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ABSTRACT

Physiological factors likely to affect the storage and ripening of plant-
éins (Musa AAB) at ambient temperature of 20°C have been investigaled,
using Ghanaian plantains of a French-type cultivar, Apem., The pre
climac'teric phase as measured by following either rates of CO2 evolution
in single plantain fingers or colour change of the peel was used as an

indicator of the potential storage life.

Of all the factors tested, water stress had the largest effect on the pre-
climacteric period of plantains. Typically, an increase in weight loss
of 0. 5% per day was accompanied by a decrease of 65% in the potential
preclimacteric period of cultivar Apem and of two other plantain cultivars,
Under similar conditions of water stress, plantains were more sensitive
than bananas. The preclimacteric period was extended when the storage
tempér‘atur‘e was reduced, but 14°C was the lowest temperature where
fruits were free of chilling injury, which was observed in green fruits
at 10° and 6°C. Treatment with gibberellin extended the preclimacteric
period when subsequent storage was under conditions favouring low
weight loss (i. e. at high humidity), but had no effect under water stress

(i.e. at low humidity). Treatment with agqueous CaCl, extended the pre-

2

climacteric period, but salicylhydroxamicacid had no effect,

An examination of the co-ordination of ripening changes showed that
water stress and gibberellin had no effect on the respiratory patterns,
but water stress increased the maximum rate of ethylene p:‘oducfion and
also the ACC content of the pulp. The synchronisation of ripening of
pulp and of peel remained unchanged when the preclimacteric period was
reduced by water stress and when it was exiended by treatment with

gibberellin (GA4/7). However, there was a transient delay in peel



colouration and pulp softening in stresscd fruit.

The mode of action of water stress in the preclimacteric period was in-
vestigated by measuring ethylene production and respiratory rates of un-
ripe fruits and respiratory rates and preclimacteric period of fruits
treated with low concentrations of ethylene. To measure production of
stress ethylene py unpipe fruits, other methods such as ACC and accum-
ulation in a closed system were tested and discarded in favour of ethylenc
trapping in a continuous flow éystem using mercuric perchlorate. Water
stress markedly increased both ethylene production and respiratory rales
of preclimacteric plantains. Treatment with ethylene reduced the pre-
climacteric period and increased respiratory rates of preclimacteric
plantains. The effects of exogénous ethylene on the preclirmacteric period
and respiratory rates were quantatively similar to the effects of water
stress on the preclimacteric period and on respiratory rates, Thus, the
|ar‘ge- effect of water stress on the preclimacteric period of plantains is
probably mediated wholly or largely through increased synthesis of endo-

genhous ethylene in response to siress.
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SHARTER 1

INTRODUCTION

1. 1. General Introduction

Banana belongs to the family of Musaceae which consists of two

main genera - _Znsate and Musa., The genus Musa is composed
of four sections. Nearly all edible bananas are derived from

two wild diploid species -~ Musa acuminata (AA) and Musg

balbiasiana (BB) (Simmonds, 1966). Diploid, triploid and tetra-

ploid groups of M. acuminata are derived from the wild AA

group and most edible cultivars are triploid. No diploid (BB)

form of M. balbisiana is known which has edible or partheno-

carpic frujts and no tripleid of M. balbisiana (BBB) ' . exists.

Plantain (Musa AAB group) and cooking banana (Musa ABB) are
also triploid and they are derived by AA x BB hybridisation,
Plantain comprises of two main forms: French plantain with
seven to ten hands per bunch and numerous fingérs and Horn
plantain with three to five hands per bunch and fewer individual
large fingers ('Bur‘den and Coursey, 1977). 'Apem! '(F’late 1) is the
local name of the French type of plantain which was mostly used in
the present studies and its characteristics have been fully
described by Karikari (1970, 1973). Apantu and Osa, both of

the Horn type, were other cultivarsﬁlr::;ed in experiments

described in this thesis (Plate 1).

Plantains and cooking bananas {(Musa AAB and ABB) are an



(a) Apem (French type)

Photographs showing three cultivars of plantains

(b) Apantu (Horn type)

(c¢) 0sa (Horn type)
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important staple food in many regions of the humid tirepics
and small quantities are exported to Zurope, especiatly
Britain where it is consumed by non-[European immigdgitant

groups.

The Food and Agriculture Organisation (FAQO) estimated the
world production of plantains in 1976 at 18 million tonnes per
annum which could have increased since that date. [nh Ghana
where the material for ithis study was grown about 1 millicen

tornes per annum are produced (Karikari, 1970).

The utilisation of plantains is highly influernced by traditional
cooking practices: unripe (green) fruits are usually boiled or
mashed, occasionally roasted; ripe fruits are boiled or

sliced and fried.

The total volume of plantains imported into Eurcope and
United States is difficult to assess as total trade statistics
from known supplying countries are often inaccurate. In
Britain alone, imports are currently estimated at betwecn
2,500 and 10,000 tonnes per annum mainly re-exported from

Holland {unpublished data).

l'-"r*uiis for bcoth domestic and export markets are harvested
firm and green, but ripening can e'asily commence during
collect‘ing and transportation, thus the storage life is
usually short and serious losses often cccur. Despite the;\se

losses, very little research into the post-harvest physiology
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and biochemistry during storage and ripening of plantains has
been undertalken, though a lot is known about the behaviour of

dessert bananas of the Musa AAA group.

The subject of post-harvest physiology and biochemistry of
baﬁanas including plantains has been reviewed in the past
(lLoesecke, 1949; Simmonds, 1966; Palmer, 1971) and more
recently a comprehensive review has appeared (Marriott,
1980); consequently this review is limited toc areas
relevant to the present studies. These include:
1. the preclimacteric period and the role of exogenously
and endogenously produced ethylene (stress), temperaturc
and growth regulators in its control,

2. the mechanism of co-ordination of the climacteric.

The greater part of the review will be based on selected

publications on bananas, on which more work has been done, but
attempts will be made to review all published data on the

relevant topics on plantains.

Measurement of the preclimacteric period

The preclimacteric period of fruits including bananas and
plantains is defined as the time which elapses between
harvest and the initiation of ripening, (ie to the start of the
climacteric). This period has been shown to be a useful
physiclogical measurement of the storage life of bananas
(Peacock and Blake, 1970), In the preclimacteric phase,
bananas and plantains are ususally green and very firm. In

this state the fruittcan ba successfully stored as they are
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less susceptible to both mechanical damage and fungal
infection., When the climacteric commences, the fruits rfap—
idly lose both their green colcur and firmness becoming
more susceptible to both mechanical damage and fungal infec-
tion, and thus I'xavef‘\—/ery short shelf life. In general, there-
fore, the length of the preclimacteric phase

is a good indicator of the storage potential of bananas and

plantains. In this thesis the term "preclimacteric period!

will be used to mean the storage period or green life.

Previously, the effect of various storage conditions on the
storage life of bananas was assessed by measurement of the
proportions of ripe hands within replicated groups after a
fixed period, selected according to the desired transit time,
typical periods of 15, 20 and 25 days have been used
(Simmonds, 1966). This method lacks a quantitative basis of
comparison of storage life under different conditions. In
recent investigations, the preclimacteric periods of sir‘.gile
fruit fingers have-been measured and data from these invest-
igations show that the preclimacteric period is closely co-
ordinated within a single bunch. For a bunch, the
preclimacteric period increaées from the proximal to the
distal end of the bunch, thus the sixth hand ‘has a preclim-
acteric period 30% longer than the first hand. At the

Sandy Trout Food Preservation LLaboratory, investigations
involving the effect of various storage conditions including
the effect of temperature, water stress, ethylene and other
factors on bananas have been measured by observing the
preclimacteric period of single fingers ventilated at a

constant rate with humidified ethylenec-free air (eg Blake
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and Pecacock, 197'; Littmann, 1972a,b,c¢; Peacock, 1973a,

'b; Peacock and Blake, 1970).

Karikari et_al (1979) have also examined the duration of the
preclimacteric period of individual fingers of plantains (cv.
Apem) using Tfingers both from different hands within a bunch
and from different bunches of different ages. They observed
significant differences between hands of the same bunch and
between bunches of different ages but observed no differcnce
in both the pattern of climacteric respiration and mean
maximal rates of CO production between hands of the same

2

bunch or between bunches of different ages.

This approach requires a high degree of replication, but
provides estimates of the separate effect of each stress while
avoiding effects caused by interaction between different
fingers., It can also be used to measure the interaction
between fruit maturity at harvest and different storage treat-
ments, since significant differences could be observed within
bunches by dividing and randomising fingers from adjacent

hands between treatments.

Effect of temperature on the preclimactaric period

Investigations on the effect of temperature (Peacock and
Blake, 1970) showed that, over a small range of temperature
close to the optimum for storage (12.5-21. SOC) the preclim-
acteric period in bananas was an inverse linear function of
temperaiure, with the temperature coefficient in the range

of 1 te 3 days for 19C.  This coefficient is generally un-
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affected by fruit maturity., For a given temperaturc change,

the proportional change in the preclimacteric period is con-
stant irrespecctive of the maturity at harvest. A similar
observation has been made on banénas of dessert clones

(Musa AAAA group) stored at 12 and 14°C (Marriott et al, 1979).
On the contrary, Blake and Peacock (1971) observed that at a
broader temperature range (15--3500) the relationship between
the duration of the preclimacteric phase and temrerature is log-
arithmic: log g = MT + C, Where g is the preclimcteric period in days
at temperature T and M and C are constants. This relationship
which impiies a constant proportional reduction in the pre-
climacteric period for a given increase in temperature is in
agreement with the observations by Peacock and Blake (1970)
that proportional changes are independent of fruit métur‘ity,
though for a particularly immature bunch (cv. Giant Cavendish)
it was observed that the preclimacteric period was greater a
17° than at 150 or 13°C. It is likely that at lower temperatures
(‘:3o or 15°C) chilling injury occurs in the fruits and the less
mature bunches are more susceptible than more mature ones.

If this hypothesis is valid it may explain why Marriott and New
(1975) also observed a reduction of 1.1 day in the preclimacteric
period of bunches of "Valer*y" stored at 12°C when compared
with those stored at 14°C. It should be further noted that

these temperatures with the exceptio‘n of 17OC are within the
r‘ange‘ {10 - 15°C) at which chilling injury is known to occur.
Lizana (1975) observed that at 40 - 420C ripening was normal

(ie the climacteric occurred), though the preclimacteric period was
the same at 35°C, but at 50°C ripening was not normal. This

is in agreement with Blake and Peacock (1971) who observed

that ripening may be partially suppressed at high temperatures.
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There have been two |limited studies on the effect of temperature
on plantain storage (Fernandez, 1973; Guillemot, 1976).
Hernandez (1973) has shown that plantains stored at IZOC had
their preclimacteric periods extended when compared with
fruits stored at ambient temperature (ZSOC) and when similar
fruits were stored in sealed polythene bags containing ethyltene
absorbent at 12°C the preclimacieric period was further
extended to 55 days. Similarly, at 12°C the preclimacteric
period of plantains which was previously 12 days was extended
to 65 days when fruits were stored in sealed polythene bags
containing ethylene absorbent (Guillemot, 1976). Green
plantains were damaged by chilling at 8°c (Hernandez, 1973)
and at 10°C (Guillemot, 1976), but remained undamaged at

IZOC in either investigation. Bananas and plantains may have a

similar temperature range for ripening and and may have a Similar

temperature:caofficient.

Effect of ethylene on preclimacieric neriod

Effect of exogenousiy applied ethyiene

The effect of exogenous ethylene on the preclimacteric period

of bananas and plantains is critical to the understanding of the
onset of the climacteric and the technology of bulk storage.

Trace quantities of ethylene shorten the preclimacteric period
and high concentrations rapidly induce the climacteric. In

Table 1 is a summary of some of the published data on the effect of

low concentrations of ethylene on ithe preclimacteric period
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of bananas. Ethylenhe concentrations as low as 0.01 ppm can
reduce the duration of the preciimacteric period and this
reduction is usually a logarithmic function of ethylene concen--
tration. Liu (1976a) observed a consistent response of bananas
to 0.1 ppm ethylene and an intermediate but significant
response to 0. 015 and 0. 05 ppm, which are lower tharn the
internal concentration of 0, 06-0, 20 ppm in the fruit., Peacock
(1972) observed that the sensitivity of bananas stored at ZOOC
to ethylene decreased as the fruit maturity increased, when
ethylene treatment was applied immediately after harvest., e,
however, further observed that when fruits were treated at
different periods (1-6 days) after harvest, the sensitivity to
ethylene increased with increasing time between harvest and
the commencement of ethylene treatment., Both the data of L.iu
(1976a) and Peacock (1972) are not in agreement with the hypo-
thesis of Burg and Burg (1965) that there is a threshold con-
centration of ethylene approximately equal to the internal
concentration below which exogenously applied ethylene is
ineffective and further testing of this hypothesis is required.
Liu (1976b) treated bananas with a high concentration of
ethylene (10 ppm) for short periods {up to 28 hours) soon after
harvesting. He observed that there was a minimum length of
time (threshold length of time) below which the preclimacteric
period was unaffected and above which the climacteric was
induced at once. For 29 bunches harvested over a wide

range of maturity, he found a good correlation between the
preclimacteric period and the threshold lengih of time

which could be used as a rapid test to predict the pre-



Table |
The effect of low concentrations of ethylene on the storage of bananas.
a) Cv. Valery, bunch age 111 days, at unspecified temperature

were continuously exposed to ethylene as stated and colour scorred to

2.

b) Cv. Giant Cavendish, at 21°C fruits were continuously exposed to

ethylene as stated and respiration rate measured.

c} Cv. DwarfCavendish, at 20°C fruits were exposed to 0. 44 ppm ethylene

for 4 days and green life determined -~ not determined.

Source
Ethylene a b
treatment Palmer (1971) Liu (1976) Peacock (1972)¢
(ppm)
Preclimacteric Period (days)
0. 00 16 13.5 38,9
0. 01 - 9.5 -
0. 05 - 6.5 -
0.10 10 3 ' -
0.50 3.5 1 26. 4
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climacteric period. These data also suggest that conditions
exist when bananas can be exposed to high concentrations (10
ppm) of ethylene for a limited period (up to 24 hours) without
any effect on the preclimacteric period. In contrast, Peacock
(1972) observed that exposure of bananas to 0. 4 ppm ethylche
for a periodof 1 -0 days caused a reduction in the preclimacteric
period proportional to the period of exposure, but exposure to
60 ppm ethylene for 6 hours had no effect. Both Peacock (1972)
and Liu {1976b) proposed that for a limited period after harvest
banana.fruits remain relatively insensitive to ethylene as has
been reported for avocados (Gazit and Blumenfield, 1970).

This is consistent with the hypothesis by Burg and Burg {1965)
that when a fruit is attached to a tree, it receives a ‘Pipening

inhibitor which suppresses ils response to ethylene.

Recently New (1976) and Marriott et al {1979) have similarly
observed that very mature fruits harvested prior to ripening
in the field may still be stored 10 té 20 days prior to the onset
of the climactefic. Further work into factors which determine
this insensitivity of freshly harvested bananas to ethylene is
advocated as it may help to gxp|ain changes leading toc the on-

set of the climacteric.

