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Abstract 

In agricultural products, variation exists in quality attributes between batches. Examples of this biological 

variation are well known and the general response is trying to suppress it as much as possible; to create 

uniformity using pre- and postharvest methods. This thesis shows a methodology that takes advantage of 

the biological variation, instead of treating it as a nuisance. This biological variation methodology was 

applied to understand the expected keeping quality of batches. 

The methodology currently consists of three steps. Firstly, repeated non-destructive measurements of 

quality properties of individuals need to be applied to find out how the quality attribute changes over time 

without having to worry about biological variation. Secondly, kinetic models need to be constructed that 

show the quality attribute changing over time as a combination of simultaneously occurring processes that, 

ideally, have a strong physiological background. The last step consists of translating the kinetic model that 

describes the behaviour of the quality attribute of individuals to batches using stochastics. This methodology 

is applied for cucumbers and strawberries. 

Cucumber. The keeping quality for a cucumber, defined as the time the colour remains acceptable to the 

consumer, depends on the state of the chlorophyll metabolism. A generic model was build that describes 

the postharvest colour behaviour in time and temperature for individual cucumbers, irrespective of growing 

conditions and cultivar. The model enables prediction on the batch keeping quality, on the basis of initial 

colour measurements only. 

•Strawberry Postharvest life of strawberries is largely limited by Botrytis cinerea infection. A colour model 

was built that describes the simultaneous development of the red colour and the anti-fungal function of 

individual strawberries over time. Batch keeping quality predictions could be derived on the basis of initial 

colour measurements or from the time between harvest dates. 

Batch model. The batch model describes the influence of one source of biological variation, here assumed 

to be variation in light conditions during the preharvest period, on the distribution of precursor 

concentrations by combining (product specific) kinetic models and a generic stochastic part. The batch 

model described batch behaviour in terms of current maturity, biological variation and maximal maturity 

towards keeping quality of cucumbers and strawberries. Applications of biological methodology may be 

numerous: proposing protocols for keeping quality predictions, characterisation of cultivar specific 

influences on keeping quality or, in general, starting of a new field that is concerned with the 'hidden' 

information that is present in all biological batches. 
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STELLINGEN 
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2. Variabiliteit is maar mooi een lastig probleem (Pelayo et al. PBT, 2003). 

3. Vooraf kritiek eisen en incasseren is een voorwaarde voor succesvol 
publiceren. 

4. Genomics heeft een excellente toekomst als er een solide koppeling komt 
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5. Mannen weten hun zaakjes goed te verbergen. (Willard, Nature, 2003) 
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Chapter 1 

In agricultural products, variation exists in quality attributes between individuals. For 

instance, apple fruit from one harvest will consist of apples that were shaded within the 

tree and of apples that were directly exposed to sunlight. As a consequence, a batch of 

apples shows variation in skin colour. This is an example of biological variation partly due 

to the position of the apple in the tree. In general, biological variation may be described 

as the composite of biological properties that differentiate individual units of a batch 

(adapted from Tijskens and Konapacki, 2003a). Examples of biological variation are well 

known and the general response to biological variation is trying to suppress it as much as 

possible; to create uniformity using pre- and postharvest methods (Tijskens et al., 2003). 

To stay with the apple example, after harvest the apples may be transported directly to 

an auction where they are sorted and graded on weight and colour to create sub-batches 

of about the same colour and size. Later, a mixed 'batch' may be generated when sub-

batches of the same colour and size class are put together from different orchards. At 

the present state of technology, sorting can be accomplished, both rapidly and 

accurately, on external properties like colour, weight, shape and external defects. There 

are two important issues associated with sorting. When e.g. apples are sorted on colour, 

they are sorted on the current colour, not on expected colour retention. So, apples from 

different orchards, regions, and different harvest dates might be mixed having about the 

same colour. However, the apples from each orchard, region and harvest date may have 

a different colour development over time, leading to a significant colour variation when 

reaching the consumer. Also, an ongoing trend is that consumers put more emphasis on 

internal properties like taste, flavour and the presence of 'health promoting' substances. 

Sorting and grading on external properties does not supply any information on these 

internal properties. So, when apples from different orchards, regions and harvest dates 

are mixed having about the same actual colour, the variation in internal properties may be 

undesirably large. 

A way to prevent these problems associated with sorting and grading may be to 

sort only on defects, and grade on the batch level. A batch is considered as all individuals 

with a common growth history. In practice, a batch consists often of all individuals from 

the same cultivar, grown at the same location (orchard, greenhouse) and from the same 

harvest date. The variation in properties observed on the batch level is of biological 

origin, being a derivative of past growth conditions. The biological variation on the batch 

level is unique and extracting this 'fingerprint' might assess current behaviour and predict 

future behaviour of the batch. In the postharvest trajectory, biological variation may help 

to establish a 'best before date' or suitability for export. In the preharvest trajectory, 

biological variation may help to decide on optimal orchard specific harvest dates and 

suitability for long time storage of apples and pears. Key point is the assessment and use 

of biological variation in this respect. Fundamental research on biological variation 
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methodology is almost non-existent. Almost, because this thesis tries to show some key 

issues that enable the development of biological variation methodology. The importance 

to use and understand biological variation can be shown when clear economic gains may 

be expected. Therefore, biological variation was measured and applied to understand the 

expected keeping quality of batches. 

Keeping quality is connected to quality. Quality is a difficult property, as everyone 

uses a slightly different set of criteria to interpret the quality of a product. In order to have 

some practical grip on quality related issues, the concept of acceptability was introduced 

(Tijskens, 2000). When somebody decides on the acceptability of a product, the quality is 

compared to a criterion, the quality limit. If the quality exceeds that limit, the product is 

accepted, and otherwise rejected (Wilkinson and Tijskens, 2002). So, acceptability of a 

product depends on product quality and on the level of the acceptance limit. The 

acceptance limit is primarily defined by economical and psychological factors; the quality 

of a product is largely defined by its intrinsic properties. Acceptability is directly related to 

the keeping quality of a product. For fruits and vegetables, product properties such as 

colour, firmness and taste change over time. Keeping quality is the time until the product 

attribute drops below the acceptance limit at any dynamic or static condition. So, keeping 

quality combines two aspects of product acceptance, the acceptance limit and product 

quality, into a generally applicable index of quality (Tijskens and Polderdijk, 1996). 

