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Abstract

The dynamics of growth, survival and biochemical activity of microorganisms in food are the result of stress reactions in response
to the changing of the physical and chemical conditions into the food microenvironment, the ability to colonise the food matrix and
to growth into a spatial heterogeneity, and the in situ cell-to-cell ecological interactions which often happen in a solid phase. In food,
ecological approaches to study the evolution of microbial flora would be useful to comprehend better the microbiological processes
involved in food processing and ripening, to improve microbiological safety by monitoring in situ pathogenic bacteria, and to
evaluate the effective compositions of the microbial populations. This paper gives a general overview of biotechnological approaches
to study microbial populations in food fermentation.
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1. Introduction

Food fermentation is the oldest ‘biotechnology’. It is
responsible for many properties of fermented foods such
as flavour, shelf life, texture and health benefits. A va-
riety of fermented foods can be found throughout the
world, such as beer, bread, sauerkraut, pickles, cheese,
yoghurt, sausages, etc., and their principles offer a
wealth of possibilities for new product development.
Food fermentation covers a wide range of microbial and
enzymatic processing of food and ingredients to achieve
desirable characteristics such as prolonged shelf-life,
improved safety, attractive flavour, nutritional enrich-
ment, and promotion of health [1].

Fermentation enhances the nutrient content of foods
through the biosynthesis of vitamins, essential amino
acids and proteins, by improving protein and fibre di-
gestibility, by enhancing micronutrient bioavailability,
and by degrading anti-nutritional factors. It also pro-
vides a source of calories when used in the conversion
into human foods of substrates, which are unsuitable
for human consumption. Fermentation processes also
enhance food safety by reducing toxic compounds such
as aflatoxins and cyanogens, and producing anti-
microbial factors such lactic acid, bacteriocins, carbon
dioxide, hydrogen peroxide and ethanol which facilitate
inhibition or elimination of food-borne pathogens.
Therapeutic properties of fermented foods have also
been reported. In addition to its nutritive, safety and
preservative effects, fermentation enriches the diet
through production of a diversity of flavours, textures
and aromas. It improves the shelf-life of foods while
reducing energy consumption required for their prep-
aration. The production of fermented foods is also
important in adding value to agricultural raw materi-
als, thus providing income and generating employment
[1,2].

2. Economic importance of food fermentation

The consumption of fermented foods has increased
greatly since the 1970s. This includes common foods
like dairy products (yoghurt, cheeses, buttermilk), fer-
mented sausages, sourdoughs, fermented alcoholic
beverages, vegetables, fruits, and sauces as well as
ethnic foods such as kefir and koumiss. One of the
reasons for the increase in the consumption of fer-
mented foods is because consumers consider these
foods to be healthy and natural. The consumption of

live cells of desirable microorganisms in the billions and
of their metabolic products in fermented foods does not
cause any panic or distress in safety-concerned con-
sumers [2]. These foods have been around for thou-
sands of years, and therefore have withstood the test of
time. A natural next step would be to incorporate the
same anti-microbial compounds naturally found in
fermented foods into other foods in lieu of “‘chemical”
preservatives.

3. Microorganisms and food fermentation

Within the fermentation industry, microorganisms
are used for the production of specific metabolites such
as acids, alcohols, enzymes, antibiotics, carbohydrates.
Major fermentation microorganisms include lactic acid
bacteria (LAB), moulds and yeasts. In particular, LAB
are the major microflora involved in fermented dairy
products, vegetable, and sourdough fermentation, and
(mainly lactobacilli and pediococci) are part of the
starter cultures used in meat fermentation to produce
desirable acids and flavour compounds. Industrial con-
trol of fermentation processes requires up-to-date
knowledge of the physiology, metabolism and genetic
properties of such microorganisms. Equally important is
the knowledge of their impact on food quality, safety
and shelf-life. The character of food fermentation,
however, is more complex. Agricultural products of
animal or vegetable origin are fermented by either the
indigenous microflora or an added starter culture to
improve or obtain shelf life, nutritional value, health
benefit, flavour or texture. Unlike the Western world,
Asia has developed many foods based on vegetable
proteins using fungi, often in a solid-state fermentation
process. In Europe and the US the main focus of food
fermentation has been on food preservation by means of
acid fermentation, whereas properties such as taste,
nutritional value and health effect are more important in
Asian (fungal) fermentation. Several authors have
written comprehensive reviews about fermented foods
[1-5].

