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ABSTRACT 
This report consists of a review of the available scientific evidence on the state of art of omics technologies with 
a particular focus on applications in the area of food and feed safety. The report gives a description of the 
different types of omics technologies with respect to recent progresses made on the application of these 
techniques in chemical and microbiological risk assessment. Hereto, case studies were selected in order to cover 
different areas under the remit of EFSA. In this review each case study has been investigated with respect to its 
hazard, experimental methodologies, (statistical) data analysis and its link to food/feed safety risk assessment. 
Finally, the added value of omics technologies as compared to classical risk assessment and current limitations 
of omics technologies for their application in chemical and microbiological food safety risk assessment has been 
discussed. This investigation shows that most of the studies on chemical agents focus on mode of action 
identification and a search for biomarkers using transcriptomics. As for microbial food safety, omics have not 
yet been successfully applied often. When applied, they never target the host, but focus on aspects of the 
pathogen, e.g. in detection or source attribution. 
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TERMS OF REFERENCE AS PROVIDED BY EFSA 
A review of the available scientific evidence on the state of art of Omics technologies. The objective 
of this review will be to address recent (e.g. last 5-10 years) advances of omics technologies with a 
particular focus on applications in the food and feed safety area.  

 

This contract was awarded by EFSA to: 

Contractor: The National Institute for Public Health and the Environment (RIVM). 

Contract title: Foresight study on emerging technologies: State of the art of omics technologies and 
potential application in food and feed safety. 

Contract number: CT/EFSA/EMRISK/2011/02. 
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4. Results 

4.1. Contaminants  

4.1.1. Cadmium 

Hazard 

Cadmium is a natural environmental element that has no known role for humans. Cadmium can be 
found in some food and water and accumulates in animals and plants. Cadmium is toxic, particularly 
in kidneys, but is also classified as a human carcinogen. Cadmium is also believed to induce genomic 
instability by inducing an increase in reactive oxygen species that damage DNA, and is associated 
with an increase in epigenetic changes (Filipic, 2012).  

Cadmium levels in food and water are monitored and regulated by the EU. High urinary 
concentrations of cadmium are often the first signs of over exposure. A scientific opinion from EFSA 
(EFSA, 2009b) established a tolerable weekly intake ~2.5µg/kg bw (from the diet) and concluded that 
the current exposure to Cadmium at the population level should be reduced. The scientific opinion 
indicates that there are uncertainties associated with bioavailability of Cadmium and that urinary beta-
2-microglobulin is a useful biomarker for kidney disorder. 

The references identified includes 18 studies corresponding with Cadmium (Sanchez BC et al., 2011; 
Wang B et al., 2012; Ling X-P, 2009; Garrett SH, 2011; Espinoza HM, 2012; ZU et al., 2012; Liu et 
al., 2012; Lu et al., 2012; Pierron et al., 2011; Fabbri et al., 2012; Zhang et al., 2011a; Hispard F et a, 
2011; Benton et al., 2011; Bakshi S et al., 2008; Hossain et al., 2012; Thompson EL et al., 2012; 
Permenter MG et al., 2011; Yu et al., 2010). The omics studies include, dominantly, transcriptomics 
and proteomics and experiments with cell systems and animal experiments including fish, shellfish, 
rats and mice. The reports deals with liver tissues, gills and human proximal tubule cells. One study  
used human urine samples. In general the animal experimental conditions correspond with high doses 
of cadmium. In the case of fish and cell systems experimental conditions are difficult to compare with 
human exposures.  

 

Results from omics experiments 

Some of the transcriptomics investigations identify very large numbers (>1000) of individual gene 
expression changes in response to exposure to Cadmium exposure whereas proteome changes are less 
pronounced (typically 20 differentially expressed proteins). The gene lists are difficult to interpret, but 
there are several instances of up-regulated heat shock proteins. These results indicate a systematic 
pathway analysis and changes in pathways associated with energy metabolism, oxidative stress and 
protein synthesis are consistently identified. 

  

Risk assessment  

One study concerning the transcriptomics response of normal prostate epithelial cells (Bakshi et al., 
2008) fits many criteria in relation to risk assessment and a genomic study (Benton et al., 2011) 
clearly maps differential expression onto pathway information. The omics studies are related equally 
to mode of action or biomarker identification. 

 A transcriptomics investigation by Bakshi et al. (2008) links changes in cell growth with 
changes in gene expression for normal prostate epithelial cells exposed to low doses of 
Cadmium and identifies a transient over expression of TNF as part of the mode of action 
leading to cancer; 
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 A genomic approach, Benton et al. (2011), using lymphoblastoid cells establishes the 
influence of Cadmium exposure on important cellular pathways; 

 Analysis of transcriptional response (Sanchez et al., 2010), in fish exposed to Cadmium, was 
used to explore novel biomarkers for mechanisms of toxic action, but cannot clearly quantify 
associated uncertainties; 

Omics reports do not clearly address issues surrounding bioavailability of Cadmium, but, in 
combination with systems biology, have advanced an understanding of possible routes for 
carcinogenesis. 

 

4.1.2. Mycotoxins: Aflatoxin B1 

Hazard 

Aflatoxins (Aflatoxin B1 is a major form) are produced by the fungus Aspergillus flavus and may 
occur in wheat, corn, barley and nuts (Woloshuk and Shim, 2013). The Scientific Committee for Food 
concluded that Aflatoxins are genotoxic carcinogens: only a zero level of exposure will result in no 
risk (EC, 1996). From many reports on risk assessment, it can be concluded that even very low levels 
of exposure to aflatoxins, i.e. 1 ng/kg bw per day still contribute to the risk of liver cancer (EFSA, 
2007).  

The following references were identified on Aflatoxin B1, using transcriptomics or metabolomics 
approaches (Doktorova et al., 2012; Austin et al., 2012; Ellinger-Ziegelbauer et al., 2004; Josse et al., 
2012a; Zhang et al., 2011b). Experiments were performed with mice (1) rats (3), primary rat 
hepatocytes (1) and primary human hepatocytes (1). All but one study report on effects on liver, one 
study reports effects on spermatogenesis in rats. The metabolomics study was performed with rat 
plasma, urine and liver after oral exposure. 

 

Results of the omics experiments 

Between 60 and 270 differentially expressed genes were reported. Affected genes in liver belonged to 
various pathways, e.g. DNA and mitochondrial damage, apoptosis, inflammation. In vivo and in vitro 
changes in gene expression (rat liver and primary rat hepatocytes) were comparable. Gene expression 
in human hepatocytes revealed that effects can be measured already at an early stage (24 h) which 
shows promises as biomarkers for genotoxic effects. The metabolic profile of plasma and urine in rats 
may predict liver damage (steatosis) by AFB1. AFB1 has been shown to disrupt spermatogenesis in 
mice, probably involving Renin.  

 

Risk assessment 

These omics data identify potential modes of action of AFB1 in liver and testis. However, implications 
for risk assessment cannot be drawn, because exposures followed a non-physiological route or were 
extremely high (up to 0.24 mg AFB1/kg bw/day). EFSA states that the benchmark dose lower limit for 
an extra 10% risk (BMDL10) is 0.17 µg AFB1/kg bw/day (EFSA, 2007). 

 

4.1.3. Mycotoxins: Deoxynivalenol  

Hazard 
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Deoxynivalenol (DON) is a mycotoxin produced by several Fusarium species and is often detected in 
grains. Because of its high abundance, there has been a large interest in the effects of DON in animals 
and humans. There is no evidence for teratogenicity and genotoxicity of DON and its metabolites. 
Products of animal origin do not contribute significantly to human exposure (EFSA, 2004a). DON is 
known to be immunosuppressive at high concentrations and immunostimulatory at low concentrations 
(van Kol et al., 2011). The Tolerable Daily Intake (TDI) of DON in humans is 1 µg/kg bw/day (EFSA, 
2004a). 

The studies identified on DON used transcriptomics and proteomics approaches (Kinser S et al. 2004; 
Nielsen C et al., 2009; Nogueira da Costa et al., 2011; Osman et al. 2010; van Kol et al., 2011). 
Experiments were performed with mice (2), human immune cells (1), human Hep-G2 cells (1), and 
mouse EL4 cells (1). The in vivo mouse experiments investigated the effects on thymus and spleen.  

 

Results of the omics experiments 

In murine thymus, differential gene expression was time dependent, and disappeared after 24 h. 
However, at high dose the effects persisted for at least 24h. Gene sets related to proliferation, 
mitochondria and ribosomes were affects. In murine spleen about 100 out of 1200 genes involved in 
leukocyte function, immunity and inflammation were significantly changed. In Hep-G2 cells up to 800 
genes were differentially regulated, a 10-fold increase in dose increased the number of genes involved 
three times. Most of the up-regulated genes coded for transcription factors, and the major MAPK-
kinase pathway was mainly involved. DON changed phosphoprotein expression in human immune 
cells. These proteins are involved mainly in signal transduction. In mouse thymoma cells DON 
affected a total of 30 proteins involved in fatty acid and glucose metabolism, protein degradation, IgE 
binding, and repression of a number of transcription factors.  

 

Risk assessment 

These omics data identify potential modes of action of DON in thymus, spleen and liver. Implications 
for risk assessment cannot be made, because exposures were extremely high (up to 25 mg DON/kg 
bw/day). Human exposure to DON was estimated to be close to the TDI of 1 µg/kg bw/day (EFSA, 
2004a).  

 

4.1.4. Mycotoxins: Ochratoxin A toxin 

Hazard 

Ochratoxin A (OTA) is a mycotoxin produced by several fungal species of the genera Penicillium and 
Aspergillus. Contamination of food commodities, including cereals and cereal products, pulses, coffee, 
beer, grape juice, dry vine fruits and wine as well as cacao products, nuts and spices, has been reported 
from all over the world. OTA has been found to be a potent renal toxin in all of the animal species 
tested (EFSA, 2006). In addition, OTA induces genotoxic effects that are most likely caused by 
oxidative stress due to the generation of free radicals. These effects may finally lead to kidney and 
liver tumours as observed in animal studies with rodents. The TWI has been estimated to 120 ng per 
kg body weight (EFSA 2006). 

The following references were identified corresponding with OTA (Mantle et al., 2011; Yoon et al., 
2009; Marin-Kuan et al. 2006; Luhe et al., 2003; Jennings et al., 2012), involving metabolomics,  
proteomics and transcriptomics studies. 

  

Results from omics experiments 
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In lung, high level arsenic exposure induced methylation of a number of genes that play a functional 
role in cancer-related effects of arsenic. Also in lung, exposure to low level arsenic differentially 
regulated genes involved in immune response. In brain, very high level exposure affected gene 
expression of the mitochondrial respiratory chain, leading to reduced brain activity. As a result, 
arsenic may impair cognitive function. In embryos during the neurulation phase, arsenic affected a 
multitude of genes involved in cell cycle regulation, glutathione, sugar and sterol metabolism and 
RNA processing. These changes point to a teratogenic potential of arsenic. Proteomics of chronic 
arsenic human exposure revealed twenty proteins that potentially can be used as biomarkers for risk of 
arsenic induced skin lesions. 

Risk assessment 

Exposure to levels which may occur in drinking water in Europe (around 0.1 PPB) revealed the 
potential of arsenic to increase the risk of respiratory infections. 

