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  Abstract   Death and disease caused by food lacking safety guarantees represent a 
continuing threat to worldwide public health and socioeconomic development. 
Recent large outbreaks of foodborne infections have alerted us to the possible 
increase in the incidence of foodborne diseases. The epidemiology of these diseases 
has changed in recent decades, not only due to the emergence of new pathogens but 
also due to changes that have occurred in the food supply, including changes in 
processing and consumer preference and a global marketplace, and by the increase 
in populations with greater susceptibility to these diseases. Epidemiological surveil-
lance, research into new problems, and collaboration among the different profes-
sional groups to put measures for controlling foodborne diseases into practice are 
the main strategies that are becoming increasingly necessary. The possibilities 
offered by modern tools and molecular techniques have greatly expanded the options 
available for monitoring undesirable microorganisms in the food supply chain and 
for quickly implementing appropriate measures as a result of the rapid detection and 
characterization of pathogens.  

  Keywords   Food safety  •  Foodborne infections  •  Outbreaks of foodborne illness  
•  Emerging pathogens  •  Foodborne disease surveillance  •  Foodborne disease control      

    1.1   Foodborne Diseases Remain a Signifi cant 
Cause of Morbidity and Mortality 

 Death and disease caused by food lacking safety guarantees represent a continuing 
threat to worldwide public health and socioeconomic development. Humans acquire 
infections from a large variety of sources and by various transmission routes. 
Most foodborne diseases are mild and are associated with acute gastrointestinal symp-
toms, such as diarrhea and vomiting. In some cases, however, foodborne diseases 

    Chapter 1   
 Introduction to Foodborne Diseases           
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can be more severe and may even be life-threatening, especially in children in 
developing countries. These diseases may also cause chronic sequelae and disabili-
ties (Blackburn and McClure  2009  ) . 

 The true extent of the cost of all types of foodborne diseases associated with 
microorganisms (bacteria, viruses, and parasites) is not precisely known, but it is 
thought to be enormous (Kuchenmüller et al.  2009 ; Newell et al.  2010  ) . Despite the 
enormous effort in recent decades to prevent and control foodborne diseases, people 
in both industrialized and developing countries continue to suffer from them in 
large numbers. In the United States alone, the cost incurred by foodborne diseases 
in 2007 was estimated to be between $357 billion and $1.4 trillion (Roberts  2007  ) . 
Developing countries tend to suffer from the largest share of the burden of food-
borne diseases. The World Health Organization (WHO  2011  )  estimates that 
foodborne and waterborne diarrheal diseases kill about 2.2 million people annually, 
1.9 million of them children. In addition to reducing the fi nancial costs, public 
health spending will reduce morbidity and mortality associated with these diseases. 
It has been estimated that increasing the supply of rural health care by 65% in devel-
oping countries could save 1.2 million lives annually (Green et al.  2009  ) .  

    1.2   Current Trends in Foodborne Diseases 

 Data on current trends in foodborne diseases are limited to a few industrialized 
countries and a surprisingly small number of pathogens (Blackburn and McClure 
 2009 ; Ammon and Makela  2010 ; Newell et al.  2010  ) . Despite having better infor-
mation systems than other regions, statistics on foodborne diseases in the US and 
some European countries are overly dominated by cases of salmonellosis and 
campylobacteriosis. In contrast, the statistics in other regions depend almost exclu-
sively on information about disease outbreaks, with the result being that ultimately 
other microorganisms are identifi ed as the main causes of these diseases. 

 Epidemiological surveillance and control of foodborne viral pathogens are usu-
ally scarce. In Western countries, noroviruses and hepatitis A virus are the main 
human foodborne pathogens in terms of the number of outbreaks and people affected. 
Most foodborne viral infections originate from infected people who handle food that 
is not subsequently heated or otherwise treated (Koopmans and Duizer  2004  ) . 

 There are many known foodborne pathogenic parasites, such as  Ascaris , 
 Cryptosporidium,  and  Trichinella , but their presence in food, livestock, and the 
environment is often not investigated. This results in a lack of information about the 
epidemiology of parasite contamination throughout the food supply chain (Newell 
et al.  2010  ) . According to the Centers for Disease Control and Prevention (CDC 
 2011  ) ,  Cryptosporidium  is reported to be one of the leading causes of laboratory-
confi rmed foodborne infections in the United States. 

 The main foodborne bacterial pathogens are  Salmonella ,  Campylobacter , 
 Yersinia , Shiga-toxin- ( Stx ) producing  Escherichia coli  (STEC) and  Listeria mono-
cytogenes . Antibiotic resistance is also a signifi cant issue with some foodborne 
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pathogenic bacteria ( Salmonella ,  Campylobacter ,  Shigella ,  Vibrio ,  Staphylococcus 
aureus ,  E. coli,  and  Enterococcus ). In 2009, campylobacteriosis, salmonellosis, and 
yersiniosis were the most frequent foodborne zoonotic infections in humans in the 
EU (Lahuerta et al.  2011  ) . Infections due to  Salmonella  were the most common in 
the US and were associated with the highest number of hospitalizations and deaths 
among all foodborne diseases.  Campylobacter ,  Shigella , and STEC O157:H7 are also 
leading causes of bacterial foodborne infections in the United States (CDC  2011  ) . 

 According to the European Food Safety Authority (EFSA  2011  ) , in the EU most 
of the 5,550 confi rmed outbreaks of foodborne diseases were caused by  Salmonella , 
viruses, and bacterial toxins. The foods most frequently involved were eggs, buffet-
style meals, and pork. In an analysis of foodborne disease outbreak data to estimate 
the proportion of human cases of specifi c enteric diseases attributable to a specifi c 
food item, Greig and Ravel  (  2009  )  found that a few etiologies were very specifi cally 
associated with some foods.  Salmonella  Enteritidis outbreaks occurred relatively 
often in the EU, with eggs from laying hens the most common source (Pires et al. 
 2011  ) . Detailed analysis of different regions highlighted some special features: 
 Campylobacter -associated outbreaks were mainly related to poultry products in the 
EU and to dairy products in the US (Greig and Ravel  2009  ) . STEC in cattle and beef 
and  Yersinia  in pigs and pork also represent signifi cant associations between 
zoonotic infections and food in the EU (EFSA  2011  ) . Also among the main concerns 
and challenges for food safety and hygiene are  L. monocytogenes  in ready-to-eat 
(RTE) processed food, and viral pathogens at food establishments (Sofos and 
Geornaras  2010  ) . 

 Recent large outbreaks of foodborne infections have alerted us to the possible 
increase in recent years in the incidence of foodborne diseases. However, 2010 sta-
tistics from the US on the incidence of six signifi cant foodborne pathogens show no 
signifi cant changes when compared to the period 2006–2008. Only the infection 
rates for  Shigella  and STEC O157:H7 show signifi cant declines, while those of 
 Vibrio  show signifi cant increases (CDC  2011  ) . In some cases, increased awareness 
about food safety, changes in legislation and educational measures, as well as 
changes in food production practices (e.g., effective control measures for animal 
reservoirs) have produced declines in the incidence of certain foodborne diseases in 
some regions (Blackburn and McClure  2009  ) . For example, in 2009 the EU con-
fi rmed the declining trend in the number of salmonellosis cases in humans, with 
statistically signifi cant fi gures (EFSA  2011  ) . Campylobacteriosis represents the 
most frequent zoonosis in the EU (EFSA  2011  ) , and  Campylobacter  spp. represents 
the main cause of sporadic bacterial gastroenteritis worldwide. However, in some 
countries the number of cases of campylobacteriosis seems to have stabilized or 
declined, and it has been suggested that this decline may be due to the implementa-
tion of the Hazard Analysis and Critical Control Point (HACCP) system in poultry 
industries (CDC  2011  ) . In the case of listeriosis, a decline in the number of cases 
was also observed toward the end of the twentieth century. This has been linked to 
efforts carried out by food processing companies and food regulatory agencies to 
control  L. monocytogenes  in high-risk foods (Swaminathan and Gerner-Smidt 
 2007  ) . However, there is currently growing concern about the increase in listeriosis 
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cases in the elderly (those over 60 years of age), which likely explains the 19.1% 
increase in human listeriosis cases in the EU in from 2008 to 2009 (EFSA  2011  ) . 

 Therefore, despite greater prevention efforts, foodborne diseases continue to be 
an ongoing problem in Europe and the US. However, the increase or decrease in its 
incidence appears to depend on the pathogen and the region being studied (Nyachuba 
 2010  ) . The decline in foodborne diseases caused by particular pathogens can be 
related to the introduction of and adherence to effective control measures to mini-
mize the risk of infection.  

    1.3   Emerging Foodborne Diseases 

 The microbiological safety of food is a dynamic issue subject to the powerful infl u-
ence of numerous factors along the entire food supply chain from farm to table. The 
pathogen populations most relevant to food safety are not static, and food is an 
excellent vehicle through which many pathogens reach suitable places for coloniz-
ing new hosts (Newell et al.  2010  ) . Consequently, the epidemiology of foodborne 
diseases has changed in recent decades, not only due to the emergence of new 
pathogens but also due to changes that have occurred in the food supply and by the 
increase in populations with greater susceptibility to these diseases (Altekruse and 
Swerdlow  1996  ) . 

 The spectrum of foodborne infections has changed as some traditional pathogens 
have been controlled or eliminated while other previously unknown pathogens, many 
of them zoonotic, have emerged as human pathogens (Newell et al.  2010  ) . Emerging 
diseases are often described as those whose prevalence have increased in recent 
decades or likely will increase in the near future (Altekruse and Swerdlow  1996  ) . 
Therefore, an emerging pathogen does not necessarily have to have emerged 
recently. Even well-recognized foodborne pathogens, such as  Salmonella  spp. and 
enteropathogenic strains of  E. coli,  may evolve to take advantage of new situations. 
They may, for example, contaminate foods that were not previously considered at 
risk, such as fresh vegetables, and may cause new public health challenges, such as 
resistance to antibiotics. Both STEC O157:H7 (Inset  1.1 ) and antibiotic-resistant 
strains of  Salmonella  are found in cattle and are examples of pathogens that have 
evolved relatively recently (Blackburn and McClure  2009  ) . 

 New pathogens may emerge due to the uptake of mobile virulence factors found 
in large regions of DNA known as  pathogenicity islands  (PAIs). These islands may 
be shared among various pathogens, contributing to their evolution (Ahmed et al. 
 2008  ) . Genetic promiscuity, which allows these genes to be acquired, is related to 
the presence of a series of mobile genetic elements, such as plasmids, transposons, 
conjugative transposons, and bacteriophages (Fig.  1.1 ). Both DNA acquisition and 
genome reduction have important roles in genome evolution.  E. coli  O157:H7, for 
example, probably evolved from an enteropathogenic ancestor of serotype O55:H7 
through horizontal gene transfer and recombination (Feng et al.  1998  ) . In other 
cases, pathogens may emerge due to ecological or technological changes that bring 
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a potential pathogen into contact with the food supply chain. Relatively recent 
examples of pathogens associated with food as vehicles for disease include  L. mono-
cytogenes, Cryptosporidium parvum,  and  Cyclospora cayetanensis . Many of these 
foodborne pathogens are  zoonotic : They have an animal reservoir without necessarily 
causing disease in that animal (Blackburn and McClure  2009  ) .  

 Along with the emergence (or recognition) of new pathogens and resistance to 
antibiotics, several other trends are currently considered to be highly important in 
the evolution of microbiological food safety. These include the global pandemics of 
some foodborne pathogens, the identifi cation of pathogens that are especially oppor-
tunistic and only affect human subpopulations at high risk, and the increasingly 
frequent identifi cation of large and widely distributed disease outbreaks (Newell 
et al.  2010  ) . 

 These emerging situations are often due to changes in some aspect of the social 
environment. The global economy, for example, facilitates the rapid transport of 
perishable food, increasing the chances of exposure to pathogens from other parts of 
the world (Käferstein et al.  1997  ) . Other aspects related to food itself that change the 
patterns of foodborne diseases are the type of food that the population eats (consumer 
trends), the sources of these foods, and the possible decline in public awareness of 
safe food preparation practices (food security) (Blackburn and McClure  2009  ) . 

 Demographic-associated factors, such as the aging population, obesity, the AIDS 
epidemic, increased life expectancy of the chronically ill thanks to medical technology, 
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and so forth, have increased the public health impact of foodborne diseases. This is 
because the proportion of the population susceptible to developing severe disease 
after being infected with a foodborne pathogen continues to increase (Blackburn 
and McClure  2009  ) . 

 Various factors have been hypothesized to promote the simultaneous emergence 
of new pathogens in different parts of the world. Many of these changes have 
increased the possible impact that a single focus of infection may have (Blackburn 
and McClure  2009  ) . Climate change, for example, can affect the transmission of 
infectious diseases, as increased temperatures have been shown to potentially lead 
to increases in foodborne diseases, especially salmonellosis (Kovats et al.  2004  ) . 

 The changing epidemiology of foodborne diseases must be monitored and inves-
tigated in order to put appropriate prevention technology into practice. We must 
look for potential emerging foodborne pathogens among the silent or less frequent 
zoonoses and among the more severe infections that affect the immunocompro-
mised human population. As Robert Tauxe    rightly said in 2002, “We should expect 
the unexpected” (Tauxe  2002  ) .  

    1.4   Surveillance and Control of Foodborne Diseases 

 Most reports on zoonotic microorganisms and outbreaks of foodborne infections 
highlight the importance of having appropriate surveillance systems to monitor 
animals, food, and humans in order to constantly track the changing trends of 
well-known diseases and detect emerging pathogens (Lahuerta et al.  2011  ) . It is 
also necessary to understand the complex interactions that these pathogens have 
with their environment during transmission throughout the food supply chain so as 
to develop effective prevention and control strategies (Newell et al.  2010  ) . 

 Surveillance data are used for planning, implementing, and evaluating public 
health policies, as well as the identifi cation of new hazards. The use of surveillance 
data is important for the education and training of individuals participating in the 
manufacture, handling, and preparation of food, including consumers. Therefore, 
there is a strong need to improve surveillance systems for foodborne disease. It is 
essential that surveillance systems share information across borders and promptly 
report foodborne disease outbreaks using modern telecommunication tools where 
possible (Blackburn and McClure  2009  ) . The increasing possibilities offered by 
molecular techniques have greatly expanded the options available for detecting 
undesirable microorganisms in the food supply chain and for quickly implementing 
appropriate measures. The training of teams with experts from every fi eld is crucial 
for achieving these objectives. 

 Food may be contaminated at any link of the food supply chain, from the farm 
to the table, including in the kitchen of the consumer. Therefore, measures to 
reduce and control the risk of contracting foodborne disease must be undertaken 
at each step in food preparation. Additionally, the complexity of the global food 
market shows us that the control of foodborne diseases must be a shared task, 
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requiring action at all levels, from the individual to the international community. 
There are numerous ways of preventing most foodborne diseases, and the best 
approach is the simultaneous utilization of several measures. An example would be 
applying measures to eliminate microorganisms during the processing of 
food while at the same time reducing the likelihood of the microorganism’s being 
present in the food at its source. It is also important for long-term prevention to 
understand how pathogens persist in animal reservoirs (for example, in herds) 
(Tauxe  2002  ) . Preventive measures such as good manufacturing practices, supple-
mented by the HACCP system, have been introduced as a means of ensuring the 
production of safe food. However, their use does not necessarily provide quantita-
tive information on the risks associated with the consumption of a particular food 
product. To obtain such information, elements of quantitative microbiological 
risk assessment (QMRA) need to be used. The four cornerstones of QMRA are 
hazard identifi cation, exposure assessment, hazard characterization, and risk char-
acterization. These steps represent a systematic process for identifying adverse 
consequences and their associated probabilities arising from consumption of foods 
that may be contaminated with microbial pathogens and/or microbial toxins 
(Lammerding and Fazil  2000 ; Rotariu et al.  2011  )   .       

(continued)

   Inset 1.1 Enterohemorrhagic Strains of  Escherichia coli  as a Paradigm 
of Emerging Pathogens 

  Escherichia      coli  is one of the commensal species in the human gut; however, 
several pathogenic  E. coli  strains have emerged that cause disease in humans. 
These strains are classifi ed based on the disease they cause and their unique 
virulence factors (Feng and Weagant  2011  ) . The different pathotypes include 
Enterotoxigenic  E. coli  (ETEC), Enteropathogenic  E. coli  (EPEC), 
Enterohemorrhagic  E. coli  (EHEC), Enteroinvasive  E. coli  (EIEC) (including 
 Shigella  spp.), extraintestinal pathogenic  E. coli  (such as Uropathogenic 
 E. coli , UPEC), and others (Fig.  1.1 ). The fi rst four groups have been implicated 
in food- or waterborne illness (Feng and Weagant  2011  ) . 

 EHEC are zoonotic pathogens associated with both major outbreaks and 
sporadic cases of diarrhea and hemorrhagic colitis (HC) or bloody diarrhea. If 
not treated, HC can progress to hemolytic uremic syndrome (HUS), which 
can result in protracted illness or even death (Karmali et al.  2010  ) . EHEC is 
noteworthy because a small but signifi cant number of infected people develop 
HUS, which is the most frequent cause of acute renal failure in children in the 
Americas and Europe (   Pennington  2010 ). 

 EHEC is a subgroup of STEC, also known as VTEC [verocytotoxin (VT)-
producing  E. coli ]. There are many serotypes of STEC, but only those that 
have been clinically associated with HC are designated as EHEC. Of these, 
O157:H7 is the prototypic EHEC most often implicated in illness worldwide 
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(Feng and Weagant  2011 ; Karmali et al.  2010  ) .  E. coli  O157 can be  transmitted 
to humans by three primary (foodborne, environmental, waterborne) and one 
secondary (person-to-person) transmission pathways. According to Rotariu 
et al.  (  2011  ) , QMRAs indicated that waterborne transmission was the least 
signifi cant, but it was unclear whether food or the environment was the main 
source of infection. 

 EHEC serotypes other than O157:H7 possess the same main virulence fac-
tors as O157:H7 and are all frequently found in healthy cattle and other rumi-
nants, causing little or no discernible disease in their animal reservoirs (Ferens 
and Hovde  2011  ) . It is not clear whether all  E. coli  O157 isolates of animal 
origin are equally harmful to humans. In contrast to O157:H7, the pathogenic 
potential of atypical  E. coli  O157 isolates and several non-O157 serotypes 
often is ignored (Lefebvre et al.  2008  ) . 

 It was predicted years ago that STEC strains other than the O157:H7 sero-
type would emerge as signifi cant foodborne pathogens. Since then, these 
microorganisms have been linked to numerous outbreaks and sporadic cases 
of disease around the world (Blackburn and McClure  2009  ) . The incidence of 
these serotypes continues to grow, which means they can be considered 
emerging pathogens (Mathusa et al.  2010  ) . A recent example is the large out-
break of foodborne infections caused by EHEC O104:H4, which was mainly 
centered in Germany (Frank et al.  2011  )  and affected people in numerous 
European countries and the US, lasting throughout May and June of 2011 
(Robert Koch Institute  2011  ) . The total number of confi rmed cases of STEC 
in Europe was 941 according to the European Center for Disease Control and 
Prevention (ECDC  2011  ) . This fi gure includes 264 cases of HUS and a total 
of 46 deaths, marking one of the largest outbreaks of HUS ever described 
worldwide. 

 The pathogenesis of EHEC infection is multifactorial and involves several 
levels of interaction between the bacterium and the host. EHEC strains carry 
a set of virulence genes that encode factors for attachment to host cells, elabo-
ration of effector molecules, and production of different toxins (Melton-Celsa 
et al.  2012  ) . These genes are found in a large PAI called the locus of entero-
cyte effacement (LEE) located on the chromosome, in lambdoid phages, and 
in a large, approximately 60-MDa, virulence-associated plasmid, referred to 
as  EHEC plasmid  (Fig.  1.1 ). Genomic fl uidity among these elements has 
important consequences for the emergence of new EHEC (Ahmed et al.  2008  ) . 
Although virulence factors of the different pathotypes of  E. coli  normally do 
not overlap, there is an increasing number of studies describing  E. coli  
isolates associated with human disease that contain new combinations of 
virulence factors. 

(continued)

Inset 1.1 (continued)
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 EHEC is a subset of STEC, since the disease-causing ability of EHEC in 
humans is associated with its ability to express different types of Stx (the two 
immunologically distinct Stx1 and Stx2, and several variants of Stx2). The 
Stxs halt protein synthesis in the host cell, a process that may lead to an 
apoptotic cell death. Stx-mediated damage to renal glomerular endothelial 
cells is hypothesized as the precipitating event for HUS (Melton-Celsa et al. 
 2012  ) . Nonetheless, EHEC is also a subset of EPEC, as it has the ability to 
form attaching and effacing (A/E) lesions on epithelial cells, a characteristic 
of EPEC. The capacity of EHEC to form A/E lesions in the intestine after 
ingestion is also linked to disease in humans. These A/E lesions are charac-
terized by localized destruction (effacement) of brush border microvilli, 
attachment of the bacteria to the enterocyte membrane, and formation of a 
cup-like pedestal at the site of bacterial contact. The A/E lesion is mediated 
by the outer membrane adhesin intimin (encoded by the gene  eae ), its bacterially 
encoded receptor Tir, and effectors secreted through a type III secretion 
system. These proteins are encoded by the LEE (O’Sullivan et al.  2007 ; 
Melton-Celsa et al.  2012  ) . 

 The 2011 European outbreak of EHEC O104:H4 infection was unusual in 
that there were important clinical and microbiological differences between 
this outbreak and previous large outbreaks, primarily those of STEC O157:H7 
(Bielaszewska et al.  2011  ) . The O104:H4 clone was not an entirely new clone 
but a slight variant of a known but seldom reported EHEC called HUSEC-41, 
which was fi rst isolated in Germany in 2001 from a child with HUS (Mellmann 
et al.  2008  ) . However, the  E. coli  strain causing the large outbreak in 2011 
possesses an unusual combination of pathogenic features. It is resistant to 
 b -lactam antibiotics due to an extended-spectrum  b -lactamase, and it carries 
genes that are typically found in another group of diarrheagenic  E. coli , the 
Enteroaggregative  E. coli  (EAEC) (Mellmann et al.  2011 ; Scheutz et al. 
 2011  ) . In reality, EAEC is probably the most common bacterial cause of diar-
rhea but is not identifi ed in most diagnostic laboratories. Comparative genom-
ics suggests that the outbreak strain belongs to an EAEC lineage that acquired 
genes encoding the Stx2 toxin and antibiotic resistance (Mellmann et al.  2011 ; 
Scheutz et al.  2011  ) . 

 This outbreak emphasizes the importance of being able to detect all patho-
genic  E. coli  and not focusing on  E. coli  O157:H7 alone. Improved methods 
for identifying newly emergent strains of pathogenic  E. coli  are needed. 
The outbreak also highlights the importance of collaboration among all purveyors 
of public health to detect the outbreak, identify and characterize the causative 
agent, fi nd the vehicles of transmission, and control the infection.  

Inset 1.1 (continued)
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  Abstract   The detection and enumeration of microorganisms in food are an essential 
part of any quality control or food safety plan. Traditional methods of detecting food-
borne pathogenic bacteria are often time-consuming because of the need for growth 
in culture media, followed by isolation, biochemical and/or serological identifi cation, 
and in some cases, subspecifi c characterization. Advances in technology have made 
detection and identifi cation faster, more sensitive, more specifi c, and more conve-
nient than traditional assays. These new methods include for the most part antibody- 
and DNA-based tests, and modifi cations of conventional tests made to speed up 
analysis and reduce handling. With few exceptions, almost all assays used to detect 
specifi c pathogens in foods are qualitative assays, as they still lack suffi cient sensitiv-
ity for direct testing and require some growth in an enrichment medium before analy-
sis. One of the most challenging problems to circumvent with these assays is sample 
preparation. The possibilities of combining different rapid methods, including 
improved technologies for separation and concentration of specifi c bacteria, and for 
DNA extraction and purifi cation, will facilitate the direct detection of pathogens in 
food. The goal is to avoid the enrichment, providing rapid alternatives to conven-
tional quantitative culture methods. Further improvements, especially in genetic 
methods, can be expected, including the use of DNA microarray technology.  

  Keywords   Detecting foodborne pathogens  •  Traditional culture methods  •  Rapid 
methods  •  Immunoassays  •  Molecular methods  •  Qualitative assays  •  Enrichment  
•  Sample preparation      

    2.1   Introduction 

 The detection and enumeration of pathogens in food and on surfaces that come into 
contact with food are an important component of any integrated program to ensure the 
safety of foods throughout the food supply chain. Both government authorities and 

    Chapter 2   
 Detection, Identifi cation, and Analysis 
of Foodborne Pathogens           
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food companies use microbiological analysis to monitor the state of contamination 
at all times and analyze its trends so as to detect emerging risks. Microbiological 
analysis is also an essential tool for carrying out tests in accordance with the micro-
biological criteria established for each food type, as well as being essential for eval-
uating the actions of different management strategies based on the Hazard Analysis 
and Critical Control Points (HACCP) system (Stannard  1997 ; Jasson et al.  2010  ) . 
The implementation of preventive systems such as the HACCP has greatly improved 
food safety, but it will not be fully effective until better methods of analysis are 
developed. These new detection methods are the necessary technologies that will 
substantially improve our food safety once integrated in the HACCP (Bhunia  2008  ) . 

 Microbiological analysis of foods is based on the detection of microorganisms 
by visual, biochemical, immunological, or genetic means, either before enrichment 
(quantitative or enumerative methods) or after enrichment (qualitative methods, 
also known as presence/absence tests). 

 Traditional culture methods for detecting microorganisms in food are based on 
the incorporation of the food sample into a nutrient medium in which the microor-
ganisms can multiply, thus providing visual confi rmation of their growth. These 
conventional test methods are simple, easily adaptable, very practical, and generally 
inexpensive. Although not lacking in sensitivity, they can be laborious and depend on 
the growth of the microorganisms in different culture media (pre-enrichment, selec-
tive enrichment, selective plating, identifi cation), which may require several days 
before results are known. Products that are minimally processed have an inherently 
short shelf life, which prevents the use of many of these conventional methods. 
Therefore, extensive research has been carried out over the years to reduce assay 
time through the use of alternative methods for detecting foodborne microorganisms 
and reduce the amount of manual labor by automating methods whenever possible 
(Jantzen et al.  2006a ; Feng  2007 ; Betts and Blackburn  2009 ; Jasson et al.  2010  ) . 

 In spite of its importance, the microbiological analysis of food has many limita-
tions. Uncertainty of the analytical result must be considered when establishing 
microbiological criteria, including the variance associated with the sampling plan, 
method of analysis, and laboratory performance (Betts and Blackburn  2009  ) . 
The microbiological analysis of food remains a challenging task for virtually all 
assays and technologies, especially for particular pathogenic species (Feng  2007  ) . 
The problems may be due to

   The complexity of food matrices and composition.  • 
  The heterogeneous distribution of low levels of pathogens.  • 
  The stress suffered by the microorganisms during the processing of foods.  • 
  The presence of bacteria from the normal microbiota, especially in raw foods.    • 

 The complexity of food matrices remains the major obstacle to the development 
of effective sampling and rapid testing methods (Feng  2007  ) . Long duration enrich-
ments are often used due to the low number of pathogenic microorganisms that tend 
to be present in food samples. Although previous enrichment is a limitation in terms 
of assay speed and precludes quantifi cation of the original contaminant, it provides 
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essential benefi ts, such as diluting the effects of inhibitors, allowing the differentiation 
of viable from nonviable cells, and allowing for the repair of cell stress or injury that 
may have resulted during food processing (Jantzen et al.  2006b ; Wu  2008  ) . Hence, 
it would be diffi cult to completely eliminate enrichment culture from the process of 
pathogen detection in foods (Feng  2007  ) .  

    2.2   Separation and Concentration of Microorganisms 
Present in Food 

 The problem of low cell numbers present in food samples can also be solved by 
separating and concentrating microorganisms in food in order to discriminate the 
target pathogen from other cells and to use them at an appropriate concentration for 
the sensitivity level of the detection method. Food matrix materials can be simulta-
neously eliminated in order to avoid false-negative results. Several strategies includ-
ing antibody-based as well as physical- and chemical-based methods have been 
developed for the separation and concentration of pathogens from various sample 
matrices (Stevens and Jaykus  2004 ; Bhunia  2008  ) . In the case of beverages and 
liquid food, the concentration can be easily achieved through fi ltration or ultrafi ltra-
tion (Chen et al.  2005 ; Hunter et al.  2011  ) . However, these techniques do not allow 
the selective isolation of the organisms from a mixed population. 

 For solid foods, the main system present in the market is immunomagnetic sepa-
ration and concentration (IMS) (Olsvik et al.  1994  ) . With this technology, super-
paramagnetic particles or polystyrene beads are coated with iron oxide and antibodies 
that allow for the specifi c capture and isolation of intact pathogen cells present in 
suspensions of complex mixtures such as pre-enrichment media (Aminul Islam 
et al.  2006  ) . The application of a magnetic fi eld retains the particles along with the 
cells attached to the particles, allowing the rest of the organic and liquid material to 
be removed by washing. Captured antigens can be plated or further tested using 
other assays. IMS coupled with different rapid and automated assays has been used 
for the detection of pathogens such as  E. coli  O157:H7 (Seo et al.  1998 ; Fu et al. 
 2005 ; Aminul Islam et al.  2006 ; Hunter et al.  2011  ) . In fact, IMS does not yield 
a pure culture of the target microbe, needing to be coupled to other tests for more 
defi nitive detection and identifi cation results (Feng  2007  ) . 

 There is an IMS technique that uses samples 500 times larger than most common 
assays by recirculating the sample during the capture phase in order to increase 
sensitivity and reduce detection times (Fedio et al.  2011  ) . Specifi c bacteriophage 
tail–associated proteins can be attached to paramagnetic beads instead of antibodies 
as a way of capturing bacteria in suspension. There are bacteriophage-based capture 
kits that can be integrated into rapid detection methods in a similar way as in IMS 
(Favrin et al.  2003  ) . The IMS may be employed either directly or after enrichment, 
but at present the major drawback of all these IMS-based assays is the susceptibility 
to inhibitors or interference by food components and the requirement for enrichment 
(Feng  2007  ) .  
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    2.3   Traditional Culture Methods 

 Standardized methods (e.g., ISO methods) are usually considered the reference 
analytical methods for offi cial controls. In most cases, they are traditional culture 
methods that use selective liquid or solid culture media, to grow, isolate, and enu-
merate the target microorganism and simultaneously prevent the growth of other 
microorganisms present in the food (Jasson et al.  2010  ) . 

    2.3.1   Quantitative Culture Methods 

 Enumeration of the microorganisms present in a sample is normally performed by 
plate count method or the most probable number (MPN) method. The plate count 
method is based on culturing dilutions of sample suspensions in the interior or on 
the surface of an agar layer in a Petri dish. Individual microorganisms or small 
groups of microorganisms will grow to form individual colonies that can be 
counted visually. The MPN method calculates the number of viable microorgan-
isms in a sample by preparing decimal dilutions of the sample, and transferring 
subsamples of 3 serial dilutions to 9 or 15 tubes containing liquid culture medium, 
to carry out the method on 3 or 5 tubes, respectively. The tubes are incubated, and 
those that show growth (turbidity) are counted. Taking into account the dilution 
factor, the fi nal result is compared to a standard MPN table, which will indicate 
the MPN of bacteria in the product (Blodgett  2010  ) . This method is more labor-
intensive and expensive than plate counting. The confi dence limits are also quite 
large, even when studying many replica samples of each dilution level. The 
method is therefore usually less accurate than plate count methods but has the 
advantage of being more sensitive. Thus, it is widely used for estimations of 
levels of bacteria below 10 per gram of food (Table  2.1 ) (Stannard  1997 ; Betts 
and Blackburn  2009  ) .   