3.1. The starter bacteria

In fermentation, the raw materials are converted by
microorganisms (bacteria, yeasts and moulds) to prod-
ucts that have acceptable food qualities. Spontaneous
(natural) fermentations, i.e., processes initiated without
the use of a starter inoculum, have been applied to food
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preservation for millennia. In a natural fermentation, the
conditions are set so that the desirable microorganisms
grow preferentially and produce metabolic by-products,
which give the unique characteristics of the product. The
majority of small-scale fermentation in developing
countries and even some industrial processes such as
sauerkraut fermentation are still conducted as spontane-
ous processes. Various types of starter cultures and even
back-slopping are widely used in fermentation processes,
even in industralised countries [1]. However, spontaneous
food fermentations are neither predictable nor control-
lable. The natural microflora of the raw material is either
inefficient, uncontrollable, and unpredictable, or is de-
stroyed altogether by the heat treatments given to the
food.

When the yield is unstable and where the desired
microorganism might not grow, or where patho-
genic microorganisms might also grow, a controlled
fermentation is used. In a controlled fermentation, the
fermentative microorganisms are isolated and charac-
terised, then maintained for use. Since the addition of
selected bacteria (usually LAB) starts the manufacturing
process, they are commonly referred to as starter cul-
tures. Starter cultures are added to the raw materials in
large numbers and incubated under optimal conditions.
In common controlled-fermented products such as
sauerkraut and yoghurt, the primary function of LAB
starters is the production of lactic acid from lactose
which helps to make the products shelf-stable. Other
functions of starter cultures may include flavour, aroma,
and alcohol production, proteolytic and lipolytic activ-
ities, and inhibition of undesirable organisms. There-
fore, microbial starters provide particular characteristics
through fermentation in a more controlled and pre-
dictable way.

There are two groups of commercial LAB starter
cultures:

e defined (either single or multiple strains): composed
of a known number of strains;

e undefined (mixed): in which the number of strains is
unknown.

Modern starter cultures are selected either as single or
multiple strains, specifically for their adaptation to a
substrate or raw material. Suitable cultures for fermen-
tation must be selected at the strain level since not all
strains of a species are equally suitable for use as start-
ers, nor are all equally well adapted to a food substrate.
In dairy products, the properties of starter cultures such
as phage sensitivity, lactic acid, gas, and aroma com-
pounds production are, to a large extent, dependent
upon the properties of each culture component [6]. Be-
cause modern dairy starter cultures are blended empir-
ically for the desired characteristics of the final product,
maintenance of the optimal strain balance throughout
the cheese fermentation process is important because the
complex relationships among microorganisms can be

easily be altered. Also small variations in microbial
composition could have unexpected effects on cheese
quality [7].

The largest part of the lactic culture market consists
of cultures for the dairy industry. The size of this market
is currently approximately US $250 million [2]. The
starter culture industry has been in a phase of consoli-
dation and restructuring; in this context, commercial
starter cultures for direct inoculation are increasingly
used for their reliability, performance and safety, as well
as for their convenience.

3.2. The non-starter bacteria

In some fermented dairy products, additional bacteria
such as Cit™ Lactococcus lactis subsp. lactis, Leuconostoc
spp., Lactobacillus kefir, and Propionibacterium freud-
enreichii subsp. germanii, often referred to as secondary
microflora, are often intentionally introduced to produce
aroma compounds and carbon dioxide in cultured but-
termilk and certain cheeses. Other types of secondary
microflora include undefined mixtures of yeasts (De-
baryomyces spp. and Geotrichum spp.), moulds (Penicil-
lium camemberti and Penicillium roqueforti), and bacteria
(Brevibacterium linens, Micrococcus spp., and mesophilic
lactobacilli). The use of micrococci and B. linens is
usually limited to surface-ripened and mould-ripened
cheeses; mesophilic lactobacilli, which can form biofilms
and be a source of contamination in a dairy, are believed
to contribute considerably to the formation of cheese
aroma from amino acids. For example, a useful cooper-
ation between starter L. lactis and glutamate — dehy-
drogenase-positive L. caseilL. paracasei strains to
stimulate flavour development in Gouda and Cheddar
cheeses has been suggested [8].

