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1. Las aminas biégenas: definicién y efectos fisioldgicos

Las aminas bidgenas son compuestos organicos (bases nitrogenadas) de bajo peso
molecular, encontradas frecuentemente en alimentos fermentados como vino, queso,
salchichas, etc.

Las caracteristicas quimicas y funciones bioldgicas de las aminas son muy diversas,
pudiendo tener efectos beneficiosos o perjudiciales en los seres humanos. Asi, algunas
aminas como la putrescina, parecen que ser esenciales para el crecimiento y la
proliferacion celular en organismos vivos. Sin embargo, otras aminas bidgenas como la
histamina y tiramina tienen efectos perjudiciales sobre la salud de los humanos ya que
pueden producir nduseas, calor stibito, sudoracion, dolor de cabeza e hiper o hipotension.

Por ello, y porque también tienen influencia sobre las caracteristicas organolépticas
de los alimentos, el contenido de éstas deberia ser muy bajo. Asi, la mayor parte de los
estudios sobre las aminas bidgenas en alimentos tiene como principal objetivo el disminuir
la concentraciéon de éstas. Por tanto, todos los elementos que favorecen la seguridad
nutricional de cualquier producto alimentario estimulan la labor de la investigacion, a su
vez, la investigacion en los productos alimentarios pretende mejorar la formacion e
informacion del consumidor, sobre todo hoy en dia en el que nos enfrentamos a un
mercado de alta competitividad.

Aunque existe un elevado nimero de aminas bidgenas, en este trabajo nos
centraremos en el estudio de la histamina, tiramina, feniletilamina y putrescina; algunas

otras aminas como cadaverina y triptamina también seran contempladas en este trabajo.

1.1 Histamina

La histamina o B-aminoetilimidazol, amina heterociclica, es una molécula hidréfila
compuesta de un anillo imidazol y un grupo amino unidos por dos grupos metileno (Figura
1).

La histamina exdgena es ingerida a través de los alimentos que la contienen como
el pescado, quesos y vinos o embutidos. La sintomatologia que mas frecuentemente
produce en el hombre es una ligera hipotension arterial, picor, enrojecimiento facial, dolor
de cabeza, e incluso diarrea. La aparicion de estos sintomas varia entre algunos minutos y
varias horas (no mas de tres) desde la ingestion. Normalmente, todos los sintomas remiten

entre las 12 y las 24 horas sin dejar secuelas. En los casos mas graves puede producir



Introduccion

calambres, nauseas sin vomitos y diarrea, asi como espasmos bronquiales, sofoco y
trastornos respiratorios graves que suelen confundirse con una crisis alérgica.

La cefalea producida por la ingesta de vino tinto estd relacionada con la
concentracion de histamina y tiramina y es de mecanismo vascular y de tipo migrafiosa, Se
produce por una dilatacién de los vasos sanguineos (vasodilataciéon) que provoca un
aumento de la presion en la cabeza lo cual ocasiona el dolor. Las personas normales se
defienden de los efectos de la histamina ingerida mediante sistemas de destoxificacion
naturales que posteriormente comentaremos. Los individuos que padecen cefaleas tras el
consumo de vino o de alimentos con histamina presentan una especial sensibilidad a las
aminas por una baja actividad de estos sistemas de destoxificacion, lo que lleva a un
exceso de absorcion de histamina.

Ademas de la histamina exégena que hemos comentado, la histamina es producida
también por los mamiferos desempefiando importantes actividades fisiologicas como la
regulacion de la secrecion del acido en el estomago, la actuacion como neurotransmisor en
el sistema nervioso central y como mediador en los fendémenos alérgicos. Dado que es uno
de los mediadores preformados almacenados en las células cebadas, su liberaciéon como
consecuencia de la interaccion del antigeno con los anticuerpos IgE en la superficie de
dicha célula interviene decisivamente en las respuestas de hipersensibilidades inmediatas y
alérgicas. Las acciones de la histamina en musculo liso de bronquios y de vasos sanguineos
explican en parte los sintomas de la reaccion alérgica como el asma y el enrojecimiento.
Ademas, algunos farmacos de utilidad clinica tienen como efecto secundario la liberacion
de histamina por las células cebadas, explicandose algunos de sus efectos adversos.

Se conocen dos vias importantes del catabolismo de la histamina en seres humanos,
la més generalizada incluye la metilacion del anillo que es catalizada por la enzima
histamina-N-metiltransferasa (Hirata y cols. 1999). Gran parte de la N-metilhistamina
producida es transformada por la monoaminooxidasa (MAQO) a acido N-metilimidazol
acético; dicha reaccion puede ser bloqueada por los inhibidores de la MAO. Por ello, los
individuos que toman ciertos tipos de medicamentos inhibidores de la MAO o que por
causas genéticas son incapaces de producirlas tienen menor capacidad de destoxificar la
histamina y tienen mayores riesgos de padecer trastornos si consumen ciertos tipos de
alimentos que contienen histamina (quesos, vino, cerveza, pasas, higos envasados,
bananas, etc.). El etanol es un inhibidor la MAO, por lo que la ingestion de alimentos con
alto contenido en histamina combinada con el consumo de bebidas alcohoélicas puede tener

efectos perjudiciales para la salud (Scheyder, 1973; Stratton y cols. 1991). En la otra via
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catabolica, la histamina es sometida a desaminacion oxidativa, reaccion que es catalizada
por la diaminooxidasa (DAO), el producto intermediario de esta reaccion es el acido
imidazol acético y el final su ribésido. Los catabolitos poseen poca o nula actividad sobre

el hombre y son excretados por la orina.

CH,CH;NH,

Figura 1. Histamina
1.2 Tiramina

La tiramina es una monoamina aromatica, se trata de una molécula con un grupo
benceno que posee un radical nitrogenado (-NH») y un grupo (-OH) en posicion 4 (Figura
2).

Esta amina se encuentra frecuentemente en alimentos fermentados como vino,
cerveza, embutidos y quesos, siendo en este Gltimo donde se han encontrado los niveles
mas altos de esta amina bidgena. La tiramina tiene efectos vasoconstrictivos sobre los
vasos cerebrales y sistémicos. Los sintomas aparecen en un intervalo de pocos minutos a
pocas horas tras la ingesta de alimentos que contengan tiramina e incluyen palpitaciones,
dolores fuertes de cabeza, hipertension, sofocos, transpiracion abundante, cuello rigido,
nauseas, vomitos y postracion. Los mas tipicos son los dolores de cabeza y la hipertension.
La duracion de los sintomas usualmente varia de 10 minutos a 6 horas.

La tiramina produce ademas la liberacion de noradrenalina, que estimula la
produccion de histamina y de prostaglandinas, mediadores inflamatorios de muchos
procesos (Thoenen y cols. 1967; Collier y cols. 1976). La mayoria de los individuos
pueden ingerir importantes cantidades de tiramina y no sufrir efectos adversos. No es
peligrosa para la mayoria porque es destoxificada en el tracto gastrointestinal por la enzima
MAO. Al igual que en el caso de la histamina, la MAO convierte la tiramina en productos
menos toxicos. Si la actividad de la MAO esta inhibida y/o es reducida por causas

genéticas tendrd las mismas consecuencias que las comentadas antes para la histamina.
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CH,CH,NH,

OH

Figura 2. Tiramina

1.3 Feniletilamina

La feniletilamina es otra monoamina aromatica que a diferencia de la tiramina no
posee un grupo (-OH) (Figura 3). También se encuentra en alimentos fermentados, aunque
normalmente en cantidades inferiores a la tiramina (Inocente y D'Agostin, 2002; Jiménez-
Moreno y cols. 2003; Novella-Rodriguez y cols. 2004).

Al igual que la tiramina, la feniletilamina es capaz de dilatar el calibre de los vasos
sanguineos y, especialmente el de las arterias. Entre los sintomas mads frecuentes que
produce la ingestion de feniletilamina puede causar sintomas similares a los anteriormente
comentados para la tiramina y la destoxificacion de esta amina es producida también por la
MAO. Ademas de los efectos que comparte con la tiramina la feniletilamina estimula la
liberacién de otro neuroquimico llamado dopamina, que libera la oxitocina, hormona
involucrada en la lactancia y en el parto. Los cientificos tienen ahora evidencia de que esta
hormona es expelida tanto por el hombre como la mujer en la primera atraccion, y llega a
su maximo nivel durante el orgasmo, de manera que desde hace unos afios la feniletilamina

se le ha relacionado con el enamoramiento.

CH,CH,NH,

Figura 3. Feniletilamina
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1.4 Putrescina

La putrescina, amina alifatica al igual que la cadaverina, la espermidina y
espermina, es una poliamina, ya que posee un grupo (NH;) en cada extremo de la cadena
(Figura 4). Se trata de una molécula de gran importancia a nivel fisiologico. La putrescina
al igual que otras poliaminas son compuestos relacionados con el crecimiento y
diferenciacion celular. El efecto de las poliaminas sobre el crecimiento se debe a que
estimulan la replicacion del DNA y favorecen la sintesis de proteinas (Bitonti y cols.
1984).

Ademas de estos efectos a nivel molecular, la putrescina reduce la presion arterial
en humanos y puede potenciar los efectos negativos sobre la salud humana causados por
las aminas bidgenas anteriormente comentadas. Ademas, la presencia de ciertos niveles de
putrescina en alimentos esta relacionada con olores y sabores desagradables. Asi Woller
(2005) coment6 que cantidades de 10 a 15 mg/L de putrescina en vinos blancos producen
un sabor desagradable, mientras que 10 a 20 mg/L de esta amina pueden redondear el sabor
de los tintos; no obstante, concentraciones superiores a 30 mg/L comunican a estos vinos
un aroma maloliente o putrido.

En mamiferos se ha observado el catabolismo de la putrescina y otras poliaminas
por la DAO (Siatkin y Galaev, 1977), enzima que hemos comentado anteriormente. Los

productos del catabolismo de la putrescina por la DAO son: 4-aminobutanal, H,O, y NHs.
H,NCH,CH,CH,CH,NH,
Figura 4. Putrescina

1.5 Otras aminas bidgenas

Entre ellas podemos citar la cadaverina: amina alifatica, similar a la putrescina que
presenta un carbono mas en su cadena hidrogenocarbonada (Figura 5). La agmatina
(Figura 6) es otra amina alifdtica que sirve de intermediario para la formacion de
putrescina. Otra amina que aparece con frecuencia en alimentos es la triptamina (Figura 7),
se trata de una amina que al igual que la tiramina y la feniletilamina posee un anillo

aromatico.
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H NCH_(CH.)-CH,NH,

Figura 5. Cadaverina
H,NC(NH)NHCH,CH,CH,CH,NH,

Figura 6. Agmatina

N CH,CH,NH,

I |

N
H
Figura 7. Triptamina

1. Aminas bidégenas en vinos

Segun Lehtonen (1996) se han encontrado al menos 24 aminas biégenas diferentes
en vinos (Tabla 1).

La presencia de aminas bidgenas en vinos ha despertado bastante interés desde hace
afios, asi Ough en 1971 determind la presencia de histamina en vinos de California y desde
entonces han sido bastantes los trabajos publicados sobre la presencia de este tipo de
compuestos en vino. Gloria y cols. (1998) estudiaron la concentracion de aminas bidgenas
en vinos de Oregon (USA) procedentes de las variedades de uva Pinot Noir y Cabernet
Sauvignon, encontrando que la putrescina era la amina mas abundante seguida de la
histamina y tiramina respectivamente en ambos vinos. Herbert y cols. (2005) estudiaron la
concentracion de aminoacidos y aminas bidgenas en mostos y vinos de la region de
Alentejo (Portugal). En este trabajo también analizaron la evolucion de las aminas durante
la fermentacion alcohdlica y la existencia de relaciones entre la concentracion de
aminoacidos y aminas y la variedad de uva, la zona geografica y la anada. Estos autores
encuentran que todos los factores comentados influyen en la concentracion de aminoéacidos

del mosto y de aminas bidgenas en el vino; ademas encuentran que las variedades con un
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nivel mas alto de aminas bidgenas eran también las que presentaban un mayor contenido
en aminoacidos libres en el mosto. Mafra y cols. (1999) cuantificaron las aminas bidgenas
en vinos resultantes de varios procesos de vinificacion usados en Portugal: vinos de
Oporto y Madeira, Moscatel, verdes, blancos y tintos, encontrando que los diferentes
procesos de vinificacion influian en la concentracion de aminas bidgenas. Los vinos tintos
son los que presentaban la mayor concentracion de aminas bidgenas, mientras que los
vinos fortificados presentan una concentracion relativamente baja. A pesar de las
diferencias encontradas, Mafra y cols. (1999) afirman que las concentraciones de aminas
en los vinos Portugueses son bajas, y por ello no representan un peligro toxicologico.
Véazquez-Lasa y cols. (1998) realizaron un estudio sobre la presencia de aminas en
vinos de la Rioja (blancos, rosados y tintos jovenes, de crianza y reserva) encontrado que
los vinos tintos tenian una concentracion de histamina significantemente superior a la
encontrada en vinos blancos y rosados, sin embargo, no encontraron diferencias
significativas entre los vinos jovenes y los vinos de crianza y reserva. Los trabajos de
Vidal-Carou y cols. (1990) y Soufleros y cols. (1998) muestran que la formacion de
histamina y tiramina es mas pronunciada durante la fermentacion malolactica que durante
la fermentacion alcoholica. Jiménez-Moreno y cols. (2003) realizaron un estudio sobre la
variacion de concentracién de aminas bidogenas durante el envejecimiento del vino tinto en
barricas de roble. Los resultados que obtuvieron fueron que las concentraciones de
histamina y tiramina aumentaban durante el periodo inicial de estancia en barrica pero
posteriormente disminuian, debido probablemente a su degradacion. No observaron, sin

embargo, disminucion en los contenidos de putrescina y cadaverina.
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TABLA 1. Aminas encontradas en vinos (Lethonen y cols. 1996)

Butilamina Metilamina
Cadaverina 2-Metilbutilamina
1,5- Diaminopentano Morfolina
Dietilamina Pentilamina
Dimetilamina Fenentilamina
Etanolamina Piperidina
Etilamina Propilamina
Hexylamina Putrescina
Histamina Pirrolidina
Indol 2-Pirrolidone
Isopentilamina Serotonina
Isopropilamina Tiramina

2.1 Enzimas gue intervienen en la formacioén de aminas bidégenas

La histamina se produce por la descarboxilacion del aminoédcido histidina por la
histidina descarboxilasa. La tiramina se forma por la descarboxilacion de la tirosina por la
tirosina descarboxilasa. La feniletilamina por la descarboxilacion de la fenilalanina por la
fenilalanina descarboxilasa y también por la tirosina descarboxilasa (Tabla 2), que tiene

afinidad por este sustrato aunque menor que por la tirosina (Boeker y Snell, 1972).

R-CH(NH,)-COOH - R-CH,-NH, + CO,

La biosintesis de las poliaminas comienza por la conversion de ornitina en
putrescina por accion de la ornitina descarboxilasa (ODC). Esta enzima es fundamental en
la regulacion de la sintesis de poliaminas. Una via alternativa para la sintesis de putrescina
implica a la arginina descarboxilasa (ADC), cuyo sustrato es el aminoacido arginina. Este
enzima fue inicialmente descrito en plantas y bacterias y recientemente se ha encontrado
en ciertos tejidos de mamiferos. La descarboxilacion de la arginina produce agmatina que

puede ser transformada directamente a putrescina en bacterias por la agmatina deiminasa o
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indirectamente mediante la formacion del intermediario N-carbamilputrescina y la accion
secuencial de la agmatinasa y de la N-carbamilputrescina hidrolasa.

Otras aminas como la cadaverina se originan por descarboxilacion de la lisina por
la lisina descarboxilasa. La triptamina se produce por la descarboxilacion del triptéfano por
la triptofano descarboxilasa.

Es posible que la propia vid pueda producir estos enzimas; se ha descrito la
presencia del enzima arginina descarboxilasa en Vitis vinifera (Primikirios y Roubelakis-
Angelakis, 1999) lo cual explicaria la presencia de agmatina y putrescina en el mosto.
Ademés, muchas de estas aminas descarboxilasas (Tabla 2) se encuentran en los
microorganismos asociados al proceso de vinificacion, asi los posibles productores de tales
enzimas podrian ser en principio los microorganismos presentes en el vino. Torrea y Ancin
(2002) encontraron como la isoamilamina y etilamina se ha producido durante la
fermentacion alcoholica, atribuyéndose a las levaduras su formacion. Caruso y cols.
también observaron en 2002 la influencia de las levaduras en la formacion de aminas
bidgenas en vino, algunas cepas de Kloeckera apiculata, Brettanomyces bruxellensis y
Metschnikowia pulcherrima formaban agmatina y B-feniletilamina con una variabilidad
considerable, mientras que Saccharomyces cerevisiae produce etanolamina, también en
cantidades variables (desde trazas hasta 16 mg/L). Torrea y Ancin ya en el 2001 habian
observado una interrelacion entre las levaduras, las aminas bidgenas y la utilizacion de
aminoacidos durante la fermentacion. Sin embargo, las bacterias lacticas son el grupo
microbiano que mas se ha relacionado con la generacion de aminas bidgenas y mas
ampliamente se ha estudiado, mas tarde nos centraremos en las bacterias lacticas como
productoras de aminas bidgenas.

Ademas de la formacioén de aminas bidgenas por microorganismos vivos en el vino,
debemos de considerar que, aunque la localizacion de las enzimas amino descarboxilasas
es intracelular, cuando las c€lulas se lisan son vertidas fuera de la célula y son capaces de
seguir produciendo la amina correspondiente durante el envejecimiento del vino (Coton y

cols. 1998).
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TABLA 2. Aminas bidgenas, precursores y enzimas responsables de la produccion de esa
amina.

Amina biogénica Precursor Enzima
Histamina Histidina Histidina descarboxilasa
Tiramina Tirosina Tirosina descarboxilasa
Feniletilamina Fenilalanina Fenilalanina/Tirosina

descarboxilasa
Putrescina Ornitina Ornitina descarboxilasa
Agmantina Arginina Arginina descarboxilasa
Putrescina Agmantina Agmantina deiminasa
Cadaverina Lisina Lisina descarboxilasa
Triptamina Triptoéfano Triptéfano descarboxilasa

3. Origen de las aminas biégenas en vinos

Las aminas bidgenas pueden estar presentes en la materia prima (uva) o producirse
durante el proceso de vinificacion.

Algunas aminas son constituyentes habituales de la uva, siendo la putrescina y
espermidina las maés abundantes (20 y 45 mg/Kg de fruta fresca, respectivamente),
mientras etanolamina, agmatina, cadaverina, espermidina, histamina y tiramina han sido
encontradas en bajas cantidades (Ough, 1971; Rivas-Gonzalo y cols. 1983; Broquedis y
cols. 1989; Radler y Féth 1991; Baucom y cols. 1996). Se han encontrado diferencias en
las concentraciones de aminas en diferentes variedades de uva, asi se han detectado altos
niveles de putrescina y espermidina en el pericarpo de las uvas de la variedad Cabernet-
Sauvignon (Broquedis y cols. 1989). En otras plantas como eucaliptos, se ha encontrado
que la capacidad de produccion de putrescina estd relacionada con el contenido en potasio
(Vaz de Arruda Silveira y cols. 2001).

Para que se produzcan aminas bidgenas en vino es necesaria la presencia de
aminoacidos, la de microorganismos que posean enzimas amino-descarboxilasas capaces
de descarboxilar esos aminoacidos y la de unas condiciones ambientales adecuadas (pH,
Temperatura, O,, SO,, etc.). En este apartado comentaremos cada uno de estos factores en
el contexto de la fabricacion del vino.

Los mostos de uva contienen una veintena de aminoacidos del reino vegetal, los
cuales representan del 20 al 30% del nitrégeno total (Poux y Ournac, 1970). Los dos
aminodcidos mas abundantes son la prolina y la arginina sea cual sea la variedad de uva y
el origen geografico. Un aminoacido bastante especifico de la uva, el 4cido 7v-

aminobutirico ha sido identificado por varios autores (Feuillat, 1974).

10



Introduccién

La variedad de uva tiene influencia sobre la composicion cualitativa y cuantitativa
de los aminoacidos presentes en mostos. Es por esto que varios autores han utilizado el
espectro de los aminoacidos libres para diferenciar variedades (Ough, 1968; Millery y cols.
1986 y Spayd y Andersen-Bagge, 1996), e incluso para determinar el origen del vino
(Ooghe y cols. 1981).

Millery y cols. en 1986 analizaron la composicion de aminodcidos libres en las
bayas de las variedades Chardonnay, Pinot Noir y Pinot Meunier en el momento de la
cosecha en dos afos sucesivos (1983 y 1984). Tal como habia sido sefialado en trabajos
anteriores (Flanzy y Poux, 1965; Feuillat, 1974), observaron grandes diferencias en los
valores de los aminoacidos libres de los mostos entre las tres variedades de uva y entre las
dos cosechas. Las uvas mas maduras en el momento de su recoleccion presentaban un
menor contenido en aminoacidos.

Ademés de la variedad, otros factores como las condiciones climato-geo-
pedoldgicas, es decir el efecto clima, zona de procedencia y tipo de suelo influyen en la
diferente composicion de aminoacidos (Sponholz, 1991; Spayd y Andersen-Bagge, 1996).
Adams (1991) comprobd igualmente como la composicion en aminodcidos precursores en
las uvas también depende del tipo de suelo en el que se han cultivado.

Los procesos de vinificacion también influyen en la concentracion de precursores.
En la Tabla 3 se pueden observar los valores maximos, minimos y medios de los
aminoacidos responsables de la formacion de la aminas bidgenas estudiadas en este trabajo
en mostos, vinos tintos y vinos blancos (Cabanis y cols. 2000). Podemos observar como las
concentraciones varian, encontrandose por lo general que la concentracion de aminoacidos
en mostos es superior a la de los vinos tintos y blancos, posiblemente debido a que parte de
ellos son consumidos por los microorganismos que intervienen en la vinificacion. Sin
embargo hay aminoacidos cuya concentracion aumenta tras la vinificacion, como por
ejemplo la ornitina. Practicas como la maceracion, la adicion de pectinasas o proteasas, el
contacto con lias y el envejecimiento tienden a aumentar el contenido en aminodcidos. Por
el contrario, los trasegados tempranos o la filtracion del vino tienden a disminuirlos, ya
que limitan la liberacion al vino de aminodcidos procedentes de la lisis de levaduras,
ademas los trasegados eliminan microorganismos potencialmente capaces de descarboxilar
esos aminoacidos. Sin embargo, la filtracion no elimina las aminas ya presentes, ni los
enzimas libres que catalizan la formacion o destruccion de aminas y que proceden de la

lisis de los microorganismos existentes antes de la filtracion. La clarificacion con
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TABLA 3 .Concentraciones de aminoacidos (g/L) de interés para la produccion de aminas bidgenas en mostos, vinos tintos y vinos blancos
(Cabanis y cols. 2000)

AMINOACIDO MOSTOS TINTOS BLANCOS

MINIMO | MAXIMO MEDIA MINIMO | MAXIMO MEDIA MINIMO MAXIMO MEDIA
Arginina 55-107 1.20 0.35 1810~ 0.42 45-10” 15-10™ 0.18 32-10”
Histidina 8107 26107 12:10° 3107 14-107 5107 2:10° 12:10° 5107
Lisina 5107 63107 28:10° 5107 72:107 25-107 ND 62:107 20-10°
Ornitina ND 5107 ND 1-107 80-107 6:107 55-107 9:107 1-107
Fenilalanina 410 62-10° 15-10° 5-10° 34-10° 10-10° 4107 22:107 6-107
Tirosina 2:10° 75-10° 15-107 2:10° 5810~ 6-10° 2:107 17-10° 9-107
Triptofano 5107 0.31 0.31 1-10” 45-107 5107 ND 36:107 7-107
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bentonita también ayuda a disminuir la concentraciéon de aminas bidgenas ya que la
bentonita produce una precipitacion de las proteinas y aminoacidos e incluso de las aminas
si éstas ya estan cuando se aplica el tratamiento (Peynaud, 1989).

Todos aquellos factores que afectan al crecimiento de los microorganismos del
vino, especialmente a aquellos que presentan actividad descarboxilasa, van a influir en la
concentracion de aminas presentes en el vino. Asi, pH bajos, concentraciones elevadas de
SO, o de etanol en el vino y la inoculacion de cultivos seleccionados seguros van a limitar
el desarrollo de estos microorganismos. Por el contrario, temperaturas elevadas, presencia
de nutrientes en el mosto o vino (aztcares, aminoacidos, dcidos organicos metabolizables),
y deficientes practicas higiénicas potencian el crecimiento microbiano y aumentan el
riesgo de elevadas concentraciones de aminas.

Segun hemos apuntado previamente las bacterias lacticas parecen ser los
principales responsables en la formacién de aminas bidgenas en vinos, es por ello que

vamos a profundizar en el estudio de las mismas.

4. |_as bacterias lacticas en el vino

4.1 Definicion y ecologia

Las bacterias lacticas se caracterizan por su caracter Gram (+) y catalasa negativo,
por poseer una morfologia bacilar, cocoide o cocobacilar y dar agrupaciones tales como
parejas, cadenas o tétradas. Son anaerobios facultativos y producen acido lactico a partir de
la glucosa por via homo o heterofermentativa.

Las bacterias lacticas relacionadas con el proceso de vinificacion se encuentran ya
presentes en la uva en una concentracion de unas 100 células/gramo (Lafon — Lafourcade y
cols. 1983), inferior a la de bacterias acéticas y levaduras. A lo largo de la fermentacion la
concentracion de las bacterias lacticas disminuye como consecuencia de la competencia
con levaduras y la sensibilidad al SO, y al etanol. Generalmente, tras la fermentacion
alcoholica el namero de bacterias lacticas puede aumentar hasta 10’-10° ufc/mL y, como
consecuencia, se produce la fermentacion malolactica. Varios autores han demostrado que
en mostos recién estrujados y durante los primeros momentos de la fermentacion
alcoholica, se encuentran especies homofermentativas, como Lactobacillus mali, y
heterofermentativas facultativas o estrictas, tales como Lactobacillus brevis, Lactobacillus

casei, Lactobacillus plantarum y Leuconostoc mesenteroides (Chalfan y cols. 1977; Maret
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y Sois, 1977 y 1979; Costello y cols. 1983; Lafon-Lafourcade y cols. 1983; Davis y cols.
1986, Pardo, 1987; Rodas y cols. 2003). Conforme la fermentacién progresa los
lactobacilos homofermentativos van cediendo paso a especies de lactobacilos
heterofermentativos estrictos tales como Lactobacillus brevis, Lactobacillus hilgardii,
Lactobacillus fructivorans, Lactobacillus fermentum, Lactobacillus cellobiosus, y a cocos
tales como Pediococcus parvulus, Pediococcus damnosus y Oenococcus oeni (Pan y cols.
1982; Davis y cols. 1986; Pardo y Zuaniga, 1992). La especie mas frecuentemente aislada
en vinos acabados es esta ultima, y generalmente es la responsable de la fermentacion
malolactica. Sin embargo, en algunos casos se ha observado que Lactobacillus plantarum y
Pediococcus se desarrollan en esta etapa y por tanto son las que transforman el acido
malico en 4cido lactico (Pan y cols. 1982; Chalfan y cols. 1977; Costello y cols. 1986a y
1986b; Calero, 1993). Otras especies se han aislado con menos frecuencia durante el
proceso de vinificacion: Lactobacillus buchneri, Lactobacillus fermentum, Lactobacillus
delbrueckii, Lactobacillus leichmannii (Fornachon, 1957, Amerine y Kunkee, 1968).
Recientemente se han descrito dos nuevas especies de lactobacilos que se han aislado de
vinos parcialmente fermentados: Lactobacillus kunkee (Edwards y cols. 1998) y
Lactobacillus nagelii (Edwards y cols. 2000) (Tabla 4).

TABLA 4. Principales bacterias lacticas de mostos y vinos.

Géneros Naturaleza de la Especies Naturaleza del
fermentacion acido lactico
Pediococcus Homofermentativo P. damnosus L(+) D(-)
P. parvulus L(+) D(-)
P. pentosaceus L(+) D(-)
P. acidilactici L(+) D(-)
Leuconostoc Heterofermentativo L. mesenteroides D(-)
Oenococcus Heterofermentativo O. oeni D(-)
Lactobacillus Homofermentativo Lb. mali L(+) 6 L(+) D(-)
Heterofermentativo Lb. casei L)
facultativo Lb. plantarum L(+) D(-)
Heterofermentativo Lb. brevis L(+) D(-)
Lb. buchneri L(+) D(-)
Lb. fermentum L(+) D(-)
Lb. fructivorans L(+) D(-)
Lb. hilgardii L(+) D(-)
Lb. delbrueckii L(+) D(-)
Lb. trichodes L(+) D(-)
Lb. nageli L(+) D(-)
Lb. kunkee L(+) D(-)
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4.2 Metabolismo de sustratos del vino por las bacterias lacticas

Las bacterias lacticas pueden ser beneficiosas o perjudiciales para los vinos
dependiendo del momento en el que se desarrollan y de los sustratos a los que ataquen.
Las bacterias lacticas son capaces de utilizar una gran cantidad de sustratos presentes en
mostos y vinos, tales como azucares, dcidos organicos, aminoacidos, proteinas, etc., dando
lugar a compuestos beneficiosos desde el punto de vista organoléptico pero también a

alteraciones importantes.

4.2.1 Metabolismo de azlcares

Los azucares son la principal fuente de carbono y energia para las bacterias lacticas
y éstos son catabolizados por la via fermentativa. En el mosto de uva se encuentran
principalmente glucosa y fructosa y también pequenas cantidades de disacaridos y pentosas
(Ribéreau-Gayon, 2000).

Las bacterias lacticas pueden exhibir dos tipos de metabolismo respecto a las
hexosas: homofermentativo y heterofermentativo: El metabolismo homofermentativo se
caracteriza porque las hexosas son fermentadas via Embden-Meyerhof, dando lugar,
exclusivamente, a dos moles de acido lactico por cada mol de hexosas metabolizadas. El
metabolismo hererofermentativo supone el catabolismo de las hexosas mediante la via del
6-fosfogluconato, dando lugar a 1 mol de CO,, 1 mol de etanol (o 4cido acético) y 1 mol de
acido lactico.

Cuando las bacterias lacticas se desarrollan en mosto o en vino donde quedan
azlcares ocurre una alteracion denominada acidificacion, que se caracteriza por un
incremento significativo de la concentracion de acido lactico y de acido acético. Ademas,
las bacterias heterolacticas tienen la capacidad de transformar la fructosa presente en el
vino en manitol dando lugar a una alteracion llamada vuelta manitica que se caracteriza por

conferir al vino un gusto agridulce.

