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The diffusion of high-throughput sequencing has dramatically changed the study of food microbial ecology.
Amplicon-based description of the microbial community may be routinary implemented in the food industry to
understand how the processing parameters and the raw material quality may affect the microbial community of
the final product, as well as how the community changes during the shelf-life. In addition, application of shotgun
metagenomics may represent an invaluable resource to understand the functional potential of the microbial
community, identifying the presence of spoilage-associated activities or genes related to pathogenesis. Finally,
retrieving Metagenome-Assembled Genomes (MAGs) of relevant species may be useful for strain-tracking along
the food chain and in case of food poisoning outbreaks.

This review gives an overview of the possible applications of sequencing-based approaches in the study of food
microbial ecology, highlighting limitations that still prevent the spreading of these techniques to the food

industry.

1. Introduction

The relationship between foods and their microbiome is fundamental
to ensure food quality and safety and an early detection of food patho-
gens and spoilage microorganisms is an important step that can help to
control a foodborne outbreak or limiting food losses (De Filippis,
Parente, & Ercolini, 2018; Pinu, 2016).

Current methods for monitoring the microbial contamination along
the food chain rely on culture-dependent analyses. However, innovative
approaches have been tested as an alternative to culture-dependent
procedures to track foodborne pathogens or spoilers in foods and
food-handling environments with high precision and sensitivity, as well
as in shorter times (de Koster & Brul, 2016; Parlapani, 2021; Wei &
Zhao, 2021).

High-throughput sequencing (HTS) technologies, are revolutionizing
food microbiology: they present higher sensitivity compared with
culture-dependent and other culture-independent approaches, allowing
the detection of subdominant communities that may play an important
role in the studied ecosystem (De Filippis, Parente, et al., 2018). Two
approaches using NGS technologies are commonly used (Fig. 1):

amplicon sequencing or metabarcoding, which involves the amplifica-
tion and sequencing of specific marker genes and shotgun metagenomics
of the whole genomic content of the microbial communities. Meta-
barcoding is the most used in food microbial ecology and is useful to
provide an overall taxonomic picture of the microbial community. On
the contrary, in the shotgun-based approach, the whole DNA or RNA
(after the synthesis of complementary DNA) is fragmented by enzymatic
or mechanical methods and sequenced. Besides providing the taxonomic
composition of the whole microbial community (including Bacteria,
Fungi, Archaea, Protozoa, etc.), this analysis allows to describe its
functional capability, identifying the presence and abundance of specific
genes of interest (e.g., genes involved in spoilage activities or virulence)
and reconstructing the related metabolic pathways (De Filippis, Parente,
et al., 2018; Jagadeesan et al., 2019; Fig. 1). In addition, reconstruction
of microbial genomes directly from metagenomics reads (Metagenome-
Assembled Genomes, MAGs) is a promising approach to track specific
microbial strains across the food chain, as well as for epidemiological
purposes (Fig. 1). In this review, we aim to provide a picture of the
possibilities of implementation of HTS-based approaches withing food
industry and for the official control bodies, to support product quality
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and safety management plans, as well as discussing some limitations
that still limit the actual application.

2. Metagenomics-based tracking of food-borne pathogens

A promising implementation of metagenomics in food safety issues is
the possibility of strain typing and monitoring (De Filippis, Parente,
et al., 2018). Official methods for epidemiological tracking of strains in
case of an outbreak are based on culture-dependent strategies. Although
such strategies have been widely validated throughout the past decades,
they are time-consuming, and their effectiveness depends on the ability
of the pathogen to grow in/on different media with specific environ-
mental conditions, as well as on their growth-rate (Law, Ad Mutalib,
Chan, & Lee, 2015). Indeed, it has been reported that most of food re-
calls in the US occur after the outbreak conclusion (Qiu et al., 2021),
highlighting the limits of existing pathogen detection procedures. When
a putative outbreak occurs, it is necessary to communicate quickly with
stakeholders and consumers, in order to prevent the consumption of the
contaminated food and limit the spread of the outbreak. Besides being
time-consuming and unable to provide a quick response in case of a
foodborne outbreak, these methods often fail to isolate the strain when
the loads are low (Buytaers et al., 2021).

There’s a strong need for novel procedures to track pathogenic
bacteria (Law et al., 2015). In this context, omics-based monitoring of
microbial contamination can be usefully applied for epidemiological
tracking of foodborne pathogens, allowing a rapid identification of food
products responsible for an outbreak. Reconstructing microbial
Metagenome-Assembled Genomes (MAGs) from the metagenomes of
food products and biological samples of the subjects implicated in the
outbreak, it may be possible to identify the pathogenic strain respon-
sible, as well as the specific food where it originated. In addition, foods
contaminated by pathogens may benefit from strain-specific investiga-
tion of the microbiota that may reveal the occurrence of more than one
pathotype in the case of correlated episodes of infection/intoxication.

Some studies have tested the ability of shotgun-metagenomic
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approaches to track pathogens efficiently and accurately from spiked or
naturally contaminated food. For instance, Leonard, Mammel, Lacher,
and Elkins (2015) showed that a Shiga Toxin-producing Escherichia coli
strain can be easily retrieved and virulence-profiled from spiked
minimally-processed spinach after an 8-h enrichment, whereas Ottesen
et al. (2016) applied a similar approach to reconstruct the genomes of
Listeria monocytogenes strains from a naturally contaminated ice-cream.
In addition, Hyeon et al. (2018) successfully serotyped Salmonella
enterica strains from both spiked and unspiked foods after a pre-
enrichment step. Since foodborne pathogens may be present at low or
very low levels in the products (Griitzke et al., 2019), a cultural pre-
enrichment step is often necessary to obtain a suitable number of
genome copies from the target pathogen, which are needed to correctly
characterize the pathogenic strains and its virulence-associated genes.
Indeed, this approach — which has been named “quasi-metagenomic”
(Hyeon et al., 2018; Ottesen et al., 2020) - is faster and more efficient
than a traditional method for food surveillance purposes, since it allows
to depict a pathogenic strain genome saving at minimum 2 days (Leo-
nard et al., 2015), and it might be used soon by food industry to detect
pathogens in food, recall contaminated batches of products from the
market and save lives (Ottesen et al., 2020). When using a traditional
approach, a foodborne pathogen can be characterized using Whole
Genome Sequencing (WGS), which is widely used to identify virulence
or antimicrobial resistance-related genes, as well as mobile elements
(EFSA, 2019). However, WGS relies on the availability of the microbial
isolate (Huang et al., 2017) and can only occur after the completion of
cultural-dependent procedures, thus with no advantage in terms of
analysis speed.

In addition, several foodborne pathogens such as Escherichia coli
0157:H7 and Listeria monocytogenes may be unculturable in some cir-
cumstances, as they enter in a “viable but non-culturable” (VBNC) state
after being exposed to extreme conditions (e.g., several food sanitization
treatments; Ferro, Amorico, & Deo, 2018), although being metabolically
active and able to cause illness upon ingestion (Li, Mendis, Trigui,
Oliver, & Faucher, 2014; Zhao, Zhong, Wei, Lin, & Ding, 2017). Once
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bacteria enter in the VBNC state, they are unable to grow on media,
leading to an underestimation of their concentration or to false-negative
results (EFSA, 2019). Also in this case, a metagenomic-based approach
may be useful to detect these strains.

3. Next-generation, omics’-based risk assessment

Risk assessment models allow to predict the behaviour and the
growth rate of a microorganism in response to a specific environmental
condition. In order to develop a reliable model, several parameters
should be taken into account, such as the food matrix intrinsic factors (e.
g., PH, ay, composition) and the extrinsic factors related to the storage
conditions (e.g., temperature, type of packaging) and to the treatment
applied (e.g., thermal treatment, high pressure processing). In addition,
the interaction of the microorganism studied with the microbial com-
munity should be also considered. Indeed, the specific food microbiota
may contrast the growth of the pathogenic taxon, through the produc-
tion of antimicrobials (e.g., organic acids, bacteriocins). On the con-
trary, mutualism or synergistic interactions may also occur, where some
taxa may promote the growth of the pathogen (den Besten et al., 2018).
In this context, combining data on presence/absence of a pathogen with
the total microbial community description obtained by ‘omics tech-
niques, may help to develop more realistic models for risk assessment
(Cocolin et al., 2018). In addition, the use of genomics and tran-
scriptomics data may help in fine tuning the models to take into account
the different metabolic responses of the pathogen to external conditions,
as well as the strain-level diversity that may affect this response. Indeed,
integration of ‘omics might allow the development of quantitative
models predicting the pathogen abundance and its development across
the food chain (den Besten et al., 2018).

