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Scope 

EU Council Regulation (EC) No 834/2007, which repealed Regulation (EEC) N° 
2092/91 from 1st January 2009, recognises consumers' rights to make choices based 
on complete information regarding product ingredients and their origin (process 
quality). Primarily being a labelling regulation, it emphasises organic production 
standards as well as their inspection and supervision requirements. However, due to 
the fact that organic products are usually more expensive, this sector is vulnerable to 
fraud. 

At present, no validated method for the distinction of organically and conventionally 
produced (fresh and processed) food is available. Traceability relies on on-the-spot 
inspections and/or supervision during transport and processing that is kept in paper 
or electronic form, which can be insufficient in cases of fraudulent practices. For this 
reason, the question of food authentication through methods, which are fit for the 
purpose and could be used as an independent and reliable verification tool thus 
reinforcing the inspection system, has become imperative (Busscher et al., 2004; 
Siderer et al., 2005).  

Literature sources show results from work carried out on different aspects of organic 
food mainly regarding its safety and its nutritional benefits. In some cases they report 
different protein expression regarding quantity and quality in samples originating from 
organic and conventional agricultural systems (Magkos et al., 2003, 2006; Woese et 
al., 1997). A slight trend towards lower protein concentrations but of higher biological 
value in organic vegetables, cereal crops and legumes, as compared with 
conventionally grown crops, has been described by several authors (Bourn and 
Prescott, 2002; Bourn, 1994; Heaton, 2001). 

These differences might be related to variation in fertilisation practices between 
conventional and organic cultivations (Bahrman et al., 2004a; Bahrman et al., 2004b; 
Szuts et al., 1988; Worthington, 1998) and the resulting differences in expression 
levels of genes that are known to participate in nitrogen metabolism and storage 
protein synthesis. 

The nitrogen source regulated accumulation of nitrogen components e.g. proteins in 
wheat grains has been successfully correlated to the grain number per ear (Martre et 
al., 2003; Oscarson, 2000). 

To promote organic farming the European Commission launched an European Action 
Plan for Organic Food and Farming (Commission of the European Communities, 
2004) listing requirements regarding research areas relevant to organic agriculture. 
To support the Action Plan the European Commission's Joint Research Centre, 
Institute for Reference Material and Measurements undertook exploratory research to 
investigate the feasibility to analytically discriminate between organically and 
conventionally grown crops. 

As part of the introduction the Council Regulation (EC) No 834/2007 it is recognised 
that ”organic processed products should be produced by the use of processing 
methods which guarantee that the organic integrity and vital qualities of the product 
are maintained through all stages of the production chain” (Commission of the 
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European Communities, 2007). This raises the question which of the methods being 
used to determine food quality can be used to evaluate “integrity” and “vital quality” of 
a product. 

After a comprehensive literature search on this subject it was concluded that 
experiments based on a farm approach∗ (Woese et al., 1997) employing proper 
sampling protocols with regard to soil quality, climatic and geographical conditions, 
crop variety, sowing date, etc. should be carried out over several years (Horvatic et 
al., 1978; Kolderup, 1975) furthermore, it became clear that various modern 
analytical methods had to be used to test whether the production system had a 
measurable influence on crop composition. 

In order to decrease external sources of variability, the Food Safety and Quality Unit 
of the European Commission's Joint Research Centre, Institute for Reference 
Materials and Measurements (later referred to as EC JRC, IRMM) wrote a technical 
guideline for the organic farmer association, UNAB, which carried out the field trials. 
In August 2004 a service contract was signed between the EC JRC, IRMM and the 
UNAB allowing access to the fields of the farmers involved in this collaboration. The 
farmers grew four selected crops (potato, carrot, winter wheat and horse bean). In 
2005, they were produced in two different agricultural systems (organic and 
conventional) within one environment whereas in 2006 and 2007 the crops were 
produced in three different environments. Within each environment there were similar 
pedological and climatic conditions. In each case the crops were of the same variety.  

Winter wheat was selected as an example since cereals and fodder crops play  the 
most important role in arable farming on the European level (Willer et al., 2008). 

Several analytical methods have been selected by the EC JRC, IRMM in order to test 
their potential in distinguishing organically grown crops from their conventionally 
grown counterparts. These included protein composition analyses with a fully 
automated Dumas analyser for total nitrogen/protein quantification, two dimensional 
fluorescence difference gel electrophoresis (2D DIGE) for characterisation of protein 
expression and identification of putative protein markers (either a marker which is 
unique for organic or conventional cultivars, or marker(s) with  differences  in 
expression level(s) between samples grown in the two agricultural systems) as well 
as the CuCl2 crystallisation method, which is a holistic approach focussing on the 
demanded properties of an organic product such as “vitality”. 

Herewith are presented results on research carried out with the use of the above 
mentioned methods in order to verify the hypothesis that the type of agricultural 
system has an influence on winter wheat grsins (Triticum aestivum L. cv. Cubus) 
resulting in measureable differences in the quantitative and/or qualitative composition 
of its proteome and exerts an influence on the crystallisation of CuCl2 when winter 
wheat aqueous extracts are added to CuCl2 solutions. 

                                                 
∗ Studies that are conducted on products from selected farms with different systems of farming, for 
which the production conditions are recorded. 
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Thesis outline  

The first chapter of the thesis contains an overview of the issue of organic agriculture 
(market statistics, trends, legal framework as well as inspection and certification 
systems); introduction to wheat biology, wheat proteins and their correlation with 
fertilisation practices; introduction to specific features of the analytical and holistic 
methods used as well as the sampling design explaining traceability of the analysed 
samples. 

Chapters from two to seven are presented in form of manuscripts, prepared as basis 
for publications, which will be submitted to refereed journals. 

Chapter two describes the results obtained from the determination of the number of 
grains in ears collected from organically and conventionally grown winter wheat 
samples in three harvesting seasons as well as the total protein content in the 
samples. 

Statistically significant differences (p < 0.05) both in the number of grains and the 
total nitrogen/protein content as well as the overall yield were found among the 
investigated groups of samples. The conventional samples were characterised by a 
higher number of grains per ear with mean value of 51.7 ± 1.1 and higher protein 
content i.e. 12.8 ± 0.3 %, than their organic counterparts. The mean number of grains 
per an organic ear was 46.6 ± 1.1 whereas their mean protein content was 11.3 ± 0.3 
%. The mean yield from the conventional fields was 7.7 t/ha and was higher than the 
one for organic fields, which averaged at 5.3 t/ha.  

A moderately strong correlation (r = 0.72) was found between the yields and the 
nitrogen fertilisation applied on the selected fields. Most probably due to combination 
of environmental factors, type of fertiliser and differences in the fertiliser application 
schedules used on the different fields, only weak correlations were found between 
the applied nitrogen and the number of grains per wheat ear as well as the protein 
content showing the complexity of the N availability and accumulation. 

Chapter three illustrates the optimisation steps that were taken in order to elaborate a 
sample preparation procedure for winter wheat samples compatible with the 2D 
DIGE technique. It also describes the outcome of applying the protocol to an in-
house winter wheat standard material, which resulted in ~2500 protein spots with 
good match quality value for three 2D DIGE gels.  

Chapter four explores results obtained from characterisation of the organically and 
conventionally grown winter wheat by the 2D DIGE technique. 

When compared in groups of 2D DIGE gels according to year of harvest and 
environment of origin, in five out of six groups the conventionally grown wheat 
revealed protein spots, which expression was statistically significantly higher (p < 
0.05) from their organic counterparts. Organic wheat samples were characterised by 
a smaller number of differently expressed protein spots in all the investigated groups. 

While the differently expressed protein spots from the conventional wheat samples 
were located in the acidic and/or high molecular weight (HMW) region of gels, the 
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organically grown samples repeatedly showed significantly higher (p < 0.05) 
expressed proteins in the basic and low molecular weight (LMW) region. This can be 
interpreted as reflection of the higher input of nitrogen fertiliser on the conventionally 
managed fields and a higher gliadin and HMW subunits of glutenin content in the 
conventional samples.  

Chapter five describes results of the application of a response surface 
methodological approach to investigate the best experimental conditions for the 
crystallisation method used to distinguish between conventional and organic wheat 
samples with the use of a commercially available climatic chamber and software for 
image analysis.  

The influence of temperature, relative humidity and volume ratio (cupric solution / 
plant extract) and their respective interactions were examined. Higher temperature 
and volume ratio were found to be inversely correlated with differences in grey 
intensities among crystallograms prepared from samples originating from two 
agricultural systems. Relative humidity showed less influence on all investigated 
responses. Experiments, carried out under the best predicted experimental 
conditions i.e. T 15 °C; 0.32 VR; 50% RH revealed a high statistical difference (p < 
0.001) among the examined groups of samples. 

Chapter six describes results of the visual evaluation of copper chloride with 
additives crystallograms for the discrimination of organically and conventionally 
grown winter wheat samples collected in the 2006 and 2007 harvest seasons. 

Up to 80 % of correct grouping reflecting sample origin (field and environment) was 
achieved for crystallograms based on winter wheat samples harvested from two 
different environments in 2006 and 2007. Classification of samples according to 
cultivation system was correct in 40 % of bulk samples however, it was either not 
correct or not possible in case of field replicates. 

Chapter seven concentrates on the differentiation between organically and 
conventionally grown winter wheat samples (collected in 2006 and 2007) by the 
copper chloride crystallisation method by applying computerised image analysis in 
combination with a uni- and multivariate statistical approach. 

Interactions between the agricultural system and the environment of the samples as 
well as textural characteristics of the crystallograms, which gave consistent 
differences between the groups of samples over the two year period, were identified.  

Appropriate discriminant analyses (DA) models were established. Depending on the 
analysed region of interest up to 100 % of “unknown” samples could be correctly 
predicted using the DA models based on the described samples.  

Crystallograms prepared from conventional samples were more complex and 
intricate whereas their organic counterparts appeared as homogeneous, congruent 
and uniform. 

The concluding remarks summarise results from all investigations performed on the 
winter wheat samples within the project.  
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Zusammenfassung  

Die Verordnung des Europäischen Rates (EC) 834/2007 erkennt das Recht des 
Konsumenten auf eine Entscheidung basierend auf vollständiger Information 
bezüglich der enthaltenen Zutaten im Produkt und deren Herkunft (Qualität der 
Verarbeitung). Die primäre Kennzeichnungsverordnung betont „organische“ 
Produktionsstandards ebenso wie die Notwendigkeit zur Kontrolle und Aufsicht. 
Jedoch ist zurzeit keine validierte Methode zur analytischen Diskriminierung 
zwischen „organischer“ und „konventioneller“ Herkunft von angebotenen 
Lebensmitteln verfügbar.   

Das Ziel der Dissertationsarbeit war die Überprüfung der Möglichkeit mit 
ausgewählten analytischen und holistischen Methoden zwischen organisch und 
konventionell angebautem Weizen objektiv zu unterscheiden. Dies beinhaltete die 
Bestimmung des Gesamtstickstoff (Protein) nach Dumas, zweidimensionale 
Fluoreszenzdifferenz Gelelektrophorese (2D DIGE) und die 
Kupferchloridkristallisation. Zusätzlich wurde die Anzahl der Körner pro Ähre 
(Kornzahl) bestimmt. Alle Bestimmungen wurden an rückverfolgbaren in den Jahren 
2005 – 2007 in Belgien gesammelten Proben des Winterweizen (Triticum aestivum L. 
cv. Cubus) durchgeführt.  

Statistisch signifikante (p < 0.05) Unterschiede wurden innerhalb der untersuchten 
Probengruppen sowohl in der Kornzahl, dem Gesamtsticksoff (Eiweißgehalt), als 
auch in der Gesamtausbeute gefunden, wobei in den meisten Fällen die 
konventionellen Proben höhere Kornzahlen und Gesamtsticksoff (Eiweißgehalte) 
aufwiesen. 

Eine mit der 2D DIGE kompatible Probenvorbereitungsmethode für Winterweizen 
wurde entwickelt und auf einen internen Winterweizenstandard sowie die 
entsprechenden Proben angewendet. Die organischen Proben waren im Vergleich 
mit den konventionellen Gegenstücken in allen Fällen durch eine kleinere Anzahl von 
signifikant (p < 0.05) stärker exprimierten Proteinspots gekennzeichnet. Gewisse 
Tendenzen in Richtung der Bevorzugung bestimmter Regionen von stärker 
ausgeprägten Proteinspots auf aufeinanderfolgenden 2D Abbildungen in 
Abhängigkeit von der landwirtschaftlichen Methode konnten zwar beobachtet 
werden, jedoch konnte kein universelles Markerprotein zur Unterscheidung von 
konventionell und biologisch angebautem Winterweizen  identifiziert werden.  

Die rechnergestützte Verarbeitung der digitalisierten Kristallisierungsbilder mittels 
multivariater statistischer Analyse und der Regression partieller kleinster Quadrate 
ermöglichte eine 100%ig korrekte Vorhersage der landwirtschaftlichen Methode 
unbekannter Proben sowie der Beschreibung der Kristallisierungsbilder. Diese 
Vorhersage bezieht sich nur auf den hier verwendeten Datensatz (Proben einer 
Sorte von drei Standorten über zwei Jahre) und kann nicht ohne weiteres übertragen 
(generalisiert) werden.  

Die Ergebnisse deuten an, dass die Quantifizierung der beschriebenen Parameter 
ein hohes Potential zur Lösung der gestellten Aufgabe besitzt. 
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Chapter I 
 

Theoretical background 
 
 

1 Organic agriculture 

Organic agriculture can be described as a “neo-traditional food system” or a 
production management system that avoids use of synthetic fertilisers, pesticides 
and genetically modified organisms, minimizes pollution of air, soil and water, and 
optimises the health and productivity of interdependent communities of plants, 
animals and people (Niggli, 2007). According to the concept adopted by the Codex 
Alimentarius an organic agriculture system promotes and enhances agro-ecosystem 
health, including biodiversity, biological cycles, and soil biological activity by using, 
where possible, agronomic, biological, and mechanical methods, as opposed to 
using synthetic materials in order to fulfil any specific function within the system 
(Codex Alimentarius Commission, 2001). In March 2008 the World Board of the 
International Federation of Organic Agriculture Movements (IFOAM) adopted the 
following definition: “Organic agriculture is a production system that sustains the 
health of soils, ecosystems and people. It relies on ecological processes, biodiversity 
and cycles adapted to local conditions, rather than the use of inputs with adverse 
effects. Organic agriculture combines tradition, innovation and science to benefit the 
shared environment and promote fair relationships and a good quality of life for all 
involved” (International Federation of Organic Agriculture Movements, 2008). 

This way of understanding is based on the earlier overriding principles for organic 
agriculture adopted by the General Assembly of IFOAM, which are international 
benchmark standards and allow diverse pathways towards achieving organic 
agriculture objectives. The principles are as follows: 

• Principle of Health - organic agriculture should sustain and enhance the health 
of soil, plant, animal and human as one and indivisible 

• Principle of Ecology - organic agriculture should be based on living ecological 
systems and cycles, work with them, emulate them and help sustain them 

• Principle of Fairness - organic agriculture should build on relationships that 
ensure fairness with regard to the common environment and life opportunities 

• Principle of Care - organic agriculture should be managed in a precautionary 
and responsible manner to protect the health and well being of current and 
future generations and the environment (International Federation of Organic 
Agriculture Movements, 2005). 

1.1 Market statistics and trends 

Organic agriculture is practiced in almost all countries of the world, and its share of 
agricultural land and farms is growing. According to the latest survey, more than 30.4 
million hectares are currently managed organically by more than 700 000 farms 
worldwide (Willer et al., 2008). 
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Since the beginning of the 1990ies, organic farming has rapidly developed in almost 
all European countries. In 2006 in Europe, 7.4 million hectares were managed 
organically by more than 200 000 farms. This constitutes 1.6 % of the continent’s 
agricultural area and 24 % of the global organic agricultural land. As regards EU-27, 
almost 180 000 farms manage 6.8 million hectares organically, constituting 4 % of 
the EU agricultural area. The country with the highest number of farms and the 
largest organic area is Italy (nearly 18 % of total organic area in the EU-27) (Llorens 
Abando and Rohnerthielen, 2007).  

Taking into account the growing interest of consumers in healthy lifestyle, 
environmental issues, animal welfare and biodiversity as well as rising prices for 
fossil fuels used for production of synthetic fertilisers, the trend of increasing organic 
production is likely to continue in the future. 

In the EU countries on average 41 % of the organically managed land is devoted to 
arable production. Cereals and fodder crops are the most important in this sector 
wheat plays a key role at EU level (Schack, 2008).  

Most of the organic food sales occur in Germany, the U.K., France and Italy, with the 
German and U.K. markets being the fastest growing in Europe. In terms of 
consumption per capita, Scandinavian and Alpine countries take the lead with the 
Swiss consumers spending the most, on average of 108 € per capita, on organic 
foods (in 2006). The Danes, Swedes and Austrians are the next largest spenders. In 
contrast southern, central and eastern European consumers are the lowest spenders 
on organic food (Sahota, 2007). 

Certified organic products are generally more expensive than their conventional 
counterparts. This is due to their usually lower yields, more labour-intensive 
production and more expensive materials and methods including post-harvest 
handling. In some countries, insufficient supply and additional marketing and 
distribution costs also push up the prices (Food and Agriculture Organization, 2007; 
Oughton and Ritson, 2007). The premium price for organic products can result in 
fraud cases (Ranscombe, 2005; Van Elzakker et al., 2005) that negatively affect the 
market and decrease consumers' confidence.  

1.2 Legal framework 

Codification of the organic objectives into acceptable production procedures that 
clearly distinguish between organic and conventional farming has been first done 
through private specifications and later through official rules or guidelines at national 
and/or international level (such as US, China, Japan).  

At EU level, Council Regulation (EEC) N° 2092/91 on organic production of 
agricultural products and indications referring thereto on agricultural products and 
foodstuffs was adopted on 24 June 1991. Its intention was to clarify the concept of 
organic farming to the consumer, in particular by combating fraud. The Commission 
has since adopted various regulations updating or supplementing the technical 
annexes to the regulation.  

On 12th June 2007, the EU Agriculture Council reached political agreement on a new 
regulation on organic production and labelling (Council Regulation (EC) N° 
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834/2007), which will repeal the previous Regulation on 1st January 2009 and will be 
simpler both for farmers and consumers (Commission of the European Communities, 
2007). The new rules outline a complete set of objectives, principles and basic rules 
for organic production, include a new permanent import command and a more 
consistent control regime . 

1.3 Certification and inspection 

The term “agriculture” is used in its wider sense to include crop/livestock systems, 
organic aquaculture and organic harvesting of non-timber forest products. 
Agricultural “products” include food, fibres and medicinal and cosmetic raw materials. 
Finally, “organic agriculture” is not just about production. It includes the entire food 
supply chain, from production and handling, through quality control, labelling and 
certification, to marketing and trade. 

In view of the importance of maintaining the credibility of the organic farming sector, 
the current Regulation (EEC) N° 2092/91 introduced a number of rules on the 
inspection of operators i.e. prior notification of activity to the competent national 
authority, and special inspection scheme and inspection measures. Each Member 
State was obliged to set up a system of controls and designate one or more 
competent authorities responsible for controls. The control authorities have to offer 
adequate guarantees of objectivity and impartiality, and shall have at their disposal 
the qualified staff and resources necessary to carry out their functions.  

Where an irregularity is found as regards compliance with the requirements laid down 
in the regulation, the control authority or control body shall ensure that no reference 
to the organic production method is made in the labelling and advertising of the entire 
lot or production run affected by this irregularity, where this would be proportionate to 
the relevance of the requirement that has been violated and to the nature and 
particular circumstances of the irregular activities. Where a severe infringement or an 
infringement with prolonged effect is found, the control authority or control body shall 
prohibit the operator concerned from marketing products which refer to the organic 
production method in the labelling and advertising for a period to be agreed with the 
competent authority of the Member State (Commission of the European 
Communities, 1991). 

The strategies for solving an authenticity question may belong to one or a 
combination of the following categories: on-spot audit, permanent supervision by an 
independent authority (certification body), paper trail (book checks), and analysis of 
product’s parameters. Therefore, in the European Action Plan for Organic Food and 
Farming, the EC stated the importance of developing techniques to improve the 
performance of the inspection bodies. 

2 The selected plant: Wheat 

Together with other cereals, such as rye and barley, wheat belongs to the tribe 
Triticeae, which is one of the largest and most important tribes in the grass 
(Poaceae) family (Dewey, 1984).  

The basic chromosome number is x = 7 for Triticum and all the species (e.g. Aegilops 
which is involved in the evolution of wheat) in the tribe. The wild species are diploids 
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(2n = 2x = 14), e.g. with genome designation AA (Triticum monococcum L.), DD 
(Aegilops tauschii Cosson) or SS (Aegilops speltoides Tausch var. speltoides), or 
tetraploids (2n = 4x = 28), e.g. with the genomes AABB (Triticum turgidum L.) or 
AAGG (Triticum timopheevii (Zhuk.) Zhuk.). The most commonly cultivated hexaploid 
wheat nowadays is Triticum aestivum L., AABBDD, (2n = 6x = 42) (United States 
Department of Agriculture, 2008; Zohary and Hopf, 2000). 

2.1 Growth stages of wheat 

Several systems have been developed to provide numerical designations for growth 
and developmental stages. The major growth stages are generally recognised during 
the wheat plant life cycle i.e. germination, seedling, tillering, stem elongation or 
jointing, booting, heading, flowering or anthesis, milk, dough and ripening (Zadoks et 
al., 1974).  

Crop growth and development is often described in terms of thermal time and it is 
measured in heat units or growing-degree days. The thermal time required for crop 
production is determined by adding the daily heat units together for the period 
between planting and harvest. When the centigrade temperature scale is used, the 
heat units generated each day is determined by adding the minimum and maximum 
daily temperatures together and dividing by two. The heat unit requirements to 
produce a mature crop are approximately 2200 for winter wheat. Translated into 
calendar days, this means that it would take 147 (147 x 15 = 2205) days to produce a 
winter wheat crop if the average daily temperature was constant at 15 °C.  

Approximately 105 heat units are needed for a wheat plant to germinate and emerge 
from a seeding depth of less than 2.5 cm. The appearance of each successive leaf 
on the main shoot and tillers then proceeds at a constant rate that is determined by 
cultivar, sowing date, and latitude. Most wheat cultivars require between 80 to 100 
heat units to produce each leaf on the main shoot. After the requirements for leaf 
development have been met, another 650 heat units are normally required to 
complete the heading and maturation stages (Aoki et al., 2006; Fowler, 2002; 
Salisbury et al., 1987). 

2.2 The wheat kernel  

The mature wheat kernel is built up of approximately 83 % endosperm, 14.5 % bran, 
and 2.5 % germ (embryo). Figure 1 depicts a wheat kernel (Anjum and Walker, 1991; 
Sehgal et al., 1983).  
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Figure 1 Wheat kernel (Matz, 1991). 

Characteristics and composition of the respective wheat kernel components are 
as follows: 

• Bran is the hard, brownish outer protective skin of the grain. It surrounds the 
germ and the endosperm, protecting the grain from weather, insects, mould 
and bacteria. It consists of seven layers, which are a concentrated source of 
dietary fibre. The largest portion of the bran i.e. constituting 75 % or more of its 
dry weight is the so called aleurone layer. The aleurone layer is a concentrated 
source of vitamins, minerals and other nutrients such as lignin, cellulose and 
hemicelluloses  

• Endosperm is the inner part of the grain. It supplies aliment to the growing 
seedling. The main nutrients in the endosperm are proteins and carbohydrates. 
About 50 to 75 % of the endosperm is starch. It also contains storage proteins, 
typically 8 to 18 %. Relatively few vitamins, minerals, fibre or phytochemicals 
are found in the endosperm 

• Germ includes the plant embryo and typically accounts for about 2 to 3 % of 
the wheat's dry weight. It contains most of the wheat kernel’s fat (contains 
essential fatty acids), B and E vitamins and proteins of high nutritional value 
(Lásztity, 1984). 

2.3 Factors influencing protein content in winter wheat  

Several interacting factors such as genotype, environmental conditions and 
availability of nutrients in soil (particularly nitrogen N), affect the ability of the wheat 
plant to produce protein and incorporate it into developing wheat kernel (Zapata, 
2008). 
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The supply of N to a crop is determined by the amount of plant-available N in soil at 
sowing time, N released during the growing season through mineralisation of soil 
organic matter and N applied as organic or inorganic fertiliser. Organic N is converted 
to inorganic N by mineralisation and nitrification and only in this form i.e. as nitrate 
(NO3

-) and ammonium (NH4
+) can be taken up by plants. Apart from N rate, timing of 

N application also impacts protein concentration in wheat grain. Availability of N to 
plants early in the growing season stimulates vegetative growth and increases crop 
yield, which in turn, can lead to dilution of protein concentration.  

It is assumed that production of 1 mg of grain requires 30 kg N/ha (Mengel et al., 
2006). Mäder et al. (2007) reported a 14 % decrease in wheat yields for fields in 
which there was 71 % lower addition of plant-available N and a reduced input of 
other means of production as compared to conventional fields.  

On the other hand, application of N at late growth stages has less influence on grain 
yield and more on grain protein concentration (Delwiche, 1995; Doekes and 
Wennekes, 1982; Gunthardt and McGinnis, 1957). 

Phosphorus (P) fertilisation usually has no direct influence on protein concentration in 
wheat. However, in some instances P has been found to influence N uptake and 
metabolism, for example, NP-fertilised wheat plants absorb more N than N-fertilised 
plants due to better root development from emergence to tillering (Szuts et al., 1988).  

As regards potassium (K) fertilisation, its role in plant growth and development is 
different than other nutrients. It does not become a direct part of the plant structure, 
but acts to regulate water balance, nutrient and sugar movement in plant tissue and 
is closely related to N assimilation in plants. Some studies have shown that K 
nutrition leads to increased rates of amino acid translocation into the grain as well as 
the conversion of amino acids into grain proteins (Mengel et al., 1981). 

In order to ensure adequate protein concentration in wheat grains and enhance yield, 
also sufficient amounts of sulphur (S) must be present in soil. Application of S 
fertiliser to soil significantly increases the concentrations of the S-containing amino 
acids cysteine and methionine, especially at late growth stages (DuPont et al., 2006; 
Huet et al., 1988; Moss et al., 1981; Pienążek et al., 1975; Tea et al., 2003).  

Excessive fertiliser application, especially N fertiliser, can result in undesirable 
changes such as increased nitrate content in plants in general (Matson et al., 1998; 
Zapata, 2008). 

With respect to environmental conditions a number of studies have shown that N 
content in wheat grains is positively correlated with temperature over a considerable 
temperature range whereas other factors as water availability and light quantity are 
also critical factors (Ahn et al., 2001; Graybosch et al., 1996; Kolderup, 1975; Lunn et 
al., 1995; Matson et al., 1998; Ruggiero et al., 2007; Salisbury et al., 1987). 

2.4 Wheat protein classification 

The proteins of wheat are complex and there is no simple explanation of their 
constitution or biological function. In the literature four types of classification of wheat 
proteins can be found.  
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According to Osborne (Osborne, 1907) the wheat proteins can be divided into four 
classes on the basis of their solubility: 

• Albumins – soluble in water 
• Globulins – soluble in salt solutions (10 % NaCl) but insoluble in water 
• Gliadins – soluble in 70 to 90 % ethanol 
• Glutenins – insoluble in neutral aqueous solutions, saline solutions or alcohol. 

It has to be mentioned that in this classification complex proteins are not taken into 
account. The first three groups can be also classified as monomeric (single chain) 
proteins. The molecular weight of gliadins ranges from 30 to 80 kDa∗ and gliadins are 
deficient in sulphur. Monomeric albumins and globulins are mostly of lower molecular 
weight i.e. 20 to 30 kDa.  

On the other hand Glutenins, which constitute the major fraction of wheat protein 
(approximately 85 %) are represented by polypeptide chains with a molecular weight 
from 30 to 120 kDa (Patey et al., 1976).  

Two other polymeric protein groups are high molecular weight (HMW) albumins most 
probably formed from polymers with themselves, and triticins, which are globulin-type 
proteins. However, participation of the later two polymeric groups has not been ruled 
out yet (Matz, 1991).  

Increases in grain protein content and in gliadin to glutenin and HMW to LMW 
glutenin ratios were observed with increased nitrogen fertilization. Whereas relative 
amounts of albumins and globulins were reported to decrease under this conditions 
(Dupont and Altenbach, 2003).  

On the basis of the biological functions the proteins can be divided into two classes: 

• Metabolically active (cytoplasmic proteins) including albumins and globulins - 
enzymes, membrane proteins, proteins of ribosome, regulatory proteins, other. 
These proteins are generally easier soluble in water and salt buffer solutions, 
their molecular weight is rather small and the molecules have globular forms. 
They are synthesised rapidly in early stages of kernel development 

• Storage proteins (localised in the endosperm) comprising gliadins and 
glutenins. These proteins are generally insoluble in water and salt solutions, 
and can be further divided into low molecular weight proteins consisting of one 
polypeptide chain and only intermolecular disulphide bonds, and high 
molecular weight proteins consisting of many polypeptide chains cross linked 
by intermolecular bonds. 

On the basis of morphology the wheat grain proteins may be divided into three 
groups: 

• Endosperm proteins – represented by the storage proteins, containing large 
portions of glutamic acid, proline and only small portions of lysine, arginine, 
threonine and tryptophan (essential amino acids) 

                                                 
∗ kilo Dalton equal to 1000 Dalton, which is measure of molar mass, especially used in biochemistry.               
1 Da = 1 g mol-1; 1Da = 1.660 538 782(83) ×10–27 kg. 
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• Proteins of the aleurone layer 
• Proteins of the embryo. 

The latter two groups are metabolically active, contain lower levels of glutamic acid, 
proline but higher portions of lysine and arginine thus present higher nutritional value. 

Finally based on the chemical composition the following can be distinguished: 

• Simple proteins 
• Complex proteins - lipoproteins, glycoproteins, nucleoproteis etc (Anjum et al., 

2007; Cornell and Hoveling, 1998; Matz, 1991). 

2.5 Biosynthesis of wheat proteins 

The seed maturation stage can be divided into two periods i.e. an early period where 
the pattern of protein synthesis changes rapidly and a later period where the pattern 
of protein synthesis is quite stable. During the early part of seed maturation functional 
proteins including albumins and globulins necessary for production of reserve 
materials are formed. At this early period they constitute the major fraction of protein 
present but later become obscured by the accumulating storage proteins even 
though they may not have decreased in absolute amounts. The production of most 
proteins continues through much of the maturation period with the synthesis of the 
high molecular weight proteins declining more rapidly toward the end of maturation 
than the synthesis of the lower molecular weight materials (Chen and Osborne, 
1970a, b). 

3 Analytical methods applied 

Several analytical methods have been selected in order to test their potential for 
distinguishing organically grown crops from their conventionally grown counterparts.  

3.1 Total nitrogen/protein determination by the Dumas method  

The Dumas protein method is accepted and approved by many organisations such 
as AOAC, ASBC, AACC and ISO. Many studies showed its superiority over the 
Kjeldahl method as being more precise, completely automated and relatively fast 
(Mugford et al., 1999; Simonne et al., 1997; Watson and Galliher, 2001). On top no 
chemical reagents are necessary and the method does not generate toxic waste. 
However, it has to be pointed out that the Dumas method provides results on 
average 1.5 % higher in total nitrogen than the Kjeldahl method. This difference is 
probably due to the near complete conversion of all (also non-protein) nitrogen forms 
into elemental nitrogen in the Dumas method (Thompson et al., 2002).  

During the analysis four consecutive steps take place: combustion, reduction, 
purification and detection. Each sample is transferred from an autosampler into a 
furnace and burned there at high temperatures (approx. 900 °C) under a controlled 
oxygen supply. The resulting combustion gases are directed with the carrier gas 
(helium) to a combustion column filled with copper oxide, which acts as a catalyst, 
facilitating their extensive oxidation. Thus, during the combustion phase the following 
reaction takes place: 
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R-N + O2 ---> N2 + NOx + O2 + CO + CO2 + CH4 + X- + SOx + H2O 

Additionally, a quantitative “post-combustion" of those compounds which do not 
oxidize easily is carried out in a "post-combustion tube" also at 900 °C. The filling of 
this tube consists of a mixture of copper oxide and platinised catalyst which facilitates 
conversion of the remaining CO and CH4 into CO2 and water.  

CO + CH4 ---CuO & Pt --> CO2 + H2O 

Subsequently NOx compounds undergo reduction to molecular nitrogen in a 
reduction tube containing tungsten. The reduction tube has to be kept at a constant 
temperature of       830 °C. 

NOx + O2 + SO2 – W --> N2 + WO3 +CO (trace) 

Any traces of CO are converted to CO2  

CO + CuO --------> CO2 

The optimal oxygen dosage is controlled by a special sensor which minimises the 
consumption of oxygen and reduction of tungsten. The excess of oxygen is bound 
simultaneously. Interfering constituents (e.g. hydrogen halides) are removed from the 
gas flow by a series of suitable absorbers while the ensuing water vapour is removed 
by a water condenser followed by a fine scrubber.  

The detection phase takes place in a thermal conductivity detector (TCD), which 
does not distinguish between the different components of the reaction gas (mixture of 
N2 and CO2). Therefore the gases are separated on heatable columns filled with 
NaOH, which absorb the CO2 and let the unaffected N2 be flushed to the detector by 
the carrier gas.   

The TCD has two measuring chambers, resistant to oxygen, through which gases 
flow at a constant rate. In the course of a measurement one of the chambers 
(reference chamber) is flushed with pure carrier gas (reference gas flow) while the 
other one is flushed with a He/N2 mixture. The two chambers constitute a measuring 
bridge whose electrical imbalance provides a direct determination of the nitrogen 
content in the carrier gas. The detector output voltage is recorded as a function of 
time and then digitised, integrated and represented. Figure 2 depicts a flow chart of 
the above described method carried out on the Vario MAX N/CN instrument. 
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Figure 2 Flow chart of the Vario MAX N/CN instrument (Analysensysteme GmbH, 2001). 

The measurements require appropriate (sample specific) optimisation of measuring 
conditions. This implies an optimum adjustment of the combustion time and oxygen 
dosing to the test sample in order to ensure a complete combustion in the shortest 
analysis time at the lowest operational costs. The monitoring is carried out by 
suitable sensors. Optimal parameter sets can be selected beforehand and are 
automatically allocated to different samples during the course of the analysis 
(Analysensysteme GmbH, 2001). 

By means of calibration the integrated signal is related to an absolute element 
content of the sample. Thus the software calculates the percentage of nitrogen in a 
sample taking into account its weight and making a correction according to its 
moisture. The protein content of a sample is calculated by multiplying the nitrogen 
content value by an appropriate conversion factor. Numerous scientific studies from 
FAO/WHO and other sources report the value of the N conversion factor as 5.7 for 
Wheat (Triticum aestivum) flour (Coulatate, 2002; Holland et al., 1991; Williams et al., 
1998). 

3.2 Electrophoresis with NuPAGE® Bis-Tris  

The NuPAGE® Bis-Tris Electrophoresis System is a discontinuous SDS PAGE pre-
cast polyacrylamide mini-gel system. In this type of systems, a non-restrictive large 
pore gel, called a stacking gel, is layered on top of a separating gel, called a 
resolving gel. The gel and the tank (running) buffers are different having pH of 6.4 
and 7.3 - 7.7 respectively, creating a significantly lower operating pH of 7 during 
electrophoresis. This condition results in maximum stability of both proteins and gel 
matrix. 

