche (Diagnostica) 

and used according to the manufacturers instructions.

All other chemicals were BDH Analar Grades obtained 

from BDH Chemicals Ltd., Poole, Dorset, unless otherwise stated.

Extraction and Estimation of Sugars

Rhubarb niants can be separated here in bud, crown and 

root (Fig 1), The bud consists of a small petiole and a leaf 

surrounded by scales. The leaf and tip part of the petiole 

were discarded, and the rest of the petiole was taken as a 

representative of the bud.

The crown tissue is that part just underneath the 

buds, A medium size root and croim tissues were first washed 

with running tap-water and peeled with a sharp knife. Small 

disks from petiole, root and cro\m tissues were cut and these 

were then sliced into thin slices discarding the pith of the 

root and crovm tissues, 3 gm samples of the fresh tissue 

were continuously extracted with boiling 80 percent ethanol 

to v/ater (Hassid, 1937). The extracts were then evaporated
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Fig. 1# A diagram of rhubarb plant showing the different

tissues used for sampling.
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Crown tissue

Root tissue

The Root
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Leaf
Petiole

The Bud



27

to a small volume ’’approx. 3 mis” in a rotary evaporator at 

50°C and reduced pressure. The volume was then made to ^0 mis 

with distilled water and activated charcoal was then added. 

This allowed adsorption of coloured substances in the extract 

without any effect on the sugars (Revenue and Vfeshauer, 1950). 

The extract was then allowed to stand for at least 6 hours 

in the cold and then filtered. The amount of reducing sugars 

■present were then estimated,

For the soluble non-reducing sugars, 20 mis of the 

filtered extract were hydrolysed by refluxing for 2 hours with 

40 mis of two percent oxalic acid and 20 mis of distilled 

water. After cooling, the solution was neutralized by careful 

addition of 4MaoH » the volume was made to 100 mis with 

distilled water and the total amounts of reducing sugars 

were estimated. The difference between the amount of reducing 

sugars before and after hydrolysis was taken as the amount 

of soluble non-reducing sugars.

For the insoluble sugars, the insoluble slices of the 

tissue remaining after alcohol extraction were ground with 

acid washed sand in a raortor and hydrolysed under reflux for 

2 hours with 40 mis of 2N HCL,. After cooling the hydrolysate 

were neutralized by careful addition of 41d'TaoH, The volume 

was then made to 250 mis with distilled water. Activated 

charcoal was then added and. the mixture was allowed to stand
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in the cold for at least 5 hours. After filteration the 
resulting reducing sugars were estimated.

Determination of Dry Weight
Carefully weighed (2-3 gm) samples were oven dried 

at 100°C to a constant weight. Drying at 100^0 for 6 hours 
was found quite sufficient.

Residue Dry Weight Determination
5 gm samples from the root tissue were hydrolysed by 

refluxing with 100 ml of 3% trichloroacetic acid (TCA) in 
359̂  methanol for 3 hours (Priestley, 1975). The hydro lysates 
were then filtered while hot under reduced pressure through 
a predried and weired 7 cm Whatman No. 1 filter paper. The 
residue was then exhaustively washed with distilled water to 
remove any traces of soluble substances and dried to a constant 
weight in a freeze drier.

Chromatographic Separation of Soluble Sugars
This was carried out using thin layer chromatography

(TtL).

Glass plates (20 x 20 cm) were coated with slurry of 
Kieselgur G to a layer of 250 pm in thickness. The slurry 
was made by mixing 30 gm Kieselghur G with 60 mis of 0.1M 

Phosphate buffer (approx. equal volumes of 0.1M orthophosphoric 
acid and 0.1M sodium dihydrogen orthophosphate). The plates
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were allowed to dip,’' overnight at room temperature. Samples 

of 1 - 5 >il containing 2 - 10 sugars from the unknoim and 
standard sugars were spotted by a microsy rin^ and the spots 
were dried using a hair drier. 'The plates were then allowed 
to develop by ascending chroraatogra,phy in a closed glass tank 

using as a solvent n - butyl alcohol : acetone : phosphate 

buffer (40 : 50 : lOV/^X’̂ aldi, I965).

After developing to a height of 12 - I4 cm the plates 

were dried for 10 mins. in an oven at lOO^C. After cooling 

to room temperature they were sprayed with 4:-Naphtho1 spray 

reagent, and spots of individual sugars were made visible by 

heating for 10 mins. in an oven at lOO^C. The spray reagent 

was pre-nated by mixing 10.5 mloc-Naphthol (15% solution in 

95% ethanol W/v), 6.5 ml cone, sulphuric acid, 40,5 mis of 

95% ethanol and 4^0ml of distilled water (jacin and Mishkin^

1965).

Preparation of Buffers

The buffer solutions used in the enzyme measurements 

were prepared according to the nroceedure described by Gomori,

(1955).

Acetate buffer A stock solution was prepared by mixing 

0,2 M acetic acid and 0.2 M sodium acetate to give the desired 

pTT and was then diluted to the required strength.
Tris (hydroxymethy1) aminomethane-maleate (trismaleate) buffer: 

This was prepared by mixing 0,2 M tris acid maJleate (24,2 gm
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of tris (hydroxyraethyl) aminomethane + 23.2 gm of maleic acid 

or 19,6 gm of maleic anhydride in 1 litre) with 0.2 M NaoH to 

give the desired pH and was then diluted to the required strength.

Preparation of Soluble Protein Extracts

Samples from root tissue were washed with cold running 

tap-water to remove soil traces. They were then dried with tissue 

paper and peeled with a flamed sharp stainless steel knife.

The reeled roots were then cut into small disks and were then 

sliced into thin slices discarding the pith. Representitive 

bud tissue were cut into thin slices,

20 gm of both root or bud tissue were taken in a buchner 

flask and to these 40 mis of 5 mil trismaleate buffer pH 7,0 

containing 1% polyethylene glycol (PSO) was added. This 

solution has been found to be effective in extraction of 

enzymes from plants containing phenolic compounds (Badran 

and Jones, 1965).

The solution was allowed to infiltrate into the slices 

under reduced pressure "vacuum infiltration" for 1 hour. The 

tissue was then homogenized in a mortor with sand. The homo- 

gena.tes were then transfered to a beaker and washed with 

excess - 8 x vol. - of cold acetone. This vjas followed by 

centrifugation at 17000 x g for 20 mins. The superna.tant 

was discarded and the acetone washing and centrifugation was 

repeated again. This treatment resulted in the removal of
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phenolic compounds and PEG and the remaining residue is colour

less instead of yellow.

Proteins in the residue were then solubilized in 5 niM 

tris-maleate buffer pH 70 ”50 mis" and shaking for 2 hours.

"The supematent containing soluble protein was obtained by 

centri|hig?.tion at 25000 xg for 20 mins. More activity was 

obtained from the residue by grinding in a mortor in presence 

of "approx 50 ml" of 5 mM trismaleate buffer pH 7.0; the 

supernatant collected by centrifugation at 25000 xg for 20 

mins and added to the first fraction. This was found quite 

sufficient to extract the maximum obtainable soluble protein 

from tissue under investigation.

Proteins present in the combined supernatant were 

pricipiiated by addition of - 8 x vol - cold acetone and the 

pricipitate obtained after centrifugation at 25000 xg for 

15 mins.

The pricipitate were then dissolved in 5 mM trismaleate 

buffer pH 7.0 (20 - 50 mis) and dialysed . against the same 

buffer (3 changes, 2 litar each) overnight.

The non-dialysable material was then centrifuged at 

35000 xg for 20 mins and the cleax supernatant was used as an 

enzyme source.

All the operations were performed in a cold room (4 - 2°C),
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Aliquot samples were either used for assay of enzymes, estimation 

of protein or freeze dried for use later.

However, it was noted that including PEG in the extraction 

medium, caused a decrease in invertase activity specially at 

the earlier stages of cold storage. For this PEG was excluded 

from the extraction medium and hence the step of vacuum infilten- 

ration was omitted. All other steps of the extraction were 

similar.

Protein Fractionation on DEAE - Cellulose

A column ((1X 10 cm)) was packed with slurry of DEAE 

cellulose "V/hatman DE52 raicrogranular" after fine removal 

according to the manufactureres instructions and equilibrated 

with 50 iriM tris-maleate pH 7.0 ♦ 3.5 ml of protein solution 

containing between 10 - 20 mg proteins in 50 mM trismaleate 

buffer pH 7.0 were applied to the column. Protein were 

first eluted with 50 mM trismaleate buffer pH 7.0 and then 

different concentrations of HaCL (O.I - 0.5 M) all in 50 mM 

trismaleate buffer pH 7.0. The flow rate was 10rals per hour 

and temperature 5 - 1°C. Peaks containing protein were detected 

by recording absorbance at 280 nm using a continuous follow 

cell. Fractions containing different proteins were then 

tested for different enzymic activities.

Optimum Conditions for Assay of Different Enzymic Activities :- 

The activity of the different enzymes investigated was
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directly measured in the reaction mixture. For this, the 

effect of phosphate, phosphate-citrate, acetate and trismaleate 

buffers on the methods employed for assaying the different 

enzymic activities wan examined. Temperature and pH profiles 

which could give an optimum enzymic activity were also 

investigated.

Assay of Invertase

Invertase was assayed by incubating 0.25 ml of the 

extract with 0.25ml of 0.2M sucrose in 0.1 M acetate buffer 

pH 4.6. Reactions were performed at 37°0 for a suitable 

time (10 - 60 rains) and the resulting reducing sugars were 

directly estimated. It was found that addition of reagents 

used for sugars estimation was quite sufficient to stop the 

reaction. Enz;,Tne-substrate blanks at zero time were also 

included. The rate of release of reducing sugars was found 

to be linear with time up to 60 rains. (Fig 2). Enzymic 

activity was proportional to the amount of protein in the 

extract (Fig. 5) and amounts of protein concentration within 

this range were used.

Assay of Sucrose Synthetase Activity

Sucrose synthetase was assayed by incubating 100;il cf 

the extract with of UDPG and I.OpI-Iof fructose in

50mM trismaleate buffer pH 7.0 in a total volume of 200>iL. 

Reactions were carried at 37°C for a suitable time (50 - 15O mins) 

and stopped by addition of 100 pL of 10% NaOH. Enzyme-substrate
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Fig. 2, Progress curve of invertasereaction on sucrose, 

corrected for blank.
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Fig. 3. Effect of enzyme concentration on invertase

activity.
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blanks a,t zero time were also included. Reactants were then 

heated in a boiling water bath for 10 mins to destroy unreacted 

monosaccharides. The volume was then made to 1.0 ml with distilled 

water and the resulting sucrose was then directly estimated.

The rate of sucrose formation was linear with time up to approx.

2 hours (Fig 4). Enzymic activity is proportional to protein 

concentration in the extract (Fig 5) and amounts in this range 

were used.

Assay of Sucrose Phosphate Synthetase

The reaction mixture is similar to that for sucrose 

synthetase except that 1.0 p.M of F-6-P was used instead of 

fructose and of 0.25 M ammonium raolybdate was included

in the reaction mixture to inhibit phosphatase activity.

