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Chapter 1

Biogenic amines






1.1. Biogenic amines

Biogenic amines are organic bases with low molecular weight that can be easily found in a wide
variety of raw or processed food, and, in particular, in fermented foods.

Low concentrations of these compounds are normally present in human organisms because they
play important physiological functions. Norepinephrine, serotonin and dopamine are important
monoamines that are neurotransmitter for human organisms. In fact they are involved in the
regulation of the sympathetic nervous system and in the coordination of bodily movement. Another
example is represented by epinephrine that is a stress hormone and a neurotransmitter.

These compounds are totally different from those produced from the decarboxylation of free amino
acids by microbia enzymes for this reason it must be clearly distinguish.

Biogenic amines with microbial origin, in fact are considered anti-nutritional factors because they
are implicated in different food poisoning episodes and it is reported that they can interfere with
some pharmacologica reactions (Onal, 2007).

In Figure 1.1 are reported the different biogenic amines that can be found in foods and their
precursor amino acids.

TYRAMINE

HISTAMINE T PHENYLETHYLAMINE

Tyrosine

SPERMIDINE

Phenylalanine \

SPERMINE

e

Ornithine —— PUTRESCINE
AMINO ACIDS ]

Histidine

SEROTONIN

Tryptophan Arginine ——> AGMATINE

Lysine

TRYPTAMINE

CADAVERINE

Figure 1.1: Precursor amino acids of biogenic amines (Ancin-Azplicueta et al., 2008)

The decarboxylation process causes the substitution of one, two or three hydrogens of ammonia
with alkyl or aryl groups (Shalaby, 1996). Three different chemical structures characterize these
compounds as shown in Figure 1.2 (Silla-Santos, 1996):

» Aliphatic structure - putrescine, cadaverine, spermine and spermidine;
* Aromatic structure - tyramine and 2-phenylathylamine;

» Heterocyclic structure - histamine and tryptamine.
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Figure 1.2: Chemical structures of different biogenic amines (Onal, 2007)

Based on the number of amine groups these compounds can be classified into monoamines
(tyramine and 2-phenylethylamine), diamines (cadaverine and putrescine) and polyamine (spermine
and spermidine) (Spano et al., 2010).

Fresh foods can present low concentrations of different biogenic amines, but the presence of
dangerous amounts of these compounds can be associated with a massive growth of
microorganisms able to decarboxylate the amino acids (>7 log CFU/ml). For this reason, some
researchers proposed the use of biogenic amine content as a quality index for fresh and processed
foods (Al Bulushi et al., 2009; Ozogul and Ozogul, 2006; Baixas-Nogueras et al., 2005; Ruiz-
Capillas and Jiménez-Colmenero, 2004; Karmas, 1981). Nevertheless, fermented foods are the
product of a massive growth of microorganisms which can often cause a biogenic amine
accumulation (Linares et al., 2012b, Rabie et al., 2011; Ancin-Azpilicueta et al., 2008; Suzzi and
Gardini, 2003), especialy during the ripening period (when the selected starter cultures can be
replaced by wild strains) or when natural (spontaneous) fermentations occur.

Biogenic amines can be produced both by Gram-positive and Gram-negative bacteria. In particular,
Gram-negative spoilage microorganisms belonging to the Genus Enterobacteria and Pseudomonas,
are known as the main producers of histamine, cadaverine and putrescine (Lorenzo et al., 2010; de
lasRivaset al., 2007; Pircher et al., 2007; Ben-Gigirey et al., 2000).



Regarding Gram-positive bacteria, the attention has been mainly focused on lactic acid bacteria
(LAB), which are commonly present in the ripening microflora of several fermented foods. These
microorganisms can produce different biogenic amines, but, in particular, they are the most efficient
producers of tyramine and 2-phenylethylamine (Ladero et al., 2012; Bunkova et al., 2011; Kuley
and Ozogul, 2011; Bunkova et al., 2009; Pircher et al., 2007; Suzzi and Gardini, 2003; Arena and
Mancade Nadra, 2001; Pereiraet al., 2001).

The most important biogenic amines in foods, in relation to their amounts and their toxicological
effects, are histamine, tyramine, 2-phenylethylamine, tryptamine, putrescine and cadaverine
(Wunderlichové et al., 2014; Marcoba et al., 2012; Landete et al., 2008; Tanaka et al., 2008; Silla-
Santos, 1996). In addition, other polyamines (spermine and spermidine) can be produced with
pathways more complex, which starts from putrescine (Kala¢ and Krausovd, 2005; Bardocz,
1995b).

1.2. Biogenic amines production

Biogenic amines are the products of the decarboxylation of free amino acids carried out by specific
microbia enzymes of the family of the decarboxylase. Chemically the decarboxylation involves the

a-carboxylic group of the amino acid that is removed from the structure to obtain the amine as

NH; NH;
—_—
mOH /@/\/
HO HO

Tyrosine
. Decarboxylase .
Tyrosine Tyramine

NH; NH;
E——
COOH

Phenylalanine \Decarboxylase 2-Phenylethylamine

Figure 1.3: Tyrosine and phenylalanine decarboxylation

reported in Figure 1.3.

The capacity to decarboxylate amino acids is generally recognized as strain dependent (Bover-Cid
and Holzapfel, 1999), but in some cases it is a characteristic of the entire species, as shown for
Enterococcus faecalis and it is extremely widespread in E. faecium and E. durans species (Ladero
et al., 2012).
Microbia decarboxylases can be divided in two groups:

» Pyridoxal-phosphate dependent and

*  Pyruvoyl dependent.



The first group, which includes amost al the decarboxylase enzymes, require the pyridoxal-5-
phospate as cofactor, in fact this compound reacts with the amino group of the amino acid to obtain
a Schiff base that is the final substrate of the decarboxylation with the production of the biogenic
amine, CO, and H,O (Guirard and Snel, 1987).

The enzymes of the second group, that are represent by the histidine decarboxylases, utilize a
covalently bound pyruvoyl moiety as prosthetic group (Landete et al., 2008; Recsel and Snell,
1984).

Generaly microbial decarboxylase enzymes are pyridoxal-phosphate dependent, so the presence of
this cofactor is necessary for the production of biogenic amines.

In addition to the enzyme there are some other proteins that play an important role in this pathway,
the first one is the membrane antiport transporter that absorbs the amino acids and excretes the
biogenic amine that is toxic for the microbial cell. This transport protein is located in the cellular
membrane and for its correct activity the membrane must be in a perfect status because a
delocalization of the transporter alter the entire process. The second membrane protein is a Na'/H*
pump that regul ate the balance of H* between the cytoplasm and the external environment.

The process is schematically reported in Figure 1.4.

H+

COr

Cell membrane

- Inside of the cell | [ exeacams:
‘ medium f

: aaDC
- (cytoplasma)

o

amino acid biogenic amine

B

amino acid biogenic amine

Figure 1.4: Bacteria biosynthesis pathways of biogenic amines (EFSA, 2011)
1.3. Physiological role of the production of biogenic amines for microbial cells

Microbial cells can be characterized by the presence of two different amino acid decarboxylase
enzymes with two different physiological roles: constitutive and induced. The first role that these
enzymes can play is strictly related with the cells growth, in fact some decarboxylase enzymes are

6



constitutive and they are part of some biosynthetic pathways as reported by Kamio et al. (1986) and
Kamio and Nakamura (1987). These types of enzymes represent the minority, in fact most of them
areinducible. These last are the most common in microbial cells, they are synthetized in response to
different environmental factors, as biodegradative mechanisms.

The decarboxylation represent a defence mechanism used by bacteria to withstand acidic
environments as reported by Lee et al. (2007) and Rhee et al. (2002). In fact, the consumption of
protons and the excretion of neutral biogenic amines and CO, through a specific electrogenic amino
acid/amine antiport, restore the internal pH and produce energy as ATP by the generation of proton

motive force as reported by Marcobal et al. (2012) for tyramine production in Figure 1.5.

H1
amino acid IR |

aaDC ki

;s : : biogenic amine
biogenic amine

co,

» CO,

Figure 1.5: scheme of the decarboxylation process (adapted from Marcobal et al., 2012)

For example, de Palencia et al. (2011) have reported that the production of tyramine contribute to
the survival of Enterococcus durans in human colon, so this metabolism characterize the
pathogenesis of some bacteria. This mechanism can be also apply to the other biogenic amines and
other bacteria, in particular the ones characterized by low yields of ATP caused by a lacking
respiratory chain (Vido et al., 2004).

Tkachenko et al. (2001) reported that some microorganisms, like Escherichia coli use biogenic
amines as an enhancer of the expression of oxyR, the gene that contrast oxidative stress. Another
hypothesis regards the role of the putrescine as a protector of DNA from the damage caused by
0oXygen species.

It is aso know that some biogenic amines play an important role in living cells as fundamental
components for the stability of cellular membranes and regulators of the synthesis of nucleic acids

and proteins, therefore these compounds are precursor of hormones (Silla-Santos, 1996).
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Generaly, microorganisms that can produce biogenic amines could overcome or reduce the effects
of the stress generated from different environmental factors such as NaCl concentration, oxygen,
temperature and pH.

1.4. Factorsinfluencing the decar boxylation process

There are different factors that influencing the production of biogenic amines, some of these are
linked to the specific characteristics of the substrate and others depend on the environmental and
process production conditions. The different factors can modify directly the production of biogenic
amines or indirectly by the influence on the microbial growth.

1.4.1. Substrate characteristics

The production of biogenic aminesis strictly related to the concentration and the availability of free
amino acids in the substrates, therefore the proteolysisis a crucia factor in fermented foods because
it is directly related to the availability of free amino acids. High proteolysis, induces an increase of
biogenic amines formation in foods (Komprda et al., 2008a,b; Fernandez et al., 2007a,b; Innocente
and D’ Agostin, 2002; Leuschner et al., 1998), for this reason fermented foods are more subjected to
high accumulation of biogenic amines as shown by many authors for different type of fermented
foods (de las Rivas et al., 2008; Gardini et al., 2008; Suzzi and Gardini, 2003; Ansorena et al.,
2002; Halasz et al., 1994).

The presence of free amino acidsis fundamental for the production of biogenic amines, but it isaso

necessary the presence of pyridoxal-5-phospate that is the cofactor of decarboxylase enzymes.
1.4.2. Environmental and process production characteristics

The main environmental factors affecting microbial activities in foods are temperature, a, and pH.
These factors can influence the formation of biogenic amines in two different ways: in first instance
they are responsible for the overall metabolism of the cells and in addition, the activity of

decarboxylase enzyme depends on the same parameters.

Temperature

The activity of the enzyme involved in biogenic amines formation is related to the temperature. In
fact, the production of biogenic amines increase with temperature within specific values that
characterize the enzyme. Temperatures close to the optimum growth value promote the proliferation
and the metabolism of the cells, thus favouring the production of biogenic amines that is often

related to the number of cells that are present in the system. This is the reason for which low



temperatures, that sslow down or inhibit microbial growth, cause a reduction of the activity of
decarboxylase enzymes.

Studies carried out by Gardini et al., 2001 with a strain of Enterococcus faecalis in a model system
demonstrated that an increase of temperature from 16 to 44°C promote the growth of the strain and
enhances the kinetic and the final amount of tyramine produced. Marcobal et al., 2006b, using an
experimental design characterized by several factors, have shown that the redox condition play a
crucid role in the definition of the optimum temperature of tyramine production of Enterococcus
faecium and Lactobacillus brevis. They reported that aerobic condition requires higher temperature
(32°C) that the anaerobic one, where the maximum tyramine concentrations were reached at 22.0-
24.5°C. By contrast, Zhang and Ni (2014) have reported that the tyrosine decarboxylase of Lb.
brevis had an optimum of temperature of activity temperature at 50°C, but it is inactivated at higher
temperatures.

Other studies have been conducted on the histidine decarboxylase activity by Tabanelli et al., 2012.
In these studies it is showed that a cell free extract of astrain of Streptococcus thermophilus had its
maximum decarboxylase activity at 50°C and rapidly decreased at higher temperatures. The same
study was conducted using living cells and the results showed a different kinetic in histamine
production, in fact the most rapidly histamine accumulation was found at 40°C. It was also reported
that the histamine production was limited or negligible at 25 and 20°C.

Few information about the production of others biogenic amines in relation to the temperature can
be found in literature. Generally, it can be assumed that the production of biogenic amines increase
with the temperature (Wunderlichova et al., 2014). Psychrotrophic pseudomonadas represent an
exception to this general rule, in fact they can produce biogenic amines at low temperature (Paulsen
and Bauer, 1997).

All these examples highlight that the time and the temperature that characterize the storage period
of some foods represent a key factors for the control of biogenic amines accumulation. In fact,
abuse temperatures can cause an increase of the concentrations of tyramine, putrescine and
cadaverine as shown by some authors (Ferreira and Pinho, 2006; Suzzi and Gardini, 2003; Bover-
Cid et al., 2001b). This implies that the control of the cold chain plays an important role to avoid
the accumulation these molecules, in particular in not fermented foods, such as fishery products
(Knope et al., 2014).

