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Metabolomics: Applications to Food Safety
and Quality Research
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1 Introduction

Food safety is a major concern worldwide, which has gained enormous attention in
the last two decades mainly because of the emergence of new food-borne pathogens
and other chemical hazards. Additionally, there has been an extreme increase in the
food-borne illness incidences along with large-scale outbreaks. Many factors con-
tribute to these growing concerns, including the industrialisation and mass pro-
duction of agricultural products, the increasing number of imported food products,
and changes in food consumption patterns due to consumer lifestyle changes
(Motarjemi et al. 2008). Ready-to-eat and fast foods, especially, have gained great
popularity, and thus also resulted in many food-borne illness incidences in recent
years. Moreover, the tremendous upsurge in global population is also almost
forcing producers towards mass production of agricultural products without giving
much attention to quality and safety issues (Motarjemi and Lelieveld 2014). The
world has already seen an introduction of a massive amount of genetically modified
(GM) crops in the last 40 years, in response to the need to feed over 6.5 billion
people. Consumers are doubtful about the safety of consuming GM food products;
therefore, scientific attention is required to unravel the facts about the safety of
eating such foods (Pinu 2015).

In many third-world countries, food quality and safety are often overlooked. In
addition, many food vendors deliberately contaminate food products with unwanted
materials (e.g. melamine in powdered milk) to increase profits, and others do so
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unintentionally because of their lack of knowledge of food hygiene and safety
(Unnevehr 2015). Therefore, insecurity about raw foods and other food products is
on the rise because of the deterioration of quality in different food products that are
produced in large amounts and the lack of adequate information about their
nutritional properties. However, the good news is that consumers around the world
are now more aware about the risks and safety of different food products because of
the availability of information via the internet and social media (Pinu 2015).
Therefore, there is growing interest and a need from both food producers and
consumers in implementing proper management of food safety and quality.

Quality control is a routine activity in different food industries, and can ensure
the adequate safety of food, helping to maintain the trust of consumers. However,
there is a strong demand for the development of techniques that might help to
determine the key chemical, microbiological and nutritional features of a food
product. Although many technologies are already available for the routine checking
of many food products, these can be inadequate and often cannot determine
emerging chemical and microbiological hazards present in foods. There is indeed
scope for improvement and this is where metabolomics has a potential in food
safety and quality research—mainly by introducing, developing and improving
techniques to detect contaminants (both microbiological and chemical) present in
food products. In this chapter, the ways in which metabolomics can be used (both
targeted and non-targeted approaches) to ensure the safety and quality of raw,
processed and GM foods and food products will be discussed. The importance of
improvement on different analytical approaches that may lead to the management of
toxins and food-borne illnesses caused by different microorganisms will also be
highlighted.

2 The Concept of Food Safety and Current Practices

Food safety issues around the world are mainly monitored by the World Health
Organisation (WHO) and The Food and Agriculture Organisation (FAO) of the
United Nations. The Codex Alimentarius Commission (CAC) is an intergovern-
mental body that is operated under WHO and FAO. In 1997, CAC defined food
safety as the assurance that a food or food product will not cause any harm to the
consumers when it is prepared and/or eaten according to its intended use. Therefore,
a food will only be considered as safe when it will not cause any long- or short-term
illness to the consumer. It is the responsibility of food safety management to make
sure that a food is safe before it is sold to its intended consumers. The maintenance
of food hygiene is another important parameter during industrial food production
that can ensure the safety and quality of food products. However, consumers are
also responsible for following the instructions provided on the packaging to ensure
the post-sale safety of food. Therefore, the key responsibilities that allow the proper
maintenance of food safety follow a chain of action from regulators, to producers
and then to consumers (Fig. 1).
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The role of regulatory organisations and bodies is of foremost importance
(Fig. 1), and relies on the cooperation of different sectors, including government,
industry, consumers, and even academia (Motarjemi and Mortimore 2014). While
the main task of a government in this area is to foresee all infrastructure and public
health services needed for food safety management and to implement and enforce
the laws and regulations, the industry is the one that actually ensures the safety of a
food product by following all the regulatory protocols. The codes of good practices
(CGP) are the first line of defence for any food industry and are a set of principles
and measures that have been previously identified, based on past incidences.
Generally, CGPs are applicable to most food industries; however, these may vary
slightly depending on the type of industries. Hazard Analysis Critical Control Point
(HACCP) is the second line of defence, which is also widely implemented in
different food industries. There are seven principles under HACCP (Fig. 2) that
include identifying the potential hazards or problems, taking measurements and
then appropriate precautions to control the situation. Although HACCP is very
beneficial in an industrial setting to ensure the safety of the product, industry staff
may feel burdened by administrative requirements (Motarjemi 2014). However, the
implementation of HACCP rules allows setting up critical control points (CCPs)
that can be monitored, and corrective actions that can be undertaken if necessary to
avoid any further loss of industrial food production (Fig. 2). Verifications are

Fig. 1 The food safety regulatory model
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carried out to determine the food quality by testing the raw material and the end
product, by monitoring the environment before releasing the products. Auditing and
consumer complaints handling are also associated with HACCP implementation in
an industry.

In addition to regulatory bodies and industries, consumers also play a vital role
in maintaining food hygiene and safety. Many consumers prefer to buy inexpensive
food materials that do not have appropriate labels and safety information, and
consumptions of these foods might pose a health risk (Motarjemi et al. 2001).
Moreover, some ignore the instructions provided within the packaging of the food
products and some never report defective foods that may cause public health
concerns. Therefore, the liability of consumers cannot be overlooked and raising
awareness might help to improve current food safety issues. Food safety-related
campaigns organised by government and non-governmental organisations and
social media can help in raising awareness in consumers.

The role of the scientific community is also important in maintaining food safety
and quality. Ongoing research related to food products is always beneficial,

Fig. 2 The seven principles of Hazard Analysis Critical Control Points (HACCP)
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bringing new insight into different food pathogens and chemicals that contaminate
food and food products. Moreover, toxicological and ecological knowledge of
microbial and chemical spoilage provided by scientists allows us to manage the
food safety situation in a better way by undertaking control measurements
(Motarjemi and Lelieveld 2014).