Assay of Phosnhorylase Activity

Phosphor}''lase was assayed by incubating 0.25 ml of 

the extract with 0.1 ml of 0.2 M G-,l-,P in 50 mM trismaleate 

buffer pK 6.0 and 0.15 ml of 2% amylopectin in 50 mM tris

maleate buffer pH 6.0 and 10 pL of 0,25 M ammonium molybdate 

to inhibit G-l-P phosphatase. The reactions were carried at 

57°0 for a suitable time (J - ^ hrs) and stopped by addition 

of 0,5 ml of ice cold trichloroacetic acid (TCA). The pH 

was then brought to 4 - 4.2 by addition of 2.0 ml of O.IM 

sodium acetate to avoid hydrolysis of G-i-P. Enzyme-substrate 

blanks at zero time were included. The volume was then made 

to 10,0 mis with distilled water and the inorganic phospha.te 

(pi) was then directly estimated. The rate of formation of
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Pig# 4* Progress curve of sucrose synthetase reaction 
towards sucrose synthesis, corrected for blank#
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Fig. 5* Effect of enzyme concentration on sucrose

synthetase activity.
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Pi was linear with time up to 5 hours (Fig. 6). Enzjnnic 

activity was proportional to protein concentration in the 

extract (Fig. 7) a,nd the amount used for the assay lied in 

this range.

Enz:;TTies Units

One unit of invertase •'^^Fructofuranosidase E.G. ;.2.1.26) 

is defined as that amount which catalyse the release of 2 pM 

hexose per hour under the assay conditions described in the 

text.

One unit of sucrosesynthetase (UDP glucose ; D-fructose 

glucosyltransferase E.G. 2.4.1.13) is defined as that amount 

which catalyse the formation of 1.OpM sucrose per hour under 

the assay conditions described in the text.

One imit of starch phosphoylase (l ,40C-D<^lucan : 

orthophosphate cxL-glucosyl transferase E.G. 2.4.1.1.) is defined 

as that amount /̂hich catalyse the liberation of 1.0 pM Pi Pc, kou, 

under the assay conditions described in the text.

Estimation of total Reducing Sugars :~

Reducing sugars were estimated by a modification of 

Asatoor and King’s (1954) adaptation of the cupriraetric method 

of Nelson (1944), The original procedure involved the 

pricipitation of proteins from samples and determination of
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Fig. 6. Progress curve of phosphrylase reaction towards 

polysaccharide synthesis.
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Fig. 7. Effect of enzyme concentration on phosphorylase
activity.
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sug?,rs in the protein-free samples. If proteins were not 

pricipitated they will interfere with the colour development. 

However, it was found that if the protein level is helow 

'hng/ml, this interference will not occur (Deacon, 1975).

Since the protein level in samples used in this work is far 

lower than the above mentioned level, protein pricipitation 

was omitted, and any interference was corrected for using the 

suitable blanlc. The calibration curve was linear up to 100 

hexose (?ig. 8).

For routine estimation of reducing sugars the following 

reagents were prepared.

Glucose standard

This was urepared fresh by dissolving 1 gm of glucose 

in 1 litre of distilled water. Aliquot samples containing 

20,40,60,80 and 100 pg glucose were taJ'en and the volume made 

to 1,0 ml with distilled water.

Gouuer Reagent

This was prepared by dissolving 6 gm of CuS04.5H20

in one litre of distilled water. This reagent is stable at

room temperature for at least 4 months,

Harding's Reagent "Alkaline tartrate reagent'' :-

This was preoared by dissolving 12 gm of sodiumopotassium

tartrate, 20 gm ofHapOO^, 25 gm ofNaHCO^ and 18 gm of potassium

oxalate in one litre of distrilled water. This reagent is 

subject to mould growth with prolonged storage.

Nelson's Reagent

This was prepared by dissolving 50 gm analar ammonium
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Fig. 8. Calibration curve for the colourimetric estimation 

of reducing sugar.
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raolybdate in 900 ml of distilled water, to this 42 ml of 
conc. H2SO4 were slowly added. 6 gm of hydrated sodium arsenate 
were dissolved in 50 ml of distilled water and these were 

added to the first solution. The mixture was then allowed 

to stand at 37^0 for two days in a brown bottle. This reagent 

is stable for at least 4 months.

The method adapted to estimate the reducing sugars 

was as follows

In a test tube 1,0 ml of either samples under test, 

distilled water for blanks or standard glucose solution was 

pipetted. One ml of copper reagent was then added to this, 

followed by one ml of Ife,rding*s reagent. After mixing the 

tubes were heated in a boiling water bath for 10 mins.

After cooling, one ml of Nelson's reagent was added and the 

tubes were agitated to dissolve any deposited cuporus oxide.

The volume was then made to 10 ml with distilled water and 

the tubes were allowed to stand for 10 mins to complete colour 

development, Absorbancy was then read at 6OO nm against the 
blank in 1 cm glass cells in a Unicam SP 6OO spectrophotometer. 
Values of sugars in samples under test were obtained from the 

standard curve constructed from the standard glucose solution.

Estimation of Glucose

This was by glucose oxidase/peroxidase method (GOU/POD 

method) using reagents supplied by Roche "Diagnostica",

Working reagents were prepared according to the manufacturers 

instructions. The calibration curve was linear up to 100 pg
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of glucose (Pig. 9). The method adopted was as follows;

5 ml of working solution were pipetted in a series 

of test tubes and allowed to equilibrate at 37®C in a water 

bath. To this 0.1 ml of either samples under test, water for 

blanks or glucose standard (20 - 100 yg) were added. "Hie 

tubes were allowed to stand in a shaking water bath at 37°C 

for 20 mins. Absorbancy was then read at 450 nm against the 

blank in 1 cm glass cells in Unicam SP 600 spectrophotometer.

The'amounts of glucose in samples under test were obtained 

using the standard curve constructed from the standard glucose 

solution.

Estimation of individual Reducing Sugars

For estimation of the individual reducing sugars glucose 

and fructose, the total reducing sugars were first estimated 

by the coloriraeteric method described in the text. Glucose 

was specifically estimated by glucose oxidase per oxidase 

method described in the text. The difference between the 

total reducing sugars and glucose was taken as an estimate 

for fructose.

Estimation of Sucrose

This was by thiobarbituric acid method (Percheron, 1962). 

The caliberation curve was linear up to 0.2 pM sucrose (Fig. 10)

Reagents

0.02m Thiobarbituric acid in distilled water. This reagent 

is stable for about a month in the cold.

Conc. HCL.
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Pig. 9* Calibration curve for the estimation of glucose 

by the glucose oxidaSe/peroxidase method.

I
olO

Q>
ëa
UOma
<

as

0-6

0-2

50 100

Glucose (pg)



47

Pig, 10, Calibration curve for the estimation of sucrose

by the thiobarbituric acid method.
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Sucrose standard in distilled water. This was prepared fresh 
by dissolving 1 inM sucrose in one litre of distilled water,
10% aquous NaOH,
The following procedure was adopted
0,2 ml of either samples under test, water for blanks or sucrose 
standard (0,04 - 0.2 pM sucrose) were pipetted into a test 
tube. To this 0,1 ml of 109̂  NaOH was added. The tubes were 
then heated in a boiling water bath for 10 mins. This treat
ment is quite enough to destroy monsaccharides without affecting 
sucrose. After cooling the volume was made to 1,0 ml with 
distilled water. To this 1,0 ml of thiobarbituric acid was 
added, followed by 1,0 ml of conc, HCL, After mixing the 
tubes were heated in a boiling water bath for 6 rains exactly 
and then cooled’in running tap-water. The tubes were allowed 
to stand for 10 mins, Absorbancy was then read at 452*5 nm 
against the blank in 5 mm glass cells in Unicam SP 600 spectro
photometer, Amounts of sucrose in tested samples were obtained 
from the standard curve constructed from sucrose standard,

Estimation of Inorganic Hiosuhate ;-
The method of Lowry and Lopez (1946) was used. The 

caliberation curve was found to be linear within the range 
0,2 - 1,0 PM Pi. (Fig, 11),
Reagents :-

1 gm ascorbic acid in 100 ml distilled water,
1 gm ammonium raolybdate in 100 ml of 0,05 NH2SO4,
0,1 M Sodium Acetate,
5%#richloroaoetic acid (TCA),
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Fig. 11. Calibration curve for the estimation of

inorganic phosphate by the Lowry et al

method.
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Standard solution : 1.5 613 gm of analytically pure KH2 PO4 
was dissolved in 1 litre of distilled water, few drops of 
chloroform were added and the solution kept in the cold. This 
was diluted to the appropriate concentration when used.

For routine work the following procedure was adopted
1.0 ml of either samples under test, distilled water 

for blanks or the standard (0.2 - 1.0 ̂ P i ) was pipetted into 
a test tube. To this O.S ml of ice cold 5% TCA was added 
followed by 2.0 ml of 0.1 M sodium acetate to bring the pPT 
between 4 and 4.2. No hydrolysis of labile esters occurred at 
this T̂. The volume v:as then made up to 10.0 ml with distilled 
water. 1.0 ml of ascorbic acid was added followed by 1.0 ml 
of 1% ammonium molybdate in O.O5 N H2 90^. After mixing the 
solutions were allowed to stand at room temperature for 10 mins. 
Absorbancy was read at 700 nm against the blank in 1 cm glass 
cells in Unicara 5p 6OO spectrophoto-meter. The amounts of Pi 

in tested samples were obtained from the standard curve 
constructed from KH2PO4 standards.

Estimation of Protein

The method of Nartree (1972) a modification of the 

method of Lowryet al(l95l) was used. The calibration curve 

was found to be linear up to 100 pg bovine albumin (Fig. 12). 
Reagents

Solution A: 2 gm potassium sodium tartrate and 100 gm of
Na2 00  ̂were dissolved in 500 ml of 1 MaoH and diluted with
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Fig» 12, Calibration curve for the estimation of protein

by the Hartree method.
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distilled water to 1 litre.
Solution B : 2 gm potassium sodium tartrate, 1 gm of CUSO4.5H2O
were dissolved in 90 ml of distilled water and then 10 ml of 
IN NaOH were added.
Solution C ; 8.0 ml of Folin-Ciooalteu reagent were diluted
to 100 ml with distilled water. This reagent was prepared 
fresh for daily use.

