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Abstract Recent efforts of researchers to elucidate the
molecular mechanisms of biological systems have been
revolutionized greatly with the use of high throughput and
cost-effective techniques such as next generation sequenc-
ing (NGS). Application of NGS to microbial genomics is
not just limited to predict the prevalence of microorganisms in
food samples but also to elucidate the molecular basis of how
microorganisms respond to different food-associated condi-
tions, which in turn offers tremendous opportunities to predict
and control the growth and survival of desirable or undesirable
microorganisms in food. Concurrently, NGS has facilitated
the development of new genome-assisted approaches for cor-
relating genotype and phenotype. The aim of this review is to
provide a snapshot of the various possibilities that these new
technologies are opening up in area of food microbiology,
focusing the discussion mainly on lactic acid bacteria and
yeasts associated with fermented food. The contribution of
NGS to a system level understanding of food microorganisms
is also discussed.

Keywords Next generation sequencing . Food
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Introduction

DNA sequencing has a profound impact on the advancement
of molecular biology (Gilbert 1981). For the past 30 years, the

Sanger dideoxy chain-termination sequencing method has
been relied on for determining gene/DNA sequences. This
technology reached its zenith in the development of single
tube chemistry with fluorescently marked termination bases,
heat stable polymerases, and automated capillary electro-
phoresis; but then reached a plateau in terms of technical
development. With the ultimate goal of deciphering complete
genomes, the requirement for high-throughput sequencing
grew by an unpredicted extent. Several novel approaches
evolved to replace the Sanger method as the dominant pro-
vider of sequencing data. These approaches fall under a broad
definition of “next generation sequencing” (NGS) and provide
sequence data around a hundred times faster and cheaper
than the conventional Sanger approach. Sequencers from
454 Life Sciences/Roche, Solexa/Illumina and Applied
Biosystems (SOLiD technology) are already in production
as second generation technologies, and other competitive
technologies are likely to appear on the market soon (so-called
3rd generation NGS). The reduction in cost and time for
generating DNA sequence data has resulted in a range
of new successful applications, such as whole genome
sequencing, resequencing, RNA-sequencing to profile
the cellular transcriptome, ChIP-sequencing to identify
binding sites of DNA-associated proteins, as well as in
fields as diverse as ecology (Angly et al. 2006; Edwards et al.
2006; Sogin et al. 2006) and the study of ancient DNA
(Poinar et al. 2006).

Food microbiology deals with the study of microorgan-
isms that have both beneficial and deleterious effects on the
quality and safety of food products. The fast and low-cost
NGS approaches have revolutionized microbial taxonomy
and classification and have changed the landscape of ge-
nome sequencing projects for food-associated microbial
species (Coenye et al. 2005). The NGS-driven advances have
been exploited mainly to re-sequence strains and individuals
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for which reference genome sequences are available in order
to sample genomic diversity within microbial species. Besides
this, NGS technologies have also been employed for de novo
sequence assemblage where pre-existing information related
to sequence is not required. Such studies have identified
individual genome variation in bacterial strains, yeast and
filamentous fungi, opening the possibility of constructing
“personalized genomics” also for microbial cells. In fact,
effort in the direction of developing personalized genomics
for humans to predict disease susceptibility and genetic risk
factors have already begun (Mardis 2008a; Boguski et al.
2009). Moreover, NGS approaches have also greatly increased
the ability of researchers to profile food microbial communi-
ties, as well as to elucidate the molecular mechanisms of
interesting functionalities in food ecosystems. These applica-
tions enable the culture-independent sequencing of collective
sets of DNA or RNA molecules obtained from mixed micro-
bial communities to determine their content. An overview of
the main applications of NGS technologies, and their integra-
tion, in the field of food microbiology is shown in Fig. 1.

In this article, we review various aspects of the impact of
NGS technologies on food microbial genomics, with atten-
tion focused on the two main microbial groups involved
in fermented food production: lactic acid bacteria (LAB)
and yeasts. We also address the contribution of NGS in
providing DNA/RNA sequence data for constructing a
system level understanding of microbial behavior in food
ecosystems.

What sets NGS apart from conventional sequencing
technology?

The landmark publication in 1977 by Sanger and colleagues
described a means of sequencing genes using a chain-
termination method, often called ‘Sanger ’or ‘dideoxy’

sequencing (Sanger et al. 1977). Based on capillary electro-
phoresis using the ABI 3730xL platform, this method
remained the most commonly used DNA sequencing tech-
nique for more than three decades. This technique was used
to sequence the bacterial genome of Haemophilus influen-
zae, which was published in 1995 (Fleischmann et al. 1995).
It has been also used to accomplish complete human ge-
nome sequencing initiatives undertaken by a group of pub-
licly funded researchers (International Human Genome
Sequencing Consortium) in 1990. The 3 billion bases of
the entire euchromatic human genome was sequenced in
around 13 years at a cost of approximately $3 billion (Venter
et al. 2001) (Fig. 2).