3 Food Safety and Quality Research: The Main Problems

The current mass production and industrialisation of different foods and food
products have been initiated in order to feed the increasing world population. The
‘green revolution’ has also taken place in the last decades, enabling production of
vast amounts of crops mainly using genetically modified (GM) plants. There is still
an insecurity about GM food products, as many believe that long-term consumption
of these food materials may cause some deleterious effects on human health
including allergies and other immunological disorders (Maghari and Ardekani
2011; Krimsky 2015). However, this is still under question as at least two different
groups of scientists exist who either consider GM food as safe or harmful (Krimsky
2015). Due to the lack of long-term and consistent research on the effect of GM
food on human health, it is still not possible to come to a conclusion and this is why
consumers are even more doubtful about the safety of GM products. In addition,
climate change is another key factor that has prompted development of new plants
or crop varieties that will withstand the gradual changes in environmental condi-
tions. For instance, many efforts have already been undertaken to develop new rice
varieties that can withstand considerably unfavourable conditions including heat
stress, drought and high salinity (Nokkoul and Wichitparp 2014; Van Oort et al.
2015; Nguyen et al. 2016). Barley is another crop variety that has been used widely
as a model to study and develop climate-resilient crops (Dawson et al. 2015).
Therefore, the world has observed huge changes in the quality and type of foods
and raw materials, which pose both a significant advantage and sometimes a new
threat to food safety and quality. Chemical contaminants and xenobiotic molecules,
including pesticide residues and organic halogenated compounds, also pose sig-
nificant potential impacts on both human health and the environment, as these
molecules can take a very long time to break down (over 50 years) in the envi-
ronment. The effects of pesticides and other xenobiotics on aquatic and other
environments (e.g. infertility of sea birds) is well documented, and attempts have
already been undertaken to reduce the rate of contamination by banning many
known chemical contaminants (Walker 1990; Falkowska and Reindl 2015;
Gustafson et al. 2015; Pérez et al. 2015). In addition to chemical hazards, food
safety is also threatened by microbial exposure. For instance, overall changes in
lifestyle have steadily forced us to adapt to comparatively different food habits, and
introduced new types of foods (e.g. raw food). As a result, many new food-borne
pathogens have emerged or other pathogens re-emerged because of these newly
found transmission vehicles. Thus, many food-borne outbreaks which occurred in
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the last 20 years were caused by bacteria, viruses, and protozoa, and many more
pathogens are being introduced via food contamination every year. Therefore, there
is an ongoing need for a proper risk assessment and management system to control
outbreaks or even a pandemic related to any food-borne pathogen.

Major current challenges can be identified as follows:

I. Emergence of new food pathogens and control of outbreaks
II. Potential effects from genetically modified foods
III. Emerging chemical contaminants and xenobiotics
IV. Adulterations of food materials.

4 Current State of the Art of Food Safety and Quality
Research

Food safety is not only a public health issue, but also has serious social and
economic consequences. Food-borne illness can cause havoc in any country and
sometimes worldwide when it is an epidemic that cause loss of many lives. For
instance, food- and water-borne diseases are the main reasons of death of over 2.2
million people annually (WHO 2006), children, immunocompromised and elderly
populations are often the most affected. This is not only a burden for many poor
countries, but also endangers the international developmental efforts that have been
undertaken to combat poverty (Kuchenmüller et al. 2009). These food-borne ill-
nesses can be caused by various agents including pathogenic microbes, heavy
metals, chemical contaminants and other toxic materials found in different food
sources (e.g. toxins in wild mushrooms) (Anater et al. 2016; Signes-Pastor et al.
2016). Among pathogenic microbes, different strains of Escherichia coli, Listeria
monocytenes, Salmonella spp. and even some food-borne viruses including nor-
ovirus and Hepatitis C have gained particular attention because of outbreaks related
to contaminated food consumption in many countries (Marušic 2011). Moreover,
many incidents were also reported of contamination of foods due to the presence of
heavy metals and chemicals. In particular, the presence of arsenic in rice and other
crops in many developing countries and melamine in milk products have gained
public attention in recent years (Signes-Pastor et al. 2016). Most previous research
on food quality and safety have mainly focused on determining the food compo-
sition and stress response of food pathogens, and have helped to add knowledge on
what should be present in a particular food and how the growth of pathogenic
microbes can be controlled using different techniques.
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4.1 Study of Food Composition and Its Importance in Food
Quality and Safety Research

To know more about the quality of food and food products, it is important to
determine the composition, which also allows us to decide whether a given food is
safe to consume, by providing information about any potential hazard. Much
research has already been undertaken by focusing mainly on food composition of
different crops, fresh food materials, and raw ingredients for other food products.
Determination of food composition is not only focused on differentiating between
different food products to ensure their safety, but is also intended to gain insight
about the originality of some speciality foods and fermented food products, e.g.
fruit juices, balsamic vinegars, and wines. One of the main reasons for determining
originality is to control the adulteration of food material with unwanted ingredients
that should not be present in that specific food. For instance, nuclear magnetic
resonance (NMR) profiling of fruit juices has been carried out to determine the
country of origin and also to discover if those fruit juices were produced using real
juice or concentrate (Spraul et al. 2009a, b; Tomita et al. 2015). In addition, volatile
compound analysis of balsamic vinegars through the use of gas chromatography
and mass spectrometry (GC-MS) allowed determination of the effects of ageing
materials or woods on vinegar quality (Chinnici et al. 2009; Callejón et al. 2010).
Many studies have also focused on regional or country-specific food products
including fresh vegetables, seafood, fish and ready-to-eat foods. This is mainly true
for those countries either with low average incomes or where environmental pol-
lution is a considerably bigger problem than in other developed countries. In
countries that lack proper implementation of laws, regulations and auditing systems
required for maintaining food safety, food stuffs can become deliberately contam-
inated with unwanted materials by vendors in order to gain more profit (Pinu 2015).
In this situation, food composition studies that help to determine the type and
diversity of contaminants are very useful. However, there is still a huge scope for
improvements to technologies for rapid detection and identification of those food
contaminants. Using these technologies, food auditors will be able to manage sit-
uations better by analysing food samples in real time while examining a food
processing unit. Such technologies are still very limited currently, and research
should focus on developing more user-friendly techniques and detectors using
cutting-edge technologies.