Keeping quality and shelf-life are terms often used interchangeably and are indeed closely 

connected. Shelf-life is the keeping quality under standardised storage conditions 

(Tijskens, 2000). The concept op keeping quality enables quality research to be formally 

separated into two fields. Consumer attitudes towards regional food preferences (Verlegh 

and Steenkamp, 1999), sensory evaluation (Munoz, 2002) and customer value processes 

(Payne and Holt, 2001) are recent examples of research efforts aimed at the acceptance 

limit. Here the focus will be on the other field, the factors that influence product 

behaviour. Product behaviour shows generally a decay in quality attributes after harvest. 

Within the time the product remains acceptable, it goes through the horticultural 

production chain. Knowledge of the expected keeping quality at the start of the 

horticultural chain will be of great benefit to participants. For instance, consumers may be 

able to get guaranteed high quality products or producers may be able to export, instead 

of supplying products to the domestic market. 
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Aim of the thesis 

The aim of this thesis is the development and application of biological variation 

methodology. The development is shown with regard to the batch keeping quality of 

strawberry and cucumber only. However, as the key issues are generic in nature, the 

grand aim is to provide generic tools for the analysis of batches of fruits and vegetables. 

Methodology 

Methodologies to pursue the aim of this thesis are primarily modelling techniques (kinetic 

and stochastic) in combination with non-destructive measuring techniques. Key issues to 

develop the biological variation methodology are: 

(i) repeated non-destructive measurements of quality properties of all individuals 

in a batch (longitudinal data) 

(ii) building physiological kinetic models 

(iii) building of a stochastic model capable of combining kinetic models and 

information on biological variation to predict keeping quality on a batch level 

ad (i) Non-destructive measurements 

Repeated non-destructive measurements on individuals are essential to generate accurate 

knowledge concerning the development of a quality related property. This may be 

illustrated by stating an example from the workshop on biological variance (Tijskens et al., 

2001). This example shows the simulated firmness decay of a tomato; the aim is to find 

the process behind the decay. The firmness left for each tomato, after a varying storage 

period, is measured destructively (left hand-side of Fig 1.1), starting with (seemingly) 

identical tomatoes. According to these experiments, the behaviour of the replicates 

resembles an exponential decay, but there is quite a lot of deviation from the proposed 

exponential curve. What could be the reason? Experimental errors in determining the 

firmness could be the case, however, it is also possible that the experimental set-up is to 

blame. Let's assume we restart the experiment, but change the experimental set-up. The 

difference is that the firmness is measured repeatedly over time of the same tomatoes 

(right hand-side of Fig. 1.1). The effect is that initial variation in firmness between 

tomatoes is still present in this experiment, but that the magnitude remains unchanged 

every time the firmness is measured. This means that using non-destructive repeated 
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measurements, the (exponential) behaviour over time of the attribute under investigation 

might be extracted, as now variation is present between individuals, not within individuals. 

IT) 
<n 
0) 
C 40 

10 20 30 40 

time after start time after start 

Fig. 1.1. Simulated firmness decay for tomatoes examined using separate tomatoes observed after 
a variable storage time (left hand-side) or observed continuously (right hand-side). 

ad (ii) Kinetic modelling 

Kinetic modelling is a useful technique in relation to quality changes as they represent 

biochemical and physical reactions that often proceed at a certain rate and with certain 

kinetics. Kinetic modelling enables the description of these changes quantitatively. Also, 

kinetic modelling is a powerful tool to unravel basic reaction mechanisms (van Boekel and 

Tijskens, 2001). Understanding these basic mechanisms is an essential issue for the 

description and understanding of biological variation. To have a better understanding of 

kinetic modelling, traditionally used to describe general chemical reactions, lef s examine 

the example of the consecutive reaction. The simplest consecutive reaction describes the 

formation of a compound B from compound A which then reacts further to the final end 

compound C: (Eq. 1.1) 

A -> B *-> C (1.1) 

Let's assume the development of the concentration of compounds A, B and C can be 

measured repeatedly and non-destructively. The upper left plot of Fig. 1.2 simulates the 

development in time for three different initial concentrations of compound A. Hypothetical 

values for the reaction rate constants kj and k2 are used and it assumed that no initial 

concentrations of B and C are present. Over time, compound A is consumed and turned 
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into compound B, which shows an initial rise in concentration but later a decay in 
concentration as compound B is turned into compound C (first column of Fig 1.2). 

10 °C 20 °C 20 °C 

20 40 . 60 80 100 

t ime 

Fig. 1.2. Concentration profiles based on the consecutive reaction A -> B -> C simulated at 10°C 

(left hand-side row) for three samples differing in initial concentration of A. The middle and right-

hand columns show behaviour of the same samples, but now at 20 °C. The difference in 

concentration profiles between column two and column three is caused by different temperature 

dependencies only. 
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Temperature effects can be incorporated using e.g. Arrhenius' Law. In case of the 

consecutive reaction example there are two reaction rate constants, each with a 

temperature dependency according to Arrhenius' Law. Both the second and the third 

column in Fig. 1.2 show the development in time of the concentration of compounds A, B 

and C using the same initial concentrations. However, now the consecutive reaction is not 

carried out at 10 °C, as was shown in the first column, but at 20 °C. In the second 

column the reaction rate constant kj at 20 °C is set to twice the value of the reaction rate 

constant at 10 °C combined with reaction constant k2 that is almost not dependent on 

temperature. For the third column the temperature dependencies for the reaction rate 

constants are reversed compared to those of the second column, leading to clear 

differences in concentration profiles for especially compounds A and B. The usefulness 

of kinetic modelling becomes clear when asked to analyse plots as shown in Fig. 1.2. 