Although the ripening of plantains can be induced by ethylene
treaiment in a manner comparable to that used for dessert
“bananas, the sensitivity of plantains to ethylene has only been
tested at high concentrations (ie 1,000 ppm) (Sanchez-Nieva et
al, 1970; Karikari et al, 1979). It is, however, not known
whether at low concentrations plantains will respond to

ethylene in a manner similar to bananas.
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Effect of stress ethylene

Many tissues including those of preclimacteric plantains and

bananas which usually evolve little or no ethylene show a

surge in ethylene production 3 io 10 times the basal level upon

applying treatments such as wounding, extremely high tempcr-
(N/OM )

atur‘esl exposure to light which impose physiological stress on

the tissues. Ethylene so produced is called stress ethylene or

sometimes wound ethylene - if stress is caused by wounding.

Littmann {1972a) carried out detailed investigations into the

effect of water loss (stress) during banaha storage in which
o~d

other variables such as temper*ature) ventilation were controlled.

Preclimacteric bananas were ccmpared at two humidities - low
(13.1 + 4.0% relative humidity) and high (95.C + 1.8% relative
humidi:y). He observed a linear relationship b::‘tween the rate
of weight loss and the preclimacteric period, with a reduction
in the preclimacteric periods of about 30% at a maximum
weight loss of 1.2% per day. In other investigations he also
observed that the rate of ethylene production of banahas under
stress increased by factors between two - three compared
with unstressed fruits {(Littmann, 1972b). Similarly, he
observed that during stress -the respiratory rate during the
preclimacteric period was increased (Littmanr\, 1976c) and the
climacteric peak depressed. . He proposed that ethylene
production, as a result of physiological stress, was the
mediator of both respiratory rise and the decrease in pre-
climacteric period, However, ethylene may not be the sole
mediator as other growth hormenes may be involved. If

Litmann's conclusion is valid, then it would be consistent with

the sensitivity of bananas to prolonged exposure to low con-
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cantrations of ethylenc alrcady discussed (Meacock, 1972;

Liu, 1976 a).

Thompson gt al (1974) also investigated the effect of water
a
stress on the ripening of plantains. lnﬂser‘ies of experiments

in which preclimacteric fruits were stored under low and high
relative humidity, they observed that at low humidity with a
higher rate of water loss per day the rate of ripening was

greatly increased.

Maxie et al (1968) carried out investigation on the effect of
irradiation on the ripening of banana fruits. Fruits from two
cultivars - Gros Michel and 'Valery'! were given various dosscs
of gamma irradiation and respiration rates, ethylene production
and other ripening parameters determined in both unirradiated
and irradiated fruits. They also investigated the effect of
injury on the ripening and the interaction between physiological
stresses such as mechanical injury and irradiation. Both
ripening and the onset of ethylene production was deiayed by 15
to 23 days when fruits were treated with 35 krad dose.
Similarly, irradiation (50 krad) delayed the onset of ripening
in injured fruits by several days but did not completely
eliminate the wounding stimulus. When fruits were treated
with 1,000 ppm ethylene for 24 hours at 62°F and subjected to
35 krad, they needed 12-24 hours longer treatment with 1,000
ppm ethylene than unirradiated fruits before they reachesd .
comparable stage of ripeness. Maxie and co-workers
suggested that the inhibition of ripening caused by irradiation
involves a decrease in sensitivity to the ripening action of

ethvlene. They further suggesied that the accelerated
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1.

ripening observed in fruits resulting from mechanical injury may

have been caused by increased cthylene production, though
they were unable to detecl increased ethylene production.
This may explain why Peacock (1973a) got a smaller reduction
(10%) in the preclimacteric period with less severe injuries

such as bruises and scratches.

Biosynthesis ofethylene and its mode of action

Biosynthesis of ethylene

Most investigations intc the biosynthetic pathway for ethylenc
during fruit ripening have been largely restricted to temperate
and sub-tropical fruits. Thus, little or no work has been done
on ethylene biosynthesis in either bananas or plantains. Even
where studies on ethylene biosynthesis have been undertaken
in other fruits our understanding of the naiure of the pathway
or pathways is limited by our inability to purify the enzymes
by the usual procedures. Past reviews (eg Abeles, 1973;
Lieberman, 1975; Yang, 1974; Yang and Pratt, 1978;
L.ieberman, 1979) should be consulted for more detailed
discussion. Biosynthesis of etﬁylene in most fruits is via the
oxidation of L.-methionine and Burg and Clagett (1976) have
demonstr‘ated the ability of ripe banana fruits to oxidise
carbon 3 and 4 of L-methionine to ethylene. In apple tissues,
methionine is metabolised via s—-adenosy!l methionine (SAM) as
an intermediate in the pathway to ethylene (Adams and Yang,
1977). The evidence for SAM as an intermediate was obtained
after feedingﬂb"‘; methioni:‘:e‘?/\, .apple tissues and identiiying

5-meihy| thicadenosine (MTA) and methylthioribose (MTR)
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which correlated with ethylene production. When cthylene
production was inhibited by aminoethoxyvinyl-glycine (AVG),
no MTA or MTR was detected in tissue extraclt, Preclimac-
teric apple tissues did not produce MTA or MTR fr‘omwé'
labelled methionine, this is understandable as preclimacteric
tissue does not normally produce ethylene, These provided
some evidence that SAM may be an immediate precursor in

the conversion of L.-Methionine to ethylene. Adams and Yang
(1978) studied the metabolism ofl%,i “methionine in apple plugs
held in nitrogen and in air. In nitrogen a radio-active com-
pound designated X accumulated, which when fed to apple
plugs in air produced the radio-active ethylene. The com-
pound was identified as 1-aminocyclopropane-1-carboxylic
acid (ACC). ACC has been extracted from bananas and

other tissues and determined by conversion to ethylene
(Hoffman and Yang, 1980). Previous studies also show that
ACCT stimulated ethylene evolution in different ti.ssues,
including fruit tissues from a wide range of plant species
(Cameron et al, 1979). Although no tracer studies have been
reported on bananas, it is probable that the major biosynthetic
pathway for ethylene in this_ fruit is from methionine via s-
adenosylmethionine and ACC, Earlier reports of biosynthesis
of ethylene in ripe banana fruits from /B—hydroxypr'Opionate vié
acrylic acid (Shimokawa and Kasai, 1970a,b,c) may be an alt-
ernative but less important pathway as ACC is widely dis-

tributed in fruits.

Present evidence also shows that most stress ethylene is
derived from lL.-methichine, perhaps by the same biochemical

pathway similar to basal ethyiene. However, during severe
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" in complete absence of cell wall

wounding, ethylene may be produced by péroxidation of lino-
lenic acid which also results in some ethylene production

(LLieberman and Kunishi, 1968).

Recent studies (Mattoo and Lieberman, 1977) show that apple
slices gradually lose the ability to synthesise ethylene when
they are incubated with a mixture of enzymes that digest the
cell wall. The released protoplast did not produce ethylene,
but after culturing for several days, ethylene production was
observed concomitant with the generation of the cell wali
material. Protoplast will produce ethylene if supplied with
methionine and the system was inhibited by AVG and N-propyl
gallate. L.ieberman {1979) quotes an unpublished data by
Andersen in which protoplasts obtained by less drastic

lytic methods produce ethylene from#C} & labelled methionine
) € hus suggesting that

ethylene forming system is localised on the surface of the

plasma membrane.

Mode of action of ethylene

Information on the mode of action of ethylene in bananas is
indirect and fragmentary. Kidd and West (1545) suggested
that ethylene was a fruit-ripening hormone and that a minimum
threshold concentration is necessary 1o exert physioiogical
activity in fruit tissues., The effects of various concentrations
of exogenous ethylehe on the preclimacteric period of whole

bananas have been reviewed in 1. 4. 1. and this should be con-
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sulted for a more detailed discussion. Vendre!l and McGlasson
(1971) observed that when banana slices were treated with
cthylene, the onset of climacteric was accelerated and cqtrl'xylonc}
production dur;ing the climacteric was also stimulaied, and
post-climacieric ethylene production was partially suppressed
relative to the untreated slices. The inhibition of post-
climacteric ethylene production was a function of ethylene concen-
tration (5-10 ppm) and the duration of ethylene treatment (0, 5—
3 days). A similar inhibition of ethylene production in post-
climacteric bananas, in which ripening was induced by
propylene, has been observed by McMurchie et al (1972).
Consequently, McMurchie and co-workers suggested that in
bananas, two systems regulate ethylene biosynthesis. In
naturally ripening fruits, ethylene biosynthesis is initiated by
some factors in the regulation of ageing process - system 1.
The ethylene produced by this system reaches a level in the
fruit sufficient to initiate the respiratory climacteric and
associated ripening changes. The rise in respiration is
accompanied by a further increase in ethylene production -
system 2. Although system 1 is circumvented if bahanas are

treated with either ethylene of propylene, - .: system 2 is then

partially suppressed. McMurchie et al (1972) suggested that

the suppression of ethylene synthesis by system 2 could not
be a simple end product inhibition, as it persisted even
after the end of the ethylene treatment. Preclimacteric
ethylene production in bananas (New, 1976) and in plantains
(Karikari et al, 1979) is low and usually undetectable, but "
a sudden onset and increase in synthesis occur prior to

the climacteric increase in respiration. The maximum

ethylene evolution in plantains is much greater {about



10 fo!d) than for dessert bananas whether related te fresh

weight or dry weight (Karikari et al, 1979).

Saltveit et al (1978) hakshown that when Ag(1) as aqueous AgNoS
is applied to bananas both ethylene synthesis aﬁd the response to
exogenous cthylene were inhibited. As this inhibition was not
reversed when fruits were treated with ethylene, they suggestad
that Ag(1) may have interferred with the primary action of
ethylene in the banana tissue. § $imilar effect of Ag{1) on
ethylene production in a different fruit tissue has been reported
(Janes and Frenkel, 1978). Datla of Salkveit and co-workers may
give an insight into the complexity of ethylene action, but do not
give a clue to the actua! nature of the cellular binding site or
sites in bananas. However, various studies on ethylene binding

sites in other tissues have been undertaken and these have been

reviewed elsewhere (Lieberman, 1979).

Both the peel and pulp of banana produce ethylene during
ripening, but the Iatterf produces more ethylene than the former
(Vendrell and McGlasson, 1971). Ethylene production in the
peel occurs only during senescence (ie climacteric). Unlike
the pulp, the peel does not éhow any respiratery rise during
the climacteric comparable to the whole fruit, although a
reasonable transient respiratory rise can be induced with
ethylene (Terai et al, 1974). In previous studies Terai etal
(1973) also showed that in bananas treated with ethylene at one -
end, those girdied by removal of peel at the centre evolved
markedly less ethylene at the untreated end than did ungirdled
bananas. They suggested thal the peel tissue plays an import—

ant part in ethylene diffusion. This diffusion can be important
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in fruit ripening.

Allhough various reasons have been advanced for the role of
stress ethylene in fruit ripening (Matsuno and Uritani, 1972;
Vendrell, 1970b), the actual role is still not fully understood.
Salkveit and Dilly (1978) suggested that the damped oscillation
curve for wound ethylene production in pea stem tissue they
observed may reflect a return to a proper hormonal balance
and that stress ethylene may be the symptom of hormonal

imbalance induced as a result of metabolic stress,

Effect of growth regulators

Since fruit ripening is a developmental process under hormonal
control, emphasis is now being placed on the role of hormones
other than ethylene. Vendrell (1962, 1970a) observed that
auxin applied by vacuum infiltration delayed ripening in

green banana slices and delayed but increased peaks in ethyliene
production and rate of respiration. In contrast, when the whole
fruit was dipped in auxin, ripening was accelerated. Apparently,
when auxin was applied as a dip very little penetrated the pulp,
but when the slices were vacuum infiltrated both the peel and
the pulp were penetrated. Vendrel! (1970a) concluded that
although auxin stimulated ethyleﬁe production in the slices, it
extended the preclimacteric period by increasing their resis-
tance to ethylene induced ripening. He confirmed this by treat-
ing both previously auxin infiltrated and uninfiltrated slices
with 10 ppm ethylene for 24 hours. Auxin infiltrated slices
needed an extra 24 hours treatment with ethylene before reach-

ing comparable colour with untreated slices.
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Similarly, gibbercllins can extend the preclimacteric period
of bananas. Leonce (1974) and Kapoor and Turner (1976)
observed a considerable increase in the preclimacteric period
of bananas when individual fingers were dipped in gibberecllins,
There was more response to GA 4/7 at 10 ppm than to GA 3 at
100 ppm. Vendrell (1970b) also studied the effect of GA 3 on
the ripening of bananas. Whole fruits and slices were dipped

5 2\ .

and vacuum infiltrated respectively with GA 3 (10" "M to 10~
In one experiment slices were treated with ethylene (10 ppm)

for 24 hours and later treated with gibberellic acid.

Gibberliic acid did not affect ethylene production in either the
slices or the whole fruit, but ripening was delayed in the whole
fruit in contrast to the tissue slices in which It was
accelerated. The aspect of ripening delayed in the whole fruit
was the yellowing of the peel. A similar delay in the peel
yellowing was observed when previously treated ethylene’

slices were treated with gibberellic acid. Thus, \/vendrell
(1970b) suggested that gibberellic acid may have opposite
effects in the peel and pulp. In the peel gibberellic acid may
induce or increase the production of a substance (or substances)
which when translocated into pulp may cause a delay in the

process of ripening. Further work into the nature of this sub-

stance or substances is needed.

CLo-ordination of the climacteric

Studies on the integration and control of ripening in climac-

teric fruits inciuding bananas and plantains have been centred

~around the role of ethylene. Ethylene is considered to trigger

biochemical changes associated with ripening, though of jate
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other growth hormones such as auxins(' gibberellins have been

implicated, Previous studies were {imited by the difficulty in
following some of the biochemical changes in intact fruits,
For instance, test solutions cannot penetrate very easily the
tissue of green bananas and plantains. However, Palmer and
McGlasson (1969) observed that normal ripening occurs in
slices cut transversely across both peel and pulp,

with a thickness of 6 mm. These slices could be vacuum infil-
trated with test solution without causing major disturbance to
their metabolism. When the slices are maintained under
sterile conditions with or without ethylene they pass through a
preclimacteric period and then a climacteric phase anparentiy

comparable to the intact fruit.

Previous studies have, however, shown that slicing of fruits
causes major injury and stress which will affect ripening
(Laties, 1963;" p. Re&s, 1968; Mcglasson and Pratt, 1964).
This probably led to the development of a technique for
vacuum infiltr;ation of labelled metabolites into intact fruits
(Frenke! et al (1969). The effect of stress including wounding

on ethylene production in fruits has been reviewed (1. 5. 2.).