4.2 Food Safety: Pathogenic Microbes and Their Stress
Responses

One of the most demanding areas of research in food safety is the study of
food-borne pathogens, which is mainly because of the many outbreaks related to the
consumption of food products contaminated with pathogenic microbes. Food is
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mostly considered as an ideal growth medium for a wide range of microorganisms,
and thus also an ideal vehicle for transmission of food-borne illnesses. Although
vast numbers of people from most low-income countries where food hygiene is not
maintained properly suffer from food-borne illnesses frequently, few data are
available about those illnesses or outbreaks, mainly because of the lack of appro-
priate reporting systems. Therefore, most of the available data about food-borne
outbreaks related to the consumption of contaminated food materials from restau-
rants to homes are from developed countries, where these cases are well docu-
mented. In recent years (2009–2015), a few developed countries, including
Germany and the United States, have seen food-borne outbreaks associated with
pathogenic Escherichia coli strains (O104:H4, O157:H7, O27 and O121) from the
consumption of fresh vegetables, sprouted foods, ground beef, chicken salad and
chipotle Mexican grill (Raupp 2014; Gelting et al. 2015; Ison et al. 2015;
Radosavljevic et al. 2015). Different species of Salmonella have also caused
food-borne outbreaks in developed countries including the USA and Australia from
the consumption of chicken, cucumber, nut butter and raw cashew cheese
(OzFoodNet Working 2014; Herman et al. 2015; Laufer et al. 2015; McWhorter
et al. 2015). In addition to bacteria, food-borne illnesses associated with viruses,
such as norovirus and rotavirus, were also quite common, and caused severe gas-
troenteritis disorders in many countries (Trivedi et al. 2012; Pacilli et al. 2015).

Food pathogens are very efficient in responding to the environmental changes
during the different steps of food processing and they evolve to adapt to these harsh
environments, mainly by changing their gene expression or by producing quorum
sensing molecules, thus showing potential for causing disease in vulnerable hosts
(Humphrey 2004; Begley and Hill 2015; Rul and Monnet 2015). Therefore, many
studies have been undertaken to find out the mechanisms of adaptation of patho-
genic microbes under various stresses including heat, acid, salt and oxidative stress
(Samelis et al. 2001; Humphrey 2004; Koutsoumanis and Sofos 2004; Tiganitas
et al. 2009; Shen and Fang 2012; Stackhouse et al. 2012; Alvarez-Ordóñez et al.
2015; O’Leary et al. 2015). For instance, biofilm formation is one of the key
adaptation mechanisms that has been observed in many food pathogens, including
Listeria monocytogenes and Salmonella enterica (Rodrigues et al. 2011; O’Leary
et al. 2015). Preventive measures include the use of either chemical or physical
forces and using bacteriophages that do not allow these food pathogens to form the
biofilms, thus diminishing their chances of growing in the food products (Soni and
Nannapaneni 2010; Van Houdt and Michiels 2010; Da Silva and De Martinis
2013). Therefore, studies of stress adaptation of food pathogens are very useful in
the area of food safety, and generate in-depth knowledge about the molecular
mechanisms behind this process. Control measures can be undertaken or developed
based on what causes food pathogens to adapt to these adverse situations.
Moreover, these may also lead to the development of techniques to detect the
microbial contamination in the early stages of growth, thus preventing the infection
from being transmitted widely by the consumption of food.
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5 Metabolomics and Food Safety and Quality Research

5.1 Food Metabolomics

Metabolomics is one of the most recently introduced ‘omics’ that aims to analyse
small molecules (metabolites) in a given biological sample. Although metabolomics
was initially defined as the technical area by which it would be possible to detect
and identify all the metabolites produced by a cell or an organism (Fiehn 2002;
Bino et al. 2004), this has not been realised, mainly due to the diversity of
metabolites. However, metabolomics is already established as a powerful tool for
studying the metabolism and physiology of many living organisms, and thus this
approach has been applied to a diverse range of research areas, including biomarker
and drug discovery, agriculture, nutrition, bioremediation, plant biotechnology and
also food science (Anizan et al. 2012; Badilita et al. 2014; Hall and de Maagd 2014;
Li et al. 2014; Lima et al. 2014; Booth et al. 2015; El Amrani et al. 2015; Melnik
2015). Metabolomics has been used to study food systems including food ingre-
dients, food processing and food pathogens; it has gained popularity in the last
10 years and numerous studies have already been carried out (Vikram et al. 2004;
Badilita et al. 2014; Kusano et al. 2014; Inoue et al. 2015; Le Boucher et al. 2015;
Ragone et al. 2015). Therefore, a distinct research area entitled ‘food metabolomics’
is well established that refers to the application of metabolomics in food system
processes, from farm to consumers (Kim et al. 2016). Recently a term ‘foodomics’
has been introduced within the scientific community that refers to the application of
‘omics approaches including genomics, proteomics, transcriptomics and metabo-
lomics in food science (Herrero et al. 2012; Cifuentes and Rutledge 2013;
D’Alessandro and Zolla 2013; Ibáñez and Cifuentes 2014; Laghi et al. 2014; Inoue
and Toyo’oka 2015). However, food metabolomics deals only with the most
downstream product of cell metabolism, metabolites, present in a given food or
food system.