    2.3.2   Qualitative Culture Methods 

 Qualitative procedures are used when it is not necessary to know the amount of 
a microorganism present in a sample but only its presence or absence. The tech-
nique requires an accurately weighed sample (usually 25 g). The typical colonies 
of the target microorganism on a selective/differential solid medium plate are 
often called  presumptive . To confi rm the identity of the desired microorganism, 
various biochemical and/or serological tests need to be carried out with pure 
cultures obtained from these presumptive colonies (Betts and Blackburn  2009  )  
(see Sect.  2.6 ).   
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    2.4   Rapid and Automated Methods 

 The fast pace at which rapid methods are being developed precludes a discussion of 
all available methods. In this section, the breadth of rapid methods available and the 
scientifi c principles of the methods used for detection of pathogenic bacteria in 
foods are revised. Existing methods are presented in various formats and continue 
to be modifi ed or adapted so that current methods have to be validated or evaluated 
using traditional standardized culture methods as reference (Feng  2007 ; Jasson 
et al.  2010 ; AOAC International  2011  ) . Some rapid methods may also be considered 
as reference methods if they are shown to provide more accurate results than culture 
methods, such as current methods for detecting enterohemorrhagic strains of  E. coli  
other than O157:H7, for example (Inset  2.1 ). 

    2.4.1   Changes to Culture Methods 

 Automation may be very useful in reducing the time required to prepare culture 
media, perform serial dilutions, count colonies, etc. (Fung et al.  1988 ; Jasson et al. 
 2010  ) . There are a wide variety of rapid culture methods that have been designed to 

   Table 2.1    Main characteristics of some culture-based and rapid detection methods (Adapted from 
Mandal et al.  2011  )    

 Test method  Sensitivity a   Specifi city 

 Duration 
of the 
assay (h) 

 Qualitative 
culture 

 Presence/absence  Defi ned by the quantity 
of food examined, 
e.g., presence in 25 g 

 Good  >72 

 Qualitative 
rapid 
detection 

 Presence/absence  Defi ned by the quantity 
of food examined, 
e.g., presence in 25 g 

 Variable b   Variable b  

 Quantitative 
culture 

 MPN  <10–100 MPN 
of bacteria per gram 

 Good  24–48 

 Viable counts  >10–100  Good  24–72 
 Impedance  100  Moderate/

good 
 6–24 

 Quantitative 
rapid 
detection 

 Bioluminescence  10 4   No c   <1–3 
 DEFT, SPC  10 3 –10 4   No c   <1 
 Flow cytometry  10 5 –10 7   Good  <1 
 Immunological methods 

(LFD, ELISA, ELFA) 
 10 4 –10 5   Moderate/

good 
 <1–3 

 Nucleic acid–based 
assays (FISH, Q-PCR) 

 10 3 –10 4   Excellent  <1–3 

   a  CFU per g or mL, unless otherwise stated 
  b  Depends on the rapid method used 
  c  Can be made specifi c with specifi c separation and concentration steps (IMS- or phage-based) and/
or selective labeling of cells  
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replace the standard agar plate, reducing the workload, facilitate rapid implementation, 
simplify handling, and/or reduce the need for a complete laboratory infrastructure, 
which do not necessarily shorten assay times. Some of these modifi ed culture 
methods are based on the colony counting method, using, for instance, disposable 
cardboards containing dehydrated media (Chain and Fung  1991  ) . Others are based 
on the MPN method (Torlak et al.  2008  ) . In recent years a staggering number of 
chromogenic and fl uorogenic culture media have been developed for the detection 
and enumeration of specifi c bacteria. The addition of these media to culturing 
protocols facilitates the rapid identifi cation of presumptive colonies of the target 
microorganism (Manafi   2000  ) . This has led to its incorporation in some offi cial 
methods (Jasson et al.  2010  ) . 

 The production of positively or negatively charged end products by bacteria 
during active growth (in initial stages of nutrient degradation) results in a variation 
in impedance of the culture medium. This can be measured at regular intervals over 
a period of 24 h after inoculation in specifi c media. This variation is proportional to 
the change in the number of bacteria in the culture. Thus, bacterial growth can be 
quantifi ed (Wawerla et al.  1999 ; Jasson et al.  2010  ) . This system is capable of ana-
lyzing hundreds of samples at a time since the instrument is computer-driven and 
automated to enable continuous monitoring. This technique is suited for testing 
samples with a low number of microorganisms. The limit of detection can be as low 
as 100 colony-forming units (CFU) per mL (Bosilevac et al.  2005  )  (Table  2.1 ). 
Methods based on the measure of impedance may be used in both quantitative and 
qualitative applications to detect all microorganisms or specifi c pathogens (Yang 
and Bashir  2008  ) .  

    2.4.2   ATP Bioluminescence 

 This technique measures the emission of light produced by an enzymatic reaction 
between luciferin and luciferase that requires the presence of ATP (biolumines-
cence). The amount of light produced (measured by means of a luminometer) is 
proportional to the concentration of ATP, and therefore the number of microorganisms 
in the original sample. Bioluminescence produced by ATP may be used to enumer-
ate the total microorganisms in a sample but is only applicable if the number of 
bacteria present is high (more than 10 4  CFU/g) (Samkutty et al.  2001 ; Jasson et al. 
 2010  )  (Table  2.1 ). The technique is widely used to measure the cleanliness of sur-
faces that come into contact with food, including the presence of organic residues 
and microbial contaminants. It provides results in less than 5 min (Cunningham 
et al.  2011  ) . The system lacks specifi city, however. An alternative and more specifi c 
approach includes an IMS step for capturing the target bacteria, which is then 
detected by bioluminescence (Hunter et al.  2011  ) ; species-specifi c bacteriophages 
instead of chemicals can be used to lyse cells to release ATP, thereby providing 
additional assay specifi city (Kannan et al.  2010  ) .  
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    2.4.3   Microscopic Methods 

    2.4.3.1   Direct Epifl uorescent Filter Technique 

 The direct epifl uorescent fi lter technique (DEFT) is a microscopic method for the 
enumeration of viable cells in a sample based on the binding properties of the fl uoro-
chrome acridine orange. Once treated with detergents and proteolytic enzymes, the 
samples are fi ltered through a polycarbonate membrane. The cells are stained on this 
same fi lter and examined under an epifl uorescent microscope (Pettipher et al.  1992  ) , 
a process that can be carried out semi-automatically by connecting the microscope to 
an image analysis system (Hermida et al.  2000  ) . The number of viable cells can be 
obtained in 10 min. However, DEFT is a very labor-intensive technique that does not 
have the capability of processing a large number of samples and is only applicable if 
the number of bacteria present is high (10 3 –10 4  CFU/g) (Table  2.1 ). Additionally, fl uo-
rescent food material can be trapped on the fi lter, and the technique can only be used 
with raw food and usually for enumerating total viable microorganisms (Hermida 
et al.  2000  ) . Nevertheless, DEFT may be used for the detection and enumeration of 
specifi c bacteria in food samples provided they can be isolated from the unfi lterable 
matrix. IMS followed by DEFT and solid-phase cytometry (see Sect.  2.4.3.3 ) have 
given results that compared favorably with IMS followed by plating (see below).  

    2.4.3.2   Flow Cytometry 

 Flow cytometry quantitatively measures optical characteristics of cells when they are 
forced to pass individually through a beam of light. Fluorescent dyes can be used to 
test the viability and metabolic state of microorganisms (Veal et al.  2000  ) . Samples 
are injected into a fl uid (dye), which passes through a sensing medium in a fl ow cell. 
The cells are carried by the laminar fl ow of water through a focus of light, each cell 
emits a pulse of fl uorescence, and the scattered light is collected by lenses and directed 
onto selective detectors (photomultiplier tubes). This technique is fast, automatic, and 
potentially very specifi c, as long as appropriate dyes are available for selectively 
labeling specifi c types of microorganisms and appropriate methods for separating 
cells from food are utilized so as not to interfere with detection (Seo et al.  1998  ) . The 
sensitivity of fl ow cytometry, however, is low (Table  2.1 ); the detection limit with 
food samples is around 10 5 –10 7  CFU/g (Betts and Blackburn  2009  ) . Currently, there 
are various fl ow cytometry methods developed for foods, especially for liquid samples 
such as dairy products, water, and other beverages (Comas-Riu and Rius  2009  ) .  

    2.4.3.3   Solid-Phase Cytometry 

 Solid-phase cytometry (SPC) is a technique that combines aspects of fl ow cytom-
etry and epifl uorescence microscopy (D’Haese and Nelis  2002  ) . After fi ltration of 
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the sample, the retained microorganisms are fl uorescently labeled with argon laser 
excitable dyes on the membrane fi lter and automatically counted by a laser scanning 
device. Each fl uorescent spot can be visually inspected with an epifl uorescence 
microscope connected to a scanning device by a computer-driven moving stage. 
Depending on the fl uorogenic labels used, information on the identity and the physi-
ological status of the microorganisms can be obtained within a few hours. SPC, like 
DEFT (see Sect.  2.4.3.1 ), is only applicable if the number of bacteria present is high 
(10 3 –10 4  CFU/g). Although both techniques were originally recommended for the 
determination of the total viable microbial count in liquid samples, they may also be 
utilized for the rapid detection and enumeration of pathogens in food samples, pro-
vided they can be specifi cally isolated. The effi ciency of viable bacteria detection 
from foods by IMS followed by SPC and DEFT was assessed using the pathogen 
 E. coli  O157:H7 (Pyle et al.  1999  ) . Within 5–7 h of enrichment, the IMS-SPC 
method detected higher numbers of cells than were detected by plating. SPC in 
conjunction with fl uorescent viability staining has also been reported as a tool to 
detect viable but nonculturable  Campylobacter jejuni  (Cools et al.  2005  ) .   

    2.4.4   Immunological Detection Methods 

 The antibody-based system has facilitated the design of a variety of assays and for-
mats. In some cases, the antigen–antibody complex formed is directly measurable or 
even visible. Incubation times are usually very short for methods such as agglutina-
tion reactions commonly used for the rapid identifi cation of microorganisms (see 
Sect.  2.6 ). Normally, the antibody is labeled with a fl uorescent reagent or with an 
enzyme so that the antigen–antibody interaction may be visualized more easily when 
it occurs. 

    2.4.4.1   Lateral Flow Devices 

 Lateral fl ow devices (LFD) are typically comprised of a simple dipstick made of 
a porous membrane that contains colored latex beads or colloidal gold particles 
coated with detection antibodies targeted toward a specifi c microorganism. The particles 
are found on the base of the dipstick, which is put in contact with the enrichment 
medium (Posthuma-Trumpie et al.  2009  ) . If the target organism is present, then it 
will bind with the colored particles. This conjugated cell/particle moves by capillary 
action until it fi nds the immobilized capture antibodies. Upon binding with these, 
it forms a colored line that is clearly visible in the device window, indicating a 
positive result (Betts and Blackburn  2009  ) . As with other immunoassays, LFD also 
require previous enrichment. The technique is extremely simple to use and easy to 
interpret, requires no washing or manipulation, and can be completed within 10 min 
after culture enrichment (Aldus et al.  2003  ) . There are various LFD on the market 
that have been validated for detecting different foodborne pathogens (Jasson et al. 
 2010 ; AOAC International  2011  ) .  
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    2.4.4.2   Enzyme-Linked Immunosorbent Assay and Enzyme-Linked 
Fluorescence Assay 

 The enzyme-linked immunosorbent assay (ELISA) is a biochemical technique that 
combines an immunoassay with an enzymatic assay. As LFD, it is a “sandwich” 
assay. An antibody bound to a solid matrix is used to capture the antigen from 
enrichment cultures and a second antibody conjugated to an enzyme is used for 
detection. The enzyme is capable of generating a product detectable by a change in 
color, or in the case of enzyme-linked fl uorescence assay (ELFA) in fl uorescence, 
which allows for indirect measurement using spectrophotometry (or fl uorometry for 
ELFA) of the antigen present in the sample (microorganism or toxin) (Cohen and 
Kerdahi  1996 ; Jasson et al.  2010  ) . 

 Detection using automated and robotic ELISAs is widely used since they can 
reduce detection times after enrichment to as low as 1–3 h (Thacker et al.  1996  ) . 
Thus, the results can be obtained in 2–3 days instead of the 3–5 days needed by 
conventional methods (Leon-Velarde et al.  2009  ) . There are many commercial 
enzyme immunoassays for detecting the main pathogens and toxins in foods (AOAC 
International  2011  ) . Bacteriophage recombinant protein technology can also be 
integrated in detection methods as part of improved immunological qualitative tests 
(Jasson et al.  2010 ; Savoye et al.  2011  )  (Inset  2.1 ). 

 The success of an immunoassay depends on the specifi city of the antibody. Using 
hybridoma technology, it has been possible to develop monoclonal antibodies that 
react only with one specifi c pathogen. The limit of detection for immunoassays is 
approximately 10 4 –10 5  CFU/g (Table  2.1 ) depending on the type of antibody and its 
affi nity for the corresponding epitope, which means that one or two previous enrich-
ment stages are always required (Jasson et al.  2010  ) .   

    2.4.5   Molecular Detection Methods 

 There has been an explosion in the past 15 years in the introduction of nucleic acid–
based assays for the detection and identifi cation of foodborne pathogens. There are 
many DNA-based assay formats, but only probes and nucleic acid amplifi cation 
techniques have been developed commercially for detecting foodborne pathogens. 

    2.4.5.1   Fluorescent In Situ Hybridization 

 Fluorescent in situ hybridization (FISH) with oligonucleotide probes directed at 
rRNA is the most common method among molecular techniques not based on PCR. 
The probes used by FISH tend to be 15–25 nucleotides in length, and are covalently 
labeled at their 5 ¢  end with fl uorescent labels. After hybridization, the specifi cally 
stained cells are detected using epifl uorescence microscopy (Wagner et al.  2003  ) . 
The detection limit of this technique is around 10 4  CFU/g (Table  2.1 ). Following 
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pre-enrichment to reach these detection levels, the results can be obtained quickly 
(in about 3 h) (Bottari et al.  2006  ) . FISH in combination with fl ow cytometry has 
been used for rapid culture-independent detection of  Salmonella  spp. on the sur-
faces of tomatoes and other fresh produce (Bisha and Brehm-Stecher  2010  ) .  

    2.4.5.2   Polymerase Chain Reaction 

 Polymerase chain reaction (PCR) is a method used for the in vitro enzymatic synthesis 
of specifi c DNA sequences by  Taq  and other thermoresistant DNA polymerases. 
PCR uses oligonucleotide primers that are usually 20–30 nucleotides in length 
and whose sequence is homologous to the ends of the genomic DNA region to be 
amplifi ed. The method is performed in repeated cycles, so that the products of one 
cycle serve as the DNA template for the next cycle, doubling the number of 
target DNA copies in each cycle (Hill  1996  ) . The rapid increase in the number of 
copies of the target sequence that can be achieved with PCR-based methods makes 
them ideal candidates for the development of faster microbiological detection 
systems. Many PCR tests have been validated and commercialized to make PCR a 
standard tool used by food microbiology laboratories to detect pathogens in foods 
(Jasson et al.  2010 ; AOAC International  2011  ) . 

 Conventional PCR relies on amplifi cation of the target gene(s) in a thermocycler, 
separation of PCR products by gel electrophoresis, followed by visualization and 
analysis of the resulting electrophoretic patterns, a process that can take a number 
of hours. The specifi city can be subsequently confi rmed by sequencing the ampli-
fi ed fragment. PCR can be superior to culture for detecting the main pathogens in 
food samples (Abubakar et al.  2007  ) . 

 Real-time PCR allows both the detection and quantifi cation of a signal emitted 
by the amplifi ed product by using the continuous measurement of a fl uorescent 
label during the PCR reaction. The increase in fl uorescence can be monitored in real 
time, which allows accurate quantifi cation over several orders of magnitude of the 
DNA target sequence. Results can be obtained in an hour or less, which is consider-
ably faster than conventional PCR. Real-time PCR has greatly increased the speed 
and sensitivity of PCR-based detection methods (Hanna et al.  2005  ) . But the terms 
“rapid” and “sensitive,” when applied to PCR as a detection method for foodborne 
pathogens, must be used with caution (Jasson et al.  2010  ) . PCR itself requires only 
about 30–90 min, but all methods for detecting foodborne pathogens using PCR 
require pre-enrichment times that may vary from 6–8 to 48 h. Aside from that, if a 
positive result for PCR is reached, this must be confi rmed using cultures. Regarding 
sensitivity, the limit of quantifi cation of real-time PCR with food samples is around 
10 3 –10 4  CFU/g (Table  2.1 ) (Rodriguez-Lazaro and Hernandez  2006 ; Navas et al. 
 2006 ; Jasson et al.  2010  ) . This limit is still too high for quantitative detection, since 
most samples taken from throughout the food supply chain are usually contami-
nated with fewer pathogen cells (normally less than 100 CFU/g). Consequently, this 
requires some enrichment of the microorganisms to be done prior to analysis, which 
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turns all currently available commercial real-time PCR into qualitative detection 
methods (presence/absence) instead of quantitative. 

 In some cases, multiple different microorganisms may be detected in a single 
PCR reaction by amplifying the corresponding loci simultaneously. In this type of 
multiplex PCR reaction, all necessary primers are combined in a single tube for 
detecting the presence of the main pathogens associated with a given food (Kawasaki 
et al.  2009  )  or the main subtypes within a given species (Valadez et al.  2011  ) .    

    2.5   Conclusions About Traditional and Rapid Methods 

 The process of selecting an appropriate method must consider the main criteria of 
the sensitivity of analysis, the time of detection, and the specifi city of the test 
(Table  2.1 ). The cornerstone of any method is its accuracy. This consists of the sen-
sitivity and the specifi city. The intent in developing a rapid assay is to reduce the 
time required to obtain an accurate result. 

 Qualitative detection (presence/absence) tests are used if information concerning 
the presence of an organism in a specifi ed quantity of food is required. The sensitiv-
ity of these tests is then defi ned by the quantity of food examined (Stannard  1997 ; 
Jasson et al.  2010  ) . In many cases, the requirement of detection is less than one cell 
per 25 g of food, as small numbers of some pathogens may be suffi cient to cause 
disease. Sensitive quantitative detection is usually achieved by traditional culture 
methods (Table  2.1 ). MPN determinations are suitable for low counts such as less 
than 100 per gram, and are widely used for estimates of levels below 10 per gram. 
Plate counts are generally used for counts of more than 10 CFU/g but are more 
accurate when levels exceed 100 CFU/g. With rapid methods, the lower limit of 
detection is almost always above 10 3  CFU/g of food (Table  2.1 ). Thus, rapid methods 
still lack suffi cient sensitivity for direct testing (Feng  2007  ) . 

 Traditional culture methods may require many days, resulting in very long 
assay durations. Most rapid methods for the detection of pathogens or toxins can 
be done in a few minutes to a few hours or at the utmost 1 day (Table  2.1 ). 
However, many detection systems need an enrichment, and positive results must 
be confi rmed by the appropriate offi cial method, which involve culturing, in 
many instances (Feng  2007  ) . In spite of this, commercially available rapid detec-
tion methods, such as ELISA, LFD, and PCR, have substantially shortened the 
total time of the detection assay when compared to conventional methods 
(Table  2.1 ) (Leon-Velarde et al.  2009  ) . They are, therefore, of great use in the 
rapid analysis of food with the goal of ensuring that only negative samples or lots 
are sent to market (Bohaychuk et al.  2005  ) . A major disadvantage of alternative 
methods over culture methods is that most rapid methods involve damaging the 
cells. Therefore, viable cells for confi rmation and further characterization can 
only be obtained by carrying out repeat analyses using standard culture procedures 
(Feng  2007  ) . 
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 Traditional culture methods use selective liquid or solid culture media to grow 
the target microorganism and simultaneously prevent the growth of other microor-
ganisms present in the food. The selection of a specifi c DNA sequence that will 
serve as probe or primer, along with the conditions in which hybridization is car-
ried out, will determine the specifi city of the nucleic acid–based assays. Concerns 
with immunological techniques include problems with cross-reactivity and diffi -
culties with obtaining species-specifi c assays selecting appropriate antibodies. 

 Although the method selected may be rapid and accurate, other factors, including 
the speed of sample processing and cost, must be considered. Sample preparation 
limits the speed of the assay and is one of the most challenging problems for the 
direct detection of bacteria in food. To be able to calculate the actual number of bac-
teria present in a food by rapid methods such as quantitative PCR (Q-PCR), no previ-
ous enrichment of the sample can be performed. If the target is present in low numbers 
and a small volume of sample is taken (as many PCR methods only require 0.1 mL 
or less), there is a chance that this subsample may not include the target organism. 
Thus, a labor-intensive preparation of the sample is needed in order to recover food 
cells and quantitatively extract the DNA and purify it. The major bottleneck of 
Q-PCR is therefore found in the preparation of the sample (Jasson et al.  2010  ) . The 
potential application of biosensor technology to pathogen testing in foods offers 
many attractive features (Chap.   6    ). However, like most assays, the exquisite sensitiv-
ity achievable with cultures does not translate to food testing (Feng  2007  ) . Microbial 
sensors are particularly applicable in fl uid systems with little organic substances, but 
this technique can present problems in its effi cacy in food systems containing fats 
and proteins that coat the sensor and render it inoperable. Therefore, adequate sample 
preparation techniques are another important consideration in developing biosensor 
assays for foods. The diffi culties inherent in food testing apply to microarrays as 
well, since the sensitivity of these assays decreases when testing foods (Chap.   5    ). 
Hence, factors such as adequate sample preparation and the need for confi rmation of 
results must be considered in designing microarrays for food testing (Feng  2007  ) . 
More research is needed on techniques for separating microorganisms from the food 
matrix and for concentrating them before detection methods are carried out. The 
possibilities of combining different rapid methods, including improved technologies 
for separation and concentration of specifi c bacteria, and for DNA extraction and 
purifi cation (Chap.   5    ), will facilitate the direct detection of pathogens in food 
(Mandal et al.  2011  ) . The goal is to avoid the enrichment providing rapid alternatives 
to conventional quantitative culture methods.  

    2.6   Identifi cation and Characterization of Microorganisms 

 After detection, miniature biochemical kits are often used to identify microorganisms 
quickly and easily. Advances in instrumentation have enabled automation of iden-
tifi cation tests. These instruments can incubate the reactions and automatically 
monitor biochemical changes to generate a phenotypic profi le, which is then 
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compared with a database stored in the computer to provide an identifi cation (Stager 
and Davis  1992  ) . Other automated systems identify bacteria based on compositional 
or metabolic properties, such as fatty acid profi les, carbon oxidation profi les, or 
other traits (Miller and Rhoden  1991  ) . 

 It is also very common to use antibodies to detect specifi c antigens using simple 
agglutination reactions. There are several commercial methods based on agglutina-
tion, in which antibody-coated colored latex beads or colloidal gold particles are 
used for quick confi rmation or serological identifi cation of pure culture isolates of 
bacteria from foods (D’Aoust et al.  1991 ; van Griethuysen et al.  2001  ) . A modifi ca-
tion of latex agglutination, known as reverse passive latex agglutination (RPLA), 
tests for soluble antigens and is used mostly in testing for toxins in food extracts or 
for toxin production by pure cultures (Feng  2007  ) . 

 Molecular methods based on the hybridization or amplifi cation of nucleic acids 
may also be used to identify or confi rm the identities of microorganisms, as well as 
a subspecifi c characterization. Molecular typing of a species can help not only to 
investigate the origin of the strains present in foods but also to establish an associa-
tion of the various degrees of virulence (López et al.  2006  )  or antimicrobial resis-
tance that may exist within a species to certain strains or subtypes. There are plenty 
of molecular genotyping and subtyping methods. Currently, the most widely used 
technique for microbial source tracking is pulsed-fi eld gel electrophoresis (PFGE), 
which is based in macrorestriction analysis of bacterial DNA and usually is carried 
out in reference or public health laboratories (Foley et al.  2009  ) . Ribotyping is the 
only molecular typing technique that has been marketed in a completely automated 
format and allows for the large-scale characterization and fi ngerprinting of strains 
for epidemiological investigation. Ribotyping is a variant of the restriction fragment 
length polymorphism (RFLP) technique, which employs probes based on rDNA. 
Results can be obtained within 16 h, and riboprint patterns can be stored to create a 
unique database (Pavlic and Griffi ths  2009  ) .       

   Inset    2.1 Detection of Enterohemorrhagic Strains of  Escherichia coli  in Food 

 Enterohemorrhagic  E. coli  (EHEC) is a subgroup of Shiga-toxin- (Stx) producing 
 E. coli  (STEC) that has caused major outbreaks and sporadic cases of hem-
orrhagic colitis (HC) and hemolytic uremic syndrome (HUS) (Inset   1.1    ). 
Among EHEC,  E. coli  O157:H7 is now recognized as an important human 
pathogen and together with  Salmonella, L. monocytogenes,  and  Campylobacter  
is one of four major food safety parameters (Jasson et al.  2010  ) . 

 There are other well-known EHEC serotypes that have caused illness 
worldwide, representing a growing public health concern. Some cases of non-
O157 STEC illness appear to be as severe as cases associated with O157. One of 
the more recent examples of severe disease caused by non-O157 EHEC is the 

(continued)
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2011 European outbreak of EHEC O104:H4 infection (Inset   1.1    ). Nevertheless, 
most cases of STEC attributed to non-O157 are less severe. There is much 
variation in virulence potential within STEC serotypes, and many may not be 
pathogenic. Of the more than 400 serotypes isolated, fewer than 10 (O26, 
O45, O91, O103, O111, O113, O121, O128, and O145) cause the majority of 
all STEC-related human illnesses (Mathusa et al.  2010  ) . 

   Detection of  E. coli  O157:H7 

 Because of the low dose of  E. coli  O157:H7 needed to cause infection, sensi-
tive and rapid detection methods for  E. coli  O157:H7 in food samples are 
necessary in order for the food industry to ensure a safe supply of foods. 
The sensitive detection of  E. coli  O157:H7 has been developed over recent 
years with the use of selective enrichment and through the development of 
methods such as IMS. Selective enrichment followed by IMS and subsequent 
spread plating of the concentrated target cells onto selective and differential 
agar appears to be the most sensitive and cost-effective method for the isolation 
of  E. coli  O157 from raw foods (Bolton et al.  1996  ) . 

 There are different reference methods for detecting  E. coli  O157:H7 in 
foods such as the protocol ISO 16654 (International Organization for 
Standardization  2001  ) , the USDA-FSIS method used for the analysis of 
both raw and ready-to-eat meat products and environmental samples 
(United States Department of Agriculture Food Safety and Inspection 
Service  2010a,   b  ) , and the FDA-BAM screening method for other foods 
(Feng and Weagant  2011  ) . 

 Currently, there are at least 22 commercial assays available for the detection 
and/or identifi cation of  E. coli  O157:H7 that have been offi cially validated for 
use in food testing (AOAC International  2011  ) . These rapid methods are 
mainly based on the use of antibodies or PCR.  

   Detection of Non-O157 EHEC 

 Except for O157:H7, there are no clear regulations to address the presence of 
other EHEC strains in foods. This is partly due to the diffi culties in discerning 
EHEC from STEC strains that have not been implicated in illness and may 
not be pathogenic (Mathusa et al.  2010  ) . These strains have few reliable 
biochemical or morphological characteristics (besides Stx production) that 
allow them to be distinguished from commensal  E. coli . Thus, to detect EHEC 
other than O157 and phenotypic variants of  E. coli  O157 in food, methods for 
the detection of virulence factors and/or genes must be used. 

 While there is no standardized protocol for non-O157 EHEC, IMS has 
been shown to be useful in the recovery of specifi c serogroups from food and 

(continued)
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fecal samples (O’Sullivan et al.  2007  ) . Together with O157, paramagnetic 
beads coated with antibodies against serogroups O26, O103, O111, and O145 
are also commercially available. There are also commercial selective agars 
that differentiate among O157 and those four EHEC serogroups on the basis 
of color, which is determined by a chromogenic compound and a mixture of 
selected carbohydrates (O’Sullivan et al.  2007  ) . 

 Real-time PCR assays have been developed for the detection of EHEC 
that carry the major associated virulence genes  eae ,  stx1,  and  stx2  (Inset 
  1.1    ) and/or serogroup-specifi c gene targets. Serogroup target genes include 
 wzx  (O-antigen fl ippase in O26),  wzy  (O-antigen polymerase in O103),  galE  
(galactose operon in O103),  Wbdl  (transferase gene in O111), and  Sil  (silver 
resistance in O145) (O’Sullivan et al.  2007  ) . Some of these targets have 
been combined into multiplex assays (O’Sullivan et al.  2007 ; Valadez et al. 
 2011  ) . Unfortunately, when confi rmation of the isolates inoculated in food 
samples is carried out, the recovery of some serogroups was lower than that 
of others (Fratamico et al.  2011  ) , and for serogroup O111, false negatives 
were often found (Verstraete et al.  2012  ) . In the case of the 2011 European 
outbreak of EHEC O104:H4 infection, simple diagnostic screening tools to 
detect the outbreak strain in clinical specimens and foods were rapidly 
obtained. Three days after having the fi rst isolate, a specifi c multiplex PCR 
was developed and made public, allowing for the specifi c identifi cation of 
the strain, together with a novel real-time PCR assay for its detection in 
foods (Scheutz et al.  2011  ) . 

 The USDA-FSIS procedure to detect and isolate non-O157 STEC sero-
groups utilizes a multiplex real-time PCR detection assay followed by culture 
isolation (United States Department of Agriculture Food Safety and Inspection 
Service  2010c  ) . The culture isolation of non-O157 EHEC involves IMS 
followed by plating onto commercial chromogenic agars. Typical colonies 
from these plates are confi rmed using multiplex PCR assays and biochemical 
identifi cation. In the FDA method, the enrichment procedure and real-time 
PCR screening assay for O157 STEC have also been validated for the detec-
tion and recovery of other non-O157 EHEC as well (Feng and Weagant  2011  ) . 
Commercial real-time PCR assays have also been designed for each of the 
non-O157 STEC O serogroups most commonly associated with human illness 
(Lin et al.  2011  ) .  

   Identifi cation and Characterization of EHEC 

 Serotyping is based on the use of specifi c antisera and the detection of O- and 
H-antigens expressed by these bacteria. Currently, a total number of 181 
O-antigens and 53 H-antigens are available. Kits for O serotyping and H sero-
typing for STEC are commercially available. However, a minority of strains 

(continued)
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do not serotype satisfactorily (O’Sullivan et al.  2007  ) . Serotyping can also be 
done by molecular methods including analysis of gene/DNA sequences within 
and just outside the O-antigen cluster and  fl iC  (H-antigens) sequence analysis. 
This molecular serotyping is based on DNA sequencing, DNA hybridization 
(microarray), PCR, or PCR-RFLP (O’Sullivan et al.  2007  ) . The importance of 
serotyping was highlighted when during the 2011 European outbreak of 
EHEC O104:H4, other HUS-associated EHEC serogoups (O157, O91, and 
O103) were also identifi ed, giving misleading results. This shows the need for 
the development of rapid serotyping and pathotyping methods for all HUS-
associated  E. coli  strains (Friedrich  2011  ) . 

 Genes encoding variants of  Stx , intimin, enterohemolysins, and other 
potential pathogenicity factors (Inset   1.1    ) can be used as targets for character-
ization and typing. Single-nucleotide polymorphism (SNP) assays detect 
nucleotide substitutions (SNPs) by using sequencing, PCR, or microarrays. 
While  stx1  has a relatively conserved nucleotide sequence, several variants of 
 stx2  have been described (O’Sullivan et al.  2007  ) . Neupane et al.  (  2011  )  have 
shown that overexpression of  stx2  is common in strains associated with HUS 
and that SNPs that may affect  stx2  expression could be useful in differentiat-
ing between highly virulent strains. 

