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ABSTRACT
A STUDY OF EFFECTS OF SPROUT INHIBITORS ISOPROPYL
N-(3-CHLOROPHENYL) CARBAMATE AND MALEIC HYDRAZIDE

ON ATP AND PPi DEPENDENT PHOSPHOFRUCTOKINASES AND
SUGARS DURING STORAGE OF SELECTED POTATO CULTIVARS

By

Nirmal K. Sinha

This work was aimed at understanding possible effects of the sprout
inhibitor isopropyl (N-(3-Chlorophenyl)) carbamate (CIPC) and maleic
hydrazide (MH) on activities of ATP and pyrophosphate (PPi) Fructose-6-
phosphate phosphotransferases (ATP-PFK and PPi-PFK) since these may be
the key enzymes regulating entry of hexoses into the glycolytic
pathway. A loss or reduction in activities of these enzymes may lead to
accumulation of sugars in stored potatoes.

In the first phase of this study activity of PPi-PFK and ATP-PFK and
corresponding changes in sucrose, glucose and fructose were measured in
CIPC and MH treated Atlantic potatoes stored at 3.3 and 10°C with 90% RH
for six months. Storage at 3.3°C resulted in a high accumulation of
sugars compared to 10°C. However, the activities of enzymes were not
different, at either of the two temperatures or in sprout inhibitor
treated samples, suggesting little effect of CIPC, MH or temperature on
these enzymes. It is likely that the metabolic reactions governing
changes in sugars in stored potatoes are under fine enzymatic control
involving immediate changes in these enzymes’ activity. PPi-PFK was
more predominant in potatoes than ATP-PFK.

In the second phase of the study, control and CIPC treated samples

of Atlantic, Saginaw Gold and Onaway potatoes were analyzed for the



afore mentioned enzymes and glucose after storage at 3.3 and 10°C with
90% RH for five weeks. The activity of PPi-PFK was more predominant
than ATP-PFK in all varieties. A statistical analysis of the data
showed significant differences in PPi-PFK (p=0.001) and ATP-PFK
(p=0.008) activity among the varieties. The glucose content was not
significantly correlated with either PPi-PFK (p=0.051; r=-0.253) or,
ATP-PFK (p=1.00; r=-0.043). No significant effects of CIPC or the
storage temperatures were observed on activities of these enzymes.
However, the activity of PPi-PFK in Onaway (which accumulated more

glucose) was lower than in Atlantic and Saginaw Gold.



DEDICATED TO

My late Grandfather who was the most kind man I’ve known, my parents

for their love and support and my former Professor, Dr. Ted Hedrick for

his faith in me and his support in achieving my academic goals.

ii






ACKNOWLEDGEMENTS

I wish to express my deepest gratitude to Dr. Jerry N. Cash,
Chairman of the guidance committee and my major Professor, for his most
valuable contributions towards my research work, and for a graduate
research assistantship.

I’'m grateful to the members of my guidance committee, Drs., A.
Cameron, R. Chase, P. Markakis and M. Uebersax for their critical review
of the manuscript.

I’'m especially grateful to Dr. Chase and members of his group, Dr.
G. Silva and D. Kitchen for their help in obtaining potato samples form
Montcalm Research farm, with CIPC application and chip color
measurements.

I express my gratitude to Mrs. Stella Cash for her interest in my
studies and support to me and my family, my former advisor Dr. L.R.
Dugan, Jr. for his guidance in reaching some critical decisions, Mrs.
Ruby Hedrick for her concerns and support to my family and Mrs. Margaret
Conner for her assistance in preparing this manuscript.

I would also like to thank all the fellow graduate students in the
Food Science department especially, Touran Cheraghi, Charles Santerre,
Ahmad Shirazi, Andy Kornhurst, Annie Chai, Chong Lee and Merci Mafuleka
for their support in my work.

I’m indebted to my illustrious brothers, my sisters, my father-in-
law and all my relatives and friends for their love, concern and support

to me and my family. Credit for most of this work should go to my wife



Minoo and my children, Roomi and Nihal. They endured this journey with
joy. My daughter Roomi spent many hours typing this manuscript and my
son Nihal provided hope to me. My wife Minoo helped me on many weekends
with sugar analysis and enzyme extractions.

Finally, I'm grateful to God for a most loving family and for His

support in everything I am today.

iv



TABLE OF CONTENTS

Page

LIST OF TABLES. ...t tttiiiieitnrnnneeeeeennnsecesnnseencsnnecanns vii
LIST OF FIGURES. ...t vvuuniiieeennnneeeeennnnncoeonnnoeoannnnnans viii
LIST OF APPENDICES. .. vvuriiiiiiitiineneneronnnescennnneonnnnnnanns xii
INTRODUCTION. . ot ttit it iiiiieeeeeeoeanoeasenonneesesonncaosoannnns 1
LITERATURE REVIEW. ... ovuuriiiiiiiiiiiiereennnseseoanecannsansonannans 2
Potato as a Major FOOod Crop......ccviiiiiiinenenneneeanncencnnnns 2
Sugars in Potatoes.....ccviiiiiiiiiiiiieiiieecntetencercnccnnnann 2
Starch - Sugar Transformation in Potatoes...........oeueuenenen.. 3

