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Métodos de DNA para la deteccion de gluten

RESUMEN

La enfermedad celiaca es una enteropatia autoinmune muy frecuente
(1% de la poblacion) que se produce en individuos genéticamente
predispuestos como resultado de una respuesta inmune exacerbada contra un
factor ambiental bien definido, el gluten. De esta forma, es importante que los
enfermos celiacos no consuman alimentos que contienen gluten. Ademas,
parece que el consumo de cantidades relativamente pequefias de gluten
durante largos periodos de tiempo se correlaciona con un aumento del riesgo
de desarrollo de complicaciones de tipo autoinmune.

Por lo tanto, la identificacion de la presencia de gluten y su cuantificacion
en productos alimenticios son de primordial importancia, a la vez que un reto
para los cientificos, debido a la dificultad de su analisis. Hoy en dia, la
verificacion analitica del cumplimiento de los requisitos de etiquetado y de
deteccidn de trigo en los productos alimenticios se realiza principalmente por
métodos que detectan proteinas tipo inmunoensayo ligado a enzimas (ELISA).
Sin embargo, a pesar de los enormes avances en la deteccion de proteinas de
gluten, algunas de las limitaciones de los métodos existentes han fomentado el
desarrollo de tecnologias alternativas. Asi, los métodos basados en el ADN,
como la reaccion en cadena de la polimerasa (PCR), PCR en tiempo real o los
sensores de ADN (también denominados genosensores), representan opciones
atractivas. Todos ellos comparten una ventaja significativa: el analito en si se
puede amplificar y, por lo tanto, se pueden detectar -cantidades
extremadamente bajas del mismo. También la mayor estabilidad de las
moléculas de ADN, en comparacion con las proteinas, los hace métodos muy
convenientes, especialmente para su aplicacion al andlisis de alimentos
procesados. Sin embargo, la enorme complejidad del genoma del trigo
(probablemente el mas complejo de las especies vegetales domesticadas),
junto con su gran variabilidad genética lo convierten en una tarea desafiante a
la vez que de enorme interés. En general, los métodos basados en la deteccién
de ADN se utilizan principalmente como herramientas de cribado para detectar
la presencia de alimentos alergénicos, pero la PCR y los genosensores ofrecen
una alternativa de alta sensibilidad y especificidad frente a los métodos ELISA,
también con fines de cuantificacion. Ademas, los métodos ELISA y PCR
analizan diferentes tipos de analitos, de modo que un resultado positivo en
ambos ensayos representa una evidencia casi absoluta de que el alérgeno esta
presente.

Debido a las ventajas de los métodos de ADN para la deteccion de trigo
en alimentos, en la dltima década han surgido varios métodos de PCR y PCR
en tiempo real, aunque la mayoria no alcanzan la sensibilidad necesaria. Una
alternativa mas sencilla y econdmica la constituyen los biosensores. Ademas
de los métodos de PCR, los genosensores o sensores de ADN, en especial los
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genosensores electroquimicos, son una alternativa en la deteccion de ADN por
su relativa simplicidad, bajo coste de la instrumentacion, la posibilidad del
analisis en linea, o disefio de equipos miniaturizados y portatiles. Sin embargo
su aplicacion para la deteccion de trigo en alimentos estéa sin explotar.

La Tesis Doctoral se centra en la deteccion indirecta de gluten
empleando secuencias de ADN especificas de cereales dafiinos para enfermos
celiacos, como alternativa a los métodos de deteccion de proteinas. Se realizo
una busqueda de las secuencias de ADN relacionadas con los cereales toxicos
para los enfermos celiacos adecuadas para emplearlas como analito. Se
caracteriz6 ampliamente el comportamiento de tres secuencias de ADN por
PCR en tiempo real y se evaluaron criticamente, obteniéndose con todas ellas
una sensibilidad notablemente superior a la mencionada en la literatura hasta el
momento (<20 ppm), cumpliendo con los requisitos impuestos por la legislacion
vigente. Se constatd una fuerte influencia de la matriz en los resultados
obtenidos, siendo las matrices de arroz y maiz las que ofrecieron las mejores
prestaciones analiticas. Este hallazgo apunta a la necesidad de adecuar la
matriz de los patrones a la de la muestra para evitar desviaciones negativas o
positivas del valor verdadero. La secuencia de oligonucleotidos que codifica el
péptido inmunodominante de la gliadina fue la que suministré los mejores
resultados, motivo por el cual se disefié un genosensor electroquimico para su
deteccion, el primero especificamente disefiado para el analisis de gluten. Al
contrario que para el caso de otros genosensores electroquimicos, la deteccion
de fragmentos amplificados por PCR de muestras reales se pudo realizar sin
ningun tipo de purificacion previa de los amplicones y permitié cuantificar 15 pg
de ADN de trigo 0 0.001% de trigo en matriz de arroz, una detectabilidad que
rivaliza directamente con los métodos mas sensibles de PCR en tiempo real. El
genosensor permitid la determinacion de ADN de todos los cereales téxicos
incluida la avena mientras que no mostrd reactividad cruzada con otras
especies seguras como arroz y soja. Para disponer de un método especifico de
trigo, la selectividad del sensor fue modificada mediante el uso de sondas
estructuradas que permitieron la deteccion selectiva de trigo frente a otros
cereales filogenéticamente relacionados (cebada, centeno, avena) sin
comprometer en gran medida las caracteristicas analiticas del genosensor
disefiado. Por ultimo se exploré el método de analisis de curvas de disociaciéon
de alta resolucion (HRM de sus siglas en inglés, high resolution melting) para
su aplicacién en la identificacion de cereales toxicos, pudiéndose discriminar el
tipo de cereal del que proviene el gluten presente en una muestra.

En definitiva, los métodos propuestos en este trabajo, una vez
caracterizados y optimizados, suponen un avance en la deteccion de gluten a
través de secuencias de ADN especificas de trigo y constituyen sistemas
pioneros en un campo que esta aun por explorar, pero que tiene enormes
posibilidades de desarrollo.
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Métodos de DNA para la deteccion de gluten

LISTA DE ABREVIATURAS
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Métodos de DNA para la deteccion de gluten

INTRODUCCION

1.1 Enfermedad celiaca

Actualmente alérgenos, organismos genéticamente modificados,
patdgenos y contaminantes quimicos, constituyen los puntos principales de
preocupacion para los consumidores. De hecho, uno de los grandes problemas
en materia alimentaria es la creciente incidencia de las alergias alimentarias e
intolerancias, y entre ellas, la enfermedad celiaca. De entre los grandes
alérgenos mundialmente reconocidos destaca el gluten, que desencadena la
enfermedad celiaca. Desde el punto de vista mas estricto, sin embargo, la
enfermedad celiaca no deberia ser clasificada como una alergia alimentaria
sino como una enfermedad autoinmune, debido a que no intervienen
anticuerpos de tipo inmunoglobulina E (IgE) (Janssen 2006; Tanabe 2008),
pero frecuentemente se relaciona con este tipo de patologias y es dificil
diferenciarlas entre si (Fasano and Catassi 2012; Sicherer 2000).

La enfermedad celiaca es una enfermedad autoinmune que se
desencadena debido tanto a componentes genéticos como ambientales
(Denham and Hill 2013). Se trata de una enfermedad autoinmune Unica porque
el precipitante ambiental es conocido, al contrario de lo que sucede con otras
enfermedades de este tipo. Se produce en individuos genéticamente
predispuestos, por la ingestion de gluten, proteina de almacenamiento
mayoritaria en el trigo y en otros cereales similares, desencadenandose una
respuesta del sistema inmune inadecuada en el intestino, la piel, el higado, las
articulaciones, el Gtero, y otros 6rganos (Nasr et al. 2015; Pividori et al. 2009).
Al contrario que las alergias alimentarias, la enfermedad cursa con la activaciéon
inmunoldgica de linfocitos T, y los niveles de IgE especificos del gluten y totales
en la mucosa no estan elevados, por lo que la enfermedad celiaca no debe ser
considerada una alergia (Tanabe 2008). Esta respuesta tiene un componente
innato y otro adaptativo, mediado por linfocitos T CD," especificos (van Heel
and West 2006). La enfermedad celiaca se sabe que estad producida por la
gliadina y otras prolaminas, y esta caracterizada por una combinacion variable
de presencia de gluten, anticuerpos especificos de gluten (contra
transglutaminasa tisular, formas desamidadas de gliadina y anticuerpos
antiendomisio), haplotipos HLA-DQ2 o HLA-DQS8, y enteropatia (Husby et al.
2012). Concretamente en el intestino, el dafio causado da lugar a atrofia en las
vellosidades de la mucosa, y con ello a la sintomatologia tipica de
malabsorcion y diarreas. De hecho, esta atrofia puede ser identificada en
biopsias del intestino, y es considerada como el parametro definitivo del
diagnostico de esta enfermedad.
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Capitulo 1 Introduccion

En el pasado, la presentacion clasica de la enfermedad celiaca se
relacion6 con la aparicion de cuadros sintométicos gastrointestinales, que
incluian la diarrea y la pérdida de peso. Sin embargo, en los afios 80 del siglo
pasado, se hicieron cribados que demostraron que muchos celiacos eran
asintomaticos. Ademas, la enfermedad celiaca es una de las enteropatias mas
frecuentes. Se estima que afecta hasta a un 1% de la poblacion general,
aunque este numero puede esta subestimado debido a las dificultades en su
diagnostico (Denham and Hill 2013). Las manifestaciones clinicas de la
enfermedad celiaca son altamente variables, incluyendo tanto sintomas
gastrointestinales como no gastrointestinales, que pueden dar lugar a
manifestaciones clinicas de tipo sistémico (Reilly et al. 2012). La edad de
apariciéon de la enfermedad varia, pudiendo afectar tanto a nifios como adultos.
El primer pico de edad de presentacion de la enfermedad se produce en la
nifiez, y se asocia generalmente con sintomas como malabsorcion y retraso en
el desarrollo, y existe otro pico en mujeres en edad fértil que aparece asociado
a anemia. El tercer pico es la década de los 40 o 50 afios de edad, en personas
gue presentan 0steoporosis.

Debido a la complejidad de la enfermedad, el Unico tratamiento efectivo
consiste en la eliminacién de la dieta de cualquier alimento que pueda contener
gluten, aunque para un 30% de los pacientes la mejoria clinica es pobre, y es
frecuente la baja adherencia. Sin embargo, la absoluta certeza de que exista un
minimo grado de contaminacion con gluten en el alimento es dificil de confirmar
(Fasano and Catassi 2012). Aunque no se ha definido claramente un limite
totalmente seguro de consumo de gluten, la literatura parece indicar que
pequefias cantidades de gluten, de 10-50 mg por dia (un rebanada de pan de
25 g contiene aproximadamente 1,6 g de gluten) pueden ser suficientes para
causar dafo en la mucosa intestinal del paciente celiaco a lo largo del tiempo
(Catassi et al. 2007). Ademéas en estos pacientes, el consumo de gluten
durante largos periodos de tiempo se ha relacionado con un aumento en la
incidencia de complicaciones graves entre las que se encuentran
adenocarcinoma, esprue refractario y linfoma de células T asociado a
enteropatia (Green and Cellier 2007). Incluso, la enfermedad celiaca no
diagnosticada, y por tanto, el consumo de gluten de manera habitual se ha
relacionado con un aumento de hasta cuatro veces del riesgo de muerte
(Rubio—Tapia et al. 2009). En este sentido, el desarrollo de nuevos métodos de
deteccion y diagnostico precoz de la enfermedad celiaca y el analisis de la
seguridad de los alimentos para el consumo por estos pacientes, es crucial.

1.1.1 Patogénesis

Las primeras descripciones de sintomas consistentes con la enfermedad
celiaca fueron realizadas por el griego Aretaeus en el siglo Il (Briani et al.
2008). En el siglo XIX Samuel Gee y otros médicos definieron los sintomas y
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caracteristicas de la enfermedad y propusieron varias ideas para Su
tratamiento. Sin embargo, Willem Karel Dicke, en los afios 40, fue el primero en
reconocer la importancia de eliminar los cereales de la dieta (De Re et al. 2013;
van Berge-Henegouwen and Mulder 1993), mientras que John W. Paulley
describi6 los cambios histologicos del intestino (Paulley 1954). EI
descubrimiento de la asociacion de la enfermedad con marcadores de
antigenos humanos leucocitarios (HLA) de clase Il especificos y células T
especificas para gluten y el descubrimiento de la transglutaminasa tisular
(también conocida como transglutaminasa 2, tTG) y el auto-antigeno
antiendomisio se llevé a cabo en las décadas de 1980 y 1990 (Briani et al.
2008).

La patogénesis de la enfermedad, esto es, el mecanismo de desarrollo y
evolucion de la enfermedad es una interaccion de cuatro factores
fundamentales: gluten, factores genéticos, inmunes y ambientales, que se
pueden desglosar por separado.

Gluten

El gluten es una sustancia de aspecto gomoso que permanece tras el
lavado de la masa de pan hecha con harina de trigo, para eliminar el almidon
(Wieser 2007). Se sabe que esta constituido por un conjunto de proteinas de
reserva que juegan un papel fundamental en la capacidad panificable de
cereales como el trigo confiriéndole a la masa la propiedad de absorber agua,
cohesividad, viscosidad y elasticidad (Goesaert et al. 2005). Ademas de en el
trigo, el gluten puede encontrarse también en cereales filogenéticamente
relacionados como la cebada y centeno (Figura 1). Generalmente las proteinas
constituyentes del gluten son ricas en prolina y glutamina que se digieren poco
en el tracto gastrointestinal de los seres humanos.

Familia v( GranIneae wv
Subfamilia vﬁ Pooideae j Bambusoideae fPanicoideaej
A\
Tribu vhTriticeae j Aveneae Oryzeae 'FAndropogoneae w Paniceae

Género Triticum Secale Hordeum Avena Oryza Zea Sorghum Pennisetum

Nombre comtin

Figura 1. Arbol filogenético de algunos de los cereales mas empleados en
alimentacién humana.
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Como punto de partida, las proteinas del trigo se suelen clasificar en
funcién de su solubilidad en diferentes disolventes o segun su funcion. La
clasificacion mas empleada es la propuesta por Osborne (1924) que distingue
las diferentes fracciones de la proteina del vegetal en funcién de su solubilidad
en: agua, disolucion salina diluida, disoluciéon de alcohol y disolucion de acidos
o alcalis diluidos. De esta forma se pueden clasificar las proteinas del trigo en
albuminas, globulinas, gliadinas y gluteninas respectivamente (Tabla 1)
(Goesaert et al. 2005).

Tabla 1. Clasificacion de Osborne de las proteinas del trigo.

Fraccion de Funcion en
Solubilidad en Tipo de proteinas  Funcion bioldgica tecnologia
Osborne . .
alimentaria
Albuminas Agua Monomeéricas Estructgr_al Y Variable
metabdlica
. - - Estructural y :
Globulinas Sales diluidas Monoméricas metabélica Variable
. . Monomeéricas y . ) .
Gliadinas Disoluciones de poliméricas de bajo Almacenamiento Viscosidad a la masa

alcohol de la semilla y extensibilidad

peso molecular

Gluteninas  Acido acético diluido Polimeros de alto  Almacenamiento Elasticidad a la masa

peso molecular de la semilla y tenacidad
. . Almacenamiento .
Residuo - Polimeros . Variable
de la semilla

Las proteinas estructurales representan un 20% del total del contenido
proteico del trigo, y se encuentran en las capas externas del grano del trigo y
en el endospermo, y constituyen las fracciones de Osborne de albuminas y
globulinas. En su mayor parte son proteinas monoméricas, con funciones
estructurales o de tipo enzimatico. Se sabe que esta fraccion esta relacionada
con las proteinas de almacenamiento de legumbres y en otros cereales, como
la avena y el arroz (Shewry and Halford 2002).

Unicamente las proteinas de almacenamiento constituyen el gluten
(gliadinas, gluteninas y residuo). Hasta un 80% del contenido proteico del trigo
es gluten, representando la mayor parte de las proteinas de almacenamiento.
Pertenecen a la clase de prolaminas y se encuentran principalmente en el
endospermo del grano del trigo. Dentro de las prolaminas se pueden
subclasificar en gliadinas (proteinas monoméricas) y gluteninas (poliméricas),
gue se encuentran aproximadamente en una proporcion del 50% cada una en
el gluten de trigo. Las gliadinas son un grupo relativamente extenso de
proteinas monomeéricas del gluten que abarca proteinas con pesos moleculares
desde 30.000 a 80.000 Da, solubles en mezclas agua-alcohol. Segun su
estructura de residuos aminoacidicos las gliadinas se pueden dividir en a, y y
w-gliadinas. Las gluteninas son proteinas relativamente grandes, insolubles en
mezclas alcohol-agua presentando pesos moleculares desde 80.000 hasta
varios millones de Da. Se pueden distinguir cuatro grupos de subunidades de
gluteninas: las gluteninas de alto peso molecular (HMW) que oscilan entre 65 y
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90 kDa; y las de bajo peso molecular (LMW) con pesos moleculares entre 30 y
60 kDa. EIl gluten es por tanto, una mezcla de polipéptidos de gliadina
(monoémeros) y glutenina (estructuras largas poliméricas). Existe una alta
variacion genética en las secuencias que codifican las proteinas del gluten,
especialmente en las gliadinas. Como se ha dicho anteriormente, las proteinas
del gluten son ricas en residuos de prolina y glutamina, mientras que algunos
otros aminoacidos como el acido glutdmico y el aspartico son inusualmente
poco frecuentes (Sollid 2002). Debido a este alto contenido en residuos
aminoacidicos de este tipo, son proteinas altamente resistentes a la digestion
proteolitica completa por las enzimas géstricas, pancreaticas y de las
microvellosidades del intestino humano, principalmente porque estas enzimas
son deficientes en actividad prolil endopeptidasa (Matysiak—Budnik et al. 2005;
Stepniak et al. 2006). Este hecho hace que se acumulen grandes fragmentos
de péptidos, de hasta 50 residuos aminoacidicos con alto contenido en prolina
y glutamina en el intestino. Por lo tanto, la enfermedad celiaca es una
enfermedad desencadenada por las caracteristicas especiales de las proteinas
que constituyen el gluten del trigo. La fraccion de proteinas que constituye las
gliadinas, ha sido la méas estudiada (Altenbach et al. 2010; Anderson and
Greene 1997; Anderson et al. 1997; Arentz-Hansen et al. 2000a; Arentz-
Hansen et al. 2000b; De Re et al. 2013; Konic-Ristic et al. 2009; Nasr et al.
2015; Shan et al. 2002; Tollefsen et al. 2006; van de Wal et al. 1998; van
Herpen et al. 2006; Wieser 2001), pero muchas o incluso todas las proteinas
del gluten parece que estan implicadas en la respuesta, asi como proteinas
similares en cebada (hordeinas) y centeno (secalinas) (Green and Jabri 2003).

En el aflo 2000 dos estudios independientes identificaron epitopos
inmunodominantes peptidicos de la region 57-75 de la a-gliadina (Anderson et
al. 2000; Arentz-Hansen et al. 2000b). Estos péptidos pasan la barrera epitelial
del intestino, posiblemente durante infecciones intestinales o cuando aumenta
la permeabilidad intestinal, e interaccionan con células presentadoras de
antigeno en la lamina propia, siendo probablemente los desencadenantes de la
respuesta inmune (Green and Cellier 2007). Ademas, se ha demostrado que
algunos péptidos sin digerir de la gliadina, como el fragmento de la a2-gliadina
de 33 residuos aminoacidicos se mantienen en el lumen intestinal después de
la ingestion del gluten, dado su resistencia a la degradacion por enzimas
proteasas gastricas, pancreaticas y de las microvellosidades intestinales (Shan
et al. 2002). Algunos estudios también han indicado que las gluteninas pueden
estar implicadas en el desencadenamiento de esta sucesion de reacciones
(Dewar et al. 2006; Molberg et al. 2003; Vader et al. 2002; van de Wal et al.
1999).

Aungue se sabe que la exposicion a estas proteinas no es suficiente para
desarrollar la enfermedad celiaca por si sola, parece que esta estrechamente
relacionado con la patologia desarrollada. Sin embargo, no se han encontrado
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diferencias muy significativas entre individuos sanos y enfermos en la
capacidad de las enzimas para degradar los péptidos de gluten, y en la
capacidad de éstos de atravesar la barrera epitelial del intestino.
Probablemente el fracaso en la digestion completa de estas proteinas esté
especialmente patente en el intestino de pacientes con celiaquia activa
(Kagnoff 2007).

Factores inmunes

Las respuestas inmunes desencadenadas tras la entrada de estos
péptidos procedentes del gluten ingerido se pueden clasificar segun las
localizaciones en las que generan una reaccion (Alaedini and Green 2005). En
la mucosa intestinal, las fracciones del gliadina en celiacos provocan una
reaccion inflamatoria, primeramente en el intestino delgado superior, que se
caracteriza por la infiltracién de la lamina propia y del epitelio con células de
inflamacion crénica y de atrofia de las vellosidades intestinales (Figura 2). El
paso de péptidos derivados del gluten a través de la barrera epitelial intestinal
posiblemente ocurra de forma paralela a infecciones intestinales o cuando la
permeabilidad intestinal se encuentra aumentada. Esta interaccion
desencadena una reaccion del sistema inmune innato y adaptativo (Gianfrani et
al. 2005).
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Figura 2. Mecanismo inmune de la enfermedad celiaca. Adaptado de Kagnoff
(2007), Briani (2008) y Alaedini (2005).

La respuesta inmune adaptativa estda mediada por las células T CD4"
reactivas frente a gliadina en la ldmina propia. Los péptidos de gliadina son
capaces de unirse a moléculas DQ2 o DQ8 del complejo mayor de
histocompatibilidad de clase Il (HLA, por sus siglas en inglés) en las células
presentadoras de antigeno, y las células T producen citoguinas
proinflamatorias, en concreto interferon-y (IFN-y) (Nilsen et al. 1998). De hecho,
se han aislado células T CD4" especificas frente a a-gliadina en pacientes
celiacos, cuando no estaban siguiendo una dieta libre de gluten, pero no estan
presentes en un intestino normal ni en pacientes tratados (Nilsen et al. 1995).

La enzima transglutaminasa tisular (tTG) juega un papel fundamental en
la cascada de reacciones nocivas de la enfermedad celiaca (Anderson et al.
2000; Arentz-Hansen et al. 2000b; McL Mowat 2003). Es una enzima del
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intestino que desamida péptidos de gliadina, aumentando su inmunogenicidad,
debido a que esta reaccibn enzimatica genera aminoacidos cargados
negativamente en la proteina que son esenciales para que la molécula HLA-
DQ2 reconozca y se una a ella (Anderson et al. 2000; Arentz-Hansen et al.
2000b; Arentz—Hansen et al. 2002; Molberg et al. 1998; Vader et al. 2002). Una
vez modificada y unida, la proteina es capaz de liberar una cascada de
mediadores de dafio tisular que inducen la hiperplasia de las criptas y el dafio
de las vellosidades de las células intestinales (Alaedini and Green 2005).

Ademas, los péptidos de gliadina activan también la respuesta inmune
innata en el epitelio intestinal: aumentan la expresion de interleucina-15 (IL-15)
por los enterocitos, lo que genera la expresion del receptor de activacion NK-
G2D por parte de los linfocitos intraepiteliales. Este receptor es un marcador de
las células natural-killer, por lo que estas células activadas se vuelven
citotoxicas y son capaces de provocar la muerte de los enterocitos cuya
superficie expresa el complejo mayor de histocompatibilidad de tipo |
relacionado con cadena A (MIC-A), un antigeno superficial inducido por estrés
(como infeccion), lo que provoca que el dafio en las células intestinales sea aun
mayor. El mecanismo de interaccién entre los procesos que ocurren en la
lamina propia y en el epitelio no ha sido aun elucidado.

Factores genéticos

A pesar de todo lo expuesto anteriormente, la enfermedad celiaca no se
desarrolla a menos que la persona tenga alelos que codifiquen determinadas
proteinas HLA. Existe una elevada relacion entre la enfermedad celiaca y
determinados genes de HLA (DR3, DR5/DR7 o DR4) conocidos como HLA-
DQ2 y HLA-DQ8, localizados en el cromosoma 6p21 (Catassi and Fasano
2008) que comprenden una cadena de DQA1*0501 con una cadena de
DQB1*0201 o DQB1*0301, o DQA1*0301 con cadena de DRB1*0401 o
DQB1*0302 (Sollid 2002; Sollid et al. 1989). Se asocia con HLA-DQ2
haplotipos DR-17 o DR5/7, y, en un menor grado con el haplotipo DR-4 de
HLA-DQS8 (Tollefsen et al. 2006). Estos haplotipos se encuentran localizados en
la membrana de las células presentadoras de antigeno presentes en la mucosa
y se encargan de presentar antigenos peptidicos relativamente pequefios
(epitopos) a linfocitos T CD4". Estas moléculas son una de las piezas mas
importantes en la respuesta aberrante del sistema inmune al gluten en los
pacientes celiacos (McL Mowat 2003). Aproximadamente el 95% de los
pacientes celiacos presentan heterodimeros de HLA-DQ?2, y el resto presentan
HLA-DQS8 (Kim et al. 2004; Tollefsen et al. 2006). Tanto es asi que la ausencia
de estas moléculas tiene un valor predictivo negativo para enfermedad celiaca
de casi el 100%, esto es, la probabilidad de no padecer enfermedad celiaca si
no estan presentes estas moléculas es del 100% (Kaukinen et al. 2002).
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Aunque existen claras relaciones positivas entre la existencia de estas
proteinas concretas y la enfermedad celiaca, se trata de una condicion
necesaria pero no es suficiente para el desarrollo de esta enfermedad. De
hecho, se sabe que contribuyen en aproximadamente un 50% en su desarrollo.
Si bien se han identificado algunos genes no HLA, no se conoce su influencia
exacta (Romanos et al. 2009).

Factores ambientales

Dada la alta prevalencia de la enfermedad celiaca, se han hecho muchos
estudios epidemiolégicos al respecto. En las Ultimas décadas existe una
enorme discusion respecto al momento idéneo de introduccion del gluten en los
lactantes, porque pudiera tener alguna relaciébn con el desarrollo de la
enfermedad celiaca (Norris et al. 2005). Se ha descrito la lactancia materna
como un factor protector en el desarrollo de la enfermedad celiaca (D’Amico et
al. 2005), asi como la introduccién de gluten después de 7 meses de edad y sin
interrumpir el periodo de lactancia materna.

Recientemente se ha relacionado el padecimiento de algunas
infecciones intestinales durante la infancia, como la de rotavirus, con el
incremento en el riesgo de aparicion de celiaquia (Stene et al. 2006). En la
actualidad numerosos estudios estan tratando de caracterizar otros factores
ambientales que pudieran estar afectando de forma tanto positiva como
negativa al desarrollo de esta enfermedad.

1.1.2 Manifestaciones clinicas

El abanico que abarcan los sintomas de la enfermedad celiaca es muy
amplio. Ademas, las manifestaciones clinicas de los enfermos varian mucho
dependiendo del grupo de edad en el que se encuentren (Tack et al. 2010). En
el caso de los nifios se caracteriza por la presencia de diarrea, dolor y
distension abdominal, aunque también son frecuentes otros sintomas extra-
intestinales como baja estatura, sintomas neuroldgicos y anemia (Fasano and
Catassi 2012). En el caso de adultos, las mujeres lo padecen 2-3 veces mas.
Aungue no se conocen las causas, sucede de la misma forma con todas las
enfermedades autoinmunes, que se presentan hasta en el doble de mujeres
que de hombres. En pacientes en edad adulta, la enfermedad celiaca suele
cursar con deficiencia de hierro y osteoporosis, diarrea, dolor abdominal, reflujo
gastroesofagico y dermatitis herpetiforme (Dewar and Ciclitira 2005). También
se ha observado una alta incidencia de infertilidad en personas con
enfermedad celiaca (Meloni et al. 1999). Los pacientes celiacos tienen un
riesgo incrementado de desarrollar enfermedades autoinmunes (Smedby et al.
2005).
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Por lo tanto, la enfermedad celiaca es una enfermedad multisistémica,
mas que restringida al sistema gastrointestinal. La aparicion de dermatitis
herpetiforme, determinados problemas neurolégicos, endocrinos y canceres
son sintomas patognomonicos de la enfermedad, esto es, si se encuentran
presentes son claros definitorios de su existencia (Fasano and Catassi 2001).
Aun asi, hay variedades de la enfermedad celiaca, denominada atipica, que no
presentan esta sintomatologia clinica (Reilly and Green 2012; Reilly et al.
2012). También se han encontrado casos de enfermedad celiaca silente y
latente, siendo ambas formas asintomaticas, aunque en la primera los
individuos presentan test serologicos positivos y dafios en la mucosa del
intestino, y en el segundo, es positiva la serologia pero no la histologia,
pudiendo en ocasiones desarrollar un cambio en la histologia a lo largo del
tiempo, e incluso, desarrollar sintomatologia (Ferguson et al. 1993; Troncone et
al. 1996). Esto hace que se haya denominado a la enfermedad celiaca como el
camaledn de la medicina, debido a la variedad de formas y edades en las que
se puede presentar, lo que provoca que existan multitud de pacientes sin
diagnosticar (Fasano 2003). De hecho, un estudio internacional reciente a gran
escala, investigé en una muestra de poblacion en cuatro paises diferentes de
Europa, encontrando que, de media la prevalencia de la enfermedad celiaca
era superior al 1%, y destacé que muchos de los casos no habrian podido ser
detectados de no ser por el cribado seroldgico, debido a que no presentaban
sintomatologia ninguna (Mustalahti et al. 2010). También es interesante
mencionar gue actualmente se encuentra en controversia el riesgo/beneficio de
hacer cribados poblacionales de enfermedad celiaca, pero los defensores
argumentan que serian beneficiosos dado que existe un tratamiento conocido
de la enfermedad y que los efectos a largo plazo del consumo de gluten
pueden ser muy graves (Mearin et al. 2005; van Koppen et al. 2009).

La evolucion natural de la enfermedad celiaca sigue el siguiente orden:
en primer lugar aparecen anticuerpos caracteristicos de enfermedad celiaca,
gue pueden aparecer incluso antes de que la biopsia sea anormal. Después se
desarrollaria la enteropatia intestinal, y consecutivamente, los sintomas
intestinales y extraintestinales caracteristicos. Por udltimo, si la enfermedad
sigue su curso, harian aparicion determinadas complicaciones (Fasano and
Catassi 2012). Como se ha comentado anteriormente, a pesar de lo que se
pensaba inicialmente, varios estudios han indicado que la seroconversion no
tiene por qué darse en la infancia, sino que puede ocurrir en cualquier
momento. También se ha observado que la pérdida de tolerancia al gluten
puede ser reversible en algunos individuos (Simell et al. 2007).
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1.1.3 Diagnéstico

El diagndstico de la enfermedad celiaca suele ser bastante complejo.
Existen guias que establecen la necesidad de encontrar dos factores
fundamentales para establecer un diagnostico claro de celiaquia:

1. Debe presentarse al menos una biopsia duodenal donde aparezca
linfocitosis intraepitelial e hiperplasia de las criptas.
2. Debe existir una respuesta positiva a dieta libre de gluten.

Segun la Sociedad Europea de Gastroenterologia, Hepatologia y
Nutricion Pediatrica (ESPGHAN) solo es necesaria la mejora y remision de la
sintomatologia con la dieta. Aunque algunos autores recomiendan para el
diagndstico la visualizacién de la mejora histoldgica de la biopsia tras dieta libre
de gluten, sobre todo en adultos. Hasta un 10% de los casos son muy dificiles
de diagnosticar por la falta de concordancia entre los hallazgos seroldgicos,
clinicos e histolégicos (Alaedini and Green 2005). Por este motivo, para facilitar
el diagnostico, algunos autores han desarrollado arboles de decision que
incluyen test serologicos y biopsias intestinales (Figura 3).

1.Sospecha de enfermedad celiaca

2. Test seroldgicos:
Anticuerpos g A anti-tTG (o antiendomisio)

+ para anticuerpo IgA anti-{TG/endomisio
IgA total

0
Todos negativos

Baja probabilidad de
enfermedad celiaca .

"
o

Si sospecha clinicas,

"

Deficiente para Ig A y + para anticuerpo IgG anti-
tTG/endomisio o anticuerpo anti-gliadina

Alta probabilidad de
enfermedad celiaca

3.Biopsia intestinal

Probablemente no enfermedad celiaca. 4. Diagnostico provisional

En casos de + anticuerpo anti- de enfermedad celiaca
tTG/endomisio y sospecha clinica,

considerar tipado HLA y reevalacion de
biopsias

5.Dieta libre de gluten
Mejoraclinicay/o histolégica

6. Diagnostico definitivo de
enfermedad celiaca

|

Figura 3. Algoritmo para la evaluacion de pacientes sospechosos de presentar
enfermedad celiaca. Adaptado de Alaedini (2005).
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Analisis seroldgicos

Se recomienda realizar analisis serolégicos cuando hay algun sintoma
caracteristico, como el sindrome de intestino irritable o ser familiar en primer
grado de pacientes con enfermedad celiaca u otras enfermedades
autoinmunes (Green and Jabri 2003). El anticuerpo mas sensible es la
inmunoglobulina A (IgA) (Hischenhuber et al. 2006). También existen
anticuerpos antigliadina, anticuerpos para tejido conectivo (antirreticulina y
antiendomisio), y anticuerpos contra tTG, la enzima responsable de la
desamidacion de la gliadina en la lamina propia (Green and Jabri 2006). La
presencia de anticuerpos antigliadina se us6 mucho en el pasado como método
de diagnostico seroldgico, pero no se consideran ya suficientemente
especificos y sensibles (Rostami et al. 1999), excepto para nifios de menos de
18 meses de edad. Los anticuerpos antirreticulina tampoco se suelen usar ya
como marcadores de enfermedad celiaca (Alaedini and Green 2005).

El estandar diagnostico basado en los andlisis serologicos son los
anticuerpos IgA de endomisio, que presentan casi 100% de precision. Los
anticuerpos anti tTG (Dieterich et al. 1997) permiten realizar test ELISA que son
menos caros que los antiendomisio, y tienen un 90% de sensibilidad (Rostom
et al. 2005). Las concentraciones de estos anticuerpos se relacionan con el
grado de dafio de la mucosa, por lo que la sensibilidad decrece fuertemente
cuando los pacientes presentan una baja atrofia de las vellosidades
intestinales.

Sin embargo, la deficiencia de IgA es frecuente en pacientes celiacos (1
de 40 en pacientes celiacos, frente a 1 de 400 en poblacion general), por lo que
se deben usar anticuerpos anti tTG, y comparar con los valores totales de IgA.
Se recomienda detectar también IgM anti tTG (Alaedini and Green 2005;
Cataldo et al. 1997).

Andlisis de alelos HLA

El HLA-DQ2 se identifica en el 90-95% de los celiacos, y DQ8 en casi
todos los demas pacientes (Kaukinen et al. 2002). Estos alelos aparecen en
poblacion general en 30-40% (HLA-DQ2 mas frecuente que el HLA-DQ8), por
lo que la ausencia de estos alelos es importante por su alto valor predictivo
negativo. La ausencia de estos alelos define qué miembros de la familia deben
ser analizados. Ademas, es un importante marcador de enfermedad celiaca
para pacientes que ya siguen una dieta libre de gluten o para aquellos en los
que el diagndstico no esta del todo claro.

29



Métodos de DNA para la deteccion de gluten

Biopsia e histologia

A pesar de los avances en el diagnéstico basados en analisis seroldgicos
y de alelos, el estandar de diagnostico de enfermedad celiaca continua siendo
la biopsia y estudio histologico del duodeno (Valdimarsson et al. 1996). De esta
forma, se recomienda realizar siempre que exista una sospecha clinica,
independientemente de los test serologicos (Rostami et al. 1999). En general,
suelen tomarse 4-6 especimenes de biopsias endoscopicas del duodeno. Se
deben reconocer sintomas de atrofia de vellosidades durante la visualizacion
microscoépica de la muestra (Green and Jabri 2006). Sin embargo, es frecuente
la aparicion de falsos negativos debido a los cambios irregulares que puede
sufrir la histologia del intestino delgado en estos pacientes.

1.1.4 Tratamiento

El Unico tratamiento eficaz es la eliminacion de trigo, cebada y centeno
de por vida de la dieta (Tack et al. 2010). No se recomienda tratamiento
farmacoldgico, salvo en el caso de que los pacientes celiacos presenten
dermatitis herpetiforme, en los que se suele combinar la dieta libre de gluten
con tratamiento farmacologico con dapsona.

Aungue existen opciones que permiten sustituir trigo, cebada y centeno
por otros cereales como el arroz, maiz, quinoa, amaranto, sorgo y mijo, que no
contienen gluten (el caso de la avena se discutirA mas adelante), es dificil
lograr una adherencia total al tratamiento. A pesar de la alta prevalencia de la
enfermedad celiaca, los alimentos sin gluten son dificiles de encontrar o muy
caros en paises en desarrollo, mientras que en otros paises el gobierno
subvenciona estos productos.

La supresién del consumo de cereales en los enfermos celiacos, y
consumo de harinas sustitutivas no fortificadas con vitaminas del grupo B,
provoca la frecuente aparicion de deficiencias de este grupo de vitaminas en
pacientes que mantienen esta dieta restrictiva por un largo periodo (de mas de
10 afios) (Hallert et al. 2002). Por este motivo, las guias recomiendan
suplementos vitaminicos para cubrir las carencias nutricionales que pudieran
sufrir estos pacientes. Ademas, en pacientes diagnosticados, se deben
controlar deficiencias en acido félico, Bj,, vitaminas liposolubles, hierro y calcio,
porque es frecuente la aparicién de problemas como osteoporosis. En general,
la eliminacion de gluten de la dieta provoca una mejora clinica en un periodo
corto de tiempo, dias o semanas, mientras que la recuperacion histolégica
suele requerir de un periodo de tiempo mayor, de meses o0 afios especialmente
en adultos (Green and Jabri 2003).

Sin embargo, hay casos en los que hay una respuesta pobre o nula al
tratamiento (Abdallah et al. 2007; Daum et al. 2005). En estos casos es
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necesario reevaluar el diagnostico, debido a que la atrofia de las vellosidades
intestinales no es exclusiva de la enfermedad celiaca, existiendo otras
enfermedades que pueden cursar con la misma. En otros casos de baja
remision de los sintomas se debe sospechar también de pobre adherencia al
tratamiento. En este sentido, la persistencia de anticuerpos antiendomisio o
antitTG después de un afio de la supuesta instauracion de una dieta libre de
gluten, suelen indicar una mala adherencia al tratamiento (Dickey et al. 2000;
Pietzak 2005). Es especialmente importante insistir en la instauracion temprana
del tratamiento y promover su seguimiento, debido a que, como se ha dicho
anteriormente, el consumo de gluten puede provocar complicaciones graves a
largo plazo como adenocarcinoma de intestino delgado, enteropatia asociada a
linfoma de células T o esprle refractario (Rubesin et al. 1989; Straker et al.
1989).