 

4.1.10. Lead 

Hazard 

Food is the major source of human exposure to lead. The central nervous system is the main target 
organ for lead toxicity. In adults, lead-associated neurotoxicity was found to affect central information 
processing and short-term verbal memory, to cause psychiatric symptoms and to impair manual 
dexterity. The developing brain is more vulnerable to the neurotoxicity of lead than the mature brain. 
Lead accumulates in the body and due to its long half-life in the body, chronic toxicity of lead is of 
most concern when considering the potential risk to human health. At relatively low blood levels, 
associations were found with increased systolic blood pressure and kidney disease. Inorganic lead was 
classified by IARC as probably carcinogenic to humans. There is no recommended tolerable intake 
level, because evidence of thresholds for a number of critical health effects is lacking (EFSA, 2012a). 

The following studies were identified for lead using transcriptomics and proteomics approaches 
(Birdsall et al., 2010; Kasten-Jolly J et al., 2011; Kossowska et al., 2010; Witzmann et al., 1999; 
Zheng et al., 2011). Experiments were performed with mice (2) and rats (1). In two human studies 
proteomics of blood was applied after occupational and low-level environmental exposure. The animal 
studies focused on effects in liver, brain and kidney, after exposure to very high doses of lead in the 
high mg/kg bw/day range.  

 

Results of the omics experiments 

Effects on gene expression in liver (Cyp and mitochondria) were only found at the highest doses that 
induced clinical effects on liver enzymes. In the developing brain, lead increased the expression of 
signal transduction and transcription factors, indicative for neuro inflammation. In the kidney, lead 
exposure altered the expression of 78 proteins in the cortex, and of 16 proteins in the medulla. Of 
these, 22 proteins could be identified. High occupational exposure to lead, revealed 6 differentially 
expressed proteins of which the biological function is not clear. Low-level exposure in children 
showed regulation of a number of proteins relevant for cardiovascular disease (CVD).  

 

Risk assessment 

Implications for risk assessment cannot be made, because exposures were extremely high in the 
animal studies (up to 200 mg Pb/kg bw/day). The proteomic study with low-level exposure showed 
associations with proteins involved in CVD.  
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4.1.20. Melamine 

Hazard 

Melamine is a non-food organic chemical with high nitrogen content that is believed to cause kidney 
problems and cancer (Skinner et al. 2010). In 2007-8 melamine was used in economically motivated 
adulteration incidents involving pet food and milk. In 2010 EFSA published scientific opinion 
concerning melamine (and associated materials including cyanuric acid) contamination of food (EFSA 
Panel on Contaminants in the Food Chain, 2010b) that indicates a TDI ~0.2 mg/kg body weight and 
concluded that melamine from approved sources (such as migration from packaging but not 
adulteration) does not represent a risk to humans. The EFSA opinion identified uncertainty associated 
with dose-response models and with exposure (and co-exposure) estimates. 

The following studies were identified, dominated by research from China (Camacho et al., 2011; Duan 
et al., 2011; Schnackenberg et al., 2012; Shi et al., 2010; Sun et al., 2012; Wang Y et al., 2010; Xie et 
al., 2010). These studies include three experiments on rats and two involving human urine. 
Metabolomics methods are used in 4 of 5 studies. The animal experiments generally explore the 
effects of very high exposures (~100 mg/kg/day) that cause observable adverse health effects.  

 

Results from omics experiments 

Metabolomics investigations indicate relatively small numbers of expression changes in response to 
melamine exposures and the results do not show a consistent response. None of the reports include 
systematic analysis of pathways and many elements of metabolism are reported with dysfunction. A 
Chinese study, Duan et al. (2011), takes the form of a case control study to explore potential 
biomarkers (from metabolomics) for melamine exposure. 

  

Risk assessment  

Three of the omics studies are identified with the investigation of the mode of action, one with 
biomarker identification and one with dose-response assessment. 

 An animal based metabolomics study, Xie et al. (2010), includes distinct responses from co-
exposures involving melamine and cyanuric acid although the high doses restrict direct 
interpretation of risks 

 A human study, Duan et al. (2011) successfully identifies potential markers for melamine 
exposure based on high performance analysis of urine samples and a model that might help 
with medical management 

Metabolomics investigation show changes in behaviour at the lowest experimental doses of melamine 
in rats so that it is difficult to infer useful information about dose-response. There is some potential for 
improved markers, based on metabolomics, to reduce uncertainty in exposure estimates but it is 
unclear whether markers discovered in animal experiments will be relevant.  

 

4.1.21. Furan 

Hazard  

Furan is produced during the high temperature heat degradation of some sugars and organic acids. 
Notably furan has been associated with some processed foods such as coffee, potato crisps and infant 
formula. Furan is known as a carcinogen in rodents and is treated as a possible hazard for humans (UK 
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Food Standards Agency, 2012); furan levels in foods are monitored by the EU (EFSA, 2011) but 
dietary exposures are difficult to establish.  

The Joint FAO/WHO Expert Committee on Food Additives (JECFA, 2010) report concerns relating to 
Furan levels in foods and their effect on human health and particularly DNA damage and express 
uncertainty associated with mode of action or mitigation. The JECFA report indicates typical 
benchmark doses in the range of mg/kg bw/day. 

The following studies were identified, using metabolomics, proteomics and transcriptomics 
approaches (Hamadeh et al., 2004; Kellert et al., Mally et al., 2010; Moro et al., 2012). All the reports 
involve experimental male rats and furan doses in excess of 1 mg/kg bw/day. Two reports correspond 
to liver tissues and two correspond with analysis of urine.  

 

Results from omics experiments 

A proteomics investigation identifies 83 differentially expressed proteins and a transcriptomics study 
identifies 100 differentially expressed genes. None of the studies includes a systematic pathway 
analysis although mitochondrial injury is identified by two reports. 

 

Risk assessment  

One metabolomics study identifies dose-response assessment, one identifies a search for biomarkers 
and the others concern mode of action. 

 A metabolomics study primarily aimed at investigation of a dose-response relationship, Mally 
et al. (2010), established dominantly negative results in terms of metabolic changes in urine 
although there were some changes in serum concentrations of bile acids at the highest doses 

 A metabolic profiling study, Kellert et al. (2008), identified unknown furan metabolites but 
did not establish strong evidence for biomarker identification 

The omics reports indicate a potential for improved markers and hence reduced uncertainty associated 
with exposure but, currently, do not include strong quantifications. The omics reports include 
indicators for mode of action without strong conclusions. 

 

4.2. Food ingredients and packaging  

4.2.1. 2-Isopropyl thioxanthone (ITX)  

Hazard 

2-Isopropylthioxanthone (ITX) is commonly applied as a photoinitiator in printing industries and as 
such also used in UV-cured inks for food packaging materials. ITX can enter the food chain by the so-
called set-off effect: following printing of carton-based packaging materials, these are stored on rolls 
and ink of the printed external side is transferred onto the internal surface. Consequently, ITX could be 
released into foods and beverages after packaging. 

The following study was identified on effects of ITX on transcriptomics. This concerns an in vitro 
study (Peijnenburg et al. 2010) in which a rat liver cell line was exposed to ITX. 

 

Results from omics experiments 
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The WEC transcriptome study revealed that MEHP was more potent than MMP in inducing gene 
expression changes (as well as changes on morphology). MEHP affected cholesterol/lipid/steroid 
metabolism and apoptosis pathways in a dose-dependent manner in relation with increased 
developmental toxicity in WEC. 

 

Risk assessment 

In the toxicogenomics studies on DBP dose-response data were lacking. Thus, these studies  allow to 
hypothesize on modes and mechanisms of action of DBP regarding male reproductive development, 
but do not allow a quantitative risk assessment. The WEC study with MEHP and MMP allowed to 
perform a quantitative analysis (e.g. determination of BMD10 values) and has a potential value for 
hazard characterization. 

 

4.3.2. Butylated hydroxyanisole (BHA) and Butylated hydroxytoluene (BHT) 

Hazard 

Butylated hydroxytoluene (BHT) and Butylated hydroxyanisole (BHA) are widely used EU authorised 
food additives with anti-oxidant properties (E321 and E320). Both materials are believed to have 
carcinogenic properties in animals and are associated with other adverse health effects including 
circulation or respiration problems and hypersensitivity (Weber, 2008). Recent EFSA opinions for 
BHT (EFSA Panel on Food Additives and Nutrient Sources added to Food, 2012) and BHA (EFSA 
Panel on Food Additives and Nutrient Sources added to Food, 2011) established Acceptable Daily 
Intake (ADI) of 0.25 and 1 mg/kg bw/day based on historical evidence in a rat models. Each estimate 
incorporates a safety factor of 100. Mechanisms for toxic or genotoxic effects of BHT and BHA are 
not well understood and both substances are believed to have interactions with other food additives. 

The following studies were identified concerning BHT and BHA (Abdullahet al., 2012; Makinoet al., 
2009; Nair et al., 2006; Rathaur et al., 2011; Radonjic et al., 2007; Stierum et al., 2008; Stierum et al., 
2005). Some studies were carried out with rodent experiments and liver tissues and others used earth 
worms. The studies used proteomics and transcriptomics approaches. A majority of the experiments 
correspond with very high doses of BHT or BHA (e.g. 200 mg/kg bw). 

 

Results from omics experiments 

Proteomics experiments report 20-50 differentially expressed proteins. One of the transcriptomics 
reports identifies more than 1000 differentially expressed genes. The results consistently identify up-
regulated Glutathione-S-Transferase. None of the reports includes a systematic investigation of 
metabolic pathways. 

  

Risk assessment  

Four of the omics studies investigate the mode of action, one hazard identification and one dose-
response assessment.  

 A transcriptomics investigation by Stierum et al. (2008) identified dose-dependent expression 
changes (involving phase I and phase II xenobiotic metabolism enzymes) in response to BHT, 
but does not lead to an estimate of a threshold dose or a clear dose-response relationship 

 A study addressing the changes induced by mixtures of food additives including BHT, 
Radonjic et al (2007), concludes that toxicogenomics has potential for hazard identification 
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 A complex proteomics study involving knock-out mice, Abdullah et al. (2012), identified 
induction of defence proteins associated with the anti-oxidant response element as a 
component within the mode of action for BHA but does not indicate, clearly, the relative 
importance of this element and indicates little concordance with corresponding microarray 
studies 

 A micro array expression profiling study involving knockout mice, Nair et al. (2006), 
identifies many genes that respond to BHA and highlights those with Nrf2 dependence but is 
not conclusive about mechanism of action 

Omics studies clearly identify changes associated with exposures to BHA or BHT and, in terms of 
Nrf2 dependent genes, partially explore mechanism. There is no evidence that omics information 
reduces the uncertainty associated with threshold doses.  

 
 

4.4. Feed 

4.4.1. Copper 

Hazard 

Copper is an essential trace element and micro-nutrient for all animals and is authorised as a 
supplement for animal feed in the EU (EC 1334/2003). For cattle 35 mg copper/kg of total diet is a 
maximum acceptable supplement in the absence of veterinary prescription. In many areas forage diets 
are supplemented with copper (usually copper sulphate) to reduce the possibility of copper deficiency 
(for cattle, pigs). The role of copper antagonists (e.g. molybdenum) significantly affects the role of 
dietary copper (ACAF, 2010). Over exposure increases the risk of copper toxicity (accumulation in the 
animal liver leading to tissue degradation and subsequent release into the blood - both acute and 
chronic effects). Animal tissue, particularly liver, containing high levels of copper could, potentially, 
enter the food chain and represent a hazard.  