Even if Sanger sequencing is regarded as the founda-
tion of genomics, research in the field of microbial
genomics, transcriptomics, and metagenomics was greatly
limited by the unavailability of an efficient technology for
high-throughput screening and sequencing large sets of
genome data, which conventional Sanger sequencing technol-
ogy was unable to process efficiently and cost-effectively. The
limitations associated with Sanger sequencing technology
drove the research for more scalable and lower-cost sequenc-
ing solutions. These alternative approaches can be grouped in
four different categories: (1) microelectrophoretic methods
(microfabricated capillary electrophoretic sequencing), (2) se-
quencing by hybridization (ChIP and Microarray), (3) real-
time observation of single molecules (nanopore sequencing),
(4) cyclic-array sequencing (discussed below in detail)
(reviewed by Shendure et al. 2004; Shendure and Ji 2008).
In this review, we will use ‘next-generation sequencing’
(NGS) to refer to the various recently commercialized imple-
mentations of cyclic-array sequencing. This method accom-
plishes sequencing of a dense array of spatially separated
nucleotide features by iterative cycles of enzymatic manipu-
lation where each cycle queries only one or a few bases, but
thousands to billions of features are processed in parallel
(Mitra and Church 1999; Mitra et al. 2003). In order to present
a comprehensive overview of cyclic array or NGS, we use the
convention of 2nd generation to indicate platforms that require
PCR amplification of the template molecules prior to sequenc-
ing, and 3rd generation to indicate sequencing platforms that
rely on use of a single DNA molecule for sequencing without
any prior PCR amplification step. We focus our attention on
the main applications of 2nd generation NGS (called simply
NGS for brevity).

Second generation NGS technologies were born at the
dawn of twenty-first century in the year 2000 with the
foundation of 454 Life Sciences (originally 454 Corporation)
by Jonathan Rothberg. Concurrently, other sequencing plat-
forms, such as Solexa (Illumina) and SOLid (ABI/Life Tech-
nologies), were also introduced into the market (Hert et al.
2008). While 454/Roche pyrosequencing is based on detec-
tion of pyrophosphates release during DNA synthesis, Solexa/

Fig. 1 Main applications of “next generation sequencing” (NGS) to
address food microbiology questions
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Illumina relies on detection of single bases as they are incor-
porated into growing DNA strands and SOLid /ABI relies on
multiple cycles of ligation, detection and cleavage. Despite
their technological differences, these three platforms are based
on conceptually similar work flows for the production and
analysis of sequencing libraries (Shendure and Ji 2008). First,
the sample nucleic acids have to be sheared in order to reach a
size compatible with sequencing (typically <500 bp). Second,
DNA adapters containing unique sequences are attached at
both ends of the sheared DNA molecules. These adapters
subsequently allow the DNA fragments to be singled out,
either on beads or on a slide (“flowcell”), enabling them to
be sequenced in parallel.

As most of the imaging systems in NGS instruments were
not designed to detect single fluorescent events, amplifica-
tion of templates is necessary (Metzker 2010). There are
many ways by which the clonally clustered amplicons that
are to serve as sequencing features can be achieved. These
methods include in situ polonies, emulsion PCR (emPCR)
or bridge PCR (Table 1). As PCR amplification steps are
often associated with PCR bias, the possibilities of intro-
ducing base sequence errors or favoring certain sequences
over others exist. These biases can have a significant impact
on the relative frequency and abundance of the various DNA
fragments that existed before amplification. These potential
biasses can be avoided only if a single DNA molecule is used
directly for sequencingwithout undergoing PCR amplification
steps. This category of technologies (referred to as 3rd gener-
ation NGS technology) hold great promise in terms of offering
rapid and cost-effective sequencing of gene/genome from a
single DNA molecule (Schadt et al. 2010), and includes
sequencing platforms available commercially from Helicos
Biosciences (HeliScope) (Braslavsky et al. 2003) and Pacific
Biosciences (PacBio) (Ansorge 2009).

Second and third generation platforms have shown great
diversity in terms of sequencing biochemistry, configuration,

as well as in generation of array (Table 1). For more compre-
hensive information on technical aspects, sample preparation
methods and data analysis of the sequence reads generated
from NGS technologies, interested readers are directed to
some excellent reviews (Ansorge 2009; Mardis 2008a, b,
2009, 2010). One plausible reason for the co-existence of a
wide variety of NGS platforms on the market is the distinctive
chemistries and functions they possess, and having obvious
advantages for particular applications (Table 1). Unlike con-
ventional capillary-based sequencing, which reads only 96
samples at a time (Margulies et al. 2005), NGS technologies
rely heavily on automation and high-throughput technologies
that are capable of processing millions of sequence reads in
parallel fashion in very short time-frames without significant
loss of accuracy (Metzker 2010). This massive parallel
throughput may require only very few (one or two) instrument
runs to accomplish a sequencing experiment (Mardis 2008a;
Morozova and Marra 2008; Riesenfeld et al. 2004). Addi-
tionally, conventional capillary-based sequencing generates
sequence reads produced from fragment ‘libraries’ that have
been subjected to vector-based cloning and Escherichia
coli-based amplification stages that are often associated with
cloning biases (Farris and Olson 2007; Mardis 2008a). Owing
to absence of vector-based cloning and E. coli-based amplifi-
cation stages, NGS reads are free from cloning-associated
biases (Liu 2009; Mardis 2008a).