Finally, implementation of ‘omics data in Quantitative Microbio-
logical Risk Assessment (QMRA) models would promote the application
of such models to food spoilage dynamics. Indeed, although the use of
QMRA to food spoilage is still limited, this approach has great potential
to support the food quality management decisions, to select the most
appropriate combinations of treatment, additives and storage conditions
and to define the effective expiration date of the product (Cocolin et al.,
2018; Koutsoumanis, Tsaloumi, Aspridou, Tassou, & Gougouli, 2021).

Although the potential of ‘omics-based predictive models, this
approach is still in its infancy. One of the most important steps towards
its development is the collection and storage of environmental variables
and metadata on the process that can constitute a database to inform the
model development.

4. Use of metagenomics for monitoring food spoilage dynamics

‘Omics may be successfully implemented within the food industry,
for microbiome mapping in the processing plant environment, microbial
source tracking investigation or for monitoring the product shelf-life,
identifying the presence of microbial spoilers and how processing/
storage conditions may affect microbial dynamics (Forbes, Knox, Ron-
holm, Pagotto, & Reimer, 2017; Jagadeesan et al., 2019; Miller, Mon-
toya, Gardy, Patrick, & Tang, 2013; Zhou et al., 2016).

In food processing facilities, a resident microbiome adapted to the
specific food industry environment can colonize the surfaces of equip-
ment and tools and be transferred to the food product during handling,
manufacturing, processing and storage. It is recognized that routinary
cleaning and disinfection procedures are not always effective in elimi-
nating the resident microbial consortia specific for each food plant, since
they often develop as a biofilm on surfaces that are particularly difficult
to clean and may represent a potential risk for food safety and quality
(De Filippis, Valentino, Alvarez-Ordoénez, Cotter, & Ercolini, 2020). In
this context, mapping the environmental microbiome using sequencing-
based approaches may help identifying the presence of potentially
spoilage agents even when their abundance is low, recognizing possible
contamination routes and critical process points, and support the
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development of more appropriate cleaning procedures.

In addition, variations in the baseline microbiome of raw materials,
in the product intrinsic factors (e.g., pH, salt concentration, water ac-
tivity, antimicrobials), or in processing conditions (e.g., heat treatments)
may lead to changes in the microbial community, thus affecting the
product shelf-life. These data may be implemented in statistical and
predictive models, helping to predict the product shelf-life, anticipate
microbial spoilage and avoid food loss (Ercolini, 2013; Jagadeesan et al.,
2019).

While shotgun metagenomics is still underexploited in food micro-
biome studies, amplicon sequencing data on food-associated microbiota
accumulated in public repositories (Table 1). These data potentially
represent a useful resource to be exploited in meta-studies, to improve
our knowledge of food microbial consortia involved in food spoilage and
on the influence of processing parameters on their development. With
this aim, some years ago a repository of food-associated microbiota
based on public data was developed, namely FoodMicrobionet (Parente
et al., 2016), that collect taxonomic data on the microbial community of
foods and food-related environment, together with available metadata
retrieved from the original study.

However, several issues limit the use of publicly available data by the
stakeholders of the food system. Firstly, bioinformatics skills are
necessary for data analysis and specifically trained personnel is rarely
present in food industry, regulatory agencies, and control bodies.
Another important point is the still limited number of studies that make
sequencing data publicly available. Indeed, although this practice is
becoming common in most recent years since several journal consider it
mandatory for publications, there are a consistent number of studies
where sequences are not available on public repositories or where the
scant metadata present make them useless for meta-studies. Indeed, the
standardization and quality of metadata released with sequencing data
is another important issue. In order to create a database of microbial
communities in foods and related environment, metadata about product
composition, processing and storage conditions should be considered as
the minimum requirements. Besides this, the standardization of pro-
tocols and the development of Standard Operating Procedures (SOPs)
for food microbiota analysis would be necessary, to make results of
different studies more comparable. Indeed, all steps including sample
collection, DNA extraction, the choice of target gene and primers to be
used in PCR, as well as the data analysis pipeline may affect the final
results (De Filippis, Parente, Zotta, & Ercolini, 2018; Keisam, Romi,
Ahmed, & Jeyaram, 2016; Maillet et al., 2021; Witte et al., 2018).

To provide some examples on how amplicon sequencing data may be
used to understand microbial dynamics during food spoilage, we carried
out a meta-analysis of publicly available data on three different food
chains (raw meat, milk and fishery products). We retrieved sequences
and related metadata from 18 16S rRNA sequencing studies (Table 1),
for a total of 981 samples (601 from meat and meat-processing envi-
ronment, 148 from milk, 232 from fish and seafood products). Data were
analyzed using a common pipeline, as implemented in QIIME2 (Bolyen

et al., 2019; https://qiime2.org).

4.1. Case 1. The raw meat chain

Meat and meat products are highly perishable, with colonization and
development of a variety of microorganisms, especially bacteria. This is
due to complex nutrient-rich environment with chemical and physical
conditions favorable to bacterial development (Cauchie et al., 2020).
Raw meat is characterized by a complex microbiota, that may originate
from the animals themselves or from the processing environments, such
as slaughterhouses or butcher shop, as well as from the ingredients used
(Van Reckem, De Vuyst, Weckx, & Leroy, 2021). Microbial spoilage of
meat is a complex process affected by competition among different
microbial groups and their biotic and abiotic interactions (Yang, Zhu,
Zhang, Liang, & Luo, 2018). The different storage conditions, such as
gaseous atmosphere, storage temperature and the application of
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Table 1
HTS studies of food microbiota used for the meta-analysis. Studies are grouped according to the type of food.
Food Environment 16SV Study Aim Primer Sequence Read Reference
Category sampling region used Archive Accession
Number

Meat no VI-V3 Investigate the influence of pathogen contamination and 340F and PRJEB35020 Choi, Hwang, Kim, & Choi,
storage temperature on the beef microbiota, analyze 518R 2020
microbial interaction in the beef microbiota under different
storage conditions over time after contamination and
understand the effects of contamination and temperature on
the spoilage of meat.

Meat no V1-v3 Study the development of microbial communities in beef 8F and PRJNA293921 Jaaskeldinen, Hultman,
during chilled storage in high oxygen MAP and VP. 518R Parshintsev, Riekkola, &

Bjorkroth, 2016

Meat yes VI-V3 Investigate the bacterial community composition in various  8F and PRJNA293141 Hultman, Rahkila, Ali,
processing stages of a man-made food manufacture niche to  518R Rousu, & Bjorkroth, 2015
characterize the processing plant and product microbiomes
and to address the persistent hygiene problem.

meat no VI-V3 Assess the role of sodium chloride reduction in meat 27F and PRJEB9493 Fougy et al., 2016
products, both at the level of spoilage development and at 534R
the level of bacterial diversity, using 16S rRNA amplicon
sequencing and raw pork sausage as a meat model.

meat yes V1-v3 Provide an in-depth description of the microbiota of meat 28F and PRJNA314853 Stellato et al., 2015
and meat processing environments, highlight the 519R
importance of the environment as a contamination source of
spoilage bacteria and show that the size of the retail facility
does not affect the level and type of contamination.

meat no VI-V3 Assess the viable bacterial communities in beef burgers 28F and PRJNA272131 Ferrocino et al., 2016
stored in nisin-based antimicrobial packaging and follow the ~ 519R
changes in bacterial counts and diversity during storage at
4°C.

meat no V1-V3 Use of metagenomics to compare the composition, diversity ~ pA’ and PRJEB2763 Nieminen et al., 2012
and metabolic potential of the microbial communities pD’
marinated and unmarinted broiler fillet strips.

meat no V3-vV4 Investigate the effect of AO and EW treatments on the 341F and PRINA358161 Botta et al., 2018
complexity and dynamics of the potential active microbiota ~ 785R
of beefsteaks and their associated volatilome, during storage
at 4 °C and in vacuum packaging conditions.

meat yes V1-V3 Investigate the microbiota encompassing putative bacteria 27F and PRJNA523688 Lauritsen, Kjeldgaard,
of whole broiler meat, packaged in modified atmosphere, 534R Ingmer, Bisgaard, &
during and exceeding shelf-life. Christensen, 2019

meat/fish no VI-V3 Provide a more integrated view of the bacterial communities ~ 27F and PRJEB4975 Chaillou et al., 2015
associated with meat and seafood spoilage. 534R

fish no VI-V3 Investigate the microbiota of small octopuses, collected from  340F and PRJEB21616 Choi et al., 2020
different sampling sites and compare the differences of 518R
microbiota, based on the regions and the sampling times.
Assess the influence of pathogens on the composition and
potential functions of the indigenous microbiota through
artificial infection experiments.

fish no V3-v4 Characterize the spoilage microbiota of hake fillets stored 341F and PRINA574112 Antunes-Rohling et al.,
under MAP at different temperatures using high-throughput ~ 805R 2019
16S rRNA gene sequencing and to compare these results
with those obtained using traditional microbiology
techniques.