Regarding fermented foods, the temperature of fermentation and ripening is established to allow the
microbiological activity of the desired microflora by the protocols for the production of the different
fermented foods. For example, the temperature applied during the first three days of fermentation of

dry sausages determined the concentrations and the balance of the different biogenic amines (in



particular, tyramine, 2-phenylethylamine, cadaverine and putrescine) also during al the ripening
period (one month) as reported by Gardini et al. (2008) and Bover-Cid et al. (2009).

The application of therma treatments (when possible) to raw material such as the milk before
fermentation (pasteurization) can contribute to the eimination of the wild decarboxylating
microflora. For this reason, usually cheeses from pasteurized milk are characterized by lower
biogenic amines content (Marino et al., 2008; Novella-Rodriguez et al., 2004; Novella-Rodriguez et
al., 2003; Schneller et al. 1997). However, Ladero et al. (2011) and Tabanelli et al. (2012) have
found some strains of L. curvatus and S. thermophilus that maintain aresidua activity after thermal
treatment over 70°C.

The effects of temperature on biogenic amines production is the result of the influence on the
enzyme activity and on the balance of the growth of the different strains and species that compose

the specific microflora.

pH

The pH level is one of the main factors that influence microorganism growth and their enzymatic
activity (Silla-Santos, 1996). Since the decarboxylation is a mechanism that the cells activate to
counteract acidic stress, it is clear that there is an important relationships between pH and biogenic
amine accumulation. As for the temperature, also the effect of pH is different if the focusis directed
towards the activity of the pure enzyme or to the activity of the living cells. In any case, it has been
extensively demonstrated that the transcription of genes of many decarboxylase clusters are induced
by low pH and improves the fitness of cells subjected to acidic stress (Perez et al., 2015; Romano et
al., 2014; Marcobal et al., 2012; Romano et al., 2012; Pessione et al., 2009).

For example, histidine decarboxylase of S thermophilus has its optimum vaue of pH at 4.5,
measured in cell free extract, while histamine accumulation by viable cell cultures was very low at
the same pH, due to the negative effect of acidity on the overall metabolism of the strain (Tabanelli
et al., 2012).

The effect of this factor on the production of biogenic amines is twofold because, first it influence
the growth of microorganisms and then the activity of the enzyme, so the balance of these

regulation results in the production of biogenic amines.

ay.and NaCl concentration

Generdly, the presence of NaCl causes the reduction of the activity of decarboxylase enzyme, for
example the rate of biogenic amines production of some strains of Lactobacillus is reduced when

sodium chloride concentration in the medium increase from 0% to 6%. This effect can be explained
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by the reduction of cell yields and the ateration of the stability of cellular membrane where the
specific amino acids transport proteins are located.

In particular, Gram negative bacteria are more inhibited by increasing salt concentrations than Gram
positive microflora. For example, Gardini et al., 2001 demonstrated that the ability to accumulate
tyramine and 2-phenylethylamine of a strain of E. faecalis was inversely related to NaCl
concentration, in a range comprised between 2 and 6%. It is also demonstrated that in fermented
sausages inoculated with the same tyraminogenic E. faecalis strain, increasing amounts of salt
reduced the concentration of tyramine, 2-phenylethylamine, but also limited cadaverine and
putrescine production by enterobacteria (Bover-Cid et al., 2009; Gardini et al., 2008).

Recent studies demonstrate that the production of histamine by the histidine decarboxylase of living
cells of astrain of S. thermophilus can be significantly reduced with NaCl concentrations of 2.5%,
but the activity of the enzyme in cell free extract was not influenced up to NaCl concentration of
5% and the activity was reduced at NaCl concentration of 20-30% (Tabanelli et al., 2012). Another
study reported that the presence of NaCl cause an upregulation of the histidine decarboxylase gene
in the same strain grown on skim milk, suggesting a potential role of this enzyme in osmoprotection
mechanisms (Rossi et al., 2011) and confirming that the activation of decarboxylase system is a part
of acomplex metabolic responsesin presence of different stress conditions (Pessione et al., 2009).
Kimura et al. (2001) reported that a halophilic strain of Tetragenococcus muriaticus isolated from
fish sauce produced histamine during the late exponential phase and reached the maximum
production at 5-7% of NaCl and was able to maintain an histidine decarboxylase activity also in
presence of 20% of salt. In literature is reported that the histamine decarboxylase activity of two
strains of Photobacterium phosphoreum decreased rapidly with the increase of salt from 2-5% to
10%, but Raoultella planticola, Photobacterium damselae and Morganella morganii are more
resistant (Kanki et al., 2007).

Regarding putrescine and cadaverine it is reported that they were produced with more efficiency by
Serratia marcescens in the presence of 1-3% NaCl (3-5 in the yield factor was applied) (Bunka et
al., 2015). In other words, stressed cells seem to activate the decarboxylating pathways in the
framework of a more complex response system. This make the potential of biogenic amines
production by each single cell more efficient.

In fermented sausages biogenic amines are accumulate during ripening. However, the rate of
accumulation decreases with the decrease of water activity due to the water losses. Products
packaged under modified atmosphere, in which the weight losses were inhibited, continued to
accumulate biogenic amines when the water activity at the moment of the packaging was high (0.92
and more) (Gonzélez-Tenorio et al., 2013; Tabanelli et al., 2013). The Greek cheese Feta,

11



characterized by a high salt content, with a ripening carried out in brine and with a low pH, was
characterized by a noteworthy amine concentration (about 200 mg/kg of tyramine, 90 mg/kg of
histamine and 200 mg/kg of putrescine) (Vasamaki et al., 2000).

It can be assumed that the effects of sodium chloride on the inhibition and stimulation biogenic
amines production is strain specific (Hernandez-Herrero et al., 1999; Rodriguez-Jerez et al., 1994,
Taylor and Speckard, 1984; Taylor and Woychik, 1982).

Carbon sources

The concentration of carbon sources, such as glucose, in the food matrix plays afundamental rolein
the regulation of the production of biogenic amines. Biogenic amines are produced when microbial
cells require energy to survive in harsh environment characterized by low concentration of energetic
substances, so the presence of carbon sources can minimize the production of amines.

Oxygen

The effect of the oxygen on the production of biogenic amines is controversial and less studied
respect the other factors. The availability of oxygen has a significant effect on the biogenic amines
production, it can reduce the quantity of some amines and increase the concentrations of others
(Halasz et al., 1994). Generaly, the oxygen availability has little influence on the production of
tyramine, putrescine and 2-phenylethylamine while it influences the quantity of cadaverine and

histamine.
Additives

The addition of additives during the production of fermented foods can significantly reduce the final
amount of biogenic amines. Bover-Cid et al. (2001c) reported that an addition of sodium sulphite
can inhibit cadaverine accumulation but not the tyramine ones. Cantoni et al. (1994) highlighted
that the addition of sodium nitrite can reduce the production of cadaverine and putrescine in

sausages, but it cause an increase of histamine concentration.
1.5. Biogenic amines toxicology

Biogenic amines are normally synthesize by human body because they are hormone and
neurotransmitter, but high consumption of these compounds with foods can cause health problems.
The appearance and the severity of toxicologica effects (flushing, headaches, nausea, cardiac
palpitation and increase and decrease blood pressure) of al the biogenic amines depends not only
on the intake with foods, but also on the consumption of monoamine oxidase inhibiting (MAOI)

drugs, acohol and other food amines. In fact, the concomitant intake of diamines (putrescine and
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cadaverine) and polyamines (spermine and spermidine) favour the intestinal absorption ad decrease
the catabolism of the other amines (Barddcz, 1995a,b).

Despite these knowledge it is very difficult to determinate the exact toxicity threshold of every
biogenic amine for human because the toxic dose is variable in relation to the personal sensibility to
these molecules. In fact, the efficiency of human detoxification mechanisms depends on each
individual, as reported by Haasz et al. (1994). Nout (1994) reported that the maximum
concentration of histamine and tyramine in foods must be in the range of 50-100 mg/kg and 100-

800 mg/kg respectively, in fact over 1080 mg/kg of tyramine becomes toxic.
1.5.1. Detoxification mechanisms

Normally, low daily intake of biogenic amines do not represent a problem for human health because
in human liver and gut there are specific detoxification system that metabolise these molecules to

physiologically less active degradation products as shown in Figure 1.6.

BLOODSTREAM
BIOGENIC AMINES

OXIDATION PRODUCTS

Figure 1.6: Gut MAO and DAO systems (Ancin-Azpilicueta et al., 2008)

These systems include enzymes named monoamineoxidase (MAO) and diamineoxidase (DAO).
Unfortunately, these systems can metabolise only reduced concentrations of biogenic amines, and
high consumptions can cause their saturation. Another characteristic of the activity of MAO and
DAO consist in the reduction of effectiveness caused by genetic predisposition, gastrointestinal
disease or consumption of medicines and acohol. For these reasons, the sensibility to biogenic
amines can be really different between subjects.

All these molecules generally, and tyramine and 2-phenylethylamine in particular, are considered

anti-nutritional compounds that can be a serious problem for sensitive individuals.
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1.5.2. Toxic effects and dose-response relationships of biogenic amines

The most dangerous biogenic amines for human heath are histamine and tyramine. Histamine
causes a symptomatology known as “fish (scombroid) poisoning” (because it is often associated
with the consumption of contaminated fish products) (Hungerford, 2010; Lehane and Olley, 2000),
while tyramine is the responsible of the syndrome known as “cheese reaction” (Marcobal et al.,
2012; McCabe-Sellers et al., 2006; Shalaby 1996).

1.5.2.1. Histamine

Histamine is the most implicated in outbreaks of food poisoning, in fact the symptoms cause by this
amine are recognized as “fish poisoning”. The intolerance caused by histamine appears when DAO
system is saturated or less active due to the consumption of specific drugs, genetic predisposition or
gastrointestinal diseases. In these cases, adso the ingestion of small amounts can cause an alergic
reaction (Maintz and Novak, 2007). First symptoms can appear after few minutes or some hours
and can last for few hours. In particular, histamine cause headache, nasal secretion, tachycardia,
hypotension, edema, flushing and asthma (Maintz and Novak, 2007; Jarisch, 2004). As reported by
EFSA (2011), a consumption of 25-50 mg of histamine with solid foods or non-alcoholic drinks by
healthy persons doesn’'t produce any effects, but an intake ranging between 75 and 300 mg could
provoke headache and flushing as shown in Table 1.1.
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Administration Histamine Symproms Number of subjects Reference
*amount ingested showing svmptoms /
fotal number of subjects
Solid foods
tuna Bmg 10 sympioms (/8 healthy volunteers  Motil and Scrimshaw, 1979
hernng paste 45mg no effect level (/8 healthy volunteers  Van Gelderen et al., 1992
tuma 50 mg 110 SYIpioms (/8 healthy volunteers  Motil and Serimshaw, 1979
herring paste 90 mg warm face, flushing, headache 2/8 healthy volunteers ~ Van Gelderen ef al, 1992
tuna 100 mg muld headache, flushing 1/8 healthy volunteers  Motil and Scrimshaw, 1979
tuna 150 mg mild headache, flushing 2/8 healthy volunteers  Motil and Scrimshaw, 1978
tuna 180 mg mild to severe headache, flush 4/8 healthy volunteers  Motil and Serimshaw, 1979
mackerel 300 mg headache, flushing, oral tingling  n.1* /7 healthy volunteers  Clifford etal . 1989
{no significant effects)
Non-alcoholic drinks
apple juice 25mg no statistically significant effects n.i*/25 healthy volunteers Liithy and Schiatter, 1083
and 2 migraine patients
grapefrut juice 25 mg no significant effect 0/4 healthy volunteers  Motil and Scrimshaw, 1979
grapefruit juice 30 mg no significant effect (/4 healthy volunteers  Motil and Scrimshaw, 1979
peppermiint tea 75 mg diarrhoea headache. sneezing. 5110 healthy females Wikl et al . 2004
flatulence
grapefruit juice 100 mg mild headache, flushing 2/4 healthy volunteers  Motil and Scrimshaw, 1979
prapefruit juice 150 mg mild headache, flushing 2/4 healthy volunteers  Motil and Serimshaw, 1979
prapefruit juice 180 mg severe headache, flushing 1/4 healthy volunteers  Motil and Scrimshaw, 1979
Alcoholic drinks
wine 1.12-42mg no statistically significant effects n.i*/20 healthy volunteers Liithy and Schlatter, 1983
wine 100 mg no effects (/2 healthy volunteers  Liithy and Schilatter, 1983
sparkling wine 4 mg dizziness, headache, nausea, 12/40 patients with ~ Menne et al.. 2001

itching

histamine infolerance

Digestive histamine challenge

Instillation info
the duodenum
Instillation into
the duodenum

120 mg

120 mg

No symptoms

urticaria, headache, accelerated

heart rate, drop in blood
pressure, nausea, diamhoea

(V8 healthy volunteers

urticaria

Kannvetal, 1993

26/32 patients with chronic Kannyet al, 1993; 1906

1.1 = not indicated

1.5.2.2. Tyramine, 2-phenylethylamine and tryptamine

Table 1.1: dose-response relationship of histamine (EFSA, 2011)

Generdly, high consumption of tyramine, 2-phenylethylamine and tryptamine cause hypertension,

headache, perspiration, vomiting and pupil dilatation. Also in this case the consumption of MAOI

drugs can interact with detoxification system and increase the sensibility of some person. These

symptoms appear between 30 minutes and few hours after the consumption and disappear

completely after 24 hours. In particular, tyramine and 2-phenylethylamine have been recognized as

agent of dietary-induced migraines and initiators of hypertensive crisisin some patients.