3.3. The unwanted bacteria

Food manufacturing, distribution, and storage rely
on well-placed deleterious stresses or hurdles that either
inhibit or inactivate contaminating microorganisms in
food systems. However, fermented foods are not
commercially produced in an environment free of
contaminating microorganisms. For example, dairy
products may contain yeasts, moulds, and many dif-
ferent genera of bacteria whose metabolic activities
destroy quality. In cheese, after fermentation is com-
plete, only acid-tolerant bacteria can grow. However, if
acid development is slow or if the pH does not de-
crease sufficiently, contaminants which otherwise
would have been inhibited may be able to grow. In
some fermented foods the pH can increase during
ripening and permits the growth of previously inhibited
bacteria. These phenomena, together with the well-
known evidences that many food-borne pathogenic
bacteria are adapting to sub-lethal inimical stresses,
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may allow unwanted organisms (either pathogenic or
spoilage) to grow in fermented foods.

4. Microorganisms in food ecosystems

The importance of ecological concepts in under-
standing the growth of microorganisms in foods is well
recognised by food microbiologists. These ecological
principles are the fundamental to modern quality
assurance, predictive modelling, and risk analysis strat-
egies to prevent outbreaks of food spoilage and food-
borne disease. They also form the basis for the use of
microorganisms in the production of fermented foods
and beverages, and for their use as probiotic, starter,
and biocontrol agents [9].

4.1. Ecological and biochemical factors affecting micro-
bial growth in food

According to Fleet [9], to effectively manage the
growth and activities of microorganisms in fermented
foods, the following points should be raised:
¢ information on diversity, taxonomic identity, growth

cycle, quantitative changes, and spatial distribution

of microbial species that ferment into the food at
every stage of production;

¢ biochemical and physiological data on the food colo-
nisation process;

e impact of the intrinsic, extrinsic, and processing
factors influencing microbial growth, survival and
biochemical activity;

o relationship between growth and activity of individ-
ual microorganisms and product quality and safety.

4.2. Problems related to qualitative and quantitative
estimation of microbial populations in foods

One of the most important applications of ecological
concepts to food fermentation ecosystems is the identi-
fication, interpretation and manipulation of time-
dependent changes in communities of microorganisms.
The economic and social consequences of microorgan-
isms in foods depend not only on the species present but,
most importantly, on their numbers. The number of
microbial cells ultimately determines whether or not the
product will cause an outbreak of disease or develop an
off-flavour. Unfortunately, the vast majority of ecolog-
ical studies in food microbiology fall significantly short
of providing this quantitative knowledge. Many studies
simply describe the isolation and identification of the
“most predominant” species at one point in the prod-
uct’s history, while others have provided semiquantita-
tive data by reporting the frequency of isolation of
specific organisms. Population changes are mostly de-
scribed in reference to microbial groups (e.g., total plate

count, coliforms, LAB) rather than data for particular
species or strains, which could be more useful to better
comprehend the final microbiological properties of fer-
mented foods.

In a recent and excellent review article, limitations of
the methodology to recover microbes from foods, par-
ticularly concerning erroneous data given by maceration
and dilution steps and quantitative errors coming from
underestimation of uncultivable cells, have been sum-
marised [9]. Furthermore, communities of any organ-
isms are static neither in space nor time. This
phenomenon, which in ecology is called spatial and
temporal heterogeneity, is determined by a sequential
development of species and strains occurring in many
products, which leads to a continuously changing mi-
crobial content, both qualitatively and quantitatively.
Heterogeneity results from inherent variability in or-
ganic structure and composition of the food (e.g., in
surface-smeared cheeses), from changes in the exter-
nal climatic environment, and as a result of microbial
activity.

The dynamics of growth, survival and biochemical
activity of microorganisms in foods are the result of
stress reactions in response to the changing of the
physical and chemical conditions into the food micro-
environment (e.g., the gradients of pH, oxygen, water
activity, salt, and temperature) and the ability to colo-
nise the food matrix and to grow with spatial hetero-
geneity (e.g., microcolonies and bio-films). Moreover,
because in most food ecosystems microbial populations
are assembled to give a community, and because cells
are generally immobilised and localised in high densities,
food production (or degradation) is rarely the result of
the activities of an individual but that of a group of
microorganisms [9]. Therefore, the growth, survival, and
activity of any one species or strain, whether it be an
unwanted spoilage or pathogenic organism, or a desir-
able biocontrol of a probiotic agent, will, in most cases,
be determined by the presence of other microorganisms
and the in situ cell-to-cell ecological interactions which
often happen in a solid phase. It has been shown that in
situ solid phase associations similar to those found in
food ecosystems could induce unique biochemical and
physiological reactions of a microbial population as a
whole [10,11].