Protein synthesis

Data on bananas and on other fruits show that RNA and total
protein content do not change drastically during ripening (eg
Richmond and Biale, 1967; Wade et al, 1972), although
Palmer (1971) reported data of Sacher which showed a signif-
icant increase in total protein content about 5 days kefore on-

e
set of/c!imacter‘ic. Various investigations into protein
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synthesis during ripening in banana slices infiltrated with

IHC * amino acids have been carried out (eg Brady et al, 19704,
1976; Wade et al, 1972). From this study it was first dem-
onstrated that c;uring the early part .of the climacteric
following ethylene production, both the rate of uptake of amino
acids into cells and the rate of incorporation in protein
increased (Brady et al, 1970a). There was redirection of
protein synthesis as shown from changes in soluble protein
observed after gel electrothroesis and the inhibition of ripen-
ing by protein inhibitors., Similar changes in pretein patterns
after gel electrophoresis héve been reported elsewhere
(Skakoun and Daussant, 1273)., However, Wade et al, (1972)
observed no change in protein content relative to the total
level of nitrogen in the pulp tissue. They further showed that
there was no evidence for movement of nitrogen between the
peel and the pulp tissues during ripening and concluded that no
substantial increase in the amount of ribosomal materials
6ccur in the early climacteric. These conclusions were based
on the fact that they observed no change in both total content
of RNA or the base content of RNA in pulp tissue. More
recently, Brady and O!'Connel (1976) treated banana slices
with ethylene (5 ppm) for durations of 6 and 12 hours and
compared the rates of protein synthesis. Treatment for 5
hours produced only a small and transient respiration response
s0 that the climacteric occurred at the same time as in un-
treated slices, whereas when slices were treated for 12 hours
the climacteric was rapidly induced. They found that changes
in protein synthesis were very similar for the two periods of
ethylene treatment and concluded that the redirection of pro-

tein syinthesis they observed was a response to ethylene
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tireatment rather than to ripening. They also used double
fabelling experiments to establish that the increase in protein
synthesis involves the redirection of large range of soluble
protein and is not limited to the synthesis of a specific protein.
They concluded that there is as yet no evidence that the syn-
thesis of a particular protein not previously present is
triggered by ethylene treatment which leads on to ripening.
Conflicting results have been reported on the change of total
pecti.n methylesterase (PME) activity in banana, especially in
the cultivar Gros Michel. Hultin and Levine (1965) reported a
fon*—foId increase, with a water soluble fraction (1), but Deswardt
and Maxie (1967) found no change in total PME activity, Brady
{1976) extracted, purified and characterised this enzyme. It
had a molecular weight of about 30,000, After isoelectric
focussing, the enzyme was found in two peaks at pH 8.8-8. 9 and
9. 3-9.4, The enzyme in the two peaks had the same molecular
wefght and showed only minor difference in response to pH,
salt concentrations, etc. during assay. He suggested that the
multiple forms previously reported (Hultin et al, 1966) may have
developed during extraction and fractionation and the two
fractions he obtained could have arisen similarly. Further
work is needed to resolve this conflicting report. An increase
in peroxidase activity during the climacteric has been

reported (Haard, 1973). This increase in peroxidase activity
was associated with the particulate fractions which increase

in activity three-fold during the climacteric rather than the
soluble fraction in which activity did not change appreciably.
The isoenzymes of peroxidases have been partially character-

ised from ripe bananas (Nagle and Haard, 1975). It is,
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howevetr, not clear whether changes in peroxidase activity

reported reflect the synthesis of new protein,

Permeability and lipid changes

The theory that fruit ripening results from marked increase
in membrane permeability with accompanying cellular decomp-
artmentation of enzymes and substrates is still an influential
idea in studies on fruit ripening. Previous permeability
studies on banana have been reviewed elsewhere (Palmer,
1971). Brady et al (1970b) have shown that in banana slices
treated with ethylene the respiratory response commenced
within 8 hours after ethylene treatment but changes in tissue
permeability were not measurable unti! after 32 hours. This
suggests that tissue permeability may not have caused the
respiratory rise. Wade and Bishop (1978) have alsc shown
that the content of total lipid in banana fruit pulp tissue
remained constant during ripening induced by ethylene, but

the fatty acid composition of the lipid changed. Physical

measurement showed that motion and fluidity of lipid layers

also increased during ripening. Recently, Wade et al (1980)
studied tissue permeability and membrane lipid composition
ih whole banana fruit treated with propylene. They found

a temporary correlaticn between the change in membrane
lipid composition énd the onset of r‘abid increase in leakage
of ions from the tissue. Though leakage of ions increased
progressively 44 hours after propylene treatment,

there was no further increase in the
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proporrtions of linolenic acid between 36 anc 68 hours. Wade
and co-workers concluded that the increase in the leal<agé of ions
observed in the pulp tissue of banana was caused by cither
changes in the membrane lipid composition or changes in other
factors, such as tissue water potential. The involvement of

the latter, however, remain unknown. Rao and

Bandyopadyay (1978) have also studied changes in the compon-
ent of fatty acids in pulp lipids of two cultivars of bananas and in
one cultivar of plantains, of the French type. Total lipid
composition in bananas and in plantains were almost identical
and did not change during ripening. But there were increases

in fatty acid composition especially in palmitic and linoleic

acids as ripening progressed. This is in agreement with other
reports that during ripening there are changes in fatty acid
composition in banana (Brady et al , 1970b; Wade and Bishop,
1970) and Awan and Ndubizu (1978) indicate that changes in

plantains are similar.

Respiratory changes

During ripening bananas and plantains exhibit a climacteric
pattern of respiration (Loesecke, 1949; Biale, 1960; Palmer
and McGlasson, 1969; Karikari et al, 1979). After harvest

at ZOOC, the respiratory rate within 2 to 3 days rises from a
steady value of about 20 mg/Coz/kg/h in the gr‘eeh hard banana
fruit to about 125 mg/Coz/kg7h ;t the climacteric peak and then

falls to about ]OOmg/Coz/ké7}1 as ripening proceeds. Consider-

"able variation from this typical pattern has been reported. Some

fr‘;uifs pass through the classic typical preclimacteric minimum '

(Tager and Biale, 1957); in others the respiratory rale rises con-
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tinuously from harvest until the start of the climacteric (l’—‘_eacock
and Blake, 1970) and in some fruits, during the preclimacteric
period there is a downward drift (New, 1976). On the average
the increase from preclimacteric to climacteric peak varies

from four to ten-fold depending on the cultivars and storage

conditions.

In plantains of the French type stored at 2500, the preclim-

a

acteric rate of CO, evolution fell from 44 mg/kg/h to 24 with

2

an average rate of 0. 74 mg/kg/h per day. In both plantains and
bananas the increase in climacteric respiration is usually pre-
ceded by increased synthesis of ethylene and the composition
of gases in the storage atmosphere affect both ethylene and
CO2 evolution (Young et al, 1962; Mapson and Robinson, 196¢;
Quazi and Freebairn, 1970). Mapson and Robinson (1966)
carried out studies into the effect of low oxygen tension on both

ethylene and CO,_ evolution and other ripening changes in

2
Bananas. They observed that at IBOC the rise in climacteric
respiration and ethylene production did not occur in bananas
unliess the oxygen concentration of the storage atmosphere was
above 7.5 - 8.0%. At concentrations between 5 - 7.5%, the
onset of ripening was delayed, but when 2.7 ppm ethylene was
included into the storage atmoshphere the rise in respiratory
climacteric and other ripening changes occurred. They con-
cluded that the delay in ripening of banana fruits held at

low oxygen tension was due to the inabkility of the Truit

to synthesise ethylene and was not caused by the inhibition of
the associated respiratory changes. If this conclusion is

valid then the stage in ethylene synthesis likely to be inhibited

is the conversionof |-aminocyclopropane~l-carboxylic acid
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(ACC) to ethylenc) as present evidence suggests that the ‘
conversion of ACC .- ‘B"ethylene is more critically dependent upon
oxygen {(Adams and Yang, 1979) than other stages in the pathway
for ethylene synthesis {see 1.5. 1. b McGlasson and Wills (1972}
have investigated other causes of the inhibition of ripening in
bananas stored at low oxygen tension {controlled atmosphere).
They held green banana fruits in humidified gas slreéms com-—
20% O,, 75% N

prising air as contrcl, A (5% CO B (0%

2);
92% Nz).

2!
3% O

2’

. 97% NQ); and C (5% CO

Compared with air, A, B and C delayed ripening and the

COZ’ 3% O

2’ 2’

greatesl delay was in C with the lowest oxygen concentration.
Although A, B and C reduced the raies of oxygen uptake, but
because of delay in the preclimacteric period, the total oxygen
uptake was increased during the preclimacteric period.
Although increases in organic acid content cccurring within

the first four days of applying treatment to the fruits were var-
iable in A, B and C, the largest change in acids wag~.. within
the first day of the treatment. By application of the cross-
over theorem of Ghance to these data, they suggested that low
oxygen limited the operation of Krebs cycle between pyruvate
and citrate, and 2-oxoglutarate and succinate. No control

- points to explain the inhibition caused by carbon dioxide were
apparent. The oxygen levels reported by both Mapson and
Wills (1966) and McGlasson and Wills {1962) exceed the leve!l of
oxygen necessary to saturate (0.01 - 0. 2%) the cytochrome oxidase.

Further investigation into O, penetration into the fruit tissue

2
may resolve the discrepancy between the oxygen requirement
for respiration in the whole fruit and that for cytochrome

oxidase. McGlasson et al (1971a, b) studied metabolic pathways

in banana slices using infiltration of bothm(:' ~ labelled metabolic
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intermediates and of metabolic inhibitors., Both approaches -
indicated that the tricarboxylic acid (TCA) cycle and the pentose
phosphate pathway are the main pathways of respiration follow-
ing slicing of preclimacteric bananas and also during the cariy
stages of ripening. Although both monofluoroacetate and
cycloheximide inhibited ripening, the respiratory climacteric
still occurred. In contrast, inhibitors such as potassium
cyanide (CN) which inhibited respiratory climacteric invariably
inhibited other ripening parameters. Thus McGlasson and co-
workers (1971b) concluded that although the respiratory rise

is not itself dependent on other ripening changes, it is a pre-
requisite for the initiation of the non-respiratory components

of ripening. This is Not in agreement with previous repoirts
that the respiratory climacteric in some fruits including banancs
can be stimulated without affecting the non-respiratory compon-
ents of ripening (Vendrell, 1969; Janes and Frenkel, 1968;
Frenkel et al, 1968). Other workers {(eg McGlasson and Wills,
1'9‘72; Saliminen and Young, 1975; Terai and Ogata, 1976) have
also advanced evidence for the utilisation of the TCA (Cycle)
during the climacteric. In a series of investigations, Solomos
and L_aties (1974, 1976) observed that potassium cyanide as
well as ethylene stimulated the climacteric and ripening in a
wide range of fruits. They observed that ethylene responsive
fruits {climacteric fruits) were invariably CN resistant,
Recently, Theologis and Laties (1978) have tested this hypo-
thesis in apples and bananas. They investigated the effect

of specific respiratory inhibitors using banana slices from
three stages of the climacteric. In the intact fruit CN

induced respiration and caused ripening as in natural or
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ethylene ripened fruit, CN and antimycin, selcective inhibitors
of the cytochrome chain, increased the respiratory rate of
preclimacteric slices, but m-chlorobenzydiroxamic acid (CLAMY)
alone did not. CLAM and CN together inhibited respiration,

thus confirming the operation of the cyanide resistant oxidasc

in the respiratory process. In the presence of weak acid un-~
couplers of oxidative phosphorylation, the respiratory rates of
preclimacteric slices were increased by a factor which was 15
times that of the intact climacteric fruit, suggesting that a huge
unexpressed respiratory capacity exists in the intact preclim-
acteric fruit. Mid-climacteric slices were also cyanide-
resistant and the respiratory rate was sharply inhibited by CL_AM
in the presence of CN. Titration data of coupled and uncoupled
siices (from the preclimacteric fruit and mid-climacteric periods}
with CLAM in the presence and absence of CN suggesied that
during both the preclimacteric and mid-climacteric phases,
respiration was mediated by the cytochrome oxidase pathway.
They concluded that the capacity of this pathway is sufficient to
sustain the climacteric and there is no evidence for the involve-

ment of the cyanide resistant oxidase.

During ripening there is an increase in the respiratory rates of
both the peel and the pulp. Data of Terai and Ogata (1977}
showed that the r‘espir‘ato‘ry activities of both the peel and the
pulp are enhanced by ethylene treatment, but unlike the pulp res-
piratory activity of the peel is not sustained thereafter, This
response to ethylene does not involve the synthesis of new res-
piratory enzymes and may be mediated by the enhancement of the

TCA pathway comparable to the situation in the pulp.

Despite the effort that has gone into trying to understand the
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role of respiration in fruit ripening in general and in banana
ripening in particular, we still do not understand fully the

role respiration plays in ripening.

Starch-sugar conversion.

The hydrolysis of starch and accumulation of sugars are the
most striking compositional changes which occur in bananas and
plantains during ripening (Loesecke, 1949). Starch which
forms about 85-25% of the dry matter of green banana pulp is
degradated rapidly at the onset of ripening, such that the ripe
pulp contains 5-15% starch and 70-80% sugars. The sugars
are mostly glucose, fructose and sucrose. Data from other
studies (Kawabata and Sawayama, 1974; Roma and Fatwardhan,
1976) are consistent with this pattern. Enzymes involved in

carbohydrate metabolism have been studied as well {(Kumar and

Sanwal, 1977; Shukla et al, 1973; Sigh and Sanwal, 1975; Desai

‘and Deshpande, 1975; Young et al, 1980). Young et_al (1980)

determined the rate of conversion of starch to sugar as well as
the activity of the enzymes responsible for starch hydrolysis

at various stages of the climacteric of banana fruit. Starch
hydrolysis did not commence until the respiration rate had
increased to two-thirds of the climacteric rate and this co--
incided with the peak of ethylene prbduction. Activities of hoth
amylases and phosphofructokinase started to increase wheh the
respiratory rate of the fruit had increased to more than one-half
of the climacteric level. The increase in activities of these
enzymes did not involve de novo synthesis of the enzyme pro-

teins. Since starch hydrolysis occurred well after the climac—

teric, Young and co-workers suggested that starch hydrolysis
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could not have initiated the climacteric. They concluded that
during ripening phosphofructokinase is activated and that its
affinity for substrate changes, with control (through a negative
co-operative effect) becoming Ieés stringént as ripening pr*;)—

gresses. The change in enzyme activity is sufficient to account

for the increase in respiratory activity during the climacteric,

During ripening, changes in starch and total free sugars in
plantains are consistent with the pattern in bananas (Stratton
and Loesecke, 1930; Marriott.et al, 1981}, but starch hydrolysis
is slower and less complete than in bananas (Simmonds, 1966;
Marriott et al, 1981). The starch content of fully ripe plantains
has been variously reported as low as zero/fresh weight and as
high as 28. 6% /fresh weight (Ketiku, 1973). More recently, the
starch content in fully ripe plantains has been reported as 9%/
fresh weight (Marriott et al, 1981). Further investigation may
resolve these discrepancies reported. At a similar stage of
ripeness plantains are firmer and have more dry matier than

bananas (Marriott et al, 1981).

Acid changes

The pH of banana pulp falls during ripening from about 5. 4 (-t
0. 04) in the green fruit to about 4.5 (+ 0. 31) in the ripe pulp
(Palmer, 1971). The titratable acid (8 meg/100 g fresh
tissue) of plantains is about twice that of:'desser‘t bananas
(Loesecke, 1949), Previous data reviewed by Palmer (1971)
and recent ones {(Kawabata and Sawayama, 1974; Shimokawa
et al, 1972} are in agreement that malic, citric, oxalic are
the main organic acids in bananas. Both Shimokawa et al,
1972 and Urade and Ogata {1976) have studied changes in

oxalic acid content in banana tissue homogenates during ripen-



ing. The activity of the enzyme which was an oxalate oxidase

was higher in climacteric than in preclimacteric fruit,

Pigment changes

During ripening chiorophyll content of banana peel decr_‘gases
from between 50 and 100 pig/g/fresh weight to almost zero and
no appreciable changes in ca_r*olenoids fractions occur (l.oesecke,
1949). Similar degr'adatior?fchlor'ophylI has been observed in
banhanas in which ripening was anl’t'z‘fay ethephon {Srinivasan
et al, 1873). Gross et al (1976) have also studied changes in

carotenoid composition of the peel and the pulp of ripe bananas.