However, all currently available NGS technologies are
associated with inherent weaknesses: they are computation-
ally expensive and produce short read lengths with error
rates that prevent assembly software to resolve large struc-
tural rearrangements (insertions, deletions, inversions) in re-
sequencing and to disambiguate repeat regions in de novo
sequencing (Table 1). The implementation of paired-end
and mate-paired sequencing into NGS platforms has
helped to overcome these problems. In addition to sequence
information, these methodologies give information about the

Fig. 2 Timeline of the progress and evolution of sequencing technologies
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physical distance between the two reads in the reference
genome. Paired ends can be obtained from the ends of ran-
dom, usually small, DNA fragments and the resulting data
allow the scaffolding of contigs (contiguous sequences) in the
absence of contiguous coverage of intervening sequences
(Bentley 2006). In mate-pair sequencing, random DNA frag-
ments are circularized, thereby combining previously distant
ends. This DNA is then sheared to generate linear fragments
as templates for sequencing (Korbel et al. 2007). The differ-
ence between paired-end and mate-paired is typically that the
mate-paired method generates a longer insert size compared to
paired-end, with insert sizes measuring between 2 and 20 kb.
Besides template preparation, new algorithms and computa-
tional analysis tools increase the possibility of handling the
large amount of NGS data, but often impose additional costs
(Liu 2009). Comprehensive lists of relevant software can be
found on the SEQanswers website (http://seqanswers.com/).
Finally, all the DNA sequencing technologies described
here are limited by their requirement for imaging technol-
ogy, electromagnetic intermediates (either X-rays or light)
and specialized nucleotides or other reagents that increase
the cost of sequencing still further. For each NGS platform,
an accurate costs evaluation has been provided by Glenn
(2011). Recently, novel and ground-breaking NGS platforms
such as those based on non-optical sequencing technology
(Ion Torrent technology) have emerged to overcome these
drawbacks and are expected to provide scalable methods
for genome sequencing at substantially reduced cost (Rothberg
et al. 2011).

De novo sequencing

An important application of NGS is aimed at de novo
sequencing of microbial genomes. The total number of
completed microbial genome sequences has more than dou-
bled over the past 2 years and, at the time of writing, there
were approximately 2,878 publicly listed bacterial and ar-
chaeal and 168 eukaryal genome projects in various stages
of progress (http://www.genomesonline.org). In addition to
new species, multiple strains of the same bacterial species
are being sequenced (re-sequencing). The huge amount of
genomic sequences from closely related organisms has led
to significant advances in microbial phylogeny. The impact
of genomic on prokaryotic systematics has been explained
in several in-depth reviews (Coenye et al. 2005; Klenk and
Göker 2010). From an evolutionary point of view, we would
highlight here that the significant expansion of the tree of
life provided by whole genome sequencing is opening the
possibility of assessing the taxonomic relationships between
prokaryotic species based on complete genome sequences.
A major step in the progress towards a genome-based clas-
sification of microorganisms was the creation of a set of

reference genomes that more broadly covers the evolution-
ary diversity of Bacteria and Archaea (GEBA). This project
covers the current lack of completely sequenced genomes
for many of the major lineages of prokaryotes and for most
type strains (http://jgi.doe.gov/programs/GEBA/; Wu et al.
2009).

The availability of complete genome sequences of close-
ly related organisms presents an opportunity to reconstruct
events of genome evolution. Using comparative genomics
approaches, mobile genetic elements (MGE) and horizontal
gene transfer (HGT) were found to have a key role in pro-
karyotic genome plasticity, adaptation and speciation. For
example, comparative genomics has reconstructed the ances-
tral gene sets of the LAB and highlighted that the origin of
Lactobacillales involved extensive loss of ancestral genes
(600–1,200 genes) during their transition to life in a nutri-
tionally rich medium, which allowed a reduction in catabolic
capacity and increased stress resistance (Makarova et al.
2006). Similarly, comparing close and more distant yeast
species has led to the reconstruction of the ancestral genome
in Saccharomyces sensu stricto complex (Sipiczki 2011).
This ancestral progenitor has been subjected to whole-
genome duplication, followed by massive sequence loss,
divergence, and segmental duplication. In addition, sub-
telomeric regions have been subjected to further duplications
and rearrangements via ectopic exchanges (as reviewed by Liti
and Louis 2005).

With its long read lengths and high accuracy, capillary
electrophoresis-based sequencing has been the gold stan-
dard for de novo genome sequencing projects in past deca-
des. Although, the shotgun Sanger approach has been used
more frequently to sequence many cultured microorgan-
isms, the application of NGS in the de novo sequencing
and assembling of genomes is becoming widespread. The
first NGS-sequenced genomes were from bacteria Myco-
plasma genitalium (580 kbp), Streptococcus pneumoniae
(2.1 Mbp) (Margulies et al. 2005), Pseudomonas syringae
pv. oryzae (Reinhardt et al. 2009) and Pseudomonas syrin-
gae pv. syringae (6 Mbp) (Farrer et al. 2009), and from yeast
Saccharomyces cerevisiae (13.1 Mbp) (Qi et al. 2009), due
to the small size of their genomes and reduced repeat
regions as compared to higher eukaryotic genomes. Current-
ly, the application of next-generation technologies for
de novo sequencing of considerably larger, more complex,
and often repeat-rich genomes is still laborious and requires
elaborate assembly strategies and sophisticated hardware
resources. NGS reads contain a high error rate, which can
be overcome with high coverage because the higher number
of reads effectively “quenches” errors in single reads and
leads to overall high accuracy in the final assembly (Ilie et
al. 2011; Yang et al. 2010). Another concern is related to
short sequence reads (e.g., 35–50 bases), which need 25- to
30- fold coverage of the genome to capture all the genetic
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information. Since the mapping process is based on unique
short sequence reads within the genome, increasing the
number of reads alone would not be able to overcome this
problem because of the presence of repeat regions, which
cannot been assembled from reads that are shorter than the
lengths of the repeats.

