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Microarrays have become standard tools for gene expression profiling as the mRNA levels of a large
number of genes can be measured in a single assay. Many technical aspects concerning microarray pro-
duction and laboratory usage have been addressed in great detail, but it remains still crucial to establish
this technology in new research fields such as human nutrition and food-related areas. The correlation
between diet and inter-individual variation in gene expression is an important and relatively unexplored
issue in human nutrition. Therefore, nutritionists changed their research field dramatically from epide-
miology and physiology towards the ‘omics’sciences. Nutrigenomics as a field of research is based on the
complete knowledge of the human genome and refers to the entire spectrum of human genes that deter-
mine the interactions of nutrition with the organism. Nutrigenetics is based on the inter-individual, gene-
tically determined differences in metabolism. Nutrigenomics and nutrigenetics carry the hope that indi-
vidualized diet can improve human health and prevent nutrition-related diseases. In this article we give an
overview of current DNA and protein microarray techniques (including fabrication, experimental proce-
dure and data analysis), we describe their applications to nutrition and food research and point out the
limitations, problems and pitfalls of microarray experiments.
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1 Introduction standard tool for gene expression profiling as the mRNA
levels of a large number of genes can be measured in a
single assay. This is the great advantage over traditional
methods for gene expression analysis such as RT-PCR,
Northern blotting or more advanced techniques such as
differential display, which have also enabled the discovery
of novel differentially expressed genes. However, only
few samples can be analyzed simultaneously using these
well-established methods. While conventional methods
are confining themselves to the examination of single
genes, a DNA chip experiment delivers a complete gene
expression pattern of the cell [6—10]. In the nutritional
sciences, whole-genome gene expression profiles could
provide new insights into nutrient-gene interactions and
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In the ‘post-genome era’ — as the Human Genome Project
(HGP) has come to completion — whole-genome studies
are becoming more and more important as the number of
DNA sequences available to researchers has been rising
exponentially [1—-5]. For the understanding of biological
systems with up to 30000 genes, the measurement of
mRNA levels for a complete set of transcripts of an
organism will be necessary. An ideal tool for such meas-
urements is the DNA microarray or so-called DNA chip
technology, a high-throughput method that has become a

Current hybridization arrays can be categorized into
Abbreviations: ANOVA, analysis of variance; BSE, bovine spongi- macroarrays, microarrays, and microelectronic arrays.

form encephalopathy or mad cow disease; Cy3, Cyanine-3; Cy5, Cya- . .
nine-5; GEO, Gene Expression Omnibus (http://www.ncbi.nlm.nih.- Macroarrays are fabricated by spotting probes on a mem-

gov/geo); GMO, genetically modified organism; HGP, Human Gen- brane-based matrix [11, 12]. The term macroarray refers
ome Project; SNP, single nucleotide polymorphism; WHO, World to the lower spot density (spot diameter >300 um) on
Health Organization these arrays. Currently, DNA clones, PCR products or oli-
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gonucleotides are printed onto membranes as probes. Tar-
gets for these filter arrays are usually radioactive labeled.
Different samples are hybridized to several arrays and the
bound target can be detected by phosphoimagers. Micro-
arrays use glass slides as medium that enables high spot
density (spot diameter of <250 pm) [13]. Either PCR pro-
ducts or pre-synthesized oligonucleotides are spotted
robotically, or short oligonucleotides are synthesized
directly on the glass surface. Microelectronic arrays are
made up of sets of microelectrodes covered by a thin layer
of agarose coupled with an affinity moiety. The generated
electric fields are used to immobilize probes and control
target hybridization. This technology is still under devel-
opment.

Predominantly, DNA microarrays are currently applied to
analyze RNA expression levels, but DNA arrays can also
be used for gene discovery, sequence identification, map-
ping, and polymorphism detection. Therefore, microarrays
contribute to a better understanding of complex issues con-
cerning human health and nutrition. They can tease out the
effects of environment and life style, including drugs and
nutrition, and help usher in the individualized molecular
medicine of the future. For example, the ideal dose for all
nutritional supplements is unknown. Microarray experi-
ments could help to define and quantify the impact of these
supplements on human health. Large response variabilities
among individuals due to genetic and environmental differ-
ences require the usage of methods such as microarray
technology, leading to custom-made nutritional intake and
therapeutic drug doses for the constitution of each indivi-
dual (individualized and functional food). The effect of
nutrition on gene expression is defined as nutrigenomics.
In contrast, nutrigenetics addresses the effects of individual
genetic variation of response to diet at the level of single
nucleotide polymorphisms (SNPs) rather than at the gene
level. Nutrigenetic studies may lead to individualized diet-
ary suggestions. Studies on the biological function of genes
will help to identify how diet affects gene and protein func-
tions, and why individuals vary in their response to nutri-
ents and diets. When the genetic variation of human gen-
omes among populations is known, a correlation between
nutrition and genetic variation might be possible. For these
purposes the identification and isolation of mutants that are
unable to respond, or that respond abnormally, may provide
ways to decipher the mechanisms by which a nutritional
signal is transduced into a given response. In the 1980s
markers like protein and blood group loci were replaced
with DNA polymorphisms. The advantages of SNPs are
their higher frequency and higher mutational stability com-
pared to microsatellites. Hence, SNPs are more amenable
to automation and DNA chip technology. By the rapid
development of the microarray technology within the last
few years, this technology is suitable in the medical diag-
nostics as well as in the fundamental research for routine
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use. Nevertheless, it remains still crucial to establish this
technology in new research fields. Although the real
experiment concerning array production and laboratory
usage is largely standardized, the array systems have to be
optimized for the given experimental question. Further,
there are various pitfalls within data analysis and interpre-
tation of results.

