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SUMMARY

Lactic acid bacteria (LAB) are widely consumed along with fermented foods and
beverages because of their use as starter cultures in fermentation processes for
millenia. Furthermore, they are also known for their role as protective cultures or
as probiotics. The application of LAB as probiotics has been prompted by their
beneficial properties on general health of the consumers and their “QPS” (Qualified
Presumption of Safety) status based on a long history of safe use. Recently, several
studies revealed that fermented foods have been considered as potential vehicles
of antibiotic resistance genes. Gene exchanges may enhance survival of LAB and
pathogens and thus represent an important risk within the gastrointestinal tract
for spread to other bacteria. The overuse or misuse of antimicrobial agents in
human, veterinary, domestic and as disinfectants in food industry has resulted in
an important public health risk. For this, the European Scientific Committee on
Animal Nutrition (SCAN) and the European Food Safety Authority (EFSA)
recommended that LAB strains consumed on a daily basis worldwide should lack
acquired or transferable antimicrobial resistance genes prior to considering them
safe for human and animal consumption and that any probiotic strain should have
QPS status. In order to investigate the susceptibility patterns and possible
mechanisms determining resistance to several antibiotics in LAB isolated from
Alorefia green table olives, the antimicrobial resistance of Lactobacillus pentosus
(n=59) and Leuconostoc pseudomesenteroides (n=13) was evaluated. The results
obtained showed that most Lb. pentosus (95%) and all Lc. pseudomesenteroides
were resistant to at least three antibiotics. Principal component analysis
determined that the prevalence of antibiotic resistance in LAB throughout the
fermentation process was highly dependent on the fermenter where the
fermentation took place. On the other hand, all Lb. pentosus and Lc.
pseudomesenteroides strains were highly sensitive to amoxicillin and ampicillin
(MIC = 2 pg/ml), and also to chloramphenicol (MIC < 4 pg/ml), gentamicin and
erythromycin (MIC < 16 pg/ml). However, they were phenotypically resistant to
streptomycin (83-100%, MIC > 256 pg/ml), vancomycin and teicoplanin (70-
100%, MIC > 128 pg/ml), trimethoprim (76% of Lb. pentosus and 15% of Lc.
pseudomesenteroides, MIC > 128 pg/ml), trimethoprim/sulfomethoxazol (71-
100%, MIC > 4-64 pg/ml) and cefuroxime (44% of Lb. pentosus and 85% of Lc.

pseudomesenteroides, MIC > 32-128 pg/ml). Lactobacillus pentosus was susceptible
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to tetracycline and clindamycin, while 46% of Lc. pseudomesenteroides strains
were resistant to these antibiotics. Only Lb. pentosus strains were resistant to
ciprofloxacin (70%, MIC N 4-64 pg/ml), although no mutations in the quinolone
resistance determining regions of the genes encoding GyrA and ParC were found,
thus indicating an intrinsic resistance. Similarly, no genes encoding possible
transferable resistance determinants for the observed phenotypic resistance were
detected by PCR. In some cases, a bimodal distribution of MICs was observed for
some antibiotics to which both LAB species exhibited resistance. Nevertheless,
such resistances resulted from an intrinsic mechanism, non-transferable or non-
acquired resistance determinants which may in part be due to chromosomally
encoded efflux pumps (NorA, MepA and MdeA). Results of the present study
demonstrate that all Lb. pentosus and Lc. pseudomesenteroides strains lack
transferable resistance-related genes (cat, bla, blaZ, ermA, ermB, ermC, msrA/B,
ered, ereB, mphA, mefA, tet(M), tet(0), tet(S), tet(W), tet(L), tet(K), aad(E), aac(6’)-
le-aph(2’)-1a, aph(2')-Ib, aph(2’)-Ic, aph(2’)-1d, aph(3’)-1lla, ant(4’)-1a, dfrA, dfrD,
vand, vanB, vanC and vanE) and should therefore, according to Qualified
Presumption of Safety criteria, be considered safe for future application as starter
cultures or as probiotics. On the other hand, biocide susceptibility of LAB was
studied and the results obtained revealed that most of them were sensitive to the
biocides tested in this study and only 2-15% of the isolates were found to be
biocide resistant: Lc. Pseudomesenteroides resistant to hexachlorophene and Lb.
pentosus to cetrimide and hexadecylpiridinium.

With the aim to understand and explain the increased resistance of LAB under
changing environmental conditions, their phenotypic and genotypic responses to
different physico-chemical stressors, including antimicrobials was investigated.
Similar phenotypic responses of LAB were obtained under three stress conditions:
antimicrobials, chemicals and UV light. Thus, susceptibility patterns to antibiotics
changed: increasing MICs for ampicillin, chloramphenicol, -ciprofloxacin,
teicoplanin and tetracycline, and decreasing MICs for clindamycin, erythromycin,
streptomycin and trimethoprim in most strains. Statistically, cross resistance
between different antibiotics was detected in all stress conditions. However,
expression profiles of selected genes involved in stress/resistance response (rpsL,

recA, uvrB and srtA) differed depending on the stress parameter, LAB species and



SUMMARY

strain, and the target gene. We conclude that, despite the uniform phenotypic
response to stresses, the repertoire of induced and repressed genes differs.

In this sense, to understand the resistance mechanisms in a probiotic Lb.
pentosus under challenging environmental conditions and to discern their utility in
fermentative food preparations versus clinical and agricultural risk, proteomic
analysis was carried out. Lactobacillus pentosus MP-10 exposed to sub-lethal
concentrations of antibiotics (amoxicillin, chloramphenicol and tetracycline) and
biocides (benzalkonium chloride and triclosan) exhibited differential expression of
several genes depending on antimicrobial exposure, such as the up-regulation of
protein synthesis, and the down-regulation of carbohydrate metabolism and
energy production. The antimicrobials appeared to have altered Lb. pentosus MP-
physiology to achieve a gain of cellular energy for survival. For example, biocide-
adapted Lb. pentosus MP-10 exhibited a down-regulated phosphocarrier protein
HPr and an unexpressed oxidoreductase. However, protein synthesis was over-
expressed in antibiotic- and biocide-adapted cells (ribosomal proteins and
glutamyl-tRNA synthetase), possibly to compensate for damaged proteins targeted
by antimicrobials. Furthermore, stress proteins, such as NADH peroxidase (Npx)
and a small heat shock protein, were only overexpressed in antibiotic-adapted Lb.
pentosus MP-10. Results showed that adaptation to sub-lethal concentrations of
antimicrobials could be a good way to achieve desirable robustness of the
probiotic Lb. pentosus MP-10 to various environmental and gastrointestinal
conditions (e.g., acid and bile stresses).

On the other hand, an advanced strategy to approach safety investigations
regarding antibiotic resistances in lactobacilli is to explore genome sequences, i.e.
an in silico analysis for antibiotic resistance genes. However, the low number of
available genome sequences up to date may limit an in-depth understanding of the
origin of observed phenotypic resistances, which are either induced or uninduced
by the presence of antimicrobials. Some observations about the most important
genomic insights that regard antibiotics such as chloramphenicol and
glycopeptides in lactobacilli isolated from fermented foods are discussed in this
study. In silico screening of vanZ (glycopeptide resistance) and cat
(chloramphenicol resistance)-like sequences in Lactobacillus species isolated from

fermented foods revealed for the first time the occurrence of vanZ and cat genes in
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Lactobacillus species being highly conserved genes in the chromosome of each
species, presumably non-transferable. Further studies involving genome
sequences of Lactobacillus isolated from fermented foods, especially those relying
on spontaneous fermentation, is crucial to increase knowledge on the potential
presence and spread of antibiotic resistance genes via the food route. For this, we
analyzed the genome sequence odf a potential probiotic Lb. pentosus MP-10
siolated from Alorefia Green table olives regarding its safety aspects (antibiotic
resistance and virulence). The genome sequence of Lb. pentosus MP-10 is
considered the largest genome among lactobacilli up to date highlighting its
ecological flexibility and adaptability. Our data shed new light on the presence of
two new genes belonging to Subtype I-E CRISPR system besides other nine genes
of two CRISPR clusters (Type I and Type II) considered as immune system against
foreign genetic elements which is of great importance in its probiotic and also
starter culture application. In silico analysis of antibiotic resistance showed the
absence of acquired antibiotic resistance genes and that most of the resistance
genes were antibiotic efflux genes or resulted from mutation of chromosomal
genes. On the other hand, no virulence determinants were found in Lb. pentosus
MP-10 genome. Thus, we can suggest that Lb. pentosus MP-10 could be considered
as safe, although additional analysis of its functionality and probiotic-linked

mechanisms should be carried out.
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1. Los probidticos
1.1. Definicion e historia de los probidticos

La palabra "probidtico" tiene su origen del latin (pro "a favor de") y del griego
(biotikos "vida") y significa "para la vida" (Gomes et al, 1999), este término fue
acufiado por primera vez en 1960 para referirse a suplementos alimenticios
promotores del crecimiento en animales (Fuller, 1991). La primera alusion a ellos
la realizé el premio Nobel Elie Metchnikoff en 1907 en un libro publicado
“Prolongation of Life” (Metchnikoff, 1907). Esta publicaciéon ejerci6 una gran
influencia en la comunidad cientifica ya que Metchnikoff postulaba que las
bacterias que intervenian en la fermentacion del yogur contribuian al
mantenimiento de la salud mediante la supresion de las “fermentaciones de tipo
putrefactivo” de la microbiota intestinal y que ésta era la causa de la longevidad de
los campesinos bulgaros, grandes consumidores del yogur. Por entonces, el
pediatra francés Henry Tissier observd que los nifios con diarrea tenian en sus
heces un escaso numero de bacterias caracterizadas por una morfologia peculiar
en forma de Y. Estas bacterias “bifidas” eran, por el contrario, abundantes en los
nifios sanos (Tissier, 1906). Este ultimo sugirié la posibilidad de administrar estas
bacterias a pacientes con diarrea para facilitar el restablecimiento de una
microbiota intestinal sana. En 1917, antes del descubrimiento de Alexander
Fleming de la penicilina, el profesor aleman Alfred Nissle aisl6 una cepa no
patégena de Escherichia coli de las heces de un soldado de la Primera Guerra
Mundial que no habia desarrollado enterocolitis durante un brote grave de
shigellosis. Los trastornos del tracto intestinal frecuentemente eran tratados con
bacterias no patdgenas viables, para cambiar o reemplazar la microbiota intestinal.
La cepa no patogena de Escherichia coli de Nissle (1917) es uno de los ejemplos de
probioticos no pertenecientes a las bacterias acido lacticas "BAL" (Nissle, 1916,
1918; Kruis et al.,, 2004).

En los ultimos veinte afios, la definicién de los probioticos ha recibido varias
revisiones para dar lugar a la definicion mas aceptada por la Organizacion de
Alimentos y Agricultura de las Naciones Unidas (FAO) y la Organizacion Mundial
de la Salud (WHO) en el afio 2002 como “suplementos alimenticios microbianos

vivos que al ser administrados en cantidades adecuadas benefician al animal



INTRODUCCION

huésped” (FAO/WHO, 2002). Ello hace que durante mucho tiempo todos los
alimentos fermentados tradicionales se consideraban probiéticos. Sin embargo,
segin la Asociacién Cientifica Internacional de Probiéticos y Prebidticos (The
International Scientific Association for Probiotics and Prebiotics, ISAPP) dichos
alimentos solo se pueden describir como “alimentos que contienen microbiota viva
y activa” ya que se desconoce la diversidad microbiana de estos alimentos y los
beneficios que ejercen dichos microorganismos sobre la salud del huésped (Hill et
al, 2014). En este sentido, la Unica excepcion es el yogur tradicional que contiene
una microbiota definida (Streptococcus salivarius subsp. thermophilus y
Lactobacillus delbrueckii subsp. bulgaricus) (FAO/WHO, 2002) y sus beneficios han
sido reconocidos en cuanto a la mejora de la digestibilidad de la lactosa en los
individuos intolerantes (EFSA, 2010). Asi, el término probidtico solo hace
referencia a microbios vivos con efectos beneficiosos sobre la salud (Reid et al,
2003), aunque las preparaciones de células muertas y componentes celulares
pueden también ejercer efectos fisiologicos positivos (Adams, 2010; Lau, 2014), asi
se habla mas bien de “Postbidticos” como han sugerido recientemente Tsilingiri y
Rescigno (2013). En este sentido, se han producido importantes avances en el
campo de la nutricion, dando lugar a los "alimentos funcionales”. Un alimento
funcional es “Aquel capaz de producir efectos beneficiosos mas alla de los efectos
nutricionales habituales en un sentido relevante para el estudio del bienestar y
salud o reduccion del riesgo de enfermedad" segin la conferencia consenso
celebrada en Madrid en 1998 de la CEE y FUFOSE del International Life Science
Institute Europe (Martin et al, 2008). Los probiodticos constituyen uno de los
subgrupos mas importantes de los alimentos funcionales (Schrezenenmeir et al,
2001). En un alimento funcional, la accién de los probidticos se complementa con
los prebioticos definidos como “ingredientes selectivos que al ser fermentados
producen cambios especificos en la composicion y/o la actividad de la microbiota
gastrointestinal y asi confiere beneficios para la salud del huésped” (Blatchford et
al, 2014), y dicha mezcla de probioticos y prebioticos se denomina “Simbioéticos”.
Las principales bacterias probioéticas incluyen las BAL representadas por los
géneros Lactobacillus y Bifidobacterium, ambas comensales del tracto

gastrointestinal humano y tradicionalmente utilizadas en la fermentacién de
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alimentos (Sanz et al., 2003), pero también las propionibacterias (varias especies
del género Propionibacterium), bacterias formadoras de esporas (Bacillus cereus, B.
subtilis, B. licheniformis, B. coagulans, B. clausii, B. polyfermenticus, B. megaterium.,
Paenibacilluspolymyxa), bacterias Gram-negativas no patogenas (Escherichia coli),
levaduras (Saccharomyces cerevisiae, S. boulardii, Debaryomyces hansenii, Phaffia
rhodozyma) y hongos (Aspergillus).

Rare
Strain-specific effects

= Neurological effects

= Immunological effects

= Endocrinological effects

= Production of specific bioactives

Frequent
Species-level effects
= Vitamin synthesis = Bile salt metabolism
= Direct antagonism = Enzymatic activity

= Gut barrier reinforcement = Neutralization of carcinogens

Widespread
Among studied probiotics

= Colonization resistance = Normalization of perturbed microbiota
= Acid and SCFA production = [ncreased turnover of enterocytes
= Regulation of intestinal transit = Competitive exclusion of pathogens

Figura 1. Posible distribuciéon de los efectos ejercidos por las diferentes cepas de
probioticos (Hill et al., 2014).

Las bases tedricas que clasifican a una bacteria como probidtico incluyen su
seguridad (carencia de genes de virulencia y de resistencia transferibles), su
funcionalidad (supervivencia, adherencia a las células intestinales humanas,
persistencia en el tracto intestinal humano, colonizaciéon del tracto digestivo,
producciéon de antimicrobianos, estimulacién del sistema inmune, actividad
antigenotoxica y prevencion ante patdogenos y sus aspectos tecnolégicos
(propiedades sensoriales, estabilidad ante acidos y bilis, genes de resistencia a
fagos y viabilidad). Sin embargo, algunos de estos mecanismos son ampliamente
distribuidos en los géneros probidticos comunes, otros son frecuentemente
encontrados en muchas cepas de las especies probidticas y algunos son raros y
solamente observados en muy pocas cepas (Figura 1) (Hill et al,, 2014). Ademas, la
mayoria de los probidticos son de origen humano, sin embargo en los ultimos afios

se han aislado probidticos de diferentes fuentes (Saarela et al, 2000). Los
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probiodticos tienen numerosos efectos beneficiosos para la salud actuando a nivel
del sistema inmune, el sistema endocrino y el sistema nervioso. Ademas de los
efectos beneficiosos conocidos, hoy en dia existen hipotesis sobre otras actividades
beneficiosas que pudiesen llevar a cabo por estos microorganismos como la
reduccion de la exposicidn a carcindgenos y el control del colesterol sanguineo (ya
que al aumentar la actividad de las hidrolasas de las sales biliares que se unen al
colesterol, ayudan a su eliminacion) (Ferrer et al, 2001), triacilglicéridos e
hiperlipidemia (Parvez et al, 2006; Schrezenmeir y Vrese, 2001), longevidad
(Matsumoto y Kurihara, 2011; Grompone et al, 2012; Zhao et al, 2013),
tratamiento de infecciones vaginales (Homayouni et al, 2014), reducciéon de la
toxicidad por metales pesados (Bisanz et al, 2014), obesidad (Van Baarlen et al,
2011; Drissi et al, 2014), reduccién de los dafios de la radiacién (Ciorba et al,
2012), alivio de los sintomas de la enfermedad celiaca (Sarno et al, 2014) y los
dafios fisico-quimicos del estrés (Da Silva et al, 2014). Muchos de los efectos
probioticos son mediados a través de la respuesta inmune, particularmente a
través del control del balance de citoquinas pro-inflamatorias y anti-inflamatorias.

En poco tiempo el uso de los probioticos se ha incrementado pasando del uso de
una sola especie en un principio (Lb. acidophilus) al uso de un gran numero de
especies. Actualmente existen preparados comerciales de probidticos que incluyen
especies de Bacillus, levaduras (Saccharomyces cerevisiae), hongos filamentosos
(Aspergillus oryzae), Lb. acidophilus, B. longum, B. infantis, principalmente (Parvez
et al., 2006). Estos productos son recomendados por nutricionistas y médicos.
También, se ha investigado la adicién de cepas no patogenas de E. coli con efectos

probioticos para competir con las cepas patogenas (Amores et al., 2004).