Few information about the dose-response for these biogenic amines can be found in literature so,

actually, no dose-response curve has been estimated. Some study suggest that a consumption from

600 mg up to 2000 mg of tyramine in ameal is necessary to cause minimal blood pressure increase.
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1.5.2.3. Cadaverine, putrescine and polyamines

Cadaverine, putrescine and the polyamines seem not be responsible of direct poisoning, but they
can react with nitrite to form carcinogenic nitrosamines as reported from many author (Eerolaet al.,
1997; Hernandez-Jover et al., 1997). In particular, cadaverine and putrescine seems to have less
potent pharmacological activity, in fact no data about the dose-response for humane are now
available. Even if these amines do not show a directly toxicity they are recognized as enhancer of
the effect of other biogenic amines (Hui and Taylor, 1985; Chu and Bjeldanes, 1981).

1.5.3. Legidation

Nowadays there is not a specific legisation about the content of biogenic amines in foods in
Europe. Only for histamine exist a dose governed by law, but this limit regard specific fishery
products. The European Commission Regulation (EC) n. 2073/2005 reports the safety criteria for
histamine in fresh fish and fermented fish products of some specific species of the families
Scombridae, Clupeidae, Engraulidae, Coryphenidae, Pomatomidae and Scombreresosidae.
Sampling plan for fresh fish placed on market comprising nine units of which two can contain
histamine between 100 and 200 mg/kg and no one over this value. For fermented fish products the
sampling plan is composed by nine units of which two can present a content of histamine between
200 and 400 mg/kg, and no one over 400 mg/kg.

No limit has been established for other biogenic amines, only some information about the dose-

response can be found in literature as reported previously.
1.6. Biogenic amines producing microor ganisms

Different group of microorganisms are characterized by the ability to produce biogenic amines, for
example the Enterobacteria are known as producer of putrescine and cadaverine, while enterococci
are the mgjor producer of tyramine. Normally, this characteristic is strain-specific, but in the case of

the specie Enterococcus seems to be a characteristic of the specie.
1.6.1. Tyramine and 2-phenylethylamine

Tyramine producing bacteria are usually Gram positive microorganisms isolated from cheese and
fermented sausages. The main genera that produce relevant quantity of tyramine in these foods are:
Enterococcus, Lactobacillus, Leuconostoc, Lactococcus and Carnobacterium as reported by
Fernandez et al. (2007a,b), Fernandez et al. (2004), Bover-Cid et al. (2001b), Bover-Cid et al.
(2000) and Masson et al. (1999).
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An important characteristic of the enzyme that decarboxylate tyramine is the ability of this enzyme
to decarboxylate also phenylaanine to obtain 2-phenylethylamine as reported by Marcobal et al.,
2012.

1.6.2. Histamine

Histamine producing bacteria have been found in Gram positive and Gram negative groups, but is
the Gram negative group the most important for food industries. Some of the major producer of
histamine in foods are Photobacterium phosphoreum and psychrotolerans, Klebsiella pneumonia,
Morganella morganii and psychrotolerans that can be easily isolated from spoilage fish (Dalgaard
et al., 2008; Ozogul and Ozogul, 2006; Emborg et al., 2006; Kanki et al., 2004).

1.6.3. Putrescine and cadaverine

Putrescine and cadaverine producing bacteria have been found especially in Gram negative spoilage
bacteria such as Enterobacteriaceae (in particular Citrobacter, Klebsiella, Escherichia, Proteus,
Salmonella and Shigella), Pseudomonadaceae and Shewanellaceae as reported by Lopez-Caballero
et al. (2001). Not only spoilage microorganisms are responsible of the production of these biogenic
amines, in fact in fermented food also some genera of lactic acid bacteria, such as Lactobacillus and
Staphylococcus, are recognized as relevant producer of putrescine and cadaverine (Beneduce et al .,
2010; Coton et al., 2010; Arenaet al., 2001).

1.7. Biogenic aminesin foods

Biogenic amines can be found in a wide range of foods, in fact al the foods that contain proteins
and/or free amino acids are good substrates for the growth of microorganisms that can
decarboxylate these substrates. Normally, biogenic amines are produced by the spoilage microflora,
because starter cultures should be selected so they do not produce these compounds during the
fermentation. In any case the production of biogenic amines require aso the presence of favourable
conditions for the microorganisms growth and for the activity of decarboxylase enzymes (ten Brink
et al., 1990; Stratton et al. 1991).

The concentrations of the different biogenic amines and the total amount depends on different
factors, first the specific composition of the food, second the characteristics of the microbial flora
and finally the storage conditions. Some data about the concentration of different biogenic amines
in foods are shown in Table 1.2 (EFSA, 2011).
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Biogenic amines

Histamine Tyramine Putrescine Cadaverine Sum of BAs
Food class Sub-category n Mean Pos Mean Pos Mean Po5 Mean Pos Mean Pos
(mgkg) (mgkg)  (mgke)  (mg/ke) (mgkg) (mgiks) (mgke) (mgkg)  (mglks) (mg/kg)
Alcoholic beverages  Beer 188 14 48 6.1 247 33-35 83 13-15 33 121-124 36.7
Fortified and liqueur wines 28 11 28 6 213 14 36 0.1 03 86 26.4
Wine, white. sparkling 45 1 52 4.8 26.4 52 15 0.1 0.2 11.1 46.1
Condiment Fish sauce 71 198 - 199 597 105 - 107 421 08.1-99 167 180 - 182 502 582 -588 1500
Other savoury sauces 27 0.5-10.1 <133 1.5-10 18.6 6-136 24.2 3-127 <17 11-47 242-56
Fish and fish products Fermented Fish products 68 77-114 315 455-47 136 122-15 751 144-17 345 79.8-91 552 -572
Meat products Fermented sausages 369 232-23 149 136 397 84.2-384 334 374-38 154 281-283 880
Other ripened meat products 92 G-6.2 35 44-442 140 328 136 17.2-17 84.1 100- 101 342
Other meat products 15 30-44 48 16.1-16 67 174-17 123 6.7-68 25 H-45 151
Dairy products Cheese 2136 20.6-61 127 39-08 420 254-65 143 722-108 472 177-334 1050
Fresh cheese 98 32-38 20-50 128-48 82 55-41 4-50 10.7- 45 338- 321-172 323 - 464
50
Hard cheese 1062 25-65 136 67.1-103 475 26.6- 65 132 47.8-83 235 167 - 318 940 - 1030
Washed rind cheese 676 85-54 46-50 316-76 240 323-72 182 147 - 186 989 220 - 388 1420 -
1516
Blue cheese 206 213-63 149 63.2-10 453 20.9- 62 149 831-12 519 188 - 351 1100 -
1184
Acid curd cheese 4 51.3-55 102 335 480 440 648 628 980 1460 2140
Yoghurt 7 0.5 1 19 52 0.7 I 32 103 6.3 12
Other dairy products 4 0.3 0.6 03 04 0.7 0.8 19 3 31 48
Vegetables and Fermented vegetables ] 304-42 92 45-474 21 264 549 26-354 94 375 -390 747
vegetable products Other vegetables 14 5.4 75.7 1.8 254 37.2 310 17 85 61.4 22

The statistics are presented using a bounded approach for the handling of non-detected/non-quantified data (therefore they are displayed as ranges). The upper bound of the range estimates the
non-detected/non-quantified values using the reported linut of detection (LOD) or lmmt of quantification (LOQ) respectively. The lower bound of the range instead assumes the non-
detected/non-quantified values as zero. When the lower bound and the upper bound of the range are coincident. only one number is presented. When the lower bound is zero. the range 1s
represented by the upper bound prefixed by ‘=", The table contains the number of samples (n). the mean and the 95-percentile (P25).

Table 1.2: Sum of biogenic aminein different food sample (EFSA, 2011).

1.7.1. Non-fer mented foods

Non-fermented foods are normally characterize by the presence of low concentration of biogenic
amines of endogenous origin, but sometimes is possible to find high concentrations of these
compound caused by undesired microbial activity. For this reason, in these products, they can be
used as an indicator of food spoilage.

Fish

In particular Scombroid fish has been associated with incidents of histamine intoxication,
commonly named “scombroid fish poisoning”. The production of this biogenic amine in marine fish
containing high concentration of endogenous histidine has been attributed to microbial action rather
than to endogenous histidine decarboxylase activity (Halaz et al., 1994).

Different biogenic amines can be found in mackerel, herring, tuna and sardines such as histamine,
putrescine, cadaverine, tyramine, spermine and spermidine as reported by different authors
(Lebiedzinska et al., 1991; Middlebrooks et al., 1988; Ramesh and Venugopalan, 1986).

These biogenic amines are produced in particular during fish spoilage and usudly the
concentrations of histamine, putrescine and cadaverine increase, while the contents of polyamines
decrease (ten Brink et al., 1990).

Fruit and vegetables

Juices and nectar produced from a wide range of fruit (oranges, raspberries, lemons, grapefruit,
mandarins, strawberries, currants and grapes) can contain different biogenic amines (Maxa and

Brandes, 1993). Halaz et al. (1994) have reported high concentration of biogenic amines in orange
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juice (noradrenaline, tryptamine), tomato (tyramine, tryptamine, histamine), banana (tyramine,
noradrenaline, tryptamine, serotonin), plum (tyramine, noradrenaline) and spinach leaves
(histamine).

Meat

Normally, fresh meat correctly stored contain only low level of spermine, spermidine and
putrescine. An improper storage can promote the growth of an environmental contaminant
microflora that can produce high concentration of cadaverine and histamine. In particular, fresh
minced meat is a problematic matrix because the increase of the surface expose to the deterioration
factors can cause an increase of the concentration of the different biogenic amines. For these
reasons the biogenic amines content can be used as freshness quality index for unprocessed meat
(Vinci and Antonelli, 2002)

Milk

In general, the concentration of biogenic amines in milk of different species are very low and

normally regards only polyammines.
1.7.2. Fermented foods

Fermented foods are characterized by the presence, at the end of the fermentation, of different
biogenic amines. The presence of these compounds is caused by the decarboxylation of free amino
acids that are produced from the proteolysis that characterize these foods. In fact during the
preparation of these products a lot of different microorganisms, not only the starter culture added
during manufacture can be present in the raw materials and some of them can produce biogenic
amines during the fermentation. These are the reasons that explain the concentration of putrescine,

cadaverine, histamine and tyramine that can be found especially in sausages and cheese.

Cheese and dairy products

Cheese is one of the fermented foods most involved in biogenic amine poisoning, in fact the
syndrome caused by the consumption of high concentration of tyramine is named “cheese reaction”.
In literature are presents many studies that characterize dairy products regarding the amount of
biogenic amines, and all of these are agree that in these foods al the biogenic amines known can be
present. In particular, histamine and tyramine can be present in different amount in relation to the

type of cheese and to the quality of raw materials and ripening conditions.
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The key role of the quality of the milk is demonstrated from the study of Lau et al., 1991, where
they showed that cheese obtained from raw milk contain higher concentrations of biogenic amine
than the one obtained from pasteurized milk.

Vegetables

Generdly, in fermented vegetables very low levels of biogenic amines can be detected. Fermented
vegetables obtained by high quality raw materials are not characterized by relevant concentration of
biogenic amine, but a contamination or a thermal abuse can cause a relevant increase of the
concentration of tyramine.

Fermented meat products

Fermented meat products are the mainly food products studied for their content in biogenic amines.
These products are characterized by an important proteolysis process that produce high quantity of
free amino acids that are available for the decarboxylation, in fact fresh meat (utilized to produce
for example dry fermented sausages) can contain only minimal concentrations of spermidine and
spermine, sometimes also putrescine (Hernandez-Jover et al., 1997). These amines are produced by
contaminant microorganisms, so they are an index of the freshness of the mest.

The type and the quantity of the biogenic amines present in fermented sausages are characterized by
agreat variability even if the microbiological profile are similar between the products, as reported
by Gardini and Suzzi (2003). This variability is the result of the complex interaction of different
factors that influence the fermentation process.

Many authors (Komprda et al., 2001; Eerola et al., 1998; Maijala et al., 1995) confirmed the key
role of the quality of raw materials and chemical-physical factors (pH, a,, NaCl concentration,
temperature, etc.) to obtain products with low concentrations of biogenic amines.

Tyramine and putrescine are the principal amines that can be found at the end of the ripening of
fermented dry sausages due to the activity of lactic acid bacteria, but sometimes can be found also
cadaverine and histamine, generaly deriving from low quality raw materials or environmental
contamination. In fact, during the producing process raw materia can be contaminated by
environmental microorganisms and some of them can decarboxylate amino acids causing an
increasing amount of some amines.

