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Abbreviations and symbols

AA L-ascorbic acid

ACC 1-Aminocyclopropane-1-
carboxilic acid

ACP Anaerobic extinction point

ADH Alcohol dehydrogenase

ADP Adenosine diphosphale

AEC Adenylate energy charge

AMP Adengsine monophosphate

AO Ascorbate oxidase

APX Ascorbate peroxidase

ATP Adenosine triphosphate

CA Controlled atmosphere

CO, Carbon dioxide

DCS Dynamic Control System

DHA Dehydroascorbic acid

DwW Dry weight

L-DOPA Precursor of dopamine

EC Enzyme Commission (enzyme
taxonomyy)

EP Extinction point {fermentation)

Eq(s) Equation(s)

Fw Fresh weight

GSH Giutathione (GSH, L-Y-
glutamyl-L-cysteinyl-glycine)

GSSH Glutathione (oxidised form)

HPLC High performance liquid

chromatography

Km
MAP

MCP
ME
MDHA
NADH

NADPH

O

PA

PDC
PEP
PPO
PS-1
ROS
Rpm
SDS
SOD
TBC
TCA
ULOC

Image analysis
Michaelis-Menten constant
Modified atmosphere
packaging

Methyl cyclopropane
Maintenance Energy
Monodehydroascorbic acid
Nicotinamide adenine
dinucleotide (reduced form)
Nicotinamide adenine
dinucleotide phosphate
(reduced form)

Oxygen

Photoacoustic

Pyruvate decarboxylase
Phosphoenol Pyruvate
Polyphenol oxidase
Photosystem |

Reactive oxygen species
rounds per minute

Sodium dodecyl sulphate
Superoxide dismutase
4-Tert-butyl catechol
Trichtoroacetic acid

Ultra low oxygen
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Stellingen

De membraanschade die decompartimentalisatie veroorzaakt is waarschijniijk te
wijten aan een combinatie van vrije zuurstefradicalen, een tekort aan antioxidanten
om deze radicalen te inactiveren en een energietekort als gevolg van een sterk

verlaagde zuurstof concentratie.

De gevoeligheid van Conference peren voor de ontwikkeling van interne
bruinverkleuring heeft geen aantoonbare relatie met de weerstand van de schil voor

zuurstof en kooldioxide.

Na decompartimentalisatie kan de pH-verandering in de cel die hierop volgt
verantwoordelijk zijn voor de activering van cytoplasmatisch polyfenol oxidase.

De vondst van hominide resten in Afrika, zoals van Louis Leaky en de vondst van
Lucy (Australopithecus afarensis) in 1974, spreekt bij veel mensen tot de verbeelding.
Echter, deze ontdekkingen lijken maar niet te leiden tot een duidelijke naamgeving en
taxonomie. De vraag is hoe een antropoloog te werk zou gaan als hij of zij naast
elkaar een schedel van een Zweed van 2,10 meter en een pygmee in dezelfde

aardlaag zou aantreffen.

De hepérking van onderwerpen en middelen in zijn creatieve werk scherpt de geest

van de kunstenaar, en leidt tot resultaten. Absoiute vrijheid leidt tot niets.

Hoe meer individualisme in de maatschappii, des te meer oranjegevoel tijdens EK en
WK.

Door de verregaande communicatie lijkt onze wereld bijna zo groot als de aarde.

Toch kennen steeds minder mensen hun buren.

Steliingen behorend bij het proefschrift: ‘'On the origin of internal browning in pears (Pyrus

communis L. cv Conference’.

Rob. H. Veltman, 14 mei 2002



1. General Introduction

Packed full of vitamins, minerals, fibres and antioxidants fruits and vegetables are
nutrient-dense commodities. Research continues to strengthen the positive
association between consumption of fruits and vegetables and decreased risk of
heart disease, some cancers, and other health issues. Apples and pears are grown
in Europe and more specifically in The Netherlands in large quantities. The total pear
production in Europe is estimated 2.4 million tons (2000). In The Netherlands this
production is about 180,000 tons. In The Netherlands two cultivars of the world-wide
Pyrus communis species are grown almost exclusively: Conference {(about two third
of the total Dutch production) and Doyenné du Comice (about one sixth of the total
Dutch production). On a European scale 20% of all grown pears is a Conference
pear 1.

Pyrus communis is ~like apple (Malus) and hawthorn (Crataegus)- a member of
the Rosaceae tamily. The Greek cultivated pears as early as 800 BC; their cultivation
is already documented in the Odyssey. The history of pear cultivation in The
Netherlands goes back to the Roman Empire. Likely, the Romans brought the pear
here, and in old Rome different pear cultivars were already known. Certain is the
introduction of pear-growing by Charles the Great. He ordered the cultivation of pears
on his manors around the year 800. Some of these manors were located in The
Netherlands, like in Gennep near Nijmegen. In 1052 pear cultivation was mentioned
near Maastricht. Also in the province Utrecht and Zeeland fruit growing started.
Furthermore, pears were traditionally grown near monasteries and castles. From the



15th century on fruit growing developed very rapidly in Holland. Wertheim 2 speaks of
a so-called Golden Age of the pear, which lasted from about 1750 to 1875.
Improvement of pear cultivars was fashionable at that time, and the known fruit-
expert Knoop mentioned about 150 cultivars. In 1874 even 1100 cultivars were
described in a Belgian book. In the same time pear growing has mainly moved to just
over the Dutch borders, to present-day Belgium and Northern France 2.

1.1 The history of fruit CA storage '

Table 1.1. Benefits of confrofled atmosphere storage (CA).