. The peel-carotencid concentration was 5—6;Jg/g/fr‘esh weight

and consisted of mainlyg#2-carotene (7%}, [B-carotene (14%) and
lutein, (56%). The concentration of carotene in the pulp was
between 0. 6-1 pg/g/fresh weight and consisted of g»-carotenc
(31%), fi-carotene (28%) and lutein, (33%). Studies on the
éctivity of the enzyme, chlorophyliase show that the activity

of this enzyme closely follows a pattern identical to the climac—
teric respiration (l_ooney and Patterson, 1967). In plantains
studies on changes in pigment during ripening have been con-
fined to pulp carotene. Paul and Southgate (1969) gave values
of carotene content as 60 and 200 ;ug/g for ripe pulp of plant-
ains and bananas respectively. The value for plantains is un-
expectedly low, as although some ABB group of cooking bananas
do not have a white flesh, most true plantains (AAB group) have
an orange-tinted pulp. Moreover, data from earlier studies

(Asanjc and Porrata, 1956) show carotene content of 1040 and

670 pg/mg in green and ripe fruits respectively.
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Conclusion

In general data in this review shows that the post-harvest
physiology and biochemistry of plantains show many similarities
to dessert bananas of the AAA aroup, in chloroshyll degrada--
tion, tissue softening, in at least partial hydrolysis of starch
to sugar {Sauchez-Nieva et al, 1970; Marriott et al, 1981), in
ripening in response to high concentration of ethylene (Sauchez-
Nieva et al , 1970; Karikari et al, 1979) and in the extension of
the preclimacteric period in response to decreasing temperature
or storage in low oxygen tension (Guillemot, 1978; Hernandez,
1973). During ripening, however, plantains differ from dessert
bananas in ethylene production (Karikari et al, 1979); in firm-
ness, starch-sugar conversion and in dry matter (Iv1ar*s*iott_e~t__i|_,
1981). However, unlike bananas, only limited detailed work has
been done on plantains to justify such similarities and differences.
It is with this intention that the present studies directed at
investigations into the effect of various treatments inciuding
o
humidity) growth regulatevs: on the storage and ripening of

plantains at ambient temperature was undertaken.
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CHAPTER 2

MATERIALS AND METHODS

2. 1.

Materials

Plantain fruits, mostly cultivar 'Apem!, were produced at the
University of Ghana, Agricultural Research Station, Kade,
using standard practices (Karikari, 1971). Dates of fruit
emergence and harvesting for each bunch were recorded.
Bunches were cut and packed as individual fingers and labelled
according to hand and bunch and air freighted to Tropical
Products Institute (TPI) , UK. At Kade, fingers were

treated with benomyl_(l ,000 ppm) and selected fingers were
also treated in TPl at 35°C prior to commencement of storage.
Bunches not immediately used for experiments were stored at
14°C and relative humidity of 80-90%. Except where specified,
plantains were of the cultivar Apem and bananas obtained from
commercial sources were typicél fruits of the Cavendish sub-

group, probably cultivar Robusta.
Methods

Biochemical methods

Chlorophyll determination

Chlorophyll content of the peel was determined by the method
of Holden (1976). Five discs were cut from the middle of a

finger and were immediately put into a sample bottle containing
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10 ml acetonc/water mixture (80:20, v/v). Duplicate samples

‘were taken from ecach fruit, The discs were then homogeniscd

in the acetone/water solvent, using successive volumes of

the solvent until no traces of green colour were left in the
residue. The extract was filtered through a Buchnher funne!
and the final volume made up te 15 ml. The filtrate was centri-
fuged at low speed for 10 minutes in a centrifuge (series MSE,
Super Minor). The amount of chlorophyll was determined
spectrophotomet rically (spectrophotometer series SP 6-400 Pye
Unicam) at 663 nm and 645 nm wavelengths. These wavelengths
corresponded to absorption maxima for chlorozhyll a and b
respectively. Since the spectra for a and b overlap on these
wavelengths, chlorophyll content was calculated using

equations derived by Mackinney (13941).

( Chlorophyll a) = 0.0127 + A663 - 0.00269 + A645

( Chlorophyll b} = 0.0227 + Ag, . ~ 0.00468 + A,

645

Where A = absorbances and the resulting concentrations are in

a/1.

Total soluble solids

Total soluble solids were determined by the method described
by Wade and Bishop (1978) in which 2 g of fresh pulp tissue was
homogenised in 10 ml distilled water, taking duplicate samples
from ecach fruit. The homogenate was centrifuged at low speed
for 20 minutes using the centrifuge described in 2. 2.1.1. 2-3
drops of the supernatent were used for determining total
soluble solids using a refractometer (Series Abbe 60 A76191,

Bellingham and Stagley L_td. , Tunbridge Wells, UK),
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2.2.1.3. Assay for l-amincocyclopropanc-1-carboxylic acid (ACC)

ACC was extracted by the method described by Boller et al (1979):
2 g of freeze-dried tissue (peel or pulp) was extracted with

20 m! of cold 80% ethano!l containing 0.05% (v/v) mercapto-
ethanol. The sample was thoroughly homogenised and the
homogenate centrifuged fer 25 minutes at 12,000 x g in a
centrifuge (series MSE high speed 18). The supernatent was
concentrated in vacuo at 38°C to dryness and made up to the

final volume of 1 ml. Serial dilutions of standard ACC were

also made. The extract and standard ACC solutions were assayed
using the method of Lizada and Yang (1979), To 0.1 ml of the
extract or standard ACC solution in a 25 m! test tube, G. 1 ml

2

with distilled water and the test tube was sealed. A duplicate

10—6M HaCl, was added. The volume was brought up to 0,9 m!

sample was taken from each extract or ACC standard. The

- test tubes were kept at OOC. Approximately 0.1 mi of a cold
mixture of5% Na OC! and saturated Na OH (2.1, v/v) was
injected through the stopper usi'nga;l ml syringe fitted with a
25 gauge needle. The reaction was vigorously agitated for
about 1T minute, After 2.5 minutes it was again agitated before
5 ml of gas sample was withdrawn. Ethylene was then ana‘lysed
as described in 2. 2. 2. 3. Internal standards were used to
determine the conversion of ACC to ethylene in the extract.
An extract was spiked with a knowin concentration of ACC and

conversion of ACC io ethylene in the tissue calculated.

Conversion of ACC to ethylene in the tissue was about 559,

2.2.1. 4, Ethylene trapping



Ethylene was trapped in mercuric perchlorate vsing the method

of Ward et al (1978).

Respired gas streams from each finger were bubbled at a
constant rate (41/h) through a fine sintered glass head in a
Quick £it 0 (V. 100 ml). The tube contained 20 ml of 0. 25 M
mercuric perchlorate solution in 2. 0 M perchleric acid. The
mercuric perchlorate solution was prepared by dissolving 10,8
g red mercuric oxide in 40 ml perchloric acid containing 10 ml
of water in a flask kept at OOC. After dissolving all the
mercuric oxide the solution was made to a final volume of 200

ml by adding water. No filtering was required.

After trapping ethylene for a period of 24 hours , each collection
tube was removed and the sintered glass head rinsed with a few
drops of the solution., Additional solution was added to make a

final volume of 25 ml. Each tube was made air-tight to preclude
further absorbtion of ethylene from the air. Equivalent samples

were collected as blanks using ethylene-free air.

For liberating ethylene from the ethylene/mercuric perchlorate
complex, 4 ml of the aliquot was pipetted into a 250 m! flask
taking duplicate samples at each time and the flask was flushed
with nitrogen gas for about 5 minutes. The nitrogen gas dis-
placed ethane from the flask and thus minimised contamination.
The flask was made air-tight using a suba seal, 6 m! of 2.0
MHCI was gently injected into the flask through the seal.

After 15 minutes, a gas sample (about 5 ml} was withdrawn
through the seal using an air-tiagnt glass syringe and cthyliene

anhalysed as described in 2. 2. 2. 3. In preliminary investiga-
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tions, the efficiency of trapping was determined by trapping
various kinown concentrations of ethylene varying from 0.01 to
1 ppm. After trapping, the ethylene was released and
efficiency of trapping calculated, The mean trapping efficiency

was 75-60% (sce results).

Gas handling and analysis

General gas handling system

Figure 1 is the generalised schematic diagram of the handling
system. Two pumps drew fresh air from the fresh air inlets.
Pressure gover“nor;s reduced the air pressure to a suitable
level and a throttle situaied between the two lines equalised
the pressure. Two further throttles, one in each line,
controlled the flow rates. All these filow rates and pressure

control throttles were pre S¢&.

The air in each channel was then passed through two success-
ive tower filters with 'pellets! of purafil to scrub ethylene.
Ethylene-free air at equal pressure and flow rates emerging
from the outlet was humidified as described in 2.2.2.6.

and then passed to two sets of manivolds, one in each storage
cabinet. From each manifold, the air was passed onto a set of
12 sealed containers, each with a single finger. The respired
gas str'eam.s were then passed to a gas handling system (the
Analytical Development Company, ADC, Hoddesdon, Herts,
UK), which fed each stream of air to the carbon dioxide ahalyser,
From the CO2 analyser the sampic gas was re-routed through

the gas chromatograph via a pneumatically operated switch
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valve. During an automatic cycle, the dwell time for each

channel was 7.5 minutes in a three hour cycle. In studies in which
a flow through sysiem was nct used, fruits were put on shnelves

of the storage cabinets. The cabinets were periodically vent-
ilated by opening the doors for a brief period (approximately

5 minutes) every day.

2. 2.2.2. Carbon dioxide analysis

COZ was analysed using an infrared gas analyser (series
200,310, ADC, Hoddesdon, Herts, UK) with two ranges O—0Z2j,
and 0-1%. The analyser had devices for both manual and auto-
matic switching fro.m one range to .the other. The analyser was

calibrated thus:- the zero setting was on CO,, free air, ie air

2
which had been stripped of COZ was routed to the analyser
cell, 0.16% CO, in air from a cylinder incorporated into the
system was used for setting the sensitivity of the analyser.
COz readings from each fruit were continuousiy recorded using

a chart recorder or a digital print-out (see Figure 1 for a

description of the gas handling system).

- 2.2.2.3. Ethylene analysis

For ethylene analysis, the respired gas was fed through a gas
sampling valve (V. 1 ml}, and a sample was automatically
injected into a gas chromatograph fitted with a flame ionisation
detector (Series 1400, VVarian Acrograph, Walton-on-Thames,
Surrey, UK) and with either a porapak type or an alumina column.

(series F1-8200). The column and the detector temperaiures
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were 80-90°C and 2500(3 respectively., The injection teimper-
ature was kept low as ethylene being a gas did not require
vapourisation. Flow rates of gas streams (ml/inin) were:
nitrogen {carrier gas ) 15; hydrogen 20; and air 350,
Ethylene coming out of the gas chromatograph was measured
as peak height using a chart recorder or an integrator
(Hewlett Packard, 3380A). For most of the studies the gas
chromatograph was fitied with a porapak column and ethylene

peak heights were measured using a chart recorder.

In later studies involving static sampling, an alumina column was
used and peak heights of ethylene were measured using an
integratoir. The alumina column gave a better separation of
ethylene and ethane and thus minimised the interference by

ethane (Ward et al, 1978).

2.2.2.4. Determination of ethylene in precijimacieric fruits

This simple method foir extracting ethylene from within the
tissue was a modification of the sampling procedure adopted by
Musgrave et al (1972). Each finger was submerged beneath an
inverted funnel, the stem of which was capped with a suba
seal. While the fruit was st-ill beneath the funnel it was cut
into two halves and each half was squeezed using a hand screw
developed for bananas. Gas bubbles liberated from the fruit
accumulated in the stem of the funnel. A sample of the gas

(3 m!) was withdrawn through the top using an air-tight
syringe and ethylene was analysed as described in 2. 2. 2. 3.

At least three fingers were sampled from each treatment.



2.2.2.5. Ethylene dilution system

Ethyiene dilution system in Figure 2 was a slight modification
of the one described by Saltveit (1978). The resevoir was
filled with 5% ethylene in nitrogen from a cylinder by disptac-
ing air from the jar. The lid of the jar was then replaced and
clamped. All joints were first made air-tight and the trans-
parent tubing joining the two ends of the tygon tubing (0. 8 cm
diameter) also greased to make it less porous to ethylene.
L.engths of the tygon tubing were varied according to the ethylene
concentration required. The carrier gas was ethylene free
air bubbled through water to almost full saturation. Excess
moisture in the carrier gas was first trapped in a jar before

it was passed through the dilution system. Ethylene diffusing
through the tygon tubing was diluted by altering the flow rate
of the carrier gas. The concentration of ethylene in the
effluent gas was directly proportional to the length of the tygon
tubing and inversely proportional to the carrier gas flow rate.
As the lengths of the tubes were fixed, ethylene concentration
was controlled by altering the flow rate of the carrier gas
which were continuously monitored on meters. In the Table

2 are typical combinations of flow rates of the carrier gas
and jengths of the tygon tubing corresponding to the ethylene

dilution required.

2.2.5.6. Control and analysis of water vapour
For most of the studies low and high humidities only were used.
The effect of vapousr pressure deficit (VPD) was determined by

measuring the rate of weight loss of each fruit. EZach finger
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The combinations of gas flow rates and lengths of tygon tubing corr-

esponding to the various cthylene concentrations required.

Required

Length of tygon Flow rate of
concentration of
tubing (cm) carrier gas (1/min)
ethyiene (ppm)
0,01 1.0 4,0-4,5
0.03 3.0 2.0-2.5
0.10 10.0 0.9-1,0

The above dilutions and flow rates were constantly checked and variation
in ethylene concentration is reported in the section for results. The

reservoir was never recharged.
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was weighed befere each experiment and then three days after the
onset of the climacteric. The mean weight loss per day was
then computed, The mean loss per day for low and high

humidities were about 0. 6% and 0. 1% respectively.

In later studies, water vapour pressure (WVP) was

measured using an infrared vapour pressure analyser (type
225-NK3, serial number 4004, ADC, Hoddesdon, Herts, UK),
This analyser was not used in previous studies because it was
not available. The analyser had two ranges, range A 0--25 and
range B 0-40 mb. Before water vapour pressure measurements
were taken, the analyser was first calibrated. With the
selector switched to ABS zero, and the range at A, all cells
were purged with dry air and the zero set, using the instru-
ment zero control. Air bubbled through water to full satura-
tion at 20°C was then passed through the small analysis cells.
After an equilibrium period, the fine gain control was édjusred
to give a reading equal to the vapour pressure of the saturated
air. The analyser was then ready for absolute measurement on
range A and when necessary the B range was used. The WVP
in each sealed jar containing a single fruit was measured by
determining the water vapour concentr‘atioﬁ in both the influent
and the effluent lines. The difference between the two readings
was equivalent to the amount of water gained or lost by the fruit,

For each humidity at least three readings were taken,

A major disadvantage in using the vapour pressure analyser
was that there was a long time lag between readings from diff-
erent humidities and hence only a few readings were taken

from each treatment. The different humidities were controlled
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as follows:- High humidity (wet air) was air humidified almost

to full saturation, i.e. about 96 - 98% relative humidity,‘ by
bubbling it through water. Low humidity was either ambient

air of about 60 - 70% relative humidity or air dried by passing
it through two series of drying towers containing self-indicating
silica gel. On the average this air was 4% relative humidity.
There were two intermediate humidities which were mixtures of

wet and dry air in the following preparations: -
1. two parts wet air and one part dry air.
2. two parts dry air and one part wet air.