4.2.2 Metabolismo de acidos organicos

Los principales acidos orgénicos presentes en los mostos son acido tartdrico (2-6
g/L), acido malico (1-6.5 g/L), acido citrico (0.5-1 g/L) y acido ascérbico y gluconico en

cantidades inferiores a las anteriores. Como consecuencia de la actividad microbiana
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durante la fermentacién de los mostos, otros acidos pueden aparecer, como el piravico, L o
D-lactico, succinico, acético, citramalico, oxalacético, y fumarico. Las bacterias lacticas
degradan mayoritariamente el 4cido malico y el acido citrico y, con mucho menor
frecuencia, el 4cido tartarico. La capacidad para degradar los dos primeros acidos esta
extendida entre las especies que proliferan tras la fermentacion alcohdlica y esta
degradacion provoca numerosos € importantes cambios organolépticos en el vino.

La fermentacion malolactica consiste en la descarboxilacion del L-malico dando
lugar a acido lactico Al enzima que cataliza esta reaccion se le denomino enzima
malolactico y que estd presente en todas las especies de bacterias lacticas de vino (Henick-
Kling 1993).

El 4cido citrico se escinde en una molécula de oxalacetato y otra de acetato
mediante la citrato liasa. El oxalacetato da lugar piruvato que es fuente de compuestos
acetoinicos tales como: diacetilo, acetoina, y 2, 3-butanodiol, siendo el primero de ellos
particularmente importante desde el punto de vista organoléptico, dando aroma a
mantequilla. Este aroma es beneficioso en los vinos siempre y cuando no sobrepase
determinados limites.

Aunque la capacidad de degradar 4cido tartarico no estd muy extendida entre las
bacterias lacticas, el metabolismo de este acido siempre es perjudicial para el vino porque

hace disminuir la acidez fija y aumentar la acidez volatil (vuelta tartarica).

4.2.3 Metabolismo de aminoacidos

Algunas bacterias lacticas también son capaces de metabolizar los aminoacidos que
hay en el mosto o en el vino y de dar lugar a aminas bidgenas o a precursores del
carbamato de etilo, ambos productos son considerados peligrosos para la salud humana. La
presencia de aminas bidgenas es indeseable en los alimentos como ya hemos visto
anteriormente. Por otro lado, el carbamato de etilo es considerado como un compuesto
cancerigeno.

El catabolismo de aminoacidos por descarboxilacion o desaminacion por
microorganismos anaerobios-fermentativos tiene gran importancia en la obtencion de
energia metabolica en medios pobres de nutrientes.

La descarboxilacion de un aminoécido para dar su correspondiente amina y diéxido
de carbono genera energia metabolica y regula el pH intracelular, gracias a un mecanismo

comun a una variedad de descarboxilasas, como por ejemplo la descarboxilacion del

16



Introduccién

aspartato (Abe y cols. 1996; Konings y cols. 1995) y la de la histidina (Molenaar y cols.
1993). En el citoplasma, la descarboxilacién de un aminoacido consume un proton. El
transporte de la correspondiente amina fuera de la célula provocaria una extrusion
protonica indirecta (Maloney y cols. 1992), la cual puede ser usada para regular el pH
intracelular. Ademas, el transporte de la amina genera un gradiente electroquimico que
puede ser utilizado por la célula para realizar reacciones que consumen energia tales como
el transporte de nutrientes o la generacion de ATP via una F;FoATPasa (Konings y cols.
1997). Otras aminas como tiramina, feniletilamina, cadaverina y triptamina se generan de
manera similar y provocan los mismos efectos que las dos anteriores (Rice y cols. 1976),
por tanto la generacion de energia metabdlica por el antiporte precursor/producto y la
descarboxilacion aparece con frecuencia en el catabolismo de aminodcidos.

De entre los aminodcidos presentes en el vino, la arginina es el aminoacido mas
abundante, hasta hace poco solo se conocian dos vias implicadas en el catabolismo de la
arginina. Una de ella es la encontrada en cepas de Lactobacillus fermentum en la que ha
sido demostrada la produccion de 6xido nitrico desde arginina. Morita y cols. (1997)
postulan que esta reaccion es catalizada por una 6xido nitrico sintetasa que puede también
producir citrulina como un subproducto. Una via mas comun para el catabolismo de
bacterias lacticas es la de la arginina deiminasa (ADI) (Manca de Nadra y cols. 1982;
Cunin y cols. 1986; Konings y cols. 1995, Liu y cols. 1995). Esta via resulta en la
conversion de arginina en el interior celular a citrulina y amonio mediante el enzima
arginina deiminasa, posteriormente la citrulina es transformada en carbamilfosfato y
ornitina; la ornitina sale al exterior celular a través de un antiportador arginina/ornitina
situado en la membrana plasmatica. El carbamilfosfato mediante la actividad de la
carbamatoquinasa da lugar a la formacién de amonio y didéxido de nitrogeno con la
consiguiente generacion de energia en forma de ATP. La ornitina se transforma en
putrescina mediante una reaccion de descarboxilacion llevada a cabo por la ornitina
descarboxilasa. El catabolismo de arginina por bacterias lacticas del vino se ha relacionado
con la produccién de etilcarbamato, una sustancia cancerigena que se forma a partir de la
citrulina o de la urea (Liu y cols. 1995). Ademas de estas dos vias se ha descrito una
tercera via de catabolismo de la arginina. Esta consiste en la trasformacion de arginina en
agmatina via la arginina descarboxilasa, la agmatina a su vez puede seguir dos rutas, una
de ellas es la trasformacion en putrescina directamente mediante la agmatina deiminasa y
la otra es la formacion de N-carbamoilputrescina y posteriormente en putrescina por la

accion secuencial de la agmatinasa y la N-carbamoilputrescina hidrolasa.
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4.3. Produccion de aminas bidgenas en vino por bacterias lacticas

A pesar de que Lafon-Lafourcade (1975) y Ough y cols. (1987) negaron la
posibilidad de que fueran las bacterias lacticas los microorganismos que generaban
histamina en el vino, al no observar un aumento de esta amina tras la fermentacion
malolactica, otros autores han demostrado lo contrario. Asi, Aerny (1985) y Cilliers y van
Wyk (1985) si observaron un aumento de la concentracion de histamina durante la
fermentacion maloléctica, por lo que dedujeron que eran las especies responsables de esta
fermentacion las que producen esta amina. Delfini (1989) relaciono los altos niveles de
histamina en vinos con la contaminacion con Pediococcus. Normalmente los Pediococcus
estan presente en vino en un bajo numero, por lo que era de esperar que no fueran los
unicos responsables de la presencia de histamina en vino. Posteriormente se han descrito
cepas de Oenococcus productoras de histamina (Lonvaud-Funel y Joyeux 1994; Le Jeune y
cols. 1995; Coton y cols. 1998 y Guerrini y cols. 2002), aunque otros autores como
Moreno-Arribas y cols. (2003), no encuentran cepas de esta especie en sus estudios que
presenten esta capacidad.

También se ha estudiado la capacidad de producir otras aminas, como la tiramina
por los microorganismos del vino y se ha observado que Lactobacillus brevis,
Lactobacillus hilgardii y Leuconostoc mesenteroides son capaces de producir esta amina
(Moreno-Arribas y cols. 2000 y 2003). En otro substrato, Choudhury y cols. (1990)
encontraron que una cepa de Oenococcus oeni era la responsable de la produccion de
tiramina en zanahorias fermentadas, sin embargo no hay ninguna referencia de que esta
especie la produzca en vinos u otros productos alimentarios. Masson y cols. (1996)
encontraron cepas productoras de tiramina en productos carnicos pertenecientes a las
especies de Lactobacillus plantarum, Lactobacillus curvatus, Lactobacillus sakei y
Pediococcus pentosaceus. Una amina menos estudiada hasta el momento, ha sido la
feniletilamina. En los trabajos de Moreno-Arribas y cols. (2000), Bover-Cid y cols. (2001)
y Gonzalez del Llano y cols. (2003) se evidenci6 la produccion de esta amina
simultaneamente a la de tiramina en Leuconostoc mesenteroides, Lactobacillus brevis y
Lactobacillus hilgardii.

Guerrini y cols. (2002) y Moreno-Arribas y cols. (2003) encontraron en vino cepas
de Oenococcus oeni y Lactobacillus buchneri respectivamente, capaces de producir
putrescina. Arena y cols. (2001) también han detectado la produccion de putrescina a partir

de agmatina y ornitina por la cepa de Lactobacillus hilgardii X;B aislada de vino. En
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productos carnicos también se han encontrado bacterias lacticas productoras de putrescina,
asi Bover-Cid y cols. (2001) encontraron una cepa de Lactobacillus brevis y tres de
Lactobacillus curvatus productoras de esta amina.

La produccion de cadaverina y triptamina por parte de bacterias lacticas de origen
enoldgico ha sido mucho menos estudiada que las anteriores. Guerrini y cols. (2002)
encuentran cepas de Oenococcus oeni productoras de cadaverina. Otros trabajos han
tratado la produccién de triptamina y cadaverina por bacterias lacticas aisladas de
alimentos fermentados diferentes al vino, destacaremos entre ellos los de Bover-Cid y
Holzapfel (1999) y Bover-Cid y cols. (2001), en los que describen cepas de Lactobacillus
curvatus productoras de triptamina y cepas de Lactobacillus brevis, Lactobacillus curvatus

y Lactobacillus sp. productoras de cadaverina.

4.4 Factores que influyen sobre la produccion de histamina y tiramina por parte de

las bacterias lacticas

Como ya dijimos antes, todos los factores que influyen sobre el crecimiento de las
bacterias lacticas van a influir también en la produccion de aminas bidgenas. Ademas de
este efecto sobre el crecimiento muchos de estos factores influyen directamente sobre el
proceso de produccion de aminas. Los estudios de este tipo se han desarrollando
fundamentalmente en la histidina descarboxilasa y la tirosina descarboxilasa.

Lonvaud-Funel y Joyeux (1994) estudiando la produccion de histamina por cepas
de Leuconostoc oenos (Oenococcus oeni) observaron que los niveles de histamina
encontrados en vinos dependian de la concentracion de precursor libre en el mosto y
también de la lisis de las levaduras, que enriquecia al medio en histidina. Estos autores
también aislaron la cepa de Leuconostoc oenos 9204 (Oenococcus oeni) y analizaron su
habilidad para producir histamina en medio sintético, observando que producia mayores
cantidades de histamina en los medios nutricionalmente mas pobres (sin glucosa, ni acido
malico). Rollan y cols. (1995) observaron que la produccion de histamina aumentaba con
dosis de etanol inferiores al 12%, a partir de aqui disminuia. Estos autores también
observaron que el 4cido lactico y acido citrico disminuian la produccioén de histamina por
bacterias lacticas.

Se pudo profundizar mas en la influencia de factores fisico-quimicos sobre la
actividad histidina descarboxilasa una vez que se purificod y caracteriz6 el enzima, ambas

cosas fueron llevadas a cabo por Coton y cols. (1998). Se trata de un enzima alostérico,
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con un alto grado de cooperatividad que presentaba un motivo fosfato de piridoxal como
grupo prostético anclado de forma covalente. La purificacion total hasta su homogeneidad
electroforética demostrd que se trata de un enzima constituido por dos subunidades o y 8
con un peso molecular de 28000 y 11000 Da respectivamente. El peso molecular de la
enzima nativa es de 190000 Da, consistente de una estructura hexamérica (o B)s. A pH 4.8
se encuentra su pH optimo siguiendo una cinética de Michaelis-Menten, la afinidad del
enzima por la histidina varia en funcion del pH, asi a pH 7.6 la actividad es menor y el
enzima sigue una cinética sigmoidal. Los parametros cinéticos de este enzima son muy
parecidos al de otros enzimas HDC bacterianos descritos. No se han encontrado
actividades descarboxilasas secundarias con otros aminoacidos tales como lisina,
triptofano, fenilalanina, tirosina y ornitina. Coton y cols. (1998) encontraron que la
histamina era un inhibidor competitivo de la HDC, también observaron que el &cido citrico
y el acido lactico tenian un efecto inhibitorio sobre la actividad HDC en extractos
celulares, siendo mucho mas importante la inhibicién por el 4cido citrico. Coton y cols.
(1998) observaron que el enzima HDC era muy estable, estos autores pudieron comprobar
como la actividad HDC se mantenia en vinos donde las bacterias habian muerto y liberado
al medio el enzima HDC. Farias y cols. (1993) encontraron que la maxima actividad del
enzima ocurria a 37°C y a pH 4, que el SO, y el etanol inhibian y que el acido malico y
citrico aumentaban esta actividad. Por el contrario, Rollan y cols. (1995) no observaron
ningtn efecto del etanol sobre la actividad del HDC pero si comprobaron que el acido
lactico y acido citrico disminuian la produccién de histamina por bacterias lacticas.

En referencia a la produccion de tiramina por bacterias lacticas Moreno-Arribas y
Lonvaud-Funel (1999) observaron cémo la tiramina, el 4cido citrico, el acido lactico y las
concentraciones de 12% de etanol o superiores inhibian la produccion de esta amina.
También observaron cémo la mayor produccion de tiramina ocurria a pH 5. Masson y cols.
(1997) estudiaron los efectos de factores fisico-quimicos y de la fase de crecimiento de la
bacteria sobre la produccion de tiramina por parte de Carnobacterium divergens aislado
desde carne de cerdo, llegando a las conclusiones de que la méaxima produccion de
tiramina ocurria durante la fase estacionaria, y que un pH inicial inferior a 5, la glucosa y
las temperaturas en torno a los 23 °C favorecian la produccion de esta amina. Mientras que
una concentracion del 10% de cloruro sédico la inhibia. Sin embargo, la produccion de
tiramina no se vio afectada por el nitrato potasico ni por el oxigeno libre. Moreno-Arribas
y Lonvaud-Funel (1999) también estudiaron las principales caracteristicas del enzima

tirosina descarboxilasa sobre extractos celulares de Lactobacillus brevis. La actividad TDC
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era dependiente del piridoxal 5-fosfato y mostraba un pH 6ptimo de 5, una mayor afinidad
por la tirosina que por otros sustratos como la L-DOPA vy su actividad era inhibida por el
glicerol, L-mercaptoetanol, tiramina, acido citrico y 4acido lactico. Posteriormente la
tirosina descarboxilasa de Lactobacillus brevis IOEB 9809 fue parcialmente purificada y
caracterizada (Moreno-Arribas y Lonvaud-Funel, 2001) confirmandose los datos anteriores
hallados en extractos celulares. Previamente Borresen y cols. (1989) ya habian hecho lo
mismo sobre Enterococcus faecalis, encontrando que ambos enzimas requieren el cofactor
piridoxal-fosfato para su actividad, que muestran pardmetros cinéticos similares y que

aparecen como dimeros de 70-75 KDa.

4.5 Métodos de analisis de la capacidad productora de aminas por parte de

microorganismos: Deteccion y cuantificacién

Hasta el momento se han descrito varias metodologias para detectar y cuantificar la
capacidad de producir aminas por bacterias lacticas aisladas de alimentos fermentados.
Entre estos métodos de deteccion se encuentran los de deteccion en placa y los de
deteccion molecular. El método de cuantificacion que se ha empleado para el estudio de la
capacidad aminobiogénica de las bacterias lacticas es la cromatografia liquida de alta
resolucion (HPLC) y también un método enzimatico para evaluar la capacidad de
produccion de histamina por bacterias aisladas de pescado (Lopez-Sabater y cols. 1994).

Moller, (1954), Niven y cols. (1981), Choudhury y cols. (1990), Joosten y
Northold, (1989), Maijala, (1993) y Bover-Cid y Holzapfel, (1999) han desarrollado varios
métodos de deteccion de cepas productoras de histamina y tiramina procedentes de carne,
zanahorias fermentadas y queso. Estos métodos se basan en un ensayo de tipo bioquimico
que implica el uso de un medio sélido que contiene el precursor de la amina a investigar y
un indicador de pH. Dado que la formacién de aminas a partir de aminoacidos supone una
elevacion del pH del medio, esto quedara reflejado en un cambio de color del indicador de
pH.

Los métodos de deteccion molecular se basan en el disefio de cebadores especificos
para las secuencias de los genes que codifican para las descarboxilasas responsables de la
formacion de aminas. Hasta el momento se han desarrollado tres, uno que permite detectar
la presencia del gen hdc codificante para la histidina descarboxilasa (Le Jeune y cols.

1995), otro del gen tyrDC codificante para la tirosina descarboxilasa (Lucas y Lonvaud-
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Funel, 2002 y Coton y cols. 2004) y otro del gen odc codificante para la ornitina
descarboxilasa (Marcobal y cols. 2004).

Le Jeune y cols. (1995) compararon la secuencia de nucledtidos del gen hdcA de la
cepa de Lactobacillus sp.30A (Vanderslice y cols. 1986) y de Clostridium perfringens
(Van Poelje y Snell, 1985) y la secuencia de aminoacidos de la histidina descarboxilasa de
estos dos microorganismos junto con la de Lactobacillus buchneri (Huynh y Snell, 1985) y
Micrococcus (Prozoraski y Jornvall 1975). Estos estudios de alineamientos mostraron la
existencia de un alto grado de similaridad entre los genes hdc y de las proteinas de las
diferentes bacterias lacticas, lo que les permiti6 disefiar cebadores especificos para la
deteccion de este gen.

Lucas y Lonvaud-Funel, (2002) a partir de la microsecuenciaciéon del enzima
tirosina descarboxilasa de Lactobacillus brevis disenaron cebadores para la deteccion del
gen tyrDC de Lactobacillus brevis. Posteriormente Connil y cols. (2002) a partir de una
libreria de mutantes consiguieron secuenciar el operon tdc de Enterococcus faecalis. Coton
y cols. (2004) secuenciaron el tyrDC de Carnobacterium divergens y con las secuencias ya
conocidas del gen tyrDC de Enterococcus faacelis y de Lactobacillus brevis diseiaron
cebadores especificos para la deteccion de este gen en bacterias lacticas.

En lo referente a la deteccion molecular de cepas de bacterias lacticas portadoras
del gen de la ornitina descarboxilasa citaremos el trabajo de Marcobal y cols. (2004) que
identificaron el gen de la ornitina descarboxilasa en una cepa de Oenococcus oeni y
desarrollaron cebadores especificos para la deteccion de este gen. Seria necesario encontrar
cepas de diferentes géneros de bacterias lacticas portadoras de este gen con la finalidad de
demostrar la aplicabilidad de los cebadores desarrollados por Marcobal y cols. (2004),
aunque este caracter parece poco frecuente entre las bacterias lacticas.

Es importante poseer métodos precisos de analisis que nos permitan determinar la
concentracion de aminas bidgenas en vinos y también en otros alimentos, ademas estos
métodos van a poder ser utilizados para cuantificar la capacidad de produccion de aminas
bidgenas por parte las bacterias lacticas.

La mayor parte de los métodos de cuantificacion de aminas se han centrado en la
histamina porque se le ha considerado la amina mas perjudicial para la salud humana y
porque es la Unica para la que se han establecido limites de concentracion maximos.
Guraya y Koehler en 1991 presentaron el método de cromatografia en capa fina (TLC)
para la determinacion de histamina en comida de gatos. Posteriormente, Lerke y cols.

(1983) presentaron un método enzimatico, modificado posteriormente por Lopez-Sabater
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(1993, 1994) y Rodriguez-Jerez (1994) que se utilizd para la determinacion de histamina
en pescado y para evaluar en medio sintético la capacidad de produccion de histamina por
bacterias aisladas de pescado. En los Ultimos afios han aparecido métodos ELISA
comerciales para el andlisis de histamina en vino.

Para la cuantificacion de la tiramina en vino, Rivas-Gonzalo y cols. en 1979
utilizaron la técnica de espectrofluorometria para cuantificar esta amina revelada en
cromatografia en capa fina.

Las dos aminas mencionadas, asi como el resto de aminas existentes, pueden ser
cuantificadas mediante HPLC (Busto, 1996; Lethonen, 1996; Mafra, 1999; Romero y cols.
2000; Kutlan y Molnar-Perl, 2003; Pale6logos y Kontominas 2004). Aunque la técnica de
HPLC es la mas utilizada y la que ofrece mayores niveles de sensibilidad y de precision,
debemos considerar que se trata de una técnica que no permite analizar simultdneamente
un amplio nimero de muestras en cortos periodos de tiempo, que requiere personal
especializado y supone una elevada inversion en el equipo. El HPLC también puede ser
utilizado para la cuantificacion para cuantificar la produccion de aminas bidgenas en vinos
o medios sintéticos por parte de las bacterias.

Suiza ha establecido una concentracion maxima de 10 mg/L de histamina en vino
(OSEC, 2002) como valores tolerables para la salud humana, mientras que otros paises
recomiendan valores maximos inferiores como Alemania (2 mg/L) (Millies y Zimlich
1988), Belgica (5-6 mg/L) y Francia (8 mg/L) (Millies y Zimlich 1988 y Biodyn AG/SA);
aunque de momento son solo recomendaciones podrian convertirse en un futuro proximo
en valores maximos legalmente establecidos.

No se han impuesto limites méximos permitidos sobre el resto de aminas bidgenas,
aunque dada la importancia que presenta la tiramina sobre la salud, es méas que probable la
pronta aparicion de recomendaciones o reglamentaciones sobre valores maximos

permitidos.
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Objetivos

Desarrollo de un método enzimatico para la cuantificacion de aminas

bidgenas en vinos.

Estudio de la incidencia de aminas bidgenas en vinos y de los factores que

influyen en su concentracion.

Caracterizacion de la capacidad de produccién de histamina por bacterias

lacticas de origen enoldgico.
Caracterizacion molecular del operon de la tirosina descarboxilasa y
estudio de la incidencia de la produccion de tiramina y feniletilamina por

bacterias lacticas origen enoldgico.

Determinacion de los factores que intervienen en la produccion de

histamina.
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Fermented foods are frequently contaminated by hista-
mine generated by microorganisms possessing histidine
decarboxylase activity. The ingestion of large amounts
of histamine can cause serious toxicological problems in
man. Thus, it becomes important to set a reliable
method for rapid histamine quantification in foods.
The detection of bacteria exhibiting histidine decarboxy-
lase activity is also important to estimate the risk of
contamination of food. Previous enzymatic methods
used to quantify histamine in fish gave erroneously high
values due to interference when applied to wine. A new
enzymatic method is described that allows the direct
determination of histamine concentrations in this type
of sample. It can be used for the detection of histamine
in synthetic media, grape must or wine (white, rosé,
red) without polyphenols or sugar interferences.
This new enzymatic method shows a good correlation
(R°=0.996, p<0.001) between the histamine concen-
trations and absorbances in the interval 0.4—160mg ™"
Comparison between this enzymatic method and
a high-performance liquid chromatography method
showed a high correlation (R’>=0.9987, p<0.001).
A miniaturized enzymatic method is also proposed,
which is particularly useful when high numbers of
samples must be analysed.

Keywords: histamine, enzymatic method, high-
performance liquid chromatography (HPLC), wine
and grape must

*To whom correspondence should be addressed.
e-mail: Isabel.Pardo@uv.es

Introduction

Biogenic amines are basic nitrogenous compounds
formed mainly by decarboxylation of the correspond-
ing amino acid through substrate-specific enzymes
present in microorganisms (Ten Brink et al. 1990).
Several toxicological problems (nausea, respiratory
distress, hot flush, sweating, heart palpitations, head-
ache, bright red rash, oral burning, and hyper- or
hypotension) resulting from the ingestion of food
containing relatively high levels of biogenic amines
have been reported (Ten Brink et al. 1990, Mariné-
Font et al. 1995).

Histamine levels above 500-1000mgkg~" food are
considered potentially dangerous to human health.
This statement is based on the concentration found in
food products involved in histamine poisoning
(Taylor 1983). Although the toxicity of individual
biogenic amines in general is beyond all doubt, it is
very difficult to determine the exact toxicity threshold
of these compounds. For instance, toxic dose is
strongly dependent on the efficiency of detoxification
systems present in man, which vary considerably
among individuals, and on the presence of other
compounds present in food (Taylor 1983), including
other biogenic amines and ethanol (Sessa et al. 1984).
A maximum limit of 100mg histaminekg™' in
food and 2mgl™" in alcoholic beverage have been
suggested. The consumption of alcoholic beverages
results in an increased sensitivity towards histamine
because ethanol diminishes the efficiency of the
natural detoxification system in human (Sessa et al.
1984). Switzerland has established 10mgl™' as a
tolerable value of histamine in wine. Thus, it becomes
important to establish a method for accurate and
rapid histamine quantification in foods.

In addition to the quantification of this amine, it is also
important in food processing to detect spoiling bac-
teria able to produce amines in order to establish the
potential risk of histamine generation. Several groups
of microorganisms, mainly Enterobacteriaceae,
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Pseudomonas spp., enterococci and other lactic acid
bacteria have been reported as biogenic amine pro-
ducers (Halasz et al. 1994). The most common idea
was that Pediococcus spp. are responsible for hista-
mine production in wine, and the presence of these
bacteria was related to a bad wine-making control.
However, some Oenococcus, Leuconostoc and
Lactobacillus strains have also been reported as his-
tamine producers (Coton ef al. 1988, Lonvaud-Funel
2001).

Histamine is measured mainly by means of HPLC
(Lehtonen 1996, Mafra et al. 1999), spectrofluorime-
try (Lopéz-Sabater et al. 1994), ELISA (Ruby et al.
2002), and thin layer chromatography (TLC) (Guraya
and Koehler 1991). A previous enzymatic method to
quantify histamine in fish was reported by Lerke ef al.
(1983) and modified by Lopez-Sabater er al. (1993)
and Rodriguez-Jerez et al. (1994). When these enzy-
matic methods were applied to quantification of
histamine in our samples (musts and wines), many
false-positives were recorded, and the observed corre-
lation between absorbances and standard histamine
concentrations was very low. The objective of this
work was to establish what conditions could improve
the accuracy and sensitivity of the quantifications and
to adapt these conditions to quantify histamine in
musts and wines.

Materials and methods

Wines, buffer and synthetic medium used

The wines used came from white Macabeo (average
pH 3.35), ros¢ Bobal (average pH 3.6) and red

Tempranillo (average pH 3.65) varieties from Utiel-
Requena, Spain. The grape must samples came from
Macabeo (white grape must) and Bobal (red grape
must).

The buffer pH 6.8 showed in table 1 was a phosphate
buffer (0.15M KH,PO, and Na,HPO,, pH 6.8).
The medium proposed by Maijala (1993) (H-MDB)
for histamine production by lactic acid bacteria was
also used by the histamine determination. This med-
ium was supplemented with 0.25% pyridoxal 5-phos-
phate (H-MDBmod) included as a codecarboxylase
factor for its enhancing effect on the amino acid
decarboxylase activity (Snell et al. 1990).

Enzymatic determinations of histamine
concentration

The enzymatic test was based on the sequential
activity of two enzymes: diamine oxydase (DAO),
that catalyses the breakdown of histamine in imida-
zole acetaldehyde, ammonia, and hydrogen peroxide;
and peroxidase (HRP) that, in the presence of hydro-
gen peroxide, produces a change of colour in the
chromogen: colourless in the reduced form and colo-
ured in the oxidated form. Both reactions proceed at
37°C in a thermostatic water bath. Incubation times
from 1 to 7h and wavelengths ranging from 350 to
800nm in a DU-7 spectrophotometer (Beckman
Instruments, Inc., Palo Alto, CA, USA) were tested
to set the best conditions for histamine quantification.
Once these conditions were established, routine read-
ings of absorbances were made by a colorimeter
(BIO-RAD SmartSpecTM 3000, Hercules, CA,
USA). The concentrations of DAO (Sigma
Chemical Co., St Louis, MO, USA) and HRP

Table 1. Optimized conditions for histamine enzymatic quantification in buffer, H-M D Bmod medium, grape must, white
wine and red wine pre-treated with 800 mg[~! PVP.

Buffer pH 6.8 H-MDBmod Must White wine Red wine
[DAO] (UIml™") 0.35 0.35 0.70 0.70 0.70
[HRP] (UI'ml™ P 17.25 17.25 34.50 34.50 34.50
[DAB] (mgml™") 0.21 0.21 0.21 0.21 0.21
Phosphate buffer (M) 0.15 0.15 0.15 0.15 0.15
Incubation time (h) 1.33 3 4 5 5
A (nm) 400 400 400 400
Linearity range (mgl™") 0.3-240 0.4-160 0.4-160 0.5-150 0.5-160
R? 0.996 0.995 0.997 0.993 0.994
LOD (mgl™") 0.3 0.4 0.5 0.5 0.5

R squared correlation coefficient; LOD, limit of detection.

28


Jose Maria
Text Box
Capítulo 1

Jose Maria
Text Box
28


Capitulo 1

Enzymatic quantification of histamine 1151

Table 2. Differences between the method of Lopez-Sabater et al. (1993) and the conventional and miniaturized

enzymatic methods proposed in the present paper.

Lopez-Sabater et al. (1993) Present work Miniplates
Chromogen LCV DAB DAB
False-positives Yes No No
Maximum sensitivity (mgl~") 3 0.5 1.4
Linearity range (mgl™") 3-30 0.5-200 1.4-150
Must and wine Not possible Possible Possible
[HRP] (UIml™") 0.7 0.7 or 1.4 1.4
Incubation time (h) 2 1.33-5.5 1-4
Type of regression Linear logarithmic logarithmic

(Merck, Darmstadt, Germany) and the buffer phos-
phate for the analysis of histamine in synthetic media
were prepared in bi-distilled water, according to
Lopez-Sabater et al. (1994). The concentrations of
DAO and HRP used for grape must and wine analy-
sis ranged from 0.17 to 0.95 UIml™! and from 8.6 to
43.1 UIml™", respectively. The original chromogen
used by Lerke et al. (1983), leucocrystal violet
(LCV), was substituted by 3,3-diaminobenzidine
(DAB) (Sigma) (table 2). A concentration of
0.21 mgml~' DAB was prepared in bi-distilled water.

The reaction mixture consisted of 0.4 ml buffer pH 6.8,
0.2ml DAO (0.35 or 0.7 UIml™"), 0.2ml HRP (17.25
or 34.5UIml™"), 0.09mIDAB (0.21 mgml™') (table
1) and 0.2ml of samples. The DAO and HRP con-
centrations depend on the used media (table 1).

Appropriate amounts of histamine dihydrochloride
(Sigma) were weighed and dissolved in phosphate
buffer pH 6.8, H-MDBmod, grape must and wine
to obtain standard concentrations ranging from 0.2
to 300mgl~". The wines used for the optimization
of the enzymatic method were a white Macabeo,
a ros¢ Bobal and a red Tempranillo, and the grape
musts came from Macabeo (white must) and Bobal
(red must). To evaluate the repeatability of the
method, five independent enzymatic reactions of
each histamine concentration were performed, and
then the repeatability standard deviation was
calculated.