- Ahigher quality after storage

- Possibility of product-accumulation before marketing
- A better price

- Avoidance of specific disorders like scald

- Extension of the availability of a given commodity

The idea to preserve fruits and vegetables is not new, and the favourable effect of
certain gases during storage on crops was discovered long ago. Early storage of
crops in pits with restricted ventilation in the United Kingdom, for instance,
sometimes improved storage life. Early scientific studies (Bernard, France, 1819}
showed that fruits absorb O. and release CO.. The same study revealed that fruits
did not ripen under anoxia, and that ripening was resumed when fruits were re-
subjected to normoxia. This kind of experiments showed that anoxic storage resulted
in a prolonged storage-life of 4 weeks for peaches, apricots and prunes, and a life of
3 months to apples and pears. In 1856 B. Nice built one of the first commercial
storage facilities. In this facility, with airtight doors, the temperature was kept below
1°C with ice. He claimed that apples could be preserved for 11 months, and that the

" This paragraph is among others based on ‘Postharvest technology of fruits and vegetables' by A.K.
Thompson {(chapter 5). Btackwell Science Ltd, 1996. ISBN 0-632-04037-8
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Q. concentration during storage was so low that a flame would not burn. In 1907
Fulton observed that fruits could be damaged when large amounts of CO. were
introduced in the store. R.W. Thatcher experimented with apples in sealed boxes,
and concluded that COs inhibits ripening, and Kidd 3 described the effect of different
levels of this gas on fruit respiration. In 1927 Kidd and West carried out the first
comprehensive and well-documented studies on the effect of CO, and Q- on fruits
and vegetables during storage, and called the new storage technique ‘gas storage’.
In the 1940s this term was changed in Controiled Atmosphere (CA) storage.

Studies on CA application have shown possibilities for a wide range of fruits and
vegetables, however, CA is still mainly applied for apples and pears. Basically, the
original concept of CA storage from the beginning of the 20" century hasn't changed
much. CA storage started with controlling CO: levels. The storage facility was
refrigerated mechanically, and CO. was fixed at a level that was cultivar dependent.
By means of ventilation the excess of CO» was removed from the facility, creating an
equilibrium between the condition in the storage facility and the outside atmosphere
4. In such a system the amount of nitrogen was kept constant at 79 kPa, the same as
in normal air. When CQO,, for instance, was fixed at 3 kPa, O, was 18 kPa constantly.
In the present storage facilities both O, and CO: levels are controlled. Moreover,
CQOq-scrubbers are introduced, first lime-scrubbers, and nowadays charcoal
scrubbers. Cell air is directed through these scrubbers, and next the cleaned air is
pumped back into the facility. During ‘passive scrubbing’ the COz-absorbing material
is placed in the storage facility (e.9. limestone), a technique that is still used in
container transports of fruits and vegetables. When respiration of the product is used
to reach the optimal CA O concentration, one speaks of ‘product generated CA’.
This technigue is also used in modemn packages nowadays, and is then called
Modified Atmosphere Packaging (MAP). In an MA package optimal gas conditions
are achieved by choosing such a foil that O, and GO, asymptotically stabilise at the
desired gas concentrations after a predictable time and at a certain temperature.

1



1.2 Fruit ripening

Ripening is a complex, natural process, which improves the organoleptic
characteristics of fruits. The main goal of lowering the storage temperature and
applying CA is to slow down ripening and senescence, and to extend storage
duration while maintaining all quality attributes of a certain commodity, also after
ripening on the shelf. Kidd and West & discovered that a burst of respiratory activity
accompanies the onset of ripening in apples — a phenomenon they named the
climacteric. In apples, as in many other fruits, this respiration climax is accompanied
by a spate of autocatalytic ethylene production € Ethylene is a volatile plant
hormone. It was the Russian physiologist Dimitry N. Neljubow who first established
that ethylene affects the growth of plants 7. In climacteric fruits low levels of ethylene
{sometimes as low as <0.1 ppm) can already induce ripening. In response to
ethylene, fruits change the pre-climacteric stage for the climacteric, respiration rises,
and many processes connected to fruit ripening, including softening, colour changes
and flavour development are started. Non-climacteric fruits, however, produce litlle
ethylene and ripening in these fruits is not induced by ethylene. A characteristic of
climacteric fruits is the autocatalytic ethylene-production. This autocatalysis is
triggered by an ethylene peak (system 1), which is followed by a massive increase in
the ethylene production (system Il) 8. Non-climacteric fruits lack system I, and thus
the induction of autocatalytic ethylene production ®. Some examples of climacteric
and non-climacteric fruits are given in Table 1.2.

Ethylene is synthesised from the amino acid methionine with 1-amino-
cyclopropane-t-carboxylic acid {ACC) as an intermediate 9. Its synthesis requires Os,
and it is not formed under anoxia. Addition of CO. to the storage facility not only
inhibits respiration, but also ethylene production and thus ripening. CO; is also known
to decrease the sensitivity of fruits towards ethylene. Burg and Burg 0 postulated
that CO. competes with ethylene for ethylene binding sites. In pear, ethylene
production was inhibited by 5 to 20 kPa CO; 11, However, De Wild ef al. 12 showed
that in 1-MCP-treated pears (MCP is an effective blocker of ethylene effects,
probably by binding to the ethylene receptor) CO» had an additive inhibitory effect on
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the ethylenie production. This suggests that inhibition of the ethylene production by
CO: does not (solely) take place at the receptor level.

Table 1.2. Examples of climacteric- and non-climacteric fruits.

Climacteric Non-climacteric

Apple Orange

Pear Strawberry
Banana Lemon
Avocado Cherry

Peach Pineapple
Kiwifruit Grape

Tomato Cucumber
Maggo Berries

Low O; and high CO; concentrations both have an inhibitory effect on ripening and
ethylene production. In cultivars with a high ethylene production rate the main
advantage of CA may be the inhibitory effect on the action of ethylene. In cultivars
with a low ethylene production CA may act as an inhibitor of both ethylene-production
and ethylene-action 13,