1.2. Las bacterias del acido lactico como probiéticos
1.2.1. Generalidades de las bacterias del acido lactico

Las bacterias del acido lactico (BAL) son microorganismos procariotas Gram-
positivos, heter6trofos y quimioorganotrofos. Son en general inmoviles, no
esporuladas (Korhonen, 2010), anaerobias aunque aerotolerantes (microaeréfilas)
y mesofilas. Carecen de numerosas actividades enzimaticas como catalasa (no

obstante, algunas cepas poseen una pseudo-catalasa), nitrato-reductasa y

10



INTRODUCCION

citocromo-oxidasa, no producen indol ni sulfhidrico y solamente algunas especies
hidrolizan la caseina. Las BAL pertenecen al filo Firmicutes con bajo contenido G+C
en su ADN (< 55%), clase Bacilli, orden Lactobacillales con 6 familias
(Aerococcaceae, Carnobacteriaceae, Enterococcaceae, Lactobacillaceae,
Leuconostoccaceae y Streptococcaceae) y 40 géneros que presentan morfologias
diversas (cabe destacar Aerococcus, Carnobacterium, Enterococcus, Vagococcus,
Oenococcus, Lactobacillus, Leuconostoc, Pediococcus Streptococus, Weissella y
Bifidobacterium entre otros) (Holzapfel y Wood, 2014). El grupo de las BAL se
caracteriza por su gran diversidad fisiolégica y genotipica lo cual ha permitido a lo
largo de la historia la ocupacion de diferentes nichos ecoldgicos (medio ambiente,
alimentos, tracto gastrointestinal, tracto urogenital humano) e incluso ambientes
extremos con altas temperaturas (alrededor de 502C), bajas temperaturas (0-22C),
altas concentraciones de sales (hasta el 25% de NaCl), bajos pHs (alrededor de 3.9)
o concentraciones fisioldgicas de sales biliares (Holzapfel y Wood, 2014).

Estos microorganismos presentan exigencias nutricionales complejas en cuanto
a los aminoacidos, péptidos, sales, acidos grasos y azucares (Tannock, 2004).
Puesto que son acidogénicas por excelencia, su crecimiento mejora
considerablemente en presencia de un sistema tampén que neutralice la gran
cantidad de acido que producen (Dellagio et al, 1994). Ademas toleran altas
concentraciones de sales, acidos y alcalis (Axelsson, 2004).

Las BAL carecen de citocromos y de cadena de transporte electronico, por tanto
no tienen un ciclo de Krebs funcional (Batt, 2000). De hecho, estas bacterias solo
pueden llevar a cabo un metabolismo fermentativo produciendo acido lactico de
forma exclusiva (bacterias homofermentativas estrictas), o bien el acido lactico y el
acido acético o una mezcla de ambos acidos, etanol y diéxido de carbono
dependiendo de los géneros o incluso de las diferentes especies de un mismo
género (bacterias heterofermentativas facultativas o heterofermentativas
estrictas). La produccion de acidos organicos por las BAL ocasiona siempre una
disminucién del pH, lo que inhibe el crecimiento de bacterias esporuladas y de
otros microorganismos patégenos (Bhatia et al, 1989). Ademas ciertas bacterias
lacticas pueden producir antagonistas especificos como antibioticos y

bacteriocinas (Chassy, 1987; Cleveland et al, 2001; Nes et al, 2001). Existen
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numerosas bacteriocinas producidas por las BAL, capaces de inhibir el crecimiento
de microorganismos alterantes de alimentos o de microorganismos patogenos
como Staphylococcus spp. o Listeria spp. (Stiles, 1996).

Las BAL homofermentativas estan representadas por los géneros Lactococcus,
Pediococcus, Enterococcus y muchas especies del género Lactobacillus, mientras
que Leuconostoc y ciertas especies del género Lactobacillus pertenecen a las
heterofermentativas. No obstante, en funcion de la disponibilidad del oxigeno y la
glucosa, una cepa homofermentativa puede comportarse como heterofermentativa
(Rhee y Pack, 1980; Murphy et al., 1985; Borch et al., 1991).

Las BAL poseen propiedades fisioldgicas caracteristicas que el ser humano ha
usado en beneficio propio para la fermentacion de alimentos. Cabe destacar la
resistencia a distintos tipos de bacteriofagos, la actividad proteolitica (importante
en la maduracion del queso), la utilizacidn del citrato (responsable del aroma de
los productos fermentados frescos), la produccidn de polisacaridos (implicados en
la textura de la crema y de la leche fermentada), la produccién de sustancias
inhibidoras de gérmenes nocivos (con acciéon preventiva de intoxicaciones y
toxiinfecciones alimentarias), la adhesion a las mucosas digestivas (que protegen
de las agresiones microbianas), y finalmente la alta resistencia a la congelacién y a
la liofilizacion (propiedades importantes para la conservacion de cepas y

fermentos industriales) (Axelson, 1998; Vedamuthu, 2013a; Clark et al., 2014).

El género Lactobacillus

El género Lactobacillus se caracteriza por su gran diversidad y su compleja
filogenia (Schleifer y Ludwig, 1995) lo cual se refleja en el mayor nimero de
especies en relacion con todos los géneros que constituyen las BAL (Axelsson et al.,
2004). Este género incluye 212 especies descritas en la lista de nombres de
procariotas “List of Prokaryotic names with Standing in Nomenclature “LPSN””

(www.bacterio.net) que ha sido publicada en enero de 2015 (Abriouel et al., 2015).

Suelen poseer una bajo contenido de "G+C" en el genoma, aunque existen algunas
excepciones, como en el caso de Lb. mali (32%) o Lb. nasuensis (59.2%) (Hammes

etal,1992; Caietal, 2012).
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Es posible dividir los lactobacilos en homofermentativos obligados,
heterofermentativos facultativos y heterofermentativos obligados (Tannock, 2004;
Klaenhammer y de Vos, 2011; Por et al,, 1994; Hammes y Vogel, 1995) aunque se
ha comprobado que en muchos casos, el producto final depende de las condiciones
de cultivo o de la presencia de patdgenos. El producto final de su metabolismo, es
principalmente el acido lactico (C3He03), aunque en el caso de aquellos lactobacilos
heterofermentativos ira acompafiado de otros compuestos como el acetato, etanol,
CO-, formato o el succinato.

Los lactobacilos son ubicuos en el medio ambiente y en los materiales crudos
usados en la produccidon de alimentos, y de ahi su papel en la produccion de
alimentos fermentados ha sido establecido durante milenios (revisado por Tamang
y Kailasapathy, 2010). Varias especies del género Lactobacillus son relevantes en
los productos fermentados ya que han sido usadas como cultivos iniciadores y/o
protectores de alimentos fermentados vegetales, productos lacteos, salchichas y
productos de pescado (Franz et al, 2011; Garrigues, Johansen y Crittenden, 2013;
Giraffa et al, 2010; Hansen, 2002; Heller, 2001; Holzapfel, 2002; Leroy y DeVuyst,
1999). El estatus GRAS (Generally Recognized As Safe o generalmente reconocidas
como seguras) de los lactobacilos ademas de sus actividades catabdlicas diversas
ha hecho que su uso sea ampliamente extendido a una variedad de alimentos
fermentados. Ademas muchas cepas han sido reconocidas como probioéticas (Hill et
al, 2014), sin embargo no todos los lactobacilos se pueden considerar como
probioticos ya que dicha propiedad depende exclusivamente de la cepa en
cuestion. Desafortunadamente, a pesar de las multitudes de investigaciones
llevadas a cabo para determinar los genes, proteinas u otros componentes
celulares responsables de la actividad probiotica, pocos resultados han sido
obtenidos en el género Lactobacillus. Por lo tanto, la secuenciacion del genoma
completo de Lactobacillus sp. (mas de 100 genomas disponibles en la base de datos

NCBI: www.ncbi.nlm.nih.gov) y la genémica comparativa permitira detectar los

factores responsables de su actividad probidtica y desvelar aspectos interesantes

relacionados con su fisiologia, metabolismo y filogenia.
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1.2.2. Potencial probiético de las bacterias del acido lactico
1.2.2.1. BAL probidticos de origen animal

El principal papel del tracto intestinal es la ingesta y absorciéon de nutrientes
para suplir los requerimientos metabolicos. Un papel importante en este proceso
lo lleva a cabo la microbiota intestinal, donde conviven entre 1013 y 1014 UFC/g de
400 especies diferentes (Hao y Lee, 2004). La comunidad bacteriana en el colon y
el intestino delgado (Frank et al., 2007) se caracteriza por la predominancia del filo
Firmicutes, y en cierto modo de la clase Bacilli a la cual pertenece el género
Lactobacillus. En 1921, Rettger y colaboradores describieron que Lb. acidophilus
puede sobrevivir en el intestino humano. A partir de entonces se han publicado
numerosos estudios con distintos probioticos de origen intestinal.

La microbiota de nuestro tracto gastrointestinal varia mucho de un individuo a
otro de la misma especie (Ley et al,, 2006), dependiendo del tipo de dieta y del
consumo de alimentos funcionales (prebidticos y probidticos). Ademas, la
composicion bacteriana intestinal influye en la presencia o no de enfermedades
(Carrol et al, 2009) tales como la obesidad (Ley et al, 2005), enfermedades
cardiacas (Fava et al, 2006), diabetes (Wen et al, 2008) y enfermedades
intestinales (Frank., 2007).

El tubo digestivo de un bebe recién nacido es un medio estéril (Escalante, 2001).
El primer contacto con la microbiota se produce en el canal vaginal (cuando se
produce un parto natural) y la microbiota fecal materna que se ingiere
habitualmente durante el parto (Martin et al, 2008). Gran parte de estos
microorganismos mueren al llegar al estbmago, debido a su pH acido, no obstante
una pequeia proporcion de ellos consiguen alcanzar el intestino, que posee una
atmosfera aerobia en el recién nacido, donde se establecen bacterias aerobias
como Escherichia coli y Enterococcus spp. Conforme el recién nacido es alimentado,
la proporcién de oxigeno presente en el intestino disminuye y organismos
anaerobios (o anaerobios facultativos) comienzan a colonizar y a desplazar a la
antigua microbiota intestinal del neonato, entre ellas destacan Lactobacillus spp. y
Bifidobacterium spp. (Amores et al., 2004). Una vez finaliza el periodo de lactancia,
la microbiota del nifio cambia progresivamente, pareciéndose paulatinamente a la

composicion bacteriana del adulto y apareciendo microorganismos del género
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Bacteroides spp. y otros anaerobios estrictos (Amores et al., 2004), principalmente
la especificada en la Figura 2. La mayor parte de la concentracion de esta
microbiota se encuentra en el intestino grueso, concretamente en el colon (Wilson,

2005).
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Figura 2. Principales géneros y concentracidon aproximada (UFC/g) de bacterias
encontradas en los diferentes ambientes del tracto digestivo (Delgado, 2013).

No obstante, esta microbiota es diferente incluso entre individuos de la misma
especie (genes, alimentacion, medio ambiente, tratamiento con antibidticos, estrés,
etc). Por lo tanto, al consumir alimentos funcionales se restablece el equilibrio
microbiano y se favorece la prevencion de enfermedades (Amores et al, 2004). Las
bacterias comensales intestinales influyen en la regulaciéon inmunofisiolégica del
tracto gastrointestinal, que depende de la microbiota endégena que posea el
individuo. La demostracion de que la microbiota del intestino es uno de los
principales constituyentes de la barrera mucosa intestinal, ha provocado el
desarrollo de la llamada “terapia probidtica”, ésta se basa en la aplicacion de
microorganismos probioticos potencialmente beneficiosos (Isolauri et al, 2001).
La estabilidad de la microbiota intestinal “Eubiosis” es imprescindible para el
correcto funcionamiento metabdlico del individuo (Amores et al., 2004), teniendo

principalmente los siguientes efectos a nivel del sistema inmune:
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* Mejora de la resistencia no especifica del hospedador a patogenos
intestinales, facilitando la exclusion de los mismos (Perdigén et al,
1995; Hao y Lee, 2004) debido a su adhesion en las areas del intestino
que estan disponibles (Brassart y Schiffrin, 1997).

* (iertas especies de Lactobacillus, Lactococcus y Bifidobacterium inducen
in vitro la liberacién de las citoquinas proinflamatorias como el TFN-a, y
la IL-6 e IL-10, lo que refleja la estimulacion de la inmunidad
inespecifica (Miettinen et al., 1996).

* Lactobacillus casei y Lb. bulgaricus activan la produccion de macrofagos
(Perdigon et al., 1995).

* Lactobacillus casei y Lb. acidophilus activan la fagocitosis de las células
inmunitarias en ratones (Perdigon et al., 1995).

* Lactobacillus rhamnosus GG incrementa la secrecidon de anticuerpos del
tipo IgA en la fase diarreica de nifios infectados con rotavirus (Kaila et
al., 1992).

* Bifidobaterium bifidum mejora la respuesta inmune frente la
ovalbumina y Bifidobacterium breve estimula la produccién de IgA en
ratones infectados de colera (Moreau et al., 1990).

Existen estudios en los que se ha demostrado que algunos probioticos son
capaces de producir metabolitos que modifican directamente la permeabilidad del
epitelio intestinal, lo que refuerza la integridad de la barrera epitelial (Madsen et
al., 2001).

La fraccion de las BAL presentes en el tracto gastrointestinal es baja (< 1% en la
mayoria de los individuos), sin embargo las proporciones mas altas se encuentran
en las cavidades oral y vaginal (Venema y Meijerink, 2015). La microbiota vaginal
de una mujer premenstrual estd formada principalmente por miembros del filo
Firmicutes, de ellos entre 107-108 UFC/g pertenecen al género Lactobacillus, esta
microbiota protege de infecciones del tracto urogenital (Lepargneur y Rousseau,
2002; Reid y Burton, 2002; Vasquez et al, 2002). En la vagina existen numerosas
especies de lactobacilos como Lb. acidophilus, Lb. fermentum, Lb. casei, Lb. jensenii
(Sobel, 1999), Lb. brevis, Lb. salivarius subsp. salicinius, Lb. gasseri (Massi et al,

2004), Lb. crispatus y Lb. iners (Burton et al., 2002). Por otro lado, existen bacterias
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exdgenas, capaces de actuar como probioticos tal es el caso de Lb. reuteri MM53
(Ruiz- Palacios et al,, 1996), Lb. acidophilus NCFM (Reid et al., 1993), Lb. fermentum
RC-14 (Reid et al, 1987) y Lb. rhamnosus GR-1 (Reid et al, 1999) capaces de
adherirse a las células urogenitales donde ejercen un efecto beneficioso. Existen
numerosos estudios que demuestran que la adherencia de las bacterias probioéticas
al epitelio vaginal inhibe el crecimiento de otro tipo de microorganismos
perniciosos para la salud (Boris et al, 1998; Reid et al,, 1990; Zhou et al., 2004)
incluyendo bacterias causantes de vaginosis, levaduras causantes de vaginitis
(Burton et al, 2002). Estas bacterias también previenen enfermedades de
transmision sexual como el VIH (Burton et al, 2002) y algunas enfermedades
causadas por otros microorganismos (McGroarty, 1993; Massi et al, 2003). En este
ecosistema, los lactobacilos juegan un papel muy importante acidificando el pH del
medio aproximadamente a 4-4.5 (mediante la liberacion del acido lactico y acidos
grasos de cadena corta), liberando per6xido de hidrégeno, bacteriocinas y
posiblemente biosurfactantes (Boris y Barbés, 2000). Todo ello inhibe la
proliferacién de microorganismos patogenos (Reid et al., 2004) como Pseudomonas
aeruginosa, Klebsiella pneumoniae, Staphylococcus aureus, Streptococcus agalactiae
(Chan et al. 1985; Boris et al. 1998; Reid, 2000; Osset et al. 2001; Mastromarino et
al. 2002; Zarate y Nader-Macias, 2006), Candida albicans, E. coli, Gardnerella
vaginalis o Mobiluncus spp. por el efecto del bajo pH; Candida albicans, Gardnerella
vaginalis como consecuencia del H20; y Neisseria gonorrhoeae debido a la accién
combinada del pH y el H20; (Boris y Barbés, 2000), de igual modo desplazan a los
microorganismos patégenos mediante la exclusiéon competitiva por la superficie
celular a la que se adhieren o formando biopeliculas (Dunne et al, 2001). La
formacién de biopeliculas beneficia a las propias bacterias comensales al favorecer
el acceso a nutrientes, escapar de las células inmunitarias del huésped, protegerse
de los antimicrobianos e incrementar su supervivencia (Reid, 2001). Desde 1992,
el término "probidtico" se usa también para definir las preparaciones intra-
vaginales de microorganismos vivos cuyo fin es prevenir las infecciones y
restaurar el balance de la microbiota vaginal (McGroarty, 1993).

La microbiota de la cavidad oral es compleja y contiene mas de 100 especies

bacterianas (Kuramitsu et al, 2007; Keijser et al, 2008). Los lactobacilos (Lb.
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plantarum, Lb. pentosus, Lb. rhamnosus) presentes en la cavidad oral exhiben
efectos beneficiosos para la salud bucal ya que inhiben las bacterias causantes de
caries tales como Streptococcus mutans (Simark-Mattsson et al., 2007; Kayahan et

al, 2014).

1.2.2.2. BAL probidticos de origen alimentario

Los alimentos fermentados son una fuente importante de probidticos, por
ejemplo las masas fermentadas, los productos lacteos y los vegetales fermentados.
Estos alimentos han sido investigados como fuentes alternativas de nuevas cepas
probioticas (Cammarota et al, 2009; Chang et al, 2010). Los lacteos (leches
fermentadas, quesos y leche en polvo para bebés) son los productos ampliamente
usados como vehiculos de probioticos siendo las BAL probiéticos frecuentemente
encontrados son: Lb. acidophilus, Lb. gasseri, Lb. helveticus, Lb. johnsonii, Lb. casi,
Lb. paracasei, Lb. plantarum, Lb. reuteri, Lb. fermentum y Lb. rhamnosus (Tamine et
al., 2005).

En los ultimos afios, diferentes estudios se enfocaron sobre la evaluacion de la
probiosis de las BAL presentes en los materiales crudos de fruta y vegetales (las
BAL oscilan entre 2.0 y 5.0 Logio UFC/g) (Spurr, 1994, Di Cagno et al, 2008; Di
Cagno et al,, 2010a) y también de vegetales fermentados (Swain et al., 2014). Los
vegetales y fruta poseen parametros intrinsecos fisicos y quimicos que pueden
mimetizar las condiciones del tracto gastro-intestinal mas que otros ecosistemas

alimentarios.