Dos temas importantes para los pacientes celiacos y que provocan
controversia entre cientificos y terapeutas de todo el mundo son el consumo de
cereales malteados y de avena (Nasr et al. 2015). En el primer caso no existe
evidencia de que el gluten toxico se encuentre totalmente hidrolizado en los
alimentos malteados aunque el cereal esté degradado. De hecho, se sabe que
determinadas regiones de la gliadina son muy resistentes a la degradacion
enzimatica (Arentz—Hansen et al. 2002; Shan et al. 2002) y ademas se han
encontrado epitopos homologos presentes en la gliadina en productos
malteados y cervezas, procedentes de cebada (Ellis et al. 1994). Todo junto
con el hecho de que los algunos pacientes celiacos presentan sintomatologia
tras el consumo de grandes cantidades de productos malteados, parece
apuntar a la necesidad de evitar el consumo de alimentos malteados por los
enfermos celiacos.

Por otro lado, el potencial toxico de la avena ha sido estudiado
intensamente y existe una gran controversia al respecto (Thompson 2003). Se
trata de un cereal filogenéticamente mas alejado del trigo que la cebada y el
centeno. Algunos autores sefialan que la avena no es toxica y es bien tolerada
por los pacientes celiacos (Janatuinen et al. 2002), pero que los productos
comercializados se encuentran generalmente contaminados con cereales que
contienen gluten (Briani et al. 2008; Green and Cellier 2007). Otros autores
opinan que existen grupos de pacientes celiacos que son intolerantes a la
avena (Lundin et al. 2003), por lo que es dificil concluir si la avena es segura o
no para el consumo por los enfermos celiacos, y en general, se recomienda
evitarla.

Existen numerosos estudios encaminados a la busqueda de tratamientos
alternativos para la enfermedad celiaca. Entre ellos, se estan desarrollando
enzimas recombinantes que sean capaces de digerir las fracciones toxicas de
gliadina y otros componentes del gluten (Gass et al. 2007; Matysiak—Budnik et
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al. 2005; McL Mowat 2003; Sollid and Khosla 2005; Stepniak et al. 2006). Otras
lineas de investigacion estan orientadas al desarrollo de terapias que inhiban la
respuesta inmune, como por ejemplo el bloqueo de la union de la gliadina
desamidada a HLA-DQ2 y DQ8 (Schuppan et al. 2009), o el
bloqueo/modulacién selectiva de la accion de la tTG (Reif and Lerner 2004),
entre otras.

1.1.5 Marco legislativo

El consumo cada vez mayor de alimentos procesados ha obligado a los
gobiernos a someter a la industria alimentaria a controles mas estrictos de
etiquetado de sus productos. Ademas las cadenas de suministro y los procesos
de fabricacion son cada vez mas complejos, lo que genera que la presencia
accidental de pequefias cantidades de alérgenos y gluten sea inevitable en
muchos productos (Crevel et al. 2008).

En el caso del gluten, al contrario de lo que ocurre para la mayoria de los
alérgenos alimentarios, donde se debe etiquetar la presencia de alérgeno
independientemente de la cantidad presente en el alimento, se han establecido
umbrales limites bien definidos para el etiquetado de los alimentos con gluten.
Sin embargo, aungue los niveles de seguridad universales para el consumo de
gluten aun no se han definido, la literatura sugiere que pequefias cantidades de
gluten podrian ser suficientes para causar dafio a la mucosa intestinal de los
celiacos a largo plazo (Catassi et al. 2007) y un mayor riesgo de desarrollar
trastornos autoinmunes (Ventura et al. 1999). En el caso de la enfermedad
celiaca, el etiquetado es especialmente importante ya que ayuda al paciente a
elegir el producto e identificar su contenido (Premanandh 2011). EI Codex
Alimentarius propone un limite de gluten de 0,01%, esto es, 100 ppm para
alimentos libres de gluten y de 0,002 % (20 ppm) para alimentos naturalmente
libres de gluten (Codex Alimentarius Commission 2008). En Europa se han
adoptado una serie de normativas que establecen un contenido maximo de
gluten de 20 mg/kg en el producto final, para etiquetar el alimento o producto
alimenticio como “sin gluten”, mientras que puede ser etiquetado como “con
bajo contenido en gluten” si su contenido en gluten es inferior a 100 mg/kg
(Regulation (EC) 41/2009 ; Regulation (EC) 609/2013 ; Regulation (EC)
828/2014 ; Regulation (EC) 1169/2011).

A pesar de existir un limite claro, para protegerse de sanciones y posibles
perjuicios los fabricantes estan comenzando a incrementar, y en ocasiones a
abusar, del uso del etiquetado de precaucién “"puede contener" en los
productos alimenticios, o que conduce a una limitacion innecesaria de eleccion
de los consumidores a la devaluacion de la informacion del etiquetado de todo
tipo alérgenos, no sélo del gluten (van Hengel 2007).
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Ademas de establecer claros limites para el etiquetado, la normativa
vigente especifica que deberia utilizarse el método basado en
enzimoinmunoensayo (ELISA) R5 Méndez para el analisis de gluten. Si bien
también establece que el analisis también podra realizarse por otros métodos,
siempre que el limite de deteccidn sea igual o inferior a 10 mg/kg de gluten y
gue posea, como minimo, la misma sensibilidad y especificidad que el ELISA
antes mencionado (Codex Alimentarius Commission 2008). También se
especifica que el andlisis cualitativo de la presencia de gluten podra realizarse
por métodos ELISA o por métodos basados en el ADN.

1.2 Métodos de analisis de gluten en alimentos

Es importante contar con meétodos analiticos capaces de detectar
pequefias cantidades de cereales y asi poder identificar la presencia de trigo o
cereales toxicos en alimentos, incluso cuando se trate de alimentos muy
procesados. La mayoria de los métodos empleados en la deteccion de gluten
se basan en la deteccién de proteinas, en concreto suelen usarse ensayos
ELISA (Diaz-Amigo and Popping 2013; Janssen 2006).

Skerrit et al. desarrollaron los primeros kits comerciales para la deteccién
de gluten en alimentos (Skerritt and Hill 1990), que fueron adoptados como
método oficial en 1991 por la Asociacion Internacional Oficial de Quimicos
Analiticos (de sus siglas en inglés, AOAC). Se trata de un ensayo
inmunoenzimético disefiado para detectar w-gliadinas, que, tiene un importante
inconveniente: su falta de sensibilidad contra prolaminas de cebada (Poms et
al. 2004b). En los ultimos afios se han realizado grandes esfuerzos para
desarrollar métodos para la deteccion de gluten, entre los que destaca el
ELISA-R5 tipo sandwich desarrollado por Méndez et al. que es capaz de
detectar gluten de trigo, cebada o centeno, en el intervalo de concentraciones
de 5 a 200 ppm (Méndez et al. 2005). Este se clasificO como método de tipo |
segun el Codex sobre Métodos de Analisis y Toma de Muestras (Codex
Alimentarius Commission 2006).

Sin embargo, en ocasiones pueden aparecer falsos negativos o
reacciones cruzadas que podrian limitar la aplicacion universal de estos
métodos (Haraszi et al. 2011; Muijico et al. 2011). Algunos de los anticuerpos
desarrollados tienen problemas para detectar gluten cuando se ha hidrolizado
enzimaticamente o cuando se ha tratado térmicamente. Por ejemplo el ELISA
de Skerritt no permitia la cuantificacion de gluten modificado (Skerritt and Hill
1990). Por otro lado, los anticuerpos de Ellis (1998) se ven menos afectados
por la hidrélisis porque reconocen epitopos lineales. Hay que tener en cuenta
gue la modificacién de la toxicidad para el paciente celiaco cuando se altera
guimica o enzimaticamente el gluten no se conoce con exactitud, y tampoco se
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ha podido relacionar la disminucion del efecto nocivo del gluten cuando este
procede de alimentos altamente procesados. Adema4s, la industria alimentaria
realiza frecuentemente modificaciones sobre la proteina del gluten para mejorar
su solubilidad o propiedades (Denery-Papini et al. 1999), que ponen en una
encrucijada a los métodos que detectan proteinas, como los ELISA. Se han
observado enormes diferencias cuando se analiza el contenido en prolaminas
con diferentes kits de ELISA, que usan diferentes anticuerpos (van Eckert et al.
2006). Se sabe que la eficiencia de los test inmunoquimicos depende de varios
factores: el método de produccion del anticuerpo, el formato del test y el
método de extraccion del gluten. El tratamiento térmico que ha sufrido el
alimento influye negativamente en la extractabilidad y deteccion de estas
proteinas, y en general, da lugar a una subestimacion del contenido en gluten.
Las fracciones de prolaminas, generalmente detectadas por estos test, se
suelen agregar y formar enlaces S-S intercatenarios, y en esta forma son
insolubles en mezclas alcohol-agua, medio habitual de extraccion. Por tanto,
en muestras procesadas térmicamente, se hace necesario el uso de agentes
reductores y caotropicos adicionales como el mercaptoetanol o el cloruro de
guanidina, capaces de romper los enlaces S-S intercatenarios de la proteina y
solubilizar el gluten. El uso de estos reactivos tan diversos ha motivado que la
disolucién de extraccion se denomine cocktail (Denery-Papini et al. 1999)
siendo el mas extendido el desarrollado por el grupo del Prof. Méndez et al. al
gue se debe el anticuerpo R5 y su método ELISA asociado (Garcia et al. 2005).
Sin embargo, algunos ensayos ELISA competitivos son incompatibles con este
cocktail de extraccion, porque sus componentes pueden desnaturalizar el
receptor proteico. En este sentido, se estan estudiando condiciones de
solubilizacion que sean compatibles con los métodos inmunoquimicos de
cuantificacion, y que mejoren la extraccién tanto de proteina de gluten nativa
como de desnaturalizada (Gessendorfer et al. 2010; Kanerva et al. 2008; Mena
et al. 2012).

Un tipo de receptor alternativo a los anticuerpos para el analisis de
proteinas alergénicas la constituyen los aptdmeros, receptores no proteicos
formados por una hebra sencilla de ADN. Estos receptores se basan en la
afinidad que tienen los acidos nucleicos de cadena sencilla y estructura
tridimensional por las proteinas, mediante interacciones débiles no covalentes
de tipo electrostatico, como enlace de hidrégeno o de van der Waals (Amaya-
Gonzalez et al. 2013). Una de las ventajas principales de los aptameros es que
se obtienen por sintesis quimica, por lo que se pueden obtener de forma muy
reproducible y no requiere el uso de animales para su obtencion (Liu and
Zhang 2015) lo que permite utilizarlos como receptores biolégicos en el disefio
de sensores (aptasensores). Recientemente se han desarrollado aptasensores
electroquimicos para la deteccion de fracciones de la proteina del gluten
altamente toxicas para los pacientes celiacos, como la gliadina (Pinto et al.
2014) y el fragmento 33-mer de la gliadina (Amaya-Gonzalez et al. 2014;
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Amaya-Gonzélez et al. 2015a; Amaya-Gonzalez et al. 2015b). Pinto et al.
(2014) utilizaron un ensayo aptaPCR, es decir, un ELISA competitivo y una
amplificacion por PCR en tiempo real cuantitativa. Sin embargo, su
detectabilidad es insuficiente para el analisis de muestras reales, ya que es de
100 ppb sin tener en cuenta la extraccion-dilucion imprescindible de la muestra,
que alcanza normalmente factores de 500-1000. Paralelamente Amaya-
Gonzalez et al. (2014; 2015a; 2015b) describieron varios aptameros contra el
péptido inmunodominante 33-mer que permitieron desarrollar un aptaensayo
competitivo con deteccion electroquimica que responde selectivamente a
cereales toxicos y fue capaz cuantificar la concentracion de gluten en muestras
reales, tanto las sometidas a tratamientos de hidrdlisis, como muestras no
hidrolizadas, con un limite de deteccion de 0,5 ppm, esto es, incluso por debajo
de los criterios exigibles por la normativa vigente, con una buena
reproducibilidad. Los resultados obtenidos fueron validados por varios
laboratorios usando ELISA, y se obtuvieron algunas diferencias en muestras
complejas desde el punto analitico, como la cerveza, donde el aptasensor
proporcioné un resultado positivo, mientras que el ELISA no fue capaz de
detectar la presencia de gluten posiblemente debido a la hidrélisis del alimento,
que provoca la degradacion del fragmento proteico reconocido por el
anticuerpo (Amaya-Gonzalez et al. 2015a).

Sin embargo, a pesar de los enormes avances en el campo de la
deteccién de las proteinas de gluten, algunas de las limitaciones de los
métodos existentes han fomentado el desarrollo de tecnologias alternativas.
Asi, los métodos basados en el ADN, como la reaccion de la amplificacion en
cadena de la polimerasa (PCR) o los genosensores, representan opciones
atractivas. Poseen numerosas ventajas: la estabilidad térmica, la posibilidad de
amplificacion de analito, ADN, aumenta enormemente la sensibilidad que se
puede alcanzar con estos métodos (Mafra et al. 2008a; Manzanares-
Palenzuela et al. 2015; Martins-Lopes et al. 2013). La PCR se ha empleado con
éxito en la identificacion de organismos modificados genéticamente, de
patdgenos y en la identificacion de especies de alimentos (Poms et al. 2004a).
Los métodos de PCR han empezado a proliferar desde el afio 2000,
probablemente debido al establecimiento de normativas que exigen el
etiquetado obligatorio de alérgenos. Sin embargo, en ocasiones estos métodos
tropiezan con el problema de la transformacion de los datos obtenidos, copias
de ADN, a porcentaje de alérgeno en el alimento, dato que realmente tiene
valor para los pacientes alérgicos y celiacos, y que es especialmente
importante en el caso del gluten, donde la legislacion establece una
concentracion limite a partir de la cual el alimento no es seguro para los
enfermos celiacos. A pesar de esta limitacion por el caracter indirecto de las
cuantificaciones cuando se aplican estos métodos, en paises como Alemania o
Japon, se ha incluido la PCR como método analitico oficial para la deteccion de
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alérgenos (Holzhauser and Rdéder 2015), ademé&s de haber sido empleada de
forma rutinaria en analisis clinicos.

1.2.1 Principios de la reaccidon en cadena de la polimerasa, PCR

La PCR consiste en una amplificacion exponencial especifica de
secuencias de ADN usando una enzima ADN polimerasa termoestable, que
mimetiza la sintesis natural de estas moléculas.

En general se pueden distinguir las siguientes etapas (Figura 4):. 1)
desnaturalizacion, 2) union de los cebadores a la hebra simple de ADN, 3) fase
de extension. 1) La primera etapa de desnaturalizacion consiste en la apertura
de la hebra doble de ADN (ADNds) mediante la aplicacion de una temperatura
alta, de entre 93-96 °C, para romper los enlaces de hidrogeno que unen las dos
hebras en el ADNds. La temperatura de disociacibn o Tm (melting
temperature), es la temperatura a la que la mitad del ADN se encuentra como
hebra simple. Esta temperatura varia segun la naturaleza del disolvente, la
fuerza iénica, pH y la relacién entre las concentraciones de G/C y T/A. La
segunda fase, union de los cebadores, mas conocida como annealing, tiene
lugar a una temperatura proxima a la Tm de los cebadores (55-65 °C), que son
secuencias cortas (15-25 nt), complementarias a los sitios de reconocimiento,
qgue flanguean al target. Cuando la temperatura se reduce, las cadenas simples
de ADN (ADNSss) tienden a re-hibridizarse a ADNds. En esta fase, se produce
un equilibrio entre la hebra simple, los cebadores por separado y el duplex
formado por la hebra unida a los cebadores. El cebador estabiliza la estructura
ADNds naciente, y permite la unidon de la polimerasa. 3) La fase de extension
consiste en la copia de la hebra de ADN que lleva a cabo una polimerasa,
estable al calor, en presencia de dNTPs y MgCl,, dando lugar a la duplicacion
del material de partida. La enzima tiene actividad 5— 3’ polimerasa a partir del
cebador usando una de las hebras de ADN como molde. Todas estas etapas
constituyen un ciclo de amplificacion de PCR y se llevan a cabo en un
termociclador, que controla de forma precisa la temperatura y duracion de cada
etapa. La amplificacion por PCR requiere, normalmente, entre 26 y 40 ciclos.
Después de cada ciclo, cada una de las hebras de ADN sintetizadas actua
como molde en el siguiente ciclo, por lo que la cantidad de ADN se duplica en
cada ciclo. Los productos del primer ciclo de amplificacion tienen tamafios
heterogéneos, que pueden exceder la distancia entre los sitios de union de los
dos cebadores. En el segundo ciclo, estas moléculas generan hebras de ADN
de tamanos definidos que se acumulan siguiendo un modelo exponencial, a
medida que transcurren los ciclos de amplificacion en los siguientes ciclos de
amplificacion, y que seran los productos dominantes de la reaccion. La
cantidad de hebras obtenidas dependera del numero de ciclos y de la cantidad
inicial y se puede calcular mediante la formula: C,=C, (1+E)" , siendo E la
eficacia de la reaccién de amplificacion, y C,, y Cy las cantidades final e inicial
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de ADN, respectivamente (Rodriguez-Lazaro and Hernandez 2013). La
especificidad y sensibilidad de la polimerizacion se puede modificar mediante el
control de la temperatura de annealing.

. Repeticion de
1ciclo etapas 1-3 de 25
r L \ a40 ciclos
Desnaturalizacion inicial Etapa 1 Etapa2 Etapa 3 Inicio de etapa 1

Desnaturalizacion del ADN
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Figura 4. Etapas de la amplificacion por PCR.

Histéricamente la deteccién de los productos de PCR se llevaba a cabo
mediante electroforesis en gel de agarosa que permite la separacion de los
fragmentos amplificados segun su tamafio. Este método presenta importantes
problemas que son: la aparicion de contaminaciones por las manipulaciones
del operador, los reactivos habitualmente empleados son carcinogénicos y que
no permite el analisis cuantitativo de forma totalmente fiable.

Actualmente los métodos mas empleados en la cuantificacion de los
amplicones son los de deteccion a tiempo real, PCR en tiempo real. El
desarrollo de la PCR en tiempo real ha supuesto un gran avance para las
técnicas de biologia molecular, dado que permite la monitorizacién de la
sintesis de nuevas moléculas de amplicén durante la PCR mediante medidas
de fluorescencia, y no solo su deteccion final como en la PCR convencional.
Pero ademas presenta dos ventajas destacables: la reaccion y la deteccion se
realizan en un unico pocillo, lo que provoca una menor contaminacion cruzada,
y se trata de un método rapido con un intervalo lineal muy amplio (Rodriguez-
Lazaro and Hernandez 2013).
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Se pueden emplear dos tipos de sondas fluorescentes: las universales e
inespecificas, independiente de la secuencia de analito, y las especificas, esto
es, dependientes de la secuencia a amplificar. En el primer caso se pueden
usar como marcadores de amplificacion moléculas fluorescentes que presentan
diferente union segun el ADN se encuentre en su forma ADNss o ADNds, como
por ejemplo, bromuro de etidio o SYBR Green. Sin embargo, usando este tipo
de marcadores de fluorescencia la especificidad del método recae Unicamente
en los cebadores, por lo que se corre el riesgo de amplificar y detectar
productos no especificos. Una forma de ganar especificidad en el andlisis y
cuantificacion de ADN es el uso de sondas de ADN marcadas con compuestos
fluorescentes, que se pueden clasificar en dos grupos: de hidrolisis y de
hibridaciébn, ambas capaces de hibridar con la region amplificada por los
cebadores. La sefal de fluorescencia obtenida se puede relacionar con la
cantidad de producto amplificado en la PCR.

Las sondas de hidrolisis se rompen cuando se elongan por la actividad
exonucleasa 5’ 3’ de algunas ADN polimerasas durante la fase de elongacién
de los cebadores, dando lugar a una emision de fluorescencia medible a tiempo
real que es proporcional a la concentracion de la secuencia de amplicon. Las
sondas de hidrélisis mas empleadas son las TagMan (Figura 5A), desarrolladas
por Applied Biosystems. Las sondas de hibridacion no se hidrolizan durante la
PCR. La fluorescencia en este caso se genera por un cambio en su estructura
secundaria que pasa de ser en forma de horquilla a lineal al hibridarse con el
amplicén, lo que resulta en un incremento de la distancia que separa la
molécula fluorescente de la bloqueante. Entre los mas usados se encuentran
los molecular beacons (Figura 5B) y los cebadores Scorpion.

(A) Sondas hidrdlisis, TagMan (B) Sondas hibridacion, molecular beacons
Q e
/
%

' 1
0. o .

Figura 5. PCR en tiempo real, fundamentos de la deteccion segun el tipo de
sonda especifica utilizada. Adaptado de www-bio-rad.com.
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Sea cual sea el tipo de marcaje empleado, el analisis cuantitativo en PCR
en tiempo real se basa en que la emision de fluorescencia es proporcional al
ADN sintetizado. Al representar la fluorescencia en funcion del niumero de
ciclos de amplificacion se obtienen curvas de amplificacion (Figura 6). Estas
constan de 3 regiones: la primera correspondiente a la fase de iniciacion,
donde no se diferencia la fluorescencia de la linea base, una segunda region
correspondiente a la fase exponencial, donde la fluorescencia aumenta
exponencialmente, y la tercera region correspondiente a la fase de saturacion,
donde los reactivos empleados estdn agotandose y por tanto desaparece la
relacion entre la intensidad de fluorescencia y la cantidad de ADN amplificado.
Por ello, es importante destacar que la cuantificacion del contenido de ADN
solo se puede llevar a cabo en la fase exponencial (Ginzinger 2002).

El ciclo umbral (cycle threshold, Ct) es el ciclo en el que la fluorescencia
aumenta de forma estadisticamente significativa, y adquiere un valor limite
establecido (Figura 6). Esta inversamente relacionado con la cantidad de acido
nucleico en la muestra inicial, y por tanto, permite la cuantificacion, y se
encuentra siempre en la fase de amplificacion exponencial, donde la
amplificacion es mas eficiente, y de esta forma la cuantificacion esta menos
afectada por las condiciones limitantes de la reaccion.

3.Fase de saturacion

Curva de amplificacion
2.Fase de exponencial

Ct
—~— Linea umbral

Fluorescencia

1.Fase deiniciacion

Linea base
TTIT T T T T T T T T T T T T T T I T T T I T T T T T T T I T T T T T T IT T TTIT T TTT]
10 20 30 40

Ciclos

Figura 6. Curva de amplificacién y fases que la componen.

Al no existir una normativa especifica para la deteccion de ADN de
alérgenos alimentarios, se usan los requisitos minimos de la Red Europea de
Laboratorios para la detecciébn de organismos genéticamente modificados en
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alimentos (ENGL 2008). Para poder cuantificar las cantidades iniciales de ADN
molde con alta precision se deben construir curvas de calibrado, donde lo que
se representa es el ciclo umbral Ct hallado para diferentes concentraciones de
ADN de partida, por ejemplo, de diluciones seriadas de estandares de
concentraciones conocidas (Figura 7). De esta forma, la cantidad inicial de
ADN de una muestra desconocida puede calcularse por interpolacion del Ct en
la curva de calibrado.

Ct

rrerrerrerrrerrererrrerrerrererrrrrrrr T T
-1 0 1 2

Log DNA

'
N

Figura 7. Curva de calibrado que representa la cantidad inicial conocida de ADN
frente alos valores de Ct.

Segun las guias anteriormente referidas, el limite de deteccion (LD) en
los métodos de PCR, se define como la minima cantidad de analito distinguible
de cero detectado en al menos el 95% de los replicados, lo que asegura una
cantidad de falsos negativos de menos del 5% (ENGL 2008). Muchos de los
trabajos de deteccidn indirecta de alérgenos y gluten han diferenciado entre el
LD absoluto y relativo. El primero se obtiene con la ultima concentracion a la
gue una dilucion seriada de ADN extraido amplifica positivamente, y es
distinguible del blanco. Para el LD relativo normalmente se realizan diluciones
en peso del analito en una matriz inerte, expresandose asi el LD como un valor
relativo entre la cantidad de analito en una matriz inerte, para la concentraciéon
mas pequena que sea posible amplificar.

Ademas, a partir de la curva de calibrado se puede obtener la eficiencia
de PCR, a partir de la férmula: eficiencia = (10“ ") — 1, siendo s el valor de la
pendiente del calibrado. La eficiencia de la PCR se ve muy afectada por las
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concentraciones de MgCl,, cebadores y sondas, por lo que deben ser
controladas y optimizadas con cuidado. Para realizar ensayos cuantitativos se
requiere que las eficiencias de PCR se encuentren preferiblemente alrededor o
por encima del 90%. Una pendiente de -3,32 indica la reaccion de PCR es
100% eficiente, es decir, la cantidad de ADN se duplica en cada ciclo (ENGL
2008; Rodriguez-Lazaro and Hernandez 2013).

Desde luego, la correcta seleccion de una secuencia de ADN como target
es fundamental para obtener una deteccion sensible y selectiva, y en este
sentido, la calidad y la cantidad del ADN extraido son muy importantes. El ADN
es una molécula relativamente estable, pero el procesado del alimento puede
causar su fragmentacion, hidrdlisis y oxidacion. Por este motivo, debe evitarse
utilizar amplicones de PCR de méas 150-200 bp de longitud, debido a la
probabilidad de que se encuentren fragmentados en el alimento procesado y no
sea posible amplificarlos (Holzhauser and Roder 2015).

Ademas de lo anterior, para la correcta seleccidén de la secuencia analito
a amplificar debe evaluarse el nUmero de copias en las que se encuentra en la
especie a analizar. Las secuencias multicopia de organulos tipo mitocondria o
cloroplastos, permiten una deteccion 10-100 veces mas sensible (Holzhauser
and Roder 2015). Pero, por el contrario, esta sensibilidad aumentada va ligada
a la pérdida de especificidad de las secuencias multi-copia conservadas a lo
largo de la evolucion, aunque esta falta de selectividad se debe demostrar
experimentalmente.

1.2.2 Etapas en la deteccion de alérgenos y gluten mediante PCR

Para la deteccion de alérgenos alimentarios por métodos basados en
ADN, se deben llevar a cabo las siguientes etapas: extraccion y purificacion de
ADN amplificable presente en la muestra problema, amplificacion de la
secuencia de ADN analito especifica y por ultimo, deteccion del producto
generado por PCR, ya sea por la visualizacion de bandas de un determinado
tamafio tras su electroforesis en gel (PCR convencional) o por la monitorizacion
de la fluorescencia (PCR en tiempo real).

Es de gran importancia disponer de un método de extraccion y
purificacion del ADN adecuado. Las impurezas de matriz tienen mas
repercusion en la deteccion de ADN que en la deteccién de proteinas
(Holzhauser and Rdder 2015; Sun 2010). Existen numerosos inhibidores de
PCR tales como grasas, polisacaridos, minerales, enzimas o altas
concentraciones de polifenoles que pueden dificultar tanto la extraccion como
la amplificacion por PCR. Por estos y otros motivos, la sensibilidad del método
de PCR es muy (o extraordinariamente) dependiente de la calidad y cantidad
del ADN extraido y por tanto, del kit de extraccion empleado, por lo que esta
etapa debe optimizarse cuidadosamente. Las etapas de las que consta
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generalmente la extraccion de ADN son: la homogeneizacion de la muestra, la
liberacion del ADN nuclear y de orgénulos tras la rotura de las membranas por
detergentes y proteasas, y la posterior purificacion de ADN extraido, por
precipitacion del mismo con alcoholes o detergentes, o bien por unidn selectiva
a material de silice en presencia de sales caotropicas. Hoy en dia, existen
numerosos métodos de extraccion de ADN para alimentos procesados basados
en kits comerciales o protocolos desarrollados en el propio laboratorio, como el
método basado en el reactivo bromuro de hexadeciltrimetilamonio (CTAB). Sin
embargo, su eleccion depende de la matriz del alimento (Mafra et al. 2008b).
En consecuencia, la obtencién de ADN de los alimentos a veces puede ser
todo un desafio. También es extremadamente importante adoptar una serie de
precauciones, como la limpieza con disoluciones descontaminantes, el cambio
frecuente de guantes, y la separacion de areas de trabajo para evitar la
contaminacion de arrastre o contaminaciéon cruzada, especialmente importante
debido a la extrema sensibilidad de los métodos de detecciéon de ADN, lo que
ayuda a asegurar que el amplicon final proviene de la muestra y no es una
mera contaminacion.

Las impurezas procedentes de la matriz afectan significativamente la
deteccion eficiente de secuencias de ADN, y la alta calidad del extracto de ADN
tiene un gran impacto en la sensibilidad del método de deteccién de PCR
(Gryson 2010), PCR en tiempo real o genosensores, por lo que muchos de los
autores que se resefiaran a continuacion han optimizado mas o menos
exhaustivamente el método de extraccion de ADN, y se han descrito
numerosos y variados métodos con este propaésito.

Una vez extraido el ADN se deben usar controles para verificar que el
ADN extraido posee la suficiente pureza e integridad y se encuentra libre de
inhibidores  (Sun 2010). Para ello, se deben realizar medidas
espectrofotométricas UV-vis a distintas longitudes de onda: la absorbancia a
260 nm proporciona la concentracion aproximada de ADN extraido, a 280 nm la
cantidad de proteinas, a 230 y a 320 nm la presencia de compuestos fendlicos
y otros interferentes, respectivamente. La pureza del ADN se puede calcular
mediante la relacién entre las absorbancias a 260 y 280 nm. El ADN de la
muestra es apto para su amplificacion siempre que esta relacion se encuentre
entre 1,8 y 2. La integridad del ADN genomico se puede evaluar mediante la
electroforesis en gel de los extractos, que debe dar lugar a bandas de tamafios
superiores a 30 kb. Se han adoptado numerosas estrategias con el propésito
de verificar la amplificabilidad del ADN extraido, entre las que destacan la
amplificacion de secuencias universales, el uso de calibradores y adicidon
estandar. Entre los primeros, se usan genes que se encuentren en el ADN de
todas las muestras extraidas, preferentemente que no exhiban variacion
alélica, por ejemplo el gen de referencia ITS ribosomico (Arlorio et al. 2003),
una secuencia del gen trnL del cloroplasto (Terzi et al. 2004), un microsatélite
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de ADN presente en el genoma A de trigo duro y comun (Pasqualone et al.
2007) o gen 18S rRNA presente en organismos eucariotas (Debnath et al.
2009; Pegels et al. 2015; Tavoletti et al. 2009; Zeltner et al. 2009).

Mas recientemente se ha incorporado el uso de calibradores competitivos
internos que sirven a la par de calibrador y de control de inhibicion de la
amplificacion (Dahinden et al. 2001; Taverniers et al. 2005; von Buren et al.
2001). Los calibradores internos son plasmidos recombinantes que contienen
secuencias analito como material de referencia, y que se emplean como
estandares internos para cuantificar ADN. En estos casos, estos calibradores
se obtienen por clonacion, posterior amplificaron por PCR, separacion por
electroforesis, y adicion en cantidades conocidas a la muestra, y permiten
establecer el grado de amplificabilidad de la muestra, dando lugar a una
adecuada cuantificacion, aunque debido a la complejidad en su preparacion y
aplicacion puede ser empleado solo en contados casos.

1.2.3 Métodos descritos para la deteccién de alérgenos y gluten de forma
indirecta, mediante PCR

El codigo genético se basa en codones de tres nucleétidos por un solo
aminoacido y para la mayoria de aminoacidos existe mas de un codén, por lo
gue existen tres veces mas codones que aminoacidos transcritos. La
degeneracion del cédigo genético dificulta la deteccién de ADN, pero amplia las
opciones en cuanto a la seleccion de secuencias para su deteccion, en
comparacion con las proteinas. Hay que tener en cuenta que en el genoma
existen secuencias no codificantes (intrones) que pueden ser empleadas para
la deteccion, por lo que la deteccion de secuencias de acidos nucleicos genera
multitud de posibles analitos, en comparacién con la proteina transcrita.
Ademas, el desarrollo de métodos de PCR proporciona una especificidad aun
mayor que los métodos basados en anticuerpos, porque la unién de los
cebadores de PCR se puede regular modificando la temperatura de trabajo
(temperatura de annealing). Se puede alcanzar una gran sensibilidad en la
cuantificacion de ADN, y dado que el analito en si se amplifica, se pueden
detectar muy pequefias cantidades de ADN (Holzhauser et al. 2006).

Un inconveniente importante en los métodos basados en la deteccion de
ADN esta relacionado con que la relacion entre el contenido en gluten y de
ADN es variable en granos de diversas especies y cultivares, lo que dificulta la
cuantificacion conforme a la legislacion vigente. Aun asi, teniendo en cuenta
que esta variabilidad no excede de un orden de magnitud, los métodos
basados en PCR en tiempo real han sido considerados como excelentes
alternativas a ELISA en el analisis de gluten (Goesaert et al. 2005;
Leszczynska et al. 2014; Piknova et al. 2008). Recientemente R-Biopharm ha
desarrollado un kit para la deteccion de gluten basado en PCR en tiempo real,
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SureFood® Allergen ID Gluten. Aun asi, actualmente, el niumero de Kits
comerciales de PCR en tiempo real para la deteccion y cuantificaciéon de
alérgenos en los alimentos todavia es muy limitado debido principalmente a
gue su desarrollo apenas comenzé hace 15 afios y las mejoras en este campo
han ido incorporandose de forma gradual.

El objetivo del andlisis de cereales mediante deteccion de secuencias
especificas de ADN es doble: la busqueda de cereales toxicos para los
pacientes celiacos y la prevencion del fraude alimentario por sustitucion de
especies de cereales por otras de inferior valor en el alimento final. Ambos
tipos de andlisis estan estrechamente relacionados porque, en definitiva, van
encaminados a detectar trigo comdn en cantidades traza en diferentes matrices
y pueden ser empleados para uno u otro fin. Muchos de los métodos
desarrollados, ademas de trigo, también son capaces de detectar otros
cereales toxicos para los celiacos, como cebada, centeno, avena o diferentes
variedades de trigo, cereales que los pacientes celiacos no deben consumir. La
enorme complejidad del genoma del trigo, probablemente el mas complejo de
las especies de plantas domesticadas, junto con su alta variabilidad genética
hace la seleccion y deteccién de secuencias especificas de ADN una tarea
dificil, y a la vez que de gran interés.

El primer método para determinar trigo por PCR en productos
alimenticios fue descrito por Allmann et al. en 1992 (Allmann et al. 1992).
Después, se han propuesto multitud de métodos de PCR y PCR en tiempo real
para la deteccion de cantidades traza de trigo en productos alimenticios (Tabla
2). Las secuencias a amplificar son muy variadas, desde las seleccionadas
entre los genes que codifican proteinas alergénicas (gluteninas, gliadinas)
hasta la amplificacion de regiones especificas del genoma del trigo que no
codifican proteinas.

Analisis para la deteccion de la presencia de cereales to6xicos

En las dos ultimas décadas han aparecido numerosos articulos que
describen métodos para la deteccion de gluten de forma indirecta, que se
pueden clasificar segun el tipo de método en: PCR convencional y PCR en
tiempo real.

PCR convencional

El primer método de PCR para detectar gluten utilizd una secuencia de
un gen que responde a giberelinas de 159 bp amplificado por PCR
convencional (Allmann et al. 1992). Este método presentd falsos negativos
observados en muestras procesadas, e insuficiente sensibilidad, por lo que
posteriormente incluyeron un control para detectar falsos negativos, basado en
la amplificacion positiva de un fragmento muy conservado de ADN eucariota
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(Allmann et al. 1993). En este caso Allmann y colaboradores evaluaron la
contaminacion con trigo de varios alimentos usando para ello la amplificacion
por PCR de una regién intergénica ribosomica multicopia de 25S y 18S rRNA
de 109 bp, encontrando que los resultados obtenidos concordaban con los
obtenidos mediante un ensayo tipo ELISA. Koppel et al. (1998) usaron la
misma secuencia de bases, obteniendo una detectabilidad para trigo en avena
de entre 0.001% (10 mg/kg) y 0,01% (100 mg/kg) (Koppel et al. 1998).

Ko et al. usaron PCR y un andlisis de la amplificacion aleatoria de ADN
polimorfico (RAPD, Random Amplification of Polymorphic DNA). Para la
primera usaron cebadores que amplificaban una secuencia multicopia del 5S
rRNA y para la segunda cebadores aleatorios de 10 bp (Ko et al. 1994). La
técnica RAPD se basa en el andlisis de fragmentos de ADN obtenidos por
amplificacion de regiones aleatorias del genoma, ya que los cebadores son
secuencias arbitrarias de ADN sintético. Esta técnica se basa en la utilizacion
de un unico oligonucledtido de 10 bp que hibrida al azar con el ADN en estudio,
por lo que no necesita conocimientos previos de la secuencia y permite
distinguir entre muchos organismos de forma simultanea. Sin embargo, los
autores concluyeron que la discriminacion entre mezclas de diferentes cereales
era complicada y que era especialmente dificil diferenciar los perfiles de
amplificacion para diferentes variedades de trigo debido al alto polimorfismo
gue presentaba.

Dahinden et al. (2001) utilizando el intron del gen trnL del cloroplasto
como segmento a amplificar por PCR, detectaron el trigo con un limite de
deteccién (LD) de 0,02% (200 mg/kg). Compararon los resultados de la PCR
con ELISA para diferentes alimentos obtenidos de comercios locales, y
observaron diferencias que pueden atribuirse a la incapacidad del ELISA para
reconocer proteinas que, al ser procesadas térmicamente, pierden
drasticamente su estructura tridimensional (desnaturalizacion). Usando los
mismos cebadores, Olexova et al. (2006) obtuvieron un limite de deteccion de
0,1% de harina de trigo en harina de soja, y el mismo limite de deteccion para
bizcochos fabricados por ellos mismos de harina de trigo en harina sin gluten.
También detectaron la contaminacion de tres productos comerciales
etiquetados sin gluten. Usando una amplificacion por PCR convencional del
gen trnL del cloroplasto, Maskova et al. (2011) consiguieron el mismo limite de
deteccion, y analizaron una veintena de productos comerciales catalogados
como sin gluten, encontrando que varios de ellos presentaban un contenido
mas alto en cereales toxicos del permitido.

El gen tricitin de Triticum aestivum fue escogido por Yamakawa et al.
(2007) para desarrollar un ensayo cualitativo de PCR capaz de detectar
0,005% (50 mg/kg) de trigo en matriz de maiz.
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Otros autores emplearon un gen de glutenina de bajo peso molecular
para amplificarlo por PCR para detectar hasta 21,5 pg de ADN de trigo
(Debnath et al. 2009). Sonnante et al. (2009) utilizaron el mismo fragmento con
una amplificacibon en tiempo real con sondas TagMan para detectar
contaminaciones de trigo blando en trigo duro, consiguiendo detectar hasta un
1,25%.

Tavoletti et al. (2009) analizaron piensos para animales en los que
detectaron la presencia de trigo, trigo duro y cebada obteniendo un LD del
0,9% de harina de cereal en harina inerte, mediante la amplificacion de un gen
que codifica una proteina de transferencia de lipidos.

La mayoria de los métodos descritos usaron PCR convencional y analisis
por electroforesis en gel. Ademas de estos, también se ha empleado PCR
convencional acoplada a electroforesis capilar para la deteccién de trigo-
cebada-centeno-avena entre otros alérgenos, obteniendo un LD de hasta 10
copias de ADN de trigo o 0,01% de harina de trigo en harina soja (Mustorp et
al. 2011).

PCR en tiempo real

Desde el desarrollo de la PCR en tiempo real, se han descrito numerosos
métodos, que presentan, entre otras ventajas, la monitorizacion in situ de la
sintesis de amplicén y su cuantificacion con mayor rapidez. Se han empleado
tanto marcajes de tipo inespecifico, como SYBR Green, como de tipo
especifico, con la adicion de sondas TagMan para la deteccion de cereales
toxicos.