The food metabolome is very complex in nature, and also widely variable,
depending on the type of food and the raw materials. Therefore, many thousands of
metabolites are present in food are highly variable in terms of polarity and
molecular weight (Shulaev 2006). The differing concentrations of metabolites in
food items pose a major challenge in the development of analytical tools to detect as
many metabolites as possible within a single analysis (Kueger et al. 2012). So far,
there is no such analytical instrument available; therefore, for the better under-
standing of the metabolome by analysing as many metabolites as possible, the use
of multiple analytical technologies is suggested by many scientists (Hall et al. 2002;
Dunn and Ellis 2005; Villas-Bôas et al. 2007; Sumner 2010; Hall and Hardy 2012;
Pinu et al. 2014). In addition, one of the major challenges that a food scientist needs
to overcome while analysing food is the complex sample matrix. The matrix effect
(ME) can create challenges in the detection and quantification of compounds that
are present at very low concentrations in different food. ME is also responsible for
poor and unreliable data that can affect the reproducibility, repeatability, linearity
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and accuracy of the methods used by various analytical instruments (Trufelli et al.
2011). To avoid and reduce the ME, a sample clean-up step using Solid Phase
Extraction (SPE) or Solid Phase Microextraction (SPME) or liquid extraction is
usually necessary before analysis by other methods (Jiang et al. 2012). More effi-
cient chromatographic separation is also suggested by Trufelli et al. (2011), in
which two-dimensional separation techniques (both GC and LC) can also be
applied (Marriott et al. 2012; Mondello et al. 2012). However, pre-analytical steps
can be time-consuming, arduous and often can cause loss of analytes, which is not
appropriate for an unbiased profiling approach (Villas-Bôas et al. 2007; Cappiello
et al. 2010; Trufelli et al. 2011). Although metabolomics was initially introduced
mainly as an unbiased and non-targeted approach, both targeted and non-targeted
analyses are performed for any biological samples to better answer the research
questions. Therefore, both targeted and non-targeted metabolomics are gaining
popularity for the analysis food products.

A significant improvement has also been achieved in metabolomics workflow,
including sample preparation, quenching, metabolite extraction and acquisition of
data (Fig. 3). In recent years, many sample preparation protocols have been pub-
lished that allow better detection of metabolites with a wide range of chemical
properties (Anizan et al. 2010; Biais et al. 2012; Teo et al. 2013; Brennan 2014;
Chan et al. 2014; Le Gall 2015; Rejczak and Tuzimski 2015). In short, an appro-
priate quenching method is used to stop the ongoing enzymatic activities after the
collection of a food or microbial samples. After quenching, metabolites are
extracted using a suitable extraction solvent (e.g. chloroform/methanol/water).
However, it is noteworthy that metabolite profiles may vary depending on the
metabolite extraction protocols; therefore, it is better to use at least a few extraction
protocols to obtain a global metabolite profile of any biological sample (Duportet
et al. 2012, Jäpelt et al. 2015). Once metabolites are extracted from the sample, they
are ready for analysis by an instrument of choice. The acquired data then needs to
be explored using different statistical and chemometric approaches (Aggio et al.
2011, 2014; Gowda et al. 2014; Pluskal et al. 2010; Robotti and Marengo 2016;
Smith et al. 2006; Xia et al. 2012): including feature detection, alignment,
biomarker identification and chemical structure elucidation (Fig. 3).

5.2 Recent Advancements of Analytical Instruments
in Metabolomics

Due to advancements in different analytical instruments in the last decade, it is now
possible to analyse thousands of metabolites from a food sample in a single anal-
ysis. The sample preparation and data handling processes have also been improved
tremendously, making it easier for scientists to analyse samples in a short time.
Moreover, there are many commercial and in-house metabolite databases available,
which is also beneficial for the identification and sometime structural elucidation of
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unknown metabolites present in a food. It is well known that powerful detectors are
the main factors for the analysis of metabolites. Two technologies, Nuclear
Magnetic Resonance (NMR) and Mass Spectrometry (MS) have been employed
widely in metabolomics (Shulaev 2006; Villas-Bôas et al. 2007; Dieterle et al.
2011; Herrero et al. 2012; Kueger et al. 2012; Zhang et al. 2012; Balan et al. 2013;
Ibáñez et al. 2013; Badilita et al. 2014; Senyuva et al. 2015). However, there are
many other instrumental techniques, including Fourier transform infra-red spec-
troscopy (FTIR), which are available for metabolite profiling of food samples.

NMR has been broadly used for untargeted metabolite profiling of complex
mixtures (i.e. fruit juices, wines, spirits, urine and blood) (Ogrinc et al. 2003). NMR
spectroscopy is increasingly renowned for its efficacy, non-invasiveness
(non-destructive), throughput and linearity (Laghi et al. 2014). Moreover, NMR
spectroscopy also provides structural, chemical-kinetics and other information in
multidimensional applications (Dieterle et al. 2011). Thus, high resolution NMR
spectroscopy along with multivariate data analysis has been used for direct char-
acterisation of fruit juices (Cuny et al. 2008), wine (Lee et al. 2009; Pinu et al.
2014), grape berries (Pereira et al. 2006; Mulas et al. 2011), olive oil (Del Coco
et al. 2012; Piccinonna et al. 2016) and beer (Almeida et al. 2006; Rodrigues et al.
2011). To obtain a global metabolite profile of a complex sample, NMR needs to be
coupled with another non-targeted analytical approach (e.g. MS). But there are
some serious drawbacks to using NMR for metabolome analysis. Different
parameters of the sample, e.g. salinity, pH and concentrations of metal ions, can
affect the sensitivity of NMR spectrometers and can cause difficulty in
bioinformatics-based resonance assignments (Lewis et al. 2012). To avoid these

Fig. 3 Workflow for the analysis of the food metabolome. Here,MSMass spectrometry and NMR
Nuclear Magnetic Resonance spectroscopy
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problems, consistency in sample preparation is required. Moreover, an NMR
spectrometer cannot detect metabolites with low concentrations; samples may need
to be concentrated before analysing, as well as require larger sample volumes. To
dissolve the dried samples, high concentration of deuterated solvents are required
and these solvents also cause bias in sample preparation and data analysis (Lewis
et al. 2012).

On the other hand, the MS technique has gone through remarkable developments
and it is now an important instrument for many researchers (El-Aneed et al. 2009).
MS is the most extensively used instrumental approach in metabolomics
(Villas-Bôas et al. 2005; Dunn 2011; Vestal 2011; Kueger et al. 2012). It is also
considered the technique of choice in metabolite profiling mainly because of its
high sensitivity and also its ability to profile a wide range of metabolites in a
mixture and within a single analysis (Glinski and Weckwerth 2006). Significant
improvements have been achieved in terms of mass analysers, including quadrupole
(Q), quadrupole ion-trap (QIT), time of flight (ToF), orbitrap, ion-mobility spec-
trometry (IMS) and Fourier transform ion cyclotron resonance (FTICR).
Quadrupole mass analysers are very robust, low cost and simple to use, but they
provide lower mass resolution and accuracy than other mass analysers (Villas-Bôas
et al. 2005). ToF, FTICR and orbitrap are considered excellent instruments that
offer the highest mass resolution of all mass analysers.