dairy no V1-v3 Investigate the dynamics of bacterial populations during 28F and PRJINA230456 Dolci, De Filippis, La
Fontina PDO cheese manufacture and ripening, and to 519R Storia, Ercolini, & Cocolin,
evaluate possible correlations between microbiota and 2014
different lactation stages.

dairy no V1-v3 Longitudinal characterization of the microbial community 28F and PRJIJNA290349 De Filippis, Genovese,
structure and gene expression during ripening of the 519R Ferranti, Gilbert, &
traditional Italian Caciocavallo Silano cheese and evaluation Ercolini, 2016
of the effect of temperature on microbial metabolism.

dairy no V3-V4 Investigate the bacterial communities of raw milk from ten 338F and PRJNA389757 Lietal., 2018
dairy farms in Shanghai (China) with high-throughput 806R
sequencing technology and the variation in the bacterial
communities throughout one whole year.

dairy no V3-V4 Determine the dynamic changes in flavor compounds and 338F and PRJNA627305 Ding et al., 2020
microbiota profiles in HTST pasteurized milk products, 806R
provide new insights into exploring the variances and
similarities of the safety of pasteurization, and analyze the
core functional microbiota related to the formation of flavor
compounds and safety of pasteurized milk.

dairy no V1-v3 Study the microbial dynamics of the active fraction of the 28F and PRJINA255096 Alessandria et al., 2016
microbiota during the manufacturing and ripening of araw- ~ 519R

milk, long-ripened, hard-cooked, Grana-type cheese, with
particular emphasis on the contribution of milk and whey
starter, by coupling reverse transcriptase PCR (RT-PCR)-

(continued on next page)
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Table 1 (continued)
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Food Environment 16S V Study Aim Primer Sequence Read Reference
Category sampling region used Archive Accession
Number
denaturing gradient gel electrophoresis (DGGE),
quantitative PCR (qPCR), and rRNA pyrosequencing.
dairy no V3-v4 Study of the bacterial communities of Liqvan cheese during ~ 341F and PRJINA319425 Ramezani, Hosseini,

its manufacturing through reverse transcriptase PCR (RT- 805R
PCR)-DGGE. Furthermore, the total counts and diversity of

Ferrocino, Amoozegar, &
Cocolin, 2017

the viable bacterial populations in the raw milk, curd and
ripened cheese have been investigated using RT quantitative
PCR (RT-gPCR) and 16S rRNA gene amplicon sequencing,

respectively.

antibacterial compounds, may have a major effect on microbial growth
and dynamics of different populations (Wang et al., 2017). Thus, food
spoilage is problematic for two main reasons: first, it renders food unfit
for human consumption and, secondly, it results in significant economic
losses. In particular meat accounts for approximately 4% of total food
waste, with meat losses being severest at the end of the food chain in
industrialized regions. Here, almost half of meat waste occurs at the
consumption level (Cauchie et al., 2020; Duthoo et al., 2021).
Furthermore, meat and poultry, especially their processed products,
often prone to adulteration practice in the food supply for economic
gain. Their impacts are related to food security and safety, consumers’
acceptability and lifestyle. Therefore, it is necessary to develop reliable
methods for identifying the species of origin of meat and poultry

Q
-
o ]
(=]
©

2 o

c

[u]

3

c

3

el

[

@

=

S

o)

[T

£ g
N
(=]
o _|
(=]

SPOILED MEAT IN MAP SPOILED MEAT IN VP

Classification

products (Xing et al., 2019).

For example, Lactic Acid Bacteria (LAB) are considered the main
players in spoilage of meat stored under vacuum or in carbon dioxide-
rich atmosphere. Leuconostoc, Carnobacterium, Lactobacillus and Lacto-
coccus are among the most frequently involved genera, since psycho-
tropic species can easily outcompete the aerobic microbiota
(Doulgeraki, Paramithiotis, Kagkli, & Nychas, 2010; Pothakos, Devlie-
ghere, Villani, Bjorkroth, & Ercolini, 2015) (Fig. 2). Chaillou et al.
(2015) highlighted that the microbiota of aerobically stored beef was
dominated by Pseudomonas and led to more rapid spoilage. On the
contrary, LAB were associated with vacuum packaging, and both Car-
nobacterium and Pseudomonas were identified as SSOs in modified-
atmosphere packaging, leading to different spoilage-associated

O Others <0,1%

O g__Photobacterium

O g_ Pseudomonas

[0 g_ Enhydrobacter

O g_ Acinetobacter johnsonii

O f__ Enterobacteriaceae
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O g Kocuria
SPOILED MEAT IN AIR

Fig. 2. Histogram showing the relative abundance of bacterial genera (>0.1%) in spoiled meat under various packaging conditions. MAP: Modified Atmosphere

Packaging; VP: Vacuum packaging; AIR: Aerobic packaging.
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metabolomes. However, gaseous atmosphere may also exert a selection
at strain level. For example, it was demonstrated that some strains of
Pseudomonas fragi, usually considered as a spoiler of meat stored aero-
bically, may select during storage under vacuum (De Filippis, La Storia,
Villani, & Ercolini, 2019). In this case, the use of shotgun metagenomics
would be more informative. As reported above (see paragraph 2),
reconstruction of MAGs may identify different strains and track their
dynamics during storage.

Moreover, the addition of other ingredients (e.g., salt, spices) that
may have an antimicrobial activity also impact the selection of Spoilage
Specific Organisms (SSOs), thus influencing the spoilage rate. Indeed,
Fougy et al. (2016) demonstrated that the salt concentration in pork
sausages stored under vacuum may influence SSOs diversity and the
spoilage speed.

However, regardless the packaging conditions, a common spoilage-
associated core microbiome can be observed (Fig. 3). These taxa are
always present in fresh and spoiled meat, as well as in meat-handling
environment, highlighting that they are well-adapted and able to
become resident in this type of environment and can be transferred to
the meat (De Filippis, La Storia, Villani, & Ercolini, 2013; Stellato, De
Filippis, La Storia, & Ercolini, 2015). During storage, extrinsic factors,
mainly related to temperature and type of packaging, may exert a se-
lective pressure, boosting the development of some of them (Fig. 3).
Therefore, using HTS for microbiota mapping in meat processing and
handling environments is an interesting opportunity for food industry to
identify possible contamination routes.

41

PROCESSING
ENVIRONMENT
(135)

Pseudomonas
Staphylococeus
Carnobacterium
Lactobacillus
Leuconostoc 0
Weissella

Enhydrobacter / 0\

Photobacterium

Food Research International 157 (2022) 111242
4.2. Case 2. Milk chain

Milk is a highly nutritious food that can be obtained from a variety of
animal sources such as cows, goats, sheep and buffalo. However, the
high nutrient content, coupled to a near neutral pH and a high-water
activity, makes it the ideal environment for the growth of many mi-
croorganisms (Quigley et al., 2013). The microbiota of raw milk is
highly complex, including LAB, such as Lactobacillus, Streptococcus,
Enterococcus, Lactococcus and Leuconostoc, besides several other Gram-
positive bacteria (e.g., Bacillus, Macrococcus and Corynebacterium).
However, also Gram-negative, such as Enterobacteriaceae (e.g., Entero-
bacter, Hafnia, Klebsiella) and Pseudomonas spp. are frequently found in
raw milk (Fig. 4).

Psychrotrophic populations usually develop during cold storage,
including Pseudomonas, Aeromonas and Acinetobacter spp. (Quigley
et al., 2013), producing extracellular lipases and proteases and leading
to spoilage (Rasolofo, St-Gelais, LaPointe, & Roy, 2010). In addition,
some of these enzymes are heat resistant and can endure to pasteuri-
zation or even to ultra-high temperature (UHT) treatment (Rasolofo
et al., 2010).

One of the most important milk-spoiler is Pseudomonas spp. (von
Neubeck et al., 2015). In particular, Pseudomonas fluorescens, Pseudo-
monas gessardii, Pseudomonas fragi and Pseudomonas lundensis are the
species found more frequently. Pseudomonas spp. can become predom-
inant in raw milk stored at low temperatures, constituting up to 70-90%
of the microbial population. Many other psychrotolerant microorgan-
isms are present in milk and may participate to spoilage, such as

SPOILED MEAT
IN MAP
(19)

SPOILED MEAT
INVP
@7

Fig. 3. Venn diagram reveals shared microbial genera among fresh or spoiled meat and related processing environments. Only genera with abundance greater than
0.1% are included. Numbers indicate the number of shared taxa. MAP: Modified Atmosphere Packaging; VP: Vacuum packaging; AIR: Aerobic packaging.
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Fig. 4. Histogram showing the relative abundance of bacterial genera (>0.5%) in the milk samples analyzed.

Acinetobacter, Microbacterium, Aeromonas, Enterobacter, Flavobacterium,
Corynebacterium, Clostridium, Bacillus, Staphylococcus and some LAB
(Hantsis-Zacharov & Halpern, 2007).