Concentration profiles of column 1 and column 2 can be analysed simultaneously, 

applying so called multi-variate, multi-response non-linear regression analysis, to obtain a 

small number of parameters that fully describe the complex, non-linear behaviour seen in 

the plots. These are: 

- three initial concentrations of compound A 

- two kinetic parameters for the reaction rate constants at 10 °C (kj, k2) 

- two kinetic parameters for the temperature dependency of kj and k2 

How applicable is kinetic modelling when trying to describe physiological reactions 

connected to keeping quality? Let's examine the colour development of green apples. The 

experimentally observed s-curve like behaviour (Tijskens and Konapacki, 2003b) may be 

used to calibrate a generic autocatalytic model (Eq. 1.2). Colour decay is slow initially 

when the enzyme (Enz) concentration is limiting, picks up later on, and finally slows down 

again when the colour concentration is limiting (left hand-side of Fig. 1.3). 

colour + Enz ->2 Enz (1.2) 

This colour model 'fits' very well on apple (Tijskens and Konapacki, 2003b) and tomato 

data (Tijskens and Evelo, 1994). However, it is known from literature that tomato and 

apple are very different products physiologically. For instance, it is known that chlorophyll, 

responsible for the green colour in the skin of green apples, is very sensitive to ethylene. 

Furthermore, ethylene itself will be generated autocatalyticaly. Now, a new hypothetical 

model may be proposed to specifically describe colour behaviour of apples (Eq. 1.3). This 

model also 'fits' the data very well (right hand side of Fig. 1.3), but is now based on actual 

physiological knowledge. 
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chlorophylI + ethylene -» ethylene 

ethylene -> 2 ethylene 

(1.3) 

100 i 

3 

o 
o 
(J 

storage time storage time 

Fig. 1.3. Comparison of a autocatalytic model (left hand-side (Eq. 1.2)) with the hypothetical apple 
colour model (right hand-side (Eq. 1.3)) for describing colour development over time. 

What reason is there to use a complex physiological model (Eq 1.3) instead of simple 

generic model (Eq. 1.2) when experimental data 'fit' equally well on all models? The 

processes described by a physiological model are actually representative of processes 

occurring in the products. Consequently, environmental changes affecting these 

processes may be described correctly using this type of model. Furthermore, 

physiological models may guide further research. For instance, batches of apples may 

show very different colour behaviour during long time storage, while all batches were 

harvested having about the same initial colour. Instead of investigating the small colour 

differences at harvest, it might be much more useful to measure the ethylene distribution 

at harvest for each apple batch. The first approach might be a consequence of using the 

generic model, the second approach of using the physiological model. 

ad (iii) Stochastic modelling 

Physiological kinetic models are useful to describe physiological processes for individual 

products. However, biological variation is considered a batch property. How to describe 

biological variation with physiological kinetic models? Let's assume the batch of green 

8 
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apples again, this time with the aim to predict the colour of all apples belonging to a 

batch after a period of long time storage provided the physiological kinetic model (Eq. 

1.3) can be applied. This can be accomplished by doing two experiments using repeated 

non-destructive measurements. The first experiment is aimed to extract the kinetic 

parameters of the colour model and uses 50% of all apples of the batch (first sub-batch): 

- measure the ethylene concentration and the colour non-destructively for all apples of 

the first sub-batch at harvest. 

- store each equal parts of the sub-batch at different temperatures and measure the 

ethylene concentration at regular intervals during the storage period. 

- calibrate the apple colour model using the gathered experimental data in combination 

with Arrhenius' Law to obtain kinetic parameters. 

During the second experiments the colour and ethylene levels at harvest are measured 

for all apples of the second sub-batch and combined with the kinetic parameters to 

predict the colour of all apples after long time storage. This procedure is labour intensive 

and sensitive to measurement errors at harvest. It would be much more convenient to use 

the biological variation contained in the batch because of the shared orchard, cultivar and 

harvest date. Let's assume that significant biological variation can be attributed to the 

ethylene production of the apples. The colour of the harvested apples will be influenced 

by the variation in ethylene. Some apples produce only very small amounts of ethylene, 

having almost no adverse effect on the colour, resulting in colour retention. Other apples 

will produce more ethylene resulting in rapid colour loss. Therefore, the variation in 

ethylene will have an effect on the colour distribution. It is likely that also considerable 

colour variation will be present because of the earlier mentioned position of the apples in 

the tree. Now there are two sources of biological variation, resulting in a complex colour 

distribution, as now light green apples might be light green because of the position in the 

tree, because of exposure to large amounts of ethylene, or a combination of both. This 

batch might be characterised by measuring the ethylene and colour distribution at harvest 

and analysing these distributions with mathematical tools to separate the effects of 

ethylene and tree position. The colour of this batch after long time storage may then be 

estimated based on the batch characterisation at harvest. Unfortunately, these 

mathematical tools are not available yet. 

Batch colour data can be expressed in histograms and these can be represented 

mathematically by standard statistical probability distributions like the Poisson or the 

binomial distribution. However, what is the probability distribution for a batch when the 

individuals of that batch have quality attributes that change over time according to a 

physiological model? Stochastics, the mathematical subfield consisting of probability and 

9 
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statistics, might be used to describe batch behaviour. Stochastics theory might combine 

a kinetic model, for the description of the behaviour of the individuals in the batch, with a 

probability distribution function for the biological variation that differentiates the individuals 

in the batch. The development of these mathematical tools might enable the use of the 

hidden information, the biological variation, for characterisation of e.g. the keeping quality 

at the batch level. 

Overview of the thesis 

The research described in this thesis started with the goal to predict the keeping quality 

of cucumbers based on the colour at harvest. A rather new method, an image analysis 

system, was used for colour measurements. The reason to use colour measurements for 

predictions on keeping quality is that the limiting quality attribute for cucumbers is colour. 

Unfortunately, it seemed that colour at harvest was not a very good indicator of the 

keeping quality for individual cucumbers (Chapter 3). It was discovered, however, that the 

shape of colour distributions at harvest, obtained by measuring the colour of all 

cucumbers in a batch, could be used as indication of the preharvest growth conditions 

(Chapter 4). Apparently, because of the common growth history of batches, there is 

information hidden in batches. How to retrieve this 'hidden' information? Is this kind of 

information available in all products? To answer the first question, an attempt was made 

to extract, describe and understand the information hidden in colour distributions of 

cucumber batches (Chapters 5). The second question is a generic question and is not 

easily answered. It was tackled by searching for a product completely different than 

cucumber. Strawberry seemed not connected to cucumber as rot incidence, not colour is 

the limiting quality attribute. There is a connection, however. When strawberries are 

divided in two groups and one group is subjected to a TL-light treatment the incidence of 

rot was delayed in the light treated group. Not only the rot incidence was delayed, the 

colour of the light treated group was also more red (Saks et al., 1996). This means that 

colour is not only connected to the keeping quality of cucumber batches (Chapter 5), but 

also to the keeping quality of strawberry batches (Chapter 6). The same approach to 

describe and understand hidden batch information was then applied to both cucumber 

and strawberry (Chapter 7). 