2 Fundamental aspects of array technology

2.1 Classification of DNA hybridization arrays

All hybridization arrays are based on the same steps: RNA
isolation and labeling with fluorophore or radiolabel, pro-
duction or purchasing of arrays, hybridization, signal detec-
tion and data analysis. The nomenclature of probes and tar-
gets that is commonly used reflects the similarity between
array and reverse dot-blot technologies. The DNA with a
defined identity tethered to a solid medium is referred to as
‘probe’ and the labeled DNA as ‘target’ [14].

2.1.1 Fabrication of DNA microarrays

Basically, DNA microarrays can be classified depending on
diverse criteria such as quantity of DNA probes (high- and
low-density microarrays), features of the attached DNA
probes (PCR- or oligonucleotide-based microarrays), or
procedure of array manufacturing. Presently, there are three
primary technologies used in automated microarray fabri-
cation: photolithography, ink-jet printing, and contact print-
ing, along with derivatives of each. Each of these technolo-
gies has specific advantages and disadvantages in microar-
ray manufacturing. The photolithographic approach relies
on the in situ synthesis of 25-mer oligonucleotides using
photomasks. This means that each probe is individually
synthesized on the chip surface. Photolitography was devel-
oped by Fodor et al. [15] and commercialized by Affyme-
trix. In contrast, the ink-jet and contact printing methods
attach pre-synthesized DNA probes to the chip surface.
While the in situ probe synthesis requires sophisticated and
expensive equipment, the contact and non-contact dispens-
ing methods made DNA chips affordable for academic
research laboratories. The in situ synthesis on the chip is
less exact and the products can not be analyzed carefully. In
contrast, pre-made oligonucleotides can be fabricated in
high quality and defined quantities. Another possibility is
the attachment of PCR products. The PCR-based DNA
amplification from bacterial clone libraries require time-
consuming establishment of appropriate methods and
costly high-throughput robotic systems, but can be reason-
able, e.g., for the analysis of self-made clone libraries or
fabrication of large amounts of arrays.
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Since 1996, many commercial DNA arrayers have become
available and the self-spotted glass slide DNA arrays are
currently the most popular format for gene expression pro-
filing experiments [16—20]. For the production of self-
made DNA microarrays, oligonucleotides or PCR-products
were arrayed on silylated microscope slides using high-
speed robotics. The glass slides are coated with functional
groups enabling the chemical reaction between the spotted
DNA targets and the glass surface. After the DNA fixation,
free functional groups of the coated slides and side products
are reduced, and any salts and impurities are removed. The
microarrays can be stored for several months.

2.1.2 Synthesis of labeled target molecules

DNA microarrays are usually hybridized with fluorescently
labeled cDNA targets using the co-hybridization technique.
This means, one sample is labeled with dye 1, usually Cy3,
the other sample with dye 2, usually Cy5, and both labeled
cDNAs are co-hybridized on the same DNA chip. One
advantage of such two-component system is its independ-
ence of the absolute amount of the fixed DNA, as only the
relative ratios of the Cy3- vs. Cy5-signal intensities are ana-
lyzed for each spot separately. Contrarily, single-color sys-
tems introduce more variance as compared to two-compo-
nent systems, and therefore increases the number of repli-
cates required in an experiment.

Besides the array system used, the limiting amount of start-
ing material determines the type of the labeling protocol.
For large quantities of total RNA (e.g., preparations from
liver tissue or cell culture), direct labeling methods are
usually used. For this, fluorescently labeled dCTPs or
dUTPs are incorporated during the reverse transcription of
RNA. Another possibility is the incorporation of amino-
allyl-modified nucleotides during the first-strand cDNA
reaction. In a subsequent step, the dyes are chemically
coupled to the reactive amino groups in the modified
cDNA. Theoretically, such indirect labeling protocol avoid
different efficiencies of the incorporation of fluorophores
during cDNA synthesis.