To obtain fermented products with low concentration of these compounds it is necessary to control
the quality of raw materials, to choose starter cultures that do not produce biogenic amines and to

select the best conditions in terms of chemical-physical factors that characterize these products.
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Fermented fish products

Fermented fish products are characterize by a great variability in the content of biogenic amines as
demonstrated from the study of Yankah et al. (1993) on Ghananian fish and Ayensa, (1993) on
anchovies. In this study only few sample present detectable quantity of histamine, in fact the
decarboxylation of histidine is very variable and dependent on time, temperature and on the specific

characteristics of the microflora present.
Wine and beer

In this type of product relevant quantities of agmantine, ethanolamine, cadaverine, histamine,
tyramine and putrescine can be found as products of microorganisms that operate the alcoholic
fermentation. Numerous authors including Bravo et al. (1983) and Dumont et al. (1992) have
showed the presence of histamine and tyramine in red wines and beer.

As reported by EFSA (2011) it is possible to create two different ranks for these foods, one based
on the mean content in tyramine and histamine (the most toxic amines) and one on the consumer
exposure.

Based on the mean concentration foods can be ranked in following increasing order:

* histamine - fermented sausages (23.0 — 23.6 mg/kg), other fish and fish products (26.8 —
31.2 mg/kg), cheese (20.9-62 mg/kg), fermented vegetables (39.4 — 42.6 mg/kg), fish sauce
(196-197 mg/kg) and dried anchovies (348 mg/kQ);

* tyramine - fermented vegetables (45 — 47.4 mg/kg), fermented fish (47.2 — 47.9 mg/kg),
cheese (68.5 — 104 mg/kg), fish sauce (105 — 107 mg/kg) and fermented sausages (136
mg/kg).

Based on the consumer exposure foods can be ranked in following increasing order:

* histamine > fermented vegetables, fish sauce (0.4 — 29.9 mg/day), cheese (13 — 32.1
mg/day), fermented sausages (6.4 — 37.1 mg/day) and other fish and fish products (8.8 —
41.4 mg/day).

* tyramine - preserved meat, fermented fish meat (2 — 94.4 mg/day), fermented sausages
(17.2 —99.3 mg/day), cheese (44 — 108 mg/day) and beer (18.5 — 124.6 mg/day).
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Chapter 2

The genus Enterococcus
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2.1. Characteristics of the genus Enterococcus

Enterococcus spp.

Figure 2.1: Enterococcus spp. (www.sourcemol ecul ar.com)

Enterococci are ubiquitous microorganisms that have as predominant habitat the gastrointestinal
tract of humans and animals. Generally, they are characterized by a high heat tolerance and a
relevant survival under adverse environmental conditions. For these reasons, they can easly
colonize awide variety of habitats, including foods. Their origin, ubiquity and resistance justify the
use of their microbial count as a quality index for fresh and processed foods. In fact, their presence
is considered negative in fresh foods and fermented sausages in which they can promote the
spoilage process and in which they are often considered indicators of faecal contamination.
Nevertheless, they are fundamental in the production of some cheeses because they play an
important role in the development of organoleptic characteristics during the ripening. For these
reasons they are sometime utilized in the formulation of the starter cultures for cheese production
(Giraffa, 2003). Others important characteristics of these microorganisms are their resistance
towards severa antibiotic (such as ampicillin, vancomycin, aminoglycosides and glycopeptides)
and the ability to exchange genetic material that can enhance their survival. For example it has been
demonstrated that the 25% of the DNA of E. faecalis is exogenously acquired (Polidori et al.,
2011). It is also demonstrated that these transferred genes derive from different genus like
Sreptococcus and Saphylococcus (Gilmore et al., 2014).

In the last two decades Enterococcus species have acquired an important role in the clinical
microbiology, in fact they are considered nosocomial pathogens and often they are involved in

food-borne illnesses due to their virulence factors (Foulquié Moreno et al., 2006).

2.2. Taxonomy

The identification of the microorganisms belonging to the genus Enterococcus has always been

problematic, because this genus is composed by a heterogeneous group of Gram-positive cocci that
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are characterized by many proprieties typical of other genera, such as Streptococcus and
Lactococcus.

During the last century the classification of the genus Enterococcus has been refined and in 1984,
with the use of DNA hybridization and 16s rRNA sequencing, the most significant changes were
made. Until some decades ago, the homo lactic coccal shaped cells of LAB were classified in the
genus Streptococcus. The evidence of the heterogeneity of this genus (both physiological and
genetic) determined its subdivision into in three generas Streptococcus, Lactococcus and

Enterococcus (Giraffa, 2002) as reported in Figure 2.2.
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Figure 2.2:16srRNA dendrogram (Fisher and Phillips, 2009)

Even if this classification is accepted, today still difficult to define the phylogenetic system for
Enterococcus. Nowadays, the genera Enterococcus consists of 28 species: E. faecalis, E. faecium,
E. durans, E. mundtii, E. asini, E. avium, E. canis, E. cassdiflavus, E. cecorum, E. columbae, E.
dispar, E. flavescens, E. gallinarum, E. gilvus, E. haemoperoxidus, E. hirae, E. malodoratus, E.
moraviensis, E. pallens, E. phoeniculicola, E. pseudoavium, E. raffinosus, E. ratti, E.
saccharolyticus, E. saccharominimus, E. solitarius, E. sulfureus and E. villorum (Foulquié Moreno
et al., 2006).
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2.3. General aspects

Enterococci are Gram positive microorganisms, non-spore forming, catalase-negative that can occur
singly, in pairs or in short chains. They are facultative anaerobes, their metabolism is homo-
fermentative and they produce only L-lactic acid. They can grow in a wide range of temperature
from 10 to 45°C, but their optimum is around 35°C. Enterococci can survive to a heat treatment at
60°C for 30 minutes. Generally, their growth is scarcely influenced by osmotic pressure and pH, in
fact they can grow in hypotonic, hypertonic, acidic and akaline environments. As facultative
anaerobes they can grow also under reduced or oxygenated conditions (Fisher and Phillips, 2009).
They can survive to a range of stress and hostile environments, characterize by extreme values of
temperature (5-65°C), pH (4.5-10.0) and concentrations of NaCl (up to 6.5%) (Fisher and Phillips,
2009). Not al the strains are able to grow in all the reported conditions, there are some exception
that include E. dispar, E. sulfureus, E. malodoratus and E. moraviensis which do not grow with a
temperature of 45°C (Svec et al., 2001; Martinez-Murcia and Collins, 1991; Coallins et al., 1984),
and E. cecorum and E. columbae that do not grow at 10°C, as reported by Devriese et al., 1993.
Other exception regard the ability to grow in presence of 6.5% of NaCl, in fact E. avium, E.
saccharominimus, E. cecorum and E. columbae do not grow in this condition (Vancanneyt et al.,
2004; Devriese et al., 1993).

These general aspects are the reasons for which the species of this genus can be isolated in a large
variety of habitats, such as fresh vegetables, processing foods, water, soil and so on.

2.4. Genome

In literature there are different studies about the genome of Enterococcus, but the majority regards
the genome of Enterococcus faecalis V538, because it is a pathogenic antibiotic-resistant bacteria.
These studies have highlighted that the main chromosome of E. faecalis V583 is composed by
3.218.031 bp and contains 3.182 open reading frames (ORFs). The genome of this microorganism
is characterized by the presence of three plasmids of 66.320, 57.660 and 17.963 bp, respectively.
Also it has been identified a “ pathogenicity island”, that is composed by 150 kbp and contains the

genes that help microbial cellsin the colonization and infection processes.
2.5. Physiology and metabolism

Enterococci are bacteria characterized by a vast metabolic potential that promote their growth in a
wide variety of environments characterized by different stress factors. This complex metabolism is

under investigation from the last century and in the last few years with the tools of molecular
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biology a lot of new information has been obtained. These researches have shown that many
metabolic genes and pathways vary even within single species, for this reason the knowledge of the
principa metabolic pathways that characterize the genusis fundamental.

2.5.1. Sugar metabolisms

The sugar metabolism is the most implied in the survival of enterococci in extremely different
habitats. All the Enterococcus species are able to metabolize 13 sugars and it is demonstrated that at
least two members can metabolize other 30 sugars. Studies about the Enterococcus metabolism
have highlighted that these species can be able to utilize carbon sources that characterize the
metabolism of different genus or species thanks to mobile elements. Anyway, they can easily
metabolize carbohydrate monomers and polymers.

Enterococci can metabolize sugars by two different pathways:
» Embden-Meyerhof-Parnas
* Pentose phosphate.

An important characteristic of the specie Enterococcus faecalis is the ability to metabolize glucose
also by Entner-Doudoroff pathway. This pathway normally is associated only to Gram negative
microorganism, but E. faecalis represent an exception, in fact is the only Gram positive
microorganism that can follow this way (Gilmore et al., 2014). Peykov et al. (2012) have
demonstrated that the genesinvolved in this pathway can be used to identify E. faecalis strains by a
novel method based on a PCR (polymerase chain reaction) with specific primers for these genes.

In addition to simple sugars, enterococci are able to metabolize some biological polymers resistant
to human digestive system. One of these sugars is cellulose, it is demonstrated by different studies
that E. saccharolyticus, E. faecalis and E. gallinarum can grow on substrate where the only sugar
source is represented by the cellulose (Chassard et al., 2010; Adav et al., 2009; Wang et al., 2009).
Other sugars that can be metabolized by enterococci are: raffinose (Zhang et al., 2011), maltose
(Mokhtari et al., 2013) and trehal ose (Andersson et al., 2001).

Embden-Meyerhof-Parnas
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In general, lactic acid bacteria do not possess a respiratory system, so they produce energy through
different metabolic pathway. Enterococci, in particular, obtain energy by an homo-lactic
fermentation based on the Embden-Meyerhof-Parnas pathway (glycolysis). This fermentation
produce 2 moles of ATP for every mole of glucose used and lactic acid as shown in Figure 2.3.
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Figure 2.3: Glycolysis and homo lactic fermentation pathways (Von Wright and Axelsson, 2012)
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The glycolysis pathway is composed by ten reactions that can be divided in two phases:
1. From glucose to glyceraldehyde-3-phosphate;
2. From glyceraldehyde-3-phosphate to pyruvate.

The first reaction consist in the phosphorylation of the glucose to glucose-6-phophate by the action
of the enzyme glucokinase. This reaction requires ATP for the phosphorylation of the substrate that
IS necessary to maintain it inside the cells. The second reaction is catalysed by glucose-6-phosphate
isomerase that made the isomerization to fructose-6-phosphate, in this way the carbon in position 3
is activated for the action of the phosphofructokinase (PFK). The third reaction represent the
regulation step of the entire metabolic pathway (Figure 2.4), in fact the PFK is highly regulated.
The enzyme is activated when the cells need energy (high concentration pf AMP) or in presence of
fructose-2,6- diphosphate (that is the product of the reaction) and is inhibited when the
concentration of ATP is high, asreported in Figure 2.5.
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Figure 2.5: PFK reaction (Garrett and Grisham, 2012)
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Figure 2.4: Regulation of PFK by ATP and AMP (Garrett and Grisham, 2012)

Moreover, PFK is alosterically inhibited by citrate. The next reaction is catalysed by fructose-1,6-
diphosphate aldolase, that “cut” the molecule of fructose-1,6-diphosphate and produce
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dihydroxyacetone phosphate and glyceraldehyde-3-phosphate. The dihydroxyacetone phosphate
obtained must be converted to glycera dehyde-3-phospate to be metabolized by the triosephosphate
isomerase.

The second part of glycolysis is the energetic one, in fact it is characterized by the production of
two phosphorylated compounds with high energy, from which are obtained four ATP.

This phase starts with the oxidation of the glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate
through the action of glyceradehyde-3-phosphate dehydrogenase. This is the first molecule with
high content of energy that is used to synthetize ATP by a process of substrate phosphorylation
made by the enzyme phosphoglycerate kinase, as shown in Figure2.5.
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Figure 2.5: Phosphoglycerate kinase reaction (Garrett and Grisham, 2012)

Then the phosphoric group of 3-phosphoglycerate is replaced on the C-2 atom to obtain 2-
phosphoglycerate, that is the substrate for the following reaction that produces
phosphoenol pyruvate (PEP) through the action of enolase. Finally, PEP is converted in pyruvate by
pyruvate kinase, with the production of ATP, as shown in Figure 2.6.
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Figure 2.6: Pyruvate kinase reaction (Garrett and Grisham, 2012)

In the last reaction of the homo-fermentative pathway the pyruvate obtained is reduced to lactate by
the enzyme lactate dehydrogenase. This enzyme can catalyse the conversion of pyruvate to lactate,
but also the conversion of lactate to pyruvate, for this reason it exhibits a feedback inhibition when
lactate is present in high concentration in the medium. The inhibition result in a reduction of the
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conversion of pyruvate and of the regeneration of NAD". In this case the pyruvate is metabolized by
other pathways which will be shown later (Von Wright and Axelsson, 2012). Another important
characteristic of the lactate dehydrogenase is its enantiospecificity, in fact it can produce D-lactate
or L-lactate in relation to its specificity (Kim and Whitesides, 1988).