Colour is perhaps the most ideal property to measure at the moment: it can be 

measured very accurately and the measurement is non-destructive, enabling repeated 

measurements. Chapter 2 provides an overview of colour measurements, colour 

processes, recent colour research and the bottlenecks when trying to convert 

physiological knowledge into colour applications. Removing these bottlenecks, especially 

10 
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the absence of physiological colour models and the lack of a methodology to deal with 
batch variation, are major constituents of this thesis. 

Structure of the thesis 

Chapter 1. General introduction and aims of this thesis. 

Chapter 2. Bottlenecks in colour research. This chapter describes general colour 
processes and provides an overview of recent research into the manipulation of those 
processes. Colour measurements, development of colour models that incorporate 
physiological knowledge and the batch concept are introduced and expanded in later 
chapters. 

Chapter 3. Keeping quality of cucumbers fruits predicted by the biological age. This 
chapter shows the development of a non-destructive method to measure the colour of 
cucumbers. It also shows what happens when colour measurements are coupled to a 
kinetic model without taking physiology into account. 

Chapter 4. Keeping quality of cucumber batches: Is it predictable? This chapter 
investigates the connection between colour distributions of cucumbers and growth 
conditions and describes batches in terms of keeping quality and maturity. 

Chapter 5. Predicting keeping quality of batches of cucumber fruit based on a 
physiological mechanism. This chapter presents a physiological kinetic colour model that 
shows that batch keeping quality depends on one specific precursor. Bringing physiology 
into the kinetic modelling immediately proves its value by enabling prediction of the batch 
keeping quality solely on the basis of non-destructive measurements. 

Chapter 6. Predictability of keeping quality of strawberry batches. This chapter presents 
another physiological kinetic model, now aimed at the physiological processes 
responsible for the keeping quality of strawberries. Batch keeping quality is linked to one 
specific precursor and non-destructive colour measurements can be used to predict the 
batch keeping quality of strawberries. 

Chapter 7. Batch variability and cultivar keeping quality of cucumber and strawberry. This 
chapter proposes a generic stochastic model for the interpretation of batch behaviour of 

11 
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both strawberries and cucumbers. The model is validated using experimental data from 

chapter 5 and chapter 6. 

Chapter 8. Discussion. This chapter focuses on limitations and applications of biological 

variation methodology. Aims for further development are stated. 
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Chapter P 

Introduction 

Colour is not directly a quality attribute, but it is strongly related to maturity. Colour may 

limit the (keeping) quality for products as diverse as cucumbers, bananas and broccoli 

(green to yellow transition) and tomatoes, cherries, strawberry (green to red transition). 

Colour development is different for each product. However, for the majority of fruits and 

vegetables only three types of colour processes are sufficient to describe most colour 

changes. This chapter describes those processes and provides an overview of recent 

research into the manipulation of those processes to improve the colour retention. 

Bottlenecks for applications of the results of colour research are indicated. Solutions for 

the bottlenecks, such as improved colour measurements, development of colour models 

that incorporate physiological knowledge and the batch concept are introduced here and 

expanded in later chapters of this thesis. 

Green to yellow physiology 

Fruits (and sometimes vegetables) are generally classified either by increased respiration 

and ethylene biosynthesis (climacteric fruits) or without ethylene biosynthesis (non-

climacteric fruits). Although non-climacteric fruits frequently respond to ethylene, ethylene 

is not required for ripening. In contrast, for climacteric fruits ethylene is necessary for the 

co-ordination and completion of ripening. This classification into climacteric and non-

climacteric types of fruits and vegetables is important when discussing colour physiology, 

as the physiology is generally less complex and better understood for non-climacteric 

products. 

Chlorophyll is generally considered to be the most important compound 

responsible for the green colour of fruits and vegetables. Chlorophyll exists in two forms, 

chlorophyll a and chlorophyll b, which are chemically identical, save for a formyl instead of 

a methyl group at the T position. Both forms of chlorophyll are photoreceptors and 

situated in chloroplasts; chlorophyll a is both reaction centre and antenna chlorophyll, 

chlorophyll b is found only in antennae (Porra, 1997). For non-climacteric fruits and 

vegetables chlorophyll degradation is indicative of the transition of chloroplasts to 

gerontoplasts, a senescence specific form of plastids. The yellowing is due to unmasking 

rather than biosynthesis of new yellow pigments (Matile et al., 1999). The most likely 

pathway for chlorophyll a degradation in fruits and vegetables is the cleavage by 

chlorophyllase resulting in the formation of chlorophyllide (Heaton and Marangoni, 1996) 

Chlorophyllide will be converted into yellow-brown compounds and finally into colourless 

compounds according to the pheophorbide a pathway. The first step of chlorophyll b 

14 
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degradation is the conversion of chlorophyll b to chlorophyll a. This step is thought to be 

part of a chlorophyll cycle by which the two forms of chlorophyll are balanced in the 

photosynthetic apparatus (Matile et al., 1999). Chlorophyll degradation is considered a 

hazardous process that must be strictly co-ordinated as to render chlorophyll photo 

dynamically harmless. Moreover, chlorophyll is not degraded to reuse its constituents, but 

to gain access to more valuable materials such as protein nitrogen and lipid carbon. So, 

in a sense chlorophyll is not so much degraded as detoxified (Matile et al., 1999). 

For climacteric-like vegetables like broccoli the green to yellow colour 

development is different. Broccoli is harvested at an immature stage and this causes 

considerable stress due to disruption in energy, nutrient and hormone supplies resulting 

in a very short shelf-life. In asparagus and broccoli, harvesting in a stage of rapid growth 

causes the tips to lose large amounts of sucrose and undergo major changes in gene 

expression. This leads to a markedly altered metabolism including protein and lipid loss 

and amino acid accumulation which may be described as a starvation response (Page et 

al., 2001). Ethylene has an important role in regulating the yellowing of broccoli since 

chlorophyll loss is associated with an increase in floret ethylene synthesis. Interestingly, 

treatment with the plant hormone cytokinin resulted in longer postharvest life as less 

chlorophyll loss and a delay in asparagine accumulation was observed, although sucrose 

loss was unaffected (Downs et al., 1997). 

