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Abstract The decarboxylation of tyrosine by certain lactic
acid bacteria leads to the undesirable presence of tyramine
in fermented foods. Tyramine is the most frequent biogenic
amine found in cheese and is also commonly found in other
fermented foods and beverages. The tyramine-producing
strain Enterococcus durans TPLA 655 was grown in a
bioreactor under different conditions to determine the
influence of carbon source, tyrosine and tyramine concen-
trations, and pH on tyramine production. The carbon source
appeared to have no significant effect on the production of
tyramine. In contrast, tyrosine was necessary for tyramine
production, while the presence of tyramine itself in the
growth medium inhibited such production. pH showed by
far the greatest influence on tyramine synthesis; tyramine
was produced in the greatest quantities at pH 5.0, although
this was accompanied by a reduced growth rate.
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Introduction

Biogenic amines (BA), which are found in a number of
foods, are organic bases with an aliphatic, aromatic, or
heterocyclic structure. With the exception of the physio-
logical polyamines, they are mainly produced by the
microbial decarboxylation of amino acids (Silla Santos
1996). The consumption of foods with high BA concen-
trations can lead to different degrees of food intolerance.
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Even low BA concentrations can be problematic if the
individual’s natural detoxification mechanisms are inhibited
or deficient. Tyramine and histamine can evoke symptoms
such as alterations in blood pressure, headache, urticaria,
nausea, and vomiting (Shalaby 1996). Putrescine and
cadaverine can also react with nitrite to form carcinogenic
nitrosamines.

Fish, cheese, and wine are the foodstuffs most common-
ly associated with BA poisoning. In raw fish products,
histamine is produced by Gram-negative bacteria, but in
fermented products it is usually produced by lactic acid
bacteria (LAB). LAB in fermented foods also produce
tyramine, putrescine, and cadaverine, although it is impor-
tant to highlight that the capacity to produce BA is highly
strain-dependent.

The accumulation of BAs in foods requires the presence
of microorganisms that produce specific amino acid
decarboxylases. The availability of amino acid substrates
and other variables such as temperature, pH, a,, redox
potential, and NaCl concentration affect the synthesis of
these enzymes and their activity (Suzzi and Gardini 2003).
Decarboxylase enzymes may have been developed by
bacteria to help them survive and grow in acidic environ-
ments (Bearson et al. 1997). They are, in fact, inactive at
neutral and alkaline pH (Schelp et al. 2001), suggesting that
pH plays an important role in BA production. Although the
exact physiological role of BAs remains unknown, they
may be involved in acid stress resistance (Gale 1946).
However, the literature contains conflicting information in
this regard. While some authors report a correlation
between the reduced pH caused by lactic fermentation in
sausages and BA production (Eitenmiller et al. 1978§;
Santos-Buelga et al. 1986), others conclude that the main
biological feature influencing BA formation is simply the
extended growth of BA-producing microorganisms
(Gardini et al. 2001). Recently, Marcobal et al. (2006)
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studied the influence of pH, tyrosine, and pyridoxal-5-
phosphate (PLP) on tyramine production by Enterococcus
faecium and Lactobacillus brevis, and concluded that a low
pH and a high tyrosine concentration favor its production
by these strains.

Cheeses are among the fermented foods that accumulate
the highest concentrations of BA, with LAB as (Entero-
coccus and Lactobacillus) the main microorganisms re-
sponsible. Higher BA concentrations are usually detected in
cheeses made with raw milk than in those made with
pasteurized milk. Certainly, enterococci are the predomi-
nant bacteria in fully ripened raw milk cheese (review:
Foulquie Moreno et al. 2006).

Because tyramine is the most frequent BA found in
cheese (Novella-Rodriguez et al. 2003) and can reach
concentrations higher than 1 g/kg of cheese (Fernandez et
al. 2006), its production under different conditions was
studied. The main aim of the present work was to determine
the effect of pH on tyramine production by Enterococcus
durans IPLA 655, one of the Enterococcus species most
commonly isolated from raw milk cheeses (Delgado and
Mayo 2004; Psoni et al. 2006). Experiments were
performed in a bioreactor under controlled conditions of
pH. The influence of the carbon source, substrate (tyrosine)
concentration, and the concentration of tyramine itself on
the growth of this bacterium and its production of tyramine
was determined in batch cultures.