If only small amounts of total RNA or mRNA are available,
the starting material has to be amplified, whereby altera-
tions in the original expression levels have to be avoided.
Appropriate methods amplify either the RNA or the result-
ing signal intensities. Most RNA amplification protocols
combine cDNA synthesis with a template-directed in vitro
transcription reaction. In the T7 RNA polymerase amplifi-
cation method, first described by Eberwine et al. [21], a T7
polymerase promoter sequence is incorporated into first-
strand cDNA. The second strand of cDNA, which serves as
the template for the RNA polymerase, can be generated by
conventional second-strand synthesis procedure [22], or
e.g., by a template switch mechanism at the 5’ end of the
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RNA (so-called SMART technology) [23], followed by
PCR-based amplification by in vitro transcription. The
resulting antisense-RNA is then used as template for the
synthesis of fluorescently labeled cDNA. The fluorescence
signal amplification originates from either a chemical
enhancement of fluorescence or an enzymatically based
signal amplification. Some protocols are, for example,
based on hapten-antibody enzymatic labeling or 3-D multi-
labeled structures, while other use tyramide signal amplifi-
cation.

2.1.3 Array processing and scanning

The hybridization scheme depends on the given experimen-
tal question. For this, the nature of the starting material has
to be considered, and consequently also the number of bio-
logical and technical replicates. To draw conclusions from
the investigation of a single measured effect on the entire
target population of interest, the biological variability from
animal to animal has to be taken into account. This means,
e.g., for the investigation of a nutritional supplement in an
animal model the measurement of several different animals
(biological replicates) is needed, whereas the determination
of the same effect in HepG2 cells requires only technical
replicates. Experimental standard designs are the so-called
dye swap design, where one hybridization is repeated with a
reverse labeling and, therefore, the dye effect can be mini-
mized, and the so-called common reference design, where
for every hybridization always the same reference is labeled
with one dye and the samples of interest (e.g., different
patients, cell lines or different time points) are labeled with
the second dye [24, 25]. The microarrays are hybridized
and washed according to the slide manufacturer’s recom-
mendations. For signal detection the arrays are scanned in a
microarray scanner avoiding signal saturation.

2.1.4 Data processing and statistical analysis

The first step in data analysis is the quantification of signal
and background intensities. For the acquisition of these raw
data, commercial or free available software packages can
be used (open source packages: see [26, 27]). Dye effects —
Cy3 produce for example higher signal intensities than Cy5
— and array-to-array variations of the total signal intensities
can be corrected by normalization procedures (e.g., LOW-
ESS regression-based normalization [28]).

For the selection of the relevant differentially expressed
gene candidates from the huge quantity of raw data, espe-
cially from studies with high-density arrays, the statistical
analysis using multiple testing procedures is essential [29—
41]. Otherwise, solely the identification of relevant data by
fold change rather produces lists of arbitrary genes than
true results. Analysis of variance (ANOVA) models have
been proposed and successfully applied to the analysis of
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Figure 1. Schematic overview of potential applications of biochips in nutrition and food research. The array technology plays a key
role in the scientific analysis of the interactions between nutrients and genes. Currently, the influence of nutrition on the global gene
expression profile can be analyzed by using high-density, whole-genome DNA microarrays. For the characterization of specific
effects of single organs or cell systems, usually low-density, custom-made arrays are used. Future prospectives focus on the appli-
cation of standardized low-density arrays in the medical diagnostics or quality control of food products.

microarray experiments. The ANOVA approach makes no
assumptions about whether there are a lot, or a few differen-
tially expressed genes, since it tests each gene independ-
ently of the others. A related advantage of the ANOVA
approach for two-color arrays is that it does not assume the
same dye effect for each gene (or each gene at a particular
expression level), like alternative methods do. Generally,
ANOVA models can be divided into fixed, random and
mixed effects models. For the analysis of microarray experi-
ments including biological replicates, mixed ANOVA mod-
els should be favored. Microarray analysis produce huge
amounts of raw data that indicate the need for bioinformatic
solutions. The evaluation of these data, which can be
handled only interdisciplinarily, represents several prob-
lems such as the lack of standards for comparing and
exchanging such data. Here, MIAME standards (Minimum
Information About a Microarray Experiment [42]) are the
prerequisite to the worldwide comparability of gene expres-
sion data that are accessible through the deposition in
NCBIs Gene Expression Omnibus (GEO, http:/
www.ncbi.nlm.nih.gov/geo/) [43—45].