Understanding the patterns of occurrence of micro-
bial populations in food is really a problem of deter-
mining the actual niche of the organism present; that is,
identifying the location (in terms of resource quality,
microclimate, and presence of other microorganisms)
and the role of an organism in both space and time.
Reliable quantitative ecological data should, therefore,
take into consideration the dynamics of microorganisms
in food ecosystems. This information is of key impor-
tance in food ecology, especially to understanding the
behaviour of pathogens in foods.
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4.3. Survival mechanisms of microorganisms in foods

‘...Microbial ecology is microbial physiology under the
worst possible conditions. ..’ [12]. It is widely accepted
that plate culturing techniques reveal a small portion
(i.e., that viable and culturable) of the true microbial
population in natural ecosystems, and that this can es-
sentially be explained by two ecological factors: (i) an
inability to detect novel microorganisms, which might
not be cultivable with known media and (ii) an inability
to recover known microorganisms which are either
stressed or actively growing but which enter a non-
cultivable state.

4.3.1. The sub-lethally injured bacteria

Stress is any change in the genome, proteome or en-
vironment that imposes either reduced growth or sur-
vival potential. Such changes lead to attempts by a cell
to restore a pattern of metabolism that either fits it for
survival or for faster growth. For any stress, the bacte-
rial cell has a defined range within which the rate of
increase of colony forming units (CFUs) is positive
(growth), zero (survival) or negative (death). In the first
two cases, i.e., growth and survival, the cells are sub-
lethally injured, whereas in the case of death (e.g., after a
bacteriophage attack) the cells are lethally damaged and
rapidly autolyse. The individual values at which the cell
moves from one physiological state into the next is
conditional on the degree of stress imposed by other
environmental conditions [13].

In microbial populations, viable cells are usually
countable on both non-selective and selective media,
whereas stressed cells are able to form colonies on non-
selective media but are not countable on selective media.
In foods, many adverse conditions such as nutrient
depletion, low temperature and other stresses can sub-
lethally damage microorganisms. The viable but non-
cultivable (VNC) state is a kind of stress which induces
healthy, cultivable cells to enter a phase in which they
are still capable of metabolic activity but do not produce
colonies on media (both non-selective and selective) that
normally support their growth. Sub-lethally injured cells
(including VNC cells) are, however, usually able to re-
sume their healthy state [9].

The VNC state has been shown in both Gram posi-
tive and Gram negative bacteria in the natural envi-
ronment and it has also been experimentally induced in
most food-borne pathogens [14-16]. Although no mo-
lecular technologies have been systematically applied to
food ecology, it is conceivable that food-associated mi-
croorganisms might enter the VNC state under certain
situations, e.g., on the rind of surface-ripened cheese or
on the surfaces of fruits and vegetables, where nutrient is
limiting. It has been recently suggested that LAB can
survive in a VNC state during wine storage and ageing
[17].

5. Monitoring bacterial dynamics in food
5.1. Culture-dependent methods

They include traditional cultivation methods in
combination with phenotypic (physiological and bio-
chemical) and genotypic (species-specific and RAPD-
PCR) identification and typing techniques of isolated
strains. Generally, microbiota present during fermenta-
tion is enumerated by cultivating on media with the
intention of selecting different groups of bacteria (e.g.,
total aerobic count on PCA medium, presumptive
streptococcal and lactococcal counts on LM17 and
LM17 plus cycloheximide, respectively, enterococci on
KAA medium, leuconostocs on MSE medium, meso-
philic lactobacillus on FH medium, thermophilic lacto-
bacillus on MRS medium, etc.). Differences in oxygen
tolerance, nutritional requirements, antibiotic suscepti-
bility, and colony morphology and colour constitute the
bases of differentiation of these methods. Selectivity of
enumeration, however, can be strongly improved by
altering incubation temperatures, incubation times, and
the pH of the medium. Media allowing the separate
(or simultaneous) enumeration of Lactobacillus del-
brueckii subsp. bulgaricus, Streptococcus thermophilus,
L. acidophilus, and Bifidobacterium species (such as B.
bifidum and B. adolescentis) are available today for
quality control of bioyoghurts [18].