MS is mostly used in combination with a few powerful separation techniques to
enhance its identification power. Gas chromatography (GC), liquid chromatography
(LC) and capillary electrophoresis (CE) are the most common separating techniques
used in combination with MS, which allow maximum separation of metabolites in a
complex biological sample (Villas-Bôas et al. 2003; Ramautar et al. 2011;
Theodoridis et al. 2012). However, direct infusion (DI) is also widely used for
metabolite profiling, which is usually referred to as metabolic footprinting or fin-
gerprinting, depending on whether the analysis is of extra- or intracellular
metabolites (Villas-Bôas et al. 2005; Han et al. 2009). Because of the development
of interfacing systems such as atmospheric pressure ionisation (API), DI-MS can be
used to analyse a sample to obtain mass spectra of the metabolites within a few
seconds (Villas-Bôas et al. 2005). The requirement for a small amount of sample is
the major advantage of using DI-MS. Moreover, no derivatisation is required for
this analysis, and more metabolites are detected by DI-MS than by GC-MS, making
this technique best suited for high throughput non-targeted metabolite profiling
(Mas et al. 2007). However, DI-MS shows poor reproducibility when analysing
complex mixtures because of the matrix effect. The identification of metabolites by
DI-MS is also very troublesome, and stereoisomers cannot be resolved using this
technique (Villas-Bôas et al. 2005; Glinski and Weckwerth 2006; Pope et al. 2007).
GC is one of most efficient separation techniques in metabolomics, allowing the
separation of hundreds of metabolites within a single analysis and requiring a very
small sample volume (1–2 lL). The coupling of GC with MS is a perfect match
because metabolites in an inert gas phase can be ionised much more easily at the
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MS ion source, making GC-MS the best combination of separation technique with
mass spectrometry detection. The instrumentation has been developed considerably
during the last 50 years. GC-MS is a highly sensitive analytical platform, which
also provides excellent instrument repeatability, around 5 % or below (Villas-Bôas
et al. 2005). However, an extra step of sample derivatisation is required for the
analysis of semi- and non-volatile metabolites, and GC-MS has been widely used
for the last 50 years for the analysis of a wide range of metabolites present in foods
(Table 1). LC is another powerful separation technique that allows rapid analysis of
small amounts of sample. The main advantage of this separation technique over GC
is that no previous derivatisation of the sample is required to analyse the
non-volatile compounds (Scalbert et al. 2009). This technique is often coupled with
MS and sometimes also with NMR (Shulaev 2006; Zhou et al. 2012). For LC-MS, a
wide range of different detectors is used, ranging from ultra-high resolution MS
such as FTICR or orbitrap to low-resolution MS such as ion traps and triple quads
and hybrid systems. The most recent addition is the ion-mobility TOF-MS system
(Lanucara et al. 2014). The development of methods depends on the nature of the
metabolites to be analysed. LC-MS has been applied widely in metabolite profiling
(both targeted and non-targeted) of complex biological samples (Berg et al. 2012;
Theodoridis et al. 2012). CE is an efficient and rapid technique that can separate a
wide range of charged metabolites within a single analytical run (Villas-Bôas et al.
2005). CE is often coupled to MS and it is considered a promising analytical
instrument in metabolomics (Shulaev 2006). CE-MS has high resolving power and
requires very small volumes of samples (1–20 nL). Thus, it has been used for both
targeted and non-targeted high throughput analysis of metabolites (Nevedomskaya
et al. 2010; Sato and Yanagisawa 2010; Ramautar et al. 2011). The major drawback
for CE-MS is its poor sensitivity; thus the detection limit is several magnitudes
higher than those of chromatographic methods (Table 1). The introduction of a
small volume of sample is inadequate for the detection of many metabolites (Cai
and Henion 1995). Moreover, low recovery and irreversible adsorption of analytes
onto the capillary wall also can occur in CE. For these reasons, CE-MS is mostly
used in metabolomics as a combination of different protocols targeting different
groups of metabolites combined with sample preparation steps to concentrate the
metabolites in the samples, making it a lower throughput technology in metabo-
lomics and certainly more suitable for targeted analysis.

Fourier transform infrared spectroscopy (FTIR) is another analytical technique
that is extensively applied in the food industry because it is rapid, highly automated,
reproducible, non-destructive and cost-effective (Bauer et al. 2008; Versari et al.
2010). Nevertheless, FTIR is insensitive for complex liquid samples and water in
the samples often increases the background noise, increasing the limit of detection
and reducing linearity (Achá et al. 1998). The data obtained from FTIR are also
very complex and there few databases available for assisting with identification of
metabolites (Berthomieu and Hienerwadel 2009).
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6 Application of Metabolomics in Food Safety and Quality
Research

Although the main aim of metabolomics is to generate hypotheses based on data
using an unbiased and non-targeted approach, both targeted and non-targeted
methodologies are frequently applied in food safety and quality research (Table 1).
It is especially true when metabolomics has been used for the analysis of chemical
contaminants including pesticides in different types of food materials (Forsberg
et al. 2011; Arroyo-Manzanares et al. 2015; Chatterjee et al. 2015). However, when
the main purpose of a study is to determine biomarkers either for microbial spoilage
or other sort of contamination, it is better to choose a non-targeted approach that
might help in finding novel compounds or metabolic pathways relevant to a food
system. The two main areas in food safety where metabolomics has been widely
applied are in determining either chemical or microbiological hazards present in a
food or food processing system. However, consumers these days are also concerned
about food prepared using GM ingredients, as the long-term effects of consumption
of such foods are still not adequately known; therefore, a growing research trend is
observed in this area.