1.3 Current storage conditions and physical disorders

Nowadays about 80% of the apptes and pears in The Netherlands is stored under
CA conditions. In the first place the respiration rate of fruits is decreased by a
lowered storage temperature. Ke and Kader 14 showed that fruits like pears, stone
fruits, blue berry and strawberry stored at temperatures ranging from 0 to 5°C up to
10 days, tolerate O: levels between 0.25 and 1 kPa (Ultra Low Oxygen, ULO), while
apples tolerate these levels for much longer periods. Under CA, pears are normally
subjected to circa 2-3 kPa Q.. Apples are usually stored at 1-2 kPa O, often
combined with CO; levels up to 4 kPa. Respiration of fruits is further decreased when

crops are stored at lower O concentrations with the addition of CO; 15,

A side effect of low O: is the accumulation of ethanol and acetaldehyde to

concentrations that can result in off flavours 16-19, Ethanol is an end-product of an
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alternative, anaerobic way of sugar degradation (Fig. 1.1}, and acetaldehyde is an
intermediate of this pathway. This metabolic route is called the fermentative pathway.
Fermentation takes place in the cytosol, and does not make use of the mitochondrial
respiratory chain. The onset of fermentation can be used as a functional marker to
indicate the minimal amount of O, below which anoxic sugar breakdown stans.
Practical trials have shown that apples can be stored at exiremely low O,
concentrations, In the so-called Dynamic Gontrol System (DCS), a kind of interactive
ULO storage, low O: levels in the storage facility are regulated on the basis of
ethanol levels (product response control) 20, 21,

NADH + H*
NAD+
i il
g 2 T
co 0 OH
Glycolysh AP 2 Acetaldehyda Ethanol
COlYSIS .
y (lez Fermentation
Sugar - —--->(|:=o !
COOH €0z
Pyruvate Acetyl CoA
NADH Y ATP

N _

ATP

L
Electron
transport

NADH chain

7N

Oz H20

co, TCA cycle

Figure 1.1 Simplified representation of the fermentative pathway {ending in ethanol) and aerobic
respiration, consisting of the TCA cycle and an electron transport chain located in the mitochondrion.
Enzymes involved in fermeniation: 1. Pyruvale decarboxylase (PDC), 2. Alcohol dehydrogenase
(ADH;}

Regular CA practice may be described as a means to suppress respiration to the
lowest possible level, without inducing excessive fermentation. This concept is called
the Extinction Point approach (EP). This approach is defined by the lowest O
concentration where no fermentation takes place. However, it seems that
fermentation can even take place in some fruits under normoxia 22. A decreasing O»
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gradient can exists between the storage atmosphere and the cytosol or mitochondria
of the cells in the fruit flesh, the peel being one of the diffusion resistances 23. Gas
penetration through cells and the cuticle of the fruit affects this gradient. In
establishing correct storage conditicns the biclogical variation of fruits with respect to
Q: tolerance plays an important role as well.

Figure 1.2. Typical example of brown core in Conference pears. Brown core is & result of enhanced
CO: levels during storage. Sensitivity can increase when O levels are lowered (below 3 kPa), or when
pears are harvested late.

Because ethanol synthesis can probably never be excluded completely, the
Anaerobic Compensation Point, ACP, defined as the O: concentration where CO,
production is lowest, is probably a better concept.

Besides lowering O, concentrations the storage life of pome fruit varieties can be
extended further by addition of CO, to the storage room. However, CO:
concentrations are often restricted because they can induce physical or physiological
disorders like brown core (also called brown heart) in apples and pears 24, Brown
core can be described as a CA disorder. It is an abnormal condition of the fruit
resulting from the death and subsequent browning of parts of the internal fleshy
tissue, while the peripheral flesh generally remains sound. Brown patches, which are
mostly sharply delimited from the living tissue, often appear to originate in vascular
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bundle tissue, especially that of the ten main vascular bundles. If a pear is removed
from the conditions that gave rise to brown core, the brown areas do not increase in
size, but the affected tissue gradually dries out, and in this way cavities are formed
lined with leathery tissue 25. For Conference pears it has been suggested that the
incidence of internal browning tends to increase with increased water losses 24,

High CO: concentrations are known to suppress respiration. It is suggested that
CO; acts as a controller of the TCA-cycle by suppressing the oxidation of succinate
and citrate, which explains the accumulation of these acids 26. The succinoxidase
system of apple mitochondria is extremely sensitive to CO.. The widespread effects
of CQO: on the mitochondrial metabolism could also be attributed to pH changes
within the mitochondria. Shifts in internal pH due to the acidification of the cytosol
and other cellular compartments by bi-carbonate affect enzyme activities and
oxidation rates. Prolanged storage under high CO, concentrations reduces the rate of
oxidative phosphorylation, although CQ. does not act as a sirong ‘uncoupler’; the
reduced rate may be the consequence of e.g. a declined NADH-production within the
cell.

1.4 Polyphenol oxidase

Fruits and vegetables sometimes suffer from internal and/or external tissue
discolorations {browning) during storage and processing, like for instance brown core
disorder in Conference pears as defined above. Most of these discolorations are
owed to enzymatic browning (instead of non-enzymatic browning like for instance the
Maillard reaction). Enzymatic browning can be described as the oxidation of
polyphenols to corresponding coloured quinones. It is mainly associated with the
enzyme class of the PPO’s. The classification of PPQO’s is complex. Catecholase
(EC 1.10.3.1) catalyses the oxidation of monophenols in o-diphenols, which is also
known as the creolase activity of the enzyme (Fig. 1.3, reaction 1). The catecholase
activity of the same enzyme (reaction 2} is responsible for the conversion of the latter
into o-quinones 27. A second class of PPO’s, the laccases (EC 1.10.3.2), oxidise o-
diphenols and p-diphenols to their corresponding quinones (Fig. 1.3, reactions 2 and
3). But, laccase does not possess a creolase activity. Besides EC 1.10.3.1 and EC
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1.10.3.2 a third category PPO’s exists, the tyrosinases (EC 1.14.18.1, also called
monophenol monooxygenase), which correspond to the same enzymes as the

catecholases.

OH %0, OH 1% 0, 0
¥ OH 0
L 2. \
R R H.0 R Complex
Brown
Polymers

2 02
OH 0 /
OH 3. 0
R Ho R
Figure 1.3. Reactions catalysed by PPO. Monophenols are hydroxylated to o-diphenols by PPO

creolase activity (1). Dehydrogenafion converts o-diphenols into o-quinones by the catecholase
activity (2). Laccase possesses catecholase activity (2 and 3), but no creolase activity.