In order to reduce the high background coloration
produced by addition of red wines samples to the
reaction mixture, we treated these wines with poly-
vinyl-pyrrolidone (PVP) and polyvinyl-polypyrroli-
done (PVPP). We tested two concentrations of PVP
and PVPP (800 and 1600mgl™") to choose the best
conditions.

The enzymatic method described above can be
adapted to a miniaturized miniplate (96 wells) reac-
tion system. The concentrations of DAO, HRP,
phosphate buffer and DAB were the same, as
described in table 1. The volumes per well were
40 ul DAO, 40l HRP, 80l buffer pH 6.8, 22.5ul
DAB and 40 pl sample. The incubation times were 1 h
for buffer pH 6.8, 2h H-MDBmod, 3 h for must, and
3.5h for white and red wines at 37°C. Miniplates were
read at 400nm wavelength in a Multiskan Ascent
(Labsystems, Helsinki, Finland) spectrophotometer.

To verify that the enzymatic method proposed was
robust, the histamine concentration was analysed in
150 different wines (white, rosé and red) and 70 grape
musts (white and red).

Quantification of histamine by HPLC

Samples of wine, grape musts and synthetic media
were centrifuged (13 000 rpm, 8 min), filtered through
a membrane (regenerate cellulose, 0.45-um pore size)
and derivatized with orthophthaldehyde (OPA).
Samples were then injected into an HPLC system
(Merck) equipped with a L-Intelligent pump,
AS-2000A Autosampler, T-6300 column thermostat
and a L-7485 LaChrom fluorescence spectrophot-
ometer (all Merck-Hitachi, Berlin, Germany). An
excitation wavelength of 335nm and an emission
wavelength of 450 nm were used. OPA reagent was
prepared as follows: 50mg OPA were dissolved in
2.25ml methanol; 0.25 ml borate buffer 0.4 M (pH 10)
and finally 0.05ml mercaptoethanol were added. A
gradient of solvents A and B was applied to a 100 RP-
18 column (Merck-Hitachi) (25c¢cm x 4mm) as fol-
lows: 0-20min, 40% B isocratic, 1.1 mlmin~'; 20—
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45min, 40-85% linear gradient, 1.1 mlmin~"'. Solvent
A consisted of 2.268g KH,PO, and 14 968¢g
Na,HPO4 12H,O adjusted to pH 5.8 with H3;PO,
and filled with deionized water to 1 litre. Solvent B
was 100% methanol.

Results

Optimization of factors for histamine
quantification by an enzymatic method

The enzymatic method proposed by Sumner and
Taylor (1989), then modified by Lopez-Sabater et al.
(1993) and Rodriguez-Jerez et al. (1994) used LCV.
At the beginning of this work, LCV was used and it
was observed that it was fast and easily oxidated
in complex media. Therefore, we replaced the LCV
by DAB, which did not show interference with
the components of the culture broth, must or wine.
The concentration of DAB was optimized to
0.21 mgml~!, where a better +* and a wider linearity
range of the response were observed.

We could determine the best conditions to maximize
sensitivity to obtain high linear correlation between
optical density and histamine concentration and to
cover a wide range of concentrations. It was observed
that different concentrations of DAO, HRP and
different incubation times are applied to different
kinds of samples to obtain the optimum results
(table 1).

Incubation times shorter than those presented in table 1
produced a diminution in /?, and a lower sensitivity of
the method. Longer incubation times than those
proposed produced colour saturation for the higher
histamine concentrations, and thus the linearity
remained only for the lower concentrations.

DAO and HRP concentrations lower than those
shown in table 1 produced a diminution in /°, in the
linearity range, and in the limit detection. Higher
DAO and HRP concentrations allowed detecting very
low histamine concentrations (<0.5mgl™"), though
r* was bad (<0.9) and the linearity range was
narrow.

Phosphate buffer concentrations lower than 0.15M
affected negatively to the 1%, the detection limit and
the linearity range. Concentrations slightly higher
than 0.15M did no affect the results, but high
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phosphate concentrations (> 0.5 M) yielded turbidity
in the reaction samples.

The optimal wavelength was set to 400 nm, as the
maximum sensitivity was observed there. The use of
wavelengths different to 400 nm, higher or lower,
yielded poorer results. PVP and PVPP were shown
to reduce the background absorbances obtained when
samples of red wines were measured. The most
efficient was PVP, which used at a concentration of
800 mg1~", achieves a similar decrease in absorbance
to PVPP at higher concentration (1600mgl™").
The sensitivity of the enzymatic method for red wines
depends on the product used for reduction of wine
colour intensity: the sensitivity level is 0.5mgl™'
histamine when PVP is used and Imgl™' when
PVPP is added. We observed linearity between
concentrations and optical densities in the range
0.5-160mg1~" histamine in red wine treated with
PVP, and the calculated correlation, %, was 0.994.
Thus, a concentration of 800 mg1~' PVP was chosen
to reduce red wine colour. Neither PVP nor PVPP
diminished histamine in control experiments.

As can be seen in table 1, when grape must and wine
samples are analysed, the concentrations of DAO,
HRP and the incubation times must be increased
because the alcohol of wine inhibits the activity of
DAO and HRP. In figure 1, the regression lines for
standard histamine concentration prepared in buffer
pH 6.8, H-MDBmod and wine can be observed.
The linearity range and correlation (%) for phosphate
buffer pH 6.8, H-MDBmod, must, red wine and white
wine are showed in table 1.

The repeatability standard deviation of measurements
was 1.0% for synthetic media and 2.7% for wine.
The limit of detection (LOD) of the method was
calculated using the equation proposed by Miller
and Miller (1988). LOD is defined as the lowest
concentration level of the element that an ana-
lyst can determine to be statistically different from
an analytical blank. The LOD obtained for different
media are shown in table 1.

The miniaturized enzymatic method allows one to
analyse a high number of samples, at least 96 samples
in a time less than 4 h. The sensitivity of this method
for wines is slightly lower (1.4 mg1™") and the linearity
range is slightly narrower (1.4 and 150mgl™")
than those of the conventional method (table 2).
However, its main advantage is speed of analysis.

The HPLC method allows the quantification of the
presence of histamine at levels lower than 0.1mgl™'
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0.7 Discussion

0.6 A

Previous works on an enzymatic method for the
0.5 quantification of histamine in food have already been
c published (Lerke et al. 1983, Sumner and Taylor
£ 044 1989, Lopez-Sabater et al. 1993 and Rodriguez-Jerez
f, et al. 1994). As the methodology developed until now
< 03 was not useful to quantify histamine in wine, a new
modified enzymatic method has been proposed here
0.2 to analyse this biogenic amine directly in must and
wines. The enzymatic method has been shown to be a
0.1 simple, accurate, sensitive and fast technique to quan-
tify histamine in grape must and wine samples.
0 - ‘ ‘ ‘ ‘ ; ‘ The enzymatic method proposed offers a larger line-
0.000 0.500 1.000 1.500 2.000 2.500 3.000 arity range than previously (table 2). Another advan-

Log [histamine] mg™’

Figure 1. Regression lines obtained after plotting the
logarithms of standard histamine concentration versus
optical density from standard solutions prepared in phos-
phate buffer (® ), H-MDBmod ( A) and wine (R ).

707

60

50
y = 0.9995x - 0.0938
40
30

20 A

Enzymatic (mg I-" of histamine)

T T
0 10 20 30 40 50 60 7C
HPLC (mg I of histamine)

Figure 2. Comparison between the HPLC and enzymatic
quantifications  of  histamine  in H-MDBmod
(¥ =0.9987).

in both synthetic media and wine as its sensitivity is
slightly lower than that of the enzymatic method.
Comparison of results obtained by HPLC and enzy-
matic methods shows a good correlation (* =0.9984,
p<0.001), as can be seen in figure 2.

A total of 150 different wines (white, rosé and red)
and 70 grape musts (white and red) were analysed
to check the reliability of this enzymatic method.
Histamine was found in ranges from <0.5 to
12mgl~"', depending on each wine or grape must.

tage of this method is that in the case of histamine
concentrations higher than 160mgl™", a good quan-
tification can be achieved by lowering HRP and DAO
concentrations.

The enzymatic method has important advantages
over HPLC for histamine quantification: it is easy
to perform, it does not require costly and sophisti-
cated equipment, and it does not require specially
trained staff or sample preparation before analysis.
In addition, if the miniaturized method is used, it is
possible to analyse a high number of samples in a
short time, at least 96 samples in 4 h, while 45 min are
necessary to analyse one sample by HPLC.
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Biogenic Amines in Wines from Three Spanish Regions
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Facultat de Biologia, Universitat de Valeia, c/ Dr. Moliner 50, E-46100 Burjassot, Valga, Spain

One hundred and sixty-three wines from La Rioja, Utiel-Requena, and Tarragona were analyzed to
determine if there were any differences in the concentrations of six biogenic amines that are found
in these three regions. The influence of grape variety, type of vinification, wine pH, malolactic
fermentation, and storage in bottle on biogenic amine concentrations was studied. Results show
important differences in putrescine and histamine concentrations among regions, varieties of grape,
and type of wine; differences were less appreciable for the remaining biogenic amines studied. Low
pH prevented biogenic amine formation. Malolactic fermentation and short storage periods in bottle
(3—6 months) showed increases in histamine concentration, whereas longer periods of storage led
to a general decrease in histamine. Several strains of lactic acid bacteria were isolated in this work,
and their ability to form biogenic amines was assayed in synthetic media, grape must, and wine.
Grape varieties, different types of winemaking, pH, and lactic acid bacteria may be responsible for
the differences observed in the biogenic amine concentrations of the wines analyzed.

KEYWORDS: Biogenic amines; wine; malolactic fermentation; storage; grape variety; lactic acid bacteria;
histamine; tyramine; phenylethylamine; putrescine

INTRODUCTION of biogenic amines in wines depends on the presence and the
| concentration of yeast and lactic acid bacteria with decarboxy-

Biogenic amines are organic bases endowed with biological lating activity (11, 16) in addition to the precursors. The

activity that are frequently found in fermented foods and . . . - . ;
beverages. They are produced mainly as a consequence of th oncentration of microorganisms is affected by phy:_;lcochemlcal
decarboxylation of amino acids. High concentrations of biogenic actors of wine such a; pH_, temperature, orZS@_dmop 1s). .
amines can cause undesirable physiological effects in sensitive Many authors have implicated yeast and lactic acid bacteria
humans, especially when alcohol and acetaldehyde are preserS résponsible for the formation of amines in witi€, (14, 15,
(1, 2). More specifically, histamine is known to cause headaches, 18 19)- However, data are complex and contradictory, which
low blood pressure, heart palpitations, edema, vomiting, and SU99est that more defined studies are necessary to elucidate
diarrhea ¢, 3). Tyramine and phenylethylamine can produce which kind of microorganism is the major co_ntrlbutor. S(_everal
hypertension through the release of noradrenaline and norephef€Séarchers have demonstrated that the amine content increases
drine, respectively, which are vasoconstrictor substandgs ( Wlth m[croblgl growth, specifically with tha}t of bacterla,' with
Putrescine and cadaverine, although not toxic themselves,Pi0genic amine content suggested as an index of quality or of
aggravate the adverse effects of histamine, tyramine, andPOOr manufacturing practiced, 15, 18, 19).
phenylethylamine, as they interfere with the enzymes that Biogenic amine content in wines may be regulated in the
metabolize thems, 6). future following the newly implemented regulations by the U.S.
Some amines, such as putrescine, may already be present ifr00d and Drug Administration (FDA) for scombroid fisbQj.
grapes T), whereas others can be formed and accumulated Upper limits for hlstamln(_a in wine have been recommended in
during winemaking. Low potassium concentrations in soil have Germany (2 mg/L), Belgium (56 mg/L), and France (8 mg/
been reported to be responsible for high putrescine concentral) (3). Switzerland has established a limit of 10 mg/L as a
tions in plants 8 9). The main factors affecting its formation ~ tolerable value for histamine in win@1).
during vinification are free amino acid concentrations and the ~ To establish if there were differences in the biogenic amine
presence of microorganisms able to decarboxylate these amingcontents of different Spanish wine-producing regions, Temp-
acids. Amino acid concentration in grapes can be affected by ranillo wines from La Rioja, Tarragona, and Utiel-Requena were
fertilization treatments1(0) and that in wines by winemaking  investigated. To discern if different grape varieties (Bobal,
treatments, such as time of maceration with skins, addition of Garnacha, and Tempranillo) generate different amine concentra-
nutrients, and racking protocol$, (11—15). The concentration  tions, wines from three grape varieties of the same region (Utiel-
Requena) were analyzed. To study the influence of the type of
* Corresponding author _(telephone-34963544390; fax +3496 ~ Winemaking on biogenic amine concentration, white, rase
3544372; e-mail Isabel.Pardo@uv.es). red wines from these regions were analyzed. In this work, we

10.1021/jf049340k CCC: $30.25 © 2005 American Chemical Society
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Table 1. Origins of Samples Analyzed in This Work Table 2. Average Concentrations and Standard Deviations of Biogenic

Amines Found in Tempranillo Red Wines from La Rioja,

no. of Utiel-Requena, and Tarragona?
wines type of
analyzed wine origin grape variety  wine time of sampling phenylethyl-
35 La Rioja Tempranillo  red MLF finished ) » histamine  tyramine putrescine amine
2 LaRioja Tempranilo  red  MLF completed by wine origin (mg/L) (mg/L) (mglL) (mglL)
unknown commercial La Rioja (45) 82+55 19+11 473+121 09+04
starter Utiel-Requena (46) 24+11 23+08 75+13 1.0+£04
5 La Rioja Macabeo white  MLF finished Tarragona (12) 45+31 18+09 341+105 08+0.3
8 La Rioja Tempranillo red MLF in course
32 Ut!eI-Requena Tempran!llo red MLF f'n'Shed @The number of wines analyzed is given in parentheses. Wines with malolactic
12 Utiel-Requena ~ Tempranillo red MLF in course fermentation finished
2 Utiel-Requena  Tempranillo  red MLF completed by '
unknown commercial
starter pH 5.8 with HsPO, and made up with deionized water to 1 L. Solvent
16 Utiel-Requena  Bobal red MLF finished B was 100% methanol.
2 Utiel-Requena  Bobal red  MLFcompleted by To evaluate the repeatability of the method, five independent analyses
unknown commercial of biogenic amine concentrations in wine were performed, and the
) ) starter standard deviation was calculated.
10 Utiel-Requena  Bobal fose  MLFin course The limit of detection (LD) of the method was calculated using the
8 Utiel-Requena - Garnacha red MLF finished tion proposed by Miller and Mille2g). The LD is defined as the
8 Utiel-Requena  Macabeo white  MLF in course equa proposed by ’ .
5 Utie-Requena  Chardonnay ~ white  MLF in course lowest concentration level of the element _that an analyst can dete(mlne
12 Tarragona Tempranilo  red MLF finished to be statistically different from an analytical blank. The repeatability
6 Tarragona Macabeo white MLF in course standard deviation of measurements was 1.0%, and the LD was 0.1

mg/L.
Analyses of Biogenic Amines Produced by Lactic Acid Bacteria
in Synthetic Medium, Wine, and Grape Must. The ability to produce
. . . . different biogenic amines was analyzed in lactic acid bacteria isolated
glso studle_d the influence pf mglolactlc fermentatlon, storage om wines Tables 4and5). To do this, two synthetic media, wine
in bottle, wine pH, and lactic acid bacteria. and must, were used. Synthetic media are named biogenic amine
production medium (BAPM) and modified histidine-decarboxylation
medium (H-MDBmod). BAPM consists of the following (per liter):
meat extract, 8 g; tryptone, 5 g; yeast extract, 4 g; glucose, 1.5 g;
Origins of Wines Analyzed. The origins of the 163 samples fructose, 1 g; Tween 80, 0.5 g; Mgs®.2 g; FeS@ 0.04 g; MnSQ,
analyzed are reported ifiable 1. Samples originated from La Rioja, = 0.05 g; CaC@, 0.1 g; tyrosine, 2 g; histidine, 2 g; phenylalanine, 2 g;
Utiel-Requena, and Tarragona. The wines were obtained from Temp- ornithine, 2 g; lysine, 2 g; tryptophan, 2 g; and pyridoxal phosphate,
ranillo, Bobal, Garnacha, Macabeo, and Chardonnay grape varieties.0.25, pH 5.5. H-MDBmod contains the following (per liter): meat
The majority of wines were analyzed during or just after malolactic extract, 8 g; tryptone, 5 g; yeast extract, 4 g; glucose, 1.5 g; fructose,
fermentation. 1 g; Tween 80, 0.5 g; MgS00.2 g; FeSQ@ 0.04 g; MnSQ, 0.05 g;
Evolution of Biogenic Amines after Alcoholic Fermentation and CaCQ, 0.1 g; histidine, 20 g; and pyridoxal phosphate, 0.25 g, pH
Storage.The evolution of biogenic amine content was investigated by 5.2. Inoculation was performed by adding 0.1 mL of a mid-log phase
sampling 12 young bottled wines from the Utiel-Requena region that MRS preculture medium into 10 mL of these media, which were left
originated from Bobal, Tempranillo, and Garnacha grapes. Samplesto grow at 28°C until an ODyoonm Of 0.5. This ORoonm Of 0.5
were taken at different stages of vinification: before and after malolactic corresponds to 3.% 10® colony-forming units (cfu)/mL folLactoba-
fermentation and at 3, 6, and 12 months during storage at a controlledcillus hilgardii, 4 x 10° cfu/mL for Lactobacillus breis, 4.7 x 10°
temperature of 18C in the laboratory. cfu/mL for Pediococcusand 1.2x 10° cfu/mL for Oenococcus
Isolation and Identification of Lactic Acid Bacteria. Lactic acid BAPM contains a mixture of six amino acids, whereas H-MDBmod
bacterium strains were isolated from wines reporte@idhles 4and5 contains only histidine. When only the quantification of histamine is
by plating decimal dilutions on MRS (Scharlau Chemie S.A., Barcelona, required, this last medium is preferred because the chromatographic
Spain) plates supplemented with 0.5%ysteine and on MLO plates analysis of this amine is enabled; the histamine peak partially overlaps
(22), which were incubated at 2€. Lactic acid bacteria were identified ~ With some of the other amino acids present in BAPM.
by means of fluorescence in situ hybridization (FISEB)( The confirmation of the ability to produce biogenic amines was
Determination of Biogenic Amines in Wines by HPLC.Histamine, performed in red wine (Bobal, Utiel-Requena, pH 3.5) and commercial
tyramine, putrescine, cadaverine, phenylethylamine, and tryptamine 9rape must, supplemented with tyrosine, histidine, phenylalanine,
were the six biogenic amines analyzed. _ormthme, lysine, an_d tryptophan, 1 _g/L ea(_:h. The_se substrates were
Samples of wine were centrifuged (13000 rpm or 1G)@min), inoculated as described for synthetic media and incubated 4€28

filtered through a membrane (regenerate cellulose, @mpore size), ~ Until the number of viable cells reached”iu/mL. _
and derivatized with orthophthaldehyde (OPA). Samples were injected 10 quantify the amines produced in the synthetic and natural media,
into the HPLC system (Merck, Darmstadt, Germany) equipped with Samples were collected, centrifuged (13000 rpm or 16080min),

an L-Intelligent pump (Merck-Hitachi), an AS-2000A autosampler filtered through a membrane (regenerate cellulose, mpore size),
(Merck-Hitachi), a T-6300 column thermostat, and an L-7485 LaChrom and derivatized with OI_DA. The samples were then injected into the
fluorescence spectrophotometer (Merck-Hitachi). An excitation wave- HPLC system as described above.

length of 335 nm and an emission wavelength of 450 nm were used.

OPA reagent was prepared as follows: 50 mg of OPA was dissolved RESULTS

in 2.25 mL of methanol; 0.25 mL of borate buffer 0.4 M (pH 10) and . . . . . . .
finally 0.05 mL of mercaptoethanol were added. A gradient of solvent Quantlflcatlon (,)f BlogenIC'AmlneS.In Tempranillo Wlne§

A and solvent B was applied to a 100 RP-18 column (Merck-Hitachi) from Different Wine-Producing Regions. The average bio-
(25 cmx 5 um) as follows: 6-20 min, 40% B isocratic, 1.1 mL/min; genic amine concentrations of Tempranillo wines from Utiel-
20—45 min, 406-85% linear gradient, 1.1 mL/min. Solvent A consisted Requena, La Rioja and Tarragona are shownTable 2

of 2.268 g of KHPQ, and 14.968 g of NadPQ,-12H,0 adjusted to Putrescine was the most prominent biogenic amine in all of the

2 Malolactic fermentation.

MATERIALS AND METHODS
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Table 3. Average Concentrations and Standard Deviations of Biogenic 16 *
Amines in Wines from Three Grape Varieties with Malolactic o 14
Fermentation Finished Cultured in Utiel-Requena? g 12 %
— 10 |
phenylethyl- 2 o .
histamine ~ tyramine putrescine amine ‘E
o S 6 VR 24
grape variety (mglL) (mglL) (malL) (mglL) 3 .
= 4]
Tempranillo (46)  25+12  26+1.1 76+21 1205 = 5 | hd
Bobal (18) 23+10  20+08  35+14 08+03 - ? AN ¢
Garnacha (8) 11£03  08%02  74%21 06+03 0 3 ‘ ‘
2.9 3.1 33 35 37 3.9
aThe number of wines analyzed is given in parentheses. Wine pH

Figure 1. pH values versus histamine concentration from 28 different

analyzed wines. Histamine, tyramine, and phenylethylamine red, rosé, and white wines analyzed with malolactic fermentation
were also detected in decreasing concentration order. Importantaccomplished.
differences in putrescine concentration were observed among
the three regions, with concentrations 7- and 5-fold higher in histamine concentrations were observed at higher pH values.
La Rioja and Tarragona, respectively, than in Utiel-Requena. Wines with pH <3.6 showed histamine concentrations<cé
A higher histamine concentration was also observed in La Rioja mg/L. This is consistent with the observation that white wines
and Tarragona: 3 of 12 Tarragona wines and 16 of 45 La Rioja with the lowest pH values (average pH 3.11) exhibited the
wines had a histamine concentration>610 mg/L, but only 1 lowest histamine concentrations. However, the influence of pH
of 46 Utiel-Requena wines surpassed this concentration. How-on amine concentration is less evident for tyramine and
ever, the average tyramine and phenylethylamine contents werephenylethylamine and was not observed for the rest of the
similar in all of the regions studied. amines (data not shown).

Low concentrations of cadaverine and tryptamine were found  Influence of Malolactic Fermentation and Storage on
in the wines, always<0.5 mg/L. No differences were found Biogenic Amine Concentration.To establish more precisely
for cadaverine and tryptamine concentrations among the wine-the role of malolactic fermentation and storage on biogenic
producing regions, grape varieties, and types of wine (red, rose amine concentration, samples before and after malolactic
and white). fermentation and at 3, 6, and 12 months of storage were

Influence of Grape Variety on Biogenic Amine Concen- collected from 12 young wines from Utiel-Requeakle 4).
tration. The biogenic amine concentrations were quantified in The evolution of the average concentrations of biogenic amines
Bobal (red and ro9e Garnacha (red), and Tempranillo (red) can be observed iRigure 2.
wines produced in Utiel-Requena. The average concentrations The biogenic amine showing a higher increase after malolactic
of histamine, tyramine, putrescine, and phenylethylamine are fermentation was histamine; the others also increased, but to a
shown inTable 3. The histamine and tyramine concentrations lesser extent. During the first 6 months of storage in bottles,
were similar in the cases of Tempranillo and Bobal varieties the histamine showed another increase, although smaller than
and higher than in Garnacha. The putrescine concentration founcthat observed after malolactic fermentation. Consequently, a
in Bobal was slightly lower than those in Tempranillo and decrease in amine concentration was observed. Putrescine did
Garnacha. Phenylethylamine concentration was very similar in not show any appreciable changes between the beginning and
wines from the different grape varieties. the end of the time period analyzed.

Influence of Type of Winemaking (Red, Roseand White) Quantification of Biogenic Amine Produced by Lactic
on Biogenic Amine Concentration.A total of 24 white, 10 Acid Bacteria. The ability to produce biogenic amines of lactic
rosg and 129 red wines originating from the three different acid bacteria isolated from wines of the three different regions
regions in the study were analyzed. In the white and vises  was analyzed in synthetic media, wine and must, and the results
histamine and tyramine werel mg/L and phenylethylamine  are reported inTables 4 and 5. Table 4 shows the results
was <0.25 mg/L. No differences were observed in the concen- obtained with bacteria isolated from wines surveyed to establish
trations of these three amines in wines from the different regions. 3 relationship between malolactic fermentation, storage, and
However, the average putrescine concentrations varied in whitepjogenic amine content. The strains isolated were identified as
wines from La Rioja (35 mg/L), Tarragona (29 mg/L), and Utiel- - Oenococcus oerPediococcus pawulus Lactobacillus hilgardij
Requena (6.7 mg/L). Red wines showed histamine, tyramine, and Lactobacillus breis. Seven of the 12 wines analyzed
and phenylethylamine concentrations higher than those of white contained histamine-producing lactic acid bacteria, @itheni
and rosewvines (se@fable 2), but putrescine levels were similar  strains being the most abundant. We found thabenistrains
in all three types of wines. Putrescine content seems to be moreproduced low histamine concentrations, wherBagparulus
influenced by the geographical region and grape variety than andL. hilgardii strains produced high levels in synthetic media.
by the type of winemaking. Strains of L. brevis were able to produce tyramine and

The majority of white and rdssvines had not undergone  phenylethylamine, but not histamine, in BAPM medium. We
malolactic fermentation, but in the cases of those that had, thedid not observe lactic acid bacteria capable of producing
histamine, tyramine, and phenylethylamine concentrations werecadaverine, tryptamine, or putrescine in our experimental
close to those observed in red wines after malolactic fermenta-conditions. Those strains that were able to produce biogenic
tion. This information suggests that the lactic acid bacteria may amines in synthetic media also produced them in wine or must,
be responsible for these higher values. although the quantities were lower (s&able 4). The low

Influence of pH. The average pH values of the wines production of tyramine and phenylethylamine produced_by
analyzed were 3.74 in La Rioja and 3.51 and 3.53 in Utiel- brewvis strains in wine was due to their inability to grow. As a
Requena and Tarragona wines, respectivElgure 1 shows consequence, they were assayed in commercial must with added
that in wines that had undergone malolactic fermentation, higher amino acids; the quantities of amines were recorded after
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Table 4. Biogenic Amine Production in Synthetic Medium and Wine by Lactic Acid Bacteria Isolated from 12 Utiel-Requena Wines in Which the
Effects of Malolactic Fermentation and Storage Were Studied?

histamine (mg/L) tyramine (mg/L) phenylethylamine (mg/L)
wine grape variety strain isolated BAPM wine BAPM wine BAPM wine
1 Bobal O. oeni UR37 21 22
2 Bobal NDP
3 Bobal 0. oeni UR181 12 5
Lb. brevis UR32 289 3 115 1.2
4 Bobal O. oeni UR29 17 0.5
P. parvulus UR89 223 48
5 Tempranillo O. oeni UR54 22 6
6 Bobal 0. oeni UR110 12 15
Lb, brevis UR16A 321 6.2 141 38
7 Bobal 0. oeni UR97 34 8
8 Tempranillo Lb. hilgardii UR241
P. parvulus UR86
9 Tempranillo ND
10 Bobal O. oeni UR102
P. parvulus UR96
Lb. hilgardii UR28 184 41
11 Garnacha 0. oeni UR53B
12 Garnacha P. parvulus UR22

aNo strain was able to produce putrescine, cadaverine, and tryptamine. ?ND, lactic acid bacteria were not detected.
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Figure 2. Evolution of histamine, tyramine, phenylethylamine, and

putrescine concentration of wines from Utiel-Requena, before (1) and after
(2) malolactic fermentation and 3 (3), 6 (4), and 12 (5) months of storage.
Values represent mean contents observed in the 12 wines reported in

Table 4.

Table 5. Histamine Concentration and Histamine-Producing Strains

Found in Wines of Different Regions?

histamine

concn in lactic acid bacteria histamine (mg/L)

wine origin wine (mg/L) isolated H-MDBmod  wine
Utiel-Requena 4 0. oeni UR83B 17 3
Utiel-Requena 3 0. oeni UR10 21 7

La Rioja 11 0. 0eni 318C 18 6.5
La Rioja 9 0. 0eni 217B 22 11

Tarragona 15 O. oeni T26A 14 45
Tarragona 9 0. 0eni T41 11 4
Utiel-Requena 8 P. parvulus UR89 223 48
La Rioja 20 P. parvulus 339C 212 34
Tarragona 21 P. parvulus T4 234 28

2The ability to form histamine in synthetic medium (H-MDBmod) and wine by

lactic acid bacteria is also displayed.

growth: strainL. brevis UR32 produced 35 mg/L tyramine and
7 mg/L phenylethylamine, whereasbrevis UR16A produced

43 and 11.5 mg/L, respectively.

that showed the ability to form histamine in H-MDBmod and
in wine. Although more bacteria were isolated from these wines,
only those that showed histamine production are recorded in
the table. In these wines the histamine-producing strains belong
to the specie®. oeniand P. parwulus We observed thaD.
oenistrains, as already demonstrated able 4, produced lower
histamine in both synthetic medium and wine tlRarparsulus
strains. We did not find differences in the isolates’ ability to
produce histamine related to their geographical origin.

DISCUSSION

Putrescine was the most prominent biogenic amine found in
wine; the other amines were present in substantially lower
concentrations. Histamine and tyramine were the second and
third most abundant biogenic amines. Tryptamine and cadav-
erine were always<l mg/L. The results of this study are in
agreement with other finding2%—27). In general, the biogenic
amine concentration in Spanish wines is higher than in
Portuguese wine2@) and similar to that in Bourgogne and
Bordeaux winesZ7).

Tempranillo wines from La Rioja and Tarragona showed the
highest levels of putrescine and histamine concentrations. No
differences were observed in tyramine and phenylethylamine
contents. Differences in putrescine in musts can be explained,
in part, by the chemical composition of soil, especially the
potassium level, as has been demonstrated in grapevine leaves
and eucalyptusg 9). In addition, this amine could be formed
from ornithine and arginine (via agmatine) by lactic acid
bacteria. A higher content of these amino acids besides histidine
could explain the higher level of putrescine and histamine in
La Rioja and Tarragona wines. Also, it has been reported that
wines with higher pH generally have higher amine concentra-
tions 25). We observed that La Rioja wines exhibiting pH
values>3.6 set a threshold for high histamine content (see
Figure 1). This relationship between pH and amines is explained
by the fact that at higher pH a greater number of bacteria can
develop, thus increasing the probability of having strains able
to form amines 29).