Classical plating methodologies, therefore, only allow
a rough measure of microbial groups or genera, and
rarely is their sensitivity down to the species level. As
stated above, the isolation, identification, and (faculta-
tive) typing of many strains from agar plates are needed
to increase sensitivity. For the latter two purposes, either
phenotyping or genotyping (or both) is applied [19,20].
Concerning phenotyping, identification down to species
level can be performed by API galleries or other phe-
notypic methods such as the Phene Plate™ system
[21,22]. These techniques allow dynamic trends of cul-
tivable, dominant microbial populations or microbial
groups to be highlighted. In recent years, however,
genotyping (especially RAPD-PCR) has been success-
fully applied to identify the presence, succession, and
persistence of LAB starter cultures inoculated in silage,
sour doughs, probiotic cheese, and meats, as well as to
determine the variations of microbial populations in
naturally fermented products such as artisan cheeses,
olives, meats, sour doughs, and indigenous fermented
foods [18,20,23,24]. A variation of this approach is the
use of colony hybridisation using group-specific probes
to allow specific differentiation and quantification of
target population(s) without the need to subculture
isolated colonies. Erlandson and Batt [25] described a
method using hydrophobic grid membrane filter colony
hybridisation for quantitative strain-specific detection of
lactococci in bacterial populations. However, classical
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plating methods to monitor microorganisms are labo-
rious and time-consuming, especially when both spatial
and temporal distribution of microbial populations are
needed. Most importantly, culture-dependent methods
are not effective if, for any reason, microorganisms are
not cultivable.

5.2. Culture-independent methods

To determine the diversity of different microorgan-
isms in natural ecosystems and to monitor evolution of
microbial populations over space or time, culture-inde-
pendent methods have been developed. Compared to
traditional culturing, these methods (generally nucleic
acids-based) are aimed at obtaining both a qualitative
and quantitative picture of a microbial community
without the need to isolate and culture its single com-
ponents. Culture-independent methods have limited
applications to food ecosystems.

5.2.1. Applications to foods

Recent applications of DGGE (or TGGE) in identi-
fying major rRNA species present in mixed populations
allowed assessment of the impact of probiotic bacteria
on the native human gastrointestinal microflora [26-28].
DGGE of PCR-amplified products from the variable
region of 16S rRNA genes has been recently used to
identify Lactobacillus spp. isolated from naturally fer-
mented Italian sausages [29], and to evaluate bacterial
diversity occurring in different types of Mozzarella
cheese [30]. TGGE was applied to controlled dairy
ecosystems with defined compositions, including liquid
(starter), semisolid (home-made fermented milk), and
solid (miniature cheese models) matrices, and to com-
mercial dairy products. Subspecies, species, or groups of
species of LAB were distinguished in dairy samples [31].
LH-PCR was applied to depict population structure of
the LAB species recoverable from Grana Padano cheese
whey starters (Lazzi, Rossetti, Zago, Neviani, and Gir-
affa, unpublished data). Typical bacterial species present
in the LAB community were well discriminated. Small
differences in species composition, e.g., the frequent
finding of S. thermophilus and the constant presence of
thermophilic lactobacilli (Lactobacillus helveticus, L.
delbrueckii subsp. lactis/lbulgaricus, and Lactobacillus
fermentum) were reliably highlighted. When present,
non-dominant bacterial species present in the whey
starters, such as S. thermophilus and mesophilic lacto-
bacilli, were easily visualised and characterised without
isolating and cultivating single strains. Sensitivity of
LH-PCR was confirmed by species-specific PCR from
total DNA of the cultures (Lazzi, Rossetti, Zago,
Neviani, and Giraffa, unpublished data).

By fluorescence-in situ-hybridisation (FISH) whole
fixed cells can be identified and counted directly, i.e., in
minimally disturbed samples. In situ identification of

lactococci, enterococci, and streptococci allowed differ-
ent microbial species in mixed cultures to be distin-
guished [32]. Specific detection and enumeration of
carnobacteria and Lactobacillus brevis from sea food
products by using ISH flow cytometry has been recently
performed [33]. Rapid and sensitive ISH methods have
been used for detecting and identifying LAB and brev-
ibacteria in wine and on the surface of Gruyere cheese,
respectively [34,35]. In this latter work, it was demon-
strated that only a minor part of the microorganisms
resident on the cheese surface was cultivable. Millet and
Lonvaud-Funel [36] recently found the same behaviour
in LAB community enumerated by colony counting and
direct epifluorescence technique (DEFT) during wine
storage. These latter two examples confirm that classical
cultivation techniques are sometimes not able to reveal
the most abundant microbes in a given ecosystem.
Therefore, the term “dominant” should be used care-
fully when speaking of food-associated populations in
the absence of in situ techniques for microbial counting.