2. Las aceitunas de la variedad “Alorefia” como fuente de probioticos
2.1. Fermentacion de la aceituna Aloreiia

Durante muchos siglos, la cultura mediterranea se ha centrado en la extraccion
del aceite de oliva y la elaboracién de aceituna de mesa. El cultivo del olivo ha sido
la practica agricola mas importante en varios paises mediterraneos tales como
Espafia, Italia y Grecia. La produccion de aceitunas verdes de mesa a nivel mundial
es cerca de 1.700.000 toneladas/afio. La mayoria de las aceitunas de mesa
pertenecen a los tipos denominados verdes al estilo Espafiol o Sevillano, negras

naturales en salmuera (estilo Griego), y las aceitunas verdes al estilo tradicional o
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casero (IOOC, 2005). En la actualidad numerosas industrias elaboran las aceitunas
de mesa segun el mismo protocolo (conocido como “estilo espafiol o Sevillano”)
transformando la aceituna verde amarga en un producto fermentado estabilizado.
Este método incluye una primera etapa de tratamiento con sosa para hidrolizar el
glucésido denominado oleuropeina responsable del sabor amargo del fruto.
Seguidamente, las aceitunas se sumergen en una salmuera y se dejan fermentar
durante un periodo variable de varios meses (1 a 7) (Garrido Fernandez et al,
1997), tras el cual las aceitunas se empaquetan en una nueva salmuera acidificada
y se ponen en venta.

La aceituna de mesa Manzanilla Alorefia es un producto tipico de la region de
Guadalhorce en Malaga con Denominacion de Origen Protegida (DOP). Esta
variedad de aceitunas tiene unas caracteristicas peculiares que estan ligadas al
area (clima, pedologia y geografia) que las hace diferentes de otras aceitunas
verdes de mesa. Ademas de su color verde-amarillo, su excelente calidad, su buen
cociente hueso-pulpa, su sabor y su bajo contenido en oleuropeina (glucésido
amargo principal de aceitunas) permiten que se pueda prescindir de la etapa de
endulzado por NaOH, siendo eliminada la oleuropeina residual mediante lavados
con agua. Las aceitunas de mesa Manzanilla Alorefia se sazonan con frecuencia con
hinojo, tomillo, ajo y pimienta, lo que les da mas sabor y aroma. A pesar de la
importancia de este tipo de aceituna, pocos estudios han sido llevados a cabo para
determinar los microorganismos implicados en esta fermentacidn. Los procesos de
elaboracion de las aceitunas de mesa Manzanilla Alorefia se llevan a cabo por unas
empresas pequefias y medianas siguiendo unos procedimientos similares y
realizando el proceso de fermentacién en frio, en patio o en el fermentador. En la
actualidad existen varios problemas sin resolver por falta de conocimientos
cientificos y tecnolégicos adecuados sobre la microbiota presente en estas
aceitunas. Después de la cosecha, las aceitunas son almacenadas en salmueras en
frio o a temperatura ambiente. Las aceitunas almacenadas bajo refrigeracion
experimentan una fermentacion lenta, dando como resultado un alto contenido en
azucares residuales que contribuyen a la formacion de gas durante su
comercializacion con el consiguiente ablandamiento y oscurecimiento del fruto y

abombamiento de los envases (Abriouel et al., 2012).
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2.2. Aspectos microbioldgicos de la aceituna Aloreiia

En general, la fermentacion de las aceitunas verdes de mesa es un proceso
natural y espontaneo que resulta de las actividades competitivas de la microbiota
nativa (bacterias lacticas y levaduras), junto con una variedad de microorganismos
contaminantes de diferentes fuentes (Garrido-Fernandez et al, 1997). Mediante
métodos microbiolégicos clasicos se ha demostrado que las bacterias del acido
lactico, especialmente Lb. plantarum y Lb. pentosus son las principales
responsables de esta fermentacion (Garrido Fernandez et al, 1997; Chammem et
al, 2005; Abriouel et al, 2012), si bien las levaduras pueden estar también
presentes dependiendo de las condiciones ambientales (Ruiz Barba et al, 1994;
Leal-Sanchez et al, 2003; Hurtado et al, 2012). Aunque también se detectaron
otros géneros, como Enterococcus, Pediococcus, Leuconostoc y Lactococcus
(Borcakli et al,, 1993; Ercolini et al, 2006; Floriano et al, 1998). A veces no se
produce la cantidad suficiente de acido lactico durante la fermentacion con el
consiguiente riesgo de alteracién del producto (Fernandez Diez, 1983; Garrido
Fernandez et al., 1995), lo que ha llevado a investigar el desarrollo de in6culos
especificos para mejorar la fermentacién. Entre las caracteristicas deseadas de los
indculos esta su capacidad para hidrolizar la oleuropeina, su capacidad de
implantacion y de producir bacteriocinas (Jiménez-Diaz et al, 1993; Ruiz Barba et
al, 1994; Leal-Sanchez et al, 2003; Maldonado et al, 2003, 2004), capacidad de
crecimiento en las salmueras (Duran et al, 1993) y crecimiento a baja temperatura
(Duran Quintana et al., 1999).

En cuanto a las aceitunas Alorefia, estudios previos llevados a cabo sobre la
diversidad microbiana y los aspectos microbiologicos de la fermentacion natural
de dichas aceitunas (Abriouel, 2011a, 2012) han permitido determinar el perfil
microbiano presente a lo largo de la fermentacion (Abriouel et al, 2011a). Los
métodos dependientes de cultivo mediante recuentos en placas permitieron
determinar la presencia de mesofilos totales, levaduras y mohos, y las BAL que
experimentaron cambios notorios entre las diferentes formas de fermentacién (en
frio, en patio o en el fermentador) y también entre una empresa y otra. En paralelo,

los procedimientos independientes de cultivo usando la técnica PCR-DGGE

20



INTRODUCCION

revelaron la predominancia de las levaduras en las aceitunas fermentadas en frio,
mientras que las BAL fueron predominantes en las aceitunas fermentadas en patio
o en el fermentador a temperatura ambiente. Los analisis mediante PCR-DGGE
determinaron la presencia de Gordonia sp./Pseudomonas sp. y Sphingomonas
sp./Sphingobium sp./Sphingopyxis sp. junto con arqueas haloéfilas (principalmente
haloarchaeon/Halosarcina  pallida 'y  uncultured archaeon/uncultured
haloarchaeon/Halorubrum orientalis) y levaduras (Saccharomyces cerevisiae y
Candida cf. apicola) en las aceitunas fermentadas en frio. En cuanto a las aceitunas
fermentadas en patio, la poblaciéon microbiana fue mas diversa siendo Gordonia
sp./Pseudomonas sp., Sphingomonas sp./Sphingobium sp./Sphingopyxis sp. y
Thalassomonas agarivorans junto con arqueas haléfilas y levaduras
(principalmente S. cerevisiae y C. cf. apicola, y también Pichia sp., y Pichia
manshurica/Pichia galeiformis) las mas destacadas. También, algunas BAL fueron
detectadas al final de la fermentacion de las aceitunas fermentadas en patio tales
como Lactobacillus pentosus/Lb. plantarum y Lb. vaccinostercus/Lb. suebicus. En
cambio, solamente el fermentador mostré una clara predominancia de las BAL
desde el inicio hasta el final de la fermentaciéon (Lactobacillus sp., Lb.
paracollinoides y Pediococcus sp.) junto con algunas arqueas haléfilas y una
poblacién mas selectiva de levaduras (P. manshurica/P. galeiformis). Los estudios
llevados a cabo por Abriouel et al (2011a) mostraron la complejidad de las
poblaciones microbianas presentes en la fermentacion natural de la aceituna
Aloreiia.

Las BAL responsables de la fermentacion de la aceituna Alorefia han sido
aisladas y caracterizadas a nivel molecular por Abriouel et al (2012). Una
coleccion de 144 cepas de BAL incluyendo lactobacilos (81.94%), leuconostocs
(10.42%) y pediococos (7.64%) fue tipificada e identificada usando la técnica REP-
PCR y la secuenciacién de los genes phes y rpo (Figuras 3-5). Los resultados
demostraron que todos los lactobacilos fueron identificados como Lb. pentosus, los
pediococos como Pediococcus parvulus y los leuconostocs como Leuconostoc
pseudomesenteroides. El genotipado de las BAL revelé que las cepas no fueron
clonalmente relacionadas y exhibieron un grado considerable de diversidad

genomica especialmente los lactobacilos y también los leuconostocs. Algunas cepas
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exhibieron propiedades tecnoldgicas de interés tales como la produccién de
sustancias antimicrobianas activas frente a bacterias patogenas (Listeria
monocytogenes, Bacillus cereus, Staphylococcus aureus, Streptococcus mutans y
Salmonella entérica), degradacién de azucares complejos (rafinosa y estaquisa),
produccion de sales biliares, actividad fitasa y catalasa hemo-dependiente,
crecimiento a 10°C y en presencia de 6.5% NaCl, buena capacidad acidificante y
resistencia a la congelacion. Sin embargo, ninguna de las cepas aisladas mostré
actividad proteasa ni amilasa, ademas dichas cepas no produjeron aminas
bidgenas. De acuerdo con los datos obtenidos, algunas cepas de las BAL aisladas de
la fermentacidon natural de la aceituna Alorefia pueden tener un gran potencial
como probidticos y haciendo de la propia aceituna fermentada como un excelente

producto probiotico.
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Figura 3. Dendrograma obtenido mediante el tipado de cepas de Lactobacillus sp.
aisladas de fermentaciones de las aceitunas verdes de mesa Alorefia. Los patrones
se agruparon mediante el método UPGMA (Abriouel et al,, 2012).
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Figura 4. Dendrograma obtenido mediante el tipado de cepas de Pediococcus
parvulus aisladas de fermentaciones de las aceituna verdes de mesa Alorefia. Los
patrones se agruparon mediante el método UPGMA (Abriouel et al.,, 2012).

Pearson comrelaton (Opt:0.70%) [0.0%-100.0%]

GTG-5

8 © 8 8 & 8 8 8
CF2-26

CF2-40

CF2-31

CF2-33

AP2-28

1
-

Gl _|: Sp5-17
I

Sp5-19
Sp5-13 Leuconosfoc pseudomesenteroides

Sp5-12

[ Sp5-14
Sp5-11
L sps-18
CF1-31
GZE CF2-35

CF2-38

Figura 5. Dendrograma obtenido obtenido mediante el tipado de cepas de
Leuconostoc pseudomesenteroides aisladas de fermentaciones de las aceituna
verdes de mesa Alorefa. Los patrones se agruparon mediante el método UPGMA
(Abriouel et al., 2012).

3. Aspectos de seguridad de los probidticos

El analisis de seguridad de las bacterias destinadas para ser usadas como
probioticos debe tener en cuenta el tipo de microorganismo usado, el método
de administracion, el nivel de exposicion, el estado de salud de los usuarios y

las funciones fisiolégicas a desempefiar. En este sentido, pocos efectos
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adversos han sido descritos a consecuencia de la ingestion de probidticos salvo
en el caso de pacientes con condiciones médicas reservadas. Sin embargo, se
desconocen como se han desarrollado algunas infecciones por cepas de
lactobacilos patdégenas oportunistas ya que los microorganismos probioticos
no son patégenos y se hace dificil identificar aquellas propiedades relacionadas
con riesgos para la salud (Sanders et al., 2010). Bernardeau et al. (2006) ha
calculado el riesgo de las infecciones por Lactobacillus en personas sanas, el
cual afect6 aproximadamente a una persona/10 millones de personas a lo largo
de un siglo de consumo de probidticos en Francia. Ademas, el riesgo de
lactobacilemia fue considerado insignificante con menos de un caso por millén
de individuos (revisado por Sanders et al, 2010). Estudios retrospectivos han
demostrado que el consumo incrementado de un probidtico “Lactobacillus
rhamnosus GG” en Finlandia no aumento la incidencia de los casos de
bacteremia por Lactobacillus sp. Igualmente, estudios clinicos llevados a cabo
sobre individuos inmunocomprometidos (por ejemplo enfermos del VIH),
nifios prematuros y pacientes con la enfermedad de Crohn administrados con
probioticos no mostraron ninguin efecto negativo. Esto demuestra claramente
la baja patogenicidad oportunista de los lactobacilos probidticos.

La seguridad de los probioticos ha sido un tema de gran interés especialmente
en la Comunidad Europea y esto se refleja en las numerosas publicaciones,
opiniones y metodologias sobre como determinar dicha seguridad. La Autoridad
Europea de Seguridad Alimentaria (European Food Safety Authority, EFSA) fue
establecida en 2002 para tratar los aspectos técnicos y cientificos de los alimentos
y alimentacion animal (Regulation No. 178/2002). Sin embargo, los criterios para
aprobar un nuevo probiotico quedaron ambiguos. Para ello, el reglamento de la
Unién Europea sobre nuevos alimentos (European Union Novel Food regulation,
258/1997 EEC) proporciona un marco regulatorio para los probiéticos destinados
a su uso en alimentaciéon animal, siendo no regulados los probiodticos para
humanos. En este sentido, el Comité Cientifico de la Union Europea sobre Nutricién
Animal (European Union Scientific Committee on Animal Nutrition, 2002) ha
propuesto un procedimiento de seguridad denominado “Presuncion Cualificada de

Seguridad” (Qualified Presumption of Safety, QPS) (EFSA, 2008). La evaluacion QPS
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de una cepa incluye 4 etapas (Sanders et al, 2010): 1) taxonomia de la cepa; 2)
proporcion de informaciones suficientes sobre la QPS de la cepa; 3) ausencia de
patogenicidad y 4) definicion de su uso (Figura 6) (EFSA, 2005). Cuando la cepa en
cuestion no exhibe ningun riesgo se puede garantizar su seguridad y su estado
QPS. En caso contrario, un analisis de seguridad completo es imprescindible para
garantizar la seguridad de la cepa. En general, las BAL probidticos gozan de un
estatus QPS, aunque hay que tener en cuenta los aspectos de seguridad
relacionados con la adquisicidon de resistencia a antibidticos y determinantes de
virulencia. A raiz de un proyecto Europeo PROSAFE (Vankerckhoven et al., 2007,
2008) “Evaluacién de la Bioseguridad de las Bacterias del Acido Lactico Probiéticas
para consumo Humano”, diferentes recomendaciones fueron establecidas:

(1) Estudios moleculares para la identificacion de la cepa tales como la
secuenciacion del ADN ribosomico.

(2) Exclusiéon de los microorganismos que no pertenecen a la distribuciéon de los
niveles de resistencia a los antimicrobianos mas relevantes que la cepa salvaje.

(3) Ausencia de determinantes de virulencia en las BAL probidticas excepto
aquellas propiedades relacionadas con la supervivencia (desconjugacion de los
acidos biliares, adhesion a las lineas celulares y proteinas extracelulares).

(4) Ademas de las Directrices Europeas, estudios sobre la colonizacion del cuerpo
humano por los probiéticos deben ser realizadas.

(5) El uso potencial de modelos animales tales como ratones para evaluar la

seguridad de las cepas.
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Figura 6. Esquema general para la evaluacion de la idoneidad para el estatus QPS
de microorganismos (EFSA, 2005).

En 2007, otro proyecto Europeo (ACE-ART) sobre la “Determinacion y
Evaluacion Critica de la transferibilidad de la resistencia a los antibiéticos en la
cadena alimentaria” ha determinado que las BAL probidticas pueden actuar como
reservorios de genes de resistencia a antibidticos que se pueden transferir a lo

largo de la cadena alimentaria.

3.1. Antimicrobianos usados en la industria alimentaria

Un agente antimicrobiano es aquella sustancia producida por microorganismos
o sintetizada quimicamente que a bajas concentraciones es capaz de inhibir e,
incluso, destruir microorganismos sin producir efectos toxicos en el huésped
(Gémez-Lus et al.,, 2005).

La resistencia de las bacterias a los antimicrobianos es un hecho que se ha
incrementado gravemente en los ultimos tiempos y resulta un problema potencial
para la salud publica. Por lo tanto, es necesario saber que bacterias son
consideradas resistentes, para asi establecer si esta resistencia pudiese ser
transferida a otros microorganismos patogenos y oportunistas (Blazquez et al,

2002).

27



INTRODUCCION

La cadena alimentaria ha sido reconocida como una de las rutas de transmision
de resistencia a los antibidticos (Teuber et al, 1999; Witte, 2000). Mas
concretamente, los productos fermentados tradicionales que no han sido
sometidos a procesos térmicos antes del consumo y asi proporcionan el principal
vehiculo de resistencias a la microbiota del tracto gastrointestinal humano, donde
tiene lugar la transferencia e intercambio de genes de resistencia entre la
microbiota intestinal y la microbiota ingerida con los alimentos (Bates et al., 1994;
Nikolich et al,, 1994). En esta memoria, se describen dos tipos de antimicrobianos

de importancia en la industria alimentaria: biocidas y antibidticos.

3.1.1. Biocidas

La legislacion europea (Reglamento n? 528/ 2012 del Parlamento europeo y del
Consejo de 22 de mayo de 2012, y sucesivas modificaciones) define a los biocidas
como:

- Toda sustancia o mezcla, en la forma en que se suministra al usuario, que esté
compuesta por, o genere una o mas sustancias activas, con la finalidad de destruir,
contrarrestar o neutralizar cualquier organismo nocivo, o de impedir su accion o
ejercer sobre €l un efecto de control de otro tipo, por cualquier medio que no sea
una mera accion fisica o mecanica.

- Toda sustancia o mezcla generada a partir de sustancias o mezclas distintas de
las contempladas en el anterior guidn, destinadas a ser utilizada con la intencién
de destruir, contrarrestar o neutralizar cualquier organismo nocivo, o de impedir
su accidn o ejercer sobre él un efecto de control de otro tipo, por cualquier medio
que no sea una accion fisica o mecanica.

En la industria alimentaria, los biocidas como desinfectantes o como
conservantes de alimentos son ampliamente usados para la desinfeccién de las
plantas de produccién y de recipientes de alimentos, para la descontaminacion de

las canales y para el control del crecimiento microbiano en los alimentos y bebidas.

3.1.1.1. Clasificacion de los biocidas
Los biocidas requieren aprobacion antes de su lanzamiento al mercado, no

obstante, al contrario que los antibioticos, cuyo uso se controla minuciosamente,
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los biocidas se pueden utilizar sin ningun tipo de control. La cantidad total de
biocidas producidos y utilizados en la Unién Europea todavia se desconoce, aunque
se cree que sea considerablemente mayor que la produccién total de antibidticos
(Sanidad y Consumidores de la Comisién Europea, 2009).

El namero de biocidas conocidos es bastante mayor, pero en general se pueden
clasificar de dos formas, segun su mecanismo de accidn y segun su uso. En esta
memoria nos vamos a referir Unicamente a la primera forma. Segiin su mecanismo
de accion existen dos tipos principales de biocidas: biocidas oxidantes y no
oxidantes.