Some amines are normal constituents of grapes, being in

Table 5 presents both the histamine content of the different variable amounts in different varieties. Among biogenic amines
wines from the three studied regions and the isolated strainsdetected in grapes, putrescine and spermidine are usually
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abundant (20 and 45 mg/kg of fresh fruit, respectively), whereas the processes that incorporate amino acids to must or wine as
ethanolamine, agmatine, cadaverine, spermidine, histamine, angyrape skin maceration and contact with lees, but this is
tyramine have been found in lower amount®15, 17, 18, impossible when aged wines are intended. Other factors such
30). High levels of putrescine, cadaverine, and spermidine have as grape variety or type of soil are not susceptible to change.
been reported in the pericarp of Cabernet-Sauvignon befies ( For these reasons the control of this problem could be easily
In Utiel-Requena, Tempranillo wines showed the highest content solved by inhibiting the growth of indigenous lactic acid bacteria
of biogenic amines (average of 13.9 mg/L). Garnacha wines and inoculating commercial selectéd oenistrains unable to
have 8.9 mg/L and Bobal, 6.6 mg/L, average (data deduced fromproduce biogenic amines. In support of this idea we have found
Table 3). Putrescine is present in Tempranillo and Garnacha lower concentrations of histamine, tyramine, and phenylethyl-
in 2-fold higher concentrations than in Bobal, whereas histamine @mine in wines in which the malolactic fermentation was
and tyramine concentrations were very similar in Tempranillo performed by a commercial starter.

and Bobal wines and lower in Garnacha. As the soils in which A thorough study on amino acid decarboxylation by lactic
the grape varieties were cultured are similar in composition, acid bacteria under winemaking conditions would need to be
they were all subjected to similar winemaking practices, and done to estimate the real danger of lactic acid bacteria

the bacteria able to form putrescine were not detected; differ-

ences in putrescine concentration could be attributed to the grapeACKNOWLEDGMENT

variety. Thus, Tempranillo and Garnacha musts probably had
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analyzed musts in this work, this is a hypothesis still to be
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ABSTRACT

J.M. LANDETE, S. FERRER AND |. PARDO. 2005.

Aims: To quantify the ability of 136 lactic acid bacteria (ILAB), isolated from wine, to produce histamine and to

identify the bacteria responsible for histamine production in wine.

Methods and Results: A qualitative method based on pH changes in a plate assay was used to detect wine

strains capable of producing high levels of histamine. Two quantitative, highly sensitive methods were used, an

enzymatic method and HPLC, to quantify the histamine produced by LLAB. Finally, an improved PCR test was

carried out to detect the presence of histidine decarboxylase gene in these bacteria. The species exhibiting the

highest frequency of histamine production is Oenococcus oeni. However, the concentration of histamine produced

by this species is lower than that produced by strains belonging to species of Lactobactllus and Pediococcus. A

correlation of 100% between presence of histidine decarboxylase gene and histamine production was observed.

Wines containing histamine were analysed to isolate and characterize the LLAB responsible for spoilage.

Conclusions: Oenococcus was able to synthesize low concentrations of histamine in wines, while Pediococcus

parvulus and Lactobacillus hilgardii have been detected as spoilage, high histamine-producing bacteria in wines.

Significance and Impact of the Study: Information regarding histamine-producing I.AB isolated from wines

can contribute to prevent histamine formation during winemaking and storage.

Keywords: histamine, HPLC, lactic acid bacteria, PCR, wine.

INTRODUCTION

The biogenic amines are low molecular weight, organic
bases frequently found in wines and other fermented foods.
Biogenic amines are undesirable in all foods and beverages
because if consumed at an excessively high concentration,
they may induce headaches, respiratory distress, heart
palpitation, hyper-hypotension, and several allergenic dis-
orders in man (Silla-Santos 1996). Histamine is the most
important amine in food-borne intoxications, due to its
strong biological activity (Cabanis 1985). The study of
histamine in wine is of particular interest as the presence of

Correspondence to: Isabel Pardo, ENOLAB — Laboratori de Microbiologia
Enologica, Departament de Microbiologia i Ecologia, Facultat de Biologia,
Universitat de Valencia, C/Dr. Moliner 50, 46100 Burjassot, Valencia, Spain
(e-mail: isabel.pardo@uv.es).

© 2005 The Society for Applied Microbiology

alcohol and other amines reportedly promotes its effects by
inhibiting human detoxification systems (Chu and Bejdanes
1981; Sessa et al. 1984).

A high concentration of histamine in wine is caused by the
presence of histidine decarboxylase in some lactic acid
bacteria (LAB) (Le Jeune et al. 1995; Lonvaud-Funel 2001).
There is a great interest in identifying and characterizing the
bacteria that are able to produce histamine in wine, in order
to prevent its synthesis.

In wines, high levels of histamine have been related to
spoilage by Pediococcus (Delfini 1989). Pediococcus can be
present in wine but usually in a low proportion. In recent
years, it has been reported that some Oenococcus oeni strains
are responsible for histamine accumulation in wine (Castino
1975; Le Jeune er al. 1995; Guerrini et al. 2002). The

bacterial population in wine is a complex mixture of
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different species of LLAB (Lactobacillus, Leuconostoc, Pedio-
coccus and Oenococcus), with O. oeni as the predominant
species in wine during and after malolactic fermentation.

Although some authors have reported higher histamine
levels after malolactic fermentation (Aerny 1985; Cilliers and
van Wyk 1985), others have not (Lafon-Lafourcade 1975;
Ough et al. 1987). Further information regarding the
microbiota responsible for histamine production would
contribute to knowing when histamine concentration could
increase and, therefore, when it is necessary to control
bacterial development.

Although there are previous works about the ability of wine
LLAB to produce histamine, their conclusions are contradict-
ory. For instance, Lonvaud-Funel and Joyeux (1994), Le
Jeune et al. (1995), Coton et al. (1998) and Guerrini et al.
(2002) found that histamine decarboxylase activity is present
in a high proportion of wine strains. On the contrary,
Moreno-Arribas et al. (2003) found the frequency of this
characteristic to be very low. As histamine concentration
increases after malolactic fermentation in some cases, many
authors have focused the screening of histamine production
on O. oeni (Coton et al. 1998; Guerrini ez al. 2002).

The aims of this work are to screen and quantify the
ability of LLAB isolated from wine to produce histamine, and
to correlate the presence and microbial composition of wine
with the presence of histamine. Moreover, this work reflects
a vast study, as screening was carried out of the highest
number of LAB analysed up to date. A total of 136 strains of
LAB belonging to different species of Lactobacillus, Oeno-
coccus, Pediococcus and Leuconostoc isolated from wine were
screened for the presence of the Adc gene and the ability to
produce histamine in a synthetic medium.

MATERIAL AND METHODS
Bacterial strains and growth conditions

The following strains were previously isolated from wine: 54
Lactobacillus, 34 Pediococcus, 16 Leuconostoc and 32 Oeno-
coccus, and are listed in Table 1. In this work, we used
positive controls isolated from wine (Lactobacillus hilgardii
5W) and from cheese (Lact. buchneri ST2A, Sumner ef al.
1985). Lactobacillus, Pediococcus and Leuconostoc strains were
grown in MRS broth (Scharlab) supplemented with 0-5% L-
cysteine, O. oeni in MLO (Caspritz and Radler 1983) and
incubated at 28°C until mid-log phase.

Detection of histamine-producing ability in wine
LAB by a plate assay

Lactobacillus, Pediococcus, Leuconostoc and Oenococcus strains
were streaked on H-MDBmod (Landete ez al. 2005) plus
20% agar (H-MDAmod) and incubated at 28°C for 2 d.

Table 1 Bacterial strains studied in this work. Frequency percentage
(*) and number of positive strains (°) for histamine production on solid
H-MDAmod medium, enzymatic method, HPL.C and PCR test of Adc

No. Plate assay Enzymatic

Strains strains (H-MDAmod) method =~ HPLC PCR
Lact. buchneri 3 333 (1)° 333()  333() 333()
Lact. hilgardii 15 20-0 (3) 267(4) 267 (9 267 (%)
Lact. plantarum 13 0 (0) 0 (0) 0 (0) 0 (0)
Lact. paracaser 4 0 (0) 0 (0) 0 (0) 0 (0)
Lact. casei 3 0 (0) 0 (0) 0 (0) 0 (0)
Lact. collinoides 1 0 (0) 0 (0) 0 (0) 0 (0)
Lact. brevis 12 0 (0) 0 (0) 0 (0) 0 (0)
Lact. mali 3 0 (0) 667 (2) 667 (2) 667 (2)
P. parvulus 31 16:1 (5) 161 (5) 161 (5) 161 (5)
P. pentosaceus 3 0 (0) 0 (0) 0 (0) 0 (0)
Leuc. 16 0 (0) 63 (1) 6:3(1) 63(1)

mesenteroides
O. oeni 32 31(D) 781 (25) 781 (25) 781 (25)

Measurement of histidine decarboxylase activity
using an enzymatic method and HPLC

Histamine production was promoted in liquid H-MDBmod
medium (Landete et al. 2005). Bacterial cultures, previously
grown in MRS or MLO broths, were inoculated into H-
MDBmod medium at 0-1%, and incubated at 28°C until
mid-log phase. Then, cells were removed by centrifugation
and histamine in supernatants was quantified using an
enzymatic method and HPL.C, as proposed by Landete ez al.
(2005).

Detection of the histidine decarboxylase gene

Bacterial DNA for partial hdc gene amplification was
obtained using the Microbial DNA isolation Kit (MoBio
Laboratories, Inc.). We used different primer pairs to
amplify the internal part of the histidine decarboxylase A
gene of LAB. These primer pairs JVI6HC/JVI7HC and
CL1/JV17HC were previously described by Le Jeune ez al.
(1995). A new CL1mod was designed, this primer comes
from CL1 (Le Jeune ez al. 1995) but we have modified the
original sequence in order to reduce the number of
degenerated positions, the sequence of CL1mod is 5-CCA
GG(AT) AAC ATT GGT AAT GGA TA-3". The
combinations of primers used to amplify hdc were
JVI6HC/JV17HC and CL1mod/JV17HC.

The amplification conditions for the couple CLImod/
JV17HC were 5 min at 95°C for denaturation, and subse-
quently, 40 cycles at 94°C for 0-5 min, 0-5 min at 39-4°C,
and 72°C for 2 min followed by 10 min at 72°C. The
amplifications with the couple JVI6HC/JVI7THC were
under these conditions: 5 min at 95°C for denaturation

© 2005 The Society for Applied Microbiology, Journal of Applied Microbiology, doi:10.1111/j.1365-2672.2005.02633.x
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and 40 cycles at 94°C for 1 min, 1 min at 39:6°C, and 1 min
at 72°C followed by 10 min at 72°C.

The PCR products were separated by gel electrophoresis
in a 12% agarose gel using Tris—borate—EDTA 0-5 mol 1!
as buffer system (Sambrook et al. 1989). The gels were
analysed after being stained with ethidium bromide.

Analyses of histamine concentration and
histamine-producing LAB from wines

The histamine concentrations from 12 wines after malolactic
fermentation were analysed using the HPLC method
proposed by Landete er al. (2005). The LAB from these
wines were isolated and identified by fluorescence in situ
hybridization (Blasco er a/. 2003) and by 16S-ARDRA
(Rodas et al. 2003), and their histamine-producing ability
was quantified using the HPLC and enzymatic methods
(Landete ez al. 2005). The presence of hdc was also analysed
as mentioned above.

RESULTS

The ability of 136 LLAB to produce histamine has been
analysed using different methods: a qualitative detection
method based on a plate assay, and quantitative HPL.C and
enzymatic methods. A PCR-specific test was also used to
detect whether the Adc gene was present in the strains under
study.

Ability of LAB to produce histamine

As shown in Table 1, the following histamine-producing
strains were detected using the plate assay: one Lact.
buchneri; three Lact. hilgardii; five P. parvulus and one
0. oeni (H-MDAmod). When these H-MDAmod-positive
strains were grown in H-MDBmod and analysed using the
enzymatic method and HPLC, the histamine levels
produced were 98 mg 1™' (0. oeni 4042) or higher
(Table 2). However, Lact. mali, Leuconostoc and the
remaining Oenococcus histamine-producing strains showed
low levels of histamine production (<48 mg 17'), which
could only be detected using the enzymatic method and
HPLC.

Oenococcus oeni 4042 was the only Oenococcus strain that
proved positive for histamine production on H-MDAmod
medium, this Oenococcus produced high levels of histamine,
about 100 mg 17!, This strain exhibited important growth in
the plate assay, much higher than the other Oenococcus
analysed, according to the higher energy levels obtained
from histidine decarboxylation (Molenaar ez a/. 1993). All
Pediococcus histamine producers could be detected by plate
assay, because all of them produced high levels of histamine

(>186 mg I"") (Table 2).

Table 2 Histamine production in H-MDBmod by lactic acid bacteria
detected by enzymatic method, HPL.C and plate assay

Enzymatic
method HPLC Plate
Species Strain (mg 1) (mg 1Y) assay
Lact. buchneri ST2A 285 297 +
Lact. hilgardii 5w 122 125 +
Lact. hilgardii 321 39 39 -
Lact. hilgardii 464 222 235 +
Lact. hilgardii UR28 154 160 +
Lact. mali 45 45 46 -
Lact. mali 54 43 41 -
P. parvulus 276 201 203 +
P. parvulus 281 321 325 +
P. parvulus 339 186 189 +
P. parvulus T4 265 272 +
P. parvulus T51 211 213 +
Leuc. mesenteroides 86 42 43 —
0. oeni 3972 34 32 -
0. oeni 3975 12 10 -
0. oeni 4000 23 23 -
0. oeni 4001 19 18 -
0. oeni 4007 27 23 -
0. oeni 4010 16 15 —
0. oeni 4013 27 29 -
0. oeni 4015 8 12 -
0. oeni 4016 26 25 —
0. oeni 4020 32 30 -
0. oemi 4021 12 13 -
0. oeni 4023 17 16 —
0. oeni 4025 14 14 -
0. oemi 4029 36 34 -
0. oeni 4031 8 9 —
0. oeni 4039 23 23 -
0. oeni 4041 19 17 -
0. oeni 4042 98 99 +
0. oeni 4043 33 33 -
O. oeni 4045 12 13 -
0. oeni 4046 6 5 —
0. oeni 1.90 27 29 -
0. oeni 191 32 33 -
0. oeni 1.234 48 45 —
0. oeni M42 19 18 —

Lactobacillus buchneri ST2A (Sumner et al. 1985) was
used as a positive control, this strain was positive in H-
MDAmod and is able to produce histamine concentrations
of about 300 mg ™', Three of the four Lact. hilgardii
histamine producers in H-MDBmod were found positive in
the plate assay and showed the highest levels of histamine
production when analysed using the enzymatic method and
HPL.C (Table 2). Three strains of Lact. mali were analysed
but none was found positive on H-MDAmod plates
(Table 1). However, two strains were positive when hista-
mine was quantified using the enzymatic method and HPL.C
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in H-MDBmod cultures, but they displayed low histamine
production (Table 2).

When Leuconostoc strains were analysed, no positive
strains were found in H-MDAmod, although we did find
one positive strain when the quantitative methods were used;
this strain displayed low histamine production (Table 2).

When we analysed all strains isolated from wine using the
enzymatic method and HPLC we found that 13% of
Lactobacillus, 12-2% of Pediococcus, 6:3% Leuconostoc and
78:1% of Oenococcus were able to produce histamine
(Table 1). On quantifying the histamine produced, we
observed that all the Pediococcus produced levels over
200 mg 1”'. Thus Pediococcus was the genus with the
highest histamine production (Table 2). We can also observe
that although Oenococcus is the genus displaying the highest
percentage of histidine decarboxylase-positive strains, it also
gave lower levels of histamine production. In the case of the
Lactobacillus genus, Lact. hilgardii was the species of LAB
isolated from wine with the highest levels of histamine
production, however only 26:7% of Lact. hilgardii were
histamine producers. By contrast, Lact. mali displayed low
histamine production.

Detection of the histidine decarboxylase gene

The presence of the hdc gene was observed by means of a
PCR test. The primer pair JVI6HC/JV17HC produced the

2 3 4 5 6 7 8 9 10 11 12 13 14 15

synthesis of an approx. 370 bp amplification product from a
histidine decarboxylase gene. Amplification using the other
primer pair CL1mod/JV17HC produced a fragment of
about 450 bp (Fig. 1).

Because some positive strains for histamine production
detected by H-MDAmod, enzymatic method and HPLC
were not amplified with JV1I6HC/JV17HC under the
conditions originally described by Le Jeune et al. (1995),
we decided to modify the amplification programme. The
number of amplification cycles was increased from 30 to 40,
and the annealing temperature decreased from 48 to 39-6°C.
In this way, 100% of Lactobacillus, Pediococcus and Leuco-
nostoc histamine producers showed amplification under the
new conditions for the JVI6HC/JV17HC pair (Table 3).
Nevertheless, only 56% of Oenococcus histamine producers
showed amplification for /dc. Therefore, we improved the
original CL.1 sequence (Le Jeune et al. 1995) to a CLLImod
primer with fewer degenerated positions according to the
sequences of histidine decarboxylase A gene. Under these
conditions, 100% of Oenococcus histamine-producing strains
were positive in the PCR test with CL.L1mod/JV17HC, while
some Lactobacillus histamine producers were negative with
CL1mod/JV17HC (Table 3, Fig. 1). Under the new ampli-
fication conditions and primer sequences that we propose,
both pairs of primers yielded accurate results for Pediococcus
and Leuconostoc. For Lactobacillus, the JV16HC/JV17HC
combination was more exact, whereas for Oenococcus, the

17 18 19 20

Fig. 1 Electrophoresis of DNA amplified
with primer sets JV1I6HC/JV17HC (a) and
CL1mod/JV17HC (b). Lanes 1 and 20, 1 kb
ladder; lane 2, positive control. Lactobacillus
buchneri ST2A, (lane 3) negative control
Pediococcus pentosaceus 136, (lane 4) Oenococcus
oeni 4042, (lane 5) O. oeni 4023, (lane 6)

O. oeni 4021, (lane 7) O. oeni 4047, (lane 8)
O. oeni 4010, (lane 9) O. oeni 3996, (lane 10)
O. oeni 4045, (lane 11) P. parvulus 339, (lane
12) P. pentosaceus 56, (lane 13) P. parvulus 276,
(lane 14) Lact. hilgardii 464, (lane 15) Lact.
plantarum 98, (lane 16) Lact. paracasei 364,
(lane 17) Lact. hilgardii 5w, (lane 18) Leuco-
nostoc mesenteroides 27, (lane 19) Leuc. mesen-
teroides 86
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Table 3 Percentage and number of positive strains for histamine
production detected by PCR test with each pair of primers and overall

Table 4 Analysis of histamine concentration (*) from analysed wines.
LLAB isolated from these wines, and respective PCR test of Adc and

results histamine production in H-MDBmod ®
No. CL1mod/ JV1eHC/ Wine [Histamine]" hdc [Histamine]b

Genus positives JV17HC JVI7HC no. (mg 1Y) Isolated LAB PCR (mgl™
Lactobacillus 7 71-4 (5) 100 (7) 1 3 0. oeni UR10 + 21
Pediococcus 5 100 (5) 100 (5) 2 15 O. oeni UR121B A 14
Leuconostoc 1 100 (1) 100 (1) Lact. hilgardii UR28  + 128
Oenococcus 25 100 (25) 56 (14) 3 3 0. oeni UR30 + 21

4 5 O. oeni UR54 + 22

5 2 O. oeni UR110 + 17

6 16 P. parvulus UR96 + 330
CL1mod/JVI7HC choice gave better results (Table 3, 7 1 ND NA NA
Fig. 1). 8 6 0. oeni UR42 + 31

The histidine decarboxylase activity assay using the 9 2 ND NA NA

enzymatic method and HPLC method demonstrated that 10 20 0. oeni T6 + 9
all histamine-producing strains amplified the /kdc gene P. parvulus T4 + 212
adequately in the PCR test, with CL1mod/JV17HC or 11 21 P. parvulus 'T22 + 234

12 4 O. oeni UR83B + 17

JV16HC/JV17HC or with both pairs of primers. Therefore,
the correlation between the presence of Adc detected by the
PCR test and the histidine decarboxylase activity detected
by enzymatic method and HPL.C was 100%.

Analysis of wines containing histamine

In order to characterize the LAB responsible for histamine
production in wine, we analysed 12 wines after malolactic
fermentation with different histamine content. LAB were
isolated from these wines, and they were identified and
analysed for their ability to produce histamine in synthetic
media and presence of the hdc gene (Table 4). Bacteria
were present in about 10°-10’ CFU ml™', except wines 7
and 9 that contained no detectable bacteria. Eight wines
showed histamine concentrations below 10 mg 1"\, When
the LLAB isolated from these wines were analysed, only
O. oemi strains were found to be histamine producers.
However, Lact. hilgardii and P. parvulus histamine
producers appeared in wines with histamine levels over
10 mg 1™, Oenococcus oeni histamine-producing strains
appeared together with these Lact. hilgardii and P. parvulus
in some cases (Table 4).

When the histamine production of these LAB was
analysed in H-MDBmod the highest ability to synthesize
histamine corresponded to Lact. hilgardii and P. parvulus,
which were isolated from wines containing the highest
histamine levels. Oenococcus oeni strains were isolated from
both wines with high and with low histamine content, but
always produced low amounts of this biogenic amine in
synthetic media. All these data indicate that Lact. hilgardii or
P. parvulus strains were responsible for histamine synthesis
in these wines. These results are in agreement with those
obtained from the 136 wine LLAB strains previously
analysed.

ND, not detected; NA, not applicable.

DISCUSSION

Histamine levels above 500-1000 mg kg™' food are consid-
ered potentially dangerous to human health (ten Brink ez al.
1990). This level is based on the concentration found in food
products involved in histamine poisoning (Taylor 1985). An
upper limit of 100 mg histamine kg™' food and 2 mg 17!
alcoholic beverage has been put forward. As alcohol
diminishes the efficiency of man’s natural detoxification
system (Sessa et al. 1984; Sattler ez al. 1985), the consump-
tion of alcoholic beverages leads to increased sensitivity
towards histamine. According to Lehtonen (1996), upper
limits for histamine in wine have been recommended in
Germany (2mgl™"), Belgium (5-6 mg1™"), France
(8 mg17") and in Switzerland 10 mg I”' has been estab-
lished as a tolerable value of histamine in wine. It is
important to know the ability of bacteria present in
fermented foods to produce histamine, in order to establish
the potential risk of histamine generation. In this work, 136
LAB strains isolated from wine were used to screen the
histidine decarboxylase activity and presence of the histidine
decarboxylase gene. An improved plate assay (H-MDA-
mod), an enzymatic method, HPL.C, and PCR of /dc were
used in the analysis.

The conclusions drawn regarding the method used are,
H-MDBmod is an appropriate medium to detect hista-
mine production, because the histidine decarboxylase gene
is always expressed in this medium. However, as in any
plate assay the H-MDAmod medium is only suitable to
detect strains of LLAB producing histamine levels that are
dangerously high for health, because its sensitivity is low,
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about 100 mg I”'. The plate assay is simple, low cost and
useful for determining LLAB producing dangerous levels of
histamine. It is possible to analyse the ability of many
LAB to produce high amounts of histamine in a period of
2d.

We suggest using H-MDAmod supplemented with nata-
mycin and incubated under anaerobic conditions as an easy,
routine system to detect the more dangerous ILAB histamine
producers in wines. Natamycin is an antibiotic that produces
the death of yeast present in wine and anaerobic conditions
do not allow acetic acid bacteria to grow. The LLAB able to
produce high levels of histamine are identified by a purple
halo.

The enzymatic method and HPLC (Landete et /. 2005)
are more sensitive than the H-MDAmod medium, allowing
the detection of histamine concentrations below 0-5 and
0-1 mg 17! respectively (Landete ez al. 2005). Both quanti-
tative methods can be employed in synthetic media and
grape must and wines (white, rose or red).

The PCR method allows the strains harbouring the /dc
gene to be detected, which are therefore potential histamine
producers. It is the fastest method shown here, in 3 h it is
possible to detect the presence of bacteria harbouring the /dc
gene. We strongly recommend using CL1mod/JV17HC for
O. oeni, and JVI6HC/JVI7THC for Lactobacillus, it is
possible to use both primer pairs for Pediococcus and
Leuconostoc. Oenococcus oeni is the LLAB with the highest
percentage of strains harbouring the /4dc gene, however
the histamine concentration produced by Oenococcus is
always low.

When we used the primer CL1 under the conditions
proposed by Le Jeune et al. (1995), some strains proved to
be histamine producers in the enzymatic method and
HPLC, proved negative in the PCR test. With the primer
set CLLImod/JV17HC and the conditions proposed here,
neither false positives nor false negatives were observed for
Oenococcus strains. Besides, under the new amplification
conditions for JV16HC/JV17HC, neither false positives
nor false negatives were observed in Lactobacillus strains.
We detected a higher percentage of Oenococcus positive
strains in the PCR test than other researchers (Le Jeune
et al. 1995; Coton et al. 1998). This can be explained
because CL.lmod primer has less degenerated positions
according to the sequences of the 4dc gene than CL1. The
value of these results is based on the high number of
analysed strains and on the use of highly sensitive methods
to detect histidine decarboxylase activity. Thus, we suggest
the use of the primers CL1mod/JV17HC and JHVI16/
JVI7HC under the conditions described here to detect all
LAB histamine-producing strains. We also report a 100%
correlation between the presence of the hdc gene and
activity of histidine decarboxylase in LLAB strains. This fact
supports the application of molecular methods to detect

hazardous bacteria and prevent histamine synthesis in
wines.

We observed that O. oeni, Lact. hilgardii, Lact. mali,
Leuconostoc mesenteroides and P. parvulus can contribute to
histamine synthesis in wine, but the main species respon-
sible for high histamine production (>10 mg 1_1) in wines
seem to be Lact. hilgardii and P. parvulus.

In this work we demonstrate that histamine-producing
strains of O. oeni are very frequent in wine, in contrast
Moreno-Arribas e al. (2003), where no Oenococcus hista-
mine-producing strains were detected. However, the present
work agrees with Guerrini ez al. (2002) who found a high
number of Oenococcus histamine producers in wine but low
levels of histamine production in general. Histamine-
producing strains of Lactobacillus, Pediococcus and Leuconos-
toc are also detected, but less frequently. Our results do not
oppose the common idea that Pediococcus spp. (Delfini 1989)
is the main genus responsible for histamine production,
because although the percentage of Pediococcus histamine
producers is low, some strains can produce the highest
concentrations of histamine. Moreover, Lact. hilgardii and
Lact. buchneri are also able to produce high levels of
histamine.

The presence of O. oeni, Lact. hilgardii and P. parvulus
histamine producers found in wines containing histamine,
is in accordance with certain authors who have reported
higher histamine levels after malolactic fermentation

(Castino 1975; Aerny 1985; Cilliers and van Wyk 1985).
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Abstract

The ability of wine lactic acid bacteria to produce tyramine and phenylethylamine
was investigated by biochemical and genetic methods. An easy and accurate plate medium
was developed to detect tyramine producer strains, and a specific PCR that detects the
presence of tdc gene was employed. All strains possessing the tdc gene produce tyramine
and phenylethylamine. Wines containing high quantities of tyramine and phenylethylamine
showed to contain Lactobacillus brevis or Lactobacillus hilgardii strains. The main wine
species tyramine producer was Lactobacillus brevis whereas this character was no present

or infrequent in the rest of analysed wine strains.

Key words: Tyramine; phenylethylamine; lactic acid bacteria; wine; tdc gene
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1. Introduction

Biogenic amines are found in fermented foods such as dry sausages, cheeses and
wines. They are formed as a consequence of amino acids decarboxylation by lactic acid
bacteria (LAB). Histamine and tyramine have been the most studied biogenic amines due
to the toxicological effects derived from their vasoactive and psychoactive properties.
Ingestion of large amounts of these amines causes severe health troubles such as migraine
and hypertension, and also psychiatric disorders such as depression, schizophrenia and
Parkinsonism (Ten Brink et al. 1990, Halész et al. 1994). Alcohol may enhance the effect
of amines by direct or indirect inhibition of amine oxidase, a human enzyme that degraded
these amines (Scheneyder 1973, Zee et al. 1983). Wines containing histamine could also
contain tyramine and other biogenic amines such as phenylethylamine.

Tyrosine decarboxylase (TDC) converts tyrosine to tyramine; its purification and
characterization has been reported for Enterococcus faecalis (Borrensen et al. 1989) and
Lactobacillus brevis IOEB 9809 (Moreno-Arribas and Lonvaud-Funel 1999). Later, the tdc
genes of both species were sequenced (Connil et al. 2002, Lucas and Lonvaud-Funel 2002,
Lucas et al. 2003). The published sequences of tdc genes of Lb. brevis (Lucas et al. 2003)
and Enterococcus faecalis (Connil et al. 2002), and the Enterococcus faecium
decarboxylase protein (ZP_00036405), allowed the development of primers for the
detection of tyramine-producing LAB by a PCR test (Lucas and Lonvaud-Funel 2002,
Lucas et al. 2003).

The majority of research about the presence of tyramine in foods has been focused
on cheese, fermented sausage and fermented carrot. Streptococcus sp. and Lactobacillus
curvatus appear to be the main tyramine producers in fermented sausages (Rice et al.

1976, Straub et al. 1994), whereas Lb. brevis showed this property in dry sausages (Maijala
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et al. 1993) and cheese (Joosten and Northolt 1989). Edwards et al. (1987) and Bover-Cid
and Holzapfel (1999) revealed tyramine production by all strains of Carnobacterium
divergens and Carnobacterium piscicola isolated from beef meat. Choudhury et al. (1990)
reported that Oenococcus oeni was the species responsible for tyramine production in
fermented carrots. The identification of bacteria that produce large amounts of tyramine
constitutes a raising interest in winemaking. In the last years, tyramine-containing wines
have been investigated in order to look for bacteria responsible for this amine. Some
authors demonstrated that some strains of Lactobacillus, particularly Lb. brevis, are
tyramine-producers (Moreno-Arribas et al. 2000).

The study of phenylethylamine production by LAB has received less attention,
though some authors as Gonzalez del Llano et al. (1998), Moreno-Arribas et al. (2000) and
Bover-Cid et al. (2001) have demonstrated the simultaneous production of tyramine and
phenylethylamine in fermented sausage, milk and wine. The species responsible for them
were Enterococcus faecalis, Enterococcus faecium and Lactobacillus curvatus in sausage,
Leuconostoc mesenteroides and Weisella paramesenteroides (syn: Leuconostoc
paramesenteroides) in milk and Lb. brevis and Lactobacillus hilgardii in wine (Moreno-
Arribas et al. 2000). None study about the phenylethylamine decarboxylase enzyme has
been performed to our knowledge. However, Boeker and Snell (1972) pointed that
phenylethylamine could be formed by the tyrosine decarboxylase.