Considering that the Illumina/Solexa platform relies on
millions of small reads with a high coverage, whereas the
454 generates larger fragments over 400 nucleotides (see
Table 1), the 454 has been generally considered more adap-
ted to genomes containing abundant repeated regions. This
situation is being improved by (1) the longer read length
using better extension reagents and chemistries; (2) the
development of paired-end tag (PET) sequencing
approaches also for NGS platforms, in which both ends of
a fragment of defined size are sequenced to provide more
information about the fragment; and (3) and novel assembly
algorithms that can deal with large numbers of short reads.
Due to this continuous upgrading, NGS was applied also for
eukaryotic de novo genome sequencing. NGS was first used
in combination with Sanger sequencing, for sequencing the
genomes of plant Vitis vinifera (Velasco et al. 2007), the
filamentous fungus Grosmannia clavigera (Diguistini et al.
2009) and the cucumber Cucumis sativus (Huang et al.
2009). The first two eukaryotic genomes to be assembled
solely from NGS reads are those of the giant panda (Li et al.
2010), assembled from Solexa reads, and the filamentous
fungus Sordaria macrospora, assembled from a combina-
tion of Solexa and 454 reads (Nowrousian et al. 2010). Until
now, no de novo genome sequencing project from yeasts has
been completed using NGS technology alone. However,
successful sequencing projects in other lineages have dem-
onstrated the feasibility of NGS for accurate, cost-effective,
and rapid de novo assembly of eukaryotic genomes and it is
only a matter of time until NGS-based approaches are ap-
plied to yeasts on a broad scale (Imelfort and Edwards 2009;
Turner et al. 2009).

Genotype-phenotype association mapping

The genetic basis of phenotypes have traditionally been
identified by genetic selections and/or screens followed by
Sanger sequencing. These approaches include the analysis
of plasmid-based genomic libraries and gene-disruption li-
braries. Other traditional methods have been based on
whole-genome array, comparative genome hybridization or
single-nucleotide polymorphism (SNPs) arrays to capture
causal loci. In these experiments, the ability to probe every
gene present in an organism is limited by the number of cells
that can be screened and the number of targets that can be
sequenced. Therefore, in addition to being labor intensive
and costly, these traditional methods are not suitable for

identifying all the relevant genes produce underling complex
traits.

Advances in NGS technologies have lessened the costs of
DNA sequencing significantly down to the level that
genotype-phenotype association mapping is now feasible
also for complex microbial phenotypes. NGS platforms can
be applied at three levels to elucidate genotype-phenotype
relationships (Fig. 3). The first is the identification of individ-
ual genetic variation within a population for which a reference
genome is available (re-sequencing). Sequence reads that are
mapped to a reference genome were used to detect SNPs,
small insertions or deletions (indels), and large-scale structural
variations, such as copy number variations (CNV), thereby
improving our knowledge on evolutive mechanisms shaping
genome and phenotype diversity within a species (Nowrou-
sian et al. 2010). The second and third levels are the adoptions
of NGS technologies for high-throughput studies that were
previously performed mostly by hybridization-based methods
such as microarrays. In this context, it is worth mentioning the
use of NGS for transcriptomics (RNA-seq) or the genome-
wide analysis of DNA/protein interactions (ChIP-seq)
(Fig. 3).

Re-sequencing: getting to individual variants

One genome sequence is inadequate to describe the com-
plexity of species, genera and their inter-relationships.
Multiple genome sequences are needed to describe the
pan-genome, which represents approximately the genetic
variability of a microbial species. Re-sequencing implies
sequencing of genomes from species for which a refer-
ence genome is already available in public databases, and
is currently one of the major areas of application of
NGS. NGS-produced short sequence reads can be aligned
efficiently to reference genomes. Consequently, mapped
sequence reads are very useful in order to detect and
evaluate individual genetic variations with a high level of
confidence.

As the 454 platform has a read length appropriate for
sequence assembly, and a library construction approach
that avoids cloning bias, several studies using this method
have been published. The most ambitious one involves
sequencing over 1,000 individual human genomes in order
to map human genetic variation at a fine scale and to
support genome-wide phenotypic and disease association
studies (http://www.1000genomes.org/). For yeasts (Carter
2009), filamentous fungi (e.g., http://www.jgi.doe.gov/
genome-projects/; http://www.broadinstitute.org/science/
projects/fungal-genome-initiative) and several LAB spe-
cies, there is already more than one genome available or
sequencing is still in progress (Table 2). Liti et al. (2009)
compared the whole genomes of several isolates of S. cerevi-
siae and its closest relative, Saccharomyces paradoxus, to find
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a high correlation between phenotypic variation and global
genome-wide phylogenetic relationships. This study dem-
onstrated that S. cerevisiae wine strains are usually poly-
clonic and differ significantly in enological performance
and genotype. The extent of genetic differences ranges
from single-nucleotide substitutions to whole-genome dupli-
cation (Sipiczki 2011).

Information collected by resequencing is used to identify
individual genetic variations responsible for mutated pheno-
types or functional properties involved in food quality, safe-
ty and shelf life. Whole genome mutational profiling can be
applied, for instance, to mapping the genetic differences
between toxin producers and non-toxinogenic variants of
food-borne disease pathogens, or between wild-type strains
and strains optimized for food and industrial starter applica-
tions. Using the Illumina/Solexa platform, Studholme et al.
(2010) highlighted virulence factors genes in Xanthomonas
campestris. Smith et al. (2008) resequenced a mutant strain
of Pichia stipitis with three NGS technologies: 454 Life
Sciences (Roche), Illumina (formerly Solexa), and SOLiD
(Applied Biosystems). This yeast has been evolved adap-
tively over a period of 7 years in order to obtain a more
efficient xylose fermenting mutant. With 10- to 15-fold
redundant genome coverage, all three sequencing technol-
ogies identified the same 17-point mutations, 10 of which
resulted in an amino acid change within protein-coding
genes.