For routine estimation of protein the following procedure 
was adopted:
1.0 ml of either tested ffimples, water for blanks or protein 
standard (20 - 100 pg bovine albumin) was pipetted in a test
tube. To this 0.9 ml of solution A was added. After mixing
the tubes were placed in a water bath at 50^0 for 10 mins.
After cooling to room temperature 0.1 ml of solution B was 
added and the tubes were allowed to stand at room temperature 
for at least 10 mins. Then 5 ml of solution 0 were forced in 
rapidly to ensure mixing within 1 sec. The tubes were 
again placed in the water bath at 50^0 for 10 mins. The 
absorbancy was then read at 650 nm against the blank in 1 cm 
glass celts in Unicam SP 6OO spectrophotometer. The amounts 
of protein in samples under test were obtained from the standard 
curve constructed from standard bovine albumin.
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RESULTS

I, Carbohydrate changes in Crovm« Root and Bud tissues during 
Cold Storage

The response of all the cultivars investigated to cold 
treatment was a gradual breakdown of insoluble sugars and an 
increase in the total soluble sugars, with little or no change 
in the reducing sugars,

Qualitative and Quantitative Separation of Soluble Sugars 
by T.L.C,

The total soluble sugars extracted from the root tissue 
of different rhubarb cultivars investigated were qualitatively 
and quantitatively separated by T.L.C. at early, mid and later 
stages of cold storage. The major sugar present was found to 
be sucrose which appeared as a purple spot, being 65% at the 
beginning of cold storage and increasing to about 90% at the 
end. The remaining sugars were glucose and fructose which 
appeared as red and deep purple spots respectively with glucose 
being present in a larger amount,

The resulting reducing sugars of the insoluble residue 
after acid hydrolysis were either estimated by the colourimetric 
method or specifically by the glucose oxidase peroxidase method 
and the results obtained from both estimate were found to 
agree, and from this it was concluded that the insoluble 
carbohydrate consisted of glucose polymers and hence the major 
storage carbohydrate was found to be starch.
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Changes in Dry Matter during cold storage
Table (1) shows the changes in the dry matter in the 

root tissue during the cold storage of different rhubarb 
cultivars. Since the dry matter varied by less than 10% 
throughout the whole period of cold storage in the root tissue 

the results were expressed on dry weight basis. However, 

the dr%/ matter of the bud tissue was found to be half of that 
of the root tissue and the variation was about 20̂ 6 and hence 
the results of the soluble sugars in the bud were expressed 
on fresh weight basis.

Figs (13, 14» 15 and I6) show the carbohydrate changes 
during the cold storage of virus free and virus infected Prince 
Albert in both root end crown tissues. In both tissues examined 
a similar pattern of changes occurred and thts was a gradual 
breakdown of starch and build up of sucrose with little or no 
change in the reducing sugars glucose and fructose. The 
starch-sucrose conversion reached a limiting value in the 
root tissue after the accumulation of 290 and 190 cold units 
for the virus free and the viru.s infected plants respectively. 
However, the carbohydrate changes in the crown tissue of 
both virus free and virus infected plants showed much more 
scatter than in the root tissue, and because of the difficulties 
in selecting representitive samples of the crown tissue, samples 
from root tissue were then used for further work.

Fig (17) shows the pattern of carbohydrate changes in
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Table 1 • Changes in Dry matter of the root tissue during 

the cold storage of different rhubarb cultivars.

sCultivar

TimeN.
"Days”̂ s

Virus
free
Prince
Albert

Virus
infected
Prince
Albert

Virus
free

Victoria
Virus
infected
Victoria

Virus
infected
Arrow

Virus
free

Timperley
Early

0 25.20 24.90 28.10 26.00 25.00 23.32

7 25.00 24.50 27.50 25.00 24.50 22.20

' 14 24.90 24.65 28.00 26.00 24.20 22.08

28 25.20 23.90 27.20 25.00 24.30 22.09

42 25.10 24.10 26.80 24.50 23.50 21.81

56 24.20 23.85 26.50 24.00 23.30 21.84

76 25.60 23.30 26.20 24.20 23.00 21.20

loO 23.50 23.50 26.00 23.50 22.50 21.09
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the root tissue during' the cold storage of the cultivar virus 

free Victoria. About 80/̂  of the starch was broken do\m with 

the subsequent formation of sucrose, while little or no change 

occurred in the reducing suga.rs glucose and fructose which 

were initially at a low level. This starch-sucrose conversion 

reached a limiting value after the accumulation of about 36O 

cold units. With prolonged cold storage, there was a tendancy 

for the starch level to increase and corresponding to this 

was a decrease in sucrose level.

A similar pattern of changes in the carbohydrate occurred 

during the cold storage of the cultivar virus infected Victoria 

in the root tissue. These changes reached the limiting values 

after the accumulation of about J>00 cold units. With prolonged 

storage, slight increase in starch and a decrease in sucrose 

occurred. The reducing sugars showed only a very little change 

during the whole period of cold storage Fig (I8 ).

Fig (19) shows the effect of cold storage on the carbo

hydrate in the root tissue of the cultivar virus infected Arrow.

A gradual breakdown of starch occurred and corresponding to 

this was an increase in sucrose level, while the reducing sugars 

remained almost constant at a low level throughout the whole 

period of cold storage. Tliis starch-sucrose transformation 

reached a limiting value after the accumulation of about 350 

cold units with no further changes taking place with prolonged 

storage.
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Fig (20) shows the carbohydrate changes in the root 

tissue during the cold storage of the cultivar virus free 

Timperley Early, More than 50% of the starch was broken down 

to sucrose and this break down took place gradually with 

increasing amount of cold to reach a limiting value after a 

certain amount of cold and thereafter no further change 

occurred with prolonged storage. The sucrose level also 

increased gradually with increasing amount of cold to a 

certain level and then remained constant, while the reducing 

sugars, glucose and fructose which were originally low, showed 

only a very slight change with prolonged storage. This change 

of starch to sucrose was almost complete after the accumulation 

of about 165 cold units.

Effect of cold storage on Yield.

Pig (21) shows the effect of cold treatment on the 

yield when forcing the cultivar virus free and virus infected 

Prince Albert. The yield first increased slowly in response 

to cold, then increased sharply with increased amount of cold 

to reach a maximum value after a certain amount of cold was 

received and thereafter no response to the cold in term of 

yield could be obtained. Though the amount of cold necessary 

for obtaining the maximum obtainable yield was found to differ, 

still the response of yield to cold treatment showed a similar 

pattern in different rhubarb cultivars with and without viruses.

Pig (22) shows the effect of virus infection on the
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Fig. 21. Effect of cold tratment on total yield when 

forcing virus free and virus infected 

Prince Albert.

 •  Virus free*

 O  Virus infected t

+->oo
CO

T3(—I
CD•H

200 300100

Cold units C

* Stockbridge House Annual Rep. (1972). 

i Loughton (i960).
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root size of the c-ultivar Prince Albert, The virus free 

plcjit was two years old while the virus infected plant was 

three years old. This difference in size will be reflected 

in the amount of yield when forcing.

Estimation of cold requirement by yield and suga.r changes

Table (2) shows the cold requirement as estimated by 

yield measurements or sugar changes which is necessary for 

breaking the dormancy in different rhubarb cultivars, both 

with and without viruses. Both yield a.nd suga,r changes could 

give an approximate estimate of the amount of cold required 

to break the dormancy so that a high yield could be obtained 

when the plants were to be forced. From yield and sugar 

changes data, the apnroximate amount of cold was found to 

vary by about from one season to another. Different

cultivars require different amounts of cold and hence could 

be divided into those which could be forced early such as 

Timnerley Ea,rly, mid such as Prince Albert or late in the 

season such as Victoria and Arrow. Virus free requires about 

one third more of cold than virus infected rhubarb.

Soluble Sugars in the Bud

The total soluble sugars in the buds of the cultivars 

virus free Timperley Early were examined after the approximate 

amount of cold necessary for breaking the dormancy was received 

and with increased amount of cold units and the results are
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Table 2. Cold requirements as estimated by yield and
sugar changes in virus free and virus infected 
Rhubarb.

Cold units (°C) 
virus infected

Cold units (°C) 
virus free

L/Ui L1 var
Yield Sugars Yield Sugars

Timperley Early 130 --- 170 165

Prince Albert 190 180 290 270

Victoria 320 300 --- 360

Arrow ' ' 330

* Yield data were obtained from Stockbridge House 
Experimental Horticultural Station.
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shown in table (3). The dry matter was found to vary by 

about 20^ and since only the total soluble suga.rs were 

examined, the results were expressed in fresh weight basis.

The total soluble sugars showed only a ver;̂'- slight decrease 

during the period of cold storage. After receiving I70 cold 

units which is the apnroximate amount of cold necessary for 

breaking the dormancy of this cultivars, about ^̂0% of the 

total soluble sugars was sucrose and 0̂% were the reducing 

sugars glucose and fructose. With prolonged cold storage 

about 85% of the total soluble sugars accumulated in form of 

the reducing sugars glucose and fructose, while the sucrose 

level constituted only about 15% of the total soluble sugars.

IT. Enz:/mic Changes During Gold Storage

A search for an enzyme system involved in starch break- 

dovm and sucrose : .synthesis and breakdown during cold storage 

was undertaken using the soluble protein fraction.

The soluble urotein fraction prepared from rhubarb 

root tissue or buds in presence or absence of PEG, was found 

to possess the activities of phosphoip/lase, sucrose synthetase 

and invertase.

Since in the soluble sugars fraction no maltose was 

detected, and glucose did not accumulate to a significant 

level, the enzymes c<and /2-amylases were excluded and 

phosphorylase was thought to play the major part in starch
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Table 3* The soluble sugars in buds of the cultivar virus 
Free Timperley Early after receiving different 

amounts of cold.

Cold units 
received ( °c )

Reducing sugars Total soluble 
sugars

Sucrose

170 18.60 39.80 21,20

240 20,15 38.50 18,35

1150 31.50 37.20 5.70

Results are expressed as mg reducing sugars 
Per gm of fresh weight of the tissue.
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breakdovm during the cold storage of rhubarb, and this enzyme 

was found in the soluble protein fraction. The activity of 

this enẑ.TTie was assayed in the direction of polysaccharide 

synthesis and the resulting inorganic phosphate was estimated 

colorimetrically.

For sucrose, sucrose synthetase, sucrose phosphate 

synthetase and invertase were investigated. Sucrose synthetase 

and invertase which catalyse the synthesis and/or breakdown 

of sucrose were present in the soluble protein fraction,

Tlie activity of sucrose phosphate synthetase which is 

mainly responsible for sucrose synthesis, was not detectable 

at any time of the season in the soluble protein fraction 

erepared from the root tissue.

Since the activities of the different enzymes investigated 

were directly measured in the reaction mixture, a search for 

a suitable buffer which would not interfere with the method 

of the assay was undertaken.

Phosphate buffers were excluded from the reaction 

mixture used for the assay of phosphorylase activity because 

they interfere with the method for inorganic phosphate estimation. 

Trismaleate buffer was uâed for the assay of both phosphorylase 

and sucrose synthetase as it did not interfere with the methods 

used for estimation of inorganic phosnhate and sucrose.
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For invertase assay a number of buffers were tried and 

the acetate buffer was chosen a,s it was found not to interfere 

with the cûlorimeteric method for estimation of reducing sugars 

(Table 4).

Effect of extraction numbers in extracting the soluble protein 

To investigate the efficiency of extraction procedure 

in extracting the soluble protein from the tissue under 

investigation, the procedure of extraction was performed in 

three lots of tissue one time, tv;o times and three times and 

the total amount of protein v/a,s estimated in each treatment. 

From this it was concluded that to extract the tissues two 

times was quite sufficient to extract the soluble protein.

Table (5).

Removal of Endogenous Sugars from the Soluble Protein Extract 

The soluble protein extract prepared from rhubarb root 

tissue was found to contain a significant amount of reducing 

sugcrs which could limit the range for the assay of invertase 

activity. Over ^  % of the reducing sugars were removed after 

the acétone pricipitation of the protein from the supermtant, 

Further dialysis of the protein solution left an insignificant 

amount of reducing sugars.