Materials and methods
Bacteria and culture conditions

E. durans TPLA 655, formerly Lactococcus lactis TPLA
655, was the tyramine-producing strain used in this work.
The nontyramine-producing strain E. durans IPLA 655
tdcA, which has the tdcA gene truncated by the integration
of a plasmid by homologous recombination (Fernandez et
al. 2004), was also used in one part of the study. Both
strains were statically propagated at 30°C in M17 broth
(Oxoid, Basingstoke, Hampshire, England) supplemented
with 0.5% (w/v) glucose (GM17). When necessary, the
culture medium was supplemented with tyrosine (10 mM)
and pyridoxal-5-phosphate (PLP) (0.005% w/v). Other
conditions are indicated in the text.

An overnight culture of E. durans IPLA 655 grown in
GM17 and 10 mM tyrosine was washed and resuspended in
the same volume of potassium phosphate buffer (50 mM
pH 7.0) and used as an inoculum (1% v/v) in all
fermentation assays. All such assays were performed in
GM17 broth supplemented with 10 mM tyrosine.

Flasks containing 5 ml of culture medium were used for
uncontrolled pH fermentations (30°C, 6 h). Under these

conditions, four different carbon sources (glucose, lactose,
sucrose, and galactose) at 10 g 1! were assayed.

A concentration of 5 g 1" glucose was chosen for
further assays in which the effect of several concentrations
of tyrosine (0, 0.5, 2.5, 5, 7.5, and 10 mM) and tyramine
(0,1, 2, and 5 mM) on tyramine production were tested.

For batch fermentations at controlled pH, a 2-1 bioreactor
vessel (750 ml working volume) (Biostat B, Braun-Biotech,
Melsungen, Germany) was employed. pH was measured
using an InPro 3000/225 pH probe (Mettler-Toledo,
France), and controlled by the automatic addition of 2 N
NH4OH. The agitation speed was 30 rpm. Cultures were
grown at different pH (uncontrolled, 5.0, 6.0, and 6.8) at
30°C for 24 h. No control of pO, was undertaken. An
overnight culture grown in the presence of 10 mM of
tyrosine was used as the inoculum (1% v/v).

16S ribosomal RNA gene sequence-based strain
classification

The gene encoding the 16S rRNA of the tyramine
producing-strain from the IPLA (Instituto de Productos
Lacteos de Asturias, CSIC, Spain) collection, originally
classified as Lactococcus lactis IPLA 655 (Cuesta 1996)
was PCR-amplified using the primers and conditions
described by Edwards et al. (1989). The amplicon was
purified using the GelElute PCR Clean-up Kit (Sigma-
Genosys, Haverhill, UK) and the nucleotide sequence
determined using an ABI Prism 373 A Strech automated
sequencer [performed by the Servicio de Secuenciacion
Automatica de DNA—the Automatic DNA Sequencing
Service (CIB, CSIC, Spain)]. The sequence was compared
with those in databases using the BLASTN program
(Altschul et al. 1997).

Measurement of specific growth rate

The maximum specific growth rate (uma.x) Was deter-
mined experimentally in the exponential growth phase as:
e = [In (X1 /X0)]/ (61 — t9)] s, where Xy and X are the
biomass (g 17') at times ¢, and #, (O’Sullivan and Condon
1999).

Analyses

Samples were taken aseptically at regular intervals, and
bacterial growth monitored by absorbance at 600 nm using
a Biophotometer (Eppendorf, Hamburg, Germany).

To determine the viable cell count, serial dilutions of
culture samples were made in quarter-strength Ringer’s
solution and deep plated in duplicate on GM17 agar and
incubated for 48 h at 30°C.
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The quantitative analysis of tyramine production was
undertaken by reverse-phase high performance liquid
chromatography (RP-HPLC) using a Waters liquid chro-
matograph controlled by Millenium 32 Software (Waters,
Milford, MA, USA). The samples were prepared by
centrifugation at 8,000xg for 10 min. The resulting super-
natants were filtered using Millipore 0.2 pum filters and
derivatized using dabsyl chloride, as described by Krause et
al. (1995). Separations were performed using a Waters
Nova-pack C;g column (150%3.9 mm). Usually, 10 ul of
the derivatized sample was injected and detection per-
formed at 436 nm. The solvent gradient and detection
conditions were similar to those described by Krause et al.
(1995).

Tyrosine decarboxylase activity test

The relationship between tyrosine decarboxylase activity
and pH was analyzed using the tyrosine decarboxylase
activity test (Le Jeune et al. 1995). Cells from an overnight
culture (10® cfu/ml) were harvested by centrifugation,
washed twice, and ten-fold diluted in 30 mM potassium
phosphate buffer (pH 5.0). The change in pH was measured
over the incubation period (2 h at 30°C), in the presence
and absence of 10 mM tyrosine.