 There are numerous PCR-based methods for the detection of EHEC viru-
lence factors, but the time and cost involved with large-scale screening efforts 
and population level analyses have limited the size and scope of studies. 
Combining the high-throughput performance of microarrays with the speci-
fi city and sensitivity of real-time Q-PCR, Gonzales et al.  (  2011  )  identifi ed and 
evaluated a panel of 28 genetic markers that can be used with high-throughput 
PCR to virulotype, serotype, and preliminarily subtype large numbers of iso-
lates. The panel includes known virulence and regulatory genes, O-antigen 
genes, and select prophage regions of O157 and non-O157 EHEC.  This has 
the potential to become an integral tool in outbreak, environmental, and 
genetic investigations of EHEC. 

A different microarray has been developed for the identifi cation of STEC 
strains with a high potential for human virulence. It is based on the genetic 
identifi cation of 12 O-types and 7 H-types of STEC including the most clini-
cally relevant EHEC serotypes (Bugarel et al.  2010  ) . The genes selected for 
determination of the O-antigens showed a high specifi city and concordance 
with serology. The microarray also had a high specifi city for EHEC-associated 
virulence factors, and it was used during the 2011 European outbreak of 
EHEC O104:H4 infection (Chap.   5    ).   

Inset 2.1 (continued)
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  Abstract   A microarray is defi ned as a collection of microscopic features densely 
organized onto the surface of a solid support that can be probed with target mole-
cules chemically labeled to produce either quantitative or qualitative data. For 
biological applications, the features that make up the array can be DNA, RNA, pro-
teins, polysaccharides, lipids, small organic compounds, or even whole cells. DNA 
microarray technology is the most popular and well-developed usage of microar-
rays. It has allowed researchers to perform large-scale quantitative experiments and 
has contributed to fundamental changes in the way to perform biological research, 
moving from a gene-by-gene approach to global or genome-wide systemic studies.  

  Keywords   DNA microarray technologies  •  Microarray methodologies  •  Microarray 
applications      

    3.1   Introduction 

 The idea of performing biological reactions with one spatially immobilized reagent 
is not new. In  1975 , Edwin Southern described a technique that transformed molec-
ular biology. Later during the 1980s, researchers began to work on a technique in 
which molecules of a known identity were immobilized on a membrane or slide and 
the solution to be tested was labeled and hybridized to the surface. Such arrays were 
used in DNA mapping and sequencing. This work concluded with a publication by 
Fodor et al. in  1991  about a new technology called Affymax (later Affymetrix). The 
paper described protein and nucleotide arrays, their production using photolithogra-
phy, and their applications. 

 In  1995 , Schena et al. introduced the word “microarray” for the fi rst time. 
Initially, the technique was greatly limited, but the amount of sequencing data began 
to grow rapidly and the power of microarrays increased tremendously. By the 
mid-1990s, scientists had extended microarray capabilities by using them to study 
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gene expression levels of hundreds of genes simultaneously, and in the process 
established microarrays as a viable and fl exible molecular biology tool. The twenty-
fi rst century has witnessed an explosion in microarray-based publications, as 
researchers fi nd more and more uses for the technology. It is diffi cult to fi nd an issue 
of a contemporary biology journal that does not mention microarray technology 
(Wheelan et al.  2008  ) .  

    3.2   DNA Microarray Principles and Technologies 

 The fundamental basis of DNA microarray technology involves the parallel hybridiza-
tion of a mixture of nucleic acids (targets) with thousands of individual nucleic acids 
species (probes). Probes have a specifi c location on the array (spot or feature) so they 
can be identifi ed by their spatial position in a single experiment. The probe sequences 
are immobilized in a tightly packed manner so that it is possible to place many differ-
ent probes on a single small surface. While the probes are immobilized, the targets are 
deposited as a solution onto the array in order to hybridize. The target sample is usually 
labeled with a fl uorescent dye that can be detected by a light scanner that scans the 
surface of the microarray. The key to microarray technology is that a probe is detected 
at a level proportional to the amount of its target present in the labeled extract. 

 DNA microarrays have been widely used for gene expression profi ling and 
genotype analysis. Observing all the microarray spots at the same time gives the 
profi le of a sample; in the most common application of DNA microarrays, the target 
sample is mRNA and the total microarray image represents the transcriptional 
profi le of the sample (de Rinaldis and Lahm  2006  ) . Although mRNA expression 
profi ling is the dominant application for DNA microarrays, they are also used in 
genomic DNA analyses such as the detection of alternatively spliced variants, the 
epigenetic status of the genome, DNA copy number changes and sequence poly-
morphisms, or to detect DNA–protein interactions. The potential applications 
include the analysis and characterization of any reaction product composed of 
nucleotide sequences (Shiu and Borevitz  2008  ) . 

 Due to advances in manufacture, robotics, and bioinformatics, microarray tech-
nology has continued to improve in terms of effi ciency, reproducibility, sensitivity, 
and specifi city. These improvements have allowed microarrays to transition from 
strictly the research setting to clinical diagnostic applications (Miller and Tang 
 2009  ) . In addition to the ability to examine a large number of genes in parallel, the 
success of microarrays can be attributed to the versatility and fl exibility of array 
designs. Currently, many microarray platforms are available, and custom array designs 
are possible and relatively cost-effi cient. DNA microarray technology can be clas-
sifi ed according to the method used for the deposition of the probe sequences onto 
the solid surface. This can be done by presynthesis (printed microarrays) or in situ 
synthesis (in situ-synthesized oligonucleotide microarrays). The solid surface used 
varies depending on the type of microarray employed. 

 There are downsides to microarray technology. Microarrays are still expensive, 
and more importantly, microarray experiments generate enormous amounts of 
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complex data that are not analyzed easily. There is currently no consensus about 
how many repetitions need to be done, although the number fortunately appears to 
be low. The cost of arrays is independent of the cost of the reagents (Cy3 and Cy5 
are expensive). The array scanner and workstation, the time and effort of a techni-
cian and an analyst, and of course the cost associated with the time spent doing the 
experiment in the fi rst place must all be added to the cost of microarray experimen-
tation (Wheelan et al.  2008  ) . 

    3.2.1   Printed DNA Microarrays 

 Arrays based on presynthesis of the probes are known as spotted or printed arrays 
because the probes are “printed” or spotted onto the microarray surface. In this tech-
nology, a robot spotter is used to place small quantities of a probe in solution on the 
microarray surface (commonly a glass microscope slide). Glass slides are an attractive 
medium for microarrays because they are economical, stable during high temperatures 
and stringent washes, nonporous (allowing for effi cient kinetics during hybridization), 
and have minimal background fl uorescence (   de Rinaldis and Lahm 2006). 

 The probe spots can be applied by either noncontact or contact printing. A non-
contact printer shoots small droplets of probe solution onto the glass slide. In contact 
printing, each print pin directly applies the probe solution onto the microarray 
surface. The result is the application of probe solution to create spots of 100–150  m m. 
Control for cross-contamination and consistency during the printing process is 
crucial to preserve the reliability of the microarray and consequent hybridization 
data. Due to the relatively large size of the features, printed microarrays are of lower 
density (10,000–30,000 spots) than in situ-synthesized microarrays or high-density 
bead arrays, but offer considerably more features than suspension bead arrays 
(Miller and Tang  2009  ) . The main advantage of the presynthesis of oligos is the 
ability to generate arrays with specifi cally desired sequences. The presynthesis 
technology is often used in small laboratories that want to have the freedom to target 
specifi c sequences, which are often not standard, and therefore need to design their 
own chips. This fl exibility allows even the spotting of unknown DNA sequences, 
which can be essential for particular experimental designs. 

 According to the nature of the probe, printed arrays can be classifi ed as double-
stranded DNA microarrays or oligonucleotide microarrays. For double-stranded 
(ds) DNA microarrays, the probes consist of amplifi cation products (amplicons) 
obtained by PCR using primers designed from a known genomic sequence, shotgun 
library clones, or cDNA. The double-stranded amplicons are denatured to allow the 
probes to be available for hybridization. Amplicons can be attached to the glass 
slide surface either by the electrostatic interaction between the negative charge of 
the phosphate backbone of the DNA and a positively charged coating on the slide 
surface or by UV-cross-linked covalent bonds between the thymidine bases in 
the DNA and amine groups on treated slides. A 200–800-bp dsDNA probe is 
recommended, but larger fragments of up to 1.3 kb in length also work. In 
a typical microarray design, each probe corresponds to one gene. PCR amplicons for 
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microarrays should produce a high yield and specifi city and no contamination 
(nonspecifi c amplifi cation or contaminants that autofl uoresce themselves or affect 
the attachment of targets to the microarray surface). Nevertheless, the generation of 
whole-genome DNA microarrays by high-throughput PCR amplifi cation is a very 
laborious process, and dsDNA probes generally have high sensitivity but suffer in 
specifi city. Extensive quality control by gel electrophoresis, product purifi cation, 
and repetition of dropout reactions is necessary (Ehrenreich  2006  ) . The ultimate 
assessment of probe specifi city requires sequencing the products. Decreased speci-
fi city can be benefi cial when analyzing a genomic sequence rich in natural polymor-
phisms, but it is disadvantageous when trying to discriminate between highly similar 
target sequences. Moreover, high specifi city is necessary for clinical diagnostic 
applications (Miller and Tang  2009  ) . Two advantages that spotted dsDNA microar-
rays have are their higher hybridization sensitivity and their lower cost. 

 Oligonucleotide spotted microarray probes consists of short chemically synthe-
sized sequences. Usually, the length of the probes ranges from 25 to 80 bp but may 
be as long as 150 bp for gene expression microarrays. Using oligonucleotides as 
probes is an alternative to double-stranded DNA because fewer errors are intro-
duced during probe synthesis and it allows for the testing of small genomic regions, 
including polymorphisms. A decreased probe length may adversely affect the 
sensitivity compared to dsDNA probes, but the specifi city is greater when short 
specifi c genomic regions are interrogated. Moreover, longer probes have higher 
melting temperatures and greater mismatch tolerance, leading to decreased specifi c-
ity. Generally, the larger the length of the probe, the stronger the hybridization signal 
and the higher the sensitivity. Because of the small size of the probes in general, 
oligonucleotides are commonly attached to the slide surface by covalent coupling. 
Otherwise, a signifi cant amount of probes would be lost during hybridization and 
washing. To achieve covalent linkage, slides are commonly coated with compounds 
with aldehyde or epoxy functional groups. Oligonucleotides are attached to the 
microarray surface via a modifi ed 5 ¢  or 3 ¢  end. This increases the availability of the 
probe sequences for hybridization with potential targets, because they are not fi xed 
to the surface by the nucleic acid backbone or by individual bases. A further improve-
ment in sensitivity can be achieved by inserting spacer molecules between the 
oligonucleotides and the slide surface (most commonly a 5 ¢  amino group) (Ehrenreich 
 2006  ) . Despite being easier to manufacture than dsDNA probes, oligonucleotide 
probes need to be designed carefully so that all the probes have similar melting 
temperatures (within a range of 5°C) and lack palindromic sequences. 

 Printed microarrays are relatively simple and inexpensive compared to in situ-
synthesized microarrays. Setting up microarray facilities is costly and requires 
a dedicated space in which the environment is well controlled (dust, humidity, tem-
perature, ozone levels, etc.). However, if microarray core facilities are available at 
research centers and/or universities, these challenges don’t affect the individual 
researchers as much. The huge scale of amplicon production along with the issues 
of quality control, information management, effi ciency, and accuracy are the main 
diffi culties in the manufacturing of printed dsDNA microarrays. Moreover, the design 
of oligonucleotide probes is laborious, and errors introduced during probe synthesis 
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are a problem. There are a great number of commercially available whole-genome 
printed microarrays for select organisms. Additionally, printed dsDNA microarrays 
are important for the study of organisms that have not been fully sequenced.  

    3.2.2   In Situ-Synthesized Oligonucleotide Microarrays 

 For microarrays synthesized in situ, the manufacturing steps of cloning, amplifi ca-
tion by PCR, and probe spotting are not necessary. This offers an important advan-
tage by reducing the noise and variability of the system. Most array manufacturers 
offer standard ready-to-use chips designed for monitoring the expression profi les or 
the genotype of many common organisms such as human, mouse, rat, or yeast. 
In this case, the customer is not responsible for the complex problems of probe 
design or attaching the probes to the chip. 

 In situ-synthesized arrays are high-density microarrays that, like oligonucle-
otide printed arrays, use oligonucleotide probes. In contrast to printed oligonucleotide 
arrays, however, the oligonucleotide probes are synthesized directly on the surface of 
the microarray. 

 Arrays generated by this approach achieve DNA oligonucleotide synthesis by 
successive rounds of deprotection from UV light with many photolithographic 
masks. By combining solid-phase chemistry and photolithography, extremely high-
density oligonucleotide arrays containing more than 10 6  features can be manufac-
tured. GeneChips (Affymetrix) are the most commonly known. In situ-synthesized 
probes are usually short (20–25 bp), and typically, multiple probes per target are 
included to improve the sensitivity, specifi city, and statistical accuracy. The use of 
probe sets is common to increase the specifi city. A probe set includes one perfect 
match probe and one mismatch probe that contains a 1-bp difference in the middle 
position of the probe. Results from the exact probe versus the mismatched probe can 
therefore be used to detect and eliminate cross-hybridization. 

 GeneChips oligonucleotide probes (Affymetrix) are synthesized using semicon-
ductor-based photochemical synthesis. There are synthetic linkers on the quartz 
surface modifi ed with light-sensitive protecting groups. Consequently, the microar-
ray surface is chemically protected from a nucleotide attachment until deprotected 
by light. Once the array surface is exposed to UV light, reactive nucleotides modi-
fi ed with a photolabile protecting group can be added to growing oligonucleotide 
chains. Photolithographic masks are used to target specifi c nucleotides to exact 
probe sites. Each photolithographic mask has a defi ned pattern of windows, which 
act as a fi lter to either transmit or block UV light. Areas of the microarray surface in 
which UV light has been blocked will remain protected from the addition of nucle-
otides, whereas areas exposed to light will be deprotected, and specifi c nucleotides 
can be added. The pattern of windows in each mask directs the order of nucleotide 
addition. In situ probe synthesis is therefore achieved through the repeated cycling 
of masking, light exposure, and the addition of either A, C, T, or G bases to the 
growing oligonucleotides (Miller and Tang  2009  ) . 
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 Roche NimbleGen and Agilent Technologies are other important manufactures 
of high-density oligonucleotide microarrays. In both platforms, the oligonucleotide 
probes used are longer (60–100 bp). NimbleGen microarrays can contain more 
than 10 6  features, and different formats per slide are available, such as 1 × 2.1 
million features, 3 × 720,000 features, 1 × 385,000 features, 4 × 72,000 features, and 
12 × 135,000 features. Agilent microarrays are available in the following formats: 
SurePrint G3 formats (8 × 60,000 features, 4 × 180,000 features, 2 × 400,000 fea-
tures, and 1 × 1,000,000 features), and SurePrint HD formats (8 × 15,000 features, 
4 × 44,000 features, 2 × 105,000 features, and 1 × 244,000 features). 

 While NimbleGen manufactures probes by maskless photo-mediated synthesis 
similar to the process used for Genechips, Agilent employs inkjet technology for in 
situ synthesis. Affymetrix and NimbleGen microarray technologies use quartz 
wafers, while Agilent microarrays use glass slides and inkjet printing, which elimi-
nates the need for either lithographic or digital masks. Unlike Affymetrix chips, 
which are hybridized with only one labeled target, the NimbleGen and Agilent plat-
forms allow multicolor hybridizations and the use of longer oligonucleotides, thus 
increasing sensitivity. 

 Synthesized microarrays depend on commercial manufacturing because of the 
complexity behind chemical synthesis and the high cost involved in their produc-
tion. The number of microbial genome microarrays that are commercially available 
for gene expression studies is continually growing. For specifi c applications, syn-
thesized oligonucleotide arrays can be designed and ordered as custom microarrays. 
A custom Affymetrix microarray can be quite expensive, and the infl exibility of its 
custom mask makes the use of an Affymetrix-synthesized array impractical for 
some applications. In contrast, the NimbleGen and Agilent platforms are easily 
customized with a unique oligonucleotide sequence content. In addition, a web-
based tool provided by Agilent called eArray allows users to design custom microar-
rays with no minimum manufacturing batch size requirements, making Agilent 
microarrays a primary choice for homebrew and pilot applications. The major 
advantages to these systems are the reproducibility of the manufacturing process and 
the standardization of reagents, instrumentation, and data analysis. Oligonucleotide 
microarrays generally allow much cleaner downstream hybridization data than 
amplicon-based microarrays. With oligonucleotide arrays, the ability to standardize 
probe concentrations and hybridization temperatures has resulted in considerable 
improvements in the accuracy and reproducibility of microarray data (Miller and 
Tang  2009  ) .  

    3.2.3   Suspension Bead Arrays 

 Suspension bead arrays are three-dimensional arrays based on the use of micro-
scopic polystyrene spheres as a solid support and fl ow cytometry for bead and target 
detection. Multiplexing is accomplished by using different microsphere sets based 
on color (Miller and Tang  2009  ) . 
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 The current generation of commercially available suspension bead arrays 
(LabMap System, Luminex) offers a 100-element array that uses a fl ow cytometer 
for analysis of the microspheres in suspension. The fl ow cytometer provides 
a method to simultaneously detect DNA-binding events on each microsphere. Two 
spectrally distinct fl uorophores are incorporated on polystyrene microspheres 
(FlowMetrix Beads). Using defi ned ratios of these fl uorophores, a suspension 
microarray is created consisting of up to 100 different microsphere sets. The fl ow 
cytometer provides two lasers for simultaneous excitation of both fl uorophores. 
A third fl uorophore coupled to the reporter molecule quantifi es the biomolecular 
interaction that has occurred on the surface of each microsphere. A suspension of 
microspheres is individualized by the hydrodynamic focusing effect of a fl ow cell. 
High-speed digital signal processing classifi es the microspheres according to their 
spectral properties and thus is able to quantify the reaction on the surface. For each 
analyte, a defi ned quantity of microspheres is added to the sample. After mixing and 
incubating the analytes and microspheres, the detector molecules are added. A cen-
trifugation or fi ltration step is needed after incubation to separate the unbound com-
ponents. The washed bead suspension is directly read with the fl ow cytometer 
(Seidel and Niessner  2008  ) . 

 Although the feature density of suspension bead arrays is the lowest of the plat-
forms that have been reviewed here, the relative simplicity, powerful multiplexing 
capabilities, and relatively low cost make this platform the most practical system for 
high-throughput nucleic acid detection in applications such as clinical diagnosis of 
infectious diseases (Miller and Tang  2009  ) .  

    3.2.4   High-Density Bead Arrays 

 BeadArrays (Illumina) offer an attractive substrate for the high-density detection of 
target nucleic acids. BeadArrays are based on 3- m m silica beads that randomly self-
assemble onto one of two available substrates: the Sentrix Array Matrix (SAM) or 
the Sentrix BeadChip. The SAM contains 96 1.4-mm fi ber-optic bundles. Each 
bundle is an individual array consisting of 50,000 5- m m light-conducting fi bers, 
each of which is chemically fi xed to create a microwell for a single bead. Each SAM 
allows the analysis of 96 independent samples. The Sentrix BeadChip is used to 
assay 1–16 samples at the same time on a silicon slide that has been processed by 
microelectromechanical systems technology to provide microwells for individual 
beads. BeadChips are more appropriate for very high-density applications such as 
whole-genome genotyping and for determining genome-wide single-nucleotide 
polymorphisms. In BeadArrays technology, the beads randomly separate to their 
fi nal location on the array so the bead location must be mapped, which is in contrast 
to the known locations of printed or in situ-synthesized microarrays. The mapping 
is accomplished by a decoding process. Each bead has approximately 700,000 
copies of a unique capture oligonucleotide covalently attached to it, which acts as 
the bead’s identifi er. After a series of hybridization and rinse steps, fl uorescently 
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labeled complementary oligonucleotides bind to their specifi c bead sequence, making 
the identifi cation of the bead location possible (Seidel and Niessner  2008 ; Miller 
and Tang  2009  ) . This decoding process offers the additional advantage of the qual-
ity control provided for each feature of the microarray. Since each manufactured 
microarray will not be identical, BeadArrays have built-in redundancy, which pro-
vides a crucial experimental control for inter-microarray comparative data (Miller 
and Tang  2009  ) . BeadArrays have been successfully used for DNA methylation 
studies, gene expression profi ling, and SNP genotyping.   

    3.3   Microarray Approaches and Applications 

 Regardless of the technology used, the fi nal aim of any microarray assay is to provide 
a measure for each probe of the relative abundance of the complementary target in 
the sample of interest. When well designed, microarrays can answer a huge number 
of questions with a single experiment or can increase the scope of an experiment to 
previously inaccessible levels (Wheelan et al.  2008  ) . Thus, microarrays have been 
successfully used in a variety of applications, including sequencing, single-nucleotide 
polymorphism (SNP) detection, characterization of protein–DNA interactions, DNA 
computing, and others. However, mRNA profi ling applications currently dominate 
microarray usage because of the amount of information that can be obtained about 
the functions of genes in cells and tissues. Applications can be divided into two main 
classes: mRNA gene expression profi ling and analysis of genomic DNA. 

    3.3.1   mRNA Gene Expression Profi ling 

 Undoubtedly, the most often used application of DNA microarray technology is 
transcription analysis. The transcriptome, or the entire set of genes transcribed in 
a specifi c cell at a given time under defi ned conditions, can effectively be analyzed 
using DNA microarrays. However, it is essential to spend some time thinking about 
exactly what type of gene expression changes are expected and in what type of cells 
those changes would be best detected. Microarray experiments are relatively easy to 
perform, but poor experimental design may yield results that are diffi cult or impos-
sible to interpret (Ness  2006  ) .

    • Case versus control studies . The most common and basic question in DNA 
microarray experiments is whether genes appear to be upregulated or downregu-
lated between two or more groups of samples. This type of analysis is essential 
because it provides the simplest characterization of the specifi c molecular differ-
ences associated with a specifi c biological effect. These signatures can be used 
to generate new hypotheses and guide the design of further experiments (Trevino 
et al.  2007  ) . Treating a cell line or microorganism with a specifi c treatment con-
dition generates immediate and rapid changes in gene expression that can be 
detected with microarray assays (Ness  2006  ) . When comparing two biological 
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conditions such as disease state vs. normal state, genes that are differentially 
expressed in the disease state can be identifi ed and hypotheses can be made to 
identify the genes that play a causal role in the development of the disease. If the 
transcriptional data are also confi rmed at the protein level, these genes can poten-
tially pose an interest as candidates for drug targets in pharmaceutical research. 
Ideally, drugs could be designed to specifi cally inhibit any particular gene, 
protein, or signaling cascade, and if the target is specifi cally expressed in the 
diseased tissue, there is less chance of causing undesirable effects (de Rinaldis 
2006). Simple case vs. control studies have given way to more powerful experi-
mental designs to suggest targets and illuminate disease mechanisms.  
   • Comparison of samples . Microarray technology offers a rapid and sensitive way 
to compare gene expression profi les in tumors from different individuals as 
a potential clinical tool to identify which types of tumors might respond better 
to a particular treatment or for identifying patients with better or worse progno-
ses. Such information could be particularly helpful to make decisions about which 
therapeutic options are most appropriate. Nevertheless, these studies involve 
quite complex data and statistical analyses. Additionally, successful clinical 
studies require balanced cohorts designed by qualifi ed biostatisticians to avoid 
common pitfalls and artifacts (Ness  2006  ) .  
   • Functional response patterns . The power of expression profi ling is most evident 
in experiments that explore a systematically varied set of conditions. Data redun-
dancy is provided by sampling a smoothly varying process. Co-regulation of 
genes across a set of biological conditions can reveal functional gene groups 
(Stoughton  2005  ) . These co-regulation–based groupings are a fairly accepted 
way to gain functional information using the “guilt by association” inference. In 
other words, a gene of unknown function is predicted to be associated with 
a functional role if its expression pattern is similar to that of a gene of known 
function (Quackenbush  2003  ) .  
   • Studying pathways and biological gene networks . While standard gene expres-
sion analysis looks at each gene as an independent entity, pathways analysis is 
designed for the identifi cation of coordinated changes in expression, affecting 
many genes at the same time. The idea at the basis of the various approaches and 
tools for pathway analysis is that of characterizing the behavior of groups of 
genes that act in concert to carry out a specifi c function. Defi ned gene sets can 
include annotation-based groups of genes belonging to the same functional 
category/pathway or can derive from the analysis of independent expression 
data, like clusters of co-expressed genes, genes expressed in a particular tissue 
type or in particular conditions (de Rinaldis and Lahm 2006).     

    3.3.2   Analysis of Genomic DNA 

 Genomes constantly experience expansion, contraction, and other changes due to 
events such as deletion, insertion, translocation, and inversion. These changes can 
be identifi ed through comparative genomic hybridization (CGH), where DNA 
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sequence differences throughout the entire genome are monitored by comparing 
differentially labeled test DNA and reference DNA (Shiu and Borevitz  2008  ) .

    • Genotyping . The rapid acquisition of genetic information was one of the original 
objectives of the development of Affymetrix microarray technology. In 1996, 
Chee et al. demonstrated a method of resequencing for point mutations using 
microarrays, which currently has become an established technique. The baseline 
method involves short probes complementary to every N-mer of the baseline target 
sequence along with additional probes with each of the four nucleotides at the 
putative mutation position. Each of these also can be paired with a “mismatch” 
probe to control for nonspecifi c hybridization. Chips have been designed for 
mutation detection in genes of particular interest to human health, showing the 
promise of these methods and also the diffi culties associated with false detec-
tions when the underlying mutation rates are low (Stoughton  2005  ) .  
   • Detailed characterization of microbial pathogens . By enabling parallel interro-
gation of pathogen genomes, microarrays offer promising improvements in the 
diagnosis of infectious diseases, monitoring of emerging infections, and examin-
ing the safety of food, water, and air (Stoughton  2005  ) . Probes targeted to specifi c 
genes are used to detect the presence of virulence factors, antigenic determi-
nants, and drug resistance determinants as well as to closely resolve related 
species of bacteria. Probes designed for genes of a baseline strain can be used to 
characterize and compare the genomes of test strains via competitive hybridiza-
tion. CGH can be conducted both within species and between species to discover 
instances of gene gain or loss. CGH is not restricted to genes, since arrays with 
nongenic sequences or even whole genomes are commercially available for 
several model organisms or can be fabricated on demand (Shiu and Borevitz 
 2008  ) . Host–microbe interactions also could be studied in detail using a combi-
nation of genomic analysis of the pathogen and expression profi ling of host 
immune cells (Stoughton  2005  ) .      

    3.4   Microarray Methodologies 

 Microarray technology allows simultaneous massive parallel determination and 
multiple measurements of a variety of binding events. Moreover, it has the advan-
tage of requiring a small amount of material, and it may easily be automated with 
the possibility of saving a great deal of time. 

 In a typical expression microarray experiment, the system relies on measuring 
the absolute intensity of the labeled target from each sample. In a one-color strategy, 
mRNA from one type of cells or tissues is isolated and reverse-transcribed to cDNA 
to avoid degradation. Usually, fl uorescently labeled nucleotides are incorporated 
during the reverse transcription. After the labeling, cDNAs are hybridized on the 
microarray, which is then analyzed by a laser scanner, and the intensity of each 
feature is measured. 
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 A different commonly used technique to measure gene expression involves RNA 
isolation from two separate samples. This is the two-color approach strategy, a com-
parative hybridization experiment between two samples. In this technique, the two 
different samples are each labeled with two different dyes that fl uoresce at nonover-
lapping wavelengths (typically, Cy3 and Cy5 are used). The two pools of labeled 
cDNAs are mixed and then hybridized on the array. If expression levels are similar 
for both samples, then both Cy3- and Cy5-labeled cDNA are present, resulting in 
a yellow-colored spot. If expression levels from the Cy5-labeled cDNA are higher, 
then a red spot will appear. On the contrary, if expression levels from the Cy3-
labeled cDNA are higher, then a green spot will be observed (Fig.  3.1 ).  

    3.4.1   Sample Preparation 

 There are many variations in the protocol for isolating and amplifying target nucleic 
acid. In the case of mRNA profi ling, either mRNA or total RNA can be the starting 
material for amplifi cation. In prokaryotes, mRNA purifi cation is problematic 
because the nucleic acid lacks 3 ¢  polyadenylation, and there are no widely adopted 

  Fig. 3.1    Steps of a two-color approach strategy to do a comparative genomic hybridization 
 experiment with DNA microarrays       
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protocols for selectively labeling the mRNA. Due to the lack of polyadenylation, 
random priming has to be used with either hexamers or nonamers. Thus, only total 
RNA can be labeled, resulting in a higher background and requiring a substantially 
higher amount of total RNA to be added to the labeling reaction. New protocols 
trying to solve this problem have been developed, such as preparing polyadenylated 
mRNA from prokaryotes; however, they have not been widely adopted. An addi-
tional problem in working with prokaryotic mRNA is its higher instability compared 
with eukaryotic mRNA. This instability demands special care during the prepara-
tion of prokaryotic RNA to avoid producing artifacts. It is possible to miss the 
expression of certain genes simply because of degradation of the corresponding 
mRNA during the experiment (Ehrenreich  2006  ) . Good-quality total bacterial RNA 
can be prepared with commercial kits such as RNeasy (Qiagen), but the quality 
should be checked with a Bioanalyzer (Agilent Technologies) that expresses the 
RNA quality in the form of an RNA integrity number (RIN). RNA with a value 
higher than 8 on the RIN scale of 0–10 is considered suitable for hybridization. 

 Labeling molecules or modifi ed nucleotides capable of being tagged with a label-
ing molecule can be incorporated during the synthesis of amplifi cation products. 
In the Affymetrix protocol, the labeling takes place after hybridization. When the 
amount of sample material is scarce, an amplifi cation step is needed. Nucleic acid 
amplifi cation can be accomplished through reverse transcription of RNA followed 
by linear amplifi cation via in vitro transcription (IVT) and/or polymerase chain 
reaction (PCR). Amplifi cation can be 3 ¢ -biased or full-length, and this decision 
infl uences the process of probe design. 3 ¢ -Biased amplifi cation methods take advan-
tage of the ability to prime from polyadenylation sequences found in eukaryotic 
transcripts. Full-length amplifi cation tends to employ random priming of the target 
molecules, either because poly(A) sequences do not exist (prokaryotic organisms) 
or because of a desire to obtain amplifi cation product lengths that are more repre-
sentative of the complete target sequences. The fi nal product to be hybridized to the 
array can be either cDNA or cRNA. Linear and modest amplifi cation, as well as 
postsynthetic incorporation of labels, are usually associated with more reproducible 
data. cDNA–DNA hybridizations are likely to suffer less from cross-hybridization, 
although the binding energies tend to be lower than those of cRNA–DNA duplexes 
(Stoughton  2005  ) .  

    3.4.2   Hybridization 

 During hybridization, complementary sequences should be able to fi nd each other. 
The fundamental parameters are time, stringency, concentration, and complexity of 
the sample and density of available binding sites. Other factors include the distribu-
tion of fragment lengths, steric effects of dye molecules, and surface chemistry. The 
optimization of stringency involves choosing conditions in which, for most probes, 
perfect match duplexes have a high occupancy compared to mismatch duplexes. 
Overall, any given target sequence will pair and dissociate many times during the 
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hybridization reaction, staying longer at high-binding-energy well-matched duplexes 
than in poorly matched duplexes. During this annealing, specifi city increases over 
time as the reaction approaches equilibrium. In fact, the progression with time can 
be used to distinguish specifi c from nonspecifi c binding. Generally, long hybridiza-
tion times at a relatively high stringency are required to obtain the best specifi city 
(Stoughton  2005  ) . 