A. Role of Temperature.......coveieeieineneenenennnnennnnnnns 3

B. Role of Amyloplast Membrane...........cciviiiieinan.... 13

C. RoTe of ENZymesS. ..covitiiriieninieeneeneeeneenoennnenenns 17

D. Role of Inorganic Ions........ccoviieiiiiiiiiiiinnnennnn. 24

Sprout Inhibition in Potatoes..........coiiiiiiiiiiiiiiinant, 26

A. Storage at Low Temperature.........cccieiiiiinnnnennnnns 26

B. Irradiation......ccciiiuiiiiiiiiiiiiiiiiiiiiininnnnnnnn 26

C. Chemical Sprout Inhibitors..............cciiiiiiiiatt. 26

0 - P 27

MH. i i i i i i i i ittt ttteneeenananasanans 32

LIST OF REFERENCES. .. oovttttiiieeeeeeeennnnneeeeennnnneeeennnnnnens 34



CHAPTER 1 - Influence of Isopropyl N-(3-Chlorophenyl)
Carbamate (CIPC) and Maleic Hydrazide (MH)
on ATP and PPi Dependent Phosphofructokinases
(PFK) and Sugars in Atlantic Potatoes Stored at

3.30 aNd 100C. ...ttt ettt ettt
ABSTRACT . ettt e et eeeeeeeeneeenneeenneseaneeeeaneesenneeeeanns

INTRODUCTION. . oot vveeiiiiiiniinnnnnnnnnnnnnnnsnnennnnnnannnnns
MATERIALS AND METHODS. ... iuiinrnnnnnnnnenennennennnnnonnnnnns
RESULTS AND DISCUSSION.....coiuiuuriiiiinnnneeeerinnnnnnnneeenns
CONCLUSIONS. .ottt ittt it iiieisenteneanennonennensnncnnnns
REFERENCES. . ittt iiiiiiiiiiiiiiitiiteteeeseenaseneneeaseanennns
CHAPTER 2 - Activities of PPi-PFK and ATP-PFK in Three
Selected Cultivars During a Short Storage
at 3.3 and 10%C.. ...l
ABSTRACT . . ittt ittt iiitieeneeneenesnennsneeneoneansnannans
INTRODUCTION. ¢ v ieii ittt it iieeeenennenscnseanocnnanncanas
MATERIALS AND METHODS. . ... itiiiiiii it iiitiiitineenennannnnns
RESULTS AND DISCUSSION. ... ..coirrniiiiiiiiiiiiiieneeennnnns
CONCLUSIONS.......cvvvvennnnn... B L L EERRRRRRPPY
REFERENCES. ..o oottt ittt ittt ittt ieieieeaeannans

vi



LIST OF TABLES

Page
CHAPTER 1
Table 1. Average sugar content and chip color of Atlantic
potatoes stored at 3.3 and 10°C for six months............ 74
CHAPTER 2
Table 1. Activity of PPi-PFK, ATP-PFK and glucose content
in three selected potato varieties....................... 108



Page

LITERATURE REVIEW. ... iiviiiitiiiiinitneroseenoesocnseoconansnnsnonns 2
Figure 1. Sucrose content in different potato varieties

during growth. ... .ottt i it ittt 4
Figure 2. A scheme for conversion of starch to sucrose

in potato tubers at low temperatures...................... 8
Figure 3. A scheme for the conversion of sugars to starch

In PotatoesS. ...ttt i i i i it i ettt e 9
Figure 4. Effect of storage at 4.4 and 10°C on reducing

sugars in potatoes....... ..ottt i i i 10
Figure 5. Sugar development in potatoes during storage at

11 o 11
Figure 6. Sugar content in potatoes stored at 5°C.................. 12
Figure 7. Respiration rates of Russet Burbank potatoes

at different storage temperatures........................ 14

LIST OF FIGURES

viii



Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

CHAPTER 1.

Figure 1.

Figure 2.

Figure 3.

Possible role of amyloplast membrane in cold

induced sugar formation..............ciiiiiiiiiiiiiintn, 16

Possible role of ATP-PFK and PPi-PFK in sugar

accumulation at low temperature..............ccvvviinnnn. 23

Composition of the sap expressed from the

tubers stored at 10 and 29C.......cvivreeenne e, 25

Respiration rate of CIPC treated tubers.................. 29

Mitochondrial changes in CIPC-treated,

stored tuberS. .. .cviiiiiiiiiiit i ittt et ittt 31

Sucrose content of Atlantic potatoes stored

ix



Figure 4. Sugar content of control & MH treated
tubers stored at 10%C........coiviiiiiiiiiiiiiiiiiaaaa, 78

Figure 5. Sugar content of CIPC treated tubers stored

Figure 6. Sugar content of CIPC + MH treated tubers

stored at 100C. ... ..o iiiiiiiiiiiireeeeeeeeeeeneeennnnnns 80

Figure 7. Activity of ATP-PFK in Atlantic potatoes................. 81

Figure 8. Activity of PPi-PFK in control & MH treated
Atlantic potatoes at 3.3%C.....ccviriiniiiniiiininnninn.. 82

Figure 9. Activity of PPi-PFK in CIPC treated tubers............... 93

Figure 10. Activity of PPi-PFK in CIPC + MH treated

LA ] 2T o 84
Figure 11. Residual analysis of CIPC........ccviiririiriiiennnnnnnn. 85
CHAPTER 2.
Figure 1. Glucose content in Atlantic potatoes.............c...... 109



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Glucose content in Saginaw Gold................cciunnn. 110

Glucose content in Onaway potatoes...................... 111

Activity of PPi-PFK

Activity of PPi-PFK

Activity of PPi-PFK

Activity of ATP-PFK

Activity of ATP-PFK

Activity of ATP-PFK

in Atlantic potatoes................ 112
in Saginaw Gold..................... 113
in Onaway potatoes.............coun. 114
in Atlantic potatoes................ 115
in Saginaw potatoes................. 116
in Onaway potatoes.................. 117

xi



CHAPTER 1

Appendix 1.