Entre los primeros, la utilizacién de SYBR Green para la PCR en tiempo
real permitio la deteccion de ADN de trigo entre 5-50 pg (Sandberg et al. 2003)
y 5 pg (Mujico et al. 2011). Ademas compararon los resultados con los
obtenidos con ELISA usando anticuerpo R5, y encontraron una correlacion
positiva entre el contenido en proteinas y ADN en la mayoria de las muestras
alimentarias. Observaron que el contenido en ADN fue menor en las muestras
tratadas térmicamente a altas temperaturas en comparacion con alimentos que
contienen almidén, que explicaron por el alto grado de degradacion del ADN en
las primeras muestras, y por la extraccion selectiva de las proteinas del
almidon, que justificaban estas observaciones (Mujico et al. 2011). Por este
motivo, sOlo en algunas muestras hidrolizadas se encontré una correlacion
positiva entre los resultados obtenidos por PCR en tiempo real y ELISA.

Entre los métodos que emplean la deteccion especifica, usando sondas
TagMan, se pudo realizar el analisis de muestras alimentarias para cuatro de
los cereales mas empleados en alimentacién, arroz, cebada, centeno, trigo
comun y trigo duro (Hernandez et al. 2005). Se observé que casi todas las
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muestras analizadas coincidian con su etiquetado. También se inform6 de la
insuficiente cantidad de ADN extraido en muestras de cerveza debido a su alto
procesamiento.

Algunos sistemas basados en sondas TagMan alcanzaron un LD
absoluto de 26 pg de ADN de trigo, y un LD relativo de 200 mg/kg de trigo en
matriz de trigo en una harina que no contenia gluten (Piknova et al. 2008) y 2,5
mg/kg de harina de trigo en harina de arroz (Zeltner et al. 2009).

Ronning et al. (2006) utilizaron una PCR en tiempo real duplex para la
deteccion de trigo y cebada en muestras alimentarias de diferente grado de
procesamiento. Utilizaron solo un par de cebadores para amplificar un
segmento monocopia de menos de 100 bp que se encuentra con mayor o
menor homologia en varios vegetales, y dos sondas TagMan especificas para
cebada y trigo con diferentes fluoréforos para la deteccion de varios productos
comerciales y variedades de estos cereales.

Zeltner et al. (2009) amplificaron por PCR en tiempo real genes
codificantes de gluteninas de alto peso molecular para detectar trigo, escanda,
kamut y centeno; gen de hordeina para cebada y el gen que codifica una
proteina de reserva 12S para avena. Utilizando gran diversidad de modelos
binarios (harina de trigo en harina de maiz, y en salchicha de higado; cebada
en harina de arroz y maiz; y avena en harina de arroz), obtuvieron un LD de 2,5
mg/kg de trigo en matrices vegetales y 5 mg/kg para la matriz animal y de 10
mg/kg para avena y cebada en las matrices vegetales. Ademas compararon su
método con un método comercial de PCR en tiempo real (Congen SureFood for
gluten), encontrando que algunas muestras no podian ser detectadas por el kit
(las de salchichas). Los autores atribuyeron estas diferencias a una inhibicién
parcial de la enzima por los componentes del alimento, que estarian afectando
s6lo a la polimerasa del kit y no a la polimerasa que utilizaron en el trabajo.
Algunas muestras de arroz tampoco pudieron ser detectadas.

Pegels et al. (2015) propusieron recientemente la amplificacion por PCR
en tiempo real con sondas TagMan de secuencias multicopia de regiones
organizadas en tandem intergénicas ITS, que son secuencias conservadas
entre plantas, para la deteccion de trigo, cebada y avena, usando diferentes
cebadores y sondas. Para la deteccion de centeno la secuencia ITS no
presentaba las caracteristicas adecuadas, por lo que se recurrio a la
amplificacion de una secuencia que codifica una proteina importante en la
sintesis del inositol, gen MIPS. Se obtuvo un LD absoluto de 1 pg, para trigo y
cebada, y de 100 pg y 0,1 pg para centeno y avena, respectivamente; y un LD
relativo de 1 mg/kg para trigo y cebada, 100 mg/kg y 0,1 mg/kg para centeno y
avena, respectivamente, lo que les permiti6 analizar diferentes productos
comerciales para consumo humano y piensos para perros y gatos de
compafiia. Todos los alimentos que declaraban en su etiquetado que contenian
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cereales o gluten resultaron positivos, mientras que los que estaban
etiquetados como “puede contener” (que es voluntario), resultaron casi todos
negativos, lo que puso de manifiesto que, en muchos casos, el etiqguetado
preventivo es innecesario. Sin embargo, algunos productos, hasta el 25% de
los que no decian nada, contenian gluten.

También la PCR en tiempo real se ha empleado acoplada a otros
sistemas avanzados para el analisis de secuencias. Algunos autores han
empleado el analisis de la curva de disociacion con sondas de hidrélisis
también para detectar cereales que contienen gluten (Mujico et al. 2011,
Piknova et al. 2008; Sandberg et al. 2003; Terzi et al. 2004; Terzi et al. 2003;
Zeltner et al. 2009).

Andlisis de trigo para prevenir el fraude alimentario

El incorrecto etiquetado de los alimentos constituye en si mismo un
fraude alimentario. Por este motivo es muy importante verificar que las
especies de alto valor comercial no han sido sustituidas en el alimento, de
forma parcial o completa, por otras de menor valor (Mafra et al. 2008a).
Ademas del fraude econdmico que esto supone, puede generar un potencial
riesgo en la salud del consumidor, sobre todo cuando concierne especies
alergénicas. Para evitar el fraude se han usado, ademas de métodos basados
en la deteccion de proteinas, el analisis de secuencias de ADN. En general, el
perfil de ADN sirve para identificar cereales en materiales crudos y procesados.
A pesar del alto grado de conservacion de genes, las fracciones de proteinas
de almacenamiento entre las especies de cereales son diferentes, y esas
diferencias se pueden traducir a nivel tecnolégico. Por ejemplo, la avena posee
un alto contenido en globulinas, lo que las hace especialmente idoneas para
piensos. Por otro lado, debido a la composicién del grano, la cebada posee la
tan importante capacidad de malteado caracteristica de las cervezas. Por su
parte, el trigo, al ser rico en prolaminas proporciona las caracteristicas de la red
viscoelastica para la fabricacion de masas (Terzi et al. 2005), pero no todas las
variedades de trigo son iguales, ni presentan la mismas caracteristicas para la
preparacion, por ejemplo, de pastas o de panes. De ahi la importancia de
detectar posibles adiciones intencionales de cereales de variedades diferentes.

Si bien el fin es diferente, monitorizar la presencia de trigo como
adulterante de inferior valor en matrices de mayor valor econdmico, la
metodologia seguida en los articulos aqui revisados es la misma que en los
meétodos descritos en el apartado anterior: detectar la presencia de trigo en
cantidades traza en diferentes matrices.

48



Capitulo 1 Introduccion

Control de la adulteracion del trigo duro

Triticum durum y Triticum aestivum son las especies mas importantes de
trigo que se pueden distinguir entre los Triticales. Tienen unas propiedades
tecnoldgicas y reologicas peculiares derivadas principalmente de su fraccion
proteica, codificada por diferentes genomas. T. durum es una planta tetraploide
(AABB), y reoldgicamente adecuada para producir pasta italiana. Por su parte,
T. aestivum (trigo blando, panificable o comun), es una planta hexaploide
(AABBDD), que se utiliza en todo el mundo para producir pan, galletas y
productos de panaderia. La pasta hecha solo con trigo duro es de mejor calidad
que la que se hace con una mezcla trigo comun panificable y trigo duro. La
adicion de T. aestivum es la adulteracion mas comun en las pastas de
fabricacion industrial. En Espafia, Francia e Italia la pasta alimenticia,
etiquetada como tal, debe ser fabricada exclusivamente con trigo duro,
mientras que en los paises del norte de Europa, estan permitidas las pastas
fabricadas con mezclas de trigo blando y duro. Sin embargo, debido a la
posibilidad de contaminacion accidental que puede ocurrir durante la
recoleccion, almacenamiento y transporte de granos, la pasta alimenticia s6lo
se considera oficialmente como contaminada o impura cuando el nivel de trigo
blando supera 3% (Regulation (EC) 1222/1994 ; Terzi et al. 2005).

El trigo comuan se diferencia por su genoma D, que codifica la fraccion de
albumina especie-especifica, y que se ha empleado para identificarlo en las
pastas alimenticias de diferentes formas. De hecho, el método oficial para la
deteccién de la adulteracion de pastas alimenticias consiste en la deteccion de
una proteina, la peroxidasa-a7D, que es especifica del genoma D del trigo
(Kobrehel and Gautier 1974). También se han propuesto diversos métodos
para distinguir entre estas especies, siendo el enfoque principal la
determinacién cualitativa y/o cuantitativa de algunas fracciones proteicas, en
particular la fraccion de albumina. Estos meétodos incluyen el uso de
electroforesis en gel de poliacrilamida (SDS-PAGE, isoelectroenfoque) (Bietz
and Wall 1972; Jones et al. 1959), HPLC (Cornec et al. 1994; Wieser et al.
1998), y ensayos inmunolégicos (Ewart 1966; Nimmo and O’Sullivan 1967).
Pero durante las Uultimas décadas el método de produccién de pastas
alimenticias ha evolucionado y ahora se hace un secado a alta temperatura
(70-100°C) que limita el uso de estos meétodos de deteccion de proteinas con
fines cuantitativos. Como consecuencia, algunos ensayos de inmunodeteccion
comerciales especificos para las muestras de pasta, tales como PastaScan (R-
Biopharm Rhéne Ltd), han incorporado una prueba adicional para determinar el
grado de tratamiento térmico de la muestra, y asi permitir la seleccibn mas
adecuada del estdndar a utilizar para poder realizar un analisis de tipo
cuantitativo (Pasqualone 2011). Teniendo en cuenta estas limitaciones, dado
que la molécula de ADN es mas estable al tratamiento térmico que las
proteinas, diferentes autores han aprovechado su estabilidad para disefiar
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métodos de PCR para detectar la presencia de trigo blando en pastas
alimenticias. Basandose en la amplificacion de una secuencia multicopia
presente en el cromosoma D del trigo hexaploide, pero ausente en el trigo duro,
Dgas44, consiguieron obtener un LD de 1% de trigo blando en trigo duro en
pastas y semolinas preparadas por ellos (Bryan et al. 1998).

El rendimiento en la extraccion de ADN de trigo varia segun avanza el
procesado del cereal hasta formar el producto alimenticio final, de esta forma el
ADN genomico extraido se encontraria menos fragmentado en los cereales con
fibora, pero ma&s en semillas y productos de molienda tipo harina. La
amplificabilidad del ADN extraido también sufre cambios con el procesado del
material, siendo de mas a menos 6ptimo para la amplificacion por PCR la
harina, seguido de la masa y por ultimo el pan. Para demostrarlo se tomaron
muestras de cada una de las diferentes etapas de la preparacion de productos
de panaderia y se amplificaron tres tipos de secuencias: una secuencia
multicopia de 286 bp, Dgas44 especifica de trigo comun; una secuencia con
bajo nUmero de copias, tionina de 238 bp, también especifica de trigo; y por
ultimo una secuencia que codifica una fosfatasa acida de levadura, de bajo
ndmero de copias 201 bp para la deteccion de ADN extrafio al trigo. Con todas
estas secuencias se demostré que la amplificabilidad del ADN varia en cada
una de las etapas de manufactura (Tilley 2004).

A falta de material de referencia valido, Alary et al. (2002) prepararon
pastas alimenticias que contenian diferentes porcentajes de trigo blando en
trigo duro y lo sometieron a secados a diferentes temperaturas. Al realizar la
extraccion de ADN observaron que la calidad de ADN extraido dependia
fuertemente de la temperatura de secado de la pasta, del mezclado y la
extrusion. Expresaron el contenido en trigo comun de la pasta alimenticia como
relacion: trigo blando utilizando la amplificacion por PCR a tiempo real del gen
puroindolina b frente al contenido en trigo total calculado mediante la
amplificacion de un gen de proteina de transferencia de lipidos. Cada una de
estas secuencias fue amplificada con sus cebadores especificos y detectada
con una sonda TagMan marcada con diferentes marcadores fluorescentes,
FAM y VIC, respectivamente, para poder realizar una amplificacion simultanea
de ambos analitos. La deteccion del gen de puroindolina es un marcador de
trigo comun hexaploide frente a trigo duro tetraploide, porque son genes que se
localizan en el cromosoma 5D del trigo hexaploide y estan presentes en el trigo
diploide, pero no en las especies tetraploides.

Usando uno de los cebadores de Alary (2002), y redisefiando el cebador
directo, se obtuvo un amplicon de 95 bp que permiti6 la deteccion de trigo
comun, cebada y centeno mediante PCR en tiempo real con un LD de 200
mg/kg de harina de trigo en harina sin gluten (Piknova et al. 2008). Este es un
ejemplo, en el que unos cebadores ideados para la detecciébn de fraudes
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alimentarios en los que el trigo comun se presenta como adulterante, pueden
usarse también para detectar trigo y cereales tOxicos en muestras, para
monitorizar el contenido en gluten de las mismas. Se aplicé este disefio para
analizar muestras comerciales y se obtuvieron resultados similares a los
obtenidos por un método ELISA, donde se encontré que tres muestras
contenian gluten cuando el etiquetado indicaba que eran seguras para
pacientes celiacos.

Arlorio et al. (2003) utilizaron PCR convencional duplex para detectar
contaminaciones de trigo blando en pastas alimenticias, mediante la
amplificacion del gen de puroindolina b, especifico de trigo hexaploide y
diploide, junto con la amplificacién del gen de referencia ITS ribosémico (regién
Internal Transcriber Spacer), de caracter universal, para comprobar la calidad
del ADN procesado a altas temperaturas, obteniendo un LD de 0,2% de trigo
blando en trigo duro, incluso para pastas secadas a alta temperatura.

El Reglamento 510/2006 del Consejo de la Unién Europea sobre “la
proteccion de las indicaciones geograficas y de las denominaciones de origen
de los productos agricolas y alimenticios” establece que los productos que se
consideran una PDO (de sus siglas en inglés de denominacién de origen
protegida) son un producto cuya produccion, transformacion y elaboracion se
realizan en una zona geografica determinada, con reconocido “know-how”. En
caso de una PGI (de sus siglas en inglés de indicacién geografica protegida)
establece que el vinculo geogréfico debe darse por lo menos una de las etapas
de produccion, transformacion o elaboracion. Por udltimo, una TSG (de sus
siglas en inglés de Especialidad Tradicional Garantizada) no es tanto el origen,
sino el caracter tradicional, ya sea en la composicion o medios de produccién
del producto alimenticio. Listados de las PDO registrada, PGl y TSG se pueden
encontrar en Regulation (EC) 1151/2012.

Entre ellos, se encuentra registrado el pan PDO Altamura, que como
caracteristica principal debe estar fabricada con trigo duro, y no debe contener
trigo comun. Utilizando la deteccién de un microsatélite de ADN especifico del
genoma D del trigo comudn, y un microsatélite que se encuentra en trigo duro y
comun, se consiguié detectar la adiciéon fraudulenta de trigo hasta en
cantidades de 2,5 % de trigo comun en los panes de trigo duro PDO Altamura
(Pasqualone et al. 2007).

Control de la adulteracién de escanda

La escanda [Triticum aestivum spelta (L.) Thell] es un cereal consumido
tradicionalmente por los alamanes, tribu del centro de Europa, que solo en el
siglo XX fue desplazado por los cultivares de alto rendimiento del trigo comun
panificable [T. aestivum vulgare (Vill.) Mackey]. También es una planta
hexaploide (AABBDD), como el trigo comldn. La escanda se usa para
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panificacidn, produccion de pasta y como pienso para los animales. Aunque en
ocasiones se le han atribuido ventajas medicinales a esta variedad de trigo,
estan lejos de ser justificadas. Ademéas de eso, sus propiedades nutricionales
no son superiores al trigo comun y es menos tolerante a condiciones
ambientales, como las regiones sub-alpinas. La escanda es mas dificil de
cosechar mecanicamente debido a que posee una paja larga. Ademas, los
rendimientos de la cosecha son inferiores a los de trigo comun porque las
cascaras representan pérdida de hasta el 30%, el proceso de molienda
requiere una etapa adicional para separar estas cascaras y la harina de
escanda tiene por lo general una calidad de horneado menor. Sin embargo, el
aumento de la demanda de productos organicos o naturales, ha generado un
nicho de mercado para la escanda. Su harina solo se encuentra en tiendas
especializadas y tiene un precio hasta un 50% mayor que la harina de trigo
comun. Los métodos de PCR pueden proporcionar el analisis requerido para
diferenciar las dos especies y proteger a los consumidores de la posible
adulteracion. En este sentido se ha informado de métodos para realizar esta
diferenciacion (von Buren et al. 2001), usando una PCR cuantitativa para
amplificar un fragmento del gen de y-gliadina, que presenta diferentes alelos
para el trigo comun y para el trigo de escanda, y cuya calibracion se realiz6 con
ayuda de un estandar interno. También hicieron un estudio RFLP (Restriction
Fragment Length Polymorphism), que consiste en el reconocimiento y la
fragmentacién mediante enzimas de restriccion de secuencias especificas de
nucledtidos en el ADN que presentan patrones de distancia, longitud y
disposicion diferentes, debido a que son secuencias polimérficas y presentan
méas de un alelo. Este andlisis, junto con la PCR cuantitativa competitiva,
permiti6 denunciar la frecuente contaminacion de harinas comerciales de
escanda con trigo comun (s6lo una muestra de siete no contenia
contaminacion por encima de 5%).

Otros autores amplificaron por PCR otra region de la misma gliadina
reportada por Von Buren, utilizando cebadores diferentes que flanqueaban una
region que presenta una insercion de 9 bases en el trigo comun, que en la
escanda no aparece, ademas de algunas bases diferentes entre estos dos
tipos de trigo (Mayer et al. 2012). Sin embargo, con electroforesis en gel no
fueron capaces de discriminar entre estas dos secuencias tan parecidas. Al
usar una PCR acoplada a RFLP y deteccion mediante electroforesis capilar en
gel, aparecieron dos bandas caracteristicas de 101 y 177 bp en el caso de la
escanda. Utilizando este procedimiento, se consiguié detectar contaminaciones
de escanda con trigo comun de tan solo 1%, lo que permitié analizar distintas
muestras de panaderia supuestamente fabricadas con escanda, encontrando
que soOlo una tercera parte contenian contaminaciones de trigo comun por
debajo del 1%, otra tercera parte por debajo del 10%, y el resto, contenian trigo
comun por encima del 70%.
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Adulteracion del trigo farro

Un cereal que aparece en los listados de PDO, PGl y TSG anteriormente
referidos, es un tipo de pan italiano denominado Farro della Garfagnana, como
PGI, que se fabrica con la escanda Garfagnana también conocido como farro
(T. dicoccum L.), especie tetraploide (AABB) de trigo.

Utilizando la secuencia de Dgas44 se disefid un microarray basado en
sondas padlock con deteccion fluorescente para detectar contaminaciones de
trigo blando en ese tipo especial de trigo duro con un LD de 2,5% (expresado
en ADN). Las sondas padlock son dos secuencias de ADN de hebra simple
cortas (~20 nucledtidos) que son complementarias al analito, que se
encuentran conectados entre si por 40 nucle6tidos que actian como
espaciador. Cuando se unen con la diana complementaria las sondas padlock
se circularizan, esto es, se unen para detectar ADN de secuencias conocidas
(Prins et al. 2010).

Adulteracion de castana

Usando genes de puroindolina y homélogos para trigo comun, cebada,
centeno y gen de proteina de transferencia de lipidos, se consigui6é detectar
hasta el 1% de estos cereales en harina de castafia (Alary et al. 2007), y evitar
asi adulteraciones de esta harina tan cara con harina de cereales de menor
valor.

1.2.4 Métodos descritos para la detecciéon de alérgenos y gluten de forma
indirecta, mediante genosensores

A pesar de su gran éxito para el analisis de acidos nucleicos, los
instrumentos de PCR en tiempo real que existen actualmente en el mercado se
basan en componentes épticos complejos y generalmente delicados, por lo que
se trata de equipos mas bien voluminosos, fragiles y costosos, lo que limita su
uso a laboratorios de investigacion o de grandes empresas. Con el objetivo de
desarrollar una tecnologia de analisis de ADN empleando instrumentos
portatiles y mas sencillos, se ha buscado recientemente reemplazar los
sistemas de deteccidn Opticos por sistemas no Opticos, que son mas robustos,
menos costosos y mas faciles de miniaturizar. Entre los pocos intentos
encaminados a lograr este objetivo, los métodos de deteccidon electroquimicos
parecen los mas prometedores, ya que requieren una instrumentacién minima,
suministro de energia eléctrica bajo y se pueden integrar facilmente con la
microelectronica en formatos tipo chip (Deféver et al. 2011).

Como sistemas alternativos a la deteccion de amplicones por métodos
opticos, surgen los genosensores electroquimicos. Los genosensores son
biosensores de hibridacion de ADN, y como tales, son dispositivos analiticos
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capaces de transformar una respuesta biolégica en una sefial cuantificable. Los
componentes caracteristicos de los biosensores, de manera muy esqueméatica
son un elemento receptor, en el caso de los genosensores, una sonda de ADN,
que interaccionard de manera selectiva con el analito (Figura 8) y un
transductor, en intimo contacto con el elemento receptor y capaz de
transformar la interaccion biologica (hibridacion de hebras de ADN) en una
sefal cuantificable y proporcional a la concentracion de analito presente en el
medio, que en el caso de los biosensores electroquimicos es una superficie
electrodica. La caracteristica principal de los biosensores es que el elemento
que interacciona con el analito o elemento sensor es de naturaleza biolégica y
es capaz de interaccionar de manera especifica con el analito, lo que confiere
al dispositivo analitico una alta selectividad (Lucarelli et al. 2008; Pividori and
Alegret 2010; Pividori et al. 2000; Teles and Fonseca 2008).

Analito Biosensor Respuesta

N Serial

/

Figura 8. Componentes caracteristicos de un biosensor.

Los biosensores de ADN o genosensores se fundamentan en la afinidad
natural de la hebra simple, ADNss, por su hebra complementaria (Arora et al.
2011; Van Dorst et al. 2010) que mediante la reaccion de hibridacion dara lugar
a un hibrido de doble hebra debido a la complementariedad de las bases. Esta
afinidad natural permite la deteccidon de genes especificos de una especie
(Figura 9). La reaccion de hibridacion puede tener lugar aun cuando las dos
hebras no sean absolutamente complementarias, pero las hélices dobles
resultantes seran menos estables. La reaccién de hibridacion presenta dos
caracteristicas que justifican su enorme potencial analitico. Por un lado, la
especificidad, ya que la union viene determinada por el reconocimiento de la
secuencia de bases, y por el otro la reversibilidad, proporcionada por las
interacciones no covalentes entre ambas hebras. Los genosensores han
experimentado un gran auge en las dos ultimas décadas debido a los avances
en la sintesis de ADN y el abanico de marcajes de sondas disponibles
comercialmente.
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Figura 9. Genosensores o biosensores de ADN, reaccion de hibridacion del
elemento de reconocimiento con el analito y transduccién de la sefal.

De entre los pasos para el disefio de genosensores electoquimicos
destacan por su importancia la eleccion de los métodos de inmovilizacion y de
deteccién mas adecuados (Lucarelli et al. 2004).

Métodos de inmovilizacién

La inmovilizacidon de las cadenas de ADN sobre la superficie electrodica
debe llevarse a cabo de forma que permita obtener un control preciso del
empaquetado y orientacion de los oligonucleétidos inmovilizados, con la
minima pérdida de capacidad de hibridacién de las cadenas y de la forma mas
simple y estable que sea posible. Con estos objetivos se han explorado
diferentes estrategias, como la adsorcion asistida por la aplicacion de potencial
electroquimico o no (potencial abierto); la unién de afinidad entre moléculas
pequefias como digoxigenina o biotina, con sus receptores correspondientes,
el anticuerpo antidigoxigenina y la avidina (o estreptavidina); la quimisorcion
sobre electrodos de oro de compuestos tiolados a través del atomo de azufre,
formando monocapas autoensambladas (SAM); y el enlace covalente.
Probablemente la estrategia mas empleada en los Ultimos afios para la
inmovilizacion de ADN en la superficie electrodica sea el uso de SAM,
empleando oligonucleotidos funcionalizados con un grupo alcanotiol, dado que
proporcionan una inmovilizacion simple y razonablemente estable,
manteniendo la movilidad conformacional de la sonda, lo que facilita la
hibridacién con la cadena complementaria. Sin embargo, se ha observado que
las monocapas de oligonucledtidos muy compactas son dificiles de obtener
debido a su alta hidrofobicidad. Por eso, se ha descrito que, la adicién de
cationes monovalentes, o en mayor medida los divalentes, reducen la repulsion
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electrostatica entre cadenas de oligonucleétidos lo que mejora el grado de
empaquetamiento. Sin embargo, un excesivo grado de empaguetamiento
dificulta el acceso de la hebra complementaria, por lo que, en general, se debe
encontrar un valor Optimo entre una excesiva cantidad de ADN sobre la
superficie y una excesiva dilucion de la misma, que impida obtener sefales
analiticas elevadas.

Métodos de deteccion

Para la deteccidn de los acidos nucleicos se han empleado dos tipos de
formatos: directo o tipo sandwich. En ensayo directo consiste en aquel que
emplea una sonda complementaria a la secuencia analito. ElI ensayo tipo
sandwich se fundamenta en el uso de una tercera sonda, ademas de la sonda
inmovilizada sobre el electrodo y el analito, que es la encargada de sefializar el
evento de la hibridacion, y que, por ello, adquiere el nombre de sonda
indicadora. El analito se encontraria parcialmente hibridado con ambas sondas
la de captura (inmovilizada) y la indicadora, a modo de sandwich. Esta doble
hibridacién confiere una selectividad adicional a este tipo de formato de ensayo
(Lucarelli et al. 2004).

La extensa investigacion realizada sobre la deteccion electroquimica de
acidos nucleicos ha dificultado su clasificacion, debido a la variedad de
métodos que se han empleado. No obstante, la clasificacion mas clara es la
propuesta por de-los-Santos-Alvarez et al. (2004), donde se diferencian entre
los métodos directos de deteccidén, esto es aquellos que se basan en la
electroguimica de los acidos nucleicos y los indirectos, que usan otro tipo de
variaciones en las propiedades electroquimicas para la deteccion de la
reaccion de hibridacion (Figura 10).

—

» Métodos directos

Métodos de deteccion + Cambios en las propiedades interfaciales
engenosensores

P , - » Moléculas sefializadoras no unidas covalentemente
electroquimicos * Métodos indirectos

(indicadores de la hibridacién).

« Sefalizadores unidos covalentemente.

—

Figura 10. Clasificacion de los métodos de deteccién empleados en
genosensores electroquimicos parala deteccion de acidos nucleicos. Adaptado
de de-los-Santos-Alvarez (2004).

Deteccion electroquimica directa

La deteccidn electroquimica directa se basa en que las nucleobases de la
doble hélice se oxidan mas dificilmente que aquellas que estan presentes en

56



Capitulo 1 Introduccion

hebras sencillas, ADNss. El problema de usar este tipo de deteccién es que
requiere aplicar potenciales altos y que suele generar altas corrientes de ruido
de fondo. Ademés, aunque tienen la ventaja de no requerir elementos
adicionales, la sefial generada es totalmente inespecifica. Con este objetivo se
han usado los complejos de rutenio (Steel et al. 1998; Zhang et al. 2007), que
actian como mediadores de la oxidacion de la guanina, incrementando la
transferencia electronica entre los acidos nucleicos y el electrodo, y por lo
tanto, aumentan la sefial analitica. Otra estrategia empleada para intentar
reducir el ruido de fondo ha sido el empleo de sondas en las que se han
sustituido las guaninas por inosinas (Kara et al. 2003; Kerman et al. 2002;
Mascini et al. 2005).

Deteccion electroquimica indirecta

De entre los métodos indirectos, se han monitorizado los cambios en las
propiedades interfaciales, o el uso de moléculas sefializadoras que se unen
covalentemente o no (indicadores de hibridacién) al ADN.

El primer caso se fundamenta en que es posible detectar que la reaccion
de hibridaciéon ha tenido lugar porque las propiedades electrénicas de la
interfase electrodo-disolucion se alteran cuando ésta tiene lugar en la superficie
del electrodo (Kara et al. 2003). Es posible monitorizar los cambios en las
propiedades dieléctricas de la superficie (medidas de capacitancia) (Tichoniuk
et al. 2010), o modificaciones en la transferencia electronica de especies
electroactivas en disolucién, como el sistema [Fe(CN)e]*™*, cuyo proceso redox
se encuentra impedido en mayor grado cuando la reaccion de hibridacién ha
tenido lugar, dado que provoca un incremento de las cargas negativas en la
interfase (medidas de impedancia) (Bonanni et al. 2009; Bonanni and Pumera
2011; lhalainen et al. 2014; Lucarelli et al. 2005; Ma et al. 2008; Pandey et al.
2011; Sun et al. 2008).

También se han usado estrategias que emplean moléculas sefalizadoras
(indicadores de hibridacién) que no se unen covalentemente al ADN, sino que
lo hacen a través de interacciones electrostaticas o mediante intercalacion, y
que poseen diferentes afinidades por el ADNss que por el ADNds
(Miranda-Castro et al. 2009). Ejemplos de compuestos intercalantes
frecuentemente utilizados son el azul de metileno (MB) (Ren et al. 2005;
Tichoniuk et al. 2008; Xie et al. 2008; Xu et al. 2006; Zhang et al. 2008),
daunomicina (Ligaj et al. 2003), y los complejos de rutenio y cobalto (Kerman et
al. 2006; Lucarelli et al. 2004). Estas moléculas electroactivas pequefas tienen
la capacidad de intercalarse en el ADN de forma mucho mas afin al hibrido de
doble cadena, inmovilizado sobre la superficie del electrodo, que a una hebra
monocatenaria de ADN. De esta forma, cuando se produce la hibridacion, la
concentracion de intercalante aumenta en la superficie del electrodo, dando
lugar a un incremento de la sefial electroquimica. Sin embargo el azul de
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metileno (MB), también muy empleado, tiene un mecanismo diferente:
proporciona sefiales menores en el duplex que en el ADNss, posiblemente
debido a la interaccion que posee este indicador por las bases de guanina, que
en el caso del duplex se encuentran impedidas.

También se han empleado sefalizadores unidos covalentemente al ADN
(conocidas como marcas), debido a la posibilidad de obtener oligonucle6tidos
funcionalizados de muy diversos tipos de forma comercial. Por ello, de entre
todas las estrategias mencionadas, probablemente ésta haya sido la mas
ampliamente utilizada en genosensores electroquimicos para la amplificacion
del evento de hibridacion. Asi, se pueden diferenciar dos tipos: los que
emplean marcadores electroactivos (como antraquinonas, ferroceno, MB o
complejos de osmio o rutenio) (Duwensee et al. 2009; Farjami et al. 2012; Mix
et al. 2012); y no electroactivos, como enzimas unidas directamente o no a la
hebra de ADN. La marca enzimatica puede incorporarse a través de enlaces
especificos, en una etapa posterior. Esto es debido a que su enorme tamafo,
en comparaciéon a la sonda de ADN, podria dar lugar a impedimentos estéricos.
Existen diferentes métodos de enlace de la enzima a las sondas, bien mediante
enlaces de alta afinidad como biotina-avidina (Carpini et al. 2004; Del Giallo et
al. 2005; Lucarelli et al. 2005; Martinez-Paredes et al. 2009) o mediante
reconocimiento de un antigeno por su anticuerpo especifico (fluoresceina,
digoxigenina y los fragmentos Fab antifluoresceina, antidigoxigenina
correspondientes) (Barroso et al. 2015; Gonzalez-Alvarez et al. 2013; Kuralay
et al. 2012; Liao et al. 2013; Liu et al. 2013; Wu et al. 2010). Las enzimas mas
ampliamente empleadas para el disefio de genosensores electroquimicos han
sido la fosfatasa alcalina, la glucosa oxidasa, la catalasa y la peroxidasa,
debido a sus altos nimeros de recambio.

Biosensores de ADN para la deteccién de alérgenos

Como se ha comentado anteriormente, dado que la PCR en tiempo real
es una técnica laboriosa, y que requiere de personal cualificado y equipamiento
e instalaciones adecuadas, actualmente, han surgido nuevas herramientas
para la deteccion de ADN de alérgenos: los genosensores.

Wang et al. (2011) disefiaron un genosensor optico para la deteccion de
ocho alérgenos alimentarios, entre los que se encontraba la avena, que puede
ser potencialmente téxica para los enfermos celiacos. Para la deteccion de los
alérgenos se procedié a una extraccion del ADN de la muestra, seguido de dos
amplificaciones de PCR tetraplex, esto es, usando cuatro pares de cebadores
donde en dos reacciones diferentes se amplificaron los ocho alérgenos, cuatro
en cada una, y posteriormente se detectaron en la superficie del biosensor por
hibridacion con las sondas inmovilizadas en la superficie. La reaccion se revelo
mediante una reaccion enzimatica que desarrolla color, lo que permitié la
deteccidén visual de las muestras, de forma cualitativa. A pesar de las ventajas
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que presentan los genosensores electroquimicos, la determinacién cuantitativa
de la cantidad de amplicon generado mediante monitorizacion electroquimica
se ha explorado mucho menos que en las técnicas Opticas (Deféver et al. 2011;
Fang et al. 2009). De hecho, hasta el momento, no se han descrito
genosensores electroguimicos para la deteccion de gluten, aunque si para
otros alérgenos, como el cacahuete y la avellana (Berti et al. 2009; Bettazzi et
al. 2008; Sun et al. 2012; Sun et al. 2015; Sanchez-Paniagua Lépez et al.
2014).
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Tabla 2. Métodos de deteccion de trigo basados en ADN

Métodos de DNA para la deteccion de gluten

Método de
Tipo de PCR Tlpo.de Analito extragcmn ng ADN Marcaje Tipo de muestras analizadas Caracteristicas analiticas Selectivo Ref.
analito (cantidad muestra para
muestra)
Trigo,
PCR 1 copia Gen que responde a giberelinas ) ) Harinas y pan 0,1% de harina de trigo en harina de maiz cebada,  (Allmann et
(159 bp trigo) ' 10 pg de ADN genémico de trigo. centeno, al. 1992)
avena
LD absoluto = 1 pg ADN gendmico trigo.
. . 90 alimentos (procesadas, LD relativo = 1 mg/kg de ADN de trigo
PCR Multicopia ng?g'\l{x%goegng:a t?int;e 258y Z%rz)olr;]ck))roformo - - harinas, con y sin gluten). mezclado con ADN de hongo. Trigo gl\”%asg; o
ping g ADN de trigo en ADN de hongo.  Comparan con ELISA competitivo sandwich '
anticuerpo monoclonal.
Trigo,
55 rRNA (230-700 bp) + cebada,
PCR — cebadores arbitrarios de 10 bp . ) . . En mezclas de especies presento '’ (Koetal
(RAPD) Multicopia o X CTAB (- mg) Hojas, semillas A avena,
para discriminar entre especies problemas de discriminacion aroz 1994)
(RAPD) .
maiz,
sorgo
% harina de trigo comun en
harina de trigo duro. LD relativo =1% (500 pg de tri .
. o b pg de trigo panificable :
PCR Multicopia  Dgasd4 (286 bp) CTAB (5g) 50 ng - z.aSta de diferentes % secadasa o' 000 pg de ADN de semillas y pasta). 190 (Brvanetal
iferentes temperaturas. LD ab —9 comun  1998)
Semillas: 66 cultivares trigo absoluto = 200 pg.
9
blando y 55 de trigo duro.
LD relativo = 0,001-0,01% (0,04-04 mg
Region intergenica entre 25S y Wizard con % harina de trigo en harina de gliadin/100 g). (Koppel et
PCR Multicopia ~ 18S rRNA (109 bp) pretratamiento 10 ng - avena integral. Comparan con ELISA de Ridascreen de Trigo al. 1998)
igual que Allmann et al. 1993 (300 mg) Productos comerciales. r-Biopharm (anticuerpo monoclonal contra '
w-gliadina).
Region no codificante de Calibracién entre 0,02% y 0,2% ADN trigo
PCR cloroplasto fmL (201 bp trigo) - . . (=10y 100 ppm gliadina). Trigos, .
cuantitativa Multicopia Y un estandar interno de ADN Wizard (300 mg) 200 ng patron ﬁ::i)r:e?q?otstlg%?u/t\g\j de soja. 0,02 % de harina de trigo en alimento (<5 cebada, ‘(g[t)zrlg((j)?)?)
competitiva afiadiendo 20 bp al producto de interno ' copias de ADN = 40pg ADN trigo en centeno '

PCR original

200.000 pg ADN total).
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Método de
Tipo de PCR Tlpo.de Analito extragcwn ng ADN Marcaje Tipo de muestras analizadas Caracteristicas analiticas Selectivo Ref.
analito (cantidad muestra para
muestra)
PCR ) Semillas trigo escanda y pan LD relativo = 0,5% de ADN de trigo comin
cuantitativa . - Wizard (250-300 . ) ' en trigo escanda. ' (von Buren
2 - 0
competitiva y 1copia?  GAG56D (y-gliadina) (236 bp) mg) 200 ng i;:]e:(tarrc;]r; tﬁ Pc\)[;l;lcter‘lggacomun en ADN LD = 0,01% (20 pg de ADN de trigo en Trigo etal. 2001)
RFLP g : 200.000 pg de ADN escanda).
5 uL of ADN
Puroindolina b (63 bp, 1 copia) ?;E:?:;ng( % harina de trigo comun en
PCRen 12 para trigo comdn. Qiagen midikit (1 diente 50 31 harina de trigo duro (en LD relativo = 3% (220 pg de trigo Trido (Alary et al
tiempo real ; Gen que codifica una proteina de g \ TagMan muestras de pasta de diferentes  panificable en 7.360 pg de ADN total g« fy etal.
- copias . L ) uL de ADN . . comin  2002)
duplex transferencia de lipidos para . secadas a muy alta, alta y baja extraido de pasta).
; . extraido de 1
trigo total (61 bp, 2 copias). g temperatura).
pasta)
- Puroindolina b (551 bp)
1 covia Especifico trigo igual que Alary et Nucleon % harina de trigo en harina de LD relativo = 0,2% de trigo panificable en
PCR diilex P al. 2002 Phytopure (100 500N i trigo duro. duro (100 pg de trigo panificable en Trigo (Arlorio et
P Muliconia Gen de referencia ITS m { P 9 Semillas. 500.000pg de ADN extraido de semillas, comin  al. 2003)
P ribosomal (310 bp; para 9 Productos de panaderia. panaderia y pasta seca).
comprobar calidad ADN)
PCRen i . . Trigo
. w-gliadina (181 bp trigo y , LD =50 pg ADN (= 0,1% en ADN soja). !
tiempo real centeno, 164 bp cebada y 104 ADONeasy qiagen 5y SYBRgreen  ADN de cereal en ADN de soja.  0,1-0,01% (5-50 pg en 50.000 pg de AN CcPada.  (Sandberg
(+melting tissue (100 mg) centeno,  etal. 2003)
bp avena) total).
curve) avena
. . . . ' LD relativo = 1% de trigo panificable en
PCR en Glutelina bajo peso molecular TaMany ~ ‘eharinadetrigoenhainade o e vemesbleen  Trigo,  (Terzietal
) LMW (101 bp) CTAB (- mg) 100 ng trigo duro. i ; . ’ :
tiempo real L SYBR Green : 100.000 pg de ADN total extraido de trigo duro  2003)
y-gliadina (101 bp) Semillas. )
semillas o pasta)
o .
CTAB para d/c(,e f;ar::; de centeno en harina
PCR en O-methyltransferasa mRNA (101 semillas (- mg) TagMany o 0 Centeno  (Terzietal.
tiempo real bp) Wizard para 100 ng SYBR Green Sjr:?gLe:)s y alimentos con LD relativo =1% (150 pg ADN de centeno) Triticales  2004)
alimentos (- mg) Dil seriada de ADN de centeno.
Multicopia 092544 (286 bp) igual que . LD absoluto = 200 pg.
! Bryan et al. 1998 , Semillas. e ) '
1 copia SRR Wizard (100- ) LD relativo = 1% (100 pg de trigo ) (Tilley
PCR . . -Tionina tipo | (238 bp) 100 ng - Harinas. o Trigo
Multicopia - 500mg) panificable en 100.000 pg de ADN de pan 2004)
o - Fosfatasa &cida de levadura Panes. )
(bajo n°) de 5 dias).