NGS-driven mutational profiling can also address open
questions such as mutation rates in evolving populations and
their correlation to adaptation. This topic is of particular
interest, considering those microorganisms living in foods
are constantly exposed to fluctuating environmental condi-
tions, and many of these conditions are potentially detri-
mental and stressful. DNA instability was demonstrated to
sharply elevate spontaneous mutation rates in a Lb. planta-
rum strain in order to transiently enhance its ability to adapt
to environmental changes (Machielsen et al. 2010). Whole-
genome sequencing efforts were performed for tracking the
regions of the genome that contain genetic variants that
affect yeast phenotypes evolved under controlled laboratory

conditions (Araya et al. 2010; Lynch et al. 2008). Finally,
NGS technologies have been combined efficiently with
traditional genetic techniques for mapping complex quanti-
tative traits in Drosophila simulans (Andolfatto et al. 2011)
and yeasts (Birkeland et al. 2010).

RNA-seq

Analysis of gene expression has been a primary tool to study
cellular mechanisms. For profiling mRNA populations,
microarrays have dominated for more than a decade, provid-
ing gene expression information at relatively low cost and
increased throughput. Although microarrays are now used
widely for monitoring transcript expression, hybridization-
based technologies have several important limitations. First,
low-abundance transcripts cannot be measured accurately.
Second, discovery of novel transcripts is limited. Third, direct
comparison of transcripts within an individual sample is inac-
curate because hybridization kinetics for individual mRNAs
are sequence dependent, necessitating ratiometric comparison
between paired samples (Croucher and Thomson 2010).

RNA-sequencing transcriptomics (RNA-seq) is an
emerging NGS platforms-based approach for comprehen-
sive identification and quantification of transcripts indepen-
dent of any annotated sequence feature (Pachter 2011). This
methodology allows us to (1) catalogue and improve the
annotation of all species of transcripts, including protein
encoding mRNAs as well as (small) non-coding regulatory,
structural or catalytic RNAs; (2) determine the transcription-
al structure of genes in terms of start sites and 3′ ends,
splicing patterns and other maturation processes; and (3)
quantify the changing expression level of each transcript
under different conditions over the full dynamic range of
cellular RNA expression (Zhou et al. 2010).

In microbiology, an integrated RNA-seq and tiling array
approach was first applied to characterize transcripts of
Mycoplasma pneumoniae (Züell et al. 2009). Subsequently,
RNA-seq was applied to map transcription start sites in
Helicobacter pylori (Sharma et al. 2010) and to analyze
the transcriptome in the typhoid bacillus Salmonella typhi

Fig. 3 Three-levels of
contributions of NGS to
genotype-phenotype
association mapping
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(Perkins et al. 2009) and archeon Sulfolobus solfataricus
(Wurtzel et al. 2010). These studies revealed a high tran-
scriptome complexity and redundancy in both Bacteria
and Archaea, where riboswitch elements and chromosom-
ally encoded cis-antisense transcripts are common forms
of regulation. Moreover, different promoters appear to be
driving expression of the same genes under different con-
ditions, leading to the division of genes into “suboperons”
(Croucher and Thomson 2010; Sorek and Cossart 2010;
Van Vliet 2010).

Similarly, RNA-seq has led to the discovery of the high
complexity of the eukaryotic transcriptional landscape
(Nagalakshmi et al. 2008; Wilhelm et al. 2008). The exis-
tence of various classes of non-coding RNAs originating
from pervasive transcription of eukaryotic genomes sug-
gested new levels of regulation of gene expression and
genome plasticity (Berretta and Morillon 2009). Recently,
tiling arrays and sequencing were employed in the discovery
of widespread bidirectional promoters in S. cerevisiae (Neil
et al. 2009; Xu et al. 2009). These studies revealed that
transcription of the two main classes of non-coding RNAs
in yeast initiates predominantly from the promoter regions
of protein-coding genes, suggesting that bidirectionality is
an intrinsic feature of eukaryotic promoters.

ChIP-seq

NGS technologies offer the potential to substantially accel-
erate the study of heritable gene regulation that does not
involve the DNA sequence itself but its modifications and
higher-order structures, including posttranslational modifi-
cations of histones, interaction between transcription factors
and their direct targets, nucleosome positioning on a
genome-wide scale and characterization of DNA meth-
ylation patterns (Chung et al. 2010; Fous et al. 2010; Pareek
et al. 2011). In particular, architectural proteins drive com-
paction and organization of genomic material into chromatin,
modulating DNA accessibility and consequently numerous
cellular processes, including transcription, replication and re-
pair. Understanding how various factors regulate transcription
elongation in living cells has been aided greatly by chromatin
immunoprecipitation (ChIP) studies, which can provide spa-
tial and temporal resolution of protein-DNA binding events.
The coupling of ChIP and high-throughput sequencing tech-
nologies (ChIP-seq) has significantly facilitated the whole-
genome mapping of DNA-binding protein sites.