2.2 Protein arrays

The concept and methodical approach of ‘functional pro-
teomics’ can be explained through a lot of examples from
‘functional genomics’. Furthermore, the development of
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protein microarrays shares the principle of miniaturization,
parallelization and automation with DNA microarrays. Pro-
tein microarray technology allows the analysis of protein
function on a whole genome level [46, 47].

Since the complete DNA sequences of a number of organ-
isms from bacteria to man have been determined, and new
techniques like microarrays for monitoring biomolecular
interactions have been invented, an important milestone in
the genome research, as well as in proteome research, has
been achieved. The results of such high-throughput screen-
ing approaches can change our fundamental understanding
of life’s cellular processes on the molecular level. However,
gene expression analysis is not sufficient to predict the
function of a protein. Monitoring protein interactions is an
extremely complex issue, because the proteome is the quan-
titative representation of the complete protein expression
pattern of a cell, a tissue, an organ or an organism under
exactly defined conditions. The proteome represents the
protein equivalent of the genome, which is determined by
the sequence, the type and number of its nucleotides. In
contrast to this static nature of the genome, the proteome
represents a tremendously dynamic object, which is influ-
enced by a variety of parameters. Not all genes will be
switched on at the same time in a cell and the sensitive bal-
ance between protein synthesis and protein degradation can
vary widely under different metabolic or environmental
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conditions. Consequently, a repeated analysis of the pro-
teome will be successful only under exactly defined condi-
tions, e. g., cell culture conditions. In practice, it proves to
be very difficult, since conditions to which the cell severely
reacts are often unknown. However, on the other hand, the
sensitive dependence of most different parameters offers
the possibility to use specific small changes of the protein
expression pattern as a sensitive biosensor.

Ideally, the analysis of the proteome delivers the currently
available set of all proteins, if there is a way to maintain the
quantitative relations of all proteins during the analysis.
Such data cannot be obtained with classical molecular biol-
ogy, since no strict connection between the amount of
mRNA and the amount of protein exists. Parameters like
mRNA stability, protein degradation, posttranslational
modifications and others consequently prevent a statement
over the currently available amount of protein. However,
this information is of utmost importance, making a high-
throughput analysis necessary. One attractive method is the
use of microarrays, whereas the direct extrapolation of
DNA microarray techniques for proteomic analysis have
limited success, but in principal, the microarray technology
enables both, the probing of the genome and the proteome.
However, arraying of proteins is more difficult than the
arraying of DNA, because they have to maintain their cor-
rectly folded conformations. The fabrication of protein
arrays is, therefore, particularly challenging and protein
arrays have lagged behind so far in development because of
the more complex coupling chemistry, the instability of the
immobilized protein and the far weaker detection signals
[14]. In contrast to these technical problems, genome-wide
screens for protein function are of biological importance
for many applications such as: analyzing protein expression
profiles, monitoring protein-protein interactions, identify-
ing protein posttranslational modifications, screening the
substrates of protein kinases, examining the protein targets
of small molecules, and proteomic analysis as a function of
bioprocess cultivation conditions.

Protein microarrays are miniaturized systems either with
proteins used as capture probes or proteins used as targets,
which should be bound by specific capture probes. Differ-
ent proteins such as antibodies, antigens, peptides, recep-
tors and enzymes can be bound on several formats (modi-
fied glass surfaces, hydrogel, membranes, nanoplates,
micro fluidic chips). Protein microarrays consist of a solid
support, e. g., glass or synthetic material with a modified or
coated surface. Capture probes, e.g., antibodies, can be
robotically transferred to this surface in the form of micro-
spots (<200 wm) in rows and columns using special printers
(pin-based or ink-jet printing heads). Every microspot con-
tains only one kind of capture probes. These immobilized
capture probes bind their specific target molecules from out
of a complex solution. Today, the detection of immobilized
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antigens with antibodies is still the most common applica-
tion [48, 49]. The bound target molecules can be attested by
different detection methods which, e. g., are based on fluor-
escence, chemiluminescence or radioactivity. Alternatively,
protein chips for direct measurement of protein mass by
MALDI-TOF mass spectrometry are available. Characteri-
zation of patient sera on protein chips will allow the diagno-
sis of diseases upon the presence of specific antibodies as
well as the diagnosis of the vaccination protection of the
patient. Once disease-specific antigens are known, it is pos-
sible to develop a disease-specific protein chip.