Effect of Including PEG in the Extraction medium on enzymic 

activities

Table (6) shows the effect of including PEG in the
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Table 4* Interference of buffers with the colourimetric 

method for estimating the reducing sugars.

pH Absorbance at 6OO nm
Water Phosphatecitrate Phosphate Acetate

Neutral 0.530 -- -- --

3 " -- 0.020 —— --

3.5 -- -- -- 0.530

4.0 -- 0.040 -- --

4.5 -- -- -- 0.530

5 -- -- -- --

5.5 -- -- -- 0.530

6 -- 0.280 0.350 --

7 -- 0.440 0.410 --

8 -- 0.445 0.445 --

50 pg of glucose were either taken in 0.5 ml of 
distilled water or different buffers at different 

pH's and treated as previously described for the 

estimation of reducing sugars. The results are 

recorded as absorbance at 6OO nm.
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Table 5. Effect of the numbers of extraction on the total 
amount of soluble protein obtained from rhubarb 

root tissue.

Number of times extraction 
Procedure performed

Protein
Root (1) Root (2)

1 1.00 0.70

2 1.14 0.76

5 1.18 0.77

20 X 3 gm of tissue were treated as described in preparation 
of solbuble protein extracts except that the procedure of 
extracting the soluble protein from the residue was performed 
one, two and three times, and the total amount of protein 
was estimated in each treatment. Results are expressed in 
mg. protein per gm fresh weight of the tissue.
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Table 6. Effect of including PEG in the extraction medium 

on enzymic activities of soluble protein prepared 

from rhubarb root tissue.

Enzyme Activity
with PEG Without PEG

Sucrose synthetase 0.91 0.00

Phosphorylase 0.96 0.74

Invertase 1.05 1.79

Enzymic activity expressed as units per 

fresh weight of the tissue,
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extraction medium in the different enzymic activities, P3G 

was found to be essential for sucrose synthetase;. no activity 

was detected in preparations which did not include PEG in the 

extraction medium. Including PEG in the extraction medium 

caused about 3O/0 increase in phosphorylase activity. It was 

found that including PEG in the extraction medium caused about 

40% decrease in invertase activity. This decrease in invertase 

activity becomes more pronounced reaching a value of about 

70% especially at the earlier stages of cold storage when the 

activity of this enzyme is generally low, and hence for this 

enzyme PEG was excluded from the extraction medium.

Interference of Phosnhatase with Phosuhorylase Activity

To test for the presence of glueose-1 -phosphate phospha.tase, 

’•:hich catalyse the hydrolysis of inorganic phosphate from 

G-1 -P a,nd thus interfering with phosphorylase assay, a reaction 

mixture made in the presence and absance of the primer or 

ammonium molybdate which is known to inhibit G-l-P phosphatase 

at a final concentration of 5 % 10“%  ( Fuvwcx  ̂ 1957).

Table (7 ) shows that the soluble urotein'extract contained 

G-l-P phosphatase which could liberate inorganic phosphate 

from G-i -P even in the presence of primer and thus interfere 

with the assay of phosphorylase. This enzyme was completely 

inhibited in absance of primer together with including ammonium 

molybdate in the reaction mixture.
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Table 7* Effect of primer and ammonium molybdate on

phosphorylase assay.

Reaction mixture Activity "pMPi/hr."

G-i-P + Primer 0.460

G-i— P alone 0.380

G-i-P + Primer + Molybdate 0.290

G-i-P + Molybdate 0.000

The reaction mixture was as described in the text except 
that the right amount of buffer was added when the primer 
was not included in the reaction mixture. Ammonium 
Molybdate was added to give a final concentration of

5 X 10“
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Fractionation of Protein on DEAE Cellulose
The soluble protein preparation was fractionated in 

DEAE-cellulose column, and each fraction was assayed for 
different enzymic activities except sucrose synthetase due 
to lack of substrate. Fig. (25) shows that stepwise increments 
in the ionic strength of the eluent effect a separation of 
phosphatase, invertase and phosphoylase. Phosphatase 
activity was resolved with the starting buffer alone in 
two peaks. Invertase activity was resolved with the starting 
buffer containing 0.1N NaCL in a single peak. Phosphorylase 
activity was resolved with the starting buffer containing 
0.2M NaCL.

Effect of Ammonium Molybdate Concentration on Phosphatase 
and Hiosphorylase activities

To study the effect of ammonium molybdate on phosphatase 
and-phosphorylase activities, peaks containing either of the 
two enzymes were assayed for the two activities in presence 
of varying concentrations of ammonium molybdate. Table (S) 
shows that ammonium molybdate in a final concentration of 
5 X 10% caused a complete inhibition of G-i-P phosphatase 
and has no effect on phosphorylase even at concentration up 
to 10“ M. For routine assay of^phosphorylase, ammonium 
molybdate in a final concentration of 5 x 10“%  was always 
included in the reaction mixture.
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Fig. 25* Fractionation on DEAE - Cellulose of soluble
protein extract prepared from rhubarb root tissue.

The protein sample was first eluted with 
50 mM Tris-maleate buffer pH 7*0, changed 
step wise as indicated by arrows to 
0.2M-, 0.51^, 0.4M- and finally to 0.5r^NaCL, 
all containing 50 mM tris-maleate buffer, 
pH 7.0.

—  Phosphatase activity (pMPi/mg Protein/hr )
—  Invertase activity (2pM Hexose/mg protein/hr X 10)
—  Phosphorylase activity (;iMPi/mg protein/hr)
—  % transmission at 280n m.

20

+-> 60•H>
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Table 8. Effect of Ammonium molybdate concentration on 

G-i-F phosphatase and phosphorylase activities,

Molybdate conc. Hiosphatase Activity 
")]MPi/hr"

phosphorylase Activity 
•»̂ IPi /hr”

0 0.570 0.620

0.5X10-% 0.150 0.610

2.5X10“% 0.050 0.620

5X10“% 0.000 0.620

10“^M 0.000 0.615

The reaction mixture was as described in the text except for 
ammonium molybdate concentration. For phosphatase the primer 
was substituted for by the right amount of buffer.
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Effect of pH on Different enz~,nnic Activities

For the pH range 3»5 - 5.5 0.1M acetate buffer was 

used. For pH range 6 - 8.5 5CW"I trismaleate buffer was used.

For pH 9 50#T tris-HCL buffer was used. Figs. (24, 25 and 26)

sho’7 the effect of pH on the activities of the enzymes phosphor

ylase, invertase and sucrose synthetase respectively. Phosphatase 

showed an optimum activity at pH 5 - 6 and hence classified as 

acid phospha.tase. Phosphorylase showed a maximum activity 

at pH 6.0. Invertase showed a maximum activity at pH 4.0 

and hence classified as acid invertase and no sign for alkaline 

invertase could be detected. Sucrose synthetase showed a 

maximimi activity at pH 7 - 8. At this pH range invertase 

is inactive and therefore -̂.id not interfere with sucrose 

synthetase activity.

Effect of Temperature on Enzymic Activities

Figs. (27 and 28) show the effect of temperature on 

the activities of invertase and sucrose synthetase respectively. 

The activity of invertase increased with increasing temperature 

up to 45^0 and then decreased at 50°C. Sucrose synthetase 

activity also increased with temperature up to 57^0 then 

remained constant up to 45^0 and started to drop dovm at 50°C.

Effect of Substrate Concentration

With sucrose as substrate, invertase followed Michaelis- 

Menten Kinetics with respect to substrate concentration. Using 

the direct linear plot (Eisenthal and Bowden, 1972) the Em was
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Fig, 24, Effect of pH on phosphorylase activity,

Beaction mixture as described in the text 
except for the pH,
Tris-maleate buffer was used throughout.

0-2

V
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Fig, 25. Effect of pH on invertase activity.

The reaction mixtures as described in the text 
except for pH.
pH 3*5-5*5 Acetate buffer.
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Fig. 26. Effect of pH on sucrose synthetase activity.
The reaction mixture as described in the text 
except for the pH.
pH 4.0-5.0 —  Acetate buffer
pH 6,0-8.6 —  Trismaleate buffer
pH 9 —  Tris-HGl buffer
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Pig. 27. Effect of temperature on invertase activity
The reaction mixtures as described in the 
text except for the temperature.
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Fig. 28. Effect of temperature on sucrose synthetase 
activity.
The reaction mixture as described in the .-text 
except for temperature.
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found to be 1.^ x 10“^M for sucrose (Fig. 29). With UDPG

and fructose as substrates, sucrose synthetase obeyed Kichaelis-

I'Tenten en nation with respect to substrate concentration. Using

the direct linear plot the Kim's were found to be 2 x 10"^M

and 7 x for UDPG and fructose respectively (Figs, and $1).

Effect of Cold Storage on Different Fnzrmic Activities

The activities of the enzymes phosphorylase, invertase 

and sucrose synthetase in the soluble protein fraction extracted 

from the root tissue has been measured throughout the period 

of cold storage in the cultivar virus free Timperley Early 

and the results are sho\m in fig, (52),

Phosphorylase showed a gradual increase of about 5 fold 

in the first 55''-days of cold storage by which time the plant 

had received about 210 cold units, then the activity remained 

constant up to 75 days and thereafter decreased almost to the 

origina-1 activity.

The activity of the enẑ nne invertase was initially low 

and remained so f©r at least 20 days of cold storage, then 

increased by about four fold after 55 days of cold storage 

ard then remained almost constant for the rest period of cold 

storage.

Sucrose synthetase showed a, marked increase of about 

four to five fold in the activity in the first 20 days of
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Pig, 29* The direct linear plot to determine the Km of 
invertase•
The reaction mixture, were as described for 
invertase assay except that different 
concentrations of sucrose were used.
Units; Substrate concentrations (S) are M,

Velocities (v )  are expressed as )3g hexose 
librated per hr, at 37^0 and pH 4#6#

50-

- 0-2 - 0*1 0*1

Kin-S
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Fig-. 30* The direct linear plot to determine the Km of 
sucrose synthetase.
The reaction mixtures were as described for the 
assay of sucrose synthetase except that different 
concentrations of UDPG were used.
Units; Substrate concentration (S) are mM •

Velocities (v )  are expressed as sucrose

-5 -2

-s Kin
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Fig. 31• The direct linear plot to determine the Km of 
sucrose synthetase.

The reaction mixtures were as described for sucrose synthetase 
assay except that different concentrations of fructose were 
used.
Units: Substrate concentrations (s )  are mM.

Velocities (v) are expressed as 
hr. X10^ at 37°C and pH 7.0 4-

)jM sucrose formed per

-10 “6 -4 -2
-s Km
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cold storage and remained constant for about 75 days of cold 

storage and later decreased almost to the original level,

"!'he changes in phosnhorylase and sucrosesynthet-ase activities 

could explain the breakdown of starch and build up of sucrose 

during the cold storage of rhubarb,

III. Carbohydrate Changes During Forcing

Virus infected rhubarb normally forced when 5 years 

old. Virus free rhubarb nrwintroduced tajke 2 years and can 

grow more rapidly when forced Figs. (22 and 53)* Since the 

plant is non-photosynthetic during forcing, the yield will 

depend on the amount of carbohydrate reserved in the root.

The carbohydrate changes in the root tissue has been 

followed during the forcing of the cultivars virus free Victoria 

and virus free Timperley Early and the results are shown in 

Figs, (34 and 35) respectively. The dry matter showed 40 - 50% 

decrease during forcing and hence the results were expressed 

in fresh weight basis. In the first seven days of forcing 

no visual growth in the buds could be observed.