For banana, de-greening is clearly different from non-climacteric fruits as, for 

instance, neither chlorophyllide nor pheophorbide accumulated during ripening. 

Interestingly, chlorophyll retention in the banana peel was larger at 35 °C than at 20 °C. 

This may be explained by a temperature sensitive dissociation of chlorophyll from the 

thylakoid membrane (Drury et al., 1999) or perhaps by the existence of another 

chlorophyll degradation pathway. Uanave (1997) showed that oxidative enzymes might 

degrade chlorophyll in vitro. In contrast, a study concerning colour development of 

bananas during ripening indicated that colour decay increased with increasing 

temperature by Chen and Ramaswamy (2002). 

Green to red physiology 

The green to red colour development in climacteric fruits like tomato and red pepper is 

largely due to the transition of chloroplasts to chromoplasts. Transition of chloroplasts 

into chromoplasts or gerontoplasts is comparable to as far as chlorophyll breakdown and 

the disappearance of thylakoids are concerned (Matile et al., 1999). Large amounts of 

carotenoids, mainly p-carotene and lycopene are synthesized in the chromoplasts. 

Geranyl-geranyldiphosphate (GGPP) is the precursor of the carotenoids and the 
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conversion of GGPP to phytoene is the first step in the carotenoid biosynthesis. The next 
steps de-saturate phytoene and ^-carotene and produce lycopene, responsible for the red 
colour of ripe tomato fruit. Lycopene may undergo cyclisation to either p- or a-carotenes. 
Lycopene accumulation for tomato arises during ripening as a consequence of reduced 
lycopene cyclisation and the presence of ripening enhanced phytoene synthase (Fraser et 
al., 2002). 

Carotenoids are often part of pigment protein complexes which are associated 
with chlorophyll to protect the photosynthetic apparatus from oxidative reactions 
especially under high light-stress (Sandmann, 2002). Carotenoids, especially p-carotene 
and lycopene, have anti-oxidative properties such as quenching of singlet molecular 
oxygen and scavenging of free radicals to prevent DNA damage and lipid peroxidation 
(Bohmetal., 1997). 

Postharvest colour development of e.g. non-climacteric strawberries and cherries 
ranges from light red till deep red and is indicative of anthocyanin production. Anthocyanin 
production is triggered by three classes of light receptors (UV-A, UV-B and blue light) and 
is under hormonal, especially of giberrelic acid, control (Mol et al., 1996). For apple, it 
was found that five anthocyanin enzymes are co-ordinately expressed during red 
coloration in the skin (Honda et al., 2002). Anthocyanins are one of the end products of 
the flavonoid pathway which is well characterised. The main pathway transforms 
phenylalanine into anthocyanins but also flavones, isoflavonoids, phlobaphenes and 
tannins are produced from the many intermediates (Boss et al., 1996). Flavonols, the 
direct anthocyanin precursors, are protecting plants from harmful UV irradiation (Boss et 
al., 1996) and play a role in fruit-pathogen interactions (Jersch et al., 1989). 

Recent colour research 

Recently, an interesting possibility to affect the ethylene triggering process became 
available. MCP (1-Methylcyclopropene) inhibits ripening for a host of climacteric fruits and 
climacteric like vegetables, specifically firmness, but also colour retention. For instance, 
application of MCP increased the colour retention of broccoli over 20% (Able et al., 
2002). Lower ethylene production and respiration, slower loss of firmness, acidity, and 
less peel colour change was observed for a rapid ripening summer apple during storage 
(Pre-Aymard et al., 2003). Other colour development retardants with a similar function as 
MCP exist. Gibberellic acid, a plant hormone, can retain green colour in citrus fruit, 
whether applied as preharvest spray or postharvest dip treatment (Porat et al., 2001). 
Ethylene oxide (EO) and sulfur dioxide (S02) may be used to prevent ripening in bananas. 
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Treatment with EO and S02 was efficient in extending the shelf life of bananas, showing a 

fresh appearance, good colour and minimal mould development (Williams et al., 2003). 

Cytokinins are believed to delay senescence by maintaining cellular integrity. 

Cytokines prevent proteases from the vacuole to leak into the cytoplasm to hydrolyse 

proteins of the chloroplast. Consequently, cytokinins are connected to chlorophyll 

retention. Gan and Amasino (1995) devised a strategy of auto regulated cytokinin 

production using the highly senescence specific SAG 12 promoter fused to the ipt gene in 

transgenic tobacco. The ipt gene encodes isopentenyl phosphotransferase, the enzyme 

that catalyses the rate limiting step for cytokinin synthesis. The chimaeric PSAGI2-'PT gene 

was only activated at the onset of senescence thereby preventing over expression that 

led to delayed growth and fertility. This strategy has also been carried out for lettuce cv 

Evola (McCabe et al., 2001). In the transgenic lines no senescent leaves were present 

neither at the seedling stage nor during later development. Next to the SAG12 promoter, 

also other promoters have been used in conjunction with the ipt gene. Chen et al. (2001) 

applied these chimaeric genes to transform broccoli, resulting in transgenic broccoli with 

50% chlorophyll retention after four days storage at 25°C. 

For products that show a non-climacteric red colour development caused by 

anthocyanin production like strawberry, postharvest light or heat treatment might be used 

to increase the keeping quality. Light treatment was able to overcome poor red colour 

and 'white shoulders' in two strawberry cultivars while diminishing fruit rot at the same 

time (Saks et al., 1996). Interestingly, Vicente et al. (2003) applied heat treatments (45 

°C for 3 h) to strawberry (cv Selva) in combination with MAP (Modified Atmosphere 

Packaging). Reduced fungal decay, softening and red colour development was found after 

a market simulation period, especially when the C02 produced during heating was allowed 

to retain in tha package. So, red colour development and reduced fungal decay seems to 

be equally enhanced by light treatment while heat treatment specifically increases the 

resistance against fungal decay but not the red colour development. 

For tomato, numerous colour mutants exist (reviewed by Gray and Picton, 1994). 

For instance, Cnr mutant tomato fruits have low levels of carotenoids, phytoene and 

lycopene. Extracts from ripe fruit showed a reduced ability to synthesise the carotenoid 

precursor GGPP, but also a lack of phytoene synthase (Fraser et al., 2001). Ronen et al. 