Although, ChIP-seq gained rapid support in eukaryotic
systems, it remained underused in the mapping of bacterial
transcriptional regulator-binding sites. To date, very little is
known about DNA folding in Bacteria and Archaea. Even
though no relevant literature exists yet for food-related
microorganisms, it is expected that ChIP-seq will soon be
applied to this field. In comparison to its array-based

predecessor, i.e., ChIP-chip technology, ChIP-seq offers
higher resolution, lower noise and better coverage. With
the ever-decreasing cost of sequencing, ChIP-seq has be-
come an indispensable tool for studying gene regulation and
epigenetic mechanisms (Schmid and Bucher 2007).

Community profiling

The basic goal of community profiling in relation to food
microbiology is to understand the relationships among com-
munity composition, microbial functions, and their impact
on food sensorial properties. Exploring microbial diversity
is critical in order to evaluate each introduced or indigenous
species in food processing, as well as to ascertain the role of
microorganisms as food pathogens, in food spoilage, or as
potential starter cultures. Fermented food in particular com-
prises complex and diverse communities of microorgan-
isms, which are vital in catalyzing desired biochemical
transformations and in maintenance of food quality. Since
shifts in these populations determine changes in the final
composition, in past decades food microbial diversity was
explored by both cultivation-dependent and independent
methods.

Generally, it is hard to determine entire microbial
populations in food using culture-based techniques owing to
their resistance to culture under standard laboratory conditions
(Riesenfeld et al. 2004). Even traditional culture-independent
approaches, including denaturing gradient gel electro-
phoresis (DGGE), temperature gradient gel electrophoresis
(TGGE), terminal restriction fragment length polymorphism
(T-RFLP), fluorescence in situ hybridization (FISH), single
stranded conformation polymorphisms (SSCP), quantitative
PCR (qPCR), and DNA microarray, have inherent pitfalls (as
reviewed by Amann et al. 1995; Giraffa and Neviani 2001;
Hugenholtz et al. 1998; Jany and Barbier 2008; Wintzingerode
et al. 1997).

Alternatively, sequencing of PCR-amplified libraries tar-
geted to phylogenetic barcodes (like 16S rRNA genes) is a
culture-free approach that basically relies on (1) PCR am-
plification of 16S rRNA from DNA bulk-extracted from an
environmental or food sample, using universal primers for
Eukarya, Bacteria and Archaea; (2) construction of DNA
clone libraries; and (3) Sanger sequencing. The recent intro-
duction of NGS techniques eliminates the time-consuming
steps of in vivo cloning, colony picking, and capillary
electrophoresis, allowing the study of complex microbial
communities from global soil (Fierer et al. 2007; Leininger
et al. 2006), deep mines (Edwards et al. 2006), ocean (Angly
et al. 2006; Sogin et al. 2006), human microbiome (Qin et
al. 2010), and fermented food (Table 3). To date, 454 pyro-
sequencing has been the platform most used for 16S ampli-
con (16S pyrotags) surveys (Tringe and Hugenholtz 2008),
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although the Illumina/Solexa sequencing platform has been
applied recently for sequencing paired-end libraries of 16S
amplicons (iTags) from a microbial community (Degnan
and Ochman 2011). However, NGS-assisted and clone-
and-sequencing 16S surveys are not mutually exclusive.
The clone-and-sequence approach provides a valuable ref-
erence base or ‘gold standard’ for the high-throughput NGS
technologies in order to identify novel and phylogenetically
accurate lineages in the life tree (Tringe and Hugenholtz
2008).

Despite their huge potential in microbial community
profiling, NGS techniques encounter some pitfalls. Univer-
sal primers have demonstrated a bias in the detection of high
GC content bacteria (Farris and Olson 2007). Being ubiqui-
tous in nature, 16S rRNA genes may not have enough
variability in order to assign taxonomy to genus and species
level (Juste et al. 2008). Furthermore, the presence of mul-
tiple copies of 16S rRNA genes may also negatively affect
microbial identification and characterization (Riesenfeld et
al. 2004). Another disadvantage of pyrosequencing-assisted
microbial profiling is the short sequence reads ranging from
100 bp on an average for the GS 20 (Genome Sequencer 20
DNA Sequencing System, 454 Life Sciences, Bradford, CT)
to 200–300 bp for the newer GS FLX (Genome Sequencer
FLX System, 454 Life Sciences). To make pyrosequencing
technology suitable for 16S survey, Sogin et al. (2006) first
PCR-amplified the short 16S rRNAV6 variable region from
eight distinct environments using universal primers, then
processed them separately in a single 454 run, producing
118,000 16S pyrotags. A follow-up study, also using GS20
technology, generated more than 900,000 bacterial and
archaeal 16S pyrotags (Huber et al. 2007). Subsequently,
NGS-assisted community profiling has been employed suc-
cessfully to different food ecosystems (Table 3), allowing
the comparative analysis of population dynamics in relation
to altered environmental and processing parameters. For
example 16S pyrosequencing and quantitative RT-PCR
highlighted the presence of some uncultured mesophilic
Crenarchaeota phlyotypes other than Firmicutes and Pro-
teobacteria in some fermented seafood (Roh et al. 2010). To
increase the number of samples that can be analyzed at a
time, sample-specific key sequences of few nucleotides,
called ‘barcodes’ or ‘tags’, were implemented recently in a
pyrosequencing platform to evaluate multiple related
samples (e.g., spatial and temporal series) in parallel
(Binladen et al. 2007; Hamady et al. 2008; Parameswaran et
al. 2007). This multiplex barcoded pyrosequencing was used
successfully to simultaneously profile a large number of
seafood samples (Roh et al. 2010). Another study
revealed that different processing conditions have huge
impacts on microbial profile during the course of fer-
mentation of pearl millet slurries (Humblot and Guyot
2009).