3 Integration of array technology into
nutrigenomics and nutrigenetics

It is well known that cells respond with altered gene expres-
sion to changing environments and that nutrition can influ-
ence the proliferation and differentiation of cells. Alongside
metabolome analysis, analysis of various components of
the proteome, the transcriptome or the genome will become
increasingly valuable. Hence, the integration of microarray
analysis into basic and applied nutrition and food research
provides new insights into the effects of nutrition and food
ingredients like fats, carbohydrates, proteins, carotinoides,
vitamins, minerals, flavonoids and xenobiotics at the mole-
cular level [50—52]. The actual way in which some macro-
nutrients and micronutrients [53] such as those from milk,
fruits and vegetables, produce desirable changes in metabo-
lism is largely unknown. DNA chip technology will open
up new ways of studying nutrition in more depth, and iden-
tifying far more possible targets. The study of nutrige-
nomics, i. e., the relationship between specific nutrients or
diet and gene expression, could help to identify these
effects and may facilitate the prevention of common diet-
related diseases. Further areas of application are food
safety, food authenticity, testing for genetically modified
organisms (GMOs) and food design.

3.1 Nutrition-related diseases and predispositions

Comparing transcriptomic and proteomic analyses can be
used, e. g., to examine diet-related defects on the molecular
level. The concept of nutrigenomics arose from the knowl-
edge that diet, as the perhaps most important environmental
factor, has a permanent effect on the genome. Therefore,
diet directly influences metabolic processes, leading to last-
ing effects on physical health. Nutritionists consequently
start to analyze the molecular effects of nutrients on the
cell, the genome and, in the end, on the complete organism.
The individual genetic disposition represents another sig-
nificant factor of diet-related illness. The complete se-
quencing of human and other genomes revealed, amongst
others, genes playing key roles in the metabolism of nutri-
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ents. The knowledge that diet of western industrial nations
can cause various diseases is one reason for the increased
interest of nutritionists in the field of genomics. Nowadays,
there are two large networks analyzing the effects of diet on
the genome: the National Center of Excellence in Nutri-
tional Genomics (NCMHD, http://nutrigenomics.ucdavi-
s.edu/), a division of the National Institutes of Health (NTH,
http://www.nih.gov), and the European Nutrigenomics
Organization (NuGO, http://www.nugo.org).

Gene expression studies allow the efficient identification of
molecular mechanisms underlying the pathogenesis of diet-
associated diseases such as obesity, diabetes, osteoporosis,
arteriosclerosis, hypertension, birth defects, or food aller-
gies. Some studies focus on the interaction between pro-
inflammatory stress and metabolic stress as a key role to
understand diet-related diseases, the identification of tran-
scription factors that function as nutrient sensors, fatty acid
metabolism, or nutrient-induced alterations to homeostasis
[54—72]. DNA chip technology, therefore, enables large
numbers of genes to be screened simultaneously, giving a
comprehensive, detailed picture of changes in gene expres-
sion, shedding light on complex regulatory interactions.

3.2 Individualized medicine

Today, one of the central goals of genome research is the
study on genetic variance among individuals to improve our
understanding and treatment of disease, and to identify the
variations in our genes that influence an individual’s risk of
becoming ill. Because inherited differences influence most
common diseases and many drug responses, the knowledge
of existing genetic variations in the human population is a
promising approach in the development of tailor therapeu-
tics. Of these individual variations, 80% are SNPs, and
these SNPs have a direct impact on gene regulation or on a
protein product of a gene. SNP means that a single base is
swapped for an alternate. In cases where a single SNP is suf-
ficient to cause disease, it is possible to analyze the causal
change and to improve our understanding of disease [73].

SNPs are the most common form of genetic variant in the
human genome, occurring on average 1 per 1000 bps [74].
It is assumed that of the order of 3 million SNPs will be
derived from comparison of genomic sequence from indivi-
duals among several populations [75]. SNP diagnostics are
coming into the focus of interest, since the influence of
SNPs on medical therapy or diet is better understood. In
1999, ten pharmaceutical companies put aside their differ-
ences and created the SNP Consortium, an international
collaboration of academic institutes, a private foundation
and pharmaceutical companies (http://snp.cshl.org; public
SNP database: http://www.ncbi.nlm.nih.gov/SNP/). Today,
the number of regulatory SNPs is still unknown. However,
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it is possible to use SNPs to track associations to disease
using a phenomenon called linkage disequilibrium (LD).
SNP maps will facilitate association studies of unrelated
individuals for either disease, drug or diet response,
although LD has not been successfully applied in whole-
genome studies. The identification of a complete human
SNP map would considerably increase the efficiency of
drug development and medical treatment of disease. Many
genotyping platforms have been developed to detect many
SNPs at once in an efficient, cost-effective manner includ-
ing DNA microarray technologies. By the use of allele-spe-
cific oligonucleotides containing the variable base, micro-
array-based biosensors provide a suitable platform for SNP
detection and analysis. Large scale SNP genotyping should
lead to a fully understanding of the genetic architecture of
common traits underlying disease, drug or diet response.
Because these are the most personal data we know, access
to these data must be protected avoiding misuse by employ-
ers or insurers. The goal of this analysis is to relate SNP var-
iation to disease or diet, leading to individualized dietary
recommendations and individualized food. Such engi-
neered food should increase the nutritional value and health
effects, and decrease allergenicity.