At the same time, raw milk may be contaminated with pathogens,
such as Salmonella spp., Listeria monocytogenes, Escherichia coli,
Campylobacter spp., Brucella spp. and Shigella spp., that may originate
from the mammary gland or associated lymph nodes of cows suffering
from systemic infections, as well as from the equipment, raw milk
tankers and personnel (Langer et al., 2012; McHugh et al., 2021).
Indeed, milk storage silos can be considered as one of the main
contamination source, since their microbiome is dominated by psy-
chrotrophic spoilage-associated bacteria (McHugh et al., 2021).

Several treatments may be applied to increase milk shelf-life and
maintain its quality over longer conservation periods. Thermization
consists in heating milk at around 65 °C for 10-20 s and is effective in
reducing mesophilic and psychrotrophic bacteria (Rasolofo et al., 2010).
In some cases, for example when milk has to be used for cheese pro-
duction, it is preferred to treatments at higher temperature because of its
milder effects on beneficial milk microbiota and on the functionality of
milk caseins and salts. However, thermization cannot destroy heat
resistant proteolytic and lipolytic enzymes produced by psychrotrophic
bacteria (Rasolofo et al., 2010; Samelis et al., 2009). The most common
treatment for fresh milk destinated to human consumption is pasteuri-
zation (at least 72 °C for 15 sec), which eliminates pathogens and
strongly reduce alterative bacteria, without compromising the nutritive
and flavor attributes (Ding et al., 2020).

Evaluating the impact of different heat treatments on the composi-
tion of the milk microbiota is also extremely important for the subse-
quent production of dairy products. Indeed, several research described

the microbiota of raw milk (n = 131), while only few samples of
pasteurized/thermized milk are available in the literature (n = 15 and n
= 2, respectively; Table 1).

Principal Coordinate Analysis (PCoA) based on Bray-Curtis distance
(Fig. 5A) and box plots showing the Simpson’s diversity index (Fig. 5B)
of analyzed milk samples revealed that raw milk contain a high biodi-
versity, that may be influenced by several factors, such as farm practices,
animal management and breed, milking hygiene, seasonality. On the
contrary, pasteurized and thermized milk samples cluster together and
have a more similar microbiota, due to a standardization of the micro-
bial composition caused by the application of the heat treatment
(Breitenwieser, Doll, Clavel, Scherer, & Wenning, 2020; Quigley et al.,
2013; Fig. 5A). However, several psychrotrophic taxa (e.g. Pseudomonas
and Acinetobacter) are shared by all milk samples (raw, thermized and
pasteurized milk), highlighting that this core microbiota may persist
after the heat treatments and develop during refrigerated storage,
decreasing the product shelf-life (Fig. 6).

4.3. Case 3. Fish and seafood chain

Seafoods are among the most popular and healthiest foodstuffs
worldwide, containing a variety of essential elements for human diet
such as proteins, vitamins, nutrients and long-chain polyunsaturated
fatty acids, including omega-3. The modern dietary trends have led to a
continuously increasing demand for seafood. Both high quality and
extended shelf-life of seafood is required to satisfy the nowadays dietary
tendency, as well as the industrial interest to increase the added value of
such products.

However, microbial spoilage is the main factor linked with the rapid



G. Sequino et al.

PCoA - Bray-Curtis distance

A

Groups
@ Ppasteurizea mik

. Raw milk

@ roemmizedmic

A Pasteurization at 72 °C
W Fasteurization at 75 °C
—} Pasteurization at 80 °C
[X] Pasteurization at 83 °C
% Pasteurization at 85 °C

0.00
PCot (25.15%)

Food Research International 157 (2022) 111242

B Alpha Diversity

Simpson

0.031

. B %,

075 T Owmr

: . .

. - ‘e

. . % . .

PR I . Classification
. . et bt . 8 Heat-treated milk

s . + . $ Raw milk

. . ." X

. .
P
L 3 . -

Heat-treated milk Raw milk

Classification

Fig. 5. Microbial diversity in milk products. A: Principal Coordinate Analysis (PCoA) based on Bray-Curtis distance matrices of milk samples. Sample color indicates
the type of heat treatment, while shapes indicates the different temperature of the treatment (this information is available from the original studies only for
pasteurized samples). B: Box plots showing the Simpson’s diversity index of analyzed samples. Orange: Heat-treated milk; Blue: Raw milk. Boxes represent the
interquartile range (IQR) between the first and third quartiles, and the line inside represents the median (2nd quartile). Whiskers denote the lowest and the highest
values within 1.5 IQR from the first and third quartiles, respectively. P-value < 0.05 was considered statistically significant. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

RAW MILK
(106)

THERMIZED MILK

PASTEURIZED MILK
(65)

Fig. 6. Venn diagram showing shared microbial genera among among raw, thermized and pasteurized milk samples. Only genera with abundance > 0.1% are

included. Numbers indicate the number of taxa.

seafood sensorial degradation, resulting in high food losses along the
production and distribution chain and thus, noteworthy economic losses
for seafood producing countries (Anagnostopoulos, Parlapani, &
Boziaris, 2022).

Various factors such as fish feeding habits, season, geographical
location, sea temperature and type of fish determine the indigenous fish

microbiota (Parlapani et al., 2018).

Total fish and seafood production in the European Union reached
6.45 x 10° metric tons in 2017, 3% of the world production (Zotta,
Parente, Ianniello, De Filippis, & Ricciardi, 2019).

Seafood microbiota mainly originate from the animal skin, although
contamination may occur during evisceration and the following
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processing steps (Chaillou et al., 2015).

The geographical location, the season and the fishing method are the
main factors influencing the bacterial loads and the diversity of mi-
crobes. Indeed, the fish skin microbiota has been suggested as a method
to trace its geographical origin (Liu et al., 2020).

Microbial growth and metabolism represent the major cause of
spoilage of fish products. Proteins are hydrolyzed into peptides and
amino acids by microbial protease, leading to changes in physico-
chemical properties of fish flesh (texture, color, water-holding capa-
bility, etc.) and amino acids released by protein degradation can be
converted into o-keto acids, sulfides, ammonia, trimethylamine and
various kinds of biogenic amines. Some of these compounds, besides
having a sensorial impact, may represent a safety risk, since may cause
intoxication when ingested at high concentration (Biji, Ravishankar,
Venkateswarlu, Mohan, & Srinivasa Gopal, 2016). Visible slime may
also appear as a result of the production of extracellular polysaccharides
(Zhuang, Hong, Zhang, & Luo, 2021).

Psychrotolerant Gram-negative bacteria (e.g., Pseudomonas, Psy-
chrobacter, Arcobacter, Rubritalea, Shewanella spp.) dominate chilled fish
aerobically stored, while vacuum or CO» packing selects for Photo-
bacterium, Brochothrix and LAB (Fig. 7A) (Zotta et al., 2019). The pre-
dominance of Photobacterium in MAP was reported in hake fillets
(Antunes-Rohling et al., 2019) and salmon steaks (Emborg, Laursen,
Rathjen, & Dalgaard, 2002). Recently, MAP was also combined with
other preservation strategies such as plant extracts, ozone treatment
(Goncalves & Santos, 2019), and cold plasma (Olatunde, Benjakul, &
Vongkamjan, 2020), to achieve a more efficient preservation effect.
However, the effect on CO»-resistant bacteria, such as Photobacterium, is
still unexplored (Parlapani & Boziaris, 2016; Zhuang et al., 2021).

The mean relative abundances of frequently detected genera (>1% of
total microbiota) in fresh and spoiled fish stored in different packaging
conditions were compared (Fig. 7A). Carnobacterium, Photobacterium,
Psychrobacter, Leuconostoc, Flavobacterium, Lactococcus and families such
as Moraxellaceae, Spirochaetaceae, Fusobacteriaceae were confirmed as
the main players in fish spoilage (Fig. 7A). In addition, microbial di-
versity strongly decreases during fish storage, regardless the packaging
type, highlighting the selection of a well-adapted and psychrotolerant
microbiome (Fig. 7B).
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5. Conclusions and future perspectives

Food spoilage leads to significant wastes and is an important eco-
nomic issue in food industry. Besides this, food contamination by
pathogenic microbes may represent a significant safety concern.

After more than one decade of massive usage of amplicon-based HTS
for the study of food microbial ecology, a huge amount of data was
accumulated in public databases. As shown in the examples above, these
data may be exploited in meta-studies useful to understand which mi-
crobial taxa represent a potential risk for food quality and safety in
different food chains and how processing parameters may select a spe-
cific microbiota. These data might potentially represent a database of
information useful for the development of QMRA models. However,
metadata about the samples and the technological process are often not
available or quite scant, thus limiting the exploitation of this resource.
The definition of a minimum quality standards for published metadata
and the widespread use of common metadata fields are advisable. In
addition, several published studies do not make sequence data and
metadata publicly available, and this strongly limit their usefulness for
the scientific community and the stakeholders.