(2000) investigated two pigmentation mutants in tomato (p and og). Cloning of both 

genes revealed that p encodes lycopene-e-cyclase, a key enzyme that converts lycopene 

to p-carotene. During fruit development the mRNA levels of lycopene producing enzymes 

phytoene and phytoene desaturase increase, while the mRNA levels of the genes for the 

lycopene cyclases decline or completely disappear (Ronen et al, 1999). Other interesting 

mutations towards carotenoid accumulation are the high pigment mutations, hp-1 and hp-

2. These mutants show exaggerated photo responses during de-etiolation and higher 
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lycopene and p-carotene levels in combination with higher chlorophyll levels in immature 

fruit (Kerckhoffs et al., 1997). Tomato seedling de-etiolation is a phytochrome (red light) 

response, which can be enhanced by blue light, suggesting that hp-1 may influence 

phytochrome (Giovannoni, 2001). 

Combinations of mutants could be of interest with respect to tomato colour keeping 

quality. Both hp and og are colour intensifier mutants. The double mutant hp/hp ogc/ogc 

tomato fruits showed improved red colour and increased shelf-life but also several 

undesirable effects. The effect on yield, firmness and colour development by combining 

the mutants, hp, ogc and ale to create all possible homozygous and heterozygous 

combinations for tomato fruits was investigated. The ale inclusion should improve 

firmness as ale fruit does not fully ripen off the vine unless picked beyond breaker stage 

and does not show a climacteric pattern resulting in increased storability up to 300% for 

homozygous alc/alc fruit. Analysis of intra-allelic additive and dominant interactions within 

these three loci and their interallelic interactions resulted in a number of genotypic 

combinations that represented a good compromise between yield, firmness and colour 

development (de Araujo et al., 2002). 

Transgenic research on ripening concerns often both firmness and colour 

development, especially when related to ethylene production. For example, the major 

pigments remained undegraded during ripening compared to wild-type melons in ACO 

antisense Cantaloupe melons (Flores et al., 2001). Henzi et al. (2000) evaluated twelve 

transgenic broccoli lines containing a tomato antisense ACC oxidase gene. For three of 

those lines an improvement in head colour was noticed after 96 hours of storage. 

Transgenic research aimed at slowing colour development has also been carried out. 

Bacterial phytoene desaturase expressed in tomato did not elevate total carotenoid 

levels, but did increase the fraction of p-carotene threefold (Romer et al., 2000). Another 

approach used bacterial phytoene synthase to be overexpressed in tomato applying the 

PG promoter. It resulted in about a two-fold increase of phytoene, lycopene and p-

carotene (Fraser et al., 2002). 

Colour applications 

Knowledge of colour change of fruits and vegetables has increased substantially over the 

years which might be illustrated by a total of 1077 hits (articles) over the last three years 

when using a combination of fruits, vegetables and colour (and color) as keywords for the 

winSPIRS literature database. Especially transgenic progress is swift due to molecular 

approaches such as positional cloning, QTL (Quantitative Trait Loci) mapping and genetic 

engineering (White, 2002). As the colour processes themselves are fairly well described it 
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might be expected that colour applications based on the obtained physiological 

knowledge are reported in literature and used in practise. Unfortunately, this is not the 

case and only very few colour applications exist. For instance, the colour sorting of 

apples, peaches and mangoes at auctions (http://www.aweta.nl) is based on ad-hoc rules 

to use colour as a maturity index. Another area of application might be plant breeding. For 

instance, the 'Borja' cucumber cultivar is described having an extended (colour) shelf-life 

(www.enzazaden.nl), but this trait is 'generated' similarly to other desirable traits such as 

disease resistance and high productivity. So, although the physiological colour processes 

are fairly well known and increasingly factors are discovered modifying these processes, 

applications are rare in practise. What is the reason for the gap between colour research 

and colour application? 

Bottleneck: colour measurements 

Colour measurements are usually performed using devices that are based on the CIE 

chromaticity colour space (e.g. Minolta Chromameter) or the RGB colour space (e.g. 

video camera). The vast majority of colour measurements are carried out using the 

chromameter. The chromameter analyses reflected light from a xenon source and 

quantifies the light in terms of three colour indices that define the colour space: the a-

scale, from green to red, the b-scale, from blue to yellow and the L-scale, from dark to 

light. Advantages using the chromameter are the relatively low acquisition cost and the 

calibration procedure that enables comparison of colour measurements with literature 

sources. A disadvantage of the chromameter is that only small surfaces, often less than a 

cm2, can be measured with each measurement. This is not very important when 

attempting to measure the colour of a solid, planar surface that is both completely 

uniform in colour and topography. However, the position of the chromameter on the fruit 

or vegetable has a significant effect on the colour measurement, as they are certainly not 

uniformly coloured. To deal with this, the chromameter is often used on multiple positions 

on the surface of the fruit or vegetable. 

A rather new development for colour measurements of fruits and vegetables is the 

application of a RGB system, a RGB video camera in a light controlled container. Colour is 

expressed as a combination of R (red), G (green) and B (blue) values that vary between 0 

and 255. Not every possible colour can be expressed this way, a disadvantage not 

present when using the CIE chromaticity colour space (Williamson and Cummins, 1983). 

The advantage, however, is that a video camera easily covers large surfaces enabling 

colour measurements of whole products. Fig. 2.1 shows examples of cucumber and 

strawberry colour images (expressed here in grey-scale) that consist of several hundred 
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thousands pixels. Each pixel corresponds to a separate RGB measurement. Additionally, 
RGB images can be edited routinely using colour recognition software to measure the 
colour of specific parts of fruits and vegetables (Fig. 2.1, lower right-hand side). 

Fig. 2.2 shows a comparison of colour measurements carried out using a 
chromameter and a RGB colour measurement system for following the individual colour 
development of tomatoes (Tijskens and Evelo, 1994) and cucumbers, respectively. The 
cucumber plot shows a more fluid colour development patterns that are likely more based 
in physiology than those observed in the tomato plot. 

Fig. 2.1. Left-hand side plot shows a flat 3D picture, showing the whole skin of a cucumber. 
Automated image editing software generates the flat 3D picture from a cucumber that is placed on 
two small hooks with one mirror behind and two side mirrors beside the cucumber. Lower right-hand 
side plot shows the effect of colour recognition software that classifies the different strawberry colour 
parts: calyx, flesh (dark red and light red), seeds and background from the original strawberry picture 
(upper right-hand side plot). 

