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SUMMARY

This thesis examines the problem of ﬁotato sprouting and its
control with chemical sprout suppressants, Emphasis is placed on
1) the analysis of tecnazene residues and their implications 2)
the effect of tecnazene on subsequent seed performance and 3) the
effects of sprout suppressant chemicals in gensral on glucose,
fructose and sucrose levels during storage,

The causes and extent of the problem of potato sprouting were
assessed, alternative methods of sprout control reviewed, and the
requirement for an adequate means of chemical sprout suppression
confirmed,

To highlight problems associated with sprout suppressants,
compounds which have been suggested but are not currently used
were reviewed, Major disadvantages were ineffectiveness,
inconvenient application methods, the occurrence of tuber
abnormalities, inhibition of wound healing, high phytotoxicity,
unsuitability for use on seed and high toxicity. |

In lighf of this information the currently used compounds,
maleic hydrazide, chlorpropham, propham and tecnazens were |
critically examined and problems for practical investigation
identified,

The use of maleic hydrazide was investigated experimentally
and it was found to be extremely difficult to apply in Scottish
climatic conditions., Its eéfectﬁon sﬁrouting and weight loss uwas
inadequate to permit long term storage, although observations
indicated that it may be of more value for medium term storagse.

1 is suggested,

Application in mid-Augqust at 1.5-2.5kg ha
A method for the analysis of tecnazene residues was developed.
It involves extraction with hexane, clean-up on alumina and gas
chromatography. Recovery was 91,6% = 2.8, The minimum detectable
amounts were 10ug kg_1 potatoes when using flame ionisation
detectors and 1ng kg-1 with electron capture detection.

Using this method, laboratory treated and commercial samples
were found to contain 2;8mg kt_;]-1 after washing in running water.

Peeling reduced residues by 85-95%, but tecnazene was. detectable
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geven in the centre of tubers. Washed, peeled and boiled tubers
contained 0.1-=-1.0mg kg-1.

Crisps made from treated potatoes contained 0.25-0,6mg kg-1.
During processing the frying oil was contaminated and subsequent
untreated batches contained small amounts of tecnazene,

The effect of storage conditions on tecnazene residue levels
was investigated and a statistical model constructed to describe
the process of tecnazene loss, Results indicate that allowing
air to circulate freely around tubers considerably accelerates
the loss of tecnazsne, especially at higher temperaturass.

Ventilation for 5-8 weeks at 12°C is required to produce residus

levels lower than 1mg kg-1.

Storage bins which had contained tecnazene treated material,
or were adjacent to such bins were heavily contaminatsd with
tecnazene after standing empty for 6 months,

In 1light of these findings the effect of tecnazene on flavour,
and the metabolism, toxicology and non-biological degradation of
tecnazene are discussead,

The influence of tecnazene on the subsequent field performance
of treated seed was studied over 4 growing seasons. Models werse
constructed to describe the effects of storags environment and
residues on emergence, yield and size distribution., Based on
these models and for an "average" cultivar, residues of 0.0, 0,25,
0.50, 0,75, 1.0 and 1,5mg Ia:t_:;“"‘I produced delays in emergence of 0,2,
4,6,8 and 13 days respectively. Subsequent reductions in total
.yield were 0,1,3,8,14 and 31%, and the increases in the seed-sized

fraction were 0,27,31,33,34 and 37% respectively., To minimise
these effects seed must be stored at 12°C for 5-8 wesks before
planting, Sprout growth under these conditions is unmanageable
unless illumination is employed. It is suggested that the effects
of tecnazene on size distribution could bs exploited by seed
producers and the canning industry, It is recommended that
regardless of use tecnazene treated seed should aluays be pre-
sprouted,

Gas chromatographic analysis of soluble sugars in potatoss
was investigated in some depth and existing methods modified. The
resultant method was used to examine effects of tecnazene, chlor-

propham and a new sprout suppressant, dimethylnaphthalene, on
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glucose, fructose and sucrose levels in tubers during storage at
10°C. All 3 chemicals prevented the accumulation of excessive
amounts of the 3 sugars during 6 months storage. The magnitude of
this effect is likely to be of significance to the processing
industry,



- \/ o=

CONTENTS
Page No,
ACKNOWLEDGEMENTS i
SUMMARY ~ ii
CONTENTS v
CHAPTER 1: INTRODUCTION, 1
1« The potato crop and its utilisation, 1
2. Trends in potato storage. 2
3, Thesis objective. 3
CHAPTER 2: POTATO SPROUTING. 5
2.1« Introduction, <)
2.2. Concepts of dormancy, 6
263 The Mechanism of dormancy. 7
2,4, Factors which influence dormancy and
sprouting.
2.5, Losses dus to sprouting. 14
CHAPTER 3: THE CONTROL OF SPROUTING. 19
3.1« The environmental control of sprouting. 19
3¢2. The control of sprouting by irradiation. 30
Jo3s Chemical control of sprouting. 34
CHAPTER 4: TECNAZENE RESIDUES AND THEIR IMPLICATIONS. 99
4,1. Introduction. 99
4,2. Development of an analytical technique for
tecnazene residues. 100
4.3. Residues in laboratory treated and
commercial samples, n3s
4,4, Distribution of tecnazene within the tuber. 140
4.5, Analysis of fried products, 143
4,6, Tecnazene residues in cooked samples. 148
4.7, Analysis of formulations. 153
4,8, The influence of storage conditions on
tecnazene residuss, 159
4,9. Tecnazene in potato stores. 189

4,10, Implications of tecnazene residues on
flavour. | 192



Page NOl
4,11, The toxicology of tecnazene. 193
4,12, The metabolism of tecnazene. 196
4,13, Impurities in tecnazene., 203

4,14, Non=biological degradation of tecnazene. 204

CHAPTER S5: THE EFFECT OF TECNAZENE ON THE SUBSEQUENT 206.
PERFORMANCE OF TREATED SEED POTATOES.
5.1 Introduction, 206
52. Preliminary experiments (1972=73). 210

53¢ AN investigation into the sffect of

tecnazene on seed performance during
the 1974-75 season, 239

5.4, The performance of tecnazene treated seed
after chitting (1975-76). 294
5.5, The performance of tecnazene treated ssed
potatoes after various chitting periods
(1976=77). o 303
5.6, Summary of the effects of tecnazene on sead

potatoes and their subsequent performance. 329

CHAPTER 63 THE EFFECT OF SPROUT SUPPRESSANT CHEMICALS ON THE 333
SUGAR CONTENT OF POTATO TUBERS.

6.1. Introduction and literature survey. 333
662 A preliminary investigation into the effect
of tecnazene on sugar content., 341
6.3. An investigation into the effects of various
sprout suppressant treatments on sugar

content during a storags seasan. 350

REFERENCES 377



CHAPTER 1

- INTRODUCTION

1«1 THE POTATO CROP AND ITS UTILISATION

Potatoes have long been regarded as a stapls item in the British
diet, and despite fluctuations in price and supply there is a
consistent demand in Britain for over 5 million tonnes per annum,
The potato is therefore an extremely important crop to British
agriculture, and in 1977 British farmers grew approximately 200,000ha
of potatoes of which 35,000ha were in Scotland (Anon, 1977).
Underlying these figures are certain trends which are relevant to
this thesis,

Over the yesars the number of farmers who grow potatoss has
gradually declined, 1In 1962 thers were 70,000 producers registered
with the Potato Marketing Board, but 10 years later, this figure
had dropped to 40,000, The quantity of potatoes produced, however,
has.remained remarkably constant. There is, therefore, a trend in
the industry towards increased specialisation and larger production
units (Rennie, 1973),

‘The decline in the number of producers has been accompanied by
a slowly falling acreage and very much improved yields. The average
yields in 1955, 1965, 1971 and 1977 were 17, 24, 27 and 30tha '
respectively (Rennis, 19733 Anon, 1977).

There have -also been dramatic changes in the utilisation of the
potato crop, especially during the last decade. 1In 1966 the fresh
market accounted for some 93% of ware production, but by 1976 this
figure had declined to approximately 80%. This substantial

reduction is due to the increasing consumption of the: rapidly



expanding processing industry and is a trend which shows every
indication of continuing.

Of that portion of the 1974 crop which was processed (more
recent fiqures show someswhat anomolous trends due to climatic
factors), 44% was used for crisp manufacture, 36% for chips, 16%
for dehydrated products and about 4% for canning (Anon, 1975). The

growth in frozen chip production has been particularly rapid.
The seed potato industry is of great importance to Scotland,

Of the 35,000ha of potatoes which are currently grown in Scotland,
approximately 20,000ha or 60% are groun for seed., As with the
British ware situation, the acreage grown in Scotland for seed has
changed substantially in recent years. 1In 1955 there wers 32,000ha
grown for sesd, By 1964 this figure had increased to 35,000ha but
then dropped sharply until in 1971 it reached 20,000ha where it has
apparently stabilised (Arbuckle, 19733 Anon, 1977).

0f the current acreage about 4 is grown by about 100 merchant-

growers and the remainder by about 3,500 individual producers,

:many of whom rent land on neighbouring farms in order to create

economically viable units (Arbuckle, 1973), Based on thess figures

the average individual producer grows only 4ha,

1.2, TRENDS IN POTATO STORAGE

The past 25 ysars has seen substantial changes in the techniques

Eﬁlzrn“ potato storage. Outdoor clamp storage has almost disappeared

‘and the vast majority of potatoes are now stored in buildings many
"of which have been specially designed for this purpose. Bulk
Wstorage is by far the most popular technique, although bin and box

13t°r399 are now becoming more common, In Scotland storage of seed

“in 0.5 or 1.0tonne boxes is now widespread espscially amongst the

'marchant-growers, as numerous cultivars can be conveniently handled
min the same store by this method.

" The reasons for adopting a particular storage technique are

dbomplax and include not only the quality of the end-product of
”étorage with which the bulk of this thesis is concerned, but the

ﬁoften over-riding considerations of economics, ease of handling

and euan current fashion.

’!c“:r#



The changing pattern of utilisation has also led to
modifications in storage systems to meet the requirements of the
processing industry. The sconomics of processing are such that
processing plants must be kept running throughout the year,
Because of this requirement for continuity of supply and the fact
that it is not economically (and on occasions.oot technically)

feasible to use first earlies for processing, maincrop potatoes
must be stored from harvest until the following July when it usually
becomes possible to purchase the new year's crop.

Sprouting as will be seen in later Chapters, has always bsesen a
problem during the storage of potatoes, With the advent of well=-
insulated potato stores, coupled with the demands of the fresh .
market for high quality potatoes late in the storage season, and
the quality criteria and extended periods of storage associated

with the processing industry, some form of sprout suppression is

essential,

Seed, of course, is almost always stored until early Spring and
the problem of unwanted sprout growth has always existed. Again,

however, the problem may be magnified by the higher storagse
temperatures occasionally necessitated by other considerations,

1¢3¢ THESIS OBJECTIVE

In light of the trends in utilisation and storage which have
been outlined above it is obvious that the prevention of sprouting
during storage is assuming increasing importance and growers,
merchants and processors are turning to chemicals to solve this
problem, The implications of this trend demand closer scutiny.

It is, therefore, the main objective of this project to sxamine
the benefits and problems associated with the use of these sprout
suppressant chemicals, Their use on both seed and ware will bes
considered in terms of their efficiency, safety and their effects
on quality. Becauss of ths importance of sead potato production to
Scottish agriculture, particular emphasis will be placed on tecnazene
which is widely used as a sprout suppressant on crops, at least part

of which is destined for use as seed,
As a first step towards achieving this objective the information

available in the literature on several aspects of potato sprouting



and its control was revieswed as follous,

1) The factors which influence the sprouting of tubers and the
resultant losses were examined to assess the causes of the problem
and its magnitudes,

2) Methods of sprout control, including environmsntal control,

were reviswed to determine whether in.fact the use of chemicals is

necessary.
3) In order to highlight the problems which can arise from the

use of chemical sprout suppressants, various compounds which have
been suggested but were nsver, or are no longer, used commercially
were examined,

4) 1In the light of this information a survey was then made of the
available information on the currently used compounds, Arsas

giving cause for concern and which required practical investigation
were then identified,

These surveys constitute Chapters 2 and 3 of this thesis,

As a result of these investigations and after consultation with
various individuals closely associated with the potato industry
experiments were undertaken to provide information on the following
topics.