Appendix 2.

Appendix 3.

Appendix 4.

Appendix 5.

Appendix 6.

Appendix 7.

Appendix 8.

LIST OF APPENDICES

Page
Procedure for enzyme asSay........c.ceeveeeececcnceanans 86
Standard curve for protein..........cciiiiiiiiiiiiiii, 88
Standard curve for sucrose...........cveiiiieiiiinnnns 89
Standard curve for glucose..........covviieninnennnnnn. 90
Standard curve for fructose............cooiiiiiniinnn.. 91
Standard curve for chloroanaline....................... 92
Hydrolysis and distillation apparatus for
CIPC residual analysiS........cocviuiuienenenennnnnnnnns 93

Chromatogram of fructose, glucose and

sucrose in standard sugar solution..................... 94

xii



Appendix 9.

Appendix 10.

Appendix 11.

CHAPTER 2

Appendix 1.

Appendix 2.

Appendix 3.

Chromatogram of fructose, glucose and sucrose

in Atlantic potatoes stored at 3.3°C................... 95

Protein content in crude enzyme extracts

from potato tubers........ccoiiiiiiiiiiiiiiiiiii e, 96

Analysis of variance showing the effect of

treatment and time of storage at 3.3°C on

PPi-PFK and ATP-PFK activities and sugars

in Atlantic potatoes........cooviiiiiiiiiiiiiiiiiiie, 97

Analysis of variance showing effect of variety,
time and temperature on PPi-PFK activity in

POtatoes. ... i it i i i i it e e 118

Correlation between enzymes and glucose content

in potato varieties stored at 3.3%C................... 119

Analysis of variance describing effect of

variety, time and temperature on ATP-PFK.............. 120

xiii



INTRODUCTION

Most potatoes used by the processing industry are stored for several
months. Their suitability for processing into products depends on sugar
content and sprouting. Sprouting can be minimized by holding potatoes at
Tow temperatures but such temperatures also cause starch-sugar
interconversion and processing of potatoes into dark colored products as
a result of reaction between reducing sugars and amino acids in
potatoes.

Commercially, potatoes are stored up to 6-7 months at 10-12°C with
the aid of a sprout inhibitor isopropyl N-(3-chlorophenyl) carbamate
(CIPC). Another sprout inhibitor maleic hydrazide (MH) is applied as a
short term sprout control measure. While these two sprout inhibitors
influence many aspects of tuber metabolism and effectively inhibit
sprout growth, their effect on carbohydrate metabolism in stored
potatoes has not been fully investigated. The basic objective of this
work was to gain insight into mechanisms which might govern the effects
of these sprout inhibitors on glycolytic enzymes ATP and Pyrophosphate
(PPi) Fructose-6-phosphate phosphotransferases (ATP-PFK and PPi-PFK)
which regulate entry of hexoses into the glycolytic pathway.

A two phase study was conducted; 1) the influence of CIPC and MH on
ATP-PFK and PPi-PFK and sugars in Atlantic (a chipping cultivar)
potatoes stored at 3.3 and 10°C for six months, 2) the activity of these
two enzymes and glucose in Atlantic, Saginaw Gold and Onaway potatoes

stored at the afore mentioned temperatures for five weeks.



LITERATURE REVIEW

POTATO (Solanum tuberosum) AS A MAJOR FOOD CROP

The potato is one of the world’s major food crops and is widely used
as a staple food. Since potato tubers are almost 80% water and are
living organisms, they are affected by the surrounding temperature and
humidity and are susceptible to attack by a variety of pathogens.
Processed products utilize approximately 50% of the total U.S. potato
production and about 61% of the per capita potato consumption is in
processed form (Talburt, 1987).

Processing of potatoes requires special care during production and
storage. While moisture loss, sprouting, senescent sweetening and decay
of potatoes are associated with a high storage temperature, low
temperatures (which could prevent sprouting and extend the storage life
of potatoes) foster development of sucrose and reducing sugars - glucose
and fructose (Burton and Wilson, 1978). Potatoes with high reducing
sugars process into dark colored products (chips, french fries and
dehydrated products), because of the reaction between these sugars and
amino acids in the potato cells (Schwimmer et al., 1957; Shallenberger

et al., 1959; Wunsch and Schaller, 1972).

SUGARS IN POTATOES
Starch and sugars are maintained in equilibrium in potatoes during
different stages of growth. Sucrose is high in immature tubers and

decreases gradually while the starch increases as the tubers attain



physiological maturity (Iritani and Weller, 1977). Varieties differ in
their capacity to form sugars and within a given variety, sugar content
of tubers at the same stage of development may be different (Agle and
Woodbury, 1968; Morrell and ApRees, 1986). In selected potato cultivars
(Fig 1), sucrose was found to range from 4 - 11 mg/g in immature tubers
and 1 - 3.5 mg/g of fresh weight in mature tubers (Sowokinos and
Preston, 1988). Reducing sugars, which are relatively high in immature
tubers, decrease with maturity and should reach a minimum value by the
time of harvest (Ronsen and Frogner, 1968; Mazza et al., 1983; Weaver

and Timm, 1983).