Flow rates of component air of each mixture were metered and
the 2:1 ratio corresponded to meter readings of 1.0 and 0.5
[/min, respectively. WVP readings were frequently taken
using the water vapour analyser and these have been reported
under results, Unless siated, in this thesis low and high
humidities mean 96 - 98% and 60 - 70% relative humidity

" respectively.

2.2.3. Other methods

2.2.3.1. Vacuum infiltration

Fruits were treated with test solutions using methods

described for apples by Scott and Wills {1977). Vacuum
infiltration involved fruits in contact with water, with or
without additions specified in the results for a total of 70

minutes which consisted of:-2 minutes in contact with water
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or solution hefore vacuuin was applied, 5 minutes to rcach

the reduced pressure of 650 - 110 mm, 2 minutes at reduced
pressure, 1 minute during the release of the partial vacuum
and 60 minutes in contact with the solution while being re-
moved from the vacuum tank. The uptake of solution for a
single fruit was 0. 4 g vyhich 'levelled off after 60 minutes,
Where CaCI2 was used it was expressed as a % (w/v) commer—
ciai product, not as % of calcium. Befcre salicylhydroxamic
acid and benzyladenine were used for vacuum infiltration they
were first dissolved in about 10 m! acetone.

’

Pulp rupture force

Pulp rupture force was determined as described by New and
Marriott (1974) for bananas. A compression force was épp—
lied to the pulp at a constant speed (1 cm/min). The pirobe
was fitted with a force gauge oit a mo.tor‘ised stand which
elevated the sample at a constant speed. The stand was made
at TPl workshop. The load cell {series G9, SANDOMONO
Weston Controls Ltd. , Bognor, Sussex, UK) had a maxima

range of 60 |bs., (W/kg.).

Transverse sections taken from the middle of the pulp (1 cm

thick) were cut using a double bladed knife. The probe was

inserted axially into the cortex avoiding vascular strands and

the minimum force on the force distance recorded. Before
measurements of pulp rupture force were taken the instrument
was calibrated thus:- The range was set at 25 and the zero
set and a force of 50 Ib (static) was applied and the duo dial

was manipulated to read C. 500,
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Colour assessment

Colouir was assessed using a standaird colour chart developed
by L.oesecke (1949) for bananas. Colour was rated from dead

green (1) to fully yellow (6).

Determination of the duration of the preclimacteric

The preclimacteric phase was measured directly by COZ evol~
ution or by inference from measurement of the pulp rupture

force and colour (Peacock, 1966). COz values for each
fruit were plotted and specimen curves are shown in the
section for results. Preclimacteric periods for each finger

were then estimated graphically. For most studies an average

of 11 fingers were sampled.

Chilling injury

Chilling Thjury was assessed by visual inspection of the under~
peel injury (Stover, 1972) in three green fruits after the various

storage periods specified in the results (Table 4, 3.2.1.).

_Chilling injury was scored as nil (0), slight (1), moderate (2)

and severe (3). Fruits which were already ripening {(turning)
were excluded from this assessment as they were more suscep-

tible than unripe fruits to chilling damage (Simmonds, 1966).
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CHAPTER 3

EFFECT OF STORAGE CONDITIONS ON THE PRECLIMACTERIC

PERIOD OF PLANTAINS

Introduction

Plantains are frequently transported in buik at a temperature
of 2500 or above and fruits may take up to seven days in transit
before reaching urban markets, which are often hundreds of
miles from production areas. During this period, serious
losses occur through ripening, softening and subsequent
physical damage. In contrast, bananas are transported in
refrigerated ships or lorries and transit ripening is minimised
by control of both matuﬁity at harvest and temperature during
storage. The pattern of production of plantains by small
farmers with minimal inputs‘will make refrigerated transporta-
tion and control of fruit maturity at harvest difficult to

achieve with plantains destined for internal markets.

However, the possibilities of manipulating ptantain storage

by control of temperature, by chemical treatment and by reg-
ulation of water loss (which is an unavoidable factor at

ambient conditions in the tropics) are described. Plantains of
cv. Apem were used in all studies and in selected experiments
they were compared directly with bananas and/or with plantains

of other cultivars.

Results




Measurement of the preclimacteric period

The duration of the preclimacteric was deter-mined by either
following rates of COZ evolution in single plantain fruits or
colour chanhge of the peel during ripening. The duration of
the preclimacteric was calculated by extrapolation of COz
evolution at B in Figure 3 back to the basal rate, so that the
pr‘eclim‘acter'ic period was taken as ending at A (i, e. 37 days).
Investigations involving the determination of the preclimacteric
period by colour change show that the first detectable change
in peel colour occurred one day after the increase in CO2 out-
put (i. e. after the commencement of the climacteric), and the

peel was uniformly yellow (i. e. colour score 6) three days

later (Figure 4).

Effect of storage temperature

To measure the effect of temperature changes on the pre-
climacteric period, unripe fruits from three plantain cultivars
were stored at four temperatures ranging from 6°C to 25°C.

At measured intervals, after the commencement of storage,
individual green fruits (i. e. three from each temperature)
were removed and chilling damage assessed by visual inspection
of the underpeel injury (brownish nectrotic tissues, see
2.2.3.5.). In Tables 3 and 4 are resulits on the duration of the
preclimacteric period and the chilling injury scores respect-—
ively., At ZSOC, all three cultivars had preclimacteric
periods less than one week. At llLOC, the preclimacteric
period for each cultivar was double that at ZSOC and similarly

o . . . .
at 107C the duration of the preclimacteric for each cultivar
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Figure 3: Calculation of the duration of the preclimacteric by

following rates of CO2 evolution-of single plantain fingers. B, first

observable increase in COZ production. A, end of preclimacteric

period,
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The effect of temperature on the preclimacteric period of three plantain

cultivars, Fruits were stored in bulk and the duration of the preclimacteric

assessed by colour change.

Data are means of observation for ten

fruits.

Mean period (days) to reach full yellow
Cultivars colour at different temperatures

6° ‘c 10°°c 14°C 25°C
Apem >'28 20 10 5
Apantu >28 18 8 4
Osa 728 12 6 3

A chilling injury was apparent in all three cultivars within ohe week

at 6° and 10°C.
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- . . , o
Chilling injury score for three cultivars of plantain stored at 6 and

o
10°C, Data are means for three fruits.

Chilling injury score at different

temperatures
6°C 10°cC
Storage period (days) 7 14 21 28 7 14 21 28
Apem 3 3 3 3 1-2 1-2 2 -*%
Apantu 3 3 3 3 t-2 1-2 2 -
Osa 3 3 3 3 1-2 1-2 - -

2 _ indicates fruits beginning to colour.
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o o) .
was double that at 14°C, At 6 C all three cultivars had pre-

climacteric periods exceeding 28 days.

Chilling injury scores given in Table 3 do not include temper-
atures of 14°C and 25OC, as at these lemperatures no chilling
damage was observed, At 6°C all cultivars showed severec
chilling damage (chilling score 3) within one week after the
commencement of storage. In the third week, all fruits stored
at 6°C became heavily pitted and when they were transferred
to 2500, they remained green and then turned black. Within
two weeks after the commencement of storage at 1OOC, chilling
injury in all cultivars ranged from slight to moderate (score 1
to 2) and after three weeks of storage, fruits, mostly Apem
and Apantu, had moderate chilling injury {score 2) and when
these fruits were transferred to 25°C they remained green for

some time and finally turned black.

Treatment with calcium chiocride

The effect of calcium as aqueous CaCl, was assessed by

2

vacuum infiltration of plantains with varying concentrations
of calcium chloride up to 16% (w/v). Infiltration with water
had no effect compared to undipped fruits and treatment with
4% to 16% CaClz significantly increased the preclimacteric

period, although treatment with 16% CaCI2 also caused biack

spots on the peel(Table 5).

Treatment with salicylhydroxamic acid (SHAM)

To show whether the allernate oxidase associated with the
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Table 5

The effect of aqueous CaCl,, on the preclimacteric period of plantains. Fruits

2
were stored in bulk and ripening assessed by colour change. Dalta are meansf]
20 fingers. The significance of differences between comparable means

was tested using Duncan's multiple range test. Means followed by

different - letters were significantly different at the probability level

P = 0, 05.

Mean peiriod to reach full
Treatment
vellow colour (days)

Uninfiltrated 13.2 a
Water infiltrated 12.1 a
4% CaCl, (w/v) 16.’0 b
8% CaCl, (w/v) 17.0 b
16% CaCl, (w/v) 15.2 b

SE 1. 36
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respiratory chain was imporiant in the control of the pre-
climacteric, plantains and bananas were vacuum infiltrated
with SHAM using two concentrations (IO_BM and IO_?‘M).
Neither concentration significantly (P=0.05) affected the
duration oiﬁer‘*eclimacteric period in plantains or in bananas

(Table 6). Similarly, they did not affect pulp softening in

plantains during ripening (Table 7).

Effect of Indole Acetic Acid (IAA) and Benzyladenine

In a single experiment, using only bananas, the effect of

IAA and benzyladenine on the duration of the preciimacteric
was examined by vacuum infiltration of green fruits with
aqueous TAA (lo—zm) and benzyladenine (10—3m). Both 1AA
and benzyladenine reduced the preclimacteric period, the
former by . 5 days and the latter by Jo4- days, when compared
with untreated fruits (Table 8). The effect of these chemicals
on plantains was not investigated,
Tr‘eatnﬁént with gibberellins (GA3 and GA

N/

~

In three experiments, the- effect of gibberellins on plantain
storage was tested by dipping whole plantain fruits in gibb-
erellic acid (GA3) (10"4M) and in gibberellin A, and A7
(GA4/7) (IO—SM). In the first experiment, both gibberellins
extended the praclimacteric by one to two days when com-
pared with unireated fruits (Table 9). Similarly, in the

second and third experiments, gibberellins extended the pre-

climacteric period by five to seven days (Table 9).
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Table 6

The effcct of :salicylhydroxamic acid (SHAM) on the preclimacteric period
of plantains and bananas. Fruits were stored in a continuous flow system,

using fifteen fruits per treatment. Ripening was assessed by colour change.

Treatment Mean period to reach full colour (days)
Plantains Bananas
Water infiltrated Z21.8 16.6
SHAM (1073Mm) 23.2 15.6
SHAM (1072Mm) 23.0 15.9

SE 1.12 1.08




Table 7

.

The effect of SHAM on pulp softening in plantains. Data are means

for five fruits.

Mean pulp rupture force (kg)

Treatment
at different colour scores
2 6
Mean SD Mean sD
Water infiltrated (control) 3.9 0.80 0.35 0.015
SHAM (1673Mm) 4.0 0.60 0.38 0.020

SHAM (1072m) 4.0 0.85 0.45 0.10
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Tabic 8_

The effect of growth regulators on the preclimacteric period of bananas.
Fruits were stored in a continuous flow system, using fifteen fruits per

treatment - and the duration of the preclimacleric assessed by colour change.

Mean period to rreach
Treatment

full yvellow (days)

Mean
Control {water infiltrated) 16.6
1AA (1072m) 14.1
Benzyladenine (IO—3M) 15. 4

SE 1. 15
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Table 9

The effect of gibbereltins on the preclimacteric period of plantains.
Gibberellins were applied by dipping fruits for fifteen minutes. Fruits
were stored in a continuous floaw system using a total twenty fruits per

treatment and ripening assessed by colour change.

Mean period to reach full yellow colour (days)

Treatment
Experiment 1 Experiment 2 Experiment 3
Undipped 10 | 15 15
Water io 14 -
-4
GA,4 (107 M) 11 20 -
-5

GA4/7 (107°M) 12 19 22




2. 7.

Effect of humidity

To determine the effects of water stress, individual fruit
fingers of plantains and bananas were ventilated at a constant
flow rate (4 1I/h) with air at different humidities, In some
experimentis, water vapour concentration of influent and
effluent air streams was measured. This work was repeated
using other plantain cuitivars, which were also compared with
bananas. In Table 10 aredata for preclimacteric period and
water loss in two exper‘imehts with plantain {cv. Apem) with
standard errors, which show that differences between low and high
humidity were ver‘y significant, Data from these experiments
and several others with the same cultivar, with two other
cultivars {(Apantu and Osa) and with bananas, are summarised in
Table 11. Typically, an increase in the rate of weight lpss by
about 0.5% per day was accompanied by a decrease in the pre-
climacteric period of about 60% (Table 11) in ail the plantain
cultivars. In bananas the preclimacteric period was reduced
by about 40% for an increase in weight loss per day compar--
able with that for plantain cultivars.
\
A further experiment \V/v>as carried out to examine changes in
preclimacteric period of plantains at inte~r‘mediate humidity
using wet and dry air in the ratio 1:0; 2:1; 1:2; 0:1, The
results are given inFigure 5. There was a large reduction
in preclimacteric p'eriod when the mean weight loss was
increased from 0. 05 to O, 41% per day. THere was a further
substantial reduction in the preclimacteric period when the
mean weight loss was increased to C, 62% per day which

v

seems to be the upper limit as a further increase to a value
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Figure 5: Relati'onship between weight loss and preclimacteric

period of plantains, vertical bars denote twice the standard error

(s. e.) for eleven fruits.



Table 10

The effect of humidity on the preclimacteric period of plantains, Data
arce means for eleven fruits, The significance of differences betwecen

AL
means were tested using aCtest.

Preclimacteric Period Mean weight-loss
Humidity
(days) (% / day)

Experiment 1 Mean » SE
LLow humidity 8. 4 0. 56 0.012
High humidity 22.7 0.16 0. 003

SE 0. 51

Experiment 2 _ Mean SE
Low humidity 12.5 0. 60 0.015
High humidity 42,9 0.12 0. 006

SE 0. 97
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The effect of humidity on the preclimacteric period of three cultivars

of plantain and on bananas. Data are means of observation on eleven fruits,

Mean preclimacteric period {days) Reduction in L), rate
preclimacteric of weight
High humidity Low humidity period (%) loss/day
Cv. Apem
23 8 65 0. 40
26 9 65 0. 51
37 18 51 0. 48
38 15 61 0. 57
50
43 13 68 0. 38
42 13 70 0. 48
Cv. Apantu
35 14 . 60 0. 48
| Cv. Osa
39 14 64 0. 48
Banahas ‘
22 15 32 0. 53

25 14 44 0. 57




-~ 79 -

Table 12
Effect of humidity on water loss and weight loss during plantain storage.
a and b denote means for 11 and 6 fruits respectively. c¢ and d are
converted from water vapour concentration data - of ventilating air

and air around fruits (flow rate 4 I/h). Fruit weight was about 200 g.

Humidity Water lossb' Weight loss®
(%) (g/day) (g/day)
Influent Air‘C Effluent Air‘d
Mean s. d. Mean s. d. Mean s. d. Mean s. d.
97.¢C 0.58 100 0.010 0.12 0.022 0.09 0. 030
§9.0 2.02 90.0 0.010 0. 56 0. 044 0.72 0. 100
27 1.15 80.0 4,04 0. 96 0.102 0.98 0. 150

4.0 0.58 83.0 2.02 1. 41 0. 044 1.50 0.152
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of 0.89% pecr day produced little effect, Table 12 shows that
the data on water loss were comparable to those on weight
loss (see discussion).

Effect of humidity and GA4/7

To investigate whether GA 4/ could increase the duration of

7
the preclimacteric in plantains, under conditions favouring high
weight loss, green fruits were vacuum infiltrated with this
chemical using IO_SM and then stored under two levels of hum-
idity., In the two experiments, the separate effects of humidity
without application and of GA4/7 at high humidity were signif-
icant (Table 13) and were comparable with earlier results
(Table 9). Moreover, when fruits were treated with GA‘Q/?

and stored under low humidity, their preclimacteric periods

were not significantly different from untreated fruits stored

under similar humidity.