In addition to its toxicity copper also has antimicrobial activity for some Gram positive bacteria. This 
activity within animal gut flora is believed to select for copper resistant strains and may represent an 
additional hazard. Copper resistance is associated with the trcB gene and is potentially correlated with 
resistance to families of antibiotics (e.g. macrolides). Antimicrobial resistance genes have been found 
on the same conjugative plasmid as the copper resistance gene.  

An opinion of the EC Scientific Committee for Animal Nutrition (EC, 2003) indicates that normal use 
of copper supplementation in animal feed does not represent a significant human hazard but that 
piglets and calves can increase human exposure. This conclusion is based on a TDI level ~0.05 - 0.5 
mg/kg bw for dietary copper. The EC opinion suggested further information was required to assess the 
impact of co-selection of antimicrobial resistance in animals over exposed to dietary copper. 

The studies identified include one specifically associated with the selection of resistant gut bacteria in 
pigs (Amachawadi et al., 2011; Bundy et al., 2008; Chen D and Chan K, 2009; Isani et al., 2011; 
Santos et al., 2010; Song et al., 2009). The studies used six animal systems (three for fish) and two 
(hepatocyte) cell systems. Only one study was carried out with farm animals (piglets). A wide range of 
omics techniques are employed. The omics investigations generally explore the effects of very high 
copper exposures.  

 

Results from omics experiments 
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About the study of Cao et al. (2012) the question remains whether toxic effects might be induced that 
cannot be detected in urine (with the presently used method). About the study of Sissener et al. (2010), 
the approach and findings are interesting. The number of genes studied is very limited and the dose 
given is extremely high.  Therefore, both studies yield limited information for risk assessment. 

 

4.6. Nutrition  

4.6.1. Vitamin A  

Hazard 

Vitamin A or retinol is a naturally occurring substance that is needed for maintaining the light 
sensitive cells in the eye and has a role in growth for epithelial cells. Vitamin A, converted to retinoic 
acid, has a role in the regulation of gene transcription. Vitamin A is available from a variety of foods, 
but is most strongly associated with carrots (beta-carotene) and liver. Vitamin A is oil soluble and, 
therefore, difficult to excrete from the body. There is a prospective link between excess vitamin A and 
liver toxicity (Stickel et al., 2009).  

 

Two studies were identified on vitamin A (Ross et al., 2011b; van Helden et al., 2011). These 
correspond to transcriptomics experiments with rats and mice and doses that vary widely (one 
experiment uses a dose of 1500 IU /kg diet whereas a recommended daily dose is ~5000 IU).  

 

Results from omics experiments 

One of the omics studies reports many thousand differentially expressed genes without further 
interpretation and neither study expresses results in terms of metabolic pathways. 

 

Risk assessment  

The relevance of these reports for risk assessment concern the investigation of the mode of action of 
vitamin A.  

There is insufficient evidence to evaluate the impact of omics investigations on risk assessment for 
vitamin A. Clearly vitamin A has many important roles in human nutrition so that targeted 
investigations that do not assess both risks and benefits are very difficult to interpret.  

 

4.6.2. Lycopene (synthetic lycopene) 

Hazard 

Lycopene is a carotenoid found mainly in tomatoes, red fruits and some vegetables such as red carrots. 
Interest in lycopene metabolism and regulation is growing rapidly because studies have suggested an 
important role for lycopene in human health promotion, such as the prevention of a range of chronic 
diseases including prostate cancer. There is, however, apart from information of accumulation of 
lycopene in tomatoes little information about the molecular processes regulating lycopene 
accumulation in fruits other than tomatoes. A study with oranges provided a global picture of the gene 
expression changes when comparing a mutant with the wild type orange (Xu et al. 2009). Studies with 
breast cancer cells should provide more information on the effect of lycopene exposure on the 
expression of genes in these cells. 
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Three studies were identified for Lycopene (Chalabi et al., 2007; Guo et al., 2012; XU et al., 2009). 

The omics studies identified involve transcriptomics and genomics. Experiments were performed with 
the natural plant product (citrus fruit pulp, tomato) or with cell lines (breast cancer cells exposed to 10 
µM Lycopene for 48h).  

 

Results from omics experiments 

All of the omics investigations identify large numbers of individual expression changes in response to 
Lycopene. Transcriptomics investigations report that 32 genes are differently expressed i.r.t. metabolic 
pathways in tomato and 3738 genes showed 2-fold expression difference in citrus fruit pulp compared 
to a wild type. The genomics study reports 391 genes involved with exposure of cell lines to lycopene 
solution medium. 

The reports include some systematic pathway analysis. Elements of apoptosis and cell cycle pathways 
are regularly identified as part of the omics response to lycopene.  

Transcriptomics analysis describe the use of Massively Parallel Signature Sequencing (MPSS) of 
citrus fruit pulp. Significance of the difference of signature frequency and transcript abundance is 
analysed using the z-score method. Sequences obtained from micro-array analysis that are associated 
with a False Discovery Rate of <0.05 and a fold change >2 were considered as representing 
differentially expressed genes in tomato. 

Specific software is often used for micro-array data analysis, also in the genomics investigations 
reported here; for each gene a ration of signal intensities was calculated, Minus Add (MA) plots were 
produced for each array followed by hierarchical clustering and significant genes were clustered by the 
t-test. 

 

Risk assessment  

Most of the omics studies investigate the mode of action of lycopene, investigations with breast cancer 
cell lines were related to hazard identification. 

4.6.3. Vitamin D 

Hazard 

Once foods were fortified with vitamin D and rickets appeared to have been conquered, many health 
care professionals thought the major problems resulting from vitamin D deficiency had been resolved. 
However, rickets can be considered the tip of the vitamin D-deficiency-iceberg. In fact, vitamin D 
deficiency remains common in children and adults. In utero and during childhood, vitamin D 
deficiency can cause growth retardation and skeletal deformities and may increase the risk of hip 
fracture later in life. Vitamin D deficiency in adults can precipitate or exacerbate osteopenia and 
osteoporosis, cause osteomalacia and muscle weakness, and increase the risk of fracture. 

The discovery that most tissues and cells in the body have a vitamin D receptor and that several 
possess the enzymatic machinery to convert the primary circulating form of vitamin D, 25-
hydroxyvitamin D, to the active form, 1,25-dihydroxyvitamin D, has provided new insights into the 
function of this vitamin. Of great interest is the role it can play in decreasing the risk of many chronic 
illnesses, including common cancers, autoimmune diseases, infectious diseases, and cardiovascular 
disease (Holick, 2007). Besides these disorders excessive body weight is a risk factor for 
cardiovascular diseases, diabetes mellitus type 2, metabolic bone disorders and especially abnormal 
vitamin D metabolism. Yet, recent developments in genomics and proteomics have provided new 
opportunities to identify molecular targets of vitamin D action (Fleet, 2004). 
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cell proliferation was also observed as a toxicological effect. A common transforming growth factor 
was identified (Hester et al., 2012). 

In another study (Nesnow et al., 2011) mice were fed with increasing doses of propiconazole and 
metabolomics changes in the liver were identified. These changes were interpreted with biochemical, 
transcriptomics and proteonomics findings from a previous study and related to changes associated 
with the carcinogenesis process. It is hypothesized that propiconazole activates a series of nuclear 
receptors (transcription factors) leading to CYP induction, oxidative stress, suppressed RA levels and 
consequently enhanced cell proliferation. Observed metabolic responses (oxidative stress and 
increases in the cholesterol synthesis pathway) in this study supported this hypothesis. 

In a study on the origin of reactive oxygen species (ROS)(Nesnow et al., 2011), propiconazole was 
found to increase CYP protein levels leading to increased ROS levels. Authors state that the hydroxyl 
radical is the major ROS. Superoxide dismutase (SOD) is the enzyme responsible for the 
detoxification of the hydroxyl radical. No differences were observed in level of expression of the gene 
encoding SOD or in SOD enzyme activity between controls and propiconazole treated AML12 
immortalized mouse hepatocytes. 

 

4.7.3. The effect of low-dose pesticide intake 

The daphnid embryonic development can be divided into six different stages. Propiconazole interferes 
with the embryonic development of Daphnia and causes development abnormalities and embryonic 
death. Life stage-specific and reproduction-related genes were identified by subtractive hybridization 
(Soetaert et al., 2006). The effects of propiconazole exposure on the expression of the identified genes 
were studied in a micro-array. A differentially expressed gene related to embryo development was 
identified. Such a gene might be an interesting marker for reproductive effects of chemicals like 
propiconazole. In response to propiconazole exposure significant differences in embryo abnormalities 
and reduced growth in the population were observed. However, at different concentrations and 
exposure periods different genes were affected, and not always in a dose-depending manner. Therefore 
authors conclude that the use of gene expression profiles for toxicity screening purposes needs further 
research. Understanding of the long term exposure effects on a population level requires further 
investigation.  

In a related study by Soetaert and co-workers (2007), effects of fenarimol were demonstrated on both 
gene expression and organismal level. An embryo development related gene was differentially 
expressed and more embryo abnormalities in the offspring were observed. This result suggests that 
transcription analysis using micro-arrays can be used for elucidation of mechanisms and for hazard 
characterization. 

Fenarimol was also used in a study by Park et al (2011). They studied the effect of low dose maternal 
exposure on the reproductive performance in mouse offspring. Offspring of fenarimol exposed mice 
had increased body weight, increased number of pups, more ovarian follicles and enhanced sperm 
quality. Microarray analysis in the ovaries was performed and  up-regulation (82 genes) and  down-
regulation (743 genes) was observed. Genes involved in the regulation of steroidogenesis were  up-
regulated (microarray) and expression levels (qRT-PCR) of three genes involved in an estrogenic 
response were increased. This increase was accompanied by elevated levels of their proteins. This 
transgenerational animal study implies that consumption of fenarimol-contaminated diets by mothers 
may possibly influence the reproductive functions of their offspring.  

The application of an NMR-based metabonomic approach (Merhi et al., 2010) led to the identification 
of gender-linked variations in the level of hepatic metabolites involved in oxidative stress and in the 
regulation of glucose metabolism after exposure of mice to a low-dose pesticide mixture.  
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Many plant species respond to herbivore attack by an increased formation of volatile organic 
compounds (upon a xenobiotic response (XR) that enhances the expression of detoxifying enzymes). 
Insights into omics responses might help in obtaining a more thorough insight in the mechanism 
underlying this response (Lawo et al. 2011; Skipsey et al. 2011). 

The following studies were identified for xenobiotic response (Skipsey et al., 2011; Smith et al., 2004; 
Zhang et al., 2007). Safeners coordinately induce the expression of multiple proteins and MRP 
transcripts involved in herbicide metabolism and detoxification in Triticum tauschii seedling tissues. 
Proteomics, 7, 1261-1278. Available from http://www.ncbi.nlm.nih.gov/pubmed/17380533. 

The omics studies involve one transcriptomics and two proteomics investigations. Arabidopsis 
thaliana and Triticum tauschii seedlings were used as a plant model system, respectively exposed to 
the following herbicide safeners: 1-chloro-2,4-dinitrobenzene (CDNB), cloquintocet-mexyl and 
benoxacor. Experimental conditions correspond with plant exposure to 0.1 µM CDNB (24 h) up to 
100 µM (4 d and 24 h) of the other safeners. 