In the cortex tissue of apples 27, 28 and pears 29 three phenclics account for more
than 90% of the total phenclic content: caffeoyl quinic acid {or chlorogenic acid, most

abundant), (-)-epicatechin and procyanidine B2.

OH

OH@CH =CH—CO
E

H
Chlorogenic acid

OH
COCH
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OH
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|,

N
OH OH

OH |/:|
N
OH OH
Procyanidine B2

Figure 1.4. The three most abundant phenoiics in apple tissue: chlorogenic acid 30, {-;-epicatechin 30,

and precyanidine B2 31

Although considerable efforts were done to determine the physiclogical function of
PPQ in plant cells, its role remains obscure. PPO has been found in chloroplasts or
in the other plastids in both photosynthetic and non-photosynthetic tissues. In many
extracts of plant tissues PPO’s are found in a latent form, and proteolysis, detergents
or other factors may be required for their activation. Laccase, however, is not known
to exist in a latent state. PPQO's from higher plants are able to oxidise a broad range
of mono-, o-di- and p-diphenols. Km values for O, vary between 0.1 and 0.5 mM. The
Km and Vmax values for different phenclics, are highly variable 27,

Tyrosinase normally possesses two conserved regions, CuA and CuB 32, These
active sites of the enzyme contain three histidine amino acids, which bind copper. A

pair of copper ions in tyrosinase interacts with Q. and the polyphenol substrates 30, A

18




comparable mechanism is supposed to be active in laccases. At the expense of AA,
and the formation of DHA, oxidation products of PPO can be regenerated. This
prevents the formation of brownish pigments and discolorations. PPO is also known
to oxidise AA directly, comparable to the enzyme ascorbate peroxidase (APX, EC
1.10.3.3) 33

Although the o-quinones formed from phenolic substrates are themselves coloured
from red to reddish-brown, the reaction rarely stops there 27, and secondary
reactions lead to more intensively coloured products. These reactions include
polymerisation of polyphenols after the initial quinone formation and complexing with
amino acids and proteins.

1.5 Ascorbic acid metabolism

Ponting and Joslyn 34 already stated in 1948 that AA oxidation is intimately related
to tissue browning, and that browning does not occur until all AA was oxidised. L-
ascorbic acid (vitamin C, at that time called hexuronic acid) was discovered 20 years
earlier by Albert Szent-Gyargyi in 1828 35, |t is an important vitamin in the human
diet and is abundant in plant tissues. Primates and guinea pigs have lost the ability to
synthesise AA, and they must acquire it by consuming plant material. In the absence
of AA, collagen is insufficiently hydroxylated and hence cannot propery form
collagen fibres, which can eventually lead to scurvy in humans. Because of its
nutritional importance, the distribution of AA has been studied extensively in plants,
but, relatively little consideration has been given to its function in the plant. AA has
been shown to have an essential role in several physiological processes in plants,
including in growth, differentiation and metabolism 38 It functions as a reductant for
several Reactive oxygen Species (ROS), thereby minimising the damage caused by
oxidative stress; however, AA has also more specific functions. In ripening fruits it is
probably involved in the conversion of ACC to ethylene 37, and in photosynthesis, as
it removes hydrogen peroxide formed during photoreduction in photosystem | (PS-1)
in the chloroplast 38, Apparently, synthesis of AA occurs in the cytosol because a
specific AA transtocator has been identified in the chloroplast envelope. AA is

synthesised from hexose sugars in higher plants. D-mannose and L-galactose are
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efficient precursors for AA synthesis, and they are interconverted by an enzyme

called GDP-D-mannose-3,5-epimerase. Wheeler et a/. 32 identified an enzyme in pea
and Arabidopsis thaliana, L-Galactose dehydrogenase, that catalyses the oxidation
of L-galactose to L-Galactono-1,4-lactone, the direct precursor of AA (Fig. 1.5).

AA can directly scavenge oxygen free radicals with and without enzyme catalysts
and can indirectly scavenge them by recycling a-tocopherol, bringing it back to the
reduced form. By reacting with activated O, more readily than any other water-
soluble component, AA protects vital macromolecules from oxidative damage. The

reaction with the hydroxyl radical, for instance, is limited only by diffusion. The
reaction with superoxide (0, , Eq 1.1.1}) may serve a physiologically similar role as

superoxide dismutase {SOD, Eq 1.1.2). The superoxide radical was discovered in
1931 by Linus Pauling. He suggested that this radical is produced in minute
quantities as an unwanted by-product of oxidative phosphorylation, and that it could

have an enormous destructive capacity if not removed.

205 +2H + AA ——® 2 H:0, + DHA 1.1.1
205 +2H L% 2H,0,4+ 0, 1.1.2

The reaction with hydrogen peroxide is catalysed by APX 40

H:0:+2AA —— P 2H.0+ 0, 1.2

AA regenerates the membrane-bound antioxidant a-tocopherol, which scavenges
peroxyl radicals and singlet O.:

LOO» + o~ Tacopherol —® LOOH + Tocaphery! radical 1.3.1

Tocophery! radical + AA ———® - Tocopherol + MDAA 1.3.2

20
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Figure 1.5. AA anabolism as proposed by Wheeler et al. 39 AA catabolism according to Washko et al.
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Numbers are referring to the following enzymes: 1.

Hexose phosphate isomerase, 2.