Discussion

The end of the preclimacteric period was measured by extra-
polation from CO2 readings recorded automatically once each
three hours (0. 125 days). Thus the preclimacteric pericd was

determined with a precision of + 0, 25 days. When measurement

of the duration of the preclimacteric was based on changes in peel

colouration, the first detectable change in colour was observed
one day after CO2 output increased and the interval between the

start of the climacteric (ie CO_ liberation) to when a fruit be

2
came uniformly yellow was almost constant - and was about four
days. Peacock (1966) observed a similar constant interval for

bananas and used colour changes as an indicator of the end of

the climacteric, Thus data in Figure 4 suggests that change
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Table 13

The effect of humidity and gibberellins on the preclimacteric périod of
plantains. Data are means for eleven fruits. The significance between
comparable means was tested using Duncant!s multiple range test. Means

followed by different letters significantly different at the probability level

P = 0. 05,

Mean preclimacteric Weight
Humidity Treatment
(period (days) loss (% /day)
Experiment 1 Mean sD
Low humidity Nit 8.6 a ~ 0.63 0.040
L.ow humidity GA4/7 8.3 a 0.62 0.030
High humidity Nil 26.0b 0.12 0,021
High humidity GA4/7 36.4c 0.11 0,040
SE 0. 65
Experiment 2 Mean SD
Low humidity Nil | 13.4 a 0.38 0,030
Low humidity GA4/7 13.7 a 0.37 0.030
High humidity Nil 40,8 b 0.06 0.021
High humidity i GA4/7 . 53.4 c 0.06 0.020

SE 2.16
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in peel colour should be a reliagble indicator of when a
plantain fruit began its climacteric and consequently of the

duration of its preclimacteric period.

The mean daily temperature in most plantain growing countries
is usually between 24 and 28°C. It had been intended to carry
out these investigations at 25°C but at this temperature, con-—
densation occurred in the effluent (temperature) lines due to
the lower temperature of the laboratory (normally about 22°C)
and consequently 20°C (+ 0.5) was used as the highest temper-
ature readily obtainable. The short preclimacteric period
observed at 25°C for the three cultivars is consistent with the
short storage life of plantains at ambient temperature. The
100% increase in preclimacteric period observed in all cult-
ivars when the storage temperature was reduced from 25° to
14°C and from 14° to 10°C is intermediate between increases
previously reported by Hernandez (1973) and Guiliemot (1976)
for a similar reduction in the storage temperature of plantains,
The chilling damage observed at 6° and 10°C and not at 14°%¢c is
consistent with previous observations that green (unripe)
plantains are damaged by chilling at 10°C (Guillemot, 1976)
and at 8°C (Hernandez, 1973), but are uninjured at 12°C. 1t
would appear that the chilling injury range for plantains rmay

be similar to the range (13° = 15°C) for bananas.

Vacuum infiltration of green plantains with cbalcium chloride
solutions delayed the onset of the clfmacteric, but at the
highest concentrations used (16% CéCIZ) fruits showed signs
of skin injury, hence this concentrafion may be injurious.

There is littie published data on the use of calcium



chloride as a post harvest treatment in the storage of either
plantains or bananas, though this compound has been tested
as a pre and post harvest treatiment in the storage Qf other
fruits (Scott and Wills, 1975; 1977; Wills et al,

(1977). The effect of calcium on the preclimacteric period of
plantains observed in this thesis is similar to previous
observations that calcium delays ripening in tomatoes (Wills
et al, 1977) and in avocado (Tingwa and Young, 1974).
Tingwa and Young (1974) found that in avocado treatment with
calcium (0. 1 m CaCIZ) depressed both respiration and ethylene
production at the climacteric peak -~ and the magnitude' of
decrease was negatively correlated with high calcium levels
in the fruit. The delay in ripening was, however, positively

correlated with high calcium in fruits,

Salicyhdroxamic acid (SHAM), an inhibitor of the alternate
oxidase pathway, was applied to see if it could delay the onset
of the climacteric in plantains and bananas. Data in Table 6,
however, suggest that the two concentrations used had little
or no effect on the climacteric in plantains or bananas. For

. pears, Janes and Fenkel (1978) found that SHAM at concen-
trations of 1(;—3[-«“ to 10;'2M did not delay the onset of the
climacteric, but delayed pulp softening after its commence-
ment. In plantains pulp softening was well ceo-ordinated with
other ripening changes once the climacteric had commenced.
No explanation was given why SHAM dcla'yed softening in
pears. Although SHAM might have inhibited the alternate
oxidase in plantains and in bananas, the pulb softening which
occurred in plantains suggests that the rise in repiratory

climacteric may not reflect the operation of this enzyme. This
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is consistent with observations by Theologis and lLaties (1978}
who show that in banana slices, thg capacity of the cytochrome
mediated respiratory pathway is sufficient to accommodate the

climacteric and there is no evidence for the involvement of Athe
alternate oxidase respiratory pathway (see 1.7. 4. for more

detail).

Banana fruits vacuum infiltrated with IAA and benzyladenine

had shorter preclimacteric periods when compared with un-

treated fruits, though these differences were not significant (P
0.05). Results with IAA are in agreement with those in a pre-
vious report that lAA accelerates prening in whole banana
fruits (Vendrell, 1969; Broughton and Wu, 1979). 1AA has also
been shown to stimulate ethylene production in bananas (\Vendrell,
1970a). Similarly results with benzyladenine are in agreement
with Blunden et al (1979) who showed 30 ppm kinetin, another

ferm of cytokinin, accelerated ripening in bananas.

When plantains were dipped in gibberellin, their preclimacterié
periods were increased, but treatment by dippine Was less consistent
and had less veffe'c‘#1gompared with that by vacuum infiltration
(see Tables 9 and 13). Similarly, gibberellins, especially GA3,
have been shown to delay fhe onset of the climacteric in bananhas
(Vendrell, 1970b; L.eonce, 1974; Kapoor and Turner, 1976) and
GA4/7 was more effective than GA:3 (KapooY and Turner, 1976),
In bananas, GA3 (IO_3M) had little or no effect on thé co-
ordination of changes in respiration and ethylene production
during the climacteric, but peel yellowing was delayed by two to
five days afier the commencement of the climacteric. Although

fruits were ripe (as shown by both respiratory changes and soluble
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solids), the peel was still creen; the condition generally
referred to as ‘green ripet!. The effect of cibberellin on the
co-ordination of ripening in plantains was further investigated

and is recported in Chapter 4.

Factors which determine the rate of weight loss in fruits
include temperature, relative humidity and rate of ventilation.
In all the investigations reported in this thesis, both temper-
ature and the rate of ventilation were kept constant so weight
loss was largely dependent on the remaining factors. In a
.continuous flow system, the combined effects of relative
humidity and vapour pressure deficit of the influent and
effluent air streams establish an equilibrium humidity around
fruits, which is at the séme humidity as the effluent air.

This equilibrium, which is affected by flow rates, determine§

the rate of desiccation.

Humidity data in Table 12 were converted from water vapour
concentration, measured by an infrared water vapour anal-
yser, Simil,ar“ly, data on wz;ter loss wege- calculated from
differences between water vapour concentration in the influent
and effluent air. During the preclimacteric phase, the rate

of transpiration is constant, but during the climacteric, trans-
piration rises rapidly then falls, parallel with respiratoery
changes (Wardlaw and L.eonard, 1940). Consequently, measure-
ments of vapour pressure were limited to the preclimacteric
phase. Thus, data on water loss are more reliable indicators of
water stress than those on weight loss. However, there was

generally good agreement between data on loss of water and

loss of weight (Table 12) and in the absence of water loss data
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from many of the experiments, wecight losses are reported

and are belicved to be an adequate indicator of water stress.

The magnitude of the effect of water stress observed with
plantains is surprisingly large, representing a reduction in
the preclimactleric period approaching three~fold for a change
in weight loss from 0. 12% - 0, 16% per day (at high humidity)
to 0. 56%-0+60% per day {at low humidity). Weight losses of
0.5% per day are frequently exceeded under ambient con-
ditions in the tropics, so that water stress must be a very
important factor in determining the duration of the preclim-
acteric period of plantains during marketing and that of their
tendency to ripen prior to sale. Data in Figure 5 shows that
up to a weight loss of 0, 62% per day, the duration of the pre-
climacteric period was directly related to weight loss, but
this seemed to be the upper limit as an increase in weight of
0.89% per day produced little reduction in the duration of the
preclimacteric period.

Thompson et al (1974) showe_d that low humidity accelerated
ripening of plantains (Horse plantain, Horn type from Jamaical.
Although their data did not distinguish between the effects of
water stress on the preclimacteric period and on the rate of
peel colouration, it is evident that,where weight loss was
almost 0.5% per day ‘under stress conditions, peel colouration
commenced after about 12 days rather than after 22 days when

fruits were stored in moist coir dust.

Littmann (1972a) showed that water stress reduced the duration

of the preclimacteric period of bananas and that the reducticon
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was directly related to the rate of water loss per day (up to

1. 2% per day). If a linear relationship between weight

losses and preclimacteric periods is assumed for c.iala in

Table 11 (i.e. up to 0.6% per day weight loss) in the pre-
sence of water stress, reductions in the preclimacteric periods
for plantains (three cultivars) and bananas are 66% and 38%
respectively for a weight loss of 0.5% per day. This means
that for fruits with the same potential preclimacteric period,
for 0.5% per day weight loss, the residual preclimacteric

period of plantains will be about half of that for bananas.

Thus for unstressed control fruit with a preclimacteric period
of 22 days and a weight loss of 0.5% per day, the
residual preclimacteric period would be 8 and 15 days

for plantains and bananas respectively, whereas Littmann

(1972a) observed 19 days.

The effect of water stress over-rode the effect of gibberellin on
the preclimacteric period, so that at fow humidity the preclim-
acteric period was as low aé the control (Table 13). Although
it is probable that at intermediate levels of stress such as
those tested in Figure 5, gibberellins woulvd have some effect

in extending the preclimacteric period, it is evident that
gibberellin is not likely to be an effective means of extending

the preclimacteric period under conditions favouring weight

loss, such as occur at ambient conditions,
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CHARTER 4

THE CO-ORDINATION OF RIPENING CHANGES IN PLANTAINS

Introduction

In the preceding chapter, water siress and gibberellins were
shown to affect the pr*ecliniacter‘ic period in plantains in a
manner qualitatively similar to that reported for bananas. In
bananas, gibberellic acid (GA3) has also been shown to delay
peel yellowing after the commencement of the climacteric
(Vendrell, 1970b), so that treated fruit become 'green-ripe!.
In this chapter the effect of water stress and GA 4/7 °n the
co-ordination of changes in respiration, ethylene production,

colour and texture changes during the climacteric in plantains

will be described. These studies investigated whether storage

conditions which affect duration of the preclimacteric also

disturb the co-ordination of changes associated with the

climacteric.

Results

Changes in respiration and endogenous ethylene production

during the climacteric

To examine the effect of humidity and GA on changes in

4/7
respiration and ethylene production during the climacteric,
Unripe fruits were vacuum infiltrated with GA (IO—SM)

4/7

and then continuously ventilated with air at two humidities.

COZ and C 244 evolution by single fingers were monitored
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four - five days after the commencement of the climacteric,
Results of this experiment, which are given in Table 14,
indicate that both humidity and GA4/7 had little or no effect
on respiratory rates at the climacteric maximum or on the
time taken to reach this from when the climacteric was
initiated. The respiratory patterns of single fruits

(Figure 6) also show that humidity and GA4/7 did not affect
normal climacteric patterns of respiration exhibited by piant-
ains. Data on the separate effect of humidity on ethylene
production (Figure 7) show that the co-ordination of changes
in CO2 and Czl--i4 evolution after the commencement of the
climacteric was similar at the two humidities. Both at low
and high high humidity, ethylene peaked 3.5 days before the

climacteric peak, but the magnhitude of ethylene production at

low humidity was a little greater than that at high humidity.

Co-ordination of ripening changes

To examine the effect of GA on the synchronisation of

4/7
ripening in the peel and pulp, unripe plantains were vacuum

infiltrated with GA (IO—SM) and both treated and control

4/7
(water infiltrated) fruits were continuously ventilated at con-
stant rate (4 1/h) using air of two humidities. COZ evolution
by each fruit was monitored until three days after the
commencement of the climacteric. At measured intervals
after the commencement of the climacteric, individual fruits
were removed and pulp and peel separated, Peel colour was
assessed using standard colour chart for bananas (see

2. 2. 3. 3.) and chlorophyll content determined by extraction

and measurement of absorbeance (see 2.2.1.1.). Firmness
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Table 14

Chanaes in respiratory activity of plantains during the climacteric. . Data
arc means of observation of three fruits. The significance of differences
between comparable means was tested using Duncan's multiple range test.
Means followed by different letters were significantly different on the

probability level P = 0,05,

Maximum rate Time from onset to

Storage GA4/7
of CO2 production maximum of

Humidity Treatment . )

(mg/kg /h ) climacteric (days)
L.ow - 128.3 a 2.8a
L.ow + 135.5 a 2.7 a
High - ~108.8 a 3.1 a
High + 127.0 a 3.1a

SE ' 10. 49 4 0.42
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in the pulp was also determined. ACC levels in fr‘eeze—A
dried samples of the peel and the pulp of preclimacteric and
climacteric fruits was determined by extraction and measure-
ment of ethylene released by extracts (see 2.2.1.). In
Figure 8, are summaries of results on changes in CO2 evol-
ution by the whole fruit, peel colour and chlorophyll

and texture changes in the pulp. Treatment with GA4/7 had
little or no effect on peel colouration or on pulp softening

or on COZ evolution by the whole fruit. Similarly, humidity

had no effect on CO, evolution bty the whole fruit or on peel

2
colouration and pulp softening after two and three days from
the commencement of the climacteric. After one day, peel
colouration (as measured by chlorophyll degr‘adationj and pulp
softening were significantly delayed at low humidity when
compared to changes at high humidity, this effect being evident
both without and with gibberellin treatment. Data on the ‘

ACC content of climacteric plantains (Table 15)

indicate that storage at low humidity increased the ACC level
in the pulp, when compared with storage at high humidity, but
the difference was only significant one day after the commence-
ment of the climacteric. ACC was undetectable in the peel of
climacteric fruits and in either the peel or the pulp of pre-

climacteric fruits stored at either humidity (i. e. less than

0. 03 n moles/g dry weight).
Discussion
The literature on the effect of water stress on bahana storage

is conflicting, whereas Broughton and Wu (1979) found that

water stress had no effect on the respiratory rates at the
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Table 15

Changes in ACC content of plantain pulp during the climacteric. Data

are means of observation on three fruits. The mean efficiency

conversion of ACC to ethylene was 54 + 1.5%.