 

Results from omics experiments 

Transcriptomics investigations identify 3 individual expression changes (GST induction) using RNA 
micro-array analysis. The proteomics investigations using LC-MS identify 29 cloquintocet-mexyl 
safener induced proteins and one benoxacor safener induced protein (AtGSTU19).  

Cluster analysis, statistical significant changes in abundance between treatments and comparative 
quantification with expression of the gene of interest normalized against the mean of the housekeeping 
genes were statistical analysis techniques used in the transcriptomics study. Data were subjected to 
analysis of variance (ANOVA) and relative transcript levels were calculated to statistically compare 
the level of expression in different proteomics study samples  

A range of different pathways were identified in the xenobiotic response of triticum tauschii seedlings, 
e.g. detoxification, protein biosynthesis and secondary metabolism. 

 

Risk assessment  

All reports have a limited relevance for risk assessment. The omics studies aimed at the identification 
of biomarkers and at the investigation of the mode of action.  

 

4.9. Animal health and welfare  

In the field of Animal Health and Welfare there is interest in using breeding based on genetics to 
improve animal health. The difference in genetic make-up is likely to affect the resistance to disease in 
cattle. At present, however, there is insufficient information on susceptibility of individual animals to 
disease, and the correlation between genetics and vulnerability to certain diseases. There is a potential 
for omics approaches to this problem, but at present there is not scientific basis for the application of 
omics techniques to animal health and welfare. It is therefore omitted from this report. 

4.10. Biological hazards 

Whole genome sequencing was chosen as the central theme for the case studies related to 
microbiological risk assessment. The potential use of whole genome sequencing of foodborne 
pathogens for assessment of microbiological food safety risks is analysed and considered in relation to 
the other omics techniques relevant for microbiological hazards. To illustrate the general principles, 
representative case studies have been selected to elaborate on the implementation of whole genome 
sequencing and other omics techniques in microbial risk assessment. Selection criteria included: 
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older data based on e.g. PFGE will still be useful, because the genomic data predict the band pattern. 
Therefore, older databanks can still be used for analysis and comparisons. The major disadvantage is 
that it requires a considerable paradigm shift, including different data analysis and vastly different 
methodology for laboratories, and therefore considerable initial investments.  

An omics approach based on WGS can be applied to all microorganisms and even to viruses, once the 
genetic information is linked to phenotypical data (Zhang, et al., 2010). Often this type of data is 
already available, as many virulence and resistance genes have been identified for a large number of 
microorganisms. If this approach is followed on a wide scale and the data are deposited in databases 
that are made available to qualified researchers, epidemiological exploration can identify hitherto 
unknown genetic factors and connections between these. For example, in EHEC strains both toxin and 
adhesion genes must be present for the strain to be virulent. An epidemiological analysis can establish 
combinations of toxin and adhesion genes that are particularly virulent, or almost certainly innocent. 
In a later stage the analysis might be complemented with data on expression and metabolic activity. 
The combined genomics, proteomics and metabolomics could conceivably yield such a complete 
description of a microorganism that its growth and other characteristics can be estimated with 
sufficient accuracy to enable to predict the quality of a foodstuff on the plate of the consumer, based 
on measurements in the production stages (Brul, et al., 2011). This would greatly improve the 
usefulness of microbial criteria and other tools used to ensure food safety.  

At present a variety of techniques is used to classify microbes, serotyping being one of the most used. 
The disadvantage of this methodology is that it does not in itself provide information on the 
characteristics of the organism involved. This information is only indirectly available by linking old 
epidemiological data to the serovar status. Preventive action must then be based on shifts in the 
distribution of serovars, which do not necessarily correlate to the actual food safety risks. The 
advantage of WGS is that it can be used for taxonomic purposes, while at the same time revealing 
information on virulence factors and other relevant traits (Carrico, et al., 2013).  

Re-examining the EHEC outbreak of spring 2011 clearly shows the potential of WGS as a food safety 
tool. The genetic homology indicates the chance that the isolates from different patients and foodstuffs 
are from the same source and can even give an indication of when the isolates have originated from a 
common source. In combination with information on what the patients have eaten, where they have 
bought food, in which restaurants they have eaten, etc., the genetic information can reveal the common 
factors and thus the source of the outbreak. Had this methodology been available, detection of the 
common factor would have taken less time and the link to the Finnish patient who was infected by the 
same strain would have been made in a much earlier stage. The combination of two virulence factors, 
the stx2a gene and the intimin genes coding for enzymes that enable attachment to the intestinal 
epithelium, would have been discovered immediately. This would have facilitated the risk assessment 
(Sabat, et al., 2013).  

In general, for every organism a database in which sequence data are matched to the genome sequence 
will have to be established. These database will always be a work in progress, as new information can 
be expected to become available regularly. Once sequences are stored annotated and complemented 
with information on where and from which source the isolates were obtained, the data can be analysed 
for many different purposes. The data generated by WGS can be used simultaneously with information 
derived from other techniques, so that in-depth analysis can be accomplished with comparatively little 
effort. Again, older data acquired in a different way will still be relevant and can be incorporated in 
new investigations.  

 

4.10.2. Typing for biological based target setting of Salmonella within Europe  

Several opinions have been published by the EFSA Biohaz Panel (Anonymous 2009 and 2011) on 
serovar typing in relation to target setting in food for the most frequently isolated (top five) serotypes 
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of Salmonella. In addition, an external scientific report is under development for evaluating targets in 
the turkey meat production. These analyses are all based on serovars selected from human cases in 
relation to the distribution of different serovars within the EU Member states. Subsequently, a 
virulence factor for 23 serovars has been defined based on the correlation between human cases and 
the occurrence of these types in the Member states. Genetic analysis of the serovars can elucidate the 
underlying causes for virulence. The case of typing of Salmonella with the aim of target setting is 
included because omics techniques have great potential to contribute to achieving this objective. This 
in turn, would facilitate the process of risk assessment considerably.  

The limit of the past approach, as further explained below, is that the method strongly relies on 
historical epidemiological data, continuous monitoring of serotypes prevalence, notifying possible 
changes in the frequency distribution of serotypes (both quantitatively, i.e. in numbers, and 
qualitatively, i.e. in types). Complementing these data with genomic information will provide new 
insights.  

Salmonella prevalence and serovar distribution, however, varies widely among the European Union 
Member States and over time (Huehn, et al., 2010). In addition, it is not established whether virulence 
(factors or determinants) are serovar related. Risk based target setting would, therefore, benefit from a 
bottom-up approach. That is, if virulence (factors or determinants) would be established for individual 
strains of Salmonella, then predictions could be made of the impact of a variety of strains on public 
health. Several techniques are available to analyse Salmonella strains on a molecular level. 

Several strains of Salmonella are in the process of being sequenced or have already been sequenced. 
This information has been used to develop whole genome microarrays to study the variation in 
genome content within Salmonella enterica subspecies enterica. However, the wealth of data from 
whole genome microarrays can be difficult to handle and may be of limited use because only on the 
DNA microarray represented strain-specific targets are considered. Consequently, arrays with a lower 
number of targets, representing specific bacterial properties such as virulence genes (virulotyping), 
have been developed. 

Relating virulotyping patterns to phenotypic behaviour in the food chain will enhance risk assessment. 
The advantage of this approach is that it could reveal clustering based on virulence (factors or 
determinants) rather than based on serovar properties. Behavioural knowledge based on the biology of 
strains will enhance targeted interventions. 

Emerging risks can be observed at the beginning of the food chain rather than when established in the 
population. In this respect it is important to continue to review the literature that becomes available on 
virulotyping in relation to Salmonella. This will reveal the type of data that becomes available from 
these studies. Subsequently, one can explore if, and how, this data can be processed for risk 
assessment. Insight in the available information will be the basis for the foresight on how to use 
virulotyping of Salmonella in all steps of microbial risk assessment. 

 

4.10.3. Use of genotypic diversity for hazard characterization: Campylobacter 

Bacterial species have the ability to cope with the ongoing environmental changes encountered in 
nature. For this they possess a variety of adaptation mechanisms, among which genomic adaptation 
which depends on genetic diversity. Genetic diversity refers to any variation in the DNA of an 
organism at the nucleotide, gene, chromosome, or whole genome level. These changes can lead to 
changes in virulence, host range and survival in hostile environments. 

This case is included because the progress made in genomic approaches offer tremendous 
opportunities to identify new risks due to modified Campylobacter strains. The main tool to study 
genetic diversity is comparative genomics, which, linked to knowledge of virulence factors, will 
provide valuable input for risk assessments.  
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Comparative genomics will enable investigators to unravel evolutionary relationships and 
pathogenicity of food-borne pathogens and reveal the genes involved in virulence, severity of disease, 
host specificity, ecological niche and mechanisms to adapt to particular nutrient supply in certain food.  

Genome comparison can identify strain-, lineage- and niche-specific regions and track evolutionary 
process of loss, acquisition and variation of genetic information. Furthermore, comparison between the 
genome sequences of commensal bacteria and those of pathogenic bacteria can identify genes that are 
observed in host specificity and the mechanisms of host-microorganism interaction. 

There has, for example, been significant interest in studying the core lipo-oligosaccharide (LOS) of C. 
jejuni as of its potential role in paralytic disorders. In reference to other studies, Habib and co-workers 
(Habib, et al., 2009) screened C. jejuni isolates from chicken meats and human cases of diarrhoea by 
PCR for five LOS classes. In addition, invasion potentials were tested in relation to the LOS classes. 
Results of this analysis were compared to PFGE and MLST data.  

 

4.10.4. Source attribution: Campylobacter  

Infection with Campylobacter is one of the leading causes of foodborne disease in Europe and 
throughout the developed world. Source attribution is an essential step in identifying targets for 
preventive measures. In the industrialized societies, outbreaks of Campylobacter are rare, but sporadic 
cases contribute to a considerable disease load (de Haan, et al., 2010). Up till now multilocus sequence 
typing has mostly been used to identify the strains involved in diseases and to trace them back to the 
origin (Strachan, et al., 2009, de Haan, et al., 2010).  

The main reason for including this case study is the potential for omics information to contribute to 
source attribution. Up till now this kind of approaches have not yet been applied to source attribution, 
but it can easily be imagined how omics information can be used to investigate the distribution of 
virulent strains.  

Tracing back the pathogen to the origin is key to attribution studies, if one wants to be certain about 
the source. A more overall relationship can be established by comparing strains isolated from patients 
with strains found in likely sources, such as chicken farms or cattle. This approach was used to 
calculate the disease load from chicken farms to their surroundings, cleverly using a period of absence 
of chickens following culling because of avian influenza (Friesema, et al., 2012). 

Several methods that are genomics or closely related omics approaches have been compared for their 
ability to distinguish clusters and thereby outbreaks (Clark, et al., 2012). Comparative genomic 
fingerprinting (CGF) in case of need supplemented by analysis of the flaA gene short variable region, 
turned out to be the best technique for detecting clusters of related cases. Multilocus sequence typing 
(MLST) by itself was not sufficient, while pulse-field gel electrophoresis (PFGE) could at times 
incorrectly group together strains that were in fact not related.  