Phosphomannose isomerase, 3. Phosphomannose mutase, 4. GDP-D-Mannose pyrophosphorylase,

5. GDP-D-Mannose-3,5-epimerase, 6. L-Galaclose dehydrogenase,
dehydrogenase.
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The above reactions indicate that there are two different products of AA oxidation,
MDHA (or semi-dehydro-ascorbate} and DHA that represent one and two electron
transfers, respectively (Fig. 1.5). MDHA can either spontaneously dismutate (Eq 1.4)
or is reduced to AA by NAD(P)H moncdehydro-ascorbate reductase (Eq 1.5, Fig.
1.6):

2MDHA —» AA + DHA 1.4

MDHA + NAD(P)JH —» AA+ NAD(P) 1.5

The DHA is unstable at pH-values higher than 6, decomposing into tartrate and
oxalate. The reduction of DHA to AA by dehydro-ascorbate reductase using reducing
equivalents from glutathione (GSH) prevents this:

2GSH+DHA ——® GSSH + AA 1.6

NADPH

Figure 1.6. Enzymes and antioxidants involved in ROS breakdown. MDHA: mono-dehydro-AA (semi-
DHA); GSH: gilutathione; GSSH : glutathione, oxidised form.

AA is localised in the chloroplast, cytosol, vacuole and extra-cellular compartments
of the cell. About 20-40% of the AA in the mesophyll leaf cell is located in the
chloroplast. This organelle contains all the enzymes necessary to regenerate
reduced AA from its oxidised products. MDHA has two regeneration routes, one via
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MDHA reductase, and the other via DHA reductase consuming GSH (Fig. 1.6). The
terminal electron donor of both routes is NAD{P)H. Both regeneration routes are
involved in hydrogen peroxide detoxification that might otherwise participate in
Fenton reactions (see Chapter 7, Eq 7.8). Although AA metabolism has been studied
in most detail in the chloroplast, it is likely that all enzymes for its regeneration also
exist in the cytosol of both photosynthetic and non-photosynthetic celis.

1.6 Outline of the thesis

Internal browning in pears is a disorder that appeared with the introduction of CA
storage. Kidd and West 21 already described it in 1923 for apples and pears.
However, still —after about 80 years- the biochemical and physiological background
of internal browning has not been cleared up. The goal of this study was to
understand what happens before and during the onset of brown core development in
Conference pears, and to unravel the physical, physiological and biochemical
mechanism behind it. In connection to this, the metabolism of AA during storage, the
availability of energy, and the diffusion characteristics of Oz and CO; in the fruit were

investigated.

On an empirical level most of the factors that have an influence on the brown core
disease in pears and apples were exhaustively investigated in the period in which CA
storage was introduced world-wide. It is now known that the ripening stage (harvest
date), the growing location, and the (both yearly and geographical) climate are
important factors. For example, when pears are harvested too late, disorders are
mostly inevitable, and losses can be massive. Furthermore, disorders are less severe

in the South-European countries.

In this thesis the processes that lead to brown core in Conference pears are
studied. Chapter 2 focuses on PPO activity and its role in the formation of brown
pigments. In Chapter 3 the relation between AA concentrations in pears and the
susceptibility towards brown core is depicted. In Chapter 4 PPO was investigated
more profoundly. This chapter describes the partial purification of the enzyme, the
determination of Vmax and Km values, and the reaction stoichiometry. The relation

between AA and brown core development was further elaborated on a semi-practical
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scale in Chapter 5. In this chapter AA levels were also investigated in the Rocha
cultivar. In Chapter 6 energy metabolism in pears under various conditions is
analysed, and an integral ‘brown core theory is formulated, which tries to describe
the process of brown core initiation. In Chapter 7 2 it was attempted to determine
ethane emissions from pears. The development of brown core in pears was
hypothesised to be partly caused by membrane peroxidation, and ethane is a
putative by-product of this reaction. In Chapter 8 a model is presented that describes
the relation between external applied O, and CO. concentrations, internal gas
concentrations, diffusion characteristics, and respiration. In Chapter 9 (general
discussion) the previous chapters are discussed and conclusions are drawn.

2 This research was performed at the depariment of Molecular- and Laser Physics of the University of
Nijmegen {KUN) under the supervision of Dr. Frans J.M. Harren and in co-operation with Dr. Stefan T.
Persijn.
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2. Polyphenol oxidase activity and
polyphenol content °

Summary

Brown core is a disorder in pears that is frequently observed in the Conference
cultivar. The brown colour is the result of an enzymatic oxidation of polyphenol
substances to o-quinones, a reaction catalysed by PPQ. In a later stage pears can
form cavities in and nearby the core.

The goal of this research was to understand and predict the development of core
browning. Pears from orchards in Spain and The Netherdands were compared to
observe climate influences on the development of brown core.

PPO activity and total polyphenol content are not affected by harvest date, storage
atmosphere and orchard, and both do not seem to be limiting during development of

® This chapter is based on: Veltman RH, Larrigaudiére C, Wichers HJ, Van Schaik ACR, Van der Plas
LHW, Qasterhaven J. 1999, Palyphenol oxidase activity and polyphenol content are not limiting factors
during brown core development in pears (Pyrus communis L. ¢v Conference}. The Journal of Plant
Physiology 154: 697-702.
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brown core. An observed decrease of tyrosinase activity might be the consequence
of the decreased viability of brown tissue. It is hypothesised that core browning is
induced by decompartmentation of intracellular membrane structures.

2.1 Introduction

The storage life of a number of pome fruit commodities may be prolonged
considerably in atmospheres containing enhanced CO. and lowered O;
concentrations (ULQ) 4. However, these controlled atmospheres are, in some cases,
known to induce physiological disorders, such as brown core, an enzyme-induced
aberration in Pyrus communis 24. Browning is initiated in the core of the fruit and is
assumed to expand concentrically through the cortex tissue. However, except for
extreme cases, the outer appearance of affected fruits is normal. In these severe
cases the affected tissue loses water to the adjacent tissue, and eventually cavities
are formed. The susceptibility of pears for brown core depends on geographical
factors 42, orchard, storage conditions, cultivar 29, growth year 43 and harvest date.