NuPAGE® Novex Bis-Tris [Bis (2-hydroxyethyl) imino-tris (hydroxymethyl) methane-
HCl] pre-cast gels are suitable for separating small to mid-size molecular weight 
proteins in NuPAGE® MES [2-(N-morpholino) ethane sulphonic acid] SDS running 
buffer. The NuPAGE® Bis-Tris discontinuous buffer system involves three ions: 
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• Chloride- ions which are supplied by the gel buffer and due to their high affinity 
to the anode serve as a leading ions in the system 

• MES- which serve as the trailing ions. The running buffer ions are Tris+, MES-, 
and dodecylsulphate (-) supplied from the running buffer in the tank 

• Bis-Tris+ ions which are present both in the gel and running buffer. 

The sample mixture containing proteins to be analysed, NuPAGE® LDS (lithium 
dodecyl sulphate) sample buffer and reducing agent (DTT) in MilliQ water is applied 
on the gel wells. When a constant voltage of 150 V is applied to the system, ion 
gradients are formed between the electrodes of the instrument and the proteins. 
These ion gradients are first concentrated into a small zone in the stacking gel and 
then enter the separating (resolving) gel. The reducing agent reduces disulphide 
bridges in proteins facilitating their separation. During the electrophoresis the 
negative chloride (-) ions from the gel buffer eliminate the ion gradient so that the 
proteins subsequently separate by the sieving action in the lower, "resolving" region 
of the gel. Thus, all groups of the denaturised, negatively charged polypeptides, 
focus into single sharp bands according to their molecular weight. Separation of the 
bands is enhanced by pairs of ions passing through the gel column. Each ion in the 
pair has the same charge polarity as the protein (usually negative), but differ in 
charge magnitude. The leading ions, which have much greater charge magnitude 
than the proteins, will move faster while the other trailing ions with lesser charge 
magnitude than the proteins will move slower. Figure 3 outlines the protein migration 
during the described process. 

 
Figure 3 Migration of proteins during a NuPAGE® Bis-Tris electrophoresis run (Heidcamp, 
1995). 

The loaded mixture contains traces of bromophenol blue to facilitate monitoring of the 
experimental conditions. The separation is considered complete, when the dye 
reaches the bottom of the resolving gel. Then the electrodes have to be disconnected 
and the gel can be removed from the instrument. 

Visualisation of the results requires appropriate staining of the proteins in 
polyacrylamide gels. Due to its high sensitivity (detection in the nanogram range) the 
silver staining technique is recommended for this purpose. The staining protocol 
consists of several steps, namely fixing, sensitizing, staining, developing and 
stopping solutions interlaced with washing in MilliQ water. All steps must be 
performed with gentle shaking of the staining tray.  
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Consecutively the stained gels are scanned and the bands resulting from 
electrophoresis of the samples are compared visually with those resulting from 
molecular weight marker.  

3.3 Colorimetric protein quantification 

Protein quantification in wheat extracts was done following the 2D Quant Kit from GE 
Healthcare. This assay is based on the specific binding of copper ions to proteins, 
and relies on a standard curve produced with bovine serum albumin (BSA). Proteins 
are quantitatively and selectively precipitated and separated from other potential 
interfering substances such as detergents, salts, chaotrops, carrier ampholytes, 
lipids, phenolic compounds and nucleic acids. Precipitated proteins are then 
resuspended in an alkaline solution of cupric ions (Cu2+). Cupric ions bind 
unselectively to any protein via their respective polypeptide backbone. Unbound 
cupric ions are then quantified by reaction with a colorimetric reagent and measured 
at wavelength of 480 nm. Therefore the colour intensity is inversely proportional to 
the protein content of the sample to be tested. 

Based on the measured absorbance for solutions containing a known amount of BSA 
a linear regression is determined. Calculations and protein concentration values for 
unknown samples (protein extracts) are performed using the "Linear Regression 
Calculations" Excel Sheet from Umeå University, Sweden. 

The response curve is therefore absorbance (Y) at 480 nm vs. the protein  

Y = a + b · X 

Where X is the protein quantity in µg. The figures of merit for the response curve are 
"a" i.e. intercept and "b" i.e. slope. Additionally confidence limits at 95 % are 
calculated.  

3.4 Two dimensional fluorescence difference gel electrophoresis (2D DIGE) 

Two dimensional polyacrylamide gel electrophoresis (2D PAGE) is a well-established 
technique for protein analysis. It is a high-resolution method that separates proteins 
according to their isoelectric point (pI) on immobilised pH gradient (IPG) gel strips in 
the first dimension and molecular weight on SDS polyacrylamide gels in the second 
dimension (Görg et al., 2004; Mortz et al., 2001; Wilkins et al., 2006). The following 
steps have to be completed during 2D gel electrophoresis analyses:  

• Sample preparation – protein extraction, labelling 
• First dimension – isoelectric focusing (IEF) 
• Second dimension gel electrophoresis - sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) 
• Gel scanning 
• Image analysis. 

The 2D DIGE technique is the current "state-of-the-art" protein detection technology 
for 2D gels. EttanTM DIGE System from GE Healthcare (Tonge et al., 2001), is used 
to evaluate differences in protein expression levels. It is characterised by the use of 
size and charge-matched, spectrally resolvable CyDye™ Fluor minimal dyes for 
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protein labelling (Cy2, Cy3 and Cy5). Each CyDye DIGE fluor minimal dye has an 
NHS-ester reactive group, which covalently attaches to the epsilon amino group of 
lysine residues in proteins via an amide linkage. The amount of labelling is controlled 
by the ratio of CyDye to protein in the labelling reaction. Thus, it is possible to label a 
single lysine residue per protein (Tannu, 2006). The fluor dyes carry an intrinsic 
charge of +1, such that the pI of the protein is preserved upon labelling. The three 
fluor dyes are also mass matched, each labelling event adding approximately 500 Da 
to the mass of the protein (Lilley, 2004; Malone and Radabaugh, 2001).  

Cy3 and Cy5 are used to label two samples to be investigated simultaneously on one 
gel while Cy2 labels an internal pooled standard which is a mixture of all investigated 
samples within an experimental run. Fluorescence-labelled proteins in the 2D gels 
are subsequently scanned using the Typhoon™ 9400 Variable Mode Imager from 
GE Healthcare. Each CyDye has different, typical excitation and emission energy, 
which allows capturing three images from one gel (three channels). After scanning, 
images are analysed with DeCyder™ Differential Analysis Software from GE 
Healthcare, which locates and analyses protein spots.   

Thanks to the use of the internal standard, the gel-to-gel variation is reduced thereby 
increasing the statistical confidence of the results. In fact, the limit of detection (LOD) 
for CyDyed proteins is up to 400 pg while the linear dynamic range (LDR) is at least 
five orders of magnitude (Hrebicek et al., 2007; Lilley, 2004; Minden, 2007; Patton, 
2002). Therefore, the linearity, sensitivity and wide dynamic range of the dyes leads 
to 2D DIGE being a quantitative technique (Marouga et al., 2005). All this allows a 
reduction in the number of gels needed per experimental run to achieve a given 
objective (assigning significant differences between two differently treated samples) 
(Tannu, 2006). 

However, it should be mentioned that 2D DIGE is a very expensive and laborious 
technique resulting in inevitable loss of proteins during and between different stages 
of an experiment (Zhou et al., 2005).  

Preparative gels post-stained with a total protein stain can be matched to a data set 
to create a pick list of proteins of interest for further analysis by mass spectrometry 
(Attard et al., 2004; Görg et al., 2004).  

Figure 4 outlines the workflow of protein analysis by the 2D DIGE technique.  
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Figure 4 Schematic workflow of protein analyses using the 2D DIGE technique (Van den Bergh 
and Arckens, 2004). 

3.4.1 First dimension – Isoelectric focusing (IEF) 

The principle of IEF was applied to the separation of amino-acids by Ikeda and 
Suzuki (Japanese patent) already in 1912, however fractionation of macromolecular 
proteins practically was possible only after the introduction of natural pH gradients 
and suitable carrier ampholytes (Awdeh et al., 1968). The latter ones are 
synthetically derived low molecular weight molecules of zwitterionic character, which 
comprise a multitude of varying pI-values. 

Protein contain both positive (amines) and negative (carboxyl) charge-bearing 
groups, therefore their net charge varies as a function of pH. In the course of IEF 
proteins are separated under high voltages (higher than 1000 V) on the basis of their 
surface charge. The separation is done in a polyacrylamide gel in the presence of 
carrier ampholytes, which establish a pH gradient increasing from the anode to the 
cathode (Lopez, 1999; Zuo and Speicher, 2000). 
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During migration into an acidic region of the gel, proteins gain positive charge via 
protonation of the carboxylic and amino groups. At some point, the overall positive 
charge causes the protein to migrate away from the anode (+) to a more basic region 
of the gel. On the other hand in a basic environment proteins loose positive charge 
and gain negative charge, via ammonium and carboxylic acid group deprotonation. 
As a consequence they migrate away from the cathode (-).  

Eventually, equilibrium of the focused protein is established when the protein reaches 
a position where its net charge is zero (defined as its pI or isoelectric point). At this 
stage the migration stops. The focusing effect allows proteins to be separated based 
on very small charge differences (Bjellqvist et al., 1982; Rabilloud et al., 1997; Wu, 
2006).  

IEF is performed using an integrated instrument, IPGphor Isoelectric Focusing 
System from GE Healthcare, which precisely controls temperature and has a 
programmable power supply (Islam et al., 1998). To increase reproducibility, loading 
capacity and easiness of handling the use of ready made immobilised pH gradient 
(IPG) gels with a plastic backing is recommended (Görg et al., 1999; Görg et al., 
2004).  

The time and voltage applied depends on the way of sample loading and length of 
the IPG strip used, and is correlated to the amount of the loaded proteins to be 
focused. Also the composition of IPG rehydration buffer plays an important role in 
optimal separation. Hydrophobic proteins separate better in buffers containing a 
mixture of urea and thiourea (Molloy et al., 1998; Rabilloud, 1998; Valcu and Schlink, 
2006).  

There are two ways of sample application i.e. cup loading and in-gel rehydration. The 
cup loading requires rehydration of an IPG strip in advance and application of a 
sample using special plastic cups. The latter way of application comprises pipetting 
of appropriate amount of sample-containing rehydration solution into special ceramic 
strip holders, lowering the IPG dry strips gel-side down into the solution and 
overlaying with a cover fluid. The bottom of the strip holders has metal tiles which 
contact the electrode area of the instrument allowing thereby the current flow and 
consequently the protein separation. In-gel rehydration is easier in handling, allows 
higher dilution of sample and eliminates formation of precipitates at the application 
point. For improved sample entry of high molecular weight proteins into the 
polyacrylamide gels, low voltage (30 V) application is recommended during the strip 
rehydration step, which precedes the actual IEF.  

Figure 5 outlines the IEF principle.  
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Figure 5 Schematic of IEF run (Westermeier and Naven., 2002). 

The progress of the separation can be monitored by inspecting the electrical current 
during the IEF run e.g. by using Ettan IPGphor II control software from GE 
Healthcare. Current drops throughout the separation run when the resistance on the 
IPG gels rises. Care should be taken while programming IEF runs. Higher voltages 
generate higher currents, which can cause especially at the beginning of the IEF a 
significant Joule heating resulting in the formation of bubbles (Stoyanov et al., 2005). 
Also impurities e.g. high salt concentrations cause disturbances in the course of an 
IEF run (Canovas et al., 2004; Görg et al., 1999; Lopez, 1999). Figure 6 shows an 
optimal IEF run as a screenshot from the Ettan IPGphor II control software from GE 
Healthcare. 

The rehydration solution may additionally contain Bromophenol Blue (added to final 
concentration of 0.001 %) which creates a blue moving band throughout the IEF run 
facilitating recognition of the IEF termination. Once the IEF is finished, the IPG strips 
can be kept in plastic tubes at -80 ˚C until the gel is run in the second dimension. 

 
Figure 6 Screenshot with an optimal IEF run. 
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3.4.2 Second dimension - sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE) 

The second dimension of 2D gel electrophoresis comprises electrophoretic 
separation of proteins according to their molecular weight. The separation is 
performed in home casted, homogenous polyacrylamide gels containing sodium 
dodecyl sulphate (SDS). In order to reduce background signal and improve the 
quality of results, the polyacrylamide solution for 2D DIGE gels, has to be deionised, 
degassed and poured into dust free low fluorescent glass plates (Görg, 2007). 

Prior to the second dimension run it is essential to equilibrate the IPG strips with 
negatively charged SDS solution so that the proteins already separated in the first 
dimension can abundantly interact with SDS creating a negative coating around 
them. As a result all proteins have approximately the same charge and their 
migration in the second dimension is possible. Equilibration solutions contain 
additionally urea and glycerol to reduce electroendosmotic effects and thereby 
improve the protein transfer from the IPG strips to the SDS gels. They also contain 
Bromophenol Blue in order to facilitate monitoring of the second dimension run. In 
the first equilibration step 1 % dithiothreitol (DTT) is added to complete the reduction 
of disulphide bonds. During the second equilibration step, 260 mM iodoacetamide is 
added to the equilibration buffer in order to remove excess DTT and remaining SH-
groups thus preventing their re-oxidation to disulphide bridges. The equilibrated IPG 
strips are then slightly rinsed and blotted to remove excess equilibration buffer prior 
to their application onto the second dimension SDS gel (Nawrocki et al., 1998). 
Subsequently the IPG strips are placed on top of the vertical SDS gel and overlaid 
with hot agarose solution containing bromophenol blue.  

The principles of the second dimension run is similar to the one described for the 
NuPAGE® Bis-Tris Electrophoresis System. Depending on the number of gels in one 
run, the "Ettan DALT six" or "Ettan DALT twelve" electrophoresis systems from GE 
Healthcare were used (GE Healthcare, 2007c; Nawrocki et al., 1998). 

As shown on Figure 7 the cathode is connected to the upper tank of the instrument 
whereas the anode to the lower tank. Both tanks are filled with electrode running 
buffer. Once a potential is applied to the electrodes an electric field is created. This 
time however, the electric potential is at a 90 degree angle compared to the first 
dimension, which facilitates downward migration 
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Figure 7 Outline of a second dimension separation in 2D gel electrophoresis (Westermeier and 
Naven., 2002). 

Depending on their size, each protein moves differently through the gel matrix: low 
molecular weight proteins more easily fit through the pores in the gel than the larger 
ones. As a consequence after a few hours, smaller proteins, which have travelled 
faster, move farther down the gel, while larger ones remain closer to the point of 
origin. The run is terminated when the Bromophenol Blue tracking dye has migrated 
off the lower end of the gel. 

3.4.3 Scanning 

After separation in the second dimension, gels are scanned with the Typhoon™ 9400 
variable mode imager from GE Healthcare. This device is based on photo multiplier 
tubes (PMTs), which convert light energy into electrical current and amplifies the 
current. Upon excitation by a metal halide lamp, light is emitted from a fluorescently 
labelled sample in proportion to the amount of labelled compound in the sample.  

The data are collected from polyacrylamide gels sandwiched between 
electrophoresis low-fluorescence quartz plates. Effectively three scans of each gel at 
different wave lengths are captured. The Cy2 images are scanned using a 488 nm 
laser and an emission filter of 520 nm band pass (BP) 40. Cy3 images are scanned 
using a 532 nm laser and a 580 nm BP 30 emission filter, while the Cy5 images are 
scanned using a 633 nm laser and a 670 nm BP 30 emission filter. The visual image 
quality is the cumulative result of the scanning resolution, the dynamic range of the 
scanned image and the scanning device or technique used. The recommended 
scanning resolution is 100 µm (pixel size) for all gels. 

By ensuring that only high quality reagents are used and recommended procedures 
are followed noise can be minimised. The sensitivity of the imaging system can be 
adjusted by changing voltage settings for PMT based systems. The specific signal 
can be optimised to give the highest signal-to-noise ratio thus ensuring the maximum 
amount of information is obtained from an image. 

The scanned gels are then cropped using the ImageQuantTL V 2003.03 software 
package from GE Healthcare, converted to 16-bit tagged image file format (TIFF) and 
transferred for processing to the DeCyder software V 6.5 from GE Healthcare. 

 

Running buffer in the upper 
tank 

Running buffer in the lower 
tank 
 

http://en.wikipedia.org/wiki/Pores
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3.4.4 Gel analyses 

The DeCyder from GE Healthcare enables the detection, quantification, matching, 
and analysis of 2D DIGE gels and is compatible with CyDye™ DIGE Fluor minimal 
dyes. The algorithms within the software co-detect the spots present in each scan, 
effectively identifying the position of each spot within a gel. The signals from the 
internal standard are overlaid in the process of normalisation based on the 
assumption that the majority of all proteins in a gel keep their expression level similar 
between the different samples in an experiment. Thus their spot boundaries are 
identical for each gel within an experiment.  

Consequently every protein is intrinsically linked to the corresponding protein spot in 
the internal standard sample allowing inter-gel matching and reliable comparison of 
protein spot volumes across a range of experimental samples.  

The software contains four main modules: 

• DIA (differential in-gel analysis) - detects and quantifies protein spots in a pair 
of images from one gel 

• BVA (biological variation analysis) – matches multiple images from a group of 
gels pertaining to the same experiment and provides statistical data on 
differences in protein expression levels between the multiple groups 

• EDA (extended data analysis) - offers advanced statistical analysis i.e. 
multivariate analysis and clustering methods to uncover patterns in protein 
expression and relationships between sets of different experiments. It is a 
particularly powerful tool for detection of protein markers i.e. proteins 
characteristic e.g. for certain condition of sample treatment  

• Batch processor – performs automatic image detection and matching of 
multiple gels  

• XML Toolbox – facilitates report generation (GE Healthcare, 2006). 

3.4.5 Spot co-detection and gel matching 

The DIA module processes a triplet of images from a single gel. The internal 
standard is loaded as the primary image followed by the secondary and the tertiary 
image.  

The detection algorithm is designed to take advantage of the co-migration benefits of 
Ettan DIGE CyDye Fluors. The triplet of co-run images is merged together, 
incorporating all spot features in a single image. Spot detection and spot boundary 
definition are performed using pixel data (spot volumes) from the individual raw 
images and the merged image. The resultant spot map is overlaid onto the original 
three image files.  

The DIA module measures spot protein abundance for the secondary image and the 
quantification is expressed as a spot ratio, comparing spot volumes on the secondary 
image with corresponding spot volumes of the internal standard. Eventually under 
user-defined threshold value (usually 95 % confidence limit), three groups of spots 
are distinguished:  
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• Decreased - the number of spots classified as decreased in their abundance 
from the primary to the secondary image e.g. Cy2/Cy3 

• Similar - the number of spots classified as not differentially expressed from the 
primary to the secondary image e.g. Cy2/Cy3 

• Increased - the number of spots classified as increased in their abundance 
from the primary to the secondary image e.g. Cy2/Cy3. 

Within an experiment all spot maps that have been detected in the DIA module are 
consequently analysed by the BVA module of the software. The latter module is used 
to establish the significance of changes in expression of specific proteins from 
different experimental groups. Figure 8 depicts a DIA analysis result as a screenshot 
from the DeCyder V 6.5 software from GE Healthcare. 

 

Figure 8 Screenshot with DIA analysis results. Top left – image view, top right – histogram 
view,  bottom left – 3D view of a selected spot, bottom right – table view (GE Healthcare, 
2005b). 

The standardised normalisation procedure in the BVA module is based on the 
concept of having one of the gel images in each gel as a standard reference image 
(master image) that is either automatically assigned to the spot map with the highest 
number of detected spots, or user defined. This reference image is a pool of all 
samples in the experiment, and the same standard sample is used for all gels in the 
experiment. The standard image can then be used to normalise the expression ratios 
between the different gels. The expression ratio for each sample spot is then related 
to its corresponding standard spot in the same gel, thus making it possible to 
compare ratios between matched protein spots in the different gels. 

The software performs the appropriate statistical calculations (Student's t-test) 
between assigned groups of images. Further narrowing of the selection can be 
achieved by applying filters based on multiple criteria such as statistical significance 
of change, magnitude of change, and spot volume. 
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The provided graph view shows the differences between the different experimental 
groups, providing information about the spread, and therefore the consistency of data 
between the gels. The results of the statistical calculations are displayed in a "Protein 
table". Figure 9 depicts a BVA analysis result as a screenshot from the DeCyder V 
6.5 software from GE Healthcare. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Screenshot with BVA analyses results. Top left - image view, top right – graph/ 
experimental design view, bottom left – 3D view of a selected spot, bottom right – table view 
(GE Healthcare, 2005b). 

The BVA mode provides possibility to calculate a "match quality value" (GE 
Healthcare, 2005b), which is expressed as real numbers typically between 0 and 15 
(Bülles, 2008). This value represents morphological, but not positional similarities in 
matched spots. The match quality is calculated only for the internal standard spots 
that are matched across a set of gel images, since these proteins should be the 
same. The match quality value in the spot table refers to the average quality score for 
all matched standard spots on each gel. Hence, gels that are poorly matched 
possess high quality values. High spot map match quality values are often due to 
poor gels that cannot be matched efficiently without land marking. The match quality 
value is calculated from the surface profile of each internal standard on each gel 
matched to the master spot maps. The surface profiles of all standard spots in a set 
of matched spots are combined to form an “average” surface profile. Subsequently, 
all the individual internal standard spots surfaces in the match are compared to this 
“normal” surface. The quality score is the calculated difference between the individual 
matched spots and the normalised spot. 

4 Copper chloride crystallisation 

The holistic approach to identify the agricultural system of crop origin, also known as 
"sensitive crystallisation", "copper chloride crystallisation" or "biocrystallisation" 
method (English terminology), "Kupferchlorid-Kristallisation" (German terminology), 
 "cristallisation sensible" or "cristallisation avec additifs" (French terminology), was 
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originally introduced by E. Pfeiffer in the 1930ies (Andersen, 2001; Engquist, 1970; 
Pffeifer, 1930).   

The phenomenon reveals as spontaneous dendritic pattern formation on a glass 
plate during the crystallisation of aqueous solutions of copper chloride (CuCl2·2H2O) 
that contains organic components e.g. plant extracts as an additive.  

Based on the fact that it is the copper chloride which is crystallised, this terminology 
will be used in this thesis. 

Even though the mechanism of the reaction is not yet fully understood (Andersen, 
2001; Barth, 1997; Gallinet and Gauthier-Manuel, 1992; Kahl, 2007), the emerging 
patterns have been reported to be characteristic for each sample material (Selawry 
and Selawry, 1957). 

4.1 Method application  

The holistic approach has been indicated as especially suitable as an authenticity 
and quality check of food products (e.g. effect of food processing) by many authors 
(Alföldi et al., 2006; Andersen, 2005; Mäder et al., 1993). It has been reported that, 
apart from the crystallisation conditions, the quantity and quality of macromolecular 
compounds (proteins, polysaccharides, etc.) contained in extracts of biological 
material influence the dendritic structure e.g. coordination of stems, incurvation, 
regularity of ramification angles, etc.). This, in case of plant extracts, is correlated to 
the plant species, variety and growing conditions (nature of soil and method of 
cultivation) but also post-harvest treatments (Andersen, 2005). Furthermore, Barth et 
al. (2004) reported that also the colloidal properties of the mixture and the particle 
size distribution of substances in suspension play an important role in the dendritic 
pattern formation.  

However, the assessment of the quality of products should not be based only on the 
precise description of individual crystallograms and comparison between different 
groups of crystallograms originating from different treatments, but it should also be 
correlated with other experimental data. These should include quantitative data from 
soil analysis as well as chemical analysis of nutritional constituents and crop yield 
obtained from experiments preferably carried over several years (Andersen et al., 
2001; Busscher et al., 2003). Furthermore, the transformation of an empirical 
phenomenon into a reliable laboratory method requires two decisive stages: first, 
sample preparation according to standardised protocols with subsequent evaporation 
and crystallisation in closed climatic chambers (Andersen et al., 2001; Kahl, 2007) 
and second, standardised evaluation of the crystallographic patterns (Andersen, 
2001; Kahl et al., 2003; Kahl et al., 2004).  

Appropriate steps towards validation of the crystallisation method have already been 
initiated (Huber et al., 2009; Kahl, 2007). 

CuCl2 crystallisation methods find application also in medical research as a 
diagnostic tool, based on the observation that crystallisation patterns between 
crystallograms prepared with blood extracts from healthy and diabetic patients are 
different (Shibata et al., 1998). 
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4.2 Crystallisation pattern 

The emerging pattern may be divided into three major zones, extending from, ideally 
one centre, in all directions to the periphery of a glass plate. Engquist (1970) 
distinguished three stages when increasing concentrations of extracts are applied 
relative to a given fixed concentration of CuCl2. As shown on Figure 10 in a “one-
zonal structure” crystallogram, the transparent needles with star-like formations 
extend in all directions to the periphery of a glass plate. A “two-zonal structure” 
appears when dividing by vertical and horizontal axis going through the crystallisation 
centre, the predominantly transparent and relatively equal in length needles are 
pointed, in the middle zone. These morphological features may be described by 
means of plant morphological terms, such as stems, branches and needles. The last 
stage of a crystallogram formation is a “thee-zonal structure” with a centre, middle 
and marginal zones. The latter stage exhibits various macro- and microscopic 
morphological features, which reflect the quality of the sample in question and an 
optimal degree of crystal formation and division on a glass plate (Andersen, 2001; 
Engquist, 1970).  

 
Figure 10:  The phenomenon of crystallogram image. From the left: “one-zonal structure”; 
“two- zonal structure” (middle) and “three-zonal structure” (right side) (Engquist, 1970). 

4.3 Crystallisation process 

The driving force for crystallisation is the level of supersaturation during 
crystallisation, which results from cooling and evaporation thereby decreasing the 
solubility of a solute in a solvent. A crystallising solution is a system in which three 
variables can be considered, i.e. temperature, pressure and concentration (Mullin, 
2004). High supersaturation causes incorporation of the impurities (in case of the 
CuCl2 crystallisation method these are components of a plant extract) within the 
crystal lattice. Certain crystallisation conditions (mainly temperature, relative humidity 
and vibration level) result in different crystal growth speeds, which influence 
fluctuations in the crystallising solutions (Genck, 2003, 2004). Therefore, application 
of controlled conditions in the course of crystallisation is an essential factor to 
enhance the measurement reliability. 

Atmospheric pressure has been reported to have minimal effect on the equilibrium 
between liquids and solids during the crystallisation process. Variations in the relative 
humidity slightly change the pressure inside the climatic chamber. However, these 
changes can be considered as negligible (Mullin, 2004). 
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4.3.1 Concentration matrix 

In order to obtain the desired morphological features, optimal sample and CuCl2 
concentrations were investigated (Engquist, 1961, 1970; Selawry and Selawry, 
1957). The optimal concentration ratio (mixing ratio) has been studied and set up for 
wheat and carrot samples by Andersen et al. (2003). When crystallised in the below 
described climatic chamber at 30 oC and 50 % relative humidity (at the beginning of 
the crystallisation), the  optimal mixing ratio for wheat samples is denoted as 90/90 
and 110/90 for carrot samples. Where the first number represents the amount of 
extracted sample i.e. 9 (11) mL of filtrated plant extract and the second refers to 
amount of CuCl2 i.e. 9 mL of a 10 % copper chloride solution (Andersen et al., 2003; 
Kahl et al., 2003). The volume of the solution to be crystallised was set at 6.0 mL per 
glass plate. 

4.3.2 Climatic chamber 

Various types of crystallisation apparatuses – climatic chambers, have been 
designed in order to regulate and control the major factors influencing the 
crystallisation process (Nickel, 1968; Shibata et al., 1998). 

Andersen et al. proposed a cube-like wooden chamber (inner chamber) placed in a 
so called "outer chamber" in order to reduce the influence of external conditions (air 
temperature and humidity gradients) on crystallising solutions (Andersen et al., 
1998).  

Between 2002 and 2003 the same type of chambers were build in laboratories of the 
Triangle Research Group comprising researchers from three institutions i.e. two 
chambers in the University of Kassel (UniKa), Germany, one chamber in the Louis 
Bolk Instituut (LBI) and one chamber in the Netherlands and the Biodynamic 
Research Association Denmark (BRAD). 

Figures 11 and 12 outline construction of the proposed chamber. The diameter of the 
outer and inner rings is 746 and 500 mm respectively. 

 
Figure 11 Sketch of the climatic chambers used in the Triangle Research Group (Kahl, 2007). 
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Figure 12 Diagrammatic depiction of crystallisation apparatus (Andersen et al., 1998). 

However, it has to be mentioned that this type of climatic chambers are not 
commercially available. 

4.3.3 Production of crystallograms 

Solutions to be crystallised are poured on glass plates positioned between the two 
rings and placed on a vibration-reducing construction located in the inner chamber.  

The glass plates are made of float-glass and are circular with a diameter of 100 mm 
and a thickness of two mm. (Annex I contains details obtained from the 
manufacturer). They are cleaned in a laboratory washing machine. To prevent 
shedding of the solution, an acrylic ring 3.5 cm high is attached to the edge of each 
dish (Andersen, 2001; Ballivet et al., 1999). 

In the outer chamber the temperature and relative humidity are controlled and kept at 
26 ± 0.1 °C and relative humidity of 48 ± 1 % by use of thermostats immersed in 
containers with water. The climate conditions in the inner chamber are continuously 
monitored at various points during the crystallisation run (Kahl, 2007).  

Figure 13 shows the inside of a crystallisation inner chamber and the two rings filled 
with glass plates. 

 
Figure 13 Inner crystallisation chamber (Kahl, 2005). 

Crystallisation is considered completed when 90 % of the plate is covered with 
crystallisation pattern. 

[1] inner ring  
[2] outer ring  
[3] steel double ring with 18 
interconnecting struts  
[4] eccentrics  
[5] upper perforated steel plate ring  
[6] heating thread  
[7] lower perforated steel plate ring  
[8] steel frame construction  
[9] water bowl  
[10] foundation steel plate  
[11] concrete ground block 
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Directly upon termination of the crystallisation, the glass plates are taken out of the 
chambers, the acrylic rings are removed and each plate is appropriately labelled on 
the outside edge under the crystallisation centre.  

After three days of storage in the outer chamber the crystallograms are scanned 
which allows their computerised analysis. The scanner is calibrated against a 
reference slide before every run. After scanning the crystallograms are collected per 
chamber and day course and stored in the outer chamber until their visual evaluation 
is pursued.  

4.4 Evaluation of crystallograms 

For years evaluation of crystallograms was considered a major limitation of the 
method. This was due to a lack of standardised automated methodologies and a 
shortage of criteria for visual, qualitative description of crystallographic patterns.  

Therefore, several research groups have elaborated two approaches to the 
examination and evaluation of crystallographic patterns e.g. a visual and 
computerised one (Andersen et al., 1999; Balzer-Graf and Balzer, 1996; Engelsmann 
and Ersbøll, 2003; Mäder et al., 1993). The former is based on interpreting and 
evaluating the crystallogram patterns visually by trained experts (Huber et al., 2009; 
Kretschmer, 2003; Zalecka et al., 2009). The later applies texture analysis using the 
knowledge from other applications, e.g. remote sensing, medical diagnostic and 
digital image processing, etc (Ibaraki and Kenji, 2001; Meelursarn, 2007).  

For this purpose the Applied Crystallisation Image Analysis (ACIA) software based on 
a grey level co-occurrence matrix (GLCM) algorithm was developed (Busscher et al, 
2009). This software is not commercially available and its intellectual property 
belongs to the "Verein für Qualitätsforschung - Bildschaffende Methoden e.V.", 
Witzenhausen, Germany.  

4.4.1 Visual evaluation 

The visual evaluation method demands accumulation of large data amount and 
evaluation by a trained panel of experts (Barth, 1997, 2004). Even though many 
scientists developed techniques allowing judgment of crystallograms resulting in a 
correct recognition of sample origin e.g. different farming systems or different 
processing techniques (Engquist, 1961; Hagel et al., 2000; Lieblein, 1993; Schudel et 
al., 1980; Weibel et al., 2000), the literature sources still lack a clearly defined and 
communicable terminology to describe morphological features of crystallograms. To 
overcome this, the Triangle Research Group∗ has elaborated distinct categories of 
crystallogram judgment based on defined criteria and a scale from one to nine for 
each of them (Huber et al., 2009). The main categories for discrimination of the 
sample are: 

• Quantifiable separate morphological features, also called local features, like 
curly needles 

                                                 
∗ Triangle Research Group comprising researchers from three institutions i.e. the University of Kassel 
(UniKa), Germany, the Louis Bolk Instituut (LBI), the Netherlands and the Biodynamic Research 
Association Denmark (BRAD). 
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• Interconnection of separate morphological features also called textural features 
e.g. dense radial formation, regularity of ramifications 

• Quality of the image as a whole, also called integration and coordination.  

Annex II contains reference pictures, with the morphological features which were 
taken into account and described in chapter VI to visually evaluate crystallograms 
based on conventionally and organically grown wheat samples.   

For visual evaluation crystallograms are placed in light boxes in sequences that 
respect sample identification and their increasing evaporation time within replicates 
of each sample e.g. sample replicates prepared within one day and in one chamber.  

In a light box, crystallograms are illuminated by means of dark field illumination. For 
this a wooden light box (dimensions 390 x 390 x 160 mm - L x H x W) with two pieces 
of multiplex (90 x 60 x 18 mm - L x H x W) positioned 90 mm from two sides of the 
light box (155 mm apart from each other) are illuminated with two eight Watt / 33 cool 
white TL-tubes positioned 45 mm from both sides of the box (contact points at 55 mm 
height). To increase the dark field illumination effect, all wooden parts of the box are 
painted matt black. A light box has a lid, which consists of a four mm thick glass plate 
covered with matt black foil, with a centrally positioned 100 mm diameter opening in 
the foil.  

Figure 14 shows light boxes during a visual evaluation session at UniKa. 

 
Figure 14 Crystallograms in light boxes during a visual evaluation session at UniKa. 

4.4.2 Computerised evaluation  

The texture analysis of crystallograms is based on eight bit image acquisition (with 
256 possible grey-levels) with 600 dpi resolution using a Umax PowerLook III 
scanner in transmitted light mode, and its subsequent processing with the ACIA 
version 1.2.3 software. Subsequently, texture statistics is applied to circular regions 
of interest (RoIs) i.e. circular areas comprising from 20 to 100 % around the 
geometric centre of a crystallogram image. Figure 15 shows the principle of ROI 
determination. 
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Figure 15 Examples of ROI (Meelursarn, 2007). 

In practice, a total of 15 texture parameters derived from the GLCM calculated at (0, 
1)∗ per each image are of interest. They consist of: 14 second order measures based 
on Haralick's texture features (Haralick et al., 1973) named as follows: energy, 
entropy, maximum probability, correlation, diagonal moment, difference energy, 
difference entropy, inertia, inverse difference moment, sum energy, sum variance, 
sum entropy, cluster shade and cluster prominence, and variable kappa, which is a 
statistical measure of inter-rater agreement. Initially kappa was introduced in 1960 in 
psychological studies (Cohen, 1960) and suggested by Parkkinen et al. (1990) to be 
applied in image analysis. 