Determination of organic acids and sugars by HPLC

Sugar and organic acid concentrations were determined
using a chromatographic system composed of an Alliance
2690 module injector, a Photodiode Array PDA 996
detector, and a 410 Differential Refractometer detector, all
controlled with Millennium 32 software (Waters, Milford,
MA, USA). Supernatants (50 pl) were isocratically sepa-
rated in a 300x7.8 mm HPX-87H Aminex ion-exchange
column (Hewlett Packard, Palo Alto, CA, USA) protected
by a cation H" Microguard cartridge (BioRad, Laboratories,
Richmond, CA, USA), at a flow rate of 0.7 ml/min and a
temperature of 65°C. Sulfuric acid (3 mM) was used as the
mobile phase. A PDA 996 detector at 210 nm was used to
identify and quantify the organic acids detected, whereas
the sugars were analyzed with a 410 Refractometer.
Solutions of lactic and acetic acids, glucose, galactose,
lactose, and sucrose were used as standards in the
identification and quantification procedure.

Nucleotide sequence accession number
The nucleotide sequence reported in this study was

submitted to EMBL Nucleotide Sequence Database under
the accession no. AM292057.
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Results

The tyramine producing-strain L. lactis IPLA 655
was reclassified as E. durans IPLA 655 based
on its 16S rRNA sequence

The gene encoding the 16S rRNA of the tyramine-
producing strain originally classified as L. lactis IPLA
655 (Cuesta 1996) was PCR-amplified and sequenced. The
nucleotide sequence was compared with those in databases
and found to be 100% identical to that of E. durans.
Consistently, the strain was reclassified as E. durans IPLA
655.

Effect of different carbon sources on tyramine production

E. durans TPLA 655 was grown at 30°C for 6 h in M17
medium supplemented with 10 mM tyrosine (a tyramine
precursor) and with glucose, sucrose, lactose, or galactose
as carbon sources. The influence of the carbon source
(10 g I'") on growth and tyramine production was
determined at the end of the incubation period (6 h). The
experiments were done by duplicate and the differences were
not significant. Table 1 summarizes the results obtained;
similar growth rates were found with all carbon sources.
Under all the conditions assayed, at least 40% of the
sugar was still available in the culture medium after 6 h of
growth. E. durans IPLA 655 showed a homolactic
metabolic pattern, with lactic acid as the main product of
fermentation. The highest lactic acid concentration (5.3 g1°")
was recorded when the cells were grown with glucose as a
carbon source. When lactose, galactose, and sucrose were
used as carbon sources, the lactic acid concentrations reached
were 4.8, 2.6, and 0.56 mg/ml, respectively. The final pH
was also determined in the different media. As expected, the

Table 1 Tyramine production by E. durans IPLA 655 with different
carbon sources

Carbon source

Glucose Sucrose Lactose Galactose
fimmax (K1) 1.25 1.20 1.27 1.23
oD 1.64 1.02 1.63 1.48
Lactate (g 1" 5.3 0.56 4.8 2.6
pH of culture 5.15 6.36 5.39 5.83
Tyramine (mM) 9.2 7.6 8.3 7.9
Consumed sugar 5.49 3.97 6.13 4.32

gl

Cultures were grown at 30°C for 6 h in M17 medium supplemented
with 10 mM tyrosine and 1% (w/v) glucose, sucrose, lactose, or
galactose as carbon sources. Values are the mean of two independent
measurements.



Appl Microbiol Biotechnol (2007) 73:1400-1406

1403

highest lactic acid concentration corresponded to the lowest
pH measured (Table 1).

Differences in tyramine production were also detected
and seemed to be related to the ability of the strain to grow
and, consequently, reduce the pH. In fact, the lower the pH
reached, the greater amount of tyramine produced. The
cultures grown with glucose showed the greatest tyramine
synthesis and the lowest pH. Those grown with sucrose
produced the smallest quantities of tyramine and had the
highest pH.

Effect of tyrosine and tyramine concentrations on tyramine
production

E. durans TPLA 655 was grown at 30°C for 6 h in GM17.
Several tyrosine concentrations (0, 0.5, 2.5, 5, 7.5, and
10 mM) were provided to determine their influence on
tyramine production; similar optical density (OD) values
were observed in the different cultures. In the absence of
tyrosine, no tyramine was detected. Increasing tyrosine to
7.5 mM substantially increased the tyramine level in the
culture supernatants. However, higher tyrosine concentra-
tions led to no greater BA production (Table 2).