The main objective of this work was to study the incidence of the tyramine and
phenylethylamine production in LAB present during the winemaking process.To achieve
this objective biochemical and genetic methods have been used and results were compared.
A plate differential medium is proposed to facilitate the identification of tyramine producer

strains.
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2. Material and methods

2.1. Bacterial strains and growth conditions

Wine strains appearing in Table 1 were isolated and identified by Rodas et al.
(2003). Other microorganisms used in this study were five Enterococcus faecalis from
CECT (184, 408, 795, 963 and 4039), Carnobacterium divergens CECT 4016, Oenococcus
oeni CECT 4100" and two strains of Lactobacillus sakei isolated from salmon. All strains
were grown in MRS broth (Scharlab) supplemented with 0.5% L-cysteine, except
Oenococcus oeni that was cultivated in MLO (Zuiiiga et al. 1993); all of them were

incubated under aerobic conditions at 28°C until mid-log phase.

2.2. Determination of tyramine and phenylethylamine forming ability in plate medium

Tyrosine decarboxylase activity of bacteria was assayed by two different plate
media; T-MDA plate medium described by Maijala (1993), and a plate medium described
by us in this paper: Tyramine Production Medium (TPM), it contains per liter: meat extract
8 g, tryptone 5 g, yeast extract 4 g, tyrosine 3 g, glucose 1.5 g, fructose 1 g, Tween 80 0.5
g, pyridoxal 5-phosphate 0.25 g, MgSO, 0.2 g, CaCO; 0.1 g, MnSO, 0.05 g, FeSO, 0.04 g
and agar 20 g. The pH was adjusted to 5.5. Strains previously grown on MRS or MLO
plates were streaked on T-MDA and TPM plates. A positive response in T-MDA implied a
colour change of this medium, caused by a pH increase due to the basic nature of the
amine. The strains were considered tyramine positive in TPM if a clear zone below the
grown cells developed (Figure 1). Tyrosine is insoluble and gives an opaque aspect to

TPM medium. When tyrosine is decarboxylated to soluble tyramine the medium becomes
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transparent. The suitability of the TPM medium to detect tyramine producer bacteria was
evaluated by comparison with results obtained by an HPLC assay (Landete et al. 2005b).
The ability of bacteria to produce phenylethylamine was assayed in the MDA solid
medium (Maijala 1993) supplemented with 10 g I™* of phenylalanine and 0.25 g I'™* of
pyridoxal 5-phosphate (Phe-MDA).
The plates were incubated at 28°C in aerobic and anaerobic conditions in order to

study the effect of oxygen on tyramine and phenylethylamine production.

2.3. Quantification of tyramine and phenylethylamine

The production of tyramine and phenylethylamine in liquid media by LAB was
simultaneously quantified by HPLC. To do that, 0.1 ml of a pre-culture grown in MRS or
MLO media were inoculated in TPM broth supplemented with 10 g I" of phenylalanine
and incubated at 28 °C until mid-log phase. Samples were centrifuged (13000 rpm 8 min),
filtered through a membrane (regenerated cellulose, 0.45 pm pore size) and derivatized
with orthophthalaldehyde (OPA). Then, samples were injected into the HPLC system as

described by Landete et al. (2005b)

2.4. Detection of tyrosine decarboxylase gene

Total DNA was obtained using the microbial DNA isolation Kit (MoBio
Laboratories, Inc). The detection of tdc gene in LAB was made by partial amplification of
this gene using the primers p0303 (5"-CCACTGCTGCATCTGTTTG-3") (Lucas et al.
2003) and P1-rev (5"-CCRTARTCIGGIATIGCRAARTCIGTRTG-3") (Lucas and

Lonvaud-Funel 2002). The mixture of amplification consisted of 1 ng of total DNA, 50
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mM of each primer, 1 unit of Taqg DNA polymerase (Dynazyme), 5 pl of Taq buffer, and 1
pl dNTPs (50 pmol). A final volume of 50 pl was reached by adding H,O. The
amplification was performed following the next conditions: 95 °C for 5 min, then by 35
cycles of 94 °C for 1 min (denaturation), 50 °C for 1 min (annealing), and 72 °C for 1 min
(extension), and a final extension at 72 °C for 10 min. The PCR products were separated by
gel electrophoresis on a 1.2 % agarose gel using Tris-borate EDTA 0.5 M as buffer system

(Sambroock et al. 1989). The gels were analysed after staining with ethidium bromide.

2.5. Chemical and microbiological analysis of wines

Red wines from Utiel-Requena with malolactic fermentation accomplished were
analysed in order to quantify their tyramine and phenylethylamine concentrations and to
identify the LAB present in them.

Chemical analyses of wines were made by HPLC as described in paragraph 2.3.

LAB strains were isolated from these wines by plating decimal dilutions on MRS
plates supplemented with 0.5% L-cysteine, and MLO plates (Zufiga et al 1993) which
were incubated at 28 °C. LAB were identified by means of Fluorescence in situ
Hybridisation (FISH) using specific fluorescent oligonucleotide probes (Blasco et al.
2003). The ability of LAB to produce tyramine and phenylethylamine was tested as

described in paragraph 2.3 and the presence of tdc gene as in paragraph 2.4.
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3. Results

The incidence of the ability to form tyramine and phenylethylamine was screened
among 150 wine LAB by different methods: two plate media (T-MDA and TPM), HPLC
and a molecular method that detects the tdc gene.

Tyramine production was firstly assayed in the T-MDA and TPM plates. Results
obtained with a subset of strains showed that aerobic conditions produced higher quantities
of tyramine, therefore the rest of assays were performed in aerobic conditions. A higher
number of strains showed positive reaction in T-MDA than in TPM. However, we
observed higher growth and stronger reaction of wine strains when analysed in the second
medium. We observed that many strains revealed as positive in T-MDA, did not produce
this amine in TPM liquid media when analysed by HPLC, whereas all positive strains on
TPM plates produced tyramine in different quantities (Tables 1 and 2). The levels of
tyramine produced by lactic acid bacteria strains ranged between 233 and 1422 mg I'*; the
highest amount was produced by one strain of Enterococcus faecalis. Specific PCR
detection of tdc gene showed an amplification fragment of 370 bp corresponding to this
gene, only in TPM positive strains whatever the species tested (Figure 2).

A correlation of 100 % was observed between the results obtained on TPM plates
(detection medium) and in TPM broth (quantification medium), and all strains showing
ability to produce tyramine harboured the tdc gene. However, this gene was not present in
strains that were unable to produce this amine. These correlations lead to propose TPM and
tdc specific PCR as useful methods to screen the ability to produce tyramine in wine LAB.
Positive strains on T-MDA but negative on TPM, HPLC quantification and tdc PCR

amplification, must be considered as false positives.
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Tyramine production is not a general trait among the lactic acid bacteria reported in
Table 1, only 28 strains from 136 showed to be tyramine producers. This ability seems to
be a general characteristic of Lactobacillus brevis and Enterococcus faecalis strains: all
assayed strains produced this amine but at different concentrations (Table 2). However, the
tyramine production is a strain dependent character in Lb. hilgardii, as only two of eight
strains in Table 1 produced it. Strains of other LAB species, tested in this work, did not
produce this amine. From our results we cannot speculate with the distribution of this
character in Lactobacillus sakei and Carnobacterium divergens, because the number of
strains analysed is too low to make general conclusions, but these species have not been
described in wine.

Phenylethylamine production was assayed in the Phe-MDA plate medium and TPM
plus phenylalanine broth. Some strains tested on plate medium gave positive reaction, but
the production of phenylethylamine was not confirmed when assayed in liquid medium. In
this last medium only 28 from 136 strains of lactic acid bacteria reported in Table 2,
produced between 77 and 356 mg I phenylethylamine. Curiously, all strains that produced
tyramine also produced phenylethylamine. The levels of phenylethylamine were 4 to 5 fold
lower than that of tyramine produced by each strain.

In order to establish the relationships between tyramine and phenylethylamine
concentrations and lactic acid bacteria present in wine, we quantified these amines and
isolated LAB strains in 10 commercial wines. After identification of isolates, their abilities
to produce tyramine and phenylethylamine were quantified and the presence/absence of tdc
gene was investigated. The results obtained from this experiment can be observed in Table
3. Tyramine and phenylethylamine concentrations were low in this set of wines, being the
maximum values found 7 and 1.8 mg I}, respectively. The strains isolated belonged to the

species Lb. brevis, Lb. hilgardii, O. oeni and Pediococcus parvulus. All Lb. brevis and Lb.
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hilgardii isolates were able to produce tyramine and phenylethylamine in synthetic
medium, but not the other isolates. From 150 LAB strains analysed in this work (see Table
1 and 3) 32 gave an amplification band of 370 kb corresponding to tdc gene. All strains
exhibiting this band were tyramine producers, whereas those negative in tdc amplification
were non producers. Wines in which Lb. brevis or Lb. hilgardii strains were isolated,
showed generally higher contents of tyramine and phenylethylamine (wines 2, 5 and 6)
than the other. Strains producing the highest quantities in synthetic medium did not
produce the highest in wine, as we can deduce from the results in Table 3. We can observe
that tyramine producer strains were also able to produce phenylethylamine, although the
quantity of this last one was always lower in both synthetic medium and wine. That
confirms the correlation between these two abilities, already demonstrated by the results

reported in Tables 1 and 2.
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4. Discussion

It is important to know the ability to produce amines of bacteria involved in
fermented foods in order to establish the potential risk of toxicological disorders in
consumers. Tyramine is, besides histamine and putrescine, one of the most abundant
amines in wines. Phenylethylamine is also frequently found.

The ability to produce tyramine by bacteria has been previously checked by several
plate medium developed by Maijala (1993) and Bover-Cid and Holzapfel (1999). T-MDA
gave spurious results with our bacteria. The low glucose concentration, low pH (<5.5)
(Masson et al. 1997) and the presence of pyridoxal-5-phosphate have a strong enhancing
effect on the amino decarboxylase activity (Snell 1990) and, therefore, improves the
tyramine production on TPM plates. The accuracy of this medium was demonstrated by
comparing the results of HPLC quantification in liquid medium. This plate medium is an
easy, conventional and suitable method to screen LAB for tyrosine decarboxylase activity
in laboratories lacking sophisticated equipment.

In this work we have evaluated the usefulness of the specific PCR using the
primers described by Lucas and Lonvaud-Funel (2002) and Lucas et al. (2003) to detect
dangerous strains producing tyramine by analyzing a high number of strains belonging to
different genus and species. The couple of primers used to amplify the tdc gene showed to
be of wide application among lactic acid bacteria, because it is able to detect this gene in
species belonging to various genera that occur in food: Carnobacterium, Enterococcus and
Lactobacillus. As 100 % correlation between the presence of tdc gene and the tyramine
production has been demonstrated we affirm that PCR specific is a easy genetic useful for
the screening of dangerous LAB in foods. Genetic procedures accelerates getting results

and allows the introduction of early control measures to avoid the development of these
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bacteria. A previous work used the specific PCR to detect the presence of tdc gene (Coton
et al., 2004) but the authors did not correlate the presence or absence of the amplification
band with the production or not of tyramine.

Derived from the incongruence of data obtained Phe-MDA plate medium when
compared to HPLC results (false positives), we stated that this medium is not an adequate
way to screen the ability to form phenylethylamine by LAB.

We have demonstrated that the phenylethylamine production is associated with
tyramine production in lactic acid bacteria. Others authors as Gonzéalez del Llano et al.
(1998) have already reported this correlation in some high tyramine producing
Leuconostoc strains isolated from dairy products. Moreno-Arribas et al. (2000) found
similar results in Lb. brevis and Lb. hilgardii isolated from wine. This correlation could be
explained by the fact that phenylalanine should be also a substrate for the tyrosine
decarboxylase enzyme, that will produce phenylethylamine in a secondary reaction as
Boeker and Snell (1972) demonstrated.

It has been demonstrated that the abilities to form tyramine and phenylethylamine
are not outspread among wine lactic acid bacteria. They are held mainly by Lb. brevis and
some Lb. hilgardii strains but not by other common wine species as Lactobacillus
plantarum, Lactobacillus mali, Lactobacillus casei, Lactobacillus paracasei,
Lactobacillus collinoides, P. parvulus, Pediococcus pentosaceus, Leuconostoc
mesenteroides and O. oeni. Other authors have reported that all strains of Lb. brevis
isolated not only from wine but meat were able to produce tyramine (Maijala 1993,
Moreno-Arribas et al. 2000). The variability of this character in Lb. hilgardii found in this
work, has been already reported by Moreno-Arribas et al. (2000). The inability to produce
tyramine of O. oeni, P. pentosaceus, Lb. plantarum, Lb. casei showed by our strains agrees

with the results obtained by Moreno-Arribas et al. (2000 and 2003). However our result
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and the results of Moreno-Arribas et al (2000 and 2003) and Gonzéalez del Llano et al.
(1998) disagree for the species L. mesenteroides, as we did not find positives strains in this
work whereas they found among their isolates; as can be easily deduced, the tyramine
formation is a variable character in this species. Choudhury et al. (1990) reported that one
strain of O. oeni DSM 20205 (CECT 4100") produced tyramine, but when this strain was
assayed in our system, it was unable to do that; indeed it harboured not the tdc gene. Our
observations confirm that O. oeni does not seem to be one of the responsible of tyramine
production in wines. These disagreement in results obtained by us and other researchers are
probably dependent on the screening method used, as an example, false positives have
been observed in T-MDA and Phe-MDA in this work. All the strains of non-wine species
assayed by us, Lactobacillus sakei, E. faecalis and C. divergens, were tyramine producers,
as already demonstrated Bover-Cid and Holzapfel (1999) and Bover-Cid et al. (2001).

The fact that wines in which Lb. brevis and/or Lb. hilgardii strains were found
exhibited the higher tyramine and phenylethylamine concentration, let us to presume that
strains of these species are the responsible for their synthesis. We were unable to isolate
amine producing strains in wines exhibiting below 2 mg I tyramine and 0.6 mg I™* of
phenylethylamine, with the exception of wine 3 in which a Lb. brevis strain was detected.
As we demonstrated the most probable tyramine and phenylethylamine producer in wine is
Lb. brevis (Landete et al. 2005a), and strains able to produce these amines in synthetic
medium were able to produce them in wine. The low levels of these amines in wine 3
could be explained because this species was in early phase of development at the moment
of sampling. For this reason, any increase in number of Lb. brevis could lead to
unacceptable levels of tyramine and phenylethylamine, if precursors are available. They
also demonstrated that the main increase of these two amines occurred during malolactic

fermentation.
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In addition, we have contributed to facilitate the detection of these activities by
means of a biochemical plate method of easy performing for winemakers. Also, we have
demonstrated that a PCR specific method already described, is a useful method to evidence
the presence of bacteria able to form tyramine in a short time. Short times in detecting

problems are crucial to adopt correction measures avoiding high levels of amines in wines.
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378  Table 1. Characterization of the ability to produce tyramine and phenylethylamine by
379  biochemical and genetic methods.
Species NO of strains ~ TPM plate® TPM broth Presence of  Origin
tested Tyramine®  Phenyethylamine® tdc gene®

Lb. brevis 18 18 18 18 18 wine
Lb. hilgardii 8 2° 2° 2° 2° wine
Lb. sakei 2 2 2 2 2 salmon
Lb. plantarum 5 0 0 0 0 wine
Lb. mali 3 0 0 0 0 wine
Lb. buchneri ST2A 1 0 0 0 0 cheese
Lb. casei 2 0 0 0 0 wine
Lb. paracasei 8 0 0 0 0 wine
Lb. collinoides 404 1 0 0 0 0 wine
P. parvulus 22 0 0 0 0 wine
P. pentosaceus 3 0 0 0 0 wine
L. mesenteroides 6 0 0 0 0 wine
Leuconostoc sp. 10 0 0 0 0 wine
O. oeni 41 0 0 0 0 wine
E. faecalis 5 5 5 5 5 CECT
C. divergens 4016 1 1 1 1 1 CECT4016

380

381

382

383

® Number of positive strains.

® Strains giving positive response for tyramine and phenylethylamine in plate and broth are

the same amplifying the tdc fragment.
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384  Table 2. Tyramine and phenylethylamine production by lactic acid bacteria in TPM

385  supplemented with phenylalanine.

386
Strains tested Tyramine (mg I'") Phenylethylamine (mg I™)
Lb. brevis J2 476 97
Lb. brevis J13 1089 221
Lb. brevis 9 422 99
Lb. brevis 11 456 105
Lb. brevis 15 778 209
Lb. brevis UR16A 653 179
Lb. brevis 26 387 89
Lb. brevis UR34A 687 145
Lb. brevis UR34B 402 95
Lb. brevis 40 986 168
Lb. brevis 42 1223 239
Lb. brevis 74 878 201
Lb. brevis 84 398 98
Lb. brevis 106 402 93
Lb. brevis 131 766 157
Lb. brevis 198 1100 198
Lb. brevis 238 434 88
Lb. brevis 377 567 96
Lb. hilgardii UR28 534 151
Lb. hilgardii 359 423 120
Lb. sakei Ib 233 77
Lb. sakei Fb 456 130
E. faecalis CECT184 895 278
E. faecalis CECT408 542 223
E. faecalis CECT795 1189 321
E. faecalis CECT963 1422 356
E. faecalis CECT4039 887 286
C. divergens CECT4016 1134 221
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387  Table 3. Microbial and biogenic amine composition of wines. Genetic and biochemical
388  characterization of strains isolated from these wines.
Wine Wine Isolated LAB tdc PCR TPM broth
Tyramine  Phenylethyl- Tyramine Phenylethyl-
mg I aminemg I"* mg I aminemg I"*
1 0.5 0.2 O. oeni 80A - - -
2 7 1.2 O. oeni 121B - - -
Lb. hilgardii 15B + 423 77
3 1.2 0.5 O. oeni UR98B - - -
Lb. brevis UR16 + 634 101
4 1.3 0.6 O. oeni UR29 - - -
P. parvulus UR89 - - -
5 2.5 1.2 Lb. brevis UR9 + 567 89
O. oeni UR42 - - -
P. parvulus UR97 - - -
6 4 1.8 P. parvulus UR22 - - -
Lb. brevis UR34A + 543 91
7 0.8 0.1 P. parvulus UR33
8 1.6 0,3 - - - -
9 1.0 0.3 O. oeni UR83B - - -
10 1.4 0.4 - - - -
389
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390 Figure legends

391

392  Fig. 1. Results obtained in TPM plate medium. Two L. brevis (J2, 84) tyramine producers,
393  show a clear zone below (2 and 6), whereas four: P. parvulus P339 (1), L. collinoides 404
394  (3), L. casei 362 (4) and L. mali 54 (5) do not show clearing reaction being considered as
395  negative for tyramine production.

396

397  Fig 2. PCR amplification of a tdc gene fragment with primers p0303 and P1-rev.

398 1 Kb Plus Ladder (Invitrogen) (1, 14), Lb. hilgardii 359 and 464 (2, 3), Lb. brevis J2, 9, 40,
399 84 and 106 (4,5, 6, 8, 11), Lb. collinoides 404 (7), Lb. casei 362 (9), Lb. mali 54 (10),

400  Pediococcus parvulus P339 (12), and Oenococcus oeni 4042 (13).
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Abstract

Bacterial genes of tyrosine decarboxylases were recently identified. Here we continued the sequencing of the tyrosine decarboxylase
locus of Lactobacillus brevis IOEB 9809 and determined a total of 7979 bp. The sequence contained four complete genes encoding a
tyrosyl-tRNA synthetase, the tyrosine decarboxylase, a probable tyrosine permease and a Na+/H+ antiporter. Rapid amplification of
cDNA ends (RACE) was employed to determine the 5’-end of mRNAs containing the tyrosine decarboxylase gene. It was located only
34-35 nucleotides upstream of the start codon, suggesting that the preceding tyrosyl-tRNA synthetase gene was transcribed separately. In
contrast, reverse transcription-polymerase chain reactions (RT-PCRs) carried out with primers designed to amplify regions spanning gene
junctions showed that some mRNAs contained the four genes. Homology searches revealed similar clusters of four genes in the genome
sequences of Enterococcus faecalis and Enterococcus faecium. Phylogenetic analyses supported the hypothesis that these genes evolved all

together. These data suggest that bacterial tyrosine decarboxylases are encoded in an operon containing four genes.
© 2003 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.

Keywords.: Decarboxylase; Biogenic amine; Tyramine; Lactic acid bacterium; Lactobacillus

1. Introduction

Biogenic amines (BA) are organic bases that can be
found at undesirable concentrations in foods and bever-
ages such as dry sausages, cheeses and wines [1-3]. Inges-
tion of large amounts of BA cause severe toxicological
disorders since they function as neurotransmitters in the
nervous system of vertebrates where they are normally
present at trace levels [4]. Accumulation of BA in foods
depends on the availability of precursors (mainly amino
acids) and on the presence of microorganisms containing
specific amino acid decarboxylases [1-3]. The decarboxy-
lation systems are thought to provide metabolic energy to

* Corresponding author. Tel.: +33 5 4000 6469; Fax: +33 5 4000 6468.
E-mail address: patrick_mr_lucas@hotmail.com (P. Lucas).

! Present address: Departament de Microbiologia i Ecologia, Facultat
de Ciéncias Biologiques, Universitat de Valéncia, Dr Moliner, 50,
Burjassot, Valencia, Spain.

microorganisms and to regulate their intracellular pH by
translocating charges across the cytoplasmic membrane
[5-7]. Surprisingly, these systems are not present in all
organisms of a same species but are rather strain-specific.
A possible explanation would be that genes encoding ami-
no acid decarboxylases could propagate in bacteria as mo-
bile genetic elements [7].

Tyramine is one of the most frequently encountered BA.
Many lactic acid bacteria involved in food processing can
decarboxylate tyrosine to produce tyramine. These bacte-
ria belong to genera as diverse as Lactobacillus, Leuconos-
toc, Lactococcus, Enterococcus or Carnobacterium [1-3].
Tyrosine decarboxylases were partially purified and char-
acterized from Lactobacillus brevis IOEB 9809 [8] and En-
terococcus faecalis [9]. Both required the cofactor pyridox-
al-phosphate  for activity, showed related kinetic
parameters and appeared as dimers of 70-75-kDa poly-
peptides. The first sequences of bacterial genes encoding
tyrosine decarboxylases (1yrDC) were reported recently
[10,11]. A 792-bp fragment of the L. brevis tyrDC was

0378-1097/03/$22.00 © 2003 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.

doi:10.1016/S0378-1097(03)00787-0
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determined after microsequencing of polypeptides of the
purified tyrosine decarboxylase [10] and the E. faecalis
tyrDC was obtained by screening a library of insertional
mutants [11]. The latter was located between genes of a
tyrosyl-tRNA synthetase and a putative tyrosine/tyramine
exchanger, and it was probably cotranscribed with them
[11]. Here we continued the sequencing of L. brevis IOEB
9809 tyrDC with the aim to obtain its complete sequence
and to determine the genetic organization of the tyrDC
locus of this bacterium.

2. Materials and methods
2.1. Enzymes and oligonucleotide primers

Restriction enzymes were from New England Biolabs
and Promega and used according to the manufacturer’s
instructions. Oligonucleotide primers for polymerase chain
reaction (PCR), sequencing, and cDNA synthesis were
purchased from Qbiogene or Proligo and named as
follows: p0301: GATATCATTGGTATTGGTTTGGAT-
CAAG, p0302: CCYACIGAYTTYGCIATICCIGAYT-
AYGG, p0303: CCACTGCTGCATCTGTTTG, p0304:
GCATACCAGAGTCCCTCAAG, p0305: GAACCATC-
TGCGACAATGTG, p0306: CTTCCAACTTCCCATA-
TCCTG, p0307: GCCTTCTATGACAAGCATC, p0308:
CGGATACGGACGCACAATTG, p0309: GGTTGGG-
TAATGTTAGAAAGTTG, p0310: GTATCCGACAGT-
GGTGACAG, p0311: CAACTTTCTAACATTACCCA-
ACC, p0312: CGTATCTTCAATCGTTTCGTG, p0313:
GATAAGCTGATGACTGGTGG, p0314: TTTCGCGC-
ATACCAGAGTCC, p0315: TTGGATCCGAAGGTAT-
GTAG.

2.2. Bacterial strain and growth conditions

The strain L. brevis IOEB 9809 used in this study was
isolated in our laboratory from a red wine [12]. Cultures
were carried out at 25°C without shaking in MRS medium
[13].

2.3. Genomic DNA extraction, amplification and
sequencing

Genomic DNA was extracted using the Wizard genomic
DNA purification kit (Promega). PCRs were performed
with the ExTaq (Takara) DNA polymerase. DNA prod-
ucts were purified with the Qiaquick kit (Qiagen) or sep-
arated on 0.8% agarose-TAE gel and recovered using the
SNAP kit (Invitrogen). The nucleotide sequence of the
tyrDC locus was obtained by the linker-mediated PCR
strategy of the Topo-walker kit (Invitrogen). Briefly, ge-
nomic DNA was digested with a restriction enzyme gen-
erating cohesive ends. DNA fragments were dephosphor-
ylated and A-tailed by primer extension using the ExTaq

72

DNA polymerase and primers p0304 or p0306 directed
towards the 5’- and 3’-ends of the known 7yrDC fragment,
respectively. DNA linkers were added to the A-tailed ex-
tremities by topoisomerase I-mediated ligation. The DNA
constructions were amplified by PCR with a primer spe-
cific of the DNA linker and p0305 (5’-end direction) or
p0307 (3’'-end direction). PCR products were directly se-
quenced on both strands. To obtain the 7979-bp sequence
reported here, additional DNA templates were synthesized
similarly with primers matching newly determined DNA
regions.

2.4. Southern blot hybridization

Genomic DNA was digested and transferred onto Hy-
bond-N+ membranes (Amersham) and hybridized as de-
scribed by Sambrook et al. [14]. DNA probes were ampli-
fied using genomic DNA as template and primer sets
p0301 and p0302 or p0303 and p0302, labeled with digox-
igenin-11-deoxyuridine triphosphate (dUTP) using the
DIG-DNA labeling kit (Roche) and detected by chemilu-
minescence with an anti-digoxigenin antibody and CDP-
star (Roche).

2.5. Total RNA preparation, 5 -rapid amplification of
c¢DNA ends (RACE) and reverse transcription
(RT)-PCR experiments

Total RNAs were extracted from 10 ml of exponentially
growing cells. After collection, cells were resuspended in
1 ml of ice-cold Tri-reagent (Sigma), transferred in tubes
containing the Lysing Matrix B (Q-biogen) and lysed in a
FastPrep FP120A instrument (Q-biogen) by three cycles of
45 s at maximum speed and 1 min on ice. The lysates were
centrifuged at 13000X g for 15 min and at 4°C. RNAs
contained in the upper phase were washed with chloro-
form, precipitated with isopropanol, washed with ice-
cold 70% ethanol, dried and resuspended in 20 ul of di-
ethyl pyrocarbonate (DEPC)-treated water. Residual
DNA was digested with an RNase-free DNase (Ambion)
according to the manufacturer’s instructions. To control
the quality of RNA samples, 2-ul aliquots were mixed
with 10 ul formamide, 4 pl formaldehyde, heated 10 min
at 65°C and separated by electrophoresis in a 0.8% aga-
rose-TAE gel containing 0.6 ug ml~! ethidium bromide. In
intact samples, 16S and 23S rRNA bands were visualized
under an ultraviolet (UV) light at the positions of 1.4 and
2.6 kbp DNAs, respectively.

5’-ends of tyrDC transcripts were determined using a 5'-
RACE kit (Invitrogen). Total RNAs (1 ug) were reverse
transcribed with primer p0305 and the superscript II RT.
cDNAs were C-tailed with a terminal deoxynucleotidyl
transferase and used as template in a PCR with an anchor
primer specific of the C-tailed extremity and p0314 situ-
ated in tyrDC. To reduce the high background of non-
specific amplification, a second PCR was carried out using
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the first DNA product as template, a nested anchor primer
of the 5'-RACE kit and p0315. The single DNA band
amplified after this second PCR was purified and se-
quenced.

RT-PCR experiments were performed in two steps.
First, four cDNAs were synthesized with the Sybr RT
master mix (Qiagen), 1 pg of total L. brevis RNAs and
primers p0305, p0309, p0310 or p0312 specific of tyrDC,
tyrP, nhaC and otc, respectively. Each cDNA preparation
was then used as template in a PCR carried out with
primers designed to amplify regions spanning gene
junctions: p0308+p0305 (zyrRS-tyrDC), p0307+p0309
(tyrDC-tyrP), p0311+p0310 (tyr P-nhaC) or p0313+p0312
(nhaC-otc).

3. Results
3.1. Nucleotide sequence of the tyrDC locus

A strategy based on linker-mediated PCR was employed
to sequence the L. brevis IOEB 9809 genomic sequence
surrounding the 792-bp fragment of #yrDC determined
previously [10]. A restriction map of the #yrDC locus
was first drawn up by Southern blot with the enzymes
HindlIll, Ndel, Clal, Kpnl and Sacl. The map was
then used to identify restriction fragments containing
at least 100 bp of known #yrDC sequence and 1-5 kbp
of unknown flanking DNA. A DNA linker was joined
at the unknown ends of these fragments by a self-liga-
tion method and the resulting DNAs were amplified
by PCR and sequenced. A total of 7979 bp was deter-
mined by this procedure, including the initial 792-bp frag-
ment.

The genetic organization of the sequence is depicted in
Fig. 1. Analyses revealed the presence of four complete
and one partial open reading frames (ORFs) encoding
polypeptides larger than 100 amino acids. All of them
were found in the same direction. The #yrDC gene proved
to encode a protein of 626 amino acids with a calculated
molecular mass of 70.5 kDa in agreement with experimen-
tal measurements [8,10]. The upstream ORF showed

strong similarities with genes of tyrosyl-tRNA synthetase
(tyrRS). Downstream of tyrDC were two ORFs related to
genes of amino acid permeases (1yrP) and Na+/H+ anti-
porters (nhaC), and the 5'-end of a fifth ORF similar to
ornithine transcarbamylase genes (ozc). The consensus se-
quence of putative ribosome binding sites was identified
7-12 bp upstream of each translation initiation site. The
intergenic regions tyrRS—tyrDC, tyrDC-tyrP and tyrP-
nhaC were quite short (209, 92 and 72 bp, respectively),
suggesting that these four genes could be cotranscribed.
However, putative transcription termination hairpins
were identified in the 7yrRS—tyrDC and tyrP-nhaC regions
(Fig. 1). Another predicted hairpin was located in the large
nhaC—-otc intergenic region.

3.2. Characterization of tyrDC RNA transcripts

To characterize the transcripts containing tyrDC we first
analyzed their 5’-ends. 5'-RACE was performed using to-
tal RNAs of L. brevis IOEB 9809 and oligonucleotide
primers situated in the first 600 bp of #yrDC. Only one
DNA product could be obtained, suggesting that the ma-
jority of tyrDC transcripts were initiated at the same site.
Sequencing of the DNA product assigned the initiation
site 34-35 bp upstream of the ryrDC start codon (Fig.
2A). The consensus sequences of —10 and —35 boxes
were identified. They were preceded by a putative tran-
scription termination hairpin (AG=—18.05 kcal mol™')
located 73 bp upstream of the —35 box and 37 bp down-
stream of the 7yrRS stop codon (Fig. 2A).