Los biocidas oxidantes, tal y como indica su nombre, oxidan quimicamente la
materia organica (material celular, enzimas, proteinas, etc) ya que penetran la
pared celular y alteran el metabolismo, teniendo como consecuencia la destrucciéon
de la membrana citoplasmatica. Esto se debe a la desnaturalizacion de las
proteinas estructurales como enzimaticas lo que provoca finalmente la muerte de
los microorganismos (Diéguez, 2006). En este grupo podemos encontrar el cloro,
bromo, yodo, diéxido de cloro, ozono, peréxido de hidrégeno, 6P-oxonia, algunas
sales haldgenas y de peroxido. En el caso del cloro y sus derivados, normalmente
se forman enlaces estables entre el nitrogeno de las proteinas y el cloro, lo cual
conduce a la muerte de los microorganismos. Su actividad desinfectante tiene una
dependencia del pH y la presencia de grandes cantidades de materia organica y de
amoniaco en el agua.

Los biocidas no oxidantes, no tienen una relacidon simple entre su estructura
quimica y su mecanismo de accion (Diéguez, 2006), si no que usan diferentes
mecanismos en su accion biocida. Generalmente, su efecto se produce mediante el
envenenamiento lento de los microorganismos, alterando su metabolismo celular
y/o su estructura y provocando asi la muerte de los microorganismos. Aunque
existen distintos tipos, en general todos los biocidas no oxidantes cumplen los
siguientes requisitos: son mas estables y persistentes que los biocidas oxidantes y
su actividad es independiente del pH siendo el mecanismo de accion propio para
cada uno de este tipo de biocidas. Los biocidas no oxidantes se dividen en las

siguientes clases:
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= Compuestos de amonio cuaternario: son biocidas catidnicos. Sus principios
activos contienen como estructura basica al ibn amonio NH4*, donde cada uno
de los hidrégenos esta sustituido generalmente por radicales de tipo alquil y aril
(Sanchez-Saldana y Saenz-Anduaga, 2005). Estos compuestos a
concentraciones extremadamente bajas son particularmente activos frente a
bacterias Gram-positivas. Su efecto sobre las bacterias Gram-negativas es menor

requiriendo asi concentraciones mas elevadas.

Ca** Ca**
Biocida catiénico

Dominio hidrofilico

Proteina

Fosfolipidos

Figura 7. Mecanismo de accion de los biocidas catidnicos. A. Primeros estadios de
actuacion en los que el biocida se adhiere a la pared celular. B. Formacion de
dominios hidrofilicos que disgregan la pared celular (Adaptado de Gilbert y Moore,
2005).

A nivel molecular, su accion antimicrobiana se atribuye a la asociacion del
amonio (cargado positivamente) con los grupos polares de los fosfolipidos de la
membrana, mientras que la cola hidr6foba se integra en el nucleo hidréfobo de la
membrana (Figura 7). Estas interacciones conducen a la muerte de la célula debido
a la desnaturalizacion de proteinas y pérdida de la permeabilidad de la membrana
celular (Lépez et al, 2010; Sanchez-Saldofia y Saenz-Anduaga, 2005). Los
principales compuestos de amonio cuaternario son:

o Cloruro de benzalconio (cloruro de alkilbenzildimetilamonio): con alta
efectividad como bacteriostatico y bactericida frente a bacterias Gram-positivas.
Carece de actividad frente a bacterias Gram-negativas (Nichols, 2003). No
obstante, también posee actividad virucida y fungicida (Sanchez-Saldofa y
Saenz-Anduaga, 2005).

o Cetrimida (bromuro de hexadeciltrimetilamonio): actiia como agente inhibidor,

liberando el nitrégeno y el fosforo de las células. Posee un amplio espectro de
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accidon actuando frente a bacterias Gram-positivas y Gram-negativas, aunque
estas ultimas son menos sensibles.

N-hexadecilpiridinio cloruro (CPC): esta molécula posee actividad bactericida y
bacteriostatica, contra bacterias Gram-positivas y Gram-negativas. Se piensa
que actua a nivel de la membrana plasmatica donde ocurre una atraccion entre
la carga positiva de la molécula y la carga negativa de los fosfolipidos que
constituyen la membrana plasmatica bacteriana. Una vez que la molécula se une
a la membrana, el extremo no polar del CPC penetra y altera la membrana
celular. Esta alteracion afecta la regulacion osmoética y ocasiona la pérdida del

material citoplasmatico y posteriormente la muerte celular (Lopez et al.,, 2010).

Bis-fenoles: en general, exhiben un amplio espectro de accidn, pero tienen poca
actividad frente a Pseudomonas aeruginosa y mohos (Sanchez-Saldofia y Saenz-
Anduaga, 2005). Entre ellos destacan:

o Triclosan o Irgasan (2,4,4, tricloro-2-hidroxidifenil éter): su mecanismo de
accion se basa en la disrupcién de la membrana bacteriana a través del bloqueo
de la sintesis de lipidos. El triclosan bloquea el sitio activo de la enzima
reductasa transportadora de enoil-acil (McMurray et al, 1998; Levy et al,
1999). No obstante, actia también sobre la sintesis de acidos nucleicos y
proteinas (Sanchez-Saldofa y Saenz-Anduaga, 2005). El triclosan es efectivo
frente a algunas bacterias Gram-positivas y la mayoria de las bacterias Gram-
negativas, incluyendo las bacterias multirresistentes (Savaje, 1971; Vischer;
1973).

o Hexaclorofeno (2, 2’-dihidroxi -3,5,6,3’,5’,6’-hexacloro-difenilmetano):
debido a su naturaleza quimica penetra a través de las membranas celulares de
las bacterias, combinandose con las proteinas protoplasmaticas que
desnaturaliza y precipita. El hexaclorofeno tiene actividad frente a numerosas

bacterias Gram-positivas (Sanchez-Saldofia y Saenz-Anduaga, 2005).

Biguanidas: Poseen un amplio espectro de actividad antibacteriana, pero su
accion como fungicida y virucida es muy limitada. Este biocida interacciona con

las cargas negativas de las membranas celulares y altera su permeabilidad
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(Quinn et al, 2001; Jeffrey, 1995). La biguanida mas representativa es la
clorhexidina (1,1'-Hexametilenebis[5-(4-clorofenil)biguanida]). La clorhexidina
actua sobre los fosfolipidos de la membrana citoplasmatica, modificando su
permeabilidad (Fitzgerald, 1989). Su efecto varia dependiendo de la
concentracion, a bajas concentraciones altera la permeabilidad osmética de la
membrana e inhibe enzimas del espacio periplasmatico. Sin embargo, a
concentraciones elevadas origina la precipitacion de las proteinas y los acidos
nucleicos (Sanchez-Saldofia y Saenz-Anduaga, 2005). Posee un amplio espectro
de accidn frente a bacterias Gram-positivas y Gram-negativas (Perapoch et al,

1993).

3.1.1.2. Principales usos de los biocidas
El uso de biocidas, de forma aislada o combinada, es muy diverso. Se utiliza a
nivel doméstico, en instalaciones sanitarias y en la industria.

Uso doméstico: se usan para la higiene personal en pastas de dientes, cremas y

jabones. También se utilizan para la limpieza y desinfeccion de superficies
(Maillard, 2005).

Instalaciones sanitarias: con el fin de descontaminar superficies, fomites y la

piel de los pacientes y personal sanitario. Asi como en el tratamiento de
infecciones de heridas superficiales.

Industria alimentaria: cuyo principal papel es el de la desinfeccion de

instalaciones y cualquier material que entre en contacto con los alimentos, asi
como para descontaminar productos carnicos. También se afiaden como
conservantes a los productos alimentarios y como desinfectantes al agua potable.

Ganaderia: descontaminacidon de animales, sus derivados y cualquier recinto y
material utilizados.

Plantas de tratamiento de agua: se afiaden estos compuestos al agua, para evitar

la liberacién de organismos dafiinos al medio ambiente.

Otras aplicaciones industriales cada vez mas comunes incluyen la desinfeccion

de torres de refrigeracidon para evitar la propagacion de Legionella u otro tipo de

bacterias y hongos (Sanidad y consumidores de la Comision Europea, 2009).
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3.1.1.3. Eficacia de los biocidas en la industria alimentaria

En la industria alimentaria, los consumidores demandan en un alimento, que
sea saludable, nutritivo y que esté minimamente procesado con aditivos como
conservantes quimicos y otros agentes antimicrobianos. No obstante, se ha
extendido el uso de biocidas y desinfectantes quimicos para garantizar la
inocuidad de los alimentos.

Los biocidas juegan un papel esencial en la limitacion del desarrollo de
enfermedades e infecciones. Estos agentes evitan el crecimiento de
microorganismos patdgenos y el efecto de sus toxinas a lo largo de la cadena
alimentaria en toda una diversidad de soportes, como recipientes, aparatos de
agitacion, mezcla y elaboracion, y también en los envases usados para almacenar
los alimentos u incluso en la matriz alimentaria cuando se usan como
conservantes. Por todo esto, es de vital importancia el uso de los biocidas para
prevenir pérdidas en procesos alimentarios industriales y para proteger la salud
del consumidor. En este sentido, el uso de estos agentes se ha incrementado
especialmente en el sector de la industria alimentaria, y debido a la emergencia de
un gran numero de bacterias capaces de tolerar concentraciones importantes de
estos antimicrobianos, a la vez que aparecen resistencias cruzadas (detalladas
posteriormente), lo cual representa un peligro potencial para la salud publica

(Condell et al.,, 2012).

3.1.2. Antibidticos

En 1928, Alexander Fleming descubri6 el primer antibidtico, la penicilina, por el
crecimiento en una placa de Petri de un hongo contaminante (Penicillium notatum)
que inhibia el crecimiento bacteriano (Gémez-Lus et al, 2008). La primera
definicion de antibidtico fue dada por Waksman y Chevalier en 1944, segun ellos
los antibidticos eran "sustancias quimicas producidas por microorganismos que
tienen la propiedad de inhibir o destruir otros microorganismos" (Clardy et al,
2009).

Actualmente se entiende por antibidtico toda sustancia organica, sintética o

natural, capaz de destruir o inhibir el crecimiento de bacterias generalmente a
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bajas concentraciones (Gémez-Lus et al., 2008). Su mecanismo de accion se basa en
la interferencia en algiin punto del metabolismo donde se encuentre su diana.

No obstante, la eficacia de los antibidticos se ha visto alterada por su uso
excesivo o incorrecto, que condujo a la aparicién y diseminacion de bacterias
resistentes. Estas bacterias resistentes actian impidiendo la entrada del
antibiotico, modificando o inactivando el antimicrobiano, o bien modificando la
diana, o activando los sistemas de exporte. La gran capacidad de las bacterias de
mutar y transferir genes resistencia esencialmente presentes en plasmidos y
transposones, contribuyen a su diseminacion tanto entre bacterias emparentadas
y/o patégenas como bacterias no patégenas que representan los reservorios mas
importantes de dichas resistencias. Las Figuras 8 y 9 muestran cuales son los

antibiéticos mas usados y las dosis empleadas actualmente en los paises europeos.
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Figura 8. Porcentaje de las ventas totales de diferentes antibidticos para uso
veterinario en diferentes paises de Europa en mg/PCU (Population Correction
Unit) en el afio 2013 (European Medicines Agency, 2015).
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Figura 9. Dosis diaria definida de los principales antibidticos en Europa por cada
1000 habitantes (hab.) y dia en 2005 (Modificado de Muller et al., 2007).

3.1.2.1. Clasificacion y mecanismos de accion de los antibidticos

Los criterios para la clasificacidon de los antibioticos son diversos, lo que da lugar
a la agrupacion segun su estructura quimica (betalactamicos, aminoglucoésidos,
glicopéptidos, polipéptidos, rifampicinas, tetraciclinas, anfenicoles y macrolidos),
segin su espectro de accion (antibacterianos, antiviricos, antifungicos y
antiprotozoarios), segun su efecto antimicrobiano (bacteriostaticos, bactericidas y
bacterioliticos) o segiin su mecanismo de accion (inhibidores de sintesis de la
pared celular, inhibidores de permeabilidad, inhibidores de la sintesis proteica,
inhibidores de sintesis de acidos nucleicos e inhibidores de rutas metabdlicas)
(Gémez-Lus et al., 2008).

El efecto bacteriostdtico se produce si el antimicrobiano inhibe el crecimiento
pero las células no mueren. Los agentes bacteriostaticos son inhibidores de la
sintesis de proteinas y actian uniéndose a los ribosomas. Dicha unién no es una
unidn fuerte y cuando disminuye la concentracion del agente, el antimicrobiano se
libera de los ribosomas y se reanuda el crecimiento.

Los agentes bactericidas matan las células bacterianas pero sin desencadenar
lisis o rotura celular. Estos, generalmente se unen fuertemente a sus dianas
celulares de accion y no se eliminan por dilucién.

Por ultimo, los agentes bacterioliticos provocan la muerte celular por lisis.

Dentro de los agentes bacterioliticos se incluyen los antibiéticos que inhiben la
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sintesis de la pared celular y los compuestos quimicos que lesionan la membrana
citoplasmatica.
Asi pues, los antibidticos y otros agentes quimioterapéuticos pueden agruparse

segun su estructura quimica o su mecanismo de accién (Figura 10).
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Figura 10. Modo de accion de los principales grupos de antibiéticos clasificados
dependiendo de las dianas celulares. PABA, acido para-aminobenzoico; THF,
tetrahidrofolato; DHF dihidrofolato; ARNm, ARN mensajero (Adaptado de Madigan
etal, 2011).

I. B-lactamicos:

Los B-lactamicos obstaculizan la sintesis de la pared celular en bacterias Gram-
positivas, limitando la incorporacion del acido N-acetilmuramico a los
mucopéptidos de la pared celular en las ultimas etapas de sintesis del
peptidoglicano, es por ello que apenas afecta a bacterias Gram-negativas (sus
membranas tienen un baja proporcion en mucopéptidos) (Romero Cabello, 2007).
También inhiben la peptidoglicano transpeptidasa (provocando que no se formen
los puentes de union de la pared celular) y la carboxipeptidasa (responsable de la
elongacidon de la cadena del peptidoglicano) y activan, por otra parte, enzimas
autoliticas (Medina Asensio, 2000).

Las penicilinas pertenecen a este grupo, son los primeros antibioticos

descubiertos. Se pueden distinguir varios grupos de penicilinas: las penicilinas
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naturales (penicilinas G y V) de espectro reducido, las penicilinas betalactamasa-
resistentes, las penicilinas de amplio espectro, las penicilinas de muy amplio
espectro, los penems, los monolactamicos, la fosfomicina y otras penicilinas

(cefalosporinas).

II. Aminoglucésidos

Estos antibidticos penetran la célula por transporte activo dependientes de
energia (Baeyens et al, 2008) y se unen a los ribosomas bacterianos mediante
enlace covalente irreversible a la subunidad 30S (Romero Cabello 2007)
interrumpiendo asi la sintesis proteica (Gennaro, 2003; Lorenzo et al., 2008). En el
caso de las bacterias Gram-negativas, estos antibioticos atraviesan la membrana
externa mediante transporte pasivo y posteriormente la membrana interna
mediante transporte activo (Baeyens et al., 2008).

La estreptomicina es el antibiotico mas antiguo de los aminoglucésidos. Estos
antibidticos se usan para el tratamiento de infecciones nosocomiales causadas por
bacterias aerobias Gram-negativas (Kotra et al, 2000). Su espectro de accion
abarca los bacilos Gram-negativos aerobios (sobretodo algunas especies de la
familia Enterobacteriaceae y el género Pseudomonas) y S. aureus. En ocasiones se
utilizan en combinacién con la penicilina. Aunque no se suelen utilizar ya que son

considerados los antibidticos mas toxicos (Lorenzo et al., 2008).

III. Anfenicoles

El principal anfenicol usado en la actualidad es el cloranfenicol, aunque dada su
alta toxicidad se usa solo en casos extremos. Su mecanismo de accidn se basa en la
inhibicion de la sintesis proteica al unirse de forma reversible a la subunidad 50S
del ribosoma (Mensa et al., 2008) reprimiendo asi la sintesis de los aminoacidos

(Romero Cabello, 2007).

IV. Polimixinas
Ejercen su efecto a nivel de las membranas bacterianas aumentando su
permeabilidad. Destacan principalmente las polimixinas B y E aunque solo tienen

actividad frente a bacterias Gram-negativas.
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V. Glicopéptidos

Los principales glicopéptidos son la teicoplanina y la vancomicina. Estos
antibidticos inhiben la sintesis del peptidoglicano (en una reaccién metabdlica
distinta a los betalactamicos), alteran la permeabilidad de la membrana

citoplasmatica e inhiben la sintesis del ARN (Mensa et al., 2008).

VI. Macrolidos

Los macrdlidos son antibidticos bacteriostaticos y bactericidas (dependiendo
del tiempo de exposicidn), se unen a los ribosomas bacterianos (subunidad 50S)
inhibiendo la sintesis proteica (Mensa et al., 2008). Estos, son antibiéticos efectivos
frente bacterias Gram-positivas, micoplasmas y ciertas especies de Legionella. La
eritromicina es un macrolido con un amplio margen de seguridad y minimos
efectos adversos, por lo tanto suele ser el mas utilizado, muchas veces se emplea
como alternativa a la penicilina (Gennaro, 2003).

Dentro de los macrdlidos, son importantes las lincosamidas que son un
subgrupo integrado por clindamicina y lincomicina, éstas se utilizan
frecuentemente en infecciones producidas por bacterias Gram-positivas

anaerobias (Romero Cabello, 2007).

VII. Tetraciclinas

Las tetraciclinas son antibioticos bacteriostaticos de amplio espectro (frente a
bacterias Gram-positivas y Gram-negativas). Son eficaces frente a cepas de
estreptococos, bacilos Gram-negativos, las bacterias del género Rickettsia y
espiroquetas. Sin embargo, hoy en dia, existen muchas cepas resistentes.

Su mecanismo de accion se basa en inhibir reversiblemente la sintesis proteica
al unirse a la subunidad ribosémica 30S, esto impide que se una el ARN
transferente al ribosoma (Baeyens et al., 2008) imposibilitando asi la unién de los
aminodacidos a la proteina en formacidon. Pueden penetrar la célula por difusiéon
pasiva (mediante porinas) o por transporte activo a través de la membrana

plasmatica (Medina Asensio, 2000).
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VIII. Sulfonamidas

Las sulfonamidas son antibidticos bacteriostaticos sintéticos de amplio
espectro, que inhiben la sintesis del acido félico. Aunque son eficaces contra la
mayoria de las bacterias Gram-positivas y muchas bacterias Gram-negativas, hoy
en dia se utilizan en pocas ocasiones por el gran namero de resistencias que ha

provocado su uso (Gennaro, 2003; Romero Cabello, 2007).