Other hexose, for example fructose, galactose and mannose, are metabolized by this pathway after
an isomerization and a phosphorylation. In particular, galactose can follow two different pathways
depending on the form in which it enters in the cells, as reported in Figure 2.7. Galactose, in fact,
can be phosphorylated by a phosphoenol pyruvate-dependent phosphotransferase system (PEP:PTS)

and absorbed, or can be imported as free gal actose by a specific membrane permease.

(a) (b)
(Galactose (Galactose
—r —r TN
| | PTS { Permease
Galactose-6-P Galactose
\ |~ ATP
e ATIE

Tagatose-&-1
2 Galactose-1-P

ATP
( ADP l

' Glucose-1-P
Tagatose-1,6-DP l

,—"”J\ Glucose-6-F
P e :
DHAP GAP |

! Glycolysis i Glycolysis
: i
Pyruvate Pyruvate

Figure 2.7: Galactose metabolisms a) tagatose-6-phosphate pathway; b) Leloir pathway (Von Wright and
Axelsson, 2012)

Pentose phosphate

The pentose phosphate is an alternative pathway of glucose. This is not an energetic metabolism,
but it is a way to obtain sugars with five atoms of carbon that are precursors of important
molecules, such as deoxyribose and nicotinamide adenine dinucleotide phosphate. They are
fundamental for the synthesis of nucleic acids and for the process of reduction of some biosynthetic
pathways, respectively.
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This metabolism produce aso some compounds, such as fructose-6-phosphate and glyceral dehyde-
3-phosphate.

2.5.2. Pyruvate metabolism

The pyruvate obtained by these and other metabolisms are not converted totally in lactate, but it can
be utilized to obtain different compounds important for microbial cells as shown in Figure 2.8.
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Figure 2.8: Alternative metabolisms of pyruvate (Von Wright and Axelsson, 2012)

These aternative metabolisms do not produce high quantity of energy for cells, but they are
important when the activity of |actate dehydrogenase is suppressed and the growth of cells are slow.
In fact, these pyruvate metabolism are activated in particular when the microbial cells are in
nutritional stress (Von Wright and Axelsson, 2012).

Four are the alternative pathways of pyruvate:
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1. Diacetyl/acetoin pathway;

2. Pyruvate-formate lyase system;

3. Pyruvate dehydrogenase pathway;

4, Pyruvate flavodoxin/ferredoxin oxidoredeuctase;
5. Pyruvate oxidase pathway.

Diacetyl/acetoin pathway

This is one of the most important pathway for the construction of the aromatic profile of cheeses
and fermented sausages. This metabolism is activated only if there is an excess of pyruvate (respect
the amount needed to produce NAD" from the homo-fermentative pathway), that is normally
obtained from other pathway, for example the breakdown of citrate (Von Wright and Axelsson,
2012). The pyruvate can follow two different route to form diacetyl, but the most common is the
one that involves the a-acetolactate, in fact this compound is converted spontaneously to diacetyle

without any enzymatic reaction (Von Wright and Axelsson, 2012).

Pyruvate-formate | yase system

Another use of the pyruvate is the formate lyase system. This pathway is activated by enterococci in
anaerobic condition and when the substrate is limited (Von Wright and Axelsson, 2012). In this
metabolism pyruvate is used to obtain acetyl-CoA and formate by the enzyme pyruvate-formate
lyase (named also as formate acetyltransferase) (Kandler, 1983; Thomas et al., 1979). These
compounds are then used to obtain different end products (lactate, acetate, formate and ethanol)
and, in particular, acetyl-CoA is used as an electron acceptor in the production of ethanol and as a
substrate for the production of ATP in the reaction that has as end product acetate (Von Wright and
Axelsson, 2012).

An important characteristic of the pyruvate-formate lyase is its high sensibility to the oxygen, in
fact it cause an ateration of the bound between the sub-units of the enzyme and completely
inactivate the protein (Gilmore et al., 2014).

Pyruvate flavodoxin/ferredoxin oxidoredeuctase

This is a specific pathway that characterize the specie E. faecalis (Yamazaki et al., 1976) and
produce acetyl-CoA in reduced condition by the action of the enzyme flavodoxin/ferredoxin
oxidoreductase. The products are the same of the pyruvate-formate lyase system, but this enzymeis

not sensitive to catabolite repression.
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Pyruvate dehydrogenase pathway

The dehydrogenation of pyruvate represent another metabolic pathway that lead to the production
of acetyl-CoA that is utilized in the lipid biosynthesis (Von Wright and Axelsson, 2012). This

pathway is composed by different oxidative reactions, so it require oxygen to be active.

Pyruvate oxidase pathway

This pathway take place only in presence of oxygen because the main reaction is an oxidation of the
pyruvate by the enzyme pyruvate oxydase, to obtain acetate. Sedewitz et al., 1984 have reported

that this metabolism can lead to the aerobic formation of acetic acid.
2.5.3. Glycerol metabolism

Another important metabolism that characterize this genus is the glycerol catabolism from which
microbia cells can obtain fundamental molecules for the synthesis of lipids and lipoteichoic acids
(Coyette and Hancock, 2002). In particular, Bizzini et al., 2009 reported that the metabolism of the
specie E. faecalis is very different from the one that characterize the genus, in fact the members of
this specie can metabolize glycerol under aerobic conditions, but also in anaerobic conditions. The

two different pathways are reported in Figure 2.9.
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Figure 2.9: Different pathways of glycerol metabolism in Enterococcus faecalis (Gilmore et al., 2014)

The first pathway involves two enzymes that phosphorylate and oxidate the glycerol to obtain a
product that can be used in the glycolysis. In particular, the glycerol absorbed by the specific
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membrane protein (GlpF) from substrate is firstly phosphorylated to glycerol-3-phosphate by
glycerol kinase (Glpk) and then it is oxidized to dihydroxyacetone-phosphate by the action of the
enzyme glycerol-3-oxidase (Glpo). These two enzymes, along with the specific carrier, are encoded
in a single operon that is highly conserved among enterococci, without any differences between
Species.

The second pathway starts with the oxidation of glycerol by glycerol dehydrogenase (GIdA) to
obtain dihydroxyacetone that is subsequently phosphorylated to dihydroxyacetone phosphate by the
enzyme dihydroxyacetone kinase (Dhak). As for the enzymes of the first pathway, also in this case
the enzymes are encoded in a single operon for E. faecalis. The same operon can be found in the
genome of E. faecium, but it lacks of the enzyme GIdA and this justifies the inability of the species

to grow and metabolize glycerol in anaerobic conditions.
2.5.4. Citrate metabolism

Citrate is an important organic tribasic acid that can be found in several raw materials and is often
used as an additive (in form of salt of sodium or potassium) in some food production. The
metabolism of this compound has a principal role in the construction of the characteristic flavour of
different fermented food, in particular cheeses. For this reason the microorganisms that can
metabolize citrate are particularly important in this production. Unfortunately, not all the lactic acid
bacteria are able to metabolize citrate (Kennes et al., 1991), in fact this ability is linked to the
presence of a specific gene encoding for the transporter citrate permease, that control the uptake of
citrate from the medium, as shown by Bandell et al. (1998). This geneis not normally present in the
genome of lactic acid bacteria but it is acquired by an endogenous plasmid (Bandell et al., 1998). In
literature there are some studies that demonstrated that enterococci isolated from different dairy
products are able to metabolize citrate with an high efficiency (Vaningelgem et al., 2006;
Sarantinopoulos et al., 2001b).

In Figure 2.10 is reported the citrate pathway, in particular the first step of this pathway require the
transport of the citrate from the substrate, then it must be cleavage to acetate and oxal oacetate by
the action of the enzyme citrate lyase, as shown by Hugenholz, (1993). The oxal oacetate obtained is
then decarboxylated to pyruvate and CO,. The pyruvate that is produced by this pathway is then
utilized as substrate for different reaction that produce important end products, such as diacetyle,
acetaldehyde, acetoin, acetate, formate, lactate, ethanol, a-acetolactate and 2,3-butanediol, that
characterize the organoleptic profile of some foods (Vaningelgem et al., 2006). Moreover, the
carbon dioxide produced with the decarboxylation of oxaloacetate is important in the definition of

the structure of dairy products.
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Figure 2.10: Citrate metabolism (Sarantinopoul os et al., 2001b)

Recently, the interest of some researchers is focalized on citrate metabolism of Enterococccus spp.
because the molecules that are produced by this metabolism can be used as a quality index for
fermented foods (Rea and Cogan, 2003a,b; Sarantinopoulos et al., 2001a,b) and represent a criteria
in the selection of Enterococcus strains that can be used in the formulation of starter cultures for

dairy and meat industry.
2.5.5. Respiration

Some enterococcal species are able to produce energy through a partial respiration metabolism. This
pathway is not completely characterize for all the species, but some information can be found about
E. faecalis. Given the inability of LAB (and enterococci among them) to synthetize heme, the
enterococcal electron transport chain can work only when cells has aa exogenous supply of this
important cofactor needed for cythocrome activity (Pritchard and Wimpenny, 1978; Ritchey and
Seeley, 1974). In E. faecalis the respiration chain involves. demethylmenaquinone (the electron
carrier), cytochrome bd (the protein which oxidizes the quinone and generate the protons that
release outside the cell provide the proton-motive force), fumarate reductase (the enzyme that

catalyzes the reduction of fumarate) and FOF1-ATP synthase (primary ion pump that control the
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electrochemical gradient of protons). In Figure 2.11 is reported the respiration pathway in E.
faecalis.
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Figure 2.11: Respiration pathway of E. faecalis (Gilmore et al., 2014)
2.5.6. Redox metabolism

Another important metabolism for enterococci is the redox one. In fact, they are recognized as
potent producers and scavengers of reactive oxygen species. These compounds are dangerous for
the cell viability because they can react with the cell membrane and irreversibly damage it. There
are different systems that provide the inactivation of these compounds and they are represent by:
peroxidases, oxidases, peroxiredoxins, alkyl hydroperoxidases and glutathione.

The activity of these systems justify the resistance to oxidative stress that characterize enterococci,
thisisthe reason for which they can survive inside phagocytic cells (Gentry Weeks et al., 1999).

2.5.7. Deiminase catabolism

Arginine and agmatine are aternative energy sources for few species of enterococci, in particular E.
faecalis. Obviously this metabolism produce less energy respect to the glycolysis, in fact one mole
of substrate produces one mole of ATP. This pathway starts with the deiminase of argine and
agmatine to obtain, respectively, citrulline and carbamoylputrescine. These reactions are catalysed
respectively by the enzymes arginine and agmatine deiminase. Then two different reactions take
place, one is the phosphorolysis of the citrulline carried out by the ornithine carbamoyltransferase to
form carbamoyl phosphate and ornithine and the other regards the carbamoylputrescine that reacts
with putrescine carbamoyltransferase to obtain putrescine and carbamoyl phosphate. The carbamoyl
phosphate is characterized by a high-energy phosphate bond that can be used to produce ATP.
Figure 2.12 shows the deiminase pathway.
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Figure 2.12: Deiminase pathway (Gilmore et al., 2014)
2.5.8. lon metabolism

Enterococci are able to survive in harsh environments characterized by extreme pH and high salt
concentration. This ability implies that microbia cells must have an efficient system of transport
that maintain a constant ion concentration, essential for the homeostasis of the cells.

The survival of cells in environments characterize by high salt concentration require some system
that can regulate the intracellular concentration of cations and anions. It is demonstrated that E.
hirae has two systems that act to control the Na" concentrations. These systems are represented by a
Na'/H" antiporter and a vacuolar-type ATPase. It is worthy to note that not all the cations must be
strictly bound to the concentration between the inside and the outside of the cells, for example,
potassium is a cation fundamental for cells and it must be present in high concentration inside the
cells. This ion is necessary to neutralize intracellular anions, to activate some enzymes and to
regulate the cytosolic pH. It is obvious that high intracellular proton concentrations is a problem
when low concentration of potassium is available in the cells. To avoid this problem the cells are
provided with specific active transporter for this ion, as reported for E. hirae by Kawano et al.,
2001.

Another important ion for microbial cells is copper. It is a cofactor of redox-active metabolic
enzymes because of the redox activity between its two oxidation states (Cu™ and Cu®"). The high
reactivity that characterize thision can cause important problem to microbial cells, in particular the
ones of enterococci. To reduce the toxicity of the copper the cells have specific proteins, named
copper chaperones and copper-ATPase, that regulate its uptake and export as reported in Figure
2.13.
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Figure 2.13: Copper metabolism (Gilmore et al., 2014)

Iron is afundamental ion for microbial cells, it can be considered an essentia nutrient (Lisiecki and
Mikucki, 2006). Due to the physiological pH the concentration of thisionin cellsis usually low, for
this reason enterococci are able to synthesize and secret specific binding compounds named
siderophores. These molecules bind iron and then the cells with specific membrane receptors absorb
it and utilize the iron bind (Lisiecki et al., 2000).

Another important ion for microbia cells is the manganese. It is a cofactor of numerous enzymes
and a regulator of some metabolic pathways related to signal transduction and oxidative stress
(Jakubovics and Jenkinson, 2001).