Period after

commencement of the L.ow Humidity High humidity
climacteric 1 2 3 1 2 3
(days)
ACC content 1.85 0.93 1.10 1. 10 0.85 0. 96
0. 031 0.086 0.058

(h moles/g)+ SE 0.056 0.061 0.031
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climacteric peak, data from other studies (Littmann, 1972;
Haard and Hultin, 1969; L.izana, 1975; Wardlaw and Leconard,
1940) show that water stress depressed it. To further
complicate the picture, Haard and Hultin (1969) found

that bananas stored at a humidity less than 80% did not
undergo a respiratory climacteric (i. e. ripening was ab-
normal). Data of Lizana (1975) and Broughton and Wu (1979},
however, show that bananas exhibited normal respiratory

climacteric at humidities which were very close to zero,

There are also conflicting reports on ethylene production;

while some workers (Lizana, 1975) found that water stress
H.2

dephessedlethylene peak at the climacteric peak, others

(Broughton and Wu, 1979) observed no effect of water stress,

These discrepancies, both in respiration and ethylene prod-
uction, may have resulted from the different storage con-
ditions and cultivars us;ad by the various workers. In some of
the experiments, bananas were apparently left in open rooms
and after various storage periods ripening patterns of fruits
sampled from the various rooms were studied. There was
thus no control of humidity or flow rates of air used for ventil-
ation. The effect of these and other factors on the rate of
weight loss and consequently the effect of water stress have
been described in Chapter 3 (3. 3. ). For instance, in a con-
stant flow system, the equilibrium humidity of the effluent air
is a functio'n of both the humidity and the flow rate of the
influent air. In some of the experiments diffebent éul,tivaf‘s of

bananas were used, For instance, Littmann (1972) used
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Giant Cavendish, but Broughton and Wu (1979) used Gros
Michel. While Gros Michel ripens readily, Cavendish
cultivars do so with difficulty. Moreover, Gros Michel
produces more ethylene than Giant Cavendish, thus the two
cultivars may respond to ethylene producéd under stress con-
ditions differently. In order to resolve these conflicts in
banana Iiter*atur*e,- a common methodology should be estab-
lished and comparisons should be made between similar
cultivars. The méthod used in the work on plantains reported
in this thesis is similar to that used by Littmann (1972a,b,c)
and Broughton and Wu (1979) for bananas and the results
reported here are quantitatively similar to theirs in that in
each case wa'ter‘ stress accelerated the onset of ripening

and a;well defined climacteric was observed, Data of
Wardlaw and Leonard (1940), of Hvaar‘d and Hiu!t':'n !(,1969) |

and of Lizana (1975) are completely contrary to these results
in that the climacteric was both delayed and partially or
completely supressed. The discrepancy cannot be resolved
from published data and methods. All studies with plant-

ains were replicated as were those of L_intmann (1972a,b,c)
and results were consistent with those of Littmann (1972a,b,¢),
Broughton and Wu (1969). The flow rate was as for I;ittmann
..anc_l results were fully reported, other flow rates were not

determined.

Data in Table 14 show that water stress has no effect on the
magnitude of COz evolved by plantain fruit at its climacteric

Dbse vV edims
peak and la=thts are similar tojtkat by Broughton and Wu (1979).
/ .

The synchronisation of ripening of peel and of pulp in plant-
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ains at 20°C is very close, so that the peel colouration (i. e.
chlorophy!l breakdown and subsequent pecl colouring) and

pulp softening, both commence within one day of the commence—
ment of the respiratory climacteric. In bananas and in lomatoes
treatment with GA3 has been reported to delay peel colouration
after the onset of the climacteric (Vendrell, 1970b; Babbitt

et al, 1973). This delay in peel yellowing has been referred to

as 'green-ripe! (see 3. 4.). In plantains, GA treatment

4/7
(which has been found to be more effective in delaying ripening
in bananas than GA3) did not disturb the co-ordination of
ripening, so that this chemical may be more practicable as a
means of extending the storage life of plantains than it is for
bananas. At low humidity both peel yellowing and pulp soften-
ing were delayed, relative to the onset of the climacteric, when

compared to changes at high humidity, but this difference was

only significant after one day not after two or three days.

ACC levels in the peel of climacteric plantains were measured
to determine whether humidity affected the relative ethylene
production in the two tissues during the climacteric. Unfort-
unately, ACC level in the peel was not measureable even
during the climacteric. Hoffman and Yang (1980) showed that
ACC .level in the pulp of preclimacteric bananas stored at high
humidity was undetectable and estimated it as less than 0.05 n
moles/g. However, after the commencement of the climact-
eric,ACC levels in the pulp increased from an undetectable level
t0 6.5 n moles-/g within four days after ripening and then dropped
to 2 N moles/g on the sixth day. They compared the efficiency
of ACC conversion to ethylene in purified banana extract with

that of unpurified extract and reported 70 - 80% and 50 - 609
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for purified and unpurified extracts respectively. The
conversion efficiency of 53+1. 5% observed here for unpurified

plantain extract is comparable to that reported for bananas.

Changes in the level of ACC {vdetermined by the rate of ACC
synthesis relative to its r;ate of utilisation (i. e. conversion
to ethylene) or degradation. Thus, a decrease in the level of
ACC during ripening will indicate that the rate of ethylene
synthesis is greater than that of ACC synthesis, I[n plantains
stored at high humidity, the level of ACC dropped from 1.10 u
moles/g dry weight to 0. 85, within two days after the onset of
the climacteric, though on the third day there was a slight
increase (Table 15). In bananas, ACC level remained high for
four days and then decreased. The difference in the level of
ACC might be attributed to the fact that plantains have much
higher ratesof ethylene production than bananas and this

utilises more ACC,
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CHAPTER 5

THE ROLE OF ETHYLENE IN THE EXTENSION OF THE

PRECLIMACTERIC PERIOD OF PLANTAINS

5.1.

Introduction

Data previously reviewed in this thesis (1. 4. 1.) suggest

that endogenously produced ethylene is a likely cause of

the accelerated ripening and of the stimulation of respiration

observed in preclimacteric bananas which have been subjected
to water stress, Similarly, when preclimacteric bananas are
continuously exposed to low ethylene concentration, the

duration of their preclimacteric period is reduced and

respiratory rate increased (Liu, 1976a). This study des-

cribed here was carried out to determine whether or not
endogenously produced ethylene could have a role in the effect
of water stress on the duration of preclimacteric period of

plantains (Chapter 3).

Results

Chandes in respiratory rates and in ethylene production in

preclimacteric plantains

To investigate the mode of action of water stress in initiating
ripening, green fruits were continuously ventilated with air
of two humidities (low and high humidity). CO,, evolution by
each fruit was monitored until the onset of the climacteric.

At measured intervals during the preclimacteric phase (i. e.
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before the initiation of ripening), individual fruits (three

from each humidity) were removed for internal ethylene
measurements by cutting and expulsion of gas whilst immersed
under water (2. 2. 2. 4.).. Before each individual fruit was
removed, a gas sample taken from the effluent air was analysed
for ethylene using a gas chromatograph (2. 2. 2. 3. ), if detect-
able ethylene production was observed, the fruit was not used
for internal ethylene measurements. After cutting, a pulp
sample was used for determination of refractometric solids
(2.2.1.2.). Data in Table 16 showing mean internal ethylene
concentration suggest that low humidity raised it by two-foid,
Data on refractometric solids show that al! fruits sampled
were still in their preclimacteric phase. Inh another experi-
ment, a detailed study on changes in respiratory rates and

in ethylene evolution was undertaken at intermediate humidity
using mixtures of wet and dry air in the ratios 1:0, 2:1, 1:2,
0:1. Fruits were continuously held under these humidities
and CO2 evolution by each fruit monitored until the commence-
ment of the climacteric. At measured intervals during the
preclimacteric phase, rates of ethylene evolution by fruits
stored at the different humidities were determined by

trapping ethylene in the effluent gas stream (using three
fruits from each humidity treatment). After a trapping period
of 24 hours, ethylene was released from the ethylene mercuric
perchlorate complex and the concentration determined (see
2.2.1.4. for ‘tr‘apping method). In Table 17 are results
showing the efficiency when known concentrations of ethylene

were trapped. For the four ethylene concentrations



Table 16

Effect of water siress on internal ethylene concentration in preclim-

acteric plantains. Means are observation on nine fruits.

Internal CzH Refractometric
Humidity *
(ppm) solids
(% /fresh weight)
Mean S. e. Mean s. d.
L_ow 0,022 0. 0085 3.8 0.10
High . 0.010 0.0036 3.9 0.17

Weight losses were 1.20 and 0,10 % per day for low and high humidity

respectively,
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trapped, the efficiency ranged from 75 - 81% , with a mecan
of 78%, this figure being used as a correction factor in cal-
culation of ethylene production rates measured by trapping.
In Table 18 are mean r‘espir'ator‘y rates computed halfway
through the preclimacteric period. Lower humidities (i.e. 27%
and 4% relative humidi‘ty) significantly decreased the resp-
if‘atory rates of pr*ec(imacter‘ic‘fr*uits when compared to those
at 97% relative humidity. Data in Figure 9 showing changes
in respiratory rates at various stages of the preclimacteric
phase indicate that respiratory rates increased sharply with
decreased relative humidity. Thus at 97% relative humidity
the respiratory rate was almost constant, i.e. 17 mg/kg:/hi

throughout the preclimacteric phase, but at 4% relative

humidity the respiratory rate increased by almost 12 mgCoz/

kg”/h” within five days.

To compare rates of ethylene production, means were com-
puted through the first quarter and halfway through the preclim-
acteric period and the data in Table 185howsithat the rate of ethylene
production was signiffcantly fncreased by 4% and 27% relative
humidity when compared with that for 59% or 97% relative
humidity, Data on chanAges in ethylene production patterns

in Figure 10 show that at relative humidity of 97% ethylene
pr‘oduction was less than 0, 01 }Jl/ké‘/ﬂl;‘; but it ihcreased very
shar*p:ly with decreased humidity, so that it was evident that
with lower humidity (i.e. 29 and 4% r‘elétive humidity)

ethylene productio.n continuously inéreased. The preclimac-
teric periods given in Table 18 were for the experiment

described in Chapter 3 (3. 2.7.). (see discussion).
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Table 17

Efficiency of ethylene trapping. Data are means of observation. on three

fruits.
Concentration of
Concentration of Efficiency of
ethylene released after
ethylene trapped trapping
trapping
(ppm) (%)
(ppm)

Mean S.E. Mean S.E. Mean S.E.
0.010 0.0013 0. 008 0.0010 20.0 1.12
0.032 0. 0051 0,024 0. 0035 75.0 2. 15
0.502 0.010 0. 406 0.0131 80. 9 1.65

1. 101 0.030 0.871 0. 0251 79. 1 2.10




Table 18

Effect of water stress on respiratory rates and ethylene production by

preclimacteric plantains.,

Data are means for three fruits.

The signif-

icance of differences between comparable means was tested using

Duncan's multiple range test. Means followed by different letters were

significantly different at the probability level of P = 0. 05.

e
Mear: rates of ethylene

. , ¥
Preclimacteric

o Mean COZ prpduction
Humidity : -
evolution (U1/kg /h’) at times period
() (mg/kg;-/h)‘ preclimacteric period (days)
Influent Air 25% 50%
Preclimacteric Period
93.0 17.3 a 0.005 a 0. 0060 a 37.5
59.0 19; 9 ab 0.0080 a 0.0098 a 21.1
27.0 21.7b 0.0248 b 0.0338 b 15.2
4,0 39.8 ¢ 0.0272 b 0.0352 b 13.9
SE 1.05 0.00281 0.00296 b

e - for details see text.

f - see text.
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Effect of exogenous ethylene on the preclimacteric period

and on respiratory rate

The effect of exogenous ethylene on the duration of the pre-
climacteric period and on respiratory rates during the pre-
climacteric phase was examined to show whether or not it
could be correlated with that of stress ethylene. In two
experiments, unripe plantains were exposed to ethylene,
using different low concentrations maintained at a constant
tevel. In the fir'stn experiment, fruits from two separate
bunches were treated with three concentrations of ethylene
ranging from 0. 101 to 2. 501 ppm, and in the second experi-
ment fruits from a single bunch were treated with 0,013 to

0. 105 ppm ethylene.

These concentrations were cbtained by diluting ethylene
using the dilution system already described (2. 2. 2.5.). In
order to exclude the effect of ethylene produced during
water stress, ‘aII fruits were continuously ventilated with
wet air, which caused minimal or no water stress.’ C(}f)2
evolution by each fruit was monitored until the commencement
of the climacteric. Results from the two experiments are
given in Table 19. In the first experiment all three ethylene!
concentrations significantly reduced the duration of the pre-
climacteric period and also increased the respiratory rates
duririg the preclimacteric phase, when compared with un-
treated fruits, Differences between the two bunches in their
response to ethylene was probably due to differences in
bunch ages and maturity, since bunch B was more mature

than A. Considering the results of the first and second
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experiments it is evident that plantains respond to ethylene
over a range from 0.01 - 0.5 ppm, but there is only a small
further response when concentrations as high as 2.5 ppm

are tested.

Data on mean respiratory rates calculated halfway through

the preclimacteric period show that ethylene at concentraticns
from 0,039 to 2. 501 ppm significantly increases the respira-
tory rate, when compared with that for untreated fruits, The
effects of ethylene treatments on the kinetics of changes in
respiratory rates given in Figure 11 show that five days

after exposure to ethylene; the respiratory rates had increased
and that this pattern was maintained throughout the prectim-
acteric period. The respiratory rates of untreated fruits

were, however, almost constant.

5. 3. Discussion

In the preclimacteric phase, plantainé exhibit an increase

in respiratory rates as the relative humidity was decreased.
This increase in rate is different from the rise in respiratory
climacteric, which is of a different magnitude. During the
climacteric, the respiratory rate normally increases by al-
most 80 mg COZ/kéL/H zwithin a 24 hour period. Whereas the
largest change observed under water stress or with low
concentration of ethylene applied to preclimacteric fruits

was that in Figure 9 at 4% relative humidity. where the

ol
respiratory rate increased by 30 mg COZ/kg /PT1 over a ten

day period.



Table 19

Effect of exogenous ethylene on basal respiratory rates and on thé preciimacteric period pf plAantains. In experiments
one and two ethylene treatments commenced 5 and 3 days after harvesting fruits respectively. All fruits were contin-
ously treated with the ethylene concentration stated. x means observation of eleven fruits; y means readings during the
experimental period. The significance of differences between two comparable means was tested using Duncan's

multiple range test. Means followed by different letters were significantly different at the probability of P = 0, 05,

Ethylene tr‘eatmenty iean basal CO7{:~roduction Mean preclimacteric per*iod><
(ppm) (mg/kg/h (days)
Mean s. d. Bunch A Bunch B Bunch A Bunch B
Experiment 1
0.00 - 15.8 a 14.2 a 20.5 a 28. 4 a
0.101 0.0101 25.1b 24. 4 b - 2.4 b
0.502 0.0212 38.6 ¢ 32.7 ¢ 2.3b 0.83 ¢
2. 501 ’ 0.0180 48.0 d 46.5 d 1.2 ¢ 0.75 ¢
SE , 3.15 4,15 1.02 0.98
Experiment 2
0. 00 ~ 15.3 a 42,0 a
0.013 0. 0029 17.9 a 32.0b
0.039 0. 0031 20.3 b 26.0 b
0. 105 0.0083 26.5 c 13.0 ¢

SE 1.92 1.05
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Published data on the effect of water stress on the respira-
tory rates of preclimacteric bananas are conflicting, so that
whereas Wardlaw and L_eonard (11940), L.izana (1975) and
Broughton and Wu (1979) found that water stress had no
effect on the preclimacteric respiratory rate, Lit.tmann (1972¢c)
reported the reverse. Out of these accounts, in two of the
investigations where no change was observed in respiratory
rate, there was also a small increase (two days) in preclim-
acteric period in response fo water str‘ess‘(War‘dlaw and
Leonard, 1940; Lizana, 1975) and in the third one, the
observed decrease in the preclimacteric period was
about fer‘ days (Broughton and Wu, 1979), compared with
11 days reported by Littmann (1972a). Thus, the situation
observed with plantains is similar to Littmann's observ-
“ation in that there is both a substaniial reduction in the .
preclimacteric period and an increase in respiratory r‘ate's

prior to the onset of the climacteric,

The reason for the increase in the preclimacteric respiratory
rates with water stress is hot known, but it may suggest poss—
ible sites of respiratory control. 1f the control is exercised
by the phosphate potentials as has been suggested by L aties
(1967}, increase in respiratory rates probably results from
either the utilisation of energy or the uncoupiing of oxidative
phosphorylation. Bozhenco (]965.) found that microelements
(i.e. ions) which provided plants With resistance to 't water
stress (i. e. drought) also increased ATP content in these
plants and thus suggested that the ability of plants to with-

stand drought involves energy metabolism. On the other hard,
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since water stress stimulates ethylene production and since this
gas has been shown to increase the activity of adenosiné
triphosphatase in yeast micochondria (Olson and Spencer, 1968)
Littmann (1972c) suggested that the uncoupling may be effected
by this enzyme. This-iss=howevers—detectable. As water
stress increases sucrose inversion in harvested sugar cane
(Lauritgen and Balch, 1934), it is also po;sible that the
increase in respiratory fates of plantains might have been
caused by increased mobilisation of substrates., Present
evidence, however, suggests that there is little or no change

in the level of substrates (carbohydrate) in preclimacteric
plantains (Marriott et al, 1980) to cause the increase in

respiratory rates reported here.