IX. Quinolonas

Las quinolonas son una clase de antibidticos con efecto bacteriostatico, todos
ellos de origen sintético. Interaccionan con la ADN-girasa (subunidades o y f3)
bacteriana impidiendo que el ADN bacteriano esté en su conformacion
superenrollada, necesaria para el empaquetamiento del ADN en la bacteria
(Romero Cabello, 2007).

Se pueden distinguir dos grupos: las quinolonas de primera generacion (acido
nalidixico) que son bacteriostaticas y las de segunda generacion (fluorquinolonas)
que son bactericidas. El acido nalidixico es activo tnicamente frente a bacterias
Gram-negativas. Las fluorquinolonas son activas frente a la mayoria de los
microorganismos, tanto bacterias Gram-negativas como Gram-positivas. Ejemplos
de este grupo son el ciprofloxacino, la norfloxacina y la ofloxacina (de Ahumada

Vazquez et al, 2002).

X. Otros antimicrobianos

Metronidazol es un antimicrobiano bactericida con actividad exclusiva frente a
bacterias anaerobias y protozoos flagelados (Lorenzo et al., 2008). Actia sobre el
ADN modificando su estructura helicoidal y provocando la ruptura de sus hebras
(Medina Asensio, 2000).

Nitrofurantoina es un antibidtico cuyo mecanismo de accién es bactericida.
Interfiere en los procesos enzimaticos de respiracién celular, metabolismo
glucidico y sintesis de la pared bacteriana. Es eficaz frente a la mayoria de
patdgenos del tracto urinario, incluyendo E. coli, Enterobacter, Klebsiella, ciertas

especies del género Proteus, S. aureus y Streptococcus faecalis (Gennaro, 2003).
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Fosfomicina impide la sintesis de la pared celular bacteriana ya que actua
inhibiendo las reacciones de entrecruzamiento de las moléculas del
peptidoglicano. Es un antibiético perteneciente al grupo de los fosfonatos con
accion bacteriostatica. Tiene amplio espectro aunque su actividad es mas
pronunciada frente a bacterias Gram-positivas tanto aerobias como anaerobias.

Rifampicina, inhibe los mecanismos de transcripcion ya que actua frente a la
ARN-polimerasa, impidiendo que esta enzima se una al ADN, esto trae como
consecuencia el bloqueo de la transcripcion del ARN (Lorenzo et al, 2008). No
obstante, este antibidtico es incapaz de unirse a su homdloga eucariota de tal
manera que la sintesis del ARN humano no se ve afectada. Es activa frente a la
mayoria de las bacterias Gram-positivas y con actividad variable frente a bacterias
Gram-negativas. Es muy utilizado hoy en dia para el tratamiento de la tuberculosis

(Gennaro, 2003).

3.1.2.2. Eficacia de los antibioticos en la industria alimentaria

Los antibioticos se utilizan en agricultura, ganaderia, asi como en piscifactorias.
En la industria ganadera su uso esta muy extendido para el tratamiento y
prevencion de enfermedades infecciosas (presentandose como premezclas
liquidas o sélidas a concentraciones relativamente elevadas), asi como para
promover el crecimiento del animal con la finalidad de favorecer el control de la
microbiota y asi se produzca un mayor aprovechamiento de nutrientes y un
incremento de peso. En muchas ocasiones el tratamiento empieza de forma
empirica, cuando se sospecha que puede haber infeccion (Pascual Anderson et al,
1999; Cancho Grande et al., 2000).

Como en la industria ganadera, en piscifactorias su uso se reserva al tratamiento
de enfermedades infecciosas (Cabello et al, 2006) y su prevencion (Kiimmerer,
2009). En acuicultura, se usan principalmente la oxitetraciclina, florfenicol,
sarafloxacino, eritromicina y sulfonamidas potenciadas con trimetoprima u
ormethoprima (Serrano, 2005).

No obstante, después de su administracion es preciso un periodo de supresion
antes del sacrificio, con el fin de evitar la presencia de residuos (Pascual Anderson

et al, 1999) pero pueden liberarse directamente al medio ambiente si pasan al
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suelo a través del estiércol (Isidori et al, 2005) pudiendo llegar incluso al agua por
escorrentia superficial (Park y Choi, 2008). Es por ello que Europa ha prohibido su
uso como promotores de crecimiento en animales desde enero de 2006 (European
Commission, 2005).

El principal problema del uso de antibiéticos en animales es la aparicion de
resistencias bacterianas (lo que ocurre frecuentemente si se administran de forma
continuada a baja concentracidn) y de alergias en el consumidor (Cancho Grande
et al., 2000; Cromwell, 2002). Es por ello que la legislacion regula el uso de estas
sustancias (Real Decreto 109/1995, Directiva 70/524/CEE, Reglamento CEE n2
2377, Directiva 96/23/CE o el Real Decreto 1749/1998) (Pascual Anderson et al.,
1999).

De las 23.000 toneladas de antibiéticos producidos en la industria farmacéutica
cada afo, alrededor del 40% son usados en agricultura (Nawaz et al, 2001). Las
infecciones bacterianas en plantas son muy dificiles de controlar y erradicar y a
menudo conllevan devastadoras pérdidas econdmicas para los agricultores. En
1950, se reconoci6 el potencial de los antibidticos para controlar enfermedades
vegetales (McManus, 1999). Para ello, los antibioticos deben ser activos en el
interior de la planta, tolerar la oxidacion, radiacion UV, lluvia y altas temperaturas
(Kiimmerer, 2009). Los arboles frutales a menudo se tratan con antibioticos con
fines profilacticos para el control de infecciones bacterianas (McManus et al,
2002). Su forma de administracion es normalmente mediante rociado en forma de
pesticidas. Normalmente se utilizan sulfametoxazol, tetraciclina, clortetraciclina
(Allen et al, 2010), estreptomicina y oxitetraciclina (Kiimmerer, 2009). Todo ello,
tiene como consecuencia la aparicion de bacterias resistentes a antibidticos en
diferentes ambientes: aire, suelo, agua y animales de granja y salvajes por

contaminacion cruzada (Smith et al., 2005).

3.2. La resistencia a antimicrobianos en las BAL aislados de alimentos
fermentados
3.2.1. Evaluacion de la resistencia en las BAL

Los antibiéticos han sido utilizados a menudo para el tratamiento de infecciones

bacterianas en ganaderia, lo cual resulta un reservorio muy importante de
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resistencias bacterianas. Dichas resistencias se pueden transmitir a lo largo de la
cadena alimentaria hasta el ser humano, dando como resultado la pérdida de
efectividad en el tratamiento de enfermedades tanto en el ser humano como en
animales (Abriouel et al,, 2015). Esta creciente emergencia de la resistencia a los
antimicrobianos ha exigido una evaluacién en profundidad de dichos aspectos en
las BAL destinadas a ser usadas como probio6ticos.

Para categorizar si una cepa de las BAL es susceptible o resistente, se llevan a
cabo ensayos de susceptibilidad a un rango de antimicrobianos de relevancia en la
clinica humana y veterinaria en cada cepa que se pretende usar como probiotico.
Para evaluar la susceptibilidad a antibidticos, se utilizan diferentes metodologias
cuantitativas y estandarizadas tales como los métodos de diluciéon en caldo o en
agar o también E-tests para la determinacion de la concentracion minima
inhibitoria (CMI) de acuerdo con las recomendaciones del Instituto de Estandares
Clinicos y de Laboratorio (CLSI; www.clsi.org), el Comité Europeo de Evaluacion de
la Susceptibilidad Antimicrobiana (EUCAST), la Organizacion Internacional de
Normalizacion (ISO), la Sociedad Britanica de Quimioterapia Antimicrobiana
(BSAC, UK), la Agencia Francesa de la Seguridad Sanitaria de los Productos para la
Salud (AFFSAPS, Francia), el Instituto Aleman de Normalizacion (DIN, Germany) y
la Sociedad Internacional de Quimioterapia/Organizaciéon Mundial de la Salud
(ISC/WHO) (Abriouel et al, 2015). Sin embargo, los métodos cualitativos o semi-
cualitativos para determinar indirectamente la CMI, tales como los métodos de
difusién (difusion en disco), son en general inaceptables (EFSA, 2012b). Después
de la incubacidn, la CMI se define como la menor concentracion del antimicrobiano
que inhibe el crecimiento bacteriano. La Comision Técnica de Aditivos y Productos
o Sustancias utilizados en los Piensos (Comision FEEDAP) de la Autoridad Europea
de Seguridad Alimentaria (EFSA) define los puntos de corte microbioldgicos para
distinguir entre cepas resistentes a los antimicrobianos de las susceptibles. Por lo
tanto, una cepa se clasifica como susceptible (S) cuando se inhibe a una
concentracion de un antimicrobiano determinado igual o inferior al valor de corte
pre-establecido (S < x mg/L), y como resistente (R) cuando no es inhibida por una
concentracion de un antimicrobiano determinado superior al valor de corte pre-

establecido (R> x mg/L) de acuerdo con la EFSA (2012b). La actualizacién
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periddica de los valores de corte microbioldgicos de diferentes antimicrobianos se
hace posible gracias a la disponibilidad de los datos de la comunidad cientifica y
otras fuentes pertinentes (por ejemplo, la Agencia Europea de Medicamentos, el
Centro Europeo de Prevencion y Control de Enfermedades) (EFSA, 2012b).
Ademas de investigar la CMI de un antibiotico para una sola cepa, hay que estudiar
la distribucion de la CMI en una poblacion de bacterias que pertenecen a una sola
unidad taxonomica (especie o género). Una distribuciéon bimodal o multimodal de
la CMI usualmente resulta de resistencias adquiridas por adicién de genes o

mutaciones (Ammor et al., 2008).

3.2.2. Mecanismos de resistencia bacteriana

El comité SCENIHR (Scientific Committee on Emerging and Newly Identified
Health Risks, 2009), define la resistencia bacteriana como "La capacidad que
tienen las bacterias de soportar los efectos nocivos de un agente quimico al cual la
mayoria de las cepas del mismo microorganismo son susceptibles". Asi pues, se
puede considerar como una capacidad inherente (intrinseca) o adquirida
(extrinseca) de un organismo para resistir los efectos de un agente
quimioterapéutico al que es sensible habitualmente.

Hoy en dia la resistencia a antimicrobianos es cada vez mas evidente. La
primera resistencia a biocidas fue descrita entre la década de 1950 y 1960
(Cabrera et al, 2007). En 1946, la mayoria de las cepas de S. aureus eran sensibles
a la penicilina, hoy en dia casi todas las cepas son resistentes a la bencilpenicilina y
la mayoria solo se pueden tratar con vancomicina (Cabrera et al., 2007).

En los ultimos sesenta afios se ha hecho notorio el impacto de la respuesta de
estos microorganismos a la presion selectiva que ejercen los antisépticos y
desinfectantes, asi como los compuestos quimio-terapéuticos mas utilizados en los
brotes de infecciones en los hospitales a nivel mundial. Incluso en probioéticos, han
sido documentados doce casos de sepsis bacteriana temporal, nueve casos de
bacteriemia, dos casos de endocarditis y un caso de absceso hepatico (Boyle et al.,
2006).

Desde los primeros estudios realizados en la década en 1940 sobre el

mecanismo de accion de la penicilina, fue evidente que esta no era capaz de actuar
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de la misma manera sobre todos los microorganismos (Hobby et al.,, 1942; Chain y
Duthie 1945; Hobby y Dawson 1946).

La resistencia a antimicrobianos se produce como consecuencia de la
interrupcion o la alteracién de uno o mas pasos esenciales en la accion del
antimicrobiano, siendo el resultado final, la pérdida total o parcial de la eficacia
antimicrobiana (Forbes, 2009). La tolerancia/resistencia fenotipica es la respuesta
desarrollada en todas las especies bacterianas a un cambio ambiental incluyendo
la presencia de antimicrobianos y que conduce a la supervivencia bacteriana
(Novak y Tuomanen, 2001). La tolerancia/resistencia fenotipica se puede deber a
la ausencia de la diana del antibiético o la presencia de la misma con baja afinidad
por el substrato (antimicrobiano), la formacidn de biopeliculas, disminucion de la
permeabilidad (Pages et al, 2008; Fernandez, 2012), la formacién de un receptor
alterado o la alteracion de la superficie mediante la modificacion del
lipopolisacarido, presente en ella. Este tltimo reduce las interacciones moleculares
entre la membrana externa y el antimicrobiano, inhibiendo en consecuencia, su
penetracion y la alteracion del numero o el tipo de porinas a través de las cuales
los antibidticos penetran al interior de las células bacterianas (Corona y Martinez,
2013). También, mediante la expulsidn de los antibioticos a través de bombas de
exporte que permiten mantener el antibidtico fuera de las envolturas bacterianas y
reducir asi su actividad téxica (Corona y Martinez, 2013).

La resistencia genotipica se encuentra codificada en el material genético del
microorganismo, bien en el cromosoma, o bien en plasmidos (pldsmidos de
resistencia “factores R”). Una bacteria puede ser intrinsecamente resistente a un
determinado antimicrobiano o puede adquirir dicha resistencia mediante
mutaciones cromosOmicas o transferencia horizontal de genes. La resistencia
intrinseca de una determinada especie a un antimicrobiano es la capacidad de
dicha bacteria a resistir a la accion de ese antimicrobiano como resultado de las
caracteristicas estructurales o funcionales inherentes (Blair et al, 2015). Los
mecanismos mas importantes de resistencia intrinseca se muestran en la Figura

11.
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Figura 11. Mecanismos de resistencia intrinseca (Blair et al., 2015).

A nivel fenotipico, las causas de esta resistencia son muy variadas. Pero,
fundamentalmente la resistencia a un antimicrobiano se puede producir a dos
niveles: inhibicion de la entrada y modificacion directa del antimicrobiano una vez
en el citosol (Blair et al,, 2015). La inhibicién de la entrada en el microorganismo,
se puede producir mediante exporte por bombas de exporte que realizan el
transporte activo de antimicrobianos. La sobreexpresion de dichas proteinas,
confiere al microorganismo resistencia a alta concentracion del antimicrobiano
(Blair et al., 2015) ya que la bacteria es capaz de bombearlo hacia fuera (Chopra y
Roberts, 2001). Este mecanismo de resistencia no solo se produce en el caso de
antibiodticos, si no también se produce con un gran nimero de biocidas. Existe un
gran numero de familias de estas proteinas halladas en un gran numero de
microorganismos, entre los que destacan la superfamilia DMT (Drug/Metabolite
Transporter), la superfamilia MF (Major Facilitator), la familia ABC (ATP-Bindding
Cassette), la familia RND (Resistance-Nodulation-Division) y la familia MATE
(Multidrug and Toxic Compound Extrusion) entre muchas otras (Poole, 2002).

El bloqueo de la entrada de antimicrobiano, también puede utilizar mecanismos
pasivos como la permeabilidad reducida a ellos (mucho mas comtn en bacterias
Gram-negativas). Este mecanismo de “insensibilidad”, se produce para los biocidas,
siendo incapaces de alcanzar su diana de accién incluso usados a concentraciones

elevadas.
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Los microorganismos también inhiben la entrada de los antimicrobianos
mediante cambios quimicos en la diana del mismo, a nivel de la membrana externa
o el espacio citosolico (dependiendo del antimicrobiano). Estos cambios,
normalmente se producen por cambios en los aminoacidos que componen las
proteinas dando lugar a un cambio conformacional y la pérdida de funcién
(Wright, 2011).

Algunos microorganismos son naturalmente resistentes (es decir
intrinsecamente resistentes) a algunos antibidticos. Sin embargo, puede ocurrir
que una bacteria sensible a la accién antimicrobiana adquiera mecanismos de
resistencia (resistencia extrinseca). La mayor parte de la resistencia a
antimicrobianos es debida a transferencia de genes de resistencia, "desrepresion”
de ciertos genes cromosomales causada por mutaciones, la insercion de un
elemento génico transponible o por adquisicion de un elemento génico
extracromosomal (plasmido) que porta dicha resistencia (Livermore, 1995). Un
microorganismo productor de un antibiético, desarrolla mecanismos de
resistencia al mismo, de forma que neutraliza o destruye su propio antibiético; los
genes que codifican dichos mecanismos de resistencia pueden transferirse
ocasionalmente a otros organismos (Blair et al,, 2015).

Algunas bacterias poseen genes que codifican para proteinas (normalmente
enzimas) que compiten con la diana, actuando como un "bypass" de forma que el
antibidtico posee igual o mas afinidad por estas enzimas que por la diana, dando
como resultado el bloqueo de la acciéon del mismo (Hawkey, 1998). Esto es lo que
ocurre con la llamada proteina de uniéon a penicilina PBP (Penicillin Binding
Protein). Se puede deber a la adquisicion un plasmido que codifica para esta
enzima o por transposicion del mismo por "ADN libre" (Schimtz et al., 2000). Por
otro lado, ciertos microorganismos poseen enzimas capaces de modificar
quimicamente los antibidticos y como consecuencia se produce su inactivacion.
Existen numerosas enzimas identificadas cuya actividad consiste en degradar y/o
modificar los antimicrobianos, entre ellos las betalactamasas (Figura 12) y

enzimas que degradan los aminoglucosidos, fenicoles y macrélidos.
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Figura 12. Inactivacion quimica de los antibioticos betalactamicos por la accién de
betalactamasas (Wright, 2011).

Existen dos mecanismos de inactivacion de antibidticos: la formaciéon de
enlaces covalentes de grupos quimicos (grupo acil, fosfato, nucleotidil y ribotidil)
en determinados "sitios vulnerables" de la molécula, lo que provoca impedimentos
estéricos en la unidn con las dianas celulares (Wright, 2005) y la activaciéon
mediante metales de una molécula de agua nucleofilica (Drawz y Bonomo, 2010).
Asi, Los principales mecanismos de resistencia a antibiéticos quedan recogidos en

la Figura 13A.
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Figura 13. A. Principales mecanismos de resistencias en bacterias (Adaptado de
Levy y Marshall, 2004). B. Principales mecanismos de adquisicion de resistencia a
antimicrobianos en bacterias (Adaptado de Levy y Marshall, 2004).
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Por otro lado, la adquisicion de resistencia (resistencia extrinseca) puede
ocurrir mediante la mutacién de genes pre-existentes o por transferencia
horizontal. Con algunas excepciones, la resistencia intrinseca y la resistencia por
mutacién es improbable que sea diseminada entre las diferentes especies. En
cambio, la transferencia horizontal de genes, y particularmente de los elementos
génicos moviles (plasmidos y transposones) se produce con frecuencia (Normark y
Normark, 2002).