1) The use of maleic hydrazide, .a chemical which is widely used
in the U,S.A., under Scottish conditions,

2) The levels of residues resulting from the use of tecnazene.

3) The effect of cooking and processing on tecnazene residues.

4) The effect of storage conditions on tecnazene residues.

5) The effect of tecnazsne on the performance of seed potatoes in
terms of emergence, yield and size distribution,

6) The effect of tecnazens and other sprout suppressants on the

soluble sugar content of tubers,

These practical investigations are described in Chapters 4,5 and 6
with the exception of the maleic hydrazide experiment which has more
conveniently been placed in Chaptsr 3,



CHAPTER 2

POTATO SPROUTING

21 INTRODUCTION

It is the aim of this Chapter to examine the various factors
which influence the sprouting of potato tubers during storage and
to assess the commercial significance of the resultant losses.

As some excellent review articles are available on certain
aspects of potato sprouting these will be cited where apprnpriéta
thus allowing more expansive discussion of areas where no such
material is available, The apparent balance of this treatment may
therefore diverge from the relative importance of the various topics,
However, in the interests of brevity this approach is considered

JUStifiEdo
The degree of sprouting shown by a given sample of tubers at a

given point in time is controlled by 1) the time at which
éﬁrouting commenced and 2) the rate of subsequent sprout growth,
both of which are dependent on genetic and environmental influences.
The former also involves the complex concept of dormancy which is
briefly discussed below,

It should bs noted that in the light of the evidence
described this differentiation between the dormant period and the
Srowth period is somewhat artificial, although apparently certain

factors may affect one but not the other,



22 CONCEPTS OF DORMANCY

There has been considerable discussion in the literature as to

the precise definition of tuber dormancy., As pointed out by
Rappaport and Wolf (1969) such disagreement is understandable
because it is difficult to characterise either induction or

termination in arrested growth in unextended stems by a distinct

morphological change such as occurs during conversion from a .

vegetative to a reproductive form as in the case of true seeds,
One view advocated by Burton (1963) is that the dormant period

is that time when the buds ars not growing for whatever reason,

His concept considers the tuber as being in a state of constant
change with the environment intimately affecting internal processes,

Burton suggests that the most logical starting point for the dormant
period is the cessation of stolon elongation and the commencement
of tuber formation. The dormant period is terminated by the
commencement of extension growth of the sprout.

Emilsson (1949), however, distinguishes betwesn “rest" and
"dormant® periods, the rest being a specialised form of dormancy in
which buds fail to elongate even under environmental conditions
suitable for growth, The rest period is sometimes known as internal
dormancy. The dormant period according to Emilsson is that time
when buds fail to qrow because environmental conditions,

particularly temperature, are unfavourable. This form of dormancy

is knowun as external dormancy,
The terminology of Emilsson. has been adopted by many authors

probably because its differentiation between internal and external
factors makes it more convenienti:to use,

- Davidson (1958) has expressed the view that the potato tuber
has no rest period and that the appearance of a sprout is not an
indication that dormancy has been broksn but merely the first
viqibl; indicatioﬁ of growth which has been progressing for some
#iae and can be examined microscopically,

“ whflst there is no disagreement about Davidson's experimental

f;ﬁdings it is nevertheless convenient to have some term to cover

that period when no external growth is apparent, and a term such as

wtuber duiésence“ or "apparent dormancy" might be preferabls to

-hl-..:. __-ﬁr ﬂ-\‘r ™
1‘:,..' ¢ -‘L'r..'



distinguish this state from true dormancy such as is found in seeds.
Of the accepted terminologies, Burton's concept of tuber
dormancy appears to be more realistic than the rather artificial -
"rest" period of Emilsson, and is substantiated by a considerable
amount of experimental evidence which has been reviewed at length
by Burton himself (Burton, 1957; 19633 1966).
In much of the published work the dormant period has been

measured from the date of harvest which as Burton (1957) indicates |
is a purely arbitrary date if this occurs after the death of the
haulm, and suggests that the time of tuber initiation is a much
more satisfactory starting point, since, in many instances the

dormant period may be over before harvest,

A further advantage of adopting tuber initiation as a starting
point can be found in the results of Emilsson (1949) and Burton
(1963) both of whom found that tubers harvested when immature had a
longer rest period than those harvested in more mature condition.
They also found that if plants were defoliated on different dates
and tubers left in the ground and therefore under similar
environmental conditions until a harvest date common to all
treatments, then irrespective of the date of defoliation all samples
started to sprout at approximately the same time, At the very least
this indicates that the dormant period is substantially determined
at a very sarly stagse in the development of the tuber, although, of

course it is then subject to modification by numerous

environmental factors which will be discussed later.
For the purposes of the present discussidn, therefore, the

| gafminology of Burton will be adopted.

2.3 . THE MECHANISM OF DORMANCY

- :Over the years dormancy has been studied in relation to
numerous factors in an attempt to find a satisfactory explanation of
the phenomenon and to account for its onset and termination.

However before discussing thess points it is perhaps worth noting

the;warning given by Burton (1966).

Ay

""  "Ye must not expect to find some one substance, variation in the

concentration of which will lead to dormancy or growth. Rather we



should expect to find a complex balance of reactions, each of them
subject to promotion or inhibition, the culmination of which 1is
growth, The inhibition of any one of these reactions could lead to

dormancy soce

1) The supply of soluble carbohydrates

The earliest attempt to explain potato dormancy was by Muller=-
Thurgau (1882) who suggested that dormancy resulted from a deficiency
of soluble carbohydrates, This has been discounted by Burton (1957)

on the basis that levels of sugars in potatoes during dormanc§ are
at variance with this theory (Appleman and Millar, 1926).

2) Oxygen, carbon dioxide and respiration

.Various theories on the role of oxygen, carbon dioxide and
respiration in controlling dormancy have been proposed., For sxample
Thornton (1939) suggested that the dormant period was terminated by
restriction of the oxygen supply due to progressive suberisation of
the periderm in the ageing tuber. The concentration of C02 and
various terminal oxidase systems have also been considered in
possible controlling mechanisms (Burton, 1952a; 1958c; Mapson and
Burton, 1962). All of these possibilities have however been
discussed at length slsswhere (Burton, 19503 1957; 1963; 19663

Bruinsma, 19623 Emilsson and Lindblom, 1953)and have been discounted.

'3) Glutathione

Compounds containing sulphydryl grdUps have been implicated in
cell division for many years (Hammett, 1929). Miller (1931)
suggaested that the amounts of such compounds, particularly
gldtathiﬁne, might be a controlling influence in the onset and
termination of dormancy., Emilsson (1949) noted that the concentration
of:glutathione rises during the dormant period and reviswed the
existing evidence on the role of glutathione in sprouting. More
recent findings indicate that much more work is required before
definite conclusions can be drawn (Emilsson and Lindblom, 1963;
Ashford and Levitt, 1965; Burton, 1968¢, The role of glutathione
will be further discussed in Chapter 4 in relation to the metabolism



4) Volatiles

It has been shouwn by Burton (1952b; 1952c) and others that
potato tubers produce volatile metabolites which if allowed to
accumulate will prevent sprouting., Many of these compounds have
since been identified but their role in controlling dormancy
remains unexplained (Burton, 1968¢ Burton and Meigh, 19713 Meigh
et al, 1973). | ' “

5) Growth requlants
The role of growth regulants in controlling plant development

has been extensively investigated and numerous texts and review
articles on this subject are now available (eg. Shantz, 1966; Wain,
19683 Wilkins, 1969), The role of these compounds in controlling
dormancy has also been reviewed (Wareing and Saunders, 1971), and -
of particular relevance to the present discussion is a revisw on
dormancy in tubers by Rappaport and Wolf (1969)., Comprehensive
‘reviews of the chemistry and biochemistry of auxins (Ray, 1974),
gibberellins (MacMillan, 1974), cytokinins (Helgeson, 1968 :; |
skoog and Armstrong, 19703 Leonard, 1974), abscisic acid (Cornforth
et al, 19654 Milborrow, 1974a; 1974b) and ethylene (Yang, 1974)
Héua been published,

~ As this subject is so well documented it is considered that no
usefql purpose would be served by presenting a detailed discussion
in this thesis, Suffice to say that of all the growth regulants,

gibbarallins and abscisic acid are considered at present to be more
deeply implicated in the dormancy of potato tubers and its |
termination, Indolyl acetic acid is considered to play an

important role in controlling apical dominancs.,

(4T
¥

24, FACTORS WHICH INFLUENCE DORMANCY AND SPROUTING

1) 'Cultivar

The duration of dormancy, for a given cultivar, may vary from
iyéar to year, Nevertheless it has been observed in experiments on
numerous cultivars that consistent responses are produced over

‘saveral geﬁarations indicating that whilst many factors may interact
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to influence dormancy there is undoubtedly a considerable genstic
influence (Emilsson, 1949; Burton, 1957). Once a tuber has
commenced sprouting the subsequent rate of sprout growth is also
cultivar dependent (Burton, 1957).

In view of the commonly held belief that early cultivars are

more prone to sprouting it is of interest to note that Emilsson

(1949) found no correlation between maturity class and the length
of the dormant period.. Burton (1966) points out, however, that once

dormancy has broken the subsequent rate of sprout growth in early

cultivars 1s often greater..

In the experiments of Burton (1963) with 11 British cultivars
stored at 10°C the average dormant period ranged from 11 weeks
(cultivar King Edward) to 25 weeks (cultivar Ulster Prince) after
tuber initiation, which for most cultivars was around the beginning
of June, In practice this implies that most British cultivars

stored at 10°C have broken dormancy by 1 January and many long before

this time,

2) Pre-~harvest factors

- As mentioned above the dormant period for a particular cultivar
will vary from season to season., Generally cold wet seasons result
in a longer dormant period than do warm dry ones which tend to
encourage premature senescence and hence affect the physiological
age of the tuber (Burton, 1963).

Similarly other factors such as the origin of the seed from
which the crop has been grown have been shown to have effects which
can probably be accounted for by physiological age (Emilsson, 1949;
Burton, 1963),

The influences of maturity and defoliation were discussed

previously and require no further expansion.

3) Temperature

The most important post-harvest factor which influences dormancy
and sprouting is the storage temperature and its effects have been

well investigated (Barker,1937; Schippers, 1956),
It has been shown that although different cultivars rqqund to

varying degrees to the influence of temperature the general nature

of the response is common to all.
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When tubers are stored at uniform temperatures then the dormant
period is in genseral shortened by higher temperatures in the range
4 -21°C (Wright and Peacock; 1934),

The more extensive work of Schippers (1956), in which he
investigated 40 cultivars stored at various temperatures, has shouwn
that on average increasing the temperature from 10%¢ to 20°C

shortened the post-harvest dormant period by approximately 20%,
whilst lowering the temperature from 10°¢c to Socdincreased the post-

harvest dormant period by about 70%. Lowering the temperature by a.
further 2°C to 3°C almost doubled the figure.

As far as sprout growth is concerned it has been shown that

growth is very slow below 5°C to such an extent that in some cultivars
it méy gqo unnoticed, Over the range 5°C to 15°C each increment of

1°c in storage temperature produces a grsater increase in the rate

of sprout growth, Above 15°C each increment has a diminishing effect
although still significant up to the optimum temperature for sprout
orowth which is 25°C (Barker, 1937; Burton, 1957).