STARCH - SUGAR TRANSFORMATION IN STORED POTATOES

Starch to sugar transformation in potatoes is a varietal
characteristic influenced by: 1) stress during growth (e.g moisture,
heat stress, nutrient imbalance etc.), which interupts normal tuber
development, 2) relative maturity at the harvest, and 3) storage
environment (Iritani and Weller, 1980). During storage, temperature,
enzyme systems, the amyloplast membrane surrounding the starch granules
and inorganic ions are believed to be important in starch - sugar

transformation. Their role is briefly discussed here.

A) Role of Temperature

Temperature is perhaps the most important factor in the post harvest
life of fresh fruits and vegetables. It effects biological reactions,
including respiration, which operate properly within a narrow range of
temperatures. Within this range, the Arrhenious plot (which represents

effect of temperature on enzymic/chemical reaction) is relevant (Kader,
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1987; Phan, 1987).

For most biological reactions the velocity of reaction (Qq) is
doubled when the temperature rises by 10°C. The Q;o concept can be
applied to respiration almost ideally. Respiration slows down at lower
temperatures and this is the basis for low temperature storage.

Many plant species when exposed to temperatures in the range of 0 to
129C fail to maintain normal physiological functions and exhibit visual
signs of metabolic disorder (discoloration, softening, etc.). This
effect of low temperature on chill sensitive plants is thought to be due
to changes in the physical properties of cellular membranes and in the
kinetics of membrane bound enzymes (Raison, 1974). In chill sensitive
plants at a particular temperature, a phase change (physical structure
of membrane changes from more fluid to a solid gel) occurs, leading to
increased permeability of the membranes, decreased activity of membrane
bound enzymes and accumulation of certain metabolites.

The membrane basically is a fluid entity in which the tertiary
structure of the protein is interdependent on the membrane lipids.
Exposure to low temperatures affects fluidity of the lipids and produces
a change in the protein conformation. Many membrane proteins are
enzymically active so conformational changes would affect the
conformation of active sties and alter the kinetics of reaction
catalyzed by the membrane bound enzymes (Raison, 1974).

In potato tubers which accumulated reducing sugars at low
temperatures, studies using spin-labeled 1ipid probes showed decreased
lipid fluidity, indicating physical change in membrane (Shekhar and
Iritani, 1979). Potato tubers, are not considered chill sensitive in

the classical sense because the membranes of mitochondria from potato



tubers exhibit no break in the slope of an Arrehenius plot over the
range 0 to 25°C (Raison et al., 1971). However, the metabolic
transformation of starch to sugar which occurs in potatoes does seem to
exhibit sensitivity to low temperatures.

In mature potato tubers stored at 0°C for 2 wks, starch was reported
to decrease from 67 to 61% (dry wt. basis), whereas sucrose increased
from 1.07 to 6.65%, glucose from 0.62 to 0.79% and fructose from 0.17 to
1.50% (Arreguin-Lozano and bonner, 1949). The decrease in starch
content in this study was almost proportional to increases in sugars.
Samotus and Schwimmer (1962a), found that during the post harvest
storage of immature and mature potato tubers at 0°C for 6 wks, fructose
accumulation was maximum in immature tubers, but mature tubers had twice
as much sucrose as fructose. Ewing et al., (1981), reported that the
two reducing sugars respond more or less in parallel manner to low
temperatures.

Isherwood (1973) followed the interconversion of starch to sugars
and changes in respiration in stored potatoes transferred from 10 to 2°C
and back to 10°C. In potatoes transferred from 10 to 2°C, the levels of
sucrose rose immediately whereas glucose and fructose did not begin to
rise until after two days and showed only a small change up to 8 days.
The respiration rate, which was below the initial value for the first 5-
8 days, rose to a maximum at 14 days before returning to the initial
value after 28 days. In tubers transferred from 2-10°C the sugars
declined steadily, while the respiration rate reached a maximum after 10
days and then slowly declined to a value slightly above the initial.

The results of this study suggested that during the formation of

sucrose at low temperature approximately 1 mol of ATP (as UTP) was



required to form 1 mol of sucrose (Fig 2). During conversion of sugars
to starch at 10°C, the sucrose is first hydrolyzed to hexoses which are
converted to starch (Fig 3). The calculated ratio of moles of ATP
needed per mol of anhydrohexoses formed was 2 in this conversion.

Thus, 3 mol of ATP was shown to be required for each cycle of
breakdown and synthesis of starch. These calculations were based on the
basal respiration rate of the tubers and the knowledge that a certain
proportion of respiration is coupled to phosphorylation. The fact that
the ATP equivalents were so close to prediction values suggests that
only a small amount of high energy phosphate compounds were expended in
the actual transport of intermediates across the membranes in the
cell. Isherwood (1973), concluded that the increased respiration which
accompanied chilling was related quantitively to the conversion of
starch to sucrose. He also showed that sucrose was produced before the
reducing sugars. However, in a later study, Isherwood (1976), compared
changes in hexose phosphates and other phosphate esters with sugar
changes during low temperature storage. The phosphate esters increased
within the first two days, but sucrose and reducing sugars did not
accumulate until more than 10 days of storage. A lag period of
approximately 7 days has been shown before sugars start to build up in
potatoes (Fig 4, 5 and 6), at low temperatures (Hyde and Morrison, 1964;
Workman et al., 1979; Coffin et al., 1987).