8rowning in the core and the cortex tissue of pears is attributed to the action of
polyphenoloxidase (PPQO), which catalyses the oxidation of phenolic compounds to
highly reactive o-quinones 44 45, These o-quinones undergo further oxidation and
polymerisation and cause a brown or black pigmentation during processing and
storage. These pigments are referred to as melanins 30 46 Tyrosinase (EC
1.14.18.1) is a PPO that exhibits a monooxygenase (or cresolase) activity, which
oxidises monophenols to o-diphenols and an oxido-reductase {or catecholase)
activity, which oxidises o-diphenols to quinones 32, Laccases (EC 1.10.3.1) represent
a second group of PPO’s, which only exhibit o- and p-catecholase activity.
Tyrosinase, in contrast to laccase, exhibits a latent and an active form. Enzymatic
browning as a consequence of PPO action is described for various fruits and

vegetables, like pear 47-49, apple 27, 50, spinach 51, cabbage 52, and mushroom 33,

There is a general agreement that, in higher plants, PPO is a plastidal enzyme >4,
however, in apples PPO was found beth in chloroplasts and mitochondria 27. 55, Data
on phenolics and PPO in pears are scanty. d'Anjou pears contain three PPQ’s which
seem to exist in a latent form 4€. In apples phenclics are localised in the vacuole 56.
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Attempts to correlate browning directly to enzyme (PPQ) activity and phenolic
content failed; studies on different apple cultivars turned out to be contradictory 27,

The susceptibility for browning may depend on PPQ-activity, phenolic content or both
57,58

This chapter describes an investigation on the putative relations between

susceptibility for browning in pears, PPO activity and total phenolic content.

2.2 Materials and methods

2.2.1 Plant materials

In The Netherlands, pears (Pyrus communis L. cv. Conference) were harvested at
two locations: Strijen Sas (orchard 1) and Z2uid Beyerland (orchard 2), both in the
western part of the country (province South Holland). Pears from Strijen Sas are
known to be relatively more sensitive to the development of brown core. Pears from
both locations were picked at three dates. The optimal (second) harvest date for CA
storage was 15 September, 1995. The other pears were harvested 6 September,
(harvest date 1) and 26 September (harvest date 3).

Pears in Spain were obtained from an orchard in Lleida during summer 1996
(orchard 3). Pears were harvested one week after the commercial harvest date, 22

August, 1996, to ensure that they will show disorders.

2.2.2 Storage and treatment

In The Netherlands pears were stored in crates, placed in 850 litre containers
(static system) with a water sealing, at -1°C air temperature and 2 kPa + 0.1 Op. Half
of the batch was stored at <0.7 kPa + 0.1 CO; (standard), the other half at 3 kPa =
0.1 CO; (stress condition to induce browning). Relative humidity was kept at 97-99%.
After 4 months storage, samples were taken for PPQ and total phenolic
measurements. For measurements on tyrosinase, pears (The Netherlands) were
stored in a flow-through system 59. After 25 days of storage at 2 kPa Q: in
combination with 0.2 kPa or 10 kPa CO., samples were taken. Pears in Spain were
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placed in experimental chambers during 4 months at -1°C, 2 kPa + 0.1 O, and 3 kPa
+ 0.1 CO». Relative humidity was kept at 95%.

2.2.3 Image analysis system

Thin slices (about 0.4 cm} were cut from the pear longitudinally with a double-knife
cutter. From this profile the total area and the percentile brown area was measured
immediately after cutting using Image Analysis (1A). The method of Schouten et al. 60
was used with some software adaptations.

During visual judgement brown pears were classified in 4 classes: no browning (0},
slight browning {l, <30% of the area), moderate browning (ll, about 30-70% of the
area) and severe browning (lll, >70% of the area, with only the cortex fraction just
underneath the peel not showing browning).

2.2.4 Polyphenol oxidase assay using L-DOPA as a substrate

Freeze-dried samples were ground in a mortar under liquid nitrogen and stored at -
20°C. Puiverised samples were mixed with 100 mA NaPi buffer, pH 6.5, centrifuged
(10 min, 10000 rpm}, and mixed with O, saturated buffer with L-DOPA (final
concentration 16.7 mM}. For determination the of the tyrosinase activity the method
of Wichers et al. 81 was used. To activate latent tyrosinase, and calculate the total
tyrosinase activity in a sample, 0.11% v/v SDS was added to the substrate buffer 53,
For measurement of laccase 0.5 mM tropolone, a specific inhibitor for tyrosinase,
was added 62.

Analysis of variance (Genstat) was used to determine correlations between
parameters.

2.2.5 Polyphenol oxidase assay using 4-methyl catechol as a substrate

PPO was extracted from pear tissue by the acetone extraction method of
Sciancalepore and Longone 83, The acetone powder was stored in a desiccator until
extraction. The extract was prepared by suspending 1 gram of acetone powder in 30
ml phosphate buffer (0.1 M, pH 7.0) with 0.5 mM cysteine. The extract was
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homogenised, filtered through two layers of miracloth and centrifuged at 40,000 g for
20 minutes (4°C). The supernatant was loaded onto a Sephadex G-25 column (PD
10, Pharmacia), which was previously equilibrated with 20 ml phosphate buffer {pH
6.5). PPO was eluted with 3.5 ml of the same buffer. Activity was determined
spectrophotometrically according to Sciancalepore and Longone 3. The reaction
mixture consisted of 1.9 mi citrate buffer (0.1 M, pH 5.3}, 1.0 ml 4-methylcatechol
(final concentration 0.02 M} in citrate buffer, and 0.1 ml of enzyme extract. The
reaction was monitored for 3 min at 420 nm (30°C). The initial velocity was calculated
from the slope of the linear part of the curve obtained.

2.2.6 Total phenolic content

The method is based on the reaction between the Folin-Ciocalteus reagent and
substituted phenyl residues 8. Freeze-dried tissue was homogenised in water. Cell
remainders were removed by centrifugation {15-30 min, 11,000g). The homogenate
(0.5 ml) was mixed with 0.5 mt 10% TCA to remove proteins. After vortexing and
centrifugation (15-30 min, 11,000g) 0.75 ml of the sample was transferred to a 3 ml
cuvette and mixed with 1.5 ml 1.4 M Na,COs and 0.45 ml Folin-Ciocalteus reagent
{Merck S9001). After 30 min the samples were centrifuged again and the extinction
was measured in triplicate at 650 nm. Calibration was done with 0.0-1.0 mM tyrosine.