Tabla 1. Mecanismos de resistencia mas representativos segin el tipo de
antibidtico (Forbes, 2009; Davies y Davies, 2010).

Antibiotico Mecanismo de Resistencia

Betalactamicos * Hidrolisis enzimatica (Betalactamasas)
e Alteracidn de las dianas (PBPs)
* Disminucion en la captacion y bombas de exporte

Glucopéptidos * Diana alterada
* Exceso de dianas (peptidoglicano )
Aminoglucésidos * Modificacion enzimatica (fosforilacion, acetilacion,
nucleotidilacion)

* (Captacion disminuida y bombas de exporte

* Diana alterada (mutaciones ribosémicas)
Quinolonas * (Captacion disminuida

* Diana alterada en las ADN girasas

* Acetilacion

e Exporte
* Alteracion de la diana
Macrolidos * Expulsion mediante bombas de exporte o porinas

* Diana alterada (ribosomas)
* DModificacion enzimatica (hidrolisis, glicosilacion,

fosforilacién)

Tetraciclinas * Mono-oxigenacion

e Exporte

* Dianas alteradas
Lincosamidas * Nucleotidilacion

e Exporte

* Dianas alteradas
Sulfonamidas * Exporte

* Dianas alteradas
Fenicoles * Modificacion enzimatica (acetilacion)

e Exporte

¢ Diana alterada
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La resistencia a antibioticos puede ser transferida vertical u horizontalmente de
forma natural en las comunidades microbianas, siendo mediada por la difusién
clonal de una cepa resistente. En cambio, la diseminacion horizontal se basa en la
transferencia de genes en bacterias por tres mecanismos identificados: la
transformacién natural (incorporaciéon de ADN que esta libre en el medio
extracelular), conjugacion (transferencia de ADN entre dos bacterias) y
transduccion (transferencia por bacteriéfagos) (Mathur y Singh, 2005) (Figura
13B). A modo de resumen, la Tabla 1 muestra los mecanismos de resistencia mas

comunes para cada familia de antibiotico.

3.2.3. Resistencia a antimicrobianos en el género Lactobacillus
3.2.3.1. Resistencia a antibidticos
A. Resistencia a antibiodticos inhibidores de la sintesis de pared celular

Los antibiéticos inhibidores de la sintesis de pared celular a los que el género
Lactobacillus es susceptible son penicilinas, ampicilinas, oxacilina y piperacilina,
inhibidores de betalactamasa y cefalosporinas. En los ultimos afos, se han
encontrado varias cepas de Lactobacillus resistentes a penicilina G, pertenecientes
a las especies Lb. rhamnosus, Lb. reuteri, Lb. plantarun, Lb. delbrueckii, Lb. casei, Lb.
helveticus, Lb. salivarius, Lb. cuvatus y Lb. sakei, aisladas de diferentes alimentos
distribuidos por los cinco continentes (Abriouel et al, 2015). Existen estudios que
demuestran que determinadas especies de este género son resistentes a ampicilina
como son ciertas cepas de Lb. casei, Lb. cuvatus, Lb. sakei, Lb. helveticus y Lb.
reuteri, esto es debido a los genes que codifican para PBP, esta resistencia no es
transferible entre bacterias puesto que se encuentra en el cromosoma bacteriano
(Rosander et al,, 2008).

Especies como son Lb. rhamnosus, Lb. paracasei, Lb. plantarum y Lb. pentosus,
aisladas de alimentos potencialmente funcionales, son resistentes a cefalosporinas
y oxacilina (Abriouel et al, 2015). El género Lactobacillus es intinsecamente
resistente a glicopéptidos y esto es debido a su pared celular que presenta una
pequefia modificaciébn en su composicion quimica siendo el peptidoglicano
constituido por D-Alanina-D-Lactato en lugar de D-Alanina-D-Alanina. Existe cierta

controversia en lo que se refiere al origen de la resistencia a la vancomicina en
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Lactobacillus spp., diversas cepas de Lb. rhamnosus, Lb. paracasei, Lb. salivarus y
Lb. plantarum poseen resistencia intrinseca a este antibiotico, mientras que otros
estudios demuestran que determinadas cepas de Lb. delbrueckii, Lb. acidophilus, Lb.
johnsonii y Lb. crispatus poseen mecanismos de resistencia adquiridos para el

mismo (Abriouel et al,, 2015).

B. Resistencia a antibiéticos que actian sobre la sintesis proteica

Las especies pertenecientes al género Lactobacillus son susceptibles,
generalmente, a los antibidticos que inhiben la sintesis proteica, tales como
eritromicina, tetraciclina, clindamicina o cloranfenicol. No obstante se han
encontrado cepas resistentes a estos antibioticos de Lb. plantarum, Lb. pentosus,
Lb. bulgaricus, Lb. delbrueckii subsp. lactis, Lb. rhamnosus, Lb. fementus, Lb.
helveticus, Lb. brevis, Lb. fermentus, Lb. paracasei, Lb. namurensis y Lb. casei aisladas
de diferentes alimentos fermentados. Las principales causas de la resistencia
intrinseca a estos antibioticos son la ausencia de un transporte de electrones
mediada por el citocromo que permite la captacion de los antibioticos (Charteris et
al, 2001), cambios en la permeabilidad (Abriouel et al, 2015) y resistencia
mediada por degradacion enzimatica, acetiltransferasas, adenaciltransfersas y
fosfotransferasas (Franklin y Snow, 2005). La resistencia a estreptomicina en
muchos casos es debida a la presencia de los genes aph(E) y sat (Ammor et al.,
2008). La resistencia adquirida a estos antibidticos ha sido también descrita en
diferentes cepas del género Lactobacillus encontrandose genes de resistencia tales
como aadE y aphA3 en Lb. curvatus; aph(3’)-1ll, aadA y aadE en Lb. casei y Lb.
pentosus; aph(3')-111 y ant(6) en Lb. delbrueckii subsp. Bulgaricus; aph(3’)-11I en Lb.
plantarum y Lb. namurensis, aisladas de alimentos fermentados (Abriouel et al,
2015).

Por otra parte, se han encontrado cepas resistentes a cloranfenicol de Lb.
plantarum, Lb. fermentum, Lb. helveticus, Lb. sakei y Lb. namurensis debido a la
presencia del gen cat en el cromosoma bacteriano o en plasmidos y que codifica
para una acetiltransferasa. En los ultimos afios, se han aislado de productos
fermentados cepas de lactobacilos resistentes a eritromicina debido a la presencia

del gen ermB tanto en plasmidos como en el cromosoma asociado a elementos

50



INTRODUCCION

moviles. Determinadas cepas aisladas de alimentos fermentados procedentes de la
cultura china, alimentos vegetales, productos lacteos y carne fermentada
mostraron resistencia a clindamicina y tetraciclina (Abriouel et al, 2015). En
muchos casos, esta resistencia se debe a la adquisicion del gen tetM (presente en el
transposon Tn916 o plasmido), tetS y tetW que codifican para las proteinas de
proteccion ribosomal implicadas en la resistencia a tetraciclina (Abriouel et al,
2015; Catalouk y Gogebakan, 2004; Danielsen 2002; Gevers et al.,, 2003; Lin et al,
1996; Simeoni et al.,, 2008); a tet(0) y tet (O/W) (Ammor et al., 2008) y tetL el cual
codifica para una bomba de exporte (Ammor et al, 2008; Thumu & Halami, 2012).
La resistencia a lincosamidas (clindamicinas) puede ser también codificada por los

genes erm, principalmente ermB, ermC, ermGy ermT.

C. Resistencia a antibidticos inhibidores de la replicacion/ transcripciéon del
ADN.

El género Lactobacillus es intrinsecamente resistente a quinolonas (acido
nalixidico y ciprofloxacino), pero hoy en dia se desconoce el mecanismo de
resistencia. La resistencia intrinseca a ciprofloxacino puede deberse a mutaciones
de los genes gyrA (subunidad A de la ADN girasa) y parC (que codifica para una
subunidad de la topoisomerasa IV) en la region QRDR (Quinolone Resistance
Determining Region) (Hummel et al, 2007), o a otros mecanismos de resistencia
pasivos como la estructura de la pared celular, la permeabilidad o incluso a un

mecanismo de exporte activo (Abriouel et al,, 2015).

D. Resistencia a antibidticos que inhiben la sintesis del acido félico.

Los principales antibidticos que afectan la sintesis del acido félico son las
sulfonamidas y trimetoprima. No existe un patron tipico que indique si este género
es o no sensible a este tipo de antibidticos (Abriouel et al, 2015). Asi algunas cepas
parecen ser sensibles, mientras que otras parecen ser capaces de activar ciertas
rutas metabolicas, mediante la sintesis de la enzima dihidrofolato reductasa

(Huovinen, 1987).
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3.2.3.2. Resistencia a biocidas

La resistencia del género Lactobacillus a ciertos biocidas ha sido documentada a
nivel fenotipico pero no a nivel genotipico. En 2013, se publicé el primer estudio
masivo con 466 cepas de diferentes BAL y cuatro biocidas demostrando que las
BAL y particularmente el género Lactobacillus poseian baja susceptibilidad a
cloruro de benzalconio, clorhexidina, triclosan e hipoclorito sédico, sobre todo las
especies de Lb. plantarum y Lb. paracasei. Este hecho puede ser debido
probablemente a ciertas caracteristicas morfologicas, la alteraciéon de la pared
celular, la diferencia de permeabilidad o la sobreexpresion de algunas bombas de
exporte (Arioli et al, 2013; Condell et al., 2012; Poole et al, 2002). También, se ha
documentado que la supervivencia de un porcentaje alto de lactobacilos tuvo lugar
tras la exposicion durante un corto periodo de tiempo (3 minutos) a 200 mg/L de
cloruro de benzalconio (Sundheim et al., 1993).

Los principales mecanismos de resistencia a biocidas de las bacterias consisten
en la alteracion de la diana celular y la presencia de bombas de exporte, pero
pueden existir otros mecanismos de resistencia como la mutacion, la adquisicién
de genes extracromosémicos (Poole, 2002) e incluso la inactivacién genética
(Russell, 1997). En contraste con los antibioticos, que tienen dianas celulares muy
especificas, los biocidas parecen tener multiples dianas, por tanto, las mutaciones
que afectan la diana son poco frecuentes en las cepas resistentes a biocidas
(McDonnell y Russell, 1999).

Las bombas de exporte muestran una amplia especificidad por el substrato que
puede ser tanto de tipo antibidtico como biocida (Figural4), las familias mas
representativas son MF, ABC, RND y la familia MATE entre muchas otras (Poole,
2002). La sobreexpresion de las bombas de exporte puede ser consecuencia, en
numerosas ocasiones, de las mutaciones que afectan a represores de genes locales
(Webber y Piddock, 2003). El triclosan, es un excelente sustrato de diferentes
bombas de exporte, por lo cual es una buena herramienta para seleccionar

mutantes reguladores que expresan las bombas de exporte (Schweizer, 2001).
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Figura 14. Superfamilias de bombas de exporte mas representativas en bacterias
Gram-positivas, junto con los antimicrobianos mas importantes sobre los que
tienen actividad (modificado de Piddock, 2006).

Normalmente el género Lactobacillus carece o posee un reducido numero de
bombas de exporte. En Lb. brevis, se observo el gen horA, codificante para una
bomba de exporte de la superfamilia ABC (Sami et al.,, 1997; Sakamoto et al., 2001;
van de Guchte et al., 2002), homologa a aquella codificada por ImrA en Lc. lactis (Li
y Nikaido, 2009). Por otro lado se ha observado también que varias cepas de
Lactobacillus spp. tienen proteinas homologas codificadas por el gen ImrS,
pertenecientes a la familia MF con un 65% de similitud (Floyd et al, 2010).
También se ha observado, que la especie Lb. plantarum asi como Streptococcus
thermophilus y ciertas especies del género Bacillus son capaces de producir la
enzima nisinasa que neutraliza la actividad del polipéptido nisina con actividad

antimicrobiana (Hurst y Hoover, 1993; Anton et al., 2006).

3.2.4. Perfil de resistencia de las BAL aislados de vegetales fermentados

La gran variedad de alimentos fermentados tradicionales es el resultado de las
diferencias en las especies bacterianas predominantes que se encuentran
naturalmente en la materia prima de cada region geografica, las condiciones
ambientales locales y los procedimientos de procesamiento tradicionales. Por lo
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tanto, la amplia gama de productos finales fermentados se caracteriza por una
microbiota diversa y una variedad de propiedades organolépticas (Spitaels et al,
2014). Los alimentos tradicionales fermentadas no so6lo son atractivos por su valor
nutricional (proteinas, minerales, grasas y vitaminas), sabores y consistencias
diferentes, pero también presentan oportunidades de subsistencia para los
agricultores, procesadores y vendedores. Sin embargo, los alimentos fermentados
tradicionales pueden ser considerados como vehiculos de bacterias resistentes a
los antibioticos y sus genes ya que estas bacterias constituyen un reservorio
importante de resistencias que pueden ser transferidos a otras bacterias,
incluyendo patégenos y comensales a través de la cadena alimentaria y en el tracto
gastrointestinal (Wang et al, 2012; Forslund et al, 2013). En general, la
caracterizacidn del perfil de resistencia y virulencia de las bacterias fermentativas
en los alimentos tradicionales no se ha realizado de forma rutinaria y en muchos
casos, los métodos dependientes de cultivo dejan el 99% de las bacterias sin
caracterizar. Varios vegetales fermentados tradicionales se han consumido
durante siglos en todo el mundo. Sin embargo, poco se sabe acerca de la incidencia
de la resistencia a antibidticos en las BAL, que depende de la zona geografica, la
materia prima, las practicas de produccion y los antibidticos que se utilizan en la
agricultura. La evaluacién de la resistencia de las BAL exige una mayor atencion ya
que en 2007 la Autoridad Europea de Seguridad Alimentaria (EFSA) recomendd
que las cepas bacterianas que albergan genes de resistencia a antibidticos
transferibles deben ser consideradas como peligrosas y no deben ser utilizadas en
la alimentacién animal, alimentos fermentados y probioticos para los humanos
(EFSA, 2007). Asi, cuando se comparan con los productos fermentados de origen
animal (lacteos y la carne fermentada), la incidencia de las BAL resistentes a los
antibidticos es mas baja en los productos vegetales fermentados (Pan et al., 2011).
Los lactobacilos son los principales protagonistas de la fermentacion natural de los
vegetales, estas bacterias son intrinsecamente resistentes a muchos antibioticos
tales como quinolonas, sulfonamidas y trimetoprima, pero algunas especies son
también resistentes a glicopéptidos. Sin embargo, los lactobacilos son susceptibles
a todos los inhibidores de la sintesis de proteinas excepto los aminoglucoésidos.

Varios estudios han sido realizados sobre la evaluacion de la resistencia fenotipica
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a antibidticos en las BAL aislados de los granos de cacao fermentados (Ghana),
Koko (Ghana), Dolo y el mosto Pito (Burkina Faso y Ghana). Sin embargo, no hay
estudios que revelan dicha resistencia a nivel genotipico.

El género Lactobacillus es intrinsecamente resistente a aminoglucédsidos
(neomicina, kanamicina, estreptomicina y gentamicina), fluoroquinolonas
(ciprofloxacino), glicopéptidos (vancomicina y teicoplanina), a ciertos inhibidores
de la sintesis de acido nucleicos (enoxacina, pefloxacina, norfloxacina, acido
nalidixico y metronidazol) e inhibidores de la sintesis del acido foélico
(sulfamotoxazol, trimetoprima y co-trimexazol) (Charteris et al, 1998; Coppola et
al, 2005; Zhou et al, 2005; Patel et al, 2012, Abriouel et al, 2015). Si bien, este
género es susceptible a las penicilinas (ampicilina y penicilina G), cloranfenicol,
estreptomicina, clindamicina, tetraciclina, eritromicina, acido linezdlico y
quinopristina/dalfopristina (Ammor et al.,, 2007; Katla et al, 2001; Luh et al, 2000;
Patel et al.,, 2012; Abriouel et al., 2015).

En la actualidad, no se ha descrito ningin miembro del género Lactobacillus
capaz de realizar transformacién natural (Ammor et al, 2007). La resistencia
extrinseca en el género Lactobacillus se puede producir por transposicion,
adquisicion de plasmidos de resistencia. Se han encontrado secuencias de
insercion (IS) en el genoma de diferentes especies de Lactobacillus (ciertas cepas
Lb. salivarius, Lb. helveticus, Lb. delbrueckii subsp. bulgaricus y Lb. amylovorus),
estas secuencias son un indicador de transferencia horizontal de genes lo cual
tiene un papel importante en la evolucion genoémica (Cai et al,, 2009; Callanan et
al, 2008; Canchaya et al,, 2006; Cremonesi et al.,, 2013; Kaleta et al.,, 2010; Kant et
al, 2011a; Schneider y Lenski 2004). En Lactobacillus spp., las secuencias IS suelen
flanquear transposones conjugativos del tipo Tn916 (resistencia a tetraciclina) y
Tn1546 (resistencia a eritromicina) (Devirgiliis et al, 2008; Devirgilis et al., 2009;
Fons et al, 1997). En teoria, el género Lactobacillus puede adquirir genes del
género Staphylococcus y Enterococcus (Abriouel et al., 2015).

Ciertas especies de lactobacilos pueden adquirir resistencia a antibioticos
mediante conjugacion por la adquisicién de plasmidos con genes de resistencia
como el plasmido pLM300 (encontrado en Lb. fermentum ROT1) (Ammor et al.,

2008) o el plasmido pAMB1 que puede ser transferido de Enterococcus faecalis a
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Lb. reuteri (Morelli et al., 1988). Estos plasmidos pueden proporcionar a la bacteria
propiedades fenotipicas relacionadas con la resistencia a antimicrobianos,
metabolismo de carbohidratos, metabolismo aminoacidico y producciéon de
bacteriocinas (Lavanya et al, 2011). Recientemente, el andlisis del perfil de
resistencia fenotipico y genotipico de lactobacilos asilados de diferentes vegetales
fermentados tradicionales revel6 que los genes de resistencia mas comunes
encontrados en los lactobacilos fueron erm(B) y tet(M) localizados en el
cromosoma y los plasmidos. Por lo tanto, la presencia de estos genes en elementos
genéticos moviles puede participar en la diseminacion de la resistencia a

antibidticos en diferentes ecosistemas.