Respiration in potato tubers is also a variety characteristic.
Physiological maturity, sprout growth and injury or previous stress to
the tubers, influence respiration. Immature and injured tubers respire
much more intensively than mature sound tubers. The respiration rate of

several potato cultivars was reported to decrease as the storage



Figure 2. A scheme for the conversion of starch to sucrose in potato
tubers during low temperature storage.
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Figure 3. A scheme for the conversion of sugars to starch at high

temperature.
ATP
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[}
SUCROSE—
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temperature decreased from 20 to 0°C, but the respiratory change was
unrelated to increase in sugar content (Workman et al., 1979). Similar
results were obtained by Dwelle and Stallknecht (1978). The respiration

in stored tubers is reported to be minimum at about 7°C (Fig 7).

Maximum Limit of Sugars for Chipping Potatoes

Chipping potential of various cultivars at harvest and during
storage has been investigated (Sowokinos, 1978; Nelson and Sowokinos,
1983; Mazza et al., 1983; Santerre et al., 1986). Recently, Sowokinos
and Preston (1988), suggested monitoring chemical maturity of potatoes
to be processed into chips. The chemical maturity reached by the cv.
Norchip (a chipping potato) at 10°C in stress-free storage is reflected
by a sucrose level of less than or equal to 1.0 mg/g of tuber, and a
glucose level of less than or equal to 0.035% (or 0.35 mg/g tuber) on a
fresh wt. basis. Sowokinos and Preston (1988), suggested that
processing cultivars should experience a safe value close to that
observed for Norchip. Non-processing cultivars may have sucrose values
close to the limit indicated for sucrose but their glucose concentration
is normally several fold higher. These safe limits for sucrose and
glucose assume that potatoes are: 1) healthy and sprout free; 2) stored
at approximately 10°C to insure minimum sugar development and 3) the
varieties have genetic potential to éeach acceptable sugar levels at the

time of harvest and are able to maintain these levels in storage.
B) Role of Amyloplast Membrane

Permeability changes in the amyloplast membrane surrounding the

starch granules may have a role in starch breakdown and sugar synthesis

13
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in potato tubers at low temperatures. Ohad et al. (1971), followed the
changes in morphology of cells from developing and mature tubers stored
at 4 and 25°C. The electron micrographs showed disintegration of the
plastid (amyloplast) layer surrounding the starch at the lower
temperature. Isherwood (1976) and Hazel and Sterling (1978), reported
that the amyloplast membrane was intact in cold stored potatoes. In
senescent tubers however, this membrane showed signs of disintegration
and fragility.

Electron micrographs of translucent or glassy-end tubers having high
levels of free sugar also revealed that the amyloplast membrane was
intact and continuous around starch granules (Sowokinos et al., 1985).
Analysis of starch grains from tubers stored at 10 and 2°C have shown
that a large part of the K, Na, Cl, citrate and glucose -6-phosphate
were inside the amyloplast membrane but the sugar at 2°C storage was
outside, therefore, sweetening may involve transport of metabolites
through the membrane (Isherwood, 1976). Workman et al., (1976), also
reported increased membrane permeability in low temperature stored
potatoes. Although a membrane may appear intact, this does not preclude
alterations in its fine structure, composition and permeability. Van Es
and Hartmans (1987), suggested that in the amyloplast membrane starch is
hydrolyzed to glucose, which in turn, is partly converted to fructose.
Glucose and fructose are enzymatically coupled forming the disaccharide
sucrose which can be translocated and converted back into glucose and

fructose by the cold activated enzyme invertase (Fig 8).
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C) Role of Enzymes
Invertase (EC 3.2.1.26)

In potato tubers an invertase system consisting of the enzyme and an
endogenous invertase inhibitor has been reported (Schwimmer et al.,
1961; Pressey and Shaw, 1966). Freshly harvested mature tubers have
been shown to contain low levels of invertase and high levels of
invertase inhibitor (Pressey, 1969). In sprouting tubers however, the
invertase activity is reported to be about five times higher than in
unsprouted tubers (Schwimmer et al., 1961).

Evidence of invertase with two pH maxima (acid invertase optimum:
pH 3.8 to 5.5 and alkaline invertase having optimum pH: 7.0 to 8.5)
with separate roles in regulation of sucrose metabolism in growing
carrot roots has been provided (Ricardo and ApRees, 1979; Lyne and
ApRees, 1971). It was suggested that the acid invertase, possibly
lTocated at the tonoplast, directs sucrose to the cells in which the
demand for sucrose was high and alkaline invertase, located in the
cytoplasm, was active in the cells that stored starch. However, in
growing potato tubers neither of the invertases were detected in
sufficient activity to suggest their role in metabolizing sucrose
delivered to the developing tubers (Morrell and ApRees, 1986).

Tishel and Mazelis (1966), observed that at low temperature (2°C)
the increase in sucrose content matched the increase in invertase
activity, followed by an increase in reducing sugars. However at 10°C
no such increase in invertase activity of sugars was obtained.

Ewing and McAdoo (1971), showed that the invertase activity is under
regulation of an inhibitor which forms an undissociable complex with the

enzyme. Thus, when potatoes are held at low temperatures, the increased
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invertase activity brings about a reduction in inhibitor activity. At
high temperatures, high inhibitor and low invertase activities have been
reported (Pressey and Shaw, 1966; Anderson and Ewing, 1978). This
relationship between temperature, levels of sugars and the invertase
system holds only when the potatoes are stored continuously, either at
high, or low temperatures. Storage of potatoes at alternating
temperatures has shown relatively low sugar increases at 4°C and high
increases at 18°C (Pressey and Shaw, 1966). While temperature-induced
invertase activity may be responsible in part for accumulation of
reducing sugars in potatoes at low temperatures, other factors such as

utilization of hexoses cannot be ignored.