2.3 Results.

2 3.1 Occurrence of brown core

Pears from orchard 1, stored in the static system at both <00.7 and 3.0 kPa CO,,
were more susceptible to brown core than pears from orchard 2. Pears from later
harvest dates were more susceptible than pears from early harvest dates, and 3 kPa
CO: clearly induced brown core during storage. These trends, shown in Fig. 2.1 and

29




A < 0.7 kPa carbon dioxide

100 -
80 -
E‘ @ 80 days
§ 0 143 days
g B 260 days
T
m

Orchard 1 Orchard 2

B 3.0 kPa carbon dioxide
100 A

80
®
g 60
8 B 80 days
E D 143 days
& 40 W 260 days

20 4

Orchard 1 Orchard 2

Figure 2.1. Influence of orchard and CO, on browning in Confarence pears. Fruits were monitored and
fudged visually after 80, 143 and 260 days of storage respectively. Pears were grown in two orchards
in The Netherlands and stored at 0.5 kPa (A) and 3.0 kPa (B} CO». Al fruits were from the third
harvest date (pick 3). Bars are the mean of four judgements of 20 pears (n=4) = SE.
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Fig. 2.2, were observed for several years. The initiation of brown core was also
monitored in pears stored at enhanced CO, atmospheres (3 kPa) and a higher
temperature (5°C) in the flow-through system. Brown core was already detected after
five weeks in pears stored at these conditions (data not shown).

100

80
2
w
5 60 -
a ™ pick 1
g @ pick 2
& 40 ™ pick 3

20 A

80 Days 143 Days 260 Days

Figure 2.2. influence of harvest date (pick 1, 2 and 3) on the development of brown core in
Conference pears. Fruits were monitored and judged visually affer 80, 143 and 260 days respectively.
Al pears were grown af orchard 1 in The Netherlands, and stored at 3 kPa CO;. Bars are the mean of
four judgements of 20 pears (n=4} + SE.

2.3.2 PPO, total phenolic content and development of brown core

Brown core develops by the action of PPQ 24, PPO catalyses the formation of
quinones, which polymerise into melanin products. In The Netherlands PPO activities
were determined in pears from two growing locations {orchard 1 and 2) and three
harvest dates (pick 1, 2 and 3) stored under <0.7 and 3 kPa CQ.. After 4 months
storage, tyrosinase (latent and active form) and laccase activities were determined.
The same samples were used fo determine the total phenclic content. PPO activity
was not, as expected, depending on gas conditions during storage, but a correlation
with browning of the cortex tissue of pears was found. Generally, taken together the
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results of all measurements (different conditions, harvest dates and growing
locations), the percentage of active tyrosinase was 4.2% on average, with a high SD
of 4.2 (n=85). Tyrosinase activity appeared o be inversely related to the appearance
of brown core, which is shown in Fig. 2.3 (Panel A and B). Pears from the third
harvest date of orchard 1 showed the severest incidences of browning (Fig. 2.3,
panel A), while these pears exhibited the lowest tyrosinase activity (Fig. 2.3, panel
B). A correlation between laccase activity and browning was not clear. Laccase
activities were very low in pear tissue. No relation was found between total
polyphenol content, growing lecation, harvest date and extent of browning, although
shifts in concentrations of individual phenclics could not be excluded on basis of
these results (results not shown). According to the results, total phenolic content was
also not directly related to susceptibility for browning or the degree of browning. PPO
activity or totat phenolic content were also not related to the size of pears (results not
shown). Although the active form of tyrosinase did not seem to be affected by gas
conditions, total tyrosinase (after activation with SDS) did slightly, but significantly
{Fig. 2.4). Pears stored at 10 kPa CO: in a flow-through system exhibited a lower
total tyrosinase activity (pears were not brown at the moment activities were

determined), and later during storage pears showed brown core.

In parallel, PPQ activity was determined in Spanish pears {(orchard 3), with 4-
methyl-catechol as a substrate. Just as in Duich pears (PPO measurements with L-
DOPA as substrate, Fig. 2.3, Panel B) PPO activity in Spanish pears was also lower
in fruits with brown core (Fig. 2.5).

The regions around cavities showed a red colour in in situ treatments of pear
slices with L.-DOPA, which can be attributed to the reaction product dopachrome (Fig.
2.6). Higher activities of laccase and tyrosinase in this region were not found (data
not shown)
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Figure 2.3. Pears were stored at 2 kPa O, and <0.7 or 3 kPa CO;. Samples of cortex lissue were
taken after 4 months. Panel A shows the presence of brown core, measured using the IA system,
which calculates the percentile brown tissue area of the length-wise cut pear, in pears from Iwo
orchards and three harvest dates. Panel B describes the relation between active tyrosinase (nkatal g
DW), orchards and harvest date (pick 1, 2 and 3). Different letters describe significant differing vaiues.
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2.3.3 Polyphenol oxidase and peroxidase controf

Peroxidase can disturb PPO assay by abstracting hydrogen atoms from phenolic
compounds. The highest peroxidase activities were found in the core of the fruit {0.95
pkat, n=5). This value was about a factor 1000 lower than the laccase activity in the
same sample (0.89 nkat). Because activities are relatively low, peroxidase is not
likeiy to interfere with the PPO assay. No inhibition reactions were observed when
higher extract quantities were used in the L-DOPA assay. The relation between the

enzyme activity and extract concentration was linear.

10 0,05
& O kPa carbon dioxide %:
® W 10 kPa carbon dioxide x
E 08— N 0,04 -
. F
o 5
2 ]
b3 L
® 06T 1003 @

L
3 £
£ 2
g 04 1 002 ¥
[ ]
3 g
202 001 o
0.0 0

Tot. tyrosinase Act. tyrosinase

Figure 2.4. Tyrosinase activity after SDS treatment (Tot. tyrosinase’) and active fyrosinase (no SDS
treatment, ‘Act. Tyrosinase’) in Conference pears, stored in a flow-through system. Pears did nof show
tissue browning. Activities are expressed in ykatal g' DW. Total tyrosinase in pears stored under the
two conditions differed significantly, aclive tyrosinase did not (p<0.05}.