3.3. Mecanismos de induccion de la resistencia a los antimicrobianos

Una poblacién bacteriana, en principio, es genéticamente homogénea, no
obstante, es fisiologicamente heterogénea. Lo que significa que las bacterias de
dicha poblacion difieren en su susceptibilidad y que la exposicion a
antimicrobianos conduce a la seleccion de la fraccion de bacterias fenotipicamente
tolerantes. Por lo tanto, se produce una disminucién en la mortalidad de la
poblacién bacteriana (Wiuff et al, 2004). Existen diferentes mecanismos que
inducen la seleccion de dichas resistencias, entre los cuales destacan los

antimicrobianos y diferentes tipos de estrés.

3.3.1. Seleccion de resistencias mediante antimicrobianos

Un compuesto antimicrobiano puede afectar la estructura de las membranas
bacterianas o las rutas biosintéticas esenciales para la multiplicacién microbiana.
Sin embargo, las bacterias presentan una extraordinaria resistencia a la acciéon de
compuestos toxicos debido a los mecanismos intrinsecos que protegen las células
de la exposicion continua a productos quimicos nocivos (Fernandes et al,, 2003).
Esta propiedad puede conducir a la resistencia cruzada en dicho microorganismo.
Este tipo de resistencia, se produce cuando un microorganismo es resistente a un
antimicrobiano determinado provocando la resistencia frente a otros

antimicrobianos a los cuales no hubo una exposicién previa.
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Normalmente la resistencia cruzada se produce cuando varios antimicrobianos
poseen la misma diana o comparten la misma ruta comin de sus respectivas
dianas (Chapman, 2003), es decir si diferentes antimicrobianos tienen la misma
diana celular; si poseen el mismo mecanismo de transporte al interior de la célula;
si comparten el mismo mecanismo de resistencia; o si los genes de resistencia son
los mismos para ambos antimicrobianos y sean portados por elementos génicos

transponibles (Condell et al,, 2012).

3.3.2. Seleccion de resistencias mediante induccion del sistema de
reparacion de emergencia o respuesta SOS

La activacion del sistema de reparacidon de emergencia (sistema SOS), es un tipo
de respuesta que se produce ante un dafio celular. Esta respuesta, es capaz de
desencadenar una cascada de represiones y desrepresiones génicas que
contribuyen a la reparacién del genoma bacteriano contribuyendo asi a su
supervivencia. Este sistema responde a dafios producidos en el ADN, a la
interrupcion del proceso replicativo o a la acumulacién de ADN de cadena sencilla
(ssADN), lo que desencadena la expresion de diferentes genes que participan en
los procesos de reparacion, replicacion, recombinacion y divisién celular (Jara
Ramirez et al., 2005).

La regulacion de este sistema se lleva a cabo principalmente por dos proteinas,
la proteina LexA que reprime el sistema y la proteina RecA que lo activa (Courcelle
et al, 2001; Fernandez de Henestrosa et al., 2000). En un estadio normal, es decir
en ausencia de dafios genémicos, los genes del operén SOS se encuentran unidos
con el dimero formado por el represor LexA, reprimiendo la transcripciéon. Cuando
el ADN es dafiado o la replicacion del mismo se bloquea, se produce un acumulo de
ssADN y la proteina RecA se activa, llevando a cabo su actividad coproteasa que
promueve la autodegradacion del dimero LexA (Figura 15). Todo ello promueve
una cascada de reacciones que promueven la desrepresion del sistema y la
transcripcion de los genes SOS y de otros genes que llevan a cabo la reparacién del

ADN y la replicacidn celular, asegurando asi la supervivencia bacteriana.
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Figura 15. Resumen de la activacion del sistema SOS (Modificado de Andersson y
Hughes, 2014).

El nimero de genes expresados para desencadenar la respuesta SOS y los
procesos de reparacion utilizados es proporcional al grado de induccion del
sistema. Para reparar el ADN dafado, entra en juego un tipo de polimerasa
diferente de aquella usada normalmente por el microorganismo. Esta polimerasa
es menos precisa que las polimerasas replicativas, lo que puede provocar la
aparicion de mutaciones que pudiesen conllevar a la aparicion de resistencias (Cirz
et al., 2005). Finalmente, el sistema vuelve a su estado inicial, al repararse la lesién
y desaparecer la sefial inductora (ssADN), con ello, la proteina RecA vuelve a su
estado inactivo, se detiene la hidrolisis de LexA formando un dimero con el ADN y
vuelve a producir la represion del regulén SOS volviendo la célula a un estado
basal (Jara Ramirez et al., 2005).

Los inductores de esta respuesta son todas aquellas situaciones que causen al
microorganismo algun tipo de estrés, entre ellas, un choque térmico, el estrés
oxidativo (Foster, 2005), las sales biliares (Bernstein et al, 1999), la exposicion a
UV, el peroxido de hidrégeno (Goerlich et al, 1989), las altas concentraciones de

sSADN (Jara Ramirez et al, 2005) y cierta concentracion de antibidticos como
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quinolonas, betalactamicos, fluoroquinonas, etc (Kohanski et al, 2010). Se ha
observado que la induccién con fluoroquinolonas estimula la transferencia

horizontal de genes de resistencia (Ubeda et al.,, 2005).

3.3.3. Seleccion de resistencias mediante induccion de bombas de exporte

La mayoria de bacterias han demostrado ser capaces de desarrollar un gran
nimero de mecanismos que les han permitido sobrevivir a determinadas
concentraciones de antimicrobianos. Uno de estos mecanismos es la induccion de
bombas de exporte y que tiene como objetivo final un incremento de la resistencia.
La exposicion a cualquier antimicrobiano o sustrato de la propia bomba de
exporte, puede servir como inductor o regulador de la expresidn de las mismas, ya
que favorece la sobreexpresion de ellas (Marchetti et al, 2011). Existen muchos
tipos de inductores con diferente naturaleza quimica.

Se ha sugerido que ciertas bombas de exporte a menudo estan poco expresadas
in vitro ya que el inductor de la expresion solo esta presente cuando la bacteria
esta creciendo en su habitat natural. S6lo se han identificado unos pocos de estos
inductores naturales, son principalmente, las sales biliares y los acidos grasos y el
Triton X-100, este ultimo, induce la expresion del locus mtrCDE (codificante para
una bomba de exporte de la familia RND) de Neisseria gonorrhoeae (Piddock,
2006). Estos mismos inductores naturales, pueden estimular las bombas de
exporte de la familia RND (Alvarez-Ortega et al., 2013). Las sales biliares pueden
inducir a B. fragilis, Campylobacter spp., E. coli, Salmonella spp. y Vibrio cholera ya
que potencian la actividad de las bombas de exporte AcrAB, Bme, CmeABC, VexAb
y VexCD. Los acidos grasos inducen la bomba AcrAB en E. coli (Li y Nikaido, 2009).

Los antibidticos pueden inducir o regular la expresion de algunas bombas de
exporte a nivel de transcripcién génica o traduccion a ARNm, por interacciéon con
los sistemas reguladores (van Bambeke et al., 2003). El cloranfenicol, induce las
bombas de la familia RND como MexXY o TtgABC en Burkholderia cenocepacia, P.
aeruginosa y P. putida (Li y Nikaido, 2009) y la bomba MexEF-OprN en P.
aeruginosa (Morita et al., 2013). Las fluoroquinolonas inducen las bombas AcrAB y
PatAB en Salmonella spp. y Streptococcus pneumoniae. Los macrolidos en P.

aeruginosa inducen MexXY. La bomba de exporte Mef (de la familia MFS) y el
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transportador Mel (perteneciente a la superfamilia ABC) de Streptococcus
pneumoniae que confieren resistencia a macrolidos (Piddock, 2006) son inducibles
por eritromicina (Ambrose et al., 2005). Las tetracilinas son inductores en E. coli, P.
aeruginosa y P. putida de las bombas de exporte Tet, MexXY y TtgABC. Los
aminoglucdsidos inducen la bomba de exporte MexXY en P. aeruginosa (Li y
Nikaido, 2009).

Los biocidas como el cloruro de benzalconio y la clorhexdina inducen en B.
subtilis, E.coli, P. aeruginosa y S. aureus, principalmente las bombas de exporte Blt,
Bmr, MexCD-Opr], MepA, NorA, QacA y QacB (Li y Nikaido, 2009). La clorhexidina
es un inductor en P. aeruginosa de la bomba MexCD-Opr] (Morita et al., 2013).

La activacidon de la bomba de exporte NorA (familia MFS) de S. aureus, cuyos
sustratos son cloranfenicol, fluoroquinolonas y tetraciclina, se puede llevar a cabo
mediante IPTG (isopropil- B-D-tiogalactopiranosido) (Yu et al, 2002). También
pueden actuar sobre las bombas de exporte de la superfamilia ABC, determinados
metabolitos vegetales como la quercetina, un flavonoide, que puede actuar como
inhibidor o inductor dependiendo de la concentracion utilizada (Rusenova et al,
2009) o las fitoalexinas como la naringenina y la floretina inducen AcrAB en
Erwinia amylovora (Liy Nikaido, 2009).

Farmacos como el salicilato actian como inductores de las bombas de exporte
AcrAB, CeoAB-OpcM, CmeABC y VceCAB regulando la expresion de los genes mary
mgrA lo cual regula el gen sarA implicado en la resistencia intrinseca. El diazepam
en E. coliy K. pneumoniae promueve la funcién de las bombas de exporte asociadas
con los genes mar (Li y Nikaido, 2009).

Las sales como el cloruro sédico actian como inductores de las bombas de
exporte HrdC, AcrAB y otras bombas de la familia RND en Acinetobacter baumanii
y Chromohalobacter spp. Otra sal, el benzoato, es un inductor en Bacterioides
fragilis, E. coli, Klebsiella pneumoniae de las bombas de exporte asociadas a los gens
mar (Li y Nikaido, 2009). La bomba AcrAB de E. coli, con afinidad a los antibidticos
tales como cloranfenicol, eritromicina, acido fusidico, acido nalidixico , rifampicina
y tetraciclina, se puede inducir usando 4% de etanol y 0.5 M de NaCl (Ma et al,
1995). Los acidos fendlicos tales como el acido salicilico, el acido t-cindmico y el

acido benzoico son inductores de AcrAB y EmrAB en Erwinia chrysanthemi. El
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indol en E. coli y Salmonella spp. potencia la actividad de AcrAB, AcrD, AcrEF, CusB,
EmrK, MdtA, MdtE y MdtH (Li y Nikaido, 2009). También son capaces de potenciar
la actividad de exporte agentes citotoxicos como el bromuro de etidio, la rodamina
6G y el cloruro de tetrafenilfosfonio en Bacillus subtilits, E. coli, P. aeruginosa y S.

aureus (Li y Nikaido, 2009).

4. Las 6micas como herramientas en el analisis de la probiosis de las BAL

Hoy en dia, las ciencias 6micas estan revolucionando la manera de investigar. La
palabra "émica" es un neologismo de origen latino que significa “conjunto de” y
que dependiendo del prefijo utilizado, se referira al estudio de una materia
especifica de Biologia Molecular (Jiménez-Pranteda et al, 2015). El uso de las
nuevas tecnologias basadas en las Omicas moleculares estd aumentando
rapidamente y probablemente reemplace a los métodos de deteccion tradicionales
(Papadimitriou et al., 2015). Estos estudios se pueden realizar con el fin de ampliar
los conocimientos sobre las propiedades moleculares de los probioticos y de las
comunicaciones moleculares que se establecen entre ellos y los entornos en los
que son capaces de sobrevivir y ejercer sus efectos beneficiosos (Baugher y
Klaenhammer, 2011).

Las principales 6micas son la genémica, la transcriptémica y la protedmica sin
embargo, muchas de ellas han ido ramificandose en otras a medida que se han
obtenido un mayor numero de datos (metabolémica, secretémica, fendmica,
integrémica, interactémica, metagendmica, metatranscriptémica, etc) (Jiménez-
Pranteda et al, 2015).

La gendmica es una ciencia basada en datos genéticos globales y detallados de
los organismos especificos que viven en un entorno determinado, con el fin de
proporcionar un estudio exhaustivo del funcionamiento, el contenido e incluso la
evolucion y el origen de los genomas. Mediante la gendmica es posible detectar y
eliminar rapidamente cepas que representen un riesgo potencial para la salud,
debido a la presencia de genes de resistencia a antibioticos transferibles o de
virulencia (Papadimitriou et al, 2015). Las técnicas utilizadas para el estudio
genomico son la secuenciacion de ADN y el microarray de ADN (Baugher y

Klaenhammer, 2011).
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En cuanto a la transcriptomica, ésta proporciona una vision general de los
perfiles de expresion génica bajo diferentes condiciones. Como ejemplos, el estudio
del perfil de expresién de genes por la microbiota intestinal humana tuvo como
finalidad la determinacion del impacto de la sobre-expresion génica de ciertos
microorganismos en este habitat (Sonnenburg et al., 2006; Lebeer et al, 2008) o
también el estudio de los mecanismos moleculares implicados en las interacciones
de los probioticos (Sanchez et al, 2013). Las técnicas mas comunes utilizadas en
transcriptémica son la secuenciacion de ARN, el microarray de ARN, la RT-PCR y la
qPCR (Baugher y Klaenhammer, 2011). Sin embargo, tanto en genémica como en
transcriptémica la secuenciacion de nueva generacion (NGS) que hace uso de las
tecnologias mas avanzadas de secuenciacion del material genético y su posterior
andlisis mediante las herramientas bioinformaticas mas adecuadas, esta
desplazando a las otras técnicas utilizadas ofreciendo datos mucho mas precisos y
mucho mas completos.

La protedmica, por otra parte, implica la identificacion y analisis de la expresion,
estructura y funciones de las proteinas. Los ensayos realizados con probidticos
suelen consistir en el estudio del proteoma en condiciones diferenciales (Baugher
y Klaenhammer, 2011), como pueden ser en ensayos de tolerancia bacteriana o
resistencia a algun tipo de estrés (Lim et al, 2000; Sanchez et al, 2007; Budin-
Verneuil et al., 2007; Lee et al, 2008; Hamon et al, 2011; Wu et al 2011). Existen
dos técnicas principales para la identificacidn proteica: mediante geles de
isoeletroenfoque, electroforesis en dos dimensiones e identificacién con
espectrometria de masas (Gorg et al, 2004) o mediante la identificacién de
proteinas a través de la cromatografia multidimensional (Washburn et al., 2001).

Las nuevas meta-Omicas (meta-gendmica, meta-proteébmica y meta-
transcriptémica) se centran en el analisis global de las moléculas bioldgicas de las
comunidades microbianas complejas (Sanchez et al, 2013). Las meta-6micas
ofrecen por primera vez las herramientas adecuadas para comprender el
comportamiento in vivo de los probidticos (Papadimitriou et al, 2015). Estas
metodologias son una herramienta clave para entender el ecosistema intestinal
microbiano y su modulacién dietética, incluyendo a los probidticos (McNulty et al,

2011; Wu et al, 2011; Del Chierico et al., 2012).
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Las metodologias meta-gendémicas revelan la composicion de los ecosistemas
complejos y de su Biologia (Quin et al, 2010; Upadrasta et al, 2011), ademas
contribuyen al desarrollo de nuevas dianas probidticas, la seleccion de nuevos
criterios probidticos, la identificacion de nuevas cepas probioticas, la identificacion
de diferentes mecanismos de acciéon e interaccion con el hospedador y la
determinacion de los efectos de los probidticos, entre otros (Gueimonde y Collado,
2012). La aplicacién de la meta-protedmica en los probidticos es primordial para
entender el comportamiento de los mismos y los efectos de una cepa dada sobre
una comunidad bacteriana, como la microbiota del tracto gastrointestinal humano
(Benndorf et al., 2009, Chen et al., 2009; Chourey et al., 2010).

En los ultimos afios, ha surgido el término "probiéomica" que hace referencia al
conjunto de aplicaciones 6micas capaces de explicar las estructuras probiodticas
responsables de las interacciones de la microbiota con las células del hospedador.
La comprension del desarrollo del microbioma intestinal humano permitirad una
adecuada caracterizacion de los efectos probidticos en la microbiota comensal de
los seres humanos in vivo (Baugher y Klaenhammer, 2011). Estos resultados
facilitaran, en un futuro, el desarrollo de formulaciones especificas y

personalizadas con probioticos dependiendo de las necesidades de cada paciente.
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OBJETIVOS

La resistencia a multiples sustancias antimicrobianas es un problema de salud publica
que se viene observando a nivel mundial después de la aparicion de los antibioticos. El
uso indiscriminado de los antibidticos en terapia clinica y de los biocidas en diversos
ambitos (clinico, industrial, doméstico...etc) junto con la presion selectiva ambiental
ejercida por otros agentes (como los empleados en produccion agropecuaria o el vertido
de residuos industriales toxicos en aguas y suelos) ha generado una respuesta de
supervivencia en los microorganismos, que los capacita para evadir con eficiencia la
accion bactericida de muchos agentes (cepas multirresistentes). Entre estas bacterias,
encontramos las bacterias lacticas presentes en productos fermentados (por ejemplo las
aceitunas fermentadas de mesa) de consumo frecuente, por lo tanto es primordial
analizar el perfil de resistencia de dichas bacterias aisladas de la fermentacion de
aceitunas Alorefia (Guadalhorce, Malaga) frente a diferentes agentes antimicrobianos.
En la actualidad se intenta dilucidar si existen mecanismos compartidos de resistencia
entre antibidticos y biocidas que permitan a las bacterias lacticas activar genes de
respuesta global a las agresiones externas. Ademads, las préacticas modernas de
elaboraciéon y procesado de los alimentos hacen que los microorganismos estén
expuestos de forma permanente a diferentes tipos de estrés incluyendo los
antimicrobianos, debiendo adoptar diferentes estrategias de supervivencia tales como el
desarrollo de mecanismos de resistencia especificos o la alteracion de la fisiologia. Por
lo tanto, nuestro objetivo principal es el estudio de los determinantes genéticos
implicados en la resistencia cruzada entre biocidas y antibidticos en bacterias lacticas
aisladas de la aceituna Alorefia (DOP, 2008) y ademas dilucidar la respuesta fenotipica
y genotipica de dichas bacterias en un ambiente cambiante (diferentes tipos de estrés).
De otra parte, la gendmica y la protedmica de una cepa probidtica aislada de la aceituna
Alorena fueron usadas para poner de manifiesto los mecanismos moleculares
implicados en la resistencia a antimicrobianos y otros tipos de estrés ademas de

determinar su seguridad con cara a su aplicacion como probiotico.