The methodological problems outlined above can be overcome by relying on WSG to identify strains, 
establish relationships between them and perform an instant risk assessment based on the virulence 
factors that are present. Given the recently strongly reduced costs and the possibilities for automated 
analysis, WSG seems to be an avenue to be explored with priority. Other advantages of WSG, such as 
compatibility with older classification systems have been outlined above.  

 

4.10.5. Detection of emerging pathogens: Viruses  

The discrimination between infectious and non-infectious viral particles is notoriously difficult. It can 
be imagined that whole genome sequencing combined with statistical analysis will be a successful 
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approach for predicting the ability of viral particles to infect. This case is included because the 
potential to solve this long-standing problem deserves to be investigated. 

Attempts have been made to distinguish between these two states of norovirus, using RT-PCR 
preceded by binding to specific receptors, but this method turned out not to be fully discriminative (Li, 
et al., 2011). A similar method was further developed using the binding to porcine gastric mucin to 
differentiate between infectious and non-infectious norovirus (Dancho, et al., 2012). This method 
definitely has the potential to reduce false-positive RT-PCR outcomes when incorporated in the 
enrichment procedure. It is not clear, however, to which extent the separation is quantitatively reliable. 
Reverse genetics mediated recovery of the virus from samples may yield reliable data on the number 
of infectious particles (Arias, et al., 2012a, Arias, et al., 2012b), but also this technique needs to be 
further developed for large scale application.  

 

4.10.6. Rapid detection in relation to safety assessment of diffuse outbreaks: E. coli O104:H4  

The EHEC-crisis in spring 2011 has demonstrated very clearly the need for a system that can detect 
diffuse outbreaks in the earliest stages possible and ideally provide at the same time information 
needed for risk assessment. The rational for including this case study, is to explore the potential of 
whole genome sequencing to accelerate the detection of diffuse outbreaks and to apply it towards 
discovery of the source.  

For example, if the first isolates of the O104:H4 strain would have been subjected to an analysis that 
included virulence genes, the risks associated with this strain would have been clear. Moreover, the 
link to the Finnish patient who got infected with the same strain in Egypt in autumn 2009 would have 
been established as well. 

In summary, detailed outbreak case study assessments, in which the most relevant and recent literature 
should be included, should be followed in close cooperation with EFSA (e.g. as in the provisionally 
subjects described above; toxicological risk assessment of single food chemicals/contaminants, safety 
assessment of products derived from (GG) crops and omics in rapid detection of diffuse outbreak in 
combination with risk assessment). Based on these outbreak studies, limitations and added values of 
omics approaches can be clearly identified. Forecast studies and future requirements for a full 
incorporation of omics in risk assessment can then be defined and further developed. 

 

4.10.7. Identification of virulence factors for the screening of species for qualified presumption 
of safety (QPS)  

The principle of QPS is to remove unnecessary burden during the authorisation process of 
microorganisms to be added into the food chain by considering taxonomic units instead of individual 
strains (EFSA Panel on Biological Hazards, 2011). Taxonomic units are eligible for the QPS list if 
they do not raise any safety concerns. Organisms belonging to taxonomic units on the QPS list do not 
need to undergo safety assessments before being used in food production. In the framework of a 
notification for QPS, existing safety concerns can be defined as specific qualifications, to be addressed 
in a summary assessment procedure. WGS can provide the detailed genetic information that is needed 
to predict the potential virulence or absence of it of strains under consideration for QPS status. 

This case study is included in the overview, because whole genome sequencing has the potential to 
facilitate the efforts of EFSA authorising the QPS status of specific strains and to reduce the workload 
by simplifying the assessment.  

Genomics, in particular WGS, has enormous potential in the QPS context. It can be used for taxonomy 
(Pearson, et al., 2009, Klenk & Goker, 2010) and for typing at the most detailed level (Boxrud, 2010). 
The limitations of WGS identified earlier (Hyytia-Trees, et al., 2007) are likely to be overcome as 
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more information becomes available once WGS will be used on a larger scale for this purpose. The 
additional benefits that the use of WGS brings are that not only taxonomic data are generated, but that 
also information on virulence factors, resistance genes and other characteristics of the cell become 
available with little additional effort. As genes can transfer between bacterial species, the taxonomic 
unit to which a strain belongs may not always accurately predict its features, such as virulence, the 
ability to form toxins or antibiotic resistance.  

It can be imagined that the QPS system will convert at some moment in the future from a taxonomy 
based system into a system based on genome information. The predictive value of taxonomy is 
limited, because genetic changes are always possible. Our knowledge of genomics at the level of 
individual genes is not yet so complete that predictions can be made with absolute certainty, but the 
continuously evolving body of knowledge steadily increases the accuracy of genome based forecasts. 
It would be logical if in due time genomics would be used for QPS instead of taxonomy. 

 

5. The added value of omics technologies as compared to classical risk assessment methods 

Presently, toxicological tests for risk assessment are based on exposures of test animals with very high 
doses, a method that is being used for several decades with relatively few adjustments. The new omics 
tools promise 1) to provide much more information about the action of chemicals, and 2) are able to 
detect effects at more realistic (lower) exposure doses. This review provides cases for this. 

As to microbial food safety, omics have not yet been successfully applied often. When applied they 
never target the host, but instead focus on the pathogen. Mostly utilized for this purpose has been 
genomics. Genetic information on pathogenic strains allows not only to establish relationship between 
the strains, but also to predict some of the traits, based on the presence of virulence factors, resistance 
genes or other properties. The review focuses primarily on the use of whole genome sequencing for 
these aims, as the potential benefits of the use of WGS are immense and already genomics using 
partial sequences has shown the real benefits. The other omics techniques have obvious potential 
benefits, but these cannot be realized until considerable additional research has been concluded 
successfully. 

 

6. International projects in the field of omics related to food and feed safety 

Chemical risk assessment: 

With the U.S. currently a program is running entitled the Next Generation of Risk Assessment 
(NexGen; http://www.epa.gov/risk/nexgen/). The aim is to improve current RA by integrating the 
outcome from projects such as ToxCast (http://actor.epa.gov/actor/faces/ToxCastDB/Home.jsp) and 
the use of new molecular biology approaches, including omics techniques, into the risk assessment 
process. 

Safety assessment of herbal preparations (incl. TCM): 

EU-funded FP7 Coordinated Action GP-TCM (Uzuner et al, 2010; 2012) 

 

Microbiological risk assessment: 
The 100K Pathogen Genome Project is a consortium that addresses food safety concerns by engaging 
world-wide partners to create a publicly available genetic database of the most common foodborne 
disease causing microbes (http://100kgenome.vetmed.ucdavis.edu/). 

MIMOmics network of experts (http://www.mimomics.eu/). A collaborative project funded by the EU 
through the 7th FP (FP7/2007-2013). 

http://www.epa.gov/risk/nexgen/
http://actor.epa.gov/actor/faces/ToxCastDB/Home.jsp
http://100kgenome.vetmed.ucdavis.edu/
http://www.mimomics.eu/
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exposure, such as serum levels of metabolites, accumulated alterations of DNA/proteins or changes in 
expression in transcriptomics, proteomics etc. often act as surrogates. Within a database of omics 
reports relating to chemical hazards, there are some efforts to establish markers of exposure using 
omics methods.  

In turn, specific disease outcomes, particularly in relation to chronic effects, are difficult to ascertain in 
controlled conditions so that a prospective search for intermediaries is often a step in the hazard 
identification process. Case control studies, such as genome wide associations, are used to identify 
intermediate markers which predict disease states or bottom up approaches (systems biology) are used 
to unravel metabolic pathways that are essential for health.  

 

Examples of omics reports illustrating components of hazard identification 

Thus, for chemical hazards, the role of omics in hazard identification and emergence of risk is 
dominantly a search for biomarkers of exposure, or a process to discover mechanisms that connect 
biomarkers of exposure with intermediate biomarkers of effect, in situations where there is an 
established statistical association between exposure and disease (most often established from classical 
toxicology). 

Examples have been selected from the review conducted in the first part of this project that represent 
the contribution of omics research and its (statistical) data analysis to unravel the link between 
exposure and effect for chemical agents. 

Kellert et al. (2008) describe an explicit metabolomics search for biomarkers of furan exposure in the 
urine of treated rats. Principle components analysis is used to identify a small number of potential 
markers from an initial screening involving approximately 450 metabolites (including unknown 
species). However the report does not establish a strong statistical significance for the biomarkers of 
exposure so that additional results are required to initiate a mode of action assessment. 

Feng and Lu (2011) used liquid chromatography and mass spectrometry to identify modification of 
human blood proteins caused by acrylamide (or glycidamide). The results clearly identify 
modifications (mainly N-terminal excess), but do not establish a quantitative relationship between the 
marker and the exposure. The authors indicate that the results could be the starting point for 
understanding metabolic pathways (i.e. a mode of action assessment) without providing details. In this 
case the identification of a marker of exposure is only a very preliminary step in the hazard 
identification process (i.e. it indicates a method for hazard identification rather than an identification 
itself). 

Hispard et al. (2011) report a proteomic investigation aimed at the identification of biomarkers of 
exposure for cadmium in rats. Although comparative proteomic analysis clearly identifies biomarkers, 
including Cu/Zn superoxide dismutase, the report stresses that the method has some limitations for 
practical analysis of the effect of cadmium and hence the results cannot easily contribute to a search 
for a causal mechanism of action. 

Bjork et al. (2008) report a transcriptomics investigation combined with a pathway analysis that 
identifies a causal route relating to the effects on the liver of PFOS (perfluorooctane sulfonate)  
exposure in rats. The investigation uses two intermediate markers of effect, peroxisome proliferation 
and decreases liver triglycerides, and identifies a corresponding significant signal in differential 
expression of approximately 450 genes in the rat liver. The report concludes that a mode of action for 
PFOS effects in neonate rats involves transcriptional control for the metabolism that is dominated by 
the PPARa pathway. Potentially this mode of action is significant in hazard identification for human 
exposures to PFOS. 

Abdullah et al. (2012) report complex comparative proteomics experiments involving liver tissue of 
both wild type and Nrf2 knockout mice to explore defence mechanisms in response to BHA (butylated 
hydroxyanisole) exposure. The results confirm the role of the transcription factor in the induction of 
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the defence mechanism against xenobiotic toxicity. The investigation uses a set of established anti-
oxidant response proteins as an intermediate marker of effect and establishes the relative significance 
of Nrf2 in coordinated control to identify causation within the pharmacodynamic mode of action of 
defence against BHA. The report indicates that the identification of the mode of action, for defence 
against BHA exposure, might have relevance for risk assessment in relation to other chemical 
exposures.  

Duan et al. (2011) describe a case control metabolomics investigation for children exposed to 
melamine. This report identifies hypoxanthine as a biomarker of melamine induced nephrolithiasis 
(kidney stones) i.e. it identifies an intermediate marker of effect that contributes to a causal 
interpretation. The authors suggest that elevated levels of hypoxanthine are responsible for purine 
metabolism disorders and that maintaining normal levels of hypoxanthine can decrease risk. This 
report does not indicate a causal link between exposure and effect. 

Mally et al. (2010) describe metabolomics initially aimed at full dose-response assessment for furan 
exposures but were unable to establish a statistically significant association with disease. However, the 
report identifies a significant increase in unconjugated bile acids associated with exposure and these 
are described as indicators of hepatic injury. In practice the report identifies intermediate biomarkers 
of effect which can contribute to the discovery of a mode of action and, ultimately, hazard 
identification.  