The application of shotgun metagenomics in the food chains is still
limited but is advisable to understand the functional potential of food-
related microbiome, as well as for tracking of specific strains relevant
for safety or spoilage-related activities. Microbiome mapping in food
processing plants and along the food chains may help in identifying
possible contamination routes and critical points where the operators
may intervene, as well as how the microbiome respond to processing and
storage conditions. In this context, the reconstruction of MAGs can be an
important step to identify specific pathogenic or spoiling strains and
track their dynamics across the food chain. In addition, shotgun meta-
genomics may help in deciphering food spoilage dynamics. Indeed, it is
often difficult to establish a direct link between a given spoilage phe-
nomenon and one microbial species, since complex interactions within
the microbial community are more often implicated (Yang et al., 2018).
Therefore, the integration of shotgun metagenomics or metatran-
scriptomics may help to identify the complex pool of genes and meta-
bolic pathways involved in the production of off-flavors or other
undesired demonstration of spoilage (e.g., slime production), highlight
which microbial taxa can be responsible. Data on the metabolic poten-
tial of the microbiome might be also integrated into models able to
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was considered statistically significant. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



G. Sequino et al.

predict the speed and the type of dynamics occurring during spoilage,
based on the microbial community description at the beginning of the
shelf-life.

However, several issues should be overcome before a widespread
application of ‘omics in food industry: the still relatively high cost and
the need for advanced bioinformatics skills for data analysis can be
considered as the most important bottlenecks. In addition, a standardi-
zation of data analysis pipelines and the definition of common re-
quirements for metadata collection would boost its inclusion in
international standards contemplated and approved by legislators, as
well as into the routinary quality management plans of the food
industry.

Funding

This work was supported by the project DiTECT “Digital Technologies
as an enabler for a continuous transformation of food safety system”
receiving funding from the European Union’s Horizon 2020 research
and innovation programme under Grant Agreement n. 861915. This
manuscript reflects only the authors’ views and the European Com-
mission is not responsible for any use that may be made of the infor-
mation it contains.

CRediT authorship contribution statement

Giuseppina Sequino: Conceptualization, Data curation, Formal
analysis, Writing — original draft. Vincenzo Valentino: Formal analysis,
Writing — original draft. Francesco Villani: Writing — review & editing.
Francesca De Filippis: Conceptualization, Funding acquisition, Writing
— original draft, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

Alessandria, V., Ferrocino, 1., De Filippis, F., Fontana, M., Rantsiou, K., Ercolini, D., &
Cocolin, L. (2016). Microbiota of an Italian Grana-like cheese during manufacture
and ripening, unraveled by 16S rRNA-based approaches. Applied and Environmental
Microbiology, 82(13), 3988-3995. https://doi.org/10.1128/AEM.00999-16

Anagnostopoulos, D. A., Parlapani, F. F., & Boziaris, I. S. (2022). The evolution of
knowledge on seafood spoilage microbiota from the 20th to the 21st century: Have
we finished or just begun? Trends in Food Science & Technology. https://doi.org/
10.1016/j.tifs.2022.01.004

Antunes-Rohling, A., Calero, S., Halaihel, N., Marquina, P., Raso, J., Calanche, J., ...
Cebrian, G. (2019). Characterization of the spoilage microbiota of hake fillets
packaged under a modified atmosphere (MAP) rich in CO2 (50% CO»/50% N3) and
stored at different temperatures. Foods, 8(10), 489. https://doi.org/10.3390/
foods8100489

Biji, K. B., Ravishankar, C. N., Venkateswarlu, R., Mohan, C. O., & Srinivasa Gopal, T. K.
(2016). Biogenic amines in seafood: A review. Journal of Food Science & Technology,
53(5), 2210-2218.

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A,, ...
Caporaso, J. G. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nature Biotechnology, 37(8), 852-857.
https://doi.org/10.1038/541587-019-0209-9

Botta, C., Ferrocino, 1., Cavallero, M. C., Riva, S., Giordano, M., & Cocolin, L. (2018).
Potentially active spoilage bacteria community during the storage of vacuum
packaged beefsteaks treated with aqueous ozone and electrolyzed water.
International Journal of Food Microbiology, 266, 337-345. https://doi.org/10.1016/j.
ijfoodmicro.2017.10.012

Breitenwieser, F., Doll, E. V., Clavel, T., Scherer, S., & Wenning, M. (2020).
Complementary use of cultivation and high-throughput amplicon sequencing reveals
high biodiversity within raw milk microbiota. Frontiers in Microbiology, 11, 1557.
https://doi.org/10.3389/fmicb.2020.01557

Buytaers, F. E., Saltykova, A., Mattheus, W., Verhaegen, B., Roosens, N. H. C.,
Vanneste, K., ... De Keersmaecker, S. C. J. (2021). Application of a strain-level
shotgun metagenomics approach on food samples: Resolution of the source of a
Salmonella food-borne outbreak. Microbial Genomics, 7(4). https://doi.org/10.1099/
mgen.0.000547

10

Food Research International 157 (2022) 111242

Cauchie, E., Delhalle, L., Taminiau, B., Tahiri, A., Korsak, N., Burteau, S., ... Daube, G.
(2020). Assessment of spoilage bacterial communities in food wrap and modified
atmospheres-packed minced pork meat samples by 16S rDNA metagenetic analysis.
Frontiers in Microbiology, 10, 3074. https://doi.org/10.3389/fmicb.2019.03074

Chaillou, S., Chaulot-Talmon, A., Caekebeke, H., Cardinal, M., Christieans, S., Denis, C.,
... Champomier-Verges, M. C. (2015). Origin and ecological selection of core and
food-specific bacterial communities associated with meat and seafood spoilage. The
ISME Journal, 9(5), 1105-1118. https://doi.org/10.1038/ismej.2014.202

Choi, H., Hwang, B. K., Kim, B. S., & Choi, S. H. (2020). Influence of pathogen
contamination on beef microbiota under different storage temperatures. Food
Research International, 132, Article 109118. https://doi.org/10.1016/].
foodres.2020.109118

Cocolin, L., Mataragas, M., Bourdichon, F., Doulgeraki, A., Pilet, M. F., Jagadeesan, B., ...
Phister, T. (2018). Next generation microbiological risk assessment meta-omics: The
next need for integration. International Journal of Food Microbiology, 287, 10-17.
https://doi.org/10.1016/j.ijfoodmicro.2017.11.008

De Filippis, F., La Storia, A., Villani, F., & Ercolini, D. (2013). Exploring the sources of
bacterial spoilers in beefsteaks by culture-independent high-throughput sequencing.
PLoS One, 8(7), Article €70222. https://doi.org/10.1371/journal.pone.007022.2

De Filippis, F., Genovese, A., Ferranti, P., Gilbert, J. A., & Ercolini, D. (2016).
Metatranscriptomics reveals temperature-driven functional changes in microbiome
impacting cheese maturation rate. Scientific Reports, 6(1), 1-11. https://doi.org/
10.1038/srep21871

De Filippis, F., Parente, E., & Ercolini, D. (2018a). Recent past, present, and future of the
food microbiome. Annual Review of Food Science and Technology, 9, 589-608. https://
doi.org/10.1146/annurev-food-030117-012312

De Filippis, F., Parente, E., Zotta, T., & Ercolini, D. (2018b). A comparison of
bioinformatic approaches for 16S rRNA gene profiling of food bacterial microbiota.
International Journal of Food Microbiology, 265, 9-17. https://doi.org/10.1016/j.
ijfoodmicro.2017.10.028

De Filippis, F., La Storia, A., Villani, F., & Ercolini, D. (2019). Strain-level diversity
analysis of Pseudomonas fragi after in situ pangenome reconstruction shows
distinctive spoilage-associated metabolic traits clearly selected by different storage
conditions. Applied and Environmental Microbiology, 85(1), e02212-e2218. https://
doi.org/10.1128/AEM.02212-18

De Filippis, F., Valentino, V., Alvarez-Ordénez, A., Cotter, P. D., & Ercolini, D. (2020).
Environmental microbiome mapping as a strategy to improve quality and safety in
the food industry. Current Opinion in Food Science. https://doi.org/10.1016/j.
cofs.2020.11.012

de Koster, C. G., & Brul, S. (2016). MALDI-TOF MS identification and tracking of food
spoilers and food-borne pathogens. Current Opinion in Food Science, 10, 76-84.
https://doi.org/10.1016/j.cofs.2016.11.004

den Besten, H. M., Amézquita, A., Bover-Cid, S., Dagnas, S., Ellouze, M., Guillou, S., ...
Membré, J. M. (2018). Next generation of microbiological risk assessment: Potential
of omics data for exposure assessment. International Journal of Food Microbiology,
287, 18-27. https://doi.org/10.1016/j.ijfoodmicro.2017.10.006