 The hybridization of DNA microarrays can be done in two different ways. The 
classical approach includes placing the labeled target on a slide and carefully cover-
ing it. This requires some degree of skill to prevent gradients in hybridization and to 
avoid air bubbles. A hybridization chamber is usually needed to keep the tempera-
ture and humidity constant. Hybridization temperatures range from 40°C to 65°C 
depending on several factors, including the organism studied, the hybridization 
buffer composition, and the technology used. The hybridization temperature is criti-
cal for oligonucleotide microarrays and has to be carefully optimized. Hybridization 
solutions contain saline sodium citrate (SSC), sodium dodecyl sulfate (SDS) as 
detergent, nonspecifi c DNA such as salmon sperm DNA, blocking reagents to 
reduce the background like bovine serum albumin (BSA) or Denhardt’s reagent, 
and labeled cDNA from the samples. Other factors such as agitation, microfl uidic 
circulation (Affymetrix system), sonication, and the use of surfactants or buffers 
have the potential to speed up and improve hybridization. Washing off the unbound 
sample after hybridization is a crucial step. Stringency must be optimized here as 
well. More stringent washing steps are performed at the end of the washing proce-
dure, which can be achieved by either decreasing the ionic strength or increasing the 
washing temperature (Ehrenreich  2006  ) . Finally, the slides are dried and scanned 
within several hours after hybridization, because the fl uorescence signal deterio-
rates with time. It is important to protect the slides from high levels of atmospheric 
ozone due to the sensitivity of some dyes (particularly during the drying step when 
the array surface is exposed to the air). 

 Automatic array hybridization stations are an alternative to the classical approach. 
The hybridization and washing steps are achieved by running programmed proto-
cols. The results do not depend on the skill of the researcher and are very reproducible. 
Since the hybridization and washing conditions have to be fi ne-tuned according to 
the chemistry of the slide, the conditions are most easily optimized when a large 
number of arrays based on the same chemistry have to be handled identically. This 
is the case of the Affymetrix system.  

    3.4.3   Image Capture 

 After hybridization, the slide is read by a scanner, which consists of a device similar 
to a fl uorescence microscope coupled with a laser, robotics, and a digital camera to 
record the fl uorescent emission. Fluorescent labeling and detection on microarrays 
have replaced radioactive labeling because of the higher sensitivity and the fact that 
nonradioactive labeling is much easier and safer to handle. The amount of signal 
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detected is presumed to be proportional to the amount of dye at each feature in the 
microarray and hence proportional to the target nucleic acid concentration of the 
complementary sequence in the sample. The output is a monochromatic digital 
image fi le typically in TIFF format for each fl uorescent dye. False-color images 
containing red, green, and yellow are reconstructed by specialized software for 
visualization purposes only (Trevino et al.  2007  ) . 

 Scanning of the fl uorescent hybridization signal can be done with CCD imaging 
using fi ltered white light illumination. However, nowadays, it is common to use 
laser confocal scanners. The laser confocal approach has fundamental advantages, 
such as better signal-to-background ratios and less photobleaching of the labels 
(Stoughton  2005  ) . In addition to scanners specifi c for Affymetrix technology, lead-
ing manufacturers of scanners include Agilent Technologies, Axon Instruments, and 
Genomic Solutions. Most devices have lasers and fi lter sets that are compatible with 
common fl uorescent label pairs such as Cy3 and Cy5. Usually, scanners possess 
their own image processing software to reduce the raw images to spot intensities. 

 New labeling options, such as quantum dots and plasmon resonance particles, 
may fi nally allow effi ciency as good as single-molecule detection and reduce 
requirements in amplifi cation and quantity of biological sample input. Plasmon sur-
face resonance (PSR) detection of molecular binding is potentially a way to scan 
microarrays without using any label, although this has yet to produce any commer-
cial systems. PSR is an optical technique that investigates what happens at the inter-
face of a thin metal-coated prism in contact with a solution, which is used to 
determine refractive index changes at the surface. When light is incident on the 
prism side at a particular angle (resonance angle), the intensity of the refl ected light 
is at its minimum. In the presence of biomolecules on the metal surface, this angle 
variation is very sensitive. Changes in refl ectivity give a signal that is proportional 
to the mass of the biomolecules bound to the surface. To detect one molecule, such 
as a DNA target, the ligand (probe) is immobilized onto the surface. As the target 
binds to the ligand, the mass and the refractive index increase; thus, detection of 
binding can be achieved without any label (Sassolas et al.  2008  ) .       
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  Abstract   For a long time, microarrays and bioinformatics have been intricately 
linked, and microarrays have emerged as a hot topic in the fi eld of bioinformatics. 
This happened due to the particularities of microarray technology, where huge 
amounts of information both are needed for the design of experiments and are 
generated from such experiments. Therefore, microarrays cannot be properly used or 
understood without considering all the bioinformatical aspects associated with them. 
This chapter is dedicated to describing the relevance and importance of bioinformatics 
in the development of microarray experiments. Microarray technology has to deal 
with massive amounts of information gathered from different sources during experi-
mentation, such as samples, devices, methodologies, and eventually, experimental 
results. Therefore, microarray data management and analysis still remain among the 
most challenging aspects of microarray-based approaches and experiments.  

  Keywords   Microarray data analysis  •  Bioinformatics  •  Gene expression  •  Microarray 
databases  •  Microarray probe design      

    4.1   Introduction 

 Bioinformatics provides a great deal of support to microarray methodologies by 
providing tools and methods for the exploitation of the huge amounts of data and 
information generated during these experiments. The fi nal outcome of a microarray 
experiment relies quite often on the correct use of all these bioinformatics tools. 
This chapter will be divided into three major topics dealing with the most relevant 
aspects related to the use of bioinformatics for successful microarray development. 
These major topics are

   Microarray probe design. One of the major challenges in developing a microarray • 
experiment is deciding which probe should be attached to the surface of the 
microarray and which detection capabilities the system will use.  

    Chapter 4   
 Bioinformatics in Support of Microarray 
Experiments           
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  Microarray data analysis. This topic covers the analysis steps involved from • 
image capture to generation of the fi nal results.  
  Microarray data management. Due to the huge amounts of information generated • 
during microarray experiments, it is of vital importance to manage and store this 
information correctly.    

 Selection of the different bioinformatics tools and strategies needed in a particu-
lar project for the analysis of foodborne-related pathogens is tightly linked to the 
experimental approach chosen for the experiment. In many cases, the selection 
of a particular approach or microarray technology limits or forces the adoption of 
different tools.  

    4.2   Microarray Probe Design 

 “Probes” refer to those molecules attached to the surface of the microarray. These 
probes are responsible for the detection of target molecules present in the samples, 
and therefore, an incorrect design may prevent the detection of a particular target or 
even lead to a more complicated situation by providing a misleading result. 
Therefore, microarray probe design is a key step in the development of any microarray-
based experiment. The process of designing or choosing probes for the experiments 
is strongly dependent on the microarray platform and the experimental design 
chosen for the experiment. Different samples and targets require different probes. 
Similarly, requirements for different experimental approaches for the detection of a 
given target require different probe design characteristics. This chapter will focus 
on the design of microarray probes for DNA microarrays, since this type of microar-
ray is the one most commonly used for the detection of foodborne pathogens. 

 The design of probes for DNA microarrays should be considered a challenge in 
bioinformatics as it deals with sequence analysis. Thus, the use of bioinformatics 
tools for sequence analysis is essential for this process. In chapter 3   , the different 
experimental approaches available in microarray-based experiments have been 
described; each of these experimental approaches has its own specifi c require-
ments and parameters for probe design. A fl ow diagram with the major character-
istics associated with the design of microarray probes, including some links to 
online tools, can be found in Biotic  (  2011  ) . 

 Microarray technology relies on previously available data for probe design, as 
the detection of any biomarkers of interest requires available sequence information. 
The fi rst step in probe design is defi ning the biomarkers of interest that will be ana-
lyzed on the microarray and analyzing the available sequences required for effective 
probe design. Prior to the point where probes are properly designed and their char-
acteristics are chosen, it is necessary to retrieve the target sequences. 

 Sequence retrieval is a very important process since it is here when the user pro-
vides the required sequences that will be processed and analyzed to eventually 
become the immobilized probes on the microarray surface. This a priori needed 
sequence information and sequence data might be obtained from private databases, 
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private sequencing projects, or public sequence databases. Public sequence databases 
can be categorized into two major types:

   Major general sequence databases. In these databases, it is possible to fi nd all • 
kinds of sequences from any organism. The three main sequence databases are 
Genbank Nucleotide at the National Center for Biotechnology Information 
(NCBI) site (Benson et al.  2011  ) , EMBL-Bank at the European Bioinformatics 
Institute (EBI) (Cochrane et al.  2009  ) , and DNA Data Bank of Japan at the Center 
for Information Biology and DNA Databank (Kaminuma et al.  2011  ) . These 
three databases share DNA sequence data and are a general data source for 
sequences for probe design. Sequences available in these databases are not 
curated; therefore, their quality and any accompanying annotations rely simply 
on the information submitted by the users who uploaded them.  
  Oriented databases. These resources are focused on specifi c organisms or • 
sequences and generally contain sequences of higher quality and with better 
annotations. In many cases, the use of these resources simplifi es the search and 
retrieval of particular sequences of interest for probe design. Some examples of 
this kind of resources are the Pathosystems Resource Integration Center (PATRIC) 
(Gillespie et al.  2011  ) , the Virus Pathogen Resource (VIPR) at Virginia 
Bioinformatics Institute, and the Comprehensive Microbial Resource (CMR) at 
the J. Craig Venter Institute (Davidsen et al.  2010  ) .    

 The information stored in these resources should be analyzed carefully in order 
to correctly translate it into immobilized probes. The quality of the sequence anno-
tations is a very important parameter in selecting a particular sequence as a template 
for probe design. In addition to annotation quality, there are several other parame-
ters that should be considered during the selection of biomarker targets and sequences 
for the design process. The total number of sequences available for a particular 
 target of interest as well as the “completeness” of the available sequences are very 
important parameters that should be taken into account when selecting a target and 
designing the probe. 

 Two major scenarios dealing with the different characteristics of the probe design 
process can be considered. The fi rst deals with experiments focused on the detection 
of pathogens of interest, including genotyping, single-base differences, and even 
resequencing. The second scenario is the better-known approach based on gene 
expression studies. In both cases, there are differences in the design of the probes 
depending on the technology used for the manufacturing of the microarrays, since 
not all of the possibilities are available with every manufacturing platform. 

    4.2.1   Probe Design in Microarrays for the Detection 
of Pathogens 

 Microarray-based experiments can be developed for the detection and characteriza-
tion of foodborne pathogens. In this scenario, the purpose of the experiments is to 
identify the presence of one or more pathogens in a particular sample. To accomplish 
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this, it is necessary that probes able to identify only the sequence belonging to the 
pathogen of interest are immobilized on the surface of the microarray. For the design 
of the probes, it is possible to divide the experiments into two different categories 
and then generate different subdivisions:

    1.    Microarray surface or solid-phase identifi cation reactions. All the experiments 
that directly use surface probes to report the presence or absence of a particular 
biomarker coming from a pathogen or pathogens of interest fall under this defi ni-
tion. In this case, it is necessary to develop and design specifi c probes for each of 
the biomarkers of interest. This category can be subdivided, as well, depending 
on the kind of biomarker that is to be detected:

    (a)    Gene set analysis. The purpose of this type of analysis is to detect one or 
more biomarker genes belonging to the organisms of interest and, based on 
these tests, report either the presence or the absence of the pathogenic organ-
isms. In many cases, a set of probes based on different regions or sequences 
are used to ensure the detection or identifi cation of a particular organism. It 
is also common in this approach to focus on meaningful phylogenetic genes 
such as 16S RNA or gyrases in the case of bacterial analysis (Jarvinen et al. 
 2009 ;    Kakinuma et al.  2003 ; Kostic et al.  2007,   2010  ) .  

    (b)    Single-base analysis. The probes designed for this approach are based on the 
detection of the difference in a single base between two or more sequences 
belonging to different strains or subspecies of the same organism. This 
approach is commonly used in typing assays (Dotsch et al.  2009  ) .      

    2.    Other identifi cation reactions. This type of microarrays is used solely for identi-
fying a positive reaction performed somewhere else, like a PCR or LCR (ligase 
chain reaction). These approaches most often rely on the use of reporter or 
universal probes that are pathogen-independent (Cooper and Goering  2003 ; 
Ember et al.  2011  ) . The approach based on using universal probes will be 
described later in a different section in this chapter.     

 Another very important aspect that must be considered during the design step is 
the kind of reaction performed on the surface of the microarray, whether the direct 
detection of the pathogens or the detection of a previous reaction. This parameter can 
be divided into two major approaches that cover most of the published methods:

   Hybridization-based experiments. The probe design must be focused on the anal-• 
ysis of the hybridization parameters and characteristics, so that all the designed 
probes work effi ciently under the same hybridization conditions.  
  Enzymatic-based experiments. Under these conditions, the probe design is driven • 
by the enzymatic reaction that is going to take place on the surface of the microar-
ray, and thus the primary focus is on the requirements for the enzymatic reaction.    

 Microarray manufacturing technology also has a very important impact on probe 
characteristics. In some cases, different manufacturing technologies place limits on 
the use and application of certain experimental approaches and therefore their 
associated probe designs. Most of the major commercial arrays are manufactured 
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with probes designed for hybridization-based strategies, although there are some 
technologies where it is possible to order some modifi cations and alterations that 
may open the door for different applications. 

    4.2.1.1   Hybridization Probe Design 

 Hybridization-based applications are the most commonly used microarray applica-
tions, mostly due to gene expression experiments but also due to experiments devel-
oped for the identifi cation of pathogens. At the development stage, there were two 
different approaches for hybridization-based experiments depending on the microar-
ray manufacturing technology. Affymetrix’s technology allowed that company to 
develop high-density microarrays using in situ-synthesized short oligonucleotides, 
while other companies and most of the “in-house”-built microarrays use PCR prod-
ucts spotted and immobilized on the microarray surfaces. There were different rea-
sons for the use of PCR products, such as cost of oligonucleotide synthesis and 
sequence availability. As long as the price of oligonucleotide synthesis and the num-
ber of available genomes and sequences continues to increase, there has been a shift 
in microarray manufacturing toward the more widespread use of oligonucleotide 
arrays, and nowadays, immobilized oligonucleotides are the most common applica-
tions. The length of the immobilized probes have varied with time as well and range 
from 10-mers up to 90-mers depending on several characteristics, such as the appli-
cation or the technology utilized for oligonucleotide synthesis. Nowadays, probes 
with sizes ranging from 10-mers to 30-mers are considered short, while 40-mers to 
90-mers are considered long. 

 For microarrays designed for the detection of pathogenic organisms, sensitivity 
is obviously a key aspect to keep in mind during the design of the whole experiment. 
In the case of microarray hybridization experiments, in many cases, the probes must 
work in complex mixtures, where the target abundance may be limited and in a 
much lower concentration relative to other molecules present in the sample. The 
probe sensitivity is related to its length and the effective accessibility of the probe 
for the target. Increasing the length of the oligonucleotide probe increases its sensi-
tivity, because during the hybridization, a longer probe is able to form a more stable 
hybrid with its target, which generally has a higher binding energy. For example, 
Chou et al. found that 60-mer probes show an eightfold increased sensitivity with 
respect to 25-mer probes (Chou et al.  2004  ) . However, there are other aspects 
regarding probe sensitivity that should be considered. For example, the probe struc-
ture and its ability to self-assemble into stable secondary structures such as stem-
loops, hairpins, or probe–probe duplexes affect the sensitivity and may reduce it 
signifi cantly. The most recent probe design software makes use of thermodynamic 
calculations in order to establish the binding energies for probe–target hybrids, any 
internal secondary structures, and possible probe dimers. Despite the efforts done in 
the development of software and models to understand hybridization thermodynam-
ics, most depend on models developed for reactions in solution, and the conditions 
on the microarray surface might be very different due to the probe density and 
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proximity to the surface. For this reason, these calculations should be treated only 
as an approach even when their use provides an improvement in the probe design 
process compared to older, purely sequence-based software that does not take 
these parameters into consideration. Similarly, much care should be put into estab-
lishing different cutoff values for these parameters for probe selection or predic-
tion of its quality. 

 There is a fi nal aspect related to probe sensitivity that is not directly linked to 
probe design itself but is related to the probes, their behavior, and their sensitivity. 
Probes are attached to the surface of the microarray in different ways depending on 
the chemistry used for their immobilization and the manufacturing processes. 
In most applications nowadays, the probes are covalently bound by one of their 
ends, and depending on the way that linking process is done, the surface might be 
too close to the active site of the probe, which thus causes steric hindrance on the 
accessibility of the target to the probe. This steric hindrance is due to the lack of 
space for the target to fold its fl anking regions where it is recognized by the probe 
because of the proximity to the surface. For this reason, it is common to add a spacer 
region consisting of a stretch of nucleotides to every probe. In many cases, this 
stretch of nucleotides consists of a 15-mer poly(T) or poly(A) sequence, although 
other sequences and lengths have been proposed and used. 

 Together with the sensitivity, specifi city is the other major probe characteristic 
that is of great importance for probes designed to be part of a microarray. Specifi city 
affects the fi nal results at least as much as, if not more than, sensitivity in microarray 
experiments. Specifi city is the ability to recognize solely the correct target sequences 
that are entirely complementary to the probe. Therefore, it must be taken into con-
sideration along with the balance between perfect matches and mismatches consist-
ing of probes and any nontarget sequences. 

 As with sensitivity, there is a relationship between probe length and specifi city. 
However, contrary to what happens with sensitivity, specifi city decreases as the oli-
gonucleotide probe length increases. The reason for this characteristic of probes is 
related to the stability of the targetprobe duplexes. When long probes are used, the 
stability of these complexes is high enough to tolerate mismatches within the 
sequences, resulting in potential cross-reactivity. The effect of mismatches varies 
depending on their abundance, their location, and the total length of the probe. The 
destabilizing effect of a single mismatch is greater when it is located in the central 
region of the target–probe complex, and its effect is reduced when the mismatch is 
toward the end of the complex. It is equivalent to a reduction in probe length when it 
is located immediately at the 3 ¢  or 5 ¢  end. Similarly, the effect of a set of mismatches 
is maximized when these mismatches are evenly distributed along the target–probe 
complex rather than when they are all clustered together in a single region of the 
probe. The fact that mismatches have a huge effect on the stability of the hybrids 
and, thus, on the probe specifi city points to the possibility of developing probes to 
detect single-nucleotide variants, for which short nucleotide probes are designed. 

 The specifi city of the probes is analyzed a priori with the use of bioinformatics 
by performing in silico searches of sequences complementary to the probe with 
sequence analysis tools such as BLAST or other suffi x array methods. This step is 
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contained in many software applications, which also utilize different parameters to 
offer a measure of cross-reactivity. As mentioned previously, it is important to con-
sider the quality of database sequence annotations when utilizing these applications. 
Comparisons of specifi city are done in many cases with the use of databases gener-
ated from either the set of targets to avoid cross-reactivity among expected targets 
represented in the array or with the use of databases or sequence datasets provided 
by the users. For the correct usage of these algorithms, it is important to know the 
complexity of samples used for the microarray in order to select the right dataset of 
sequences to generate the databases that will be used in the comparisons and the 
prediction of possible cross-reactivities. A particularly extreme case is the design of 
zip code or tag probes (Gerry et al.  1999 ; Favis et al.  2005 ; Girigoswami et al.  2008  ) . 
Zip code probes were originally defi ned as artifi cial sequences that can be used as 
probes. Their defi ning characteristic is that each zip code is unique. In order for a 
zip code sequence to be used as a probe, it must fulfi ll all the requirements described 
for any other probe but also must not be found in nature. It is this additional constraint 
that makes the zip code sequences unique. More recently, the concept of zip code 
probes has been extended to use as source sequences from organisms that are distant 
from those that are to be analyzed in the experiments. For example, in the analysis 
of human samples, zip code probes have been generated using the genome of the 
bacteriophage lambda. 

 Microarray experiments usually require a sample amplifi cation step, which needs 
to be considered during probe design for gene expression or gene set analysis experi-
ments. Usually, most of the software used in microarray probe design allows the user 
to perform three major kinds of designs depending on the region where the probes 
are chosen: 3 ¢ -end biased; 5 ¢ -end biased; and random-primed. The 3 ¢ -end and 5 ¢ -end 
options are based on the region of the template target sequence used preferably for 
the design of the probes. These are the most commonly available options, but depend-
ing on the software, there might be other additional options or the 5 ¢ -end biased 
might not be available. The reason why this template region option is available in the 
design of the probes is related to different aspects, such as accessibility of the target 
regions based on the amplifi cation procedure or the abundance of the target region 
due to the processivity of the enzymes and the possible polarity changes in the 
amplifi cation procedure. Traditionally, in many eukaryotic gene expression assays, 
amplifi cation based on oligo(dT) primers result in 3 ¢ -end biased designs. It should be 
remarked that nowadays there are some prokaryotic kits that are based on this same 
approach by means of an initial polyadenylation step of the prokaryotic RNAs. 

 Due to the fact that in the fi nal microarray a great number of probes are going to 
be working under the same conditions, it is necessary to design all the probes under 
the same set of rules. The rules are chosen in such a way that will enable all the 
probes to work under the same experimental conditions and are generally based on 
the selection of some common parameters. The most commonly used parameters to 
ensure experimental uniformity in the probes are the probe length, melting tempera-
ture ( T  

m
 ), GC content, binding free energies, and degree of cross-reactivity. 

 Despite the particular differences in the parameters used for probe selection 
among different probe design software, the main characteristics used in the design 



56 4 Bioinformatics in Support of Microarray Experiments

of gene set probes that ensure high specifi city are based on recommendations from 
Kane et al.  (  2000  ) , which are summarized in Fig.  4.1 . An important part of the 
success or failure of the probes is based on the selection of the right template for 
probe design.  

 The design of hybridization probes for SNP analysis, also called  allele-specifi c 
oligos  (ASO), is even a bigger challenge. The sensitivity constraints remain the 
same, but there is an additional reinforcement of specifi city constraints due to the 
fact that the purpose of these probes is to discriminate between single-base varia-
tions in the sequences. As stated before, the specifi city is affected by the length of 
the probe, with longer probes being more tolerant to mismatches. Therefore, in SNP 
analysis, only short probes (11–30 nt) are used. The most well-known approach for 
SNP analysis has been developed by Affymetrix using sets of 25-mer probes with 
the SNP of interest located in the middle of the probe. These arrays discriminate 
between perfect match (PM) and mismatch (MM) hybridizations at each position of 
interest. As previously discussed, this kind of approach relies on the fact that the 
disruption caused by the existence of a mismatch located in the middle of a probe 
provokes a loss in effi ciency of the hybridization to a degree high enough to be 
detected (Fig.  4.2 ). This approach includes some risks associated with the specifi c-
ity of the reactions. With the Affymetrix platform, it has been reported that in some 
cases, the signal coming from MM probes is at least as intense as the signal from 
PM probes. These kinds of artifacts are removed afterward during data analysis, and 
those probes are discarded. Despite the location of the mismatch, another factor 
affecting the specifi city of this kind of probe is the nucleotide content where the 

  Fig. 4.1    Summary of the different parameters that should be considered during microarray probe 
design       
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expected mismatch occurs. Different base mismatches render different hybridization 
affi nities and, thus, different fi nal signal intensities. Similarly, in those cases where 
the genetic variations being assayed are insertions or deletions, the location of 
the studied position as well as the adjacent nucleotide environment have an effect, 
since some structures are more stable than others, resulting in smaller differences in 
the measured intensities. Unfortunately, many of these parameters have been studied 
in depth and have been identifi ed as affecting hybridization effi ciencies, but they are 
yet to be implemented into probe design software.  

 One fi nal approach to hybridization probes is tiling arrays. In this approach, a 
whole set of probes is designed to span the entire given sequence. This approach 
commonly uses a complete genome as template. Tiling array probes are designed 
using the same parameters described previously but with some new parameters 
included during the design process depending on whether the tiling process is based 
on distinct probes or overlapping probes. When designing unique probes, it is 
necessary to defi ne the gap between two consecutive probes. When the design is 
based on overlapping probes, the adjustable parameter is the tiling phase between 
probes. The tiling phase is similar to the gap parameter used in the design of 
unique probes, as it represents the number of bases in the sequence before the probe 
overlap starts between two adjacent probes in the sequence space.  

  Fig. 4.2    Graph showing the effect on hybridization intensity of the position where the mismatch 
occurs within the probe. The  lower  part of the graph represents the hybridization and the strength 
due to hydrogen bonding between the probe and target. The minimal intensity and maximal differ-
ence between a perfect match and a mismatch occurs when the mismatch is in the central position 
of the probe       
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    4.2.1.2   Enzymatic Probe Design 

 Microarrays can be used as the substrate for the performance of enzymatic 
reactions; in these cases, the parameters used for the immobilized probes are 
completely different than those used in hybridization assays. In this section, 
the requirements and parameters considered during the design of probes for this 
kind of assay will be described. 

 The development of enzymatic assays on the microarray surface was developed 
sometime after hybridization approaches were already established. In contrast to 
hybridization assays, enzymatic assays are much less common in the fi eld of 
microarrays. It can be argued that some of the causes responsible for this situation 
are the relative complexity and, in some cases, the higher cost of these assays in 
comparison to hybridization assays, or alternatively, their focus on genotyping or 
SNP analysis. Regardless of the reason, these techniques are very valuable for the 
design of genotyping or microbe detection assays. The most commonly used enzy-
matic reactions carried out on microarray surfaces are polymerization or ligation 
assays; of the two, polymerization, or extension, assays are the more common. In 
the development of both kinds of assays, the probe design process is driven by the 
requirements of the enzymatic assay. The key region of the probe where special care 
should be taken in the design is where the enzymatic reaction will take place. Thus, 
it is important to realize that a difference between this kind of probe and hybridiza-
tion probes is that in enzymatic assays, the probes are covalently bound to the 
surface in a particular orientation (with either the 3 ¢  end or the 5 ¢  end exposed and 
accessible for the enzymatic reaction). Additionally, as with hybridization probes, 
a spacer sequence is required to prevent steric hindrances. In contrast to hybridization 
probes, the binding of the probes to the surface and their orientation are dictated by 
the manufacturing technology rather than for biological reasons. 

 In the design of probes for polymerization assays, which are most commonly 
called  extension assays , there are two different possibilities based on the kind of 
extension reaction. In most cases, these experiments rely on the capability of a poly-
merase to distinguish between a perfect match and a mismatch when elongating an 
immobilized probe. Under such circumstances, the designed probe must be allele-
specifi c, with the 3 ¢  end of the desired allele to be extended in case of a perfect match. 
These kinds of probes are therefore closely related to PCR primers in their design but 
have the additional constraint of limiting the primer to only have the desired 3 ¢  end. 

 Another method to design primer extension probes is found in the design of APEX 
(arrayed primer extension) probes. The major characteristic of these assays is that 
they combine Sanger sequencing and the use of ddNTPs with microarrays. In APEX 
experiments, the probes are designed to fi nish one base before the position under 
analysis. The allele determination is arrived at with the addition of the corresponding 
fl uorescent ddNTP, followed by its detection. Once again, the design of these probes 
is very similar to the design of allele-specifi c probes for primer extension. 

 For both methods of primer extension, the most sensitive region of the probes is 
the 3 ¢  end, where the enzymatic reaction is to take place and where the assay speci-
fi city is determined. In some cases, when an additional SNP or mutation is very 
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close to the analyzed position such that they appear together on the same probe, it is 
possible to design the probe to allow the presence of that mismatch as long as it 
is not too close to the 3 ¢  end of the probe (Fig.  4.3 ).  

 The other seldom used option available for microarray enzymatic assays is the 
use of ligation assays with one of the ligation oligonucleotides immobilized on the 
microarray surface. These experiments allow for two different possibilities for their 
design and in the kinds of probes immobilized on the surface, which depends on 
whether the immobilized oligonucleotide end has the 3 ¢ -OH or the 5 ¢ -PO 

4
  exposed 

and accessible for the ligation reaction. The parameters used in the design of these 
probes are the same as those used for the immobilization of ligation assays.   

    4.2.2   Other Aspects Related to Probe Design 

 Probe design is a key determinant in whether a microarray experiment succeeds or 
fails. It is infl uenced by several factors that have already been mentioned, such as 
manufacturing technology, experiment objectives, and experimental approach. Plus, 
there are additional points not included in these three aspects that are of interest for 
the design of the microarrays, such as, for example, how a microarray can be 
expanded to incorporate new probes, what approach for changing organisms or 
techniques for the analysis is the best, and what online resources dealing with 
probes, if any, are of interest. In this section, these questions will be partially 
discussed along with some examples of probe design for different approaches that 
use different software. 

  Fig. 4.3    Graph showing the schema of primer extension reactions on microarrays       
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 Sometimes in the design of a microarray, an initial set of organisms is chosen 
for various reasons, such as the relevance of the organism to the experimental 
objective, or the amount of available information on the organism. With the 
advances in sequencing technology, the number of available sequences is increas-
ing quickly. Therefore, it is becoming easier to fi nd new SNPs of interest or new 
sequences for organisms that were not previously available. Under such circum-
stances, extension of the microarrays may be necessary, and the different approaches 
to extension reactions provide different solutions to this problem. Expanding an 
array based on unique probes would require the design of the new probes using 
exactly the same parameters as for the previous probes to ensure their compatibil-
ity with the experimental conditions. On the other hand, the use of universal probes, 
such as zip code probes, provides an open environment independent of the organ-
isms, the targeted sequences, or even the methodology (such as using ligation or 
primer extension assays in solution), but at the price of needing an intermediate 
step that requires setup. 

 One of the most well-known accomplishments of bioinformatics in the fi eld of 
biology and in research laboratories has been the development of different data-
bases for data and information storage and making them available online for the 
scientifi c community. Probe design has also benefi ted from these tools, and it is pos-
sible to fi nd several online resources where annotated probes are available. These 
resources can be catalogued into two different categories:

   General microarray resources. Under this category, we fi nd the major microarray • 
databases where whole experiments are published. In these databases, the experi-
ments are described in detail, including the probes used and their major 
characteristics.  
  Specifi c probe resources. These resources only store information about probes • 
and their annotations. In most cases, these databases are focused on certain tar-
gets such as 16S RNA or only specifi c organisms. In general, these databases are 
smaller than the large general microarray resources, but they provide a more 
comprehensive approach for designing probes for genotyping. An exception is 
the NCBI’s “Probe database.” This is a large database where different kinds of 
probes (not only ones designed for microarrays) are stored and publicly avail-
able. Microarray probes are mostly obtained from the NCBI resource for 
microarrays.    

 Figure  4.4  contains a list of resources where information about probes for differ-
ent organisms and different approaches can be found.  