2.6. Stress response gener al aspects

Enterococci are recognized as members of the intestinal microbiota and for this reason they are
considered faecal contaminants. To survive in the intestine these microorganisms must be resistant
to a wide range of stress conditions and stress factors, such as change of pH, high salt
concentrations, presence of bile salt. In particular, their resistance to high temperature, low and high
pH and high NaCl concentration are important characteristics that should be taken into
consideration for industrial production of fermented foods such as sausage and cheese. Giard et al.
(2003) and Bghle et al. (2010) have reported that the synthesis of over 200 polypeptides is
enhanced when the microorganisms grow in stress conditions. These stress proteins represent the
tool that enterococci use to survive in inhospitable habitats. Two of the principa stress proteins

correspond to GroEL and DnaK chaperones and are named Gsp 66 and Gsp 67 respectively (Rince
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et al., 2001). Some other stress proteins are found from the analysis on E. faecalis such as Gsp 65,
that is homologous to bacterial hydroperoxide reductases, and Gls 24 that is related to the virulence.

2.7. Functional propertiesof enterococci

Enterococci are characterized by many positive functiona properties, that can play an important

role in some food productions.
2.7.1. Production of bacteriocins

The bacteriocins are small cationic peptides with important antimicrobial activity that are
synthesised in the ribosomes. These compounds are characterized by different mode and target of
activity, moreover they have different molecular mass, chemical structure, thermostability, pH of
activity and genetic determinants (Riley and Wertz, 2002; Cleveland et al., 2001; McAuliffe et al.,
2001; Ennahar et al., 2000).

Bacteriocins are classified into three classes characterized by different structural, molecular and

physicochemical properties (Nes et al., 1996; Klaenhammer, 1993):

» Class|: bacteriocins named lantibiotics, that are post-translationally formed;

» Class|l: bacteriocins not post-translationally modified divided into three subclasses:

0 Class lla or pediocin-ike bacteriocins;
0 Class l1b bacteriocins require two polypeptide chains to be functional;
0 Class I1c contain the molecules that can be part of other groups.

» Class|lII: hydrophilic and heat-labile peptides.

Enterococci are able to produce enterocins (Fontana et al., 2015; Beshkova and Frengova, 2012),
that are bacteriocins that belong to class |, class |14, class IIc and class 111.

In literature there are many studies about the activity of enterocins towards Listeria spp.. For
example Garcia et al. (2004) studied the inhibition of Listeria monocytogenes by enterocin EJ97,
that is produced by E. faecalis EJ97, against these microorganisms.

Today many different bacteriocins produced by enterococci are known as shown in Table 2.1.
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Enterocin

Actual enterocin

Producer strain

Reference

Enterocin 4
Enterococcin EFS2
Bacteriocin 21
Enterocin 7C5
Enterocin 900
Enterocin 1146
Enterocin EFMO1
Enterocin P21
Enterocin 81
Enterocin N15
Enterocin BC25
Enterocin CCM 4231
Enterocin 900
Enterocin P21
Enterocin 81
Enterocin RZS C13
Enterocin RZS C5
Enterocin 1
Enterocin B2
Enterocin AA13
Enterocin G16
Enterocin Bl
Enterocin B2
Enterocin 1071A
Enterocin 1071B
Enterocin B2

Enterocin AS-48

Enterocin A

Enterocin B

Enterocin L50

Enterocin P

Enterocin 1071A
Enterocin 10718
Enterocin 1071

E
E
E
E
E.
E
E.
E
E
E
E
E
E.
E
E.
E
E
E
E
E
E.
E
E.
E
E

E. faecalis INIA 4

. faecalis EFS2

. faecalis OGIX

. faecium TCS

. faecium BFE 900

. faecium DPC1146

. faecium EFMOI

. faecium P21

. faecium WHE 81

. faecium NI15

. faecium BC25

. faecium CCM 4231
. faecium BFE 900
Sfaecium P21

. faecium WHE 81

. faecium RZS C13

. faecium RZS C5

. faecium 6T1a

. faecium B2

. faecium AA13

. faecium G16

. faecium Bl

. faecium B2

. faecalis FAIR-E 309
. faecalis FAIR-E 309
. faecium B2

Joosten et al., 1996
Maisnier-Patin et al., 1996
Tomita et al., 1997

Folli et al., 2003

Franz et al., 1999

(Keeffe et al., 1999

Ennahar and Deschamps, 2000
Herranz et al., 2001

Ennahar et al., 2001
Losteinkit et al., 2001
Morovsky et al., 2001
Foulguie Moreno et al., 2003a
Franz et al., 1999

Herranz et al., 2001

Ennahar et al., 2001

Foulgui¢ Moreno et al., 2003a
Foulquie Moreno et al.,, 2003a
Floriano et al., 1998

Moreno et al., 2002

Herranz et al., 1999

Herranz et al., 1999

Moreno et al., 2002

Moreno et al., 2002

Franz et al., 2002

Franz et al., 2002

Moreno et al., 2002

Table 2.1: Enterocins present in literature (Foulquié Moreno et al., 2006).

Only few of these molecules have been purified to homogeneity, in fact the maority still not be
purified, for example some enterocins produce by: E. faecalis E-1 (Bottone et al., 1971), E23
(Nakagawa, 1979), K 4 (Kihnen et al., 1985), DS16 (lke et al., 1990), 226 NWC (Villani €t al.,
1993) and E. faecium E1 (Krdmer and Brandis, 1975), S-34 (Nakagawa and Matsuo, 1981), 3
(Krémer et al., 1983), 25 (Reichelt et al., 1984), 100 (Kato et al., 1993), NAO1 (Olasupo et al.,
1994), 7C5 (Torri Tarelli et al., 1994), L1 (Lyon et al., 1995).

The target of these compounds is the cytoplasmic membrane In fact they create pores that alter its
functionality in terms of transmembrane potential and pH gradient. Moreover these pores cause the

loss of important intracellular molecules (Cleveland et al., 2001).
2.7.2. Proteolysis

The studies about the proteolytic activity of enterococci are scarce, in fact the mgority of the
researches concerns other genus of lactic acid bacteria such as Lactococcus and Lactobacillus.

The proteolysis is an important microbial metabolic process because it produces peptides of
different molecular weight, that contribute to the organoleptic characteristics of some foods, in
particular the fermented ones. These peptides can give to products good flavour, but also
undesirable bitter taste, for this reason is necessary to control the proteolysis through the selection
of the correct microorganisms.

The first study about the proteolysis of enterococci was performed by Somkuti and Babel (1969),
they analyse the activity of an extracellular proteinase of a strain of E. faecalis var. liquefaciens.
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This research revealed that this proteinase can degrade with high activity the casein, but it is less
active on a-lactalbumin and B-lactoglobulin. Another study on E. durans protease highlight its
activity only on casein and p-lactoglobulin (Wallace and Harmon, 1970).

Carrasco de Mendoza et al., (1989) from the characterization of 61 strains of Enterococcus report
that proteolytic activity is strain and time dependent. Moreover, Wessels et al., (1990) found that
some strains of E. faecium, E. faecalis and E. durans are characterized by a relevant proteolytic
activity at psychrotrophic temperatures.

In a recent study performed by Sarantinopoulos et al., (2001a) is reported that E. faecalis strains, in

general, are more active respect strains of E. faecium and E. durans.
2.7.3. Lipolysis

Lipolysis, such as proteolysis, is a fundamental process for the construction of the typical sensory
profile of some fermented foods. Lipolysis contribute to the formation of organoleptic profile by
the production of short chain fatty acids (that are precursors of sapid compounds such as methyl
ketones and lactones), the oxidation of fatty acids (that produce strongly flavoured compounds) and
the solubilisation of aromatic compounds that are derived from other metabolisms.

Also in this case the information that can be found in literature are few, probably because lactic acid
bacteria are known as weakly lipolytic. The first study on the lipolysis of enterococci, that was
known as Streptococci yet, was performed by Lund (1965), he found some esterases in the cell free
extracts of E. faecalis, E. faecium and E. durans and, in particular, the one identified from E.
faecalis exhibited higher activity respect the other. Another study reported that the lipolityc activity
of enterococci (also in this case these strains was known as streptococci and only after new genetic
study they are recognized as enterococci) is higher respect the activity of streptococci (Dovat et al.,
1970). Carrasco de Mendoza et al., (1992) reported that the lipolytic activity of enterococci is strain
dependent, in fact the majority of enterococci strains are not lipolytic, but some strains of E.
faecalis shown important lipolytic activities. Sarantinopoulos et al., (2001a) confirmed the data of
the previous studies, they reported that in their trials E. faecalis strains were the most lipolytic and

esterolytic, followed by E. faecium and E. durans.
2.7.4. Probiotics

Probiotics are living microorganisms that improve the health of the host, if they are ingested in
adeguate amounts, through the modification of the intestinal microbiota. The beneficial effects that
these microorganisms can produce on the host are different, including: improvement of the immune

response, modification and improvement of the composition of the colonic microbiota, reduction of
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the enzyme implied in cancer initiation, treatment of diarrhea caused by travel and antibiotics,
vaccine adjuvant effects and prevention of ulcers caused by Helicobacter pylori.
To define a microorganism as probiotic some specific characteristics are required:

* Ability to adhereto the intestinal epithelium;

e Prevent or reduce the adherence of pathogens,
* Persistence and multiplication;

e Production of important microbial compounds, such as acids, hydrogen peroxide and

bacteriocins,;
» Besafefor human organisms (Salminen et al., 1996).

The best known probiotics belong to the genus Bifidobacterium and Lactobacillus, but there are
some other genus of lactic acid bacteria that are characterized by typical probiotic features. Among
them there is the genus Enterococcus and, in particular the species E. faecium and E. faecalis.

The most studied strain is E. faecium SF 68, that is actually produced in Switzerland. It is reported
that this strain can prevent antibiotic associated diarrhea (Wunderlich et al., 1989) and treat the
children’s diarrhea (Bellomo et al., 1980). Other strains that are considered as probiotics are E.
faecium CRL 183 (Rossi et al., 1999) and E. faecium PR88 (Allen et al., 1996).

The use of enterococci as probiotics is still a controversial topic of discussion in microbiology
research. The major problem is related to the increasing association of enterococci with some
diseases and their multiple antibiotic resistance.

2.8. Safety status of enter ococci

Enterococci are known as common nosocomial pathogens, in fact they are associated to numerous
cases of endocarditis, bacteremia and infections. One of the most worrisome characteristics of these
microorganisms is their wide antibiotic resistance (Ross et al., 2014; Klein, 2003; Giraffa, 2002),
in particular respect to vancomycin. There are also some other virulence factors that characterize
the genus (Hollenbeck and Rice, 2012; Foulquié Moreno et al., 2006), for example the important
ability, that characterize some of the strains of the genus Enterococcus, consist in the possibility to

produce biogenic amines, such as tyramine and 2-phenylethylamine.
2.8.1. Antibiotic resistance

The antibiotic resistance that characterize enterococci can be intrinsic or acquired by plasmids
(Klare et al., 2001; Clewell, 1990).
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Enterococcal antibiotic resistance is not important only for the clinical arena, but also for the food
industry (Verraes et al., 2013; Nawaz et al., 2011; Andersson and Hughes, 2010). This
microorganisms are resistant to different antibiotics, such as: vancomycin, isoxazolylpenicillins,
cephalosporins, monobactams, aminoglycosides, lincosamides, polymyxins, ampicillin,
tetracyclines, macrolides, chloramphenicol, quinolones and streptogramins (Vignaroli et al., 2011;
Foulquié Moreno et al., 2006, Cocconcelli et al., 2003). In particular, the strains resistant to
vancomycin are known as VRE (vancomycin resistant Enterococcus), and their number isincreased
in the last years. Thisresistance is related to the presence in the genome of some microorganisms of
specific genes, in fact there are six different gene clusters that induce this resistance: vanA, vanB,
vanC, vanD, vanEk, vanF and vanG. Of the different VRE phenotypes known, the vanA and vanB
are the most important from a clinical point of view and they are the phenotypes most frequently

observed in E. faecium and E. faecalis.
2.8.2. Biogenic amines production

Enterococci are known as the most efficient tyramine producers among lactic acid bacteria (Ladero
et al., 2012; Capozzi et al., 2011; Kuley and Ozogul, 2011; Ozogul and Ozogul, 2007; Suzzi and
Gardini, 2003). This metabolism is particularly important foe these microorganisms and justify their
high survival rate in harsh environments, in fact the decarboxylation is a secondary metabolic
pathways to obtain energy for cells, moreover it isaway to contrast the acidic stress, as reported by
Molenaar et al. (1993) and Fernandez and Zufiga (2006).

Usualy this enzyme and the related metabolism can be considered a strain characteristic, but the
species E. faecalis represent an exception because all the strains that belong to the species are
characterized by the presence of this metabolism, aso many strains belongings to E. faecium and E.
durans species possess this ability (Ladero et al., 2012).