Immunomagnetic separation has been mostly used in
the separation of pathogenic bacteria from enrichment
cultures and foods [37,38]. FT-IR has been applied as an
alternative to the traditional taxonomic techniques to
discriminate and identify pathogens, spoilage contami-
nants, and LAB in foods [39-41].

It should be noted that most of the reported studies
have focused on the analysis of end products. DGGE
and other techniques have, however, more successfully
been applied in polyphasic studies to monitor the mi-
crobial dynamics of food ecosystems. By combining
different methods (e.g., PCR-DGGE, cloning and se-
quencing of rDNA amplicons and classical cultivation
techniques) it has been possible to profile time-depen-
dent specific changes in the composition of complex
microflora, evaluate and quantify non-culturable mi-
crobial populations, and among these latter, to monitor
the metabolically active microbial groups (or species-
groups). This latter point is strongly related to the need
to understand the role of unculturable microorganisms
in a complex food ecosystem. This can be applied
through culture-independent characterisation linked to
determination of in situ metabolic activity. Even when
an organism can be cultivated, properties determined in
the laboratory may not necessary reflect the activities
and physiology of their counterparts in the ecosystem
[42,43].

5.2.1.1. Cheese fermentation. DGGE profiles derived
from PCR and RT-PCR of DNA and rRNA, respec-
tively, of milk and cheese samples of Ragusano cheese,
an [talian artisan cheese produced in Sicily, were com-
pared to determine the expression level of the 16S rRNA
genes of the most predominant bacteria, which may
reflect their contribution to the total activity [44]. It was
possible to: (i) qualitatively profile the dynamics of
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prevailing species: in the raw milk (Leuconostoc mesen-
teroides, Lactococcus lactis), during lactic fermentation
(S. thermophilus), and during ripening (L. delbrueckii,
L. fermentum); (i1) evaluate a substantially different de-
gree of metabolic activity for the microbial groups de-
tected, 1.e., L. lactis and L. mesenteroides, both active in
milk but not metabolically active in the ripened cheese,
and L. delbrueckii subsp. bulgaricus, which showed an
opposite trend; (iii) show a different composition of
species identified after cultivation by phenotypic char-
acterisation and those detected by PCR-DGGE, e.g.,
L. delbrueckii, which dominated in the ripening cheese
but was not detected by cultivation [44]. The use of RT-
PCR is based on the evidence that active bacteria have
generally higher numbers of ribosomes than dead or
dormant cells. In other words, RT-PCR would provide
a rough indication of the relative activities of the major
bacteria present. In practice, the low sensitivity of this
technology (50 times lower than direct PCR) and the
false positivity often detected from non-viable, mild-
treated cells (whose ribosomal proteins would protect
rRNA from endogenous RNAse degradation) under-
lines the usefulness of RT-PCR in gene expression
studies rather than as a cell viability index. In this re-
gard, the application of RT-PCR to messenger-RNA
(mRNA) could be more successful because these mole-
cules have a shorter half-life (40 s 20 min) than rRNAs,
even in dead cells [45]. By RT-PCR of mRNA it would
also be possible to increase our knowledge on gene ex-
pression of phenotypic features, especially during food
fermentation and manufacturing. In this way, not only
the presence of an organism but also some specific
metabolic activities of interest could be measured.

A polyphasic PCR-DGGE approach was used to
describe the microbial population occurring in natural
whey cultures for water-buffalo Mozzarella cheese pro-
duction [30]. By PCR-DGGE of the 16S rDNA V3 re-
gion, the total microbial community was assessed
without cultivation by analysing DNA directly extracted
from original whey samples and compared to the culti-
vable community assessed by analysing DNA extracted
from combined colonies harvested from different agar
plate media. In addition to the four common species
evidenced by both total and cultivable community pro-
file (i.e., S. thermophilus, L. lactis, L. delbrueckii, and
L. crispatus), two additional species (i.e., L. fermentum
and E. faecalis) were highlighted only by the cultiva-
ble community. The authors concluded that PCR am-
plification in the analysis of the total community DNA
introduced bias [30].