The ACIA 1.2.3. software gives possibility to build assignments in order to compare 
between defined groups of images. Subsequently analysis of variance (ANOVA) is 
performed. As an outcome p and F values calculated for the texture parameters of 
the compared groups of images are plotted over the RoIs and presented as graphs. 
According to the procedure elaborated by the Triangle Research Group, based on 
visual analysis of the steadiness of the curves it is decided which of the texture 
features can be assumed as trustworthy for differentiation between the groups (Kahl, 
2007; Meelursarn, 2007).  

Figure 16 illustrates an example of an outcome of image analyses for groups of 
crystallograms based on carrot samples grown with different fertilisation regimes.  

                                                 
∗ 0 means direction of pixel pairs on a picture i.e. angle 0° and 1 refers to the distance between the 
pixel pairs i.e. one step in the horizontal direction. 
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Figure 16 Outcome of image texture analyses performed in ACIA 1.2.3. software. The coloured 
lines represent F and p values plotted over the different RoIs and calculated for the 15 texture 
variables for groups of crystallogram images based on samples grown with different 
fertilisation regimes (Meelursarn, 2007).  

4.5 Texture analysis 

Texture is an important characteristic used in identifying objects or regions of interest 
in an image as it contains information about the structural arrangement of surfaces 
and reflects changes of intensity values of pixels which contain information of 
geometric structure of objects (Zheng et al., 2006).  

Based on grey-tone spatial dependencies, the textural features have application in 
image classification (Ojala et al., 2001). Furthermore, texture analyses contains not 
only information which is representative for visual characteristics, but also 
characteristics which can not be visually differentiated (Meelursarn, 2007). 

Typically there is a corresponding intensity to the level of greyness on a range from 0 
(black) to 255 (white) at any particular point in the image (Carstensen, 1992). Texture 
statistics refer to the grey level distribution of pixels in an image and is frequently 
classified into first-order, second-order and high-order statistics (Hall-Beyer, 2007).  



Chapter I 

47 

The first order statistical features are calculated from the original image values like 
mean, standard deviation, skewness, kurtosis, energy and entropy, which do not 
consider pixel neighbour relationships and therefore are less powerful in 
distinguishing patterns.  

The second order statistics consider the relationship between groups of two (usually 
neighbouring) pixels in an image. One of the best known tools for texture analysis 
related to second-order statistics is the grey level co-occurrence matrix (GLCM) and 
the texture features introduced by Haralick (Baraldi and Parmiggiani, 1995; Gelzinis 
et al., 2007; Tahir et al., 2004). 

The third and higher order statistical features consider the relationships among three 
or more pixels. However, the latter, despite being theoretically possible, are not 
commonly used due to calculation complexity and interpretation difficulty (Hall-Beyer, 
2007).  

4.5.1 Grey level co-occurrence matrix 

The GLCM can be defined as “a two dimensional histogram of grey levels for a pair 
of pixels, which are separated by a fixed spatial relationship”. Given an image 
composed of pixels each with an intensity (a specific grey level), the GLCM is a 
tabulation of how often different combinations of grey levels co-occur in an image or 
image section where unordered pairs of pixels are separated by a given 
displacement and are oriented to each other by a given angle i.e. 0º, 45º or 90º . An 
entire image can be analysed by moving the window across the image in an 
overlapping manner, advancing one pixel column to the right, then one pixel row 
downward at a time (Carstensen, 1992; Sheppard and Shih, 2008). 

GLCM describes the probability of finding pixels of gray level value i and j at a given 
displacement h. The GLCM, C, is defined with respect to a given (row "i", column "j") 
displacement h. An element (i, j), denoted by cij, is the number of times a point having 
a gray level j occurs with displacement h in a relative position to a point with a gray 
level value of i.  

Thus as shown in Figure 17, to build a GLCM that describes pixels that are adjacent 
to one another horizontally (displacement h = (0,1)) from the original image, each of 
its neighbouring pairs of grey level pixel’s values have to be examined.  

   

(a)         (b)      (c) 

Figure 17 Calculation of a horizontal GLCM at a distance of one; (a) original image, (b) building 
pixel pairs, (c) GLCM  
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Let Nh be the total number of pairs, then  

 

represents a normalised GLCM, C. 

Let G be the number of grey levels and µx, µy, σx and σy be the means and standard 

deviation of  and  over i and j.  

Thus, 

 

and 

 

then, the second order statistical features (as variables named in the ACIA software∗ 
(Kahl, 2007) can be computed from the GLCM using the following equations. 

• Main second order variables, computed directly from GLCM 

⇒ Energy, 

     

which describes the uniformity (homogeneity) of an image texture. It will be large 
when  are concentrated in some position in the GLCM. Whereas, a near 
random or much more local variation will have low energy values.  

⇒ Entropy,  

 

which measures the randomness of the elements of the matrix. When all 
elements of the matrix are maximally random, entropy has its highest value.  

 

                                                 
∗ The names of the variable (e.g. Energy) do not refer to physical dimension. The texture analysis is 
not identical to the texture evaluation of e.g. food. Carstensen defines the texture taken for the 
evaluation of the pictures as: “A region in 2D or 3D that can fuel element perceived as being spatially 
homogeneous into some scythe”. 
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⇒ Correlation,  

 

which measures the correlation between the elements of the matrix. When 
correlation is high the image is more complex. 

⇒ Diagonal moment,  

 

which measures the difference in correlation for high and for low grey levels. If the 
low grey levels are rougher and the high grey levels are smooth then the diagonal 
moment will have positive values. If the dark areas are rougher and the bright 
areas are smooth the diagonal moment will be negative. If there is no difference in 
the correlation in the dark and bright areas the diagonal moment value becomes 
zero. 

⇒ Maximum probability,  

    

which is related to the uniformity of grey level distribution. It has high values if one 
combination of pixels dominates the pixel pairs in an image. 

• Variables related to the grey level difference histogram (GLDH), which is 
computed from the GLCM as a histogram of the distances to its main diagonal. 
It is calculated by summing the two-dimensional density Cij over a constant 
value of |i – j|, i.e.  

   

To this group belong: 

⇒ Inverse difference moment,  

 

which measures local homogeneity. It is larger for the GLCM with large diagonal 
value or in other words the more homogeneous the image is the higher is the 
inverse difference moment is. 
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⇒ Inertia, 

 

which measures the local variations for the grey levels of pixels. It gives the 
opposite effect, to the inverse difference moment. When the high values of the 
matrix are further away from the main diagonal, the value of inertia becomes 
higher. 

⇒ Difference energy,  

 

which measures the non-uniformity of the GLDH. 

⇒ Difference entropy,  

  

which measures the uniformity of the GLDH. 

• Variables related to the grey level sum histogram (GLSH), which is calculated 
from the GLCM as a histogram of the absolute differences of grey levels from 
pairs of pixels. It is computed by summing the two-dimensional density Cij over 
constant value of (i + j), i.e.  

 

and 

 

To this group belong: 

⇒ Sum energy 
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⇒ Sum entropy 

 

 

⇒ Sum variance 

 

where σ is the grey level variance and ρ is the correlation. 

⇒ Cluster shade 

 

⇒  Cluster prominence 

 

The later two are measures of the skewness of the matrix, in other words the lack 
of symmetry. When cluster shade and cluster prominence are high, the image is 
not symmetric. 

• Kappa, 

 

which directly measures the concentration of the main diagonal in binary textures 
(Parkkinen et al., 1990). For images with more grey levels kappa is similar to 
correlation, but with more emphasis on the main diagonal in the GLCM. Kappa is 
always less than or equal to 1. In rare situations, kappa can be negative.  

5 Samples and sample traceability 

5.1 Characteristics of the chosen winter wheat variety 

Winter wheat Triticum aestivum L. cv. Cubus is characterised by excellent quality, 
high and stable falling number and stable content of dry gluten, medium weight of 
thousand seeds and medium winter hardiness. It is a medium early variety with good 
baking quality, good stooling, good resistance to lodging, good resistance to Septoria 
and Erysiphe graminis and medium resistance to Fusarium and Puccinia triticina. 

 



 

52 

Sowing period normally should take place between September 25th and November 
10th while soling density should range from 3.8 to 4.2 million of seeding grains per 
hectare. The variety is sensible to fore crops (OSIVO a.s., 2008).  

Annex III contains data regarding the Cubus variety obtained from the European 
Wheat Database.  

5.2 Sampling design 

Winter wheat grains (Triticum aestivum L. cv. Cubus) were collected from 
conventional and organic certified (managed according to Council Regulation (EEC) 
N° 2092/91) fields, at the Walloon region of Belgium in the harvest seasons 2005, 
2006 and 2007 (agreement with UNAB). In 2005 there was one environment 
whereas in 2006 and 2007 fields located in three different environments were 
selected. Figure 18 shows the location of the selected environments. 

 
Figure 18 Map of Belgium with the selected field sites. 

The distance between organic and conventional fields within each environment is 
shown in Table 1.  

Year Environment
Distance 

[km]
2005 E3 7.0

E1 4.2
E2 3.2
E3 30.0
E1 3.4
E2 4.1
E3 -

2006

2007

 

Table 1 Distance between organic and conventional fields in the selected environments. 
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In 2007 only conventional samples were collected from environment three as the 
farmer owning the organic field was not able to sow the winter wheat. 

In each of the selected fields, three parcels (ca. 10 x 10 m) were separated from each 
other by ca. 15 – 20 m. Five subsamples were collected from each parcel. Each of 
the subsamples contained five ears collected from closely neighbouring stems. 
Figure 19 depicts the sampling design. 

 

Figure 19 Sampling randomisation on fields. 

Analyses of the most important abiotic factors as well as the soil organic matter, 
which influence plant growth as well as biological fixation of minerals, were 
performed by the Soil Service of Belgium (SPB) in Heverlee, Belgium. All the fields 
had loamy soil, rich in nutrients, consisting of a mixture of sand, clay and decaying 
organic materials. 
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Discrimination between organically and conventionally grown 
winter wheat samples as determined by number of grains per ear 

and total nitrogen/protein content by the Dumas method  
 

Małgorzata Szulc, Alain Maquet and Angelika Ploeger 
 
 

Abstract 

Number of grains per ear and total nitrogen content in traceable winter wheat samples 
collected in the harvesting seasons 2006 and 2007 from organic and conventional fields 
were determined. Statistically significant differences (p < 0.05) both in the number of grains 
and the total nitrogen/protein content as well as the overall yield were found among the 
investigated groups of samples. The conventional samples were characterised by a higher 
number of grains per ear with mean value of 51.7 and higher protein content i.e. 12.8 %, than 
their organic counterparts. The mean number of grains per an organic ear was 46.6 whereas 
their mean protein content was 11.3 %. The mean yield from the conventional fields was 7.7 
t/ha and was higher than the one for organic fields, which averaged at 5.3 t/ha.  

A moderately strong correlation (r = 0.72) was found between the yields and the nitrogen 
fertilisation applied on the selected fields. Most probably due to combination of environmental 
factors, type of fertiliser and differences in the fertiliser application schedules used on the 
different fields, only weak correlations were found between the applied nitrogen and the 
number of grains per wheat ear as well as the protein content showing the complexity of the 
N availability and accumulation. 

Keywords: winter wheat, number of grains, total nitrogen, agricultural systems 

1 Introduction 

Literature sources report cases of different protein expression as regards their 
quantity and quality in plant samples originating from organic and conventional 
agricultural systems (Magkos et al., 2006; Woese et al., 1997). A slight trend towards 
lower protein concentrations but of higher nutritional value in organic vegetables, 
cereal crops and legumes, as compared with conventionally grown crops has been 
described by several authors (Bourn and Prescott, 2002; Heaton, 2001).  

These differences might be related to variation in fertilisation practices between the 
conventional and organic cultivations (Bahrman et al., 2004a; Barneix, 2007; Szuts et 
al., 1988; Worthington, 1998). The supply of nitrogen (N) to a crop is determined by 
the amount of plant-available N in soil at sowing time, N released during the growing 
season through mineralisation of soil organic matter and N applied as organic or 
inorganic fertiliser. Organic N is converted to inorganic N by mineralisation and 
nitrification and only in this form i.e. as nitrate (NO3

-) and ammonium (NH4
+) can be 

taken up by plants.  

There are several interacting factors such as genotype, environmental conditions and 
availability of nutrients in soil, particularly N, that affect the ability of the wheat plant 
to produce protein and incorporate it into the developing wheat kernel (International 
Fertilizer Industry Association, 2006; Zapata, 2008). Apart from that, timing, type and 
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manner of N application also impacts protein concentration in wheat grain. 
Availability of N to plants early in the growing season stimulates vegetative growth 
and increases the, almost completely dependant on starch deposition, crop yield. 
This in turn can lead to dilution of protein concentration. On the other hand, 
application of N at a late growth stages has a greater influence on grain protein 
concentration (Delwiche, 1995; Doekes and Wennekes, 1982; Gunthardt and 
McGinnis, 1957).  

Oscarson (2000) and Martre (2003) successfully correlated the fertilisation practices 
with the number of grains per wheat ear cultivated under controlled conditions. 
However, both the grain number and protein content can be seen as a consequence 
of the ability of a wheat plant to accumulate nutrients (Sinclair and Jamieson, 2008) 
and is a result of an interaction of many factors, which, especially in field studies, are 
difficult to determine (DuPont et al., 2006; Lemaire et al., 2008; Porter and Semenov, 
2005; Salisbury et al., 1987).  

The determination of total nitrogen/protein by the Dumas method in winter wheat 
samples was chosen for investigation within an exploratory research project 
undertaken by the European Commission's Joint Research Centre, Institute for the 
Reference Materials and Measurements (EC JRC, IRMM) to test its feasibility for 
discriminating organically and conventionally grown crops (Commission of the 
European Communities, 2004). Additionally, the number of grains per ear in the 
collected samples was calculated.  

The principle of the Dumas method is to combust the sample at high temperature, 
and convert all of the nitrogen from its native form (i.e. the form in which it occurs in 
the sample) to elemental nitrogen. The total nitrogen is than subsequently measured 
by a thermal conductivity cell. As a consequence, protein content is estimated by the 
determination of the total nitrogen content of the material after multiplication by an 
experimental factor, which takes account of the known average content of nitrogen in 
the protein fraction of certain food commodities and differs among food materials 
(Simonne et al., 1997; Thompson et al., 2002). 

2 Material and methods 

The EC JRC, IRMM has selected a farm comparison approach that allows the control 
of parameters such as farm location, soil type, cultivar and physiological stage of the 
plant samples. In 2005, winter wheat ears (Triticum aestivum L. cv. Cubus) were 
collected from one selected location in the Walloon region of Belgium where the 
same variety was sown on adjacent organic and conventional fields. In 2006, the 
number of locations was increased to three, whereas in 2007 two locations were 
selected. The distance between the organic and conventional fields was around four 
km except for the “environment three” in 2006 where the distance was 30 km. In both 
years (2006 and 2007) “environment one” was similar as well as the “environment 
two”. 

In each of the selected fields three parcels were delimited and five plots were 
selected. From each plot five neighbouring ears were collected. Thus, except for one 
case i.e. conventional field in environment one (C1) in 2006, there were 75 winter 
wheat ears per field. 
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Analyses of the most important abiotic factors as well as the soil organic matter, 
which influence plant growth as well as biological fixation of minerals, were 
performed by the Service Pédologique de Belgique in Heverlee, Belgium. All the 
fields had loamy or sandy loamy soil, consisting of a major part of loam (granulometry 
ranging from 2 to 50 µm) with a mixture of sand and clay and decaying organic 
materials. 

Table 1 shows details of the N fertilisation practices in the selected fields and the 
overall yield of winter wheat obtained from them. In the organic fields the "last 
application" date indicates the only application that took place. The conventional 
fields were fertilised three to five times during the growing season and the table 
shows the last (postanthesis) date of application.   

                                                 
  ∗ Rack Unit / hectare i.e. a formulation of a fertiliser such as 14/7/20 means that 100 kg or L of this 
NPK fertiliser corresponds to 1 x 14 U of N. 
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C3 14.10.04 17.08.05 8.0
i) N solution (39/0/0) 

ii) Nitrate 27 %
296 L/ha 
300 kg/ha

197 19.05.05
2004 Sugar beet

2003 ? 
2002 ?

O3 24.10.04 18.08.05 6.9 Liquid manure 10000 L/ha 44 21.03.05
2004 Red clover
2003 Red clover

2002 ?

C1 18.10.05 27.07.06 5.6
i) Chemira (26/6/6)

ii) Nitrate 27 %
500 kg/ha
270 kg/ha

203 14.06.06
2005 Maize
2004 Spelt

2003 Temp. meadow + Clover

O1 24.10.05 27.07.06 6.2
Orgamine
(7/5/10+2)

300 kg/ha 21 12.03.06
2005 Temp. meadow
2004 Temp. meadow
2003 Temp. meadow

C2 22.11.05 28.07.06 8.4

i) Ghlin compost + Mg lime
ii) KCl 60

iii) N soution (39/0/0)
iv) Nitrate 27 %

15 T/ha
200 kg/ha
375 L/ha
225 kg/ha

212 03.06.06
2005 Chicory

2004 Sugar beet
2003 Winter wheat + Mustard

O2 29.10.05 27.07.06 6.2 Orgamine (7/5/10+2) 400 kg/ha 28 07.04.06
2005 Meadow + leguminous

2004 Meadow
2003 Meadow

C3 14.10.05 26.07.06 8.4
i) N solution (30/0/0)

ii) Nitrate 27 %
319 L/ha
190 kg/ha

175 24.05.06
2005 Flax

2004 Winter barley+ Mustard
2003 Winter wheat

O3 15.10.05 01.08.06 5.2 - - 0 -
2005 Maize

2004 Spring wheat
2003 ?

C1 20.10.06 04.08.07 7.2

i) Manure for Maize
ii) Mixture 1 (14/7/20+3)

iii) Mixture 2 (23/5/5)
iv) Nitrates

50 T/ha
350 kg/ha
250 kg/ha
250 kg/ha

174 22.05.07
2006 Maize

2005 Temp. meadow
2004 Temp. meadow

O1 22.10.06 04.08.07 4.0
Orgamine
(7/5/10+2) 

400 kg/ha 28 19.03.07
2006 Oat

2005 Triticale, Oat, Pea
2004 Spelt, Oat, Pea

C2 15.11.06 03.08.07 8.8
i) N solution  (39/0/0)

ii) Nitrate 27 %
300 L/ha
300 kg/ha

201 13.05.07
2006 Beetroot & Mustard

2005 Winter wheat
2004 Beetroot &  Phacelie

O2 30.10.06 03.08.07 3.5 Orgamine (10/5/2 + 2) 300 kg/ha 30 02.04.07
2006 Temp. meadow
2005 Temp. meadow
2004 Temp. meadow

Crop rotation
Commercial name
and composition

(N/P/K+MgO)

Amount
applied

Last 
applic.

2004/
2005

2005/
2006

2006/
2007

N fert.

(U/ha)∗∗∗∗

Yield 
(t/ha)

Fertilisation

Growing 
season

Agric. 
Syst./

Environ
ment

Sowing 
date

Harvest 
date

 

Table 1 Nitrogen fertilisation practices and yield in the selected fields. C stands for 
conventional, O stands for organic. Numbers 1 to 3 refer to environments where samples were 
grown.  

The fields were rain fed and no other irrigation scheme has been applied. Data 
regarding weather conditions (mean monthly temperatures and precipitation) were 
collected from the Royal Meteorological Institute of Belgium in Brussels, Belgium. 
Figure 1 presents the distribution of the mean monthly temperatures registered in the 
selected environments in the years 2005, 2006 and 2007. 
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Figure 1 Mean monthly temperature in the selected environments in the years 2005, 2006 and 
2007. Symbols E1, E2 and E3 indicate the environments.  

Figure 2 illustrates the mean monthly precipitations registered in the selected 
environments in the years 2005, 2006 and 2007.  
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Figure 2 Mean monthly precipitations on the selected environments in the years 2005, 2006 and 
2007. Symbols E1, E2 and E3 indicate the environments. 

All calculations were performed using Statgraphics Plus 5.1 from Statistical Graphics 
Corporation, USA.  

2.1 Number of grains  

Number of grains per ear was counted manually in the winter wheat ears collected at 
maturity in 2006 and 2007. 
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2.2 Total nitrogen/protein content by Dumas 

Total nitrogen/protein was quantified in the winter wheat samples collected at 
maturity in 2005, 2006 and 2007 by an automated Dumas method. The expression 
“sample” refers to winter wheat grains from ears collected in each plot. 

Wheat samples collected in 2005 (conventional and organic) were freeze-dried and 
stored at 4 °C. They were ground twice under liquid nitrogen with a ball mill MM301 
from Retsch for 90 seconds at maximum speed (30 beats per second).  

All samples collected in 2006 and 2007 were ground fresh under liquid nitrogen in a 
ball mill MM301 from Retsch two times 90 seconds at maximum speed (30 beats per 
second). They were stored at -30 °C until the measurements took place. 

All measurements were performed on a Vario MAX N/CN instrument from Elementar 
Analysensysteme GmbH, Hanau, Germany, supplied with oxygen and helium (both 
with 99.99 % purity) according to "Flour500" method (established by the instrument 
supplier). The following settings were used: auto Zero: [s] 120; N Peak Antcp. [s] 
240; O2 Time [s] 120; O2 dosing [mL min-1] 200; O2 thresh. [‰]: 15; Peak max [%]: 0; 
sample amount: ~500 mg. 

To allow accurate data handling a correction by a factor based on daily 
measurements of ~ 200 ± 0.01 mg of glutamic acid from MERCK was performed.  

Apart from weighing a certain amount (~500 ± 0.02 mg) of sample in metal capsules, 
the analysis does not require any sample preparation.  

The measured values of total nitrogen were converted to protein content by 
multiplication by a conversion factor of 5.7 (Coulatate, 2002; Holland et al., 1991; 
Williams et al., 1998). The results were additionally corrected according to the 
moisture content of the measured samples. One gram of the powdered wheat grains 
were dried in a special glass container for three hours in an oven at 105 °C ± 5 °C. 
After cooling down to ambient temperature in a desiccator, the containers were 
weighed and the moisture content was determined by calculating the differences 
between the weight of sample before and after drying.  

3 Results 

3.1 Number of grains  

Table 2 lists the average number of grains per ear for the wheat samples collected in 
2006 and 2007. Statistically significant differences (p < 0.01) were found between the 
production systems regardless of their production environment. 
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Year of
harvest

Agr. System /
Environment

Number 
of ears

Mean number
 of grains ± CL*

P-value

C1 60 59.6 ± 4.0
O1 75 50.8 ± 1.9
C2 75 52.6 ± 1.6
O2 75 48.6 ± 2.2
C3 75 41.9 ± 1.9
O3 75 46.4 ± 2.6
C1 75 52.7 ± 1.6
O1 75 41.8 ± 1.9
C2 75 59.1 ± 1.7
O2 75 52.0 ± 2.0
C 360 51.7 ± 1.1
O 375 46.6 ± 1.1

2007

0.004

0.007

< 0.001

2006

0.001

< 0.001

< 0.001
 

Table 2 Mean number of grains per winter wheat ear. C stands for conventional, O stands for 
organic. Numbers 1 to 3 refer to environments where samples were grown. * Confidence limits 
at 95 %. 

3.2 Total nitrogen/protein content by Dumas 

Table 3 shows the results of comparisons of the protein content in the investigated 
wheat samples (after correction for the sample moisture of the measured total 
nitrogen content in the wheat samples) by Student's t-test. The mean values are 
based on measurement of all samples in a group (e.g. 15 organic samples from 
environment one) made in duplicate. 

Year of
harvest

Agr. System /
Environment

Number of 
samples

Mean protein 
content (%)

± CL*
P-value

C3 15 12.9 ± 1.0
O3 15 8.7 ± 0.3
C1 12 11.7 ± 0.7
O1 15 9.8 ± 0.3
C2 15 11.9 ± 0.3
O2 15 12.7 ± 0.5
C3 15 13.2 ± 0.4
O3 15 10.0 ± 0.3
C1 15 14.4 ± 0.1
O1 15 13.2 ± 0.1
C2 15 13.5 ± 0.1
O2 15 13.7 ± 0.1
C 87 12.8 ± 0.3
O 90 11.3 ± 0.3

2006

2007

2005

< 0.001

< 0.001

< 0.001

0.012

< 0.001

0.025

< 0.001

 
Table 3 Mean total protein content in winter wheat samples collected in 2005, 2006 and 2007. C 
stands for conventional, O stands for organic. Numbers 1 to 3 refer to environments where 
samples were grown. * Confidence limits at 95 %.  

3.3 Fertilisation effect 

Table 4 presents results of Student's t-test calculations comparing N fertilisation 
amount applied on the selected conventional and organic fields as well as the yield 
obtained from them in the three consecutive years of the experiment.  
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Agr. System Mean ± CL* P-value
C 193.7 ± 16.4
O 25.2 ± 15.2
C 7.7 ± 1.2
O 5.3 ± 1.4

Yield (t/ha) 0.008

N applied (U/ha) < 0.001

 
Table 4 Mean values for the amount of nitrogen applied and the yield obtained from 
conventional (C) and organic fields in a three year period (2005 – 2007). * Confidence limits at 
95 %. n = 6. 

Table 5 lists figures of merit obtained from regression models to correlate the amount 
of N applied on the fields and the yield, total protein content, and the number of 
grains per winter wheat ear, as well as correlation between the yield and the number 
of grains per winter wheat ear.  

Y
Intercept

 (a)
Slope

(b)
X R2

Yield 4.99 0.014 N applied 52.03
Protein cont. 11.24 0.009 N applied 16.08

No. of grains/ ear 46.77 0.034 N applied 7.16
Yield 5.26 0.021 No. of grains/ ear 1.82  

Table 5 Figures of merit for regression analyses between selected variables (Y = a + b · X). 

4 Discussion  

It has to be underlined that there are no satisfactory methods of "predicting" the 
status of available N throughout the growing season (Jenner et al., 1991) as various 
factors influence it. In organic agriculture farmers reduce external fertiliser inputs and 
seek to maintain the soil fertility by using crop rotation and including green manure or 
legume plants, which fix atmospheric nitrogen. This is why there was statistically 
significant difference (p < 0.001) in the amount of total N applied on the 
conventionally and organically managed fields.  

The obtained yield, which only indirectly depends on the N fertilisation, was 
significantly higher in the conventional fields whereas analysis of variance showed 
that neither year nor environment but the agricultural system of cultivation contributed 
to its total variation. 

In environment one and two the conventional winter wheat ears contained more 
grains in both years than those collected from organic fields with similar 
environmental conditions. The result was opposite for the winter wheat ears collected 
in location three in 2006. Nevertheless, the overall result of the comparison between 
the analysed conventionally and organically grown winter wheat is a higher mean 
number of grains per ear in the conventional samples. This confirms the results 
obtained by other authors (Martre et al., 2003; Oscarson, 2000) but at the same time 
indicates strong influence of conditions other than fertilisation practices. 

Regarding total protein content, statistically significant differences at 95 per cent 
confidence limit were observed when comparing organic and conventional 
agricultural systems. The overall result of the comparison is a higher mean total 
protein content in the conventional samples. 
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In environment one and three conventional samples were characterised by higher 
protein content in all harvesting seasons. The result was opposite for the samples 
from environment two in both 2006 and 2007. We can consider strong influence of 
environmental conditions on this case. In general, environment two was warmer and 
drier than the other environments over the analysed period. In fact increased protein 
content due to temperature effects during grain filling in wheat plants, which do not 
receive high levels of fertilisers have been observed by several authors for winter 
wheat grown under controlled conditions (Dupont et al., 2006; Triboi et al., 2003).  

5 Conclusions and perspectives 

The results obtained in the exploratory research project overall show a tendency 
towards higher ear filling of the conventional winter wheat and a higher protein 
content confirming previous studies. This leads to a conclusion that the agricultural 
managing system has an influence on grain filling and protein content.  

Quantification of such wheat characteristics as grain filling and protein content has 
potentials in determination of its agricultural system of cultivation. However, without 
further knowledge this is not enough to discriminate analytically unknown samples.  
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Chapter III 
 

Optimisation of sample preparation procedure for analyses of 
winter wheat samples by the two dimensional fluorescence 

difference gel electrophoresis (2D DIGE) 
 

Małgorzata Szulc and Alain Maquet 
 
 
Abstract 

A sample preparation protocol for winter wheat grain protein extraction compatible with the 
two dimensional fluorescence difference gel electrophoresis (2D DIGE) technique was 
developed and optimised. The procedure was applied on an in-house prepared winter wheat 
standard resulting in ~2500 protein spots with good match quality value for three 2D DIGE 
gels.  

Keywords: wheat, sample preparation, two dimensional fluorescence difference gel electrophoresis 

1 Introduction 

The major wheat grain protein types are the water-soluble albumins, the salt-soluble 
globulins, the alcohol-soluble gliadin monomers, and the high and low molecular 
mass glutenin subunits (DuPont et al., 2005; Skylas et al., 2000). The solubility is 
affected by the strong association and cross-linking of proteins which result from 
disulphide bonds identified as the major covalent bond for wheat (Li and Lee, 2000; 
Redman and Ewart, 1971). The unique character and complexity of wheat proteins 
makes it a very difficult matrix for electrophoresis analyses (Lookhart et al., 1989; 
Mak et al., 2006; Thiellement et al., 1987) as their high polyphenol content that builds 
irreversible complexes with proteins, relatively low protein concentrations in 
comparison to polysaccharides, and lipids can cause severe disturbances in the 2D 
gel (Westermeier, 2006).  

Two dimensional fluorescence difference gel electrophoresis (2D DIGE) was chosen 
for investigation as one of the analytical methods within an exploratory research 
project undertaken by the European Commission's Joint Research Centre, Institute 
for Reference Materials and Measurements to support the European Action Plan for 
Organic Food and Farming by developing sampling and analytical methods in order 
to test the feasibility for discriminating between organically and conventionally grown 
crops (Commission of the European Communities, 2004). 

This relatively new method substantially exceeds capacities of other similar methods 
due to its linearity, sensitivity, wide dynamic range and possibility to detect real 
differences between samples. The use of an internal standard reduces experimental 
gel-to-gel variation thereby increasing statistical confidence of results, which 
consequently allows reduction of the number of gels needed per experiment (Tonge 
et al., 2001). However, the specificity of the fluor CyDyes used to label the proteins 
requires retention of definite constraints regarding the use of reagents for protein 
solubilisation and final extract concentration to permit optimal labelling results.  
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Ideally, the extraction procedure should solubilise different types of proteins at the 
same rate (Amiour et al., 2002; Hunter et al., 2002; Hurkman and Tanaka, 2004) 
while being compatible with the foreseen analytical method. The available 
publications mostly regard wheat endosperm, which contains the majority of proteins 
or wheat germ material (Byers et al., 1983; Danno et al., 1974; DuPont et al., 2005; 
Garcia et al., 2005; Granier, 1988; Graveland et al., 1979; Heidari et al., 2005; 
Mitsunaga and Mitsuda, 1975) whereas whole grain represents a much more 
complicated matrix. So far, no procedure allowing solubilisation of total proteins from 
wheat samples has been developed (Southan and MacRitchie, 1999) and an optimal 
protein representation requires testing of a variety of sample buffers in a trial-and-
error manner (Shaw and Riederer, 2003). 

Taking into account the high sensitivity of the 2D DIGE method, it was decided to 
optimise an extraction procedure in a way to visualise as large a part of the wheat 
proteome as possible while keeping in mind the particularity of wheat material, 
analytical method and the quality of the subsequent gels. 

We aimed to set up a sample preparation protocol taking into account effectiveness 
and simplicity of use, efficiency as regards the quantity of extracted proteins as well 
as their distribution and representativeness. 

To achieve this, two approaches based on previously cited literature but adapted to 
the specificity of the 2D DIGE technique were tested. In all resulting extracts protein 
quantification, molecular mass distribution as well as isoelectric focusing was 
executed. 

2 Material and methods 

The optimisation of the extraction procedure was performed based on a 
representative in-house working standard. To achieve this, a mixture of 
approximately one gram of ground winter wheat samples from 87 winter wheat 
(Triticum aestivum L. cv. Cubus) samples collected in three environments and two 
agricultural systems (conventional and organic) in the year 2006 was prepared. The 
grinding process took place in a liquid nitrogen cooled ball mill MM301 from Retsch 
two times 90 second pulses at maximum speed (30 beats per second) each. The 
material was then homogenised by means of mixing for one hour in a Turbula 
mechanical shaker from Turbula Maschinenfabrik, Switzerland at room temperature, 
bottled and kept at -80 °C until the analyses were pursued.  

2.1 Extraction buffers and protocols 

Two approaches to protein extraction were tested. 

In the first approach commonly applied lysis buffers containing chaotropic agents 
such as urea, thiourea, or a zwitterionic detergent (CHAPS) in combination with other 
detergents like zwitterionic SB 3-10 and neutral Triton X-100 (Perdew et al., 1983; 
Rabilloud et al., 2007; Valcu and Schlink, 2006; Wang et al., 2006; Skylas, 2005; 
Chinnasamy and Rampitsch, 2006) were tested. Additionally, to check the influence 
on the extraction efficiency, the pH of the solutions was adjusted (Table 1) as the pH 
of protein lysates should differ to a large extent from the isoelectric point of the 
proteins to be extracted in order to obtain optimal extraction conditions (Görg, 2007).  
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Ground wheat material was solubilised in four different lysis buffers (i.e. A1, A2, B1, 
and B2) followed by cleaning of the proteins with a commercially available clean-up 
kit from GE Healthcare and resolubilising them in the DIGE labelling buffer. 

A1   pH 7.0 A2   pH 3.5 B1   pH 8.8 B2   pH 8.8

6 M Urea
2M Thiourea
2% CHAPS

2% Triton X-100
0.5% DTT

MiliQ water

6 M Urea
2M Thiourea
2% CHAPS
2% SB 3-10

0.5 mM TCEP

MiliQ water

6 M Urea
2M Thiourea
2% CHAPS

2% Triton X-100
0.5% DTT

30 mM TrisHCl
MiliQ water

6 M Urea
2M Thiourea
2% CHAPS
2% SB 3-10

0.5 mM TCEP
30 mM TrisHCl

MiliQ water
 

Table 1 Lysis buffers tested with the extraction protocol I. 

The second approach included successive steps of defattening and cleaning of the 
ground wheat material followed by ultracentrifugation and solubilisation of the 
precipitant in the DIGE labelling buffer. This sequence of steps was similar to the 
denaturing extraction procedures proposed by Granier (1988) and Wang at al. (2006) 
for plant tissues such as leaves and fruits in order to resolve their proteom using the 
traditional 2D gel electrophoresis.  

In both approaches, as compared with the commonly used protocols and lysis 
buffers, the amount of reducing agent was either changed (2-mercaptoethanol to 
DTT or TCEP) or limited i.e. the amount of DTT and TCEP was reduced in order to 
diminish their reaction with the fluorescent dyes. The choice of TCEP was due to the 
fact that, compared to DTT, it is active in low concentrations over a wider pH range 
(Berkelman et al., 2004). 

2.1.1 Extraction protocol I 

Four portions of approximately 500 mg of the in-house working standard were mixed 
with 10 mL of the lysis buffers (A1, A2, B1 and B2) listed in Table 1. 