6.1 Chemical Food Safety

A large number of chemicals have entered our food chain as a result of the wide
application of different growth-promoting agents (e.g. clenbuterol in pigs, recom-
binant growth hormones in fish and steroids in bovine animals), antibiotics and
pesticides that help us to produce large amounts of agricultural products. Therefore,
both food ingredients and the environment are facing the burden of chemical
exposures, many of which are unwanted and pose a threat to human health.
Moreover, deliberate contamination of food ingredients with unwanted chemicals
(e.g. melamine) also poses a serious risk to consumers. Therefore, these chemicals
should be banned or their use should be limited as set by the regulatory authorities.
To achieve this, development of high throughput methods that would enable study
of these contaminants is urgently needed. Both targeted and non-targeted meta-
bolomics demonstrate enormous potential in detecting and identifying these
chemicals in our food. For instance, targeted analysis using a suitable analytical
platform (e.g. NMR and MS) is beneficial for the study of already-known chemical
contaminants in food. However, it is more problematic when the contaminants are
either not known or are unknown breakdown products of a familiar compound. An
untargeted metabolomics approach could be a better way to study those novel
compounds and also to determine and validate candidate biomarkers that could be
used for tackling illegal practices in food production (Dervilly-Pinel et al. 2012).

Although NMR was initially the method of choice for detecting and identifying
chemical contaminants in food because of its capacity to quantify and elucidate the
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structure of molecules (Dieterle et al. 2011), MS is currently more popular due to its
sensitivity, and robustness of coupling with various separation systems (e.g. GC,
LC and CE). Moreover, tandem MS/MS or MSn experiments can now elucidate the
structure of any unknown metabolites, and thus are useful for the development of
multi-residue methods to detect and identify chemical contaminants accurately.
Many LC-MS-based methods have been published recently that have been used to
study chemical contaminants (Table 1) in different crops, including herbal teas,
nutraceuticals, rice and maize, and also in animals (Castro-Puyana and Herrero
2013). For instance, 255 veterinary drug residues and other chemical contaminants
were determined within 10 min using a UHPLC-MS/MS method (Zhan et al.
2012). In addition, high resolution MS/MS has been widely applied for the analysis
of pesticides, toxins and antibiotics. More than 500 pesticides were screened in
fruits and vegetables using an orbitrap tandem MS/MS method (Alder et al. 2011).
De Dominicis et al. (2012) also reported an orbitrap-MS/MS-based protocol for
analysing pesticides and toxins simultaneously in bakery and other foods. In
addition to analysing pesticides and other xenobiotic molecules, attempts have also
been made to develop methods using LC-MS to identify other contaminants in
food, including melamine in infant formula (Inoue et al. 2015). Many other
LC-MS/MS protocols have already been published that analysed a wide range of
food and fermented products including fruits, vegetables, wine, baby foods and
cereals (Lacina et al. 2012; Pérez-Ortega et al. 2012; Fan et al. 2014).

While LC has been the choice of separation technique for the analysis of con-
taminants in food materials, GC still remains the mostly used system coupled with
high resolution MS for the determination of environmental pollutants in food such
as polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs) or
polybrominated diphenyl ethers (PBDEs) in various samples including fruits,
vegetables, cereals, teas, fish muscle, dietary supplements and sheep milk
(Mastovska and Wylie 2012; Storelli et al. 2012; Banerjee et al. 2013; Cao et al.
2014; Duedahl-Olesen et al. 2015a, b; Walorczyk et al. 2015). For example,
Sapozhnikova and Lehotay (2013) accurately quantified over 80 pollutants (PCBs,
PAHs and pesticides) in fish within 9 min using a low pressure GC-MS/MS
method. In addition to tandem MS used with a GC system, two-dimensional GC
(GCxGC) analysis is also gaining popularity for the analysis of pollutants, which
allows determination of these compounds in very small amounts (0.1 µg/kg)
(Kalachova et al. 2012, 2013; Giri et al. 2015).

Some applications of food safety in terms of chemical contaminant determina-
tion also make use of direct MS analysis either as direct analysis in real time
(DART) or as desorption electrospray analysis (DESI). Rapid and high throughput
analysis of food samples can be obtained using DART-MS, as it directly analyses
samples from the surface, thus decreasing sample preparation time significantly
compared with those for the other coupled MS systems (Castro-Puyana et al. 2013).
DART-MS combined with high resolution analysers has been applied to analyse
pesticides in fruits and grains (Schurek et al. 2008; Farré et al. 2013). Similarly,
DESI-MS has been used for the determination of pesticides in fruit peels and
vegetables (García-Reyes et al. 2009; Zhang et al. 2009).
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6.2 Early Detection of Food Pathogens and Food Spoilage
Microorganisms

Food pathogens are one of the major threats for food safety, and large numbers of
people around the world suffer from diseases including diarrhoea, dysentery and
other forms of food poisoning that are directly caused by various food pathogens,
such as Salmonella spp., Shigella spp., Listeria monocytogenes, Campylobacter
jejuni and E. coli. Moreover, food spoilage microorganisms (e.g. Pseudomonas
spp., Acinetobacter spp., Botrytis spp.) are not necessarily pathogenic for people,
but can cause severe economic damage because of the spoilage of a wide range of
food materials. If there was a way to detect these pathogens or spoilage microbes in
the early stages of their growth in food products, it would be possible to reduce
dramatically the numbers of food-borne outbreaks and subsequent significant losses
of food by undertaking appropriate measurements to control their further growth.
Traditional identification and cultural methods for pathogens or food spoilage
microbes are time consuming, and therefore it is necessary to develop techniques
that would enable the rapid detection of microbes soon after the contamination
occurred in a food system (Xu et al. 2010). The metabolomics approach has already
shown huge potential for developing analytical methods to detect food pathogens in
their early stages of growth in a food product (Li et al. 2011; Beale et al. 2014). In
this approach, an experiment is performed using both a contaminated and a
non-contaminated food, and the metabolites from both are analysed. Multivariate or
discriminant analyses are performed to determine a group of potential candidate
biomarkers that can distinguish between the two conditions. Once validated, these
biomarkers can be used for the determination of pathogens in a real food sample, or
a simpler screening technique (e.g. enzymatic or colorimetric) can be developed to
be used routinely by food auditors.