Bakshi et al. (2008) explore the mode of action of low dose cadmium exposure in human prostate cells 
using transcriptomics. A set of genes involved in inflammation and immunomodulation act as an 
intermediate marker of carcinogenesis and network analysis of global transcriptomics reveals a 
network involving many of the genes where tumour necrosis factor (TNF) is a dominant element. The 
network adds a causative belief, transient over expression of TNF, to the mechanism for cancer 
development in prostate cells.  

 

9.1.1. Chemical hazards related to GMOs 

The hazard identification of genetically modified plants concerns three topics: 1) potential impact on 
the environment, 2) safety for humans and animals after consumption, and 3) nutritional quality. Two 
studies applied omics technology to assess the effects of consumption of genetically modified food. 
Sissener et al. (2010) fed zebrafish for 20 days with genetically modified soya (Roundup Ready®) or 
maize (YieldGard® Bt maize, MON810) or with their non-modified, maternal, near-isogenic lines. 
Omics (qPCR) revealed a decreased mRNA expression of SOD-1 in the liver of zebrafishes fed with 
GM maize. Although this approach is interesting, it is very difficult to link an effect on one gene in 
zebrafish to implications for risk assessment for humans. In another study (Cao et al., 2012), rats were 
fed for 90 days to T1c-19 rice flour or its transgenic parent MH63 at 70% wt/wt. (1)H NMR analysis 
on urine sampled every month detected changes in levels of creatine, citric acid, a-ketoglutarate and 
hippurate. The effects were, however, very limited and mostly not consistent at the three time points. It 
is, therefore, questionable whether the observed differences are really due to the transgene. 

In other studies, omics, mainly transcriptomics, was applied on the GM vs. the non-GM plant itself, 
for example GM maize vs. non-GM maize (Manetti et al., 2006; Barros et al., 2010) or GM vs. non-
GM rice (Montero et al., 2011). In general, differences between the GM and non-GM variants were 
detected. However, at present it is impossible to link these observed effects to an increased hazard 
upon consumption. 

 

9.2. Hazards related to nutrition and plant health 

Reports from the review conducted in the first part of this project in the area of nutrition concern 
vitamin A, lycopene, vitamin D, caffeine, zinc, fluoride, iodine and saponin that are, except for 
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caffeine, mainly related to health promotion. Omics studies are used to discover intermediate 
biomarkers of effect (gene expression) with molecular techniques as a new opportunity to unravel the 
mode of action (in all reports) or for direct hazard identification in particular (lycopene and vitamin 
D). It appears to be difficult to statistically correlate exposure to effect as of numerous differentially 
expressed genes involved in many pathways and the many effect modifiers at the level of biological 
processes (e.g. age and smoking). 

Metabolomics, proteomics and transcriptomics studies are used to investigate molecular mechanisms 
underlying plant health exposed to pathogens, abiotic stress and pests or plant health in relation to 
biocontrol and xenobiotics response. The omics studies are generally set-up to identify biomarkers and 
investigate the mode of action to be used for cultivar selection and future crop protection. As large 
numbers of individual expression changes in response to test agents are identified results are difficult 
to interpret in terms of risk assessment. 

 

9.3. Biological hazards 

The main limitation in applying omics technologies to the identification of microbial new and 
emerging hazards is that in food microbiology omics data are focused on the microbes and less on the 
effect on the host. Novel approaches to overcoming this problem are being developed (Carrico et al., 
2013; Ursell et al., 2012), but are not yet applicable at the moment of writing, spring 2013. The most 
significant application of omics data to early detection of new microbiological hazards lies in the 
combination of genomics and epidemiology (Carrico et al., 2013). The EU-sponsored SAFE FOODS 
project examined the role of horizontal gene transfer in creating new microbial food safety risks (Kelly 
et al., 2009). Since most of the scientific literature in the area of emerging microbiological risks to 
food and feed safety concentrates on the genetics of the pathogens, this aspect will be highlighted.  

A literature search of past examples of identification of an emerging pathogen by means of genomics 
or another omics approach yielded no records. On the other hand, several reviews explore the potential 
of genomics for this aim (Gupta et al., 2009; Koser et al., 2012; Sabat et al., 2013). The strongly 
reduced costs of whole genome sequencing (WGS) make it now feasible to use WGS a as standard 
typing methodology. The Achilles heel of WGS was up till now the interpretation of the enormous 
amount of data generated. This situation should soon improve, as some major initiatives to facilitate 
data analysis are being developed. One example is the joint project of University of California at 
Davis and the Food and Drug Administration (http://100kgenome.vetmed.ucdavis.edu/) to collect at 
least 100,000 complete genomes of food pathogens. Another is the Pathogen-annotated tracking 
Resource Network (PATRN) system (Gopinath et al., 2013). The Food Microbe Tracker 
(http://www.foodmicrobetracker.com/login/intro.aspx) is a web-based tool that specializes in Listeria 
monocytogenes.  

Bioinformatics at the genome level has the most potential to predict new and emerging 
microbiological risks, as these have very recently been used to explain events after they happened 
(Grad et al., 2012; Nilsson et al., 2012; Scheutz et al., 2011). The presence of virulence genes can be 
used to predict the properties and the associated risks of strains under investigation (Abee et al., 2004; 
Bhagwat and Bhagwat, 2008; Withee and Dearfield, 2007). The mere presence of virulence genes by 
itself may not be always diagnostic. The expression and the resulting virulence can still be influenced 
by a large variety of factors, but the potential to be expressed given certain conditions is of greater 
importance for risk assessment than whether they are actually expressed in the laboratory.  

Microbial food safety has to deal with two situations: 1) pathogens that are often present on certain 
products, such as Campylobacter spp. on poultry meat and cause sporadic disease cases and 2) 
outbreak organisms that are usually found in very low numbers. New and emerging risks can also be 
the consequence of two types of events: 1) genetic changes in microorganisms and viruses, a good 
example is the STEC O104:H4 that caused the outbreak in spring 2011, and 2) environmental, 
economic and other factors that drive changes in the microbiota, resulting in new pathogen/product 

http://100kgenome.vetmed.ucdavis.edu/
http://www.foodmicrobetracker.com/login/intro.aspx
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combinations. In neither case are the possibilities mutually exclusive, but more they represent the 
extremes of a continuum. The combination of these two sets of parameters yields a matrix that can be 
used to describe each new hazard that is encountered. This should be kept in mind when reviewing 
new and emerging microbiological food safety risks.  

For the disease load caused by sporadic cases, genetic analysis of pathogens such as Campylobacter or 
Salmonella spp. that are often present on products of animal origin, can be used to improve production 
on the one hand and food safety and public health on the other (Diaz-Sanchez et al., 2013). Changes in 
the composition of the gut microbiota can be monitored and intervention is possible before these 
alterations cause food safety risks. Genetics of the individual pathogens can be used to predict changes 
in the pathogenicity. The formation of biofilms, a major virulence factor in the case of STEC and 
Listeria monocytogenes, can be predicted based on genetic information (Sofos and Geornaras, 2010).  

The case of zoonotic viruses deserves special attention, as the jump from animal to human may be 
accompanied by increased virulence (Haagmans et al., 2009). Genomic analysis on a monitoring basis 
can detect newly emerging pathogenic strains by comparing strains under investigation with closely 
related known pathogens. The adaptation of new variants can be documented and analyzed to 
understand the biological consequences of transmission. The cross-over of rotavirus between animal 
reservoirs and humans has been followed by genomic analyses and the outcome provided important 
insights in the manner of transmission and the consequences of the interspecies jumps (Midgley et al., 
2012). 

The first concern during an outbreak is the identification of the source. In fact, quite a lot of outbreaks 
go undetected, as the necessary data are not connected and the outbreak is not recognized (Boxrud et 
al., 2010). Now that WGS can be used as a tool for rapid typing, it will have the major advantage that 
the sequence data also provide information about characteristics that are relevant for food safety, as 
virulence factors and resistance genes can be identified (Zhang et al., 2010). If the outbreak concerns a 
modified strain, that combines genes from different origins, this will be recognized. Once more 
experience is gained in predicting the properties of new strains that combine known genes in 
combinations that have previously not yet been encountered, an important tool to counteract new and 
food pathogens has been obtained (Hoorfar, 2011). It will be imperative for the detection of outbreaks 
to connect information on isolates from human patients to strains isolated from foodstuffs.  

Outbreak detection and rapid hazard characterization can be combined for Campylobacter spp, as 
virulence in this genus is well investigated. Genomic analysis can reveal the nature of the core lipo-
oligosaccharide (LOS), known to affect human immune response (Matsumoto et al., 2010). 
Comparison of human and chicken isolates yielded epidemiological correlation between LOS and the 
invasion potential (Habib et al., 2009). In the past a variety of methods was used, but all can be 
replaced by WGS, so that the complete genomic information can be applied to both typing and risk 
assessment. 

As a rule the genus Salmonella is considered genetically stable and new variants are supposed to not 
occur very often. More recent data do suggest more genetic diversity that previously assumed 
(Eisenstark, 2010). An example may be the Salmonella Thompson that caused an outbreak by 
contaminating salmon cuts (Friesema et al., 2012).  The investigation into this strain is still ongoing, 
but there are indications that some genetic changes compared to older strains may have occurred. The 
distribution of serovars and their prevalence varies widely within the EU (Huehn et al., 2010). The 
consequent utilization of WGS on foodborne Salmonella is likely to yield a wealth of new 
information, once the data collection has reached a certain completeness.  

The recent EFSA opinion (Biohaz panel, 2013) on STEC and EHEC bases the risk classification 
largely on genetic properties such as the presence of the different stx genes and the genes coding for 
adherence factors. In combination with the WGS tools that are being developed, both the genomics of 
an epidemiology can be analyzed (Grad et al., 2012) and an instant risk assessment performed (Sabat 
et al., 2013). More complete information on the various virulence factors will be needed to use this 
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- One observation from the data collected in the review is that the overlap in pathways affected by the 
same compound in different studies is rather low. In part of these studies that might be due to 
differences in species, gender, exposure route etc. However, in most studies identified, the overlap in 
pathways between studies and species generally is quite low. Even overlap in pathways in studies 
using the same species, gender, exposure route etc. the overlap in pathways may be remarkably low as 
was shown for dioxins (Nault et al., 2013, Kopec et al., 2010 and 2011). One of the reasons might be 
that the (raw) data of the omics studies are generated and processed in different ways, e.g. by applying 
different statistical and bioinformatics methods. This is a general gap that should be bridged in order 
to increase the usefulness of omics data for hazard identification. 

- The combination of pre-processing, feature selection and classification ensures that there are many 
alternative predictive modelling approaches associated with omics data sources. Several reviews deal 
with the principles and established methods for analyses of microarray data in relation to safety 
evaluation, e.g. Irwin et al 2004, but the general approaches apply equally to data analysis for 
proteomics, metabolomics etc. The US Food and Drug Administration, within their Microarray 
Quality Control Study, have summarized this variety of approaches and have made recommendations 
for best practice for gene expression analysis (MAQC, 2010). Although the MAQC study is largely 
aimed at clinical decisions it is clear that the majority of modeling guidelines are equally appropriate 
for chemical safety evaluation. Furthermore, statistical analysis of omics data sets in relation to safety 
assessments has recently been reviewed by the UK Committee on Toxicity (COT, 2010a; COT, 
2010b).  