Ding, R., Liu, Y., Yang, S., Liu, Y., Shi, H., Yue, X,, ... Wu, J. (2020). High-throughput
sequencing provides new insights into the roles and implications of core microbiota
present in pasteurized milk. Food Research International, 137, Article 109586.
https://doi.org/10.1016/j.foodres.2020.109586

Dolci, P., De Filippis, F., La Storia, A., Ercolini, D., & Cocolin, L. (2014). rRNA-based
monitoring of the microbiota involved in Fontina PDO cheese production in relation
to different stages of cow lactation. International Journal of Food Microbiology, 185,
127-135. https://doi.org/10.1016/j.ijfoodmicro.2014.05.021

Doulgeraki, A. I., Paramithiotis, S., Kagkli, D. M., & Nychas, G. J. E. (2010). Lactic acid
bacteria population dynamics during minced beef storage under aerobic or modified
atmosphere packaging conditions. Food Microbiology, 27(8), 1028-1034. https://doi.
0rg/10.1016/j.fm.2010.07.004

Duthoo, E., Rasschaert, G., Leroy, F., Weckx, S., Heyndrickx, M., & De Reu, K. (2021).
The microbiota of modified-atmosphere-packaged cooked charcuterie products
throughout their shelf-life period, as revealed by a complementary combination of
culture-dependent and culture-independent analysis. Microorganisms, 9(6), 1223.
https://doi.org/10.3390/microorganisms9061223

EFSA Panel on Biological Hazards. (2019). Whole genome sequencing and metagenomics
for outbreak investigation, source attribution and risk assessment of food-borne
microorganisms. EFSA Journal, 17(12), Article e05898. https://doi.org/10.2903/j.
efsa.2019.5898

Emborg, J., Laursen, B. G., Rathjen, T., & Dalgaard, P. (2002). Microbial spoilage and
formation of biogenic amines in fresh and thawed modified atmosphere-packed
salmon (Salmo salar) at 2° C. Journal of Applied Microbiology, 92(4), 790-799.
https://doi.org/10.1046/j.1365-2672.2002.01588.x

Ercolini, D. (2013). High-throughput sequencing and metagenomics: Moving forward in
the culture-independent analysis of food microbial ecology. Applied and
Environmental Microbiology, 79(10), 3148-3155. https://doi.org/10.1128/
AEM.00256-13

Ferro, S., Amorico, T., & Deo, P. (2018). Role of food sanitising treatments in inducing
the ‘viable but nonculturable’ state of microorganisms. Food Control, 91, 321-329.
https://doi.org/10.1016/j.foodcont.2018.04.016

Ferrocino, 1., Greppi, A., La Storia, A., Rantsiou, K., Ercolini, D., & Cocolin, L. (2016).
Impact of nisin-activated packaging on microbiota of beef burgers during storage.
Applied and Environmental Microbiology, 82(2), 549-559. https://doi.org/10.1128/
AEM.03093-15

Forbes, J. D., Knox, N. C., Ronholm, J., Pagotto, F., & Reimer, A. (2017). Metagenomics:
The next culture-independent game changer. Frontiers in Microbiology, 8, 1069.
https://doi.org/10.3389/fmicb.2017.01069


https://doi.org/10.1128/AEM.00999-16
https://doi.org/10.1016/j.tifs.2022.01.004
https://doi.org/10.1016/j.tifs.2022.01.004
https://doi.org/10.3390/foods8100489
https://doi.org/10.3390/foods8100489
http://refhub.elsevier.com/S0963-9969(22)00299-X/h0020
http://refhub.elsevier.com/S0963-9969(22)00299-X/h0020
http://refhub.elsevier.com/S0963-9969(22)00299-X/h0020
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1016/j.ijfoodmicro.2017.10.012
https://doi.org/10.1016/j.ijfoodmicro.2017.10.012
https://doi.org/10.3389/fmicb.2020.01557
https://doi.org/10.1099/mgen.0.000547
https://doi.org/10.1099/mgen.0.000547
https://doi.org/10.3389/fmicb.2019.03074
https://doi.org/10.1038/ismej.2014.202
https://doi.org/10.1016/j.foodres.2020.109118
https://doi.org/10.1016/j.foodres.2020.109118
https://doi.org/10.1016/j.ijfoodmicro.2017.11.008
https://doi.org/10.1371/journal.pone.0070222
https://doi.org/10.1038/srep21871
https://doi.org/10.1038/srep21871
https://doi.org/10.1146/annurev-food-030117-012312
https://doi.org/10.1146/annurev-food-030117-012312
https://doi.org/10.1016/j.ijfoodmicro.2017.10.028
https://doi.org/10.1016/j.ijfoodmicro.2017.10.028
https://doi.org/10.1128/AEM.02212-18
https://doi.org/10.1128/AEM.02212-18
https://doi.org/10.1016/j.cofs.2020.11.012
https://doi.org/10.1016/j.cofs.2020.11.012
https://doi.org/10.1016/j.cofs.2016.11.004
https://doi.org/10.1016/j.ijfoodmicro.2017.10.006
https://doi.org/10.1016/j.foodres.2020.109586
https://doi.org/10.1016/j.ijfoodmicro.2014.05.021
https://doi.org/10.1016/j.fm.2010.07.004
https://doi.org/10.1016/j.fm.2010.07.004
https://doi.org/10.3390/microorganisms9061223
https://doi.org/10.2903/j.efsa.2019.5898
https://doi.org/10.2903/j.efsa.2019.5898
https://doi.org/10.1046/j.1365-2672.2002.01588.x
https://doi.org/10.1128/AEM.00256-13
https://doi.org/10.1128/AEM.00256-13
https://doi.org/10.1016/j.foodcont.2018.04.016
https://doi.org/10.1128/AEM.03093-15
https://doi.org/10.1128/AEM.03093-15
https://doi.org/10.3389/fmicb.2017.01069

G. Sequino et al.

Fougy, L., Desmonts, M. H., Coeuret, G., Fassel, C., Hamon, E., Hézard, B., ... Chaillou, S.
(2016). Reducing salt in raw pork sausages increases spoilage and correlates with
reduced bacterial diversity. Applied and Environmental Microbiology, 82(13),
3928-3939. https://doi.org/10.1128/AEM.00323-16

Goncalves, A. A., & Santos, T. C. L. (2019). Improving quality and shelf-life of whole
chilled Pacific white shrimp (Litopenaeus vannamei) by ozone technology combined
with modified atmosphere packaging. LWT - Food Science and Technology, 99,
568-575. https://doi.org/10.1016/j.1wt.2018.09.083

Griitzke, J., Malorny, B., Hammerl, J. A., Busch, A., Tausch, S. H., Tomaso, H., &
Deneke, C. (2019). Fishing in the soup-pathogen detection in food safety using
metabarcoding and metagenomic sequencing. Frontiers in Microbiology, 10, 1805.
https://doi.org/10.3389/fmicb.2019.01805

Hantsis-Zacharov, E., & Halpern, M. (2007). Chryseobacterium haifense sp. nov., a
psychrotolerant bacterium isolated from raw milk. International Journal of Systematic
and Evolutionary Microbiology, 57(10), 2344-2348. https://doi.org/10.1099/
ijs.0.65115-0

Huang, A. D., Luo, C., Pena-Gonzalez, A., Weigard, M. R,, Tarr, C. L., &

Konstantinos, T. K. (2017). Metagenomics of two foodborne outbreaks provides
diagnostic signatures and signs of coinfections not attainable by traditional methods.
Applied and Environmental Microbiology, 83(3), e02577-16. https://doi.org/10.1128/
AEM.02577-16

Hultman, J., Rahkila, R., Ali, J., Rousu, J., & Bjorkroth, K. J. (2015). Meat processing
plant microbiome and contamination patterns of cold-tolerant bacteria causing food
safety and spoilage risks in the manufacture of vacuum-packaged cooked sausages.
Applied and Environmental Microbiology, 81(20), 7088-7097. https://doi.org/
10.1128/AEM.02228-15

Hyeon, J. Y., Li, S., Mann, D. A., Zhang, S., Li, Z., Chen, Y., & Deng, X. (2018).
Quasimetagenomics-based and real-time-sequencing-aided detection and subtyping
of Salmonella enterica from food aamples. Applied and Environmental Microbiology, 84
(4), e02340-e2417. https://doi.org/10.1128/AEM.02340-17

Jaaskelainen, E., Hultman, J., Parshintsev, J., Riekkola, M. L., & Bjorkroth, J. (2016).
Development of spoilage bacterial community and volatile compounds in chilled
beef under vacuum or high oxygen atmospheres. International Journal of Food
Microbiology, 223, 25-32. https://doi.org/10.1016/j.ijfoodmicro.2016.01.022

Jagadeesan, B., Gerner-Smidt, P., Allard, M. W., Leuillet, S., Winkler, A., Xiao, Y., ...
Grant, K. (2019). The use of next generation sequencing for improving food safety:
Translation into practice. Food Microbiology, 79, 96-115. https://doi.org/10.1016/j.
fm.2018.11.005