Metagenomics: beyond community profiling

Metagenomics (also referred to as environmental and com-
munity genomics) is a term first introduced by Handelsman
et al. (1998) to describe sequence-based analysis of the
collective microbial genomes of uncultured microbes
contained in an environmental sample in order to understand
their diversity, function, and cooperation/behavior in an
ecosystem and how they evolved during the course of evo-
lution (Mitra et al. 2011; Ghosh et al. 2011). In contrast to
community profiling, metagenomics efforts aim at sequencing
all genes present in a habitat rather than just 16S, thereby
providing clues regarding the functionalities of a community
rather than just its phylogenetic composition.

Traditionally, metagenomic approaches enabled the clon-
ing of total microbial DNA directly into a large-insert li-
brary, without prior amplification of particular genes, to
avoid PCR-associated bias. Alternatively, small-insert li-
braries and Sanger sequencing-derived shotgun sequencing
were successfully applied to metagenomic studies (Tyson et
al. 2004). Constructing food-based libraries involves the
same methods as the cloning of genomic DNA of individual
microorganisms; that is, fragmentation of food DNA by
restriction-enzyme digestion or mechanical shearing, inser-
tion of DNA fragments into an appropriate vector system,
and transformation of the recombinant vectors into a suit-
able host. Although the generation of food libraries is
conceptually simple, the enormous size of food metage-
nome and the large number of clones that are to be
screened by functional and sequence-based approaches
make this task daunting. In 2006, the first sequences of
two different soil samples generated using pyrosequencing
were published (Edwards et al. 2006). Since then, several
metagenomic outcomes have relied on 454 pyrosequenc-
ing to analyze environmental samples, increasing through-
put and avoiding Sanger sequencing-associated cloning
steps.

Compared to environmental microbiology, few studies to
date have been carried out to identify the pathways or
enzymes responsible for significant food processes. Func-
tional analysis has elucidated metabolic pathways (e.g.,
antibiotic and vitamin biosynthesis) (Entcheva et al. 2001;
Eschenfeldt et al. 2001; Rondon et al. 2000), and identified
novel antibiotics, degradative enzymes, and bioactive com-
pounds (Henne et al. 2000), and also led to the discovery of
biocatalysts (e.g., lipolytic genes and polysaccharide
degrading/modifying enzymes) (Rondon et al. 2000). More
recently, Jung et al. (2011) used pyrosequencing to analyze
metabolic potential of the fermenting microbial community
from kimchi—a traditional Korean food produced by fer-
mentation of vegetables such as Chinese cabbage and radish.
Similarly, the Illumina/Solexa sequencing technique was
employed to assemble a genome map of the human gut
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microbiome (Qin et al. 2010). It can be predicted that NGS-
assisted food metagenomics will have great relevance to the
identification of the genes responsible for characteristic prop-
erties and functionalities such as probiotic activity, flavor
formation and taste development.

Finally, complementary approaches to metagenomics,
e.g., meta-metabolomics (the study of all the naturally
occurring molecules in a biological sample) and metatran-
scriptomic (deep sequence surveys of expressed genes from
overwhelmingly complex metagenomes), contribute signif-
icantly to clarify microbial behaviors in food ecosystems.
An in-depth discussion of the technical and methodological
aspects of these meta-“omics” approaches is beyond the
scope of this review and can be found in the literature
(Morales and Holben 2011; Raes and Bork 2008). Integra-
tion among metagenomic, transcript and metabolic informa-
tion is critical to investigate relationships among metabolite
production, metabolic potential, and ecological composition
of the food microbial community, connecting this “omic”
information in the context of space and time (Raes and Bork
2008). The analysis of microorganisms in different environ-
ments and the quantification of metabolic fluxes can be
of crucial importance to better understand microbial roles in
food.

Practical applications of NGS to food microbiology

Food safety and process optimization

A principal challenge for the food industry is to produce safe
foods with the desired functionalities using minimal pro-
cessing technologies. Whole genome characterization of
undesirable microorganisms in food stuff is the first step
towards prevention of food spoilage. NGS could have im-
portant applications in reducing the risks of food-borne
diseases due to the huge improvements in the rate at which
the whole genome of food microorganisms from different
species and from strains belonging to the same species can
be generated. Bacterial whole-genome sequencing was ap-
plied to typing Lysteria monocytogenes strains associated to
meat products (Gilmour et al. 2010), methicillin-resistant
Staphylococcus aureus (Harris et al. 2010), non-typhoidal
Salmonella spp. (Andrews-Polymenis et al. 2009) and E.
coli strains (Brzuszkiewicz et al. 2006). Moreover, the com-
parison of whole genome data collected by NGS studies has
elucidated the role of SNPs in different pathogenic pheno-
types and the evolutive mechanisms in emerging pathoge-
nicity (He et al. 2010). Recent outbreaks in peanut butter
and peanut paste products associated with Salmonella across
the United States were monitored by pyrosequencing (Liu
2009). In this regard, inclusion of high-pressure processing
steps in peanut product manufacturing reduced the population

of Salmonella as confirmed by pyrosequencing (Liu 2009).
Pyrosequencing of the variable V3 region of 16S rRNA gene
from fermented foods in Nigeria (such as Kuna-zaki and Ogi)
revealed the presence of phylotypes corresponding to poten-
tial pathogenic microorganisms such as Clostridium perfrin-
gens and Bacillus cereus, and consequently highlighted the
need for more controlled and optimized fermentation condi-
tions to ensure the good health and well being of consumers
(Oguntoyinbo et al. 2011).