Ethylene production by preclimacteric fruits was investigated
firstly by measuring the internal concentration of the gas in
fruits (with destructive sampling) and because each fruit sampled
was destroyed, it was not possible to assess the rate of ethylene
production in the same fruit up to the onset of the climacteric.
The build up method described by Littmann (1972b) was also
tried and before ethylene measurements were taken, fruits
removed from stressing conditions. This method gave
inconsistent readings as ethane from the laboratory inter-
ferred with ethylene peaks. ACC (precursor of ethylene)

was also determined, but the level in preclimacteric fruit was not
detectable. Similarly, Hoffman and Yang(1980) found that

ACC content in preclimacteric bananhas was not detectable.
Finally, the trapping method was tried and this proved to be
reliable, sensitive and permitted non-destructive measurements,

without interferring with the stress imposed on the fruit.
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Data on ethylene production are similar to that of Littmann
(1972c) who showed that water stress increased ethylene
production of preclimacteric bananas. His data showed that
ethylene production for stressed fruits (i.e. at 13%
relative humidity) was two-fold greater than that of un-
stressed fruits (i.e. 95% relative humidity). Ethylene
production for stressed plantains (i.e. at 27% relative
humpdéty) was four-fold greater than that for unstressed
fruits (i.e. 97% relative humidity), so that although blantains
were subjected to less stress than bananhas, they still prod-
uced more ethylene. This difference in ethylene production
might be due to physiological differences between plantains
and bananas or to the different methods used for deter-

mining ethylene production discussed above,

Since the rate at which a fruit releases ethylene out of its
tissues is related to the concentration within the tissues
(Burg and Burg, 1961) , it is possible to estimate the internal
ethylene concentration in fruits from data on rates of
ethylene produced or vice versa. Burg and Burg (1962)
investigated the relationship between ethylene concentration
within fruits and the rates of production of the gas for a wide

range of fruits including bananas. For bananas, they found
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that cthylene concentration within the fruit was related to

the rates of production by a factor of 1.9 ppm for | yl_/kg '/h'.
Assuming that this factor is the same as for bananas, and that
it does not vary at different levels of vapour pressure deficit,
ethylene concentrations in the tissues of preclimacteric
plantains corresponding to data on rates of ethylene prod-
uction given in Table 18 are: for the first quarter of the
preclimacteric period 0.010, 0,015, 0,047, 0.051 ppm at
97% , 58% , 27% and 4% relative humidity respectively; for
halfway through the preclimacteric period 0.011, 0,019,
0.064, 0.067 ppm at 97%, 58%, 27% and 4% relative humid-
ity respectively. Thus, as early as the first quarter of the
preclimacteric period the difference between stressed and
unstressed fruit should be about 0. 04 ppm and this difference

would tend to increase,

The sensitivity of plantains to ethylene was measured to
investigate v;/hether or not the effect of exogenous ethylene
on the preclimacteric period was comparable to the effect
of water stress (which generated endogenous ethylene) on
the preclimacteric. 0.1 ppm ethylene decreased the pre-~
climacteric period by 92% and 70% in the first and second
experiments respectively, whereas 2.5 ppm and 0. 013 ppm
ethylene reduced the preclimacteric period by 96% and by
24% in the first and second experiments respectively. The
difference in sensitivity {(i.e. at 0.1 ppm ethylene) between the
two experiments can be explained by considering published
data on bananhas. There are a lot of discrepancies in the

literature on the sensitivity of bananas to ethylene. Both

data reviewed by Palmer (1971) and that of Liu (1976a)
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show that the sensitivity to ethylene increases as the fruit
approaches its maturity, wherecas Peacock (1972) observed
that the sensitivity of bananas to ethylene decreased with
increased maturity. He also observed that sensitivity to
ethylene increased with time when ethylene was applied to
fruits. Thus, when ethylene treatment was applied four and
six days after harvesting fruiis, the duration of the pre-~
climacteric period was reduced by 4% and 16% respectively,
In the first and in the second experiments described here,
treatment with ethylene was commenced two and five days
after the fruits were harvested respectively. .Sih.ce the
duration of the preclimacteric period of untreated fruits in
the first experiment (Bunch B) was sfmilar to that for un-
treated fruits in the second experiment, it is unlikely. that
the difference in sensitivity was éaused by differ:énces in
maturity, but it .is quite possible that it was céused wholly or in

part by the differences in the time when ethylene was applied.

Comparing the effect of exogenous ethylene on the preclim-
acteric period in the second experiment (where fruits were
treated with ethylene soon after harvest) with the effect of
water stress on internal ethylene content and on preclim-
acteric period, it is evident that the effects of both exo-
genously applied and endogenously elevated ethylene concen-
tration on the preclimacteric period are quantitat‘ively similar
Thué, 0. 013 ppm of exogenously applied ethylene reduced

‘the preclimacteric period by 24%, whereas water stress (which
elevated endogenous ethylene concentration to 0, 015-0, 019

ppm) reduced the preclimacteric period by 45%. Similarly,
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ethylene 0,039 - 0. 105 ppm reduced the preclimacteric

period by 60%; while water stress (i.e. 27% - 4% relative
humidity, which elevated the endogerious ethylene concen-
trations to 0, 047 — 0. 064 ppm) reduced the preclimacteric
period by 60%. Similarly, comparing the effect of exogenously
applied ethylene on the basal respiratory rates with the
effects of water stress on the basa!l respiratory rates, it is
evident that the effects of both exogenously applied ethylene
and endogenously elevated ethylene concentration have a simi-
lar effect on basal respiratory rates. Thus, the increase in
basal respiratory rates of 17% caused by 0. 013 exogenously
applied ethylene is similar to that of 15% caused by water
stress, which elevated endogenous ethylene concentration to
0.015 - 0.019 ppm. Similarly, exogenous ethylene of 0. 039
ppm increased the preclimacteric respiratory rate by 33%),
which is comparable to the increase of 25% in the basal res-
piratory rates caused by water stress (i.e. 22% relative
humidity) which elevated ethylene concentration within the
fruit to 0. 047 - 0, 064 ppm. However, the respiratory res-
ponse of plantains to very high water stress (4% relative
humidity) was notably different in that compared to a lower
leve! of stress (27% relative humidity), there was little further
reduction in the preclimacteric period (Figure 5, weight loss
0.62%/day) or further increase in ethylene production
(Figure 10), but there was a large further increase in the
respiratory rate, for which no explanation can be offered

at present,

Water stress and application of exogenous ethylene differ in
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that ethylene concentration increases with time in the former
(Figure 10) and is constant in the latter, and this is reflected

in that the rate of change in CO, production with time is much

2
greater in the former (Figure 9) than the latter (Figure 11).
Moreover, it is evident that the levels of ethylene generated
within the first quarter of the preclimacteric phase are high
enough to cause measureable effects both in respiratory rates
and in preclimacteric pér'iod and that the effects are of a
similar magnitude to changes which occur in water stress,

It is thus probable that the very large effect of water stress
on the preclimacteric pér‘iod of plantains described in
Chapter 3 is mediated wholly or largely through increases

in synthesis of endogenous ethylene in response to this

stiress.
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CHAPTER 6

GENERAL DISCUSSION

6.1, Effect of Water Stress

Of all the physiological factors tested in the present study,
water stress had the largest effect on the preclimacteric period
of plantains, Typically, for a weight loss of 0.5% per day,
there was a reduction of €5% in the potential preclimacteric
period, where the potential preclimacteric period is that of
unstressed fruits. For the same weight loss, Littmann (1972a)
reported a reduction of 15% in the potential preclimacteric
period of bananas. Similarly, weiaht losses of 0.5% and 1. 2%
per day caused reductions of 30% and 36% in the potential
preclimacteric period of pears and avocados respectively
(Littma;nn, 1972a). In another study (Adato and Gazit, 1974)

there was a reduction of 30% in the potential preclimacteric

period of avocados for a weight loss of 2% per day.

Brouéhton and Guat (1979) found that water stress reduced

the potential preclimacteric of custard apple (Annona

squamosa L) by 50% , but gave no weight loss data. Comparing
the data for plantains and bananas to those for avocados, pears
and custard apple, it is evident that for similar weight losses,
plantains are more sensitive to water stress than bananas and t.he
other three fruits. Thus, when developing methods for the
storage of plantains, it is necessary to control water stress
prior to storage and during storage. Rapid movement of

fruits from field to store is likely to be particularly critical
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because the level of water stress will be particularly high
during dehanding and bulking up of bunches. Storage trials
show that the preclimacteric periods of both ptantains
(Hernandez, 1973; Guillemot, 1976; Ndubizu, 1976) and of
bananas (Scott, 1971; Scott et al, 1970) can be considerably
extended by storing fruits in sealed polythene bags, with or
without ethylene absorbent. Flow-through investigations with
bananas show that the level of oxygen in this treatment is
more critical than that of carbon dioxide {(McGlasson and
Wills, 1972; Mapson and Robinson, 1966). Because of the
large effect of water stress on the preclimacteric period of
plantains, it is possible that when they are stored in a
sealed system with an ethylene absorbent, the effect in
reduction of water stress is comparable in importance_to

the effect of reduction of oxygen tension in gextension of the
preclimacteric phase. If this is true, then the rate of water
loss cc;uld also be reduced by restriction of ventilation and
this should be effective in extending plantain storage. How-
ever, since restriction of ventilation tends to encourage the
build up of endogenous ethylene the use of this method along

with an ethylene absorbent is likely to be more beneficial.

Investigations into the mechanism by which water stress
reduced the preclimacteric period of plantains show that both
the respiratory rates and ethylene production during the
preclimacteric phase increased continuously when fruits are
stored under stress conditions, and that the rate of increase
was proportional to the level of stress. The only previous
data on the effect of water stress on endegenous ethylene

production is that of L.ittmann (1972¢) on bananas. The high
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effect observed with plantains compared with that obsecrved
by Littmann suggests that plantains are likely to be more
suitable for studying the effect of water stress on the storage

of climacteric fruits than bananas.

Although the role of ethylene alone was investigated, other
'gr‘owth hormones may also be involved in the accelerated rip-
ening resulting from water stress. For instance, abscisic
acid (ABA) has been shown to stimulate ripening (Addicott and
LLyon, 1969) and water stress increases the level of this acid
in tissues (Aharoni et al, 1977). It is therefore likely that the
effect of water stress on the preclimacteric period of plantains
involves changes in endogenous levels of ABA, as well as

ethylene,

While there was evidence that relative to the onset of the
climacteric, water stress slightly delayed the rate of the
onset of the degradative processes both of chlorophyll break-~
down in the peel and of softening in the pulp, the delay that
was evident at 24 hours was not sustained at either 48 hours
or 72 hours, so this was transient. Thus, in contrast to the
situation in bananas, where water stress normally either
decreases the rate and extent of the climacteric and/or pre -~
vents normal ripening (Haard and Hultin, 1969), the effect

of water stress on plantains is apparently restricted to the

preclimacteric period.

6. 2. Effect of Gibberellins

Treatment with gibberellin has been shown to extend the pre-
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climacteric pcriod in various fruits such as tomatocs, bananas
(Vendrell, 1970b; Babbitt ct al, 1973; Dostal and L.eopold,
1967). Apparently, after fruits were treated with gibberellin
they were subsequently stored at high humidity. Although
treatment with gibberellin extended the preclimacteric period

of plantains, it only did so when storage was at high humidity;

at low humidity it had no effect. Thus suggesting that gibber-
ellin is not likely to be an effective means of extending the pre—~
climacteric period of plantains under conditions favouring

high weight loss, such as would occur at ambient conditions.
Treatment with gibberellic acid (GA3) has also been shown to
retard pee! colouration (ie synthesis of lycopene) and pulp
softening in tomatoes after the commenceﬁqent of the climacteric
(Babbitt et al, 1973), without affecting the patterns of repiration.
Simila'r‘ly, GA3 has been shown to retard peel colouration
(chlorophy!l breakdown), relative to the rise in respiration and
pulp softening in bananas (Vendrell, 1970b). Results with plant-
ains, however, show that treatment with gibberellin (GA4/7) had
no effect on either peel colouration or pulp softening. The
synchronisation of ripening of peel and pulp of plantains is very
close, so that both peel colouring and pulp softening commence
within 24 hours after the commencement of the climacteric, thus
treatments which disturb the co-ordination of these changes in
other fruits may not have similar effects on plantains.

Effect of Ca2'

Previous reports show that vacuum infiltration of various

fruits with CaCIz solution delayed fruit ripening (Tingwa and

Young, 1974; Wills et al, 1977). The results with plantains
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are consistent with this finding. While plantains tolerated
concentrations as high as 8% CaCl,, (w/v) without any signs
of skin injury, 6% CaCIz solution caused necrosis of the
skin in Jonathan apples {Bengerth et al, 1972). 16% CaCIz,
however, caused a similar skin injury in plantains, and

nearly exceeds the maximum safe concentration.

Infiltration of Caz+ into fruits has been shown to reduce the
respiratory rates (Faust and Shear, 1972; Tingwa and

Young, 1974). High endogenous Caz+ concentrations in
avocado fruit also reduced the respiratory rates during the
preclimacteric and climacteric phases {Tingwa and Young,
1974). In contrast, low ca?’ concentration in apples

increases the respiratory rates, and this increased respira-
tion causes metabolic disorders such as internal breakdown
and bitter pit (Faust and Shear, 1968). Consequently, the
severity of these disorders could be minimised if CaClz .
solution is applied to fruits in sufficiently high concentrations
(Wills and Scott, 1977). Bain and Mercer (1973) also show
that increased respiration resulting from low endogenous

Ca2+ concentration In apples causes cellular disorganisation.
As fruit ripening is usually accompanied by a»pr*o.gr‘essive
increase in 'ceH permeability with alterations in the compartment-
ation of enzymes and substrates {Solomos and Laties; 1973)itis
likely that CaZ+ delays ripening by preserving the cell mem-
brane, Brady et al (1970b) showed that in bananas there is a
steady increase in amino acid leakage and thus probably in
membrane permeability as the preclimacteric phase progresses.
Thus, the effect of Caz+ in extension of the preclimacteric
period of plantains may be exerted through an effect in stabil-

ising the cell membrane.
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