In the cultivar virus free Victoria a rapid decrease 

in the sucrose level occurred in the first 4 - 10 days of 

forcing. During this period the sucrose concentration decreased 

to almost one third of the original level, then the decrease 

was gradual with increased period of forcing and the amount of 

sucrose was less than 10% of the original. The starch level
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Fig. 33* Forcing behaviour of virus free and virus infected
rhubarb, cultivar Victoria.

V-, Virus free plant.
V+, Virus infected plant,
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Fig# 54* Carbohydrate changes in the root tissue during 
forcing vims free Victoria.
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Fig. 55* Carbohydrate changes in the root 
tissue during forcing virus free 

Timperley Early.
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showed about two fold increase in the first 4 -* 10 days of 

forcing, thereafter decreased gradually to approximately its 

pre-forcing value. The very low amounts of reducing sugcrs 

(glucose and fructose) 2-5 mg/gm freah weight did not show 

much change throughout the whole period of forcing.

A similar pattern of sugars changes occurred in the root 

tissue of the cultivar virus free Timperley Early during forcing. 

About 509  ̂decrease in sucrose level occurred in the first seven 

days of forcing and then there was a gradual decrease for the 

remaining period of forcing. The starch showed about one third 

increase of the original value and then rema.ined constant 

throughout the period of forcing. The reducing sugars did not 

vaTg/ much end remained at a fairly low constant level through

out the period of forcing.

The reducing sugars glucose and fructose in the root 

tissue were examined individually during the forcing of the 

cultivar virus free Timperley Early. The results were expressed 

on fresh weight basis and are shovm in Fig. (36).

The total reducing sugars remained constant for the 

first two weeks of forcing, then showed about one third increase 

in the third week and then were approximately constant for the 

rest period of forcing. The glucose level remained almost 

constant throughout the whole period of forcing. The fructose 

level was initially ha.lf of that of glucose and this level
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Fig. 56. Changes in the iniividual reducing sugars 
in the root tissue during forcing virus 

free Timperley Early.
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remained constant for two weeks and then showed an increase 

parallel to that occurred in the total reducing suga.rs. The 

increase in the total reducing sugars was due to fructose 

and not glucose.

From these results it could he concluded that during 

the first week of forcing when no visual growth could be observed, 

there was a marked decrease in sucrose level, an increase in 

starch, with little changes occurring in the reducing sugars.

TV. Enz;/mic Changes During Forcing

The activity of the enzymes invertase and sucrose- 

synthetase has been measured in the soluble protein fraction 

prepared from the root tissue of the cultivar virus free 

Timperley Early throughout the whole period of forcing and the 

results are shown in Fig, (37)» Invertase activity remained 

almost constant for the first four days of forcing then 

increased two fold in the next four days, then remained constant 

for about six days then decreased markedly to about one third 

of the original activity in the third week of forcing and 

thereafter remained constant.

The activity of the enẑ nme siicrosesynthetase remained 

fairly constant for the first eight days of forcing and then 

decreased [gradually reaching about one tenth of the original 

value after the third week and thereafter remained constant 

for the rest period of forcing.
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Fig. 37. Enzymic changes in the root tissue during 
forcing virus free Timperley Early.
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Changes in protein, invertase activity, sucrose- 

synthetase activity and carbohydrate, in the bud tissue were 

examined after seven days of forcing when no visual growth 

could be observed. These changes were compared to those 

occurring in the root tissue and the results are sho^m in 

Table ''9) and were expressed on fresh weight basis.

About double the amount of soluble protein were 

extracted from the bud than that which was extracted from 

the root tissue. After seven days of forcing the amount 

of soluble protein in the bud tissue decreased by about 

40% of the origirual value, while in the root tissue, the 

soluble protein level remained constant,

Invertase activity was initially low in the bud com

pared to that in the root tissue. After seven days of forcing 

invertase activity showed about eight fold increase in the 

bud tissue, while in the root tissue the activity of this 

enzî nne increased by about two fold.

The suerosesynthetase activity in the bud tissue was 

about five times greater than in the root tissue before 

forcing. The activity of this enẑ nme decreased to about 

one sixth of the original value after seven days of forcing, 

while in the root tissue a lÔ o increase in the activity 

occurred.
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'Table 9* Changes in Protein, Invertase, sucrose synthetase 
and carbohydrates in the bud and root tissue of 
virus free Timperley Early after seven days of 

forcing.

Tissue
Days
forced Protein

Inver
tase
Activily

Sucrose
synth-
atase
Activity

Reducing
sugars

Total
soluble
sugars

Sucrose Starch

bud
0 5.52 0.155 4.500 20.15 58.50 18.55 24.75

7 5.08 2.00 0.787 10.90 25.40 14.50 20.50

0 2.45 1.050 0.910 7 .65 75.75 66.10 16.65

Root

7 2 .45 2.255 1.050 7.10 41.70 54.60 27.05

Protein are expressed as mg per gm fresh weight* Enzymic 
activities are expressed as units per gm fresh weight of the 
tissue* Sugars are expressed as mg of hexose per gm fresh 
weight of the tissue.
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The concentration of the total soluble sugars in the 

bud tissue was about half the amount present in the root 

tissue before forcing. Over 5O/0 of the total soluble sugars 

accuraula.ted in form of reducing sugars in the bud tissue 

before forcing, and these reducing sugars decreased by about 

0̂% after seven days of forcing. The sucrose and starch 

levels also decreased in the bud tissue after seven days 

of forcing, but the major decrease in the total carbohydrate 

was due to the decrease in the reducing sugars.

In the root tissue, the level of the reducing sugars

did not change much and remained fairly constant at low level 

after seven days of forcing. The total soluble sugars 

decreased markedly and the starch level increased after 

seven days of forcing. The decrease in the total soluble 

S'lgars in the root tissue after seven days of forcing was 

solely due to the decrease in sucrose level,

y. Chemical Analysis of the Petioles

Changes in Dr}r matter and Sugô rs during forcing

The dry matter and the carbohydrate composition of the 

petiole has been measured at different time intervals of 

forcing in the cultivar virus free Timperley Early and the 

results are shovm in the table (IO), The dry matter showed 

a marked change throughout the period of forcing and. hence

the results were expressed on wet weight basis. The dry matter
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Table 10. The dry matter and sugar content of the petiole at
different stages of forcing

Days
of

forcing

Dry 
Matter 
per cent

Total
Reducing
sugars

Glucose Fructose Total
soluble
sugars

Sucrose Starch

0
8

16

26

36

12.06

9.10

5.55
4.79
4.06

31.50
6.80
4.10

3.25
0.65

15.60

3.00
2.20
1.72
0.36

15.90
3.80

1.90

1.53
0.29

37.20

10.83
5.10

3.30

1.30

5.70
4.03
1.00

0.05

0.65

12.75
8.83
2.67

2.45
2.30

Sugars are expressed as mg hexose per gm fresh wight of the tissue.
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was about 12% just before forcing; this decreased to less than 

5% when the petioles were mature and ready for harvest.

The total soluble sugars were mainly reducing sugars, 

glucose and fructose; together with small amounts of sucrose. 

The reducing sugars decreased markedly during the first eight 

days of forcing. After 26 days of forcing negligible araoimts 

of sucrose were found to be present in the petiole. After 

the initial sharp fall during the first eight days of forcing, 

the ojTiount of reducing sugars in the petiole continued to 

decrease, although at a very much slower rate. There was 

usually a slight increase in the rate of fall of reducing 

sugars towards the end of forcing, namely at a point after 

which very little increase in the total weight of all the 

netioles could be obtained even with increased time of forcing, 

This slight increase in the low rate of fall in the amounts 

of reducing sugars present in forced reticles, was found to 

occur in reticles obtained from roots which had received 

cold ipiits varying from 180 - 1000 cold units. The ratio 

of glucose to fructose was almost a unity throughout the 

whole period of forcing.

Effect of forcing Period on Yield and Petiole length

The petiole length and yield of petioles per root has 

been measured throughout the period of forcing of virus free 

Timperley Early which lia.d been cold stored from 0̂ - 170 days 

at 4^0 i.e. after receiving 180 - 1000 cold units. The changes
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observed were almost independent of the time for which the 

roots had been cold stored prior to forcing provided the 

minimum cold requirement had been given. During forcing, 

both the length of petioles and their wet weight increased 

following an 3-shaped pattern as shovm in Pig, (38;• Most 

of the increase in petioles length and in total weight 

"yield”, occurred between 15 and 25 days of forcing.

Most of the total soluble sugars in forced petioles 

from different rhubarb cultivars were reducing sugars with 

negligible amount of sucrose. The reducing and insoluble 

sugars content of forced petioles has been measured in different 

rhubarb cultivars and the results are sho\m in table (11). 

Petioles from virus free rhubarb contain much more sugars 

than virus infected rhubarb.

Changes in Buyers in Petioles during Storage at 12°C
The effect of storage at 12°c and high relative humidity 

"approx, 90%” on the reducing sugars was examined in forced 

and field grown petioles from the cultivar vir-as free Timperley 

Early, Roots 'rhich had received 600 cold units were forced 

and the petioles were picked after 26 days of forcing and 

on the same date petioles were picked from the field grown 

rhubarb. The forced and the field grown petioles were both 

stored in a cabinet maintained at 12°C and hi^ relative 

humidity for 21 days. The reducing sugars were measured at 

different time intervals and the results are shovm in Pig, (39).
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Fig. 58* Average length of petioles and yield per root 
during forcing virus free Timperley Early.
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Table 11. Reducing and insoluble sugar content of forced 
petioles from different rhubarb cultivars.

Cultivar'^^'^.
Reducing Sugars Insoluble Sugar

mg/gm F. Wt. mg/gm Try Wt. mg/gm Dry Wt.

Virus Free Tim
perley Early 5.30 73 50

Virus Free 
Victoria 5.40 107 36

Virus Infected 
Victoria 0.50 13 16
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Fig. 39. Effect of Storage at 12 C on the reducing 
sugars of forced and field grown petioles 
of virus free Timperley Early.
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The initial amount of reducing sugars in forced petioles 

was about one third that of field grown petioles. The amount 

of reducing sugars decreased markedly during the first seven 

days of storage in both forced and field grown petioles,

To further change in the amount of reducing sugars in the 

forced petioles. However, the decrease in the amounts of 

reducing sugars in field grovm petioles continued for 14- days 

of storage and then remained almost constant.

71. Seasonal Changes in Dry î-latter a.nd Carbohydrate in the Root 

Tissue in the Field

The drj’- ma.tter and c,arbohydrate has been measured through

out a complete season in the root tissue of the cultivar virus 

free Prince Albert grown in the field and the results are 

sho;m in Fig. (40 and 41) respectively. The dry matter showed 

a considerable decrease during April, and hence the results 

were expressed on fresh weight basis.