Different concentrations of tyramine (0, 1, 2, and 5 mM)
were added to the culture medium in order to evaluate their
effect on the production of tyramine itself. The bacterium
was grown in GM17 supplemented with 10 mM of tyrosine
and the indicated tyramine concentrations (Table 3). No
differences in the OD value of the cultures were observed.
The greater the tyramine concentration added to the culture
medium, the smaller the tyramine production (Table 3). The
experiments were done by duplicate and no significant
differences were found.

Effect of pH on tyramine production

The influence of pH (uncontrolled, 5.0, 6.0, and 6.8) on
bacterial growth and tyramine synthesis was determined in
bioreactor batch cultures grown in GM17 broth supple-
mented with 10 mM tyrosine for 24 h at 30°C. Samples
were taken at different times (Fig. 1). A clear influence on

Table 2 Tyramine formation by E. durans IPLA 655 in GM17 media
supplemented with different amounts of tyrosine

Tyrosine added (mM) Tyramine produced (mM)

0 0
0.5 0.35
2.5 1.89
5.0 4.8
7.5 72
10 7.2

Values are the mean of two independent measurements.

Table 3 Influence of tyramine concentration on E. durans IPLA 655
tyramine production

Tyramine added (mM) Tyramine produced® (mM)

0 8.13
1 6.36
2 4.45
5 2.40

The cells were growth in GM17 supplemented with 10 mM tyrosine
and the tyramine concentration indicated in the table. Values are the
mean of two independent measurements.

@ Tyramine produced was calculated as the difference between the
tyramine supernatant concentration and the amount of tyramine
added.

tyramine production was observed. Under the uncontrolled
pH conditions (the initial pH was 6.8), tyramine was
detected in the culture supernatants after 4 h of incubation
and it continued to increase until the end of the incubation
period (final content 6.2 mM; pH 5.8). In the cultures
grown at pH 6.0 and 5.0, tyramine was detected after just
2 h of incubation. From 4 h onwards, a continuous increase
in tyramine production was observed under the pH 6.0 and
5.0 conditions. A concentration of 16 mM was reached at
the end of the incubation period at pH 5.0. It is noteworthy
that under the pH 6.8 conditions, the quantity of tyramine
produced was smaller (3.2 mM). It is to be expected that a
suboptimum pH would affect bacterial growth. In fact, a
clear difference in the py,. Was seen between the cultures
grown at pH 6.0 (0.81 h™') and 5.0 (0.7 h™') and those
grown at pH 6.8 (1.22 h™ ).

Effect of tyramine production on culture pH

To determine whether tyramine production by E. durans
IPLA 655 had any effect on the culture pH, cells from an
overnight culture grown in GMI17 supplemented with
10 mM tyrosine were centrifuged and suspended in
potassium phosphate assay buffer in the presence or
absence of tyrosine. The effect of the tyramine-producing
bacteria on pH was compared with that of the nonproducing
strain E. durans IPLA 655 tdcA (Fig. 2).

In the presence of tyrosine, the tyramine-producing
strain provoked an increase in pH. No pH variations were
observed under any other conditions (Fig. 2). As expected,
HPLC analysis of these samples showed that tyramine was
only detected when the tyramine-producing strain was
present.

Discussion

Different authors have reported that the production of BA
in cheese is limited by the amount of precursor available

@ Springer



1404

Appl Microbiol Biotechnol (2007) 73:1400-1406

Fig. 1 Growth curve (/ines) and 18 +
tyramine production (bars) for
E. durans IPLA 655 in a
bioreactor at different controlled
(6.8, 6.0, and 5.0) and
uncontrolled pH

Tyramine (mM)

(Ordofiez et al. 1997; Novella-Rodriguez et al. 2004;
Fernandez et al. 2006). Moreno-Arribas and Lonvaud-
Funel (1999) showed that the tyrosine decarboxylase
activity of L. brevis depended on the availability of
tyrosine. In the present work, tyramine production by E.
durans TIPLA 655 in GM17 supplemented with different
tyrosine concentrations was quantified (Table 2). Unsur-
prisingly, the presence of tyrosine was found to be
necessary for tyramine synthesis, and a good correlation
was seen between increased availability of this precursor
(up to 7.5 mM) and tyramine production. A saturation
effect was observed at higher concentrations, possibly
related to the low solubility of tyrosine.