1 2 3 4 
storage time (days) 

20 30 40 50 
storage time (days) 

60 

Fig. 2.2. Repeated colour measurements of individual tomatoes (left-hand side) and cucumbers 
(right-hand side) over time. Colour of tomatoes is expressed as the a value of the Lab scale Lab 
(CIE chromaticity colour space), the average of three separate measurements on the equator of 
individual tomatoes (Tijskens et al., 1994). The right-hand plot shows repeated RGB measurements 
over time for individual cucumbers expressed as the ratio of the Blue (B) to Red (R) intensities from 
one single RGB colour measurement. 
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Thus, one of the bottlenecks for transferring physiological knowledge into colour 

applications is the current practise of measuring colour with the chromameter. 

Fortunately, a solution is available: a RGB video camera in a light controlled environment. 

Another solution might be the use of reflectance spectra (spectrophotometer combined 

with an integrating sphere) in the near future. Reflectance spectra are increasingly used 

to assess the plant's physiological status (Penuelas and Filella, 1998) with the appearance 

of fast and cheap spectrophotometers. Polder et al. (2002) showed that spectral images 

offer more discriminating power than standard RGB images for measuring ripeness 

stages of tomatoes and Merzlyak et al. (2003) linked spectral reflectance spectra of 

several apple cultivars to chlorophylls, carotenoids and anthocyanins. The benefit is the 

recording of all colour components with the spectrophotometer simultaneously. However, 

it is quite difficult to interpret the multitude of peak patterns, as indicated by the ad-hoc 

approach applied by Merzlyak et al. (2003). 

Bottleneck: modelling 

Models may be used to translate knowledge into colour applications. The most basic ones 

are classification models that use simple rules for e.g. colour grading at auctions or 

neural networks to grade fruit colour images into quality classes (Nakano, 1997). A 

somewhat more advanced type of model focuses on the colour of a product after a shelf-

life period on the basis of the current colour. For instance, Jollife and Lin (1997) noticed 

that rapid elongation, high photochemical quenching of chlorophyll fluorescence and a 

high initial colour of cucumbers at harvest correlated with high (colour) shelf-life and 

developed a multiple linear regression model to predict shelf life. These approaches focus 

on classification of the current colour, not the expected colour when the consumer is 

reached; they lack any physiological knowledge and show often a poor performance. 

A second type of colour models describes the colour development over time. 

Tijskens and Polderdijk (1996) noticed that, in literature, the decrease over time of a 

single quality attribute (e.g. colour) is frequently described by one of four following basic 

types of mechanisms: linear, Michaelis-Menten, exponential or logistic. Indeed, several 

articles apply one of these four types to describe the colour development over time. For 

instance, the green to yellow development of bananas has been described as a 

combination of a logistic and a linear function (Chen and Ramaswamy, 2002). Colour 

change of cooked potatoes was described using exponential kinetics (Nourian et al., 

2003) and the green to red development of tomato fruits (Tijskens and Evelo, 1994) has 

been modelled using a logistic function. Often these (semi-) empirical models describe the 

colour development very well, but the model parameters have the strong tendency to 
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change per batch, per cultivar and per season. In other words, these models lack 

predictive power. The reason is that parameters belonging to these colour models are ad-

hoc parameters unlinked to the underlying physiological processes. 

A third type of models describes the actual processes underlying the phenomenon 

(e.g. colour changes in a product), rather than the phenomenon itself using a system of 

problem decomposition (Sloof, 2001). The rules for building these kinetic models are 

rooted in chemical dynamics and thermodynamics theory (Atkins, 1986). For instance, 

Van Boekel (2000) presents a model on chlorophyll degradation of fermented olives. 

Existing knowledge of chlorophyll degradation pathways was used to build a model that 

describes chlorophyll degradation as several simultaneously occurring processes. The 

parameters of the model are specific for the (bio-)chemical processes and therefore have 

the same value for each repetition. They should, therefore, be independent of batch or 

season when measured at constant temperature. This type of model has been used to 

describe physiological phenomena as diverse as respiration in fruits and vegetables 

(Hertog et al., 1998), temperature and pH effects of lipase and peroxidase activity in 

hazelnuts (Seyhan et al., 2002), activity of pectin methyl esterase during blanching of 

peaches (Tijskens et al., 1999) and the effect of pH on the colour degradation of 

blanched broccoli (Tijskens et al., 2001). So, kinetic modelling can be used to translate 

the vast knowledge available in literature into generic mathematical descriptions. Kinetic 

modelling might therefore be suitable to bridge the gap between research and 

application. Unfortunately, no kinetic models have been incorporated into (commercial) 

applications yet, with one notable exception: a recommendation for long term storage of 

potato batches (http://www.tolsma.com/advies.html). This recommendation is based on 

a kinetic model that describes storage behaviour of potato tubers in terms of 

accumulation of reducing sugars. The model was calibrated and validated applying long 

term storage experiments over a wide range of storage temperatures for several seasons 

and cultivars (Hertog et al., 1997). 

So, one of the bottlenecks for transferring physiological knowledge into colour 

applications is the lack of kinetic colour models. Why are there no kinetic colour models 

for fresh produce? One reason might be the often insufficient knowledge about the colour 

processes during growth (Tijskens, 2003) in combination with a lack of understanding 

how harvest affects these processes. For instance, the reason why colour decay of 

harvested cucumbers sometimes starts quickly and sometimes starts much later, 

independent of the initial colour (right hand-side plot of Fig. 2.2) may be 'solved' for a 

postharvest researcher by pointing at likely preharvest factors. Differences in initial 

conditions are 'generated' during the preharvest phase by mainly differences in growth 

conditions. How growth conditions affect the postharvest colour behaviour quantitatively 

is, unfortunately, unknown. Preharvest research has focussed extensively on cultivation 
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techniques and dry matter production without focussing on how quality attributes, like 

colour, are generated during growth. Solving this bottleneck for application of colour 

research would require the generation of kinetic colour models that describe the impact 

of growth conditions, the effect of harvesting, and the effects of storage on colour 

generation and decay. 