(201 bp)
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Método de
Tipo de PCR Tlpo.de Analito extragcwn ng ADN Marcaje Tipo de muestras analizadas Caracteristicas analiticas Selectivo Ref.
analito (cantidad muestra para
muestra)
Region no codificante de ADNeasy plant . . (James and
Semillas, hojas
PCR Multicopia  cloroplasto fmL (662 bp y 397 bp  Mini kit (25-100 50 ng - Pro ductc;s de éna deria Trigo Schmidt
trigo) mg) P ' 2004)
- y-hordeina cebada Cebada
lcopia- gos9 arroz Semillas. Arroz
PCR en AN - heliantinina girasol . Alimentos. LD absoluto = 1 copia cebada, girasol y Girasol  (Hernandez
tiempo real bagg ?a:e - acetyl-CoA CTAB (- mg) 100ng TaqMan Dilucién de ADN en albimina trigo; 3,3 arroz. Trigo et al. 2005)
P carboxylasa trigo sérica bovina. Trigo
- RALyasa trigo duro duro
% harina de trigo en harina de
g o soja. LD relativo = 0,1% trigo en soja y para los .
PCR Multicoia Ei?(l)oTars]?octsgll_ﬁgg;ebdetri o) Wizard ) Bizcochos % harina trigo en bizcochos. nggga (Olexova et
P clorop . ping GeneSpin (- mg) harina sin gluten (Promix). LD absoluto = 42 + 12 pg =109 copias de al. 2006)
igual que Dahinden et al. 2001 Semillas ADN Centeno
Productos comerciales.
Gen protein-kinasa serina- Semillas
F.)CR en . treonina PKABA1 amplifican con Productos comerciales. LD absoluto = 5 copias ADN para trigo y 16 Trigo (Ronning et
tiempo real 1copia un par de cebadores, y dos CTAB (- mg) - TaqMan Dilucién seriada de ADN de para cebada Cebada al. 2006)
diplex sondas TagMan diferentes para ' '
i centeno.
reconocer trigo y cebada (89 bp)
- Microsatélite de ADN especifico % harina de trido en harina de
del genoma D del trigo comdn tr?go duro 9
(GDM111, 210 bp) "0/ s , o EY . . . (Pasqualon
ECR en Multicopia - Microsatelite de ADN del Qene Elute plant 50 ng SYBRgreen Par)es de /o harina de trigo en LD relativo = 2,5% de trigo comUn en trigo Trigo cetal
tiempo real kit (20-40 mg) harina de trigo duro. duro.
genoma A (GWM186, 240 bp) Panes comerdiales (PDO 2007)
en trigo comun y duro, verifica
A Altamura).
amplificabilidad.
% harina de trigo en harina de Trido
PCR i Gen precursor de triticina (141 DNesay Qiagen 50N i maiz. LD relativo = 0,005% de trigo comin en Trigo (Yamakawa
bp) (200 mg) g Semillas. maiz. dufo etal. 2007)
Productos comerciales.
PCR en 1copia-  Gen ALMT1 transportador de Semillas l&? t?ibzoluto = 2 copias genoma haploide (Vautrin
' bajon®de  malato activado por aluminio (95  CTAB (200 mg) 40 ng TagMan I 9. _ . Trigo and Zhang
tiempo real copias bp) Dilucion seriada de ADN. LQ absoluto = 40 pg (=20 copias genoma 2007)

haploide trigo).
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Método de
Tipo de PCR Tlpo.de Analito extragcwn ng ADN Marcaje Tipo de muestras analizadas Caracteristicas analiticas Selectivo Ref.
analito (cantidad muestra para
muestra)
- Trigo comun: gen puroindolina-
a (381 bp) Trigo
- Trigo duro: gen proteina % harina d | en harina d Tii
transferencia de lipidos (262 bp) o narina de cereal en harina de . N rigo
PCR duplex 1-2 - Cebada: gen hordoindolina DNeasy Plant 60-100 n ) castafa. LD relativo = 1% de cereal en castafia. duro (Alary et al.
P copias (262 bp) -9 Mini kit (100 mg) g Semillas. LD absoluto = 10 copias. Cebada  2007)
P . N Productos comerciales. Centeno
- Centeno: gen secaindolina-a Avena
(511 bp)
- Avena: gen de tionina (265 bp)
P;Jrrgutr;id%hrggr: u(gs bp, 1 copia) % harina de trigo en harina sin LD relativo = 200 mg/kg. Triao
PCRen 1-2 cooi lp | g Al | 2002 NucleoSpin TaaM gluten (Promix). LD absoluto = 0,026 ng ADN trigo = 1,5 c bgd (Piknova et
tiem | -2 copias  Igual que Alary et al. uno X agMan Dil seriada ADN de tri . ebada | 2008
po rea (- mg) il seriada e trigo. copias. al. )
de los cebadores, el otro ) . Centeno
o Productos comerciales. Comparan con ELISA Ridascreen.
redisefiado
- Glutenina de alto peso % harina de trigo en harina de Trido
molecular (HMW) (85 bp) para maiz, y en salchicha de higado. LD relativo = 2,5 mg/kg de trigo en matriz Escagn da
PCR en 1-baion® trigo, escanda, kamut y centeno. % cebada molida en harina de vegetal y 5 mg/kg en camnes Kamut  (Zeltner et
. 10 - Gen hordeina para cebada (73 ~ CTAB (200 mg) 10 ng TagMan arroz, y maiz. Para cebada 10 mg/kg
tiempo real de copias b 0 , ) ) Cebada  al. 2009)
p) % avena molida en harina de Comparan con PCR en tiempo real Congen Centeno
- Gen de proteina de reserva arroz. SureFood Avena
128 para avena (64 bp) Semillas.
— . . LD relativo = 0,1% en harina.
. Dilucion seriada ADN de trigo. ; .
- 0 = -
PCR 1-baj0 0 tenina LMW (135 bp) CTAB (- mg) 75ng : Semillas. LD absoluto = 21,5 pg (1-1,3 copias Trigo ~ (Debnathet
de copias . genoma), en alimentosaltamente al. 2009)
Productos comerciales.
procesados.
o . .
Microsatélite de ADN especifico tfi’gr:)a(rilﬂfode trigo en harina de
. . . R, . . .
ECR en Multicopia del genoma D del tlrlgo comun CTAB (200 mg) 200 ng TaqMan Dilucion seriada ADN de trigo. LD relativo = 1,25% de trigo comun en trigo Trigo (Sonnante
tiempo real (GDM111, 210bp) igual que duro. etal. 2009)
Muestras de pasta secadas a
Pasqualone et al. 2007
alta temperatura
- Trigo comun y duro: gen Trido
proteina transferencia de lipidos Extract-N-Amp % harina de trigo/trigo Trigo
PCR igual que Alary et al. 2007 (262 Seed Sigma (20- 25 ng i duro(cebada en matriz inerte LD relativo = 0,9 % para trigo y cebada. duro (Tavoletti et
bp) 50 Semillas al. 2009)
i . C mg) ) Cebada
Cebada: gen hordoindolina-A Piensos Centeno

(145 bp)
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Método de
Tipo de PCR Tlpo.de Analito extragcwn ng ADN Marcaje Tipo de muestras analizadas Caracteristicas analiticas Selectivo Ref.
analito (cantidad muestra para
muestra)
Dilucién de ADN de trigo comun
Padlock- Multicoia ;jglgtzsyi (3§|b%)ed§| gaenngraall D gﬁiﬁégod:g) ¥ 200ng para Sondas en ADN trigo dicoccum Farro LD relativo = 2,5% de ADN de trigo comin Trido (Prins et al.
microarray P go iguatque Bry ' o microarray Padlock della Garfagnana. en trigo duro. 9 2010)
1998 restriccion
Semillas.
Region no codificante de Triao
PCR Multicoia cloroplasto trmL (201 bp trigo, NucleoSpin, i % harina de trigo en harina de LD relativo = 0,1% (= 5 mg gliadina en 100 Cebg da (Maskova
P 196bp cebada) GeneSpin (- mg) soja. g alimento). Centeno etal. 2011)
igual que Dahinden et al. 2001
Region intergenica entre 25S y Guanidina + SDS I . . LD absoluto = 0,05 pg ADN (=5 pg/mg Trigo
PCRen Multicopia 185 TRNA (51 bp) + Wizard - SYBR areen gg‘rﬁ'”‘;lse”ada ADNdetrigo.  imento). Trigo  (Mujico et
tiempo real P Usada antes por Allmann et al. modificado (20- g g Productos comerciales Comparan con ELISA R5 sandwich. duro al. 2011)
1993; Koppel et al. 1998 40 mg) ' Reproducibilidad 4%. Triticale
PCR multiplex Region no codificante de % harina de trido en harina de Trigo
(10-plex) + Multicopia cloroplasto fmL (133 bp para DNeasy plant 50-300 n i s(c))'a g LD absoluto = 2.6 ng de ADN de trigo. Cebada  (Mustorp et
electrophoresi P trigo) mini kit (- mg) g S cajrﬁillas LD relativo = 0,01% de trigo en soja. Centeno  al. 2011)
s capilar en gel igual que Dahinden et al. 2001 ' Avena
) - Avenina (84 pb) .
Biosensor - Detectan también sésamo Enzimético, (Wang et al
optico + PCR - lubino. mostaza. nuez. almendra CTAB (200 mg) 200 ng cambio de Productos comerciales. Cualitativo. Avena 201 1)9 '
tetraplex pino, ’ ’ ’ color
apio, avellana
PCR +RFLP + % harina de trigo comun en
lab-on-a-chip y-gliadina cebadores igual que h;rina de i o%scan da LD relativo = 1 % de trigo comtn en trigo
electrophoresi i von Buren et al. 2001 (236 bp)y ~ CTAB (200 mg) + 100 n i Semillas 9 ' escanda. Trido (Mayer et
s capilar en gel otros cebadores nuevos (278 bp  EconoSpin 9 Pro ductds comerciales Comparan con PCR en tiempo real 9 al. 2012)
(indirecta escanda y 287 bp trigo comin) anaderia (TagMan).
cualitativ) P :
% harina de trido en harina de LD relativo: trigo y cebada = 0,0001%
- Region intergenica ITS1 (par de sz)'a 10 maiz 9 (1mglkg); centeno = 0,01% (100mg/kg); Trido
PCR en cebadores y sonda especifica 2l S eJminIas ' avena = 0,00001% (0,1mg/kg) Cebg da  (Pegels et
) Multicopia  para cada: 100 bp trigo, 81 bp Wizard (200 mg) M TagMan I LD absoluto = 1pg trigo, cebada; 100 pg 9
tiempo real (concentrac?) Dilucién seriada ADN. Centeno  al. 2015)
cebada y 83 bp avena). . para centeno y 0,1 pg para avena.
Productos comerciales y Avena

- Y MIPs para centeno (107 bp)

piensos.

Discriminacion del cereal de origen (cada 1,
su sonda).
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1.2.5 Puntos criticos en la deteccion de trigo y cereales mediante ADN

En teoria, cualquier secuencia de ADN que relacione la especie y que
permita ser discriminada de otros componentes presentes en el alimento,
puede ser adecuada para la deteccién por métodos de PCR o genosensores.
Sin embargo, se debe prestar especial atencion en esta parte del disefio
porque sistemas de deteccién especificos para especies de plantas como el
trigo son especialmente dificiles de obtener por la presencia de secuencias de
ADN homoélogas en especies estrechamente relacionadas (cebada y centeno),
y en otras especies de cereales mas alejadas filogenéticamente. Por este
motivo, se han realizado grandes esfuerzos en la busqueda de secuencias para
la deteccidén de estos cereales, que se reflejan en la grandisima variedad de
secuencias aqui revisadas.

Los métodos basados en PCR para la deteccion de alérgenos, presentan
muchas ventajas frente a los métodos ELISA convencionales y se pueden
aplicar en la mayoria de alérgenos que las diferentes legislaciones obligan a
etiquetar. Sin embargo hay casos en que la deteccion de ADN para alérgenos
no es aplicable (huevos, leche) (Holzhauser and Roder 2015). En otras
ocasiones, la proteina puede estar ausente por el procesamiento que sufre el
alimento, pero puede hallarse el ADN intacto, y a la inversa. Estos dos
problemas pueden traducirse en falsos negativos al realizar, respectivamente el
andlisis ELISA o de PCR. Sin embargo, en los alimentos, en general la
presencia de proteinas indica la presencia de ADN (Dahinden et al. 2001),
aungue no es tan sencillo transformar los datos obtenidos a datos cuantitativos.

Sin embargo, la practica ha demostrado la aplicabilidad de los métodos
de PCR para la consecucion de la deteccién de cereales de forma especifica
como se ha ido comentando a lo largo de este capitulo. Ademas de esta la
especificidad que presentan este tipo de métodos, es importante hacer énfasis
en la alta sensibilidad que se puede conseguir, habiéndose reportado LD
relativos de tan solo 0,001% (Koppel et al. 1998), 0,005% (Yamakawa et al.
2007), 0,00025% (Zeltner et al. 2009), 0,0001% (Pegels et al. 2015) de trigo en
diferentes matrices inertes; y LD absolutos de 5 copias (Ronning et al. 2006) , 2
copias (Piknova et al. 2008; Vautrin and Zhang 2007), ~1 copia (Debnath et al.
2009; Hernandez et al. 2005; Olexova et al. 2006). Para transformar esos LD
para la deteccibn de ADN de trigo a ppm de contenido en gluten se han
empleado factores de transformacién obtenidos empiricamente, que relacionan
ambas magnitudes. Por ejemplo, Zeltner et al. (2009) asumieron que
aproximadamente el 9% en peso de la harina es gluten para la transformacion
de sus datos a contenido de gluten.

La deteccion de secuencias multicopias, como las que proceden de
organulos como mitocondrias y cloroplastos, como la region no codificante de
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cloroplasto trnL usada por varios autores (Dahinden et al. 2001; James and
Schmidt 2004; Mustorp et al. 2011; Olexova et al. 2006), pueden dar lugar a
métodos de 10 a 100 veces més sensibles que aquellos que se fundamentan
en la deteccidn de secuencias que se encuentran sélo en una copia, como el
gen de respuesta a giberelinas (Allmann et al. 1992), o los genes de
puroindolina a y b (Alary et al. 2007; Alary et al. 2002; Arlorio et al. 2003) que
permitieron un LD de en torno al 0,1% - 1%. Aunque las secuencias multicopia
presentan mayor sensibilidad, y por este motivo han sido las més
frecuentemente empleadas, suelen adolecer de una menor especificidad si la
secuencia es altamente conservada a lo largo de la evolucién, cosa que debe
ser comprobada experimentalmente (Holzhauser and Rdder 2015).

Comparando entre diferentes especies, para una misma cantidad de
ADN de partida de PCR, el LD depende del tamafio del genoma de cada cereal
(Hubner et al. 2001), cosa que se debe tener en cuenta cuando se establecen
comparaciones entre diferentes tipos de alérgenos.

La deteccién de gluten a través del ADN no es sélo posible, sino también
muy conveniente en muchos casos. Su aplicacion como métodos analiticos en
muestras reales permitié, por ejemplo, detectar que la contaminacion de trigo
comun era muy habitual y en muy alta en los alimentos etiquetados como
escanda (Mayer et al. 2012; von Buren et al. 2001); que hasta una cuarta parte
de los piensos etiquetados como libres de gluten, no cumplian la normativa
(Pegels et al. 2015); y que también los productos comerciales catalogados
como sin gluten, presentan en ocasiones un contenido mas alto en cereales
toxicos del permitido (Dahinden et al. 2001).

Por todo ello, la deteccion de cereales toxicos a través de su ADN es
altamente aconsejable, por un lado, para verificar la idoneidad de los alimentos
para los pacientes celiacos, y por el otro, para evitar el fraude alimentario. Los
problemas derivados de este tipo de metodologias de deteccion indirecta estan
siendo superados y las caracteristicas analiticas incluso superan a las de los
ELISA, llegando a cuantificar cantidades préximas a ppb. Por estos motivos,
estdn comenzando a comercializarse e incorporarse como métodos analiticos
recomendados por las diferentes legislaciones.
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OBJETIVOS

La altisima incidencia de la enfermedad celiaca (1 de cada 100
personas), junto con las graves consecuencias que puede tener el consumo de
gluten para individuos que padecen esta enfermedad ha obligado al desarrollo
de métodos sensibles, selectivos y fiables para su deteccion y cuantificacion en
muestras alimentarias. Tradicionalmente los métodos ELISA son los mas
empleados, y recomendados por algunas organizaciones internacionales. Sin
embargo, la reactividad cruzada y los falsos negativos debido a la
desnaturalizacion de las proteinas durante el procesado de los alimentos, han
impulsado el desarrollo de métodos alternativos que permitan, al menos,
confirmar los resultados obtenidos con los métodos inmunoanaliticos
anteriormente mencionados, y de esta forma verificar la seguridad del alimento
para su consumo por el enfermo celiaco.

La aparicion de los métodos basados en la cuantificacion y deteccion de
ADN, como la PCR o los genosensores, han supuesto un gran avance en la
identificacion y cuantificacidn de secuencias especificas de especies de todo
tipo: patdgenos, alérgenos y organismos modificados genéticamente. Los
métodos basados en PCR aportan una elevada sensibilidad mientras que los
genosensores constituyen una alternativa portatil, sencilla y de bajo coste para
analisis de rutina por personal no especializado. A pesar de su versatilidad, en
la actualidad no existen genosensores para la deteccion de gluten en matrices
alimentarias.

En este sentido, el objetivo general del presente trabajo es el desarrollo y
puesta a punto de métodos analiticos alternativos para la deteccion y
cuantificacion de gluten en alimentos, utilizando un analito diferente al
empleado tradicionalmente: el ADN. Se pretende explorar el desarrollo de
meétodos de deteccion de gluten mediante genosensores y PCR.

Los objetivos concretos de esta Tesis Doctoral son:

1. Seleccion de secuencias de ADN especificas de gluten mediante analisis in
silico de secuencias que codifiguen proteinas alergénicas del trigo.
Verificacién de la idoneidad de estas secuencias para su uso como dianas
mediante técnicas de amplificacion por PCR.

2. Disefio y desarrollo de métodos de cuantificacion de gluten mediante
amplificacion por PCR en tiempo real de las secuencias seleccionadas,
empleando sondas de hidrdlisis con deteccidn fluorescente. Evaluacion de
la selectividad respecto a cereales no toxicos, sensibilidad y efectos de
matriz.

3. La(s) secuencia(s) que mejor comportamiento analitico presenten en PCR
en tiempo real seran utilizadas para el disefio de un genosensor
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electroquimico sobre electrodos de oro. Para ello se exploraran diferentes
fases sensoras basadas en la formacion de monocapas autoensambladas,
un formato de ensayo tipo sandwich para maximizar la selectividad y
marcaje enzimatico. Se compararan diferentes sondas de captura: lineales
y estructuradas; se optimizara el disefio de los genosensores y se
evaluaran comparativamente las caracteristicas analiticas de los
genosensores optimizados.

El genosensor electroquimico resultante se aplicara al analisis de muestras
reales. Para ello sera imprescindible una etapa de extraccién y otra de
amplificacion previa del ADN, ya que la longitud del genoma y la presencia
de la hebra complementaria impiden el analisis directo del ADN extraido.
Se pondra a punto un método de PCR convencional para su acoplamiento
al genosensor en el analisis de harinas y alimentos procesados.

Dado que en algunas legislaciones es imperativo identificar la especie de la
gue proviene el gluten, se explorara un sistema de identificacion mas
especifico que la PCR, como es la técnica de andlisis de curvas de
disociacion de alta resolucion (HRM, high resolution melting analysis), que
permita discriminar entre secuencias homologas de cereales toxicos para
los enfermos celiacos.
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3.4 Efecto de Matriz

Effect of matrix on the performance of quantitative real-time
PCR of gluten-containing cereals
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3.1 Cribado de secuencias

En la determinacién de la presencia de trigo y cereales toxicos en
alimentos para celiacos a través del ADN es de capital importancia encontrar
secuencias adecuadas para su deteccion. Como se ha expuesto con
anterioridad, se han descrito diversos métodos que detectan tanto secuencias
codificantes de proteinas en el vegetal, como secuencias intronicas. También
existen métodos para la deteccidn de secuencias tanto multicopia como en bajo
namero de copias, siendo los primeros, en general, mas sensibles, pero sus
secuencias son, en general, poco conservadas a lo largo de la evolucion, por lo
gue su especificidad debe ser demostrada experimentalmente.

La primera etapa de este trabajo consistié en evaluar el comportamiento
de diferentes secuencias de ADN elegidas para la cuantificacion de cereales
toxicos. Y en funcion de los datos recopilados, seleccionar aquella secuencia
idénea para su uso como analito en la deteccién indirecta de gluten.

El estudio se centré en tres secuencias de ADN que codifican proteinas
del gluten: a2-gliadina, aglutinina isolectina y tiorredoxina h. Se evalué la
capacidad de amplificacion en términos de limite de deteccion absoluto y
relativo, reproducibilidad y eficiencia.
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ABSTRACT

In the present work, three DNA sequences encoding wheat proteins («2-gliadin, agglutinin isolectin and
thioredoxin h) were compared to trace gluten-containing cereals in food products. Quantitative real-time
PCR methods using hydrolysis probes were successfully developed to target the three sequences for the
detection of wheat DNA. The comparison of the three systems highlights the best sensitivity when
tracing the #2-gliadin marker sequence, showing an absolute limit of detection (LOD) of 2 pg of wheat
DNA and a relative LOD of 0.005% (50 mg/kg) of wheat in soybean, which corresponds to 4.5 mg/kg of
gluten. All the systems reveal high specificity for detecting other gluten-containing cereals, such as
barley and rye. Therefore, the developed real-time PCR systems can be used as non-immunological tools
to confirm the presence of gluten-containing cereals in foods, towards the safety of celiac patients and
wheat allergic individuals.

Gluten-containing cereals
Celiac patients
Wheat allergens

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The celiac disease is defined as a common autoimmune in-
flammatory disorder with both genetic and environmental com-
ponents, which is known to be elicited by gliadin and other related
prolamines in genetically predisposed individuals. It is one of the
most frequent chronic health conditions, being estimated to affect
as much as 1% of the general population, although this number
could be underestimated owing to difficulties in diagnosing this
autoimmune disorder (Denham & Hill, 2013). Clinical manifesta-
tions of celiac disease are highly variable, including both gastro-
intestinal and non-gastrointestinal features, which may result in
systemic manifestations (Reilly, Fasano, & Green, 2012). The major
environmental trigger is the consumption of gluten, which corre-
sponds to a significant portion of protein fraction in wheat, barley
and rye (Denham et al,, 2013). Due to the complexity of the disease,
the only effective treatment consists of the avoidance of gluten-
containing food. However, a minimal degree of gluten contamina-
tion is difficult to avoid (Fasano & Catassi, 2012). Although gluten
threshold has not yet been defined, literature seems to suggest that
small amounts of gluten, 10—50 mg per day (a slice of bread of 25 g

* Corresponding author. Tel.: +351 220428640; fax: +351 226093390.
E-mail address: isabel.mafra@ffup.pt (1. Mafra).

http://dx.doi.org/10.1016/j.foodcont.2015.02.047
0956-7135/© 2015 Elsevier Ltd. All rights reserved.

contains approximately 1.6 g of gluten) could be sufficient to cause
damage to the celiac intestinal mucosa over time (Catassi et al.,
2007). Therefore, specific legislation in European Union (EU) has
been issued aiming at informing the consumer about the presence
of gluten in food products by means of mandatory labelling of
allergenic food ingredients (Directive 2007/68/EC; Regulation (EU)
No. 41/2009; Regulation (EU) No. 1169/2011). The Codex Ali-
mentarius (CODEX STAN 118, 1979) and the Regulation (EC) No 41/
2009 endorse a maximum gluten contamination of 20 mg/kg in
gluten-free labelled products as a safe threshold. Since the correct
labelling of foods is the only effective way of protecting the celiac
patients, it is essential to have an easy and reliable methodology to
verify the content of gluten in foods. However, these regulations do
not specify an analytical methodology for gluten analysis.

So far, most of the methods employed in the detection of gluten
are based on protein detection, namely enzyme linked immuno-
sorbent assays (ELISA) (Diaz-Amigo & Popping, 2013; Janssen,
2006), but false negative results, poor reproducibility or cross-
reactions are frequently considered as their major drawbacks
(Haraszi, Chassaigne, Maquet, & Ulberth, 2011; Mujico, Lombardia,
Mena, Mendez, & Albar, 2011). DNA-based methods represent
attractive options due to the high stability of DNA molecules upon
food processing when compared with proteins (Mafra, Ferreira, &
Oliveira, 2008). DNA amplification by means of polymerase chain
reaction (PCR) offers a high sensitive and specific alternative to
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ELISA for screening or confirmation. Since PCR is completely
orthogonal to ELISA, a positive result with both assays gives almost
irrefutable preof that the coffending cereal species is present
{Janssen, 2006). The first PCR method to determine wheat in
gluten-free products was described by Allmann, Candrian, Hofelein,
and Luthy (1993). After that, several end-point PCR { Dahinden, von
Buren, & Luthy, 2001; Debnath, Martin, & Gowda, 2009; Koppel,
Stadler, Luthy, & Hubner, 1998; Maskova, Paulickova, Rysova, &
Gabrovska, 2011: Olexovd, Dovicovicovs, Svec, Siekel, & Kuchta,
2006; Yamakawa et al, 2007} and real-time PCR-based methods
{Mujico et al., 2011; Piknova, Brezna, & Kuchta, 2008; Sandberg,
Lundberg. Ferm & Yman, 2003; Terzi, Malnati, Barbanera, Stanca,
& Faccioli, 2003; Zeltner, Glomb, & Maede, 2009) were proposed
for the detection of minute amounts of wheat in food products. The
target sequences were selected among genes coding for allergenic
proteins (glutenins, gliadins) or simply on a species-specific region
of the genome of the allergenic food.

Wheat gluten is the cohesive mass that remains after washing
dough. It consists of a complex mixture of storage proteins that can
be classified into gliadin and glutenin polypeptides, according to
the classical Osborne fractionation. Gliadins are monomers,
whereas glutenins form large polymeric structures. On the basis of
their amino-acid sequences, gliadins can be subdivided into a-, y-
and w-gliadins, while glutenins can be classified into high-
molecular-weight glutenins {~650—800 residues long) and low-
moelecular-weight glutenins (~270—330 residues long) (Haraszi
et al, 2011; Sollid, 2002). Only few authors have selected se-
quences encoding these immunogenic proteins to detect gluten in
foodstuffs probably because of their high variability. For the
development of real-time PCR methods for wheat detection, DNA
sequences encoding a w-gliadin {Sandberg, Lundberg, Ferm, &
Yman, 2003; Terzi et al, 2003) and high and low molecular glu-
tenins (Debnath et al,, 2009; Zeltner et al., 2009} were targeted.

We hereby report the comparison of three real-time PCR
methods with TagMan probes to detect gluten-containing cereals
in foods based on the selective amplification of #2-gliadin, agglu-
tinin and thioredoxin gene sequences, which are involved in trig-
gering immune responses in celiac {cell-mediated reaction) or
wheat-allergic (IgE-mediated reaction) patients.

2. Materials and methods
2.1. Sample preparation

Flours from different plants {wheat, rye, barley, oat, maize,
soybean and rice} were obtained at local markets. In the absence of
certified or testing reference standards for wheat, binary model
mixtures containing: 1 mgfkg, 5 mgfkg, 10 mg/kg, 20 mg/kg, 50 mg/f
kg, 100 mg/kg, 500 mg/ke, 1000 mg/kg and 5000 mg/kg, 10,000 mg/f
kg, 50,000 mg/kg, 100,000 mg/kg and 500,000 mg/kg of wheat
flour in soybean material were prepared. The first sample con-
taining 500,000 mg/kg (50%) of wheat was prepared by adding 30 g
of wheat flour to 50 g of soybean flour. All the other model mixtures
were prepared by successive additions of soybean flour until the
spiked level of 1 mg/kg (0.0001%) in the equivalent proportion to a
final weight of 100 g in a non-target plant matrix (soybean flour}.
All the mixtures were thoroughly homogenised separately in a
laboratery knife mill Grindomix GM200 (Retsch, Haan, Germany),
using different containers and material, previously treated with a
DNA decontamination solution. Te avoid accidental cross-
contaminations among samples, cereals and reference mixtures
were prepared on different days. After preparation, all samples and
reference mixtures were immediately stored at —20 °C until further
DNA extraction.
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2.2. DNA exiraction

DNA was extracted from 100 mg of sample using the commercial
Nucleospin Food kit {Macherey—Nagel, Diiren, Germany), accord-
ing to the manufacturer’s instructions with minor alterations as
described by Costa, Mafra, Kuchta, and Oliveira (2012).

Yield and purity of extracts were assessed by agarose gel elec-
trophoresis and by UV spectrophotometric DNA quantification on a
Synergy HT multi-mode microplate reader (BioTek Instruments,
Inc,, Vermont, USA), using a Take3 micro-velume plate accessory.
DNA content was determined using the nucleic acid quantification
protocol with sample type defined for double-strand DNA in the
Gen5 data analysis software version 2.01 (BigTek Instruments, Inc.,
Vermont, USA).

23. Target gene selection and oligonucleotide primers and probes

The initial objective of this study was searching for sequences
that allow the detection of wheat DNA and other gluten-containing
cereals in food. In the celiac disease, one of the most well studied
peptides is the so-called 33-mer peptide, which is a fragment of the
«2-gliadin responsible for triggering the immune response associ-
ated with this disorder and playing a major role in the immuno-
genicity. Mutant peptides lacking this fragment lose their
immunotoxicity. The immunogenicity of the referred peptide was
attributed to its resistance to breakdown in the human intestine,
mainly due to its high content of proline residues as well as high
susceptibility to transglutaminase deamidation {Shan et al., 2002},
DNA encoding this fragment has been recently used for gluten
detection using a PCR-coupled electrochemical genosensor
{Martin-Fernandez et al., 2014).

As other potential DNA markers for gluten detection, nucleotide
sequences enceding different allergenic proteins, namely Tri a 18
{agglutinin isolectin A) and Tri a 25 (thioredoxin h) were retrieved
from the NCBI database (http://www.ncbinlm.nih.gov/}. The
allergen Tri a 18 (agglutinin isolectin A) belongs to the
pathogenesis-related (PR)-3 family of proteins or class I chitinases,
being classified as an important family of allergenic proteins,
whereas the Tri a 25 (thioredoxin h} is included in the super-family
of enzyme and protease inhibitors (Breiteneder & Radauer, 2004},
Primers and probes were specifically designed targeting the
encoding sequences for a2-gliadin, Tri a 18 and Tri a 25 using the
Genbank accession numbers AJ133612.1, M25536.1 and AJ404845.1,
respectively. Sets of primers with different annealing temperatures
{Ta} were designed using the software Primer-BLAST designing tool
{(http://www.ncbi.nlm.nih.gov/tools/primer-blast/), which are pre-
sented in Table 1.

The basic local alignment search tool BLAST software {(http://
blast.ncbi.nlm.nih.gov/Blast.cgi) was also used to identify regions
of local similarity between the chosen nucleotide and homologue
sequences of different species. In silico analysis estimated the sta-
tistical significance of the matches and confirmed the specificity of
the designed primers with 100% of identity and 100% query cover
for the wheat species. The software parameters were set to design a
pair of primers {Gly-F/Gly-R, Tri18-F{Tri18-R and Tri25-F/Tri25-R)
for each target sequence with an optimal annealing temperature of
61—63 °C. For the application of real-time PCR and to increase the
specificity of the proposed primers, dual labelled hydrolysis probes
were also designed (Table 1). As a positive amplification control of
end-point PCR and real-time PCR experiments, universal primers
{18SRG-F{185RG-R) targeting a conserved DNA region (nuclear 185
rRNA gene) were used. Primers and probes were synthesised by
Eurofins MWG Operon (Ebersberg, Germany). Stock sclutions were
stored at —25 °C.
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Table 1

Primers and probes designed to specifically target sequences of Triticerm aestivum (#2-gliadin, agglutinin isolectin -Tri a 18, thicredoxin h - Tria 25) and a censerved eukaryotic

region {Muclear 185 rRNA).

Nuclectide sequence (*Genbank accession no.) Prirners/probe sequences (5° — 3) Amplicon (bp) Reference
w2-gliadin (*AJ133612.1) Gly-F CAACCATTTCCGCAGCCGCAA 134 bp This work
Gly-R TGCGAATACTGTGGTTGCGATTGTG
Gly-P FAM-ATCCGCAGCCGCAACCATTTCGACCACA-BHQ 1
Agglutinin isolectin (Tri a 18) Tril8-F CTGTTGTAGCAAGTGGGGATCCT 125 bp This work
(*M25536.1) Tril8-R ATTCITGGAGAAGAGTGGAGTIGG
Tril8-P FAM-CAGAGTGGCGGCTGCGATGGTGTCTT-BHQ1
Thioredoxin h (Tri a 25) (*AJ404845.1) Tri25-F TGAACTGAAGTCCATTGCTGAGCA 148 bp This work
Tri25-R TGATTACTGGGCCGCGTGTAG
Tri25-P FAM-AACCCTGTCCTTGACGTCTCCTTCCTTCAT-BHQ 1
Nuclear 185 rRNA (*HQ873432.1) 185RG-F TCTGCCCTATCAACTTTCGATGG 113 bp Costa et al. (2013)
185RG-R TAATTTGCGCGCCTGCTG

2.4. End-point PCR conditions

PCR amplifications were carried out in 25 pL of total reaction
volume containing 2 ul of wheat DNA extract {200 ng)}, 67 mM of
Tris—HCI (pH 8.8}, 16 mM of (NH4}»,50,4, 0.01% of Tween 20, 200 uM
of each ANTP, 1.0 U of SuperHot Tag DNA Polymerase {Genaxxon
Bioscience, Ulm, Germany}, 2.5 or 3.5 mM of MgCl; {«2-gliadin, or
Tria 18/Tri a 25, respectively) and 160 nM or 120 nM of each set of
primers {#2-gliadin, or Tri a 18/Tri a 25, respectively). The reactions
were performed in an M] Mini thermal cycler (BioRad, Hercules, CA,
USA} using the following program, with correction adjustment on
the temperature of annealing according to target sequence: initial
denaturation at 95 °C for 5 min; 40 cycles at 95 °C for 30 s, tem-
perature of annealing {70 °C for «2-gliadin, 62 °C for Tri a 18 and
61 °C for Tria 25} for 30 s and 72 °C for 30 5; and a final extension at
72 °C for 5 min.

The amplified fragments were analysed by electrophoresis in a
1.5% agarose gel containing 1 x Gel Red (Biotium, CA, USA) for
staining and carried out in 1 x SGTB buffer (GRISP, Porto, Portugal)
for 20 min at 200 V. The agarose gel was visualised under UV light
and a digital image was obtained using a Kodak Digital Science™
DC120 (Rochester, NY, USA).

2.5. Real-time PCR conditions

Real-time PCR assays were performed in 20 plL of total reaction
volume, containing 2 pL of DNA (200 ng), 1 x of SsoFast Probes
Supermix {BioRad, Hercules, CA, USA}, 200 nM of each primer and
100 nM of hydrolysis probe (Table 1). The reactions were performed
in a fluorimetric thermal cycler CFX96 real-time PCR detection
system (BioRad, Hercules, CA, USA), whose optimised conditions
were based on end-point PCR, following the temperature protocol:
95 °C for 5 min, 55 cycles at 95 °C for 15 s and temperature of
annealingfextension of 61 °C (Tria 25}, 62°C{Tria 18} or 70°C {a2-
gliadin} for 45 s with the fluorescence signal acquisition at the end
of each cycle. Cycle threshold (Ct) values, which refer to the number

Table 2
Results of PCR amplification of wheat and other related plant species targeting three
different genes (z2-gliadin, Tri a 18 and Tri a 25).

Sample name Scientific name o2-gliadin Trial8 Tria25
‘Wheat Triticum aestivum + + +
Barley Hordeum vuigare + + +
Rye Secale cereale + + +
Oat Avena sativa - + +
Rice Oryza sativa - - -
Maize Zea mays — — —
Rapeseed Brassica napus — — —
Soybean Glycine max - - -

of cycles where the flucrescence significantly increases above the
background level, were calculated using the software at automatic
threshold setting. The continuous measurement of flucrescence is
related to the amount of amplicon generated in the real-time PCR,
yielding a quantitative result on the presence of the target species.
Data were collected and analysed using the software Bio-Rad CFX
Manager 3.0 (BioRad, Hercules, CA). Real-time PCR experiments
were repeated in two independent assays using four replicates in
each one.

3. Results
3.1 Specificity

To ensure the absence of any possible false-negative results, the
DNA extracts from all cereals and model mixtures were previously
evaluated for their amplification capacity using the primers 185RG-
F/185RG-R (Costa, Oliveira, & Mafra, 2013}, which target an uni-
versal eukaryotic region. All tested cereals and model mixtures
amplified positively for the expected fragment of 113 bp, confirm-
ing that the DNA extracts had the adequate quality and purity for
PCR amplification.