The suspensions were kept on ice for one hour during which they were submitted to 
one minute long pulses in an ultrasonic bath and vortexed. Subsequently they were 
ultracentrifuged for 30 minutes at 40000 g and the supernatants were collected. 500 
µL of each of the resulting solutions were purified with 2D Clean-Up Kit for protein 
extract purification, from GE Healthcare (Cat. No. 80-6486-60) according to the 
procedure (GE Healthcare, 2007a). The resulting protein pellets were resolubilised in 
500 µL of freshly prepared 2D DIGE labelling buffer (pH 8.5). The 2D DIGE labelling 
buffer was composed of: 7M urea, 2M thiourea, 4 % (w/v) CHAPS and 20 mM tris in 
MiliQ water. 

2.1.2 Extraction protocol II 

Three portions (later referred to as C, D and E) of approximately 500 mg of the in-
house working standard were weighed in polyalomer tubes, mixed with 10 mL of 
acetone  containing 10 % (w/v) TCA, 1 mM TCEP and 0.1 % (w/v) of DTT in ice cold 
acetone, and stored overnight at –20 ˚C. Subsequently the suspensions were shaken 
briefly and centrifuged at 15000 g at 4 ˚C for 30 minutes. The resulting supernatants 



Chapter III 

75 

were removed and 5 mL of acetone/methanol (2:1) was added to each pellet. The 
tubes were then shaken briefly and stored at -20 ˚C for one hour. Next, the solutions 
were ultracentrifuged at 40000 g at 4 ˚C for 30 minutes. The supernatants were 
carefully removed and the pellets were air dried in a dust-free flow, at room 
temperature. Subsequently 4 mL of 2D DIGE labelling buffer was added to each 
pellet, vortexed briefly and kept at room temperature for one hour. During this hour 
the pellets were crushed and vortexed until major parts were broken. These steps 
took place at times: t = 0, t = 30 min and t = 60 min. Then the suspension was 
ultracentrifuged at 40000 g at 4 ˚C for one hour. The resulting supernatants were 
transferred to new tubes. In order to obtain optimal labelling with the CyDyes, their 
pH was adjusted to pH 8.5 with 1 M NaOH. Subsequently protein concentrations in 
10 µL aliquots were determined by spectrophotometry. The remaining extracts were 
stored in -80 ˚C until further proceedings.  

2.2 Protein quantification 

Proteins were quantified in the obtained extracts by using a UV-VIS 
spectrophotometer UV 500 from Unicam, and a 2D-Quant-Kit from GE Healthcare 
(Cat. No. 80-6483-56) with bovine serum albumin (BSA) as standard (GE Healthcare, 
2007b). 

To establish the standard curve two times six micro centrifuge tubes (2 mL) were 
filled with 0, 5, 10, 15, 20 and 25 µL of a standard solution of 2 mg mL-1 of BSA 
provided with the 2D Quant Kit. To each tube 500 µL of a "precipitant" was added 
and the tubes was briefly vortexed. The tubes were then incubated for two to three 
minutes at room temperature. A "co-precipitant" (500 µL) was then added to each 
tube, vortexed and centrifuged for 5 min at a minimum of 10000 g. The protein 
precipitated and formed a white pellet at the bottom of the micro centrifuge tube. The 
supernatant was decanted. Subsequently, 100 µL of an alkaline solution of cupric 
ions as well as 400 µL of Milli-Q water was added. Next, a working colour reagent (1 
mL) was added to each tube. The tubes were left for incubation for 15 to 20 min (at 
room temperature) and the absorbance was measured at 480 nm using Milli-Q water 
as reference (GE Healthcare, 2007b). Each solution was measured three times and 
the absorbance values were used to construct a calibration function. The calculations 
were performed using the "Linear Regression Calculations" Excel Sheet from Umeå 
University, Sweden. 

The same sample preparation procedure was followed in order to quantify the protein 
concentration in the extracts prepared according to the extraction protocols I and II. 
In this case however, 10 µL aliquots of each of the extracts (in duplicate) were used. 

2.2.1 Protein quantification results 

Figure 1 shows the standard curve based on the BSA standard.  
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Figure 1 Standard curve of the BSA standard.  

The figures of merit were: intercept equal to 0.833 ± 0.006 CL∗ slope equal to –0.0072 
± 0.0002 CL∗ residuals equal to 0.007; and coefficient of determination R2 equal to 
0.997. 

The results of protein quantification of the extracts from protocol I (A1, A2, B1, and 
B2) and protocol II (C, D, E) and the extraction efficiencies as referred to the initial 
sample weight are shown in Table 2. 

Extract Protein content ± CL∗∗∗∗

A1 53.56 ±  1.0
A2 52.08 ±  1.0
B1 60.46 ±  1.0
B2 61.02 ±  1.0
C 18.32 ± 1.0
D 16.36 ± 1.0
E 15.92 ± 1.0  

Table 2 Protein content in the A1, A2, B1, B2, C, D and E extracts expressed as mg of protein in 
1 g of the in-house working wheat standard. 

No significant differences in protein content could be identified either for the A1 and 
A2 pair or for the B1 and B2 pair of extracts. This led to a conclusion that the different 
composition of the applied lysis buffers (combination of reducing agents and 
detergents) did not play any considerable rule. On the other hand the higher pH of 
the B1 and B2 lysis buffers significantly increased the amount of extracted proteins.  

The amount of protein extracted by protocol I extracted was approximately 6 % as 
related to the initial sample weight. In case of the extracts based on the protocol II a 
lower protein content (ca. 1.6 % as related to the initial sample weight). This could 
result from such factors as the lower pH and/or loss of proteins during the 
subsequent cleaning steps and centrifugations.  

2.3 Electrophoresis with NuPAGE® Bis-Tris  

In order to estimate the quality of the obtained extracts before performing 2D 
electrophoresis and eventually the 2D DIGE, NuPAGE® Bis-Tris Electrophoresis was 
carried out.  
                                                 
∗ CL – confidence limits at 95 %. 
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For this purpose appropriate volumes of each of the extracts corresponding to 6 µg of 
protein were loaded on a SDS-PAGE mini-gel from Invitrogen (Cat. No. NP 03346 
BOX) in duplicates and resolved according to molecular weight under a constant 
voltage of 150 V within one hour. After separation the mini-gels were silver stained 
following the silver staining kit from GE Healthcare (Cat. No. 17-1150-01)  and 
visually evaluated. 

Figures 2 and 3 show the resulting NuPAGE® gels with a molecular weight marker 
ColorBurst™ from SIGMA (MDL No. MFCD03456450) and the seven extracts 
obtained following extraction protocols I and II, respectively. 

 
Figure 2 SDS mini-gel with winter wheat seed proteins extracted according to protocol I.   

 
Figure 3 SDS mini-gel with winter wheat seed proteins extracted according to protocol II. 

All extracts resulted in well separated protein bands distributed over a wide molecular 
weight range whereas based on work of MacRitchie (1992) different fractions of 
wheat proteins could be preliminarily identified. At this optimisation stage no 
significant differences in distribution of the protein bands resulting from the different 
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extraction protocols could be detected. Therefore, all the extracts from both 
extraction protocols were considered as suitable for further analyses. 

2.4 Isoelectric focusing - IEF 

Appropriate aliquots of each of the extracts containing 150 µg of protein were mixed 
with a rehydration solution so that each of the obtained samples reached a volume of 
450 µL, and loaded in duplicate by in-gel rehydration on 24 cm long IPG strips from 
BIO RAD (Cat. No 163 - 2042) with a pH gradient from 3 to 10. The rehydration 
solution was composed of 6 M urea, 2 M thiourea and 0.5 % (w/v) CHAPS. The IEF 
was performed using an IPGphor II Unit from GE Healthcare. The following settings 
were used: 20 °C, 50 µA per strip, Step-n-hold 30 V for 12 hours then Step-n-hold in 
200 V for one hour, Step-n-hold in 500 V for one hour, Step-n-hold in 1000 V for one 
hour, gradient increase to 8000 V in 30 minutes followed by Step-n-hold in 8000 V 
until 52000 Vhr were reached. This exercise was duplicated, for each of the extracts. 

In spite of giving good result as regards NuPAGE® Bis-Tris Electrophoresis none of 
the tested extracts from the extraction protocol I was properly focused. The 
performed isoelectric focusing resulted in very unstable current values, which 
indicates bad separation of proteins. The required voltage was not reached and the 
IPG strips were not suitable for second dimension analyses. A possible explanation 
of this unsuccessful result could be the transformation of urea e.g. its micro 
crystallisation during the resolubilisation of protein pellets during the extracts' 
preparation step. The proteins formed very solid and compact pellets after the clean-
up treatment and their solubilisation required prolonged vortexing, which despite 
taking precautions, could have led to overheating of the solutions. Another possibility 
is that due to low concentration of reducing agent in the lysis buffers, the proteins 
aggregated during the clean-up treatment and were not solubilised efficiently in the 
labelling buffer.  

On the other hand, in case of the extracts prepared following the extraction protocol 
II, the performed IEF resulted in good separation of proteins. The required voltage 
was reached and the IPG strips were suitable for second dimension analysis. 

2.5 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Following a procedure described by Görg et al. (2007) three homogenous sodium 
dodecyl sulphate (SDS) polyacrylamide gels were poured on 0.5 mm thick plastic 
backing, GelBond PAGfilm from GE Healthcare and prepared for second dimension 
run. SDS homogenous gel solutions were composed of: 12.5 % (w/v) 
acrylamide/bisacrylamide solution∗, 24 mM Tris-HCl pH 8.8, 0.1% (w/v) SDS, 5% 
(w/v) glycerol, 0.005 % (v/v) TEMED, 0.05 % (w/v) ammonium persulphate in Milli-Q 
water. Additionally, the gel solutions were deionised by mixing with Serdolit MB-1 
mixed bed ion exchanger resin, degassed with helium (99.99 % purity). 

Out of the six samples previously focused on IPG strips, three were taken for further 
analyses (one replicate of each of the C, D and E extracts from protocol II).  

                                                 
∗  12.5 % T (total acrylamide concentration in %) and 2.6% C (degree of cross-linking in %). 
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The strips were equilibrated two times for 15 min in equilibration buffer (50 mM Tris-
HCl, pH 8.8, 6 M urea, 30 % (v/v) glycerol, 2 % (w/v) SDS). The first equilibration 
step contained additionally 1 % (w/v) DTT whereas the second 2.5 % (w/v) 
iodoacetamide. Subsequently the IPG strips were mounted on top of the casted SDS 
polyacrylamide gels and sealed with 1 % (w/v) agarose solution. 

The second dimension electrophoresis was performed on an Ettan DALT twelve 
electrophoresis systems from GE Healthcare in two steps: first at 5 W per gel for 15 
minutes, second at 20 W per gel for approximately five and a half hours. The 
electrode buffer used during the second dimension electrophoresis contained 24 mM 
Tris, 200 mM Glycine and 0.1 % (w/v) SDS in deionised water. 

Subsequently the gels were silver stained using silver staining kit from GE 
Healthcare (Cat. No. 17-1150-01),  scanned and analysed by ImageMasterTM 2D 
Platinum 6.0 from GE Healthcare software. Figure 4 shows one of the silver stained 
gels with a tentative protein pattern allocation based on work of Hurkman and 
Tanaka (2007). 

 

Figure 4 Silver stained 2D electrophoregram of winter wheat seed proteins extracted by 
protocol II (extract D). I – HMW glutenin subunits, II – ω-gliadins, III – α and γ-gliadins and 
LMW-glutenin subunits, IV – LMW albumins and globulins (Hurkman and Tanaka, 2007). 

The silver stained SDS-PAGE gels allowed assessing the quality of the wheat protein 
separation in order to prepare for 2D DIGE experiments. The results depended on 
many steps of the analysis including the efficiency of IEF, proper transfer of proteins 
from IPG strips to SDS-PAGE gels, second dimension conditions and staining 
procedure. Therefore it has to be noted that even though the number of gels does not 
allow sound statistic results, conclusions based on the number of protein spots and 
their position on the gels can be drawn. All three gels resulted in well separated 2D 
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electrophoresis protein spot maps of the wheat extracts based on the in-house 
working standard. The mean number of detected spots was 1380 and the standard 
deviation was 39. This result is in good agreement with the one reported by Skylas et 
al. (2000) who, using 2D-PAGE resolved approximately 1300 proteins from wheat 
endosperm. 

2.6 Two dimensional fluorescence difference gel electrophoresis (2D DIGE) 

Based on the three extracts which gave favourable results (extraction protocol II) in 
all previously described analytical trials, three 2D DIGE gels were prepared.  

Appropriate volumes (corresponding to 50 µg protein content) of each of the protein 
extracts were labelled with 400 pmol of Cy3 and Cy5. Additionally an appropriate 
volume corresponding to 50 µg of an internal standard composed of a mixture of the 
three extracts (i.e. 16.7 µg of C, D and E) was labelled with 400 pmol of Cy2. For this 
a CyDye DIGE minimal Dye labelling kit from GE Healthcare (Cat. No. 25-8010-65) 
was used. After this, the labelled samples were incubated on ice in the dark for 30 
minutes. The reaction was stopped by adding one µL of 10 mM lysine solution. The 
labelled extracts were then mixed with a rehydration solution so that a final volume of 
450 µL per each sample was reached. Subsequently three 24 cm long ready IPG 
strips (pH 3 - 10) from BIO RAD (Cat. No 163 - 2042) were loaded with the labelled 
protein mixtures. Table 3 shows the design of the experiment. 

Gel1 Gel2 Gel3
Extract C Cy3 labelled Extract D Cy3 labelled Extract E Cy3 labelled
Extract C Cy5 labelled Extract D Cy5 labelled Extract E Cy5 labelled

(C + D + E) Cy2 labelled (C + D + E) Cy2 labelled (C + D + E) Cy2 labelled  
Table 3 Design of the DIGE experiment using three extracts of the working wheat standard. 

2D electrophoresis was performed applying the settings and solutions as described 
above. The SDS-PAGE gels were prepared as described above (point 2.5) with the 
exception that the solutions were poured into dust free low fluorescent glass 
cassettes (200 x 250 mm) (GE Healthcare, 2005b). 

2.6.1 Gel imaging and data analysis  

The resulting 2D DIGE gels were scanned using a Typhoon 9400 imager from GE 
Healthcare according to a protocol from GE Healthcare (GE Healthcare, 2005b). For 
optimal scanning parameters of the photomultiplier tube was set at 535 V and normal 
sensitivity was applied. The scanned gels were then cropped using the 
ImageQuantTL V 2003.03 software package from GE Healthcare and transferred for 
processing to the DeCyder software V 6.5 from GE Healthcare. 

Figures 5 and 6 show a single channel and an overlap of all three channels scans of 
one of the gels (gel 2) respectively with a tentative protein pattern allocation based 
on work of Hurkman and Tanaka (2007).  
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Figure 5 2D DIGE image - single channel (winter wheat extract D). I – HMW glutenin subunits, II 
– ω-gliadins, III – α and γ-gliadins and LMW-glutenin subunits, IV – LMW albumins and 
globulins (Hurkman and Tanaka, 2007). 

 
Figure 6 2D DIGE image - overlap of three channels (winter wheat extract D). I – HMW glutenin 
subunits, II – ω-gliadins, III – α and γ-gliadins and LMW-glutenin subunits, IV – LMW albumins 
and globulins (Hurkman and Tanaka, 2007). 
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2.6.2 Spot detection and data treatment 

Spot co-detection, normalisation, and quantitation were performed in the differential 
in-gel analysis (DIA) module of the DeCyder software with the following parameters: 
number of spots 5000; protein filter based on spot volume higher than 30000. 
Subsequently the images were transferred to the Biological Variation Analysis (BVA) 
module where their matching and statistical analysis between two groups of images 
(spot maps) was performed. The protein maps constructed form images of gels dyed 
with Cy3 and Cy5 were compared by a Student's t-test (p < 0.05). Additionally, a 
protein filter based on the number of spots present in all nine spot maps as well as 
on ranges of standardised volume ratios smaller than -1.5 or bigger than 1.5 was 
applied. Consequently all spots which were more than 1.5 fold different from the 
standardised volume ratios were considered as not relevant for the analysis. The 
applied instrumental settings were based on the optimal settings suggested by the 
software provider, which have the aim of reducing any possible uncertainty 
introduced by i.e. pipetting or error in protein quantification. 

3 Results and discussion 

The sensitivity of the fluorescent dyes is very high with a limit of detection (LOD) up 
to 400 pg of a single protein, and a linear dynamic range (LDR) of up to five orders of 
magnitude. In comparison the LOD for silver staining is in the region of one ng of 
protein with a LDR of no more than two orders of magnitude (Hrebicek et al., 2007; 
Lilley, 2004; Minden, 2007; Patton, 2002). Indeed, the number of protein spots 
detected on the 2D DIGE gels in the DIA module was much higher than the results 
obtained from the silver stained 2D gels. 

As shown in Table 4, the results obtained with the DeCyder™ software show high 
similarities expressed as number of similar spots detected within each gel. On each 
gel more than 97% of detected spots were similarly expressed even though there 
were some differences in these numbers for the different CyDye ratios. The number 
of spots detected in each of the three gels is similar and also can be a good indicator 
of resemblance between gels. One should remember however that these numbers 
include also gel artefacts, which can be due to sample preparation, running 
conditions as well as loss of proteins during and between the several steps of the 
experiment. These phenomena can also lead to additionally detected protein spots 
("charge trains"), which in reality are smears of larger spots (Zhou et al., 2005) or 
multiple proteins which are present in one spot (Yan et al., 2005). The reason for that 
can be incomplete separation of proteins which have similar properties. In very 
complexed protein mixtures, as wheat extracts, high quantities of a protein may 
overlap a smaller quantity of other proteins in their neighbourhood resulting in 
different number of spots in replicate gels.  

Taking into account the selected experimental design, ideally there should be no 
differences detected within and between the three gels.  

A Master Gel containing the largest number of spots detected was selected and the 
remaining two gels were matched to it using the BVA module (Table 4). Differences 
in protein expression between the two groups (extracts labelled with Cy3 and Cy5) as 
well as the Match Quality were determined. There was no statistically significant 
difference in the number of spots on Gel1 and Gel2, which were matched to the 
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Master Gel (Gel3). Furthermore, there was a low value of "match quality" score for all 
gels within the experiment. This indicates high similarities in the expression of the 
matched spots thus high morphological similarity and that the detection and 
quantitation of proteins are independent of the CyDyes used. 

Gel 
Number of Spots
 Included in DIA

Ratio
%

Decreased
%

Similar
%

Increased 
Matched 
in BVA

Match 
Quality

Cy2/Cy3 0.6 96.1 3.3
Cy2/Cy5 0.2 98.3 1.5
Cy3/Cy5 1.8 98.2 0.0
Cy2/Cy3 0.2 96.5 3.3
Cy2/Cy5 0.8 98.1 1.1
Cy3/Cy5 2.9 97.0 0.1
Cy2/Cy3 1.3 95.3 3.4
Cy2/Cy5 1.1 97.1 1.8
Cy3/Cy5 1.2 98.5 0.2

3556

3680

3868

1

2

3

2506

2444

3868

0.64

0.59

0.42

 
Table 4 Results of detection and match quality of proteins from three independent extractions 
of an in-house winter wheat standard. Gel 3 is the selected master gel. 

Indeed, 1812 spots were present in all nine spot maps indicating high resemblance 
between the gels. Only nine spots passed the applied filter indicating statistically 
significant difference (p < 0.05) between Cy3 and Cy5 labelled spots. After 
scrutinising the 3D view of these spots, only one of them was classified as a real 
protein spot, the rest being gel artefacts in the outskirts of the gels. 

4 Conclusions and perspectives 

The aim of the performed experiments, which was the elaboration of an optimal 
protocol for protein extraction from wheat whole grain samples was successfully 
fulfilled and allowed afterwards their analysis by the DIGE technique. 

The results encouraged use of the 2D DIGE technique for evaluating the protein 
expression among winter wheat samples grown in different agricultural systems.  
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Chapter IV 
 

Effect of the agricultural systems on the protein expression 
profilings of winter wheat analysed by the two dimensional 

fluorescence difference gel electrophoresis (2D DIGE) 
 

Małgorzata Szulc and Alain Maquet 
 
 

Abstract 

Certified winter wheat samples were analysed using the two dimensional fluorescence 
difference gel electrophoresis (2D DIGE) in order to check for any putative markers that 
could be used to distinguish analytically between organically and conventionally grown 
samples.  

When compared in groups of 2D DIGE gels according to year of harvest and environment of 
origin, in five out of six groups the conventionally grown wheat revealed protein spots, which 
expression was statistically significantly higher (p < 0.05) from their organic counterparts. 
Organic wheat samples were characterised by a smaller number of differently expressed 
protein spots in all the investigated groups. 

While the differently expressed protein spots from the conventional wheat samples were 
located in the acidic and/or high molecular weight (HMW) region of gels, the organically 
grown samples repeatedly showed higher expressed proteins in the basic and low molecular 
weight (LMW) region.  

Key words: wheat proteins, Two Dimensional Fluorescence Difference Gel Electrophoresis, 
agricultural systems 

1 Introduction 

The new EU Council Regulation (EC) No 834/2007, which will repeal Regulation 
(EEC) N° 2092/91 on 1st January 2009, recognises consumers' rights to make 
choices based on complete information about product ingredients and their origin. 
Primarily being a labelling regulation, it emphasises organic production standards as 
well as their inspection and supervision needs. However, so far declarations on food 
labels related to the perceived added value are rarely supported by analytical data, 
leaving the regulators to rely solely on auditing procedures to monitor compliance. In 
fact so far no method for authentication of organic food or for distinction from 
conventionally produced food has been proven to be suitable and validated (Siderer 
et al., 2005). 

To support the European Action Plan for Organic Food and Farming the European 
Commission's Joint Research Centre, Institute for Reference Materials and 
Measurements (EC JRC, IRMM) in Geel, Belgium undertook a exploratory research 
project to investigate the feasibility to analytically discriminate between organically 
and conventionally grown crops. A farm approach, which allows the control of 
parameters such as farm location, soil type, cultivar and physiological stage of the 
plant samples, was chosen for implementing the field experiments.  

Due to its worldwide importance, wheat was selected as study object. Certain trends 
in different expression levels of storage proteins, probably related to variation in 
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fertilisation practices between the two agricultural systems (Lu et al., 2005) have 
been reported in the literature. For that reason two dimensional fluorescence 
difference gel electrophoresis (2D DIGE) was chosen for to investigate whether 
differences in the proteom of winter wheat grains originating from a conventional and 
an organic production system exist. 

The 2D DIGE System from GE Healthcare is characterised by the use of size and 
charge-matched, spectrally resolvable CyDye™ Fluor minimal dyes for protein 
labelling (Cy2, Cy3 and Cy5). Each of the cyanine (Cy)-based fluorophores 
covalently attaches to a single lysine residue per protein within labelled sample. Cy3 
and Cy5 are used to label two samples loaded simultaneously on one gel while Cy2 
labels an internal pooled standard which is a mixture of all investigated samples 
within an experiment. The mixture of labelled proteins is then separated according to 
their net charges (isoelectric points) throughout isoelectric focusing (IEF) on 
immobilised pH gradient (IPG) strips in the first dimension, and according to their 
molecular weights on sodium dodecyl sulphate-polyacrylamide (SDS) gels in the 
second dimension of the electrophoresis system. The 2D gels are subsequently 
scanned using the Typhoon™ 9400 Variable Mode Imager from GE Healthcare. 
Each CyDye has different, typical excitation and emission energy, which allows 
capturing three images from each gel. After scanning, images are analysed with the 
DeCyder™ differential analysis software, which locates and analyses protein spots 
assigning statistical differences in their expression.  

This method substantially exceeds capacities of other similar methods due to its 
linearity, sensitivity, wide dynamic range and possibility to detect real differences 
between samples. The use of an internal standard reduces experimental gel-to-gel 
variation thereby increasing statistical confidence of results, which consequently 
allows reduction of the number of gels needed per experiment (Tonge et al., 2001).  

The major wheat grain protein types are the water-soluble albumins, the salt-soluble 
globulins, the alcohol-soluble gliadin monomers, and the high and low molecular 
mass glutenin subunits (DuPont et al., 2005). The solubility is affected by the strong 
association and cross-linking of proteins which result from disulphide bonds (Li and 
Lee, 2000; Redman and Ewart, 1971). The unique character and complexity of wheat 
proteins makes it a very difficult matrix for electrophoresis analyses (Lookhart et al., 
1989; Mak et al., 2006; Thiellement et al., 1987) as their high polyphenol content that 
builds irreversible complexes with proteins, relatively low protein concentrations in 
comparison to polysaccharides, and lipids can cause severe disturbances in the 2D 
gel (Westermeier, 2006).  

2 Materials and methods 

2.1 Winter wheat samples 

Winter wheat ears (Triticum aestivum L. cv. Cubus) grown in conventional and 
certified organic (managed according to Regulation (EEC) N° 2092/91 ) fields, in the 
Walloon region of Belgium, were collected in the harvesting seasons of 2005, 2006 
and 2007. 

In 2005 the samples originated from one environment in which the distance between 
the organic and conventional fields was seven km. In 2006, the samples were 
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collected from three different locations (environments) whereas in 2007, two 
locations were selected. To assure similar pedological and climatic conditions the 
distance between the organic and conventional fields was approximately four km 
except for the “environment three” in 2006 where the distance was 30 km. In both 
years (2006 and 2007) “environment one” was similar as well as the “environment 
two”. 

In each of the selected fields, three parcels (ca. 10 x 10 m) were delimited and 
separated from each other by ca. 15 – 20 m. Five subsamples were collected from 
each parcel. Each of the subsamples contained five ears collected from closely 
neighbouring stems. Grains were taken out manually from the collected ears and 
kept separately per parcel. 

The subsamples collected in 2005 were freeze-dried and ground under liquid 
nitrogen with a ball mill MM301 from Retsch two times 90 seconds at maximum 
speed (30 beats per second) each.  

The subsamples harvested in 2006 and 2007 were ground fresh under liquid nitrogen 
in a ball mill MM301 from Retsch two times 90 seconds at maximum speed (30 beats 
per second) each and subsequently stored at -30 °C until the measurement took 
place. 

The 2005 and 2006 subsamples were pooled so that there was one sample (field 
replicate) per each parcel. This resulted in three field replicates per each of the eight 
investigated fields. 

As regards the wheat material collected in 2007, from each parcel three subsamples 
were randomly chosen. Thus there were nine samples (field replicates) per each 
investigated field from both environments. 

2.2 Protein extraction 

Based on experience gained in a previous study the following extraction procedure 
was used: approximately 500 mg of the pulverised winter wheat material were 
weighed into polyalomer tubes, mixed with 10 mL of a solution containing 10 % TCA, 
1 mM TCEP and 0.1 % (w/v) of DTT in ice cold acetone, and stored overnight at –20 
°C. Subsequently the suspensions were shaken briefly and centrifuged at 15000 g at 
4 °C for 30 minutes. The resulting supernatants were removed and 5 mL of a solution 
containing acetone and methanol (2:1) was added to the pellet. The tubes were then 
shaken briefly and stored at -20 °C for one hour. Next, the solutions were 
ultracentrifuged at 40000 g at 4 °C for 30 minutes. The supernatants were carefully 
removed and the pellets were air dried in a dust-free flow, at room temperature. 
Subsequently 4 mL of 2D DIGE labelling buffer containing 7 M urea, 2 M thiourea, 4 
% (w/v) CHAPS and 30 mM Tris base was added to the pellet, vortexed briefly and 
kept at room temperature for one hour. During this hour the pellets were crushed at 
t=0, t=30 min and t=60 min and vortexed until major parts were broken. In the next 
step ultracentrifugation at 40000 g at room temperature for one hour took place. The 
resulting supernatants were transferred to new tubes. Their pH was adjusted to pH 
8.5 with 1 M NaOH. Depending on their viscosity additional portion of the 2D DIGE 
labelling buffer was added (usually up to 300 µL was sufficient) and the solutions 
were ultracentrifuged at 40000 g at room temperature for one hour. Protein 
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quantification in the obtained extracts was determined using a UV-VIS 
spectrophotometer UV 500 from Unicam, following a 2D-Quant-Kit from GE 
Healthcare (Cat. No. 80-6483-56) with bovine serum albumin (BSA) as standard (GE 
Healthcare, 2007b).The extracts were then stored at -80 °C until further proceedings. 

2.3 Design of the experiments 

Altogether 60 extractions were carried out and 30 2D DIGE gels resembling the 
sample collection design were prepared and analysed. 

From the field replicates from 2005 a set of three 2D DIGE gels was made. There 
were three sets (one per each of the investigated environments) of three 2D DIGE 
gels based on the samples collected in 2006; two sets of nine 2D DIGE gels were 
made out of the field replicates from 2007.  

2.4 Electrophoresis 

Protein labelling was performed using the CyDye 2D DIGE minimal dye labelling kit 
from GE Healthcare (Cat. No. 25-8010-65) according to the protocol recommended 
by the manufacturer (GE Healthcare, 2005b). 

Appropriate volumes (corresponding to 50 µg protein content) of each of the protein 
extracts were labelled with 400 pmol of Cy3 or Cy5. Additionally 50 µg of an internal 
standard composed of a mixture of the extracts within each set was labelled with 400 
pmol of Cy2. After this, the labelled mixtures were incubated on ice in the dark for 30 
minutes. The reaction was stopped by adding one µL of 10 mM lysine solution. The 
labelled protein extracts were then mixed with a rehydration solution so that each of 
the obtained samples reached a volume of 450 µL, and loaded by in-gel rehydration 
on 24 cm long IPG strips from BIO RAD (Cat. No 163 - 2042) with pH gradient from 
three to ten. The rehydration solution was composed of: 6 M urea, 2 M thiourea and 
0.5 % (w/v) CHAPS. Subsequently IEF was performed using an IPGphor II Unit from 
GE Healthcare. Based on previously optimised experimental conditions the following 
settings were used: 20 °C, 50 µA per strip, Step-n-hold 30 V for 12 hours then Step-
n-hold in 200 V for one hour, Step-n-hold in 500 V for one hour, Step-n-hold in 1000 
V for one hour, gradient increase to 8000 V in 30 minutes followed by Step-n-hold in 
8000 V until 52000 Vhr were reached. 

After IEF, strips were equilibrated two times for 15 min in equilibration buffer (50 mM 
Tris-HCl, pH 8.8, 6 M urea, 30 % (v/v) glycerol, 2 % (w/v) SDS). The first equilibration 
step contained additionally 1 % (w/v) DTT whereas the second 2.5 % (w/v) 
iodoacetamide. Subsequently the IPG strips were mounted on top of home casted 
homogenous sodium dodecyl sulphate (SDS) polyacrylamide gels and sealed with 1 
% (w/v) agarose solution. SDS homogenous gel solutions were prepared according 
to a procedure described by Görg et al. (2007) and were composed of: 12.5 % (w/v) 
acrylamide/bisacrylamide solution∗, 24 mM Tris-HCl pH 8.8, 0.1% (w/v) SDS, 5% 
(w/v) Glycerol, 0.005 % (v/v) TEMED, 0.05 % (w/v) ammonium persulphate in MiliQ 
water (Görg, 2007). 

                                                 
∗ 12.5 % T (total acrylamide concentration in %) and 2.6% C (degree of cross-linking in %). 
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In order to reduce background signal and improve the quality of results, the 
polyacrylamide solutions for 2D DIGE gels, were deionised by mixing with Serdolit 
MB-1 mixed bed ion exchanger resin, degassed with helium (99.99 % purity) and 
poured into dust free low fluorescent glass cassettes (200 x 250 mm) (GE 
Healthcare, 2005b). 

The second dimension electrophoresis was performed on an Ettan DALT twelve 
electrophoresis systems from GE Healthcare in two steps: first at 5 W per gel for 15 
minutes, second at 20 W per gel for approximately five and a half hours. The 
electrode buffer used during the second dimension electrophoresis contained 24 mM 
Tris, 200 mM glycine and 0.1 % (w/v) SDS in deionised water. 

2.4.1 Gel imaging and data analysis  

The gels were scanned using a Typhoon 9400 imager from GE Healthcare according 
to a protocol recommended by the manufacturer (GE Healthcare, 2005b). Depending 
on the need for optimal scanning parameters the photomultiplier tube was set in the 
range from 510 to 535 V. In each case normal sensitivity was applied. The scanned 
gels were then cropped using the ImageQuantTL V 2003.03 software package 
(Amersham Biosciences) and transferred for processing to the DeCyder software V 
6.5 from GE Healthcare. 

2.4.2 Spot detection and data treatment 

For each 2D DIGE gel spot co-detection, normalisation, and quantitation was 
performed in the Differential In-gel Analysis (DIA) module of the DeCyder software. 
The following parameters were used: number of spots 5000; protein filter based on 
spot volume higher than 30000. Subsequently the images were transferred to the 
biological variation analysis (BVA) module, where statistical analysis (Student's t test) 
and their matching to two defined groups of protein maps i.e. "Conventional" and 
"Organic" within each set of the 2D DIGE gels was performed. All calculations were 
computed at 95 per cent confidence limit. Changes in protein expression levels of at 
least 1.5 fold (based on standardised volume ratios) with regard to the samples' 
agricultural system of cultivation was taken into account. The applied instrumental 
settings were based on the optimal settings suggested by the software provider, 
which have the aim of reducing any possible uncertainty introduced by i.e. pipetting 
or error in protein quantification. 

Additionally, the spot maps resulting from the sets of 2D DIGE gels based on 
samples harvested in 2006 and 2007 were combined in two groups resembling the 
harvesting years and analysed with the DeCyder extended data analysis (EDA) 
module from GE Healthcare.  

Through creation of a template gel this module of the software allows comparison 
between different sets of gels. In addition to the univariate analyses, also multivariate 
analyses are possible to perform. Thus, it finds patterns in expression data (e.g. 
proteins and spot maps with similar expression profiles) and locates proteins that 
discriminate between different sample groups in order to find biological markers (GE 
Healthcare, 2005a). 
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3 Results and discussion 

Table 1 shows the number of protein spots, which were differently expressed 
between conventional and organic wheat samples according to the environments 
where they were grown and their years of harvest. 

Year of
harvest

Environment C > O * O > C

2005 3 43 1
1 0 5
2 138 92
3 4 2
1 131 17
2 77 3

2006

2007
 

Table 1 Number of protein spots differently expressed between winter wheat samples collected 
from organic (O) and conventional (C) agricultural systems.  

Depending on the geographical origin of the samples, we observed varying number 
of spots, which were differently expressed (at least 1.5 fold change) with regards to 
their agricultural system of cultivation. Furthermore, a considerable difference in 
these numbers could be observed among the harvest yeas. 

Apart from results obtained from "environment one" in 2006 the conventionally grown 
samples revealed a higher number of protein spots which were present in 
significantly higher (p < 0.05) amounts than from their organic counterparts.  