5.2.1.2. Fermentation of cereal products. Both the qual-
itative dynamics of the bacterial population and tracing
the source of different strains dominating in sourdough
fermentation processes using different starter mixtures
were shown to be possible by PCR-based methods and

plate culturing [46]. The dynamics of both cultivable and
non-cultivable bacteria were monitored by PCR-DGGE
and sequencing of partial 16S rDNA genes. Depending
on the prevailing conditions in the different sourdough
fermentation, only a few Lactobacillus species were
found to be competitive and became dominant; the re-
sults of PCR-DGGE were not always consistent with
those obtained by culturing. Isolates of the species
L. sanfranciscensis and L. fermentum were shown by
RAPD-PCR analysis to originate from the commercial
starters and the baker’s yeast, respectively, used to
produce the sourdoughs.

A polyphasic approach was applied to evaluate the
dynamics of the microbial community responsible for
the traditional fermentation of maize in the production
of Mexican Pozol [47]. The results confirmed that dif-
ferent culture-dependent or -independent techniques are
necessary to obtain a more realistic view of the microbial
ecology of this food. In particular, three stages in the
microbial dynamics could be clearly detected. Similarly,
an integrated strategy using culture-dependent and cul-
ture-independent methods was applied to study repre-
sentative fermenting bacteria from natural cassava
dough fermentation [48]. In particular, some Lactoba-
cillus species detected in dough samples by sequence
analysis of DGGE bands were not recovered under any
of the different culture media and conditions used,
probably due to the presence of non-culturable strains.
On the other hand, some species recovered as pure
cultures from enrichments were not detected by direct
DGGE analysis of total bacterial DNA from cassava
dough, probably because such species were not domi-
nant within the bacterial population.

The development of the LAB community in a com-
mercial malt whisky fermentation was monitored by: (i)
estimation of the total bacterial community viability by
fluorescence microscopy; (ii) community fingerprinting
by PCR-DGGE and DNA sequencing; (iii) indication of
the relative activities of the major species present within
the LAB community by RT-PCR-DGGE; and (iv) fer-
mentation products accumulation [49]. The evolution of
the LAB community occurred in three broad phases. In
an early stage yeasts prevailed, whereas LAB were
present (especially S. thermophilus and heterofermenta-
tive lactobacilli) but inhibited; then the exponential
growth of lactobacilli belonging to L. casei and
L. fermentum occurred, which was accompanied by
notable accumulation of lactic and acetic acids; finally,
two new PCR bands were detected on DGGE gels, and
the associated bacteria (L. acidophilus and L. del-
brueckii) were largely responsible for the final phases of
fermentation [49]. This study suggested that community
development in some systems can be thought of as an
orderly sequence of chemical changes each catalysed by
species waiting their turn in an imaginary eco-queue!
Therefore, polyphasic ecology appears helpful in more
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predictable analysis of microbial population dynamics
in complex, and often unpredictable, food fermentation
processes.

6. Concluding remarks

The reported examples underline the possibility of
actually monitoring population dynamics in food fer-
mentation, although some basic questions arise, e.g.,
why are so many food-associated microorganisms in a
VNC state? How can we understand their role? What
are the environmental factors that lead microorganisms
to enter the VNC state in foods? Mechanisms that in-
duce the VNC state have been studied in other microbial
environments, e.g., lake water microcosms [50], but little
is known about food systems. Methods of studying
ecological aspects in food fermentation are very ad-
vanced and, once efficiently integrated in a “polyphasic
ecology approach”, they could provide the ““big picture”
of how and why the process is working, and also help in
the design and application of starter cultures for the
fermented and probiotic food industries. The polyphasic
approach, used in particular to study population dy-
namics in cheese and vegetable fermentation (Table 1)
could be applied to other fermented foods, e.g., fer-
mented sausages, and should allow a better under-
standing of the dynamic changes during traditional (but
also industrial) fermentation, with the ultimate objective
of controlling the process and the quality of the final
food products.