Keisam, S., Romi, W., Ahmed, G., & Jeyaram, K. (2016). Quantifying the biases in
metagenome mining for realistic assessment of microbial ecology of naturally
fermented foods. Scientific Reports, 6(1), 1-12. https://doi.org/10.1038/srep34155

Koutsoumanis, K., Tsaloumi, S., Aspridou, Z., Tassou, C., & Gougouli, M. (2021).
Application of Quantitative Microbiological Risk Assessment (QMRA) to food
spoilage: Principles and methodology. Trends in Food Science & Technology, 114,
189-197. https://doi.org/10.1016/j.tifs.2021.05.011

Langer, A. J., Ayers, T., Grass, J., Lynch, M., Angulo, F. J., & Mahon, B. E. (2012).
Nonpasteurized dairy products, disease outbreaks, and state laws—United States,
1993-2006. Emerging Infectious Diseases, 18(3), 385. https://doi.org/10.3201/
€id1803.111370

Lauritsen, C. V., Kjeldgaard, J., Ingmer, H., Bisgaard, M., & Christensen, H. (2019).
Microbiota encompassing putative spoilage bacteria in retail packaged broiler meat
and commercial broiler abattoir. International Journal of Food Microbiology, 300,
14-21. https://doi.org/10.1016/j.ijfoodmicro.2019.04.003

Law, J. W. F., Ad Mutalib, N. S., Chan, K. G., & Lee, L. H. (2015). Rapid methods for the
detection of foodborne bacterial pathogens: principles, applications, advantages and
limitations. Frontiers in Microbiology, 5, 770. https://doi.org/10.3389/
fmicb.2014.00770

Leonard, S. R., Mammel, M. K., Lacher, D. W., & Elkins, C. A. (2015). Application of
metagenomic sequencing to food safety: Detection of Shiga toxin-producing
Escherichia coli on fresh bagged spinach. Applied and Environmental Microbiology, 81
(23), 8183-8191. https://doi.org/10.1128/AEM.02601-15

Li, L., Mendis, N., Trigui, H., Oliver, J. D., & Faucher, S. P. (2014). The importance of the
viable but non-culturable state in human bacterial pathogens. Frontiers in
Microbiology, 5, 258. https://doi.org/10.3389/fmicb.2014.00258

Li, N., Wang, Y., You, C., Ren, J., Chen, W., Zheng, H., & Liu, Z. (2018). Variation in raw
milk microbiota throughout 12 months and the impact of weather conditions.
Scientific Reports, 8(1), 1-10. https://doi.org/10.1038/541598-018-20862-8

Liu, X., Teixeira, J. S., Ner, S., Ma, K. V., Petronella, N., Banerjee, S., & Ronholm, J.
(2020). Exploring the potential of the microbiome as a marker of the geographic
origin of fresh seafood. Frontiers in Microbiology, 11, 696. https://doi.org/10.3389/
fmicb.2020.00696

Maillet, A., Bouju-Albert, A., Roblin, S., Vaissié, P., Leuillet, S., Dousset, X., ... Prévost, H.
(2021). Impact of DNA extraction and sampling methods on bacterial communities
monitored by 16S rDNA metabarcoding in cold-smoked salmon and processing plant
surfaces. Food Microbiology, 95, Article 103705. https://doi.org/10.1016/].
fm.2020.103705

McHugh, A. J., Yap, M., Crispie, F., Feehily, C., Hill, C., & Cotter, P. D. (2021).
Microbiome-based environmental monitoring of a dairy processing facility
highlights the challenges associated with low microbial-load samples. NPJ Science of
Food, 5(1), 1-13. https://doi.org/10.1038/s41538-021-00087-2

Miller, R. R., Montoya, V., Gardy, J. L., Patrick, D. M., & Tang, P. (2013). Metagenomics
for pathogen detection in public health. Genome Medicine, 5(9), 1-14. https://doi.
org/10.1186/gm485

Nieminen, T. T., Koskinen, K., Laine, P., Hultman, J., Sade, E., Paulin, L., ... Auvinen, P.
(2012). Comparison of microbial communities in marinated and unmarinated broiler

11

Food Research International 157 (2022) 111242

meat by metagenomics. International Journal of Food Microbiology, 157(2), 142-149.
https://doi.org/10.1016/j.ijfoodmicro.2012.04.016

Olatunde, O. O., Benjakul, S., & Vongkamjan, K. (2020). Shelf-life of refrigerated Asian
sea bass slices treated with cold plasma as affected by gas composition in packaging.
International Journal of Food Microbiology, 324, Article 108612. https://doi.org/
10.1016/j.ijfoodmicro.2020.108612

Ottesen, A., Ramachandran, P., Reed, E., White, J. R., Hasan, N., Subramanian, P., ...
Chen, Y. (2016). Enrichment dynamics of Listeria monocytogenes and the associated
microbiome from naturally contaminated ice cream linked to a listeriosis outbreak.
BMC Microbiology, 16(1), 1-11. https://doi.org/10.1186/512866-016-0894-1

Ottesen, A., Ramachandran, P., Chen, Y., Brown, E., Reed, E., & Strain, E. (2020).
Quasimetagenomic source tracking of Listeria monocytogenes from naturally
contaminated ice cream. BMC Infectious Diseases, 20(1), 1-6. https://doi.org/
10.1186/512879-019-4747-z

Parente, E., Cocolin, L., De Filippis, F., Zotta, T., Ferrocino, 1., O’Sullivan, O., ...
Ercolini, D. (2016). FoodMicrobionet: A database for the visualisation and
exploration of food bacterial communities based on network analysis. International
Journal of Food Microbiology, 219, 28-37. https://doi.org/10.1016/j.
ijfoodmicro.2015.12.001

Parlapani, F. F., & Boziaris, 1. S. (2016). Monitoring of spoilage and determination of
microbial communities based on 16S rRNA gene sequence analysis of whole sea
bream stored at various temperatures. LWT - Food Science and Technology, 66,
553-559. https://doi.org/10.1016/j.1wt.2015.11.007

Parlapani, F. F., Michailidou, S., Pasentsis, K., Argiriou, A., Krey, G., & Boziaris, I. S.
(2018). A meta-barcoding approach to assess and compare the storage temperature-
dependent bacterial diversity of gilt-head sea bream (Sparus aurata) originating from
fish farms from two geographically distinct areas of Greece. International Journal of
Food Microbiology, 278, 36-43. https://doi.org/10.1016/j.ijffoodmicro.2018.04.027

Parlapani, F. F. (2021). Microbial diversity of seafood. Current Opinion in Food Science,
37, 45-51. https://doi.org/10.1016/j.cofs.2020.09.005

Piny, F. R. (2016). Early detection of food pathogens and food spoilage microorganisms:
Application of metabolomics. Trends in Food Science & Technology, 54, 213-215.
https://doi.org/10.1016/j.tifs.2016.05.018

Pothakos, V., Devlieghere, F., Villani, F., Bjorkroth, J., & Ercolini, D. (2015). Lactic acid
bacteria and their controversial role in fresh meat spoilage. Meat Science, 109, 66-74.
https://doi.org/10.1016/j.meatsci.2015.04.014

Qiu, Q., Dewei-Mattia, D., Subramhanya, S., Cui, Z., Griffin, P. M., Lance, S., ...
Crowe, S. J. (2021). Food recalls associated with foodborne disease outbreaks,
United States, 2006-2016. Epidemiology & Infection, 149. https://doi.org/10.1017/
$0950268821001722

Quigley, L., O’Sullivan, O., Stanton, C., Beresford, T. P., Ross, R. P., Fitzgerald, G. F., &
Cotter, P. D. (2013). The complex microbiota of raw milk. FEMS Microbiology
Reviews, 37(5), 664-698. https://doi.org/10.1111/1574-6976.12030

Ramezani, M., Hosseini, S. M., Ferrocino, 1., Amoozegar, M. A., & Cocolin, L. (2017).
Molecular investigation of bacterial communities during the manufacturing and
ripening of semi-hard Iranian Liqvan cheese. Food Microbiology, 66, 64-71. https://
doi.org/10.1016/j.fm.2017.03.019

Rasolofo, E. A., St-Gelais, D., LaPointe, G., & Roy, D. (2010). Molecular analysis of
bacterial population structure and dynamics during cold storage of untreated and
treated milk. International Journal of Food Microbiology, 138(1-2), 108-118. https://
doi.org/10.1016/j.ijfoodmicro.2010.01.008

Samelis, J., Lianou, A., Kakouri, A., Delbes, C., Rogelj, I., Bogovi¢c-Matijasi¢, B., &
Montel, M. C. (2009). Changes in the microbial composition of raw milk induced by
thermization treatments applied prior to traditional Greek hard cheese processing.
Journal of Food Protection, 72(4), 783-790. https://doi.org/10.4315/0362-028X-
72.4.783