No common differently expressed proteins were found when results from the three 
environments from 2006 were combined in the EDA module of the DeCyder 
software. In 2007, 18 protein spots showed in both environments a statistically 
significant (p < 0.05) differential expression and at least a 1.5 fold difference in their 
abundance among the conventional and organic groups. The spot volumes of these 
proteins were larger for the conventional samples and were located mostly in the 
high molecular weight (HMW) region of the gels. 
Figure 1 shows the localisation of those 18 spots on the analysed gels. 
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Figure 1 2D DIGE electrophoregram of winter wheat proteins collected in 2007. Yellow colour 
indicates the 18 proteins spots which have in both environments higher abundance in 
conventional wheat samples than in organic ones. 

Figure 2 depicts exemplary "3D view" of a protein spot differently expressed among 
conventionally and organically grown samples. 

 

Figure 2 "3D view" of a differently expressed protein in conventionally (left) and organically 
(right) grown wheat. 

Several authors reported  an elevated wheat grain protein content and increased 
gliadin to glutenin ratios when the nitrogen fertilisation was increased under 
controlled growth condition (Gupta et al., 1992; Zhu et al., 1999). On the other hand 
relative amounts of albumins and globulins were reported to decrease (Dupont and 
Altenbach, 2003). 

The effect on gliadins was found to be more pronounced than on glutenins, as well 
as the effect on major protein types (α-gliadins, γ-gliadins, LMW subunits of glutenin) 
in comparison with minor types (ω-gliadins, HMW subunits of glutenin). The 
proportions of hydrophilic proteins (ω-gliadins, HMW subunits of glutenin) were 
increased by high levels of nitrogen whereas those of hydrophobic proteins (γ-gliadin, 
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LMW subunits of glutenin) were decreased by the same fertilisation practice (Jia et 
al., 1996; Wieser and Seilmeier, 1998).  

While it is difficult to compare results of studies where different sample growth 
conditions as well as different methods of protein extraction and analytical techniques 
were used, similarities regarding the quantity and localisation of the protein spots 
which were different between the conventional and organic winter wheat samples 
can be noticed between literature reports and results obtained in the present study.  

Throughout the fertilisation practices higher nitrogen input was applied in the 
conventionally managed fields selected in this project. This, combined with 
environmental and pedological conditions of the three different environments, 
resulted in statistically significantly higher (p < 0.05) total protein content in the 
conventional wheat grains collected in 2005, 2006 (environment one and three) and 
2007 (environment one). The result was opposite for samples harvested from 
environment two in both 2006 and 2007.  

Indeed, the generally higher number of highly expressed proteins in the conventional 
samples can be seen as reflection of the higher input of nitrogen fertiliser on the 
conventionally managed fields. The detected protein spots of interest on the 
analysed spot maps constantly showed that the higher differently expressed protein 
spots from the conventional samples were located in the acidic and/or high molecular 
weight (HMW) region of the gels. This could suggest higher gliadin and HMW 
subunits of glutenin content.  

On the other hand, the higher expressed proteins for the organic samples repeatedly 
could be found in the basic and low molecular weight (LMW) region of the gels. This 
result can indicate than organic samples demonstrate higher expression of 
metabolically active proteins, which include the LMW albumins and globulins. 
However, identification of the selected spots e.g. using matrix assisted laser 
desorption/ionization time-of-flight (MALDI-ToF) was not performed.  

It has to be underlined that the degree of the effects on both quantities and 
proportions of wheat protein groups and gluten protein types strongly depends on the 
analysed wheat variety (Wieser and Seilmeier, 1998). This factor was excluded from 
our consideration as only one winter what variety was analysed. Nonetheless, it is an 
indication that the presented results can differ in case another wheat variety is 
analysed following the described procedure. 

4 Conclusion 

Based on the results of the 2D DIGE experiments carried out within the exploratory 
research project no decisive universal protein marker for distinguishing 
conventionally and organically grown winter wheat was found.  

Nonetheless a certain trend towards more abundant protein spots located in the high 
molecular weight and/or the acidic regions of 2D gels was observed for samples of 
conventionally grown wheat form the different environments analysed separately. 
Contrary, protein spots which showed higher abundance for organic samples tended 
to be located in the alkaline and low molecular weight region of the gels.  
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Application of a multivariate experimental design approach for 
maximisation of the observed differences between organically 

and conventionally grown winter wheat analysed with the copper 
chloride crystallisation method 
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Abstract 

A response surface methodological approach was applied to investigate the best 
experimental conditions for the copper chloride crystallisation method used to distinguish 
between traceable certified conventional and organic winter wheat samples. The influence of 
temperature, relative humidity and volume ratio (cupric solution / plant extract) and their 
respective interactions were examined. Scanned images of crystallograms were evaluated 
by an image analyser. The investigated responses were the differences among mean 
frequencies of grey intensities within defined ranges. 

Higher temperature and volume ratio were found to be inversely correlated with differences 
in grey intensities among crystallograms prepared from samples originating from two 
agricultural systems. Relative humidity showed less influence on all investigated responses. 
Experiments, carried out under the best predicted experimental conditions i.e. T 15 °C; 0.32 
VR; 50% RH revealed a high statistical difference (p < 0.001) among the groups of samples. 

Keywords: multivariate experimental design, copper chloride crystallisation, winter wheat, agricultural 
systems 

1 Introduction 

The copper chloride crystallisation method, first introduced by Pfeiffer in 1930 
(Andersen, 2001; Pffeifer, 1930), finds its application in medical and agricultural 
research (Barth, 1990; Knijpenga, 2001; Rozumek, 2004; Shibata et al., 2000). The 
aim of the latter use is to verify the quality of food products (their freshness, vitality or 
effects of food processing) and to examine the effects of different agricultural 
systems on the pictomorphological properties of selected crops. 

The method is based on a phenomenon of spontaneous dendritic pattern formation 
during crystallisation from aqueous solutions that contain organic components i.e. 
plant extract and copper chloride (Giegé et al., 1986). The mechanism of the reaction 
is not yet fully understood (Andersen, 2001; Gallinet and Gauthier-Manuel, 1992) 
since no single cause alone can explain the influences of additives on crystal growth 
(Barth, 1997). There is an ongoing research on the factors, as well as developing a 
quality concept for embedding terms like “vital” or “integrity” as appealed in the EU 
Council Regulation (EC) No 834/2007 for organic products (Commission of the 
European Communities, 2007) carried out by the Triangle Research Group∗. 

                                                 
∗ Triangle Research Group comprising researchers from three institutions i.e. the University of Kassel 
(UniKa), Germany, the Louis Bolk Instituut (LBI), the Netherlands and the Biodynamic Research 
Association Denmark (BRAD). 
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Pure cupric chloride crystals have an orthorhombic lattice that is bluish/greenish in 
colour (Shibata et al., 1998). Usually it precipitates in form of elongated prismatic 
needles (Emmerich et al., 2000; Leray, 1968) whereas impurities in the crystallising 
solution can stunt the growth of a crystal in certain directions (Mullin, 2004; Tardieu 
et al., 2001). Indeed it has been reported that apart from the crystallisation 
conditions, major influences on the dendritic structure e.g. coordination of stems, 
incurvation regularity of ramification angles, etc. appear due to macromolecular 
compounds of the additives, their quantity and quality (Barth, 1997). Furthermore, 
several authors suggested that co-ordination of the crystallographic pattern formation 
in some way is related to the adsorption of proteins and/or other nitrogen 
components to copper atoms (Shibata et al., 2000; Shibata et al., 1996). Also the 
colloidal properties of the mixture and the particle size distribution of substances in 
suspension play an important role in the dendritic pattern formation (Barth, 2004, 
Kahl et al, 2004, Kahl, et al. 2006; Busscher et al, 2009).  

In case of plant extracts the mentioned properties, are correlated to the plant 
species, variety and growing conditions (nature of soil, method of cultivation) but also 
post-harvest treatments (Andersen, 2005; Barth, 2004). For instance, a number of 
studies comparing different crops originating from organic and conventional 
agricultural systems have shown noticeable higher nitrogen content in the latter 
(Fleury et al., 1994; Kaack et al., 2001; Mäder et al., 1993; Poudel et al., 2002; 
Rapisarda et al., 2005). 

A major limitation of the copper chloride crystallisation method is the lack of 
standardised and objective methods for a reliable interpretation of the morphological 
features of the crystallographic images. For that reason, the evaluation has been 
mainly based on visual evaluation. However, in recent years also computerised 
image analyses of the texture of crystallograms have been proposed i.e. use of the 
Applied Crystallisation Image Analysis (ACIA)∗ (Andersen et al., 1999, Busscher et 
al., 2009) software package based on a grey level co-occurrence matrix algorithm. 
Some attempts have also been made as regards computerised structure analysis of 
crystallograms (Engelsmann and Ersbøll, 2003). 

A crystallising solution is a system in which three variables can be considered, i.e. 
temperature, pressure and concentration (Mullin, 2004). The driving force for 
crystallisation is the level of supersaturation during crystallisation, which results from 
cooling and evaporation thereby decreasing the solubility of a solute in a solvent. 
High supersaturation causes incorporation of the impurities (in case of copper 
chloride crystallisation these are components of a plant extract) within the crystal 
lattice (Genck, 2003, 2004). Certain crystallisation conditions (mainly temperature) 
result in different crystal growth speeds, which influence fluctuations in the 
crystallising solutions (Fleury et al., 1994). Atmospheric pressure has been reported 
to have minimal effect on the equilibrium between liquids and solids during the 
crystallisation process (Mullin, 2004). Relative humidity slightly changes the pressure 
inside a climatic chamber; however these changes can be considered as negligible in 
comparison with the value of the atmospheric pressure. More detailed studies on the 
copper chloride crystal growth are available from the literature (Andersen, 2001; 
Ballivet et al., 1999; Engquist, 1970; Kleber and Steinike-Hartung, 1959). 

                                                 
∗ This software is not commercially available and its intellectual property belongs to the "Verein für 
Qualitätsforschung - Bildschaffende Methoden e.V.”, Witzenhausen, Germany. 
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The objective pursued in this study was to optimise the experimental conditions for 
the copper chloride crystallisation method and define response variables in order to 
maximise any possible observable difference between crystallograms prepared from 
organically and conventionally grown winter wheat samples which crystallise in a 
commercially available climatic chamber and are analysed with commercially 
available image analysis software.  

In addition to computerised analyses of crystallograms, their microscopic analyses 
were performed in order to obtain a more detailed view on the crystallographic 
patterns and try to explain the structure of the crystallographic formations. 

2 Materials and methods 

2.1 Experimental design 

To optimise the experimental conditions a multivariate experimental design was 
carried out using the MODDE 5.0 software from Umetrics AB, Sweden. A multilinear 
quadratic model, with factor (variable) interactions, was selected. This design 
enables the model to fit the experimental data with the following equation type: 

Y = ß0 + ß1A1 + ß2A2 + ß3A3 + ß11A12 + ß12A1A2 + … + ε  Eq. 1 

where Y is a selected response, ß are the multilinear regression coefficients and A1 
to Ai are the variables or factors. ß0 refers to the independent term, ß11 refer to 
quadratic and ß12 to interaction terms, respectively. ε refers to the error or the fraction 
of experimental data which can not be explained (fitted) by the model, hence not 
modelled as it is included in the confidence interval of the predicted responses. 
Consequently, multilinear regression analysis is applied to establish a response 
surface and predict the best experimental conditions. 

2.2 Plant material 

Winter wheat ears were collected from conventional and organic (managed 
according to Council Regulation (EEC) N° 2092/91) fields, at the Walloon region of 
Belgium in the harvest season 2003/04 (agreement with the Belgian Organic Farmer 
Association – UNAB). In order to assure similar pedological and climatic conditions, 
the distance between the organic and conventional fields was not exceeding 0.2 km. 
In each field, three parcels (ca. 10 x 10 m), separated from each other by ca. 15 to 20 
m, were delimited. Five subsamples (five times five neighbouring wheat ears) were 
collected from each of the parcels. Table 1 shows the details of crop fertilisation and 
management practices on the selected fields.  
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Wheat variety
Agric. 

System
Sowing 

date
Harvest 

date
Yield 
(T/ha)

Fertilisation Crop rotation

“Napier” C 13/10/2003 09/08/2004   ±11

N solution  175 L/ha
N solution  75 L/ha
Mixture*  290 kg/ha

22N + 7 MgO 370 kg/ha

2003 Pea
2002 Winter wheat

2001 Chicorea

“Bussard” and 
“Monopol”

(mixture 50/50)
O 20/11/2003 09/08/2004   ± 4 None

2003 Clover
2002 Triticale/Oat/pea

2001 Maize  
Table 1 Field experiment and management practices in the selected organic (O) and 
conventional (C) fields during the 2003/04 growing season. *40% Chloride + 6 MgO + 5 Na2O 

Wheat grains were taken out of the ears manually, lyophilised to enhance stability of 
the plant material and stored at a temperature of 4 °C. The samples were then 
pooled according to their agricultural system of cultivation and ground under liquid 
nitrogen with a ball mill MM301 from Retsch (two times 90 seconds at maximum 
speed i.e. 30 beats per second each).  

Soil analyses have been performed by the Service Pédologique de Belgique – SPB 
in Leuven, Belgium. All the fields were loamy soil, consisting of a mixture of sand, 
clay and decaying organic materials.  

2.3 Sample preparation 

The simultaneous effects of three variables i.e. temperature (T) and relative humidity 
(RH) in the crystallisation chamber and the volume or mixing ratio (VR)∗ at three 
levels (low, medium and high) were investigated. In order to cover the most 
representative experimental region of interest based on previous trials, the selected 
factor ranges were as follows: T from 20 to 40 °C, RH from 40 to 60 per cent and VR 
from 0.32 to 0.8. The model required twelve experiments plus three experiments at 
the centre of the experimental region to assess the method repeatability (Table 2). 
Each of the 15 experimental conditions was investigated on a separate day where 
three replicates of crystallograms prepared from organic and three replicates 
prepared from the conventional samples were crystallised simultaneously.  

Wheat extracts were prepared by extracting a test portion of 1 g of the ground plant 
material with 50 mL of Milli-Q water from Millipore, Belgium at room temperature for 
one hour in a Turbula mechanical shaker from Turbula Maschinenfabrik, Switzerland. 
The test solutions were then filtered two times with a medium speed filter paper (MN 
640 md, from Macherey-Nagel GmbH & Co., Germany). As required by the 
experimental design a suspension containing an appropriate ratio of an aqueous 
solution of CuCl2 dihydrate (0.8 mL, 10 % (w/v) to a certain volume of the plant 
extract and an appropriate volume of Milli-Q water was prepared. In total, 6.5 mL of 
such a suspension were poured on glass plate for the crystallisation experiments.  

The glass plates were made of Borofloat 33 glass with the following specifications; 
diameter 90 mm, thickness 3.3 mm ± 0.2; maximum deviation from flatness, 70 µm 
for 300 mm edge length. In order to create a dish out of the plain glass plates 3.3 mm 
plane O-rings were fixed on the plates with acid-free vaseline. For the predicted best 

                                                 
∗ Ratio of copper chloride to plant extract volumes. 
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experimental conditions, experiments have been carried out using 100 mm diameter 
glass plates and O-rings of 35 mm height∗∗. 

Prior to use the following cleaning procedure has been used: glass plates were 
placed in a 0.1 M solution of Na2CO3 overnight, then washed with pure water, dried 
and rinsed with ethanol (at least 30 minutes before pouring of the solution to be 
crystallised).  

2.4 Instrumentation 

Crystallisation took place in a climatic chamber Sapratin Excal 2211-HA from Climats 
Sapratin, France, which enables maintaining stable conditions of temperature and 
relative humidity. Keeping the conditions inside the chamber constant required the 
use of double flow ventilation in the chamber. Crystallising solutions were poured on 
glass plates placed on a metal plate inside the climatic chamber. Because airflow 
variations or vibrations should be kept at the lowest possible rates (Andersen et al., 
1998), the metal plate did not touch the climatic chamber walls, but it was attached to 
the ceiling of the laboratory. However, it has to be underlined that no precise data are 
available yet in the literature on the acceptable values for airflow or vibrations. This 
simple solution considerably reduced the vibrations caused due to the compressors 
of the climatic chamber. The inner airflow may be a source of unintended air 
convections around the crystallisation plates. In order to choose an accurate position 
of the metal plate (one, which would pose a minimal effect on the surfaces of the 
crystallising solutions), measurements of the airflow have been conducted by placing 
a Testo 400 device from Testo NV/SA, Belgium at different levels and positions of the 
climatic chamber. The level at 22 cm from the bottom of the central chamber heating 
region was chosen as the best position for the metal plate. The mean value of the 
airflow at this level was 0.29 m/s.  

Several authors report that the entire crystallisation process (the evaporation phase 
together with the dendritic pattern formation time – so called crystallisation time) lasts 
between 8 and 15 hours (Andersen et al., 2001; Kahl et al., 2004). In case of the 
conducted experiments the crystallisation process was run overnight and the time 
parameter was not monitored. However, a random inspection gave us information 
that the crystallisation process in the utilised climatic chamber did not surpass 8 
hours.  

All crystallograms were scanned using a LabScannerTM from GE Healthcare, Sweden 
with image capturing settings as follows: 16 bits/pixel, with 65536 of possible grey 
levels, resolution: 1200 dpi, brightness: 50.4, contrast: 100, blue filter, and in a 
transparent mode. The crystallograms were maintained at a fixed position on the 
scanner plate, hence assuring identical scanning conditions between different 
images. 

Consecutively, each crystallogram image was cropped by delimiting a Region of 
Interest (RoI) which was a squared area including most of the dendritic pattern (ca. 
40 per cent of the total area of the glass plate and excluding defects that had arisen 
on the edges of the glass plates. The size of the RoI was the same for all the 
analysed images. Figure 1 illustrates a crystallographic image with a delimited RoI.  

                                                 
∗∗ Kindly made available by the University of Kassel, Germany. 
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Figure 1 Scan of a crystallogram with delimited RoI of a copper chloride solution crystallised in 
the presence of a winter wheat extracts. Conditions of crystallisation: T 15 °C; 0.32 VR; 50% 
RH. 

After that each RoI was analysed using the ImageMasterTM software from GE 
Healthcare. It should be mentioned that this software was designed to be used for 
the analysis of scanned gels in two dimensional electrophoresis (Appel et al., 1988; 
Appel et al., 1997; Engelsmann and Ersbøll, 2003). 

The algorithm of this software is based on computing the second derivatives and the 
Laplacian for all the points of an image, which is represented as a function f where 
f(x, y) is the optical density of an image at the point (x, y). The sum of the second 
derivative of the function along the x and y coordinates is most negative at the top of 
a “mountain”, that is at local peaks. This in fact means that according to the pattern 
smoothness and curvature of the image the software divides it into small areas called 
“spots”, which are the detected, most negative values of the Laplacian and the two 
second derivatives (Appel et al., 1991).  

Several combinations of spot detection parameters were submitted to investigation. 
Frequency distributions of the number of detected spots which had certain 
intensities∗ were then calculated in Microsoft Excel. Because the values of the grey 
level can vary from zero (black) to 65536 (white) the frequency distributions were 
divided into defined ranges of 500 and depicted graphically in form of histograms in 
which the frequency of grey intensity means the number of spots as a function of the 
specific grey level. The higher the grey level the brighter is the region. 

The best differentiation between crystallogram images prepared from conventional 
and organic wheat samples was obtained by using the following spot detection 
parameters: saliency of 200; minimum area of 5; smoothness of 5. These settings 
allowed detection of approximately 5000 spots per image. 

The microscopic analysis of the biocrystallograms was executed by the use of a 
Leica MZ12 microscope from Van Hopplynus, Belgium.   

                                                 
∗ Spot intensity is based on the highest grey level value of pixels in each spot. 
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3 Results and Discussion 

3.1 Statistical evaluation of the results 

The experiments’ number code and their respective responses are listed in Table 2. 
Coded values represent each factor set at its higher (1), medium (0) or lower (-1) 
level (L). Responses are expressed as differences between the mean values of the 
replicated set of experiments of the two agricultural system (with n equal to three) for 
two defined grey level intensity ranges (number of spots within a certain grey 
intensity range), which proved to give the best distinction between the two groups of 
crystallogram images (conventional and organic). This way the difference in grey 
level intensities ranging from five to seven (x103) is identified as Diff5-7 while the one 
within the ranges from 13 to 15 (x103) is identified as Diff13-15. The table shows also 
p-values, calculated to identify whether there are any statistically significant 
differences at 95 per cent confidence level between samples originating from the two 
considered agricultural systems. 

No T (˚C) L RH (%) L VR L
Diff5-7

(C - O)
p-value

Diff13-15

(O - C)
p-value

1 20 -1 40 -1 0.56 0 86.1 0.003 32.0 0.004
2 40 1 40 -1 0.56 0 12.8 0.598 25.7 0.092
3 20 -1 60 1 0.56 0 18.5 0.353 20.0 0.117
4 40 1 60 1 0.56 0 7.1 0.535 18.5 0.010
5 20 -1 50 0 0.32 -1 150.6 0.000 77.5 0.001
6 40 1 50 0 0.32 -1 -38.6 0.181 -33.9 0.049
7 20 -1 50 0 0.80 1 -10.1 0.731 6.4 0.665
8 40 1 50 0 0.80 1 36.1 0.055 18.3 0.090
9 30 0 40 -1 0.32 -1 42.8 0.167 31.5 0.013

10 30 0 60 1 0.32 -1 3.5 0.960 4.1 0.597
11 30 0 40 -1 0.80 1 -115.7 0.004 -53.5 0.018
12 30 0 60 1 0.80 1 -40.7 0.007 -25.7 0.005
13 30 0 50 0 0.56 0 25.9 0.182 8.9 0.362
14 30 0 50 0 0.56 0 -22.9 0.270 5.4 0.542
15 30 0 50 0 0.56 0 36.4 0.120 21.9 0.086

Investigated factors and their respective levels Responses

 

Table 2 Experimental results for the fractional factorial design. T: temperature; RH: Relative 
Humidity; VR: volume ration (copper chloride solution / plant extract); Diff5-7 and Diff13-15 are 
differences in grey levels in the ranges from five to seven (x103) and from 13 to 15 (x103) 
respectively; "O" stands for organic, "C" for conventional.  

In most cases the frequency of grey intensities (number of spots within a certain grey 
intensity range) for the crystallograms based on the conventionally grown wheat 
grains were higher at lower range therefore darker regions i.e. from five to seven 
(x103). An opposite situation was detected at higher range of intensities, i.e. 
crystallograms prepared from organically grown wheat grains had higher spot 
frequency at higher levels of grey intensities (13 to 15 (x103)), which constitutes the 
brighter region. Hence the model equation for the difference (Conventional – 
Organic) in frequency of the grey intensities within the range of five and seven (x103) 
is given by: 

Diff5-7 (C - O) = -10.1 – 28.5 T – 36.1 VR + 42.9 T2 + 58.9 (T*VR)   Eq. 2 
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Similarly, for the difference in the frequency of the grey intensity from organic minus 
conventional, and for the range 13 to 15 (x103) the model equation is as follows: 

Diff13-15 (O - C) = -1.1 – 13.4 T – 16.7 VR + 21.6 T2 + 30.8 (T*VR)  Eq. 3 

The highly significant interaction effect between temperature and volume ratio 
indicates that the effect of volume ratio on the response strongly depended on 
temperature. At the highest level of volume ratio (0.8) the effect of changing the 
temperature from its low to high value (20 to 40 °C) was rather small (for both 
responses) while a highly significant effect occurred for both responses if the volume 
ratio was kept at its lower value (0.32) and changing the temperature from its high to 
low value. 

Figure 2 presents the response surface for one selected response - the difference in 
the frequency of grey intensity for the region from five to seven (x103).  

 
Figure 2 Response surface plot of a selected response (difference in the frequency of grey 
intensities between conventional and organic). Relative humidity has been kept constant at 
50%. 

The obtained model fits the experimental data to an extent of 75.0 and 69.0 % for the 
two investigated responses respectively. 

The best experimental conditions were estimated based on the response surface and 
the model equation. The results of this exercise are presented in Table 3.  

Predicted "best experimental 
conditions" 
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T (˚C) RH (%) VR
Diff5-7

(C - O)
Diff13-15

(O - C)
15 60 0.32 253.5 130.7
15 50 0.32 253.5 130.7
20 60 0.32 156.2 81.5
20 50 0.32 156.2 81.5
25 50 0.32 8.0 43.2
30 60 0.32 26.0 15.7

Investigated factors Responses

 

Table 3 Selected experimental conditions and their respective model responses. T: 
temperature; RH: Relative Humidity; VR: volume ration (copper chloride solution / plant 
extract); Diff5-7 and Diff13-15 are differences in grey levels in the ranges from five to seven (x103) 
and from 13 to 15 (x103) respectively; "O" stands for organic, "C" for conventional.  

It can be easily noticed that increasing the temperature from 15 to 30 °C caused a 
sharp decrease in the differences between the two investigated agricultural systems 
in both of the predicted responses. 

3.1.1 Temperature 

When changing temperature from its low to high levels both responses i.e. Diff5-7 and 
Diff13-15 decreased, indicating that this factor is inversely proportional to them. The 
effect of increasing temperature from 20 to 40 °C was more significant for the 
difference in darker grey regions where the images based on the conventionally 
grown samples showed higher frequency of grey intensity in the detected spots. 
Moreover, a strong curvature of the response surface was identified requiring second 
order terms in the model for fitting the experimental data. Indeed, the estimated 
regression coefficients of the quadratic terms related to the temperature were 42.9 
for the Diff5-7 response and 21.6 for the Diff13-15 response respectively. 

Temperature had a critical influence on the optimisation of the differences between 
crystallograms prepared based on wheat samples harvested from the two agricultural 
systems under consideration.  

3.1.2 Volume ratio 

Also the volume ratio proved to play an important role in the observed difference 
between images of crystallograms prepared from conventionally grown and 
organically grown wheat grains mainly for the darker grey levels (five to seven 
(x103)). A regression coefficient with a value of -36.1 (Eq. 2) suggests that an 
increase of the volume ratio inversely affects the difference between the images of 
crystallograms based on conventionally and organically grown wheat grains (C – O) 
i.e. increasing the volume ratio used in the crystallographic experiment, a lower 
difference between the images should be observed.. For brighter grey levels (13 to 
15 (x103)) its effect is less influential (regression coefficient equal to -16.7).  

Additionally a strong first-order interaction was identified between temperature and 
volume ratio (T*VR) with regression coefficients of (58.9 and 30.8 for "C – O" within 
the range five to seven (x103) and for "O – C" within the range 13 to 15 (x103), 
respectively. This indicates a strong link between the two investigated variables i.e. 
the effect of one variable highly depends on which level (high or low) the other 
variable is set. 
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3.1.3 Relative humidity 

Variation of the relative humidity within the chosen experimental region (from 40 to 
60 %) had no significant effect as judged by the multilinear regression coefficients, 
which were statistically not significant. Therefore, this variable has been excluded 
from the model. However, it does not exclude the importance of keeping humidity 
under controlled and stable conditions over the crystallisation process. Some of our 
experiments, conducted apart from the described set, had shown that the stability of 
this variable is crucial for the homogeneity of the dendritic pattern. Furthermore, 
crystallisation in higher percentage of relative humidity i.e. above 60 did not succeed 
at all.  

4 Predicted conditions – experimental results 

A set of experiments in the predicted optimised conditions was performed. For this 
purpose the same plant material and the same sample preparation procedure as 
described above, was used. The inner conditions of the climatic chamber were kept 
at 15 °C and 50 per cent relative humidity; the volume ratio was 0.32. Also the 
applied scanning conditions and image analysis procedure was the same as the 
previously described.  

The obtained responses emulated the predicted ones to a great extend, which 
confirmed the fitness for purpose of the model. Highly statistically significant 
differences were found for both of the investigated regions. The response for the 
Diff5-7 was equal to 131.1 (p < 0.001) while the Diff13-15 was 111.6 (p < 0.001). Both 
values lay within the predicted range of responses from the model. 

Additionally, a statistically significant difference in intensity frequencies (p < 0.001) 
has been found for much wider range of the brighter region (covering the region from 
12.5 to 26.0 (x103). The results are illustrated in Figure 3.  
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Figure 3 Frequency distribution of grey intensities detected in organic and conventional wheat 
crystallograms prepared with the best predicted conditions (T 15 °C, 0.32 VR, 50% RH). 
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5 Microscopic analysis 

Because the mechanism of the spontaneous reaction that occurs during the 
crystallisation with additives process is not yet fully understood, we decided to place 
the main emphasis on the analysis of the crystallisation centres (nucleations) and the 
structure of the dendrites. 

Much smaller differences in morphological features of the stems, branches and 
needles have been found between crystallograms of organic and conventional wheat 
crystallised at a temperature higher than 20 ˚C. In most cases those nucleations 
were evenly distributed with transparent formations between the branches. In fact a 
lower temperature during the crystallisation process seemed to have a productive 
influence on the number of stratums in the nucleations. Crystallograms with higher 
volume ratio values (0.56 and 0.8) had more crammed patterns with thin needles 
packed very densely.  

We observed colourful arrangements along the main stems (colours resembling the 
white light spectrum) as well as irregular colourful formations in shape similar to 
flowers or leaves. This phenomenon occurred more often in the conventional 
samples that crystallised at 20 ˚C or lower temperature and were absent in the 
crystallograms prepared from organic wheat samples that crystallised in the predicted 
conditions.  

Indeed the best distinction was obtained from the microscopic analysis of the 
crystallograms that had crystallised in the predicted optimised conditions (i.e. T 15 
°C, 0.32 VR, 50 % RH). There were fewer nucleations (one or two per crystallogram) 
in case of the organic wheat than in case of the conventional samples (four to six 
centres per crystallogram). The organic nucleations were brighter, softer, more 
transparent and evenly spread in the organic wheat samples while the conventional 
ones seemed to be more compact, built up of multilayer, forming more spaces 
between the branches. Additionally, a number (up to five per one crystallogram) of 
colourful crystal formations was observed in crystallograms based on the 
conventional wheat samples. In contrast these formations were absent in the organic 
samples (Figure 4).  

  
A B 

Figure 4 Nucleation in crystallograms prepared from organic (A) and conventional (B) winter 
wheat samples using the predicted best experimental conditions (i.e. T 15 °C, 0.32 VR, 50% 
RH). Images enlarged 40 times. 
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6 Conclusions 

Results of these investigations indicate that temperature and the volume ratio 
between the copper chloride and the plant extract have a crucial effect on the 
maximisation of the differences observed in the frequency of grey intensities in 
images of crystallograms prepared from winter wheat samples originating from the 
two investigated agricultural systems. Inversely, relative humidity proved to have a 
minor role in this optimisation (statistically irrelevant). Highly significant interaction 
effect was identified between temperature and volume ratio thus indicating the effect 
of one variable highly depends on which level (high or low) the other variable is set. 
This could not be estimated without using a multivariable experimental approach. 

The predicted best experimental conditions i.e. T 15 °C, 0.32 VR, 50% RH 
maximised the difference between the frequency of grey intensities both for the 
darker and the brighter ranges of image grey levels. As the crystallograms prepared 
from the conventional wheat samples appeared to have more compact structure of 
the stems, the spaces between them resulted in dark areas. These dark areas were 
more frequent in the crystallograms based on the conventional wheat samples than 
in their organic counterparts.  

It can be concluded that experiments, carried out using the described commercially 
available equipment, under optimised experimental conditions allowed the 
differentiation between the examined organic and conventional winter wheat 
samples. Yet, one has to remember that the examined samples differed in variety, 
originated from one environment and only one harvesting season. Therefore, it is 
possible that this result cannot be repeated in case other wheat varieties are 
examined.  

Because of technical drawbacks related to the use of the Sapratin Excal 2211-HA 
chamber i.e. airflow, vibrations as well as the incompatibility of the proposed 
crystallogram evaluation to other methods used in the copper chloride crystallisation 
field, it was decided to continue research on the application of the method in 
collaboration with the Triangle Research Group. This initiative comprises researchers 
from three institutions i.e. the University of Kassel (UniKa), Germany, the Louis Bolk 
Instituut (LBI), the Netherlands and the Biodynamic Research Association Denmark 
(BRAD), who use standardised sample preparation and evaluation protocols and 
have many years of experience in the application of the method for quality grading of 
foods. 
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crystallisation method and visual evaluation 
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Abstract 

Conventional and organic winter wheat grain samples with traceable origin, collected in the 
2006 and 2007 harvest seasons were assessed by a standardised copper chloride 
crystallisation method. Resulting crystallograms of blind samples were evaluated visually by 
trained evaluators in three steps: description of all sub-samples, grouping of the sub-samples 
and classification of the groups into organic and conventional.  
Up to 80 % of correct grouping reflecting sample origin (field and environment) was achieved 
for crystallograms based on winter wheat samples harvested from two different environments 
in 2006 and 2007. Classification of samples according to cultivation system was correct in 40 
% of bulk samples; however, it was either not correct or not possible in case of field 
replicates. 
Significant improvement in correct grouping by training (from 67 % in the training year 2006 
to 100 % in the test year 2007) was achieved.  

Keywords:  Copper chloride crystallisation, visual analysis, winter wheat, agricultural systems 

1 Introduction 

Parallel to the growth of the market for organic food there is a demand for validated 
analytical methods allowing authentication of organic products (Siderer et al., 2005). 
Several authors indicate that holistic methods, such as copper chloride 
crystallisation, are particularly suitable for authentication of organic crops (Alföldi et 
al., 2006; Andersen, 2005; Mäder et al., 1993; Meier-Ploeger, 2001; Meier-Ploeger 
and Roeger, 2004; Woese et al., 1997).  

Crystallisation patterns emerge when an aqueous copper chloride (CuCl2·2H2O) 
solution is crystallised on a glass dish in the presence of an aqueous plant extract. 
The appearing patterns are characteristic for this type of sample material (organic vs. 
conventional) (Selawry and Selawry, 1957).  

The copper chloride crystallisation method comprises two distinct steps: first, the 
sample preparation according to standardised protocols with subsequent evaporation 
and crystallisation in closed climatic chambers (Andersen, 2001; Andersen et al., 
2001; Kahl, 2007) second, standardised evaluation of the dendritic patterns 
(Andersen, 2001; Andersen et al., 1999; Engquist, 1975; Kahl et al., 2003; Kahl et al., 
2004; Schudel et al., 1980). 

There is an ongoing research on the factors, as well as developing a quality concept 
for embedding terms like “vital” or “integrity” as appealed in the EU Council 
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Regulation (EC) No 834/2007 for organic products (Commission of the European 
Communities, 2007) carried out by the Triangle Research Group∗. 

In the last decade, two approaches to the evaluation of crystallographic patterns 
based on their visual and computerised examination were elaborated. The first is 
based on evaluating and interpreting the crystallogram patterns visually by a trained 
panel according to ISO-standards in sensory evaluation of food (Huber et al., 2009; 
Kretschmer, 2003; Zalecka, 2009). On the other hand, computerised image analyses 
apply texture analysis using the knowledge from other applications, e.g. remote 
sensing, medical diagnostic and digital image processing (Baraldi et al., 2006; Blum 
et al., 2008; Ibaraki and Kenji, 2001; Liang et al., 2008). 

Assessing the quality of products by evaluating crystallograms should not only be 
based on the precise description of individual crystallograms and a comparison 
between different groups of crystallograms originating from different agricultural 
systems. It should also be correlated with other experimental data e.g. quantitative 
data from soil analysis as well as chemical analysis of nutritional constituents and 
crop yield obtained from experiments preferably carried over several years (Andersen 
et al., 2001; Busscher et al., 2003).  