 As has already been discussed, there is great variety of approaches for the design 
of probes for microarrays. Similarly, many different types of software have been 
developed for this purpose. Since gene expression represents the vast majority of 
microarray applications, most of the available software has been focused on provid-
ing different approaches to this type of research. Despite having different interfaces, 
the major difference between these tools is in the parameters used to defi ne probe 
specifi city. Table  4.1  provides a list of some of the currently available software 
devoted to probe design with links to the sites where they can be downloaded or 
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  Fig. 4.4    Table containing information resources for microarray probes       

   Table 4.1    List of probe design software options and availability   

 Software name 
 Operating 
system a   Purpose  Availability 

 AlleleID  W, M, L  Hybridization b   Free demo/commercial   http://
www.premierbiosoft.com      Enzymatic probes b  

 Allele-specifi c probes c  
 ArrayDesigner  W, M, L  Hybridization b   Free demo/commercial   http://

www.premierbiosoft.com      Enzymatic probes b  
 Allele-specifi c probes c  

 ArrayOligoSelector  L  Hybridization probes b   Free for academia/downloadable 
  http://arrayoligosel.source-
forge.net/     

 CommOligo  W  Hybridization probes b   Free for academia/downloadable 
  http://ieg.ou.edu/software.htm     

 eArray  O  Hybridization probes b   Online/Agilent’s microarrays 
  https://earray.chem.agilent.
com/earray/     

 GoArrays  L  Hybridization probes b   Free for academia/downloadable 
  http://g2im.u-clermont1.fr/
serimour/goarrays.html     

(continued)
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Table 4.1 (continued)

 Software name 
 Operating 
system a   Purpose  Availability 

 HiSpOD  O  Hybridization probes d   Free for academia/website   http://
fc.isima.fr/~g2im/hispod/
page_about.php     

 OligoArray  W, M, L  Hybridization probes b   Free for academia/downloadable 
  http://berry.engin.umich.edu/
oligoarray2_1/     

 OligoFaktory  M  Hybridization probes b   Free for academia/downloadable 
  www.bioinformatics.org/
oligofaktory     

 OligoPicker  L  Hybridization probes b   Free for academia/downloadable 
  http://pga.mgh.harvard.edu/
oligopicker/     

 OligoWiz  W, M, L  Hybridization probes b   Free for academia/downloadable 
  http://www.cbs.dtu.dk/
services/OligoWiz/     

 Visual OMP  W  Hybridization probes b   Commercial   http://dnasoftware.
com/      Allele-specifi c probes c  

 Osprey  O  Hybridization probes b   Free for academia/website   http://
osprey.ucalgary.ca/     

 PhylArray  O  Hybridization probes b   Free for academia/website   http://
g2im.u-clermont1.fr/serimour/
phylarray/about.php     

 PICKY  W, M, L  Hybridization probes b   Free for academia/downloadable 
  http://www.complex.iastate.
edu/download/Picky/
index.html     

 ProbeTool  W, L  Hybridization probes b   Free for academia/downloadable 
  http://jakob.genetik.uni-koeln.
de/bioinformatik/software/
probedesign/index.html     

 Probe Designer  O  Allele-specifi c probes c   Free for academia/website   http://
www.biodata.ee/cgi-bin/
probe_designer/index.cgin     

 APEX probes 

 ProDesign  O, L  Hybridization probes b   Free for academia/website/
downloadable   http://www.
uhnresearch.ca/labs/tillier/
ProDesign/ProDesign.html     

 ROSO  O, W  Hybridization probes b     Free for academia/downloadable 
http://pbil.univ-lyon1.fr/roso/
Home.php     

 UPS2.0  O  Hybridization probes b   Free for academia/website   http://
array.iis.sinica.edu.tw/ups/     

   a W (Windows), M (Mac), L (Linux), O (online) 
  b Gene expression/gene set analysis 
  c SNP analysis 
  d Gene set analysis  

http://fc.isima.fr/~g2im/hispod/page_about.php
http://fc.isima.fr/~g2im/hispod/page_about.php
http://fc.isima.fr/~g2im/hispod/page_about.php
http://berry.engin.umich.edu/oligoarray2_1/
http://berry.engin.umich.edu/oligoarray2_1/
http://www.bioinformatics.org/oligofaktory
http://www.bioinformatics.org/oligofaktory
http://pga.mgh.harvard.edu/oligopicker/
http://pga.mgh.harvard.edu/oligopicker/
http://www.cbs.dtu.dk/services/OligoWiz/
http://www.cbs.dtu.dk/services/OligoWiz/
http://dnasoftware.com/
http://dnasoftware.com/
http://osprey.ucalgary.ca/
http://osprey.ucalgary.ca/
http://g2im.u-clermont1.fr/serimour/phylarray/about.php
http://g2im.u-clermont1.fr/serimour/phylarray/about.php
http://g2im.u-clermont1.fr/serimour/phylarray/about.php
http://www.complex.iastate.edu/download/Picky/index.html
http://www.complex.iastate.edu/download/Picky/index.html
http://www.complex.iastate.edu/download/Picky/index.html
http://jakob.genetik.uni-koeln.de/bioinformatik/software/probedesign/index.html
http://jakob.genetik.uni-koeln.de/bioinformatik/software/probedesign/index.html
http://jakob.genetik.uni-koeln.de/bioinformatik/software/probedesign/index.html
http://www.biodata.ee/cgi-bin/probe_designer/index.cgin
http://www.biodata.ee/cgi-bin/probe_designer/index.cgin
http://www.biodata.ee/cgi-bin/probe_designer/index.cgin
http://www.uhnresearch.ca/labs/tillier/ProDesign/ProDesign.html
http://www.uhnresearch.ca/labs/tillier/ProDesign/ProDesign.html
http://www.uhnresearch.ca/labs/tillier/ProDesign/ProDesign.html
http://Free for academia/downloadable http://pbil.univ-lyon1.fr/roso/Home.php
http://Free for academia/downloadable http://pbil.univ-lyon1.fr/roso/Home.php
http://Free for academia/downloadable http://pbil.univ-lyon1.fr/roso/Home.php
http://array.iis.sinica.edu.tw/ups/
http://array.iis.sinica.edu.tw/ups/
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used online. Only a small number of the software applications are able to design 
probes for genotyping. Not included in this list are primer design tools that can be 
used for the design of probes as well. Most of the software suggested in this list is 
freely available for academic institutions and universities.    

    4.3   Microarray Data Analysis 

 Microarray data analysis represents a major challenge in microarray experiments, 
as it is a big part of the experiments. There are different methods of carrying out 
the analysis depending on the approach used in the experiments. The focus and 
design of analysis are based on the experimental objectives. In this section, we will 
provide an overview of the available possibilities and analysis strategies for geno-
typing and gene expression–based approaches. Microarray data analysis can be 
divided as follows:

    1.    Image analysis. Microarray analysis really starts with the analysis and quantifi -
cation of the image acquired after the reaction on the microarray surface. In this 
step, images are transformed into numerical values to be used afterward in the 
numerical analysis.  

    2.    Numerical analysis and visualization. Commonly considered as the only step of 
data analysis, the procedures applied will be focused on the interpretation of the 
numerical data generated in the image analysis. Depending on the experimental 
approach followed, different analyses will differ in the tools used and the objec-
tives; for instance, different analytical methods are used for gene expression 
analysis as for genotyping and, therefore, both possibilities will be discussed.     

 Microarray data analysis is a complex process comprised of a set of several 
sequential steps, each of which requires different algorithms and has different effects 
on the fi nal experimental results. Data analysis has been a hot topic in the fi elds of 
microarrays and bioinformatics, generating a huge amount of software and bibliog-
raphy, primarily focused on gene expression. 

    4.3.1   Microarray Image Analysis 

 Image analysis is the fi rst step in data analysis since through the use of scanners or 
other imaging technologies it translates the images generated during the experi-
ments into numerical values corresponding to fl uorescence intensities to be used 
and stored afterward. In many cases, the step of image analysis has not received the 
required attention by researchers who rely blindly on the software regardless of the 
experiment performed or the platform used. It should be kept in mind that this step 
is where data are originated and any bias introduced will continue in any further 
analysis; therefore, the quality of this stage will determine the quality of the subse-
quent steps and the fi nal conclusions of the experiment. 
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 Image processing and analysis issues can be separated into several sections: 
gridding, segmentation, quantifi cation, and, fi nally, quality assessment. There are 
a great variety of image analysis tools providing an integrated interface for the user 
and requiring that the user defi nes a different number of parameters related to these 
steps depending on the software and platform used. 

 Microarrays contain a structured and organized grid of biological probes’ immo-
bilization on a solid surface. During the gridding step, this pattern of probes with 
the information regarding the position of each surface is used to identify spots on the 
image. During the gridding process, an ideal microarray model is aligned with 
the scanned microarray image. Depending on the software chosen, the user might 
be required to set some basic parameters, such as

   The number of fi les and columns of the array and the distance between spots.  • 
  The number of elements in the array, referred to as metarows and metacolumns, • 
or subarrays in the case of more than one array.  
  The spot size diameter in pixels. It is necessary to be aware of the resolution • 
(pixel size in micrometers) used during the scanning process.  
  Probe annotation data, such as probe name, sequence, function, etc.    • 

 Depending on the software, it might also be necessary to adjust the position of 
the defi ned grid on the image to allow the system to identify the spots. This is done 
by adjusting each position according to the real position on the image by correcting 
some imperfections and deviations with respect to the ideal spot distribution due to 
manufacturing issues. In some other cases, the system is able to set the grid location 
automatically on the image without any further assistance from the user. In any 
case, it is recommended that the user checks the adjustment of the grid (Fig.  4.5 ).  

 Once the gridding step is done, the next step in image processing is the spot 
segmentation. Spot segmentation together with the gridding step is the key for 
successful image analysis. It is in this step where the image pixels corresponding to 
a spot are classifi ed as belonging to a signal due to a positive reaction of the sample 
with the probe or, conversely, background noise coming from nonspecifi c source 
reactions. The source and amount of background in the experiments may originate 
from very heterogeneous factors, such as the substrate material, washing steps, or 
manufacturing processes. The importance of this step has fostered the development 
of different methods and algorithms for an improvement in the quality of the results. 
Today different software tools are available for this purpose that employ different 
algorithms and strategies for the segmentation. As mentioned before, image analy-
sis is a sequential process, and the starting point for the segmentation of the images 
is the gridding step. Segmentation algorithms are applied on those regions where 
the spots are located during the gridding, and these algorithms can be classifi ed as 
either spatially based or intensity-based methods. 

 Spatially based segmentation methods were the fi rst segmentation algorithms 
applied to microarray image analysis, and they rely on both the position and quality 
of the spots. In these methods, correct gridding is essential to ensure optimal perfor-
mance since they are based on the central position of the theoretical gridding posi-
tion and to a lesser extent on the underlying image parameters. Among these 
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  Fig. 4.5    Example of a gridded microarray and image showing the differences between different 
segmentation algorithms           
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methods, the two most common types are based on a fi xed circle and on adaptive 
circles. In both of these methods, the segmented region has a circular morphology. 
In the fi xed-circle method, the user defi nes a diameter the same size as the spot that 
will be considered the “signal” section, and the pixels belonging to that region will 
be considered “signal pixels.” A second circle with a wider diameter is made around 
the fi rst. The region between the inner and outer circles is used to defi ne the back-
ground region. This method is still recommended today for some applications. The 
adaptive circle algorithm was an improvement on the fi xed-circle approach based on 
the possibility of allowing the system to modify the diameter of the defi ned circles 
as the spots that are not all homogeneous in size. Spatially based algorithms are well 
suited for homogeneous spots, such as those coming from high-quality manufactur-
ing processes, and have a good round shape. These methods are suboptimal when 
the spots are not perfectly round, like those oval in shape or with irregular borders. 

 Intensity-based segmentation algorithms were developed to overcome some of 
the ineffi ciencies and drawbacks of spatially based algorithms. These methods allow 
the identifi cation and segmentation of spots with irregular borders and likely defi ne the 
real morphology of the spots and eliminate some artifacts that might appear in 
the images. The utilization of these methods relies on the assumption that there is 
a statistically signifi cant difference between signal and background pixels. As with 
the spatially based methods, there are different approaches and different algorithms 
for intensity-based methods. In one approach, called a histogram-based approach, 

Fig. 4.5 (continued)
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a threshold value is defi ned and the assigning of a spot as either signal or background 
is based on whether the intensity of the pixel is higher or lower than the threshold 
value. These algorithms have some advantages and drawbacks related to the fact 
that they do not use any morphological information from the spots (Fig.  4.5 ). A second 
category within the intensity-based algorithms is those based on adaptive shapes or 
growing regions. In these algorithms, the segmentation is based on the use of seeds 
that are placed in the regions where the spots are located and then the intensities 
between those seed pixels and their neighbors are calculated. Depending on some 
statistical parameters of these differences, the region keeps growing and assigning 
new pixels to the signal region until no more pixels can be added. 

 Once segmentation has been carried out, the next step is data quantifi cation. In 
this step, the fl uorescence intensity is transformed into numerical data that will be 
used as values representing either signal or background, based on the analysis of the 
fl uorescence intensity of the segmented regions. There are different ways to gener-
ate this numerical data, such as the mean value of the pixels, the median, the total 
intensity, or the sum of all intensities. Since there are multiple pixels in each of the 
segmented regions, it is possible to perform various statistical analyses. These 
statistical analyses, such as standard deviation or coeffi cient of variation, can be 
used afterward to run a quality assessment on the spots. Several factors may affect 
image quality, image segmentation, and data quality. At this time, it is possible to 
identify some of these problems and label them with a process called  spot fl agging . 
Flagging differs depending on the quantifi cation software and is automatically done, 
in many cases, by the software. The user may be allowed to add some “manual 
fl ags” to identify any possible artifacts in the image not identifi ed by the software. 
Some of the most common problems that are identifi ed and therefore fl agged are

   Spot saturation. This is a common fl ag used when the intensity of the spot is • 
above the scanner’s detection limit (generally, values above 65.565). At this 
point, the fl ag indicates that the intensity of the spot might be higher that the limit 
but cannot be quantifi ed, and therefore, the spot should be treated carefully and 
generally fi ltered out for further analyses. To avoid these issues, microarrays are 
scanned under different conditions to avoid the presence of saturated spots. 
However, despite such efforts, sometimes it is impossible to avoid the presence 
of some saturated spots.  
  Spot morphology and size. With this fl ag, the software identifi es spots that differ • 
from the ideal round morphology. In other cases, the size of the segmented area 
defi ned as signal is different from the expected size.  
  Controls. This fl ag can be defi ned by either the manufacturer or the user to easily • 
identify the controls present in the microarray experiments.  
  Positive, blank, or empty spots. The goal of these fl ags is to make an automatic • 
annotation depending on whether the spots have been detected or not. There are 
different approaches for determining whether a spot is present or not (i.e., a positive 
reaction). Some of the most commonly used algorithms for this purpose are either 
based on statistics, like a  t -test between the intensities of signal and background 
pixels using different  p -value limits (generally, 0.01 or 0.001), or by using the ratios 
between signal and background intensities (generally applying a value >3).    
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 Once the images have been analyzed and numerical values generated, the results 
are generally saved in tabular format or spreadsheet fi les with the gridding annota-
tion and the numerical values associated with the quantifi cation. These fi les are 
going to be the starting point for any further analysis. Table  4.2  contains a list of 
some software tools for image analysis.  

 Although it will be discussed in further sections of this chapter, it can already be 
pointed out that from image analysis, only the general protocols, software used, and 
the fi nal quantifi ed fi les are submitted to public databases as annotations to the 
experiments. Neither images nor details on the actual algorithms used are uploaded 
into the databases.  

    4.3.2   Microarray Numerical Data Analysis 

 In most cases, microarray data analysis is carried out only once numerical data from 
the experiments are available. Therefore, in this chapter, data analysis will refer 
only to the task of numerical data analysis. In contrast to “wet bench” work, where 

   Table 4.2    List of some image analysis tools   

 Resource name  Characteristics  Availability 

 Bioconductor  Bioinformatics repository with scripts 
developed for R language. Some 
tools designed for image analysis. 
Multiplatform 

   http://www.bioconductor.org     

 Scanalyze  One of the fi rst software developed 
for microarray image analysis. It is 
focused on the analysis of dual 
hybridization experiments. Windows 

   http://rana.lbl.gov/
EisenSoftware.htm     

 TIGR spotfi nder  Designed to quantify dual hybridization 
experiments. Multiplatform 

   http://www.tm4.org/spotfi nde.
html     

 Spatter  Designed to quantify dual hybridization 
experiments. Linux 

   http://www.nongnu.org/spatter/     

 AGScan  Designed for image quantifi cation. 
Multiplatform 

   http://mulcyber.toulouse.inra.fr/
projects/agscan     

 UCSF spot  Designed for image quantifi cation    http://www.jainlab.org/
downloads.html     

 MAIA  Designed to quantify dual hybridizations    http://bioinfo.curie.fr/projects/
maia/     

 GenePix Pro  Commercial/automatic gridding  Molecular Devices   http://www.
moleculardevices.com     

 Feature extraction  Commercial/for Agilent’s and other 
slide arrays 

 Agilent   http://www.agilent.com     

 Phoretix array  Commercial/designed for protein 
arrays 

 TotalLab   http://www.totallab.
com     

 ImaGene  Commercial/supports several images 
at once 

 Biodiscovery   http://www.
biodiscovery.com     

http://www.bioconductor.org
http://rana.lbl.gov/EisenSoftware.htm
http://rana.lbl.gov/EisenSoftware.htm
http://www.tm4.org/spotfinde.html
http://www.tm4.org/spotfinde.html
http://www.nongnu.org/spatter/
http://mulcyber.toulouse.inra.fr/projects/agscan
http://mulcyber.toulouse.inra.fr/projects/agscan
http://www.jainlab.org/downloads.html
http://www.jainlab.org/downloads.html
http://bioinfo.curie.fr/projects/maia/
http://bioinfo.curie.fr/projects/maia/
http://www.moleculardevices.com
http://www.moleculardevices.com
http://www.agilent.com
http://www.totallab.com
http://www.totallab.com
http://www.biodiscovery.com
http://www.biodiscovery.com
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genotyping microarray experiments might be more time-consuming or more diffi cult 
than gene expression experiments, when it comes to dealing with numerical data 
analysis, the opposite is true, as, generally, gene expression analysis is more time-
consuming than genotyping analyses. Most data analysis applications have focused 
on gene expression experiments, where an explosion of data associated with 
microarrays has occurred. These applications have also been the most widely used. 
Nevertheless, there are also some issues that must be considered with regard to the 
use of microarrays in genotyping and other kinds of assays and specifi cally, their 
data analysis. 

    4.3.2.1   Gene Expression Data Analysis 

 It has been stated several times throughout this chapter that gene expression analy-
ses are the most common in the fi eld of microarrays. These approaches are mostly 
based on quantitative strategies. In general in these experiments, it is not enough to 
know whether a gene is expressed but also to what degree it is expressed. Several of 
the traditional approaches to statistical analysis cannot be used with gene expres-
sion assays due to the fact that the number of variables largely exceeds the number 
of study cases by at least one or two orders of magnitude. Under such circum-
stances, it is necessary to proceed carefully and provide results with the appropriate 
corrections. 

 This section provides an overview of gene expression data analysis, focusing on 
two major topics related to microarray analysis:

   Data preprocessing. All the steps necessary to prepare numerical data for statisti-• 
cal analysis are considered data preprocessing. It is an important step to ensure the 
quality and signifi cance of the results obtained in the next phase of the analysis.  
  Statistical analysis. Based on this analysis, numerical data are used to draw con-• 
clusions from the experiments. There are different approaches to statistical anal-
ysis depending on the purpose and the biological questions posed.    

 Other quantitative-based approaches, such as those used in protein microarrays, 
follow the same analysis pipeline, including some small differences in particular 
issues associated with their different platforms. 

 The protocols and methodologies applied in data analysis should be carefully 
annotated, since they will be required by the microarray experiment annotation 
standards required for publication of the data and results. 

      Data Preprocessing 

 During gene expression data analysis, the fi rst step is data preprocessing. It is com-
prised of different tasks whose main goal is preparing the data for further statistical 
analysis by reducing noise and sources of variation. Data preprocessing and fi ltering 
are important because the data are prepared for biologically driven analyses, and all 
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undesired experimental artifacts are removed, such as different hybridization effects 
and noises, differences in sample source and processing, and microarray manufac-
turing artifacts (Herrero et al.  2003 ; Rotter et al.  2008  ) . As usual, in all these 
processes, it is possible to identify different steps that should be focused on with 
different degrees of complexity, and the effect each has on the fi nal results may vary 
from insubstantial to large and highly important.

   Spot quality fi ltering. Here, quality assessment of the image analysis is carried • 
out for each spot on the microarray, removing spots labeled (fl agged) as poor 
quality for any of the available options used during image analysis. This step is 
obviously affected by the image analysis software and the parameters selected. 
Including poor quality spots in the analysis may lead to an increase in the noise 
of the following statistical analyses and, therefore, a lack in confi dence of the 
fi nal results.  
  Background correction. In the experiments, there are some values associated • 
with background correction for each of the measurements done on the spots. This 
background is subtracted in some way from the signal values in order to identify 
only the portion of the signal coming from the interaction between probe and 
target. There are different approaches and strategies for this subtraction depend-
ing on the microarray platform, the assumptions made with regard to the 
background effects on the real signal, and also, the different models developed to 
correct for these effects. The simplest way to correct the signals would be to utilize 
the assumption that background represents an additive intensity with respect to 
the signal, and therefore, it would be possible to perform local background sub-
traction by directly subtracting the intensity of the noise or background segmented 
area in the images from the intensity of those regions considered to be signal 
coming from the probe on every spot of the microarray. In other approaches, a 
more complex model is built based on the assumption that background neither 
affects all the surface of the array uniformly, nor is its effect additive. In those 
approaches where the spots lack any associated background values, there are 
other ways to estimate the background noise based on the surface and other arti-
facts. For example, in Affymetrix arrays, the value of mismatched probes could 
be considered an estimate of the background for a perfect match probe. Although 
background correction is generally accepted and routinely used in many different 
models, some authors have suggested that this kind of correction is not necessary 
for some microarray approaches and can be skipped.  
  Normalization. This is probably one of the most important steps during data • 
preprocessing. This process attempts to compensate the systematic differences 
observed among different samples measured during the experiments, such as dif-
ferences in the samples, their extraction and labeling processes, the different 
individual microarrays used, or the hybridization or washing procedures, to high-
light some of the possible variation sources. During normalization, a set of math-
ematical formulas is used in such a way that after normalization, the data can be 
compared without affecting the information content. There are different normal-
ization strategies depending on the experimental design and the microarrays used 
(Ding and Wilkins  2004 ; Park et al.  2003 ; Steinhoff and Vingron  2006 ).    
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 During microarray transcriptomic (gene expression) profi ling, thousands of 
genes are generally considered. It is assumed that most of them will not be differen-
tially expressed and also that there will be a balance between upregulated and down-
regulated genes in the array. These assumptions have formed the basis for most 
normalization techniques (Loess, Lowess, scaling, quantile, etc.), which have been 
developed to fi t this global approach. Therefore, their use in different scenarios may 
give misleading results and incorrect fi nal conclusions, such as when only a small 
subset of genes are a priori expected to be differentially expressed. For the selection 
of an appropriate normalization strategy, it is necessary to take into account some 
other parameters, such as

   Array structure and manufacturing. Different manufacturing techniques may lead • 
to different normalization strategies. For example, Affymetrix arrays utilize a 
different normalization strategy than other arrays or printed arrays manufactured 
with different tips might utilizes, considering each printing tip is different.  
  Labeling scheme. Microarray gene expression experiments can be carried out • 
using competitive hybridizations (two different fl uorescent-labeled samples per 
array), also called  dual labeling arrays , or with just one sample (one fl uorescent 
label) per array. The two approaches use different normalization strategies. In the 
fi rst case, two different normalizations might be used, an intraslide one and an 
interslide one, while in the second case, only the interslide normalization is 
necessary.  
  Gene representation on the slide. Depending on whether the array contains one • 
or more probes used to report a single target sequence, the normalization will be 
different.    

 Depending on the assumptions made during the design of the experiment and the 
normalization method, it is possible to group the normalization algorithms into four 
   large categories:

   Global-based methods. These normalization algorithms rely on the concept that • 
the bias introduced during the experiments can be summarized by means of 
a “global” constant or scaling factor; therefore, the intensities are corrected for 
global multiplicative effects. There are different ways to calculate the global 
normalization constant, such as the use of the mean, median, Z-score, or, in the 
case of Affymetrix’s MAS 5.0, a trimmed mean (Autio et al.  2009  ) .  
  Error model–based methods. In these normalization algorithms, the goal is the • 
correction of any intensity caused by variation by adjusting it to make it constant 
along the complete range of intensities. Under these methods, it is possible to 
quantify the differential expression in a way that is independent of the mean inten-
sities. An example of one of these methods is the variance stabilization normaliza-
tion (VSN), a frequently used normalization algorithm (Bolstad et al.  2003  ) .  
  Transformation-based methods. These are the most commonly used methods, • 
especially among dual labeling experimental approaches. In this category of 
algorithms, the “quantile”-based normalization or the “Loess/Lowess” normal-
ization algorithms are frequently utilized. In the case of the “quantile” normaliza-
tion, the user accepts the assumption that genes have approximately the same 



72 4 Bioinformatics in Support of Microarray Experiments

distribution among all the samples analyzed, and that following the normalization, 
the statistical parameters such as the mean, median, and percentiles will be iden-
tical among all the samples (Do and Choi   2006 ).    
 In some restricted conditions, such as analyzing only a few genes or when most • 
of the analyzed genes are deregulated, the use of different normalization 
approaches, such as those based on the use of some controls like spike-in con-
trols, is possible. Spike-in controls are external controls that might be used for 
different purposes like quality assessment and normalization. These controls are 
mRNA samples that are added to all the analyzed samples at different known 
concentrations. Therefore, these controls undergo the same processes as the sam-
ples, and their fi nal values for each of the assays should be equivalent. This 
equivalence in values allows their use as normalization controls. The spike-in 
should be carefully designed in such a way that they are not present nor have 
homologs in the analyzed samples, so they cannot generate any cross-reactivity 
with any other gene measured in the sample.
   Data transformation. This step involves a set of different processes that include • 
the logarithmic transformation of the data and the inputting of missing values for 
a particular probe in a sample. For example, logarithmic transformation is almost 
always routine in microarray analysis, generally in base 2, while inputting miss-
ing values is needed only in the cases where further analysis cannot be done if 
there are missing values in the analyzed dataset. Another example of data trans-
formations that might be applied at this step is the merging of replicates.  
  Data fi ltering. This is an important step in gene expression data preprocessing. • 
The purpose of this step is to reduce the complexity of the dataset and prepare it 
for biologically meaningful statistical analysis. In gene expression analysis, the 
experimenters are interested in those genes that are differentially expressed. 
Therefore, those genes that do not vary among samples are going to be a con-
founding factor in further steps of the analysis and should thus be removed. The 
removal of genes is also called  fl at pattern fi ltering . There are different ways and 
algorithms designed for this kind of fi ltering based, for example, on the number 
of “peaks” or the standard deviation of the genes among samples.    

 As we have seen, many options are available for data preprocessing that will 
affect in different ways the fi nal results of the biologically meaningful analysis. 
Depending on the analyses to be carried out, the number of samples available, and 
the sensitivity in differences of gene expression to be detected in the same experi-
ment, it is possible and recommended to change these fi ltering parameters to give 
different and complementary perspectives of the available dataset.  

      Biologically Meaningful Statistical Data Analysis 

 This is the fi nal step in gene expression experiments. The purpose of all the meth-
ods, algorithms, and databases used is to answer biological questions posed during 
the design of the experiments. At this step, there are different options and approaches 
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for the analysis that can be grouped in different ways. Considering a “point of view” 
approach, it is possible to group the experiments into two major categories:

   Gene-centered approaches. In these approaches, the analyses are carried out in • 
such a way that the results represent a list of genes differentially expressed to 
answer the biological question posed. This is the most commonly followed 
approach during gene expression analysis and the fi rst approach built when 
microarrays were developed. These genes are selected by different statistical 
algorithms. This should provide not only the statistical value that was used to 
select them but also a false discovery rate value. This value will give an idea 
about the certainty that members of a particular gene list are really differentially 
expressed. In most situations, the experimenter must make sense of the biological 
meaning of the genes identifi ed under this approach.  
  Biological process–centered approaches. This approach for the analysis of gene • 
expression is more recent than the gene-centered approach. Instead of just using 
the genes and their values to select a list of differentially expressed genes, the 
purpose of this approach is the analysis of sets of genes grouped under biological 
processes that can be defi ned either by pathways annotated in different databases 
or by gene ontology terms. In these analyses, the gene sets are analyzed and the 
differences to be detected are based on those gene sets instead of individual 
genes. The major advantage of these methods is that they provide a direct view 
of those biological processes that are affected in the experiments in a way that the 
experimenter does not need to give an interpretation for the presence or absence 
of individual genes.    

 Either approach can be followed if the purpose of the experiment is to identify 
new characteristics among the samples or if the experiments are focused only on the 
study of a few subsets of genes or pathways of interest. 

 The second option to group the gene expression analysis is based on the type of 
biological question that will be answered during the analysis. There are three major 
approaches: class comparison, class prediction, and class discovery. Within this 
classifi cation, it is possible to distinguish two different methodological approaches. 
This will depend on whether supervised analytical approaches are used in the case 
of class comparison or prediction and unsupervised analytical approaches for class 
discovery. In supervised analyses, the user provides information to the systems and 
algorithms regarding the classes present and which elements in the analyses belong 
to each of the analyzed classes. On the other hand, unsupervised methods do not use 
any kind of a priori information associated with the analyzed elements. 

 In class comparison studies, the user already knows a set of characteristics or 
classes that are associated with each sample of the analysis. Studies are focused on 
the identifi cation of those elements (either genes or pathways) that are differentially 
expressed among the defi ned classes. These approaches are used not only in gene 
expression analyses but also in other microarray-based experiments or in tissue 
microarrays. Under this topic, it is possible to fi nd a large amount of statistical tools 
that have been used and adapted for these analyses. Some examples of the tests 
applied in this kind of studies are the  t -test, F-test, or ANOVA. It should be kept in 
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mind that due to the nature of microarrays, some of the statistical approaches 
followed in other assays may fail due to false positives. Considering a  p -value of 
 p  = 0.05 commonly used in other kinds of approaches would easily provide an assay 
with 10,000 probes; 500 probes are differentially expressed just by chance. Different 
methods have been used to provide corrected  p -values adjusted for these conditions 
that provide enhanced stringency to the analysis as well as a tool for multiple 
comparison corrections. 

 Nowadays, the results generated with these approaches are given using a false 
discovery rate (FDR) as a measure of their reliability. The FDR provides an insight 
about the number or probability of detecting some elements as false positives within 
the resulting list of differentially expressed elements. There are different ways to 
keep the proportion of false positives retrieved during these analyses under control. 
Most of them are centered on either control and limit the number of false positives 
that might appear in a results list or the control of the proportion of false positives within 
the results list. One of the most commonly used software applications for class 
comparison and FDR control is the statistical analysis of microarrays (SAM). 
Currently, most of the analysis software includes one or more tools, in some cases 
based on SAM, to provide results with these kinds of corrections. 

 There is a huge amount of software available for microarray data analysis. Most 
of this software includes some preprocessing elements as well as different imple-
mentations of previously described approaches for the statistical analysis of biologi-
cally meaningful questions. Although controlling the number of false positives 
within our results lists is a very important aspect, it should be kept in mind that the 
efforts done in control of these false positives may affect the false negatives that are 
not being detected in the analyses as well. This increment in the rate of false 
negatives associated with the reduction of false positives might become an issue, 
especially in cases where the number of analyzed samples is small. For those 
reasons, it is necessary to compromise between both situations. 

 Class comparison approaches, combined with functional analyses or biological 
process–centered approaches, are commonly called gene set enrichment analysis 
(GSEA). Functional analyses try to come up with underlying biological processes 
associated with the comparison. The goal of these approaches is to identify whether 
there is an “enrichment” or statistically signifi cant increase or decrease in the 
abundance of probes associated with certain biological processes. These kinds of 
approaches were initially focused on the analyses based on the annotation of probes 
with gene ontology elements. They associate the differentially expressed elements 
and the probe annotations within the  Kyoto Encyclopedia of Genes and Genomes  
(KEGG) (Kanehisa and Goto  2000  )  or BioCarta. With the development of new 
available information sources, these comparisons have been extended to other areas 
such as interactome analysis, analysis of the enrichment in transcription factors, 
protein domains, or other ontologies or network data sources. To enhance the 
results when running this kind of analysis, it is recommended to relax the strin-
gency of the fi ltering parameters for the probes, limiting them to remove missing 
values or poor quality spots. In cases when these approaches are applied to datasets 
with a reduced number of probes/genes, the results are not usually satisfactory, 
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since the reduced number of genes is not able to capture the underlying biology of 
the analyzed processes. 