E. faecalis is the first species for which the tyrDC locus was studied and described, in fact in
literature can be found different researches, for example the one about the genome of E. facealis
JH2-2 (Connil et al., 2002), E. faecium RM58 (Marcobal et al., 2006a) and E. durans IPLA 655
(Ladero et al., 2013). Marcobal et al. (2012) have reported that the gene that encode for the enzyme
tyrosine decarboxylase (tyrDC) is part of an operon in which four open reading frames (ORFs) can
coexist, as reported in Figure 2.7.
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Figure 2.7: Genetic organization of genome region that contain the operon encoding for the proteins involved

in the decarboxylating metabolism of different species (Marcobal et al., 2012).

The tdc operon (cluster) of E. faecalisis formed by:
* tyrS— gene encoding for tyrosyl tRNA synthetase;
« tyrDC - gene encoding for the enzyme tyrosine decarboxylase;
» tyrP - gene encoding for the specific tyrosine/tyramine antiporter;
+ nhaC-2 - gene encoding for aNa'/H" antiporter.

The role of these proteins are different but their complex lead to the formation of biogenic amines.
In particular, the role of the protein tyrosyl tRNA synthetase is not totally clear but is known that it
is involved in a mechanism of activation of tyrosine by the formation of a bound between the
enzyme and the intermediate tyrosyl-adenylate (Marcoba et al., 2012). TyrP is the specific
transporter that catalyse the exchange between tyrosine and its decarboxylation product tyramine.
This protein is fundamental for the energization of the cell membrane, in fact the tyrosine/tyramine
exchange is electrogenic and the energy produced is represent by a proton motive force. The
activation of the proton motive force is also related to the activity of the nhaC-2 pump that regulate
the exchange of Na” and H* (Marcobal et al., 2012).

Connil et al. (2002) and Marcoba et al. (2012) have reported that the first three genes in some
species are co-transcribed. It is important to highlight that the transcriptional organization can be

different between the strains, for example in some cases tyr Sis transcribed independently.
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Tyrosine decarboxylase is an enzyme located in the cellular membrane characterized by large
hydrophobic regions and a wide range of physico-chemical conditions in which can work
efficiently, aso outside the cells. This ability is aready reported by different study regarding
species Lactobacillus brevis (Moreno-Arribas and Lonvaud-Funel, 2001), E. faecalis and E.
faecium (Liu et al., 2014a).

An important characteristic of tyrosine decarboxylase is its ability to decarboxylate aso
phenylalanine to obtain 2-phenylathylamine. Obviously the affinity of the enzyme with

phenylalanineis lower than tyrosing, this resultsin alower efficiency of the decarboxylation.
2.8.3. Virulence factors

This factors can be explained as molecules or cell products that can enhance the ability to create a
damage to an organism (Kayaoglu and Orstavik, 2004). Enterococci are able to produce some
substances that can act in this way, such as. gelatinase, aggregation substances and extracellular
surface proteins. These virulence factors are easily transfer from a microorganism to another by
gene transfer mechanisms as reported by Rossi et al. (2014). These mechanisms can be called
“horizontal gene transfer” (HGT) and it includes al the non-genealogical transmission of genetic
materials between organisms, as reported by Golden and Woese, (2007).

There are three different mechanism of HGT:
e conjugation;
* transduction and

» transformation (Rossi et al., 2014).

The first mechanism requires the direct contact between the two bacterial cells, different studies
have reported that this is the principal way of mobilization of the genes involved in antibiotic
resistance and toxin production (Gazzola et al., 2012; Van der Auwera et al., 2007; Cocconcelli et
al., 2003).

The transduction require the activity of specific bacteriophages that transfer the DNA of a
microorganism to another as a carrier and a receiver microorganism that can acquire the phage.
Brabban et al. (2005) have reported that the transmission by phage is restricted because the
microorganisms that can receive this genic information are few.

The last mechanism is atransmission that are carried out by virus-like gene transfer agents, that are
small bacteriophage with a genome composed by their DNA and a part of the DNA of another
microorganism. Also in this case it represent a minor way to transmit genetic information in a food

system.
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Cytolytic activity

The studies performed by Granato and Jackson (1969 and 1971a,b) highlighted the ability of some
strains of E. faecalis to produce a particular type of molecules with hemolytic effect, named
cytolysins. Cytolysins are classified as bacteriocins, of the group of the lantibiotics, that are
characterized by important bactericidal effect, but they are also able to cause the lysis of eukaryotic
cells (Fisher and Phillips, 2009; Foulquié Moreno et al., 2006; Cox et al., 2005).

The production of cytolysins require the presence in the genome of six genes (Foulquié Moreno et
al., 2006; Saris et al., 1996; Gilmore et al., 1994) and only the strains that are able to express and
secrete the subunits that are encoded in these genes can produce these molecules. Unfortunately the
cytolysin genes are located on highly transmissible plasmids, for this reason this production is a

virulence factor related in particular to the specie E. faecalis.
Gelatinase

Gelatinase are extracellular metallo-endopeptidases that cause the hydrolysis of collagen, gelatin,
haemoglobin and other important peptides. They are considered a virulence factor, in particular in
nosocomial condition, in fact it is demonstrated that gelatinase contributes to the pathogenesis of
enterococcal endocarditis (Thurlow et al., 2010; De Fatima et al., 2006). Eaton and Gasson (2001)
and Franz et al. (2001) found some strains of E. faecalis isolated from food positive to the
production of gelatinase, but they also found that the presence of the gene is not necessarily related
to the production of the enzyme. In fact there are some phenotypes that are negative to the

production even if they have the gene.

Aqgregati on substance

Enterococcus faecalis strains are characterized by the presence of pheromone-inducible surface
proteins that promote the aggregation during bacterial conjugation, as reported by Clewell (1993).
These proteins can contribute to the pathogenesis of enterococcal infection, for example trough the
increasing of the hydrophobicity of cells and the enhancement of the activity of the cytolysins
(Supmuth et al., 2000).

Extracellular surface protein

These proteins play a relevant role in enterococcal infection, in fact they act on the adhesion and
the evasion of the immune response of the host. Eaton and Gasson (2001 and 2002) and Franz et al.
(2001) reported an high incidence of this protein in strains of E. faecalis and E. faecium isolated

from food.
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2.9. Enterococci in foods

The genus Enterococcus is the most controversial group of lactic acid bacteria, in fact they are
ubiquitous microorganisms that have as predominant habitat the gastrointestinal tract of humans and
animals, in particular the species E. faecalis and E. faecium. For this reason is common to find these
microorganisms in products of animal origins, such as meat and milk, and in products such as
sausages and cheeses. It is worthy to note, as demonstrated by Mundt (1986), that the presence of
these microorganisms is not always related to a direct faecal contamination, in fact enterococci can
be easily isolated from soil, water, plants, vegetables and insects.

Despite this research, usually the presence of enterococci in raw matrices is considered a faecal
contamination and often is related to their hygienic condition, but in European Union no legal limits
are reported for this microorganisms. The reason for which do not exist these limits is probably
related to the important role that they play in the definition of the typical organoleptic profile
(aroma and texture) of cheeses and sausages. In fact, enterococci are important during the ripening
processes due to their typical proteolysis, lipolysis and citrate breakdown. These positive
characteristics is the reason for which in recent years the use of enterococci in the formulation of
some starter culturesisrising.

In addition, some strains are able to produce bacteriocins (enterocines) that can contrast the growth
of some undesirable microorganisms (in particular Listeria spp., Clostridium spp., Escherichia coli
and Vibrio colerae) and some other can be used as probiotics.

In Table 2.2 are reported some of the studies about the application of enterocins producing strainsin

cheeses and meat products.

Strain

Enterocin produced

Application

Reference

E. faecalis B114

E. fascium TC5

E. fagcalis INIA 4

E. faecalis IN1A 4

E. faecaliv INIA 4

E. faecalis IN1A 4

E. fageinm CCM 2231
E. faecinm CCM 4231
E. faecium RZS C13
E. faecium CTCA92

E. fagcium CTC492

E. fascalts TAB 28

E. fagcium RES C3

E. fagcium DPC 1146
E. faectum FAIR-E 193
E. casseliflavus IM 216K1

Enterocin not known
Enterocin 7C3
Enterocin 4
Enterocin 4
Enterocin 4
Enterocit 4
Enterocin CCM 4231
Enterocin CCM 4231
Enterocin RZS C13
Enterocins A and B
Entzrocing A and B
Enterocin AS-48
Enterocin RZS C3
Enterocin DPC 1146
Enterocing A and'or P
Enterocin 416K1

Camembert cheese

Taleggio cheese

Manchepo cheese

Hispano cheese

Manchepo cheese

Hispano cheese

Saint-Paulin cheese

Spanish-style dry fermented sansapes
Spanish-style dry fermented sansapes
Dry fermented sausages

Cooked pork

Raw milk cheese

Cheddar cheese production

Cheddar cheese production

Feta cheese

Italian sansape (Cacciatore)

Sulzer and Busse, 1991
Giraffa et al,, 1995b

Joosten et al., 1993

CGarde et al, 1997

MNifiez et al., 1997

Oumeer et al, 2001

Laukova et al., 2001
Callewnert et al, 2000
Callewnert et al, 2000
Avmerich et al., 2000b
Aymerich et al., 2002
Rodrignez et al., 2001
Foulquié Moreno et al., 2003b
Foulquié Moreno et al., 2003b
Sarantinopotfos et al, 2002h
Sabia et al., 2003

Table 2.2: Application of enterocin producing strains (Foulquié Moreno et al., 2006)
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Obviously their adaptability to alot of different stress conditions (high treatment temperature, high
salt concentration and acid pH) with the antibiotic resistance which characterize them represent for
some products an important problem.

2.9.1. Enterococci in dairy products

The presence of enterococci is usually related to traditional European cheeses, in particular the ones
produced in Mediterranean countries (Italy, Spain, Greece and Portugal).

Some studies about the characterization of the microflora of these cheeses report concentrations of
enterococci between 10* and 10° CFU/g in curds and concentrations between 10° and 10’ CFU/g in
ripened cheeses (Razavi et al., 2007; Giraffa, 2003; Franz et al., 2003; Manolopoulou et al., 2003;
Giraffa, 2002; Sarantinopoulos et al., 2001a; Xanthopoulos et al., 2000; Suzzi et al., 2000), with a
prevalence of the species E. faecium and E. faecalis. These values are different in relation, not only
to the type of cheese considered, but also to the season of production, to the initial milk
contamination and to the specific survival rate related to the productive process and to the ripening
variables.

Researcher opinion about these value are in contrast, because some sustain that enterococci can
cause only a deterioration of sensory characteristics of the product, but some other researchers have
recognized to these microorganisms an important and fundamental role the definition of the
organoleptic characteristics of the final.

In recent years, the important role of these microorganisms in the cheese ripening has led producers
to include them in the formulation of the starter cultures. Some studies have reported that the use of
E. faecalis and E. durans as starter cultures in dairy products can enhance the proteolysis and the
lipolysis process leading to an overall improvement of the production of some important component
such as: volatile free fatty acids (in particular short chain free fatty acids), acetoin and diacetyl
(Franz et al., 2003; Sarantinopoulos et al., 2001a,b).

The use of enterococci in the production of cheese can be further favoured by recent studies
concerning the production in situ of enterocins. It is known that enterocins are effective on Listeria
spp. and Clostridium spp. in vitro or in pilot-scale conditions, but no information about their

activity in large industrial scale conditions are now available.
2.9.2. Enterococci in meat products

Enterococci can be isolated from many different habitats and they are often contaminant in food of
animal origin because of their association with gastrointestinal tract. Stiles et al., (1978) reported
that the predominant species that can be isolated in pork and beef cuts are E. faecalis and E.
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faecium. Also in the research of Franz et al., (2003 and 2011) is recognized E. faecalis as the
predominant specie isolated in beef, poultry and pig carcasses.

Their tolerance to high concentrations of NaCl and their ability to grow over a wide range of
temperature and pH, are the reasons of their competitiveness, especialy when the environmental
conditions become harsher (Gardini et al., 2001). In fact, these microorganisms can survive to the
fermentation process and can be isolated also in fermented meat products, such as sausages (Franz
et al., 2003; Hugas et al., 2003; Giraffa, 2002). For example Hugas et al., (2003) analysed 31 types
of Spanish naturally fermented sausages and they found concentrations of enterococci between 1.30
and 4.48 log CFU/g. Also Ferreira et al. (2006 and 2007) studied the presence of enterococci in
fermented sausages of north Portugal and found concentrations ranging between 10* and 10°
CFU/g. These microorganisms can be also isolated in thermal processed meat, in fact the heat
treatments do not inactivate enterococci and confer to them a selective advantage in the colonization
of the products. This is the reason for which E. faecalis and E. faecium are frequently related to the
spoilage of cured meat products (Magnus et al., 1986; Magnus et al., 1988).

The role of enterococci in meat products are important because they contribute to the devel opment
of the aroma and the structure of fermented meat products (Latorre-Moratalla et al., 2011; Giraffa,
2002). Moreover they are able to produce enterocins, that can be used to prevent the growth of
pathogens, such as Listeria monocytogenes, during the fermentation process or in the final products,
especialy in sliced vacuum packed cooked meat (Hugas et al., 2003). For these reasons the use of
selected enterococcal strainsin the formulation of starter culturesisrising in the last few years.