Environmental and processing parameters such as the
quality of raw material, selection of bacterial combinations
to be used as starter cultures, and controlled fermentation
conditions, shape population structures and dynamics in
food. These fluctuations should be considered properly dur-
ing fermentation processes and should be monitored by fast
and cost-effective 16S tagged NGS approaches. According-
ly, 16S tagged pyrosequencing in conjunction with qPCR
showed that bacteria grew during fermentation of the tradi-
tional Chinese fragranced-liquor called fen liquor, while
fungi remained stable (Li et al. 2011). This latter study
suggested that simultaneous quantification of bacteria and
fungi during food fermentation processes can be used for
tracking the corresponding variations in biochemical com-
position. Other NGS-assisted studies have linked microbial
composition to environmental and process parameters. For
example, meat quality is strictly dependent on storage: the
complex shift in microbiota and secreted metabolites (buta-
noic acid and acetoin) under different conditions was
checked by pyrosequencing and gas chromatography/mass
spectrometry, respectively (Ercolini et al. 2011). With the
increasingly widespread use of NGS, it is reasonable that
data generated by NGS and other “omics” techniques (i.e.,
transcriptomic and metabolomics) will be integrated by
mathematical algorithms into a system model at the species
and “meta”-species levels, so that environmental and pro-
cessing parameters will be predictive of species composition
in food (Fig. 1).

NGS-assisted starter optimization

Selection and dominance of a starter culture on indigenous
population in fermented food can speed up fermentation
significantly and increase sensorial properties. Phenotypic
investigations compare the metabolic behaviors of different
strains to select the most promising strains for further tar-
geted starter optimization (Wittmann and Hinzle 2002). The
engineering of microbial cells possessing desired functions
for industrial and food production can be greatly improved
by massive sequencing coupled with computational techni-
ques to identify genes and genomes related to relevant
phenotypes. A rational and whole genome-assisted choice
of starter cultures can have a big impact on food safety,
quality and recently also on health benefits, for example in
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the case of probiotics, which could be rationally designed
and developed so as to maintain the correct balance of the
microbial community and to ensure good health and well
being in humans (O’flaherty and Klaenhammer 2011; Van
Hylckama Vlieg et al. 2011). Direct pyrosequencing of oral
metagenomes revealed the presence of certain microbes
playing a role against cariogenic microbes and suggested
the use of these microbes in the formulation of probiotics to
prevent dental caries and promote oral health (Rademaker et
al. 2006; Belda-Ferre et al. 2011). Moreover, pyrosequencing
was used to unravel the genetic basis of improvement in colitis
inflammation upon consumption of fermented milk product
containing Bifidobacterium animalis subsp. lactis (Veiga et al.
2010).

Another field in which NGS-assisted starter optimization
is maturing is the study of wine yeast. An annotated genome
sequence for S. cerevisiae is available, which provides a
framework for genome-scale metabolic network reconstruc-
tion (Borneman et al. 2007). Given the wealth of experi-
mental and computational data available for S. cerevisiae,
several studies have begun to integrate biological and com-
putational data sources to provide a holistic view of yeast
cellular processes (Borneman et al. 2011; Herrgård et al.
2010). Such reconstructions offer biochemical models de-
scribing the formation and depletion of each metabolite, and
provide simulations of how the metabolic network operates
at different conditions on the basis of mass-balance bound-
ary conditions. Thanks to these stoichiometric models, rela-
tionships between gene functions can be predicted. For this
purpose, whole genome Illumina/Solexa sequencing was
used to identify SNPs between strain S288c and an evolved
strain obtained after rounds of directed evolution (Otero et
al. 2010). This genome-assisted selection can be applied to
wine strains in order to understand how differences in fer-
mentation behavior and wine flavor are related to genomic
and transcriptional profile differences and, furthermore, how
these characteristics can be modulated logically to tailor
wine composition.

Future prospects and conclusions

Raes and Bork (2008) wrote that ‘to be successful, however,
any systems-biology study requires data on three important
aspects of the system: the ‘parts list’; the connectivity be-
tween the parts; and the placement of connectivity in the
context of time and space’. This holistic knowledge can be
translated to food ecosystems to predict the behaviour of
microbial cells in silico. By allowing DNA/RNA to be
assayed more rapidly than previously possible, NGS tech-
nologies promise a deeper understanding of microbial
genomes and biology by providing a “part list”. Meanwhile
NGS technologies have improved our ability to routinely

profile food microbial ecosystems and to make genotype–
phenotype correlations, identifying the genetic basis of com-
plex phenotypes, engineering new phenotypes, and combin-
ing beneficial phenotypes in industrial hosts. Hence, high-
throughput sequencing can play a key role in whole
genome-assisted optimizing of food starter cultures. It is
reasonable that future challenges will be aimed at achieving
connectivity between data generated by NGS and other
“omics” techniques in the context of time and space. This
integration will provide comprehensive genetic maps of
important food traits, as well as predictive models of the
contribution of individual microorganisms in the development
of food quality and safety.
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