Stellato, G., De Filippis, F., La Storia, A., & Ercolini, D. (2015). Coexistence of lactic acid
bacteria and potential spoilage microbiota in a dairy processing environment.
Applied and Environmental Microbiology, 81(22), 7893-7904. https://doi.org/
10.1128/AEM.02294-15

Van Reckem, E., De Vuyst, L., Weckx, S., & Leroy, F. (2021). Next-generation sequencing
to enhance the taxonomic resolution of the microbiological analysis of meat and
meat-derived products. Current Opinion in Food Science, 37, 58-65. https://doi.org/
10.1016/j.cofs.2020.09.004

von Neubeck, M., Baur, C., Krewinkel, M., Stoeckel, M., Kranz, B., Stressler, T., ...
Wenning, M. (2015). Biodiversity of refrigerated raw milk microbiota and their
enzymatic spoilage potential. International Journal of Food Microbiology, 211, 57-65.
https://doi.org/10.1016/j.ijffoodmicro.2015.07.001

Wang, G. Y., Wang, H. H., Han, Y. W., Xing, T., Ye, K. P, Xu, X. L., & Zhou, G. H. (2017).
Evaluation of the spoilage potential of bacteria isolated from chilled chicken in vitro
and in situ. Food Microbiology, 63, 139-146. https://doi.org/10.1016/j.
fm.2016.11.015

Wei, X., & Zhao, X. (2021). Advances in typing and identification of foodborne
pathogens. Current Opinion in Food Science, 37, 52-57. https://doi.org/10.1016/j.
cofs.2020.09.002

Witte, A. K., Leeb, C., Pinior, B., Mester, P., Fister, S., Bobal, M., ... Rossmanith, P.
(2018). Influence of sampling and DNA extraction on 16S rRNA gene amplicon
sequencing-Comparison of the bacterial community between two food processing
plants. LWT, 90, 186-192. https://doi.org/10.1016/j.lwt.2017.12.027

Xing, R. R., Wang, N., Hu, R. R,, Zhang, J. K., Han, J. X., & Chen, Y. (2019). Application
of next generation sequencing for species identification in meat and poultry
products: A DNA metabarcoding approach. Food Control, 101, 173-179. https://doi.
org/10.1016/j.foodcont.2019.02.034

Yang, X., Zhu, L., Zhang, Y., Liang, R., & Luo, X. (2018). Microbial community dynamics
analysis by high-throughput sequencing in chilled beef longissimus steaks packaged


https://doi.org/10.1128/AEM.00323-16
https://doi.org/10.1016/j.lwt.2018.09.083
https://doi.org/10.3389/fmicb.2019.01805
https://doi.org/10.1099/ijs.0.65115-0
https://doi.org/10.1099/ijs.0.65115-0
https://doi.org/10.1128/AEM.02577-16
https://doi.org/10.1128/AEM.02577-16
https://doi.org/10.1128/AEM.02228-15
https://doi.org/10.1128/AEM.02228-15
https://doi.org/10.1128/AEM.02340-17
https://doi.org/10.1016/j.ijfoodmicro.2016.01.022
https://doi.org/10.1016/j.fm.2018.11.005
https://doi.org/10.1016/j.fm.2018.11.005
https://doi.org/10.1038/srep34155
https://doi.org/10.1016/j.tifs.2021.05.011
https://doi.org/10.3201/eid1803.111370
https://doi.org/10.3201/eid1803.111370
https://doi.org/10.1016/j.ijfoodmicro.2019.04.003
https://doi.org/10.3389/fmicb.2014.00770
https://doi.org/10.3389/fmicb.2014.00770
https://doi.org/10.1128/AEM.02601-15
https://doi.org/10.3389/fmicb.2014.00258
https://doi.org/10.1038/s41598-018-20862-8
https://doi.org/10.3389/fmicb.2020.00696
https://doi.org/10.3389/fmicb.2020.00696
https://doi.org/10.1016/j.fm.2020.103705
https://doi.org/10.1016/j.fm.2020.103705
https://doi.org/10.1038/s41538-021-00087-2
https://doi.org/10.1186/gm485
https://doi.org/10.1186/gm485
https://doi.org/10.1016/j.ijfoodmicro.2012.04.016
https://doi.org/10.1016/j.ijfoodmicro.2020.108612
https://doi.org/10.1016/j.ijfoodmicro.2020.108612
https://doi.org/10.1186/s12866-016-0894-1
https://doi.org/10.1186/s12879-019-4747-z
https://doi.org/10.1186/s12879-019-4747-z
https://doi.org/10.1016/j.ijfoodmicro.2015.12.001
https://doi.org/10.1016/j.ijfoodmicro.2015.12.001
https://doi.org/10.1016/j.lwt.2015.11.007
https://doi.org/10.1016/j.ijfoodmicro.2018.04.027
https://doi.org/10.1016/j.cofs.2020.09.005
https://doi.org/10.1016/j.tifs.2016.05.018
https://doi.org/10.1016/j.meatsci.2015.04.014
https://doi.org/10.1017/S0950268821001722
https://doi.org/10.1017/S0950268821001722
https://doi.org/10.1111/1574-6976.12030
https://doi.org/10.1016/j.fm.2017.03.019
https://doi.org/10.1016/j.fm.2017.03.019
https://doi.org/10.1016/j.ijfoodmicro.2010.01.008
https://doi.org/10.1016/j.ijfoodmicro.2010.01.008
https://doi.org/10.4315/0362-028X-72.4.783
https://doi.org/10.4315/0362-028X-72.4.783
https://doi.org/10.1128/AEM.02294-15
https://doi.org/10.1128/AEM.02294-15
https://doi.org/10.1016/j.cofs.2020.09.004
https://doi.org/10.1016/j.cofs.2020.09.004
https://doi.org/10.1016/j.ijfoodmicro.2015.07.001
https://doi.org/10.1016/j.fm.2016.11.015
https://doi.org/10.1016/j.fm.2016.11.015
https://doi.org/10.1016/j.cofs.2020.09.002
https://doi.org/10.1016/j.cofs.2020.09.002
https://doi.org/10.1016/j.lwt.2017.12.027
https://doi.org/10.1016/j.foodcont.2019.02.034
https://doi.org/10.1016/j.foodcont.2019.02.034

G. Sequino et al.

under modified atmospheres. Meat Science, 141, 94-102. https://doi.org/10.1016/j.
meatsci.2018.03.010

Zhao, X., Zhong, J., Wei, C., Lin, C. W., & Ding, T. (2017). Current perspectives on viable
but non-culturable state in foodborne pathogens. Frontiers in Microbiology, 8, 580.
https://doi.org/10.3389/fmicb.2017.00580

Zhou, Y., Wylie, K. M., El Feghaly, R. E., Mihindukulasuriya, K. A., Elward, A.,
Haslam, D. B., ... Weinstock, G. M. (2016). Metagenomic approach for identification
of the pathogens associated with diarrhea in stool specimens. Journal of Clinical
Microbiology, 54(2), 368-375. https://doi.org/10.1128/JCM.01965-15

12

Food Research International 157 (2022) 111242

Zhuang, S., Hong, H., Zhang, L., & Luo, Y. (2021). Spoilage-related microbiota in fish and
crustaceans during storage: Research progress and future trends. Comprehensive
Reviews in Food Science and Food Safety, 20(1), 252-288. https://doi.org/10.1111/
1541-4337.12659

Zotta, T., Parente, E., Ianniello, R. G., De Filippis, F., & Ricciardi, A. (2019). Dynamics of
bacterial communities and interaction networks in thawed fish fillets during chilled
storage in air. International Journal of Food Microbiology, 293, 102-113. https://doi.
org/10.1016/j.ijfoodmicro.2019.01.008


https://doi.org/10.1016/j.meatsci.2018.03.010
https://doi.org/10.1016/j.meatsci.2018.03.010
https://doi.org/10.3389/fmicb.2017.00580
https://doi.org/10.1128/JCM.01965-15
https://doi.org/10.1111/1541-4337.12659
https://doi.org/10.1111/1541-4337.12659
https://doi.org/10.1016/j.ijfoodmicro.2019.01.008
https://doi.org/10.1016/j.ijfoodmicro.2019.01.008

	Omics-based monitoring of microbial dynamics across the food chain for the improvement of food safety and quality
	1 Introduction
	2 Metagenomics-based tracking of food-borne pathogens
	3 Next-generation, omics’-based risk assessment
	4 Use of metagenomics for monitoring food spoilage dynamics
	4.1 Case 1. The raw meat chain
	4.2 Case 2. Milk chain
	4.3 Case 3. Fish and seafood chain

	5 Conclusions and future perspectives
	Funding
	CRediT authorship contribution statement

	Declaration of Competing Interest
	References