The level of reducing sugars was originally low and 

showed slight increase in April. The total aarbohydrates 

decreased markedly during April and then increased again in 

June. The insoluble sugars were high in October and these 

were broken down to soluble sugars during October - December 

and these soluble sugans decreased markedly during April,

The amount of insoluble sugars increased again in Juno,

"Tie major decrease in the total carbohydrate during April wns 

due to the decrease in the soluble sugars.
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Fig. 40. Seasonal changes of tiie dry matter in the 
root tissue fo virus free Prince Albert.
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Fig. 41• Seasonal changes of carbohydrates in the root 
tissue of virus free Prince Albert.
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Residue Dry Weight

Some workers indicated the usefullness of expressing 

the results of chemical analysis of plant tissues in terms 

of residue drjr weight. The residue dry weight of different 

rhubarb cultivars was examined during growth in the field, 

cold storage and forcing and the results are shov.m in table (12),

The residue dry weight did not show much variation 

as did the dry weight. During the cold storage the dry 

weight varied by less than 104̂  and hence the results were 

expressed on dry weight basis. During forcing the dry weight 

showed a. marked variation of about 40 - 50?̂’» and since the 

residue dry weight was not determined each time the measure

ments were made and for consistancy the results were express

ed on fresh weight basis.
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Table 12, Changes in the residue dry weight "percent" of 
the root tissue of different rhubarb cultivars 
during growth in the field, cold storage at 

4°C and forcing at 11°C.

Cultivar
Time\.

Virus
free

Victoria

Virus
infected
Victoria

Virus
infected
Arrow

Virus
free

Timperley
Early

Notes

May 6.04 6.-32 6.83 9.45 Growth in
July 6.36 6.64 6.57 9.52 the field

Nov. 6.24 6.28 6.90 8.61 Cold storage
Jan. 6.43 6.54 6.48 8.38 at 4°C

Feb. 6.71 6.49 6.79 8.87 Forcing at
March 6.26 6.60 6.78 9.45 11°C
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DISCUSSION

The residue dr̂ f weight, ie. the structural material 

which is non-metaholisable, though showing slight variation 

in different rhuharh cultivars, it did not show much variation 

during different conditions, ie. growth in the field, cold 

storage at 4^0 and when the plants were forced (Table 12),

This could be of value in expressing the results of chemical 

analysis of plant tissues, but still the method is lengthy 

and could be time consuming. The dry weight varied by less 

than 10̂  ̂throughout the whole period of cold storage (Table 1) 

and hence the results were expressed on dry wei^t basis. 

During forcing and growth in the field, the digr matter showed 

a considerable variation, a.nd since the residue dry weight 

was not estimated each time the measurements were made, the 

results were expressed on fresh weight basis.

It is well known that rhubarb requires a certain amount 

of cold to break its dormancy before any resumption of growth 

can occur. Diuing the fall - anproximately mid -October - 

most of the foliage dies and the plant enters the dormant 

phase of its life cycle. During winter, no visuad .growth 

can be observed, but still many physiological changes take 

place within the plant. These physiological changes are 

necessary nrior to resumption of ,growth in the spring when 

the plant depends on its reserve food stored in the roots 

for supporting the ;growth of the new shoot. Once the leaves
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are established, the depleted storage material will be restored 

again by the well knoim process of photosynthesis.

The effect of cold on donnant rhubarb was found to 

be cumulative below a base temperature of 49^F (Loughton,

1965). Other workers suggested a base temperature of 50°F 

for simplicity of calculating the amount of accumulated cold 

(’Jiebe, 196?).

By measuring the amount of cold either in the field 

at soil depth of 4 inches or in a controlled environment, 

and relating this to the yield of petioles obtained after 

forcing, it has been possible to estimate the approximate 

amount of cold necessary to break the dormancy so that a 

high yield could be obtained when forcing the plants. Using 

this technique, the amount of cold necessary to break the 

dormancy before forcing was estimated for different rhubarb 

cultivars ’̂ hich are grovm commercially for production of 

petioles.

"Tiough the approximate amount of cold necessary for 

breaking the dormancy as estimated by yield measurement was 

found to vary by i from season to season, still the method 

can give an approximate prediction for dormancy termination.

■Rutherford et al (1972) were the first to report that, 

the measurements of the non-reducing sugars in the root
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tissue during cold stora.ge of virus infected Victoria were 

useful in providing data for following changes in the 

physiodormancy of the plant. These authors suggested that; 

folloi'/ing the changes in the insoluble and the soluble non

reducing sugars during the cold storage of rhubarb roots 

could offer a relatively quick and simple method for deter

mining when the roots could be forced so that a high yield 

could be obtained.

The major response of the plant to the cold was found 

to be a gradual breakdoim of the insoluble carbohydrates and 

a build up in the soluble non-reducing sugar nejnely sucrose, 

while the reducing sugars remained at a fairly low constant 

level.

During cold storage similar changes in carbolp'’drates 

occurred in virus free and virus infected Prince Albert in 

both the roots and crowns 'Pigs. 13, 14, 15 and 16). The 

pattern of carbohydrates changes in the crown tissue during 

cold storage showed much more scatter than in the root tissue. 

Also because of the difficulties in selecting a representitive 

sample of the crovm tissue, and the damage that may occur 

to the plant when taking samples from such tissue for follow

ing the carbohydrate changes during the cold storage, the 

root tissue was used for investigating the carbohydrate changes 

in other rhubarb cultivars.
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During cold storage about three-quarters of starch 

was found to get broken doim to sucrose, but little change 

occurred in the amounts of reducing siigars present. There

after slight changes occurred in virus free and virus 

infected Prince Albert, virus infected Arrow and virus 

free Timnerley Early (Pigs, 13, 15, 19, and 20), In 

virus free and virus infected Victoria, a similar pattern 

of change occurred, but there was a tendency with prolonged 

storage for the starch level to increase while the sucrose 

level decreased (Pigs, 17 and 18), In agreement with practice, 

cultivars such as Timperley Early, in which the carbohydrate 

breakdown occurs relatively rapidly, can be forced early in 

the season, whilst Prince Albert requires longer period and 

Victoria and Arrow longer still.

Throughout the whole period of cold storage, the total 

carbohydrates showed only a very slight decrease in all the 

cultivars examined, also as seen in Table (l) tha,t the dr̂ r 

matter varied by less than 109  ̂during the cold storage. 

vh"s slight change in the total carbohydrates and dry matter 

could be attributed to the low rate of respiration during 

cold storage, a characteristic feature of dormant tissues.

Prom Pigures (15, 15, 17, 18, 19 and 20) showing the 

variation of sugnrs aresent in the root tissue during cold 

storage of rhubarb, estimates of the minimum cold requirement 

for both sucrose and starch to reach their limiting values
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were obtained and are shown in Table (2). Also included in 

the table is minimum cold requirement for the maximum obtainable 

yield for a complete growing season (Stockbridge Rep., 1972).

The cold requirement as estimated by carbohydrate changes and 

yield measurements are very similar. This similarity indicates 

that during cold storage, the breakdown of starch to sucrose 

is necessary so as to obtain a high yield when the plants 

are forced.

Although virus free rhubarb can produce root, within 

two years which are large enough for forcing (Fig. 22) rather 

than three or four years required by virus infected rhubarb, 

and grow faster when forced (Fig. 35), still virus free rhubarb 

requires (20 - 30%) more cold than virus infected rhubarb 

(Table 2). This increased cold requirement of virus free 

rhubarb means that it can not be forced so early in the season 

as virus infected rhubarb and would therefore be of lower 

commercial value.

Under carefully controlled conditions, virus free 

Victoria, Prince Albert and Timperley Early have been found 

by Walkey and Cooper (1972) to produce 60 - 909é greater yield 

than virus infected plants. Grown under less well controlled 

conditions, virus free Timperley Early and Prince Albert have 

been found to give yields 20 - 40% greater than the virus 

infected plants (Stockbridge House Rep., 1972). The variation 

in these results can be attributed to experimental conditions.



120

nevertheless they show that virus free rhubarb does produce 

higher yields than virus infected rhubarb. If the amount 

of cold required for breaking the dormancy could be decreased 

by gibberellic acid treatment, then the virus free rhubarb 

would be of real benefit to the growers.

In the cultivar virus free Timperley Early, it is 

found that after the plants have received the sufficient 

amount of cold for breaking the dormancy, the soluble sugars 

accumulated largely in form of sucrose with caraparatively 

small amounts of the reducing sugars glucose and fructose 

in the root tissue; this situation did not change with prolonged 

cold storage. As seen from Table (3) tüfô situation is different 

in the bud tissue in which the soluble sugars accumulated 

in form of sucrose and reducing sugars almost in equal amounts 

and with prolonged cold storage most of the soluble sugars 

accumulated largely as reducing sugars with small amount of 

sucrose. From this it is clear that the hexose pool is much 

bigger in the bud tissue than in the root tissue, especially 

after the dormancy was broken by cold treatment. This could 

be attributed to the fact that the bud tissue is more active 

than the root tissue as it will undergo the process of growth 

ie. cell division and elongation especially when the temperature 

is increased Torcing^*and hence requiring a lot of energy to 

be derived from the hexoses formed by the hydrolysis of sucrose.

The soluble protein fraction prepared from cold stored 

root tissue of virus free Victoria and Timperley Early v/as
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found to possess phosphorylase activity which catalyse the 

breakdown of starch and formation of glucose-1-phosphate; the 

latter is readily convertable into other forms of carbohydrates 

in plants. The same protien preparation was also found to 

possess sucrose synthetase activity, the enzyme responsible 

for sucrose synthesis and breakdown, and invertase activity 

which is responsible for sucrose hydrolysis.

Conventional techniques used for extracting soluble 

protein from plant tissues failed to give any sucrose synthetase 

activity from rhubarb root tissue and the extract was found 

to be dark brown probably due to the oxidation of phenolic 

compounds which are present in rhubarb roots. Sucrosesynthetase 

had already been found to be inhibited during extraction from 

elongating internodes of sugar cane by oxidation products 

of phenolic compounds (Slack , I966). Any means of binding 

tannins, the higher molecular weight poly-phenols is considered 

an important extraction aid in isolating enzymes from plants 

containing tannins (Sadran and Jones, 1965)# Including PEG 

of molecular weight 6OOO in the extraction medium and then 

washing the homogenate with cold acetone gave a soluble protein 

fraction free from coloring substances and possessing sucrose

synthetase activity. There was no change in phosphorylase 

activity, but when PEG was included in the extraction medium, 

there was a decrease in invertase activity. The reason was 

notinvestigated and for this enzyme PEG was excluded from 

the extraction medium.
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The colorimetric method used to measure phosphorylase 

activity is based on the determination of inorganic phosphate 

librated from G-1-P during the addition of glucose units to 

a primer which exist in the reaction mixture (Lee, I966).

The crude protein extract from rhubarb roots was found to 

possess .an acid glueose-1-phosphatase activity which catalyse 

the hydrolysis of inorganic phosphate from G-1-P thus inter

fering when employing the above method for phosphorylase 

assay. Like potato and other plants phosphatases, rhubarb 

phosphatase was found to be completely inhibited by 5x10

ammonium molybdate in the reaction mixture. Ammonium 
_2molybdate up to 10” M concentration in the reaction mixture 

did not affect phosphorylase activity. The activity of phos

phorylase is seperable from that of phosphatase on DEAEr-cellulose 

using stepwise increment in the ionic strength of NaCL of the 

eluent. Rhubarb phosphorylase showed a maximum activity at 

pH 6 and the enzyme is completely inactive in absence of primer 

in the reaction mixture.