It should be noted however that the rate of sprout growth even
under constant temperature storage is influenced by previous storage
history. Generally a psriod of storage at cold temperatures
(below 7°C) will result in an increased rate of sprout growth, when
transferred to favourable conditions for sprouting, as compared with
that produced under similar favourable conditions but with no colad

treatment,

It has also been found that if tubers are stored at a temperature
at which little or no growth occurs, and samples are transferred at
intervals to more favourable conditions then the rate of sprout
growth of successive samples will increase to a maximum then
decrease (Schippers, 1956; Krijthe, 1962) This has been interpreted
as indicating that there exists in the tuber a potential for grouwth
or sprouting capacity which varies with time.

When tubers are stored from harvest under favourable conditions

for sprout growth and samples manually desprouted at intervals then
a similar optimum sprouting capacity is observed in the rate of re-

growth. In this case, howsver, the reduction in growth potential,.
late in the season, is partly due to loss of vigour caused by tubser
exhaustion because of the large proportion of the tubers resources

lost during the initial sprouting process (Krijthe, 1962).



- 12 -

At high storage temperatures the period of maximal sprouting
capacity of some cultivars may have passed to such an extent that
emergence in the field may be adversely affected (Burton, 1963).

The effects of temberature will be further discussed in Chapter J
where the possibilities of controlling sprouting, by modifications

to the storage environment, are considered,

4) Light

It is a common observation that potato sprouts grown in the
light are much shorter and stronger than those produced under normal
dark storage conditions. Wassink et al, (1950) showed that this
inhibition could be induced by exposure to blue, violet, red and
infra-red wavelenghs, The effects of yellow and green light are
less dramatic., UWassink et al (1950) and Dinkel (1963) found that
illumination of mature tubers retards the break of dormancy (see also
Davidson, 1958). Light is, of course, widely used commercially
during pre-sprouting of seed to produce sprouts which will withstand

mechanical damage during planting.

5) Humidity

It has been reported that storage at high humidities will

shorten the dormant period (Thornton, 19393 Emilsson, 1949),
Davidson (1958) on the other hand found that humidity had very little
effect on dormancy. Burton (1973) suggests that some of the earlier
findings on this subject were not due to humidity at all. Hs
suggests that the 100% R.H. conditions used in these earl§
experiments were such that they produced a film of moisture on the
tuber surface which would reduce the oxygen content of tubers. This
as will be explained below would have an effect on dormancy (Burton,
1968a; Burton and Wigginton, 1970).

~ More recent results indicate that tubers stored for long periods
show marginally lowsr sprouting at 95% R.H. than at 85% R.H. (Sparks,
1973b).,
- Once sprout growth has commenced humidity appears to affect the
form it takes in that adventitous roots may bes formed under very
humid conditions whereas branching may be increased under drier
;épﬁitions (Burton, 1966).,
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6) Oxygen

The level of axygen in the storage atmosphere has a pronounced
effect on both dormancy and sprout grouwth,

The dormant period may be shortened by storage in atmospheres
with a modified oxygen content. The concentration at which the
greatest number of buds commence growth at 10 - 20°C is about 2 -~ 4%
early in the storage season but rises to 14 - 23% by early summer
(Burton, 19689,

Similarly the optimal oxygen concentration for sprout growth
varies from 4 = 5% to 17 - 20% throughout the storage season., Low
concentrations of oxygen which earlier in the season will stimulate
growth will in fact inhibit growth later in the season (Thornton,

1939; Burton, 1958c; Burton, 19689,

7) Carbon dioxide

Although carbon dioxide has no apparent effect on dormancy

(Burton, 1963) it does have a considerable effect on sprout grouwth,
which is stimulated by increasing the 002 in the atmosphere to an
optimal value of 2 - 4%, Above this point sprouting is normally
retarded (Burton, 1958c),

Temporary storage at very high.ﬁCU2 levels (10 - 60%) for a faw

days will stimulate subsequent Sprguting.

B) Ventilation

The effects of ventilation on sprouting are complex because the

rate of ventilation and the duration of the ventilating periods will
affect numerous other factors such as humidity and the atmospheric
concentration of carbon dioxide and oxygen, whose effects have
already been considered, High rates of ventilation will also
prevent the accumulation of natural sprout suppressing volatiles
(Burton, 1952c; Burton and Meigh, 1971; Meigh et al, 1973)

' Sparks (1973a, 1973b, 1978) has reported that the net result of
increasing the rate of ventilation, at least during long term storage,
is a marked reduction in sprouting, This tends to suggest that in
practice the accumulation of CO, may be a very important factor in
potato storagse., It should also be noted howsver, that he found
intermittent ventilation caused less sprouting than continuous
ventilation,
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It is somewhat difficult to reconcile these findings with the
generally held belief that ventilation increases sprouting. This
was first recorded by Butler (1919) and according to Burton (1966)

and others is a matter of common observation which he accounts for

by the removal of volatile growth inhibiting substances which
would otherwise accumulate in the storage atmesphere (Burton, 1952b;

1952c).
One factor which might help explain this apparent disagreement
is that the temperature of potato tubers is usually marginally

higher than the ambient temperature of the store, and increased
esaporativs losses at high ventilation rates (Sparks, 1978) could
result in more effective cooling due to withdrawal of a greater
amount of latent heat. Therefore tubers subject to high ventilation
rates may attain lower temperatures for at least a proportion of

the time. Sprouting under these conditions might well be reduced

as found by Burton (1969) in experiments with intermittent

refrigeration,

2.5, LOSSES DUE TO SPROUTING

Sprouting is rarely a serious problem during short term storage,
except where potatoes are stored at high temperatures for processing.

However, as was mentioned above most British cultivars have broken

dormancy by early January and if tubers are to be stored beyand

this period then losses due to sprouting are likely to result, 1In

the case - df tubers destined for processing, storage at higher

femperatures means that these losses assume economic significance

very early in the storage season,

o Sprouting results in different types of loss which for

convenience can be divided in to 5 categories, these being 1) weight

losses due to increased svaporation, 2) losses associated with

sna:trensfer of weight from a valuable tuber to a ussless sprout,

3) loss in visual and compositional quality, 4) loss in seed

quality and 5) losses due to difficulties in grading and handling.
The relative importance of these five categories in economic

terms is, of. ‘course, dependent upon the ultimate fate of the particular

33@919 in question., It should also be noted that lossses in each of
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the categories are extremely variable and very much dependent upon
individual storage regimes. Any figures quoted below should,

therefore, be treated only as an approximate quide,

1) Evaporative losses

Evaporation of water from the potato tuber follows the same
general pattern as evaporation from a water surface, esxcept that it
occurs at a very much slowser rate because of the barrier provided by
the periderm (Burton, 1973).

The rate of evaporation is most convenisntly expressed as weight
of water lost per cm2 of tuber surface per hour per millibar
vapour pressure deficit (mg cm—2 hr.""'1 mb_1) (1 millibar = 100Pa

(pascals)).

Immature tubers show very high rates of water loss soon after
initiation and prior to the formation of the periderm. Less
immature tubers at the stage when they might be marketed as earlies
have lower but stiil ve:y fast rates of evaporation of the order of

-2
0.,1-0.8mg cm = hr " mb ', Even mature tubers show relatively high
rates of loss when harvested (0.03mg cm™? hr""1 mb-1) but these levels

drop very quickly after the first few weeks of storage to about

0.01mg cm =2 hr =1 mb-1, and this low level is maintained until
sprouting commences when the rate of evaporation rises dramatically
and may even attain 1mg c:m-2 hr-1 mb'"'1 under extreme conditions
(Burton, 1973),

The reason for this dramatic increase is of course the
relatively high permeability of the epidermal layer of the sprout
compared with the periderm of the tuber.

«+ Even a ;elatively low amount of sprouting can increase

evaporative losses dramatically, It has been shown that the weight
loss from a sample containing 1% by weight of sprouts was O. 19% of
the original weight stored per week per millibar vapour pressure
deficit at a ventilation rate of 50m3 t_1 hr"1. This compares mith
b 13% week-1 mb-1 at the same ventilation rate in the case of non-
sprouting tubers and 0,31% week™ mb-1 when the sample contained

4% by weight of sprouts, UWhen one considers that the average water
vapour deficit for eastern England is approximately 2.3mb in April
and 2 7mb in May and June then the ressultant weight losses are of
Qreat aconomic significance (all figures recalculated from Burton,

1966).,
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2) The weighf of sprouts

The weight of sprouts at grading can amount to a significant
proportion of the total weight of tubers storsed,

Drew and Deasy (1943) using experimental clamps found that
sprout growth by May ranged from 2,5% of the original weight stored

for the cultivar Arran Banner to 3.7% for the cultivar Kerr's Pink,
In a subsequent storage season losses by June ranged from 3,7% for
the cultivar Up to Date to B8.,7% for Kerr's Pink.

According to Wilson et al (1962) losses from tubers stored in
buildings are less than those stored in clamps, although shrinkage
may be considerably greater. By placing small samples in
commercial stores they found that the average weight of sprouts
ranged from 0,2% in stores emptied between December and February
to 1.4% in stores emptied after February., None of their samples
were placed at the peripheries of the stores where they report that
sprouting was more pronounced than in the central areas. |
’_ Twiss and Jones (1965), during a survey of wastage in bulk-
séored maincrop potatoes in Great Britain, recorded losses due to
the weightﬁof sprouts ranging from 0 to 5.,4%., It is interesting to
note that the highest recorded loss was once again with the
cultivar Kerr's Pink stored for only 117 days under Scottish
conditions,

More recently Sparks (1978) reported that losses due to the
we;ghy of sprouts amounted to 3.,4% after 8 months storage when only
natural convective ventilation was used but as little as 1.4% when
high rates of airflow were employed (18-75m3 t-1 h_1)f

3) Loss in visual and compositional quality

Although the losses in compositional quality described below
are associated with sprouting this does not necessarily imply that
iéképfouting is prevented then these losses will not occur., It is,
howesver, likely that they may at least be reduced.

) a) visual quality
©. The loss in visual quality due to the sprouting of potatoes is

not usually due to the presence of sprouts, as thess are almost
invariably removed by pre-marketing grading procedures, but is

usually due to shrinkage produced by excessive evaporation. In less
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extreme cases such losses can be detected only by the "spongy"
feel of tubers which have sprouted,.

b) soluble sugar content
As the effects of sprouting on soluble sugar levels will be

considered in some detail in Chapter 6 suffice to say for the

present that sprouting causes a significant reduction in processing
quality for both fried and dehydrated products because-it is usually

accompanied by a marked increase in reducing sugar levels,

c) dry matter content
The stored potato tuber is continually respiring and in so

doing its carbohydrate reserves are slowly diminished,

The effects of this process on wesight loss are not particularly
serious, averaging a loss of 0,08% of the original weight stored
per month during most of the storage season, but almost doubling to
0.15% per month when sprouting is well advanced.

The reason for this comparatively small weight loss is that
water is produced during respiration partially balancing the loss
due to expended carbohydrate,

The effect on dry matter is much more serious amounting to a
loss of 0.8% of the original dry matter stored per month during
most of the storage season and a very significant 1.5% per month
when freely sprouting (Burton, 1966).

Thus during storage there is a considerable drop in the energy
content and processing quality of the tubers. This loss is almost

doubled if tubers are allowed to sprout,

d) ‘minor nutrients

Burton (1966) has reviewed the changes in lsvels of other
nutrients which occur throughout the storage period., 1In general,
as might be expscted, long periods of storage and sprouting lead to
a gradual decline in nutritive quality, This is especially obvious
with respect to ascorbic acid and the B vitamins,

Arslanov et al (1971x,has reported that ascorbic acid losses

can be reduced by prguenEing sprouting with tecnazene.

4) Loss in seed gquality

Pre-sprouting or chitting of seed potatoes under controlled
conditions is, of course, often carried out with a view to

maximising subsequent yield and some aspects of this type of

-a.” ]

1
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sprouting will be considered in the next Chapter.