Bottleneck: batch variation 

One of the areas for colour applications may be the assessment of large amounts of 

produce in terms of predicted internal or external quality attributes. Growers do not 

continually present products to the horticultural production chain, but do so batch-wise to 

optimise the labour distribution within their companies. In principle, a batch may contain 

all maturity shades possible without those that are considered immature (will be harvested 

later) and those considered over mature (already harvested). Interestingly, there are 

indications that this is not the case. For instance, the right hand-side plot of Fig. 2.2 

shows different types of colour development for cucumbers, either with a higher or lower 

initial colour or either with shorter or longer colour retention. Each type shows only two 

cucumbers but is representative of actual cucumber batches. Another example of batch 

variation concerns cucumber batches grown at the same time in one commercial 

greenhouse with standard growing and storage conditions. In the left hand-side plot of Fig 

2.3 comparisons of batch keeping quality percentages are shown for always two batches 

(160 pairs) with the same genetic background (homozygous lines) but grown at two 

different locations within the greenhouse. The batch keeping quality percentage is a 

measure of postharvest colour retention at the batch level (Chapter 4). It might be 

expected that batches from the same genetic background have similar postharvest 

behaviour. On the other hand, distinct differences in batch keeping quality percentages 

are also visible (left hand-side plot of Fig 2.3). This indicates that even within a 

greenhouse, batch variation is at work due to perhaps differences in temperature and 

sunshine profiles. However, not only the genetic background and the growth location 

within the greenhouse are of importance. For instance, the right hand-side plot of Fig. 2.3 

shows a comparison of the batch keeping quality percentages for always two batches (20 

pairs) with the same genetic background harvested from stem and vine parts of 

cucumber plants. In this case batch variation is also clearly visible: vine batches have a 

smaller keeping quality range than stem batches. These examples indicate that batches 

may be regarded as unique fingerprints of past (preharvest) experiences. 
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Fig. 2.3. The left hand-side plot shows the comparison of the keeping quality (KQ) percentages for 
batches grown at two different locations in one greenhouse that have an identical genetic 
background (160 homozygous lines). The right hand-side plot shows the comparison of keeping 
quality percentages harvested from the stem or vine part of cucumber plants for twenty batches that 
have an identical genetic background (20 homozygous lines). 

A way to deal with the large amounts of data, for instance colour measurements 

from all individuals of a batch would be to deal with them as one entity. To do so, the 

colour measurements could be recorded and expressed as a colour histogram, for 

instance like the left hand-side plot of Fig. 2.4. Although the shape of the histogram can 

be 'guestimated' as fairly normal, measuring a larger portion of the batch would result in 

a better estimation (Fig. 2.4, middle plot). If enough colour measurements are carried 

out, it might be concluded that colour for this batch is normally distributed. This means all 

colour measurements may be expressed mathematically applying the normal (Gaussian) 

distribution (http://mathworld.wolfram.com/NormalDistribution.html) transforming the 

discrete histogram representation into a continuous batch probability distribution. The 

Gaussian distribution is widely used to describe histograms, even when the shape of the 

histogram does not appear to be normal by declaring that the sample size is apparently 

too small. In that case standard robust statistical techniques such as ANOVA can be 

applied. When the shape of a histogram is clearly not normal, it is common practise to 

use the binomial or the Poisson probability distributions (http://mathworld.wolfram.com/ 

BinomialDistributiQn.html, httD://mathworld.wolfram.com/PoissonDistribution.html). At first 

instance, it appears that the Gaussian, binomial and Poisson probability distributions may 

be suited to describe actual colour of fruits and vegetables batch. Let's assume that that 

colour development over time of all individuals in a batch can be approximated by an 

exponential or logistic mechanism (Tijskens and Polderdijk, 1996). Because the 

cumulative binomial distribution resembles a logistic function, logistic development of all 

individuals in a batch is often coupled to the binomial distribution. Similarly, exponential 
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behaviour of individuals of a batch may be linked to the Poisson distribution (Tijskens, 

2003). As discussed earlier (see Bottleneck: modelling), colour can often be described by 

exponential or logistic mechanisms. Subsequently, the binomial and Poisson probability 

distributions will often 'fit' well to batch behaviour of fruits and vegetables. However, the 

binomial and Poisson distributions are discrete distributions that are not suited to 

describe continuous measurements. Also, the mechanisms have no physiological meaning 

(see Bottleneck: modelling) and therefore neither do these probability distributions. Each 

specific combination of colour processes working in all individuals of a batch will 

determine not only the kinetics but also the type, shape and dynamic behaviour of the 

colour batch distribution. In other words: each kinetic model will have a unique 

distribution. 
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Fig. 2.4. Example of the expression of colour measurements as histograms from a medium 
sized (left hand-side plot) and a large (middle plot) sample of a batch. The right-hand side plot 
shows the probability density function for the entire batch if it is assumed that the colour 
measurements are normally distributed. 

A kinetic model describing behaviour of individuals during preharvest and 

postharvest is necessary for building physiological batch models. However, this is not the 

only prerequisite. A second condition is that differences between individuals must be 

attributed to circumstances that cause variation in growth within each batch. For instance, 

the biological cause for colour variation in apples might be, amongst others, the variability 

in sun exposure due to position of apples at the tree (see Chapter 1). In principle, the 

combination of the distribution of the apples in the trees combined with a kinetic colour 

model should result in an apple batch model. This batch model might describe colour 

distributions of apple batches differing in e.g. preharvest light conditions, storage times 

and storage temperatures. In general, variation in light conditions during preharvest may 

seem a good candidate as a source of biological variation. However, (micro-)climate, 
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position in the truss (bananas, truss tomatoes) and nutrient levels might also be 

considered sources of biological variation. Combining the source(s) of biological variation 

and kinetic colour models to a batch model requires a methodology that is currently 

unavailable. This bottleneck may well be solved by stochastics, the mathematical subfield 

consisting of probability and statistics, and result in the generation of generic statistical 

procedures for the creation of batch models. 

So, interpretation of batch variation in terms of predicted internal or external 

quality attributes is severely restricted right now by both the lack of kinetic colour models 

and the absence of the methodology to translate these kinetic models into colour batch 

models. Solving both bottlenecks will require a significant effort, but may also generate a 

very significant benefit in terms of translating physiological knowledge into colour 

applications. 
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