The objective of the described experiment was to check if it is possible to reliably 
distinguish organically and conventionally grown wheat samples using the copper 
chloride crystallisation method combined with the visual evaluation of crystallograms. 
The results are based on plant material harvested in 2006 and 2007 in Belgium while 
the crystallisation took place at the University of Kassel, DE (UniKa) and the Louis 
Bolk Instituut, NL (LBI). The visual evaluation took place exclusively at the UniKa. 

2 Material and method 

All crystallisation solutions were prepared by mixing a copper chloride solution and 
aqueous wheat extracts.  

The copper chloride solution was prepared from CuCl2 · 2H2O (Merck) dissolved in 
MilliQ water (Millipore) at a final concentration of 0.59 mol L -1. 

Wheat extracts were prepared from winter wheat samples provided by the European 
Commission's Joint Research Centre, Institute for Reference Materials and 
Measurements (EC JRC, IRMM) in Geel, Belgium.  

2.1 Sample traceability 

The winter wheat samples originated from conventional and certified organic 
(managed according to EC Regulation (EEC) N° 2092/91) farms, in the Walloon 
region of Belgium, and were harvested in 2006 and 2007.  

In 2006, the samples were harvested from three different locations (environments) 
whereas in 2007, two locations were selected. To assure similar pedological and 
climatic conditions the distance between the organic and conventional fields was 

                                                 
∗ Triangle Research Group comprising researchers from three institutions i.e. the University of Kassel 
(UniKa), Germany, the Louis Bolk Instituut (LBI), the Netherlands and the Biodynamic Research 
Association Denmark (BRAD). 
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approximately four km except for the “environment three” in 2006 where the distance 
was 30 km. In both years (2006 and 2007) “environment one” was similar as well as 
the “environment two”.   

In each field, three parcels (ca. 10 x 10 m), separated from each other by ca. 15 – 20 
m, were delimited. From each parcel 50 winter wheat ears were collected.  

The wheat ears were treated at IRMM with a Minibatt Sample Harvester from Société 
des Etablissements R.GODÉ & Fils, France. Approximately 80 g of the resulting 
grains from each parcel were stored in dark plastic bottles in room temperature and 
sent to the UniKa and the LBI for further treatment. 

In addition, from each field a "bulk sample" composed of pooled winter wheat grains 
from the three parcels were prepared, coded and dispatched to the UniKa and LBI for 
further treatment. 

The coding details are presented in Tables 1 and 2.  

2.2 Crystallisation conditions  

Three identical hand-made chambers, two located in adjacent cellar rooms at the 
UniKa and one in the LBI were used. Construction and function of the crystallisation 
chambers used are well documented (Kahl, 2007). Each chamber contained so 
called inner and outer chambers. In each case crystallisation took place on 43 glass 
plates positioned on inner and outer rings placed on a vibration-free apparatus 
located in both inner chambers. 

In the outer chamber the temperature and relative humidity were controlled and kept 
at 26 ± 0.1 °C and relative humidity of 48 ± 1 % by use of thermostats immersed in 
containers with water. The climate conditions in the inner chamber were continuously 
monitored at various points during the crystallisation run. Additionally photographic 
pictures of the crystallising solutions were taken throughout the crystallisation run at 
intervals of ten minutes so that the time of crystallisation initiation and length of the 
whole process can be identified.  

Directly upon termination of the crystallisation the glass plates were taken out of the 
chambers, the acrylic rings were removed and each plate was then appropriately 
labelled on the outside edge under the crystallisation centre. After three days of 
storage in the outer chambers the plates were scanned with a Power Look III, UMAX 
Scanner in the transmitted light mode. Images were collected per chamber and day 
and stored in the outer chamber. The scanner was calibrated against a reference 
slide before every run. 

2.3 Sample preparation 

Wheat grains (80 g) were ground in a centrifugal mill (Retsch ZM 100, 1.0 mm ring 
sieve, 14000 rpm) from which 50 g was added to 450 mL MilliQ water and extracted 
for 30 min at room temperature (approximately 20 ˚C) and at 180 rpm (Schüttler 
Heidolph Unimax 2010). The extract was left to stand for 15 min so that the coarse 
particles would sink to the bottom. Subsequently the extract was filtered two times 
with filters of two different pore sizes - 20 µm and 10 µm respectively (Whatman 40 
and 41). Based on established procedure a crystallisation solution was prepared by 
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mixing 9 (7) mL of the filtrates with 9 mL of a 10 % copper chloride solution. The final 
concentration per glass plate is then denoted as mixing ratio 90/90 (70/90). A volume 
of 6.0 mL of each solution was poured for crystallisation on each glass plate.  

In case of the bulk samples from 2006 also a 110/90 mixing ratio was used. For this 
11 mL of filtrate was mixed with the copper chloride solution.  

The same standardised sample preparation procedure was followed in the two 
laboratories where the crystallisation took place i.e. UniKa and LBI. 

2.3.1 Glass plates 

Circular float-glass plates with a diameter of 100 mm and a thickness of two mm from 
Pfähler, Germany were cleaned in a laboratory washing machine (Miele disinfector) 
in the following three steps: Neodisher FLA, Neodisher Z, de-ionized water 90 °C. 
Subsequently the dishes were rinsed with 99.5 % Ethanol (Merck) and dried in a 
stove at 30 °C for 30 min (ASTM International, 1998). To prevent shedding of the 
solution from glass plates during evaporation, an acrylic ring 3.5 cm high from 
Broennum Plast, Denmark was attached using vaseline to the edge of the dish 
(Andersen et al., 2001). 

2.4 Design of the experiments 

The experiments were designed by the UniKa and the LBI; they are summarised in 
Tables 1 and 2. 

In order to define the appropriate mixing ratio and train the visual evaluation skills of 
the evaluators as well as due to the limited number of field replicates, crystallisation 
of bulk samples from 2006 and 2007 took place on different days. For the samples 
from 2006 on each of those days two image series (one per chamber e.g. series MJ 
and M—J) were produced, whereas there was one series for samples harvested in 
2007 (Table 1). Every image series originated from crystallograms based on 
independent sample preparations of two bulk samples per environment. In every 
series but the EP, three mixing ratios were tested i.e. 70/90, 90/90 and 110/90. The 
EP series was prepared in two mixing ratios i.e. 70/90 and 90/90. There were six 
replicates for each concentration ratio.  

Crystallisation of extracts from the field replicates from 2006 took place throughout 
three distinct days during which the following image series were produced: M-J, MJ; 
M-K, MK and M-L, ML respectively, presenting crystallograms obtained in parallel 
from the two crystallisation chambers at the UniKa. Every image series originated 
from crystallograms based on independent sample preparation of parcel samples 
(field replicates). 

Based on the results of the bulk sample analyses, two mixing ratios i.e. 70/90, and 
90/90 were prepared. There were six replicates of each concentration ratios.  

Similarly as in the bulk sample experiments, in each of the two crystallisation 
chambers seven glass plates with solutions based on wheat standard were 
crystallised.  
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Crystallisation of extracts from the field replicates collected in 2007 took place 
throughout two distinct days at the LBI and resulted in EN and EO series.  

Environment
Agric. 

system
Sample 
symbol

Crystallisation 
days

Image series

C WS004
C WS005
C WS006
O WS001
O WS002
O WS003
C WS010
C WS011
C WS012
O WS007
O WS008
O WS009
C WS013
C WS014
C WS015
O WS016
O WS017
O WS018

30/05/2007

ML / M-L19/06/2007

MK / M-K14/06/2007

MG / M-G
O WS024 (bulk) 

24/05/2007E3
C WS023 (bulk)  

MH / M-H
O WS019 (bulk)

E2
C WS022 (bulk) 

22/05/2007 MF / M-F
O WS021 (bulk)

E1
C WS020 (bulk)

E2

E3

E1 12/06/2007 MJ / M-J

 
Table 1 Design of experiments for winter wheat samples collected in 2006 and analysed at 
UniKa by the copper chloride crystallisation method. 

 

Environment
Agric. 

system
Sample 
symbol

Crystallisation 
days

Image series

C WS027 02/10/2007 EN
C WS028 02/10/2007 EN
C WS037 04/10/2007 EO
O WS031 02/10/2007 EN
O WS035 04/10/2007 EO
O WS040 04/10/2007 EO
C WS030 02/10/2007 EN
C WS032 02/10/2007 EN
C WS036 04/10/2007 EO
O WS029 02/10/2007 EN
O WS033 04/10/2007 EO
O WS038 04/10/2007 EO

E1

E2

E1
O WS042 (bulk) 

08/10/2007 EP
C WS044 (bulk) 

EP
C WS041 (bulk) 

E2
O WS043 (bulk) 

08/10/2007

 
Table 2 Design of experiments for winter wheat samples collected in 2007 and analysed at LBI 
by the copper chloride crystallisation method. 
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2.5 Visual evaluation of samples 

All crystallogram replicates prepared within each crystallisation day, chamber and 
sample were placed in order respecting their increasing evaporation time on a light 
box and evaluated by trained experts. This particular manner of preparing for a visual 
evaluation session is necessary due to the observed influence of the evaporation 
time on the overall structure of crystallograms and thus most of the descriptive 
criteria noticed by Busscher (2003).  

The evaluation was performed in three steps:  

• Descriptive analysis according to criteria introduced by Huber et al. (Huber et 
al., 2009) with a “more or less” scale (Kahl, 2008). 

• Grouping of similar crystallograms. 
• Classification of the groups according to the agricultural system (organic and 

conventional). 

In total five descriptive criteria were used. According to Huber et al. (2009) they are 
defined as follows:   

• Centre coordination – from the centre area a more or less ordering function is 
working in the central and middle zone. 

• "Durchstrahlung" (gesture) – in the head branches that run from the centre 
towards the peripheral zone and beyond, a gesture can be sensed, starting at 
the centre and extending to a point where the movement fades out. Not the 
millimetres, but how far the gesture reaches is judged. 

• Fullness with side needles – head branches and branches of a higher order 
may be generally skeletized or side needles may occur in abundance on these 
branches. 

• Substance spirals – in the texture "rings" or "spirals" can be sensed with a 
rhythmical interchange of grey and mat, and white and glossy areas, or not at 
all. 

• Dense radial formations and/or "Flechtwerke" – in the central and middle zone 
a dense, radial, felt like or interwoven formation, without clearly visible distinct 
stems and without ramifications is sensed, or not at all. 

These criteria have been developed based on crystallograms prepared from carrots, 
but they can be used for other products (e.g. wheat) as well (Huber et al., 2009). 
Understanding of the meaning of the above defined criteria requires extensive 
training in order to develop a so called "dynamical way of looking" at the 
crystallographic patterns∗. 

Crystallograms based on samples from 2006 were treated as a training set, whereas 
crystallograms from 2007 were the apposite test.  

The evaluation was documented as a simple descriptive test in order to assemble the 
different crystallograms. The crystallograms were coded and the evaluators were not 
informed about the corresponding origin of the crystallised samples beforehand. 

                                                 
∗ Huber, M., 2008, Personal communication on visual analysis of crystallograms, email: 
m.huber@louisbolk.nl 

mailto:m.huber@louisbolk.nl
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3 Results 

3.1 Bulk samples from 2006  

Most of the morphological criteria could not be applied in case of the samples 
prepared with the mixing ratio 110/90. This was due to a too high concentration, 
which resulted in the formation of spirals. Therefore, these samples were not further 
examined. 

Within the series MH / M-H, MF / M-F and MG / M-G the crystallograms resulting 
from samples WS019, WS022 and WS024 were found to have thicker and stronger 
stems than the other samples. They were described as more integrated, showing 
better centre coordination and more gesture ("Durchstrahlung") from the centre to the 
periphery of the glass plates. On the other hand, samples WS020, WS021 and 
WS023 did not reach the outer part of the glass plates, forming a crystal-free area.  

After the descriptive analysis the following grouping was proposed: 

• Group 1: WS019, WS022 and WS024 
• Group 2: WS020, WS021 and WS023. 

As a result of the visual evaluation and based on training data sets from a pair-wise 
comparison of samples from organic and conventional cultivation systems (Kahl et 
al., 2008)  "Group 1" was classified as organic whereas "Group 2" as conventional.  

Samples from environment two (WS021 and WS022) were misgrouped and 
misclassified (organic as conventional and vice versa). 

3.2 Field replicates from 2006  

It has to be underlined that the evaporation for the analysed crystallograms varied 
between 11 and 17 hours, which is much longer than in previous experiments done 
at the UniKa. This resulted in a tremendous influence on the pictures. We have not 
figured out what could be the reason of this abnormality.  

In case of crystallograms from series MJ / M-J it was not possible to group the 
samples according to most of the criteria. The peripheral zone of crystallograms 
based on samples WS001, WS002 and WS003 was filled in the outer part, whereas 
samples WS004, WS005 and WS006 showed a crystal free zone in the outer part. 
According to the criteria “Substance spirals” and "Flechtwerke" WS001 together with 
WS005 and WS003 together with WS004 formed two groups i.e. organic and 
conventional respectively. It was impossible to classify samples WS002 and WS006.  

Crystallograms based on the samples WS007, WS008 and WS009 showed less 
"substance spirals" and more “Flechtwerke” than the other three samples from the 
MK / M-K series.  

In the ML / M-L series the samples WS013, WS014 and WS015 were characterised 
by more “Flechtwerke” and less "substance spirals" than samples WS016, WS017 
and WS018. 

After the description the following grouping for series MK / M-K was proposed: 
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• Group 1: WS010, WS011 and WS012  
• Group 2: WS007, WS008 and WS009 

whereas for the series ML / M-L: 

• Group 1: WS013, WS014 and WS015  
• Group 2: WS016, WS017 and WS018. 

As a result of the visual evaluation and based on training data sets from a pair wise 
comparison of samples from organic and conventional cultivation systems (Kahl et 
al., 2008) "Group 1" was classified as organic whereas "Group 2" as conventional. 

The suggested grouping and classification of the crystallograms from series MJ / M-J 
was not correct. On the other hand, grouping of the samples from the series MK / M-
K and ML / M-L was entirely correct. Here however, the classification failed as in both 
cases i.e. organic samples were classified as conventional and vice versa.  

3.3 Bulk samples from 2007  

All coded replicates of crystallograms within the series EP, which resulted from 
sample WS042 were multicentred. Each crystallogram replicate from samples 
WS041 and WS044 showed a clear centre and more “Substance spirals” in both 
examined mixing ratios. As a result of the visual evaluation the panel grouped the 
samples as follows: 

• Group 1: WS042 
• Group 2: WS043 
• Group 3: WS041, WS044. 

When the panel was asked to build only two groups, WS042 and WS043 were 
grouped together. 

Based on training data sets from pair wise comparison of samples from organic and 
conventional farming systems (Kahl et al., 2008), it was not possible to classify the 
samples because of the multicentre crystallograms produced by the WS042 sample, 
which had never been found in crystallograms based on wheat material before. 

Grouping of the conventional bulk samples from 2007 (WS041, WS044) was correct. 
Indeed the other two samples should compose one, organic group.  

3.4 Field replicates from 2007  

Also within the series EN and EO samples WS031, WS035 and WS040 showed 
multicenter crystallograms. Crystallograms based on the samples WS029, WS033 
and WS038 showed more “fullness with side needles” than the others. Samples 
WS037 were characterised by more “centre coordination" and less “fullness with side 
needles” than samples WS030 and WS028. Samples WS032 and WS027 were in 
between these two groups. Because of more “Fullness with side needles” WS032 
was more comparable to WS030 and WS028 than to WS036 and WS037.  

As a result of the visual evaluation, the following grouping was proposed: 
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• Group 1: WS031, WS035, WS040 
• Group2: WS029, WS033, WS038 
• Group3: WS027, WS036, WS037 
• Group4: WS028, WS030, WS032. 

Based on training data sets from pair-wise comparison of samples from organic and 
conventional farming systems (Kahl et al., 2008), it was not possible to classify 
because of the multicenter crystallograms in Group 1 which had never been found in 
crystallograms from wheat samples before. 

The four distinguished groups resembled the environments from which the samples 
originated. The grouping was entirely correct for the organic samples. With one 
exception i.e. switching between two conventional samples (WS028 should be in 
place of WS036 and vice versa), it was correct also for the conventional samples.  

4 Discussion and conclusion 

Table 3 summarises the number of correctly grouped and classified crystallograms 
from all the evaluated series.  

Grouping Classification Grouping Classification Grouping Classification

Bulk 4 / 6∗ 4 / 6 2 / 4 - 60% 40%
Field 

replicates
12 / 18 0 / 18 12 / 12 - 80% 0%

2006 2007 Average∗∗

 

Table 3 Correctness of grouping and classification of crystallograms based on organically and 
conventionally grown wheat samples. ∗∗∗∗Number of correctly grouped or classified 
crystallograms / Number of total evaluated crystallograms, ∗∗∗∗∗∗∗∗Percentage based on all 
crystallograms combined within the bulk and field replicates groups from 2006 and 2007.  

Among the bulk samples from 2006, 33 per cent were misgrouped and consequently 
misclassified. In case of the bulk samples from 2007 the grouping of crystallograms 
was correct for conventional samples but its assignment to an agricultural system 
was not realised as it was not possible due to the lack of similar crystallogram 
patterns in the current image database.  

The evaluators encountered similar problem when analysing the crystallograms 
based on the field replicates collected in 2006 and 2007 in which despite the 
satisfactory grouping, the classification was either incorrect or not feasible.  

Kahl et al. (2008) reported correct classification of conventional winter wheat 
samples and samples from the DOC∗ trial based on visual evaluation of crystallogram 
structures. No explanation of factors, which could have influenced this result was 
provided as the process of pattern formation has so far not been elucidated (Kahl et 
al., 2008). 

Based on the results obtained in this study we could hypothesise that the influence of 
the environments where the samples were cultivated and/or some unidentified 
                                                 
∗ DOC stands for “bio-Dynamic, bio-Organic, Conventional” a long-term field trial carried out at Therwil, 
Switzerland, where agricultural production systems have been compared since 1978. 
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component(s) in the extracts, caused the disturbances in the crystallisation process 
e.g. the longer crystallisation time and the multicentricity in some cases. However, 
there is not enough data and literature sources to come up with a decisive answer 
which factor influenced the results most.  

The variability due to the method itself is still too high for being applied in routine 
analysis, and the crystallisation step has to be optimised (Kahl et al., 2008). 
Aditionally, it appears that the training data set has to be enlarged by different 
species e.g. Triticum aestivum L., their different varieties as well as their cultivation 
systems and locations in order to improve the classification of crystallograms. 

A possible way to improve the visual evaluation results could be decreasing the 
variability in the crystallographic patterns by discarding crystallograms which 
crystallisation time is longer than the optimal one (eight to ten hours). 

It has to be underlined that the visual evaluation is still under development and 
therefore the achievement of correct grouping i.e. 67 % in the training year 2006 and 
100 % in the test year 2007 is a significant improvement. Furthermore, the fact that at 
the current stage of development of the copper chloride crystallisation method a 
visual evaluation of crystallograms allowed grouping of blinded samples in relation to 
their origin with a success rate up to 80 % is promising. It is a good indication that 
this method has potential in food quality assessment.  
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Abstract 

Organic and conventional winter wheat grain samples with traceable origin, collected in 2006 
and 2007 were tested with the copper chloride crystallisation method. The resulting 
crystallograms were submitted to computerised analyses and discrimination of the sample 
origin was performed using a uni- as well as a multivariate statistical approach.  

Interactions between the agricultural system and the environment of the samples as well as 
textural characteristics of the crystallograms, which gave consistent differences between the 
groups of samples over the two year period, were identified.  

Appropriate discriminant analyses (DA) models were established. Depending on the 
analysed region of interest up to 100 % of “unknown” samples could be correctly predicted 
using the DA models  

Crystallograms prepared from conventional samples were more complex and intricate 
whereas their organic counterparts appeared as homogeneous, congruent and uniform. 

Keywords: Copper chloride crystallisation, agricultural system, statistical analysis 

1 Introduction 

Parallel to the growth of the organic market a demand exists for validated analytical 
methods allowing authentication of organic products (Siderer et al., 2005).  

Several authors indicate that holistic methods, and in particular the copper chloride 
crystallisation method, are particularly suitable for the authentication of organic crops 
(Alföldi et al., 2006; Andersen, 2005; Mäder et al., 1993; Woese et al., 1997) claiming 
that reproducible crystallisation patterns, which are characteristic for the sample 
material investigated, emerge when an aqueous cupric chloride (CuCl2·2H2O) 
solution is crystallised on a glass dish in the presence of a plant extract (Kahl, 2007; 
Kahl et al., 2008; Selawry and Selawry, 1957).  

There is an ongoing research on the factors, as well as developing a quality concept 
for embedding terms like “vital” or “integrity” as appealed in the EU Council 
Regulation (EC) No 834/2007 for organic products (Commission of the European 
Communities, 2007) carried out by the Triangle Research Group∗. 

                                                 
∗ Triangle Research Group comprising researchers from three institutions i.e. the University of Kassel 
(UniKa), Germany, the Louis Bolk Instituut (LBI), the Netherlands and the Biodynamic Research 
Association Denmark (BRAD). 
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The method operates in two distinct steps: first, sample preparation according to 
standardised protocols with subsequent evaporation and crystallisation in specially 
designed climatic chambers (Andersen, 2001; Andersen et al., 2001; Kahl, 2007), 
and second the evaluation of the crystallographic patterns (Andersen et al., 1999; 
Kahl et al., 2003; Kahl et al., 2004; Schudel et al., 1980). Throughout the years, 
several research groups have elaborated two approaches to the evaluation of 
crystallographic patterns based on their visual and computerised examination. The 
first approach is based on evaluating and interpreting the crystallographic patterns 
visually by a trained panel (Huber et al., 2009; Kretschmer, 2003; Zalecka, 2009). 
Alternatively, the computerised image analysis applies texture examination using 
knowledge from other applications, e.g. remote sensing, medical diagnostic and 
digital image processing (Baraldi et al., 2006; Baraldi and Parmiggiani, 1995; Ibaraki 
and Kenji, 2001; Meelursarn, 2007). For this the Applied Crystallisation Image 
Analysis (ACIA) 1.2.3. software∗ has been developed.  

The texture analysis of crystallograms is based on a grey level co-occurrence matrix 
(GLCM) algorithm. In practice, a total of 15 texture parameters – variables deriving 
from the GLCM are calculated by the ACIA software: energy, entropy, maximum 
probability, correlation, diagonal moment, difference energy, difference entropy, 
inertia, inverse difference moment, sum energy, sum variance, sum entropy, cluster 
shade, cluster prominence and kappa. A comprehensive description of the variables 
can be found in the work of Carstensen (1992).  

The ACIA 1.2.3. software provides a possibility to build assignments in order to 
compare defined groups of images. Subsequently analysis of variance (ANOVA) and 
F-tests are performed to compare two defined groups of samples. As an outcome p- 
and F-values calculated for the texture parameters of the groups of images are 
plotted over the RoIs and presented as graphs. Based on visual analysis of the 
steadiness of the curves it is decided which of the texture features can be assumed 
as trustworthy for differentiation between the groups (Busscher et al., 2009; Kahl, 
2007; Meelursarn, 2007). At the current state of the development the ACIA 1.2.3. 
software foresees neither identification and elimination of outliers nor prediction of 
unknown samples whereas only an ex-post analysis of samples with known origin is 
possible.  

This holistic approach became one of the methods of interest in line with an 
exploratory research project undertaken by the European Commission's Joint 
Research Centre, Institute for Reference Materials and Measurements (EC JRC, 
IRMM), which has the aim to support the European Commission Action Plan for 
Organic Food and Farming (Action 14) (Commission of the European Communities, 
2004) by investigating the feasibility to distinguish between organically and 
conventionally grown crops using analytical methods. Therefore, a study on 
organically and conventionally grown winter wheat samples was carried out in 
collaboration with the University of Kassel (UniKa), Germany and the Louis Bolk 
Instituut (LBI), The Netherlands. 

To fulfil the objective of the exploratory research project, computerised processing of 
crystallogram images was pursued using the ACIA 1.2.3. software. Additionally a 

                                                 
∗ This software is not commercially available and its intellectual property belongs to the "Verein für 
Qualitätsforschung - Bildschaffende Methoden e.V., Witzenhausen, Germany. 



 

 124

different approach including pre-treatment of raw data obtained from the ACIA 1.2.3. 
software, two-way analysis of variance (two-way ANOVA) as well as multivariate 
analysis i.e. discriminant analysis (DA) and partial least squares regression (PLS-R) 
was tested. 

The two-way ANOVA separates and estimates the main sources of variation and 
covers cases where there is more than one dependent variable. It also identifies 
whether changes in independent variables have a significant effect on the dependent 
variables, and seeks to identify interactions among them in association to the 
dependent variables (responses). If the effect of one independent variable (on a 
dependent variable) changes upon the level(s) of another independent invariable, an 
interaction is detected.  

On the other hand the DA procedure is designed to distinguish between two or more 
groups (or classes) of data based on a set of observed quantitative (predictor) 
variables. It does so by constructing discriminant functions that are linear 
combinations of the predictor variables, having in mind the maximisation of the 
discrimination between the groups. The objective of such an analysis is either to 
describe observed cases mathematically in a manner that separates them into 
groups and/or to classify new observations as belonging to one or another of the 
groups. Results are obtained by multiplication of independent variables by their 
corresponding weights. Subsequently the products are summed up and their average 
is called a group centroid. The analysis assumes that the variables are drawn from 
populations that have multivariate normal distributions and that the variables have 
equal variances by means of standardisation. As far as multivariate normal 
distribution is concerned it is not possible to check whether this assumption is true∗. It 
is however possible to check each variable for the normal distribution separately and 
eventually transform it e.g. by performing a logarithmic transformation. Eventually, 
internal validation of the DA efficiency can be deduced from the percentage of 
observations, which are correctly classified by the DA model. The higher the 
percentage of this score, the better prediction for unknown samples can be assumed 
(Eriksson et al., 2001). A cross validation of a model can be performed by excluding 
a "calibration set" i.e. part of the samples from the model and predicting them as 
unknown. Similarity of correctly classified samples in the calibration data set and of 
the correctly predicted samples in the validation data set is a good indicator of the 
robustness of the model. 

When many characteristics are measured and the data tables are large and complex, 
obtaining redundant information is not uncommon. Principal component analysis 
(PCA) is a projection method that helps to visualize all the information contained in a 
data table. It reduces dimensionality by finding linear combinations of quantitative 
variables with high variability. This is accomplished by projecting the original X-
variables, e.g. several second order texture variables, onto a smaller number of 
"latent" variables i.e. the principal components (PCs). Usually only a small number of 
such components is sufficient to explain most of the observed variability in a data set 
as already the first PC explains the highest possible variability in the data as it is 
positioned along the direction of maximum variance in the X-data. The second PC, 
oriented orthogonally to the first one, should cover the maximum of the remaining 

                                                 
∗Diaz, C., 2008, Personal communication on Validity of Discriminant Analyses Models, email: 
cdiaz@sigmaplus.fr 

mailto:cdiaz@sigmaplus.fr
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variance in the data. A PCA plot enables an overview of the interrelationships 
between the different variables. Its algorithm decomposes the X-data matrix into a 
"structural" part, which can be explained by the model and a remaining "noise" part, 
which can not be explained. Constructing models for the principal components may 
then be an easier and more instructive task than attempting to model all of the 
original measurements (Esbensen, 2006). 

PCA forms the basis for several classification and regression methods, e.g. partial 
least squares regression (PLS-R). 

PLS-R is a multivariate regression technique, which relates the variation in one or 
several response (dependent) Y-variables to the variation of several (independent) X-
variables. This multivariate approach has explanatory, i.e. descriptive, and predictive 
purposes (prediction of "unknown" samples, which were not used to build up the 
regression model). Similarly to PCA, PLS-R is a bilinear modelling method, which 
projects the original X-variables onto a smaller number of underlying "latent" 
variables called PLS components whereby the variability in Y-variables is also taken 
into account. PLS regression can be visualised as two simultaneous PCA analyses, a 
PCA in the X-data and a PCA in the Y-data. Hence, PLS components should allow 
the prediction of the Y-variables with superior performance.  

A PLS-R component plot illustrates the relationship between the predictor X- and the 
response Y-variables as well as the interrelationships within both sets of multivariate 
data. Generally, the predictive capability of any multivariate PLS-R improves with the 
number of X-variables. This statistical method assumes there is a correlation 
between the two sets of X- and Y-variables and it performs particularly well when 
there is a large correlation between the X-variables (high redundancy) (CAMO ASA, 
2001).  

2 Material and method 

2.1 Winter wheat samples 

A farm approach (Woese et al., 1997) was chosen in which winter wheat samples 
(Triticum aestivum L. cv. Cubus) originating from conventional and organic fields 
(managed according to Council Regulation (EEC) N° 2092/91), in the Walloon region 
of Belgium, were collected in the harvesting seasons 2006 and 2007.  

In 2006, the samples originated from three different locations (environments) 
whereas in 2007, two locations were selected. To assure similar pedological and 
climatic conditions the distance between the organic and conventional fields was 
approximately four km except for the “environment three” in 2006 where the distance 
was 30 km. In both years (2006 and 2007) “environment one” was similar as well as 
the “environment two”. 

In each field, three parcels (ca. 10 x 10 m), separated from each other by ca. 15 – 20 
m, were delimited. From each parcel 50 winter wheat ears were collected.  

The wheat ears were treated at IRMM with a Minibatt Sample Harvester from Société 
des Etablissements R.GODÉ & Fils, France. Approximately 80 g of the resulting 
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grains from each parcel sample were stored in dark plastic bottles at room 
temperature.  

In addition, from each field a "bulk sample" composed of pooled winter wheat grains 
from the three parcels were prepared. All individual and bulked samples were coded 
and dispatched to the UniKa and LBI for further treatment. 

2.2 Copper chloride crystallisation method 

For the described trial three identical chambers, two located in adjacent cellar rooms 
at the UniKa and one in the LBI were used. Construction and function of the 
crystallisation chambers used as well as the sample preparation procedure are 
thoroughly documented by Andersen at al. (2003), Kahl (2007) and Busscher et al. 
(2009). A standardised sample preparation procedure (Kahl, 2007) was followed in 
the two laboratories where the crystallisation took place. Samples collected in 2006 
were crystallised at the UniKa and collected in 2007 were processed at the LBI.  

The resulting crystallograms were scanned as 8 bit images (with 256 possible grey 
levels) with 600 dpi resolution using a Umax PowerLook III Scanner in the 
transmitted light mode. Subsequently, texture analysis using the ACIA 1.2.3. software 
was employed. A complete data set for regions of interest (RoIs) – areas comprising 
from 20 to 100 per cent around the geometric centre of each crystallogram image 
was computed. 

2.3 Design of the experiments 

Based on previous studies of Andersen (2003), Kahl (2003) and Kahl (2007), 
crystallograms prepared with a mixing ratio of 90/90∗ were chosen. Furthermore, four 
RoIs, i.e. 30, 50, 70 and 90, were selected for the statistical data treatment. 

Each sample (field replicate) had six independent crystallisation replicates. Thus, out 
of 18 winter wheat samples collected in 2006 (three environments x three parcels per 
field x two agricultural systems), 108 crystallograms were prepared and crystallised in 
two climatic chambers at the UniKa.  

The 12 winter wheat samples collected in 2007 (two environments x three parcels 
per field x two agricultural systems), resulted in 72 crystallograms prepared at the 
LBI.  

Additionally, images of crystallograms prepared from "bulk samples" were analysed 
following the same sample preparation procedure as the one used for the field 
replicates. The number of replicates per each bulk sample from 2006 was 12. The 
number of replicates per each bulk sample from 2007 was six.  

2.4 Statistical analyses  

Four software packages i.e. the ACIA 1.2.3, Microsoft Office Excel SP3 (Microsoft 
Office Professional Edition 2003) from Microsoft Corporation, Statgraphics Plus 5.1 
from Statistical Graphics Corporation, USA and the Unscrambler® 9.7 from CAMO 

                                                 
∗ The first number refers to the amount of extracted sample (mg per plate) and the second to the 
amount of reagent i.e. CuCl2 (mg per plate). 
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Software ASA, OSLO, Norway were used for the analyses of the crystallographic 
results. The different choice of the commercially available softwares was due to 
different levels of easiness of data handling and graphical options available for the 
different statistical methods as well as the different capabilities of the softwares (e.g. 
PLS-R is not available in Statgraphics). 

All the described statistical analyses were performed at 95 % confidence level. 

After image scanning, the raw data of 15 second order texture variables in the 
selected RoIs were computed in the ACIA 1.2.3. software. Next assignments for the 
images of the field replicates were set in the ACIA 1.2.3. software. Under the mode of 
operation of the ACIA 1.2.3. software calculated p- and F-values were then plotted 
over the analysed RoIs. Based on their visual inspection of the plots it was judged 
which of the 15 texture parameters could be considered as trustworthy in 
distinguishing between the two groups. 

Next the data were transferred to Statgraphics Plus 5.1 software for outliers' 
identification using the Grubb's test. Each set of data i.e. resulting from the four RoIs, 
was treated as an individual X-matrix in which rows refer to independent 
observations and columns refer to the predictor set of variables measured by the 
ACIA software. Images, which were proved as having a significant difference from 
group averages, i.e. groups of images comprising replicates of samples from each 
location (the tree parcels per field sampled), agricultural system (organic and 
conventional) and harvest (2006 and 2007), were removed.  

Similar data treatment was followed for images which derived from the "bulk" 
samples. In this case however, the outliers were removed from groups of images, 
which were replicates of each "bulk sample" separately. 

Two-way ANOVA was then carried out to identify and quantify the different sources 
of variance ("agricultural system", "environment" and their interaction) for each of the 
15 texture variables obtained from the ACIA 1.2.3. software. In case there was a 
statistically significant difference (p < 0.05) computed for the interaction between 
agricultural systems and environment, a one-way ANOVA was performed to check 
which factor imposed the difference. Variables, which constantly showed statistically 
significant difference between images prepared from conventional and organic winter 
wheat samples, within the RoIs under consideration, were selected and their lower 
and upper confidence limits were calculated. This allowed creating a combination of 
value ranges for the particular variables that should be specific for organic and 
conventional wheat samples of the examined variety.   

DA was then performed using the Statgraphics Plus 5.1 software.  

The raw data were standardised by dividing each observation in the X-matrix by the 
standard deviation of each X-variable. Discriminant functions were calculated for 
groups of samples divided according to the agricultural system and environment, 
which they originated from i.e. conventional samples from environment one were 
denoted as C1, while organic samples from environment one as O1, etc. In order to 
validate the DA models, from each data set 25 % of the sample replicates were 
randomly chosen, excluded from the model and used to predict the agricultural 
system of cultivation.  
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To test the method feasibility, the "bulk samples" were assayed as "unknown" 
samples and the correctness of the prediction of their agricultural system of 
cultivation was investigated. Prediction of the bulk samples was performed in two 
ways. First, all the sample replicates were considered separately. Second, mean 
values of the replicates, known as belonging to one sample, were predicted.  

Subsequently the PCA and PLS-R were performed both using the Unscrambler® 
software. 

To avoid that variables having higher variability have an enhanced contribution to the 
final model all variables were pre-processed by means of weighing to unit variance, 
similarly as it was in case of DA. 