To determine whether tyrDC was cotranscribed with
other genes of the tyrDC locus, total RNAs of L. brevis
were used in RT-PCRs with four sets of primers designed
to amplify regions spanning gene junctions: tyrRS—tyrDC,
tyrDC—tyrP, tyrP-nhaC or nhaC-otc. Surprisingly three
amplification products were obtained, showing that #yrRS,
tyrDC, tyrP and nhaC can be cotranscribed (Fig. 2B). The
strong signal of the #yrDC-tyrP product indicated that
RNAs containing these two genes were probably abun-
dant. The zyrRS—tyrDC and tyrP-nhaC product signals
were less important but they proved that some RNAs
contained #yrRS and tyrDC, and/or tyrP and nhaC. Am-

AAAAGGGGTAATGAACATG
AAAGGAGTGTACCTTAATTATG |
AAGGGAAGCGCGAACATG | |
GCAGGAGGTAAGTGACATG : | |
AAAGGGGAACAAGCTGATG : i | |
| 418aa | 626aa | 473aa | 476aa 1110 aa

1—] tyrRs>I( tyrDC

<> > <&
899 bp 209 bp

tyrP :>i nhaC >l—E%7979 bp

><E e > <

92 bp 72 bp 398 bp

Fig. 1. Genetic organization of the tyrDC operon of L. brevis IOEB 9809. Large arrows represent the ORFs of potential genes. The sizes of predicted
proteins are indicated in amino acids (aa). Putative ribosome binding sites (in bold) are shown with corresponding start codons (in italics). Dark circles
and lines depict probable transcription termination hairpins. The sizes of extragenic regions are indicated in bp between small arrows. The sequence

was deposited in GenBank under the accession number AF446085.
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tyrRS

AAAGTAAAAGATTAGAGAAAAATTATTTTTTATTAATGTAATACCCGTTAGCGGGTCTGA 60

?éGTCGTﬁTCAGGCCCGCTTTTCGTATCTTAAAAGGTCCTAATAAAGCAATAATAAGCCG 120

AACGGTTTCTCTAATTTTAATAAAATACCCISWVNSINGGCGTATTTGTGAAAGCGI:MWNSINC 180
-35 -10

TTGGGTEAACCAGGATATTAAATCTGCAGGAGGTAAGTGACATGGAAAAAAGTAATCGCT 240

+1— rbs tyrDC
B
PCR RT-PCR (+RT) RT-PCR (-RT)
tyrRS tyrDC tyrP  nhaC tyrRS tyrDC tyrP  nhaC tyrRS tyrDC tyrP  nhaC
L #rDC tyrP  nhaC ofc L tyDC tyrP  nhaC otc L  tyDC tyrP  nhaC otc
(bp)
1500-
1000-
500-
100-

Fig. 2. Transcriptional analysis of the tyrDC locus. A: The tyrRS—tyrDC intergenic sequence is represented together with the last and first nucleotides
of genes (gray backgrounds). The ¢yrDC transcription initiation site (G or A nucleotide, shown on a black background) was determined by 5’-RACE.
Putative —10 and —35 boxes were identified by sequence analysis. Dashed arrows represent a probable transcription termination hairpin. B: RT-PCRs
were performed with total RNAs and primer sets allowing amplification of the indicated intergenic regions (lanes of +RT). To confirm the absence of
contaminating DNA, similar experiments were conducted without reverse transcriptase (lanes of —RT). Control PCRs were carried out with the same

primer sets and genomic DNA instead of cDNAs as template.

plification of a zyrRS—tyrDC product showed that 1yrDC
transcripts could be initiated at two different promoters:
one upstream of tyrDC (identified by 5'-RACE, Fig. 2A)
and the other one upstream of 7yrRS. We suppose that the
5’-RACE experiment revealed only RNAs initiated at the
first promoter because they were better reverse transcribed

L. brevis
E. faecalis
E. faecium

L. brevis
E. faecalis
E. faecium

L. brevis
E. faecalis
E. faecium

L. brevis
E. faecalis
E. faecium

and amplified than the large RNAs initiated upstream of
tyrRS. Surprisingly, the tyrRS—tyrDC product was slightly
shorter when it was amplified from RNAs than from ge-
nomic DNA. A sequence analysis revealed that RNAs
containing this region might fold into a large secondary
structure (130 nucleotides), which could be read-through

L. brevis B2ABEEEP ML GVVGVINGSTEEGAWID[]!I DKI
E. faecalis G L EBE AP WAL GVV GV AGSTEEGANADERI DK
PIBL GVVGVIVAGSTEEGAIEDIEll DKI

E. faecium [ A VEIE a4

L. brevis
E. faecalis
E. faecium

L. brevis
E. faecalis
E. faecium

L. brevis
E. faecalis
E. faecium

L. brevis
E. faecalis
E. faecium

L. brevis K
E. faecalis Q
E. faecium 3

D v K 620

VA s vNaeKkENV 626
!
| A D oL L AasEAK]|B25

Fig. 3. Protein sequence alignment of tyrosine decarboxylases of L. brevis, E. faecalis (AF354231) and E. faecium (ZP_00036405) constructed with Clus-
tal W. Identical (black background) and similar (gray background) residues were shaded using AMAS [19].
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by the reverse transcriptase and produce shortened ampli-
fication products.

3.3. Conservation of the proteins of the tyrDC locus

A survey of databases was carried out to identify the
closest relatives of the genes located in the #yrDC locus of
L. brevis. As anticipated, tyrRS, tyrDC and tyrP were
close to the three genes of the E. faecalis tyrosine decar-
boxylase operon reported previously [11]. Interestingly,
inspection of the available genome sequence of this bacte-
rium [15] allowed us to detect a fourth gene, related to
nhaC, in its tyrDC locus. In addition, we found a cluster
containing four similar genes in the genome of Enterococ-
cus faecium.

An alignment of the amino acid sequences of the
three tyrosine decarboxylases of L. brevis, E. faecalis and
E. faecium showed that they were closely related (69%
identity and 84% similarity, Fig. 3). The consensus se-
quence of the binding site for the cofactor pyridoxal-phos-
phate was conserved in all three proteins. Similarly, the
putative tyrosine permeases encoded by genes tyrP of the
three bacteria were homologous (61% identity and 80%
similarity) and distant from all other known amino acid
permeases (not shown). In contrast, although the three
tyrosyl-tRNA synthetases and the three Na+/H+ antiport-
ers showed much resemblance, they were also related to
other tyrosyl-tRNA synthetases and Na+/H+ antiporters
commonly found in bacteria. Phylogenetic trees were con-
structed to precise the evolutionary relationships between
these proteins. As shown in Fig. 4, the distribution of
tyrosyl-tRNA synthetases and Na+/H+ antiporters en-
coded by genes of the tyrDC loci did not follow the phy-
logeny of their hosts. These proteins made tight clusters
and were clearly separated from their relatives encoded
elsewhere in bacterial genomes. These results suggested
that tyrRS, tyrDC, tyrP and nhaC evolved together and
were disseminated in L. brevis, E. faecalis and E. faecium
as a single genetic element.

4. Discussion
4.1. Bacterial tyrosine decarboxylases

We have reported the complete sequences of the gene
encoding the tyrosine decarboxylase of L. brevis IOEB
9809 and adjacent genes found in the same locus. This is
the third bacterial tyrosine decarboxylase gene identified
to date since homologs were detected in E. faecalis [11]
and E. faecium. An alignment of the three protein sequen-
ces revealed positions of conserved amino acids (Fig. 3)
that could be used to design degenerated PCR primers and
to develop a PCR-based strategy to detect tyramine-pro-
ducing bacteria. A comparable approach was already used
to determine the presence of histamine-producing bacteria

A

E. faecalis (AA080458)
—— L. brevis
—E. faecium (zP_00035386)

tyrDC loci

——L. plantarum (CAD65031)
—— L. gasseri (zP_00047233)
52 O. oeni (zP_00070217)
WCLeu. mesenteroides (zP_00063559)
E. faecalis (AA081513)
Str. pneumoniae (AAK76159)
Lac. lactis (AAK04483)
Esc. coli (BAA15398)
Sta. aureus (BAB42818)

50 —B. anthracis (AAP28595)
77 Lis. monocytogenes (CAC99676)

73

100
68
94

—— 50 changes

E. faecalis (AA080461)
tyrDC loci

E. faecium (zP_00036403)
L. brevis

L. plantarum (CAD62860)

L. plantarum (CAD65452)

1%% E. faecalis (AA08262)
E. faecium (zP_00035639)
100 [B- anthracis (AAP24374)
100 | 100 |--B. cereus (AAP11040)
100 100 F. nucleatum (NP_603257)
100 E:Oce. iheyensis (BAC14830)
54 Oce. iheyensis (BAC13074)
B. subtilis (CAA74461)
—50 changes

Fig. 4. Evolutionary relationships between bacterial tyrosyl-tRNA syn-
thetases (A) and Na+/H+ antiporters (B). Protein sequences of tyrosyl-
tRNA synthetases and Na+/H+ antiporters were aligned with Clustal W
and phylogenetic trees were constructed by the maximum parsimony
method with PAUP* V4.0b10 [20]. Similar trees were obtained by neigh-
bor-joining ([21], not shown). Bootstrap resampling ([22], 500 replica-
tions) was carried out to quantify the relative support of branches of
the inferred trees. Bootstrap values are indicated above (maximum par-
simony) and below (neighbor-joining) each branch. Proteins encoded by
genes located in tyrDC loci are denoted in gray boxes. Leu.: Leuconos-
toc, O.: Oenococcus, B.: Bacillus, Lis.: Listeria, Sta.: Staphylococcus,
Str.: Streptococcus, Lac.: Lactococcus, Esc.: Escherichia, F.: Fusobacte-
rium, Oce.: Oceanobacillus.

in wines [16]. Rapid detection systems for both tyramine
and histamine producers may help to prevent spoilage of
foods and beverages by these BA.

4.2. Organization of the tyrosine decarboxylase operon

The sequence of the L. brevis tyrDC locus contained
four genes transcribed in the same direction, #yrRS,
tyrDC, tyrP and nhaC, which encode a tyrosyl-tRNA syn-
thetase, the tyrosine decarboxylase, a probable tyrosine
permease and a Na+/H+ antiporter, respectively. We

75


Jose Maria
Text Box
Capítulo 5

Jose Maria
Text Box
75


Capitulo 5

70 P. Lucas et al. | FEMS Microbiology Letters 229 (2003) 65-71

found the same gene clusters in the available genome se-
quences of E. faecalis and E. faecium, and different bor-
dering sequences in the three bacteria (not shown). There
is no doubt that tyrDC and tyrP are elements of a single
operon because they were cotranscribed in both L. brevis
IOEB 9809 (Fig. 2B) and E. faecalis [11] and genes of
bacterial amino acid decarboxylases are generally associ-
ated to genes of corresponding amino acid permeases [7].
On the other hand it was difficult to confirm whether
tyrRS and nhaC take part in the operon or not. A tran-
scription initiation site was situated immediately upstream
of L. brevis tyrDC, excluding the possibility that zyrRS
was cotranscribed with zyrDC from this site (Fig. 2A).
This conclusion was corroborated by the identification of
a putative transcription termination hairpin between
tyrRS and tyrDC. Another predicted hairpin located be-
tween tyrP and nhaC could also prevent cotranscription of
the latter with #yrDC and tyrP (Fig. 1). However, the
small sizes of the intergenic regions were compatible
with an operon organization and RT-PCRs confirmed
that #yrRS and tyrDC were cotranscribed in some of the
L. brevis RNAs, and also #yrP and nhaC (Fig. 2B). There-
fore these results suggest that the tyrDC operon would be
made up of the four genes and that transcription regula-
tion could occur and exclude #yrRS and/or nhaC from a
part of the transcripts. In agreement, phylogenetic analy-
ses of tyrRS- and nhaC-encoded proteins (Fig. 4) sup-
ported the hypothesis of a co-evolution of #yrRS, tyrDC,
tyrP and nhaC. These analyses also suggested that the four
genes were transferred in bacteria as a single mobile genet-
ic element.

4.3. What is the role of the proteins of the tyrDC operon?

Identification of the t#yrDC operon raised questions
about the role of its encoded proteins. Based on analogy
to other bacterial amino acid decarboxylation systems, the
operon could supply energy and participate in pH regula-
tion [5-7]. In this respect, the combined activities of the
tyrosine decarboxylase and the putative tyrosine permease
would be sufficient. The finding of a Na+/H+ antiporter in
the operon was thus unexpected. Na+/H+ antiporters are
known to contribute in pH and Na+ homeostasis,
although recent works suggest that they can also transport
various substrates [17,18]. Characterization of the protein
encoded in the zyrDC operon will be required to determine
how it works and what its role could be. It was also sur-
prising to identify the gene of a tyrosyl-tRNA synthetase
in the #yrDC operon because this enzyme is already
present in all living cells. Accordingly, we have detected
two genes of tyrosyl-tRNA synthetases in the genome se-
quence of E. faecalis: one was found within the tyrDC
operon (AA080458) and the other one (AA081513) was
situated elsewhere in the genome (Fig. 4A). Given that
tyrosine decarboxylase and tyrosyl-tRNA synthetase com-
pete for the same substrate, we supposed that expression
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of a second tyrosyl-tRNA synthetase could be required to
preserve protein synthesis in bacteria energized by the ty-
rosine decarboxylation system.
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ABSTRACT

Aims: The aim of this work was to study the influence of enological factors (organic acids,
sugars, ethanol, SO,, pH and temperature) on the histidine decarboxylase gene (hdc)
expression and on histidine decarboxylase enzyme (HDC) activity in Lactobacillus
hilgardii, Pediococcus parvulus and Oenococcus oeni.

Methods and Results: Cell extracts and whole cells were used to study the influence of
different factors on hdc expression and HDC activity. Glucose, fructose, malic acid and
citric acid diminished the hdc expression, while ethanol increased the histidine
decarboxylase enzyme activity. Temperature and pH had effect on the activity of HDC but
not on hdc expression. Tartaric acid and L-lactic acid, and SO, had no effect on enzyme
synthesis and activity. Lact. hilgardii is the most active species, and O. oeni the less one.
Lactic acid bacteria species differ in the relative enzymatic activity but all the factors
affected in the same way to Lact. hilgardii, Ped. parvulus and O. oeni.

Conclusions: The hdc gene expression was lowered by glucose, fructose, malic acid, and
citric acid, whereas ethanol enhanced the HDC enzyme activity. This behaviour was
observed for all the studied microorganisms. Thus, the conditions that normally occur
during malolactic fermentation and later on, could favour the histamine production. SO,
could prevent bacterial growth, but does not diminish the HDC enzyme activity.
Significance and Impact of Study: Information on hdc expression and HDC activity can
contribute to the prevention of histamine formation during wine production and storage.
Both species responsible for malolactic fermentation and spoilage species have been

studied.
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INTRODUCTION

Biogenic amines are nitrogenous compounds that can cause food poisoning incidents if
large amounts are ingested, or when the natural mechanisms for their catabolism are
inhibited or genetically deficient (ten Brink et al. 1990; Halasz et al. 1994). Ethanol may
enhance the effect of amines by direct or indirect inhibition of amine oxidase (Aerny
1985). In fermented foods, biogenic amines are usually degradation products of the
corresponding amino acid generated by bacteria (ten Brink et al. 1990; Halasz et al. 1994).

In previous works, Lafon-Lafourcade (1975) and Ought et al. (1987) concluded that
there is no close relation between malolactic fermentation and histamine content. However,
Aerny (1985) observed that histamine was formed at the end of malic acid degradation and
even afterwards. Biogenic amines and specially histamine seem to be more abundant in
wines where malolactic fermentation has occurred (Aerny 1985; Cilliers and van Wyk
1985; Vazquez Lasa et al. 1998). This fact and the relative high amount of precursors can
explain why the highest concentrations of histamine are found in red wines. In other work,
Landete et al. (2005a) studied the evolution of biogenic amines before and after malolactic
fermentation, observing an increase of histamine during malolactic fermentation and after
six months of storage in bottle.

It has been shown that some Oenococcus oeni strains (Lonvaud-Funel and Joyeux
1994), and Pediococcus damnosus (Delfini 1989) are able to produce histamine from
histidine in wines. Some strains of Lactobacillus buchneri are able to produce histamine
from histidine in cheese (Molenaar et al. 1993). These authors also show that Lactobacillus
buchneri generates metabolic energy from the decarboxylation of histidine and the

electrogenic antiport of histidine and histamine. Landete et al. (2005b) also found
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Lactobacillus hilgardii, Lactobacillus mali, Pediococcus parvulus and Leuconostoc
mesenteroides in wine as histamine producers.

These organisms, above mentioned, synthesize the L-histidine decarboxylase
enzyme (HDC) (EC 4.1.1.22) responsible for histamine formation. This enzyme was
purified to homogeneity and characterized, and the cloning and sequencing of the
corresponding hdc gene in different lactic acid bacteria were performed (Chang and Snell
1968; Recsei et al. 1983; Rollan et al. 1995; Coton et al. 1998). Based on the nucleic acid
sequences of these genes, oligonucleotides were known to be able to reveal the presence of
hdc gene in bacteria by PCR amplifications (Le Jeune et al. 1995; Landete et al. 2005b). A
correlation of 100% between presence of histidine decarboxylase gene and histamine
production was observed (Landete et al. 2005b). Nevertheless, the influence of enological
conditions on the histamine synthesis, and the respective regulation mechanisms, have
received little attention.

Lactobacillus hilgardii, Pediococcus parvulus, and Oenococcus oeni histamine
producers were used to study the influence of organic acids, sugars, ethanol, SO,, pH and
temperature on the hdc expression and the HDC activity. All this knowledge can contribute

to the prevention of histamine formation during winemaking and storage.
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MATERIAL AND METHODS

Microorganisms and culture conditions

Lactobacillus hilgardii 464, Pediococcus parvulus P270 and Oenococcus oeni 4042 were
previously isolated from Spanish wines by Rodas et al. (2003). Strains were selected
according to their ability to produce histamine; we also detected previously in them the
presence of hdc gene of these strains by PCR test (Landete et al. 2005b). Lactobacillus and
Pediococcus were grown routinely on MRS (Scharlab) plates, and Oenococcus on MLO
plates (Caspritz and Radler 1983), and maintained at 4 °C until needed. Microorganisms
were incubated in H-RAM (H-MDBmod (Landete et al. 2004) medium at pH 5.0

containing only 1 g I histidine) for regulation and activity studies.

Influence of enological factors on HDC activity

Microorganisms were incubated in H-RAM medium until mid log-phase at 28 °C. Cell-free
extracts were obtained according to Maicas et al. (2002) breaking cells with glass beads.
The supernatant was pooled in a pre-cooled Eppendorf tube and stored at —20 °C for further
analyses. The Micro BCA protein Assay Reagent (Pierce) was used to measure the protein
concentration in the cell-free extracts, according to the manufacturer’s instructions using
BSA as a standard.

The influence of organic acids, sugars, ethanol, SO,, pH and temperature (Table 1) on the
histidine decarboxylase activity was determined by incubating a volume of 200 pl of cell-
free extracts containing 1 mg of protein in ammonium acetate buffer (0.5 mol 1", pH 4.8)

in a final volume of 3 ml. The reaction mixture contained histidine (25 mmol I'") in the
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same buffer. The experiments were conducted at 37°C during 10 min, unless otherwise
specified. Then, the enzyme was totally inactivated at 110°C during 3 min, and the
histamine production was measured by the enzymatic method proposed by Landete et al.
(2004). One enzyme unit (U) was defined as the amount of enzyme that released 1 pmol of
histamine per min under the given assay conditions. Specific activity was expressed as

enzyme units per mg of protein.

Influence of enological factors on hdc expression

Analysis of specific activity (in whole cells)

The strains were previously grown in H-RAM, to study the influence of each factor
(organic acids, sugars, ethanol, pH and temperature) on hdc expression. We inoculated 0.1
ml of Lact. hilgardii, Ped. parvulus and O. oeni at a density of 107 - 10® cells ml™ in 10
ml of H-RAM supplement with different concentrations of these compounds or conditions
of pH and temperature (Table 1). The cultures were incubated until mid log-phase at 28 °C,
and cell-free extracts were obtained as mentioned above, and the protein concentration was
measured in the cell-free extracts as before. Then 0.2 ml of each extract were incubated in
3 mL of ammonium acetate buffer (0.5 mol "', pH 4.8) supplement with 25 mmol I"' of
histidine during 10 min at 37°C. The enzyme was totally inactivated at 110°C for 3 min.
Finally, the histamine produced was measured by the enzymatic method proposed by

Landete et al. (2004). Specific activity was expressed as enzyme units per mg of protein.

Analysis of hdc gene expression
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Total RNA of Lactobacillus hilgardii 464 was isolated from cells grown in H-RAM
supplemented with organic acids, sugars, ethanol, SO, or under different conditions of pH
and temperature (Table 1) by using the High Pure RNA isolation Kit (Roche) according to
the manufacturer’s instructions. RNA was digested and transferred onto Hybond-N+
membranes (Amershan) and hybridized as described by Sambrook et al. (1989).
Preparation of the single-stranded labelled probes was as follows. First, a DNA fragment
was amplified by PCR using chromosomal DNA of Lact. hilgardii and primers JV16HC
and JV17HC, labelled with digoxigenin-11-deoxyuridine triphosphate (dUTP) using the
DIG-DNA labelling Kit (Roche). The amplification conditions for the couple
JV16HC/JV17HC were 5 min at 95°C for denaturation, and subsequently, thirty-five cycles
of 1 min at 94°C, 1 min at 39.6°C, and 1 min at 72°C were performed. The detection was

realized by luminescence with an anti-digoxigenin antibody and CDP-star (Roche).

Physiologic response to enological factors by lactic acid bacteria

A volume of 0.1 ml of microorganisms grown in MRS until mid log-phase were inoculated
in 10 ml of H-RAM supplemented with different concentrations of organic acids, sugars,
SO,, ethanol or conditions of pH and temperature mentioned in Table 1. Cells were
incubated until an O.D. of 0.5 (5 x 10® cfu ml”, approximately) at 28 °C. Cells were
discarded after centrifugation and supernatants stored at -20 °C until histamine analysis.
The analysis of histamine was realised following the enzymatic method of Landete et al.

(2004).

Reproducibility

All results presented in this paper are the means of three replicate assays.
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RESULTS

The histidine decarboxylase activity observed in cell-free extracts from microorganisms
grown until mid log-phase in H-RAM, without the presence of factors studied here, in
ammonium acetate buffer (0.5 mol I'', pH 4.8) were 2230 U per mg of protein for the Lact.
hilgardii 464, 1814 U per mg of protein for Ped. parvulus P270, and 519 U per mg of

protein for O. oeni 4042.

Influence of enological factors on HDC activity

The HDC activity showed a maximum at 28 °C for all three microorganisms. At Fig. la
the response of Lact. hilgardii 464 can be observed. The HDC activity was very low at 4
and 50°C. The Fig 1b shows the effect of pH on HDC activity; maximum activity was
observed at pH 8, decreasing progressively to lower pH values. Oppositely, an 86%
activity drop was obtained at pH 8.5. The HDC activity was not influenced by any of the
organic acids, sugars, nor SO,. Only the presence of ethanol in the medium produced an
increase in the HDC activity (Fig 1c). For Lact. hilgardii 464, Ped. parvulus P270 and O.
oeni 4042 the behaviour was similar with maximum at 28 °C and pH 8.0, and an increase

in the HDC activity was observed in the presence of ethanol.

Influence of enological factors on hdc expression

Analysis of specific activity
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The behaviours observed for the three microorganisms (Lact. hilgardii 464, Ped. parvulus
P270, O. oeni 4042) were qualitatively similar, and only results for Lact. hilgardii are
shown in Fig. 2. The hdc expression was not influenced by the pH and temperature. The
hdc expression showed a different behaviour for the different organic acids. The addition
of malic acid and/or citric acid reduced the hdc expression (Fig. 2). However, lactic acid,
and tartaric acids did not alter it. We can observe in Fig. 2 as the highest inhibition of hdc
is produced by the presence of citric acid. A progressive diminution in the hdc activity was
observed when increasing the glucose concentration. A residual 80% activity was observed
for 2.5 g I'', and 25% for 50 g I"' glucose. We did not observe an influence of ethanol and
SO; on hdc expression. To confirm these results, Northern blot experiments were

performed.

Analysis of hdc gene expression

By Northern blot experiments we could observe than the highest expression was achieved
when the cells were incubated without glucose, fructose, citric acid or malic acid (Fig. 3).
The highest inhibition of mRNA synthesis can be observed in the presence of 50 g I of
glucose or 0.8 g I"" of citric acid. The presence of ethanol, tartaric acid or SO, did not show

influence the mRNA synthesis.

Physiological response of whole cells to enological factors

We analyzed the histamine production by whole cells from Oenococcus oeni 4042,

Lactobacillus hilgardii 464, and Pediococcus parvulus P270 (Fig. 4). In the experiments

with whole cells, we could observe that the lowest histamine production for the three
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strains analyzed occurred in the richest growth conditions (with glucose, fructose, malic
acid and citric acid). The behaviour observed for the three strains analyzed in this work is
qualitatively similar. A glucose concentration of 50 g I"' produced a diminution in the
histamine production until a 35%, while the same concentration of fructose produced a
diminution to 50%. The highest inhibition was produced by the citric acid, which produced
a decrease to 20% of initial activity with 0.8 g I"'. The malic acid also produced an
inhibition in the histamine production, although minor than glucose, fructose and citric
acid. We also observed that the histamine production increased when the ethanol content
increased. The levels of reduction in the percentage of histamine production in whole cells
(case of glucose, fructose, malic acid or citric) or increase (case of ethanol), were
comparable to the levels observed with HDC activity (Fig. 1) and hdc expression (Fig. 2)
in the experiments with cell-free extracts. The effect of temperature is also similar for in
vitro and in vivo analysis. For the pH, an optimal value of 8 is observed for cell-free
extracts and 5 for whole cells. In this case, there is an important difference in the behaviour
of whole cells of O. oeni from Lact. hilgardii and Ped. parvulus: whereas these last two
lactic acid bacteria show an important activity decrease towards acidic pH values (lower
than the optimum pH 5.0 value), O. oeni cells keep more than 75% activity at a pH of 3.0.
Variations in the histamine production were not observed when we added tartaric acid,

lactic acid, or SO,.
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DISCUSSION

The histamine producer strains analysed in this work showed different histidine
decarboxylating activities. Lact. hilgardii 464 and Ped. parvulus P270 present high
specific activities in H-RAM (2230 and 1814 U per mg of protein respectively), whereas
O. oeni 4042 shows a lower specific activity (519 U per mg of protein). These data are in
accordance with others shown by Landete et al. (2005b).

Although specific activities were different for the three studied strains, a similar
proportional response was obtained for each metabolite and regulation level (expression
and activity) in each microorganism. This could mean that a general mechanism rules the
synthesis and activity of the histidine decarboxylase in these organisms.

Temperature and pH influence the rate of enzyme activity. Usually a 10°C rise
doubles the rate of enzyme activity up to an optimum temperature; however beyond this
point (usually 40°C) the enzyme becomes inactive. Therefore, when the conditions of
temperature and pH are not ideal the enzyme activity will be reduced. In the case of
temperature, if the wine is made and conserved at relative low temperatures, the histamine
production will be reduced.

O. oeni, Ped. parvulus and Lact. hilgardii showed the maximum histamine
production by whole cells at pH 5. While, at wine pHs, only O. oeni showed the histamine
production near to its maximum (Fig. 4). Ped. parvulus and Lact. hilgardii showed a
important diminution (until 40%) in the histamine production for wine pHs. In spite of this,
Ped. parvulus and Lact. hilgardii were still able to produce 2.5 and 3 fold more histamine
respectively than O. oeni. These differences between O. oeni, Ped. parvulus and Lact.
hilgardii can be due to different intracellular pH. This is supported by the fact that HDC

extracts from these organisms behave similarly, with an optimum at pH 8.0.

&9



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

Capitulo 6

The histamine production observed by whole cells in H-RAM with the different
supplements (organic acids, sugars, ethanol and SO,) is in concordance with the data
showed in the studies of HDC activity and hdc expression. Thus, the reduction in histamine
production in whole cells by glucose, fructose, malic acid and citric acid is due to the
diminution in the hdc expression produced by these metabolites. The lactic acid, tartaric
acid and SO; had not effect on hdc expression or HDC activity and therefore, the histamine
production by whole cells had not variation. Moreno-Arribas and Lonvaud-Funel (1999)
observed that citric acid, lactic acid and ethanol had an inhibitory effect on whole cells, but
none could inhibit the tyrosine decarboxylase activity at the usual concentrations in wines.
On the other hand, the increase in the histamine production by ethanol was due to the
influence of this compound on HDC activity. Rollan et al. (1995) found also that up to
10% (v/v) of ethanol increased the histamine production in whole cells of O. oeni.
However, as they did not find effects on the cell free extracts, they suggested explaining
this by an easier transport of histidine inside the cells, owing to the fluidification of the
membrane by ethanol. Lonvaud-Funel and Joyeux (1994) observed that the histamine
production is enhanced in cultures at pH 3.5 and low concentrations of ethanol (10.7%,
v/v), where the conditions for histidine transport inside the cells are more favourable. From
our results with O. oeni, Ped. parvulus and Lact. hilgardii, we deduce that the enhancing
effect of ethanol on histamine synthesis is due to an increase in the HDC enzyme activity.

Vidal-Carou et al. (1990) observed that the highest levels of histamine occur in
wines with low concentrations of sulphur dioxide. Here we observe that sulphur dioxide
did not influence the hdc expression or HDC activity. Therefore, we think that the effect
observed by Vidal-Carou et al. (1990) could be explained by death of lactic acid bacteria
by SO, not by its direct effect on the histidine decarboxylase expression and/or activity. A

high dose of SO, can kill all the cells, but the histamine production can persist if the HDC
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active enzyme is still in the wine. This explains our previous observations of an increase of
histamine during malolactic fermentation and after six months of storage in bottle (Landete
et al. 2005a).