The soluble oretein fraction from rhubarb roots was 

found to possess acid invertase activity, showing maximum 

activity at pH 4 and the enzyme was almost inactive at pH's 

7 and 8. This enzyme was stable to heating up to 45°C.

With sucrose as substrate the km was found to be 1.5 X 10“ M; 

and this is much lower than the value reported for carrotroot 

invertase (Ricardo and Rees, 1970) indicating the high affinity 

of the enzyme towards its substrate. Thou^ neutral or alkaline 

invertase activity has been reported in a number of plants,
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no detectable activity was found in the soluble protein fraction 

extracted from rhubarb root tissue.

The same protein oreparation was found to possess sucrose 

synthetase activity. This enzyme catalyses both the breakdown 

and synthesis of sucrose. In the forward reaction the enzyme 

utilizes IIDPG and fructose for sucrose formation, while .in 

the backward reaction the enzyme catalyses the formation of 

UDPG from sucrose which is a substrate for polysaccharides 

synthesis. This enzyme showed a maximum activity at pH 7.5 - 8 

where invertase is inactive, so there was no interference. 

Sucrosesynthetase was found to be stable up to 45^0. The 

Km values were found to be 2 X 10“^  and 7 X 10”^M for IIDPG 

and fructose respectively. These values are much lower than 

those reported for potato sucrosesynthetase (Pressey, 1969) 

indicating that the enzyme extracted from rhubarb has a higher 

affinity forî êse? its substrates.

In an attempt to relate the sugars changes which had 
occurred during the cold storage „of rhubarb, the activity 
of the enzymes phosphorylase, sucrose synthetase and invertase 
was measured after increasing periods of cold storage at 4°C 
in the root tissue of virus free Timperley Early.

The changes which occurred in phosphorylase and sucrose 
synthetase coincided with the period of starch breakdown and 
sucrose building up during the cold storage. These enzymic changes
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could well explain the conversion of starch to sucose which 

had been found to occur in rhubarb roots during the cold 

storage at 4°C,

In agreement with rhubarb phosphorylase, the activity 

of phosphorylase from roots of Verbascum thapsus, a cold 

requiring plant, was found to increase in response to low 

temperature (Glier and Caruo, 1974). Contrary to this 

the activity of potato tuber phosphorylase measured at low 

and higher storage temperature of the tubers was found to 

be low under both storage temperatures (Kennedy and Isherwood, 

1975). Thou^ uotato tubers sucrose synthetase was found 

to show an increase in activity during cold storage, sucrose 

phosphate synthetase showed much more increase in the 

activity and the accumulated sucrose was attributed to this 

enzyme rather than sucrose synthetase (Pressey, 1970). This 

is a situation different to that in rhubarb, where sucrose 

synthetase showed a marked increase in activity and sucrose 

phosphate synthetase did not show any activity during the 

whole period of cold storage.

The invertase activity remained almost constant and 

low for at least 20 days of cold storage at 4°C ie. after 

the accumulation of about 120 cold units and thereafter showed 

an increase. This increase in invertase activity could be 

attributed to the accumulation of large quantities of sucrose 

in the tissue.
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Two routes for starch degradation during the germin

ation of pea have been suggested; a hydrolytic route leading 

to formation of glucose from starch and a phosphorolytic 

route leading to formation of sucrose (Swain and Dekker, 1966), 

For sucrosesynthesis from starch, the phosphorolytic pathway 

of starch breakdown was considered most economical in term 

of energy conservation. During cold storage of rhubarb the 

phosphorolytic route of starch breakdown could be the major 

route and this can be summerized in the following steps :

phosphoryla^
Starch + Pi ^----------  Glucose-1-phosphate

UDPG pyrophosphorylase
Glucose-1-phoshate + UTP     ^ UDPG + PPi

sucrosesynthetase 
UDPG + Fructose v —  sucrose + UDP

Both enzymes catalysing the first and the final steps 

have been shown to be present in the soluble protein fraction 

prepared from rhubarb root tissue.

The reason for this increased enzymic activity during 

cold storage is not clear. It could either be due to a dest

ruction of inhibitors of pre-existing enzymes or an increase 

in proteinase activity thus making a pool of amiooacids avail

able for synthesis of new enzymes.

Virus infected rhubarb is normally forced after three 

or four years. Virus free plants now introduced from virus 

infected rhubarb by apical tlp-culture can be forced after
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two years. During forcing, the plant is non-photosynthetic 

as growth takes place in the dark, so the production of 

petioles will depend on the amo’jnt of reserve carbohydrate 

stored in the root.

Prior to forcing ie. during cold storage at 4°C, most 

of the sugars accumulated as sucrose in the root tissue of 

rhubarb. When the plant was transfered to the forcing room 

at 11^0, a rapid decrease in sucrose occured in both virus 

free Victoria and Timperley Early. Parallel to this was an 

increase in starch level. The reducing sugars showed only 

a slight increase at the later stages of forcing. The decrease 

in sucrose could be attributed to; its conversion to starch, 

transportation to the growing region and hydrolysis to hexoses 

which are utilzed as energy source for local requirement of 

the tissue.

The conversion of sucrose to starch occurred in the 

early stages of forcing when no visual growth was observed 

in the buds. After the rapid decrease in sucrose during the 

initial stages of forcing, the sucrose level continued to 

decrease further with time of forcing and parallel to this 

was an increase in petioles length. The net result of 

forcing is the depletion of sucrose with the subsequent 

formation of petioles. These results are in agreement 

with those reported for Jerusalem artichoke (Jefford and 

Edelman, 1960), Chicory (Rutherford and Phillips, 1975)
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potato tubers (Edelman and Sin^, 1966) and tulip bulbs (Ho 

and Rees, 1975).

Examination of the total reducing sugars in the root 
tissue of virus free Timperley Early during forcing showed 
that glucose constituted about two thirds and fructose only 
one third of the total reducing sugars at the initial stages 
of forcing. At later stages of forcing, the total reducing 
sugars increased mainly due to an increase in the amount of 
fructose. The initially low level of fructose compared to 
that of glucose could be attributed to the preferential use 
of fructose to glucose as a source of energy. At later 
stages of forcing the ratio of the two sugars was almost 
a unity and this could be due to more hydrolysis of sucrose 
to give rise to the two sugars and the conversion of glucose 
to fructose.

The activity of the enzymes invertase and sucrose 
synthetase measured during forcing showed that invertase 
activity remained constant for at least the first four days 
of forcing and sucrosesynthetase activity was constant for 
the first eight days of forcing. During this period of 
forcing the reducing sugars did not accumulate to a significant 
level as a result of the rapid decrease in sucrose level, 
but the starch level increased. This sucrose-starch conversion 
could be brought about by the enzyme starch synthetase. Here 
the enzyme sucrosesynthetase could be catalysing the backward
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reaction ie. formation of UDPG from sucrose, a substrate 

for starch synthetase, for starch synthesis.

Examination of sugars and enzymes involved in the bud 
tissue during the early stages of forcing showed that the 
major decrease in the total soluble sugars was due mainly 
to the decrease in the reducing sugars. Though there was 
a slight decrease in sucrose, still there was a decrease in 
starch. The level of sucrose in the buds could be maintained 
by sucrose translocated from the root tissue. In the bud 
where no sucrose-starch conversion took place after seven 
days of forcing, a marked decrease in sucrosesynthetase 
activity was observed, while invertase showed a marked 
increase in activity. This high invertase activity in the 
bud tissue is to meet the high energy requirement of the 
tissue for the process of growth.

The process of sucrose-starch conversion in storage 
tissues by transfer from lower to higher temperature is wall 
known ie. desweetening of potato by transfer from 2°C to 10^0.

I%ny workers have postulated mechanisms by which sucrose 
could be converted into starch. The following mechanism 

suggested by Murata et al (1966) for conversion of sucrose 
into starch could be operating in rhubarb root tissue during 

the early stages of forcing;
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UDP UDP

Sucrose UDPG ADPG Starch

ADP
I

ADP

A possible mechanism for conversion of sucrose 
into starch during early stages of forcing.

During the early stages of forcing, the reducing siagars 
showed a marked decrease in level in the bud tissue. This 
decrease occurred in both glucose and fructose. Since the 
petiole length did not show any observable increase in length 
in the first seven days of forcing, the decrease in the 
reducing sugars could be due to increased respiration rate, 
due to change in temperature ie. from 4°C to 11°C.

The decrease in the reducing sugars continued later 

in the forcing during which the petioles length and wet weight 
also increased, but the major increase in the rate of growth 

occurred between 15 and 25 days of forcing when the decrease 
in the total reducing sugars was very low. After a certain 
time of forcing, no increase in petioles length or weight 
or decrease in sugars concentration could be observed with 

increasing time of forcing. From this it would be economical 

to harvest the petioles just before the final reduction in 
reducing sugars occur eg. after about 25 days for the cultivar
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virus free Timperley Early (Table 10 and Pig, 58)*

Most of sugars in forced petioles accumulate as 

reducing sugars. Though the reducing sugars level in the 
petiole is generally low, still petioles from virus free 
rhubarb have higher level of reducing sugars compared to 
those from virus infected rhubarb (Table 11).

The level of reducing sugars in field grown petioles 
is more than three times greater than that in forced petioles 
of the same cultivar and this is probably due to photosynthesis*

The decrease in reducing sugars in field grown petioles 
when stored at 12°C - approximately shelf temperature - 
proceeded for a longer time than the decrease observed for 
forced petioles treated similarly before coming to a constant 
level (Pig. 39), But still with prolonged storage at 12°C 
the field grown petioles have a higher sngar concentration 
than forced petioles. Regardless of sugars, forced petioles 
are more attractive in term of colour and texture.

The total carbohydrate content of rhubarb roots grown 
in the field were at their highest level in October - March,
In April, the total carbohydrates were at their lowest level 
and by June they increased again to the original level.
During winter, the insoluble sugars were broken down to 
soluble sugars mainly sucrose which was utilised to support
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the growth of the shoot in the spring when the temperature 
increased and the dormancy was broken during the winter. 
Onceformed, the shoot replenish the level of carbohydrate 

in form of insoluble sugars mainly starch stored in the 
root by the well known process of photosynthesis. The 
marked decrease in the dry matter during April was due to 

the consumption of the soluble sugars as an enery source 
for supporting growth. The reducing sugars were low and 

showed only slight increase during April, this speaks in 
favour of sucrose as a major sugar of transport from the 
root to the .growing region.
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Suggestions for further work

was reported to be effective in breaking the dormancy 
and could be substituted for all or part of the cold requirement 

of rhubarb. The effect of this hormone on carbohydrate changes 

and the enzymes involved is worth investigation especially 
with virus free rhubarb which require more cold, but still 
can give more yield than virus infected rhubarb.

In rhubarb, the effect of cold treatment in growth 
hormones has not been investigated. Low temperature could 
be responsible for destruction of growth inhibitors or an 
increase in growth promotors. So it is worth applying 
suitable techniques to extract and follow changes in the 
levels of growth hormones. GA5 might be playing the major 
role in controlling dormancy in rhubarb.