For PLS-R two new variables so called categorical variables were created within 
each set of data. These variables had only discrete values of one or zero for 
“classes” of samples originating from their respective agricultural system (e.g. 
samples originated from conventional fields would have a value of one whereas the 
organic samples would equal zero). After that, the multivariate regression models 
were built up relating these categorical variables to the set of X-predictor variables. 

PCA models were constructed for all the matrices and for each previously defined 
"classes" of samples. The ideal number of PC (or PLS) components, which dictates 
the model dimensionality, was optimised by choosing a recommended number of 
PCs to be used in order to minimise the residual variance∗.   

The performance of the multivariate models (PCA and PLS-R) was then assessed by 
carrying out their validation. For this a test set (validation set) of randomly selected 
cases (ca. 25 % of sample replicates used to build each model) was removed and 
their class membership predicted. The validation residual variance was obtained by 
summing up the differences between the measured and predicted values for the 
validation set.  

In an attempt to rigorously test the robustness of the multivariate models different 
validation sets were randomly generated by the software. This way the validity of the 
models was judged by comparing their capability to correctly predict the different 
validation sets while using models with slightly different prediction ability. The best 
models were saved and used for prediction of the bulk samples. For the PLS-R only 
the averaged values for the bulk samples (as described for the DA models) were 
used.   

The PLS-R allowed also interpretations which X-variables are more influential to 
assign the "organic" or "conventional" classes as well as which X-variables are more 
correlated (clustered) and which interrelationship exists between the X-variables and 
the two agricultural systems under investigation when images of crystallograms are 
considered.  

 

                                                 
∗ A measure of the error made when observed valued are approximated by the fitted values, i.e. when 
a sample or a variable is replaced by its projection onto the model.  
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3 Results and discussion 

3.1 Analysis with ACIA software 

Figures 1 to 4 show the results of ANOVA and F-test calculations performed in the 
ACIA 1.2.3. software for the 15 texture variables derived from images of 
crystallograms based on conventional and organic winter wheat samples in the years 
2006 and 2007.  

With respect to the evaluation criteria elaborated by the Triangle Research Group 
based on the results obtained from the ACIA 1.2.3. software four texture variables i.e. 
inertia, sum energy, sum entropy and sum variance can be distinguished as trustful 
in statistically significant (p < 0.05) differentiation between the groups of conventional 
and organic winter wheat samples collected in 2006. This is valid for RoIs from 30 to 
90.  

In case of the results obtained for the winter wheat samples collected in 2007 one 
such texture variable i.e. sum energy over RoIs from 20 to 80 and two i.e. sum 
entropy and sum variance over RoIs 50 to 60 can be distinguished. 

 

Figure 1 Logarithm of the p values for difference between second order texture variable for 
conventional and organic samples from 2006 calculated by the ACIA 1.2.3. software. Black line 
with circles indicate threshold of 95 % confidence limit. 
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Figure 3 Logarithm of the calculated by the ACIA 1.2.3. software p values for ANOVA when two 
groups of samples i.e. conventional and organic from 2007 are compared in different RoIs. 
Black line with circles indicate threshold of 95 % confidence limit. 

3.2 Outliers 

We observed that if an image in a certain RoI proved to be an outlier for one of the 
texture variables, it was an outlier also for several other texture variables. This must 
have been caused by close correlation between the different texture variables.  

In most cases within the field replicates groups and the bulk samples based on winter 
wheat samples collected in 2006 the percentage of eliminated outliers was not higher 
than 17 %. For one of the bulk samples, in RoI 50, 25 % of images had to be 
eliminated. We noticed that more outliers occurred in the organic samples.  

The percentage of eliminated outliers within the groups of crystallogram images 
based on the samples from 2007 was similar i.e. not higher than 17 %. No outliers 
have been detected for the bulk samples from 2007. 

3.3 Univariate approach 

Table 1 shows the significant effects of the agricultural systems, environments and 
their interaction estimated by the two-way ANOVA for the four selected RoIs of 
crystallograms prepared from winter wheat samples collected in the harvesting 
seasons 2006 and 2007. 

In 2007 the agricultural system caused differences between organic and conventional 
wheat that could be detected for several variables in the four investigated RoIs (p < 
0.05). For images of crystallograms based on samples from 2006 this was not the 
case; only for the images of the RoI 30, which focuses on the centre region of a 
crystallogram. 

Scrutinising the interaction effects revealed that in most cases for samples from the 
2006 growing season and in all cases for the ones from 2007, the interaction was 
caused by an influence of the environment on the conventional samples. This 
indicates that the crystallograms prepared from the conventional samples were 
probably more affected by environment than their organic counterparts. 
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In three RoIs the mean values of several variables differed for the two agricultural 
systems of cultivation (p < 0.05). There were five such variables for RoIs 50 and 70 
and eight for RoI 90.  

Figure 5 presents Box-and-Whisker plots for the values of entropy, correlation, 
difference entropy and inertia corresponding to each of the four investigated groups 
of winter wheat samples i.e. conventional and organic in 2006 and 2007 when RoI 90 
of the crystallogram images was concerned. The same relation for the values of sum 
energy, sum entropy, sum variance and cluster prominence is shown in Figure 6.  

The values of the variables: correlation, sum entropy, sum variance and cluster 
prominence computed from crystallograms of conventional winter wheat samples 
were higher that those for organic samples, whereas the opposite (lower values for 
conventional than for the organic) was found for variables: entropy, difference 
entropy, inertia, and sum energy (Tables 2 - 9). 
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Year

RoI

Influencing factor A.S. E I A.S. E I A.S. E I A.S. E I A.S. E I A.S. E I A.S. E I A.S. E I

energy 0.117 0.343 0.057 0.106 0.176 0.010 0.441 0.032 0.016 0.044 0.095 0.404 0.083 0.637 0.620 0.034 0.230 0.558 0.055 0.015 0.038 0.151 0.001 0.338

entropy 0.114 0.653 0.160 0.062 0.357 0.051 0.159 0.069 0.070 0.007 0.051 0.479 0.648 0.201 0.771 0.810 0.023 0.237 0.830 0.001 0.015 0.029 0.001 0.030

max probability 0.041 0.044 0.322 < 0.001 0.136 0.013 0.686 0.006 0.051 0.133 0.113 0.568 0.081 0.066 0.185 0.119 0.743 0.249 0.014 0.650 0.614 0.337 0.389 0.929

correlation 0.053 0.886 0.482 0.016 0.428 0.194 0.045 0.073 0.130 0.002 0.017 0.464 0.070 0.084 0.972 0.004 0.006 0.056 0.002 < 0.001 0.006 0.003 < 0.001 0.018

diagonal moment 0.177 0.317 < 0.001 0.524 0.866 < 0.001 0.383 0.371 0.002 0.294 0.001 0.001 0.038 0.070 0.460 0.122 0.094 0.254 0.372 0.134 0.428 0.027 0.056 0.238

kappa 0.214 0.259 0.148 0.132 0.142 0.023 0.559 0.036 0.090 0.101 0.220 0.010 < 0.001 0.382 0.054 < 0.001 0.467 0.152 < 0.001 0.735 0.804 0.821 0.021 0.227

diff. energy 0.162 0.447 0.083 0.145 0.224 0.018 0.506 0.041 0.036 0.021 0.083 0.245 0.028 0.333 0.481 0.012 0.081 0.701 0.023 0.004 0.460 0.146 < 0.001 0.034

diff. entropy 0.094 0.720 0.245 0.054 0.349 0.074 0.154 0.570 0.093 0.005 0.041 0.439 0.901 0.120 0.845 0.779 0.013 0.182 0.449 < 0.001 0.010 0.018 < 0.001 0.025

inertia 0.053 0.888 0.482 0.016 0.427 0.194 0.026 0.073 0.244 0.002 0.017 0.470 0.071 0.084 0.969 0.004 0.006 0.055 0.002 < 0.001 0.006 0.003 < 0.001 0.018

inv. diff. moment 0.126 0.138 0.073 0.103 0.107 0.012 0.522 0.031 0.079 0.071 0.193 0.018 < 0.001 0.420 0.084 < 0.001 0.753 0.264 < 0.001 0.631 0.749 0.944 0.015 0.182

sum energy 0.067 0.518 0.300 0.005 0.273 0.063 0.020 0.037 0.053 0.026 0.011 0.475 0.005 0.131 0.382 < 0.001 0.021 0.021 < 0.001 0.002 0.004 0.001 0.006 0.024

sum entropy 0.056 0.927 0.627 0.016 0.458 0.278 0.019 0.061 0.297 0.002 0.024 0.329 0.105 0.044 0.974 0.008 0.006 0.074 0.001 < 0.001 0.006 0.003 < 0.001 0.028

sum variance 0.053 0.858 0.486 0.016 0.452 0.198 0.021 0.065 0.228 0.002 0.025 0.359 0.058 0.081 0.977 0.004 0.007 0.062 0.002 < 0.001 0.007 0.004 < 0.001 0.030

cluster shade 0.007 0.538 < 0.001 0.081 0.998 < 0.001 0.647 0.321 < 0.001 0.135 0.001 0.001 0.024 0.038 0.394 0.042 0.032 0.241 0.148 0.033 0.324 0.025 0.052 0.260

cluster prominence 0.070 0.931 0.812 0.058 0.792 0.645 0.023 0.201 0.895 0.006 0.013 0.004 0.172 0.062 0.271 0.097 0.020 0.620 0.694 0.001 0.066 0.017 < 0.001 0.056

2006 2007

30 50 70 90 30 50 70 90

 
Table 1 Effects (p values) of agricultural system (AS), environment (E) and their interaction (I) estimated by two way ANOVA on the texture of 
crystallograms prepared from conventional and organic winter wheat samples collected in 2006 and 2007. Highlighted fields indicate statistically 
significant difference (p < 0.05) in AS detected in the same RoIs over two years. 
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entropy

2006 Conv

2006 Org

2007 Conv

2007 Org

9.2 9.3 9.4 9.5 9.6 9.7

 
correlation

2006 Conv

2006 Org

2007 Conv

2007 Org

0.81 0.83 0.85 0.87 0.89 0.91 0.93

 

difference entropy

2006 Conv

2006 Org

2007 Conv

2007 Org

3.4 3.5 3.6 3.7 3.8 3.9

 
inertia

2006 Conv

2006 Org

2007 Conv

2007 Org

240 340 440 540 640

 
Figure 5 Box-and-Whisker plots for the values of entropy, correlation, difference entropy and inertia in RoI 90 corresponding for conventional and 
organic wheat samples grown in 2006 and 2007. 
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sum energy

2006 Conv

2006 Org

2007 Conv

2007 Org

36 36.3 36.6 36.9 37.2 37.5 37.8
(X 0.0001)

 sum entropy

2006 Conv

2006 Org

2007 Conv

2007 Org

5.74 5.75 5.76 5.77 5.78 5.79 5.8

 

sum variance

2006 Conv

2006 Org

2007 Conv

2007 Org

5700 5800 5900 6000 6100

 

2006 Conv

2006 Org

2007 Conv

2007 Org

94 97 100 103 106 109
(X 1.E6)

cluster prominence
 

Figure 6 Box-and-Whisker plots for the values of sum energy, sum entropy, sum variance and cluster prominence in RoI 90 corresponding for  
conventional and organic wheat samples grown in 2006 and 2007. 

 



       
 

 135

Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL
C1 1.29E-04 3.93E-06 9.34E+00 2.71E-02 3.97E-04 1.51E-05 8.83E-01 6.60E-03 9.45E+01 1.10E+01 2.06E-02 7.90E-04 3.32E-02 9.72E-04 3.66E+00 2.84E-02 3.68E+02 2.08E+01 8.16E-02 2.14E-03 3.64E-03 7.98E-06 5.76E+00 1.79E-03 5.93E+03 2.08E+01 -1.34E+04 1.48E+03 1.01E+08 6.38E+05
C2 1.32E-04 3.93E-06 9.32E+00 2.71E-02 3.89E-04 1.51E-05 8.86E-01 6.60E-03 1.16E+02 1.10E+01 2.11E-02 7.90E-04 3.40E-02 9.72E-04 3.64E+00 2.84E-02 3.59E+02 2.08E+01 8.32E-02 2.14E-03 3.64E-03 7.98E-06 5.76E+00 1.79E-03 5.94E+03 2.08E+01 -1.72E+04 1.48E+03 1.01E+08 6.38E+05
C3 1.29E-04 3.93E-06 9.33E+00 2.71E-02 3.87E-04 1.51E-05 8.83E-01 6.60E-03 9.32E+01 1.10E+01 2.08E-02 7.90E-04 3.32E-02 9.72E-04 3.66E+00 2.84E-02 3.68E+02 2.08E+01 8.17E-02 2.14E-03 3.64E-03 7.98E-06 5.76E+00 1.78E-03 5.93E+03 2.08E+01 -1.37E+04 1.48E+03 1.01E+08 6.39E+05
O1 1.31E-04 4.04E-06 9.33E+00 2.79E-02 3.88E-04 1.55E-05 8.82E-01 6.79E-03 1.23E+02 1.13E+01 2.11E-02 8.13E-04 3.38E-02 1.00E-03 3.65E+00 2.92E-02 3.73E+02 2.14E+01 8.32E-02 2.20E-03 3.64E-03 8.21E-06 5.76E+00 1.84E-03 5.93E+03 2.14E+01 -1.89E+04 1.52E+03 1.00E+08 6.57E+05
O2 1.25E-04 4.04E-06 9.36E+00 2.79E-02 3.84E-04 1.55E-05 8.76E-01 1.20E-02 8.45E+01 1.13E+01 2.04E-02 8.13E-04 3.24E-02 1.00E-03 3.69E+00 2.92E-02 3.89E+02 2.14E+01 8.05E-02 2.20E-03 3.65E-03 8.21E-06 5.76E+00 1.84E-03 5.91E+03 2.14E+01 -1.36E+04 1.52E+03 1.00E+08 6.57E+05
O3 1.25E-04 4.30E-06 9.35E+00 2.97E-02 3.60E-04 1.65E-05 8.78E-01 7.23E-03 1.15E+02 1.21E+01 1.97E-02 8.65E-04 3.25E-02 1.06E-03 3.68E+00 3.11E-02 3.84E+02 2.28E+01 7.87E-02 2.34E-03 3.65E-03 8.74E-06 5.76E+00 1.95E-03 5.92E+03 2.28E+01 -1.69E+04 1.62E+03 1.00E+08 6.99E+05
E1 1.30E-04 2.82E-06 9.33E+00 1.94E-02 3.93E-04 1.08E-05 8.82E-01 4.73E-03 1.09E+02 7.90E+00 2.09E-02 5.67E-04 3.35E-02 6.97E-04 3.66E+00 2.04E-02 3.71E+02 1.49E+01 8.24E-02 1.53E-03 3.64E-03 5.73E-06 5.76E+00 1.28E-03 5.93E+03 1.49E+01 -1.61E+04 1.06E+03 1.00E+08 4.58E+05
E2 1.28E-04 2.82E-06 9.34E+00 1.94E-02 3.87E-04 1.08E-05 8.81E-01 4.73E-03 1.00E+02 7.90E+00 2.08E-02 5.67E-04 3.32E-02 6.97E-04 3.66E+00 2.03E-02 3.74E+02 1.49E+01 8.19E-02 1.53E-03 3.64E-03 5.73E-06 5.76E+00 1.28E-03 5.93E+03 1.49E+01 -1.54E+04 1.06E+03 1.00E+08 4.58E+05
E3 1.27E-04 2.91E-06 9.34E+00 2.01E-02 3.73E-04 1.12E-05 8.81E-01 4.89E-03 1.04E+02 8.16E+00 2.02E-02 5.86E-04 3.29E-02 7.21E-04 3.67E+00 2.10E-02 3.76E+02 1.54E+01 8.02E-02 1.59E-03 3.65E-03 5.92E-06 5.76E+00 1.32E-03 5.93E+03 1.54E+01 -1.53E+04 1.10E+03 1.00E+08 4.74E+05
C 1.30E-04 2.27E-06 9.33E+00 1.56E-02 3.91E-04 8.70E-06 8.84E-01 3.81E-03 1.01E+02 6.35E+00 2.08E-02 4.56E-04 3.35E-02 5.61E-04 3.65E+00 1.64E-02 3.65E+02 1.20E+01 8.22E-02 1.23E-03 3.64E-03 4.61E-06 5.76E+00 1.03E-03 5.94E+03 1.20E+01 -1.48E+04 8.54E+02 1.01E+08 3.68E+05
O 1.27E-04 2.38E-06 9.35E+00 1.64E-02 3.78E-04 9.15E-06 8.79E-01 4.01E-03 1.07E+02 6.68E+00 2.04E-02 4.80E-04 3.29E-02 5.90E-04 3.67E+00 1.72E-02 3.82E+02 1.26E+01 8.08E-02 1.30E-03 3.65E-03 4.84E-06 5.76E+00 1.08E-03 5.92E+03 1.26E+01 -1.65E+04 8.98E+02 1.00E+08 8.62E+05

Energy Entropy Max. Prob. Correlation Diagonal Mom. Kappa Diff. Energy Diff. Entropy Sum Variance Cluster Shade Cluster Prom.Inertia Inv. Diff. Mom. Sum Energy Sum Entropy

 
Table 2 Mean values and confidence limits (p < 0.05) for all the second order variables calculated for RoI 30 of the crystallograms prepared from 
winter wheat samples collected in 2006. 

Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL
C1 1.28E-04 3.57E-06 9.36E+00 2.50E-02 3.54E-04 9.09E-06 8.86E-01 5.81E-03 8.68E+01 1.15E+01 2.12E-02 7.25E-04 3.36E-02 8.89E-04 3.65E+00 2.56E-02 3.58E+02 1.83E+01 8.29E-02 1.94E-03 3.63E-03 6.79E-06 5.76E+00 1.56E-03 5.94E+03 1.85E+01 -1.25E+04 1.56E+03 1.01E+08 5.78E+05
C2 1.30E-04 3.68E-06 9.35E+00 2.57E-02 3.57E-04 9.36E-06 8.88E-01 5.98E-03 1.14E+02 1.18E+01 2.16E-02 7.46E-04 3.41E-02 9.15E-04 3.64E+00 2.63E-02 3.54E+02 1.88E+01 8.39E-02 2.00E-03 3.63E-03 6.98E-06 5.76E+00 1.60E-03 5.95E+03 1.90E+01 -1.68E+04 1.60E+03 1.01E+08 5.94E+05
C3 1.30E-04 3.57E-06 9.35E+00 2.50E-02 3.59E-04 9.09E-06 8.88E-01 5.81E-03 9.52E+01 1.15E+01 2.14E-02 7.25E-04 3.40E-02 8.89E-04 3.64E+00 2.56E-02 3.54E+02 1.83E+01 8.36E-02 1.94E-03 3.63E-03 6.79E-06 5.76E+00 1.56E-03 5.95E+03 1.85E+01 -1.38E+04 1.55E+03 1.01E+08 5.78E+05
O1 1.32E-04 3.57E-06 9.34E+00 3.20E-02 3.59E-04 4.87E-06 8.87E-01 5.82E-03 1.14E+02 1.15E+01 2.19E-02 7.25E-04 3.46E-02 8.89E-04 3.63E+00 2.56E-02 3.57E+02 1.83E+01 8.49E-02 1.94E-03 3.63E-03 6.79E-06 5.76E+00 1.55E-03 5.94E+03 1.85E+01 -1.73E+04 1.55E+03 1.01E+08 5.77E+05
O2 1.30E-04 3.57E-06 9.39E+00 2.50E-02 3.41E-04 2.27E-05 8.79E-01 5.81E-03 8.31E+01 1.15E+01 2.08E-02 7.25E-04 3.27E-02 8.89E-04 3.68E+00 2.56E-02 3.82E+02 1.83E+01 8.14E-02 1.94E-03 3.64E-03 6.79E-06 5.76E+00 1.56E-03 5.92E+03 1.85E+01 -1.30E+04 1.55E+03 1.00E+08 5.77E+05
O3 1.25E-04 3.58E-06 9.38E+00 2.50E-02 3.31E-04 9.10E-06 8.78E-01 5.81E-03 1.08E+02 1.15E+01 2.02E-02 7.25E-04 3.28E-02 8.89E-04 3.67E+00 2.56E-02 3.83E+02 1.83E+01 8.01E-02 1.94E-03 3.65E-03 6.79E-06 5.76E+00 1.56E-03 5.92E+03 1.85E+01 -1.61E+04 1.55E+03 1.00E+08 5.77E+05
E1 1.30E-04 2.53E-06 9.35E+00 1.76E-02 3.54E-04 6.43E-06 8.86E-01 4.11E-03 1.00E+02 8.11E+00 2.15E-02 5.13E-04 3.41E-02 6.29E-04 3.64E+00 1.81E-02 3.58E+02 1.29E+01 8.39E-02 1.37E-03 3.63E-03 4.80E-06 5.76E+00 1.11E-03 5.94E+03 1.31E+01 -1.49E+04 1.10E+03 1.01E+08 4.08E+05
E2 1.27E-04 1.05E-06 9.37E+00 1.79E-02 3.49E-04 2.66E-06 8.83E-01 4.17E-03 9.87E+01 8.23E+00 2.12E-02 5.20E-04 3.34E-02 6.38E-04 3.66E+00 1.83E-02 3.68E+02 1.31E+01 8.27E-02 1.39E-03 3.64E-03 4.87E-06 5.76E+00 1.12E-03 5.93E+03 1.33E+01 -1.49E+04 1.12E+03 1.01E+08 4.14E+05
E3 1.27E-04 2.53E-06 9.37E+00 1.76E-02 3.45E-04 6.43E-06 8.83E-01 4.11E-03 1.02E+02 8.11E+00 2.08E-02 5.13E-04 3.34E-02 6.29E-04 3.66E+00 1.81E-02 3.69E+02 1.29E+01 8.18E-02 1.37E-03 3.64E-03 4.80E-06 5.76E+00 1.10E-03 5.93E+03 1.31E+01 -1.49E+04 1.10E+03 1.01E+08 4.08E+05
C 1.29E-04 2.08E-06 9.35E+00 1.45E-02 3.57E-04 5.30E-06 8.87E-01 3.39E-03 9.88E+01 6.69E+00 2.14E-02 4.23E-04 3.39E-02 5.18E-04 3.64E+00 1.49E-02 3.55E+02 1.07E+01 8.35E-02 1.13E-03 3.63E-03 3.96E-06 5.76E+00 9.10E-04 5.95E+03 1.08E+01 -1.43E+04 9.07E+02 1.01E+08 3.36E+05
O 1.27E-04 2.06E-06 9.37E+00 1.44E-02 3.42E-04 5.25E-06 8.81E-01 3.36E-03 1.02E+02 6.62E+00 2.10E-02 4.19E-04 3.34E-02 5.13E-04 3.66E+00 1.48E-02 3.74E+02 1.06E+01 8.22E-02 1.12E-03 3.64E-03 3.93E-06 5.76E+00 1.90E-04 5.93E+03 1.07E+01 -1.55E+04 8.98E+02 1.00E+08 3.33E+05

Energy Entropy Max. Prob. Correlation Diagonal Mom. Kappa Diff. Energy Diff. Entropy Inertia Inv. Diff. Mom. Sum Energy Sum Entropy Sum Variance Cluster Shade Cluster Prom.

 
Table 3 Mean values and confidence limits (p < 0.05) for all the second order variables calculated for RoI 50 of the crystallograms prepared from 
winter wheat samples collected in 2006. 

Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL
C1 1.29E-04 3.33E-06 9.36E+00 2.33E-02 3.36E-04 8.40E-06 8.88E-01 5.32E-03 9.63E+01 1.18E+01 2.16E-02 6.72E-04 3.40E-02 8.49E-04 3.64E+00 2.38E-02 3.52E+02 1.68E+01 8.39E-02 1.85E-03 3.63E-03 5.91E-06 5.76E+00 1.40E-03 5.95E+03 1.68E+01 -1.34E+04 1.62E+03 1.01E+08 5.43E+05
C2 1.29E-04 3.33E-06 9.36E+00 2.33E-02 3.32E-04 8.40E-06 8.87E-01 5.32E-03 1.15E+02 1.18E+01 2.15E-02 6.72E-04 3.41E-02 8.49E-04 3.64E+00 2.38E-02 3.56E+02 1.68E+01 8.36E-02 1.85E-03 3.63E-03 5.91E-06 5.76E+00 1.40E-03 5.95E+03 1.68E+01 -1.67E+04 1.62E+03 1.01E+08 5.43E+05
C3 1.28E-04 3.23E-06 9.36E+00 2.26E-02 3.35E-04 8.15E-06 8.86E-01 5.16E-03 1.06E+02 1.15E+01 2.15E-02 6.52E-04 3.38E-02 8.24E-04 3.64E+00 2.31E-02 3.58E+02 1.63E+01 8.35E-02 1.80E-03 3.63E-03 5.73E-06 5.76E+00 1.36E-03 5.95E+03 1.63E+01 -1.50E+04 1.57E+03 1.01E+08 5.27E+05
O1 1.33E-04 3.05E-06 9.34E+00 2.14E-02 3.46E-04 7.71E-06 8.88E-01 4.88E-03 1.07E+02 1.09E+01 2.23E-02 6.17E-04 3.49E-02 7.79E-04 3.62E+00 2.18E-02 3.52E+02 1.54E+01 8.58E-02 1.70E-03 3.63E-03 5.42E-06 5.76E+00 1.29E-03 5.95E+03 1.54E+01 -1.62E+04 1.49E+03 1.01E+08 4.99E+05
O2 1.24E-04 1.19E-05 9.40E+00 2.19E-02 3.26E-04 7.92E-06 8.79E-01 5.02E-03 8.70E+01 1.12E+01 2.09E-02 6.34E-04 3.28E-02 8.01E-04 3.68E+00 2.24E-02 3.82E+02 1.58E+01 8.18E-02 1.75E-03 3.64E-03 5.57E-06 5.76E+00 1.31E-03 5.92E+03 1.58E+01 -1.31E+04 1.53E+03 1.00E+08 5.13E+05
O3 1.27E-04 3.14E-06 9.38E+00 2.20E-02 3.27E-04 7.92E-06 8.80E-01 5.02E-03 1.11E+02 1.12E+01 2.09E-02 6.34E-04 3.35E-02 8.01E-04 3.66E+00 2.24E-02 3.77E+02 1.58E+01 8.21E-02 1.75E-03 3.64E-03 5.57E-06 5.76E+00 1.31E-03 5.93E+03 1.58E+01 -1.68E+04 1.53E+03 1.01E+08 5.12E+05
E1 1.31E-04 2.26E-06 9.35E+00 1.58E-02 3.41E-04 5.70E-06 8.88E-01 3.61E-03 1.02E+02 8.04E+00 2.19E-02 4.56E-04 3.45E-02 5.76E-04 3.63E+00 1.62E-02 3.52E+02 1.14E+01 8.48E-02 1.26E-03 3.63E-03 4.01E-06 5.76E+00 9.50E-04 5.95E+03 1.14E+01 -1.48E+04 1.10E+03 1.01E+08 3.69E+05
E2 1.27E-04 2.29E-06 9.38E+00 1.60E-02 3.29E-04 5.77E-06 8.83E-01 3.65E-03 1.01E+02 8.14E+00 2.12E-02 4.62E-04 3.35E-02 5.84E-04 3.66E+00 1.64E-02 3.69E+02 1.15E+01 8.27E-02 1.27E-03 3.64E-03 4.06E-06 5.76E+00 9.60E-04 5.93E+03 1.15E+01 -1.49E+04 1.11E+03 1.01E+08 3.74E+05
E3 1.28E-04 2.25E-06 9.37E+00 1.57E-02 3.31E-04 5.68E-06 8.83E-01 3.15E-03 1.08E+02 8.01E+00 2.12E-02 4.55E-04 3.37E-02 5.74E-04 3.65E+00 1.61E-02 3.67E+02 1.13E+01 8.28E-02 1.25E-03 3.64E-03 4.00E-06 5.76E+00 9.50E-04 5.94E+03 1.14E+01 -1.59E+04 1.10E+03 1.01E+08 3.68E+05
C 1.29E-04 1.90E-06 9.36E+00 1.33E-02 3.34E-04 4.80E-06 8.87E-01 3.04E-03 1.06E+02 6.77E+00 2.15E-02 3.84E-04 3.40E-02 4.86E-04 3.64E+00 1.36E-02 3.55E+02 9.59E+00 8.37E-02 1.06E-03 3.63E-03 3.38E-06 5.76E+00 8.00E-04 5.95E+03 9.60E+00 -1.51E+04 9.26E+02 1.01E+08 3.11E+05
O 1.28E-04 1.80E-06 9.37E+00 1.26E-02 3.33E-04 4.53E-06 8.83E-01 2.87E-03 1.02E+02 6.39E+00 2.14E-02 3.63E-04 3.38E-02 4.58E-04 3.65E+00 1.28E-02 3.67E+02 9.05E+00 8.32E-02 9.99E-04 3.64E-03 3.19E-06 5.76E+00 7.60E-04 5.93E+03 9.06E+00 -1.54E+04 8.74E+02 1.01E+08 2.93E+05

Diff. EnergyDiagonal Mom. Kappa Cluster Prom.Cluster ShadeSum VarianceSum EntropySum EnergyInv. Diff. Mom. InertiaDiff. EntropyEnergy Entropy Max. Prob. Correlation

 
Table 4 Mean values and confidence limits (p < 0.05) for all the second order variables calculated for RoI 70 of the crystallograms prepared from 
winter wheat samples collected in 2006. 

Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL
C1 1.42E-04 3.35E-06 9.26E+00 2.46E-02 3.56E-04 9.80E-06 9.11E-01 5.88E-03 3.13E+01 2.95E+01 2.51E-02 7.19E-04 3.83E-02 8.90E-04 3.52E+00 2.67E-02 2.80E+02 1.86E+01 9.35E-02 1.93E-03 3.62E-03 5.72E-06 5.77E+00 1.52E-03 6.01E+03 1.78E+01 -4.02E+03 4.11E+03 1.05E+08 8.22E+05
C2 1.39E-04 3.06E-06 9.28E+00 2.25E-02 3.43E-04 8.94E-06 9.06E-01 5.37E-03 5.27E+01 2.69E+01 2.40E-02 6.57E-04 3.72E-02 8.13E-04 3.55E+00 2.44E-02 2.97E+02 1.69E+01 9.06E-02 1.76E-03 3.63E-03 5.23E-06 5.77E+00 1.39E-03 5.99E+03 1.63E+01 -7.78E+03 3.75E+03 1.03E+08 7.50E+05
C3 1.37E-04 3.15E-06 9.30E+00 2.31E-02 3.48E-04 9.20E-06 9.01E-01 5.52E-03 8.33E+01 2.77E+01 2.37E-02 6.76E-04 3.65E-02 8.36E-04 3.57E+00 2.51E-02 3.13E+02 1.74E+01 8.96E-02 1.82E-03 3.62E-03 5.38E-06 5.77E+00 1.44E-03 5.98E+03 1.67E+01 -1.14E+04 3.86E+03 1.03E+08 7.71E+05
O1 1.38E-04 3.24E-06 9.30E+00 2.39E-02 3.44E-04 9.49E-06 9.00E-01 5.69E-03 9.98E+01 2.85E+01 2.34E-02 6.97E-04 3.66E-02 8.62E-04 3.57E+00 2.58E-02 3.16E+02 1.80E+01 8.90E-02 1.87E-03 3.62E-03 5.55E-06 5.77E+00 1.47E-03 5.98E+03 1.72E+01 -1.42E+04 3.98E+03 1.02E+08 7.95E+05
O2 1.35E-04 3.15E-06 9.30E+00 2.31E-02 3.38E-04 9.20E-06 9.01E-01 5.52E-03 1.29E+01 2.77E+01 2.43E-02 6.76E-04 3.65E-02 8.36E-04 3.57E+00 2.51E-02 3.11E+02 1.74E+01 9.11E-02 1.82E-03 3.63E-03 5.38E-06 5.77E+00 1.43E-03 5.98E+03 1.67E+01 -2.42E+03 3.86E+03 1.04E+08 7.71E+05
O3 1.37E-04 3.35E-06 9.32E+00 2.46E-02 3.47E-04 9.80E-06 8.94E-01 5.88E-03 9.14E+01 2.95E+01 2.36E-02 7.19E-04 3.64E-02 8.90E-04 3.59E+00 2.67E-02 3.34E+02 1.86E+01 8.95E-02 1.93E-03 3.63E-03 5.73E-06 5.76E+00 1.52E-03 5.96E+03 1.78E+01 -1.40E+04 4.11E+03 1.02E+08 8.21E+05
E1 1.40E-04 2.33E-06 9.28E+00 1.72E-02 3.50E-04 6.82E-06 9.05E-01 4.09E-03 6.55E+01 2.05E+01 2.42E-02 5.01E-04 3.75E-02 6.20E-04 3.55E+00 1.86E-02 2.98E+02 1.29E+01 9.12E-02 1.35E-03 3.62E-03 3.98E-06 5.77E+00 1.06E-03 6.00E+03 1.24E+01 -9.09E+03 2.86E+03 1.03E+08 5.72E+05
E2 1.37E-04 2.19E-06 9.29E+00 1.61E-02 3.40E-04 6.42E-06 9.03E-01 3.85E-03 3.28E+01 1.93E+01 2.42E-02 4.71E-04 3.69E-02 5.83E-04 3.56E+00 1.75E-02 3.04E+02 1.22E+01 9.08E-02 1.27E-03 3.63E-03 3.75E-06 5.77E+00 1.00E-03 5.99E+03 1.17E+01 -5.10E+03 2.69E+03 1.04E+08 5.38E+05
E3 1.37E-04 2.30E-06 9.31E+00 1.69E-02 3.48E-04 6.72E-06 8.97E-01 4.03E-03 8.73E+01 2.02E+01 2.37E-02 4.94E-04 3.65E-02 6.11E-04 3.58E+00 1.83E-02 3.24E+02 1.27E+01 8.96E-02 1.33E-03 3.63E-03 3.93E-06 5.76E+00 1.04E-03 5.97E+03 1.22E+01 -1.27E+04 2.82E+03 1.03E+08 5.64E+05
C 1.39E-04 1.84E-06 9.28E+00 1.35E-02 3.49E-04 5.38E-06 9.06E-01 3.23E-03 5.57E+01 1.62E+01 2.43E-02 3.95E-04 3.73E-02 4.89E-04 3.55E+00 1.47E-02 2.97E+02 1.02E+01 9.12E-02 1.06E-03 3.62E-03 3.15E-06 5.77E+00 8.40E-04 6.00E+03 9.78E+00 -7.73E+03 2.26E+03 1.04E+08 4.51E+05
O 1.37E-04 1.88E-06 9.30E+00 1.38E-02 3.43E-04 5.48E-06 8.98E-01 3.29E-03 6.80E+01 1.65E+01 2.38E-02 4.03E-04 3.65E-02 4.98E-04 3.58E+00 1.49E-02 3.21E+02 1.04E+01 8.98E-02 1.08E-03 3.63E-03 3.20E-06 5.77E+00 8.50E-04 5.97E+03 9.97E+00 -1.02E+04 2.30E+03 1.03E+08 4.60E+05
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Table 5 Mean values and confidence limits (p < 0.05) for all the second order variables calculated for RoI 90 of the crystallograms prepared from 
winter wheat samples collected in 2006. 

Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL
C1 1.19E-04 2.90E-06 9.40E+00 1.87E-02 3.53E-04 1.36E-05 8.69E-01 4.96E-03 5.87E+01 2.21E+01 1.79E-02 7.89E-04 3.06E-02 7.08E-04 3.73E+00 1.97E-02 4.13E+02 1.56E+01 7.43E-02 2.07E-03 3.66E-03 8.00E-06 5.76E+00 1.42E-03 5.89E+03 1.60E+01 -7.18E+03 3.59E+03 9.90E+07 5.72E+05
C2 1.21E-04 2.90E-06 9.38E+00 1.87E-02 3.50E-04 1.36E-05 8.73E-01 4.95E-03 7.11E+01 2.21E+01 1.83E-02 7.89E-04 3.12E-02 7.08E-04 3.71E+00 1.97E-02 4.00E+02 1.56E+01 7.53E-02 2.08E-03 3.66E-03 8.00E-06 5.76E+00 1.43E-03 5.90E+03 1.60E+01 -9.50E+03 3.59E+03 9.99E+07 5.73E+05
O1 1.22E-04 2.99E-06 9.39E+00 1.93E-02 3.75E-04 1.40E-05 8.64E-01 5.10E-03 7.42E+01 2.27E+01 2.05E-02 8.12E-04 3.17E-02 7.29E-04 3.72E+00 2.02E-02 4.28E+02 1.60E+01 8.07E-02 2.14E-03 3.68E-03 8.23E-06 5.75E+00 1.47E-03 5.87E+03 1.65E+01 -9.85E+03 3.70E+03 9.98E+07 5.89E+05
O2 1.22E-04 3.08E-06 9.38E+00 1.98E-02 3.53E-04 1.45E-05 8.69E-01 5.26E-03 1.03E+02 2.34E+01 1.93E-02 8.37E-04 3.18E-02 7.51E-04 3.71E+00 2.09E-02 4.14E+02 1.65E+01 7.79E-02 2.20E-03 3.67E-03 8.49E-06 5.76E+00 1.51E-03 5.89E+03 1.70E+01 -1.53E+04 3.81E+03 1.00E+08 6.06E+05
E1 1.21E-04 2.08E-06 9.40E+00 1.34E-02 3.64E-04 9.79E-06 8.66E-01 3.55E-03 6.65E+01 1.58E+01 1.92E-02 5.66E-04 3.11E-02 5.08E-04 3.72E+00 1.41E-02 4.21E+02 1.12E+01 7.75E-02 1.49E-03 3.67E-03 5.74E-06 5.76E+00 1.02E-03 5.88E+03 1.15E+01 -8.34E+03 2.40E+03 9.94E+07 4.10E+05
E2 1.21E-04 2.11E-06 9.38E+00 1.37E-02 3.51E-04 9.95E-06 8.71E-01 3.61E-03 8.73E+01 1.61E+01 1.88E-02 5.75E-04 3.15E-02 5.16E-04 3.71E+00 1.43E-02 4.07E+02 1.14E+01 7.66E-02 1.51E-03 3.66E-03 5.83E-06 5.76E+00 1.03E-03 5.89E+03 1.17E+01 -1.24E+04 2.62E+03 1.00E+08 4.17E+05
C 1.20E-04 2.05E-06 9.39E+00 1.32E-02 3.52E-04 9.65E-06 8.71E-01 3.50E-03 6.49E+01 1.56E+01 1.81E-02 5.58E-04 3.09E-02 5.01E-04 3.72E+00 1.39E-02 4.06E+02 1.10E+01 7.48E-02 1.47E-03 3.66E-03 5.66E-06 5.76E+00 1.00E-03 5.89E+03 1.13E+01 -8.34E+03 2.54E+03 9.95E+07 4.04E+05
O 1.22E-04 2.15E-06 9.39E+00 1.38E-02 3.64E-04 1.01E-05 8.66E-01 3.66E-03 8.89E+01 1.63E+01 1.99E-02 5.83E-04 3.17E-02 5.23E-04 3.72E+00 1.45E-02 4.21E+02 1.15E+01 7.93E-02 1.53E-03 3.67E-03 5.91E-06 5.76E+00 1.05E-03 5.88E+03 1.18E+01 -1.26E+04 2.65E+03 9.99E+07 4.23E+05

Energy Entropy CorrelationMax. Prob. Diff. EnergyKappaDiagonal Mom. Sum EnergyInv. Diff. Mom. InertiaDiff. Entropy Cluster Prom.Cluster ShadeSum VarianceSum Entropy

 
Table 6 Mean values and confidence limits (p < 0.05) for all the second order variables calculated for RoI 30 of the crystallograms prepared from 
winter wheat samples collected in 2007. 

Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL
C1 1.20E-04 2.82E-06 9.41E+00 1.70E-02 3.26E-04 1.18E-05 8.74E-01 3.90E-03 7.89E+01 1.61E+01 1.89E-02 7.50E-04 3.14E-02 6.96E-04 3.70E+00 1.73E-02 3.96E+02 1.23E+01 7.66E-02 2.07E-03 3.65E-03 6.19E-06 5.76E+00 1.09E-03 5.91E+03 1.25E+01 -1.02E+04 2.60E+03 9.97E+07 4.51E+05
C2 1.21E-04 2.74E-06 9.40E+00 1.65E-02 3.31E-04 1.14E-05 8.76E-01 3.79E-03 8.33E+01 1.56E+01 1.92E-02 7.29E-04 3.19E-02 6.76E-04 3.69E+00 1.68E-02 3.90E+02 1.19E+01 7.74E-02 2.01E-03 3.65E-03 6.02E-06 5.76E+00 1.06E-03 5.91E+03 1.22E+01 -1.15E+04 2.53E+03 1.00E+08 4.39E+05
O1 1.22E-04 2.90E-06 9.42E+00 1.75E-02 3.42E-04 1.21E-05 8.65E-01 4.02E-03 8.22E+01 4.53E-01 2.13E-02 7.73E-04 3.22E-02 7.17E-04 3.72E+00 1.78E-02 4.26E+02 1.27E+01 8.26E-02 2.13E-03 3.67E-03 6.39E-06 5.76E+00 1.12E-03 5.88E+03 1.29E+01 -1.14E+04 2.68E+03 1.00E+08 4.65E+05
O2 1.25E-04 2.90E-06 9.39E+00 1.75E-02 3.33E-04 1.21E-05 8.74E-01 4.02E-03 1.05E+02 1.66E+01 2.05E-02 7.73E-04 3.29E-02 7.17E-04 3.68E+00 1.78E-02 3.97E+02 1.27E+01 8.10E-02 2.13E-03 3.66E-03 6.38E-06 5.76E+00 1.12E-03 5.91E+03 1.29E+01 -1.58E+04 2.68E+03 1.01E+08 4.65E+05
E1 1.21E-04 2.02E-06 9.42E+00 1.22E-02 3.34E-04 8.46E-06 8.70E-01 2.80E-03 8.06E+01 1.15E+01 2.01E-02 5.39E-04 3.18E-02 5.00E-04 3.71E+00 1.24E-02 4.11E+02 8.82E+00 7.96E-02 1.48E-03 3.66E-03 4.44E-06 5.76E+00 7.80E-04 5.89E+03 8.99E+00 -1.08E+04 1.87E+03 9.99E+07 3.25E+05
E2 1.23E-04 2.00E-06 9.40E+00 1.20E-02 3.32E-04 8.34E-06 8.75E-01 2.76E-03 9.44E+01 1.14E+01 1.98E-02 5.31E-04 3.24E-02 4.93E-04 3.69E+00 1.23E-02 3.93E+02 8.70E+00 7.92E-02 1.46E-03 3.65E-03 4.39E-06 5.76E+00 7.80E-04 5.91E+03 8.87E+00 -1.37E+04 1.84E+03 1.00E+08 3.20E+05
C 1.20E-04 1.97E-06 9.41E+00 1.18E-02 3.28E-04 8.21E-06 8.75E-01 2.72E-03 8.11E+01 1.12E+01 1.90E-02 5.23E-04 3.16E-02 4.85E-04 3.70E+00 1.21E-02 3.93E+02 8.56E+00 7.70E-02 1.44E-03 3.65E-03 4.32E-06 5.76E+00 7.60E-04 5.91E+03 8.74E+00 -1.09E+04 1.82E+03 9.99E+07 3.15E+05
O 1.24E-04 2.05E-06 9.41E+00 1.24E-02 3.38E-04 8.59E-06 8.69E-01 2.84E-03 9.38E+01 1.17E+01 2.09E-02 5.47E-04 3.25E-02 5.07E-04 3.70E+00 1.26E-02 4.12E+02 8.95E+00 8.18E-02 1.51E-03 3.66E-03 4.51E-06 5.76E+00 7.90E-04 5.89E+03 9.13E+00 -1.36E+04 1.90E+03 1.00E+08 3.29E+05
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Table 7 Mean values and confidence limits (p < 0.05) for all the second order variables calculated for RoI 50 of the crystallograms prepared from 
winter wheat samples collected in 2007. 

Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL
C1 1.19E-04 2.86E-06 9.43E+00 1.88E-02 3.14E-04 9.31E-06 8.73E-01 4.72E-03 9.11E+01 1.52E+01 1.90E-02 6.92E-04 3.14E-02 7.11E-04 3.71E+00 1.94E-02 4.01E+02 1.48E+01 7.69E-02 1.89E-03 3.65E-03 7.22E-06 5.76E+00 1.28E-03 5.90E+03 1.53E+01 -1.23E+04 2.44E+03 9.97E+07 4.44E+05
C2 1.20E-04 2.86E-06 9.42E+00 1.88E-02 3.10E-04 9.31E-06 8.75E-01 4.72E-03 9.67E+01 1.52E+01 1.90E-02 6.92E-04 3.18E-02 7.11E-04 3.70E+00 1.94E-02 3.94E+02 1.48E+01 7.71E-02 1.89E-03 3.65E-03 7.22E-06 5.76E+00 1.29E-03 5.91E+03 1.53E+01 -1.38E+04 2.44E+03 1.00E+08 4.43E+05
O1 1.19E-04 3.05E-06 9.45E+00 2.01E-02 3.24E-04 9.95E-06 8.58E-01 5.04E-03 9.19E+01 1.63E+01 2.09E-02 7.40E-04 3.15E-02 7.60E-04 3.74E+00 2.07E-02 4.48E+02 1.59E+01 8.17E-02 2.02E-03 3.68E-03 7.72E-06 5.75E+00 1.38E-03 5.85E+03 1.64E+01 -1.29E+04 2.61E+03 9.94E+07 4.74E+05
O2 1.26E-04 2.85E-06 9.40E+00 1.88E-02 3.24E-04 9.31E-06 8.74E-01 4.72E-03 1.10E+02 1.52E+01 2.11E-02 6.92E-04 3.33E-02 7.11E-04 3.68E+00 1.94E-02 3.98E+02 1.48E+01 8.25E-02 1.89E-03 3.65E-03 7.22E-06 5.76E+00 1.28E-03 5.91E+03 1.54E+01 -1.68E+04 2.44E+03 1.01E+08 4.44E+05
E1 1.19E-04 2.09E-06 9.44E+00 1.37E-02 3.19E-04 6.81E-06 8.65E-01 3.45E-03 9.15E+01 1.12E+01 2.00E-02 5.06E-04 3.15E-02 5.20E-04 3.72E+00 1.42E-02 4.25E+02 1.09E+01 7.93E-02 1.38E-03 3.66E-03 5.28E-06 5.76E+00 9.40E-04 5.88E+03 1.12E+01 -1.26E+04 1.79E+03 9.95E+07 3.25E+05
E2 1.23E-04 2.02E-06 9.41E+00 1.33E-02 3.17E-04 6.58E-06 8.74E-01 3.34E-03 1.03E+02 1.08E+01 2.01E-02 4.89E-04 3.25E-02 5.02E-04 3.69E+00 1.37E-02 3.96E+02 1.05E+01 7.98E-02 1.34E-03 3.65E-03 5.11E-06 5.76E+00 9.10E-04 5.91E+03 1.09E+01 -1.53E+04 1.73E+03 1.00E+08 3.14E+05
C 1.20E-04 2.02E-06 9.42E+00 1.33E-02 3.12E-04 6.58E-06 8.74E-01 3.34E-03 9.39E+01 1.08E+01 1.90E-02 4.89E-04 3.16E-02 5.02E-04 3.70E+00 1.37E-02 3.98E+02 1.05E+01 7.70E-02 1.34E-03 3.65E-03 5.11E-06 5.76E+00 9.10E-04 5.91E+03 1.09E+01 -1.30E+04 1.73E+03 9.99E+07 3.13E+05
O 1.22E-04 2.09E-06 9.42E+00 1.37E-02 3.24E-04 6.81E-06 8.66E-01 3.45E-03 1.01E+02 1.12E+01 2.10E-02 5.06E-04 3.24E-02 5.20E-04 3.71E+00 1.42E-02 4.23E+02 1.09E+01 8.21E-02 1.38E-03 3.67E-03 5.28E-06 5.76E+00 9.40E-04 5.88E+03 1.12E+01 -1.48E+04 1.79E+03 1.00E+08 3.24E+05
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Table 8 Mean values and confidence limits (p < 0.05) for all the second order variables calculated for RoI 70 of the crystallograms prepared from 
winter wheat samples collected in 2007. 

Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL Mean ± CL
C1 1.21E-04 5.12E-06 9.42E+00 3.99E-02 3.16E-04 1.11E-05 8.70E-01 1.10E-02 1.02E+02 2.38E+01 2.02E-02 9.64E-04 3.21E-02 1.36E-03 3.70E+00 4.28E-02 4.09E+02 3.47E+01 8.01E-02 2.73E-03 3.65E-03 1.24E-05 5.76E+00 2.91E-03 5.89E+03 3.44E+01 -1.61E+04 3.75E+03 9.93E+07 1.08E+06
C2 1.25E-04 5.12E-06 9.39E+00 3.99E-02 3.12E-04 1.11E-05 8.77E-01 1.10E-02 9.29E+01 2.38E+01 2.07E-02 9.64E-04 3.32E-02 1.36E-03 3.67E+00 4.28E-02 3.86E+02 3.47E+01 8.16E-02 2.73E-03 3.65E-03 1.24E-05 5.76E+00 2.92E-03 5.91E+03 3.44E+01 -1.45E+04 3.75E+03 1.01E+08 1.08E+06
O1 1.12E-04 5.12E-06 9.51E+00 3.99E-02 3.02E-04 1.11E-05 8.40E-01 1.10E-02 1.43E+02 2.38E+01 1.97E-02 9.64E-04 2.96E-02 1.36E-03 3.80E+00 4.28E-02 5.06E+02 3.47E+01 7.81E-02 2.73E-03 3.69E-03 1.24E-05 5.75E+00 2.91E-03 5.80E+03 3.44E+01 -2.25E+04 3.75E+03 9.69E+07 1.08E+06
O2 1.26E-04 5.12E-06 9.39E+00 3.99E-02 3.16E-04 1.11E-05 8.74E-01 1.10E-02 1.06E+02 2.38E+01 2.14E-02 9.64E-04 3.37E-02 1.36E-03 3.67E+00 4.28E-02 3.98E+02 3.47E+01 8.34E-02 2.73E-03 3.65E-03 1.24E-05 5.76E+00 2.91E-03 5.90E+03 3.44E+01 -1.67E+04 3.75E+03 1.00E+08 1.08E+06
E1 1.17E-04 3.62E-06 9.47E+00 2.82E-02 3.09E-04 7.87E-06 8.55E-01 7.78E-03 1.23E+02 1.68E+01 2.00E-02 6.82E-04 3.09E-02 9.64E-04 3.75E+00 3.03E-02 4.57E+02 2.45E+01 7.91E-02 1.93E-03 3.67E-03 8.78E-06 5.75E+00 2.06E-03 5.84E+03 2.43E+01 -1.93E+04 2.65E+03 9.81E+07 7.62E+05
E2 1.25E-04 3.62E-06 9.39E+00 2.82E-02 3.14E-04 7.87E-06 8.75E-01 7.78E-03 9.93E+01 1.68E+01 2.11E-02 6.82E-04 3.34E-02 9.64E-04 3.67E+00 3.03E-02 3.92E+02 2.45E+01 8.25E-02 1.93E-03 3.65E-03 8.78E-06 5.76E+00 2.06E-03 5.91E+03 2.43E+01 -1.56E+04 2.65E+03 1.00E+08 7.62E+05
C 1.23E-04 3.62E-06 9.41E+00 2.82E-02 3.14E-04 7.87E-06 8.74E-01 7.78E-03 9.75E+01 1.68E+01 2.05E-02 6.82E-04 3.26E-02 9.64E-04 3.68E+00 3.03E-02 3.98E+02 2.45E+01 8.09E-02 1.93E-03 3.65E-03 8.78E-06 5.76E+00 2.06E-03 5.90E+03 2.43E+01 -1.53E+04 2.65E+03 9.99E+07 7.62E+05
O 1.19E-04 3.62E-06 9.45E+00 2.82E-02 3.09E-04 7.87E-06 8.57E-01 7.78E-03 1.24E+02 1.68E+01 2.06E-02 6.82E-04 3.16E-02 9.64E-04 3.74E+00 3.03E-02 4.52E+02 2.45E+01 8.08E-02 1.93E-03 3.67E-03 8.78E-06 5.75E+00 2.06E-03 5.85E+03 2.43E+01 -1.96E+04 2.65E+03 9.86E+07 7.62E+05

Energy Entropy Max. Prob. Correlation Diagonal Mom. Kappa Diff. Energy Diff. Entropy Inertia Inv. Diff. Mom. Sum Energy Sum Entropy Sum Variance Cluster Shade Cluster Prom.

 
Table 9 Mean values and confidence limits (p < 0.05) for all the second order variables calculated for RoI 90 of the crystallograms prepared from 
winter wheat samples collected in 2007. 
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Considering the meaning of the variables, the results indicate that the texture of the 
crystallograms prepared from conventional samples was more complex and intricate. 
On the other hand, the texture of organic crystallograms appeared as more 
homogeneous, compatible and uniform. 

Selected crystallogram images, which proved to have typical organic and 
conventional values, respectively for the selected texture characteristics as 
determined by the two way ANOVA are shown in Figure 7.  

  

2006 ORGANIC 2006 CONVENTIONAL 

  

  
2007 ORGANIC 2007 CONVENTIONAL 

Figure 7 Selected crystallogram images, with typical organic and conventional texture features 
as determined by the two way ANOVA results.  

3.4 Discriminant Analysis 

Application of DA methodology allowed appropriate classification of the observations. 
Figures 2 and 3 show the plot of discriminant functions (DF), which explained most of 
the variance for the texture analysis of the four RoIs of crystallograms prepared from 
organic and conventional winter wheat samples collected in the two harvesting 
seasons under consideration. Each of the investigated RoIs, being a separate set of 
data, delivered different information and different distribution of the predictor 
variables in the DFs. 
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Detailed results of the DA of the texture GLCM variables for crystallograms prepared 
from conventional and organic winter wheat samples collected in 2006 and 2007 are 
shown in Table 10. 

Year
RoI 30 50 70 90 30 50 70 90

No. of DF (p < 0.05) 3 2 2 3 2 3 2 3
% of variance explained by DF1 44.0 57.6 61.1 61.4 63.0 63.9 72.3 48.9
% of variance explained by DF2 32.3 20.4 18.9 18.2 28.9 29.2 25.0 36.5

% of variance explained by DF3 12.2 9.5 6.9 14.5

% correctly classified 75.3 73.7 69.2 70.9 84.6 96.3 93.6 90.7

% correctly predicted
 (random replicates)

80.0 70.1 69.2 73.9 82.3 82.3 80.0 77.8

No. correctly predicted / analysed
bulk replicates

38/66 42/66 30/66 42/68 18/20 19/20 18/20 16/20

No. correctly predicted / analysed
mean bulk samples

4/6 5/6 3/6 6/6 4/4 4/4 4/4 3/4

2006 2007

 
Table 10 Discriminant analysis results for four RoIs of crystallogram images prepared from 
conventional and organic winter wheat samples collected in 2006 and 2007.  

The field replicates from 2006 were discriminated with statistical significance at 95 % 
confidence level by three DFs in RoIs 30 and 90. The same was observed for the 
data obtained for the RoIs 50 and 90 of the 2007 samples. The remaining data sets 
could be discriminated by two DFs. 

With varying discriminating power the first discriminant function (DF1) was mainly 
responsible for distinction between the two agricultural systems of cultivation of the 
plant material used while the second one (DF2) reflected the differences resulting 
from the environments in which the samples were grown (Figures 8 to 15).  

The DF values indicate that the influence of the agricultural systems of cultivation of 
the analysed samples on the values of the predictor variables was probably higher, 
than the impact of the environment in which they were grown. 

All calculated DA models were characterised by a percentage of correctly classified 
observations that was high enough (higher than 70%) to consider them as valid. 
However, the models obtained for the samples harvested in 2006 were worse than 
the ones for the following year.  

The percentage of correctly predicted validation data, which were randomly chosen 
and excluded from building the discrimination models, was in most cases similar to 
the percentage of correctly predicted "unknown" samples. Taking into account the 
extensive variation between replicates of the same sample, noticed also by Kahl 
(2007), the DA models can be considered as satisfactorily robust. 

As shown in Figures 8 to 15 much better separation between the groups of samples 
was obtained for the DA models based on the field replicates from 2007. This was 
also reflected in the prediction results for the “unknown” bulk samples.  

The prediction result for the bulk samples from both harvest seasons was different in 
the four RoIs under consideration. It was excellent (100 %) for RoI 90 in bulk samples 
from 2006 and RoIs 30, 50 and 70 in bulk samples from 2007. It was however 
considerably lower when the crystallogram replicates of the bulk samples were 
submitted to prediction separately.  
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Figure 8 Plot of the first two discriminant functions for RoI 30 of the crystallographic images 
prepared from winter wheat samples collected in 2006. C stands for conventional, O for organic 
samples. Numbers from 1 to 3 refer to the environment. 
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Figure 9 Plot of the first two discriminant functions for RoI 50 of the crystallographic images 
prepared from winter wheat samples collected in 2006. C stands for conventional, O for organic 
samples. Numbers from 1 to 3 refer to the environment. 
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Figure 10 Plot of the first two discriminant functions for RoI 70 of the crystallographic images 
prepared from winter wheat samples collected in 2006. C stands for conventional, O for organic 
samples. Numbers from 1 to 3 refer to the environment. 
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Figure 11 Plot of the first two discriminant functions for RoI 90 of the crystallographic images 
prepared from winter wheat samples collected in 2006. C stands for conventional, O for organic 
samples. Numbers from 1 to 3 refer to the environment. 
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Figure 12 Plot of the first two discriminant functions for RoI 30 of the crystallographic images 
prepared from winter wheat samples collected in 2007. C stands for conventional, O for organic 
samples. Numbers 1 and 2 refer to the environment. 
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Figure 13 Plot of the first two discriminant functions for RoI 50 of the crystallographic images 
prepared from winter wheat samples collected in 2007. C stands for conventional, O for organic 
samples. Numbers 1 and 2 refer to the environment. 
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Figure 14 Plot of the first two discriminant functions for RoI 70 of the crystallographic images 
prepared from winter wheat samples collected in 2007. C stands for conventional, O for organic 
samples. Numbers 1 and 2 refer to the environment. 
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Figure 15 Plot of the first two discriminant functions for RoI 90 of the crystallographic images 
prepared from winter wheat samples collected in 2007. C stands for conventional, O for organic 
samples. Numbers 1 and 2 refer to the environment. 
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Kahl (2007) reported 80 % correct classification using LDA for conventionally and 
organically grown wheat samples from three different harvest seasons of the DOC∗ 
trial. According to this study data obtained from RoI 90 allowed best differentiation 
between the two groups (Kahl, 2007). However, based on our studies it can be said 
that all the analysed RoIs were good sources of information. In fact evaluation of the 
discriminant analysis results of samples from the two years showed that there is no 
one "best RoI" but the information from different RoIs should be combined as the 
different parts of the crystallographic pattern appears to reveal "additional" 
information, which enhances the discrimination result. 

For all of the observations the most important predictor variables were correlation 
and inertia. Correlation indicates the strength and direction of a linear relationship 
between compared data. It characterises the roughness of the texture of an image 
and is linked to the variable inertia, which in the GLCM terminology, depend on 
varying intensity of an image.  

An attempt to pool the data based on samples from the two harvesting seasons was 
carried out. In the analysed RoIs i.e. 30, 50, 70 and 90 the percentage of correctly 
classified samples in the resulting DA models was 56.2, 59.4, 59.2 and 58.1, 
respectively. These low results render the DA models not valid and indicate a shift in 
the results over the two years. If we assume satisfactory reproducibility (Kahl, 2007; 
Kahl et al., 2008) for the copper chloride crystallisation method over the period in 
which the samples' extracts were crystallised as well as for the two laboratories that 
prepared the crystallograms, it can be speculated that the change in the values was 
due to influence of climatic conditions during the growth of the winter wheat and/or 
differences in agricultural practices applied on the fields within both agricultural 
systems over the two years.  

3.5 Partial Least Square – Regression (PLS-R) 

Table 11 shows summarises details of the calculated PLS-R models and results of 
their application to predict averaged bulk samples.  

Year RoI

No. of 
crystallograms
used to build 

model

No. of 
crystallograms

used to validate 
model

No. of PLS
components 

No. of correctly 
predicted /

analysed bulk 
samples

30 103 25 7 4/6
50 103 25 6 5/6
70 102 25 5 5/6
90 99 24 6 5/6
30 69 17 7 4/4
50 66 16 5 4/4
70 62 15 2 4/4
90 72 18 7 4/4

2006

2007

 
Table 11 PLS-R models and prediction results for four RoIs of crystallogram images prepared 
from conventional and organic winter wheat samples collected in 2006 and 2007 

As compared with the results obtained from the DA, the PLS-R allowed improved 
prediction of the bulk samples in RoI 70 for samples from 2006 and RoI 90 for 
samples from 2007. The outcome was worse in case of RoI 90 for samples from 

                                                 
∗ DOC stands for “bio-Dynamic, bio-Organic, Conventional” a long-term field trial carried out at Therwil, 
Switzerland, where agricultural production systems have been compared since 1978. 
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2006 resulting in correct prediction of five out of six bulk samples from 2006. The bulk 
samples from 2007 were correctly predicted in the four analysed RoIs.  

Figure 16 shows one of the computed PLS-R loading plots, which represents the 
relationship between two data sets (the X-variables or predictor variables, which are 
independent i.e. the influencing factors on the dependent Y-variable i.e. the predicted 
responses) and enables best explanation of the interrelationship between them. 

In the presented case i.e. RoI 70 of crystallogram images prepared from winter wheat 
samples collected in 2007, the first principal multivariate regression component 
explained up to 46 % of the total variance in the Y-data while 24 % was fitted for the 
X-data. In other words, there was quite substantial redundant/irrelevant information in 
X with respect to Y. 

 
Figure 16 Partial Least Square regression plot for RoI 70 of crystallogram images prepared 
from winter wheat samples collected in 2007. ORG – organic, CON – conventional. 

We may assign meaningful attributes to the first two principal components. When 
going towards higher positive values for the first principal component (PC1) variables 
such as correlation (high values indicate high complexity of an image) and cluster 
shade (measures of the skewness of the matrix or, in other words, the lack of 
symmetry) as well as sum entropy and sum variance (both related to the lack of order 
in an image) occur. In short, positive value of the first principal component is related 
to the complexity or lack of order of an image. As in most cases the values for the 
crystallograms prepared based on the conventional samples were located along the 
positive side of this PC, higher complexity can be assigned as a typical feature for the 
crystallographic patterns resulting from samples from a conventional agronomic 
system. 
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The second principal component (PC2) explained only 4 % of the remaining variance 
after PC1, meaning it is far less relevant for PLS-R interpretations.  

PC2 was found to be highly positively correlated with variables such as energy and 
difference energy, which measure the uniformity (homogeneity) of an image texture 
as well as kappa and inverse different moment, which measures local homogeneity. 
Consequently, the second principal component was negatively correlated with 
variables which measure the degree of uniformity of the image such i.e. entropy and 
difference entropy. When going towards positive values for the PC2 we have higher 
disordered images while the inverse occurs when moving towards negative values for 
this PC and this was where the values derived from the crystallograms based on the 
organic winter wheat samples were allocated.  

Looking at the relative position of the allocation of values for crystallograms prepared 
from organic and conventional winter wheat samples, it can be concluded that the 
organic samples are positively correlated with the predictor variables which are 
negatively correlated with PC1, whereas their conventional counterparts are mainly 
explained by variables which are positively correlated with PC1.  

Variables with higher regression coefficients (in absolute values) are more influential 
for the assignment of samples.  

Using the recommended number of PCs i.e. the number which gives the lowest 
model residual validation variance, the absolute values for regression coefficients for 
crystallogram images prepared from samples harvested in 2006 were highest for 
inverse different moment (RoI 30), diagonal moment (RoIs 50 and 70), Kappa (RoI 
90) whereas for crystallogram images prepared from samples harvested in 2007 
these were sum entropy (RoIs 30, 50, 70) and kappa (RoI 90).  

4 Conclusions and perspectives 

Application of computerised analyses of crystallogram images can be still considered 
as an innovative method in food quality analyses. Apart from reports and thesises 
there is not much scientific literature about this subject and the possibility of 
comparing the obtained results with other sources is limited. 

Based on the results of the described approach to statistical data treatment, 
statistically significant (p < 0.05) differences between groups of crystallogram images 
prepared with addition of extracts from winter wheat grown in two different 
agricultural systems could be detected. This proved possible despite the 
considerable variability which characterises the copper chloride crystallisation 
method, and has been noticed also by Kahl et al. (2008). 

The results of the univariate analyses and above all the PLS-R coefficients facilitated 
relating of the texture variables (predictor variables) to image features that can be 
ascribed as characteristic for organic or conventional samples. Images prepared from 
the organic wheat samples were positively correlated with variables such as energy, 
difference energy, sum energy and inverse difference moment (or local homogeneity) 
indicating homogeneity in their texture. Oppositely, images of conventional samples 
were found to be positively correlated with second order texture variables which 
illustrate higher complexity of image texture i.e. correlation, entropy, difference 
entropy, sum entropy, sum variance or cluster shade.  
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A noticeable improvement in the number of texture variables, which allowed 
distinguishing between the conventional and organic groups of samples over RoIs 
from 50 to 90, was obtained by pre-treatment of raw data and removal of outliers. It 
can be a promising indication that including this statistical routine into the ACIA 
software can increase its capacity in distinguishing between different groups of 
crystallogram images. 

The proposed use of the DA and PLS-R models for classification of unknown 
samples can be used for further research comprising more wheat varieties, grown in 
more locations over several years. Ideally, a database of models should be 
generated in order to predict unknown samples on a routine basis. 
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Concluding remarks and perspectives 

One of the concerns in the protection of European consumers is the authentication of 
organically and conventionally grown crops and, thus the availability of sound 
analytical detection methods to distinguish between them. 

This thesis describes results of an exploratory research project of the European 
Commission's Joint Research Centre, Institute for Reference Materials and 
Measurements in Geel, Belgium, to characterise and distinguish between certified 
organically and conventionally grown winter wheat samples, collected in three 
harvesting seasons, using analytical and holistic methods.  

The applied analytical methods included total nitrogen/protein by Dumas and two 
dimensional fluorescence difference gel electrophoresis (2D-DIGE), as well as 
supporting methods used for optimisation of procedures and in the course of its 
application i.e. UV-VIS spectrophotometry and electrophoresis with NuPAGE® Bis-
Tris. Additionally, the number of grains in the wheat ears was quantified. 

The overall results both in the number of grains and the total nitrogen/protein content 
showed statistically significant difference (p < 0.05) between organically and 
conventionally grown winter wheat, with a considerable trend towards a higher 
number of grains in ears and a higher protein content in the conventionally grown 
winter wheat.  

In order to verify which putative markers could be used for analytical distinguishing 
between organically and conventionally grown winter wheat samples using the 2D 
DIGE technique, a sample preparation protocol suitable for extracting proteins from 
whole wheat seed was set up and successfully applied on a in-house prepared winter 
wheat standard and later the apposite winter wheat samples. 

Differently expressed protein spots at 95 % confidence limit were found in all 
compared groups resembling the year of harvest, environment of origin and 
agricultural system of cultivation. The organic samples were characterised by a 
smaller number of such protein spots in all the investigated groups than their 
conventional counterparts. Trends towards certain location of higher expressed 
protein spots on the consecutive 2D maps, dependent on the agricultural system 
applied, were observed. Whereas in case of the conventional samples they were 
located in the acidic and/or high molecular weight (HMW) region of gels, the organic 
samples repeatedly showed such protein spots in the basic and low molecular weight 
(LMW) region. However, when combining the results from different environments 
(locations) no decisive universal protein marker for distinguishing among 
conventionally and organically grown winter wheat could be identified.  

With regard to the holistic method i.e. copper chloride crystallisation, three different 
approaches are presented. Two of them, based on a standardised procedure already 
in use in a network of European research institutions∗ comprised visual and 
computerised analyses of crystallograms based on the investigated organically and 
conventionally grown wheat samples. Third approach was based on commercially 
available instrumentation and an internally developed method for result evaluation.  

                                                 
∗ Triangle Research Group comprising researchers from three institutions i.e. the UniKa, Germany, the 
LBI, the Netherlands and the BRAD, Denmark 
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Whereas, based on the visual analyses of the crystallograms, the final goal of sample 
classification according to their agricultural system of cultivation was not achieved, 
the computerised analyses of texture of crystallographic images with i.e. application 
of uni- and multivariate statistical tools with data pre-treatment gave a promising 
outcome.  

Identification of interactions between the agricultural systems of cultivation and 
environments of origin for the analysed samples allowed detection of eight texture 
variables, which gave statistically significant differences (p < 0.05) between 
conventional and organic groups of samples collected in two harvest seasons.  

Crystallograms based on the organic wheat samples strongly and positively 
correlated with the variables indicating a strong homogeneity in their texture. 
Conversely, conventional samples' images were found to be highly positively 
correlated with texture variables, illustrating a higher complexity of crystallographic 
image texture. The result is in agreement with observations based on visual 
crystallogram analyses previously made by several authors.  

Application of multivariate statistics i.e. Discriminant Analysis and Partial Least 
Square – Regression, facilitated building statistical models and allowed successful 
prediction of all analysed "unknown samples". This type of models can be used in 
future application of the copper chloride crystallisation method.  

If the copper chloride crystallisation method is to be used for routine analysis in the 
future, both the crystallisation and evaluation step still have to be optimised in order 
to obtain better method reproducibility.  

An efficient way to accomplish that may be application of multivariate experimental 
design and controlling as opposed to monitoring e.g. of the relative humidity 
throughout the crystallisation process. Successful application of this methodology to 
fit the purpose was achieved using commercially available equipment.  

The difficult task of visual analyses can be improved e.g. by discarding 
crystallograms with longer than expected crystallisation times range and/ or enlarging 
the training data set.  

The results indicate that quantification of the described parameters have good 
potentials to fit the purpose of the undertaken investigation. The presented 
systematic approach to investigate analytical assessment of products' authenticity 
should ideally be expanded to more species, varieties and locations in future 
research.  
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