Unwanted sprout growth can, however, be a serious problem
resulting in losses due to evaporation and the weight of sprouts
as discussed for wara. These are even more important to the sseed
grower because of the higher value of the crop.

As these unwanted sprouts are usually removed by the grading
operation prior to sale this can lead to further loss - the loss of
seed vigour, The importance of this loss will depend on the
capacity of the seed to produce new sprouts and this, as previously
discussed, is very dependent on the cultivar and on the
physiological age of the tubers when the original sprouts were lost,
Generally, however, the yielding capacity of desprouted seed is
below that of seed planted with the original sprouts intact (Murphy
et al, 1968; 1969).

Another factor affected by the loss of original sprout growth
is apical dominance., Generally the apical bud (at the rose end of
the tuber) will sprout first and suppress the sprouting of other
buds.(Burton, 1966). 1If the source of this suppression (the apical
sprout) is removed then the other buds will freely sprout. Thus
- size distribution in the subsequent crop will be affected by increased

stem numbers.

5) Grading and handling difficulties

Stores in which tubers have sprouted take longer to empty and
grading time is increased markedly.,

Sparks (1978) found that a batch containing 3.8% sprouts took
43 min i to grade whereas batches containing 2.7% and 1.4% took
28 and 16 min t-1 respectively. The implications of these findings

are of considerable commercial significance. Disposal of large

quantities of sprouts can also present problems,

Summary

Sprouting is not a serious problem in short term storage except
where potatoes are stored at high temperaturses..

During long term storage, however, when the various losses are
summed the total loss caused by sprouting can be considerable. The
loss of saleable weight alone dus to increased evaporation and
sprout growth can amount to a sizeable percentage of the crop. «The
losses in quality are more difficult to quantify but undoubtedly

are of great significance..



- 10 -

CHAPTER 3

THE CONTROL OF SPROUTING

A wide variety of methods have bsen. suggested for the control
of potato sprouting. These methods can be conveniently divided into
three categqories as follows:- 1) environmental methods, 2) methods
involving irradiation and 3) chemical methods.,

As this thesis is concerned primarily with chemical sprout
suppression the other methods are not considered in great depth.
sufficient material will, however, be presented to indicate the main
advantages and limitations of control by environmental manipulation

and irradiation and why chemical control is considered nescessary.,

Whilst discussing the environmental control of sprouting some general
aspects of potato storage are presented as these are considered
essential background to subsequent experimental work.,

As the Scottish potato industry is orientated towards seed
production particular emphasis has been paid to this aspect,

3.1, THE ENVIRONMENTAL CONTROL OF SPROUTING

Jelele Introduction

e

The economics of pota#o storage at the present tima; and in the
forseeable future are such that very SOphisticéted controlled |
environments such as those used for banana storage are not a practical
proposition. Therefore it is usual in potato storage to modify
only those environmental parameters which are relatively easy to
manipulate and which will produce greatsst baﬁefiéial effects within
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strict economic constraints,
In practice this means that only modifications to temperaturse,

ventilation rate and perhaps humidity are considered commercially
feasible, and even in these cases great care has to be taken to
ensurae that the benefits from their control are worthwhile in
financial terms. To minimise capital invaestment and subsequent
running costs most commercial stores, therefore, have varying
degrees of partial control of these factors rather than the precise
control such as might be encountered in a laboratory growth chamber,

The current discussion will therefore be confined to these
environmental factors which are sasily controlled within the

aconomic constraints of agriculture at the present time and the

forseeable future.

Before moving on to discuss these factors one possibility for
the more distant future which should at least be mentioned is
controlled atmosphere storage., Some of the effects of modified
atmospheres on sprouting were discussed in the previous Chapter
and Burton (1974b) has discussed the biophysical principles
underlying this type of storage. Secondary effects on the tuber
have also been investigated (Harkett, 1971; Burton, 1974a)..

From the effects of temperature, ventilation and humidity on
sprouting discussed in Chapter 2 it would seem at first sight a
rgasonably simple task to devise a storage environment whsre
gsprouting is minimised or SUpprésséd completely. This could be
achieved for example by simply atbring‘tha tubers at 2-4°C where
sprouting can be suppressed for an almost indefinite period,
Sprouting, howsever, is not the 6n1y factor which must be cohsiderad
when devising the optimum storage environment,

Modifications to the environment also affect other factors such

as rotting, ware quality and the physiological state of seed, and

theseleffects must be taken into account when assessing the extent
to which the environment may be modified to control sprouting.

It is therefore the intention below to briefly assess the affects
of en&ironment (in the limited sense described above) on factors
which are likely to influence the choice of storage conditions in
commercial situations.,. h

Taking these aeffects and the information on sprduting in Chapter

2 into account the optimal storage environments for different types



of potato will be described and the degree of sprout control which

can be expected will be assessed,

1) Overheating

Recent trends in potato storage towards very much larger bulk
stores have meant that the problem of overheating now assumes much

greater importance in the selection of environmental conditions

than it did in the past, | |

Tubers in store are continually*respiring and in so doing they
liberate large quantities of heat amounting to B8-12k cal per tonne
per hour for healthy mature tubers at normal storage temperatures.
Immediately after harvest this figure may be greater by a factor of
4 (Burton, 1966).

This heat raises the temperature of the tubers above that of

their surroundings. UWhen air is allowed to circulate freely around
the tubers this heat is rapidly dissipated, but when tubers are stored
in bulk, air movement is restricted and the temperature of the tubers
and the air between them will rise, With no forced ventilation this
warm air will rise at a rate dependent upon the difference betwsen
its temperature and that of the ambiesnt air above the stack.

As the temperature of the stack increases than the difference
in density betweenkthe air in the stack and the ambient increases,
thus both the amount of heat removed by unit volume of air and the .-
flow rate increases i.e, the efficiency of cooling increases,

Although there is a marginal increase in the respiration rate

(and hence the heat produced) as the temperature rises this is
swamped by the increased efficiency of cooling and eventually a
state of thermodynamic equilibrium is reached i.e. the stack will
maintain a constant temperature, | |

Burton (1966) has shown that this equilibrium temperature can
be calculated from the dimensions of the stack and various physical
constants, |

If heat production is very high (eg. with very immature tubers)
or the temperature of the ambient air is high, or if air flow is |
obstructed (eq. excessive amounts of soil or by the dimensions of
the stack) then before the equilibrium state has been reached the

potatoes can rise to a temperature of gresater than 15-2000 where

increased respiration produces vast amounts of heat which cannot be
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compensated by the increased convective cooling. In this situation
the whole mass overheats and total loss may ensus,

The physical dimensions of the potato stack which can be
ventilated by natural convection is therefore limited, The critical
dimensions of stacks above which overheating is likely may be

calculated from the mathematical expressions given by Burton (1966).
It is therefore essential in modern bulk stores where potatoss

are stored at depths of 3 to 7m that some form of supplementary
ventilation with ambient or artificially cooled air is applied.
Rates of discontinuous and continuocus ventilation have been
discussed at length by .-Burton (1966).

——r

'2) \lWater loss

Excessive shrinkage caused by ﬁater loss is a more serious
problem in modern stores because of the extré ventilation which is =
used for the reasons given above, As water loss has already been
discussed in Chapter 2 when discussing the losses due to sprouting
it is sufficient to state for the purposes of the present discussion
that if water loss is to be minimised then low storage temperatures,
high humidity and low ventilation rates are desirable, This subject
has been reviewed by Burton (1966) and Rastowski (1978),

3) Chilling injury

‘Storage at very low temperatures below -100, for prolonged
periods usually results in freszing of the tubers., However, storage

at tempesratures which are low but not sufficiently low to freezs the
tuber may result in damage which is usually referred to as chilling
injury or low temperature breakdown, |

‘The symptoms are dependent on cultivar, duration of storage and
temperature but are usually brown or black patches on the skin and
discolouration in the flesh varying from reddish-brown to dark
brown (Richardson and Philips, 1949), Subsequent emergence can be
reduced or in sesvere cases completely inhibited, 0f particular
interest to the present discussion is the finding that such effects
may be produced at temperatures as high as 2°¢C (Richardson and
Philips, 1949; Burton, 1973).



4) Wound healing

Inevitably when potatoes ars harvested a percentage sustain
damage to the periderm which can lead to increased respiration and
water loss and allow easy access to pathogens, The environment in

which tubers are stored has a marked influence on the rate at which

these wounds heal and because major losses can result the
encouragement of wound healing usually takes priority over other
storage considerations during the first few weeks of the storage
period,

Wound healing involves two processes, The first is the
deposition, at the damaged surface, of a complex waxy material whose
composition has been described by Brieskorn and Binnefﬁann (1972).
This initial process is known as suberisation and it is followed by
the formation of wound periderm, Storage temperature is closely
related to the rate at which these processss occur,

In the most quoted work on the subject Artschwager (1927) has

"~ ghown that in the two cultivars examined, superficial cells at the

cut surface become suberised, in humid conditions, after 1 day at

.219Cc, 2 days at 15°C, J days at 10°C, 5 to 8 days at SOC, and over
_* 8 days at 2.5°C, Formation of wound periderm commenced 1 day after
suberisation at 1508, 1-3 days at 1008, 5 days at 7°c and had not
commenced by the end of the experimental period when tubers were
stored at 5°C and below,

Humidity is also reported by Artschwager (1927) to have an effect
ohkonnd healing., Dry conditions adversely affect suberisation and
'iéspecially periderm formation, He also reported that saturated

*étméépﬁerea will inhibit wound healing. However, as previously

‘discussed, Burton (1973) has questioned much of the early work on
Bigh humid;ty conditions becauss of water film formation with
cons_equent anaérmbiosi’s: (Burton and Wigginton, 1970).

- . Under British conditions ventilation with outside air will
nqr@ally result in a reduction in the humidity inside the store and
:“héncs‘?duersely affect wound healing.,
 ruqﬁnd heéling is then a major consideration in the earlier part
;of'theﬂstorage season necessitating storage at relatively high
[témperétures (greater than 10°C and preferably 15°C) and at
 pelatiﬁEly high humidity for 2-3 weeks after harvest, These
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requirements are further complicated in large commercial stores by
the fact that they may be filled over a period of several weeks.,

The 2-3 week period when applied to the last potatoes to be loaded
into store may mean that the first loads have been stored at 15°¢C

for as much as 6 wesks., The implications of these observations on

sprouting are of great commercial significance.

5) Fungal and bacterial rotting

Compared with other stored products such as cereals, potatoes

are extremely susceptible to damage by micro-organisms., " The rotting

caused by fungi and bacteria results in greater storage losses than

any other single factor (Twiss and Jones, 1965).
Extensivs revisws of storage diseases are auailable (Eurton 1966,

Boyd, 1972) and so the present discussion will be confined to a brisef
outline of the effects of environment on pathogen development with a
view to examining the extent to which the environment may bs modified
to control sprouting, | I

The most important environmental factor in the development of
rots, and in some cases their subsequent spread, is temperature. In
general increasing temperature will promote the growth of fungi and
bacteria on a culture medium until an optimum is reached, after
which growth slows down fairly rapidly until a point is reached where
the organism is killed. However, when the organism is growing on
potato tissue the shape of this growth curve may be substantially
altered due to the effects of temparatﬁra on the wound healing
process and other matural defence mechanisms, It is therefore
necessary to distinguish between the optimum growth conditions for
the fungus or bacterium in culture and the optimum conditions for
the development of rots, | -

Dry rot besides being a disease of great commercial significance
is as typical (or at least as typical as any) in its response to
environment, as many of the fungal dissases of potatoes and should
serve as an example, | |

The optimum temperature for the development of dry rot céused
by Fusarium solani var, avenaceum is 20-25°C whilst that caused by
Fusarium solani var, caeruleum is 15°¢, Development of rots caused

by either funqus is very much slower at lower temperatures and is
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almost inhibited completely at SDCn(Burton, 1966).
High humidity as was discussed above promotes wound cork

formation which can hinder initial fungal invasion, 1If, however,
invasion occurs then high humidity can in fact encourage development

of subsequent rotting.