On the other hand, several studies reported that enterococci are characterized by different virulence
factors important for consumers health (Cariolato et al., 2008; Vaenzuela et al., 2008; Mannu et
al., 2003; Semedo et al., 2003a,b; Eaton and Gasson, 2001; Franz et al., 2001).

Another important characteristic of these microorganisms id the ability to produce high
concentrations of biogenic amine, in particular in fermented meat products (Tabanelli et al., 2015;
Foulgquié Moreno et al., 2006; Suzzi and Gardini, 2003; Joosten and Northolt, 1989).

2.9.3. Enterococci in vegetable products

Enterococci are normally present in alarge variety of products that includes vegetables, olives and
plant material (Ben Omar et al., 2004; Giraffa, 2002; Franz et al., 1999). Some studies report that
during the Spanish-style green olive fermentation is possible to isolate different species of
Enterococcus, in particular the predominantly are E. faecium and E. faecalis. Randazzo et al.,

(2004) studied the microflora of naturally fermented green olives from different areas of Sicily. The

51



phenotypic characterization and the analysis of 16S rDNA of the isolates revealed the presence of
E. faecium, E. hirae and E. cassdliflavus.

In literature the information about the presence of enterococci in vegetable products is scarce aso
regarding minimally processed foods and ready-to-eat products.
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Objectives
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Even if the presence of biogenic amines in foods (and the risks associated with them) is known
since along period (Gale, 1946), systematic studies regarding their presence have been carried out
only in relatively recent times. The reviews of Shalaby (1996) and Silla-Santos (1996) had the merit
to collect the fragmented information about this issue and were the starting point for a drastic
multiplication of scientific publications regarding the presence of biogenic amine in food products

and the elucidation of the metabolic and genetic drivers of their production by microorganisms.
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Figure 3.1: Number of citationsin Web Of Science responding to the key words "biogenic”, "amine" and
"food" (date of acquisition 26/02/2016).

A strong impulse to this growth was given also by the publication of some papers, which proposed
analytical and microbiologica methods accepted by the scientific community to standardize the
results of the researches allowing the possibility to compare the data obtained by food technologists
and microbiologists (Bover-Cid and Holzapfel, 1999; Moret and Conte, 1996; Eerola et al., 1993;
Maijala, 1993).

On the other hand, the interest about the presence of these molecules increased not only to assure a
simple and generic “quality” of food, but also in relation with the numeric increase of the more
susceptible consumers to biogenic amines (i.e. more exposed to the adverse effects). This category
includes elder and younger people, immunocompromised patients and consumers using specific
drugs, which may potentiate the negative effects of some biogenic amines. The consequence of this
amplification of the possible target of the adverse effect of biogenic amines was well highlighted by
arecent scientific opinion of EFSA addressed mainly to fermented foods (EFSA, 2011).
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In the last decades, the presence of biogenic amines has been screened in several foods. In
particular, several recent papers have been addressed to review these aspects in foods like cheese
(Bunkova et al., 2010; Komprda et al., 2008a,b; Marino et al., 2008; Innocente and D’ Agostin,
2002), sausages (Tabanelli et al., 2013; Gonzales-Tenorio et al., 2013; de las Rivas et al., 2008;
Gardini et al., 2008; Pircher et al., 2007; Suzzi and Gardini, 2003); wine (Beneduce et al., 2010;
Ancin-Azpilicueta et al., 2008; Ferreira and Pinho, 2006), beer (Kalac and Krizek, 2003; Anli et al.,
2006; Loret et al., 2005) and fish products. Similarly, genetic and metabolic aspects has been
reviewed for histamine (Rossi et al., 2011; Landete et al., 2008), tyramine and 2-phenylethylamine
(Zhang and Ni, 2014; Marcobal et al., 2012; Torriani et al., 2008; Connil et al., 2002), cadaverine
and putrescine (Pircher et al., 2007; delasRivas et al., 2006).

In the fermented foods, the production of biogenic amines is often related to the activity of the
microbiota responsible for secondary fermentation or better for the transformation characterizing
the ripening and maturation processes. This microbiota is in many cases completely different from
those responsible for the fermentation steps, which occur at the beginning of the production.

Within this microbiota, enterococci have often a crucia role, due to their ubiquity, their ability to
survive and multiply in harsh environments and their capacity to produce biogenic amines. In
particular, enterococci are known to be the maor producer of tyramine and 2-phenylethylamine,
together with other LAB species. The Laboratory in which | have carried out my PhD thesis has a
fifteen year experience in this field. The main topics in this field interested the concentration in
fermented foods of these substances (Tabanelli et al., 2013; Bover-Cid et al., 2009; Gardini et al.,
2008), the study of the factors influencing their accumulation (Tabanelli et al., 2012; Gardini et al.,
2001) as well as the development of genetic tools for improving the detection and the study of
amino positive strains (La Gioiaet al., 2011; Rossi et al., 2011; Torriani et al., 2008).

My PhD thesis is the prosecution of some of these studies and, in particular, of the researches
concerning the tyraminogenic properties of enterococci. Previous works interested the relationships
between the activity of enterococci and tyramine in food systems (Bover-Cid et al., 2009), the
studies of the possible influence of some technological factors on tyrosine decarboxylation activity
in an E. faecalis strain (Gardini et al., 2008) and the set up of a genetic probe able to recognize the
presence of the tyrDC gene also in enterococci (LaGioiaet al., 2011; Torriani et al., 2008).

Starting from these acquisitions, the activity of this PhD thesis was addressed to have a deeper
insight on the genetic and metabolic characteristic of enterococci in relation to their ability to
produce biogenic amines and, in particular, tyramine. Strains belonging to the species E. faecalis
and E. faecium with different tyraminogenic potential were compared. The kinetics of tyramine

(and 2-phenylethylamine) accumulation were studied in nutritionally rich as well as poor substrates.
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In addition, the tyraminogenic activity was analysed in cells suspended in buffered systems at
different pH, temperature and NaCl concentrations and the results were compared with the result of
the activity of the pure enzyme, in order to better understand the relationships between
decarboxylating activity and the integrity and viability of microbial cells. From a genetic point of
view, the tyrosine decarboxylase cluster were sequenced in order to study their similarity and
evidence the possible genetic reasons for the differences observed. As a further investigation, also
the transcription of the tyrosine decarboxylase gene was quantified following the growth on a
specific medium containing defined amounts of tyrosine and phenylalanine.

Another field of study regarded the characterization of the tyramine production activity of strains
belonging to the species E. mundtii. For the first time, the tyrosine decarboxylase cluster of this
species was sequenced and reveal ed differences with the same cluster in E. faecalis and E. faecium.
Finally, a part of this work was addressed to exploit the possibility to use bioprotective cultures

(Lactococcus lactis producing bacteriocins) against biogenic amine producing LAB strains.
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4.1. Tyrosine decarboxylase activity of enterococci grown in media
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accumulation and tyrDC gene expression.
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ABSTRACT

The ability to accumulate tyramine and 2-phenylethylamine by four strains of Enterococcus faecalis
and Enterococcus faecium was evaluated in two cultural media added or not with tyrosine.
Enterococci differed in rate and level of biogenic amines accumulation in relation to substrate
availability and strain. E. faecalis EF37 and E. faecium FC12 produced tyramine in high amount
early and 2-phenylethylamine when tyrosine was depleted. The behavior of E. faecium FC12 and E.
faecalis ATCC 29212 differed as they accumulated gradually tyramine during 72 h incubation and
ATCC 29212 produced 2-phenylethylamine in both media without tyrosine added. The tyrDC gene
expression was high during the exponential phase in rich medium for al the strains and
subsequently decreased except for E. faecium FC12. Even if tyrDC presence is common among
enterococci, this study underlines the extremely variable decarboxylating potential of strains
belonging to the same species, suggesting strain-dependent implications in food safety.

Key words. Enterococci, Tyramine, 2-phenylethylamine, tyrDC gene expression, intraspecific
variability
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41.1. Introduction

Tyramine is a biogenic amine (BA) deriving from the microbial decarboxylation of tyrosine. It can
have severe acute effects if ingested in excessive amounts with food, causing an hypertensive
syndrome known as “cheese reaction”, which consists in periphera vasoconstriction, increased
cardiac output, increased respiration, elevated blood glucose and release of norepinephrine
(Marcobal et al., 2012; McCabe-Sellers et al., 2006).

Lactic acid bacteria (LAB) are among the most efficient producers of tyrosine decarboxylase
(tyrDC), the enzyme responsible for tyramine formation. In LAB, BA formation provides metabolic
energy and/or acid resistance (Molenaar et al., 1993; Fernandez and Zuiiga, 2006). The presence of
this enzyme is widespread among all LAB species (Marcobal et al., 2012). However, LAB
belonging to the genus Enterococcus are recognized as the most efficient tyramine producers (Suzzi
and Gardini, 2003; Ladero et al., 2012; Kuley and Ozogul, 2011; Ozogul and Ozogul, 2007).
Tyramine production is considered a species characteristic of Enterococcus faecalis and also many
strains of Enterococcus faecium possess this ability (Ladero et al., 2012). The E. faecalis tyrDC
region was the first tyrosine decarboxylase locus described in prokaryotes (Connil et al., 2002). In
E. faecalis, upstream the tyrDC gene, an ORF can be found (tyrS), responsible for a tyrosyl tRNA
synthetase involved in an ATP-dependent activation of tyrosine by forming an enzyme-bound
tyrosyl-adenylate intermediate (Marcoba et al., 2012). This tyrS could act as a sensor of the
intracellular tyrosine pool to regulate tyrosine decarboxylation (Linares et al., 2012). The ORF
(tyrP) located downstream of tyrDC encodes a tyrosine-tyramine antiporter. The three genes are co-
transcribed in some strain (Connil et al., 2002, Marcobal et al., 2012). In addition, in enterococci
downstream of tyrP an ORF was found related to a gene encoding for an Na'/H" antiporter (nhaC-
2) (Marcobal et al. 2012; Pessione et al. 2009). It has been demonstrated that the tyrDC of many
tyraminogenic LAB, and especially enterococci, can decarboxylate, athough with a lower
efficiency, phenylaanine producing 2-phenylethylamine, a BA with characteristics very similar to
tyramine (Marcobal et al., 2006a).

Enterococci occur in many different habitats and, due to their association with the gastrointestinal
tract, they are often contaminant in food of animal origin (Franz et al., 2003; Franz et al., 2011).
When present in the raw material, enterococci can survive to the fermentation process and can be
found in fermented foods such as sausages and cheeses in which they can have a relevant role
during ripening (Franz et al., 2011; Giraffa, 2003). Due to their salt and pH tolerance, as well as
their ability to grow over a wide temperature range, these LAB are particularly competitive
especially when the environmental conditions become harsher, and can be a relevant component of

the ripening microbiota of fermented foods. Their beneficial technological properties and their
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positive impact on ripening and aroma formation in fermented sausages, cheeses and olives are
reported by several authors. In addition, some strains showed probiotic features, while many
enterococci produce bacteriocins able to limit the growth of pathogenic and spoilage
microorganisms (Fisher and Phillips, 2009; Franz et al., 2011).

On the other hand, enterococci are among the most common nosocomial pathogens and they can be
responsible for endocarditis, bacteremia, as well as urinary tract, centra nervous system, intra
abdominal and pelvic infections. In addition, enterococci are also known for their multiple
antibiotic resistance (including vancomycin), which is in some case carried on mobile genetic
elements transferable to other microorganisms (Klein, 2003). Moreover, several enterococci
virulence factors have been described, such as cytolysins, aggregation substances and gelatinase
extracellular surface proteins (Foulquié Moreno et al., 2006). Finaly, the presence of excessive
content of tyramine in cheese and fermented meat is often attributed to these microorganisms
(Foulquié Moreno et al., 2006; Joosten and Northolt, 1989; Suzzi and Gardini, 2003; Komprda et
al., 2008Db).

The aim of this research was to study the tyramine and 2-phenylethylamine accumulation by four
tyraminogenic strains of Enterococcus, two belonging to the species E. faecalis (EF37 and ATCC
29212) and two to the species E. faecium (FC12 and FC643). The ability to accumulate BAs was
tested in arich cultural medium, which does not limit enterococcal growth, and in a poor medium
enhancing BA production (Bover-Cid and Holzapfel, 1999). Both media were tested with or
without the addition of the precursor (tyrosine). In addition, the tyrDC gene expression of the four
enterococci was analyzed by reverse transcription-quantitative real time PCR (RT-qPCR) during

growth in rich medium in presence or not of the precursor.
4.1.2. Materialsand methods
4.1.2.1. Enterococcal strains and growth conditions

The strains E. faecalis EF37 and ATCC 29212, E. faecium FC12 and FC643 were stored in 20%
(w/v) glycerol at -80°C and pre-cultivated for 24 h at 37°C in BHI Broth (Oxoid, Basingstoke, UK)
added with 800 mg/I of tyrosine (Sigma-Aldrich, Gallarate, Italy).

After 24 h of pre-cultivation, the microorganisms were inoculated, at a concentration of
approximately 6.5 log CFU/ml, in BHI Broth and in Bover-Cid an