Afterwards, three genes encoding distinct wheat proteins were
evaluated for their potential application as DNA markers for gluten
detection. Since gluten is not exclusively present in wheat, its
detection in foodstuffs should include the analysis of all toxic
gluten-containing cereals. Owing to the existence of a close
phylogenetic relationship among wheat and other cereal species
{especially among members of the Poaceae family), homologous
DNA sequences could be found in related plant species (e.g., wheat,
barley, rye} (Hubner, Waiblinger, Pietsch, & Brodmann, 2001).
Therefore, to assess the specificity of the designed primers for the
o2-gliadin, Tri a 18 and Tri a 25 sequences, some of the most
important cereal species used in food production (rice, rapeseed,
maize, oat, barley, rye, soybean and wheat) were tested. Summar-
ised results of specificity and cross-reactivity of the three PCR
systems are presented in Table 2. The sequence similarity between
wheat and the closely related cereals, namely barley and rye, was
confirmed since these species were positively amplified by the
three primer sets. In opposition to the a2-gliadin system, the Tri a
18 and Tri a 25 sequences were amplified in cat at optimised
conditions (Table 2). Therefore, the latter two sequences allow the
identification of all cereals involved in the celiac disease {wheat,
barley, rye and cat). Unable to activate the celiac disease, rice and
rapeseed are two plant-species more distantly related to wheat,
which was also consistent with PCR results {Table 2). All the other
plants did not amplify with the selected sets of primers, evidencing
their adequacy for the detection of gluten-containing cereals.
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3.2. Real-time PCR

Three real-time PCR systems were developed targeting each of
the previously described wheat genes, using the primers Gly-F/Gly-
R, Tri18-F/Tril8-R and Tri25-F/Tri25-R, for which specific hydrolysis
probes {Gly-P, Tri18-P and Tri25-P) were designed to increase the
specificity of the assays (Table 1). The systems were optimised
using model mixtures of soybean material spiked with known
amounts of wheat flour and serially diluted wheat DNA. For the
comparison and the evaluation of the proposed real-time PCR as-
says, the prerequisites for method performance established in the
available decuments of MIQE guidelines (Bustin et al.,, 2009} and
the definition of minimum performance requirements for analyt-
ical methods of genetically modified organism testing (Mazzara
et al,, 2008} were carefully considered.

3.2.1. Relative sensitivity

The application of real-time PCR systems targeting DNA se-
quences of «2-gliadin, agglutinin isolectin (Tri a 18) and thio-
redoxin h (Tri a 25} enabled the detection and quantification of
wheat at different levels. The system targeting the «2-gliadin
sequence presented the best sensitivity results, which allowed
detecting 0.002% {20 mgjkg) of wheat in soybean. Nevertheless,
according to the guidelines for the development of quantitative
real-time PCR assays (Bustin et al., 2009; Mazzara et al., 2008) the
limit of detection (LOD) was considered as 0.005% (50 mg/kg) of
wheat in soybean material (Fig. 1) since the amplification at the
spiking level of 0.002% was achieved in only 50% of the replicates
{should be in at least 95% of replicates). In this study, the LOD was
always determined assuming the lowest concentration level with
positive amplification in all replicates. The limit of quantification
{(LOQ) was found to be equal to the LOD since it was within the
linear range of the calibration curve. Quantitative assays targeting
the DNA sequences encoding Tri a 18 or Tri a 25 allergens enabled a
relative LOD and LOQ of 0.05% (500 mg/kg) of wheat in soybean
with both systems, thus presenting a 10-fcld lower sensitivity than
the a2-gliadin real-time PCR assay (Fig. 1).

To correctly assess the performance of a real-time PCR method,
several parameters have to comply with the acceptance criteria
defined for this type of assays, namely correlation coefficient (R?)
above 0.98, PCR efficiency ranging from 90% to 110% and respective
slope from —3.6 and —3.1 (Bustin et al., 2009; Mazzara et al., 2008).
In general, the means of the performance parameters of the three

" Tiate
¥= 8790+ 3074
3 RE = 0.0082
PCR effclency=85.1%

(m} Trin 26
y=AT7x+31.02

() a2-glindin
y=-3.314x + 28.26
R* = 09934
PCR sfficlency=100.3%

30 25 20 18 -0 05 (Y] 05 10 15
Log (% wheat)

Fig. 1. Comparison of calibration curves obtained with three real-time PCR systems
(z2-gliadin, Tri a 18 and Tri a 25) of model mixtures containing 5%—0.005% of wheat in
soybean material. Mean values and corresponding standard deviations of n = 8 rep-
licates of two independent real-time PCR trials.
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methods were in good agreement with the acceptance criteria
defined for real-time PCR (Fig. 1). In terms of relative quantification,
the method exhibiting the hest performance parameters of PCR
efficiency (100.3%), slope (—3.314} and correlation coefficient
{0.9934) was the one targeting the «2-gliadin sequence. Addition-
ally, e2-gliadin real-time PCR also evidenced the earliest amplifi-
cation level since cycle thresheld (Ct) values were twe and three
cycles earlier than the Tri a 18 and Tri a 25 systems, respectively for
the same spiking level of wheat. In the systems targeting Tri a 18
and Tri a 25, a difference of approximately 1 Ct value could be
obhserved for the amplification of the same spiking level of wheat

(Fig. 1).

3.2.2. Absolute sensitivity

In order to establish the dynamic range and the absolute
sensitivity of real-time PCR methods, wheat DNA extracts were 10-
fold serially diluted {with PCR grade water} to cover 6 orders of
magnitude of the analyte, ranging from 200 ng te 2 pg (Table 3}
Each of the three assays exhibited high performance real-time PCR
parameters, presenting near 100% PCR efficiency with approxi-
mately three additional cycles {~3 Ct) between two consecutives
dilution levels and correlation coefficients above 0.99 (Table 3). The
systems targeting Tri a 18 and Tri a 25 allowed amplifying wheat
DNA until a dilution factor of 10,000, corresponding to a LOD of
20 pg and L1 genomic copies (Table 3). The number of amplified
DNA copies was estimated according to the genome size of wheat
(1733 pg) and assuming the target sequences are single copy genes
(http:{/data.kew.org/cvaluesf). In the case of 2-gliadin detection, a
LOD of 2 pg (0.1 DNA copies) was achieved, being 10-fold lower
than the other two systems. In terms of absclute quantification, the
LOQ values were found to be equal to the respective LOD of each
method.

Like for the relative quantification results, the system presenting
the best performance was the real-time PCR targeting «2-gliadin
sequence, starting to amplify wheat approximately 2 and 3 cycles
earlier than the systems for Tri a 18 and Tri a 25, respectively. Be-
tween the two last methods, an average difference of approxi-
mately 1 cycle in the amplifications for the same dilution level
could be observed (Table 3).

3.2.3. Amplification of other ghiten-containing cereals

Wheat, barley and rye, as cereal species containing gluten,
together with oat, which previously showed positive amplification
by end-point PCR, were analysed by the three proposed real-time
PCR systems. Data showed positive amplification in all cases, after
wheat (Fig. 2). For the same DNA amounts (200 ng), the amplifi-
cation of rye evidenced a delay of approximately 6 cycles, barley of
8 cycles and oat of 11 cycles in relation to wheat, when using the
g2-ghadin system (Fig. 2A). In the same conditions, rye, barley and
oat were amplified with delays of approximately 4, 5 and 11 cycles,
in relation to wheat amplification using the system targeting the Tri
a 18 sequence (Fig. 2B). With the method detecting Tri a 25
sequence, rye, barley and oat amplifications were delayed in
approximately 8, 5 and 6 cycles, respectively, comparing to wheat
amplification (Fig. 2C).

The comparison of results of the three target genes highlights
that the sequences of «2-gliadin and Tri a 18 are amplified in rye,
barley and cat with similar delays in relation to wheat, while inTri a
25 the pattern is changed for barley and rye (Fig. 2). This finding
suggests close amplification behaviour of the four species in the
cases of ¢2-gliadin and Tri a 18 sequences. In general, the system
amplifying «2-gliadin gene allowed earlier amplifications for wheat
and the other tested cereals, while the assay targeting the Tri a 25
sequence presented the latest amplifications for wheat and rye
(Fig. 2C).



Métodos de DNA para la deteccion de gluten

B. Martin-Ferndndez et al / Food Control 56 (2015) 57-63 61

Table 3
Results of wheat detection by the three real-time PCR systems {x2-gliadin, Tri a 18 and Tri a 25) for the absolute detection of wheat DNA.

Absclute quantity (pg) u2-gliadin Tria 18 Tria 25

Ct = 5D° DNA copies® Ct+ SD® DNA copies” Ct = 5D° DNA copies”

200,000 2129 £ 024 11540.7 2237 £ 009 11540.7 2358 £00.10 11540.7

20,000 2372 £ 017 1154.1 25.76 £ 0.16 1154.1 27.00 £ 0.14 11541

2000 27.14 + 006 1154 29.29 + 027 1154 3032 +0.17 1154

200 3037 £ 015 115 33.10 £ 069 11.5 3333 £ 047 115

20 3380 £ 054 11 36.01 £ 086 11 36.79 £ 0.90 11

2 37.29 £ 130 0.1 na - na -

Slope -3.241 —3.461 —3272

Correlation coefficient (R%) 0.9975 0.9986 0.9996

PCR efficiency 1035% 04.5% 102.1%

? Mean cycle threshold (Ct) values + standard deviation (SD) for n = 8 replicates from two independent real-time PCR experiments.
Y Number of wheat hapleid gencme copies (17.33 pg) (http:f/data.kew.orgfovalues/). na — no amplification.

4. Discussion

The correct evaluation of the presence of gluten in food supplies
is very important for the health of the celiac patients. In the last
years, PCR-based methods have been applied owing to their high
potential of being more specific than the current immunochemical
methods. Allmann et al. (1993) evaluated the contamination of
several foods with wheat based on the PCR detection of the inter-
genic region of 255 and 188 rRNA, which was in good agreement
with the immunoenzymatic assay. Koppel et al. (1998}, using the
same PCR system, obtained a sensitivity of wheat in oats between
0.001% (10 mg/kg) and 0.01% (100 mg/kg). In the report of
Dahinden et al. (2001}, the intron of the chloroplast trinf. gene was
used as a PCR target to detect wheat with a sensitivity of 0.02%
(200 mg/kg). The tricitin gene of Triticum aestivum was used by
Yamakawa et al. (2007) as a wheat specific target to develop a
qualitative PCR assay able to detect 0.005% {50 mg/kg) of wheat in
maize. Thereafter, a low molecular weight glutenin gene was
amplified by PCR to detect wheat DNA down to 21.5 pg (Debnath
et al, 2009). However, the lack of potential quantification re-
mains a drawback since the relation between gluten and DNA is
variable in grains of various species and cultivars. Considering that
this variability does not exceed one order of magnitude, real-time
PCR based methods have been regarded as excellent alternatives
to ELISA in the analysis of gluten {Mafra et al., 2008; Piknova et al.,
2008). The real-time PCR approaches based on melting curve
analysis or hydrolysis probes have also demonstrated their appli-
cability teo detect cereals containing gluten (Mujico et al, 2011;
Piknova et al, 2008; Sandberg et al, 2003; Terzi et al, 2003;
Zeltner et al, 2009). The real-time PCR assay using the SYBR
Green dye enabled the detection of wheat DNA between 5 and
50 pg (Sandberg et al,, 2003} and 20 pg DNA/mg of sample (Mujico
et al, 2011). Systems based on the use of TagMan probes reached
26 pg of wheat DNA and relative sensitivities of 200 mg/kg of wheat
flour in non-containing gluten flour (Piknova et al, 2008) and
2.5 mgjkg of wheat flour in rice flour {Zeltner et al., 2009}

In the present work, three specific sequences encoding aller-
genic proteins of wheat, namely «2-gliadin, Tri a 18 and Tri a 25
were successfully targeted by real-time PCR to detect gluten-
containing cereals in foods (wheat, barley, rye and oat), to our
knowledge for the first time. Wheat, rye, and barley have a common
ancestral origin in the grass family and can trigger the immune
response in celiac patients. Oat has rarely been associated with
celiac disease since its prolamins (avenins)} are more distantly
related to the analogous proteins in wheat, rye and barley {Tatham
& Shewry, 2008). It is apparently more well-tolerated by the ma-
Jority of the celiac patients, but a reduced number of individuals
could still present adverse immunological reactions and

gastrointestinal symptoms to cat (Green & Jabri, 2006}, The com-
parison of the three real-time PCR methods highlights the best
sensitivity when tracing the «2-gliadin marker sequence, showing
an absoclute LOD of 2 pg of wheat DNA and a relative LOD of 0.005%
(50 mgjkg) of wheat in soybean. There are more than 100 ¢-gliadins
encoded by three gene loci. The estimated copy number ranges
from 25 to 150 (Anderson & Greene, 1997}, but a significant number
of them is considered pseudogene because of the presence of in-
frame stop codons. It is worth mentioning that only few genes
from D-genome contain the full sequence for the 33-mer immu-
nodominant peptide (Molberg et al,, 2005} that we have selected as
PCR target. Although the precise copy number of «2-gliadin is un-
known, a copy number higher than 1 cannot be ruled out, which
would explain the higher sensitivity of this gene when compared
with that of other allergen genes. It is frequent that many cultivated
crop plants contain a high number of gene duplication as a result of
breeding processes (Hubner et al., 2001 ). Unfortunately, despite the
advantages in terms of sensitivity arisen from the selection of a
multicopy gene, the absence of the gene in most non-bread wheat
(namely Triticum durtm) obscures the usefulness of this gene for
gluten detection in all wheat varieties that are still harmful for
celiac patients. Nonetheless, promising results of real-time PCR
were also recorded for Tri a 18 and Tri a 25, which enabled the
detection of 500 mgfkg (0.05%) of wheat in soybean material.
Taking into account that the gluten content is about 9% in wheat
flour (Zeltner et al., 2009}, this result corresponds to a detection of
approximately 45 mg/kg (0.0045%) of gluten when using the se-
quences of Tri a 18 and Tri a 25, and 4.5 mgfkg (0.00045%) of gluten
in the case of the #2-gliadin marker. These sensitivity values are
comparable with the above results reported in the literature,
though Zeltner et al. (2009) reached an apparently higher sensi-
tivity (2.5 mg/kg of wheat flour in rice) by real-time PCR. However,
it is important to stress that those authors did not use the actual
recommended guidelines (Bustin et al,, 2009; Mazzara et al., 2008)
to determine the LOD and used a different matrix. For a true
comparison of data, the matrix or background in which the refer-
ence mixtures were prepared should be taken in consideration. A
better DNA extraction yield from soybean, when compared to
wheat or maize, has been reported (Sharma, Gill, & Singh, 2002),
which might justify the differences. Therefore, the high content of
soybean DNA versus wheat DNA or the high lipidic content of
soybean could act as strong PCR inhibitors (Cankar, Stebih, Dreo,
Zel, & Gruden, 2006), reducing the efficiency of the reaction.
Furthermore, the sensitivity of a PCR methed depends primarily on
the genome size of the investigated plant species and on the copy
number. Taking into account the large size of the wheat genome
and the single-copy nature of Tri a 18 and Tri a 25, detection limits
below 0.01% are very difficult to obtain.
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Fig. 2. Amplification curves obtained by real-time PCR systems targeting «2-gliadin (A), Tri a 18 (B) and Tri a 25 (C) using 200 ng of DNA from wheat, other genetically related

cereals containing gluten (barley and rye) and oat.

Presently, the number of commercial real-time PCR kits for the
detection and quantification of allergens in foods is still limited.
When compared to the commercial real-time PCR kit available for
the detection of gluten in foods, the proposed quantitative method
for a2-gliadin evidenced a higher relative LOD (4.5 mg/kg of gluten)
than the 0.4 mg/kg stated by SureFood® allergen gluten (r-Bio-
pharm, Darmstadt, Germany). Regarding the absolute sensitivity,
all the proposed real-time PCR methods presented lower LOD (<1.1
DNA wheat DNA copies) than that stated by the referred kit (5 DNA
copies). However, it is important to refer that this commercial real-
time PCR assay is not for quantification purposes since it does not
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include a calibration curve, enabling only positive/negative re-
sponses until the referred limit of 0.4 mg/kg of gluten. Additionally,
none of the herein proposed real-time PCR systems for the specific
detection of gluten presented any cross-reactivity with safe cereals.

In summary, the developed real-time PCR methods presented in
this work constitute adequate alternatives to detect toxic cereals for
celiac patients at trace levels in foods. The detection of wheat DNA
at minute amounts is a challenging aspect due to the complexity
and large size of its genome (multiploidy). Unlike most of the PCR
assays developed for gluten detection that usually target gliadin
encoding sequences, in this work, the genomic regions encoding
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the allergens Tri a 18 and Tri a 25 were also evaluated. Three real-
time PCR methods were successfully developed allowing the
detection down to 50 mg/kg of wheat flour or 4.5 mgfkg of gluten in
soybean matrix. Additionally, all the systems enable detecting other
gluten-containing cereals such as rye, barley and oat, which high-
light the importance of this work for celiac patients. Further
research work is still required to verify if there is a matrix effect that
limits the sensitivity of the methods described herein.
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3.2 Efecto de matriz

Tras el desarrollo de los tres métodos de PCR en tiempo real con sondas
TagMan para la amplificacion de las tres secuencias que codifican a2-gliadina,
isolectina y tiorredoxina, se propuso la evaluacion del comportamiento de éstas
en funcion del tipo de matriz. Para ello se estudiaron comparativamente tres
matrices inertes diferentes, soja, maiz y arroz, en forma de harina, donde se
adicionaron cantidades conocidas de harina de trigo, para la preparacion de
muestras modelo, a falta de un material de referencia certificado. Una vez
preparadas las muestras binarias, y extraidos los ADN de cada una de ellas se
evaluo la sensibilidad de cada método de PCR desarrollado en cada matriz.
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ABSTRACT

The celiac disease is considered an autoimmune disorder caused by the
ingestion of gluten in genetically susceptible individuals. Hence, gluten-
containing foods cannot be consumed by celiac patients. DNA-based methods
have been advanced as excellent alternatives for the detection and
quantification of gluten-containing cereals, such as wheat in processed foods. In
this paper, after the successful development of three real-time PCR approaches
with TagMan probes targeting a2-gliadin, agglutinin isolectin and thioredoxin h
genes, we intended to evaluate the performance of each method as influenced
by the food matrix. For this purpose, soybean, maize and rice flours were used
in model matrices spiked with known amounts of wheat flour. The results
evidenced adequate performance parameters in terms of PCR efficiency and
correlation coefficient, regardless the target gene and food matrix. However,
sensitivity was considerably affected by both the food matrix and the target
gene. Rice matrix allowed the highest sensitivity, while soybean was the most
interfering one, with maize having an intermediate behaviour, but very close to
the rice. The method using the a2-gliadin sequence enabled the best sensitivity,
especially when combined with rice matrix (5 mg/kg), followed by maize (10
mg/kg) and soybean (50 mg/kg). These results suggest that food matrix effects
need to be carefully evaluated when developing real-time PCR assays for
wheat detection and quantification, but without compromising their great
effectiveness as tools to monitor gluten-containing cereals.
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INTRODUCTION

Gluten is classified as a complex mixture of storage proteins, mainly
gliadins and glutenins, being commonly present in several cereals, namely
wheat, rye, barley, kamut, spelt, and oat. So far, three pathologies have been
associated with gluten intake, being the most relevant the celiac disease and
wheat allergy. In these two pathologies, gluten reactivity is mediated by the
activation of the T-cells in the gastrointestinal mucosa via different mechanisms.
In wheat allergy, the cross-linking of immunoglobulin (Ig)-E to repeated regions
of gluten fraction polypeptides (serine-glutamine-glutamine-glutamine-
(glutamine-)proline-proline-phenylalanine) leads to the release of chemical
mediators (e.g. histamine, cytokines) from basophils and mast cells (Tanabe,
2008). The celiac disease is considered an autoimmune disorder caused by the
ingestion of gluten in genetically susceptible individuals (Fasano & Catassi,
2012) and the clinical symptoms are triggered by specific serologic
autoantibodies, most notably serum anti-tissue transglutaminase and anti-
endomysial antibodies (Sapone et al., 2012). Both conditions are highly
relevant, especially in industrialised societies, since celiac disease and wheat
allergy are estimated to affect up to 1% of the general population
(children/adolescents and adults) (Denham & Hill, 2013). More recently, a third
pathology associated with gluten consumption has been described as gluten
sensitivity, but in which neither allergic nor autoimmune mechanisms are
involved (Catassi et al, 2013, Sapone et al., 2012). Given the role of gluten in
the referred pathologies, the cornerstone to safeguard the health of sensitised
individuals is the total avoidance of gluten-containing cereals. Therefore, global
legislation has been issued concerning the mandatory labelling of gluten-
containing foods. In the European Union, gluten-containing foods above 20
mg/kg must be labelled (Regulation (EC) No. 41/2009; Regulation (EU) No.
1169/2011), which is in accordance with the Codex Alimentarius guidelines
(CODEX-STAN118, 1979).

The detection and quantification of gluten in foods is currently of prime
importance, relying on the accuracy, sensitivity and specificity of the available
analytical methods. Independently on the chosen analytical technique (protein-
or DNA-based) for the analysis of gluten in foods, two factors have gained
special attention, namely the effect of food processing and the interference of
the matrix (Kenk, Panter, Engler-Blum, & Bergemann, 2012). In the last years,
owing to the high stability of DNA molecules upon processing, DNA-based
methods have been advanced as excellent alternatives for the detection and
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quantification of gluten in processed foods (Martin-Fernandez, Costa, Oliveira,
Lopez-Ruiz & Mafra, 2015; Mujico, Lombardia, Mena, Mendez, & Albar, 2011;
Pegels, Gonzélez, Garcia, & Martin, 2015; Sandberg, Lundberg, Ferm, &
Yman, 2003; Terzi, Caterina, Giovanardi, D'Egidio, Stanca, & Faccioli, 2004;
Zeltner, Glomb, & Maede, 2009). As a consequence of unintended cross-
contamination during food processing, gluten might be present at trace levels,
which represents a major challenge for its detection/quantification in foods.
Besides food processing that normally contributes to a general DNA
degradation, the presence of components such as fats, carbohydrates or other
plant metabolites might difficult the efficient extraction of DNA from foods
(Fernandes et al., 2015; Kenk et al., 2012). Thus, DNA extracts have poor
yields and low quality/purity, often presenting polymerase chain reaction (PCR)
inhibitors (e.g. polyphenols) that might difficult the development of adequate
methods for gluten analysis. Addressing this specific issue, few studies have
been conducted to evaluate the effect of the matrix in quantitative/semi-
guantitative real-time PCR methods (Olexova, Dovicovicova, Svec, Siekel, &
Kuchta, 2006; Maskova, Paulickova, Rysova, & Gabrovska, 2011; Siegel,
Mutschler, Boernsen, Pietsch, & Waiblinger, 2013; Zeltner et al., 2009).

Following the successful comparison of three real-time PCR methods with
TagMan probes to detect gluten-containing cereals in foods (Martin-Fernandez
et al., 2015), the present work intends to evaluate the performance of each real-
time PCR system as affected by the type of matrix used to prepare model
mixtures of wheat, namely soybean, maize and rice.

MATERIALS AND METHODS

Sample preparation

Flours from different plants (wheat, rye, barley, oat, maize, soybean and
rice) and a wide range of plant species, namely peanut, pine nut, Brazil nut,
almond, pecan nut, walnut, cashew, hazelnut, macadamia nut, peach,
nectarine, apricot, mulberry, strawberry, cherry, plum, lupine, sunflower, potato,
rapeseed and cassava used for cross-reactivity purposes, were obtained at
local markets. In the absence of certified or testing reference materials for
wheat, binary model mixtures, containing: 1 mg/kg, 5 mg/kg, 10 mg/kg, 20
mg/kg, 50 mg/kg, 100 mg/kg, 500 mg/kg, 1,000 mg/kg, 5,000 mg/kg, 10,000
mg/kg, 50,000 mg/kg, 100,000 mg/kg and 500,000 mg/kg of wheat flour in
different flour matrices (soybean, maize or rice) were prepared, in a total of
three independent sets of reference mixtures. The first mixture containing
500,000 mg/kg (50%) of wheat flour was prepared by adding 50 g of wheat flour
to 50 g of soybean, maize or rice flour. All the other model mixtures were
prepared by successive additions of soybean, maize or rice flours until the
spiked level of 1 mg/kg (0.0001%) in the equivalent proportion to a final weight

108



Capitulo 3 Cribado de secuencias y efecto matriz

of 100 g in a non-target plant matrix. All the mixtures were thoroughly
homogenised separately in a laboratory knife mill Grindomix GM200 (Retsch,
Haan, Germany), using different containers and material, previously treated with
a DNA decontamination solution. To avoid accidental cross-contaminations
among samples, cereals and reference mixtures were prepared on different
days (one set of model mixtures per day). After preparation, all cereals and
reference mixtures were immediately stored at -20°C until further DNA
extraction.

DNA extraction

DNA was extracted from 100 mg of sample using the commercial
Nucleospin Food kit (Macherey-Nagel, Diuren, Germany), according to the
manufacturer’s instructions with minor alterations as described by Costa, Mafra,
Kuchta and Oliveira (2012), using 2 pL of 10 mg/mL of RNAse solution for 5 min
at 37 °C, after lysis incubation.

Yield and purity of extracts were assessed by UV spectrophotometric
DNA quantification on a SynergyHT multi-mode microplate reader (BioTek
Instruments, Inc., Vermont, USA), using a Take 3 micro-volume plate
accessory. DNA content was determined using the nucleic acid quantification
protocol with sample type defined for double-strand DNA in the Gen5 data
analysis software version 2.01 (BioTek Instruments, Inc, Vermont, USA). The
quality of the extracts was also evaluated by electrophoresis in a 1.0% agarose
gel containing 1x Gel Red (Biotium, CA, USA) for staining and carried out in 1x
SGTB buffer (GRISP, Porto, Portugal) for 20 min at 200 V. The agarose gel was
visualised under a UV light tray Gel Doc™ EZ System (BioRad Laboratories,
Hercules, CA, USA) and a digital image was obtained with Image Lab software
version 5.1 (BioRad Laboratories, Hercules, CA, USA).

Target gene selection and oligonucleotide primers

Three DNA sequences, namely a2-gliadin, agglutinin isolectin A (Tri a 18)
and thioredoxin h (Tri a 25) were used to allow the detection of wheat DNA and
other gluten-containing cereals in food by three distinct methods. Following our
previous research, primers and probes were specifically designed targeting the
encoding sequences for a2-gliadin, Tri a 18 and Tri a 25 (Martin-Fernandez et
al., 2015), which are presented in Table 1. The universal primers (18SRG-
F/18SRG-R) targeting a conserved DNA region (nuclear 18s rRNA gene) were
used to assess amplifiability of extracts. Primers and probes were synthesised
by Eurofins MWG Operon (Ebersberg, Germany). Stock solutions were stored
at -25°C.
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Table 1. Primers and probes designed to specifically target sequences of a
conserved eukaryotic region (Nuclear 18S rRNA) and of Triticum aestivum (a2-
gliadin, agglutinin isolectin - Tri a 18, thioredoxin h - Tri a 25).

Nucleotide
sequence . Y Amplicon
(*Genbank Primers/probe sequences (5— 3’) (bp) Reference
accession no.)
Nuclear 185 18SRGF  TCTGCCCTATCAACTTTCGATGG 3y Costaet
(*HQ873432.1) 18SRG-R TAATTTGCGCGCCTGCTG al. (2013)
CAACCATTTCCGCAGCCGCAA Martin-
- Gly-F TGCGAATACTGTGGTTGCGATTGTG
a2-gliadin Fernandez
(*AJ133612.1) YR FAM- 134bp o)
) Gly-P ATCCGCAGCCGCAACCATTTCGACCACA- |
(2015)
BHQ1
Agalutinin CTGTTGTAGCAAGTGGGGATCCT Martin-
isg?ectin Tri18-F  ATTCTTGGAGAAGAGTGGAGTTGG Fornandes
(Tri a 18) Tril8-R FAM- 125 bp et al
(*M25536.1) Tril8-P CAGAGTGGCGGCTGCGATGGTGTCTT- (2015)
BHQ1
TGAACTGAAGTCCATTGCTGAGCA Martin-
Thioredoxin h Tri25-F TGATTACTGGGCCGCGTGTAG Fernandez
(Tri a 25) Tri25-R  FAM- 148 bp ot al
(*AJ404845.1) Tri25-P AACCCTGTCCTTGACGTCTCCTTCCTTCA 201’
T-BHQ1 (2015)

End-point PCR

PCR amplifications were carried out in 25 pL of total reaction volume
containing 2 pL of wheat DNA extract (100 ng), 67 mM of Tris—HCI (pH 8.8), 16
mM of (NH4),SO,4, 0.01% of Tween 20, 200 uM of each dNTP, 1.0 U of
SuperHot Tag DNA Polymerase (Genaxxon Bioscience, Ulm, Germany), 2.5 or
3.5 mM of MgCl, (for a2-gliadin, or Tri a 18/Tri a 25, respectively) and 160 nM
or 120 nM of each set of primers (a2-gliadin, or Tri a 18/Tri a 25, respectively).
The reactions were performed in a MJ Mini thermal cycler (Bio-Rad, Hercules,
CA, USA) using the following program, with correction adjustment of the
temperature of annealing according to target sequence: initial denaturation at
95 °C for 5 min; 40 cycles at 95 °C for 30 s, temperature of annealing (70 °C for
a2-gliadin, 63 °C for Tri a 18 and 61 °C for Tri a 25) for 30 s and 72 °C for 30 s;
and a final extension at 72 °C for 5 min.

The amplified fragments were analysed by electrophoresis in a 1.5%
agarose gel containing 1x Gel Red (Biotium, CA, USA) for staining and carried
out in 1x SGTB buffer (GRISP, Porto, Portugal) for 20 min at 200 V. The
agarose gel was visualised under a UV light tray Gel Doc™ EZ System (Bio-
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Rad Laboratories, Hercules, CA, USA) and a digital image was obtained with
Image Lab software version 5.1 (Bio-Rad Laboratories, Hercules, CA, USA).

Real-time PCR assays

Real-time PCR assays were performed in 20 pL of total reaction volume,
containing 2 uL of DNA (200 ng), 1x of SsoFast Probes Supermix (Bio-Rad,
Hercules, CA, USA), 200 nM of each primer and 100 nM of hydrolysis probe
(Table 1). The reactions were performed in a fluorimetric thermal cycler CFX96
real-time PCR detection system (Bio-Rad, Hercules, CA, USA), using the
following temperature protocol: 95 °C for 5 min, 55 cycles at 95 °C for 15 s and
temperature of annealing/extension of 61 °C (Tri a 25), 62 °C (Tri a 18) or 70 °C
(a2-gliadin) for 45 s with the fluorescence signal acquisition at the end of each
cycle. Cycle threshold (Ct) values, which refer to the number of cycles where
the fluorescence significantly increases above the background level, were
calculated using the software at automatic threshold setting. The continuous
measurement of fluorescence is related to the amount of amplicon generated in
the real-time PCR, yielding a quantitative result on the presence of the target
species. Data were collected and analysed using the software Bio-Rad CFX
Manager 3.0 (Bio-Rad, Hercules, CA). Real-time PCR trials were performed in
two independent assays using eight replicates in each one.

RESULTS

DNA extraction

The key feature for the successful PCR amplification is to obtain a high
quality DNA extract since it is known that the efficiency of the DNA extraction
clearly affects the quantitative result. This can also be influenced by matrix
components that can affect either the extraction or the detection of the targets
(van Hengel, 2007). The NucleoSpin Food kit with certain modified steps, in
particular the period of incubation and concentration of RNAse A solution used
after lysis incubation, was critically chosen in order to obtain high DNA
concentration, purity and quality, and, subsequently, high rate of PCR
amplification. Especially in the case of binary mixtures prepared with rice matrix,
both concentration of RNase A and respective incubation time had to be
adjusted to obtain an adequate compromise between purity and yield. The
results of DNA vyield showed that wheat/soybean binary mixtures of 0.0001%-
10% presented the highest values (197-262 ng/uL), while the other mixtures of
wheat/maize and wheat/rice exhibited much lower and similar ranges (38-61
ng/pL and 37-87 ng/uL, respectively). The purity of extracts ranged, generally,
between 1.8-1.9, with wheat/soybean extracts presenting all the ratios of 2.0.
The quality of genomic DNA was checked after agarose gel (1%)
electrophoresis, showing high molecular weight bands in all extracts from the
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three different types of mixtures (data not shown). Therefore, the extracts
presented adequate quality and purity for high rate of PCR amplification.

End-point PCR

Before proceeding to the specific PCR assays, to ensure the absence of
any possible false-negative results, the DNA extracts from all model mixtures
and plant species were evaluated for their capacity of amplification, using the
primers 18SRG-F/18SRG-R, which targeted a conserved eukaryotic region
(Costa et al., 2013). All DNA extracts amplified positively for the expected
fragment of 113 bp, confirming that they had the adequate quality and purity for
PCR amplification.

Previous studies were aimed at developing and optimising the PCR
conditions targeting sequences of a2-gliadin, agglutinin isolectin A and
thioredoxin h genes of Triticum aestivum (Martin-Fernandez et al., 2015). In the
present work, specificity of the assays was further assessed by the analysis of
DNA extracted from a wide range of plant species. Thus, some of the most
important cereals, vegetables, fruits and nut species used in the food production
(wheat, barley, rye, oat, rice, maize, soybean, rapeseed, lupine, pine nut, brazil
nut, almond, pecan nut, walnut, hazelnut, macadamia nut, peach, nectarine,
apricot, mulberry, strawberry, cherry, plum, cashew, sunflower, cassava, potato)
were tested for cross-reactivity regarding each target gene. Results showed that
all the non-cereal species tested negatively with the three sets of primers. The
sequence similarity between wheat and the closely related cereals, namely
barley and rye, was previously confirmed (Martin-Fernandez et al., 2015). Then,
the performance of end-point PCR assays was compared using model mixtures
of known amounts of wheat flour (50,000 mg/kg down to 1 mg/kg) spiked in
soybean, maize or rice matrix. The application of end-point PCR targeting a2-
gliadin enabled a relative sensitivity of 1,000 mg/kg (0.1%), 100 mg/kg (0.01%)
and 50 mg/kg (0.005%), for soybean-, maize- and rice-based binary mixtures,
respectively (data not shown). Tri a 18 PCR assay enabled amplification down
to 1,000 mg/kg (0.1%), 500 mg/kg (0.05%) and 100 mg/kg (0.01%), for
soybean-, maize- and rice-based binary mixtures, respectively (Figure 1). With
the Tri a 25 assay, it was possible to detect 500 mg/kg (0.05%) for soybean-
and maize-based matrices, and 100 mg/kg (0.01%) for rice-based matrix (data
not shown).
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Figure 1. Agarose (1.5%) gel electrophoresis of PCR products targeting Tri a 18
sequence for known amounts of spiked wheat in (A) soybean; (B) maize and (C)
rice matrices.

In order to establish the dynamic range and the absolute sensitivity of the
method, wheat DNA was serially diluted from 200 ng to 20 pg and amplified
targeting the three marker genes, for which 200 pg were detected, regardless
the target gene.

Real-time PCR

The performance of the real-time PCR assays targeting the three DNA
sequences of a2-gliadin, Tria a 18 and Tri a 25 was then evaluated and
compared for the different matrices. Several parameters have to comply with
the acceptance criteria defined for real-time PCR of assays. Adequate
performance parameters include a correlation coefficient (R?) above 0.98, PCR
efficiency ranging from 90% to 110% and respective slope from -3.6 and -3.1
(Bustin, Benes, Garson, Hellemans, Huggett, Kubista, et al., 2009; Mazzara et
al., 2008). In order to establish the dynamic range and the absolute sensitivity of
real-time PCR methods, wheat DNA extracts were 10-fold serially diluted to
cover 6 orders of magnitude of the target, ranging from 200 ng to 2 pg. The
assays exhibited high performance in terms of efficiency and correlation
coefficients, according to guidelines. The systems targeting Tri a 18 and Tri a
25 allowed an absolute limit of detection (LOD) of 20 pg of wheat DNA,
corresponding to 1.1 genomic copies (1 copy of wheat genome = 17.33 pg,
retrieved from http://data.kew.org/cvalues/), obtained from a dilution factor of
10,000. A LOD of 2 pg (0.1 DNA copies) was achieved for the detection of a2-
gliadin, being 10-fold lower than the other two systems. In these real-time PCR

113



Métodos de DNA para la deteccion de gluten

systems, the limit of quantification (LOQ) equalled the LOD, as the lowest
amount of DNA target (20 pg or 2 pg, for Tri a 18/Tri a 25 or Gly, respectively)
was within the linear range of the calibration curve.

Also, the system targeting the a2-gliadin sequence presented the best
results in terms of relative sensitivity, which allowed detecting 0.002% (20
mg/kg) of wheat in soybean. Nevertheless, the LOD was considered as 0.005%
(50 mg/kg) of wheat in soybean material (Figure 2) since the amplification at the
previous spiking level was achieved in only 50% of the replicates (data not
shown). According to the guidelines for the development of quantitative real-
time PCR assays (Bustin, et al., 2009; Mazzara et al., 2008) the LOD should be
defined as the lowest concentration level with 95% of positive amplifications. In
this study, the LOD was always determined assuming the lowest concentration
level with positive amplification in all replicates. The LOQ was found to be equal
to the LOD since it was within the linear range of the calibration curve.
Quantitative assays targeting the DNA sequences encoding Tri a 18 or Tri a 25
allergens enabled a relative LOD and LOQ of 0.05% (500 mg/kg) of wheat in
soybean with both systems (Figure 2B and 2C), thus presenting a 10-fold worse
sensitivity than the a2-gliadin real-time PCR assay (Figure 2A). For maize and
rice matrices, the sensitivity was particularly increased, mainly using the a2-
gliadin system that reached the lowest LOD values of 0.001% (10 mg/kg) and
0.0005% (5 mg/kg), respectively (Figure 2A). Moreover, the sensitivities of the
three sequences in maize and rice matrices were at least 5-fold better than with
the soybean matrix, which can be highlighted in Table 2. The calibration curves
for the three amplified sequences correlated well between spiked wheat and
quantifiable DNA, resulting in comparable slopes in all three investigated
matrices, respectively.
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Figure 2. Comparison of calibration curves obtained with different real-time PCR
systems targeting a2-gliadin (A), agglutinin isolectin (Tri a 18) (B) and
thioredoxin h (Tri a 25) (C) genes, using binary mixtures containing 5% to
0.0001% of wheat in soybean (©), maize (o) or rice (A) matrices. Mean values and
corresponding standard deviations of n=8 replicates of two independent real-
time PCR trials.
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Table 2. Relative limits of detection of wheat in different matrices and
correspondent gluten content.

Soybean Maize Rice

Gene  wheat gluten Wheat  wheat gluten Wheat  wheat gluten  Wheat
DNA DNA DNA

mg/kge copies mg/kgP copies mg/kge copies
a2 50 45 289 10 18 115 5 045 29

gliadin

Tria 18 500 45 289 50 45 289 20 1.8 115
Tria 25 500 45 289 100 9 577 100 9 57.7

amg of wheat or gluten per kg of soybean flour; ® mg of wheat or gluten per kg of maize flour; ¢ mg of
wheat or gluten per kg of rice flour.

In general, the mean performance parameters of PCR efficiency and
correlation coefficient for the three methods were in good agreement with the
acceptance criteria defined for real-time PCR, regardless the food matrix
(Figure 2). However, the system of soybean-based matrix exhibit the worst
sensitivity, evidenced by the latest amplification level since the cycle threshold
(Ct) values were approximately one or two cycles later than in maize- and rice-
based mixtures, irrespective of the target sequence (Figure 3). a2-Gliadin was
again the earliest amplified target compared to Tri a 18 and Tri a 25 systems for
the same spiking level of wheat in the three different matrices. Between the
maize and rice based matrices, similar Ct values could be observed for the
same level of concentration (Figure 3). Comparing the systems based on Tri a
18 and the Tri a 25 sequences, it is clear that Tri a 25 presents the highest Ct
values, which seriously affects sensitivity, mainly in maize- and rice-based
matrices.
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Figure 3. Comparison of cycle threshold values (Ct) of real-time PCR
amplification assays targeting a2-gliadin, agglutinin isolectin (Tri a 18) and
thioredoxin h (Tri a 25) genes, using the binary mixture containing 100,000 mg/kg
wheat flour spiked in different matrices.