The effect of tyramine itself in the culture medium was
also assayed. As expected, the addition of tyramine led to a
reduction in tyramine production. The inhibition of amino

—8— 655

— B 655tCA
—A— 655

vtk G55LACA

0 50 100 150 200 250 300

Time (min)
Fig. 2 Effect of tyrosine decarboxylase on pH. Tyramine-producing
(655) and nonproducing strains (655 tdcA) were incubated in the

presence (filled triangle) or absence (filled square) of tyrosine and the
pH monitored for 300 min
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acid decarboxylation by histamine has also been studied.
Coton et al. (1998) showed that this BA behaves as a
competitive inhibitor of histidine decarboxylase in Leuco-
nostoc oenos 9204. It has also been suggested that the
histidine/histamine membrane antiport system is also
inhibited by high histamine concentrations in this same
strain (Rollan et al. 1995). Moreno-Arribas and Lonvaud-
Funel (1999) showed that tyrosine decarboxylase activity in
L. brevis IOEB9809 is reduced in the presence of tyramine.
This might also explain the effect seen in E. durans IPLA
655.

Some amino acid degradation pathways, such as arginine
deaminase, depends on the carbon source available being
repressed by glucose (Poolman et al. 1987). It has been
proposed that the expression of the hdc gene (which codes
for histidine decarboxylase) in Lactobacillus hilgardii is
under catabolic repression (Landete et al. 2003). However,
little information is available on the effect of the carbon
source and its concentration on tyrosine decarboxylation,
although Connil et al. (2002) showed that increasing the
glucose concentration does not greatly affect tyramine
production in sterile-salmon extract. The present results,
however, indicate that the nature of the carbon source does
have a slight effect on tyramine production. Nevertheless,
the differences in tyramine content detected in the culture
supernatants might simply reflect that E. durans IPLA 655
prefers some carbon sources to others. Moreover, differ-
ences were observed in the pH when the different carbon
sources were used. These data therefore seem to indicate
that pH is a crucial factor in tyramine synthesis. This is in
agreement with previous observations describing an acidic
pH to be optimum for tyrosine decarboxylase (Moreno-
Arribas and Lonvaud-Funel 1999). Some authors have
described amino acid decarboxylation as one of the acid
stress resistance mechanisms that control intracellular pH
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(Lin et al. 1996; Sanders et al. 1998). Recently, the
influence of the pH of the medium on tyramine production
was described in E. faecium and L. brevis (Marcobal et al.
2006). However, other authors indicate that the pH has no
effect on tyramine production, a reduction in the culture pH
simply reducing the growth rate and, in turn, the BA
synthesis (Gardini et al. 2001). The present work—which is
the first to study the growth of the tyramine-producing
strain E. durans IPLA 655 under different controlled pH
conditions—shows the influence of pH on BA synthesis.
Moreover, a certain uncoupling between growth and
tyramine synthesis seems to occur. In fact, the greatest
tyramine production was observed in 24 h cultures at
pH 5.0 and 6.0 (16 and 8 mM, respectively). These cultures
clearly showed lower optical densities and growth rates
throughout the incubation period than did cultures grown at
pH 6.8 or under uncontrolled pH conditions. The tyramine
content of the latter culture supernatants was also lower (3.2
and 6.2 mM, respectively). It should be noted that tyramine
was detected very early in the growth curve (2 h) under
acidic culture conditions. Under the other pH conditions
(uncontrolled and pH 6.8) a delay in tyramine detection was
noted; indeed, appreciable amounts of tyramine were only
seen after 8 h of incubation. The present results therefore
corroborate the dependence of tyramine synthesis by E.
durans TPLA 655 on pH. This could be related to stronger
expression of the decarboxylase and antiporter genes and/or
to greater activity of the decarboxylase enzyme.

Overall, the present results contribute to a better
understanding of the factors affecting BA production by
LAB. The final aim of this kind of study is to determine the
conditions that help avoid the accumulation of these toxic
compounds in foods. This work shows that tyramine
production by E. durans TPLA 655 is favored by high
concentrations of the amino acid substrate tyrosine and by
acidic pH. Such conditions would be difficult to prevent in
fermented foods. In fact, in most types of cheese, they are
even desirable because proteolysis (with the consequent
liberation of free amino acids) and acidification are very
important factors in the quality of the final product.
Therefore, minimizing tyramine accumulation by changing
the production conditions would seem not to be the answer.
Rather, the solution is to prevent the appearance of
tyramine-producing bacteria. In this respect, the use of
pasteurized milk acquires special importance (Ordofiez et al.
1997; Novella-Rodriguez et al. 2004).
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