Histamine synthesis was negatively correlated to malic acid, citric acid and glucose
content, and positively correlated to ethanol content; this indicates that the histamine is
favoured to develop during malolactic fermentation. This is in accordance with Soufleros
et al. (1998) who observed that during malolactic fermentation performed by lactic acid
bacteria, amino acid concentrations declined significantly while biogenic amines increased.
Some authors support these observations (Aerny 1985; Vidal-Carou et al. 1990; Vazquez-
Lasa et al. 1998). A possible reason would be that the lactic acid bacteria use glucose,
fructose, malic acid and citric acid for generating metabolic energy. When the cells have
these metabolites in the medium the hdc gene is repressed, because it is not necessary the
production of energy from decarboxylation reactions. When the levels of these metabolites
decrease the hdc gene is derepressed, and the cells obtain energy to survive in a medium
poor in nutrients through decarboxylation of histidine. The tartaric acid and lactic acid are
not normally used as substrates to provide metabolic energy, thus the hdc is not repressed
by these substrates. This is in accordance with the results of Molenaar et al. (1993) who
shows that amino acid decarboxylation can provide energy to lactic acid bacteria by the
same mechanism as malic acid decarboxylation (Poolman et al. 1991). Liu et al. (1996)
observed that lactic acid bacteria obtain metabolic energy through of the deamination of
arginine; the mechanism is different but the results are similar to the decarboxylation of
histidine.

These results contribute to the understanding of histamine production by lactic acid
bacteria in wine, and could lead to future applications for preventing excessive amounts of

histamine forming during vinification and storage.
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Figure 1. Effect of temperature (a), pH (b) and ethanol (c) on HDC activity of

Lactobacillus hilgardii 464.

Figure 2. Effect of malic acid (a), citric acid (b) and glucose (¢) on hdc expression of

Lactobacillus hilgardii 464.

Figure 3. Northern blot of the L-malic acid effect on the hdc expression. Malic acid

concentrations in the H-RAM growth medium (from left to right): 0, 0.5, 1,2, and 4 g I"".

Figure 4. Histamine production of Lactobacillus hilgardii 464 (), Pediococcus parvulus

P270 (m) and Oenococcus oeni 4042 (A) under different concentrations of glucose,

fructose, malic acid, citric acid, ethanol and different conditions of temperature and pH.
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419
Glucose g I 0.0 2.0 5.0 25.0 50.0
Fructose g I 0.0 2.0 5.0 25.0 50.0
L-malicacidgl’ 0.0 0.5 1.0 2.0 4.0
L-citric acid g I 0.0 0.2 0.4 0.6 0.8
L-tartaric acid g 1" 0.0 1.0 2.0 4.0 8.0
L-lactic acid g I 0.0 0.5 1.0 2.5 5.0
Ethanol % (v/v) 0.0 4.0 8.0 12.0 16.0
Total SO, g 1" 0.0 5.0 10.0 25.0 50.0
Temperature °C 4 15 28 37 50
pH 3.0 3.5 40 45 5.0 55 60 65 7.0 7.5 8.0 8.5 9.0

420

421

422  Table 1. Different concentrations of sugars, organic acids, ethanol and SO, and different
423  conditions of pH and temperature (°C) used to determine their influence on hdc expression

424 and HDC activity in H-RAM medium.
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Figure 1.
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Figure 2.
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Figure 4.
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Histamine, histidine and growth phase mediated regulation of histidine

decarboxylase gene in lactic acid bacteria isolated from wine

Landete JM, Pardo | and Ferrer S

ENOLAB - Laboratori de Microbiologia Enologica

Departament de Microbiologia i Ecologia, Facultat de Biologia, Universitat de Valencia,
Valéncia, Spain. C/ Dr. Moliner 50. 46100 Burjassot

En este Capitulo se analizo la influencia de la histidina, histamina y piridoxal 5-
fosfato sobre la produccidn de histamina por parte de las mismas tres cepas del Capitulo 6
(Lactobacillus hilgardii 464, Pediococcus parvulus P270 y Oenococcus oeni 4042). La
capacidad de cada cepa para producir histamina fue diferente aunque la influencia de los
distintos factores sobre la produccion de histamina fue cualitativamente similar. Ademas,
en este Capitulo analizamos la influencia de la fase de crecimiento sobre la produccion de
histamina por parte de Lactobacillus hilgardii 464.

La actividad histidina descarboxilasa especifica para las tres cepas ya ha sido
presentada en el Capitulo 6 y la metodologia empleada es la misma que la utilizada en el
Capitulo 6.

Efecto de la fase de crecimiento sobre la produccion de histamina

La actividad histidina descarboxilasa especifica de Lactobacillus hilgardii 464 fue
determinada durante las diferentes fases de crecimiento (Figura 1). En las muestras
recogidas a las 3 horas ya se apreciaba actividad histidina descarboxilasa especifica,
incluso superior a las de 6 y 12 horas, probablemente porque a las 3 horas aun mostrara
actividad residual del medio de donde procedia, pues las bacterias procedian de MRS y
estaban en fase de crecimiento exponencial cuando se inocularon. En las muestras
recogidas a las 24, 32 y 48 horas se apreciaba la mayor actividad histidina descarboxilasa
especifica, estas muestras corresponden con la fase de crecimiento exponencial. La
muestra recogida en la hora 60 ya demostraba una disminucion considerable de esta

actividad, mucho més evidente a las 72 horas, estas muestras correspondian con la fase de
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crecimiento estacionario. Incluso parte de la actividad mostrada a las 72 horas
corresponderia con actividad residual del periodo anterior, aunque en un periodo de tiempo
de 12 horas un porcentaje elevado de la actividad se pierde.

Para confirmar los datos obtenidos con los experimentos de actividad especifica
realizamos experimentos de Northern blot, estos experimentos revelaron una mayor
concentracion de RNAm de la histidina descarboxilasa durante la fase de crecimiento
exponencial confirmando los datos anteriormente mostrados. Ello demuestra un efecto
sobre la expresién génica del gen hdc.

Aunque cierta actividad residual puede quedar de un periodo de recogida de
muestras al siguiente, los experimentos de Northern blot nos demostraron que la actividad

enzimatica que gqueda es residual y que si que se produce una verdadera induccion.

120

100 -

80 -

60

40 -

D.O. 600nm

20 ~

% actividad especifica

horas

Figura 1. Efecto de la fase de crecimiento sobre la actividad especifica de la
histidina descarboxilasa de Lactobacillus hilgardii 464 en medio H-RAM.

Efecto de la histidina y la histamina sobre la expresién del gen hdc

Para estudiar la influencia de la histidina sobre la expresién del gen hdc de los tres
microorganismos estudiados, tuvimos que realizar los experimentos en medio minimo
(Neidhardt y cols. 1974) sin histidina, para asegurarnos que este aminoacido no estuviera
presente y sobre ese mismo medio minimo con diferentes concentraciones de histidina,
para ver el efecto del la adiccion de histidina sobre la expresion del gen hdc. Los

microorganismos en estos experimentos y en los de la influencia de la histamina se se
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recogieron a mitad de la fase de crecimiento exponencial. La actividad especifica mostrada
en el medio minimo sin histidina fue muy baja (18%, en el caso de Lactobacillus hilgardii
464), sin embargo cuando afiadimos histidina la actividad especifica aumenté y con 1y 2
g/L de histidina alcanz6 el 100%. En la Figura 2 puede apreciarse cdmo la adiccion de 1
g/L de histidina incrementé entre 5 y 6 veces la actividad especifica de la histidina
descarboxilasa de Lactobacillus hilgardii 464.

Para demostrar que la histidina incrementa la expresion del gen hdc realizamos
experimentos de Northern blot, encontrandonos con una concentracion de RNAm muy
superior cuando afiadimos histidina al medio. No se apreciaron diferencias entre 1y 2 g/L
de histidina.

Para demostrar la influencia de la histamina sobre la expresion del gen hdc
sembramos los microorganismos en medio H-RAM suplementado con diferentes
concentraciones de histamina. La adiccion de hasta 2 g/L de histamina reducia la expresion
del gen hdc hasta el 76%. Los experimentos de Northern blot confirmaron la inhibicion del
gen hdc por la histamina.

Los resultados fueron cualitativamente similares en los tres microorganismos

estudiados, lo cual indica el mismo tipo de mecanismo de respuesta

120
S 100 Histidine N
§
g 80 —
9 : :
0 Histamine
©
©
> 40 -
E
< 20
O T T T T
0 0.5 1 1.5 2 2.5
(g/L) Histamina o histidina

Figura 2. Efecto de la histamina en el medio H-RAM o histidina en el medio minimo

sobre la actividad especifica de Lactobacillus hilgardii 464.
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Influencia del piridoxal 5-fosfato sobre la actividad del enzima HDC y la

expresion del gen hdc.

En estos experimentos observamos como el piridoxal 5-fosfato actuaba
incrementando la actividad del enzima histidina descarboxilasa. Asi, concentraciones de
0.25 g/L de piridoxal 5-fosfato incrementaban méas de 2 veces la actividad del enzima y
concentraciones de 1 g/L de este cofactor incrementaban la actividad del enzima hasta 3
veces. En la Figura 3 se observa una pequefa diferencia entre 0.75 y 1 g/L del cofactor,
haciendo presuponer que concentraciones mas altas de 1 g/L no afecten de manera
importante a la actividad del enzima.

Por otro lado, los experimentos de expresion genica, actividad especifica y
Northern blot, no demostraron ninguna influencia sobre la expresion del gen hdc.

Estos resultados también fueron similares para los tres microorganismos.

350
300 /
250 /

200

150 /

100

50

% actividad especifica

O T T T T T
0 0.2 0.4 0.6 0.8 1 1.2

(g/L) piridoxal 5-fosfato

Figura 3. Efecto del piridoxal 5-fosfato sobre la actividad del enzima histidina
descarboxilasa.

Nota:
Este capitulo corresponde a un articulo que en breve sera enviado al “Internacional Journal
Food Microbiology”.
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Resumen de resultados

En la presente Tesis Doctoral se muestra un amplio estudio acerca de la aminas
bidgenas de mayor interés en el mundo de la enologia: en primer lugar, mostramos el
desarrollo de un método enzimatico para la cuantificacion de las aminas bidgenas en
mosto, vino y medio sintético. A continuacion, analizamos la incidencia de histamina,
tiramina, feniletilamina, putrescina, cadaverina y triptamina en vinos esparioles, intentando
correlacionar su concentracion con distintos factores: geograficos, viticolas, enoldgicos,
microbioldgicos, etc. Posteriormente, pasamos a analizar qué microorganismos eran los
responsables de la produccion de las aminas bidgenas; para ello se estudid la capacidad de
formar histamina, tiramina y feniletilamina en bacterias lacticas procedentes del vino y se
cuantifico la cantidad que eran capaz de producir en medio sintético y en vino.
Caracterizamos genéticamente del operdn de la tirosina descarboxilasa de Lactobacillus
brevis IOEB 9809 lo cual nos permitio disefiar cebadores para la deteccion de bacterias
lacticas capaces de producir tiramina. En la ultima parte de la tesis analizamos la
influencia de varios factores fisico-quimicos del vino sobre la actividad del enzima
histidina descarboxilasa (HDC) y sobre la expresion del gen histidina descarboxilasa (hdc).
La finalidad de estos estudios es conocer qué parametros controlan la produccion de
histamina en el vino y de esta forma proponer procedimientos que conduzcan a su
reduccidn, siempre y cuando estos sean asumibles desde el punto de vista enoldgico.

De acuerdo a los objetivos propuestos los resultados obtenidos han sido:

Desarrollo de un método enzimatico para la cuantificacién de aminas bidgenas

en vinos.

Este primer objetivo queda recogido en el articulo de Landete y cols. (2004), que se
presenta en el Capitulo 1 de la presente Tesis.

El método que hasta el momento se habia utilizado para cuantificar las aminas en el
vino era la cromatografia liquida de alta precision (HPLC). En este trabajo hemos
desarrollado un método enzimatico que permite la cuantificacion de histamina mediante un
espectrofotdmetro, un equipo mas frecuentemente utilizado en bodegas y en laboratorios
modestos que la HPLC.

El método se basa en dos reacciones bioquimicas sucesivas que producen un
incremento en la absorbancia proporcional a la concentracion de histamina. Presenta una
gran sensibilidad, permite detectar un amplio margen de concentraciones y es aplicable a

medios sintéticos, mostos y vinos (Tabla 1, Capitulo 1), a diferencia de otros métodos
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enzimaticos previamente desarrollados para cuantificar histamina en pescado (Tabla 2,
Capitulo 1) (Lerke y cols. 1983; Lopez-Sabater y cols. 1993 y Rodriguez-Jerez y cols.
1994). La comparacion de los resultados obtenidos por el método enzimatico y por HPLC
se muestra en la Figura 2 del Capitulo 1, pudiendo deducirse de la misma que existe una
correlacién muy elevada (r* =0.9987, p<0.001) entre ambos métodos, lo que garantiza su
precision como método de analisis.

El método enzimatico se ha adaptado al sistema de microplacas, ello permite
analizar hasta 96 muestras de forma simultanea en 4 horas. La cuantificacion de histamina
en las muestras de cada pocillo se realiza mediante un lector de placas de ELISA.

La principal ventaja del método enzimatico frente al HPLC es que permite analizar
el contenido de histamina de mayor numero de muestras en tiempos notablemente
inferiores. Por contra, la HPLC permite la deteccion simultanea de todas las aminas
bidgenas que existen en el vino.

En este trabajo también se han llevado a cabo modificaciones de los métodos de
HPLC previamente descritos para el andlisis de las aminas bidgenas en vinos, con el fin de

mejorar los resultados.

Estudio de la incidencia de aminas bidgenas en vinos y de los factores que

influyen en su concentracion.

Este segundo objetivo queda recogido en el articulo de Landete y cols. (2005a), que
se presenta en el Capitulo 2 de la presente Tesis. En esta parte del trabajo se analiza la
influencia de la origen geografico, de la variedad de uva, del tipo de elaboracion, del pH
del vino, de la fermentacién malolactica y del periodo almacenamiento sobre la presente de
aminas bidgenas.

Se estimaron las concentraciones de histamina, tiramina, feniletilamina, putrescina,
cadaverina y triptamina de vinos de tres D.O. (La Rioja, Tarragona y Utiel-Requena). Los
resultados mostraron que los vinos de las D.O. Rioja y Tarragona presentaban
concentraciones de histamina y putrescina superiores a los de la de Utiel-Requena, siendo
La Rioja la D. O. con mayor concentracion de estas dos aminas bidgenas (Tabla 2,
Capitulo 2). Por el contrario, tiramina y feniletilamina mostraban concentraciones similares
en las tres regiones (Tabla 2, Capitulo 2).

Se observo que existian variaciones en el contenido de aminas en vinos procedentes

de distintas variedades de uva (Bobal, Tempranillo y Garnacha) de la misma D.O. (Utiel-
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Requena). La variedad Bobal era la que presentaba concentraciones de putrescina mas
bajas mientras que la Garnacha era la que menores concentraciones de histamina y
tiramina contenia (Tabla 3, Capitulo 2). Las concentraciones de triptamina y cadaverina
fueron similares en todas las variedades y D.O. estudiadas y siempre inferiores a 0.5 mg/L.

La influencia de las diferentes formas de elaboracion del vino también se analizo en
este Capitulo. Para ello, se cuantificaron los contenidos de aminas en vinos tintos, rosados
y blancos, observandose que los vinos tintos presentaban mayores concentraciones de
histamina, tiramina y feniletilamina. Las concentraciones de putrescina, cadaverina y
triptamina no mostraban diferencias significativas en ninguno de los tres tipos de vinos.

Se observo la existencia de una relacion entre el pH del vino y la concentracion de
histamina en el mismo, de manera que las concentraciones mas elevadas de histamina se
observaban en los vinos de pH més alto (Figura 1 del Capitulo 2).

También se ha estudiado la influencia de la fermentacién maloléctica y del
almacenamiento durante 12 meses en botella sobre los contenidos en aminas. En la Figura
2 del Capitulo 2 se aprecia como la fermentacion malolactica supone un incremento
significativo de las concentraciones de histamina, tiramina y feniletilamina. Sin embargo,
no tuvo ninguna consecuencia sobre los niveles de putrescina. Los vinos blancos y rosados
con la fermentacion malol&ctica realizada mostraban concentraciones de aminas bidgenas
mas parecidas a las de los vinos tintos. En el caso de la histamina se pudo observar también
un incremento durante los seis primeros meses de almacenamiento y una posterior
disminucion tras los siguientes seis meses. En el caso de la tiramina y feniletilamina no se
observaron cambios significativos desde el final de la fermentacion malolactica (Figura 2,
Capitulo 2). A partir de 12 vinos donde se estudio la evolucion de las aminas biogenas a lo
largo del tiempo se aislaron e identificaron las bacterias lacticas presentes en los mismos.
Igualmente se determind y cuantifico el tipo de amina que producian tanto en medio
sintético como en vino (Tabla 4, Capitulo 2), viendo que algunas de ellas producian
histamina o tiramina y feniletilamina, siendo pues los potenciales responsables de la

sintesis de esas aminas bidgenas en los vinos donde habian sido aisladas.

Caracterizacioén de la capacidad de produccion de histamina por bacterias lacticas de

origen enoldgico.

Este tercer objetivo queda recogido en el articulo de Landete y cols. (2005b), que se

presenta en el Capitulo 3 de la presente Tesis.

111



Resumen de resultados

Se analizo la capacidad de producir histamina de 136 cepas de bacterias lacticas
procedentes de vino y pertenecientes a los géneros Lactobacillus, Leuconostoc,
Pediococcus y Oenococcus. Para ello, utilizamos un medio en placa (H-MDBmod
suplementado con 20 g/L de agar y 0.03 g/L de purpura de bromocresol), el método
enzimatico y el de HPLC descritos en el Capitulo 1 (Tabla 1, Capitulo 3). Los resultados
obtenidos de este estudio fueron que Lactobacillus hilgardii, Lactobacillus mali,
Pediococcus parvulus, Leuconostoc mesenteroides y Oenococcus oeni fueron las especies
de bacterias lacticas capaces de producir histamina. Como se deduce de los resultados de
HPLC y del método enzimatico expuestos en las Tablas 1 y 2 del Capitulo 3, la especie
Oenococcus oeni es la que presenta un mayor porcentaje de cepas productoras de
histamina, auque la producen en bajas cantidades tanto en medio sintético como en vino.
Por el contrario, las especies Pediococcus parvulus y Lactobacillus hilgardii presentan un
bajo nimero de cepas productoras de histamina pero la producen en cantidades elevadas.
Al analizar los resultados obtenidos con el método en placa y con el método enzimatico y
HPLC (Tabla 1), vemos que la mayoria de cepas de Oenococcus oeni y Lactobacillus mali
detectadas como productoras de histamina por estos dos ultimos métodos no dan reaccion
positiva en placa; sin embargo todas las cepas productoras de histamina de Lactobacillus
hilgardii (excepto una) y de Pediococcus parvulus dan reaccion positiva en placa. La
explicacion de esta aparente incongruencia es que el medio en placa presenta una baja
sensibilidad y es incapaz de detectar como positivas las cepas que producen bajas
cantidades de histamina.

En este trabajo se utilizaron dos parejas de cebadores para poner en evidencia la
presencia/ausencia del gen hdc en las bacterias analizadas (Figura 1, Capitulo 3). Se
observo que la pareja de cebadores JV16HC/JV17HC es la mejor para la deteccién del gen
hdc en el género Lactobacillus, mientras que la pareja CL1mod/JV17HC es ideal para la
deteccion del gen en O. oeni, aunque también funciona bien para las especies de los
géneros Leuconostoc y Pediococcus (Tabla 3 y Figura 1, Capitulo 3). Se observé que todas
las cepas que producian histamina (cuantificada por HPLC y método enzimatico) daban
una banda de amplificacion correspondiente al gen hdc (Tabla 1, Capitulo 3), lo cual indica
una correlacion del 100% entre presencia del gen y expresion de la actividad histidina
descarboxilasa.

Se analiz6 el contenido en histamina de algunos vinos y se aislaron las bacterias
lacticas presentes en los mismos. Se observd que los vinos que presentaban mayores

concentraciones de histamina contenian cepas productoras de esta amina pertenecientes a
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las especies Lb. hilgardii y P. parvulus (Tabla 4, Capitulo 3), mientras que de los vinos
que exhibian concentraciones inferiores a 10 mg/L solo se aislaron cepas de O. oeni que
producian bajas concentraciones de histamina en medio sintético. Estos resultados
confirman las diferentes capacidades para producir histamina de las diferentes especies, ya

demostradas en las Tablas 4 y 5 del Capitulo 2 y en la Tabla 2 del Capitulo 3.

Caracterizacion molecular del operdn de la tirosina descarboxilasa y estudio de la
incidencia de la produccion de tiramina y feniletilamina por bacterias lacticas origen

enoldgico.

Este objetivo queda recogido en el articulo de Lucas y cols. (2003) y Landete y
cols. (2005c¢), que corresponden a los Capitulos 4 y 5 de la presente Tesis.

Ante la necesidad de desarrollar un método molecular que nos permitiera identificar
la presencia del gen de la tirosina descarboxilasa (tdc) en bacterias lacticas de origen
enoldgico, nos planteamos la secuenciacion y caracterizacion molecular del operén tdc del
Lactobacillus brevis 9809 (Capitulo 4). Se partié del trabajo previo de Lucas y Lonvaud-
Funel (2002) en el que los autores secuenciaron 792 pb del gen tdc de la bacteria antes
citada. En el trabajo que se expone en el Capitulo 4 de esta tesis se completo la secuencia
de ese operon tdc: un total de 7979 pb que incluyeron las 792 pb del fragmento
inicialmente secuenciado. La secuencia correspondiente al operén completo fue depositada
en GenBank con el nimero de acceso AF446085.

En la Figura 1 del Capitulo 4 puede observarse la organizacion genética del operdn
de la tirosina descarboxilasa. La secuencia contiene 4 genes completos que codifican para
una tirosin-RNA; sintetasa, para la tirosina descarboxilasa, para una probable tirosina
permeasa y para un antiportador Na+/H+.

Para caracterizar los transcritos que contienen la secuencia del tyrDC se analizaron
sus extremos 5. Ello se hizo mediante rapidas amplificaciones de los extremos del cDNA
(RACE) aplicado al RNA total de la cepa y usando cebadores oligonucleotidicos situados
en los primeros 600 pares de bases del tyrDC. Con esta estrategia solo se obtuvo un Unico
producto de amplificacion, lo que sugiere que la mayoria de los transcritos se inician en el
mismo sitio. Este sitio se localiza a 34-35 nucleotidos “upstream” del codon de inicio del
gen tdc.

Para determinar si el gen tyrDC se cotranscribe con el resto de genes del operén

tyrDC, el RNA total de Lactobacillus brevis se us6 como molde en una reaccién RT-PCR,
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en la se emplearon 4 pares de cebadores disefiados para amplificar regiones adyacentes a la
unién de los genes. Se obtuvieron tres productos de amplificacion, mostrando que los
genes tyrRS, tyrDC, tyrP y nhaC pueden ser cotranscritos. La fuerte sefial obtenida del
producto tyrDC-tyrP indic6 que estos genes se cotrancriben frecuentemente. Los
transcritos tyrRS-tyrDC y tyrP-nhaC se detectaron pero con sefiales mas débiles.

El alineamiento de la secuencia de aminoacidos de la tirosina descarboxilasa y de la
tirosina permeasa de Lactobacillus brevis, Enterococcus faecalis y Enterococcus faecium
reveld que estos genes estaban fuertemente relacionados en las tres especies (69 y 61 % de
identidad y 84 y 80 % de similaridad respectivamente) (Figura 3, Capitulo 4).

Los resultados obtenidos al analizar la interrelacion evolutiva de los genes tirosin-
RNA; sintetasa y el antiporter Na+/H+ (Figura 4, Capitulo 4) sugieren que los cuatro genes
del operén evolucionaron juntos y fueron diseminados en Lactobacillus brevis,
Enterococcus faecalis y Enterococcus faecium como elementos moviles simples.

Una vez caracterizado el operdn de la tirosina descarboxilasa a nivel molecular se
utilizaron cebadores especificos previamente desarrollados por Lucas y Lonvaud-Funel
(2002) y Lucas y cols. (2003) para conocer la incidencia del gen tdc (tyrDC) en bacterias
lacticas aisladas de vinos. Nuestros estudios pusieron de manifiesto que estos cebadores
fueron Utiles para evidenciar la presencia de este gen en diferentes especies de géneros
presentes en vino como Lactobacillus, Enterococcus, 0 no como Carnobacterium (Tabla 1,
Capitulo 5). También se estudio la correlacion existente entre la presencia del gen tdc y la
capacidad para producir tiramina y feniletilamina por las bacterias lacticas analizadas,
observandose que era del 100% (Tabla 1, Capitulo 5). El analisis de la produccién de
tiramina y feniletilamina por bacterias lacticas reveld que la feniletilamina y tiramina se
producian simultaneamente. Todas las cepas de las especie Lb. brevis y algunas cepas de
Lb. hilgardii aisladas de vinos producian tiramina y feniletilamina, aunque esta ultima en
concentraciones de 3 a 4 veces inferiores a las de la tiramina (Tabla 2, Capitulo 5).
También otras cepas de Lactobacillus sakei, Enterococcus faecalis y Carnobacterium
divergens procedentes de habitat diferentes del vino producian estas aminas (Tabla 1y
Tabla 2, Capitulo 5). Ello nos hace pensar que la produccién de feniletilamina a partir de la
fenilalanina es catalizada por la tirosina descarboxilasa.

Con la finalidad de facilitar la deteccion de cepas de bacterias lacticas productoras
de tiramina se desarroll6 un método en placa (Figura 1, Capitulo 5). Se compararon los
resultados obtenidos en este medio con los obtenidos con HPLC, observandose que
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coinciden al 100%. Esta correlacion garantiza la precision de un resultado cuya principal
ventaja es su sencillez para ser un procedimiento aplicable en bodega.

Se analizé el contenido en tiramina y feniletilamina de diversos vinos, se aislaron
las bacterias lacticas presentes en los mismos y se ensay0 la capacidad de estas bacterias
para producir estas dos aminas en medio sintético. Los resultados obtenidos mostraron que
los vinos que presentaban mayor concentraciones de tiramina y feniletilamina eran
aquellos en los que se habian aislado cepas de Lb. brevis y Lb. hilgardii productoras de
tiramina y feniletilamina (Tabla 3, Capitulo 5). Ademéas se demostrd que estas cepas
producian elevadas cantidades de estas dos aminas en medio sintético (Tabla 3, Capitulo
5). Estos resultados refrendan los resultados previamente obtenidos al analizar la
distribucion de estas dos capacidades entre las bacterias lacticas de vinos y al analizar la
capacidad de Lb. brevis para formar tiramina tanto en medio sintético BAPM como en
mosto (Tabla 4, Capitulo 2).

Determinacion de los factores que intervienen en la produccion de histamina.

Este objetivo queda recogido en los articulos de Landete y cols. (2005d) y Landete
y cols. (2005e) que corresponden a los Capitulos 6 y 7 de la presente Tesis.

Se analiz6 la influencia sobre la produccion de histamina de acidos organicos
(&cido malico, &cido lactico, acido citrico y acido tartarico) y azlcares (glucosa y fructosa)
presentes en el vino, de la concentracion de histidina, histamina y piridoxal y de factores
enoldgicos como etanol, SO,, pH y temperatura. Se estudio igualmente si estos factores
actuaban regulando la expresion del gen hdc o el nivel de actividad del enzima HDC. Las
especies elegidas para realizar este estudid fueron: Oenococcus oeni, Lactobacillus
hilgardii y Pediococcus parvulus. También se analizé si la expresion del gen hdc se veia
influenciada por las diferentes etapas del crecimiento en Lb. hilgardii.

Para estudiar la influencia de los factores antes citados sobre la expresion del gen
hdc y la actividad del enzima HDC se realizaron experimentos de actividad especifica
sobre extractos celulares y células enteras y de Northern blot.

Los resultados observados del analisis del efecto de los distintos metabolitos y
condiciones fueron cualitativamente similares para las tres especies. Pudimos comprobar
que la glucosa, fructosa, acido malico y acido citrico disminuian la expresion del gen hdc
(Figura 2, Capitulo 6), y no presentaban ningun efecto sobre la actividad del enzima HDC.
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En los experimentos donde analizamos la produccién de histamina por células enteras
observamos como la presencia de estos factores producia una disminucion.

El &cido lactico, acido tartarico y SO, no tenian efecto ni sobre la expresion del gen
hdc ni sobre la actividad del enzima HDC. La presencia de 50 g/L de SO, total disminuia
la produccion de histamina, pues aunque no producian ningun efecto sobre la expresion del
gen hdc ni sobre la actividad del enzima HDC, si que producian una inhibicién en el
crecimiento de las células.

La presencia de histidina aumentaban la expresion del gen hdc, mientras que la
histamina reducia dicha expresion (Figura 2, Capitulo 7), ni la histidina ni la histamina
afectaban a la actividad del enzima HDC.

La presencia de etanol y piridoxal aumentaban la actividad del enzima HDC
(Figura 1, Capitulo 6 y Figura 3, Capitulo 7), el efecto activador de este ultimo se debia a
que acttia como cofactor del enzima. Ni etanol ni piridoxal afectaban a la expresion del gen
hdc. Cuando analizamos la produccién de histamina en células enteras observamos que
niveles de hasta 10% (v/v) aumentaban la produccion de histamina (Figura 4, Capitulo 6),
por encima de estos niveles las células sufrian una importante inhibicién en el crecimiento
que se traducia en una disminucion en la produccion de histamina.

Temperaturas de entre 28 y 37 °C y valores de pH entre 7.5 y 8 eran las condiciones
en las que el enzima HDC mostraba su maxima actividad (Figura 1, Capitulo 6); cuando
temperatura y pH se alejaban de estos valores la actividad del enzima HDC disminuia. Por
tanto, estos dos factores afectaban a la actividad del enzima HDC, sin embargo no afectan
a la expresion del gen hdc. Cuando analizamos la produccion de histamina por células
enteras observamos como la mayor produccion de histamina se producia a los 28 °C
(Figura 4, Capitulo 6). EI pH 6ptimo para la produccion de histamina estaba en torno a 5,
aunque existian diferencias de comportamiento entre los diferentes géneros estudiados
(Figura 4, Capitulo 6). Este pH optimo es muy diferente del pH Optimo de los
experimentos de actividad especifica sobre extractos celulares (pH 8).