DISCUSSION

The only currently available treatment for celiac disease is the lifelong
elimination of wheat and related cereals from the diet (Briani, Samaroo, &
Alaedini, 2008). However, a minimal degree of gluten contamination is difficult
to avoid. An alternative to the direct detection of proteins by ELISA is provided
by DNA-based methods. The relation between gluten and DNA is not fixed in
grains of various species, which may represent an obstacle for gluten
quantification with DNA-based methods. Usually, this variation does not exceed
one order of magnitude, allowing the correlation between DNA and amount of
gluten (Luber et al.,, 2014), thus presenting excellent alternative methods to
ELISA (Goesaert, Brijs, Veraverbeke, Courtin, Gebruers, & Delcour, 2005;
Leszczynska, Majak, & Bartos, 2014; Piknova, Brezna, & Kuchta, 2008). To
determine wheat in gluten-free products, the selected target sequences could
be both genes coding for an allergenic protein (glutenins, gliadins) (Debnath,
Martin, & Gowda, 2009; Sandberg et al., 2003; Zeltner et al., 2009) or simply, a
species-specific region in the genome of the allergenic food (Arlorio, Coisson,
Cereti, Travaglia, Capasso, & Martelli, 2003; Dahinden, von Buren, & Luthy,
2001; Koppel, Stadler, Luthy, & Hubner, 1998; Maskova et al., 2011; Olexova et
al., 2006; Pegels et al., 2015; Piknova et al., 2008; Tilley, 2004). Since there are
no standard reference materials for wheat DNA analysis, for method
development/optimisation and to determine the relative limits of detection,
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reference mixtures must be prepared. Despite several efforts to detect trace
amounts of wheat in food, very few studies reached the limit of 20 mg/kg set by
the legislation to discriminate safe products for celiac patients (Regulation (EC)
No. 41/2009).

The use of molecular methodologies is highly dependent on numerous
factors, such the type of food matrix, the allergens/DNA markers, the chosen
methodology, genome size of the investigated species and on the copy number,
among others (Costa et al., 2013; Scarafoni, Ronchi, & Duranti, 2009). In this
work, we exploit the use of different real-time PCR systems, targeting both
single and multi-copy genes (a2-gliadin, agglutinin and thioredoxin) that encode
allergenic proteins, in order to detect gluten-containing cereals as affected by
food matrix. For any targeted sequence, rice and maize allowed a much higher
sensitivity compared with the soybean-based matrix. Regardless the matrix,
when comparing the three real-time PCR methods, the best sensitivity was
obtained with a2-gliadin marker sequence, reaching 0.005% (50 mg/kg),
0.001% (10 mg/kg) and 0.0005% (5 mg/kg) of wheat in soybean, in maize or in
rice materials, respectively. The best sensitivity of the a2-gliadin real-time PCR
amplification system is consistent with previous findings (Martin-Fernandez et
al., 2015) and could be attributed to its multi-copy nature, being the copy
number estimated to range from 25 to 150 (Anderson & Greene, 1997; van
Herpen et al., 2006). Considering that the gluten content is about 9% in wheat
flour (Zeltner et al., 2009), the sensitivity targeting the a2-gliadin gene was as
low as 0.45 mg/kg, 0.9 mg/kg and 4.5 mg/kg of gluten in rice, maize and
soybean matrices, respectively (Table 2). The other target sequences of Tri a
18 and Tri a 25 allowed detecting 1.8 mg/kg and 9 mg/kg of gluten in rice
matrix, respectively (Table 2).

The highlighted sensitivity values were generally in good agreement with
the results reported in the literature. In the case of soybean matrix, the worst
scenario, the obtained sensitivities of 0.005%, using the a2-gliadin gene, and
0.05% with other genes, were much improved compared with the reported level
of 0.1% (1,000 mg/kg) for wheat in soybean matrix (Maskova et al.,, 2011;
Olexova et al., 2006). Concerning maize matrix, a better sensitivity was also
obtained in the present work using the a2-gliadin system (0.001%) than the
reported level of 0.005% (50 mg/kg) (Yamakawa et al., 2007). Rice matrix
exhibited the best sensitivity results, as emphasised by the lowest LOD
obtained using a2-gliadin gene (5 mg/kg), which is in good agreement with
Zeltner et al. (2009) that reached 2.5 mg/kg of wheat flour in rice flour by real-
time PCR. Although the reported sensitivity is apparently 2-fold higher than the
obtained in the present work, it should be noted that the recommended
guidelines for real-time PCR (Bustin et al., 2009; Mazzara et al., 2008) were
taking in consideration, contrarily to the reported value of Zeltner et al. (2009).
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A better DNA extraction yield from soybean, when compared to wheat or
maize, has been reported (Sharma, Gill, & Singh, 2002; Zhu, Qu, & Zhu, 1993),
which might justify these differences. The high content of soybean DNA versus
wheat DNA or the high lipidic content of soybean could act as strong PCR
inhibitors (Cankar, Stebih, Dreo, Zel, & Gruden, 2006), reducing the efficiency
of the reaction. This might explain the poorer sensitivity of wheat in soybean-
based mixtures observed in comparison with wheat in maize- and rice-based
ones, which reached as less as 0.45 mg/kg of gluten for the a2-gliadin system.

In this work, we demonstrate for the first time that there is a matrix effect
on wheat detection/quantification by real-time PCR, which may result in a
decrease of sensitivity, depending on whether the matrix is primarily made of
soybean, maize or rice. Even though, some approaches have been recently
proposed to compensate for the variability in DNA extraction and amplification
in food materials (D’Andrea, Coisson, Travaglia, Garino, & Arlorio, 2009;
Holzhauser, Kleiner, Janise, & Rdder, 2014; Luber, et al., 2014), the detection
of wheat gluten in food products is affected by the analysed matrices. Thus, the
accurate detection/quantification of gluten would require different standard
curves for different food matrices, according to their composition and
processing conditions.

In summary, we reported the selective real-time PCR amplification of a2-
gliadin, agglutinin and thioredoxin gene sequences for wheat flour detection and
guantification in different food matrices. The real-time PCR methods exhibited
adequate analytical performance and successfully detected wheat at trace
levels in all tested food matrices. Considering the need of verifying labelling
compliance for gluten threshold (20 mg/kg of gluten), the a2-gliadin real-time
PCR assay showed the best performance since it allows detecting 0.45-4.5
mg/kg, depending on the food matrix. The other assays targeting Tri a 18 and
Tri a 25 can also be useful, but only for gluten detection in maize or rice flours
that still demonstrate adequate level of gluten detection (1.8-9.0 mg/kg) since
soybean matrix seriously affected sensitivity. Therefore, it was demonstrated
that the food matrix affects the detection and quantification of gluten by DNA-
based approaches, but in spite of it, the proposed assays can be considered
useful tools to verify labelling compliance. For the accurate quantification, the
preparation of different standard curves for different matrices would be required,
according to the main ingredient.
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4.1 Genosensor para la deteccion de gliadina con sonda de
captura lineal

El analisis de las secuencias de ADN llevd a la conclusion de que el
sistema mas sensible para la deteccion de cereales toxicos en diferentes
matrices alimentarias era el basado en la amplificacion y deteccién de la
secuencia de ADN que codifica la a2-gliadina, probablemente debido a su
naturaleza multicopia, frente a la presencia en una o pocas copias de las otras
dos secuencias de ADN que codifican respectivamente aglutinina isolectina y
tiorredoxina h. Debido a la mayor sensibilidad del método de amplificacion de la
secuencia de ADN gque codifica gliadina, se desarroll6 un sensor electroquimico
para la deteccion de esta secuencia en muestras alimentarias. Para ello se
disefid un genosensor basado en un ensayo tipo sandwich y un marcaje
enzimatico, utilizando como sistema de inmovilizacibn monocapas
autoensambladas compuestas por una sonda de captura lineal y un diluyente,
qguimisorbidos sobre la superficie electrédica de oro.

Se procedi6 a la optimizacién y caracterizacion del genosensor utilizando
oligonucledtidos sintéticos. Posteriormente se aplico a la deteccion de muestras
reales, previa extraccion del ADN y amplificacion por PCR convencional.

Un problema adicional encontrado al trabajar con esta secuencia
codificante de gliadinas fue la naturaleza repetitiva y fuertemente estructurada
gue presenta esta cadena oligonucleotidica. Este hecho obligd a redisefiar las
sondas que componen el sensor con el objetivo de minimizar los citados
efectos adversos sobre la respuesta del genosensor.
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Electrochemical genosensors are becoming cost-effective miniaturizable alternatives to real-time PCR
(RT-PCR) methods for the detection of sequence-specific DNA fragments. We report on the rapid
detection of PCR amplicons without the need of purification or strand separation. A challenging target
sequence for both PCR amplification and electrochemical detection allowed us to address some
difficulties associated to hybridization on electrode surfaces. The target was a highly specific oligonu-
cleotide sequence of wheat encoding the most immunogenic peptide of gliadin that triggers the immune
response of celiac disease (CD), the 33-mer. With a sandwich assay format and a rational design of the
capture and tagged-signaling probes the problems posed by the strong secondary structure of the target
and complementary probes were alleviated. Using a binary self-assembled monolayer and enzymatic
amplification, a limit of detection of 0.3 nM was obtained. The genosensor did not respond to other
gluten-containing cereals such as rye and barley. Coupling to PCR to analyze wheat flour samples
required tailoring both the capture and signaling probes. This is the first time that deleterious steric
hindrance from long single-stranded regions adjacent to the electrode surface is reported for relatively
short amplicons (less than 200 bp). The importance of the location of the recognition site within the
DNA sequence is discussed. Since the selected gene fragment contains several repetitions of short
sequences, a careful optimization of the PCR conditions had to be performed to circumvent the
amplification of non-specific fragments from wheat flour.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

DNA hybridization is one of the most selective reactions known
and the strategy of choice to unequivocally identify a specific DNA
fragment in multiple areas of interest from diagnostics to food
safety. In many applications such as DNA chips (Southern et al.,
1999), DNA strip assays (Hillemann et al., 2005; Mao et al., 2009)
or more generally, in genosensors (Miranda-Castro et al., 2009a),
this recognition strategy requires a surface hybridization between
a short complementary DNA sequence and the target.

Among the diversity of material supports proposed and transduc-
tion techniques, gold electrode surfaces are advantageous because
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E-mail addresses: begonamartin@ucm.es (B. Martin-Fernandez),
amir@uniovi.es (AJ. Miranda-Ordieres), mjlc@uniovi.es (M. Lobo-Castaiién),
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bealopru@ucm.es (B. Lopez-Ruiz).

http://dx.doi.org/10.1016/j.bios.2014.04.033
0956-5663/@ 2014 Elsevier B.V. All rights reserved.

of the easiness of DNA self-assembly to develop miniaturizable,
portable and cost-efficient electrochemical devices. Practical aspects
of the probe design and the challenges faced when performing
hybridization on solid surfaces, found scattered in the literature, have
been compiled in two noticeable reviews (Lucarelli et al, 2008;
Miranda-Castro et al, 2009a). While optimization of the surface
probe density (Kjallman et al., 2008; Peterson et al,, 2001; Watterson
et al., 2000), concentration and selection of co-adsorbed diluent thiol
(Campuzano et al, 2011; Wu et al,, 2010), or the length and nature of
spacer to avoid steric hindrance from surface (Shchepinov et al.,
1997) have been extensively studied, other issues have comparatively
attracted less attention.

Geometry of the capture probe (Miranda-Castro et al.,, 2007),
length and structure of the real target (Mir and Southern, 1999) or
the relative position of the recognition sequence within the target
are also important factors (Del Giallo et al.,, 2005) that are often set
aside in the discussion. This is especially true when shifting from
synthetic to real DNA fragments. Current hybridization technology
cannot reach the extremely demanding levels of sensitivity

130



Capitulo 4 Genosensores electroquimicos

B. Martin-Ferndndez et al. / Biosensors and Bioelectronics 60 (2014) 244-251 245

required for some applications such as genotyping, pathogen detec-
tion or food contaminationjauthentication. For that reason pre-
amplification steps coupled to hybridization-based assays are still
regarded as unavoidable. PCR amplicons are frequently much longer
than the initially selected target, which are usually designed shorter
than 52nt to minimize stable autohybridization (Lucarelli et al,
2008). The length and the double stranded structure of amplicons
pose additional challenges to surface hybridization.

In this work, the detection of specific sequences of wheat
encoding the immuncdominant peptide 33-mer involved in trig-
gering celiac disease {CD)} (Shan et al, 2002, 2005}, allow us to
study the influence of strong secondary structures as well as long
amplicons on the hybridization efficiency. Disposable Au screen-
printed electrodes modified with an optimized mixed self-
assembled monolayer were employed to build the sandwich assay.
The enzymatic label was introduced into the signaling probe
through a monovalent system because of the previously reported
improved sensitivity in comparison with the multivalent (strept)
avidin-biotin system (Gonzélez—ﬁslvarez et al, 2013 Gonzalez-
Fernandez et al, 2013). The 99nt DNA target selected belongs to a
gene expressing the alpha type of gliadin, the protein storage of
wheat. This protein along with glutenin constitutes gluten, the
injurious agent in CD. A strict contrel of gluten content in food is
essential for the safety of celiac patients that must pursuit a long-
life gluten-free diet. Gliadin has a high content of glutamine and
proline amino acids, so its sequence is highly repetitive, which
complicates the selection of suitable targets for PCR amplification.
When analyzing wheat samples, the PCR amplification designed
yielded an amplicon longer than the 99nt target. The implications
of single-stranded DNA overhangs on the hybridization efficiency
on sandwich DNA schemes are discussed. The PCR-coupled chron-
oamperometric genosensor developed was sensitive encugh to
detect wheat in real samples.

2. Experimental
2.1. Reagents

Dithiothreitel (DTT), 6-mercapto-1-hexanol (MCH), tetra-
methylbenzidine {TMB) in a ready-to-use reagent format {(K-blue
enhanced activity substrate, also containing H,0,}, Tween 20 and
reagents for buffer preparation (10 x phosphate buffer {10 x PBS)
and saline sodium phosphate-EDTA (20 < SSPE) pH 7.4}, were
purchased from Sigma-Aldrich {Spain). Ethanol was purchased

Table 1
Synthetic oligonuclectides, probes, target sequences and primers.

from Panreac (Spain). 1% Casein buffer in 1 x PBS was obtained
from Fischer Scientific {Spain). Anti-fluorescein-HRP Fab frag-
ments (antiFITC-HRP) were received from Roche Diagnostics
GmbH (Mannheim, Germany). NAP-10 columns of Sephadex
G-25 were obtained from Life Technologies {Spain}. Water was
purified with a Milli-Q system (Millipore, Spain).

Oligonuclectide sequences used are shown in Table 1. Oligo-
mers were obtained as lyophilized desalted salts from Sigma-Life
Sciences. All stock solutions were prepared in MilliQ water with-
out any treatment except for thiolated capture probes (CP and CPa}
that were deprotected as indicated below. The concentration of all
stock solutions was checked spectrophotometrically before stored
at —20 °C until use.

2.2, Instrumentation

Electrochemical measurements were carried out with screen-
printed geld electrodes (SPEAu, DropSens-220BT, Spain), con-
nected to a p-AutoLab type Il potentiostat with GPES 4.9 software
{(EcoChemie, The Netherlands). The layout of the disposable planar
screen-printed gold electrodes includes three electrodes in the
same alumina sheet: a working gold electrode (@ =4 mm)}, a Ag
pseudo-reference electrode and a gold counter electrode, all of
them screen-printed on a ceramic substrate.

PCR amplification was performed in a GeneAmp® PCR System
2700 thermocycler {Applied Biosystems, Spain} and PCR amplicons
were analyzed by electrophoresis using a 2% agarose gel stained
with ethidium bromide and visualized through an UV transillu-
minator (VilberLourmat, France). Amplicon concentrations were
quantified fluorimetrically using Quant-iT™ PicoGreen kit (Life
Technologies, Spain} in a Minifluorometer TBS-380 (Turner Bio-
systems, CA). Spectrophotometric measurements were carried out
with a UV260 Shimadzu spectrophotometer (Japan).

23. Sensing phase preparation

SPEAL were washed with ethanol and water, and dried with
nitrogen. The electrodes were conditioned in 0.5 M H,50, solution
by sweeping the potential between 0 and 125V at a scan rate of
100mV/s until a stable cyclic voltammogram was obtained.
Finally, electrodes were washed with water and dried with
nitrogen immediately before adding on the working electrode
15 pL. of 2 uM of the corresponding capture probe in 2 x SSPE pH
7.4 sclution, previously deprotected with DTT as indicated else-
where (Miranda-Castro et al, 2007). Chemisorption proceeded

Oligenuclectide sequences 5' —3°

Target (wheat)
SP-FITC

SPa-FITC

P

CPa

Fully mismatched
Rye

Barley

Forward primer

Reverse primer
Amplicon

CTG CAG CTG CAA CCA TIT CCG CAG CCOG CAA CTA CCATAT CCG CAG CCG CAA CTA CCA TAT CCG CAG
CCG CAA CTA CCA TAT OCG CAG COG CAA CCA TIT

CTG CGG ATA TGG TAG TTG CGG CTG CGG ATA TGG TAG TTG CGG (TG CGG AAA TGG TTG CAG CTG
CAG-FITC

CTG CGG ATATGG TAG TTG CGG CTG (GG ATATGG TAG TTG CGG CTG CGG AAATGG TTG CAG CTG-FITC
HS—{CH»)s—AAA TGG TTG CGG CTG CGG ATA TGG TAG TTG CGG

HS—{CH,)s-TAC TGT GGT TGC GAT TGT GGA TAT GGT TGT TGT GGT CGA AAT GGT TGC GGC TGC GGA TAT
GGT AGT TGC GG

GAC GTC GAC GTT GGT AAA GGC GTC GGC GTT GAT GGT ATA GGC GTC GGC GTT GAT GGT ATA GGC GTC
GGC GTT GAT GGT ATA GGC GTC GGC GTT GGT AAA

GCA ACC ATT TCC CCA ACC CCA ACA ACC AAC CCC CAT ACA ACC ACA ACA ACC ATT CCC CCA GCG ACC
CCA ACA ACC TTT CCC CCA GCC CCA ACA

AAC AAC CTT TTC CTC AGC CCC AAC AAC CAT TCC CCT GGC AAC CAC AAC AAC CAT TTC CCC AGC CTC
AAC AAC CAT TTC CCC TGC AAC CAC AAC

CAG CIG CAA CCATIT CCG CAG

TAC TGT GGT TGC GAT TGT GGA TA

CAG CTG CAA CCATIT CCG CAG CCG CAA CTA CCA TAT CCG CAG CCG CAA CTA CCA TAT CCG CAG CCC
CAA CTA CCA TAT CCG CAG CCG CAA CCA TTT CGA CCA CAA CAA CCATAT CCA CAA TCG CAA CCA CAG TA

131



Métodos de DNA para la deteccion de gluten

246 B. Martin-Ferndndez et al. / Biosensors and Bioelectronics 60 (2014) 244-251
HC CH,
B wn— _\ {_\ NM,+ H,0,
.( A / H,C CH,
target FITC \E’ HiC, CH,
+ — HH‘<_>_( NH
HC V CH,
SP
o v
CcP anti-FITC Fab-HRP
conjugate e cn,
s“ti"‘s" i 3"‘3":" P 3",3% F2e N O Lo
ssssss’_, ssssss’_. §$SsSssSsss H.C CH,

A Cc

Fig. 1. Schematic drawing of the setup for the recognition and electr

overnight and after washing with 2 x SSPE buffer in order to
displace the unspecifically adsorbed probe, 10 pL of 0.5 mM solu-
tion of MCH in 2 x SSPE was placed onto the probe modified
surface for 30 min (unless otherwise indicated). The modified
electrodes were then washed with buffer and dried with nitrogen
before carrying out the sandwich assay (Fig. 1A).

2.4, Sandwich assay and measurement

Hybridization experiments were carried out in a sandwich-like
format through two consecutive steps: homogeneous (Fig. 1B) and
heterogeneous hybridization reactions (Fig. 1C).

For homogeneous hybridization, the target was added to a
2 x SSPE solution containing 1.25 uM of the corresponding signal-
ing probe labeled with FITC (SP- or SPa-FITC). DNA strands were
thermally treated by using a heating block for 1.5 mL vial tubes
(5 min at 98 °C), and cooled down by placing in ice-water bath for
5 min. Then, the mixture was brought to room temperature over
30 min. Immediately after, 15 uL aliquot of this solution was placed
onto the sensing phase for 2 h (heterogeneous hybridization).
Afterwards, the working electrode surface was washed and cov-
ered with 1 x PBS solution containing 1% casein (w/v) and 0.05%
Tween 20 (w/v) pH 7.4 (blocking buffer) for 2 min in order to
prevent enzyme conjugate non-specific adsorption. 15 uL of a
solution of the anti-FITC Fab-HRP conjugate in the blocking buffer
(0.5 U/mL) was added to the electrode surface. After 30 min, the
sensing phase was washed, first with blocking buffer and then
with 2 x SSPE, and dried with nitrogen (Fig. 1D). The cell was then
covered with 40 pL of TMB and after 1 min of reaction (Fig. 1E), the
enzymatically oxidized TMB was chronoamperometrically mea-
sured at — 0.2V for 60 s (Fig. 1F). All measurements were carried
out in three replicates.

2.5. DNA isolation from flour samples and PCR amplification protocol

Genomic DNA was extracted from cereal flour samples (wheat,
rye, barley, oats, soy and rice) using commercial Wizard SV
genomic DNA purification system (Promega, Madison) according
to manufacturer instructions. The A.go/Azs0 ratio was determined,
and values near to 1.8 were obtained, indicating the adequate
quality of DNA. The concentration was estimated from the 260 nm
UV-vis readout.

ochemical detection of DNA coding for 33-mer immunodominant peptide.

The amplification reactions were performed using a total
volume of 20 pL. The reaction mixtures contained 2 uL of 10 x
PCR buffer (670 mM Tris-HCl, pH 8.3, 160 mM (NH,4),S0,4, 0.1%
Tween-20; supplied with polymerase); variable volumes of 50 mM
MgCl, in order to obtain different concentrations of this cofactor;
4 uL of 50 mM dNTPs (ACGT dNTP mix); 1 uM forward primer;
1 uM reverse primer, 0.5 uL of 5 U/uL hot-start immolase™ DNA
polymerase (Bioline, Spain) and 40 ng genomic DNA previously
extracted. A negative control containing all the reagents except the
genomic DNA was included in each series. PCR amplification was
performed using: 1 cycle of 15s at 95 °C and 35 cycles composed
by 15s at 95°C, 15s at a fixed temperature within the range
59-66 °C and 30 s at 72 °C. The reaction was subjected to a post-
amplification step of 7 min at 72 °C to extend any incomplete
product. In order to confirm the reliability of the reaction, PCR
products were analyzed by 2%(w/v) agarose gel electrophoresis
using 1 x TBE buffer (89 mM Tris-borate, and 2 mM EDTA, pH 8.3)
at 90 V for 90 min. DNA bands were visualized by UV light and
their size was compared to a known PCR low ladder marker set
(20-1000 bp, Sigma-Aldrich). PCR products were stored frozen.
Concentration was estimated with PicoGreen system and then
analyzed with the genosensor without any purification protocol.

3. Results and discussion

3.1. Genosensor design

The scheme of the approach is depicted in Fig. 1. A binary self-
assembled monolayer of a capture probe and mercaptohexanol on
SPEAu constitutes the sensing phase on which a sandwich binding
assay is built.

First of all, the specificity of the wheat target sequence must be
ensured. Multicopy genes such as chloroplast genes are in princi-
ple more sensitive because of the high copy number associated to
the high chloroplast content per cell (Dahinden et al, 2001;
Olexova et al,, 2006). However, this copy number is variable and
the sequence is highly conserved among species, complicating
precise quantitation and increasing the probability of false positive
results, respectively (Koppelman and Hefle, 2006; Zeltner et al,,
2009). In general, single-copy allergen encoding genes are more
specific. Then, we select the DNA coding for this specific trait of the
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plant, the allergen. Explicitly, the peptide from «a2-gliadin that
plays a major role in the immunogenicity, the so-called 33-mer.
Mutant peptides lacking this fragment are no longer immunotoxic.
The immunogenicity was attributed to its resistance to further
breakdown in the human intestine due to its high proline content
as well as susceptibility to transglutaminase deamidation (Shan
et al, 2002, 2005). From Genbank database we selected as the
genosensor target the 99 nucleotide sequence (accession number
AJ133612.1) that encodes this protein fragment. The BLAST soft-
ware was applied to ensure the specificity of the selected
sequence'. No homology in yeast and environmental microorgan-
isms was found.

Using Mfold web Server (Zuker, 2003) the target is predicted to
have a very stable secondary structure (AG=—12.32 kcal/mol)
under the assay conditions at 20 °C (Fig. S1). In general, target
sequences shorter than 50nt are preferable for genosensing to
minimize the risk of strong secondary structures that lowers the
hybridization efficiency at the electrode surface. The complemen-
tary strand would suffer even a stronger autohybridization
(—19.68 kcal/mol). A very difficult, if possible, hybridization
between both strands is anticipated. Hybridization in two steps
(sandwich format) has the advantage of splitting the overall
complementary strand into two fragments reducing the chances
of strong autocomplementarity. Additionally, it also permits heat
denaturation of the stable autohybridized target before the surface
hybridization (heterogeneous hybridization step). Capture probe
(CP) and signaling probe (SP) sequences were designed to mini-
mize these competing secondary structures prioritizing the line-
arity of the CP because the anchored probe cannot be thermally
denatured without disrupting the SAM architecture. A 33-nt long
CP and a 66-nt long SP with AG values of —2.21 and - 13.17 kcal/
mol, respectively, were finally selected as a compromise solution.
In Table 1 the regions of the target that hybridize with SP and CP
are indicated in bold and italics, respectively. They form a perfect
duplex with the target without single-stranded fragments in the
middle, which were shown to be deleterious for genosensor
performance (Miranda-Castro et al, 2007). The high content of
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guanine in SP might also favor the formation of G-quartets. This
would imply additional stable 3D conformations that further
prevent the hybridization. The SP sequence was checked for
G-quartets using available free online resources.” As anticipated
several G-quartet forming regions were found. As a consequence
of the strong stability of autohybridization in both SP and target, a
denaturing step prior hybridization was carried out. Preliminary
experiments using this set of sequences indicated that the dena-
turing step coupled to a standard 1-h heterogeneous hybridization
was not enough to obtain suitable analytical signals. Extending
this step to two hours was the effective way of recovering proper
intensity currents. This effect might be also related to the length of
the target as previously reported (Miranda-Castro et al., 2009b).
Composition of the sensing phase was subsequently optimized
by varying the CP concentration from 0.1 yM to 2 uM and MCH
between 0.5 mM and 4.5 mM and carrying out the sandwich assay
format depicted in Fig. 1. The SP is labeled with a fluorescein
molecule, so a monovalent enzymatic labeling step was accom-
plished with anti-FITC-Fab-HRP conjugate. The enzymatic activity
of the conjugate immobilized on the SAM architecture is then
directly related to the amount of target hybridized and was
chronoamperometrically measured. Lower MCH concentrations
are not recommended because they cannot effectively displace
laid-down CPs (Kuralay et al, 2012). While the lowest MCH
concentration yielded the best signal-to blank ratio for a fixed CP

! thttp://blastncbinlm.nih.gov/Blast.cgiy (last accessed 12.01.13).
2 (hitp:/fquadbase.igib.res.in/y (accessed 27.11.13).
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Fig. 2. Effect of MCH (A) and CP (B) concentrations used during the preparation of
the sensing phase on analytical signal for the blank (white bars) and 10 nM of 99nt
target (gray bars). (A) [CP]=2 pM (B) [MCH]=0.5 mM. Signal to blank ratios (S/B)
are also indicated for each experiment.

concentration (2 uM) (Fig. 2A), the highest CP concentration
provided the highest analytical signals for a fixed MCH concentra-
tion of 0.5 mM (Fig. 2B) due to an increase in the number of
binding sites. Proper probe spacing is essential for maximizing the
hybridization efficiency and minimizing nonspecific adsorption
events. The double function of MCH, refilling pinholes and pre-
venting multipoint attachment of thiolated CP molecules through
their nucleobases, has contrary effects. Excessive dilution of the CP
contributes to low specific currents but also to low background
currents due to a better coverage of the Au surface with diluent
thiol. In our case the optimal relationship for the sensing phase
was found to be 2 uM of CP and 0.5 mM of MCH. These experi-
ments additionally confirm that the use of highly-structured
signaling probes and long synthetic targets is feasible by using a
sandwich strategy with previous thermal denaturation.

3.2. Analytical performance of genosensor

Under the optimized experimental conditions, the response of
the genosensor to increasing concentrations of target was studied in
the range from 1 nM to 150 nM. In order to account for electrode-
to-electrode variation, the current intensity was normalized and
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hybridization only would take place if a one-step hybridization were
carried out in the presence of the three sequences (SP, CP and the
correspending target). For this reason, heterogenecus and homoe-
geneous hybridization were analyzed separately. Duplexes formed
between SP and each sequence still indicates higher stability of the
hordein helix. Interestingly, the key information is extracted from
the structural analysis (Fig. 4B). Regions involved in hybridization
are clearly distinct in both sequences. While the most stable duplex
with barley starts at 10 position from the 3’ end, leaving a short
fragment that cannot hybridize with CP (Fig. 4B, upper pannel), the
most stable duplex with rye starts at 32 position from the 3’ end,
leaving this fragment to be captured by CP (Fig. 4B, lower pannel).
The subsequent heterogeneous hybridization of CP with the remain-
ing 31nt single-stranded rye fragment would lead to a non-perfect
duplex with a fringe region of three unpaired nuclectides {in red in
Fig. 4B} just in the junction between CP and SP probes helices. The
duplexes depicted in Fig. 4B can satisfactorily explain the experi-

248 B. Martin-Ferndndez et al. / Biosensors and Bioelectronics 60 (2014) 244-251
@ CP+SP /99 nt target

804 o cPa+ SPa/ 134 nt target

60 -
=
=
T 40
= (o]

20 §

0 T L] T
0 40 80 120 160

[DNA sequence] (nM)

Fig. 3. Variation of the normalized current measured by chroncamperometry at.
—0.2 Vwith the concentration of 99nt target using the CP+ SP set of probes (o) and
134nt target (o) using the CPa+SPa set of probes under the optimized conditions
(see Experimental Section for details).

expressed as {I—Ig)ffp where ! and I denoted the current intensity
measured with each target concentration and in the absence of
target, respectively. As it can be chserved in Fig. 3 filled circles, a
linear dependence was obtained up to 50 nM where saturation of
the recognition layer was achieved. The corresponding regression
equation was ({—Ip)/lo="116 (+ 0.04) [Target] (nM) —0.6 { +0.8)
with a correlation coefficient of 0.998. The limit of detection (LOD},
calculated as three times the standard deviation of the blank
divided by the slope of the regression equation, was estimated to
be 0.3 nM. It is worth noting that analytical features are comparable
to other similar appreaches (Miranda-Castro et al, 2009b, 2007) in
spite of using a SP and a target with much stronger secondary
structures. This verifies the effectiveness of the denaturing step to
favor strongly impeded hybridization without loss in sensitivity. The
reproducibility of the proposed sensor was assessed by measuring
five replicates of target DNA at 5 and 50 nM. Relative standard
deviations {RSD) for both concentrations were 3.5% and 4.3%,
respectively, which indicates a satisfactory reproducibility of the
designed DNA sensor.

The specificity of the proposed gencsensor was evaluated with
a fully non-complementary oligonucleotide, and oligonucleotide
sequences that encode related cereals proteins such as hordeins
and secalins (Shan et al, 2002). These CD-triggering proteins
contain important homologies as indicated by in silico analysis of
the 33-mer amino acid sequence. Non-toxic food grain proteins,
such as orzeins (rice}, and zeins {maize} and the controversial
avenins (in oats), do not contain homolegous sequences to the
33-mer from gliadin {(Shan er al., 2002).

Intensity currents for the fully non-complementary sequence
and hordein DNA are indistinguishable from the blank up to 10 nM
within the experimental error {Fig. 4A for 10 nM of each sequence).
Partial recognition of the secalin sequence was observed. Alignment
of secalin and hordein sequences to gliadin target revealed similar
level of homologies; 69/99 for hordein and 6799 for secalin. Using a
two-state melting hybridization modeling {Markham and Zuker,
2005), the structure of the most stable duplex formed between
CP+SP and each sequence was calculated (Fig. 52}. The duplex with
hordein DNA was 14 kcal/mol more stable than that with secalin but
none of them can form a complete duplex leaving several single
stranded regions at both ends in the case of hordein DNA. According
to this the opposite behavier would be expected. However, such

mental results. The heterogeneous hybridization with hordein DNA
is not possible under the assay conditions, so signals comparable to
blank assays are obtained. In contrast, a duplex with rye DNA can be
built on the surface but its stability is poor due to the high number
of mismatches. Additicnally the presence of a single-stranded
region in the middle can contribute to further diminish the
analytical signal by providing more flexibility to the duplex allowing
the FITC tag to reach the SAM making less efficient the labeling step
{Miranda-Castro et al.,, 2007}.

3.3, Detection of genomic wheat DNA

Although low DNA concentrations can be measured using this
genosensor, the genomic DNA extracted from wheat consists of
16,000 Mbp (Gill et al,, 2004), the length and double stranded
nature preclude its direct application to the assay. Consequently, a
PCR was designed to shorten and amplify a specific region
containing the selected target. The selection of primers was not
straightforward given the repetitive nucleotide sequence of the
DNA encoding o2-gliadin, as a result of the high content of proline
and glutamine in the immunotoxic fragments of gliadin. Using the
primer 3 software,® a search for the shortest amplicon that
includes the 99nt sequence was carried out. Finally, a 134-bp
amplicon was selected (Table 1} although three nucleotides of the
99nt target at the very 5 end are not included and amplified.
Taking into account the melting temperature of primers, 60 °C of
annealing temperature and 3 mM of MgCl; were applied as
starting PCR conditions. After extraction of genomic DNA from
wheat flour with a commerdal kit, the PCR amplicons were
visualized by gel electrophoresis. Positive amplification was
observed but more than one band appeared because of the
extension of spurious products (Fig. 53, lane 4). As a control, a
pure synthetic 134 bp amplicon was also amplified yielding a
single band at the expected size (Fig. 53, lane 7). Sequencing of the
three bands obtained for genomic extracts confirmed that only the
largest band contained the desired sequence of the a2-gliadin.

The PCR conditions were then optimized to amplify only the
desired sequence. As magnesium ions bind tightly to the phos-
phate sugar backbone of nucleic acids, variations of the Mg?*
concentration below 4 mM can improve the performance of PCR
by affecting the specificity (Blanchard et al,, 2006). Also, increasing
the annealing temperature can enhance discrimination against
incorrectly annealed primers and reduce miss-extension of incor-
rect nuclectides at the 3’ end of primers (Innis and Gelfand, 1990}.
Annealing temperature effect was studied from 69 to 66 °C.
To examine the effect of magnesium on PCR yield, its

3 (hitp://bicinfo.ut.ee/primer3-0.4.0/ (accessed 13.05.13).
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CGTCCCCTTTACCAACAACTCCGACCCCTTTACCAACAACACCAACGGTCCCCTTACCAACAACCCCGMTCCTTTTCCAACAA 57
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Fig. 4. (A) Intensity currents at a concentration of 10 nM of target (wheat), rye, barley and fully non-complementary (netC) DNA sequences and for the blank experiment
using the CP+SP set of probes. Same conditions as in Fig. 3. (B) Base pairing of the thermodinamically most stable duplex formed in two hybridization steps between barley-
SP+CP (upper panel) and rye-SP+ CP (lower panel) cbtained using DINAMelt Web Server. Bold letters indicates the barley or rye regions involved in hybridization with SP.
CP and the rye region that hybridizes with it is written in italics. Red letters are used to stand out the fringe region. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

concentration was varied between 1.5 and 3 mM at the two
extreme temperatures, 60 °C (Fig. 53, lanes 1-4) and 66 °C (Fig.
53, lanes 8-11} and compared to the positive control (Fig. 53, lane
7). As anticipated, specificity is increased at low levels of MgCl,
and at high annealing temperatures, reducing the presence of
secondary PCR-amplified structures (Fig. 53; lane 8, at 1.5 mM
Mg?* and 66 °C).

The specificity of the primer pair to amplify the 134 bp fragment
under the optimized conditions (MgCla 1.5mM and 66°C for
annealing step)} was evaluated using genomic DNA extracted from
CD-triggering cereals {rye, barley and possibly oat flours) as well as
non-related CD grains (soybean and rice). No amplification was
observed with any of them even for rye and barley, those containing
99nt target analogs. This result is not unexpected. The high degree
of homoelogy ameng proteins decreases at DNA level because of the
degeneration of the genetic code. So, small differences in amino
acid sequences among 33-mer analogs multiply in nucleotide
sequences, which prevent the primer annealing on the related
sequences under these stringent PCR conditions.

Once satisfactory PCR conditions were obtained, wheat ampli-
cons were used without purification as a target of the proposed
genosensor. The PCR blank (negative control) was prepared by
mixing all PCR reagents except the cereal sample. A serial dilution
of the PCR amplified mixture was carried out considering that all
DNA comes from the 134 bp amplicon, which is an acceptable
assumption after PCR optimization as it is shown below. Chron-
oamperometric currents obtained with the PCR negative control
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were similar to the buffer blank, which demonstrated the absence
of any nonspecific interaction of PCR reagents with neither the
probes nor the modified electrode at optimized conditions.
A dependence bhetween the current intensity measured and
the amplicon concentration was observed (Fig. 5A). However, the
analytical signals are clearly lower than those obtained with the
99nt synthetic target. The lower efficiency of hybridization with
the long amplicon was attributed to steric hindrance due to all
extra (134 —99) nucleobases, located at the 3’ end of the target,
that is, at the proximity of the electrode surface when the duplex
is formed (Fig. 5B, C). Consequently, the CP recognizes an inner
region of the amplicon instead of the terminal region as in the case
of the 99nt target. The relative position of the recognition site
within the target has been previously shown to affect the magni-
tude of the electrochemical signal when testing long amplicon
(600 bp) {Del Giallo et al., 2005). In that work, a displacement of
21nt towards the inner region of the target accounted for an
analytical signal that was one-third of the one obtained when the
CP hybridizes at the very end of the target. This factor was not
found significant for sequences shorter than 200 bp. Our results
clearly indicate that overhangs of 32nt facing the electrode surface
from small amplicons (less than 150 bp) alsc cause steric hin-
drance and decrease the hybridization efficiency. In addition to
this, a short single-stranded fragment of three bases is present in
the SP due to the primer design that trimmed the target sequence
at the 5 end. The presence of flexible fragments could also make
difficult the labeling step reducing further the analytical signal.
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Fig. 5. (A) Variation of the current intensity with cencentraticn of wheat amplified fragments under optimum PCR conditions without further purification using the CP+-SP
set of probes. Schematic representation of the duplex formed (B) with the synthetic target and (C) with the PCR amplicon on the electrode surface medified with CP.