3.3 Functional food

Due to the knowledge of the human genome sequence,
molecular diagnostic methods for the determination of
nutritional variation are becoming more relevant, as the
genetic basis for variation in nutritional response is discov-
ered, and the shift from single genes to whole genomes is
reflected. The identification of the cellular response to a
nutritional signal may provide ways to decipher the
mechanism by which a nutritional signal is transduced into
a given response. Today, little is known about the molecular
mechanisms by which the genome perceives nutritional sig-
nals and mobilizes the organism to respond. Such informa-
tion is important in any future attempts to engineer food
products that influence many chronic diseases such as can-
cer, heart disease, diabetes, Alzheimer’s disease, osteoporo-
sis, obesity, hypertension, immune system responses by
diet, or to design components of food that have the power to
provide substantial health benefits.

In contrast to single gene disorders such as cystic fibrosis,
multifactorial, nutrition-based diseases like hypertension or
obesity are more complex, as disease onset likely depends
on changes in several genetic regions as well as in nutri-
tional factors. Due to nutritional differences, only a few of
the patients carrying the mutations will develop the disease.
The multifactorial complexity will complicate prediction of
nutrition response outcome. Nevertheless, the determina-
tion of the molecular effects of food components by DNA
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microarray experiments will in future afford the develop-
ment of functionalized food, e. g., for cholesterol reduction.

3.4 Food safety

Food safety in regard to diet and potable water is related to
food ingredients itself, as well as to external food contami-
nations so-called food-borne or water-borne pathogens
[76]. External contamination occur during harvesting, pro-
cessing and storage, and include enteric bacteria, viral
pathogens, bacterial-derived toxins and by-products as well
as residues like herbicides, antibiotics, pharmaceuticals,
and so on. These by-products could end up in the food chain
and accordingly affect human health.

3.4.1 Detection of pathogens

Using a molecular approach for detection, typing, and iden-
tification of microorganisms, the identification of the
organisms by microarrays saves time compared to conven-
tional cultivation. The identification of pathogen bacteria
by molecular genetics can be advanced further by DNA
microarray technology [77, 78]. 16S rRNA has been
reported to be a suitable target for identifying various speci-
fic microorganisms, because 16S rRNA genes show spe-
cies-specific polymorphisms. Sometimes, the number of
substituted bases between the 16S rRNA genes of closely
related bacterial strains is either nonexistent or too small to
differentiate between these species because of the extre-
mely slow speed of the molecular evolution of 16S rRNA.
Species-specific genes could be used as an alternative to
16S rRNA analysis [79—81]. Microarray experiments are a
useful tool for phylogenetic analysis and species identifica-
tion. For the identification of bacteria, this method may
involve the labeling of a specific DNA sequence from a tar-
get gene or a specific 16S rRNA sequence, subsequent
hybridization to species-specific oligonucleotide probes on
a microarray, and detection of the label, usually by fluores-
cence. Species-specific hybridization patterns on a micro-
array containing strain-specific probes can differentiate and
identify bacteria on the species level. Currently, the former
Nutri®Chip in a modified form is used for the detection of
the presence of pathogenic bacteria or indicator organisms
in the chocolate processing industry.

The microbial decontamination or removal of microbial by-
products in water becomes increasingly important. More
and more closed water management systems (e. g., hospi-
tals) need such decontamination modules. Different elec-
trochemical or chemical water treatment modules are used
for microbial decontamination, and these devices are neces-
sary for an efficient decontamination of all kind of drinking
or pharmaceutical water supply systems. A high-level qual-
ity control of these devices is possible through the identifi-
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cation of the pathogens by microarrays and proceeds much
faster than by conventional cultivation.

3.4.2 Food authenticity

DNA chips are also already being used in food analysis:
with the help of the CarnoCheck® it is possible to detect
eight different animal species in food products and animal
feed. Given the current crisis in agriculture and the food
industry as a result of the BSE problem, the issue regarding
the monitoring of an accurate food-labeling procedure
becomes more urgent. Furthermore, incorrect or vague
declarations in regard to foodstuffs can cause allergies. Car-
noCheck® allows the quick and efficient identification of
eight species in all (horse, ass, beef, pork, goat, sheep, tur-
key and chicken), even from processed animal feed and
food products.