- Raw data sets associated with omics technologies often require substantial manipulations, such as 
standardization, logarithmic transformation and normalization, prior to analysis. These processes 
reduce non biological variability associated with the data collection and are often integrated into the 
particular experimental platforms. Although this pre-processing step is essential for effective data 
analyses it is usually considered as an inert precursor for higher level approaches aimed at the 
discovery of biologically relevant information. 

 - Higher level analyses of omics generated data sets, which are aimed at biological pattern discovery, 
can usefully be partitioned into two complementary activities: 

 Identification, classification and visualization of the biological response patterns (i.e. of 
mRNAs,  proteins or metabolites) associated with a particular effect and 

 Evaluation and classification of an identified response in terms of a biologically relevant 
frame of reference 

Identification of the response is most often realized as the construction of a list of differentially 
expressed mRNAs, proteins or metabolites while evaluation of the response is often manifested as the 
interpretation of the identified expression changes in terms of known pathways or other schemes of 
organized biological activity.  Each of these activities can be performed using a variety of data 
analysis strategies or statistical techniques. The majority of reports, concerning the use of omics 
generated data sets in relation to chemical safety, do not include detailed description of the statistical 
analyses. 

- A list of differentially expressed genes (or proteins, or metabolites etc.) is most easily generated, one 
gene at a time, by direct comparison of measured expression values in distinct realizations of the 
complete system; most often a simple threshold for the relative expression selects the list members. 
The actual thresholds are, largely, subjective and it is very difficult to give a statistical interpretation 
(significance) of the generated list. Alternatively if the measured expression values for a particular 
gene, for distinct realizations of the system, can be assumed to arise from a single population of 
values, with known properties, the population statistics can be used to identify differential expression 
e.g. based on a measure of statistical significance and, again list members can be identified one gene at 
a time.   
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10.2. Gaps in hazard identification exposed by a review of microbiological omics reports 

The lack of data in microbiological omics with regard to risk assessment is encyclopaedial. Most 
striking is the almost complete lack of omics data on host-pathogen interaction, but also very little is 
known on the changes in expression of pathogens under different conditions. Only between genomic 
information and pathogenicity some correlations have been established, the best example being the 
various virulence factors in (S)VTEC pathogens (EFSA, 2013). The correlation in this case is between 
the presence of a gene and the risk of disease. More complex correlations, such as between 
transcriptomics and pathogenicity have not yet been established. Metabolomics could in principle be 
used to predict efficacy of probiotics, but the knowledge to substantiate this is lacking. For the 
application of the QPS principle the various omics techniques might be able to contribute, but also in 
that case the existing knowledge is not sufficient.  

Host-pathogen interactions have two aspects that could be studied by omics techniques without the 
need for technical developments. Transcriptomics on mRNA of the pathogen would reveal the internal 
adjustments the microbe makes in order to successfully attack the host. Similarly transcriptomics on 
the immune system seem to be the most relevant technique to investigate the reaction of the target 
cells within the host. Technical developments, or at least the development of a new microarray, would 
be needed to study the host-pathogen interaction at the transcriptomics level in a single integrative 
manner. If enough mRNA of both can be collected from a single experiment, than it would in theory 
be possible to perform an analysis without separating the two kinds of mRNA. In reality, considerable 
difficulties can be expected concerning both the techniques and the interpretation.  

By far the most advanced insight on the basis of omics has been accomplished on the action of 
probiotics on the host (Bron et al., 2012). Specifically the prediction of individual differences in the 
reaction of hosts to probiotics is very promising. The complete knowledge on the human immune 
system underpins the application of the various omics. The characterization of the bacterial effect or 
molecules is less complete. While a lot of research still needs to be done in this area as well, it at least 
provides a good template for the application of omics in the other fields of microbial food safety.  

Transcriptomics, possibly combined with metabolomics, might be applied to predict the behaviour of 
known or suspected pathogens under given conditions and those data could be utilized for risk 
assessment. The advantage would be that risk assessments could be fine-tuned to the extent that one 
could predict that for example a certain microorganism on tomatoes is harmless, while the same strain 
on meat can become invasive. This would prevent these tomatoes being removed from the market on 
suspicion of being a threat to the consumer, while in reality they posed no risk. It remains to be seen, 
however, how much confidence the risk manager will have in this type of data, given the natural 
tendency of authorities to err on the safe side. 

The ability to predict the growth and persistence of bacteria on certain foodstuffs under specified 
conditions underlies the application of microbiological criteria, performance objectives, food safety 
objectives, etc. Data on the microbiological condition at certain stages in the production process, 
should allow to predict the quality and safety of the food on the plate of the consumer. There are very 
few, if any, food/pathogen or food/spoilage organism combinations for which this situation has 
actually been achieved. The thorough understanding of the physiology of the organism needed for this 
holy grail could be accomplished by means of an integrated omics approach. At present there are 
insufficient data to accomplish this goal.  

Safety of a complete class of microorganisms is judged under the qualified presumption of safety 
(QPS) approach. Taxonomy has up till now been the sole foundation for decisions on inclusion on the 
QPS list. It can very well be imagined that not only genomics, but also the other omics approaches can 
be useful for the judgement on QPS status.  

In general, omics on foodborne pathogens results have to be sufficiently reliable to function as a base 
for risk assessments. The statistics underlying the distinction between signal and noise for a marker 
and the relationship between the signal and the exposure for the consumer need to be very carefully 









http://www.epa.gov/risk/nexgen/
http://nas-sites.org/emergingscience/workshops/omics-informed-risk-assessment/
http://nas-sites.org/emergingscience/workshops/omics-informed-risk-assessment/
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 Complexity issues, such as pattern discovery in network models, combined with increasing 
concerns over reliance on animal models to indicate that a strongly computational component 
may become a major part of screening for toxicological properties of new chemicals as part of 
the next generation of risk assessments 

 Issues surrounding the interpretation of complex observations, combined with a for 
communicating uncertainty with hazard assessment, indicate that pathway analysis may play a 
major role in a next generation of risk assessment methodologies and that the construction of 
well documented and harmonized libraries of pathway information will be a part of the next 
generation of risk assessments 

 Emphasis on pathways, including those associated with adverse effects and other adaptive 
responses, combined with a movement away from traditional dose-response methodology 
ensures that the next generation of risk assessments will not fit neatly into an established 
framework and they may necessitate additional structures, and fora,  for the management and 
communication of risks. 

 

13.1.2. Challenges for implementation and steps to take 

Thomas et al. (2012) indicate that approximately 30,000 chemicals are in commercial use in the 
United States but only a small fraction, ~5%, have a risk assessment that is recognised by the US EPA 
(in the Integrated Risk Information System). Similar complexity is recognised by the European 
Commission, and European Chemicals Agency, within the REACH initiative (EC, 2007). However, it 
is apparent from the omics review that the majority of research publications, each often representing 
several man years of effort, address single agents and single targets, and develop information at a 
single organizational level, in support of very targeted risk evaluations. Relatively few reports address 
toxic effects based on groups of chemicals or on mixtures and only small numbers of reports address 
multiple endpoints or multiple scales. This highlights an important disaggregation issue for which the 
number of identified hazards, based on new mixtures of chemicals or on increasingly specific 
definitions of targets and effects, grows much more rapidly than the number of assessments.  Most 
recently several high throughput and high content screening programs, for chemicals, have been 
designed to address this situation i.e. an experimental design that maximizes throughput and 
minimizes false negative findings. The NexGen program prioritizes high throughput screening, based 
on quantitative structure activity relationships, as the first tier in a three step risk assessment process 
but even this advance is subject to criticism (e.g. Tannenbaum, 2012). Increasingly computationally 
intensive approaches e.g. Judsen et al. (2012), which combine high-throughput data from many 
sources, address complexity issues involved in predicting the toxicity of new chemicals or products. 

The reports included in the omics review indicate that ranked lists of differentially expressed entities, 
genes or proteins or metabolites, are the dominant form of outputs used to represent a toxic effect 
observed in an omics study. Thomas et al. (2012) indicate that toxicity is not expected to occur 
without differential expression, particularly at the transcriptional level, although this is clearly distinct 
from an assertion that a pattern of differential expression is an indicator of a toxic effect. Some lists 
include only a few examples of expression that differs from a control while others identify several 
hundred (quantitative) expression changes, corresponding to different conditions, in extensive tables 
or in supplementary material. Lists of differentially expressed entities are relatively easy to visualize 
and comprehend, and can be used to support higher level understanding in terms of pathways or toxic 
endpoints, but the statistical properties of the results (sometimes obtained from a single realization) are 
often very difficult to appreciate. The reproducibility of ranked lists of differentially expressed genes 
obtained from high throughput omics experiments, particularly in relation to cancer outcomes, have 
caused significant concerns (e.g. Ein-Dor et al., 2006). Several reports, e.g. Venet et al. (2011), have 
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questioned whether an observed signature (expression pattern) from an omics study can be statistically 
associated with a biological effect. Currently stability measures (e.g. Boulesteix and Slawski, 2009) 
are rarely included to support the information presented in reports of omics studies and this leads to an 
expanding debate concerning the validation and translation of omics results into health assessments 
(e.g. Ioannidis and Khoury, 2011). 

It might be clear that natural genetic variation in expression patterns and in those produced 
constitutively should be investigated more thoroughly to identify statistical significant associations 
between exposure and effects. That is, the expression of a cellular product in response to exposure to 
an agent does not imply its mandatory involvement in, e.g., plant defensive mechanisms. Moreover, 
experiments performed with a single plant variety cannot be generalized as of the many different 
biological factors outside the experimental design might influence its response. For example, genetic-
environmental interaction, inconsistent repeatability and large number of genes regulating biological 
processes have hampered the generalisation of experimental results (Ashraf, 2010).  

Pathway level organization may have significant value for interpretation of global expression 
information; leading to improved reproducibility and quantification of uncertainty. However, 
translation of pathway information into useable knowledge also relies on established associations 
between the perturbations of known pathways and particular adverse effects; sometimes called 
phenotypic anchoring (Paules, 2003). A searchable library of associations, mapping pathway 
perturbations onto phenotypic markers may under pin the next generation of high throughput chemical 
risk assessments but developing this library, based on ideas from systems biology and network 
science, is a major challenge (e.g. Vidal et al., 2011). 

In conclusion, improving effective food and feed safety risk assessment lies in combining knowledge 
derived from different information sources, e.g. disease phenotyping, cytological analysis, omics 
studies and targeted transgenics to identify the network components of cause - effect mechanisms. 

 

13.1.3. Practical implications for chemical hazards or genetically modified food 

Classical toxicity testing in animals has a number of drawbacks. The harmful effects on animal 
welfare is one main concern (Hartung, 2011). Another big problem is that the accuracy of animal tests 
for toxicity of chemicals or pharmaceuticals is rather low (Archibald et al., 2011). In addition, 
classical toxicity testing is very time consuming and expensive which led to the so-called 
disaggregation issue. The number of identified hazards of chemicals grows much more rapidly than 
the number of risk assessments. For example, (Thomas et al., 2012) indicate that approximately 
30,000 chemicals are in commercial use in the United States but only a small fraction, ~5%, have a 
risk assessment that is recognised by the US EPA in the Integrated Risk Information System. Similar 
complexity is recognised by the European Commission, and European Chemicals Agency, within the 
REACH initiative (EC, 2007). 