Sucrose Synth(et)ases (EC 2.4.1.13)
Sucrose synthase catalyzes a reversibile transglycosylation
reaction:

_—
Sucrose + UDP <: _______ UDP Glucose + D-fructose

This reaction is a major mechanism by which translocated sucrose can
be directly utilized to provide tissues with sugar nucleotide
intermediates, primarily UDP-glucose‘via which starch is synthesized in
the reserve tissues. Slabnic et al., (1968), reported the important
role of this enzyme in the formation of sugar nucleotides UDP-glucose
and ADP-glucose. In growing potato tubers, the activity of this enzyme
was shown to be well in excess of rates of sucrose breakdown but
decreased sharply after harvest (Pressey, 1970; Morrell and ApRees,

1986). However, no significant difference in activity of this enzyme
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was found in potatoes stored either at low or high temperatures
(Pressey, 1970; Sowokinos, 1973; Pollock and ApRees, 1975), indicating
that the enzyme has little to do with sugar accumulation at low
temperatures.

In contrast, the activity of sucrose phosphate synthetase (EC
2.4.1.14), which had much lower activity than sucrose synthase at the
time of harvest has been shown to match the accumulation of sugars at
low temperatures (Pressey, 1970; Pollock and ApRees, 1975). The
reaction catalyzed by this enzyme is irreversible so it is likely that

this enzyme has some role in sucrose formation in cold stored tubers.

Phosphorylase (EC 2.4.1.1)

Phosphorylase initiates degradation of glycogen in animal tissues,
but its role in plants is not very well established. Gerbrandy and
Verleur (1971), suggested that this enzyme is mainly concerned with
digestion of starch. In potato tubers, phosphorylase activity was shown
to be unrelated to sugar accumulation at low temperatures (Ioannou et
al., 1973; Chism and Hard, 1975; Kennedy and Isherwood, 1975).

In in vitro experiments, crystalline muscle phosphorylase was
reported to be only weakly inhibited by chlorogenic acid, but crude
potato phosphorylase was inhibited 5-6 times more by this compound while
sucrose and other sugars were shown to inhibit adsorption of
phosphorylase on starch. (DeFekete, 1966; Blank and Sondheimer,

1969). Although chlorogenic acid, polyphenoloxidase and phosphorylase
are present in potato tubers there is no evidence to suggest that this
system has a regulatory role in intact potatoes. Sowokinos (1976),

suggested that the non-photosynthetic starch biosynthesis in potato
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tubers may be associated with the activity of ADP-glucose
pyrophosphorylase.

Phosphofructokinase (PFK) (EC 2.7.1.11)

Since PFK catalyzes the conversion of fructose 6-phosphate to
fructose 1,6-bisphosphate in the first step unique to glycolysis, this
enzyme may regulate the entry of hexose phosphates into glycolysis
(Uyeda, 1979; ApRees, 1980; Turner and Turner, 1980). Possibly cold
lability of PFK in potatoes stored at low temperatures restricts
glycolysis and cause hexose phosphates to accumulate. The increased
availability of hexose phosphates may lead to an enhanced synthesis of
sucrose (Pollock and ApRees, 1975).

It has been reported that when potato tubers are transferred from 25
to 2°C, carbohydrate metabolism is not only reduced in rate but is also
redirected. A particularly marked aspect of this redirection is a
reduction in proportion of hexose 6-phosphates that enter the
respiratory pathway and a diversion of these compounds to sucrose. Such
a diversion is precisely what would be expected if the enzymes that
control glycolysis are sensitive to cold (Dixon and ApRees, 1980b).

In an in vitro study, Pollock and ApRees (1975) found that lowering
the temperature to that which leads to sweetening reduced the activity
of PFK more than some other enzymes of carbohydrate metabolism. Because
PFK is an oligomeric enzyme, lowering the temperature could weaken the
hydrophobic bond (which contributes to the stability of this enzyme at
ordinary temperature) in the oligomeric complex. This could lead to
dissociation and consequent loss of activity (Uyeda, 1979). This was

demonstrated in PFK extracted from rabbit muscle, chicken liver and
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Bacillus licheniformis where lowering the temperature caused
dissociation of enzyme into inactive sub units (Block and Frieden, 1974;
Kono and Uyeda, 1973; Marschke and Bernlohr, 1973). Spontaneous
dissociation and loss of activity of purified PFK extracted from potato
tubers has also been reported (Dixon et al., (1981). However, in in
vivo, the behavior of this enzyme may be affected by the cytoplasmic

solutes which could afford some protection from the effects of cold.

Pyrophosphate-dependent Phosphofructokinase (EC 2.7.1.90)

The inorganic pyryphosphate dependent phosphofructokinase (PPi-PFK)
uses PPi instead of ATP as a phosphoryl donor. This pyrophosphate:
fructose-phosphate phosphotransferase is Mg2+ dependent and catalyzes

the reversible reaction:

PPi + Fructose-6-P — Pi + Fructose-1, 6-P,

This enzyme has been found in some bacteria and in plants (0’Brien et
al., 1975; Carnal and Black, 1983; ApRees et al., 1985).