Most fungal pathogens show a similar response to temperature and
humidity preferring reasonably warm temperatures ( >10°C) and high
relative humidity for optimal growth, Minimisation of diseass
therefore demands storage at fairly low temperatures (<:1D°C).

There is, however, one exception which is extremely important to
Scottish agriculture and that is gangrene  which is caused by various
Phoma species. The temperature optimum for the development of Phoma
rots is in the rangs 0~5°C. Storage at higher temperatures such as

those providing optimum conditions for other fungi may in fact arrest

the development of gangrenea, Incidence of the diseass is freatest
when wet conditions prevail near the end of the growing season and
if a period of relatively cold storage ensues, then losses can
amount to a sizeable percentage of the stored crop. Storage at
temperatures at which sprouting is totally inhibited (2-400) can
therefore lead to very serious losses particularily in Scotland (
Burton, 1966).

Overall minimisation of fungal rots therefors demands a
temperature of between 5 and 10°C. If gangarenes is not likely to be
a problem then the lower of these two extremes is preferable., UWhere
gangarene is a problem then the higher figure is preferred, although
if this is not possible 7°C will at least reduce the probleh.

Recent developments in the field of chemical control of tuber
rots may lead to reduction in the importance of certain fungal rots
in the selection of optimal storage environments, The use of 2=
aminobutane as a fumigant for the control of gangrene., skin-spot
and silver scurf as reported by Graham and his co-workers 1is alreédy
widespread in Scotland.(Graham and Hamilton, 19703 Graham et al,
19733 1975). Thiabendazole and benomyl are also used commercially
for the control of gangrenez and other tuber diseases (Murdoch and
Wood, 19723 Tisdale and Lord, 19733 Copeland and Logan, 19753 Logan
et al, 1975; Boyd, 1975).
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Bacterial rots are also a major problem in potato storage.
Bacterial soft rots have a higher optimal development temperature
than fungal rots being around 25-30°C.. They can, however, develop
slowly even at SOCN Bacterial soft rots do not normally develop
unless tubers are covered with a water film in which case their
development is almost inevitable., In modern commercial stores the
main source of such water films is condensation which drops onto
the surface layers of tubers due to inadequate roof insulation or
inadequate absorbant coverings. Where high humidity conditions are
employed the risk of such condensation is gqreater as almost any
cold surface is likely to produce condensation,

Blackleg is another major bacterial pathogen on British crops
and it exhibits a similar response to temperature. -

Overall minimisation of bacterial rots demands storage at low
temperatures and the absence of surface moisture, the latter
probably being of greater importance.

Satisfactory chemical control of bacterial rotting has not yet
been demonstrated in practice although research is being conducted
in this field (Janiak, 1972 ) e

6) Compositional guality

some of the effects of environment on compositional quality
were briefly mentioned in Chapter 2 and as stated there, these will
be discussed at length in Chapter 6. For the purposes of the
present discussion it is sufficient to say that storage at low
temperatures (say Soc) will preserve nutritional quality but destroy
processing quality due to the accumulation of excessive amounts of
reducing sugars, Storage at medium temperatures (say,1U°C) will
prevent cold temperature accumulation of sugars but may hasten a
second sweetening process known as senescent sweetening. Thus for
potatoes destined for early processing 10°C may be ideal whilst for
those to be processed later in the storage season a‘temperature of

Bochmey be preferable,

7) Physiological aqe and apical dominance

Storage temperature has a profound effect on the physiological
age of seed tubers and in turn physiological ags affects numerous

aspects of subsequent field performance including the rate of
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emergence, the rate of haulm growth, the number of main stems per
tuber planted, the time of tuber initiation, the ratio of haulm
weight to tuber weight, total yield and size distribution within

the yield (van der Zaag, 1973).,

In general the number of main stems per plant increases with the
physiological age of seed, The rate of both sprout and haulm grouwth
initially increases with advancing physiological age but then
decreases, The ratio of haulm weight to tuber weight and the number
of days betwesen emergence and tuber initiation decreases with
physiological age (van der Zaag, 1973).

- Seed tubers for early production should have an advanced
physiological age at planting to produce early bulking whereas tubers
which are planted for maincrop ware production should be slightly
younger thus allowing them to achieve more of their genetic potential
before senescence, | |

In seed production manipulation of the physiological age could
be exploited to a greater extent to permit sarlier defoliation anac
hence reduce the risk of viral disease, and allow easier harvesting.

The production of advanced physiological age material demands

pre-sprouting and controlled conditions to ensure sprouts which are

resistant to mechanical damage during planting.

Storage at low temperatures (4°C) is now practised by some large
commercial organisations and this may result in minimisation of
weight loss and sprouting and hence maximise profits for these
organisations, The buyer, however, may well bexreceiuing seed
which is physiologically too young for the purposes intended,

| Manipulation of the storage environment may also affect the
apical domipance of seed tubers, If a small number of stems is
required (thus reducing tuber numbers and increasing sizs) then
tdbers may be stored at 15°¢C till sprouts begin to develop then
cooled to 4°C to prevent excessive sprout growth, If on the other
ﬁandwpn increase in tuber numbers is desired (eg. for canning or for
qagd) then sesed may be stored at 4°C (after wound healing) until a
few weeks before planting and then pre-sprouted under illuminated
éanitions at 150C (Burton, 1966). It is interesting to note that
thggé very different results may bes produced from seed which has a
similar physiological age if expressed in "day Ocw, oOther aspscts
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of apical dominance have besn reviewed by Goodwin (1963).
Thus the effects of temperature on apical dominance have also to

be taken into account when selecting the optimal storage

environment for seed potatoes,

3e1¢2, 0Optimal storage environments and resultant sprouting

As explained above numerous factors have to be taken int6
account when selecting the optimal storage environment for a given
batch of potatoes. The resultant conditions are therefore a
compromise which must be made on the basis of economic considerations,
For example a seed grower is unlikely to gain any short term financial
advantage in supplying seed in optimal physiological condition from
which only the purchaser will profit. His prime consideration is
therefore in the short term to sell the maximum weight of healthy
seed,

,Jn any particular situation the optimal storage environment will
depend on the design of the store, the condition of the potatoes
and their ultimate fate. Nevertheless several general situations

exist and these ars described below,.
1) For all potatoes a wound healing period of at least 2 weeks is
required during which the temperature should be greater than 10°¢C

0
(preferably 15 C) and the humidity should be as high as possible

(preferably 95% R.H.). Some ventilation will be necessary to
prevent overheating due to the high respiration rate of freshly
harvested tubers, These conditions must aphlyifrom the time the
last tubers are loaded into the store. Unfortunately this means
that the physiological age of some tubers in large stores may have
advanced to such an extent that dormancy may be broken before the
end of the wound healing period, t

2) For ware potatoes destined for the fresh market successful
storage demands a temperature of 7°C although if rotting (not
gangZrene) is probable then storage at 4°C might be preferable.

In this case reducing sugars will accumulate but this should be of
little consequence to their market value provided they are not
stored for lengthy periods. UWhere gangarene is a problem a
temperature of at least 7°C is required, Relative humidity should
be maintained at as high a level as possible although whers no
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forced ventilation is used slightly drier air is permissible,
Ventilation should be the minimum required to presvent overheating

and 802 accumulation., Under these conditions sprouting is unlikely
to be a problem until January or February. Storage beyond this
time at 7°C is likely to require further measures to control
sprouting,

3) For ware potatoes destined for processing a higher storage
temperature is required, Temperatures of 8°C for frozen chips and
dehydrated products and 10°C for crisps are common, At these
temperatures water loss can be a serious problem unless attention

is paid to both ventilation and humidity. Storage at either
temperature will invariably result in excessive sprouting,

especially since many of these stores are very large and as
explained earlier some tubers may have received an excessively

long wound healing period, Storage beyond January at thess
temperatures 1s not possible without some form of non-environmental
sprout suopression. |

4) For sesed potatoes storage at low temperature (around 4 C),
hlgh humidity and low ventilation rate will produce maximum
recovery of stored material except where ganggrene is a problem
when the sforage oemperature should be around 7°C. It is therefore
quite possible in many instances to control the sprouting of seed
potatoes using enuironoental manipulation only., Such storage will
of course, produce physiologically young seed and apical dominance
is likely to have been destroyed. Because gangarens is such a
problem in Scotland and because Scottish seed tends to be
physiologically too young for meny purchasers storage at slightly
higher temperatures around 6=7°C might be a better general
recommendation., Under these conditions, howsver, weight loss and
sprouting may become a problem with late delivery seed.

A further problem in the case of seed production is the factor
of ecale. Mooh of the seed grown in Scotland is produced by
growers whose scale of operations cannot justify the type of
controlled environment storage facilities which are used by large
scale processors, In many instances these producers have little
control over temperature end during mild winters sprouting can be

a very serious problem,
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J3s1e3. Conclusion

Sprouting is oniy one of many factors to be considered in a
commercial storage regime and the possibilities of achieving
complete control of sprouting by environmental manipulation are
extremely limiteds, 1In the case of tubers destined for processing

they appear in fact to be non-sxistent. The ever increasing
importadce of this sector of the market makes some form of sprout
control other than environmental manipulation absolutely essential,
The processing industry as we know it today simply could not exist

without a satisfactory means of suppressing sprout grouwth,

Je2 THE CONTROL OF SPROUTING BY IRRADIATION

3¢2m1w GBnBrBl

Over the years irradiation has been extensively investigatedxas
a technique to inhibit the sprouting of potatoes, and a considerable
volume of literature has accumulated particularly with respect to
its secondary effects on potato quality.

Excellent sprout inhibition may be achieved by exposing tubers
to 5-20k rad of gamma radiation from a 6000 source (Sparrow and

Chfistensan, 1954; Burton and Hannan, 1957)(100rad = 1gray).

Typical dose rates appear to be the order of 50k rad h-1. The

complete dose can therefore be administered in a few minutes,
X-rays are also potent sprout inhibitors (Hagberg and Nylsom, 1954),
JPﬁtzbld and Weiss (1957) found that tubers irradiated with 270
to 900rad of gamma rays from a 6000 source retarded sprouting and
reduced weight loss, but very much higher doses of the order of
7krad were required for lasting effects, The effectivensss of the
t;eatment appears to be independent of the size of the tubers but
the treatment was less effective with deep layers of tubers, In
general irradiated tubers lost less water, starch, dry matter, and
;écorbic acid during subsequent storage. UWhen tubers were planted
out 6 months after treatment those which had received less than
900rad outyielded controls, Those which rsceived up to Srad
jerﬁinatéd, but at levels greater than 6krad no buds developed,
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From a general appraisal of the literature the most commonly
recommended dose for complete control of sprouting is 10krad,
- Irradiation appears, then, on preliminary examination to offer
excellent control of sprout grouwth, and Sawyer (1567) has reported
that pilot scale commercial application has been investigated in

Canada, Irradiation has, however, several major disadvantages and

these are discussed below,

3e242s Secondary effects

Irradiation has other effects on the tuber besides the
prevention of sprouting., Brownell et al (1956) reported that a
dose of approximately 14krad will completely inhibit periderm
formation, Although smaller doses may minimise this detrimental
influence it is nevertheless a very serious problem as any
commercial plant for irradiation would necessarily involve the
passage of tubers through an irradiation chamber probably on somse
sort of conveyor belt, Thus to treat tubers they must be handled
and this will inevitably produce a certain amount of damage. This
problem can be minimised to a certain extent by irradiating tubers
éfter several weeks storage when they are less likely to sustain

aghége, rather than immediately after harvest., The inhiition of
wound healing by irradiation has been shoun by Sauwyer (1956) to

lead to a substantial increase in rotting ddriﬁg subsequent storage.
Sandret (1970), howeuer,hreports that 10krad of either gamma or X

radiation, whilst, completely inhibiting sprouting,'produced no
increase in susceptibility to bacterial and fungal infection ovsr

that found in chamically treated tubers,

"~ There is a considerable volume of literature which suggests
that irradiation can lead to higher levels of blackspot and after-
cooking hlackenlng (eg. Sawyer, 19563 Skou, 19663 Patzold, 1974),

‘The effect of irradiation on sugar levels has also been wsell
iﬁvestigated (Eurton and Hannan, 1957 Burton st al, 1959). It has
been shown that senescent sweetening is hastened by irradiation, and
that .in the period immediately after exposurse, tubers irradiated
with ]ri;dséhow a markéd increase in sucrose concentration which
:ééﬁbegrqwméximum after § days but then falls over the ensuing 3
g?gks:jijgé;ekié also an immediate increase in the reducing sugar

content which despite a steady decline remains at levels above those
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of untreated controls (Burton, 1975), Much of the American research
on this subject indicates that these effects have only 5 limited
effect on processing quality.(Sawyer, 19563 19675 Smith, 1968).
Pdtzold (1974) found no significant difference between sugar levels
in irradiated and chemically treated tubers, although his results
suggest slightly higher levels in the irradiated samples,

Further aspects of these main effects and numerous other
biochemical changes associated with the irradiation of potato tubers
have been discussed or reviewed by Skou (1966), Sawyer (1967), Smith

(1968), z5harma*(1973)7and Burton (1975).