Chemical risk assessment is on the eve of undergoing two important changes: 1) the use of high-
throughput cellular assays capable of testing large numbers of samples in a short time and in an 
accurate and cost-efficient manner (Schmidt, 2009; Hodgson, 2012), and 2) the application of omics 
techniques (Cote et al., 2012; Zhou et al., 2013).  

It is our expectation for the future that the potential toxicity of a compound will be tested using a range 
of in vitro human cell systems (and not animal cell systems) that are models for relevant target tissues 
and organ systems such as the immune system. These cell systems will be exposed to a range of doses, 
including actual exposure doses, and effects will be followed by application of omics technology, e.g. 
metabolomics, proteomics and transcriptomics. In addition (or prior to this), the compound will be 
tested by a range of high throughput screening assays that comprehensively assess known toxic modes 
of action. 





http://www.t3db.org/
http://www.hmdb.ca/
http://ctdbase.org/
http://dip.doe-mbi.ucla.edu/dip/
http://cic.scu.edu.cn/bioinformatics/Ensemble_PPIs/index.html
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reasonable to take in addition also doses that are for example 10-fold higher than actual exposure 
doses to compensate for the exposure to many other chemicals of which some will share modes of 
action (Schwarzenbach et al., 2006). Methods such as a combination of physiologically based 
pharmacokinetic (PBPK) modelling and quantitative in vitro to in vivo extrapolation (QIVIVE) have 
been developed to translate in vitro exposures to corresponding in vivo exposures (Yoon et al., 2012).  

Clearly, development of sensitive and very accurate methods will be required to enable detection of 
relatively subtle effects. One example of such a new method is next generation sequencing of mRNAs 
that displayed a higher sensitivity to differential expression than microarrays (Sirbu et al., 2012). 

 

Individual variations in susceptibility between humans 

Human variability in response to chemical exposure is due to multiple intrinsic and extrinsic 
susceptibility factors, including age, nutrition, lifestyle, and genetic make-up. Integrative approaches 
in this field are also denoted as phenomics (Houle et al., 2010). Also mice have been shown to differ 
widely in susceptibility to adverse effects of chemicals due to genetic diversity (Rusyn et al., 2010). 
Information on human susceptibility variation should be used in risk assessment to characterize 
differences in response of individuals to chemicals. This could be used to determine an uncertainty 
factor of an estimated risk level in a population. 

To generate data on human genetic susceptibility, both mechanistic data on gene targets of chemicals, 
and human population polymorphism data on these genes are needed. There are many open source 
databases on chemical toxicity, gene expression and pathways involved (summarised in (Mortensen 
and Euling, 2011)). However, these data will have to be integrated to fill major gaps in our knowledge 
on molecular mechanisms of chemicals in humans, including multiple modes of action and interacting 
pathways under different conditions. Large-scale sequencing projects to characterise human genetic 
variation are still running or completed, and this multitude of data is also available in open source 
databases (summarised in (Mortensen and Euling, 2011)). A targeted project on population-based 
toxicity phenotyping in human cells from 9 populations in 5 continents, the 1000 Genomes Toxicity 
Screening Project, was recently started by Rusyn at Texas A&M University 
(http://www.genomezoo.net/). Taken cytotoxicity as end point, cells from different individuals showed 
a 100-fold range in sensitivity for some compounds (Lock et al., 2012). Again, it is still challenging to 
integrate these data and to link the biological genetic variants to a toxic response phenotype 
(Mortensen and Euling, 2011). A consequence of these findings is that toxicity studies have to be 
performed on a range of cells reflecting many different genotypes.  

 

The use of omics technologies for risk assessment of GMOs in the future  

Related to the question whether consumption of a GMO food component can impair the health of 
consumers, the same strategy can be followed as provided above for chemical compounds. Thus, the 
human in vitro models described above can also be used for risk assessment of GMO food 
components. One somewhat complicating factor is that extracts need to be made (for example with 
methanol) from the GMO food component to enable the exposures (De Vos et al., 2007) which always 
induce a risk that metabolites responsible for the toxicity will not be included in the extract. Also for 
GMO food components, application of the oral gut digestion model in combination with metabolism 
by liver cells will improve the trustworthiness of the data. 

 

Can once all animal experiments be replaced by in vitro human cell systems? 

The vision given above recommends human in vitro methods in combination with omics technology, 
systems biology and high throughput screening. Since recent years, our understanding of the 
interactions of proteins, mRNAs and metabolites is rapidly increasing. On the other hand, we are still 
far away from understanding these networks of interactions of ten thousands of proteins, mRNAs and 
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metabolites completely. Importantly, as a result of genetic imprinting, different cell types express 
different mRNAs and proteins and therefore will have other networks. Thus distinct networks need to 
be identified for different cell types. Likely, we will never be able to build these networks in all 
details. On the other hand, the complexity can be reduced by focussing on networks related to toxic 
effects. Nevertheless, a very complex task remains.  

In addition, much input and time have to be invested in the development of in vitro cell/tissue systems 
that very well mimic the organisation of cells and communication between these cells in tissues in 
vivo. Moreover, these in vitro produced tissues should be capable to communicate to each other. For 
example, metabolites formed from a toxicant in the liver should reach kidney cells. Certainly, it will 
take much effort and time before these systems mimic the processes in the human body sufficiently to 
assess a wide range of modes of action.  

Another challenge is the phenotypic anchoring: the observation of subtle changes in expression of 
mRNAs or levels of metabolites has to be translated into potential consequences for malfunction of 
processes in humans. Omics results need to be strongly connected to disease phenotypes otherwise 
they will not enter the decision making process. 

To our view, it is a realistic expectation that in the coming 10 years omics technology applied on 
human in vitro systems in combination with high throughput assays will gradually replace most animal 
experiments. This optimism is based on the rapid progression in technology, including omics 
techniques, bioinformatics and in vitro cell systems. Acceptance of these assays by regulators 
generally is slow. Important is that newly developed methods will be included in testing approaches as 
soon as these methods are validated.  

The approach outlined above will likely not be perfect and will result in some rate of false positive or 
false negative findings but the outcome will certainly be much better than the predictability of animal 
tests and will be further improved in the years thereafter.  

 

13.2. Biological hazards 

13.2.1. Plausible developments in the areas of greatest impact 

Within the general field of food microbiology omics are most relevant for risk assessment, source 
attribution, outbreak detection and exposure assessment. In the immediate future the contribution of 
genomics is likely to by far outweigh the impact of the other omics techniques, except possibly for risk 
assessment. For predictive microbiology, when attempts are made to foresee the behaviour of food 
microbes under conditions specific for certain foodstuffs, a large variety of omics techniques may be 
relevant (Brul et al., 2008). Being primarily a risk management tool, predictive microbiology will only 
marginally be discussed below. Given the rapid developments within WGS and the immediate 
relevance for risk assessment, WGS will receive special attention in this foresight study on biological 
hazards.  

Risk assessment aims to identify a hazard, to characterize it and to quantitatively predict the impact on 
public health. Within the general area of microbial food safety and foodborne microbiological hazards, 
omics have potential applications to provide insight in the response of the microbes to treatments and 
control measures and to the conditions they encounter within the food chain (Brul et al., 2012). The 
variation induced by environmental conditions in the genetic properties of strains derived from 
common origins can be considerable (Eisenstark, 2010). As a consequence the interpretation of 
genomics becomes very complex, as not only the information obtained at a certain point in time is 
relevant, but also the induced modifications in later stages, under different circumstances. Therefore, 
while genomics may give perfectly valid information on an organism at a particular moment, 
conclusions may no longer be entirely reliable after prolonged growth under different conditions.  

An important role for genomics in general and WGS in particular in microbial food safety has been 
predicted for some time (Abee et al., 2004; Bhagwat and Bhagwat, 2008; Dieterich et al., 2006; 



http://100kgenome.vetmed.ucdavis.edu/
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13.2.2. Challenges for implementation and steps to take 

Challenges for implementation 

The Achilles heel for the application of genomics and in particular WGS within food safety and 
microbiological risk assessment is the enormous overload of information that each sequenced genome 
supplies. It will be a considerable challenge to discern the useful information from the irrelevant noise. 
What is lacking at the moment of writing is a consistent system for annotating genomes and 
interpreting genomic information in a way that it can predict the actual properties of the strain. This 
problem is likely to be overcome when more foodborne pathogens are sequenced, databases that 
contain these sequences can be consulted freely and a consensus emerges on annotation. By then it 
should be possible to find the closest match for any newly sequenced organism and by comparing it 
with the strain identified as the best equivalent an initial risk assessment can be made. One must take 
proper precautions however, not to over-interpret the genomics data. Differences in environmental 
conditions can cause immensely different reactions in genetically almost identical strains, therefore the 
predictive value of the DNA sequence alone is limited.  

An immediate challenge for the application of WGS and genomics in general for microbiological food 
safety is the identification of the primary virulence factors, the secondarily contributing factors and 
other undesirable properties, such as resistance genes. The mere presence or absence of the genes 
coding for such factors is not enough to reliably predict the behaviour of the microorganism 
concerned. The interaction between the different factors must be understood in the framework of the 
physiology of the cell as well. In the case of the STEC and EHEC pathogens, for example, the 
confusion over how the interpret the presence of the stx1, stx2, and other genes is considerable and 
these issues are not likely to be resolved soon. This problem can be overcome to a practical extent by 
comparing isolates from foodstuffs with patient strains using an epidemiological approach. However, 
epidemiologically established correlations do not by necessity provide proof of a causal relationship. 
Still, if a multitude of sequences of covering both patient and foodborne strains are available in 
databases, conclusions can be drawn about strains matching closely a well-described organism in the 
database. Obviously, the more isolates have been sequenced, the greater the chance that a sufficiently 
close match will be found. Once these challenges have been overcome, the ideal of an instant 
assessment based on automated genome analysis of the risks associated to a particular strain could be 
approached. However, except for very standard situations of well-known strains, it is to be expected 
that expert judgement of the data will always be required.  

Following an outbreak by typing the strain involved using genomics seems a very logical approach. 
The often PCR based typing methods for viruses, are in fact genomics based and PFGE is a genome 
derived technique. Again, the initial challenge will not be the impossibility to distinguish between 
isolates, but the restraint needed not to over-interpret the invariably occurring small changes in the 
genome. It is likely, however that comparing whole genomes as a typing method will allow rapid 
correlations between isolates, which will be especially useful when patient and foodborne strains can 
be matched. Once many complete genomes have been entered into databases, it may be possible to 
foretell the origin of patient strains, based on matches with isolates from different types of food. If for 
example, Salmonella, from meat, fish or vegetables differs enough to be distinguished, then the first 
patient isolates from an outbreak could give investigators already an indication about the particular 
food involved. Reaching this level of knowledge and understanding will still require a considerable 
effort.  

The many other omics techniques that could be relevant for food microbiology require far more 
research to fulfil their potential than genomics. Transcriptomics has the potential to contribute to our 
understanding of the interaction between food microbes and their environment, but to realize this 
promise the understanding of transcriptomics needs to progress considerably (Brul et al., 2012). A 
thorough perception of transcriptomics may add to the power of prediction by genomics, but also in 
that case on the condition that not just each of these fields separately is well developed, the connection 
must be as well. Metabolomics can provide a much better insight in the effect of probiotics than can be 
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