GC-MS has been the choice of analytical instrument for determining pathogenic
growth in a food, as this technique is very efficient in determining the volatile
organic compounds (VOC) produced by microorganisms. Food spoilage microbes
generally produce many VOCs as part of their metabolism, and this causes alter-
ation in the sensory properties of the food (Li et al. 2011). VOC analysis is
attractive for food sampling and is also advantageous because of rapid and
non-invasive sample preparation. Once collected in the headspace using an
appropriate SPME cartridge, VOCs produced by spoilage or pathogenic microor-
ganisms are ready to be analysed by GC-MS. Xu et al. (2010) published a
VOC-based GC-MS metabolite profiling approach to determine the potential
biomarkers of spoilage of pork by S. typhimurium, and identified 16 metabolites
that clearly distinguished the naturally spoiled from S typhimurium-contaminated
pork meats. Moreover, Li et al. (2011) demonstrated the capability of metabolomics
in assigning biomarkers to the spoilage microbes, Botrytis allii and Burkholderia
cepacia, and they identified 16 volatile metabolites related to post-harvest onion
spoilage. In addition to volatile metabolites, other primary metabolites including
sugars and amino acids (dextrose, glycine, tyrosine and histidine) were also
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characterised as potential biomarkers that could be used for the early detection of
E. coli O157:H7 and of different strains of Salmonella in ground beef and chicken
(Cevallos-Cevallos et al. 2011).

Among other MS-based techniques, Matrix-assisted laser desorption/ionisation
coupled to time of flight-MS (MALDI-TOF-MS) also has been used to identify
different strains of pathogenic microbes in biological samples, including food and
beverages (Böhme et al. 2010, 2012; Picariello et al. 2012; Ojima-Kato et al. 2014;
Beale et al. 2014; Jadhav et al. 2015). MALDI-TOF-MS is very useful for iden-
tifying microbial strains using either whole cells or cell extracts and has been
applied to epidemiological studies, biological warfare agents, detection of antibiotic
resistance pathogens, detection of water- and food-borne pathogens and entero-
toxins (Tsilia et al. 2012). This technique is rapid, sensitive and inexpensive, and
thus well received by microbiologists (Singhal et al. 2015). Recently, rapid
detection and source tracking of L. monocytogenes was carried out using
MALDI-TOF-MS in Australian dairy products (Jadhav et al. 2015). Staphylococcus
aureus strain characterisation was also performed in Italian dairy products using
MALDI-TOF-MS fingerprinting (Böhme et al. 2012). However, the main drawback
of using this technique is the inability to identify new species, as the identification
process depends on the existing spectral database that contains the peptide mass
fingerprints of the type strains (Singhal et al. 2015).

6.3 Microbial Food Toxins

In contrast to chemical contaminants, food toxins that pose serious health hazards
for consumers are mainly produced naturally by different microorganisms (fungi,
algae and others) growing on food substrates or during the food preparation and
storage. Many of these toxins are produced as by-products of fungal metabolism
(mainly Penicillium, Aspergillus and Fusarium) in contaminated foods including
beer, wine, bread, rice and maize, and are thus known as mycotoxins. The deter-
mination of mycotoxins is very similar to that of chemical contaminants and mainly
carried out by multi-residue analysis (Giacometti et al. 2013; Gottfried and
Herebian 2013; Aniołowska and Steininger 2014; Pizzutti et al. 2014;
Rodríguez-Carrasco et al. 2015). In addition to mycotoxins, toxins produced by
some algae are also of interest for food safety. This type of toxin is usually found in
contaminated seafood and fish and may affect people, such as fish and different
types of shellfish poisoning (e.g. neurotoxic, paralytic, diarrhoeic and amnesic). It is
important to study algal toxins to know about their modes of action and toxic doses
in detail, to help to take appropriate precautions to prevent an outbreak. MS-based
metabolomics approaches have been developed to detect and quantify several
groups of algal toxins, such as ciguatoxins and domoic acid (Yogi et al. 2011;
Beach et al. 2014; Stewart and McLeod 2014).
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6.4 Study of GM Crops and Food Materials

GM or transgenic crops have gained popularity since the first commercial plantings
in 1996. GM technology has allowed us to produce crops and food materials with
enhanced nutritional properties, increased yield; and moreover, these crops can be
resistant to various pests and diseases, and adverse environments, including drought
and salinity (Parrott et al. 2010). A wide range of GM crops are now commercially
cultivated around the world, including soybean, maize, cotton, canola, potatoes and
tomatoes. Although the new traits in GM crops are mainly from the introduction of
small RNAs or some regulatory proteins, it is still unknown if even that small
amount of change could cause an overall alteration in other metabolic pathways,
and thus adverse modification of cellular downstream products (Delaney 2015). The
effects of growing transgenic plants on the environment have also been well doc-
umented (Liu et al. 2012; Brookes and Barfoot 2013; Knight et al. 2013), which has
in turn raised concerns about the long-term consumption of GM food materials on
human and animal health.

As the long-term effects of consuming GM food ingredients are still under
question, it is time to do more research on toxicological aspects that could provide
assurance to consumers about their safety. A few research projects have already
been carried out that addressed the effects of consumption of GM feed ingredients
by animal models. For instance, Sheng et al. (2014) evaluated the toxicity and
allergenicity of GM rice as expressed in human serum albumin in rats, and Qi et al.
(2015) assessed the safety of consumption of similar GM rice by rats using their
urine metabolome. Although both sets of authors found significant differences in
profiles between GM and non-GM rice-consuming rats, they concluded that GM
rice could be considered safe. However, both these studies were performed for a
limited period of time (only 90 days), and therefore it is still too soon to conclude if
long-term consumption (e.g. 5–10 years) of such GM rice by the rats would have
any adverse effects on their health.

Much research has been undertaken in last 10 years to acquire more knowledge
regarding the compositional differences between GM and non-GM crops and food
materials (Barros et al. 2010; Asiago et al. 2012; Cao et al. 2012; Liu et al. 2012;
Clarke et al. 2013; Kusano et al. 2014). This provides valuable insight into the
nutritional properties compared with those of conventional crops, and if any
unintended chemicals or proteins are present in that given crop that might pose a
threat to consumers. Metabolomics (both targeted and non-targeted), especially
metabolite profiling, is very useful in this regard, as it allows the generation of data
on the comprehensive composition of any GM crop (Rischer and
Oksman-Caldentey 2006). For example, Kusano et al. (2014) recently published a
study using metabolomics and ionomics approaches to determine the chemical
diversity of a soybean lineage representing 35 years of breeding. The authors used
different analytical platforms, including CE-TOF-MS, GC-TOF-MS and
LC-qTOF-MS, to determine the global metabolite profiles of soybeans, and found
that newer varieties are completely different from older ones. However, they found
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no significant differences in metabolite composition between conventional and GM
soybeans, thus indicating that GM soybeans could be safe as food and feed; their
findings were in accordance those of with Clarke et al. (2013). Similar studies have
been performed for other GM crops (e.g. maize and potato). Using a hierarchical
metabolomics approach, it has been shown that metabolite composition is very
similar between conventional and GM potato crops (Catchpole et al. 2005).
However, it is noteworthy that compositional differences also exist among con-
ventional crops, depending on their origin, environmental conditions, and genetics
(Reynolds et al. 2005; Harrigan et al. 2007). The use of ‘omics’ approaches,
including metabolomics, in determining the safety aspect of GM food materials still
has scope for improvement, and more research should be undertaken to highlight
the toxicological aspects in addition to the compositional studies.