32434 Safety

The use of radiation whether it originates from nuclear sources

(gamma radiation) or electronic sources (X-radiation) demands

stringent safety precautions, Whilst the doses used to irradiate
potato tubers (usually 10krad) are often referred to in literature
as "modest", it should be borne in mind that the International
Commission on Radiological Protection recommend that the maximum
occupational exposure to which personnsl may be subjected is 5Srems
per annum. As both gamma and X-rays have a relative biological
effectivensess of unity this implies a maximum exposure of 5rads per
annum, The cost of handling sources and the shielding required
comply with these rules means that if ever adopted, irradiation
could only be used in very large installations.

A further factor which is not often discussed in the literature
is the toxicology of treated tubers. Recent Russian research work
has shown that dominant lethal mutation occurred in spermatozoids,
spermatids and spermatocytes of mice receiving oral doses of an
alcoholic extract of tubers which had bsen exposed to the gensrally
recommended dose of 10krad of gamma radiation (Kopylov et al, 1972).
In light of these findings the advisability of irradiating tubers

for human consumption requires further investigation,

y

J3¢e2.4s Conclusion

The general conclusion which may be drawn from the published
work is that at high dose rates the detrimental effects of radiation
are serious, but by minimising doses, and irradiating at the correct

time with the minimum handling damage, the use of gamma or X-radiation

b
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could provide an alternative means of sprout suppression to the
chemicals currently used should they become unavailable, With our
present state of knowledge, however, irradiation cannot compste

with chemical treatment whether the assessment is on the basis of

quality, cost or safety,
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Sede CHEMICAL CONTROL OF SPROUTING

Introduction

The disadvantages of environmental control and

irradiation as instruments of sprout suppression have been
discussed above. The only alternative available at present
is chemical sprout suppression, and growers merchants, and
Pprocessaors arehturning in increasing numbers to this method

to provide efficient and economical control of sprout growth,

Chemical sprout suppressants are with a feuw
exceptions applied during the storage psriod. The most
successful of these chemicals are active in the vapour phass,
although they may actually be applied as solids, liquids or
gases. Gensrally the active compound is diluted in a medium
suitable for the application method used, Some are dispersed
in an inert filler (e.q. Kaolin)‘and dusted onto the tubsrs
as they are placed in storage, Others are partially vapourised
to form a "fog" or "mist" which diffusss amongst the tubsrs.

The vapour may also be blown through the tubers using a suitable

ducting system to ensure even distribution.,

Chemicals used for sprout suppression

Many chemicals have been suggested as inhibitors
of potato sprouting yet relatively few are used commercially.,
Although: this thesis concentrates on those which are in
commercial use, a survey of those which have been used
commercially and now superceeded by others and sven those
which have never reached commerce is considered to be of valuse,
in that many of the disadvantages of our present chemicals

are highlighted in their predecessors.

Most sprout suppressant chemicals have applications
in other fields of agriculturs and horticulture and their sprout
suppressant properties discovered after their commercial

introduction for other uses. Some were by-products of the hugs
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research seffort in the plant growth regulator field. Very
few sprout suppressant chemicals have been designed

specifically for sprout suppression,

A few of the chemicals may be used on seed tubers,
but most inhibit sprouting so efficiently that subsequent

germination is temporarily or permanently impaired.

Early research on some of these compounds has been

reviewed by Perlasca (1956),
JedeTla POTATO SPROUT SUPPRESSANTS WHICH ARE NOT CURRENTLY USED

Discussed under this hseading are a) chemicals which
have been suggested as sprout suppressants but have proved of
little or no commercial value, b) chemicals which have been
suggested but which have been. used commercially but which have

now been superceeded by other chemicals.

It should be noted that these compounds are not
described in chronological order of their discovery, but an
attempt has been made to classify them on the basis of their
chemical structures and properties, Post=harvest application

should be assumed unless otherwise stated.

1. INDOLE ACETIC ACID

| The elucidation of the structure of the auxin, indole
acetic acid (3-indolylacetic acid,IAA)(sse fig. 3.3.1.)
stimulated research into possible agricultural applications,
" IAA uas shouwn to suppress the sprouting of explanted eyes of
potato tubers when applied as the sodium salt (Guthrie, 1938).
Smith et al (1947) reported that spray application of IAA to
a growing crop at a concentration. of 150ﬁg dm_s, applied at
500-1000dm° ha™

gravity or reducing sugar content of tubers, but after 3 months

did not affect plants, yields, specific

storage the harvested tubers showed significantly less
sprouting than controls. This treatment, however, was not

practical since to obtain adequate sprout suppression. very
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Figure 3.3.1. Sprout suppressant compounds
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large amounts of IAA must be introduced into the tuber tissue

and more efficient alternatives were available.

2. PHENOXY COMPOUNDS

Research into the biological properties of compounds
with structural similarities to IAA eventually led to the
introduction of the phenoxyalkanoic acid herbicides shortly
after World War 11, Their discovery is described by Fletcher
(1974). Several of the phenoxyacetic acetic acid herbicides

have been suggested as potato sprout suppressants,

1) 2,4=D
2,4-dichlorophenoxyacatic acid (2,4-D)

(see fige. 3.3.1.) has been used as its sodium salt with limited
success at high concentration only (Ulrich and Ildis, 1948),

. At low concentration it actually stimulates sprout grouwth,
Kenneth (1945) reported that the methyl ester of 2,4-D although

effective as a suppressant caused rapid breakdown of tubers
and noted abormal growth around the eyes. Smith et al (1947)
reported significant sprout control after foliar

applications of the sodium salt of é,d-D, however complete

control would have necessiated use of much higher

concentrations,.

ii) 2,4,5-T
Smith. et al (1949) found that 2,4,5-

trichlorophenoxyacetic acid(2,4,5-T) (see fig. 3.3.1.) applied
as the sodium salt in a spray containing 50-300pg t:rnm3 and as
a dust containing the isopropyl ester significantly reduced
sprouting, but in a later experiment Ellison (1952) obtained
poor sprout suppression when using the methyl ester of 2,4,5«T
on a larger scale, Ellison and Smith (1949) also applied
29440-T to the foliage of the growing plant prior to
flowering and produced significant reductions in sprouting
of the subsequently harvested crop. However, DOriver (1957)
using a similar foliar spray noticed a significant increase
in cracking of the tubers. UWood and Ennis. (1949) noted that
tubers from plants sprayed with the butyl ester of 2,4,5-T
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were more susceptable to common scab, and that fewer layers of
wound corgf;}oduced. 2,4,5~T would now be disqualified as a
sprout suppressant because of its toxicology (Drill and Hirayzka,
1953) and because of the impurity 2,3,7,B=-tetrachlorodibenzo~-p-
dioxin which it always contains., This compound is extremely

toxic and can produce teratogenic effects at the parts psr million

level (Courtney st al, 1970; but ses also Hartley, 1975).

1ii) MCPA

2-methyle4-chlorophenoxyacetic acid (MCPA) (see
fige 3.3+1.,) has also been tested as a suppressant and found to
be effective at fairly high concentrations when applisd as the
methyl or ethyl ester in a dust formulation (N.V. Aagrunol
Chemiscke Fabriek, 1962), 2-methyl-4-chlorophenoxybutanoic acid
(MCPB) was found to be ineffective at all concentrations tested.

iv) PHENOXY ALKYL HALIDES

Phenoxy alkyl halides and various other phenoxy
alkane derivatives have been patented as potato sprout suppressants
after small scale experiments (N,V.Aagrunol Chemiscke Fabriek,

1960) e.g. 1=(2-methyl-4-chlorophenoxy)-3-chloropropane.

3 NAPHTHALENE DERIVATIVES

1) ESTERS OF NAPHTHALENEACETIC ACID (INCL. MENA)

Research into the physiological activity of IAA
analogues also led to the discovery of the herbicidal properties

of naphthaleneacetic acid. This work eventually led to the
introduction of the methyl estesr of X naphthalene acetic acid

(see fig. 3.3.1.)(MENA) as a commercial potato sprout
suppressant,

’ MENA can be applied in a variety of ways, the most
common of which is as dust containing about 2% of the active
ingredient (Denny, 1945; Marth and Schultz, 19503 Edwards, 1949;
Ellison, 19523 Emilsson et al, 1955), The application rate is
usually in the range [ZI,...125-1..,2t;.1/10kg;_1 of potatoes, of active
ingfedient;‘ MENA has also been applied on impregnated paper
sfrips but is less effective by this method (Daines and
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Campbell; 1946, Ulrich and Ildis, 1948), and during marketing by
incorporation in washing water, and as a wax emulsion (Findlen,
1955), It can also be introduced as a vapour into the potato
store (Sawyer and Dallyn, 1957),

After application the chemical actually penstratss
the potato tuber to a depth of at least 10mm (Vadimov and
Shtenberg, 1953) where it appears to concentrate in the
meristematic tissue (Rakitin, 1955)., Using a biological assay it
has been estimated that residues from MENA treatment amount to no
more than 5mg kg-1 in the whole tuber and 0.1mg kg in peeled
cooked tissue (Denny, 1942).

Studies with140 labelled MENA have shown that it 1is
readily decarboxylated, especially at higher temperatures
(Rakitin et al, 1957), The ease with which it is metabolised
could partially account for the very high application rates
required for autumn application (0.120 kg-1) whersas smaller
amounts (0.09-0.12g kg-1) will suffice for spring application
(Emilsson et al, 1951), Volatilization, howsver, is generally
accepted as being the more important factor in explaining these
differences,

MENA is not suitable for application to seed tubers as
it appears to irreversibly delay emergence, reduce the number of
stqms per plant, reduce the stand of plants, and reduce the yield
significantly (Pujals et al, 1947; Rakitin and Troyan, 1945;
Gandarillas and Nylund, 1949). These effects can be reduced by a
preplanting treatment with ethylene chlorohydrin.

The low toxicity of MENA does make it suitable, houwsver,
for the treatment of ware, (Sporn and Penciu, 1959) and it has
been widely used on a commercial basis in the U.S.A., South
America, Australia, New Zealand, Europe and Russia, MENA does
not affect ascorbic acid or dry matter contents of stored tubers
(Driver, 1957) and its sffect upon sugar levels is negligible
(Denny et al, 1942).

The major disadvantage of MENA is that it inhibits
wound‘cprk formation allowing diseass organisms to psnetrate e.qg.

dry rot caused by Fusarium solani var, caeruleum is increassd

by treatment with MENA, (Cunningham, 1953:
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Ellison and Cunningham, 1953). The problem eventually led
to the discontinuation of the commercial use of NENAFas any
advantage gained in successful suppression of sprouting was
being lost through increased fungal and bacterial problems
(wagner et al 1952).