 Class prediction is the second of the procedures where supervised methods are 
applied. This means that the user is going to provide information about the classes 
or categories that are known among the samples to the algorithms, and the system 
will use that information during the analysis. In this case, the aim of these analyses 
is to identify a set of probes that, combined with some rules, can act as a “predictor” 
or “classifi er” that will not only discern between the classes but will also assign an 
unknown test sample to any of the previously known classes. This is an important 
approach in clinics and has been developed for other fi elds, such as prognosis, diag-
nosis, or prediction of treatment outcomes for cancer. 

 In class prediction experiments, it is important to split the available dataset with 
well-characterized samples into two different datasets. One of the datasets is pro-
vided to the algorithms that are applied to build “the rules” used to classify the set 
of samples, which is called the  training set . This training set is made up of samples 
known to belong to those classes or categories of interest to be used by the system 
as the basis to build up the predictor. The quality of the training set is crucial to have 
a high-quality process of identifying the predictors. These training sets should have a 
balanced number of samples belonging to each of the classes to be predicted and 
should represent as much of the intraclass variability as possible. Examples of the 
most commonly used algorithms are the artifi cial neural networks (ANN), discrimi-
nant analysis (DA), support vector machines (SVM), the  K -nearest neighbor (KNN), 
or Bayesian methods. 

 The second dataset, called the  validation dataset , is not used in the process of 
building up the classifi er, but rather in the process of validation. It is important for 
the correct procedure of this analysis that the validation dataset is not used in any 
way during the training process. The validation process will qualify the performance 
of the generated classifi ers by using the validation dataset. 

 In many cases, class prediction experiments have pitfalls due to the small number 
of samples available for building them. For this reason, it has been necessary to fi nd 
solutions to overcome this small sample number such as the application of resam-
pling techniques and the development of cross-validation methods such as the 
leave-one-out cross-validation (LOOCV). 

 Class discovery is the third of the analytical methods proposed to give biological 
meaning to the microarray data analysis. This approach is probably the fi rst approach 
that was used to analyze gene expression data in microarray experiments and also 
the most common approach used. In many cases, microarray analyses have been 
biased toward the use of these methods even when their use was not recommended 
or did not provide any useful information for the posed question. Examples 
include cases where it is wrongly used in experiments where the posed question 
should be addressed using either class comparison or class discovery experiments. 
The name of this approach for the data analysis comes from the fact that the purpose 
of these analyses is to identify new classes or hidden characteristics in the analyzed 
data. For this same reason, the methods and algorithms utilized in these analyses are 
unsupervised, where no a priori information is used nor needed. Many of these 
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algorithms try to “group” the samples or genes by means of some similarity measured 
somehow. Some examples of commonly used algorithms are the principal compo-
nent analysis (PCA) and different clustering techniques. In the PCA analysis, genes 
are combined into linear combinations that account for dataset variability and reduce 
the dimensionality of the dataset species. In many cases, PCA is combined with 
graphical approaches where the three principal components are represented in 3D 
plots. In those 3D plots, the experimenters can check whether the samples are 
grouped in any particular way or what their distribution is in this reduced space. The 
clustering approaches are another way of grouping both samples and genes, by far 
the most commonly used data analysis technique in microarray analysis. In clustering 
techniques, the samples or genes are grouped together by means of different algo-
rithms relying on different approaches such as the self-organizing map (SOM), 
 K -means clustering (KM), or the hierarchical clustering (HC). The grouping is done 
depending on the way the user and the algorithm measure the distance among the 
elements to be clustered. Among the previously cited clustering methods, the most 
common one is hierarchical clustering. In hierarchical clustering, the results of the 
algorithms come out in the shape of hierarchical trees, where the elements are 
grouped by pairs and then linked to another element. These algorithms can be either 
agglomerative (joining the samples depending on their similarities and following 
a bottom-up approach) or divisive (dividing the group by detecting the most dissimi-
lar elements following a top-down approach). In these algorithms it is important to 
distinguish between two terms that are related to the way the distances are measured: 
the distance metrics and the linkage metrics. 

 The  distance metrics  is the way the distance between two elements is calculated. 
These distances can be calculated using methods such as different correlation 
measures (parametric or nonparametric) or space distances. (In this case, each probe 
is considered to be a vector with as many components as samples and likewise with 
samples, each sample is a vector with as many components as probes selected for 
the analysis). 

 On the other hand,  linkage metrics  works such that once two elements are consid-
ered to be the closest to each other, they are linked together. As with distance metrics, 
different approaches to linkage metrics can be used. The fi nal aspect of trees gener-
ated by clustering approaches may refl ect different views of the same dataset depend-
ing on the selection of the parameters used and in some cases may look very different 
from one another when the algorithm has been run using different metrics. The use 
of clustering algorithms requires, in many cases, the use of some confi rmatory tech-
niques that explain the robustness of the clustering process. Thus, for some tools, it 
is possible to run some complementary tests, like bootstrap, to analyze how repeti-
tive and therefore how reliable the clusters generated during the analyses are. 

 Clustering analyses are also used as data quality exploratory analyses. It is com-
mon to use these analyses before running supervised methods, such as class com-
parisons, to explore whether all samples belonging to the same category are grouped 
together, as would be expected, or if it is possible to identify a sample that behaves 
abnormally for any reason and therefore would be recommended to be removed 
from further analyses. 
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 A characteristic in all the unsupervised techniques is that the user is responsible 
for deciding whether a group really does exist or what its importance for the studied 
process is. 

 In the last decade, a huge number of tools have been developed for gene expression 
data analysis. Among these tools, there are some that can be downloaded and used 
as desktop tools and others that can be used online   . Tables  4.3  and  4.4  provide a list 
of tools available for microarray analysis. It is interesting to highlight the develop-
ment of the Bioconductor repository among these tools. Bioconductor is an open-
source software project for bioinformatics. In this project, it is possible to fi nd a vast 
number of tools for statistical analysis and graphical representation of genomic data 
generated from a variety of platforms such as microarrays or next-generation 
sequencing. Among the set of microarray data analysis tools, there are a plethora of 
different scripts and applications not only for microarray gene expression data anal-
ysis but also for other applications such as comparative genome hybridization or 
genotyping. Some of these tools have been designed for specifi c microarray manu-
facturers and platforms. It is possible to fi nd tools specializing in data analysis, 
including preprocessing steps for Affymetrix microarrays, Agilent microarrays, or 
Illumina arrays.     

    4.3.2.2   Genotyping Data Analysis 

 Genotyping and resequencing experiments are designed to answer different ques-
tions than those posed with gene expression experiments. While in the gene expres-
sion experiments the major aim is focused on the quantitative aspects of the 
generated data, in many other experiments the goal is to identify those probes that 
are associated with the genotype present in the sample. Ideally, the genotyping 
approach should only be considered a qualitative analysis focused on the detection 
of those unique spots with a positive reaction and, therefore, the only spots that 
will have a detectable signal on the microarray. Unfortunately, the real experiments 
in many cases are far from that ideal situation due to a multitude of reasons, such 
as the unspecifi c reactions that may happen on the microarray. When the experi-
ment is focused on the detection of single nucleotides, the process of assigning the 
right signal to the analyzed position is termed  base calling . The complexity of the 
base-calling algorithms and processes is related to the approach selected to run 
the experiment. 

 In the simplest experimental approach, where there is a unique probe for the 
detection of a target biomarker, the purpose is to determine whether the signal inten-
sity coming from the analyzed sample is positive or negative. Under this situation, 
it could be considered a reduction of the problem to have a signal different than the 
surrounding background. There are many examples in the literature where this 
approach has been followed and the analyses compare these signals with those com-
ing from negative controls. Even in these simple approaches, it is necessary to keep 
a statistical control for the comparisons, and the experiments must be run under 
a multivariate environment. 
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   Table 4.3    List of microarray data analysis software   

 Resource name  Purpose  Availability 

 Bioconductor  Bioinformatics repository with scripts 
developed for R language. 
Microarray data analysis, storage, 
and annotation tools for gene 
expression, genotyping, and other 
approaches. Desktop software 

   www.bioconductor.org     

 BRB array tools  Software developed in R with an MS 
Excel interface. There are two 
different add-ins, one focused on 
gene expression analysis and 
another based on CGH analysis. 
Desktop software 

   http://linus.nci.nih.gov/
BRB-ArrayTools.html     

 Cluster/cluster 3.0  Latest version of M. Eisen’s popular 
Cluster software. This software is 
a developed clustering analysis 
program and provides some 
preprocessing options. Desktop 
software 

   http://bonsai.hgc.
jp/~mdehoon/software/
cluster/     

   http://rana.lbl.gov/
EisenSoftware.htm     

 dChip  Software developed for either gene 
expression or SNP data analysis 
using Affymetrix microarray 
platforms 

   https://sites.google.com/
site/dchipsoft/     

 GenePattern  It is a genomic data analysis platform 
that includes tools for microarray 
data analysis; either gene 
expression or SNP analysis. It can 
be used either as desktop software 
or as a web tool 

   http://www.broadinstitute.
org/cancer/software/
genepattern/     

 J-Express  Gene expression analysis software that 
includes preprocessing tools and 
functional analysis tools 

   http://jexpress.bioinfo.no     

 BABELOMICS  Web-based tool for gene expression 
and functional analysis. It includes 
a complete suite for data analysis 
from the preprocessing steps to the 
fi nal functional analyses 

   www.babelomics.org     

 SAM/PAM  SAM (Signifi cance Analysis of 
Microarrays) is one of the most 
common pieces of software used 
for class comparison in microar-
rays. PAM (Prediction Analysis of 
Microarray) is a program 
developed for class prediction 

   http://www-stat.stanford.
edu/~tibs/SAM/index.
html     

   http://www-stat.stanford.
edu/~tibs/PAM/index.
html     

 MapleTree 
TreeView 

 Software developed for the visualiza-
tion of results coming from the 
Cluster program based on Eisen’s 
TreeView. It is possible to use it to 
represent results from hierarchical 
and other clustering algorithms 

   http://mapletree.
sourceforge.net/     

   http://rana.lbl.gov/
EisenSoftware.htm     

(continued)

http://www.bioconductor.org
http://linus.nci.nih.gov/BRB-ArrayTools.html
http://linus.nci.nih.gov/BRB-ArrayTools.html
http://bonsai.hgc.jp/~mdehoon/software/cluster/
http://bonsai.hgc.jp/~mdehoon/software/cluster/
http://bonsai.hgc.jp/~mdehoon/software/cluster/
http://rana.lbl.gov/EisenSoftware.htm
http://rana.lbl.gov/EisenSoftware.htm
https://sites.google.com/site/dchipsoft/
https://sites.google.com/site/dchipsoft/
http://www.broadinstitute.org/cancer/software/genepattern/
http://www.broadinstitute.org/cancer/software/genepattern/
http://www.broadinstitute.org/cancer/software/genepattern/
http://jexpress.bioinfo.no
http://www.babelomics.org
http://www-stat.stanford.edu/~tibs/SAM/index.html
http://www-stat.stanford.edu/~tibs/SAM/index.html
http://www-stat.stanford.edu/~tibs/SAM/index.html
http://www-stat.stanford.edu/~tibs/PAM/index.html
http://www-stat.stanford.edu/~tibs/PAM/index.html
http://www-stat.stanford.edu/~tibs/PAM/index.html
http://mapletree.sourceforge.net/
http://mapletree.sourceforge.net/
http://rana.lbl.gov/EisenSoftware.htm
http://rana.lbl.gov/EisenSoftware.htm


794.3 Microarray Data Analysis

 Resource name  Purpose  Availability 

 TM4  Complete suite for microarray analysis 
comprised of four different 
software packages that can be 
found individually: Microarray 
Data Manages (MADAM), TIGR 
Spotfi nder, Microarray Data 
Analysis System (MIDAS), and 
Multiexperiment Viewer (MeV) 

   http://www.tm4.org/     

 GeneSpring GX  Commercial/transcriptomics, 
genomics, metabolomics, and 
proteomics 

 Agilent   http://www.
agilent.com     

 Ingenuity pathway 
assist 

 Commercial/pathway analysis 
software 

 Ingenuity systems   http://
www.ingenuity.com     

 GeneMaths XT  Commercial/software for gene 
expression analysis 

 Applied maths 

 Spotfi re –decision 
site for functional 
genomics 

 Commercial/data mining software for 
gene expression 

 Tibco   http://spotifi re.tibc.
com     

 Nexus expression  Commercial/gene expression analysis  Biodiscovery   http://www.
biodiscovery.com     

 ArrayStar  Commercial/software for gene 
expression as well as sequence 
variation data across a group 

 DNA star   http://www.
dnastar.com     

 Partek genomics 
suite 

 Commercial/software for microarray 
and next-generation sequencing 
data analysis 

 Partek   http://www.partek.
com     

 Genedata 
expressionist 

 Commercial/comprehensive software 
for –omics data (transcriptomics, 
metabolomics, proteomics, etc.) 

 Genedata   http://www.
genedata.com     

 IBD  Commercial/software for gene 
expression analysis 

 Integromics   http://www.
integromics.com     

Table 4.3 (continued)

 The reality is more complex than that. In those “simple” approaches, discrimina-
tion done by multiple probes is necessary to ensure the statistical signifi cance of that 
positive call considering all the remaining probes present in the microarray. In other 
experimental approaches where allele-specifi c oligonucleotide probes are used, either 
with hybridization or enzymatic reactions, base calling requires the use of specifi c 
analytical tools. In eukaryotic organisms when allele-specifi c probes are used, the 
success of the base genotype assignation methodologies relies on their capability to 
truly discern among three different situations: homozygous wild type/wild type, 
heterozygous wild type/mutant, or homozygous mutant/mutant. The use of different 
platforms implies the use of different approaches to perform the base calling. For 
example, Affymetrix developed its own application for base calling on its chips and 

http://www.tm4.org/
http://www.agilent.com
http://www.agilent.com
http://www.ingenuity.com
http://www.ingenuity.com
http://spotifire.tibc.com
http://spotifire.tibc.com
http://www.biodiscovery.com
http://www.biodiscovery.com
http://www.dnastar.com
http://www.dnastar.com
http://www.partek.com
http://www.partek.com
http://www.genedata.com
http://www.genedata.com
http://www.integromics.com
http://www.integromics.com


80 4 Bioinformatics in Support of Microarray Experiments

has been used as the basis for other tools. Despite the availability of this and other 
commercial platform-related specifi c tools, the scientifi c community has developed 
efforts to generate other new tools such as those available at the Bioconductor site. 
Table  4.5  contains a list of some software available for genotyping data analysis.  

 In the gene expression section, the fact that microarray data need to undergo a 
preprocessing step before any further analysis was brought up. In the case of geno-
typing analyses, these steps are also necessary, although the preprocessing activities 
are different. It is important to note that in many of these analyses, except for the 
more simplistic approaches, the normalization step is going to be necessary in the 
genotyping analyses as well, even if the normalization strategies are different from 
some of the ones developed for gene expression analyses. In some genotyping 
experiments, accepted requirements for global normalization strategies such as that 

   Table 4.4    List of some microarray statistical data analysis tools used for gene set enrichment 
analysis   

 Microarray statistical data analysis software freely available for academia/pathway analysis 

 Resource name  Purpose  Availability 

 GSEA  Gene set enrichment analysis. 
Desktop 

   http://www.broadinstitute.org/gsea/index.jsp     

 DAVID  Gene set analysis. Online    http://david.abcc.ncifcrf.gov/     
 GSA  Gene set    enrichment analysis. 

Desktop 
   http://www-stat.stanford.edu/~tibs/GSA/     

   Table 4.5    List of some tools designed for the analysis of genotyping microarrays. This list does 
not include proprietary tools that are available by the high-density microarray manufacturers for 
analysis of their arrays   

 Microarray software for genotyping 

 Resource name  Purpose  Availability 

 Accutyping  Algorithms for data normalization    http://www2.umdnj.edu/
lilabweb/publications/
AccuTyping.html     

 Freely available for academia 

 SNP chart  Analysis of APEX-based microarrays    http://www.snpchart.ca     
 It is able to analyze data starting 

from images 
 It is offered on a fee basis for academia 

 Genorama  Software developed specifi cally for APEX 
microarrays. Commercial 

   http://www.genorama.com     

 MACGT  Clustering-based genotyping tool    http://www.hli.ubc.ca/research/
PIs/MACGT.shtml      Freely available for academia 

 ResqMi  Designed for resequencing microarrays    http://www-ps.informatik.
uni-tuebingen.de/resqmi/      Freely available for academia 

 Bioconductor  Scripts developed for R language    http://www.bioconductor.org     
 Microarray data analysis, storage, and 

annotation tools for gene expression, 
genotyping, and other approaches 

 Desktop software 
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of having signals from a vast majority of spotted probes may not be fulfi lled. Another 
important issue regarding normalization strategies in genotyping experiments is the 
variability due to the diversity of experimental approaches and the impact that the 
different strategies may have on the normalization requirements. It is not the same 
situation when several fl uorophores are used, as in the APEX experiments, than 
when only one is used, as in the case of most of the hybridization-based approaches. 
The normalization step emphasizes intraslide normalization, since in comparative 
genome hybridization– (CGH) based approaches; interslide comparisons are not 
relevant beyond comparing whether a particular genotype is present or absent. 
These comparisons are done in absolute terms regardless of the intensity levels 
measured in the different experiments (Table     4.6 ).  

 When a single probe or color is used, some of the available analytical methods 
are based on the comparison of the obtained signals to those coming from negative 
controls or other controls. In many algorithms, the analytical methods developed for 
base calling are similar to those developed and used in gene expression analyses. 
Most of those approaches are based on the similarities between the problem of base 
calling and the class prediction approaches. In base calling, the classes are defi ned as 
the right and positive base assignations. Depending on the experimental approaches, 
it could be the perfect match compared to the mismatch or the differences between 
the normalized intensities among the different channels of known positive controls 
in multichannel experiments. Therefore, in these base-calling/class prediction 
approaches, many classes are defi ned as possible allelic variants that are analyzed in 
the experiments. Under this approach, it is possible to fi nd a set of different tools 
using different statistical approaches such as linear discriminant analysis (LDA) or 
Bayesian networks. Another important set of tools used for base calling is based on 
the use of different variants of clustering algorithms.    

    4.4   Microarray Data Management and Standards 

 An important aspect related to every “-omics” approach is the management of vast 
amounts of information generated by these experiments. Microarrays pertain to one 
of these “-omics” technologies, and management is a key aspect for the success of 
the experiments. 

   Table 4.6    Example of the relative allele signal (RAS) normalization method for genotyping data 
normalization   

 Normalization strategy  Explanation 

 Ratio-based: relative allele signal (RAS)  This normalization strategy is based on the 
comparison of ratios between the different 
probe pairs analyzed, wild type (wt) and mutant 
(mt). The normalized ratio ( R ) is generated for 
each spot calculating the ratio of each of the 
specifi c probes by the average sum of the 
intensities ( I ) of both probes.  R  =  I  

wt
 /( I  

wt
  +  I  

mt
 ) 
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 Information management in microarray experimentation has evolved and 
undergone important changes during the development of the technologies and the 
methodologies utilized. When microarrays were originally developed, there was 
a lack of standards. Different platforms led to different processing schemas and data 
formats. Due to this wide variety of platforms, formats, and ways of analyzing and 
publishing data, the launch of different standardization projects was fostered by 
public and private consortia. After some divergent approaches in the development of 
these standardization initiatives, they fi nally merged and crystallized into the devel-
opment of a set of recommendations about the parameters and information required 
for the annotation of microarray experiments. These would be transformed into the 
fi rst and most successful standards for microarrays to date, the  Minimal Information 
About a Microarray Experiment  (MIAME). The MIAME standard was developed 
by the MGED group, now the Functional Genomics Data Society (FGED-Society), 
and published in 2001 (Brazma et al.  2001  ) . It specifi es all the information to be 
provided with any microarray experiment to enable the interpretation of its results in 
an unambiguous way, which facilitates any reproduction of the experiment for vali-
dation. The development of this standard was quickly adopted by major publishers 
requiring the submission of microarray data in a way compliant with this standard as 
well as encouraging the development of new public and private repositories for the 
storage of these experiments. Since MIAME is an exhaustive annotation standard 
for all microarray experiments, the major topics covered by the standard are

    1.    The experimental design. This defi nes the factors related to how the experiment 
is carried out.  

    2.    Microarray annotation. This topic includes those aspects related to microarray 
manufacturing processes, the probes (their sequences, the sequences used for 
their design, and their physicochemical properties), and the probe distribution 
(the grid used in the microarray).  

    3.    Annotation of experimental factors and samples. This important aspect of the 
MIAME standard describes all the procedures that affect the samples (such as 
nucleic acid extraction, purifi cation, or labeling) and those experimental factors 
included in the study (for example, different treatments or different strains).  

    4.    Protocol annotation. All the protocols followed during the studies should be 
included within the information provided with the microarray experiments. The 
protocols should include not only the “wet lab” protocols used but also those 
used for the data and information processing.  

    5.    Raw data. The concept of raw data included in the MIAME standard refers to the 
quantifi cation fi les generated after image analysis. These fi les should allow for 
the reproduction of any data analysis carried out and explore other ways of using 
different data preprocessing steps.  

    6.    Processed data. In MIAME, the fi nal processed data are included. These data are 
the preprocessed data and should include only the normalized and transformed 
remaining data points after fi ltering.     

 An important point related to the development of the MIAME standard is the 
usage of well-established and -defi ned controlled vocabularies and ontologies for 
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the description and annotation of any of the processes involved in microarray 
experimentation. This recommendation is based on the fact that the use of such 
resources reduces the variability in the annotation and improves the quality and 
understanding of the annotated procedures. 

 The success of the MIAME initiative developed by the FGED society prompted 
the development of similar initiatives in other fi elds. It led to other standards in 
“-omics”-based approaches such as MINSEQE for its use in high-throughput nucle-
otide sequencing experiments. 

 Another area containing available standards for microarrays deals with the repre-
sentation of microarray gene expression data and information data exchange. This 
other standard is called MAGE (MicroArray and Gene Expression). It is another 
standard developed by the FGED society and is based on the development of a set of 
tools that enables and facilitates the data exchange process. For this purpose, an 
XML-based language has been proposed (MAGE-ML) (Spellman et al.  2002  ) . The 
recently developed MAGE-TAB spreadsheet format is the recommended option 
nowadays, since it is simpler than MAGE-ML, which is only used by those laborato-
ries with a strong background in bioinformatics or additional support. The develop-
ment of MAGE-TAB has fi nally spread the use of MAGE for data exchange without 
the need for knowing or understanding the details related to the XML-based format. 

    4.4.1   Microarray Data Repositories 

 As mentioned previously, during microarray experiments, huge amounts of infor-
mation are generated and managed. The development of the standards and the 
requirement of publishers to provide information related to the experiments led to 
the development of public data repositories. In the early years, the information asso-
ciated with experiments was presented in websites as singe fi les or sets of fi les. 
Later some groups or institutions started to develop their own storage facilities by 
saving the information and data that they considered most important. With the 
advent of the MIAME standard and the efforts of the FGED Society, the basis for 
the development of the major public repositories available nowadays were set. 
Despite the existence of these major public repositories, there are still other smaller 
resources focused more on everyday work in smaller laboratories or internal use in 
core facilities. These smaller and private data repositories should follow the MIAME 
standard and, if possible, the MAGE-TAB as well in order to simplify the transfer 
of information to the major public resources. 

 In an analogy to the previously cited world of nucleic acid sequences, the 
microarray world has followed some of the same paths, such as the requirement of 
depositing data in public repositories before publishing. There is also a similarity 
between microarray public repositories and databases and sequence databases. It is 
possible to fi nd major public resources associated with the major sequence provid-
ers (EBI, NCBI, DDBJ), but there are also other participants involved that provide 
interesting resources, such as Stanford University. An extremely important difference 
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between microarray resources and nucleotide databases is that there is not a complete 
data exchange policy among the nucleotide databases. Therefore, it is possible to 
fi nd unique contents in each of these databases. 

 The Gene Expression Omnibus (GEO  2011  )  is the NCBI solution for microarray 
storage. The aim of this resource is to store abundant molecular species. This aim is 
broader than mere microarray storage. In this resource, it is possible to fi nd data 
coming from other platforms different from microarrays, such as high-throughput 
sequencing data and other microarray data not focused on gene expression, such as 
protein microarrays and SNP microarrays. 

 The system has been designed to fulfi ll all the MIAME requirements and encour-
age the submitters to submit their data in a MIAME compliant way by means of 
a MIAME checklist-like submission procedure. In those cases where the submitters 
do not follow the MIAME standard, they should provide the raw data associated 
with each submission. Once the experimenters have submitted their data, it can be 
either public or kept private while a manuscript is under review. The reviewers may 
have access to this information via a temporary accession number for the datasets. 
The data submitted to GEO do not necessarily have to be referred to or supported by 
a publication. In cases where the data have been kept private and the NCBI staff 
detects that the dataset has been published, there is an immediate release of the data 
to make the data freely accessible to the whole community. Data submitted to GEO 
are accessible and grouped into two different categories: the GEO series (GSE) and 
the GEO datasets (GDS). GEO series are the original records related to a study 
submitted by an experimenter, while the GEO datasets are based on the GSEs, 
which have been processed and curated by GEO staff. These represent a collection 
of data that are comparable biologically and statistically. 

 Once the data of interest have been found, it is possible to download the data for 
further analyses. The downloadable fi les are a series matrix from the GSE or the full 
SOFT fi les from the GDS, and both fi les can be used for further analysis using dif-
ferent software. 

 GEO includes some embedded tools for data analysis associated with the stored 
information. These tools allow the user to perform statistical analysis for the identi-
fi cation of specifi c gene profi les within the selected study. Available tools include 
unsupervised techniques (clustering and heatmaps for the visualization of clustering 
results) and supervised techniques ( t -test for sample comparison). It is important to 
note that access to the analytical tools embedded in the repository is available only 
for the GDS and not for the GSE. 

 ArrayExpress  (  2011  ) , hosted by the European EBI, is a repository for array-
based experiments as well as other functional data coming from RNA-Seq data. 
(RNA-Seq data come from the use of next-generation sequencing in gene expres-
sion studies.) Organized in two major components, the goals of ArrayExpress are to 
serve the community as a repository supporting publications, provide access to data 
in a standardized format, and facilitate the sharing of technical platforms and proto-
cols. One of the major characteristics of ArrayExpress is its priority of storing well-
annotated data. 

 The two elements constituting the ArrayExpress (AE) system are the ArrayExpress 
experiment archive, the database containing all submitted data, and the Gene 
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Expression Atlas. The Gene Expression Atlas  (  2011  )  is a curated and semantically 
enriched database of data generated from the meta-analysis of data stored at the AE 
experiment archive. 

 An interesting characteristic of AE is that they are following a policy of importa-
tion of experiments stored in the GEO. AE imports experiments based on the 
Affymetrix and Agilent microarray catalogues on a weekly basis. These experiments 
(both GDS and GSE) are evaluated, and if they pass the quality fi ltering process (no 
corrupted fi les) are reannotated and incorporated into AE. These experiments contain 
a specifi c AE accession number E-GEOD-XXXX, which identifi es an experiment as 
coming from this import process. A similar process is carried out with the Stanford 
University microarray database. In the case of the experiments submitted to the 
Stanford Microarray database, the accession number is E-SMD-XXXX. 

 The ArrayExpress database was designed by several of the groups involved in the 
development of the MIAME standard. For this reason, the database has been 
MIAME-compliant since its origin. The focus in covering the MIAME standard is 
refl ected in the use of a MIAME score for the available data. This MIAME score 
represents the coverage of the MIAME standard in fi ve major categories (array 
designs, protocols, factors, processed data, and raw data). The score is used to indi-
cate the quality of the annotation provided by the submitter in those different areas. 

 Similar to the procedures developed for data uploading to GEO, AE has two dif-
ferent approaches for data uploading. An online strategy based on the use of their 
tool MIAMExpress allows the upload of experiments with fewer than 50 hybridiza-
tions and with a single raw fi le per hybridization, and a MAGE-TAB–based proce-
dure as a general uploading method. 

 Database querying in AE for experiment retrieval can be done in two different 
steps. First, a general search is done using an ArrayExpress accession number or 
using keywords in the search textbox. Once this fi rst search has been done, it is pos-
sible to apply some fi lters related to the species, technologies, specifi c arrays, or the 
molecular assay. It is possible to build complex queries combining search terms or 
specifying the search fi elds. The database offers specifi c querying interfaces for 
platform design or protocol retrieval. 

 An important difference between AE and GEO is that GEO contains some 
embedded analysis tools, while AE used to have a direct link to export its data to 
the ExpressionProfi ler tool. Since this tool was retired at the end of 2011, this link 
is no longer available. The data may be downloaded to be analyzed in other third 
party tools. 

 Following the same schema used in nucleotide databases, what was supposed to 
be the third microarray database available is the Japanese database maintained by 
the DDBJ Center for Information Biology gene EXpression database (CIBEX  2011  ) . 
Although when it was designed, it was expected to be the third major resource, it did 
not accomplish that goal. This database contains limited data, mostly submitted by 
Japanese groups. 

 In the world of microarrays, the role of the third major database is played by the 
microarray database of Stanford University, SMD  (  2011  ) . The importance of this 
database is based on the infl uence that Stanford University had in microarray devel-
opment. Stanford University has been involved in the development of microarray 
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technologies since the very beginning and has played a key role in the spread of 
the technologies and some of the analytical procedures for data analysis. SMD 
use is free for the faculty of Stanford University and can be used by external groups 
who pay a fee depending on the number of arrays loaded. The difference between 
this database and the other resources is that it can be used for data storage while 
experiments are running instead of being used only for fi nal storage. The data of this 
database can also be found either on GEO, ArrayExpress, or both. SMD is a 
MIAME-compliant database. 

 While accessing SMD, it is possible to explore the data associated with the most 
recent publications shown on the home website. In querying the database it is possible 
to use three different strategies: experiment-based, dataset-based or gene-based. The 
fi rst search strategy allows the user to access the advanced querying interface. 

 SMD contains embedded functionality for data analysis that allows the user to 
process the raw data in the database by utilizing different preprocessing strategies. 
It supports two unsupervised clustering methods for data analysis.   

    4.5   Microarray Quality Control and Assessment 

 The results of microarray-based applications have been under suspicion for a long 
time due to issues related to the different technologies in microarray manufactur-
ing, variability in protocols and experimental approaches, and fi nally, their com-
plex analysis and the need for mathematical calculations for data interpretation. 
The lack of other standards different from those developed for data storage and 
information exchange did not help to add confi dence in the technology. For these 
reasons, many efforts have been done to assess the quality and reproducibility of 
experiments carried out using microarrays. The standardization initiatives were 
focused on different areas, some of them having already been discussed in the 
previous section that dealt with MIAME and MAGE-ML. A crucial initiative to 
ensure the quality of microarray experiments was the MicroArray Quality Control 
project (MAQC). 

 This project has been developed in two different phases, MAQC-I and MAQC-II, 
funded by the U.S. Food and Drug Administration (FDA). The aim of these projects 
was the evaluation of the reproducibility, comparability, and performance of the dif-
ferent microarray platforms and laboratory techniques. The results of the fi rst 
MAQC effort focusing on technological assessment were published in 2005 and 
2006. They showed a high internal reproducibility among the different microarray 
platforms included in the study (the most commonly used ones, including commer-
cial and some in-house printed microarrays) (Shi et al.  2006 ; Patterson et al.  2006 ; 
Chen et al.  2007  ) . Another important aspect of these results was the comparability 
and agreement of the microarray results between the platforms and compared with 
other techniques, such as quantitative PCR. An important detail regarding these 
studies is that they were based on the comparability of gene expression studies. 
Genotyping microarrays have been generally validated by sequencing. 
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 Microarray data analysis is still a challenging area for specialists in bioinformatics. 
Different methods have been developed and published for microarray data analysis. 
In the past, there were some attempts to standardize these analyses. All of these 
initiatives failed to establish an approved standard, but the closest result was a 
European Union–funded project (EMERALD) focused on promoting quality met-
rics for quality control of the experiments. 