6.5 Food Quality and Traceability

Both targeted and non-targeted metabolomics have been widely applied to determine
food quality by analysing any adulteration during food processing, or to confirm
authenticity of a food or beverage. Adulteration is usually performed deliberately to
gain more profit, using unwanted substances, such as the addition of melamine to
milk powder, synthetic dyes in spices, and the use of horsemeat in other meat
products (Senyuva et al. 2015). Some of these adulterations might cause serious
health issues (Chu and Wang 2013) and some of them are related to economic
adulterations to consumers (Everstine et al. 2013). However, in all cases, it is
essential to know the overall quality of the food materials and also to determine if the
food product is adulterated or not before it can be sold in the market. Authentication
of food is a useful step, and attempts have been made to determine potential markers
in different food matrices that can differentiate between adulterated and normal food.
For example, both targeted and untargeted metabolomics approaches using
LC-MS/MS have been used to authenticate Indian citrus fruits, and several
metabolites (didymin, rhoifolin, isorhoifolin, neohesperidin, hesperidin, naringin,
narirutin, limonin glucoside, and vicenin) were characterised as potential markers
(Jandrić et al. 2015). Arias et al. (2016) recently published a metabolomics study
using UHPLC–QTof-MS (ESI + mode) to distinguish the control (non-medicated
pigs) and pigs treated with ronidazole, dimetridazole and metronidazole where they
have identified at least four ionic features that could be used as potential biomarkers
of illegal 5-nitroimidazole abuse. GC-MS is another popular analytical platform that
has been successfully implemented to determine the quality of various food products.
For instance, GC-MS has been used tomonitor the kimchi fermentation process (Park
et al. 2016). Moreover, fatty acid profiling using GC-MS has also been found to be
useful in determining adulteration in flaxseed oil (Sun et al. 2015). Recently,
Isotope-ratio MS (IRMS) along with either GC or LC has become another technique
that can be used for authentication of foods including wines, essential oils in man-
darin, and flavoured strawberry foods (Schipilliti et al. 2010; Guyon et al. 2011;
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Schipilliti et al. 2011). In addition to MS-based techniques, other spectroscopic
instruments and imaging systems have also been used successfully to authenticate
different foods. NMR-based metabolomics was applied to determine adulteration in
foods and beverages, including saffron and fruit juice (Balan et al. 2013; Ordoudi
et al. 2015). NMR metabolomics approach has also been successfully used to
determine the freshness of shucked mussels and a significant increase of many pri-
mary metabolites including acetate, lactate, succinate, alanine, branched chain amino
acids and trimethylamine was observed during storage of mussels between 0 and 4 °
C (Aru et al. 2016). Yang et al. (2016) recently reported the use of both NMR and
LC-MS-based metabolomics study of milk adulteration and they identified some
metabolites (choline and succinic acid) that can distinguish Holstein milk from that of
other cows. Moreover, the use of Raman imaging could also identify the adulteration
agents (e.g. melamine and dihydrocyanide) in powdered food (Qin et al. 2014).

One major area where much attention has been paid and which helps to prevent
adulteration is the determination of geographic origins of foods and beverages. In
many countries, food and condiment preparation is considered an art (e.g. wine-
making) and strong regulation already exists to ensure the quality of the product
before it can be marketed under protected designation of origin (PDO) or protected
geographic indication (PGI). This is especially true for many European food
products (balsamic vinegars, olive oils and cheeses). Traditional balsamic vinegars
are important product from Italy, produced in many regions; however, Modena is
famous for production of balsamic vinegars with PGI certification. GC-MS analysis
of volatile compounds was found to be very useful for distinguishing balsamic
vinegar samples with PGI (Chinnici et al. 2009; Cirlini et al. 2011). Extra virgin
olive oil is another product for which PDO status is very important. Many pro-
ducers follow fraudulent practices to obtain PDO for low-quality olive oils for
which consumers will pay comparatively higher prices. Pizarro et al. (2011)
identified volatile markers related to the geographic origin of Spanish extra virgin
olive oils using headspace-SPME-GC-MS analysis. GC-MS along with multivariate
data analysis has also been used to study the origin and quality of Italian buffalo
mozzarella cheese (Pisano et al. 2016). Moreover, different types of NMR
experiments (1H, 13C, 31P) have also been successfully employed for quality
assessment and authentication of olive oils (Dais and Hatzakis 2013).

7 Conclusion

Metabolomics has already been employed widely in food science, especially to
address issues of food safety and quality. Although recent analytical developments
allow us to analyse over 1000 metabolites in a single analysis (or using multiple
analytical instruments), a big challenge still exists in the handling of large data sets
(Skov et al. 2014). This is where all the ‘omics’ approaches currently have major
difficulties and, frequently, the huge amount of data generated cannot be
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appropriately interpreted biologically because of the inability to analyse the data.
Therefore, genuine efforts should be undertaken to improve the data analysis
platforms, to improve the overall quality of research in the metabolomics area. In
addition, ongoing technical improvement should lead to more cost-effective,
user-friendly and high throughput methods that could be used for the analysis of
various food matrices. Other aspects that need attention include the creation of more
food-based databases to make identification and discrimination of foods much
easier. It would be also easier to formulate regulatory actions to maintain the quality
and safety of foods and food products. We have already seen a tremendous
improvement in food safety and quality research in the last few years, and the
application of metabolomics will allow us to look at a holistic overview of the food
system, thus improving the overall objectives of ensuring food safety and quality.
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