Another problem reported by Denny (1942 ) was the
production of malformations on the tuber surface which he

states to be due to abnormal growth of underlying cells,

These lumps measured 5=30mm in diameter and were composed of
much firmer tissue than other portions of the tuber. The

frequency of such malformations in his 1942 experiments was

from 5-10% of all treated tubsrs although in previous

experiments he had observed no abnormalities whatsosver.,

The ethyl ester of knaphthalensacetic acid has-also
been used as a sprout suppressant, and as both the methyl and
ethyl esters are metabolised to the same parent compound its
properties; are. very similar.. The ethyl ester is, of courses,

slightly less volatile (Yabuta. and Tamari, 1942),
ii) ALKOXYMETHYL NAPHTHALENES

The 1- alkoxymethyl naphthalenes (see fig. 3.3.1.)
were investigated in. detail (Kruyt and Veldstra, 1951) .using

talc formulations of a homologous seriss of these ethers. It

was discovered that methoxy and ethoxy derivatives suppressed
sprouting at an application rate of 60mg kg_1 of tubers, but
as the alkyl chain lengthens the inhibition decreases. Thsy

" also described an oleate coacervation procedure which they
suggest might be of value in. the pre-sslection of potential
chemical sprout suppressants,

The methoxy derivative has also bsen investigated
by other workers. Emilsson et al (1951 ) showed that
120mg kgm1 was effective for short term storage but that more
was required when tubers were stored for longer periods.
Rakitin (1955) tested over 100 compounds for sprout
suppressing ability and noted that 41-naphthylmethyl ether was

amongst the 5 most active compounds tested,
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iii) CHLORONAPHTHALENE

Alpha chloronaphthalene (see fige 3.3.2.) has

been tested as a sprout suppressant by various workers (Emilsson
et al, 1949; Edwards, 1952)., Findlen (1955) showed howsver that

1

although extremely effective at 100mg kg ', it caused injury to

the tubers by killing the buds completely, and causing nacrotic
lesions at the lenticels.

iv) NAPHTHOXY COMPOUNDS

Naphthoxy alkyl halides have bsen patented for use

as potato sprout suppressants (N.,V.Aagrunol Chemische Fabriek,
1960). A formulation of 4% active ingredient on Fullers earth is

suggested,

v) DIMETHYL NAPHTHALENES

1y4=-dimethylnaphthalene and 1,6-dimethylnaphthalene
(see fige 3.3.2.) were identified as natural components of potato

peel and evaluated as sprout suppressants by Meigh et al (1973)
who found them to have activity comparable with that of isopropyl-
(N-3-chlorophenyl)-carbamate, the most widely used commercial
suppressant at the present time. These and related compounds are
at present under investigation in this laboratory and preliminary

(unpublished) results indicate they hold considerable promise for
the fUtUret

4, ALIPHATIC ALCOHOLS AND ETHERS
i) ALCOHOLS (INCLUDING NONANOL

Ethanol vapour was described as retarding sprout
growth by Huelin (1933). Burton (1956) showed that the vapour °
of n amyl alcohol was a very effective sprout inhibitor. He
then screened a series of alcchols for sprout suppressant
properties and demonstrated that nonyl alcohol (3,5,5-trimethyl-
hexan=1-0l)(see fig. 3.3.2.) had considerable promise for

commercial use (Burton, 19563 195Baj; 1958b),
It was eventually introduced under the trade name

"Nonanol" which was applied as a vapour, either continuously-or

intermittently as desired, by vaporizing the chemical into
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Figure 3.3.2, Sprout suppressant compounds
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the ventilation system of the potato st;re. This was achievsd
by allowing the alcohol to drip onto a hot plate at ths fan
intake. It was found that concentrations of 60-100pug dm-s
in air would completely inhibit sprouting (Burton,1966;
Meigh et al, 1973). Nonanol cannot be applied by conventional
means i.se. on a solid carrier or as a "fog", as this would

produce concentrations which would prove toxic to the tubers
(Burton,1966).

| Factors influencing the uptake of the chemical by
the tubers are described by Currah and Meigh (1968), the
most. important of these being the applied concentration. and
humidity,.

/

Nonanol has, howsever, sseveral disadvantages, the
most important of which is due to its mode of action.
Nonanol acts by blackening and killing the developing sprout.
In suitébla conditions the dead sprout can provide an entry
into the tuber for pathogenic micro-organisms (Meigh,1969).
Sawyer (1967) noted that alcohols could cause lenticel
pitting when applied at high concentrations, also providing
access to pathogens, These factors can greatly increase
rotting of tubers during storage and eventually led to the
digpontinuationdof the use of nonanol as a sprout suppressant,

Nonanol also has a strong smell which can be
unpleasant when handling receﬁtly treated tubers.

A gaé cHromatographic method for the analysis of
nonanol in atmospheric samples has been described by Meigh
and Currah (1966) and residues may be determined by the

colorimetric method of van Vliet and Schreimer (1960).

- Propargyl alcohol (2-propynol)(ses fig. 3.3+2.)
has been patented as a sprout suppressant (Hessel,1962), but
Meigh (1969) has shown that it is less effective than nonanol,
Meigh alsac indicates that in. gensral the sprout suppressing
activity of a low molecular weight alcohol is enhanced when

there is an ethylsnic or acetylenic bond in the X, /B position
with respect to the hydroxyl group,
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ii) ETHERS

Dipropargyl ether (ses fig. 3.3.2.) has baen
suggested as a sprout SUppreésant (Heésel, 1961), It is
claimed to be more effective than amyl or nonyl alcohols.

Various glycol monoethers and their derivatives
have also been proposed (Kasikhin et al 1966), ..
However their claims have not been fully substantiated by

Meigh's experiments (1969). Ethylene glycol monohexylether

(see fig. 3.3.2.) did howsver give adequate suppression in
one experiment at a concentration of 76p1 t:lm_"3 in air and

diethylene glycol monobutylether (ses fig. 3.3.2.) gave

some suppression at 54ug dmf3. At lowsr concentrations

however these compounds apparently stimulats sprouting.
Oe ALIPHATIC HALOGEN COMPOUNDS

i) HALOGENATED KETONES

Halogenated ketones were shown to be afficient
sprout suppressants when tubers were dipped in a 1% solution
for 1* min, (Batchelor, 1968). They have also been used as
haulm killers and it has been noted that when used as such
they are translocated to the tuber and will inhibit
sprouting during subsequent storage (E;tchelor, 1969). One
of these compounds, hexafluoroacetone trihydrats
(1,1,1,3,3,3w-hexafluoropropane- 2,2- diol dihydrate)

(see fig. 3.3.3.)(also known as GC - 7887 ) has been tested
by Sawyer and Dallyn (1966 ) and gave good sprout control
when applied at 5Skg ha_1 as a haulm killer. This material

could well be worth further investigation,

ii) HALOGENATED FATTY ACIDS

Halogenated fatty acids ars well known herbicides
8.g. trichloroacetic acid (TCA ) and 2,2-dichloropropanoic
acid (Dalapon ) whose effects have been widely studied (Ashton
and Crafts, 1973 ). Dettweiler (1958 ) has shoun that such
acids or their esters with alcohols containing at least three
carbon. atoms will prevent potatoes from sprouting when applied

in the gaseous phass..
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Figure J3.3.3. Sprout suppressant compounds
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As halogenated acids are known to be translocated
(both symplastically and apoplastically ) it might be
advantageoué to test these compounds as translocated

suppressants., 0n the other hand their mdde of action hight

cause wound Healing problems,

.. 1i1) HALOGENATED ALKENES

Halogenated alkenes have also been shown to
have sprout suppressant properties. 1,4142,3,3,4,5,0%
octachloro - 1 - pentenes (ses fig. 3.3.3. ) appsears to be
active at relatively low concentrations (20 - 160mgxkg-1 when
applied as a dust )(Koopman, 1954 ). This compound is also
claimed to have the considerable advantage that the inhibition
is reversible, and after an airing parioﬂ the tubers will
regain their ability to germinate, hence it could find
applicatidn in the treatment of tubers intended for seed.,

It should be noted howsver that such claims have been made
for a wide variety of chemicals and unsubstantiated by later

research under commercial conditions.
iv) ALKYL HALIDES

The vapour of methyl bromide (bromomethane )
-is a well known fumigant with insecticidal, fungicidal and
herbicidal properties., It has been shoun to inhibit the
germination of potato tubers (Procedes Agricole Moderne S.A.,
1951 ). The toxic " properties of alkyl halides

| however, make their application hazardous for unskilled

personnel even when chloropicrin (trichloronitromethane ) is:

added as. a. warning gas (Naftin,*1972 ) e
6. TERPENOID COMPOUNDS

Chemically ali.tgrpanqida can be considered to be

| dagiﬁed from a basic branched 5 - carbon unit, the isapentane
unit, and are classified acbording to the number of units
preséntiithha molecule, A hemiterpens contains 5 carbon
atoms, aﬁﬁdndterpene - 10, a sssquiterpene - 15, a

- diterpene = 20 and a triterpene - 30, Probably mors
individual terpenes exist than any other group of natural

products (Goodwin and Mercer, 1972 ).
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Some terpenoid compounds are well known inhibitors of plant
growth, and their importance as allelopathic compounds has long
been recognised (Rice, 1974)., A number of plant growth substances
are also terpenes e.g. abscisic acid, It is not surprising,
therefore, that a wide variety of these compounds have been

investigated as potential sprout suppressants,
i) ALPHA TERPINEOL

The monoterpene, ¢ terpineol (1-methyl-4-isopropyl-
cyclohex=1-en-8-0l)(see fig. 3.3.3.) has been the most widely
investigated of these compounds., Emilsson et al (1949) found

that o terpineol was more efficient than MENA as a sprout
inhibitor. Edwards (1952) observed poor inhibition however, even

at fairly high application rates, and noted a decrease in the
percentage of marketable tubers., Findlen (1955) applied OX .

terpineol in an aqueous wax emulsion at 100-200mg kg_1 and noted
a reduction in sprouting, but less than that produced by MENA,
Meigh (1969) tested a wide range of volatile organic compounds
amongst which was &X terpineol which he found to be an effective
suppressant at high concentrations only (125ug dm_s of air).,
Overall it appears that ©X terpinecl is effective at high

application rates which would be commercially unacceptable.

ii) OTHER TERPENOIDS

e e e e e it i

Other terpenoid compounds screened by Meigh (1969)
using a continuocus application technique which showed some

potential include citronellol (3,7=-dimethyloct-8-enol=1), citral
(3s7'dim9thyl4Dcta-2,7-dienal-1), and carvone (2-methyl=5-
isopropenyl-cyclohex-2-en-1-one)(see fig. 3.3.3.). These compounds
have been further tested in this laboratory and failed to shouw

any promise using a single application on an adsorbant under

more commercially orientated experimental conditions (Beveridge

et al, 1978)., Other terpenoid compounds including ¢of pinene (ses
;fig. 3e3.44) are now being tested. However in general it would

appear that for most terpenoid compounds unacceptably high

application rates are required,
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Figure 3.3.4. Sprout suppressant compounds
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7 MISCELLANEOUS ORGANIC COMPOUNDS
i) DICHLOBENIL

Dichlobenil (2,6~dichlorobenzonitrile) (see fig.
3.3.4.) 1s a well known soil acting and aquatic herbicide which
has been used as a sprout suppressant (Sawyer, 1967; van Vlist
and Hertog, 1966)., It is still approved in the U.K. as a suitable
chemical "to kill shoots on potato clamps" (Anonymous, 1976). It
is a powerful inhibitor of actively dividing meristems (Martin,
1972) and would thersfore presumably inhibit wound periderm

formation as well.

ii) CHLORTHIAMID

Chlorthiamid (2,6-dichlorothiobenzamide) (see fig.
3.3.4.) is a herbicide introduced by Shell Research Ltd. in 1963
as a total herbicide, In suitable conditions it is slouwly
converted to dichlobenil (Martin, 1972). It is marketed as a
7.5% granular formulation called "Prefix" and receives a similar
approval to dichlobenil, Neither should be used in the vicinity
of seed potatoes. Their use is best restricted to destroying

potatoes on old clamp sites and in dumps.,

iii) 2,4-DINITROTOLUENE

2y4-dinitrotoluene produced sprout control
comparable to that obtained by MENA in the experiments of Emilsson

et al (1955) but no other references to its use as a suppressant

were located during the course of this survey.

iv) QUINOLINES

2,4-dimethylquinoline, 2,3-dimethylquinoline (see
fige 343.4.), 2-chloroquinoline, 6~chloroquinoline, and 1,2-
dihydro-6-ethoxy=2,2,4=trimethylquinoline have been shouwn to
control potato sprouting on an experimental scale., Denny (1954)
demonstrated that 0.5-1.09 of 2,3-dimethylquinoline per kg of
tubers almost completely inhibited sprouting. This application

rate would render commercial use of these materials impracticablae.