The mechanism of conversion of starch to sucrose and 
synthesis of starch from sucrose have attracted the attention 

of many carbohydrate biochemist. Rhubarb could provide an 

excellent plant material for a detailed study of such 
mechanism.
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Carbohydrate changes during cold storage of different cultivars 
of virus free and virus infected rhubarb

By p . p . RUTHERFORD and NAIEM A. ALI 

School of Biological Sciences, Bath University

SUMMARY
Carbohydrate changes were measured during the cold storage of rhubarb 
cultivars which have differing low temperature requirements for breaking their 
physiodormancy. During cold storage starch is broken down in both roots and 
crowns mainly to sucrose, prior to future growth. For these carbohydrate changes 
to occur there is about a one third increase in the cold requirement of virus free 
plants compared with virus infected ones. The carbohydrate changes occurring 
during cold storage correlated closely with the cold requirement necessary to 

, obtain the maximum yield in a complete growing season when rhubarb roots 
are forced, so offering a method for determining when roots could successfully 
be forced.

In common with other temperate zone deciduous herbaceous perennial plants rhubarb. 
Rheum rhaponticum L., has a definite cold requirement to satisfy its physiodormancy— 
defined as, that portion o f plant dormancy controlled entirely by the internal physiology 
o f the plant (Wiebe, 1966). It has been reported (Bjornseth, 1946; Fry, 1957; Loughton, 
1961a and b\ Wiebe, 1961), that rhubarb roots, when forced before their cold requirement 
is satisfied either do not grow, or produce less than their potential yield. The effective 
breaking of dormancy occurs between 44° and 28°F (7° and —2°C) (Wiebe, 1967). Low 
temperature as a dormancy-breaking agent has been shown to be cumulative below 49°F 
(Loughton, 1965). A cumulative cold degree-day system was suggested, where the product 
o f each day and each degree below 49°F was taken as a single cold unit. A centigrade 
degree-day scale was introduced with 10°C considered as the base line and any degree-day 
below this taken as a cold unit. By correlating the yield obtained from the forced roots 
with the number of cold units they received, it is possible to divide rhubarb into early, 
mid or late season cvs.

Commercial stocks of the main cvs o f rhubarb are widely infected with viruses 
(Tomlinson and Walkey, 1967), and by apical tip culture techniques virus free rhubarb has 
been produced from virus infected plants (Walkey, 1968). Virus free rhubarb has been 
found to give yields higher than that o f virus infected rhubarb on forcing (Walkey and 
Cooper, 1972).

During the cold storage of the roots and tubers of many plants polysaccharides are 
broken down to lower molecular weight oligosaccharides such as sucrose, fructose and 
glucose (Rutherford and Weston, 1968).
5a
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In virus infected rhubarb, cv Victoria, it has been shown that about three-quarters of  
the starch is broken down to sucrose during storage at low temperatures, and that the time 
taken for these changes to occur correlates closely with the cold requirement for the 
rhubarb to break its physiodormancy (Rutherford et a l ,  1972).

The purpose o f this work was to examine the carbohydrate changes which occurred 
during the cold storage of rhubarb roots from cvs which have different low temperature 
requirements. Comparisons have been made between the carbohydrate changes which 
occur in virus infected and virus free roots. In the cv Prince Albert, roots and crowns 
from both healthy and virus infected plants were examined and the carbohydrate changes 
compared.

EXPERIMENTAL
All the plant material was supplied by Stockbridge House Experimental Horticulture 

Station. The virus free plants were propagated under insect-proof glasshouse conditions 
where they were grown-on in small pots until large enough for planting out in the field. 
The virus infected plants were propagated in the traditional way by splitting two- or three- 
year-old outdoor grown rhubarb crowns into three or four planting ‘sets’ depending on 
crown size. Immediately after splitting, the sets were planted in the field.

The estimation of the cold requirement was measured from yield by withdrawing 
batches o f 25 roots after varying periods of cold storage. Each batch formed one plot 
and the plots were randomized in the forcing shed where a temperature o f 13°C was 
maintained. Soil was banked round the beds o f roots and a little soil was placed over the 
roots and watered between them in the usual manner. Pulling was carried out as the sticks 
reached the marketable stage and continued throughout the growing season. This enabled 
the maximum obtainable yield to be measured. Marketable yield (lb  per root), the total 
yield (lb per root) and the number of marketable sticks per root were recorded (Rutherford, 
et al., 1972).

In 1971 virus free and virus infected roots from the cv Prince Albert, and in 1972 
virus infected Prince Albert and Victoria, and virus free Timperley Early, Prince Albert 
and Victoria roots were lifted at the onset of dormancy. The virus infected plants were 
three years old, and the virus free ones two years old. On arrival at Bath University the 
roots were stored in moist peat in a thermostatically controlled cold room at 4± 1°C , 
receiving an average of six cold units per day.

During cold storage, eight samples, duplicates being taken from four plants o f virus 
free and virus infected crown tissue from Prince Albert, and root tissue from virus free 
and virus infected Prince Albert and Victoria and virus free Timperley Early, were extracted 
and hydrolyzed as described earlier (Rutherford et a i ,  1972). Reducing sugars in the extract 
and hydrolysates were determined colorimetrically by the cuprimetric method of Nelson 
(1944) as modified by Asatoor and King (1954). The dry matter content o f samples from 
all roots and crowns examined was determined after drying to a constant weight at 100°C. 
These measurements enabled the amounts of reducing sugars, total soluble and insoluble 
sugars to be determined throughout the cold storage work.

The carbohydrates present in roots from all the cvs and crowns are expressed as
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percentage o f the dry weight since the amount o f the dry matter varied by less than 10% 
during the whole period of storage.

The total soluble sugars were qualitatively and quantitatively separated by paper 
chromatography (Sunderwirth et a l ,  1964; Rutherford and Weston, 1968). The individual 
sugars were hydrolysed when necessary and all were estimated by the Nelson colorimetric 
method.

RESULTS
The maximum obtainable yield showed a small increase with a small number o f cold 

units, then increased sharply with increasing amounts o f cold to a maximum level and 
thereafter remained constant. Total yield, marketable yield or number of marketable 
sticks per root showed a similar pattern in response to cold treatment and this enabled 
an estimation to be made of the minimum cold required for obtaining maximum yield 
(Loughton, 1961a, 1965; Rutherford et a i ,  1972; Anon, 1972a).

The qualitative and quantitative separations of total soluble sugars by paper chroma
tography showed that of the total soluble sugars, sucrose was the major component, 
being 65 % at the beginning of cold storage and increasing to 90 % by the end. The remaining 
sugars were glucose and fructose, with glucose being present in the larger amounts.

' In the cv Prince Albert examined during 1971-72 about three quarters of the insoluble 
sugars present broke down to sucrose in both root and crown tissue (Figs. 1 and 2). The 
rate o f breakdown in the crown was very similar to that in the root. In both root and 
crown tissue there was some increase in the amounts of reducing sugars during the initial 
stages of dormancy but the amounts present were small and similar in both tissues. 
Since the changes which occurred in the root and crown are very similar and because of

40'
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500 250 500
Cold units

Fig. 1
Effects of cold storage on carbohydrate changes in virus free Prince Albert, 1971-72 

A — Root tissue; B-^rown tissue
A Reducing sugars; • Insoluble sugars; O Soluble noiwreducing sugars
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Fig. 2
Effects of cold storage on carbohydrate changes in virus infected Prince Albert 1971-72 

A — Root tissue; B— Crown tissue 
(Symbols as in Fig. 1)

the difficulties in selecting representative samples from the crown, root tissue was used 
in the 1972-73 work.

Figure 3 shows the effects o f cold storage on insoluble sugars (starch) and soluble 
non-reducing sugars (sucrose) in root tissue taken from virus free Timperley Early, Prince 
Albert and Victoria. Figure 4 shows the effects of cold storage on the same sugars in root

40 40

. O — " O • o■b 20

5002505002500
Cold u n i t s  CCold « a i t s  C

F ig. 3
Effects of cold storage on the insoluble and soluble non-reducing sugars in root tissue from virus free

rhubard cultivars, 1972-73 
A — Insoluble sugars; B— Soluble non-reducing sugars 
O Timperley Early; A  Prince Albert; #  Victoria
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Fig. 4
Effects of cold storage on the insoluble sugars and soluble non-reducing sugars in root tissue from virus

infected rhubarb cultivars, 1972-73 
A — Insoluble sugars; B— Soluble non-reducing sugars 

* O Prince Albert; # Victoria

tissue taken from virus infected Prince Albert and Victoria during 1972-73. Although 
free reducing sugars were also measured the amounts were low and little change occurred 
during storage.

DISCUSSION
During cold storage similar changes in carbohydrates occurred in virus free and 

virus infected Prince Albert in both the roots and crowns. During cold storage about three- 
quarters o f the starch was broken down to sucrose and thereafter slight changes occurred 
in virus free Timperley Early and Prince Albert and virus infected Prince Albert. In virus 
free and virus infected Victoria a similar change occurred but there was a tendency with 
prolonged storage for the starch level to increase while the sucrose level decreased. In 
agreement with practice cvs such as Timperley Early, in which the carbohydrate breakdown 
occurs relatively rapidly, can be forced early in the season, whilst Prince Albert requires 
longer periods of cold and Victoria longer still.

From Figures 3 and 4, showing the variation o f sugars present during cold storage 
of rhubarb, estimates of the minimum cold requirement for both sucrose and starch to 
reach their limiting values were obtained for 1972-73 and are shown in Table I. Also 
included in the Table is the minimum cold requirement for the maximum obtainable 
yield for a complete growing season (Anon, 19726). The cold requirements as estimated 
by carbohydrate changes and yield measurements are very similar. This similarity indicates 
that during cold storage the breakdown of starch to sucrose is necessary so as to obtain 
a high yield when the plants are forced.

From both the yield and carbohydrate data obtained in 1971-2 and 1972-3 for Prince 
Albert roots the cold requirements varied by about 10% from one season to the other.
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Table I
Cold requirement as estimated by yield] and sugar changes in virus infected and virus

free rhubarb

Cultivar
Cold unitsj virus infected Cold unitsf virus free

Yield Sugars Yield Sugars
Timperley Early 130 _ 170 165
Prince Albert 190 180 290 270
Victoria 320 300 360

t Yield data were obtained from Stockbridge House Experimental Horticulture Station 
X In°C

Table I shows that virus free rhubarb requires more cold (20-50%) than virus infected 
rhubarb. This increased cold requirement of virus free rhubarb means that it could n o t  
be forced so early in the season as virus infected rhubarb and would therefore be o f lower 
commercial value.

Experiments are being carried out on the effects of gibberellic acid treatment in 
reducing the amount o f cold required so that high yields could be obtained when forcing.

Under carefully controlled conditions virus free Victoria, Prince Albert and Timperley 
Early gave 60-90% greater yields than virus infected plants (Walkey and Cooper, 1972). 
Grown commercially, virus free Timperley Early and Prince Albert gave 20-40% greater 
yields than virus infected plants (Anon., 1972c). Although these results show variation 
which could be attributed to experimental conditions, nevertheless they show that virus 
free rhubarb can give higher yields than virus infected rhubarb.

Enzymes involved in starch breakdown and sucrose biosynthesis have been extracted 
from rhubarb roots and are now being examined.

The authors wish to thank the Stockbridge House Experimental Horticulture Station 
for supplying the plant material. N .A.A. thanks the Sudan Government for the scholarship.
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