The polyphasic ecology approach, however, does not
give an exhaustive answer to more specific food-related

Table 1

problems arising in the analysis of microbial communi-
ties of food ecosystems. For example, how we can in-
crease our knowledge of cell physiology, cell-to-cell
interactions, and in situ modification of the microbial
metabolism in natural ecosystems, especially in response
to adverse environmental conditions; how we can detect
and possibly quantify non-culturable and/or non-dom-
inant species/strains; whether there are non-destructive
methods of sample preparation in order to better eval-
uate spatial distribution and colonisation of microor-
ganisms in heterogeneous food matrices. To answer
these questions, I reported the possibilities and appli-
cations of in situ hybridisation (i.e., FISH) or in situ-
PCR. However, FISH carries a number of drawbacks:
(i) low sensitivity (>103-10* in solid samples). The
consequence could be that non-dominant populations
are difficult or impossible to enumerate without cell
concentration steps. Very recently, however, the sensi-
tivity of FISH has increased considerably, making pos-
sible the quantitation of both dominant and
non-dominant microbial populations [51,52]. (ii)) Meth-
odological limitations (target accessibility, type of fluo-
rochrome, hybridisation conditions) giving highly
variable results. (iii) Variability related to the physio-
logical cell state (i.e., slowly growing cells are difficult to
detect because of the low rRNA content; damaged and/
or stressed cells have variable rRNA content as well).
Another key point to be addressed is that many of the
methods reported above are PCR based. PCR is an
excellent technique for examining mixed microbial
communities. Amplification, however, often introduces
biases that make quantification of natural populations
difficult. The ability to detect target rTRNA sequences

The polyphasic strategy applied until now to evaluate microbial content and dynamics in fermented food

Ecological objective

Method(s) applied Reference(s)

Evaluation of the compositional pattern of the dominant
populations
Quantification of non-cultivable populations

Semi-quantification of metabolically active groups

Evaluation and monitoring of the fermentation process

Detection and quantification of non-dominant species/strains
Evaluation of the physiological starus (viability), stress response,
and survival of LAB starters and probiotics in foods

(Semi)quantification and dynamics of both dominant and non-dominant

microbial populations

DGGE?* (or TGGE ?) +
plating

FISH® (or DEFT®) +
plating

DGGE?* + RT-PCRY;
rRNA quantitative
hybridisation

Analysis of sugars and [47,48]
fermentation end

products accumulation

q-PCR¢; c-PCRf [54-57
Flow cytometry [58,59]

[29-31,44,46,48]
[35,36,49,52]

[44,46-49]

Microarray-based rRNA [53]
detection without
amplification

#Denaturing gradient gel electrophoresis (thermal gradient gel electrophoresis).

® Fluorescence in situ hybridisation.

¢ Direct epifluorescence technique.

dReverse transcriptase-polymerase chain reaction.
¢ Quantitative-polymerase chain reaction.

f Competitive-polymerase chain reaction.
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without amplification (i.e., direct profiling of rRNA se-
quences) would greatly improve our capacity to deter-
mine the relative number of sequences representing
natural microbial populations. In this regard, high
throughput DNA microarrays, which provide for par-
allel hybridisations to hundreds or thousands of genes in
a single experiment, may play a major role in the study
of food systems. In a recent application of oligonu-
cleotide microarrays to environmental ecosystems, the
direct profiling of microbial populations was demon-
strated by hybridisation of native rRNA recovered from
two different sediment samples to a microarray designed
to identify major microbial groups [53]. Furthermore,
standard PCR reactions are not quantitative. Promising
tools for the advancement of studies on food-associated
microbial populations, either cultivable or not cultiva-
ble, include both competitive-PCR (c-PCR) and quan-
titative-PCR (q-PCR) [54-57]. Quantitative-PCR has
the potential for accurate and highly sensitive enumer-
ation of microorganisms [54]. In one of the few
applications of ¢q-PCR to foods, S. aureus and
L. monocytogenes cells in artificially contaminated
cheeses and cabbage were quantified with sensitivities of
about 10°-10° cfu/g [55,56].

Finally, more knowledge is needed on the physio-
logical state (viability), the stress response, and the
survival of microorganisms into foods, especially pro-
biotic foods. Stressed, sub-lethally injured, or otherwise
“viable but non-culturable” cells often go undetected
when using traditional microbiological techniques. In
this regard, flow cytometry (FCM) has been recently
applied to analyse, in different proportions, sub-popu-
lations of variably stressed (or damaged) bacteria in
probiotic products and dairy starters [58]. The sensitivity
of FCM method was significantly higher than agar plate
techniques [59].
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