3.4.3 Testing for genetically modified organisms

The GMO means ‘an organism, with the exception of
human beings, in which the genetic material has been
altered in a way that does not occur naturally by mating
and/or natural recombination’ [82]. GMOs, derived through
genetic engineering, may be used as food (e.g. GM soy-
bean, maize, or tomatoes), feeds, seeds, forestry materials
or pharmaceuticals [82]. The use of GMOs in food industry
has been ascending exponentially over the past years. Dur-
ing the period 1996—2003, global area of transgenic crops
increased 40-fold, from 1.7 million hectars in 1996, to 67.7
million hectars in 2003, with a dominant trait of herbicide
tolerance, followed by insect resistance (http://www.
isaaa.org, International Service for the Acquisition of Agri-
biotech Applications). Recent GM rules in the EU relate to
the authorization of GM food and feed, their labeling and
traceability, and will affect shipments of non-GM products
which may contain adventitious levels of GMOs. These
new regulations for food and feed marketed in the EU [Reg-
ulation (EC) No 1829/2003 and No 1830/2003 of the Eur-
opean Parliament and of the Council; http://europa.eu.int/]
implicate a credible identification and documentation sys-
tem for GMOs in food and feed products. Each GMO is
defined by a so-called unique identifier, a code of letters
and digits, referring to the consent holder, the transforma-
tion event and a verification number. These unique identi-
fiers, assigned to a specific GMO, can be used for its detec-
tion normally by DNA amplification of the specific DNA
fragment. The rapid introduction of novel GMOs associated
with the legal requirements in food industry necessitate the
cost-efficient and reliable testing of foods for the unique
identifiers of GMOs.

The application of array techniques to GMO detection
imply the capability of standardization, reproducibility and
sensitivity of the detection system. Nowadays, commercia-
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lized arrays do not fulfill these requirements, in spite of a
few promising attempts initialized by biotechnical compa-
nies and research projects (c¢f http://www.molspec.org).
The need for exact quantities of GMOs in foods to comply
with legal requirements, makes the introduction of biochips
as a method for the routine analysis so difficult, particularly
with regard to well-established quantitative real-time PCR
procedures.

Presently, the DNA microarray technology can only be used
to monitor alterations in gene expression levels of GMO-
derived food products in comparison to traditional food
products. The main limitations of such whole-genome gene
expression analysis are the high biological variance of the
samples, and the multiple effects of complex substances
such as food on various pathways. Moreover, the represen-
tative effects of accessible samples, such as blood, instead
of primary cells from tissues can not be validated. The char-
acterization of potential advantages or damages caused by
the usage of GMO-derived food products, however, can not
be analyzed by DNA microarray experiments.

3.5 Safety, ethics and protection of privacy

Microarray experiments allow the comparison of GM food
with conventionally produced food in respect of food safety,
food authenticity, food contamination during harvesting,
processing and storage as well as food-borne pathogens.
Microarray analysis can be used for a rigorous evaluation of
GMOs, GM food and genetically engineered ingredients
relative to human health and environment. The WHO
defined the following safety assessments of GM food: (a)
toxicity, (b) allergenicity, (c) specific components thought
to have nutritional or toxic properties, (d) stability of
inserted genes, (e) nutritional effects associated with
genetic modification, and (f) any unintended effects.

In regard to allergenicity, the assessment process includes
the investigation of the allergenic potential of the protein
product as well as the transferred gene. Additionally, con-
tamination of food with herbicides, pharmaceuticals, anti-
microbial substances, enteric pathogens and animal cells
are important food safety criteria, focusing in particular on
long-term effects.

While the nutrigenomic research is still at the beginning,
some researchers have already thought about the social, ethi-
cal, legal and medical consequences arising from the scienti-
fic finding. For example, scientists of the Canadian universi-
ties in Guelph and Toronto forecast that nutrigenomics will
lead to radical changes at the production, the processing and
the consumption of food. In their study ‘Nutrition and Genes:
Science, Society and the Supermarket’ the authors warn
against rushing headfirst at the adventure nutrigenomics.
The report raises some important questions such as: When
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are scientific data sufficiently validated to sell diagnostic
tests? Who should not have access to nutrigenomic data, who
should? How should this use be checked? Which nutrige-
nomic interests should be supervised and/or regulated?