Al analizar la influencia de la fase de crecimiento observamos como es durante la
fase de crecimiento exponencial cuando se produce su maxima expresion del gen hdc
(Figura 1, Capitulo 7).
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Dado el caracter nocivo para la salud y el efecto negativo sobre los aromas y sabor
de la presencia de aminas bidgenas en vino, es necesario disponer de métodos adecuados
para el analisis de la presencia de dichas aminas en vino. EI método mas adecuado por su
sensibilidad y el mas utilizado es el HPLC (Lethonen, 1996; Mafra y cols. 1999 y
Paledlogos y Kontominas, 2004). En esta tesis se ha desarrollado un método enzimatico
como alternativa al HPLC para la cuantificacion de histamina. Esta amina es quizas la mas
importante en vino y la Unica para la que se le han puesto limites de concentracion en el
vino destinado a la exportacion. EI método enzimético no es tan sensible como el HPLC,
sin embargo, presenta ciertas ventajas sobre éste: menor tiempo de anélisis, procesamiento
simultdneo de hasta 98 muestras, menor precio del equipo y ademas no requiere de
personal especialmente entrenado para su uso. Estas ventajas convierten al método
enzimatico en un método atractivo para la determinacién de histamina en bodegas y
laboratorios con poca infraestructura. EI método enzimético que se propone en este trabajo
permite la cuantificacion de histamina en vinos (blancos, rosados y tintos) y mostos, a
diferencia de los métodos propuestos con anterioridad (Lerke y cols. 1983; Ldopez-Sabater
y cols. 1993; Rodriguez-Jerez y cols. 1994) donde utilizaban leuco cristal violeta, el cual se
oxidaba de manera inespecifica en medios naturales como vino y no permitia, por tanto, la
cuantificacion de histamina. Ademas es mas sensible y permite la cuantificacion de
histamina en un rango de concentraciones mas amplio que los anteriormente descritos,
ademas de mejorar la sensibilidad y ampliar el margen de concentraciones detectadas
dentro de la linealidad.

Ademas del método enzimatico para la cuantificacién de histamina en vino, en esta
tesis presentamos una modificacion del método de HPLC que nos permite detectar sin
interferencias histamina, tiramina, feniletilamina, putrescina, cadaverina y triptamina,
algunos aminoacidos como la lisina y la ornitina y algunas otras aminas como espermidina,
espermina también. Algunos protocolos anteriormente utilizados para el analisis de aminas
por HPLC (Mafra y cols. 1999, Jiménez-Moreno y cols. 2003) son capaces de detectar méas
aminas y mas aminoacidos que el que nosotros proponemos. Sin embargo los
cromatogramas que obtienen presentan solapamiento de picos en algunas de las aminas
anteriormente descritas, en especial cuando estdn en concentraciones relativamente
elevadas. Las aminas estudiadas en esta tesis son la mas importantes por su frecuencia y
cantidad en el mundo de la enologia, por ello, el método propuesto aqui permite la

deteccion de estas aminas sin interferencia y sin la necesidad de diluciones, permitiendo

117



Discusion general

detectar tanto cantidades muy bajas (inferiores a 0.1 mg/L) como cantidades elevadas
(superiores a los 50 mg/L).

A partir de los resultados obtenidos tras el analisis de aminas en vinos por HPLC
(Capitulo 2) hemos deducido que la putrescina es la amina méas abundante seguida de la
histamina y tiramina en orden decreciente. Estos datos concuerdan con las ya expuestos
por otros autores (Soufleros y cols. 1998; Vazquez-Lasa y cols. 1998; Gloria y cols. 1998).
En general, la concentracién de aminas bidgenas es mas alta en los vinos esparioles de las
D.O. Tarragona, La Rioja y Utiel-Requena que en los vinos portugueses (Mafra y cols.
1999) y similar a la de Borgoiia y Burdeos (Soufleros y cols. 1998). La cadaverina y
triptamina siempre se presentaban en bajas concentraciones por lo que es de deduce que
estas aminas bidgenas no tengan tanta importancia en el mundo del vino.

También pudimos comprobar la existencia de diferentes concentraciones de aminas
en vinos de la misma variedad pero procedentes de diferentes D.O. Estas diferencias se
pueden atribuir a las diferentes formas de elaboracion en las diferentes denominaciones,
por ejemplo diferentes tiempos de maceracion, de contacto con lias, etc. Otros factores que
podrian explicar esto serian los diferentes tipos de suelos y climas de las diferentes zonas
geogréaficas y también los microorganismos que intervienen en el proceso de vinificacion
(Delfin, 1989; Lonvaud-Funel 2001; Guerrini y cols).

Al analizar vinos procedentes de uva cultivados en la misma D.O. observamos que
la variedad Tempranillo es la que mostraba mayor concentracion de putrescina e histamina.
Estas diferencias podian atribuirse a diversos factores como la diferencia en concentracion
de aminoacidos y aminas biogenas en la materia prima (Broquedis y cols. 1989; Adamas,
1991) y al diferente tratamiento por parte de la bodega de las variedades de uva.

Las diferencias en la concentracién de aminas bidgenas encontradas entre vinos
tintos, rosados y blancos parecen demostrar que el tipo de vinificacion influye en el
contenido de estos compuestos en el vino tal y como también indican otros autores
(Vidal.Carou y cols. 1990; Herbert y cols. 2005). También se observaron que estas
diferencias se reducian cuando se compararon vinos de los tintos tres tipos que habian
realizado la fermentacion malolactica. Las diferencias pueden ser atribuibles a varias
causas, la diferente variedad de uva utilizada para cada vino, los mayores tiempos de
maceracion y de contacto con lias de los vinos tintos (Lonvaud-Funel y Joyeux, 1994) y a
la realizacion de la fermentacion malolactica. Varios autores (Aerny, 1985; Vidal-Carou y
cols. 1990; Soufleros y cols. 1998) han demostrado que la concentracidon de histamina y

tiramina aumenta durante la fermentacion malolactica. El incremento de histamina que

118



Discusion general

mostraban los vinos sometidos a almacenamiento en botella durante los primeros seis
meses y su posterior disminuciéon confirman los datos obtenidos por Jiménez-Moreno y
cols. (2003).

Una vez analizado el contenido de aminas en un importante nimero de vinos, y
establecidas las relaciones entre este contenido y diversos parametros viticolas y
enoldgicos, estudiamos cudles de los microorganismos que intervienen en el proceso de
vinificacion eran los responsables de su sintesis. La conclusion de este estudio fue que ni
las levaduras ni las bacterias acéticas son capaces de producir las aminas bidgenas que
hemos estudiado a lo largo de este trabajo (histamina, tiramina, feniletilamina, putrescina,
cadaverina y triptamina). Sin embargo estudios previos si que han mostrado que algunas
especies de levaduras pueden producir algunas aminas bidgenas como isoamilamina,
etilamina y agmatina (Torrea y Ancin, 2002; Caruso y cols. 2002). En el presente trabajo
mostramos que las bacterias lacticas si que presentan la capacidad para la produccion de
las aminas bidgenas histamina, tiramina y feniletilamina pero no de cadaverina, triptamina
0 putrescina. Nosotros no hemos encontrado bacterias lacticas productoras de putrescina,
sin embargo otros autores si encontraron bacterias lacticas aisladas de vino capaces de
producir esta amina, aunque la frecuencia de aparicion de esta caracter era muy baja
(Arena y cols. 2001; Guerrini y cols. 2002; Marcobal y cols. 2004). El hecho de que los
niveles de histamina, tiramina y feniletilamina en mosto sean muy bajos, la constatacion de
que las levaduras no las producen y la observacion de que las aminas bidgenas, sobretodo
la histamina, aumenta tras la fermentacion alcohdlica, apoyan la idea de que son las
bacterias lacticas las productoras de estas aminas (Castino 1975; Delfin, 1989; Le Jeune y
cols. 1995; Guerrini y cols. 2002). Las especies productoras de mayores cantidades de
histamina tanto en vino como en medio sintético son Lactobacillus hilgardii y Pediococcus
parvulus, mientras que Oenococcus oeni producia baja cantidad. Ha habido mucha
controversia al respecto de si Oenococcus oeni era una especie productora o no de
histamina en vinos. Lafon-Lafourcade (1975) y Ough y cols. (1987) descartaron la
posibilidad de que esta especie la produjera al no detectar aumento de histamina tras la
fermentacion malolactica. Méas recientemente Moreno-Arribas y cols. (2003) demuestran
mas directamente en su trabajo que cepas de esta especie son incapaces de producirla. Sin
embargo, otros autores han demostrado lo contrario (Lonvaud-Funel y Joyeux, 1994; Le
Jeune y cols., 1995; Coton y cols. 199; Guerrini y cols. 2002). En este trabajo también
hemos demostrado que esta especie la produce y que generalmente hay un aumento de

histamina tras la fermentacion malolactica. En la mayoria de los vinos que han llevado a
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cabo esta fermentacion la especie que se aisla es Oenococcus oeni, aunque también se han
detectado con menor frecuencia la presencia de Lactobacillus hilgardii y Pediococcus
parvulus productores de histamina. Asi, en aquellos vinos en los que se aislaba
Oenococcus oeni las concentraciones de histamina eran inferiores a las de aquellos en las
que se aislaban Lactobacillus hilgardii y Pediococcus parvulus. Las especies productoras
de los niveles mas altos de tiramina y feniletilamina eran Lactobacillus brevis y
Lactobacillus hilgardii; estos resultados coinciden con los encontrados por Arribas y cols.
(2000 y 2003). Todas las cepas de Lactobacillus brevis eran productoras de tiramina y
también producian feniletilamina aunque en menor concentracion. Moreno-Arribas y cols.
(2000), Bover-Cid y cols. (2001) y Gonzélez del Llano y cols. (2003) ya evidenciaron que
en las cepas que ellos analizaron, la produccion de tiramina y feniletilamina era
simultanea. Esta simultaneidad en la produccién de ambas aminas hace pensar que el
enzima tirosina descarboxilasa es el que interviene en la formacion de ambas. Esta
afirmacion se apoya en el trabajo de Boeker y Snell, (1972) en el que demostraron que la
tirosina descarboxilasa es capaz de descarboxilar el aminoacido fenilalanina, aunque posee
una afinidad menor por este sustrato que por la tirosina. Ello explicaria también porque hay
menos feniletilamina que tirosina en los vinos. Al analizar la evolucion de estas dos aminas
durante la vinificacion vimos que ya estaban presentes en vino antes de la fermentacion
malolactica, aunque tras ella aumentaban ligeramente. También pusimos de manifiesto la
presencia de las especies Lactobacillus brevis y Lactobacillus hilgardii en aquellos vinos
que presentaban mayores niveles de tiramina y feniletilamina.

Cuando se analizo la frecuencia de cepas productoras de histamina observamos que
ésta era muy elevada en la especie Oenococcus oeni (80%) y baja en Lactobacillus
hilgardii y Pediococcus parvulus (27 y 16% respectivamente). Sin embargo, las cepas mas
peligrosas desde el punto de vista enoldgico eran las pertenecientes a estas dos ultimas
especies ya que la producian en mucha mayor cantidad que las de Oenococcus oeni. La
frecuencia de cepas productoras de tiramina y feniletilamina era del 100% en la especie
Lactobacillus brevis mientras que solo el 25% de las cepas de Lactobacillus hilgardii
presentaban esta capacidad. Otros autores también encontraron que todas las cepas de
Lactobacillus brevis analizadas eran capaces de producir tiramina (Bover-Cid y Holzapfel,
1999; Moreno-Arribas y cols. 1999 y 2000). Desde el punto de vista tecnologico parece
gue Lactobacillus brevis es mas peligrosa porque en general produce mayor cantidad de
estas dos aminas y porque todas las cepas son capaces de producirla.
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En este trabajo se han desarrollado métodos bioquimicos y moleculares que nos
permitieran detectar facilmente la capacidad de producir histamina y tiramina por las
bacterias lacticas aisladas de vinos o de otros sustratos. Algunos métodos biogquimicos se
basaban en medios sélidos que contenian el precursor de la amina y cuyo aspecto cambiaba
en funcion de que la cepa inoculada fuese o no capaz de producir la amina correspondiente.
Este cambio se revelaba como un cambio de color del medio H-MDAmod (desarrollado
para detectar cepas productoras de histamina) debido a la presencia de un indicador de pH
que viraba al alcalinizarse el medio tras la formacion de la amina. La deteccion de las
cepas productoras de tiramina se revelaba en el medio TPM por un aclaramiento bajo la
zona de crecimiento de las bacterias debido a que la tirosina insoluble se transformaba en
tiramina soluble (no sé si merece la pena ponerlo aqui 0 no). Los medios H-MDAmod y
TPM presentan la ventaja respecto a otros anteriormente desarrollados (Moller, 1954;
Niven y cols. 1981; Choudhury y cols. 1990; Joosten y Northold, 1989; Maijala, 1993;
Bover-Cid y Holzapfel, 1999) de que son mas sensibles y que no dan falsos positivos. H-
MDAmod, como muchos otros métodos en placa, tiene el inconveniente de que no detecta
cepas que producen bajos nieles de histamina (Oenococcus oeni), pero si de las cepas
realmente peligrosas (Lactobacillus hilgardii y Pediococcus parvulus). Por el contrario, el
TPM era capaz de detectar todas las cepas productoras de tiramina, independientemente de
la concentracion producida, tal y como demostramos al comparar los resultados obtenidos
en este medio y en HPLC (correlacion del 100%); ello demuestra la fiabilidad del método.
Debemos comentar que la cuantificacién de la produccién de tiramina por HPLC revel6
que todas las cepas que producian tiramina lo hacian en elevadas cantidades. Las
principales ventajas que ofrecen los métodos de deteccion en placa son la sencillez de uso,
su bajo coste y la facil interpretacion de los resultados. Todo ello permite extender su uso a
bodegas o a laboratorios con poco equipamiento. Aunque intentamos desarrollar métodos
parecidos para detectar cepas productoras de otras aminas (putrescina, cadaverina y
triptamina) no lo conseguimos debido a que aparecian muchos falsos positivos. Sin
embargo, dado que hemos demostrado que las bacterias lacticas no producen estas aminas,
el desarrollo de este tipo de medios para la deteccion de bacterias lacticas productoras de
esas aminas carece de interés. Otro método bioquimico seria el método enzimatico que ya
hemos comentado para la determinacién de histamina en vinos y mostos, este método
también fue usado para la determinacion de la produccion de histamina por las bacterias
lacticas, tanto en vinos y mostos como en medio sintético. Frente al método en placa

presenta las ventajas de poder cuantificar la produccion de histamina por bacterias lacticas
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ademas de permitir detectar cepas productoras de bajos niveles, frente al HPLC presenta
las ventajas ya comentadas anteriormente.

Los métodos moleculares desarrollados con el fin de detectar cepas productoras de
histamina y tiramina se basan en el desarrollo de cebadores que reconocen exclusivamente
las secuencias de los genes hdc y tdcD en las bacterias. Los cebadores disefiados para
detectar el gen hdc presentaban la ventaja respecto a los desarrollados por Le Jeune y col.
(1995) que detectaban el gen en un todas de cepas que se habian revelado como
productoras de histamina mediante HPLC, no observindose falsos negativos ni falsos
positivos. Encontrandonos un mayor nimero de cepas que presentaban el gen hdc que Le
Jeune y cols. (1995). Los cebadores disefiados para detectar el gen tdcD han sido probados
con un gran nuamero de bacterias y los resultados obtenidos se han contrastado con los
conseguidos por HPLC, mostrando un 100% de correlacion entre presencia del gen y
actividad formadora de tiramina en las cepas. Aunque Coton y col. (2004), desarrollaron
otros cebadores con el mismo fin, no han estudiado ni su aplicabilidad a distintas especies
de bacterias lacticas, ni su fiabilidad, ya que no enfrentan los resultados derivados de la
PCR con la cuantificacion de la actividad formadora de tiramina. Ademas, solamente
analizaron la presencia del gen en 6 cepas mientras que este trabajo fueron analizadas 151
cepas. La principal ventaja que tienen estos métodos de deteccion molecular es la rapidez y
fiabilidad en conocer si una cepa es potencialmente productora de histidina o tiramina, ya
que en sélo 3 horas podemos resolverlo. Sin embargo, hay que tener en cuenta que la
deteccion de los genes hdc y tdeD no nos informa acerca de la mayor o menor peligrosidad
de la cepa que los porta, es decir de si produce mucha o poca cantidad de histidina y
tiramina. Para conseguir esta informacion debemos recurrir a métodos que nos permitan la
cuantificacion de la amina como HPLC o el método enzimatico descrito previamente en
este trabajo. Aunque dados los resultado presentados en este trabajo, si detectaramos la
presencia de los genes hdc y/o tdcD en cepas de Lactobacillus hilgardii, Lactobacillus
brevis o Pediococcus parvulus podriamos presuponer que se trata de cepas peligrosas, caso
contrario al de Oenococcus oeni portadores del gen hdc.

Al estudiar la regulacion de la produccién de histamina por Oenococcus oeni,
Lactobacillus hilgardii y Pediococcus parvulus, ademas de confirmar la mayor produccion
de histamina por Lactobacillus y Pediococcus que por Oenococcus, ya observada en el
Capitulo 2, pudimos comprobar como la produccion de histamina era mayor cuando se
daban las condiciones mas desfavorables, es decir cuando los niveles de glucosa, fructosa,

acido malico y &cido citrico eran mas bajos. Estos niveles se dan durante la fermentacion
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malolactica; esto explicaria porque es precisamente durante esta fase de la elaboracion del
vino cuando aparece la histamina. Soufleros y cols. (1998) ya apuntaron que el incremento
de histamina estaba relacionado con una disminucion de acido malico y &cido citrico,
fendbmeno que ocurre durante la fermentacion malolactica.  Recordemos que la
descarboxilacion de aminoacidos por bacterias lacticas tiene como objetivo la obtencion de
energia y la regulacion del pH interno (Molennar y cols. 1993), esto explica porque cuando
las bacterias lacticas no disponen de medios de obtener energia es cuando descarboxilan
los aminoacidos. Otros autores muestran resultados que estan de acuerdo con los nuestros,
asi Lonvaud-Funel y Joyeux (1994) observaron que Oenococcus oeni producia mayores
cantidades de histamina en los medios nutricionalmente mas pobres (sin glucosa, ni acido
malico) y Rollan y cols. (1995) también observaron que el &cido citrico disminuia la
produccion de histamina. La presencia de acido lactico y 4cido tartarico, que normalmente
no son utilizados como fuente de energia por las bacterias lacticas, no influyen en la
produccion de histamina segun los resultados mostrados en este trabajo; sin embargo
Rollan y cols. (1995) observaron que el acido lactico disminuia la produccion de
histamina. Farias y cols. (1993) observaron que el acido malico y &cido citrico aumentaban
la actividad del enzima HDC mientras que nosotros no encontramos ningun efecto de estos
factores obre el enzima. Todos los estudios acerca de la influencia de factores enologicos
sobre la produccién de histamina desarrollados con anterioridad se basaban en estudios
sobre células enteras 0 extractos celulares; en este trabajo y con el objetivo de determinar a
qué nivel influian los distintos factores se realizaron experimentos de expresion genica.
Asi, pudimos comprobar en los experimentos de Northern blot y actividad especifica como
la glucosa, fructosa, acido malico y acido citrico disminuian la expresion del RNAm de la
histidina descarboxilasa, demostrandonos que estos factores acttan a nivel génico.

Era de esperar que el pH tuviera influencia sobre la produccion de histamina. En el
capitulo 2 observamos como a mayores pHs las concentraciones de histamina eran también
mas altas. Los pHs mas altos del vino favorecen una mayor proliferacion de bacterias
lacticas (Wibowo y cols. 1985), en especial de Lactobacillus y Pediococcus. Los pHs mas
altos favorecen también una mayor diversidad de especies. En este trabajo se ha
comprobado que el pH no actia sobre la expresion génica, pero si sobre la actividad
enzimatica. En este trabajo se ha demostrado que la maxima actividad del enzima se da a
pH 8, sin embargo, Farias y cols. (1993) y Coton y cols. (1998), encontraron que la
maxima actividad ocurria a pH 4 y 4.8 respectivamente. Observamos como, en

Lactobacillus hilgardii y Pediococcus parvulus, a pH 4 la produccion de histamina era el
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doble que a pH 3, esto no ocurria en Oenococcus oeni, cuya diferencia entre pH 3y 4 era
pequefia, pudiendo comprobar como a pHs del vino el porcentaje de produccion de
histamina era diferentes en las tres especies, siendo Oenococcus oeni el que presentaba una
mayor porcentaje en estos pHs, aunque los valores de concentracion de histamina total
producidos por Oenococcus oeni fueran menores. Podemos concluir que el pH afecta al
crecimiento microbiano y a la actividad del enzima, pero no a la expresion del gen. Luego,
una forma de reducir la produccién de histamina en vino, dado los diversos factores
presentados aqui, seria la de reducir el pH de los mismos, aunque esto influiria en la
calidad del vino.

La temperatura también afectaria a la produccion de histamina. Farias y cols.
(1993) encontraron que la temperatura de maxima actividad del enzima HDC era a 37°C
similar a lo que nosotros encontramos, que estaba entre 28 y 37°C. Las temperaturas
elevadas favorecen la proliferacion microbiana, la diversidad y aumentan la actividad del
enzima histidina descarboxilasa, luego el mantenimiento del vino por debajo de 15°C
prevendria la produccién de histamina. Esto es algo que si que se puede hacer, incluso es
recomendada la conservacion de los vinos a esas temperaturas.

La adicion de sulfuroso al vino elimina parte o toda la poblacion microbiana, pero
no tiene influencia para la produccion de histamina por parte de las bacterias lacticas, ni a
nivel génico ni a nivel enzimatico. Asi, Vidal-Carou y cols. (1990) observaron que los
vinos en los que habia una mayor produccion de histamina y tiramina eran vinos con baja
concentracion de sulfuroso, en los que existia una elevada poblacion microbiana. Luego,
la eliminacion de las bacterias lacticas por adicion de sulfuroso y posterior inoculacion de
bacterias malolacticas carentes de los genes de la histidina descarboxilasa y de la tirosina
descarboxilasa facilitaria la obtencion de vinos sin o con escasas concentraciones de
histamina o de tiramina.

El etanol presente en el vino también influye en la concentracion de histamina de
forma diferente. Cuando las concentraciones superan el 10% se observa una disminucién
en la poblacion microbiana y por tanto en los niveles de histamina. Sin embargo cuando
los niveles de etanol son iguales o inferiores al 10%, nosotros observamos que la
produccion de histamina aumentaba con la concentracion alcohdlica. Parece ser que la
actividad del enzima se favorece por la presencia de etanol. Sin embargo, Farias y cols.
(1993) encontraron que el etanol inhibia la actividad del enzima y Rollan y cols. (1995) no
observaron que la actividad del HDC quedase afectada por el etanol. A diferencia de estos
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autores nosotros si observamos como la presencia de etanol aumentaba al actividad del
enzima HDC en medio sintético pero no la expresion del gen hdc.

Al analizar la influencia de sustrato y producto de la histidina descarboxilasa sobre
la produccion de histamina, observamos cdmo la histidina descarboxilasa es expresada,
aunque de diferente forma tanto en presencia como en ausencia de histidina. Sin histidina
en el medio, la expresién del gen hdc es muy baja, sin embargo, cuando existe histidina en
el medio, la expresion del gen hdc aumenta de forma considerable. Lonvaud-Funel y
Joyeux (1994) observaron como una mayor cantidad de histidina fruto de la lisis de
levaduras aumentaba la produccion de histamina. Por ello, todos los procesos que aporten
histidina al vino, como maceraciones prolongadas y contacto con lias, favorecen el
incremento de histamina en el vino. La histamina, por el contrario, ejerce un efecto
inhibitorio sobre la produccion de histamina. Asi, Rollan y cols. (1995) encontraron que la
histamina era un inhibidor competitivo de la HDC, nosotros no encontramos efecto
negativo sobre el propio enzima HDC; pero si sobre la expresion del gen hdc.

El anélisis del efecto de glucosa, fructosa, acido malico, acido citrico, acido lactico,
acido tartarico, piridoxal, sulfuroso, pH, temperatura, histidina e histamina, revel6 que
Oenococcus, Pediococcus y Lactobacillus tenian un mismo comportamiento, demostrando
que los mecanismo reguladores son similares en los tres géneros. La Unica diferencia fue la
respuesta fisiolégica de Oenococcus ante el pH, ya que mantiene un porcentaje de
actividad especifica elevado a niveles bajos de pH, mientras que a esos pHs, el porcentaje
de actividad especifica decrece de forma considerable en Lactobacillus y Pediococcus.

Como observamos, la expresion del gen hdc y la actividad del enzima HDC esta
influenciada por las caracteristicas del medio en el que viven las bacterias lacticas. Para
tratar de disminuir la presencia de histamina podemos promover condiciones que reduzcan
sus bajos niveles de precursores, pH bajos, concentraciones de SO, superiores a 50 mg/L
luego, fermentacion malolactica con cepas seleccionadas de Oenococcus oeni, que no
porten el gen hdc; esto parece en ocasiones dificil pues como hemos visto a lo largo de la
tesis la mayor parte de los Oenococcus tienen este gen, incluso en cepas de Oenococcus
comerciales hemos encontrado el gen. Las cepas de Oenococcus producen bajos niveles de
histamina pero recordemos que en determinadas condiciones la expresion del gen puede
aumentar incrementando los niveles de histamina.

El interés en estas sustancias no decrece con los afios. En la bibliografia
especializada no dejan de aumentar las referencias sobre aminas bidgenas en vinos de

distinta procedencias. Todo es indicio de la atencién que merecen.
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En el futuro el estudio de las aminas biogenas se centrard en el desarrollo de
métodos mas rapidos y econdmicos de deteccién de aminas en vino, utilizables por las
bodegas. El Unico método del que se dispone actualmente para cuantificar histamina es el
enzimatico ya que el HPLC plantea problemas por su alto coste y la necesidad de personal
especializado. También el futuro se centrara en la mejora de las condiciones higiénicas y
en el control microbiologico de los microorganismos del vino, y en el desarrollo de
métodos moleculares de deteccion de bacterias productoras de aminas. Ahora disponemos
de cebadores para la deteccion de los genes responsables de la produccion de histamina y
tiramina mediante PCR, otros podrian desarrollarse para detectar las especies responsables
de la formacién del resto de aminas, igualmente se podrian desarrollar sondas de esos
genes que permitan detectar microorganismos que llevan esos genes por hibridacion
directamente sobre vino. Por ultimo, el estudio de la regulacion génica y enzimatica de las
distintas aminas nos daria mucha informacion acerca de cémo disminuir los niveles de
aminas en vino.

A nivel tecnoldgico recomendamos controlar la poblacién de bacterias lacticas
mediante medidas higiénicas adecuadas, adicion de SO, e inoculacion con cultivos
seleccionados, pueden tambien filtrarse los vinos acabados. Controlar la temperatura y el
pH pueden evidentemente ser de gran ayuda. Hay toda una serie de cuestiones que
finalmente el endlogo debera evaluar, segun el tipo de vino y las posibilidades del mismo,
como tiempo y condiciones de maceracion, adicion de enzimas, crianza sobre lias, autolisis
de levaduras, etc. Estos Ultimos aspectos inciden evidentemente en la cantidad de
aminoéacidos libres en el vino, (y por tanto susceptibles de convertirse en aminas bidgenas),
pero también muy directamente en la calidad y caracteristicas del producto final , y son

necesarias en muchas ocasiones.
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1. Un método enzimatico como alternativa al HPLC para la deteccion de histamina ha sido
presentado en este trabajo. Este método presenta muy buena sensibilidad, permite detectar
un amplio margen de concentraciones, puede ser aplicable a mostos y vinos, es un método
barato, no necesita de personal especializado y ademas permite obtener mucho resultados
en un periodo breve de tiempo. Ademas, el método de cromatografia liquida de alta
resolucion (HPLC) propuesto en esta tesis, permite detectar simultineamente las aminas

bidgenas mas importantes del vino con una gran sensibilidad y resolucion.

2. Las aminas mas abundantes encontradas en los vinos analizados son putrescina,
histamina, tiramina y feniletilamina por orden decreciente. El origen geografico influye en
la concentracion de aminas observandose que en La Rioja y Tarragona los vinos mostraban
mayores concentraciones de putrescina e histamina que los de Utiel-Requena. Los vinos
procedentes de diferentes variedades de uva también presentan diferencias en su contenido
en aminas; siendo los procedentes de la variedad Tempranillo y Bobal los que presentan
mayores concentraciones de histamina y Tempranillo y Garnacha los que presentan
mayores concentraciones de putrescina. El tipo de vinificacion también influye, siendo los
vinos tintos los que presentan una mayor concentracion de histamina, tiramina y
feniletilamina. Las causas de las diferencias en aminas bidgenas entre vinos, segun los
resultados obtenidos en esta Tesis, se pueden atribuir a las diferentes practicas enoldgicas,
a la realizacion o no de la fermentacion maloléactica, al pH del vino y a los

microorganismos presentes en el mismo.

3. Se han descrito dos meétodos en placa para la deteccion de cepas productoras de
histamina y tiramina, el primero (H-MDAmod) permite la deteccion de bacterias
productoras de niveles peligrosos de histamina. ElI segundo (TPM) permite detectar

cualquier cepa productoras de tiramina.

4. Hemos desarrollado parejas de cebadores que nos permiten la deteccidn especifica de los
genes hdc y tdc en un gran nimero de bacterias lacticas. Han demostrado ser muy fiables
ya que hay un 100 % de correlacion entre presencia de estos genes y produccion de
histidina y tiramina. La presencia del gen hdc no garantiza que la cepa sea peligrosa desde

el punto de vista enoldgico.
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6. El operon de la tirosina descarboxilasa contiene 4 genes completos que codificaban para
una tirosin-RNA; sintetasa, para la tirosina descarboxilasa, para una probable tirosina

permeasa y para un antiporter Na+/H+.

7. Las especies de bacterias lacticas de origen enoldgico ensayadas en este trabajo

producen histamina, tiramina y feniletilamina pero no putrescina, cadaverina o triptamina.

8. Casi el 80% de las cepas de Oenococcus oeni son capaces de producir histamina aunque
normalmente la producen a bajos niveles. Por el contrario, solo el 27% de las cepas de
Lactobacillus hilgardii y el 16% de las cepas de Pediococcus parvulus exhiben esta
capacidad y producen todas ellas elevados niveles de histamina en vino y medio sintético.
Estas dos especies son las responsables de las concentraciones de histamina en vino

superiores a 10 mg/L.

9. Todas las cepas de Lactobacillus brevis y el 25% de las de Lactobacillus hilgardii
ensayadas producian tiramina y feniletilamina, el resto de especies asociadas a la
vinificacién no las producen, por lo que consideramos a estas dos especies las responsables
de la formacién de tiramina y feniletilamina en vino. Las cepas que producen, tiramina
también producen feniletilamina de forma simultanea, aunque en cantidades inferiores.
Hay informaciones previas que apuntan que la tirosina descarboxilasa es capaz de

descarboxilar la fenilalanina aunque con menor afinidad que la tirosina.

10. La glucosa, fructosa, &cido malico, acido citrico y la histamina inhiben la expresién del
gen histidina descarboxilasa, mientras que la histidina y el crecimiento exponencial
aumentan dicha expresion. Este comportamiento es cualitativamente similar en
Lactobacillus hilgardii, Pediococcus parvulus y Oenococcus oeni. El etanol y piridoxal
5 fosfato incrementan la actividad de la histidina descarboxilasa. La temperatura y pH

Optimos son de 28 °C y de pH 5 respectivamente.
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