- 5 -

u) DI - ALLATE

Di -~ allate (5 - 2,3 -~ dichloroallyl NN = di =
isopropylthiolcarbamate ) (see fig.3.3.4., ) is marketed as a
herbicide for the control of blackgrass and wild oats.

(martin, 1972 ), It is relatively volatile and this is a major
limitation in its use as a herbicide as it must be

incorporated into the soil immediately after application,

This property has been turned to advantage in the field of
sprout suppression (Sawyer, 1967 ), although it is 1less
effective than nonanol (Meigh, 1969 )., Being a mitotic
inhibitor, however, might lead to problems with respect to

wound healing,

vi) DITHIOCARBAMATES

e M el

Compounds of the general formula R (R )=
NCSSR" where R and R' are H or alkyl groups and R" is Me, Et,
Pr, Phy, 8tc. have been proposed as suppressants. (Czyzewski
et al, 1952 ). The example of methyldimethyldithiocarbamate
(see fig. 3.3.4, ) is given but it would appear to be active

only at relatively high concentrations.
vii) ARENESULPHONAMIDES

Arenssulphonamides with the gsneral formula
ASUZN(R)R' in which A is aryl (with or without halogen, alkyl,
or nitro substitution ), R is H or alkyl, and R' is alkyl,
have been patented as suppressants, (Nultsch and Jumar, 1960 ).
A 1 - 5% dust formulation of NN dimethyl - 2,4,5 -

trichlorobenzene sulphonamide (see fige 3e3.4. ) is said to

give complete control for 6 months at 15°¢,

viii) FURFURYL ACRYLIC ACID

ey e P

2 - furfuryl acrylic acid (see fig. 3.3.4. )
has besen shown to be an. effective suppressant but has a
powerful aroma which renders treated tubers unacceptable for

ware use (Yabuta and Tamari, 1942 ),
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ix) N = DIMETHYLAMINO - MALEAMIC ACID

N - dimethylamino - maleamic acid (see fig.
2.3.5. ) is closely related to succinamic acid (see fig. 3¢3456)
a known growth regqulating compound, Sprays of
N = dimethylamino - maleamic acid have been found to retard
the growth of a variety of crops, It is readily translocated,
relatively non - phytotoxic and has a long residual action,

Applied as a foliar spray at approximately 9Skg ha-1 in

150dm3 ha_1

in subsequently harvested tubers, Unfortunately the very early

it has been found to suppress potato sprout growth

application time used produced adverse effects upon yield.
Potato tubers will sprout again after a period of suppression,
(Riddell et al, 1962 ), This compound could be worthy of

further investigation,

8. GENERAL CONCLUSTONS

Of the multitude of chemicals described above only
nonanol and MENA can be said to have had any degree of
commercial success and even they are no longer used. However
the survey has shown that the criteria for a successful
suppressant are numerous and varied, The major problems

associated with the use of the sprout suppressants described

in. the precseding pages are summarised below, (not

necessarily in order of importance ).

i) INEFFECTIVENESS

Obviously a good chemical sprout suppressant
must suppress sprouting sffectively, Many of the compounds
discussed produced significantly lower lsvels of sprouting
than untreated controls, but this does not imply adequate
performance. An efficient suppressant must be able to
completely suppress sprouting for the period desired (at least
2 months ) at acceptable and sconomical application rates -
usually at 10 - 100mg kg-1 if applied to the tubers and at
1 = 3kg ha“1 if applied as a pre-harvest treatmsnt.



Figure 3.3.5. Sprout suppressant compounds
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ii) APPLICATION METHODS

Although a wide varisty DF_appiicatioﬁ
techniques have been used in experimental work, only a feu

are applicable to commercial situations., The application

technique should produce reproducible results and cause
minimum modification to normal cultural and storags

practices,

a) post - harvest application
Dust applications are only really practical if

they are carried out as the potatoes are bsing placed in store
and hence arewmsuitable for chemicals which demand a several
week curing period although later dust applications have been
proved technically possible. To produce even effscts the
chemical must be volatile.

Vapour applications generally involve specialized
equipment. Burton has shown that continuous vapour
applications are possible in commercial situations, but must
by their nature involve more supervision and management,

Fog applications again involve specialised
equipment but are more suitable for treatment of potatoes

already in stors and hence for ths chemicals which inhibit

wound healing,

Spray applications have not been successful bescausse
of the increased rotting produced by high volumes of water.

This factor could now, of course, be overcome by the recently
developed ultra~low volume "mist" applicators developed for

use with fungicides.

& I Y - L " r Ta* Eud *
YL, " .Jr}_i It -

b) pre-harvest application

Pre-harvest application can involve foliar sprays
or soil application of a chemical either in granular or spray
form, Generally however (as discussed later under "Maleic
hydrazide" )the effects of such applications can be variable
and very much dependent upon climatic conditions. Early
treatments. can affect subsequent growth and yield. Late sprays

can produce incomplete suppression, Haulm killing sprout
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suppression treatments have been reported but not used in
practical situations, All soil applications tried so far

have been unsuccessful..

iii) UNDESIRABLE PHYSIOLOGICAL EFFECTS

a) sprout stimulation

Many of the compounds tested although providing
adequate inhibition at high application rates appear to
stimulate sprouting at low concentrations, This has proved
a serious problem with auxin - related compounds, as would
be predicted from their postulated mechanism of action. It
should be noted that once applied the initial concentration
decays due to volatilisation and metabolism and hence louw

concentrationswill eventually prevail.

b) abnormalities

Various abnormalities in tuber anatomy have
been noted after treatment with some suppressants, such as
abnormal growth round the eyes (2,4-D ), abnormal grouwths

on the tuber surface (MENA )and increased cracking of tubers
(2’4’5-1- );..

c) inhibition of wound healing
Inhibition of both periderm and suberin

development has been observed with some compounds (2,4,5-T,MENA).

This can lead to increased fungal. and bacterial infection.

d) high phytotoxicity

Some compounds used as suppressants have shoun
a high toxicity to potato tissue causing necrosis of ths more
delicate areas. Although attempts have been made to minimise
this by judicious choice of application rates and methods it
has: still proved a major problem. If the young buds are killed
outright and decay follows then this provides access to
micro-organisms andincreases rotting (s.g. nonanol ). Necrosis
at lenticels has also been observed with similar results. A
good sprout suppressant should therefore suppress the growth of

young buds without killing them,
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iv) EFFECTS ON PROCESSING CHARACTERISTICS

Although somewhat controversial the effects
of the sprout suppressants described above on such parameters

ag: sugar levels; appears minimal, Information of this nature

however, was limited to the mors successful compounds..

v) EFFECTS ON THE SUBSEQUENT GROWTH OF SEED

None of the chemicals above have besn proven
suitable for use. on seed potatoes. Most in fact are
unsuitable., It has proved difficult if not impossible to find
concentrations which. will produce adequate suppression in

storage and yset allow seed to germinate normally on plantinge.

vi) RESIDUES AND TOXICOLOGY

Many of the investigations described above were
carried out in a period when residue analysis techniguss were
in their infancy and toxicological legislation less demanding
than it 1is now, so the information available is limited.
Nevertheless some gensral points are apparent. Concentrations
of suppressants used are almost. invariably high - of the order
af 10 - 300mg k9-1 « In most. cases a proportion of the active
themical actually penstrates the tuber although the depth to
which: it penetrates varies. This implies that if a suppressant
is used it must insvitably be consumed if the potatoes are |
eaten,. Peseling reduces residus levels. Application methods

depending upon translocation from the foliage probably result

in higher residue levels in the consumable parts of the tuber.
For these reasons and because of the importance of the potato
in the human dist in tempsrate regions sprout suppressant
chemicals should bs non=toxic and-easily metabolised. Chemicals
used. must also be free of toxic impurities. (sees 2,4,5-T ).

Levels of residues which have bsen reported for thes
above compounds indicats that the use of sprout suppressants
results in residues of the order of 0.1 - 10mg kg_1.

It was dlso noted that some compounds (e.g. alkyl

halides ) have proved toxic to those applying the chemical.
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vii) OTHER UNDESIRABLE PROPERTIES

a) inflammability
Highly -inflammable compounds create

hazards for those applying the chemical and cause a fire risk,
Many of the chemicals suggested as suppressants have low flash

points, Also worthy of note is the fact that solutions of
the chemical suggested for "fogging" have often been in

inflammable solvents,

b) high volatility

Although volatility is desirable in
post—-harvest applied chemicals, very high volatility can lead

to excessive ventilation losses and render a compound uneconomic,

Je3e2e SPROUT SUPPRESSANTS IN CURRENT COMMERCIAL USE

Although the quantity of sprout suppressants used
is increasing, the variety of chemicals available is
decreasing, There are at present only 4 chemicals uwhich are
widely used. These are, maleic hydrazide, chlorpropham,
prdpham and tecnazene (see fige 3¢3.6. ) r

Maleic hydrazide is applied as a pre-~harvest foliar

spray and is widely used in the U.S.A., but not in Europs.,
R | Chlorpropham and propham are closely related
compouﬁds widely used in the major Europsan potato growing
areas and, the U.S5.A.

Tecnazene is the only commercially available sprodt
suppressant that may be used with any degree of confidence
on. seed potatoes, It is thersefore widely used in Scotland.

These compounds are more fully discussed below,
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Figure 3.3.6. Currently used sprout suppressant chemicals
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Jede2e1a MALEIC HYDRAZIDE

a) GENERAL

Maleic hydrazide is the trivial namé for

6 - hydroxy = 3 = (2H) = pyridazinone. It is sometimes
referred to by the initials NH.meag@giagfh requlant propaerties
were first described by Schoenepn(1949 ). It is a white non-
volatile crystalline powder of mp.ZQGDCm Its solubility at
25°¢C is 0.6% w/w in water, 0.,1% w/w in ethanol. Maleic
hydrazide behaves as a mono-basic acid forming water soluble
alkali metal and amine salts., The diethanolamine salt is very
soluble (70% w/w ) in water and is the most common formulation
of maleic hydrazide, although the sodium salt is also used
(Amatsu and Karazaua, 1956 ).

It is translocated in plants and inhibits cell
division but not extension and is used for the retardation
of the growth of grass, hedges and trees, for the prevention

of sucker development in tobacco and as a potato sprout

suppressant (Martin, 1972 ),

tarly experiments showed that maleic hydrazide was

ineffective as: a sprout suppressant when used as a dip, but
when tooth picks soaked in a 2500pg‘cm-3 solution were
inserted into tubers inhibition was obssrved (Marshall and
Smith, 1951 ),

| Foliar application has been widely investigated
although it should be noted that almost all of these
experiments were conducted in the U.,S.A. The importance of
correct timing of application was demonstrated by Kennedy and
Smith (1951 and 1953 ) who obtained satisfactory sprout control
using a 1000}19/01117-3 solution at 130