4 Discussion and conclusions

Genomes can respond in a rapid and specific manner by
selectively increasing or decreasing the expression of speci-
fic genes, and this responses can be utilized to investigate
the molecular events by which the genomes perceive nutri-
tional signals and mobilizes the organism to respond. Food
can affect gene expression on the cellular level, e. g., due to
the interaction with receptors as well as metabolic pathways
and signal pathways. This means that medicine, biology
and the food sciences will develop ever more markers for
illness symptoms and food contents. Appropriate analytical
methods must, therefore, be developed to measure these.
Here, simultaneous gene analysis with DNA microarrays
provides a rapid and efficient method for large-scale and
high-throughput applications, as an expression pattern of
thousands of genes can be obtained from a single experi-
ment. They also allow rapid and cost-effective screens for
mutations and sequence variations in genomic DNA and
provide new insights into fundamental biological processes
of human diseases at the molecular level. Many aspects in
the pioneering field of studying the direct and indirect inter-
action of nutrition and gene expression, e. g., diseases like
diabetes, cancer, obesity and cardiovascular disease, high
triglyceride levels, high blood pressure and high fasting
blood glucose levels, allergies and intolerances, as well as
microbiological contamination of food, are already ana-
lyzed using microarrays. Matsumoto et al. [83] investigated
the gene expression of cranial sensory ganglia that transmit
food intake stimuli, and found several genes differentially
expressed in cranial sensory ganglia associated with neuro-
transmission. Eitsuka et al. [84] showed that polyunsatu-
rated fatty acids inhibit telomerase activity, thereby having
an inhibiting influence on tumor development, because tel-
omerase activity is mostly only present in cancer cells.
Analysis of the effect of hypoallergenic wheat flour by Kato
et al. [62] demonstrated that the enzymes involved in cho-
lesterol synthesis and catabolism were up-regulated in glu-
ten-fed rats. Nowadays, many diet-regulated genes, e.g.,
glucose-6-phosphate dehydrogenase or NAD, are known to
play a key role in the onset and progression of diseases.
Often, these diseases are affected by complex interactions
and the balance between genes, environmental factors and
the individual SNP map.

This short listing points to the fact that only the synergistic
application of different molecular biological techniques in
transcriptomics, proteomics and metabolomics will lead to
the essential survey of multifactorial, nutritional influences
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on the human organisms. Diet finally means the incorpora-
tion of hundreds of different nutrients. Therefore, statistics
and complexity produce not only experimental difficulties,
they are also the main problems of nutrigenomics. In con-
trast to pharmaceuticals, which are well-defined com-
pounds, foods are complex substances and these meet innu-
merable combinations of genetic variants. Additionally,
there are problems with the use of established in vitro or
xenobiotic metabolism models for this purpose. Primary
cells as well as cell lines are available as test systems for
studying the effect of nutrients on gene expression, but
there are a few drawbacks of both cell types. Primary cells
display inter-individual differences caused, for example, by
age and gender of the donor, and the widely used HepG2
cells are of no use for investigating nutritional effects [64],
because some pathways are different from that in normal
hepatocytes and some enzyme systems like the cytochrome
P450 system are not active in HepG2 cells after a few days
in culture. The disadvantage of xenobiotic models is the
purification of the RNA from blood, while little is known
about gene expression in peripheral blood. Whitney ef al.
[85] describe the nature of inter-individual and temporal
variation of gene expression patterns in human blood. With-
out sound quality control, microarray experiments may pro-
duce useless or, even worse, misleading results.

Despite some limitations concerning the laboratory usage
and the data analysis of microarray experiments, this tech-
nology has become accessible to a wide community of
scientists. DNA chip technology enables large numbers of
genes to be screened simultaneously, giving a comprehen-
sive, detailed picture of changes in gene expression, shed-
ding light on complex regulatory interactions, e.g., diet-
gene interactions.

Established chip facilities in the academic area and com-
mercial suppliers enable the integration of array experi-
ments into projects without time-consuming establishment
of standard protocols or acquisition of expensive equip-
ment. By the assignment of the highly developed DNA chip
technology to new areas like human nutrition, protein ana-
lytics, environmental analytics and medical diagnostics a
simple, effective and cost-efficient analysis of processes
like diet-regulated gene disease interactions will be soon
possible. Studies in this field have shown first success in
cases of hypertension and cardiovascular health. Using
microarrays offers a number of advantages in controlling
disease by dietary intervention in form of an individualized
nutrition. DNA chips can be designed to detect sequence
variations that have relevance to disease status, or altered
enzyme activity to analyze the influence of food com-
pounds to human health and disease. Research into gene
expression and SNPs could help to identify ways for more
tailored, effective, personalized food and dietary recom-
mendations and reduce the risk to diseases. Based on these
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results, functional food with improved nutritional value
could be developed. However, such functional food cannot
replace balanced diet and physical training. People have to
improve their lifestyle, increase their physical fitness, and
avoid unhealthy diet, excessive smoking and alcohol con-
sumption. So it will be a long way to go until diet can be
coordinated with the results of microarray analysis, and
until the testing for individual genetic predispositions will
influence the shopping list in future and improve human
health in combination with individual healthful lifestyle.
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