2.4 Discussion

Browning in pears is a result of PPO action. One of the main initiators of brown core,
independent of important preharvest factors like picking date and orchard, is CO..
CO: concentrations within the fruit are higher than in the storage environment 65,
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because the porosity of pear tissue is relatively low, and diffusion resistance of the
fruit hinders gas exchange & {(Chapter 8). Enhanced CO, concentrations are known
to potentially influence enzyme activities, but resulis in this article indicate that active
tyrosinase was not affected. Total tyrosinase, on the contrary, was affected slightly,
but significantly. The formation of brown pigments {melanins) in the core tissue of
pears negatively affected tyrosinase activity in pears from The Netherlands and
Spain (Fig. 2.3, Panel B; Fig. 2.5). Decreased activities can be a result of decreased
cell viability, enzyme degradation, and senescence of the fruit. PPO may also be
auto-inhibited by formed quinone products. It is generally accepted that PPO acts as
a suicide enzyme, by inactivating or modifying of the enzyme protein through
covalent, hydrogen, hydrophcbic and ionic bounds 86. No relation between harvest
date, growing location, size of the fruit, storage condition and PPO activity could be

observed when pears were not brown.

Apparently, PPQ activities and the total phenolic content are crucial but not limiting
factors in the process of brown core development. A low PPO activity is sufficient to
account for browning. Polyphencls were present abundantly, but their availability
might limit the browning reaction 56. Possibly, shifts in concentrations of individual

polyphenols are important 29,

There is a general agreement that, in higher plants, PPO is a plastidal enzyme. In
non-senescent tissues it is mainly located in the thylakoid membrane of chloroplasts
and in vesicles or other bodies in non-green plastid types 55 67 In pears PPQO was
100% non-membrane-bound (Chapter 4), but it was not clear if PPO was located in
the matrix of plastids or in the cytesolic fraction of the cell (see also Nicolas ef al. 27).
According to Yamaki 38 97% of the total phenclic content is localised in apple
vacuoles, only three percent is located in the free space, and none in the cytoplasm.
Apparently, PPO and phenolic substances are separated within the cell, even if PPO
is found in the cytosolic fraction, and therefore browning can not be initiated.

Frenkel and Patterson (1974) showed that pears kept under CO; show ultra-
structural alterations in various organelles, including mitochondria, vacuoles, plastids,
and other membranous systems such as in the tonoplast and the cytoplasm 8. They

observed that the shape of the mitochondrion changes from elliptical to spherical. In
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the plastids there was a replacement of the concentric lamellar system with spherical
membrane inclusions. The tonoplast showed proliferation in daughter compartments,
and the cytoplasmic matrix became extensively vacuolated.
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Figure 2.5. Relationship between brown core and PPO activity (n=6). 4-Methyl catechol was used as
substrate. Pears were grown in Spain (orchard 3). ‘b.c”: fruits with brown core (presence of cavities);
‘controf’: non-damaged fruits. Enzyme activities are expressed as nkatal g' DW.

Based on these and own observations we hypothesise that brown core is a
consequence of decompartmentation of cellular compartments, caused by
membrane disintegration. During senescence internal membrane damage results in

leakage of phenolic compounds from the vacuole.

Borders between brown and healthy tissue are rather distinct, but no enhanced
tyrosinase activity was observed at or in the neighbourhood of this border (data not
shown), which indicates that initiation of browning is not caused by a local tyrosinase
activation. Near cavities, a red-coloured band was shown in in sifu expetiments (Fig.
2.6).
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Figure 2.6. In situ staining of & longitudinalty cut sfice of pear tissue with L-DOPA solution (16.7 miM).
A red band of dopachrome, the reaclion product of L-DOPA, surrounds cavities.

This band was attributed to the red oxidation product of L-DOPA, dopachrome.
Again, no enhanced tyrosinase or laccase activity could be determined in tissue
surrounding cavities (data not shown). This phenomenon is in agreement with the
idea that there is a difference in PPO (or substrate) availability near tissue affected
by brown core and cavities. Disintegration of internal membranes initiates the PPO
reaction. This internal membrane damage might be induced by peroxidation of
membrane lipids due to radicals. Another factor that could be involved in the
disintegration of membranes is the level of maintenance energy in the cell 89. Trippi
et al. 70 showed a close relation between ATP concentrations and membrane
permeability, which suggests a relation between ‘energy status’ and the start of cell
disfunctioning 6. Energy is also needed to regenerate antioxidants necessary to
inactivate radicals, but is depleted by the action of CO, on the mitochondria 71.

Initiation of brown core can not be explained by PPO activity or phenolic
concentrations in pear tissue. Probably, the availability of PPO, PPO substrates and
the disappearance of the enzyme-substrate separation within the cell are the cause
of brown core initiation.
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3. Decreased ascorbic acid levels and
brown core development in pears *

Summary

Changes in AA content are measured in the cortex tissue of Conference pears
stored at various compositions of CO» and O,. Enhanced CO. levels cause AA
concentrations to decline. Soon after AA declines below a certain value browning of
the core tissue can be observed. Reducing CO- levels before this value is reached,
causes AA levels to increase again, and prevents browning to a great extent. In
preliminary experiments with a photoacoustic laser-based detection system it was
shown that brown pears produce ethane, which is most likely a result of membrane
peroxidation. Storage conditions, AA levels and browning in pears are discussed in
relation to diffusion characteristics, energy metabolism, and energy maintenance
levels of the fruit.

* This chapter is based on: Veltman RH, Sanders MG, Persijn ST, Peppelenbos HW, Oasterhaven J.
1999. Decreased ascorbic acid levels and brown core development in pears (Pyrus communis L. cv.
‘Conference’). Physiologia Plantarum 107; 39-45.
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