The root and stem homogenates of germinating corn seedlings have
been shown to have more PPi -PFK than ATP-PFK activity, whereas
expanding leaves have more of ATP-PFK (Smyth et al., 1985). The
activity of plant PPi-PFK is reported to be dependent on the presence of
fructose 2,6-diphosphate (Sabularse, and Anderson, 1981).

The role of allosterically regulated PPi-PFK from plants is not
clear, though the following suggest a glycolytic function (Carnal
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and Black, 1983; Schaftingen, 1987):

a) The activity of PPi-PFK predominates over that of ATP-PFK in
several plants which rely on glycolysis during the night for CO,
fixation.

b) Plant PPi-PFK is stimulated in the glycolytic rather than in the
gluconeogenic direction.

c) PPi has been detected in plants at concentrations of 5 to 40
nmols/g fresh weight. However, it is not known in which sub
cellular compartment this inorganic ion is located.

Storage tissues such as potatoes have been shown to contain 4 times

as much PPi-PFK activity as ATP-PFK (Scaftingen et al., 1982). A
molecular comparison of PPi-PFK and ATP-PFK from potato tubers showed
that the two enzymes are composed of distinctly unrelated polypeptides
and a direct conversion between the two is unlikely (Kruger and Hammond,
1988).

It is possible that PPi-PFK (or ATP-PFK) has a role in mediating the
entry of hexoses into the glycolytic pathway (Fig 9), and a loss of
enzymes may be responsible for accumulation of reducing sugars in the
tissues, since they are not converted via glycolysis. A study of these
two enzymes therefore, may provide some evidence of the pathway

controlling starch to sugar transformation at low temperatures.

Other Enzymes

Some other enzymes likely to have a role in carbohydrate metabolism
at low temperatures have also been studied. Arreguin-Lozano and Bonner
(1949), reported that amylase was not a factor in starch breakdown and

sugar formation at low temperatures. They also observed negligible
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differences in activities of phosphatases (which attack hexose
phosphates to yield corresponding hexoses) from tubers stored at 9 and
25°C.

No detectable effects on the activity of glucose-6-phosphate
dehydrogenase (which can shift glycolytic intermediates to pentose
pathway), glyceraldehyde phosphate dehydrogenase (which catalyzes
conversion of glyceraldehyde 3-phosphate to 1,3- diphosphoglycerate in
the glycolytic pathway) and aldolase (which catalyzes breakdown of
hexoses to trioses and would determine hexose concentration) was
observed in potatoes stored at either 2 or 10°C for 2 weeks (Pollock and
ApRees, 1975). Pyruvate kinase is suggested to play a role in
determining the level of intermediates of glycolytic and oxidative

pentose pathway and indirectly influence PFK (Dixon and ApRees, 1980b).

D) Role of Inorganic lons

Inorganic phosphorus is an activator of phosphorylase so an increase
in its concentration is believed to play a role in starch to sugar
conversion at low temperatures. This ion is also an inhibor of ADPG
pyrophosphorylase a key enzyme in starch synthesis (Sowokinos and
Preiss, 1982). Increased inorganic phosphorus content has been reported
in potato tubers and in their expressed sap (Fig 10) from ﬁotatoes
stored at low temperature (Samotus and Schwimmer, 1962b; Isherwood and
Kennedy, 1975; Shekhar and Iritani, 1978).

Disruption/modification of membranes may lead to leakage of
inorganic jons from the cytoplasm and activate enzymatic degradation of
starch. Calciumn, magnesium and potassium were found to have no

correlation with reducing sugar development but a highly significant
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positive correlation was obtained between inorganic Pi and reducing

sugar accumulation at low temperature (Shekhar and Iritani, 1978).

SPROUT INHBITION IN POTATOES

A major portion of potatoes used by the processing industry are
stored at 129C for several months. Potatoes held at these temperatures
often yield chips and other processed products of better texture, color
and flavor than those from lower storage temperature, however, these
tubers sprout rapidly.

Sprouting in potatoes is a normal physiological phenomenon following -
dormancy, and causes potatoes to soften, lose weight, nutrients and
processing quality. Sprouting can be prevented by:

A) Storage at low temperatures of about 3-4°C with high humidity
for 5-8 months after harvest. These temperatures however, cause
an accumulation of sugars in potatoes.

B) Irradiation can prevent sprouting of potato tubers through
prevention of cell division. Irradiation of food products
however, is still a safety concern. Also, irradiation of
potatoes is reported to cause a number of side effects such as
black spot, after cooking darking, storage rot etc. (Buitelar,
1987) .

C) Chemical Sprout Inhibitors

Among the chemical compounds, isopropyl N- (3- chlorphenyl)
carbamate (CIPC, chlorpropham) and maleic hydrazide are most widely
used. CIPC like other carbamate herbicides derive its basic structure

from carbamic acid (NHp, COOH), and has this molecule as a basic part of
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its structure (Ashton and Craft, 1981):

H O H
I
<;::::::::>—N -C-0-C - CH3
o |
CH3

[Structure of CIPC]

CIPC is synthesized commercially by the reaction of 3- chlorphenyl
isocynate with isopropyl alcohol, or 3- chloraniline with isopropyl
chlorformate. CIPC is very effective as a sprout inhibitor for stored
potatoes (Marth and Schultz, 1952; Heinze, et al., 1955). This compound
is applied as an aerosol by means of special equipment, which vaporizes
the 1iquid compound and distributes it through the potato storage bin’s
internal ventilation system. It can also be applied as an emulsion
formation on unsprouted tubers out of storage. The minimum
concentration of this compound in the peel layer of potatoes for
complete inhibition of sprouts is empirically estimated as 20 ppm
(Corsini et al., 1979). CIPC must reach all eyes (buds) to be effective
(Kim et al., 1972).