 The second phase of the MAQC project (MAQC-II) was focused on the analysis 
of class prediction studies. These are some of the most relevant studies in health 
applications. The results of this second study were published in 2010 and showed 
that the biological endpoint is the most important aspect related to the performance 
of the algorithms used and analyzed (MAQC  2010 ; Luo et al.  2010  ) . In this study, 
a set of fi ve observations and three recommendations focused on the improvement 
of the procedures used for model building of the predictors were proposed. 

 The data availability that comes with the requirement of publishing results in 
public databases has enabled the possibility of carrying out analyses without doing 
any experiments by simply recovering and reanalyzing the data. Another option that 
is currently available is the possibility of running meta-analysis or complement 
studies by recovering data from other similar studies.  

    4.6   Probe Design Example Using PremierBiosoft’s 
Array Designer 4.2 

     1.    Open the software and open a new project File-> New Project.  
    2.    Once the project is created, it is necessary to defi ne the kind of probes that are 

going to be designed. This software allows the user to design probes under the 
following conditions: standard array design, tiling array design, whole-genome 
array design, and resquencing array design. There are differences in the condi-
tions and the kind of probes that can be designed under these standard protocols. 
In this example, we will follow two examples in the design of the standard arrays 
and a resequencing array.  

    3.    Once the design strategy is chosen, for example, standard array design, the next 
step is loading the sequences into the software. This process can be done in dif-
ferent ways, either opening the sequences from a local fi le or uploading them 
directly from GenBank using their accession numbers. Once the sequences are 
uploaded for a particular design strategy, they cannot be used in a different 
strategy and must be loaded again with a newly chosen probe design strategy.  

    4.    Once the sequences are uploaded, it is possible to defi ne the reaction conditions. 
These parameters will be used for the calculation of the thermodynamic proper-
ties of the probes (Fig.  4.6 ).   

    5.    The next step consists of designing the probes and defi ning the parameters for 
the desired probes. The parameters that can be customized by the user are the 
length range of the probes (allowing the design of short or long probes), the  T  

m
  

range, and the location of the probes. The advanced parameters tab opens a new 
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dialog box containing some other specifi city parameters. The Output tab allows 
the number of probes designed, the number of alternatives for each design, and 
the polarity of the design to be defi ned, whether it is based on the sense or anti-
sense strand of the target sequence (Fig.  4.6 ).  

    6.    In the case of designing probes for the analysis of SNPs, the SNPs should be 
introduced using the “Add SNP” button. Once the SNP is added, it appears in the 
lower half of the screen. If there are several SNPs in the same sequence, they 
must be introduced separately (Fig.  4.7 ). Another option is to introduce the same 
sequence several times as if it was different sequences and then set each SNP in 
each of these new sequences. The software designs probes for only one of the 
possible SNPs introduced in the sequence, so introducing the same sequence 
several times and setting each SNP in each copy is particularly useful to avoid 
the selection of each SNP one by one.  

    At this stage, it is also possible to defi ne the parameters used in the design 
of probes for SNP analysis. The two possibilities are the design of hybridization 
probes where the mismatch is located at the central position of the probe or 
a primer extension probe with the SNP located at the 3 ¢  end one base upstream 
of the SNP location (Fig.  4.7 ).  

    7.    Once the parameters for the probe design are set, the software performs the 
design and shows the number of probes created for each of the analyzed 
sequences. The resulting probes are listed in both parts of the screen (Fig.  4.7 ). 
In the upper half of the screen are the sequences and the probes in the second 

  Fig. 4.6    Steps 4 & 5 in probe design using ArrrayDesigner 4.2 Software       
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column (probe design column). If a probe has been designed, the quality based 
on an internal scoring formula of the best probe designed is indicated. For SNP 
probe designs, the last column provides information about the SNP for which the 
probe has been designed. Appearing in the lower half of the screen are the 
detailed characteristics of the probe designed based on the sequence selected in 
the upper half of the screen.  

    8.    Once the probes are designed, the next step is the control of their specifi city by 
means of a BLAST search. ArrayDesigner 4.2 offers several search possibilities 
based on whether the BLAST is run on the same computer that the software is 
installed, run by using a local database defi ning a particular server, or run by using 
NCBI’s BLAST services. With NCBI’s BLAST services, it is also possible to 
defi ne different search types based on the sequence datasets used to build the 
BLAST database. The offered NCBI-based searches are based on the nr data-
base BLAST, and genome-based BLAST searches are focused on the Human 
Genome BLAST, Eukaryotic Genome BLAST, or Microbial Genome BLAST. In 
the case of the selection of any of the genome-based BLAST searches, it is necessary 
to use the “set genome” option to select the genome of interest as well as the data-
base in case there are several available databases related to any particular genome. 

    Pressing the “Analyze” button offers the BLAST option. In this screen, it is 
possible to select the kind of designed element for which the BLAST search will 
be performed. For this example, the element is the designed probe (Fig.  4.8 ). 

  Fig. 4.7    Steps 6 & 7 in probe design using ArrrayDesigner 4.2 Software       

 



  Fig. 4.8    Step 8 in probe design using ArrrayDesigner 4.2 Software       

  Fig. 4.9    Step 9 in probe design using ArrrayDesigner 4.2 Software       
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Pressing the “Advanced” button opens a new window offering different BLAST 
parameters, such as options for the searches (Fig.  4.8 ).   

    9.    Once the probes have been designed, it is possible to save the project or to export 
the designed probes. In both cases, each option can be found under the “File” tab. 
The probes are exported as a spreadsheet, and before exporting them, one can 
decide the characteristics of the probes to be included in the spreadsheet (Fig.  4.9 ).           
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  Abstract   DNA microarrays bring practical benefi ts to the fi eld of food safety in 
regard to pathogen detection and characterization. This chapter is a review of how 
DNA microarray technology has been applied to the identifi cation of pathogens, 
assessment of their diversity, analysis of their responses to different forms of stress, 
and studies on how specifi c metabolic pathways might contribute to the growth and 
survival of the pathogens in a range of niches, such as the food processing environ-
ment or a human host. Taken together, the studies reviewed in this chapter give 
signifi cant information about how microarray platforms pertain to one of two main 
types. One type is more focused on genomic analysis for foodborne bacterial detec-
tion and characterization, while the other is more oriented toward the systemic 
research of pathogens in order to discover their molecular mechanisms of action. 
This is achieved by performing genome-wide screens in real time at affordable 
prices and with reliable outputs. DNA microarrays are simple to use and have a high 
potential for application in studies involving tracing pathogens through the food 
supply chain, particularly when rapid information about detection is important. 
Finally, microarray technology could also allow specifi c and sensitive testing for the 
assessment of virulence and antibiotic resistance of foodborne bacteria with the 
objectives of improving prevention, detection, and follow-up.  

  Keywords   DNA microarrays  •  Gene expression profi ling  •  Detecting foodborne 
pathogens  •  Genotyping of foodborne bacteria  •  Resequencing microarrays  
•  Virulence of foodborne bacteria  •  Antimicrobial resistance of foodborne bacteria      

    5.1   DNA Microarrays to Study Bacterial Foodborne Diseases 

 DNA microarrays can be used to conduct two fundamental types of experiments: gene 
expression profi ling and genotyping. In gene expression profi ling experiments, the 
probes are designed to interrogate RNA. However for genotyping experiments, 

    Chapter 5   
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Bacterial Foodborne Pathogens           
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the targets are DNA that has been extracted from biological samples and the probes 
are designed to survey the sequence variations in or among the samples Although it 
is a simple experimental approach, DNA microarray technology provides the basis 
for profound studies of comparative and functional genomics in foodborne patho-
gens, as will be further elaborated in the following sections of this chapter.  

    5.2   Microarrays to Obtain Gene Expression Profi lings 
to Study Foodborne Pathogens 

 Gene expression analysis with microarrays was one of the fi rst applications that 
successfully detected thousands of labeled target molecules in parallel. These quan-
titative assays are extremely useful in monitoring global changes in gene expression 
under various growth conditions, chemical treatments, or other stress-causing 
effects. Furthermore, data describing microbial gene expression in cultured cells 
and in experimental animals by microarrays are helping to resolve the mechanisms 
underlying pathogenesis. Overall, DNA expression arrays provide a very powerful 
tool for understanding how foodborne bacteria cope and survive in novel and 
constantly changing environments. 

 With advances in bioinformatics and microarray manufacturing, the quality of 
microarray data has improved dramatically, while the challenges associated 
with microarray cost and data analysis and interpretation are being resolved. The 
complete genome sequences for diverse bacterial strains belonging to the most 
important foodborne pathogenic species are available in the Genomes OnLine 
Database (GOLD) (Liolios et al.  2010  )  and in the Comprehensive Microbial 
Resource (CMR) (Schoolnik  2002  ) . However, there is a lack of information on genes 
not present in these reference strains, and it is not possible to determine gene positions 
when making comparisons between reference strains and target strains. These are 
two examples of issues that still need to be worked out in microarray technology. 

 Initially, all the different microarray platforms are able to provide comparable 
results. A high level of agreement in gene expression microarray assays has been 
obtained even when employing different microarray types or facilities, different 
methods of purifying genomic DNA, or different wash buffers. However, less agree-
ment between microarray results has been observed when using different hybridiza-
tion buffers, indicating the importance of this parameter when transferring standard 
microarray assays between laboratories. As with any assay, replicate samples are 
critical for statistical analysis, because the fl uorescent readout of hybridization 
intensities can vary between different laser scanners and reproducibility can vary 
greatly between different laboratories. The recognition of biases and other artifacts 
by individual labs and organizations, such as the MicroArray Quality Control 
(MAQC) consortium, has led to the development of quality control standards that 
operate to ensure the usefulness of a well-performed microarray experiment. 

 A new generation of high-density tiling arrays incorporates probes throughout 
the full bacterial genome to use for gene expression experiments. The Pathogen 
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Functional Genomics Resource Center (PFGRC  2011  )  distributes 70-mer glass 
slide DNA microarrays for different pathogens. The Bacterial Microarray Group at 
St George’s (B m G@S  2011  ) , established through the Wellcome Trust’s Functional 
Genomics Initiative, makes DNA microarray technology available to the microbial 
pathogen research community on the basis of scientifi c collaboration. The only 
Affymetrix microarray available for pathogen gene expression is the GeneChip® 
 E. coli  Antisense Genome Array, which is used for examining the expression of 
all known  E. coli  genes. A variety of companies, such as Roche NimbleGen and 
Agilent Technologies, provide platforms for a more fl exible approach to gene 
expression array design. 

 In order to support the analysis of information generated by gene expression 
arrays, the Food and Drug Administration (FDA) has developed free software, 
ArrayTrack TM , which has recently been upgraded to manage and analyze genetic 
profi ling data related to bacterial foodborne pathogens (Xu et al.  2010  ) . 

 Disease pathogenesis refl ects the complex interactions among host, pathogen, 
and environmental factors that infl uence both host and pathogen responses. Research 
on bacterial pathogenesis is a rapidly growing fi eld as additional bacterial genome 
sequences become more and more available and techniques for conducting high-
throughput analysis like microarrays are refi ned. At the transcriptome level, microar-
rays have frequently been used to measure mRNA abundance under certain 
conditions, enabling, for example, global surveys of several groups of associated 
virulence factors, antibiotic resistance, and stress-response genes in response to 
diverse environments and hosts. 

 Matching the expression profi le produced by a particular stress or external condi-
tion with an archive of pathway-specifi c profi les should greatly improve the decision-
making process, as in the case of treatment with antimicrobial compounds. Moreover, 
through the use of specifi c inhibitors whose sites of action are known, it can be 
possible to identify signature profi les that are specifi c for a particular pathway. 

 A main objective is to identify gene expression differences between strains that 
occupy different host niches or vary in some other subtle manner. Table  5.1  lists 
some studies done on the expression profi les of the most important foodborne 
 bacteria types,  Escherichia coli  O157:H7,  Salmonella enterica  spp.,  Listeria 
 monocytogenes ,  Campylobacter jejuni , and  Yersinia enterocolitica .  

    5.2.1   Identifi cation of Expression Profi les in Pathogens 
Associated with Virulence and Pathways 
of Host–Pathogen Interactions 

 To understand the bacterial response that occurs in the course of host–pathogen 
interactions, it is necessary to identify the genes required for infection and in vivo 
survival of the pathogen along with the genes that are differentially regulated in the 
host. Ideally, studies of this kind would compare expression profi les of bacteria 
from infected tissues with profi les of bacteria cultured under standardized in vitro 
growth conditions. Unfortunately, this goal has not been achieved without the use of 
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   Table 5.1    Some examples of gene expression experiments with DNA arrays to study virulence 
factors and adaptation to environment changes of foodborne bacteria   

 Foodborne bacteria  Gene expression study  Reference(s) 

  Escherichia coli  
O157:H7 

  lrp  Mutant versus wild type to study genes 
associated with nutrient limitation and 
osmotic stress 

    Tani et al.  2002  

  dam  Mutant versus wild type to study genes 
involved in regulation of the metabolic and 
respiratory pathways 

 Oshima et al.  2002  

 Induction of stress associated transcripts  Dahan et al.  2004  
 Baro-resistant versus baro-sensitive strains  Malone et al.  2006  
 Mutants and different O 

2
  concentrations  Overton et al.  2006  

 Response to multiple stresses of the food 
environment 

 Bergholz et al.  2009  

 Growth in raw ground beef extract versus 
tryptic soy broth 

 Fratamico et al.  2011  

 Survival at 15°C in sterile soil and natural water  Duffi tt et al.  2011  

  Salmonella 
enterica  

  pnp  Mutant versus wild type to study how 
PNPase affects genes involved in intracel-
lular growth in mice 

 Clements et al.  2002  

  csrA  Mutant versus wild type to study this gene 
as a global regulator 

 Lawhon et al.  2003  

 Repression of genes by probiotic effect  Keersmaecker 
et al.  2005  

 Systemic infection in mice  Lawley et al.  2006  
 Intramacrophage gene expression study  Faucher et al.  2006  
  lpp  Mutant versus wild type to study differences 

in fl agellar and virulence gene expression 
 Fadl et al.  2006  

 Response to chlorine oxidative stress  Wang et al.  2010  

  Yersinia 
enterocolitica  

 Temporal global changes during temperature 
transition 

 Motin et al.  2004  

 Global gene regulation of virulence genes and 
FliA involved in fl agellar synthesis 

 Horne and Pruss  2006  

 Regulation of stress-response genes of 
phage-shock protein 

 Seo et al.  2007  

 Virulence in mice  Rogers et al.  2007  
 Transcriptional profi le inside J774.1 

 macrophage-like cells 
 Fukuto et al.  2010  

  Listeria 
monocytogenes  

  s  B  Mutants of lineages I, II, IIIA, and IIIB to 
determine the contributions of  s  B  to stress 
response and virulence 

 Oliver et al.  2010  

 Expression of stress response and virulence 
genes 

 Rantsiou et al.  2012  

 Growth on a ready-to-eat meat matrix to 
understand adaptation and survival ability 

 Bae et al.  2011  

 Pressure-tolerant mutant strain to understand 
survival under high-hydrostatic-pressure 
(HHP) treatment 

 Liu et al.  2011  

 Strain resistant to the bacteriocin sakacin  Tessema et al.  2011  

(continued)
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amplifi cation methods, because the number of organisms that can be obtained from 
infected tissues is normally small, and host cell RNA is vastly more abundant than 
bacterial RNA. 

 Bacterial virulence gene expression is affected by the growth phase, nutrient 
levels, temperature, oxygen, carbon source, pH, osmolarity, divalent cations, and 
iron concentrations, as has been shown in several studies. Taking these consider-
ations into account, most microarray studies of pathogenic bacteria have employed 
growth conditions that are achievable in vitro to simulate host environments with 
respect to one or more of the mentioned parameters. 

 Microarray analysis has been used to study possible mechanisms involved in the 
adaptation of foodborne bacteria to the host by detailing the upregulation of the 
genes involved in ribosomal protein synthesis and modifi cation, heat-shock response, 
and primary adaptation to the host environment. The regulation of virulence factors 
is expressed in many cases in a coordinate manner as shown in the fl agellar gene 
expression of  E. coli  or  S. enterica  serovar Typhimurium, which consists of more 
than 40 genes. Early genes such as  fl hCD  and  fl gM  code for master regulator pro-
teins, which direct the expression of intermediate genes (fl agellar hook and basal 
body) and late fl agellar genes (structural genes). Microarray experiments revealed 
287 putative targets of FlhC, representing a variety of cellular functions such as 
central metabolism, cell division, biofi lm formation, and pathogenicity. This has 
provided a valuable insight into the complex regulatory network of the pathogen 
that enables its survival under various environmental conditions (Sule et al.  2011  ) . 

 Host genomic information has also yielded insights into bacterial virulence 
through the transcriptional profi ling of host responses to infection and the identifi -
cation of host proteins required for bacterial pathogenicity by using the knockdown 
of host gene product expression during infection (Sturdevant et al.  2010  ) .  

    5.2.2   Studies of Pathogen Responses to Environmental 
Changes and Food Preservation Methods 

 The application of microarrays to different food models and environments has 
allowed the transcriptional profi ling analysis of pathogens and the ability to identify 
complex pathways and strategies that a pathogenic bacterium utilizes in response to 

Table 5.1 (continued)

 Foodborne bacteria  Gene expression study  Reference(s) 

  Campylobacter 
jejuni  

 Mechanisms involved in adaptation to the host 
(rabbit) 

 Flint et al.  2010  

 Growth phase–dependent activation of the 
DccRS regulon 

 Wösten et al.  2010  

 Growth in microaerobic atmospheres  John et al.  2011  
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environmental stress or to food preservation methods (e.g., heating, chilling, acidity, 
alkalinity, etc.). Surprisingly, few studies focusing on issues directly relevant to 
food safety have been published, dealing with, for example, treatments with sanitiz-
ers, formation of biofi lms, or growth on different food processing surfaces. Global 
approaches using microarrays to study foodborne bacterial response to diverse 
preservation methods will provide important keys to better control contamination in 
the food industry. 

 Microarray analyses of bacterial gene expression give information on genes that 
are involved in pathogenesis and virulence, stress response, and antibiotic resistance, 
all of which could be investigated as potential targets for food safety interventions. 
For example, in attempts to further understand the continuous problems that  E. coli  
O157:H7 causes, different studies have been carried out with microarrays, obtaining 
the global gene regulation of this bacterium while growing on varying food matri-
ces. These studies have provided insight into how this pathogen is able to survive, 
how exposure to food infl uences subsequent transmission and virulence, and how 
the bacteria are able to develop a different phenotype during transport through the 
environment (Bergholz et al.  2009 ; Duffi tt et al.  2011  ) . 

 The expression profi les of bacteria depend highly on the diverse stress conditions 
to which they are exposed:

   High-temperature conditions. Heat-shock proteins (HSPs) function as molecular • 
chaperones and play an important role in protecting the cell from damage 
imposed by heat and other stresses. Whole-genome expression profi les of cells 
exposed to 48°C were examined using DNA microarrays to investigate the 
response in  L. monocytogenes  and  C. jejuni  (van der Veen et al.  2007  ) . These 
studies reported that numerous differentially expressed genes that have roles in 
the cell division machinery or cell wall synthesis were downregulated, in line 
with the observation that heat shock results in cell elongation and the prevention 
of cell division.  
  Mechanical stress. Mechanical stress injury produced from treatment with high • 
hydrostatic pressure (HPP) was studied in  L. monocytogenes  following treat-
ments with 400 and 600 MPa for 5 min. Results showed that HPP increased the 
expression of genes associated with DNA repair mechanisms, transcription and 
translation of protein complexes, the septal ring, the general protein translocase 
system, fl agella assemblage, chemotaxis, and lipid and peptidoglycan biosyn-
thetic pathways (Bowman et al.  2008  ) .  
  Acidic or alkaline environments. It is generally accepted that low pH induces • 
a global stress response and regulates the expression of virulence genes in several 
bacterial species. Adaptation to acidic environments also has been studied with 
microarrays in the case of  E. coli . When growing with acetate, the bacteria sig-
nifi cantly increases its acid resistance and exhibits the upregulation of at least 26 
genes, 6 of which were previously known to play a role in protecting the intracel-
lular pH during acidic conditions of growth (Arnold et al.  2001  ) . Investigations 
into resistance or susceptibility to certain types of environmental stresses like 
chlorine led to the identifi cation of 209 core genes of  S. enterica  associated 
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with Fe–S cluster assembly, cysteine biosynthesis, stress response, ribosome 
formation, biofi lm formation, and energy metabolism, all of which were differ-
entially expressed (Wang et al.  2010  ) .  
  Regulation by bacterial density. Quorum sensing is a mechanism by which bac-• 
teria sense and respond to their own population density by means of signaling 
molecules, called autoinducers. Quorum sensing affects the expression of many 
cellular processes, including that of virulence genes, and has been studied in 
 E. coli  with microarray technology (Ren et al.  2004  ) .     

    5.2.3   Studies of Pathogen Responses and Resistance 
to Antimicrobials 

 There is a great deal of complexity in gene expression responses of bacteria to anti-
microbial treatment. There are four kinds of changes in gene expression signatures 
that are produced: (1) changes in expression of bacterial genes that are altered as 
a direct consequence of the effect on a target by an antimicrobial; (2) expression 
changes of genes indirectly affected by the antimicrobial effect on the primary 
target, including genes related to general stress responses, metabolic changes, and 
resistance mechanisms; (3) expression responses related to the secondary effect in 
co-regulated genes; and (4) changes in unrelated genes. Databases of gene expres-
sion signatures using microarrays for a range of antimicrobials and regulatory inter-
actions are available for several microorganisms (e.g., RegulonDB for  E. coli  and 
DBTBS for  Bacillus subtilis ). The DBTBS (Hutter et al.  2004  )  predicts the mecha-
nism of action for a series of antimicrobials.   

    5.3   Microarrays to Study Variations in DNA Sequence 

    5.3.1   Detection of Foodborne Bacteria 

 The highly miniaturized and parallel nature of DNA microarray technology permits 
the simultaneous assessment of the presence of many foodborne bacterial patho-
gens. Additionally, microarray technology can be applied to examine differences in 
gene content between taxonomically related strains that vary with respect to subtype 
and pathogenic phenotype. 

 A major challenge of microarrays is the parallel detection and identifi cation of 
pathogens of low abundance within a complex microbial community. Prior to 
enabling the detection of a low number of bacterial cells in complex samples by 
DNA microarray assays, broad-range PCR amplifi cation and subsequent fragmen-
tation is necessary in many cases. This poses limits on the assay and also may cause 
a degree of bias. The critical step for the PCR approach is the selection of the right 
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gene so that the sequence is conserved suffi ciently to be able to identify several 
genera or species and, at the same time, has enough polymorphisms present so that 
species identifi cation is possible. Most scientists have based microarray probe selec-
tion for bacterial detection on the variable regions of 16S or 23S rRNA genes to be 
used for the identifi cation of foodborne bacterial pathogens by using universal PCR 
primers for 16S or 23S rRNA or rDNA (Wang et al.  2007  ) . 

 On the other hand, other studies have detected bacterial species by employing 
bacterial species-specifi c genes, including housekeeping genes, virulence factors, 
and antibiotic resistance determinants, instead of rDNA sequences. Specifi c nucle-
otide sequences unique to the microorganism of interest have to be identifi ed during 
the design of the microarray by performing multiple alignments of nucleotide 
sequences derived from all microbial species. The specifi city and sensitivity of the 
candidate probes have to be fi rst confi rmed by comparison with sequences in public 
databases by BLAST analyses and then reconfi rmed by hybridization studies. The 
design of the selected probes must avoid cross-hybridization, have uniformity of 
annealing temperatures (or GC content), and in general possess multiple probes for 
each sequence. Microarrays for detection have only positive and negative control 
spots to ensure that threshold limits for positive responses are maintained and that 
nonspecifi c adsorption does not create a false-negative signal. The sensitivity of 
microarray assay for the detection of target foodborne bacteria has been reported in 
the range of 10 2 –10 4  colony-forming units (CFU) (Kostić et al.  2011 ; Sule et al. 
 2011  ) . It is important to consider that to be able to make precise sensitivity compari-
sons, standardization of DNA extraction protocols and the use of internal standards 
and interlaboratory comparisons are necessary. 

 There are many examples of applications of microarrays for foodborne bacterial 
detection, as shown in Table  5.2 . For the detection of foodborne pathogens, high-
density tiling arrays with perfect match/mismatch probes are not widely available, 
but low- or medium-density arrays or suspension bead arrays are easily implemented 
due to their fl exibility. Some new formats like the ArrayTube (Clondiag GmbH, 
Jena, Germany) is also promising and could potentially be developed for detection 
assays (Batchelor et al.  2008  ) .  

 The US FDA has developed a microarray for the simultaneous detection of sev-
eral foodborne pathogens and their virulence factors, including  Listeria  spp., 
 Campylobacter  spp.,  Staphylococcus aureus  enterotoxin genes, and  Clostridium 
perfringens  toxin genes (Sergeev et al.  2004  ) . This microarray has three elements 
that increase confi dence in the detection system: redundancy of genes, redundancy 
of oligonucleotide probes for a specifi c gene, and quality control probes to monitor 
array spotting and target DNA hybridization. Microarrays are important tools for 
establishing monitoring programs to follow Enterohemorrhagic  E. coli  (EHEC) 
contamination in animals and foodstuffs, as part of the European Food Safety 
Authority program (EFSA  2009  ) , which requires both the detection of a range of 
virulence factors and serotype determination. 

 The use of a multipathogen detection microarray to evaluate standard culture-
based methods in microbiological food analysis has been demonstrated for different 
strains of  L. monocytogenes ,  Salmonella ,  Campylobacter , and  Y. enterocolitica  that 
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   Table 5.2    Representative studies of applications of microarrays for detection and genotyping of 
foodborne pathogens   

 Study  Foodborne pathogen(s)/microarray probes  Reference(s) 

 Multipathogen 
detection 

  Salmonella  spp.,  Vibrio  spp., and  Shigella 
dysenteriae/ 16S rDNA 

 Eom et al.  2007 ; Hwang  
and Cha  2010  

  Escherihia coli, Shigella  spp.,  Salmonella  
spp.,  Aeromonas hydrophila, Vibrio 
cholerae, Mycobacterium avium, 
Mycobacterium tuberculosis, 
Helicobacter pylori, Proteus mirabilis, 
Yersinia enterocolitica, and 
Campylobacter jejuni / gyrB  gene 

 Järvinen et al.  2009  

  Staphylococcus aureus, Vibrio parahaemo-
lyticus, Listeria monocytogenes, 
Salmonella, Cronobacter spp., Shigella, 
Escherichia coli  O157:H7, and 
 Campylobacter jejuni /species-specifi c 
genes 

 Jin et al.  2009  

  Escherichia coli  O157:H7,  Salmonella 
enterica, Listeria monocytogenes , and 
 Campylobacter jejuni/ species-specifi c 
genes 

 Suo et al.  2010  

  Vibrio  spp ., Escherichia coli, Salmonella  
spp ., Shigella  spp. , and Yersinia 
enterocolitica /species-specifi c genes 

 Kim et al.  2010  

  Acinetobacter baumannii, Enterococcus 
faecalis, Enterococcus faecium, 
Haemophilus infl uenzae, Klebsiella 
pneumoniae, Listeria monocytogenes, 
Neisseria meningitidis, Staphylococcus 
aureus, Staphylococcus epidermidis, 
Streptococcus agalactiae, Streptococcus 
pneumoniae, and Streptococcus 
pyogenes /genes of topoisomerases and 
hypervariable regions 

 Kostić et al.  2011  

  Staphylococcus aureus, Salmonella  spp., 
and  Bacillus cereus /nonsequenced 
genomic DNA probes 

 Lee et al.  2011  

 Genotyping by 
detection of 
virulence and/or 
antimicrobial 
resistance genes 

  Salmonella, Shigella,  and  Escherichia coli/
eaeA, slt-I, slt-II, fl iC, rfbE,  and  ipaH  
genes 

  Campylobacter jejuni/ genes of biosynthesis 
of fl agella, lipopolysaccharides, and 
capsule 

 Chizhikov et al.  2001  

 Dorrell et al.  2001  

  Listeria  spp./ iap, hly, inlB, plcA, plcB,  and 
 clpE  genes 

 Volokhov et al.  2002  

  Escherichia coli/ antimicrobial resistance 
and virulence genes 

 Dobrindt et al.  2003 ; 
Korczak et al.  2005 ; 
Bonnet et al.  2009  

(continued)
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Table 5.2 (continued)

 Study  Foodborne pathogen(s)/microarray probes  Reference(s) 

  Escherichia coli/ 17 tetracycline resistance 
genes,  b -lactamase gene 

 Call et al.  2003  

  Campylobacter  spp./23S rDNA,  fur, glyA, 
cdtABC, ceuB-C , and  fl iY  genes 

 Keramas et al.  2003 ; 
Volokhov et al.  2003  

  Listeria monocytogenes/ mixed-genome  Borucki et al.  2003  
  Escherichia coli  O157/virulence genes  Wu et al.  2003 ; Garrido 

et al.  2006  
  Listeria  spp ., Campylobacter  spp ., 

Staphylococcus aureus , and  Clostridium 
perfringens /virulence genes 

 Sergeev et al.  2004  

  Listeria monocytogenes /genes of  Listeria 
monocytogenes  EGDe,  Listeria innocua  
CLIP 11262, and  Listeria monocyto-
genes  CLIP 80459 

 Doumith et al.  2004  

  Salmonella  spp./ invA  and  spvB  genes  Porwollik et al.  2004 ; 
Ahn and Walt  2005 ; 
Peterson et al.  2010  

  Vibrio  spp./ vvh, viuB, ompU, toxR, tcpI , 
and  hlyA  genes 

 Panicker et al.  2004 ; 
Vora et al.  2005 ; 
Chen et al.  2011  

  Staphylococcus  spp.,  Streptococcus  spp., 
 Clostridium perfringens , and  Bacillus 
anthracis /antimicrobial resistance genes 

 Perreten et al.  2005  

  Salmonella  spp ./ antimicrobial resistance 
and virulence genes 

 Chen et al.  2005 ; Van 
Hoek et al.  2005 ; 
Batchelor et al.  2008  

  Shigella  and  Escherichia coli /O-serotype 
specifi c genes 

 Li et al. 2006 

  Bacillus cereus/ enterotoxins, phospholi-
pases, and exotoxins genes 

 Chandler et al.  2006  

 51 Distantly related bacteria, including 
Gram-negative and Gram-positive 
isolates/antimicrobial resistance genes 

 Frye et al.  2006  

  Yersinia enterocolitica /16S rRNA and 
virulence genes 

 Myers et al.  2006  

  Lactococcus garvieae /antibiotic resistance 
genes 

 Walther et al.  2008  

  Salmonella enterica/ antimicrobial 
resistance genes 

 Zou et al.  2009 ; Anjum 
et al.  2011  

 Gram-positive and Gram-negative bacteria/
antimicrobial resistance genes 

 Garneau et al.  2010  

  Salmonella enterica  and  Escherichia coli/
Inc A/C  genes and  Inc  H1 plasmids 

 Lindsey et al.  2010  

  Salmonella enterica/ virulence genes  Hauser et al.  2010  
  Lactobacillus rhamnosus /antimicrobial 

resistance genes 
 Korhonen et al.  2010  

(continued)
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 Study  Foodborne pathogen(s)/microarray probes  Reference(s) 

 Genotyping 
by CGH 

  Escherichia coli  strain K-12 MG1655/
genome 

 Dobrindt et al.  2003  

  Salmonella enterica  serovar Typhimurium 
strain SL1344/genome 

 Chan et al.  2003  

  Salmonella enterica  strain LT2/genome  Alvarez et al.  2003 ; 
Reen et al.  2005  

  Campylobacter jejuni /genome  Leonard et al.  2003 ; 
Taboada et al.  2004  

  Listeria monocytogenes/ genomes of six 
serotypes 

 Zhang et al.  2003 ; 
Borucki et al.  2004  

  Yersinia pestis /genome  Zhou et al.  2004  
  Salmonella  spp. / genome  Bae et al.  2005  
 Plasmids of  Salmonella enterica  and 

 Escherichia coli/ genomes 
 Call et al.  2006  

  Yersinia enterocolitica /genome  Thomson et al.  2006  
  Escherichia coli, Shigella/ genomes  Jackson et al.  2011  

 Genotyping by 
detection of SNPs 

  Escherichia coli/blaTEM-1 and  blaTEM-37  
genes 

 Grimm et al.  2004  

  Campylobacter  spp ./ 23S rDNA genes  Mamelli et al.  2005  
  Escherichia coli  O157:H7/pO157 plasmid  Zhang et al.  2006  
  Escherichia coli/gyrA  gene  Yu et al.  2007  

Table 5.2 (continued)

were inoculated in food matrices of epidemiological relevance (e.g., meat, eggs, and 
cheese) (Suo et al.  2010  ) . However, having microarray technology in the food 
industry will highly depend on automation. Studies should be carried out to validate 
automated methods for extraction, PCR amplifi cation, labeling, and quality controls 
of bacterial DNA from different food matrices (Liu et al.  2004  ) .  