To verify our hypothesis, the CP and SP probes were rede-
signed to form a perfect duplex with the aim of maximizing the
analytical features of the sensor in presence of the long amplicon.
Capture probe was extended at its 5’ end to form a perfect duplex
with the sequence of the amplicon (CPa), and signaling probe was
cut down at its 3" end to remove non-hybridized oligonucleotides
(SPa) (Table 1, extended region in CPa is underlined). Although
the new CPa contains 71nt, the stability of the secondary
structure in terms of Gibbs energy is kept at a safe level
(—4.28 kcal/mol). The shortened SPa has a less strong secondary
structure than the previous one ( —9.74 kcal/mol). The extension
of the target, however, did not imply a stronger structure
(—11.59 kcal/mol), so this set of sequences are overall thermo-
dynamically more favorable than the initial one. The structures
are depicted in Fig. S1.

A synthetic 134 bp amplicon at 10 nM was assayed both with
the redesigned set of probes and the previous one. The current
intensity measured with the new set that forms a perfect duplex is
much higher (2.65 pA) than that obtained with the set that leaves
overhangs (0.64 pA). This result confirms the deleterious effect of
single stranded fragments on the electrode side even when using
short amplicons. It is worth noting that using the CP+SP set of
probes the signal obtained with the synthetic amplicon is iden-
tical, within the experimental error, to that obtained with PCR
mixture at the same concentration (Fig. 5A), which confirms that
our hypothesis that all DNA is from the amplicon is reasonable.

The analytical signal was linearly dependent on the concentra-
tion of the 134 bp synthetic amplicon between 1 and 20 nM (Fig. 3,
open circles) with the following equation: (I—Ip)/lo=0.69( + 0.03)
[134bp amplicon] (nM)+0.05( +0.3), r=0.992. Above this
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concentration, the current levels off because of the saturation of
the binding sites. The limit of detection was 0.2 nM, slightly lower
than that estimated using shorter target. When testing PCR
amplicons with the new set of probes, both blanks and signals
were higher but similar signal to blank ratios were obtained. This
indicates that purification of PCR products is not needed with our
sensing phase.

Recently a 326 bp amplicon was successfully electrochemically
detected using Ru complexes bound by electrostatic attraction. The
benefit of designing a CP directed to the very end of the amplicon
(the primer region) is recognized to keep the low limit of detection
when shifting from synthetic to amplified DNA targets. The
approach could also take advantage of the larger number of
negative charges when using leng sequences that permits higher
accumulation of the redox probe (Garcia-Mendiola et al, 2013).
Comparatively, our approach has similar detectability without the
need for surface nanostructuring or asymmetric PCR.

4. Conclusions

From results shown in this work, it is apparent that genosen-
sors for detecting complicated DNA sequences are feasible upon a
careful design of the DNA procbes involved. In this context
complicated means highly structured DNA sequences belonging
to genes with a great number of repetitive fragments, which
strongly hampered the search for a specific PCR. A sandwich assay
format is advantageous because it permits to split the comple-
mentary probe into two DNA fragments of variable length.
The selection of the capture and signaling probes, that is, the
cutting peint chosen in the complementary probe, is far from
trivial. Two requirements were imposed and shown to be success-
ful: minimization of the thermodynamic stability of secondary
structures and preference of higher stability on the signaling probe
versus the capture probe. Even with Gibbs energies as high as
—13 kcaljmol of the SP and the potential formation of G-quartets
the hybridization could be accomplished using a previous dena-
turation step, although a penalty in reaction time was paid. The
construction of perfect duplex without fringe single-stranded
regions and/or overhangs especially at the end adjacent to the
electrode surface is essential for adequate performance of the
genosensor. This holds true when analyzing real amplicons that
are usually longer than the initial targets. The position of the
recognition site within the amplicon is decisive to maximize
hybridization efficiency and so, the analytical signal, even with
short amplicons. Consequently, redesign of the original probes to
fulfill all the requirements is recommended. In this work, a highly
specific DNA fragment of gliadin protein was detected. The
repetitive characteristics of the immunotoxic peptides added a
problem to design a specific PCR. Under the optimized conditions
the desired amplicon was preferentially amplified but not exclu-
sively. Nonetheless, the selectivity of the genosensor developed
allowed the detection of this fragment without the need for
purification of both DNA spurious products and PCR reagents.
The successful detection of DNA extracted from flour samples
verifies the suitability of the described PCR-coupled genosensor to
complement the immunochemical methods to detect gluten for
CD patients’ safety.
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STRONGLY STRUCTURED DNA SEQUENCES AS TARGETS FOR
GENOSENSING: SENSING PHASE DESIGN AND COUPLING TO PCR

AMPLIFICATION FOR A HIGHLY SPECIFIC 33-MER GLIADIN DNA FRAGMENT

Begofia Martin-Fernandez*®, Arturo J. Miranda-Ordieres®, Maria JesUs. Lobo-
Castafnon®, Gloria Frutos-Cabanillas®, Noemi de-los-Santos-Alvarez*®, Beatriz Lépez-

Ruiz*#

Supplementary information: Structural analysis obtained from The mfcld Web Server and gel
electrophoresis of PCR amplicons.

Figure S1: Most stable structures of 99-nt target, 33-nt capture probe (CP) and 66nt-signaling
probe (SP) (upper panel) and 134-nt amplicon, 71-nt capture probe (CPa) and 51-nt signaling
probe (SPa).
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Figure S2: Most stable base pairing of one-step hybridization between CP+SP and barley (A) or

rye {B) DNA sequences.
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Figure S3. Effect of PCR annealing temperature and [MgCl,] on the amplification of wheat
genomic DNA revealed at agarose 2% ethydium bromide gel electrophoresis. Lanes 1-4, 60 °C
and 1.5 mM, 2 mM, 2.5 mM and 3 mM of MgCl,, respectively; lane 5, 62 °C and 3 mM; lane 6,
64 °C and 3 mM; lane 7, synthetic amplicon 60 °C and 3 mM as a positive control; lanes 8-11,
66 °Cand 1.5 mM, 2 mM, 2.5 mM and 3 mM of MgCl,, respectively; lane 12, 100 bp size
ladder; lane 13, 20 bp size ladder.
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4.2 Acoplamiento del genosensor con PCR para el analisis de
muestras alimentarias procesadas

Si bien se han descrito infinidad de genosensores electroquimicos para la
deteccion de diversos analitos en muestras alimentarias, la cuantificacion de
alérgenos es una tarea dificil que pocas veces se hay llevado a cabo con estos
dispositivos. En la mayor parte de los casos, los resultados obtenidos con estos
dispositivos se expresan en en términos de concentracion de ADN, que
carecen de interés para los consumidores alérgicos. Por este motivo los
métodos basados en ADN (PCR y genosensores) han quedado relegados a
simples herramientas cualitativas, Unicamente capaces de proporcionar un
resultado positivo 0 negativo y, las pocas veces que se ha alcanzado la
cuantificacion de las muestras, los datos no se han podido transformar a
unidades que realmente tengan sentido para los consumidores o0 que permitan
verificar el cumplimiento con la legislacion vigente.

Teniendo en cuenta estas limitaciones, la siguiente fase de este trabajo
de investigacion fue dirigida a analizar y cuantificar muestras reales. Con este
objetivo, se estudié a fondo el acoplamiento del genosensor a una etapa de
amplificacion por PCR previa, para maximizar la selectividad del dispositivo sin
la pérdida de su capacidad cuantitativa. Por primera vez se consiguio obtener
una calibracion con un genosensor que dio lugar a la cuantificacion del gluten
en alimentos, incluso en aquellos que presentan mayores problemas durante el
analisis: los altamente procesados térmica y enzimaticamente, los malteados y
los que contienen chocolate. Ademas, los resultados obtenidos se
correlacionaron adecuadamente con los obtenidos con el inmunoensayo
considerado oficial, destacando la idoneidad de los genosensores como una
herramienta de monitorizacién asequible y simple.
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ABSTRACT

Electrochemical genosensors have undergone an enormous development
the last decades, but only very few have achieved a quantification of target
content in highly processed food samples. The detection of allergens, and
particularly gluten, is challenging because legislation establishes a threshold of
20 ppm for labelling as gluten-free but most genosensors expresses the results
in DNA concentration or DNA copies. This paper describes the first attempt to
correlate the genosensor response and the wheat content in real samples, even
in the case of highly processed food samples. Binary model mixtures, as a
reference material, and real samples have been analyzed. DNA from food was
extracted and a fragment encoding the immunodominant peptide of a2-gliadin
amplified by a tailored PCR. The sensor was able to selectively detect toxic
cereals for celiac patients, such as different varieties of wheat, barley, rye and
oats, from non-toxic plants. As low as 0.001% (10 mg/kg) of wheat flour in an
inert matrix was reliably detected, which directly compete with the current
method of choice for DNA detection, the real-time PCR. A good correlation with
the official immunoassay was found in highly processed food samples.

Keywords: gluten quantification, wheat, celiac disease, highly processed
food, electrochemical genosensor, disposable electrodes
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1. INTRODUCTION

Celiac disease is an autoimmune disorder of the small intestine that
occurs in genetically predisposed people. The inflammatory response is
triggered by the gluten fraction, present in wheat, a staple food which belongs to
the Poaceae family [1], but also in closely phylogenetically related cereals such
as rye and barley [2], which have a common ancestral origin in the grass family
[3]. Oats, more distantly related to wheat, could also trigger the typical
symptoms, although its harmful role is actually a term of debate and celiac
patients are advised to avoid its consumption [4, 5]. It is also possible to find
gluten in the durum wheat, primarily used in the manufacture of pasta products,
and in more ancient and less frequently consumed species, such as spelt,
whose market is booming with the increasing demand of organic and natural
products. Considering their harmful effect in celiac patients, the complete
avoidance of gluten-containing cereals in their diet is desirable [6], but
extremely difficult. For this reason, the term “gluten-free” is presently applicable
to food products containing less than 20 mg/kg of gluten [7], as a tradeoff
between the concentration reliably detected by the current analytical
methodology and the safety of most celiac individuals.

Despite the legislation, no specific analytical methodology has been
recommended for gluten monitoring yet. Most employed methods are based on
enzyme linked immunosorbent assays directed to different gluten protein
fractions [8, 9]. Recently, aptamer based approaches have appeared with
increased sensitivity [10].

Due to the high stability of DNA molecules compared to proteins, methods
relying on DNA have also attracted great attention. Several articles have
appeared in the last two decades to quantify gluten content in foodstuff based
on the real-time polymerase chain reaction (PCR) [11-16]. Despite the
sensitivity and fast-analysis of real-time PCR methods in gluten analysis, the
need for expensive, complex and delicate optical instruments precludes its wide
implementation in medium and small lab facilities as those available in food
industry. Aiming at developing a portable, cheap and simple technology for DNA
analysis, efforts have been done to replace the optical detection by non-optical
techniques, which are more robust, less expensive and easier to miniaturize.

As alternative systems to detect DNA, electrochemical genosensors have
arisen. They rely on a hybridization recognition reaction between two DNA
complementary strands: the target and a recognition element, called probe.
These devices use an electrode-based platform as transducer and, in order to
convert this highly specific event into a measurable signal, a reporter molecule
is usually incorporated, e.g. redox enzymes. After more than a decade of
development, few electrochemical genosensors have been challenged to real
food samples with quantitation purposes [17]. Analyzing DNA in food samples
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requires a mandatory pretreatment, which typically includes extraction of DNA,
amplification, usually by PCR, and a subsequent post-PCR purification step
[18]. In addition to this, the usual way of expressing the result is in DNA
concentration units, which is meaningless for allergic consumers, and for
verifying the compliance with the legislation.

In this paper, the challenge of facing an electrochemical genosensor to
food samples is first addressed. The analytical performance under realistic
conditions is evaluated in term of wheat percentage from which a correlation
with legal threshold can be obtained to allow the verification of the labeling.
Detection of other toxic cereals for the determination of total gluten content was
also evaluated along with cross-reactivity against non-toxic rice and soy. Finally,
processed food samples, with a wide range of expected gluten content were
analyzed and validated against the Codex recommended method [19].

2. EXPERIMENTAL

2.1. Reagents

Dithiothreitol (DTT), 6-mercapto-1-hexanol (MCH), tetramethylbenzidine
(TMB) in a ready-to-use reagent format (K-blue enhanced activity substrate,
also containing H202) and saline sodium phosphate-EDTA (20xSSPE pH 7.4)
were purchased from Sigma-Aldrich (Spain). 1% Casein buffer in 1xPBS was
obtained from Fischer Scientific (Spain). Anti-fluorescein-HRP Fab fragments
(antiFITC-HRP) were received from Roche Diagnostics GmbH (Mannheim,
Germany). Ethanol was purchased from Panreac (Spain). NAP-10 columns of
Sephadex G-25 were obtained from Life Technologies (Spain). Water was
purified with a Milli-Q system (Millipore, Spain).

Oligonucleotide sequences used are shown in Table 1. Oligomers were
obtained as lyophilized desalted salts from Sigma-Life Sciences. These
sequences were selected to detect a sequence of 134-nt that encodes a highly
toxic protein from wheat for celiac patients, the a2-gliadin, Gli [20], a multi-copy
gene, which could provide a better performance in terms of sensitivity,
compared to single-copy genes. Two probes, CP-Gli and SP-Gli, which
hybridize with the entire target sequence were previously designed [21]. To
ensure the quality of the extracted DNA for PCR amplification, the nuclear 18S
rRNA gene was amplified as a universal control [22]. All stock solutions were
prepared in MilliQ water and all reagents were used without any treatment
except for CP-Gli that was unprotected as indicated elsewhere [21].
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Table 1. Target, probes and primers sequences used.

Sequence name Length Oligonucleotide sequences 5> 3’

Signaling probe (SP-Gli) 63 nt CTG CGG ATA TGG TAG TTG CGG CTG CGG
ATA TGG TAG TTG CGG CTG CGG AAA TGG
TTG CAG CTG -FITC

Capture probe (CP-Gli) 71 nt HS-(CH,)s- TAC TGT GGT TGC GAT TGT GGA
TAT GGT TGT TGT GGT CGA AAT GGT TGC
GGC TGC GGA TAT GGT AGT TGC GG

Gli forward primer (Gli-F) 21 nt CAG CTG CAACCATTT CCG CAG

Gli reverse primer (Gli-R) 23 nt TAC TGT GGT TGC GAT TGT GGA TA

2.2. Instrumentation

Electrochemical measurements were carried out with screen-printed gold
electrodes (SPEAu, DropSens-220BT, Spain), connected to a PGSTAT101
potentiostat with NOVA 1.9 software (EcoChemie, The Netherlands). The layout
of the disposable planar screen-printed gold electrodes includes three
electrodes in the same alumina sheet: a working gold electrode (& ~ 4 mm), an
Ag pseudo-reference electrode and a gold counter electrode, all of them
screen-printed on a ceramic substrate. The PCR reactions were performed in
an Eppendorf Mastercycler thermocycler (Eppendorf, Hamburg, Germany).

2.3. Sample preparation

Wheat flour was mixed with rice flour to obtain different percentages of
wheat from 50% down to 0.0001%. The most concentrated mixture (50%) was
prepared by mixing 50 g of rice flour with 50 g of wheat flour. The rest of
mixtures were prepared by successive dilution with rice flour to obtain a final
amount of 100 g in separated recipients ensuring that no carry-over DNA was
present from previous experiments by using a mixture of bleach and detergent
and hot water, and thoroughly homogenized in a mixer.

Flours from different plants (bread wheat, durum wheat, spelt, barley, rye,
oat, soybean and rice) were obtained at local markets. To minimize cross-
contaminations among samples, the preparation of cereals, food samples and
reference mixtures were carried out on different days and immediately stored at
-20°C until its use for DNA extraction.

2.4. DNA extraction

DNA was extracted from 200 mg of sample using the Nucleospin Food kit
(Macherey-Nagel, Dduren, Germany), according to the manufacturer's
instructions with minor alterations [16]. UV spectroscopy measurements (UV260
Shimadzu, Japan) were used to control the yield and purity of extracts (260/280
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nm ratio around 1.8) and to estimate the DNA concentration extracted from
which the working solution (50 ng/pL) was prepared.

2.5. PCR amplification conditions

Unless otherwise indicated, the end-point PCR amplifications were
carried out in 25 pL of total reaction volume containing 100 ng of DNA (2 uL),
200 pM of each dNTP, 200 nM of each Gli primer (Gli-F/Gli-R), 1.5 mM of
MgCl,, 67 mM of Tris-HCI (pH 8.8), 16 mM of (NH4)2S04, 0.01% Tween 20,
and 1.0 U SuperHot Tag DNA Polymerase (Genaxxon Bioscience, Ulm,
Germany). Amplification conditions were: initial step at 95 °C for 10 min; 40
cycles at 95 °C for 45 s, 67 °C for 30 s and 72 °C for 30 s. A final extension at
72 °C for 5 min was also carried out. PCR amplifications targeting the universal
region (18S rRNA) were performed as described by Martin-Fernandez et al.
[16].

This protocol generated amplified fragments that were analyzed in a 1.5%
(w/v) agarose gel run in 1x SGTB buffer (GRISP, Porto, Portugal) at 150 V for
20 min using a 100 bp ladder (Sigma-Aldrich) as a molecular size marker. The
amplicons were visualized with 1x Gel Red (Biotium, CA, USA) a digital image
was obtained using a Kodak Digital Science™ (Rochester, NY, USA).

2.6. Sensing phase preparation and genosensor assay

The genosensor was prepared on SPEAu previously washed with ethanol
and water, and dried with nitrogen. After conditioning, a binary self-assembled
monolayer composed of the CP-Gli and MCH was prepared as described
elsewhere [21].

Hybridization experiments were carried out in a sandwich-like format to
avoid deleterious effects associated to the strong secondary structure of the
long target containing a significant percentage of C/G bases [21]. First,
amplicons were added to a hybridization buffer (2xSSPE) solution containing
1.25 uM of the SP-GlIi, heated at 98 °C for 5 min and cooled down in ice-water
bath for 5 min. After bringing the mixture to room temperature (30 min), 15 L of
this solution was placed onto the sensing phase for 2 h. Afterwards, the working
electrode surface was washed and covered with 1xPBS solution containing 1%
(w/v) casein and 0.05% (w/v) Tween 20 pH 7.4 (blocking buffer). Then 15 pL of
a solution of the anti-FITC Fab-HRP conjugate in the blocking buffer (0.5 U/mL)
was added to the electrode surface for 30 min. After a washing step with
blocking buffer and then with 2xSSPE, the entire cell was covered with 40 pL of
TMB and after 1 min of reaction, the enzymatically oxidized TMB was reduced
at -0.2 V recording the current during 60 s.
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3. RESULTS AND DISCUSSION

The a2-gliadin is an immunotoxic wheat protein for celiac patients that
contain a high percentage of prolines and glutamines, so its sequence is highly
repetitive. This fact imposes certain constrains when designing a suitable
genosensor targeting a fragment of this protein, the 33-mer immunodominant
peptide [21]. Nevertheless, its use is advantageous over other DNA fragments
codifying for other allergenic proteins because it is present in several copies in
the wheat genome. Since DNA directly extracted can not be analyzed with
genosensor due to the length and double stranded nature, a step of length
restriction is currently unavoidable. This is usually assessed by PCR
amplification because not only shortens the genome but also amplifies the
fragment of interest. In highly repetitive genes, careful design of this step is
critical for the analytical performance of the genosensor.

End-point PCR was optimized using different wheat species, all of them
toxic in a greater or lesser extent for celiac patients; specifically, common wheat
(Triticum aestivum L.), durum wheat (T. durum L.) and spelt wheat (T. spelta
L.). The annealing temperature and MgCl, concentration were varied (62 - 70°C
and 1.5 - 2.5 mM, respectively) in order to amplify only the desired sequence,
and obtain the best sensitivity of the assay. To verify the absence of false
positive results, all amplifications were carried out using a negative control or
blank (wherein water was used instead of template DNA).

Gli primers amplified several bands at high concentrations of MgCl, and
low annealing temperatures, being the second one at about 130 bp size the
fragment of interest, so restrictive conditions were necessary (Fig. 1 A). DNA
polymerase activity is dependent on the presence of free divalent cations, such
as MgCl,. On one hand, an excessive concentration of this ion can lead to non-
specific amplification as polymerization activity increases but specificity can fall.
On the other hand, lower concentrations reduce polymerization but increase
accuracy [23, 24]. To increase the selectivity lower concentrations of MgCl, (1.5
mM) and higher annealing temperature were needed. Although the best
discrimination was achieved at 68 °C, the gain in sensitivity achieved at lower
temperature, 67 °C (Fig. 1 B) was relevant and therefore this temperature was
selected for further experiments with the genosensor, that is expected to
provide extra selectivity.
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(A) 2.5mM MgCl, 1.5mM MgCl,

Figure 1. Profiles obtained on 1.5 % agarose gel electrophoresis of PCR
amplicons of different wheat species (common, durum and spelt) obtained using
Gli primers under selected conditions: (A) varying MgCl, concentrations (1.5 and
2.5 mM) at 66 °C of annealing temperature; (B) varying annealing temperature (67

and 68 °C) at 1.5 mM MgCl..

3.1. Detection of DNA from pure cereal flours

Using the designed PCR, 100 ng of genomic DNA from wheat were PCR
amplified and 10 pL of the amplification product were directly analyzed with the
genosensor, according to the protocol described in the experimental section. A
current intensity of about 12.6 HA was obtained, but the blank (no DNA) was
very high (about 1 pA) in comparison with a blank obtained in the absence of
PCR mix (about 0.3 pA). This indicates a high nonspecific contribution to the
current due to the adsorption of primers, polymerase enzyme or buffer
components of PCR reaction to the genosensor surface [25]. Therefore, prior to
detection with the genosensor, a sample dilution was performed at different
ratios. As expected, the dilution of all reagents coming from the amplification
reaction resulted in a significant decrease in the current intensity of the blank,
which remained low for all dilutions ratios compared with undiluted blank
sample (Fig. 2). The dilution of the target did not cause the decrease of the
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signal as much as in the case of blank sample. This verifies the effectiveness of
the dilution step to favor the detection of amplified fragments with a slightly
reduction of sensitivity. Considering that the most favorable ratio was obtained
for the lower dilution (1:5), this was selected for real samples analysis.

18
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©
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0 | — [ ]

dil 1:20 dil 1:10 dil 1:5 without dil

Figure 2. Variation of the current intensity obtained in the absence (blank, white
bars) and in the presence of 100 ng of wheat DNA (black and grey bars,
respectively) with the dilution of the amplified sample. The signal/blank ratio
(S/B) is also indicated.

Finally, the influence of the number of PCR cycles on the electrochemical
signal was studied. Serial dilutions of genomic DNA of common wheat were
amplified by PCR and measured using the electrochemical genosensor. The
current intensity values were plotted versus the initial genomic amount of wheat
DNA and the results are presented in Fig. 3A. After 40 cycles of PCR-
amplification, the continuous increase in current intensity with the initial DNA
amount is leveled off at about 10 ng while an increase at slower pace is
observed after 39 cycles so a plateau is not even achieved at the highest DNA
amount tested. Interestingly, the lowest detectable amount of DNA was 15 pg
and 420 pg after 40 and 39 cycles, respectively calculated as the DNA amount
corresponding to three times the blank signal. These results match those
obtained by gel electrophoresis (Fig. 3B), which suggests that the saturation of
the analytical signal is due to depletion of the DNA amplification. The number of
amplified DNA copies can be estimated according to the genome size of wheat
(17.33 pg) (http://data.kew.org/cvalues/). On the basis of a single copy, as low
as 0.86 genomic copies of wheat can be detected with this method. Considering
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that the estimated copy number ranges from 25 to 150 [26, 27], the number of
amplified copies might varies from 22 to 129.

(A)

5

I (A)

L0 4 il PRI |

(B)

0.1 1 10
genomic wheat DNA (ng)

100

Figure 3. (A) Electrochemical detection of amplified products obtained varying
the amount of genomic common wheat DNA with (o) 39 or (e) 40 cycles of PCR.
(B) Profiles obtained on 1.5 % agarose gel electrophoresis of PCR amplicons
from different starting amounts of wheat DNA for 40-cycles of PCR amplification.
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Amplified DNA extracts of species that trigger celiac disease symptoms,
namely, common wheat, durum wheat, spelt wheat, barley, rye and oats, and
two safe species, soy and rice, were diluted according to the optimized protocol
and analyzed with genosensor. Using 100 ng of genomic DNA of each sample,
a positive response for all studied wheat species was observed (Fig. 4A).
Higher current intensities are measured in the case of common wheat
compared to durum and spelt wheat. These results are in accordance to the
lower toxicity of the two latter wheat species for celiac patients. The sensor also
responded positively towards closely related cereals, such as barley, rye and
oats (Fig. 4B). On the contrary, no false positive results were obtained from
non-toxic widely consumed species, such as rice and soy as expected. The
electrochemical hybridization sensor was therefore selective for toxic plant
species, and do not respond to those that are safe for celiac patients
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Common Barley Rye Oats Soy Rice
wheat
Triticum Hordeum Secale Avena Glycine Oryza
aestivum L. vulgare L. cereale sativa max sativa

Figure 4. Genosensor selectivity evaluated as the current intensity measured
after amplification of 100 ng of genomic DNA of: (A) different wheat species, and
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(B) several related cereal and leguminous species, under the conditions
previously optimized.

3.2. Detection of DNA from mixtures of cereals and processed food

Most electrochemical genosensors applied to food samples are capable
of detecting the presence of the target, but the result is usually expressed in
DNA concentration, which did not give a precise idea of the real amount of the
species. This holds true when dealing with allergens, and more specifically with
gluten, the only allergen with a legal threshold associated in Europe for labeling.

For this reason, the performance of the genosensor assay was further
evaluated in flour mixtures. In the absence of certified reference materials for
wheat gluten, binary mixtures of wheat flour in an inert matrix, rice flour with a
similar granulometry were prepared in a wide range of known weight
percentages, from 50% to 0.0001%. These samples were extracted, amplified
and then diluted according to the protocol described above, before the analysis
with the electrochemical genosensor. An increase of current intensity with the %
w/w of wheat at the started material was observed (Fig. 5). The data was
adjusted to a four parameters logistic model (equation 1)

(B-A)
1+(%)p

where A is the response at saturation concentration of analyte, B is the
response at a zero concentration of analyte, Xo is the percentage of analyte that
corresponds to the 50 % of the maximum signal and p is the Hill slope that
represents the slope at the inflexion point of the sigmoidal curve. The equation
of the best fitting is the following:

y=A+

(1)

| (MA)= 9.81 + (0.31-9.81)/ (1+([% wheat]/0.015)%): r =0.92.

The lowest concentration that could be detected was 0.001% (10 ppm or
10 mg/kg) of wheat flour in rice flour, three times higher than the blank signal.

Taking into account that the gluten content is about 9% in wheat flour
[14], this result corresponds to a detection of approximately 0.9 mg/kg (0.00009
%) of gluten. It is worth noting the detectability obtained with the developed
DNA sensor was similar or even better than other DNA approaches directed to
detect wheat in food samples, such as real-time PCR approaches which relied
on an optical detection of the amplified fragments [28-30] or microarrays [31].
This advantageous feature was attributed to the multi-copy nature of the target
gliadin sequence that can provide methods 10-100 times more sensitive than
those based on the detection of sequences found only in one copy, as the
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gibberellin response gene [32] or puroindoline-b gene [33-35], that showed
sensitivities around to 0.1% -1% of wheat in an inert matrix.

12-— }

10

I (WA)

% wheat

Figure 5. Relationship between the current intensity and the % wheat (w/w) under
the optimized conditions.

The designed genosensor was finally applied for gluten screening in a
set of commercial food products of different brands and characteristics (three
replicates of each sample). Both gluten-containing foods and gluten-free foods
were analyzed. Representative samples were chosen to cover the main aspects
considered difficult. The higher the severity of the processing the higher the
difficulty of DNA extraction, so thermal, mechanical and chemical processed
samples were included (Table 2). Those containing or that may contain gluten
(G1-3) resulted in currents higher than 2.5 pA that correspond to a content of
wheat estimated between 1.4 and 0.003%. In Table 2 the calculated content in
ppm of gluten is shown. Cookies contained high amount of gluten but the snack
could be labeled as gluten-free. Beer is also expected to contain gluten
although some degree of DNA degradation could be expected [12]. The rest of
samples (Gf1-4) were labeled as safe for celiac patients, so they should have <
20 ppm of gluten, according to the legislation in force. Gf3 has chocolate, a
matrix difficult for DNA extraction. Very low currents undistinguishable from the
blank were recorded for all of them except for the snack Gfl. The analysis by
gel electrophoresis of the amplicons revealed a total agreement with the
genosensor results indicating that the Gf1 sample it is not a false positive of the
genosensor.

There are only a few attempts to correlate PCR-based results with
immunoassay results. All of them are qualitative since PCR analysis is
presented as positive/negative. Only one of them tried to establish a correlation
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between ppm of gluten measured by R5 ELISA and pg of DNA /mg of food, with
some limited success especially in hydrolyzed samples [12]. Herein, the
samples were analyzed by an independent laboratory certified for gluten
analysis using the official method, the R5 ELISA sandwich (Table 2). All gluten-
free samples contained undetectable amounts of gluten, which confirms the
readout obtained by DNA analysis except for the Gfl sample. Recently slight
positive results by PCR in samples negative by R5 were reported [12] but a
contamination with DNA during sample processing can not be completely ruled
out. Alternatively, degradation of proteins preserving the integrity of DNA in
baked products is considered unlikely.

The agreement between both methods is verified in the gluten-containing
food subgroup. The low gluten content of the snack is confirmed. This food has
a precautionary label indicating that was manufactured in a factory handling
gluten-containing ingredients but cross-contamination is undetectable by protein
analysis and only traces of DNA were found, which ensures its safety for celiac
patients. Beer is a hydrolyzed product so sandwich format assays are not
intended for them. In spite of it, a small quantity of gluten was detected
suggesting that not fully degraded fragments are still present in the final
product. The detection of DNA from toxic cereals settles the presence of gluten.
This is the type of samples where DNA genosensors can show their potential as
confirmatory methods.

Table 2. Estimated content of gluten of commercial food products (with gluten —
G1to G3- and gluten-free —Gf1 to Gf4-) using the developed electrochemical
genosensor and R5 immunoassay.

Gluten content (ppm)

Sample code Sample type (trademark)

Genosensor R5
G1 Cookies (Fontaneda) > 100 >80
G2 Beer (Heineken) 20 15.6
G3 Snack (Bicentury) 7.5 <5
Gf1 Snack (natuchips) > 100 <5
Gf2 Cookies (Celibene) <0.9 <5
Gf3 Bread (Schar) <0.9 <5
Gf4 Grissini (Schar) <0.9 <5

4. CONCLUSIONS

Quantification of allergens in food samples using DNA as target and
genosensors is a challenging task that only rarely devices have addressed. In
addition results in terms of DNA concentration are meaningless for consumers
so they are often used as yes/no tools. In this work, combining the PCR
amplification stage with genosensor measurements, a sensitivity matching that
of the real-time PCR technology was achieved without complicated
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pretreatment protocols. Only a single dilution of the amplicon is required to
obtain an improved blank signal without impairing the specific current signals.
For the first time, a genosensor calibration in wheat percentage allowed us to
quantify the gluten content of food products. The lowest detectable amount was
0.001% of wheat that corresponds to 0.9 ppm of gluten. All toxic cereals can be
readily detected without interferences from safe grains. Analysis of highly
processed food products revealed a good correlation with immunoassay results,
highlighting the suitability of genosensors as an affordable and simple
monitoring tool.
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4.3 Genosensor para la deteccion de gliadina con sonda de
captura estructurada

Una vez resueltos los problemas encontrados con la secuencia
oligonucleotidica codificante de la a2-gliadina debido a su caracter estructurado
y a la repeticion de las bases en su secuencia y su relativa gran longitud, y
verificada la adecuacion del genosensor al analisis de muestras reales con
fines cuantitativos, se busc6 mejorar su selectividad frente a la deteccion de
trigo, respecto de otros cereales filogenéticamente estrechamente
relacionados. En Europa, la legislacién vigente exige el etiquetado de los
productos alimenticios que contengan gluten, independientemente del cereal de
origen (Regulation (EC) 41/2009). Sin embargo, en algunos paises el
etiquetado debe especificar el cereal en concreto que puede ser nocivo para el
enfermo celiaco, por lo que se hace necesario aumentar la selectividad de los
meétodos de deteccion de gluten, para que sean capaces de discriminar entre
uno u otro cereal. El problema radica en que, especies que presentan una alta
homologia, como los cereales toxicos para los enfermos celiacos, son muy
dificiles de distinguir entre si (Bendich and McCarthy 1970; Cahoon et al.
2010), debido a la proximidad filogenética entre estas especies (Figura 11).

Familia Gramineae

(— Pooideae ﬁ
(—Triticeae ﬁ Aveneae
(— Triticinaew Hordeinae

Género Triticum Secale Hordeum Avena

Subfamilia

Tribu

Sub-tribu

Nombre comtin

Figura 11. Arbol filogenético de las especies toxicas para los pacientes celiacos.

Para la deteccion de ADN, los genosensores pueden aportar dicha
selectividad. La reaccion de hibridacion es una de las reacciones mas
selectivas que se conocen, ya que se fundamenta en el reconocimiento entre
bases complementarias, que en el caso de los genosensores se trata de la
hibridacion entre las sondas y el analito especifico. Esta hibridacion es perfecta

162



Capitulo 4 Genosensores electroquimicos

(todas las bases que componen el duplex), mientras que secuencias similares
presentan diferencias en la secuencia oligonucleotidica que hacen del duplex
una estructura no perfectamente complementaria, y por tanto, menos estable
termodinamicamente. Estos errores de emparejamiento de bases entre el
analito y las sondas que componen el genosensor pueden afectar en diferente
grado a la estabilidad del duplex, segun sea su posicion, su numero total y su
namero relativo en la longitud total de la secuencia, por lo que su
discriminacion frente al duplex perfecto no es en absoluto sencilla. Por todo
ello, se han explorado diversas formas de poner de manifiesto los duplex no
perfectos.

La primera de ella consiste en aplicar condiciones extremas durante la
hibridaciébn, como el aumento de temperatura o el uso de determinados
agentes quimicos. Otro tipo de aproximacion mas elegante es el uso de sondas
estructuradas de captura en el disefio del genosensor (Miranda-Castro et al.
2009). La sonda puede presentar, por ejemplo, una estructura tipo horquilla,
que provoca la competicién con la hibridacion sonda-analito, y que aumenta la
selectividad de la sonda y limita la extension relativa de las reacciones de
hibridaciébn no deseadas. En esta seccion se explor6 de forma comparativa el
efecto del tipo de sonda, no estructurada o tipo horquilla, en la selectividad del
genosensor.
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Abstract High selectivity of genosensors is crucial for certain
applications such as those involving species with high genetic
variability. This is an unresolved problem when dealing with
long target sequences that is further complicated when the
target contains repetitive sequence domains. As a model for
this situation, the problem of detecting gluten in food with
identification of the source is studied. In order to discriminate
the specific DNA sequence that encodes the wheat prolamin
(gliadin) from rye and barley prolamins, the exquisite selec-
tivity of a rationally designed hairpin capture probe is pro-
posed and compared to a nonstructured capture probe. An
electrochemical sandwich assay is proposed, involving cap-
ture probes chemisorbed on Au surfaces and biotinylated-
signaling probes in combination with streptavidin-
peroxidase labeling conjugates. As a result, a genosensor with
similar sensitivity to that observed with linear probes but with
complete specificity against closely related species was
achieved. The surtace-attached DNA stem-loop yields a de-
vice capable of accurately discriminating wheat DNA from
rye and barley with a limit of detection of 1 nM.
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Introduction

Genetic analysis at point of need using genosensors, a class of
biosensors that makes use of the hybridization event between
complementary DNA strands, is one of the most active areas
of electrochemical biosensing not only for clinical or diagnos-
tic purposes but also for food safety surveillance. To this aim,
the hardest efforts are focusing on achieving the extremely
low detectability sometimes required. Ingenious but often
complicated amplification schemes are approaching limits of
detection that make it feasible to avoid PCR preamplification.
DNA hybridization is one of the most selective recognition
events known, so selectivity is regarded to be not as challeng-
ing as sensitivity except for single-nucleotide polymorphisms
(SNP) detection where it becomes a major concern [1]. All
genosensor devices claim a clear difference in response be-
tween the target and mismatched sequences. However, a sub-
stantial number of them fail to unambiguously discriminate
closely related DNA sequences because a lower analytical
signal can be misinterpreted as a low concentration of the
intended target.

Hybridization selectivity relies on the destabilization mis-
matches caused in the duplex structure that depends on their
location, their number, and the total length of the double helix.
In general, short oligonucleotides are better suited than long
sequences for mismatch discrimination probably because of
the greater stability of the longer duplexes formed [2]. Al-
though the selection of a specific target is essential as a starting
point in the design of genosensors, the choices can be limited
by other considerations, e.g., the detection of species subject-
ed to high genetic variability, naturally or through breeding
programs, such as certain grains. When faced with highly
similar and long oligonucleotide target sequences, a selective
recognition is not straightforward. Fortunately, there are tools
to assist the best discrimination of nonperfect duplexes. In this
way, stringent conditions are usually applied (tempetature,
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chemical agents, etc.) [3—8]. [n more challenging applications,
another way to improve the selectivity of the genosensor rec-
ognition layer is the use of structured probes [9]. This strategy
is being extensively exploited in SNP detection, typically
targeting short oligonucleotides (<35 nt) [10]. The hairpin
structure provides a competition reaction with probe-target
hybridization that increases probe specificity and limits the
relative stability of undesired hybridization events [11]. The
combination of hairpin capture probes with a sandwich-type
assay can further increase the discrimination ability due to the
two recognition events involved [12]. Besides, it overcomes
the large background currents caused by the variable popula-
tion of hairpin in its opened state due to therimal fluctuations
and dynamie equilibrium. This could become important when
labeled haitpin probes, the electrochemical counterpatt of mo-
lecular beacons, are used. These self-reported probes can orig-
inate significant signals in the absence of the target [11].
Impedimetric measurements avoid the use of labels but the
redox probe in solution is sensitive to the folding or unfolding
state of the hairping contributing to make difficult the inter-
pretation of the results [13].

We have recently reported a DNA sensor for electrochern-
ical detection of a gliadin specific fragment [14]. The sensi-
tive, rapid and simple detection of a sequence coding for an
immunotoxic wheat protein for celiac patients, was achieved
by a sandwich assay using a linear capture probe, and signal-
ing linear probe both hybridizing with the target. But close
related sequences from cereals also triggering the celiac dis-
ease provided low but distinguishable signals from the blank.
Although under the European Regulations the detection of
species containing gluten as a group is demanded [15], in
other countries the identification of the phylogenetic origin
is compulsory [16]. In the present work, we have judiciously
optimized the described approach making use of a structured
capture probe with the aim of obtaining a more selective
genosensor for the highest discrimination of wheat sequence
from other cereals. All the variables involved in genosensor

Table 1 Probes and target sequences

design were caretully studied for this relatively complex tar-
get, which presents a long, strongly structured and repetitive
DNA sequence.

Experimental
Reagents

Dithiothreitol (DTT), 6-metcapto-1-hexanol (MCH), KCl,
tetramethylbenzidine (TMB) in a ready-to-use reagent format
(K-blue enhanced activity substrate, also containing H,O5),
streptavidin-peroxidase (HRP-Strp), bovine serum albumin
(BSA), Tween 20, formamide, dextran sulfate from
Leuconostoc mesenteroides, and saline sodium phosphate-
EDTA (20x SSPE) (pH 7.4) were purchased from Sigma-
Aldrich (Spain). Ethanol was purchased from Panreac
(Spain) and potassium ferrocyanide was from Probus (Spain).
NAP-10 columins of Sephadex G-25 were obtained from Life
Technologies (Spain). Water was puritied with a Milli-Q sys-
tem (Millipore, Spain).