Moorland (1967), classified into three broad categories the
primarybiochemical responses induced by herbicides:

a) respiration and mitochondrial electron transport,

b) photosynthesis and Hill reaction,

¢) nucleic acid and protein synthesis.
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The effect of CIPC on respiration and potato constituents has been

discussed below to gain an understanding of its mechanism of action.

Respiration

Respiration can be considered to procede through tree steps: a)
glycolysis (conversion of sugars to pyruvic acid), b) tricarboxylic acid
cycle (metabolism of pyruvic acid to CO, through a series of organic
acids), and c) oxidative phosphorylation and transport (transfer of
electrons from organic acid to ATP). Glycolysis occurs in cytoplasm
whreas the TCA cycle, oxidative phosphorylation, and electron transport
take place in mitochondria.

Craft and Audia (1959), reported that the oxygen uptake in potato
tubers dipped in 0.5% suspension of CIPC was not significantly different
from untreated tubers. However, Boe et al., (1974), showed that when
CIPC was applied as a commercial formulation the respiration rate of
CIPC treated tubers was less than untreated tubers after about 80 days

in storage at 9°C (Fig 11).

Carbohydrates

Zaehringer et al., (1966), reported that CIPC treated potatoes
stored at 7.2°C for upto 12 months hqd no effect on sugar accumulation
and on chip color. Cash et al. (1988), also found little effect of CIPC
on glucose and on chip color of Atlantic potatoes stored at 11°C in a
commercial storage facility. However, in their study slight variation
in fructose and sucrose content was found. Post harvest application of
0.5% CIPC, as a dip was shown to reduce starch degradation when potato

tubers were kept in an evaporative cooling chamber but starch
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degradation was faster at refrigerated storage conditions (Khurana, et

al., 1985).

Proteins and Enzymes

While looking at the sprout inhibiting mechanism of CIPC its effect
on protein synthesis and on enzymes have been studied. Nowak (1977a and
1977b), reported that CIPC prevented changes in soluble protein fraction
in stored tubers. It also inhibited protein synthesis and ribonuclease
activity in the eyes of the tubers, but had no effect on this enzyme in
the parenchyma cell. Earlier, Vanwinkle (1975), had reported that CIPC
did not act through blocking of new messenger RNA. Chung (1985),
reported little effect of CIPC on ATP-PFK, PPi-PFK, mitochondrial
respiratory activity and reducing sugars during storge of Nooksack, a
non-chipping potato cultivar, at 20-30°C for 18 days. Ravamel and
Tissut (1984), reported that treatment of dormant tubers with 1%
chlorpropham powder inhibited cellular division in the buds for several
months but the mitochondria extracted from treated tubers were similar

to those of untreated tubers (Fig 12).

Phenolic and Ascorbic Acid

The phenolic content was found to be higher in CIPC treated tubers
than in controls and CIPC tréated tubers stored at 5°C were
significantly lower in ascorbic acid than the controls (Ponnampalam and

Mondy, 1986).

Glycoalkaloids

Glycoalkaloids, a potent cholinesterase inhibitor occur in potato
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tubers in various amounts depending on variety, stage of development,
and environmental conditions. Glycoalkaloids increase markedly during
tuber sprouting (Gull and Isenberg, 1960). An average glycoalkaloid
concentration of 2 to 10 mg/100g fresh wt. in potatoes has been
reported, and a concentration in excess of 20 mg/100g fresh wt.
constitutes a potential health risk (Wu and Salunkhe, 1977; Van Es and
Hartman, 1987). CIPC was reported to have an inhibitory effect on wound
induced glycoalkaloid formation in potato tubers. But, it had no effect
on existing glycoalkaloids and 1ight induced glycoalkaloid formation (Wu
and Salunkhe, 1977). However, Mondy and Ponnampalam (1985), reproted
that CIPC not only supressed sprouting but also reduced the rate of
glycoalkaloid synthesis and could be particularly advantageous in hot

climates.

Maleic Hydrazide (MH)

MH is defined chemically as 1,2-dihydro 3,6 pyridazinedione. It is
a stable, non-volatile powder which is sparingly soluble in water but
will react readily with basic compounds to form more soluble compounds.

The exact mechanism by which MH inhibits sprouting is not known,
however, it is believed that MH may act as an antiauxin, interferring
with the synthesis and activity of the plant hormones, indoleacetic acid
or giberellic acid. It is also shown to inhibit a number of enzymes,
e.g dehydrogenase, phosphatase and, phenolase.

When MH was applied to the foliage at the time of blossom
abscission, good sprout control on harvested tubers with no reduction in
yield was obtained (Sawyer and Dallyn, 1958). Application of MH was

also reported to yield better shaped, marketable potatoes (Weis, et al.
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1980) and to lower glycoalkaloid content (Mondy, et al., 1978). In MH
treated potatoes enzymatic darkening was found to be greater, and the
crude 1ipid and phospholipid content lower. The fatty acid composition
of the phospholipid fraction of MH-treated tubers showed a significant
increase in saturated fatty acids and a decrease in unsaturated fatty
acits. Since lipid content of the tuber is an important determinant of
cellular integrity, the altered 1ipid composition due to MH treatment
may be an important factor contributing to tubers increased

susceptibility to bruising and discoloration (Mueller & Mondy, 1977).
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