    5.3.2   Genotyping of Foodborne Bacteria 

 Although the use of microarray technology in detecting and characterizing food-
borne pathogens is still in its infancy compared to the use of this technology in other 
areas like drug discovery, toxicology, and clinical diagnosis, a properly designed 
genotyping microarray can provide strain discrimination within a particular patho-
type, identify genetic elements responsible for virulence and antimicrobial resis-
tance, elucidate the genomic evolution of a diverse pathogen genus, and carry out 
epidemiological investigations of an outbreak of foodborne illness. Microarray 
analysis found that isolates that were epidemiologically grouped together by other 
methods of molecular typing (such as serotyping) showed genetic variability, which 
led to the use of a genovar classifi cation, as in the case of strains of the same serovar 
in  Salmonella  (Porwollik et al.  2004 ; Peterson et al.  2010  )  or isolates of  L. monocy-
togenes  (Borucki et al.  2003 ; Call et al.  2003  )  obtained from epidemiologically and 
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geographically similar sources. The FDA ECSG array is an Affymetrix microarray 
that assays all the genes found in  E. coli  and a related genus,  Shigella , to identify 
and discriminate among closely related strains (ECSG  2009 ; Jackson et al.  2011  ) . 

 Some DNA microarrays are based on previous knowledge of polymorphic loci 
obtained using classical typing techniques such as multilocus sequence typing 
(MLST). These also include highly variable regions that are known to be involved 
in horizontal gene transfer (Swiderek et al.  2005 ; Litrup et al.  2010  ) . 

 From an epidemiological point of view, microarrays offer the opportunity to 
screen large numbers of bacterial isolates for the specifi c presence of a large number 
of antimicrobial resistance genes (determined previously by gene expression analysis), 
with the goal of obtaining data about the prevalence and diffusion of resistance 
determinants over time and geographic areas while considering the predicted spread 
of an outbreak. A prime example of the potential of DNA microarray technology to 
detect as many resistance genes as possible can be found in the microarray built 
through the use of the target gene sequences found in GenBank (National Center 
for Biotechnology Information, NCBI). This method is being used as a screening 
technique in studies of prevalence, epidemiology, and spread of resistance genes in 
a variety of bacteria, including  S. enterica  serovars,  E. coli, Campylobacter  spp., 
 Enterococcus  spp., methicillin-resistant  S. aureus ,  Listeria  spp., and  C. diffi cile  (Frye 
et al.  2010  ) . Another microarray was developed previously to identify resistance 
genes common in Gram-positive and Gram-negative bacteria (Perreten et al.  2005 ; 
Garneau et al.  2010  ) . 

 Examples of microarrays used to detect resistance caused by enzymatic inactiva-
tion of antimicrobials include studies of genes that code for enzymes that modify 
aminoglycoside antibiotics or degrade ß-lactam drugs such as penicillins and cepha-
losporins (Grimm et al.  2004  )  or dihydrofolate antimicrobials like sulfonamides 
(Hopkins et al.  2007  ) . Other resistance mechanisms studied are permeability changes 
such as tetracycline resistance (Call et al.  2003  )  and target alteration such as resis-
tance to macrolides and (fl uoro) quinolone antimicrobials (Cassone et al.  2006  ) . 
A specifi c serovar of  S. enterica,  which is resistant to multiple antibiotics, was inves-
tigated in a study by microarray hybridization, revealing genetic deletions in the 
glyoxylate pathway and in the second-phase fl agellar gene (Garaizar et al.  2002  ) . 

 Microarrays have also been utilized to infer interesting and sometimes unex-
pected information about virulence-related genes. These genes and their products 
affect the ability of a pathogen to infect or survive in its host, are required for expres-
sion of other virulence factors, or cause the host direct harm, such as with toxins 
(see Table  5.2  for examples). The GeneDisc® array (Bugarel et al.  2010  )  has been 
developed for the identifi cation of 12 O-types and 7 H-types of Shiga toxin-producing 
 E. coli  (STEC), including the most clinically relevant enterohemorrhagic  E. coli  
(EHEC) serotypes, and it was used by Germany’s National Reference Laboratory to 
expedite the testing of food samples for the EHEC O104:H4 strain causing the 2011 
outbreak of infection. 

 This combination of gene typing for virulence and antimicrobial resistance with 
DNA microarrays is a genomics-based approach to bacterial molecular epidemiol-
ogy used to study the evolution and/or transfer of mobile antibiotic-resistance and 
virulence-associated genes (Vernet et al.  2004 ; Cassone et al.  2006  ) . 
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    5.3.2.1   Genotyping Using Comparative Genomic Hybridization (CGH) 
Microarrays 

 Comparisons using CGH microarray technology between a fully sequenced 
reference pathogen and an unsequenced one can provide valuable information 
about diversity and evolution of the pathogen or about the emergence of multidrug-
resistant isolates. Genomic comparisons between pathogenic and nonpathogenic 
strains of the same species can be particularly informative. 

 One approach of CGH microarrays is using whole-genome microarrays that 
incorporate most of the genes on the chromosome of fully sequenced reference 
bacteria. For example, the Affymetrix GeneChip®  E. coli  Genome 2.0 Array, origi-
nally designed for transcriptome analysis, can be used also as a genotyping tool 
(Jackson et al.  2011  ) . Another possibility is to use a shotgun DNA library that 
includes open reading frames (ORFs) from different strains of the same serotype or 
a collection of reference serotypes. The resulting hybridized microarray will reveal 
genes common to both strains and genes that are only present in the reference strain. 
The main advantage of microarrays is that thousands of DNA sequences can be 
analyzed concurrently in target isolates with rapidity and accuracy, and also the 
number of gene copies in a bacterial strain can be determined. However, CGH 
microarrays will not be able to detect genes present in the experimental strain but 
absent in the reference strain. Similarly, point mutations, including frame-shift 
mutations, deletions in homologous repetitive elements, or rearrangements of the 
genome that have not resulted in a gene deletion will not be detected. Several exam-
ples of CGH microarrays used to study foodborne bacteria are listed in Table  5.2 .  

    5.3.2.2   Identifi cation and Detection of Relevant Single-Nucleotide 
Polymorphisms (SNPs) for the Screening of Virulence Factors 
and Antimicrobial Resistance 

 SNPs can be detected in isolates of the same ribotype and having basically identical 
pulsed-fi eld gel electrophoresis (PFGE) patterns. For example, investigation into 
 L. monocytogenes  isolates from a multistate outbreak of food poisoning in 1998 
found mutations associated with different virulence factors (Zhang et al.  2003 ; 
Borucki et al.  2004  ) , and STEC O157 strains with increased human virulence have 
been detected with this technique (Clawson et al.  2009  ) . Bacteria possess a broad 
genetic diversity and can have a number of mutations in diverse gene families asso-
ciated with antimicrobial resistance (e.g.,  bla ,  aac ,  erm ,  mecA ,  van, gyr , etc.). Some 
examples are SNPs in the gyrase gene  gyrA  in  E. coli , which leads to resistance to 
nalidixic acid or fl uoroquinolones (Yu et al.  2007  ) , and mutations in the  b -lactamase 
genes  bla TEM-1 and  bla TEM-37, which produce resistance to ampicillin and to 
third- and fourth-generation cephalosporins (Grimm et al.  2004  ) . 

 There are several different microarray platforms to screen for the presence of 
SNPs. All the assays belonging to these platforms (listed in Table  5.3 ) are based on 
one of two main chemistry technologies to detect SNPs with microarrays: hybrid-
ization or enzymatic methods using either DNA polymerase or DNA ligase.  
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 The method based on hybridization requires that the immobilized probes include 
all possible sequences at the sites of the SNP and a stretch of nucleotide sequence 
fl anking the SNP on each side. The probes differ by a single mismatch at the central 
position to reduce nonspecifi c hybridizations. This method becomes feasible with the 
use of arrays that can carry up to 10 6  probes/cm 2 , as with the Affymetrix GeneChip®. 

 SNP genotyping based on enzymatic selectivity can be performed using DNA 
polymerase or DNA ligase. In an assay consisting of single-base extensions, also 
called microarray minisequencing or Arrayed Primer Extension (APEX), the DNA 
polymerase uses four fl uorescently labeled dideoxynucleotides (ddNTPs) to extend 
the detection primer by a single nucleotide at the position of the SNP. 

 SNP detection using DNA ligase requires two specifi c probe pairs. One probe 
containing the SNP being assayed is attached to the microarray with the 3 ¢  end free. 
The second probe consists of the sequence just after the SNP position and is attached 
to a fl uorescence reporter. The SNP becomes detectable only if the fl uorescence 
probe and the target DNA are joined together by DNA ligase after hybridization of 
the sample in the microarray. 

 Both technologies can be utilized in combination with the generic Tag-array sys-
tem, sometimes called an “array of arrays.” Tag-array utilizes generic capture oligo-
nucleotides (“cTags”) immobilized on the microarray, enabling the basic 
non-SNP-specifi c microarray design format. The reactions are performed in solu-
tion using primers that carry Tag sequences complementary to one of the arrayed 
cTags, and the SNPs are determined when the primers hybridize to their corre-
sponding cTags with known locations on the array. This method is particularly use-
ful for the genotyping of bacteria. Using this approach, a microarray was developed 
to detect eight common foodborne pathogens,  S. aureus, V. parahaemolyticus , 
 L. monocytogenes, Salmonella, Cronobacter spp., Shigella, E. coli  O157:H7, and  C. 

   Table 5.3    Characteristics of some microarray platforms for SNP genotyping   

 Platform  Methodology  Features 
 Nos. of SNPs 
and samples  Example 

 Affymetrix  Allele hybridization    GeneChip  2,000,000 SNPs, 
1 sample 

 Jackson 
et al.  2011   Resequencing 

microarray 

 Printed 
arrays 

 Allele primer extension  Specifi c design  50,000 SNPs, 
1 sample 

 Pullat and 
Metspallu 
 2008 ; Lu 
et al.  2009  

 Allele hybridization  Four/single coloor 
 Ligation 

 Illumina   Allele primer 
extension  

 iSelect bead array  1,000,000 SNPs, 
4, 12, and 
24 samples 

 Fan et al.  2006  
 Universal zip code 

 Sequenom  Allele primer 
extension 

 MassArray  100,000 SNPs, 
96, and 384 
samples 

 Lee et al.  2011  



1075.3 Microarrays to Study Variations in DNA Sequence

jejuni , with a sensitivity of 0.1 pg for genomic DNA and 5 × 10 2  CFU/mL for 
 Salmonella Typhimurium  cultures (Lu et al.  2009  ) . The Tag-array system has also 
been used as a universal ligation-detection microarray, for example, in the Premi®Test 
 Salmonella  (PTS) and the  Salmonella  array (SA). These are rapid, easy, and com-
mercially available DNA microarray platforms for the identifi cation and typing of 
 Salmonella,  with a sensitivity up to 98.4% and a specifi city of 99.98% (Wattiau 
et al.  2008 ; Koyuncu et al.  2011  ) . 

 This approach has led to promising techniques such as the use of padlock probes. 
Padlock probes are linear oligonucleotides with ends complementary to the target 
SNP and a central stretch of random sequence that hybridizes with the array (Kurt 
et al.  2009  ) .  

    5.3.2.3   Resequencing Microarrays 

 Resequencing microarrays use sets of probes with one perfectly matched and three 
mismatched probes per base for both strands of target genes. Identifi cations require 
a priori knowledge of a differential hybridization pattern that is determined empiri-
cally with control experiments. Even when control experiments are carried out, 
these characteristic hybridization patterns do not always occur with highly diverse 
pathogen targets obtained from food specimens. One interesting feature of rese-
quencing microarrays is the possibility of detecting nucleic acids in a sample, even 
if their sequence diverges by up to 10–15% from those that are represented on the 
array. A resequencing microarray serves to monitor bacterial evolution comprehen-
sively over short time periods. This capability is important because many microbial 
phenomena, such as the emergence of new pathogens and the acquisition of antibi-
otic-resistance factors, can occur over relatively short time scales. 

 The only resequencing array made by Affymetrix is the GeneChip ®   E. coli  
Genome 2.0. This array represents the genic and intergenic sequences of four 
sequenced strains of  E. coli  that represent a total of 10,208 probe sets. Each probe 
set contains approximately 22 oligonucleotide probes, 11 perfect match (PM) 
probes, and 11 mismatch probes (MM). Mismatch probes are identical to the per-
fect match probe with the exception of a single-nucleotide mismatch located at the 
13th (middle) position of the oligonucleotide sequence. These mismatch probes are 
designed to allow for the approximation and correction of nonspecifi c hybridiza-
tion signals. Probe design strategies such as this would be ideally suited for geno-
typing studies for two reasons: fi rst, the probe redundancy for each genomic target 
sequence, and second, the excellent specifi city afforded by the hybridization of 
short 25-mer probes. 

 The US Centers for Disease Control and Prevention (CDC) have developed 
a broad-range resequencing pathogen microarray (RPM) for the detection of 84 
types of pathogens and 13 toxin genes of tropical and emerging infectious agents 
that includes the detection of most of the class A, B, and C select biothreat agents  
(Leski et al.  2009  ) .    
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    5.4   Microarrays to Study Protein–DNA Interactions 
in Bacteria 

 The identifi cation of protein–DNA interactions in bacteria plays a crucial role in 
studying transcription, replication, recombination, and DNA repair. While gene 
expression studies are useful for studying global patterns of transcription, they are 
of limited use for defi ning the regulons of transcription factors, which need to be 
studied in conjunction with protein-DNA interaction techniques. Many transcrip-
tion factors regulate the expression of other proteins involved in the complex bacte-
rial transcriptional regulatory network, and the deletion of a transcription factor 
often has many secondary effects, for example, on bacteria virulence. 

 Chromatin immunoprecipitation (ChIP) is an experimental method to determine 
both the position and the strength of protein–DNA interactions in vivo. ChIP has 
been combined with microarrays to create the ChIP–chip technique (sometimes 
referred to as ChIP-onchip or ChIP 2 ). Briefl y, ChIP involves the cross-linking of 
DNA and promoter proteins with formaldehyde, followed by lysis and fragmenta-
tion. Next, the protein of interest together with the cross-linked DNA is immunopre-
cipitated, the cross-linking is reversed with heat, and the DNA is purifi ed and 
hybridized to a microarray to be compared with a genomic DNA control. Until 
recently, ChIP–chip had been applied very little to bacteria, which are ideally suited 
to methodologies involving microarrays because of their small genome sizes.      
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  Abstract   Detection technologies developed in the last 10 years have been directed 
to fi nd more rapid, specifi c, and sensitive methods to detect multiple targets simulta-
neously. Much emphasis has been put on the desired characteristics of high sensitivity, 
high specifi city, and cost-effectiveness, which are of great importance in routine 
high-volume food diagnostics. Developments in microfl uidics, microarray technol-
ogy, and nanotechnology facilitate the development of novel detection platforms 
such as protein and polysaccharide microarrays, lab on a chip, biosensors, and high-
throughput sequencing technologies. Such methods will be used for larger applica-
tions and will open new avenues in food microbiology. These multiplexed assays 
will allow the development of tests for the detection of virtually any combination of 
target sequences in any type of sample that contains nucleic acid material. Genomics, 
proteomics, and other areas of study concerning microbial cells will provide new 
opportunities for achieving objectives that were hard to imagine not so long ago. 
These promising new technologies are making the transition from the research labo-
ratory to routine diagnostic use. Obviously, the new technologies will also need to be 
carefully evaluated and thoroughly validated for specifi c applications.  

  Keywords   Protein microarrays  •  Polysaccharide microarrays  •  Phenotype microar-
rays  •  Biosensors  •  Nanotechnology  •  Next-generation high-throughput sequencing 
technologies      

    6.1   Other Microarray Technologies 

    6.1.1   Protein Microarrays 

 The construction of protein arrays is a signifi cantly greater challenge compared 
with DNA microarrays due to the lack of a PCR-equivalent amplifi cation process 
and due to the tridimensional structure of proteins, which requires a wide variety of 
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binding chemistries and specifi cities. For a review of this technology, see Hall et al. 
 (  2007  )  and Chandra et al.  (  2011  ) . 

 Protein microarrays can be classifi ed into three categories based on their possible 
application to studying foodborne pathogens:

   Functional protein microarrays can detect biochemical activity or highlight • 
antimicrobial mechanisms of action in a pathogen. This type of protein array 
involves the process of protein expression in the microbial system, followed by 
their purifi cation and printing onto the array surface by specifi c immobilization 
protocols. The process is laborious and time-consuming. Another option is to 
prepare cell-free expression microarrays, which rely on in situ protein synthesis 
from their corresponding DNA templates. Many improved cell-free expression 
microarrays have been developed, such as nucleic acid programmable protein 
arrays, DNA array to protein array, and HaloTag™, each with its own advantages 
and limitations (Chandra et al.  2011  ) .  
  Analytical protein microarrays detect the presence of specifi c proteins by exploit-• 
ing their antibody–antigen properties. The targeted biomolecules are captured on 
the array surface and detected by specifi c labeled secondary antibodies, aptamers 
(short single-stranded oligonucleotides), or affi body molecules (generated by 
combinatorial protein engineering). Examples of research and diagnostic appli-
cations of this type of array are the O-typing of pathogenic  Escherichia coli , 
detection of bacterial toxins from a variety of different samples, screening of 
complex antibody libraries, and epitope mapping (Ehricht et al.  2009  ) .  
  Reverse-phase protein arrays are generated by immobilizing the test sample, • 
such as cellular lysate, on the array surface, which is then probed using a detec-
tion antibody against the target protein of interest. These antibodies are in turn 
detected by means of secondary signal amplifi cation. In 2008, Gehring et al. 
designed an antibody-based microarray for the detection of  E. coli  O157:H7 
(Gehring et al.  2008  ) . A sandwich immunoassay format is used through the 
immobilization of biotinylated capture antibodies on streptavidin-coated glass 
slides and by using fl uorescein-labeled detection antibodies. Protein arrays 
coupled with bead-based array technology have started to replace ELISA for 
multiplexed analysis of immunoassays.    

 The majority of the protein microarray applications to date have employed label-
based detection techniques incorporating advances in nanotechnology (radioisotopes, 
fl uorescent dyes, chemiluminescent molecules, quantum dots, gold nanoparticles, 
nanotubes, and bio-barcodes). The limitations posed by the label-based detection 
strategies, such as the alteration of surface characteristics of the query molecule, have 
increased interest in the use of label-free approaches, such as surface plasmon 
resonance (SPR), atomic force microscopy (AFM), carbon nanotubes, nanowires, 
micro-electromechanical cantilevers, and mass spectrometry (Ray et al.  2010  ) .  
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    6.1.2   Polysaccharide Microarrays 

 Microbial polysaccharide microarrays or glycan arrays can be possible after the recent 
development of new methods for the chemical and enzymatic synthesis of oligosac-
charides. The identifi cation and diagnosis of pathogens are achieved because carbohy-
drates on the cell surface of human cells are used by foodborne bacteria as initial 
recognition and attachment sites (Liang et al.  2007 ; Horlacher and Seeberger  2008 ). 

 The nondestructive nature of the polysaccharide microarrays allows the patho-
gen to be harvested and tested for antibacterial susceptibility. These investigations 
allow microarray-based screening of food samples for pathogen-specifi c carbohy-
drate antigens for rapid and specifi c serological diagnosis (Disney and Seeberger 
 2004 ; Blixt et al.  2008  ) .  

    6.1.3   Phenotype Microarrays 

 Phenotype microarrays (PMs) are sets of phenotypic assays performed in 100- m l 
cultures in 96-well microplates containing dried chemicals to assay, for example, 
C-source, N-source, P-source, and S-source metabolism, biosynthetic pathways, ion 
effects, osmolarity, pH effects, and chemical sensitivity to ions (Na + , K + , Fe 3+ , Cu 2+ , 
chloride, sulfate, chromate, phosphate, vanadate, nitrate, nitrite, selenite, tellurite, 
etc.). PM technology has been introduced as a tool to characterize the metabolism of 
pathogens and provide comprehensive cellular profi les that can be used to identify 
gene function and to validate drug targets and toxicology studies (Fox et al.  2011  ) . 

 Biolog (Hayward, CA) has developed the Omnilog system to assay nearly 1,200 
metabolic and chemical-sensitivity phenotypes in identifying and tracking Gram-
negative enteric foodborne pathogens such as  E. coli  O157:H7,  Salmonella , and  Shigella  
(Bochner et al.  2001  )  based on the detection of bacterial respiration and growth.   

    6.2   Biosensors 

 Biosensors are one the most promising solutions for achieving fast, sensitive and 
real-time detection of foodborne pathogens (Ahmed et al.  2008 ; Bhunia  2008  ) . 

 Biosensors are compact analytical devices that combine a specifi c detection 
system comprised of enzymes, antibodies, antigens, or nucleic acids with a physical 
or electrochemical signal transduction system. The interaction of the detecting 
material with the sample containing the microorganism creates a signal that is 
proportional to the concentration of the microorganism to be measured. Depending 
on the method of transduction used, the biosensors are classifi ed as optical, electro-
chemical, piezoelectric, or magnetic, with the fi rst three currently being the most 
developed for pathogen detection. 
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 Electrochemical immunosensors developed for simultaneous multiplexed 
analysis of pathogens are based on measurements of the electrical change corre-
sponding to interactions of the sample with the surface of the biosensor. These 
systems are classifi ed according to the observed parameter: current (amperometric), 
potential (potentiometric), impedance (impedancemetric), or conductivity (conduc-
timetric). Electrochemical biosensors offer several advantages for use in diagnostics, 
notably by allowing the measurement of interactions in real time and without 
the need for labeling. Compared to optical biosensors, these biosensors offer the 
advantage of not being affected by the turbidity of the sample, fl uorescence of 
certain molecules of biological interest, or quenching by certain substances. 

 Miniaturization and automation of the assays are possible with biosensors. 
In theory, biosensors can shorten the time between sampling and obtaining results, 
but their utilization in the future will depend on achieving selectivity and sensitivity 
comparable to reference methods at a lower cost. Sample volumes in the nanoliter 
range and the ability to carry out analysis of multiple microorganisms with the same 
device can reduce the cost of reagents and it can lead to short testing times.    

 Table  6.1  shows some examples of biosensor prototypes designed to detect food-
borne pathogens in a single test in the food industry and other testing situations. 
A review and future trends in biosensor research activities to detect foodborne 
pathogens can be found in Arora et al.  (  2011  ) .   

    6.3   Nanotechnology for Molecular Diagnostics 

 Nanomolecular diagnostics refers to the use of nanobiotechnology in molecular 
diagnostics. Sample preparation is the key parameter that allows nanotechnology 
to improve the sensitivity and specifi city of any analytical method for pathogen 

   Table 6.1    Some examples of electrochemical biosensors developed to detect foodborne pathogens   

 Pathogen(s)  Duration of the assay  Sensitivity  Reference(s) 

  Escherichia coli  O157:H7  <1 min  10 CFU/mL  Louie et al.  (  1998  )  
  Salmonella  spp. 
  Listeria monocytogenes   1 h  Undetermined  Laschi et al.  (  2006  )  
  Salmonella  spp.  <1 h  Variable  Farabullini et al.  (  2007  )  
  Listeria monocytogenes  
  Escherichia coli  O157:H7 
  Staphylococcus aureus  
  Escherichia coli  O157:H7  3–5 h   £ 10 3  CFU/mL  LaGier et al.  (  2007  )  
  Salmonella  spp. 
  Campylobacter jejuni  
  Staphylococcus aureus  
  Escherichia coli  O157:H7  20 min  1 CFU/mL  Zhao et al.  (  2007  )  
  Escherichia coli  O157:H7  10 min  10 CFU/mL  Maraldo and 

Mutharasan  (  2007  )  
  Escherichia coli  O157:H7  8 min  61 CFU/mL  Luo et al.  (  2010  )  
  Escherichia coli  O157:H7  30 min  10 2 –10 5  CFU/mL  Li et al.  (  2011  )  
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detection. Gold nanoparticles have already been introduced to diagnostic testing, 
and as with quantum dots, their functionalities can be changed with a variety of 
biomolecules, including antibodies, nucleic acids, peptides, proteins, and carbohy-
drates. The use of magnetic beads for the purifi cation of DNA or proteins has grown 
over the last several years and is utilized in a number of commercially available kits. 
Magnetic nanoparticles made of iron and embedded in copolymer beads can have 
their polymer coating manipulated to improve nonspecifi c protein adsorption to the 
surface of the beads, which increases the specifi city of the assay. Nanotechnology 
also provides label-free detection techniques that can overcome some of the limita-
tions of microarray technologies. 

 Nanoarrays are the next step in the miniaturization of microarrays. Whereas 
microarrays are prepared by robotic spotting or lithography, limiting the smallest 
size to several microns, the introduction of nanoarrays has required further develop-
ments in lithography, such as dip-pen nanolithography (DPN). A further in-depth 
technical discussion is beyond the scope of this chapter. DPN technology has been 
extended to protein arrays and immunoproteins as well as enzymes (Lynch et al. 
 2004  ) . BioForce Nanosciences’ Protein Nanoarrays contain up to 25 million spots 
per square centimeter (BioForce  2011  ) . 

 Lab-on-a-chip systems integrate several processes (from DNA extraction to 
DNA analysis) within a small, single, portable, fully automated instrument. These 
devices are developed using microfl uidic technology consisting, in many cases, of a 
fl uidic system for sample introduction, a reagent supply, a fl ow cell, a microarray on 
a substrate, and a detection system. One of the most relevant implementations of 
lab-on-a-chip is PCR amplifi cation for multiplexed pathogen detection (Sin et al. 
 2011  ) . A novel integrated microfl uidic capillary electrophoresis lab-on-a-chip has 
been described by Jung et al.  (  2011  ) . This method performs rapid, sensitive, and 
multiplex pathogen detection with “sample-in–answer-out” capability and can be 
utilized for biosafety testing, environmental screening, and clinical trials. Analyses 
were performed sequentially within 30 min for multiplex pathogen detection 
(including  E. coli  O157:H7) at the single-cell level.  

    6.4   Next-Generation High-Throughput Sequencing 
Technologies 

 Next-generation sequencing (NGS) technologies can be utilized to achieve multi-
plex detection and full identifi cation of pathogens, including subtype determination, 
characterization of virulence factors, and creation of antimicrobial susceptibility 
profi les (Fournier-Wirth and Coste  2010  ) . There are several excellent reviews avail-
able covering the diverse NGS platforms (MacLean et al.  2009 ; Su et al.  2011 ). 

 The selection of a specifi c NGS platform depends on the purpose of the applica-
tion, while striking a balance among sequence read length, running time, and cost:

   The platform 454 GSFLX Titanium (Roche Molecular Systems, CA, USA) is based • 
on pyrosequencing in microreactors on a picotiter plate (Margulies et al.  2005  ) . 
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This technology generates long sequence reads of about 500 nucleotides in length 
with run times of hours.  
  The Solexa Genome Analyzer (Illumina, Inc., CA, USA) is based on adapter • 
ligation, anchoring to a prepared substrate, in situ PCR amplifi cation, and 
sequencing using fl uorophore-labeled chain terminators (Bennett et al.  2005  ) . 
This platform generates reads 35–75 nucleotides long, and run times of days.  
  The ABI SOLiD (Applied Biosystems, Inc.   ) uses amplifi ed DNA on beads bound • 
to glass slides. The amplifi ed DNA is sequentially hybridized with short defi ned 
oligonucleotides, which contain known nucleotides and a specifi c fl uorophore. 
Sequencing is done by oligonucleotide annealing and ligation. The SOLiD tech-
nology generates reads of 35–50 nucleotides.  
  The adoption of single-molecule long-read approaches, such as that offered by • 
Pacifi c Biosciences, may also reveal more large-scale genomic changes in the 
near future (Schadt et al.  2010  ) .    

 When considering how a sequencing technology can be used for specifi c 
purposes, it is important to consider three parameters: read length, read quality, and 
read pairing. If reads are very short, then they are of limited use for the de novo 
assembly of complete genomes. Although some simple bacterial genome assem-
blies have been carried out on reads of less than 50 nucleotides, for the vast majority 
of genomes, assembly is nearly impossible. Nowadays, 454 GSFLX technology is 
the only one that could be used to do de novo genome sequencing. 

 Short single reads are still very useful for comparative studies where the aim is 
to identify single-nucleotide polymorphisms (SNPs) or larger differences between 
a reference genome and a newly sequenced genome. The low cost of Solexa and 
SOLiD technologies makes these options excellently suited for SNP analysis. 

 Overall, all these technologies can be used for the analysis of the transcriptome 
by next-generation sequencing. Referred to as RNA-seq, this process represents the 
complete collection of transcribed sequences in a cell. This is usually a combination 
of coding RNA (mRNA) and noncoding RNA. In the case of bacteria, noncoding 
RNA ranges from trans-acting small RNAs (sRNA) to cis-acting RNAs (riboswitches), 
as well as antisense RNAs and protein-interacting RNAs (6S RNA, CsrB-like 
RNAs). If the genome sequence of the specifi c strain is not available, it may be 
 possible to utilize a reference sequence from another strain of the same species, 
although this will result in the loss of some sequence information and an incomplete 
representation of the genome (Tang et al.  2009 ; van Vliet and Wren  2009 ). 

 High-throughput sequencing has already been applied to the sequencing of whole 
bacterial genomes (Rogers and Bruce  2010 ). Metagenomics, or community genom-
ics, is an approach aimed at analyzing the genomic content of microbial communi-
ties living in any particular niche, such as the food and the food processing 
environments. Genomic analysis has been used to circumvent many problems, as it 
can allow the analysis of nonculturable organisms. Additionally, molecular phylo-
genetic analysis can be used to study the taxonomic diversity of the organisms pres-
ent. The added advantage of genomic methods is that the analysis of gene content 
will also give an indication of the metabolic potential of an environment. 
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Metagenomic studies have already been applied to several distinct environments 
such as the human gut (Dominguez-Bello et al.  2011 ; Zhang et al.  2006  )  and soil 
and environmental samples (Mills et al.  2006 ). 

 According to Mellmann et al.  (  2011  ) , NGS technology represents the birth of 
a new discipline: prospective genomic epidemiology. It is foreseeable that this 
method will quickly become routine in public health laboratories for surveillance 
and control of the most severe outbreaks. The rapid publication in the fi rst weeks 
of the 2011 European outbreak of EHEC O104:H4 of the complete genome 
sequences of the microorganisms involved is a good example of the application of 
next-generation sequencing technology for analyzing outbreaks in real time 
(Bielaszewska et al.  2011 ; Rohde et al.  2011 ; Rasko et al.  2011  ) . 

 Genomics, proteomics, and other areas of study concerning microbial cells will 
provide new opportunities for achieving objectives that were hard to imagine not so 
long ago. These promising new technologies are making the transition from the 
research laboratory to routine diagnostic use.      
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