Oligonucleotide sequences used are shown in Table 1.
Oligomers were obtained as lyophilized desalted salts from
Sigma-Life Sciences. These sequences were selected to detect
a sequence of 99-nt that encodes a highly toxic protein from
wheat for celiac patients, the o¢2-gliadin [17]. The target pre-
sents a three-repeated domain of 21 byp that is underlined. The
structured probe acquires a hairpin conformation. The regions
that form the stem and that hybridize with the target are indi-
cated in italics and in bold, respectively. To test the selectivity
of the genosensor noncomplementary targets that encode gli-
adins from barley and rye and fully noncomplementary se-
quences were employed. All stock solutions wete prepared
n Milli-QQ water without any treatment except for thiolated
hairpin and linear capture probes that were deprotected as
indicated below. The concentration of all stock solutions was

Oligonucleotide sequences 5'— 3"

Target (wheat, 99 nt)

CTG CAG CTG CAA CCATTT CCG CAG CCG CAA CTA CCATAT CCG CAG CCG CAA CTA

CCATAT CCG CAG CCG CAA CTA CCA TAT CCG CAG CCG CAA CCATTT

Signaling probe (66 nt)

Hairpin capture probe (43 nt)
Linear capture probe (33 nt)
Fully mismatched (99 nt)

CTG CGG ATA TGG TAG TTG CGG CTG CGG ATATGG TAG TTG CGG CTG CGG AAA TGG
TTG CAG CTG CAG-FITC

HS-(CH,)s-GTT CCG CAA ATG GTT GCG GCT GCG GAT ATG GTA GTT GCG GA4 C
HS-(CHy)s- AAATGG TTG CGG CTG CGG ATA TGG TAG TTG CGG
GAC GTC GAC GTT GGT AAA GGC GTC GGC GTT GAT GGT ATA GGC GTC GGC GTT GAT

GGT ATA GGC GTC GGC GTT GAT GGT ATA GGC GTC GGC GTT GGT AAA

Rye (93 nt)

GCA ACCATT TCC CCA ACC CCA ACA ACC AAC CCC CAT ACA ACC ACA ACA ACCATT

CCC CCA GCG ACCCCAACAACCTTT CCC CCAGCC CCA ACA

Barley (93 nt)

AACAACCTT TTC CTC AGC CCC AAC AAC CAT TCC CCT GGC AAC CACAAC AAC CAT

TTC CCC AGC CTC AAC AAC CAT TTC CCC TGC AAC CAC AAC
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checked with a UV260 Shimadzu spectrophotometer (Japan)
before stored at —20 °C until use.

Instrumentation

Electrochemical measurements wete cartied out with screen-
printed gold electrodes (SPEAu, DropSens-220BT, Spain),
connected fo a p-AutoLab type I potentiostat with GPES
4.9 software (EcoChemie, The Netherlands). The layout of
the disposable planar screen-printed gold electrodes includes
three electrodes in the same alumina sheet: a working gold
electrode (& ~4 mm), an Ag pseudo-reference electrode and
a gold counter electrode, all of them screen-printed on a ce-
ramic substrate. The pH measurements were performed on a
Crison micropH 2001 pHmeter (Spain).

Sensing phase preparation

SPEAu were washed with ethanol and water, and dried with
nittogen. The electrodes were conditioned in 0.5 M H,SO,
solution by sweeping the potential between 0 and 1.25 Vata
scan rate of 100 mV/s until a stable cyclic voltammogram was
obtained. Finally, electrodes were washed with water and
dried with nitrogen immediately before adding 15 pL of
2 uM of the corresponding hairpin (or linear) capture probe

Fig.1 Schematic illustration of
the sensing phase and the assay
steps

Enzymatic subsirate
(TMB)

Enzymatic product E

(TMB,)

2
L 3

2el

in 2x SSPE pH 7.4 solution (unless otherwise indicated), pre-
viously deprotected with DTT as indicated elsewhere [12].
Chemisorption proceeded overnight and after washing with
2x SSPE buftfer in order to displace the nonspecifically
adsorbed probe, 10 uL of 4.5 mM MCH in 2% SSPE was
placed onto the probe modified surface for 30 min. The mod-
ified electrodes were then washed with buffer and dried with
nittogen before catrying out the sandwich assay (Fig. 1A).

Sandwich assay and measuremert

Hybridization experiments were catried out in a sandwich-like
format through two consecutive steps: homogeneous
(Fig. 1B) and heterogeneous hybridization reactions (Fig. 1C).

For homogeneous hybridization, the target was added to a
hybridization buffer (2x SSPE) solution containing 1.25 uM
of the corresponding signaling probe labeled with biotin.
DNA strands were thermally treated (5 min at 98 °C), and
cooled down by placing in ice-water bath for 5 min. Ther,
the mixture was brought to room tempetature over 30 min.
Immediately after, 15 1L aliquot of this solution was placed
onto the sensing phase for 2 h (heterogeneous hybridization)
(unless otherwise indicated). Afterwards, the working elec-
trode surface was washed and covered with 5% SSPE contain-
ing 2 % BSA (w/v) and 0.1 % Tween 20 (w/v) pH 7.4
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(blocking butter) for 2 min in order to prevent enzyme conju-
gate nonspecific adsorption (unless otherwise indicated). Fit-
teen microlitets of a solution of 0.01 g/L Strp-HRP conjugate
inn the blocking buffer was added to the electrode surface.
After 30 min, the sensing phase was washed, first with
blocking buffer and then with 2x SSPE, and dried with nitro-
gen (Fig. 1D).

The last step was the chronoamperometric measurement of
the bound enzymatic activity (Fig. 1E). 40 uL of the enzymat-
ic substrate (commetcial TMB) was placed on the cell, cover-
ing the three electrodes, and after 60 s the product of the
enzyme reaction was detected at 0 V sampling the current
for 1 min (Fig. 1F). All measurements wete cartied out in three
replicates.

Results and discussion

Instead of the 33 nt linear probe previously used [14], a cap-
ture probe with a stem-loop structure was designed. Generally,
the target hybridizes only with the loop sequence, but for
longer target sequences a very long stem would be required
to maintain the hairpin closed, and some difficulties in the
stem opening may occur in the presence of the target [12].
To avoid this, a shared-stem hairpin capture probe is desirable.
The length of the stem for a fixed probe length is a major
parameter of design to obtain stable hairpins against thermal
fluctuations and low unspecific signal arisen from easy open-
ing in the presence of partially complementary strands [11,
18]. So, a hairpin probe was designed extending the linear
probe at both ends to achieve the formation of a 9-base pair
stem (in italics in Table 1). The whole 25-base loop sequence
and eight bases of the stem were complementary to the target
at the 3" end (in bold in Table 1). The secondary structure of
the tailored capture probe and the correct hybridization were
checked using Mfold Web Server [19]. The hairpin with 9 bp
it its stern has a free energy of —10.73 keal/mol, which ensures
a low background signal from mismatched sequences.

The successful formation of the binary self-assembled
monolayer (SAM) was checked using 0.5 mM potassium fer-
rocyanide in 0.1 M KCl as redox probe in solution. The elec-
tron transfer from the probe to the bare Au electrode (Fig. 2,
dashed line) is partially blocked on the electrode modified
with the hairpin-MCH SAM (Fig. 2, solid line) due to the
negative charges of the DNA (current intensity reduction
along with increase in the peak potential separation).

In order to verity that the designed hairpin opens in the
presence of the target, a preliminary experiment was carried
out with 10 nM of target. A signal/blank ratio (S/B) of 2.0 was
obtained, although the reproducibility was poor (20.9 %, n=
3), with the concentration and reaction times of probes and
MCH, previously studied [20]. This indicates that the target
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Fig. 2 Cyclic voltammetry of 0.5 mM potassium ferrocyanide in 0.1 M
KCI on bare (dashed fine) and binary SAM modified (sofid fine)
electrodes

recognition takes place but an improvement of operating con-
ditions is needed.

Improving the genosensor performance

Given the length and complexity of the specific sequence that
codifies the 33-mer immunodominant peptide of gliadin, it is
expected that the length of both the homogeneous and hetero-
geneous hybridization steps play a significant role in the
genosensor performance.

The kinetics of hybridization on solid surfaces is notably
slower than that occurring in solution, due to the lower acces-
sibility to immobilized DNA probes [21], so we used longer
reaction times for heterogeneous hybridization compared to
homogeneous one. Accordingly, the homogeneous hybridiza-
tion was assayed at 15 and 30 min and the heterogeneous one
at 1 and 2 h using 10 nM of target and 1.25 uM of
biotinylated-signaling sequences in solution. For 15 min of
homogeneous reaction time, an increase in the S/8 was ob-
served at the longest heterogeneous interaction time, S/8 of
3.3 and 3.9, for 1 and 2 h, respectively. Also, a better perfor-
mance was obtained for longer homogeneous reaction time (S/
B of 5.8 for 30 min and 2 h, of homogeneous and heteroge-
neous interaction times, respectively). Therefore, the best /B
ratio was obtained for 30 min and 2 h for homogenous hybrid-
ization and heterogeneous hybridization, respectively, while
similar blank currents were obtained in all the cases. The ki-
netics of the hybridization event is affected by the target sec-
ondary structure, which eventually would affect selectivity if
short hybridization steps are performed, that is, equilibrium is
not achieved [2]. In our case, the sandwich format disrupts the
secondary structure of the target excluding this effect. How-
ever, the repetitive nature of the gliadin-specific target
(Table 1, three repetitive domains of 21 bp in the target
sequence, each one undetlined), makes possible that the sig-
naling probe can hybridize at several positions along the target
sequence with very high stability (>70 kcal/mol). Some of
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these hybrids block the further hybridization with the capture
probe. Since several duplexes are in equilibrium after homo-
geneous hybridization, rearrangements have to occur in order
to form the three-stranded perfect duplex. These unusual rear-
rangements might account for the extended heterogeneous
hybridization in comparison with typical times ranging be-
tween 30 to 60 min [22-25]. Additionally, the length of the
stem also influences negatively the hybridization rate because
a larger energy batrier must be overcome [11]. In this sense,
even the detection of mictoRNA needed 2 h of hybridization
when using an 8-base pair stem hairpin probe [18].

Numerous studies have described the tendency of both the
enzyme conjugate and the signaling probe to adsotb nonspe-
cifically to the sensing surface [7]. Even in the case of using a
small thiol such as mercaptohexanol as filling agent, some
bare Au regions remain available for both signaling probe
and enzyme conjugate adsorption [26]. In order to define a
strategy to reduce this undesired contribution, the influence of
both molecules on nonspecific signal was studied by adding
comercial enzyme substrate TMB, in the absence of target
on modified electrodes (SAM composed by capture probe and
MCH). The electrochemical signal of TMB after incubation
on the electrode with the signaling probe, the enzyme conju-
gate and both was registered. The adsorption of the
biotinylated-signaling probe is minimal compared to the en-
zyme conjugate as indicated by the currents measured (1.88,
196, and 249 nA respectively). Thetefore, we deduced that the
unspecific adsorption of the enzyme conjugate was the main
cause of the background noise, so the labeling step and the
composition of the blocking bufter were considered to reduce
this contribution.

First, the concentration of the enzyme and the length ofthe
labeling reaction were studied. Using 0.01 g/l of enzyme
conjugate, this step was lengthened up to 30 min where the
highest difference hetween the specific signal at 10 nM and
the blank responses was obtained (Fig. 3A). An increase in the
conhjugate concentration up to 0.1 g/L. led to an unacceptable
level of unspecific adsorption (data not shown), so this param-

1.2
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eter remains at 0.01 g/L.
" +
0.6 -
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Fig.3 A Variation of the current intensity obtained in the absence (blank,
white bars) and in the presence of target 10 nM (gray bars) with the
length of the labeling reaction (=3, [HRP-Strp]=0.01 g/L). B

The composition of the blocking buffer also can help to
reduce the unspecitic binding. Detergents, such as Tween 20
or proteins such as BSA, have been widely emploved with this
aim [7, 27]. Nonetheless, some Tween preparations can con-
tain peroxides [28, 29] which could intetfere with the analysis
if the enzyme label is HRP. So, the effect of suppressing
Tween 20 was first evaluated at 10 nM of target. The absence
of Tween in the blocking buffer resulted in large blank signals
leading to very low S/B ratios (Fig. 3B (a)), probably because
the surfactant reagent acts removing the excess of loosely
bound biomolecules that it is expected to be higher when no
target is present. Therefore, it is necessary to maintain Tween
in the blocking buffer. The effect of the concentration of BSA
was then varied in a blocking buffer containing 0.1 % Tween.
As it can be seen in Fig. 3B ((b) and (c)), the S5/B ratio was
improved when 5 % of BSA was included and so, it was
selected for further expetiments.

Finally, the effect of buffer composition on the hybridiza-
tion efficiency was also studied. In general, there are four
strategies applicable when dealing with stable secondary
structures (1) increasing the temperature during the contact
of the DNA strands; (2) reducing the length of interacting
DNA strands; (3) incorporating denaturing reagents; and (4)
increasing the local concentration of the probes by the addi-
tion of volume-occupying reagents, to conduct the hybridiza-
tion mote efficiently [30, 7).

Regarding the former, the thermal denaturation carried out
before the homogeneous hybridization ensures the disruption
of secondary structures, so a complete hybridization between
signaling probe and target is expected. The heterogeneous
hybridization can be carried out at physiological or even
higher temperatures on DNA thiolated monolayers [31-33].
However, increasing the tempetature weakens the stability of
the hairpin [11], which compromises the specificity, so it was
discarded. The feasibility of reducing the length of the probes
was also considered, because it might decrease the stability of
secondary structures as that of the signaling probe used in this
study (66 bases). Due to the repeating nature of the target
model sequence: CTG CAG CTG CAA CCATTT [CCG

120
B
9.0
2 60 |
3.0
0.0 ;

@ (b )

Influence of composition of blocking buffer on the 578 ratio for a target
concentration of 10 nM: (a) 2 % BSA; (b) 2 % BSA + 0.1 % Tween; (¢)
5 % BSA + 0.1 % Tween
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CAG CCG CAA CTA CCA TAT); CCG CAG CCG CAA
CCA TTT shorter signaling probes can easily hybridize at
multiple positions on the target, complicating the subsequent
surface hybridization.

As a third alternative, the effect of the addition of binders
and denaturing agents in the hybridization buffer solution was
studied. Ku et al. [30] reported an improvement in the effi-
ciency of hybridization of complementary DNA strands by
using buffer solutions of phosphate containing 10 % dextran
and 25 % formamide. Dextran sulfate, polyethylene glycol,
and polyvinyl alcohol binders are “volume-occupying” re-
agents that increase the local concentration of interacting mol-
ecules [30, 34]. They are known to increase the interactions
between biomolecules and to increase the contact between
two comiplementary strands, improving the probability of col-
lision between single-stranded DNA sequences, even without
increasing the temperature and the background signal. Form-
amide acts as denaturing agent, which causes the opening of
the secondary structure of the strands, and increases its contact
and the probability of reaction between fully complementary
strands. Discrimination with partially complementary se-
quences is also enhanced. It was also reported that SDS lowers
the surface tension of aqueous solutions and improves the
kinetics of nucleic acid interactions, and could reduce nonspe-
cific signal [35].

So, dexfran sulfate, formamide, and SDS were tested alone
and in selected binary combinations in 6% SSPE buffer to
investigate their effect on hybridization efficiency and then
on the analytical response. The results were compared with
those obtained in a bufter with lower ionic strength (2x SSPE)
and displayed in Fig. 4. The use of 0.1 % SDS or 25 % form-
amide in 6x SSPE bufter (Fig. 4(e)), increases the 58 ratio
with respect to the absence of both compounds (Fig. 4(a), (c),
and (d)). The combined action of both components further
increased the S/B ratio but the coefficients of variation (CV)
were very large (up to 36 % for blank), so their use was

12.0 S5/B=16.4

10.0

8.0

43 6.0 - 5/B=4.5

4.0 S/B=3.8
S/B=22 5/B=3.6 5/B=4 4

wER R

0.0 S : ﬂ : : ﬂ
@ ({® (& @ (& 0

Fig. 4 Variation of the analytical signal obtained in the absence (blank)
and in the presence of 10 nM of target and variation of the 5/B ratio as a
function of the composition of the hybridization bufter: (a) 6x SSPE; (b)
6x SSPE+10 % dextran + 25 % formamide; (¢) 6x SSPE + 0.1 % SDS;
() 6% SSPE + 25 % fonmamide; (e) 6x SSPE + 0.1 % SDS + 25 %
formamide and (f) 2x SSPE
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discarded. A dramatic increase in this ratio was obtained with
a mixture of dextran sultate and formamide (Fig. 4(b)) but the
reproducibility was also negatively affected (~24 % for
10 nM). The irteproducibility was confirmed when assaying
othet higher (20 nM) and lowet (5 nM) concentrations of
target (data not shown). It is possible that the homogenization
procedure was not as effective as expected. When the agglom-
erating agent is present, the buffer becomes much denser and
very difficult to homogenize. So, despite having a positive
effect on the hybridization reaction, as expected, it was decid-
ed to remove dexfran from the buffer solution. The best S/B
ratio with a reasonable reproducibility was obtained with 2x
SSPE buffer (Fig. 4(f)) that was selected as the hybridization
bufter.

Analytical characteristics

The analytical characteristics were evaluated in a range of
the target concentrations between 0.5 and 200 nM
(Fig. 5). The proposed genosensor exhibits a linear re-
sponse from 35 to 50 nM of DNA, [I (uA) = 0.072
(=0.008) + 0.1 (=0.1) [DNA] (nM); »=0.998]. The limit
of detection (LOD), calculated as three times the standard
deviation divided by the slope of the regression equation,
is estimated to be 1 nM (r=6). The CV was 21 and 4.3 %,
for 10 and 50 nM, respectively (n=3).

Selectivity af the device

The selectivity of the assay is greatly influenced by the sec-
ondary structure of the capture probe immobilized to the elec-
trode surface, so both the linear and the hairpin capture probes

15 } }
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< blank
= 10nM
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i 30 60
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Fig. 5 Relationship between the analytical signal and the target
concentration using HRP-Strp as enzymatic label. Experiences performed
under the optimized conditions (see text for details). Inset
chroncamperograms obtained at 0 'V for blank (dotted fine), 10 nM
(dashed line) and 50 nM (solid line)
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were challenged against related sequences that present
mismatches.

Since the target model sequence encodes the
immunodominant gliadin peptide from wheat, similar oligo-
nucleotides are also present in closely related cereals that trig-
ger celiac disease. The specific DNA sequences encoding bar-
ley and rye prolamins, previously described by Shan et al.
[17], and a fully noncomplementary target, were tested. These
sequences act as models of relative similar sequences that
could interfere on the genosensor assay due to the cross-
contamination of grains in origin or the frequent mixture of
cereals to prepare food.

From Fig. 6, it is apparent that the linear capture probe
gives rise to larger responses in terms of S/B than the
hairpin probe in all cases (8/B of 17.1 and 4.6, respective-
ly for wheat DNA). Although 5/8 values at 10 nM level
of each DNA sequence are clearly lower for rye and bar-
ley, only the structured capture probe shows true specific-
ity for the wheat DNA. This indicates a poor selectivity of
the linear probe. In fact, the current intensities obtained
for the related cereals with the hairpin probe were com-
parable to blank signals within the experimental error as
8/B ratios close to 1 indicate. The response to a fully
noncomplementary DNA sequence was negligible itre-
spective of the capture probe used.

The loss in sensitivity is a known consequence of using
hairpin-DNA probes. In the present case, the penalty paid
to overcome the energy barrier of the folded state of the
hairpin is tolerable. While the lower limit of the linear
range i1s 1 nM using the linear probe, 5 nM is achieved
with the haitpin one. This is cleatly compensated with the
gain in selectivity.

Stability of the device

Self-assembled monolayers act as a two-dimensional liquid,
and is influenced by numerous factors such as pre-cleaning of
the surface, the otientation, the possible nonspecific adsotp-
tion and density of surface packaging [36], some of which are

24.0
20.0
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“ -"v
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Wheat Barley Rye Fully
mismatched

Fig. 6 S/B for linear capture probe (black) and hairpin capture probe
(gray) for 10 nM of complementary and noncomplementary sequences

modified uncontrollably during storage of the sensor. A sta-
bility study of the sensing phase was also carried out. Modi-
fied electrodes prepared as described in the general protocol
with the capture probe and the diluent were stored in a refrig-
erator at 4 © C in a closed Petri dish and with a small amount of
watet, to control the humidity. The long-term stability of the
SAM-modified sensots was tested periodically by evaluating
the response for 10 nM target DNA, during 12 days, using
three elecfrodes each day. The S/B was gradually diminished,
e.g., from 100 to 74.1 % and 72.8 %, for the 1st, 3rd, and 11th
day, respectively, indicating relative instability of the sensing
phase, justified by the complexity of the self-assembled
monolayer. This is a well-known problem in genosensors
based on self-assembled monolayers attributed to the capture
probe displacement by MCH that leads to a rapid decrease in
hybridization efficiency [25, 37]. However, in the present
case, a slightly better stability was obtained, compared to the
reported 62 % of signal loss after 10 days using a similar
binary monolayer (1 mM MCH and 1 uM capture probe)
[37]. In contrast, a greatly improved S/B ratio when using
ternary layers (capture probe, MCH and a third di-thiol spacer)
for prolonged storage periods and slight decreasing of the
sensitivity was reported [37]. This behavior was attributed to
the limited MCH-induced displacement in the presence of the
third thiol reagent.

Conclusions

In this work, we propose an improved method to selectively
determine the presence of wheat DNA sequences, and dis-
criminate between other related sequences. The strategy
relied in the replacement of the linear capture probe by a
9-bp shared-stem hairpin capture probe. The genosensor
performance was carefully tuned by selecting the best con-
ditions. To approach the sensitivity of the linear probes with
a repetitive DNA target sequence, the hybridization step
was extended beyond the usual. The use of volume-
occupying compounds as well as denaturing agents signif-
icantly enhanced the hybridization but led to a non-
negligible irreproducibility, so their use was discarded. Un-
der the optimum conditions, the superior selectivity of the
designed hairpin capture probe was unambiguously dem-
onstrated by comparing the responses towards the gliadin-
encoding target and two phylogenetic related sequences.
The proposed genosensor exhibits slightly lower sensitivity
than that obtained with a linear probe but the specificity
gained is essential for the identification of the gluten source
requited in some legislations. This study also shows that
even the most complex target DN A sequences can be selec-
tively detected with electrochemical genosensors, if an ap-
propriated assessment of the genosensor design and the
variables is petformed.
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4.4 Genosensor parala deteccion de Tri a 18

Del analisis de secuencias de ADN se dedujo que el método que mas
sensible es el que amplifica la secuencia que codifica la a2-gliadina, secuencia
multicopia. Entre las secuencias que se encuentran en una sola copia, la mas
adecuada debido a su sensibilidad y selectividad es la que amplifica la
secuencia oligonucleotidica de ADN que codifica Tri a 18, esto es, una
aglutinina presente en los cereales toxicos.

Por este motivo se disefid un genosensor electroquimico enzimatico, con
un formato idéntico a los descritos anteriormente, para la deteccién de la
secuencia de ADN que codifica Tri a 18. La fase sensora se preparé mediante
la adicion de 15 pyL de 2 pM de sonda CP-Tri a 18 tiolada (Tabla 3) para su
inmovilizacion por quimisorcion sobre la superficie de electrodos de oro
serigrafiado (durante toda la noche), seguido del blogueo de los sitios de la
superficie no recubiertos por la sonda de captura con 10 uL de 0,5 mM de MCH
durante 30 min. Esta etapa proporciona ademas una reorganizaciéon de la CP.
El ensayo se realiz6 en varias etapas. En una primera etapa, donde ocurre la
hibridacidn homogénea, se ponen en contacto 1,25 yM de sonda marcada con
FITC, denominada SP-Tri a 18, con el analito (5 min en a 98 °C, 5 min en bafio
de hielo y 30 min a temperatura ambiente). El duplex formado se puso en
contacto con la CP inmovilizada sobre el electrodo (reaccion heterogénea de 2
h). Posteriormente se adicionaron 15 pL de 0,5 U/mL de enzima HRP-antiFITC
gue se dejaron reaccionar durante 30 min. Por ultimo, se realizé la deteccion
cronoamperométrica a -0.2 V tras la adicion de 40 pL de TMB que ha
reaccionado durante 1 min para dar lugar al producto electroactivo.

Tabla 3. Secuencias de las sondas y analito del genosensor Tri a 18.

Secuencias oligonucleotidicas 5> 3’

Analito Tri a 18 (trigo, 125 nt) CTG TTG TAG CAA GTG GGG ATC CTG TGG CAT
CGG CCC GGG CTA TTG CGG TGC AGG CTG CCA
GAG TGG CGG CTG CGA TGG TGT CTT CGC CGA
GGC CAT CAC CGC CAACTC CAC TCT TCT CCA AGA
AT

SP- Tria 18 (75 nt) TCG CAG CCG CCA CTC TGG CAG CCT GCA CCG
CAA TAG CCC GGG CCG ATG CCA CAG GAT cccC
CAC TTG CTA CAA CAG -FITC

CP- Tria 18 (50 nt) HS-(CHy)s- ATT CTT GGA GAA GAG TGG AGT TGG
CGG TGATGG CCT CGG CGA AGA CACCA

Partiendo de las condiciones ya optimizadas en el genosensor de
gliadina, se realizaron ensayos con el nuevo genosensor de Tri a 18. Las
intensidades de corriente registradas fueron muy altas, tanto en presencia
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como en ausencia de analito, lo que generaba una S/B muy baja, S/B~1
(Figura 12).

L 5/B=1.2
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S 80 - \

40 | S/B=20.6
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gliadina Tria 18

Figura 12. Comportamiento comparativo paralos genosensores de gliadinay Tri
a 18 (barra grises en presencia de 10 nM de analito, barras blancas en ausencia
de analito). Cada ensayo repetido por triplicado.

Para intentar minimizar la sefial del blanco, se probé a utilizar monocapas
ternarias, que generalmente originan un mayor bloqueo de las adsorciones
inespecificas (Campuzano et al. 2011; Kuralay et al. 2012), debido a la
disposicion que adopta el tercer componente, un ditiol, sobre la superficie del
electrodo (Figura 13). Se preparé el genosensor con una monocapa ternaria
compuesta por 1 uM de hexanoditiol (HDT), 2 uM CP-Tri a 18, y 1 mM de MCH,
pero se obtuvieron idénticos resultados.

CP
OH OH OH OH OH CH QH QH
HDT
MOHE ¢ f ¢ g L1 SR & I S
S S S S S S S

(A) (B)

Figura 13. Representacion esquemaética de las monocapas del genosensor: (A)
monocapa binaria con CP y MCH; (B) monocapa ternaria con CP, HDT y MCH.

Descartado el ineficiente blogueo electrédico, se pensd que la Unica
causa posible de estos resultados podria ser la interaccién de las sondas CP-
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Tri a 18 y SP-Tri a 18 entre si. Para verificar esta hipotesis se utilizd una
herramienta informatica disponible en la web, MFold Web Server (Zuker 2003)
para las sondas que componen tanto el genosensor de gliadina como el de Tri
a 18. Se obtuvo una energia de hibridacion, AG, de -6,5 kcal/mol y -15,8
kcal/mol (Figura 14) para la reaccion entre CP y SP, para gliadina y Tri a 18,
respectivamente. Estudios previos realizados por nuestro grupo, para
genosensores similares, han proporcionado buenos resultados para sondas CP
y SP, que interaccionan entre si con hasta una AG de -9,83 kcal/mol. Aunque la
diferencia entre estas energias libres de Gibbs no es muy grande, parece ser
suficiente para que la hibridacion entre las sondas CP-Tri a 18 y SP-Tri a 18
ocurra siempre que el blanco no esté presente, lo que impide el uso de estas
sondas tal y como estan disefiadas. Por lo tanto, parece que se puede
establecer un limite practico en el disefio de sondas en torno a AGhiprigacién cp-sp
= -10 kcal/mol, a partir del cual la estabilidad del hibrido CP-SP es
suficientemente alta para ser detectado mediante marcaje enzimatico y
deteccidén electroquimica. El disefio de un genosensor para la secuencia
especifica de Tri a 18 previamente seleccionada fue finalmente descartado.

R T i S e —Q—D—?—!‘[—D—(—L"—L"—(—)— —U—0 OO —O = —o—u—.-—q—cls—-z—-z—o—-z—

R 8 2

Figura 14. Estructura més estable de la hibridacion entre CP-Tri a 18 + SP-Tri a
18.

Bibliografia

Campuzano, S., Kuralay, F., Lobo-Castafién, M.J., Bartosik, M.,
Vyavahare, K., PaleCek, E., Haake, D.A., Wang, J., 2011. Ternary monolayers
as DNA recognition interfaces for direct and sensitive electrochemical detection
in untreated clinical samples. Biosensors and Bioelectronics 26(8), 3577-3583.

Kuralay, F., Campuzano, S., Wang, J., 2012. Greatly extended storage
stability of electrochemical DNA biosensors using ternary thiolated self-
assembled monolayers. Talanta 99, 155-160.

174






5 ANALISIS DE CURVAS
DE DISOCIACION DE
ALTA RESOLUCION
(HRM)

High resolution melting analysis as a new approach to
discriminate gluten-containing cereals






Métodos de DNA para la deteccion de gluten

ANALISIS DE CURVAS DE DISOCIACION DE ALTA
RESOLUCION (HRM)

La deteccion de secuencias de ADN que codifican tanto gliadina como
aglutinina (Tri a 18) es de gran utilidad para detectar gluten en alimentos, tanto
por PCR en tiempo real como con el genosensor de gliadina, que aporta un
nivel adicional de selectividad a los métodos de PCR ya descritos, ya que es
capaz de discriminar el origen del gluten. El genosensor permitio determinar
selectivamente secuencias de ADN de trigo respecto a secuencias homoélogas
de otros cereales toxicos para los celiacos.

Seria deseable, ademés el desarrollo de un método capaz de discriminar
entre todas las diferentes especies nocivas para los pacientes celiacos, esto
es, diferenciar si el alimento en cuestion contiene trigo, cebada, centeno o
avena. Esto requeriria la puesta a punto de genosensores especificos de
secuencias para cada uno de estos cereales y el analisis en paralelo de las
muestras con todos ellos, lo que resultaria relativamente caro y laborioso. Por
este motivo, se explord otra técnica: el analisis de curvas de disociacion de alta
resolucién, HRM analisis. Esta técnica es no destructiva, y relativamente rapida
para genotipado de secuencias de ADN similares sin necesidad de
secuenciacion. El andlisis HRM se basa en la monitorizacién de la disociacion o
deshibridacion del amplicon de PCR mediante la adicion de una molécula
intercalante fluorescente, cuando se la somete a un aumento gradual de la
temperatura (Wittwer 2009). La curva de disociacion es caracteristica de cada
secuencia, por lo que mediante el uso de un instrumento que permita el control
preciso de la temperatura y un fluor6foro adecuado, se pueden detectar
pequefias variaciones de la secuencia, que conducen a perfiles no distinguibles
en curvas de disociacion convencionales. Este tipo de andlisis permite la
identificacion del fragmento amplificado mediante la caracterizacion del perfil de
disociacion o fusion; la pureza de la muestra mediante la ausencia de
distorsiones de la masa disociada de control de la curva (y la ausencia de picos
de disociacion adicionales), y el rendimiento de la amplificacibn mediante la
intensidad de la sefal de fluorescencia (Vossen et al. 2009).

Este tipo de andlisis ya ha demostrado la alta capacidad de
discriminacion entre especies vegetales estrechamente relacionadas (Costa et
al. 2012). Sin embargo, a pesar de que es capaz de diferenciar entre
secuencias que varian s6lo unos pocos nucleétidos, no permite el analisis
cuantitativo de las muestras, por lo que constituye un complemento a otros
meétodos cuantitativos como los desarrollados previamente.
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ABSTRACT

Gluten-containing cereals (wheat, barley, rye) are responsible for
triggering allergic responses and celiac pathologies in predisposed individuals
as a result of an abnormal immunological reaction to them. As a consequence,
it is essential to have easy and reliable methodologies to verify the safety of
food products for these patients. Providing the close relationship and high
homologies among these cereals, their discrimination is difficult to achieve.
Here we developed a novel, simple, fast and highly specific approach based on
the high resolution melting (HRM) analysis to detect wheat and discriminate it
from other related cereals, such as barley, rye and oat through the comparison
of DNA melting profiles. The method consists of a real-time PCR assay
targeting the gene encoding for the Tri a 18 allergen, using the fluorescent
EvaGreen ® dye combined with HRM analysis. Results demonstrated that this
analysis can act as a cost effective tool for the efficient detection of cereals in
foods, discriminating their origin at trace levels.

Keywords

Real-time PCR, gluten-containing cereals, wheat, celiac disease, wheat allergy,
agglutinin isolectin.
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INTRODUCTION

Food allergy is defined as an adverse immunological response in
sensitised individuals that occurs reproducibly upon exposure to a given food(s)
(Boyce et al., 2010). Among foods classified as allergenic, wheat and other
gluten-containing cereals are part of one of the eight groups responsible for
triggering almost 90% of the reported food allergic reactions. Allergies related to
the consumption of wheat (or other gluten-containing cereals) are mainly
classified as IgE-mediated (baker’'s asthma and wheat-dependent exercise-
induced anaphylaxis) or as non-IgE mediated (celiac disease), depending on
the activation mechanism (Tatham & Shewry, 2008). In IgE-mediated allergy,
wheat allergens are the main cause for most of clinical symptoms, while in
celiac disease the immunological inflammatory response is triggered by the
gluten fraction (glutenins and gliadins) that is common to several cereals:
wheat, rye, barley, kamut, spelt, and, in some cases, oat (Denham & Hill, 2013;
Haraszi, Chassaigne, Maquet, & Ulberth, 2011; Tatham & Shewry, 2008).

To protect the health of patients with celiac disease or wheat allergy, the
avoidance of gluten-containing cereals is required. However, their total
elimination from most diets is extremely difficult. In the specific case of celiac
disease, the concept of “gluten-free”, referring to a level of gluten that is
harmless when ingested indefinitely, is currently widely accepted (Hischenhuber
et al., 2006). Presently, food products containing a maximum of 20 mg/kg of
gluten are labelled as “gluten-free” (Regulation (EU) No. 41/2009), being this
limit considered as a safe threshold level for most celiac individuals.
Nevertheless, the definition of an upper safe limit is still not universally accepted
in food allergy since the sensitivity of celiac/wheat-allergic patients to gluten
varies on an individual basis (Hischenhuber et al., 2006). Therefore, the
referred threshold level (20 mg/kg of gluten) represents a reference value for
both celiac and wheat-allergic individuals, contributing to a better management
of their personal allergies.

In spite of the recent legislation that establishes limits of 20 mg/kg or 100
mg/kg, respectively for “gluten-free” or “very low gluten” products, no specific
analytical methodology has yet been recommended for gluten monitoring. Due
to the high stability of DNA molecules, methods relying on them have attained
an increasing role in food safety control. In the specific case of allergen
analysis, DNA-based techniques have been pointed out as highly reliable,
sensitive and specific tools for the detection, identification and quantification of
gluten-containing cereals in foods. Presently, methods based on polymerase
chain reaction (PCR) are widely used for gluten analysis, being available either
commercially (e.g. SureFood® Allergen Quant Gluten, R-Biopharm AG,
Darmstadt, Germany) or reported in the literature (Martin-Fernandez, Miranda-
Ordieres, Lobo-Castanon, Frutos-Cabanillas, de-los-Santos-Alvarez, & Lopez-
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Ruiz, 2014; Martin-Fernandez, Costa, Oliveira, Lopez-Ruiz, & Mafra, 2015;
Mujico, Lombardia, Mena, Méndez, & Albar, 2011; Pinto, Polo, Henry,
Redondo, Svodova, & O’Sullivan, 2014).

With the recent advances on high resolution instrumentation and with the
development of specialised and more efficient fluorescent DNA-binding dyes,
the novel approach of high-resolution melting (HRM) analysis has been recently
applied to food analysis. HRM measures the rate of dissociation of double
stranded DNA to single stranded DNA through small increments of temperature
(0.01-0.2 °C/s) (Druml & Cichna-Markl, 2014; Reed, Kent, & Wittwer, 2007),
generating DNA melt curve profiles that are both specific and sensitive to
distinguish nucleic acid species based on minor nucleic acid differences. In
theory, a single substitution of a nucleotide (e.g. adenine by guanine) is
sufficient to discriminate two fragments of similar size and composition (Reed et
al., 2007). With respect to food analysis, HRM has been applied for the
identification/differentiation of varieties and closely related species, genotyping
and serotyping of pathogenic microorganisms, screening of genetically modified
organisms and detection of food allergens (see review of Druml & Cichna-Markl,
2014). Reports in the literature describe the successful discrimination of almond
allergens from other related species namely peach, nectarine and apricot
(Costa, Mafra, & Oliveira, 2012a) and of hazelnut from other nuts (Madesis,
Ganopoulos, Bosmali, & Tsaftaris, 2013) by HRM analysis. Following the
referred achievements, this work intends to propose, to the best of our
knowledge, a first attempt of using HRM analysis to differentiate and detect
gluten-containing cereals targeting the gene encoding for the germ agglutinin
isolectin A (Tri a 18) allergen.

MATERIALS AND METHODS

Sample preparation

Flours of different plants from the Poaceae family (wheat, rye, barley, oat,
maize, soybean and rice) were obtained at local markets. In the absence of
certified or testing reference standards for wheat, binary model mixtures
containing: 1 mg/kg, 5 mg/kg, 10 mg/kg, 20 mg/kg, 50 mg/kg, 100 mg/kg, 500
mg/kg, 1,000 mg/kg and 5,000 mg/kg, 10,000 mg/kg, 50,000 mg/kg, 100,000
mg/kg and 500,000 mg/kg of wheat flour in soybean material were prepared.
The first sample containing 500,000 mg/kg (50%) of wheat was prepared by
adding 50 g of wheat flour to 50 g of soybean flour. All the other model mixtures
were prepared by successive additions of soybean flour until the spiked level of
1 mg/kg (0.0001%) in the equivalent proportion to a final weight of 100 g in a
non-target plant matrix (soybean flour). All the mixtures were thoroughly
homogenised separately in a laboratory knife mill Grindomix GM200 (Retsch,
Haan, Germany), using different containers and material, previously treated with
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a DNA decontamination solution (DNA-ExitusPlus™, AppliChem, Darmstadt,
Germany). To avoid accidental cross-contaminations among samples, cereals
and reference mixtures were prepared on different days. After preparation, all
samples and reference mixtures were immediately stored at -20°C until further
DNA extraction.

DNA extraction

DNA was extracted from 100 mg of each sample or model mixture using
the commercial Nucleospin Food kit (Macherey-Nagel, Diren, Germany),
according to the manufacturer's instructions with minor alterations, as previously
described (Costa, Mafra, Kuchta, & Oliveira, 2012b). A negative control sample
was included in every DNA extraction. Yield and purity of extracts were
assessed by agarose gel electrophoresis and 