Teniendo en cuenta los argumentos antes mencionados, se plantearon los siguientes
objetivos:

1) Determinar la susceptibilidad a biocidas y antibioticos en Lactobacillus

pentosus 'y Leuconostoc pseudomesenteroides aisladas de la aceituna de mesa

Manzanilla Alorefia.
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2) Determinar los mecanismos de resistencia a biocidas y antibidticos en
Lactobacillus pentosus y Leuconostoc pseudomesenteroides aisladas de la
aceituna de mesa Manzanilla Alorefia.

3) Evaluar la respuesta fenotipica y genotipica de Lactobacillus pentosus, aisladas
de la aceituna de mesa Manzanilla Alorefia, a diferentes tipos de estrés fisico-
quimico.

4) Conocer los mecanismos de respuesta a nivel protedmico de una cepa probiodtica
Lactobacillus pentosus MP-10 a los antibioticos y biocidas.

5) Analizar in silico la resistencia a antibidticos en Lactobacillus spp. aisladas de
alimentos fermentados.

6) Estudiar la seguridad de Lactobacillus pentosus MP-10 a nivel genomico.
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Antimicrobial resistance of Lactobacillus pentosus (n = 59) and Leuconostoc pseudomesenteroides (n = 13) isolat-
ed from Alorefia green table olives (which are naturally-fermented olives from Malaga, Spain) to 15 antibiotics
was evaluated. Most Lb. pentosus (95%) and all Lc. pseudomesenteroides were resistant to at least three antibiotics.
Principal component analysis determined that the prevalence of antibiotic resistance in LAB throughout the fer-
mentation process was highly dependent on the fermenter where the fermentation took place. All Lb. pentosus
and Lc. pseudomesenteroides strains were highly sensitive to amoxicillin and ampicillin (MIC < 2 pg/ml), and
also to chloramphenicol (MIC < 4 pg/ml), gentamicin and erythromycin (MIC < 16 pg/ml). However, they were
phenotypically resistant to streptomycin (83-100%, MIC > 256 pg/ml), vancomycin and teicoplanin (70-100%,
MIC > 128 pg/ml), trimethoprim (76% of Lb. pentosus and 15% of Lc. pseudomesenteroides, MIC > 128 ng/ml),
trimethoprim/sulfomethoxazol (71-100%, MIC > 4-64 ug/ml) and cefuroxime (44% of Lb. pentosus and
85% of Lc. pseudomesenteroides, MIC > 32-128 pg/ml). Lb. pentosus was susceptible to tetracycline and
clindamycin, while 46% of Lc. pseudomesenteroides strains were resistant to these antibiotics. Only Lb. pentosus
strains were resistant to ciprofloxacin (70%, MIC > 4-64 pg/ml), although no mutations in the quinolone resis-
tance determining regions of the genes encoding GyrA and ParC were found, thus indicating an intrinsic resis-
tance. Similarly, no genes encoding possible transferable resistance determinants for the observed phenotypic
resistance were detected by PCR. In some cases, a bimodal distribution of MICs was observed for some antibiotics
to which both LAB species exhibited resistance. Nevertheless, such resistances resulted from an intrinsic mech-
anism, non-transferable or non-acquired resistance determinants which may in part be due to chromosomally
encoded efflux pumps (NorA, MepA and MdeA). Results of the present study demonstrate that all Lb. pentosus
and Lc. pseudomesenteroides strains lack transferable resistance-related genes (cat, bla, blaZ, ermA, ermB, ermC,
msrA/B, ereA, ereB, mphA, mefA, tet(M), tet(0), tet(S), tet(W), tet(L), tet(K), aad(E), aac(6’)-Ie-aph(2’)-Ia,
aph(2')-1b, aph(2’)-Ic, aph(2’)-Id, aph(3')-llla, ant(4’)-la, dfrA, dfrD, vanA, vanB, vanC and vanE) and should there-
fore, according to Qualified Presumption of Safety criteria, be considered safe for future application as starter
cultures or as probiotics.
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© 2013 Elsevier B.V. All rights reserved.

1. Introduction 2000). In the last decades, LAB have been used as probiotics, with

Bifidobacterium and Lactobacillus being the most commonly used genera

Lactic acid bacteria (LAB) are widely consumed along with fer-
mented foods and beverages because of their use as starter cultures
in fermentation processes (Caplice and Fitzgerald, 1999; Leroy and
De Vuyst, 2004; Wood and Holzapfel, 1995). They are also known for
their role as protective cultures as they are involved in producing an ar-
senal of antimicrobial substances such as lactic acid (and other organic
acids), hydrogen peroxide, diacetyl, acetoin, reuterin, reutericyclin, anti-
fungal peptides, and bacteriocins (Holzapfel et al., 1995; Holtzel et al.,
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(Servin, 2004). The application of LAB as probiotics has been prompted
by their beneficial properties on general health of the consumers
(Kechagia et al., 2013) and their “QPS” (Qualified Presumption of Safe-
ty) status based on a long history of safe use (Anadon et al., 2006;
European Commission, SCAN, 2007). In this sense, international regula-
tory organizations recommended specific prerequisites for approval of a
determined strain as feed additive. Accordingly, the European Scientific
Committee on Animal Nutrition (European Commission, SCAN, 2005)
and the European Food Safety Authority (EFSA, 2012) recommended
that LAB strains consumed on a daily basis worldwide should lack
acquired or transferable antimicrobial resistance genes prior to consid-
ering them safe for human and animal consumption and that any probi-
otic strain should have QPS status.
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Table 1
MIC distribution of 15 antibiotics for Lactobacillus pentosus and Leuconostoc pseudomesenteroides strains isolated from Alorefia fermented olives.
Antibiotic Species No. of isolates with the following MIC range (pg/ml) ECOFF
0.002-<0.1 >0.1-<1 >1-<2 >2-<4 >4-<8 >8-<16 >16-<32 >32-<64 >64-<128 >128 (vg/mD)
Amoxicillin Lb. pentosus 30 23 6 23b
Lc. 10 3 16°
pseudomesenteroides
Ampicillin Lb. pentosus 14 32 13 2¢
Lc. 9 3 1 2¢
pseudomesenteroides
Cefuroxime Lb. pentosus 11 2 2 18 21 5 >32¢
Lc. 1 11 >32¢
pseudomesenteroides
Chloramphenicol Lb. pentosus 38 19 2 8¢
Lc. 8 5 4°
pseudomesenteroides
Ciprofloxacin Lb. pentosus 7 11 36 5 >44
Lc. 8 >322
pseudomesenteroides
Clindamycin Lb. pentosus 36 22 1 2¢
Lc. 6 1 6 1°
pseudomesenteroides
Gentamicin Lb. pentosus 38 20 1 16¢
Lc. 6 2 5 16¢
pseudomesenteroides
Erythromycin Lb. pentosus 45 10 2 2 16¢
Lc. 1 3 9 16¢
pseudomesenteroides
Kanamycin Lb. pentosus 1 18 4 12 6 18 64¢
Lc. 2 11 16¢
pseudomesenteroides
Streptomycin Lb. pentosus 1 1 8 49*  >256% NR®
Lc. 13 64°
pseudomesenteroides
Teicoplanin Lb. pentosus 3 14 42 >32¢
Lc. 13 >32¢
pseudomesenteroides
Tetracycline Lb. pentosus 13 32 1 7 32¢
Lc. 6 1 6 8¢
pseudomesenteroides
Trimethoprim Lb. pentosus 1 5 13 8 8 8 8 &
Lc. 11 1 1 8
pseudomesenteroides
Trimethoprim/ Lb. pentosus 17 26 2 14 >4°
Sulfamethoxazole* Lc. 9 3 1 >4°
pseudomesenteroides
Vancomycin Lb. pentosus 11 1 47 4% NRS,
>32¢
Lc. 2 11 NRS, >32°

pseudomesenteroides

The microbiological breakpoint values according to Danielsen and Wind (2003)? and Flérez et al. (2005)® are given. The EU Commission breakpoint values as suggested by EFSA (2012)¢,
European Commission (SCAN) (2005) for Lb. pentosus and Lc. pseudomesenteroides are described, and in the case of non-described antibiotics we consider the breakpoint values suggested
by CLSI (2011)¢ for staphylococci. Resistant strains with a MIC value higher than the breakpoints described in the table are indicated in bold.

ND: not determined, NR: not required.

¥MIC refers to trimethoprim concentrations only. Trimethoprim:sulfamethoxazole was tested in the ratio 1:19.

*The concentration tested of streptomycin was >256 pg/ml.

Recently, several foods have been considered as potential vehicles of
antibiotic resistance genes (Bautista-Gallego et al., 2013; Duran and
Marshall, 2005; Franz et al., 1999; Zhang et al., 2009) with fermented
foods being one of the most important environments where several
stresses (low pH, high salt concentration and antimicrobial compounds)
and the high number of living bacteria may induce the exchange of such
genes. Gene exchanges may enhance survival of LAB and pathogens and
thus represent an important risk within the gastrointestinal tract for
spread to other bacteria (Salyers et al., 2004; van Reenen and Dicks,
2011). The indiscriminate use of antibiotics in human medicine and an-
imal husbandry during several decades has resulted in an important
public health risk. Furthermore, the increasing use of biocides as disin-
fectants in hospitals and food industries has led to the emergence of
cross-resistance phenotypes to clinically important antimicrobial com-
pounds (Fraise, 2002) and to new resistance mechanisms, which im-
pose an additional health risk for consumers or the environment. The
development of antimicrobial resistance among bacteria introduced in

the food chain is of great concern, thus the EFSA requires that bacteria
which are to be introduced into the food chain lack acquired antimicro-
bial resistance determinants to prevent lateral spread of these (van
Reenen and Dicks, 2011). In the present study, the susceptibility pat-
terns and possible mechanisms determining resistance to several anti-
biotics in Lactobacillus pentosus and Leuconostoc pseudomesenteroides
strains were investigated. These strains were isolated in a previous
study (Abriouel et al., 2012) from Alorefia table olives (which are
naturally-fermented olives manufactured by small and medium enter-
prises from Malaga, Spain), with the aim to select strains that lack ac-
quired antimicrobial resistance genes for possible application as
starter cultures or as probiotics. Furthermore, this study allowed us to
detect the types and degrees of antibiotic resistance present among
the LAB community in the natural olive fermentation environment,
and also to determine the prevalence of such phenotypic resistance in
LAB throughout the fermentation processes in different producing
enterprises.
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Table 2
PCR primers used in this study.
Target gene Primer pair (5'—3’) Reference
Bla Bla-forward: Hummel et al. (2007)
CATARTTCCGATAATASMGCC
Bla-reverse: CGTSTTTAACTAAGTATSGY
Cat Catfw1: TTAGGT TATTGGGATAAGTTA Hummel et al. (2007)
Catrev: GCATGRTAACCATCACAWAC
ermA ErmA1: TCTAAAAAGCATGTAAAAGAA Sutcliffe et al. (1996)
ErmA2: CTTCGATAGTTTATTAATATTAGT
ermB ErmB1: GAAAAGGTACTCAACCAAATA Sutcliffe et al. (1996)
ErmB2: AGTAACGGTACTTAAATTGTTTAC
ermC ErmC1: TCAAAACATAATATAGATAAA Sutcliffe et al. (1996)
ErmC2: GCTAATATTGTTTAAATCGTCAAT
msrA/B MsrA/B1: GCAAATGGTGTAGGTAAGACAA  Sutcliffe et al. (1996)
CT
MsrA/B2: AAGTTATATCATGAATAGATTG
TCCTGTTT
ereA EreA-FW: AACACCCTGAACCCAAGGGACG  Sutcliffe et al. (1996)
EreA-RV: CTTCACATCCGGATTCGCTCGA
ereB EreB-RV: AGAAATGGAGGTTCATACTTAC  Sutcliffe et al. (1996)
CA
EreB-FW: CATATAATCATCACCAATGGCA
mphA MphA-FW: AACTGTACGCACTTGC Sutcliffe et al. (1996)
Mph-RV: GGTACTCTTCGTTACC
mefA/mefE MefA/E-FW: AGTATCATTAATCACTAGTGC Sutcliffe et al. (1996)
MefA/E-RV: TTCTTCTGGTACTAAAAGTGG
Isa Abc2-FW: GGCAATCGCTTGTGTTTTAGCG  Singh and Murray
Abc2-RV: GTGAATCCCATGATGTTGATACC  (2005)
aac(6')-le- FW: CAGGAATTTATCGAAAATGGTAGAAA Vakulenko et al.
aph(2')-la AG (2003)
RV: CACAATCGACTAAAGAGTACCAATC
aac(6')-le- FW: CAGAGCCTTGGGAAGATGAAG Vakulenko et al.
aph(2')-la RV: CCTCGTGTAATTCATGTTCTGGC (2003)
aph(2")-Ib FW: CTTGGACGCTGAGATATATGAGCAC  Vakulenko et al.
RV: GTTTGTAGCAATTCAGAAACACCCTT ~ (2003)
aph(2")-Ic- FW: CCACAATGATAATGACTCAGTTCCC Vakulenko et al.
RV: CCACAGCTTCCGATAGCAAGAG (2003)
aph(2")-Id FW: GTGGTTTTTACAGGAATGCCATC Vakulenko et al.
RV: CCCTCTTCATACCAATCCATATAACC (2003)
aph(3')-llla FW: GGCTAAAATGAGAATATCACCGG Vakulenko et al.
RV: CTTTAAAAAATCATACAGCTCGCG (2003)
ant(4')-la FW: CAAACTGCTAAATCGGTAGAAGCC Vakulenko et al.
RV: GGAAAGTTGACCAGACATTACGAACT  (2003)
tet (L) tet(L)-2-1: CATTTGGTCTTATTGGATCG Aarestrup et al.
tet(L)-2-2: ATTACACTTCCGATTTCGG (2000)
tet (M) tet(M)-1: GTTAAATAGTGTTCTTGGAG Aarestrup et al.
tet(M)-2: CTAAGATATGGCTCTAACAA (2000)
tet (O) Tet(0)-1: GATGGCATACAGGCACAGAC Aarestrup et al.
Tet(0)-2: CAATATCACCAGAGCAGGCT (2000)
tet (S) Tet(S)-1: TGGAACGCCAGAGAGGTATT Aarestrup et al.
Tet(S)-2: ACATAGACAAGCCGTTGACC (2000)
tet(W) TetW-FW: GAGAGCCTGCTATATGCCAGC ~ Aminov et al. (2001)
TetW-RV: GGGCGTATCCACAATGTTAAC
vanA FW: GGGAAAACGACAATTGC Dutka-Malen et al.
RV: GTACAATGCGGCCGTTA (1995)
vanB FW: ATGGGAAGCCGACAGTC Dutka-Malen et al.
RV: GATTTCGTTCCTCGACC (1995)
vanC1 FW: GCTGAAATATGAAGTAATGACCA Miele et al. (1995)
RV: CGGCATGGTGTTGATTTCGTT
van(E) VanE1l: TGTGGTATCGGAGCTGCAG Fines et al. (1999)
VanE2: GTCGATTCTCGCTAATCC
BlaZ Bla Z-1: ACTTCAACACCTGCTGCTTTC Martineau et al.
BlaZ-2: TAGGTTCAGATTGGCCCTTAG (2000)
smr Smr-FW: ATAAGTACTGAAGTTATTGGAA  Bjorland et al. (2001)
GT
Smr-RV: TTCCGAAAATGTTTAACGAAAC
TA
Gyr (A) GyrAfw: Hummel et al. (2007)
CAMCGKCGKATTCTTTACGGAATG
GyrArev: TTRTTGATATCRCGBAGCATTTC
Par (C) ParCfw: TATTCYAAATAYATCATTCARGA ~ Hummel et al. (2007)
ParCrev: GCYTCNGTATAACGCATMGCCG
Dfr(A) DfrA1: CTTTTCTACGCACTAAATGTAAG Liu et al. (2009)
DfrA2: CATTATCAATAATTGTCGCTCAC
Dfr(D) DfrD1: GGAAGGGCTTTACCTGACAGAAG  Liu et al. (2009)

DfrD2: CGACATAAGGCAAGAACATAAC
ATA

Table 2 (continued)

Target gene Reference

Aad(E)

Primer pair (5'—3)

aadEl: GCAGAACAGGATGAACGTATTCG
aadEIl: ATCAGTCGGAACTATGTCCC
norA FW: TTTGTTTTCAGTGTCAGAATTTATGT
TTG
RV: GGCTTGGTGAAATATCAGCTATTAAAC
norC FW: CAGGCAGGATACTTATCAATTAC
RV: ATACCAATGACCACAATGAATG
norE norE-F: CTGGCGGCAGCGGTAA
norE-R: TGCCATACAGACACCCACCATA
mdeA FW: CTTTCAGGTTACCTTGTTGAATATTT
AAAC
RV: ATCAATAGGTACTTTAATTGTAGTTC
CAAC
acrA acrA-F: CTCTCAGGCAGCTTAGCCCTAA
acrA-R: TGCAGAGGTTCAGTTTTGACTGTT
acrB acrB-F: GGTCGATTCCGTTCTCCGTTA
acrB-R: CTACCTGGAAGTAAACGTCATT
GGT
tolC tolC-F: AAGCCGAAAAACGCAACCT
tolC-R: CAGAGTCGGTAAGTGACCATC
mdfA mdfA-F: CATTGGCAGCGATCTCCTTT
mdfA-R: TTATAGTCACGACCGACTTCTT
TCA
mefA FW: AGTATCATTAATCACTAGTGC
RV: TTCTTCTGGTACTAAAAGTGG

Klare et al. (2007)

Patel et al. (2010)

Patel et al. (2010)
Swick et al. (2011)

Patel et al. (2010)

Swick et al. (2011)

Swick et al. (2011)

Swick et al. (2011)

Swick et al. (2011)

Sutcliffe et al. (1996)

2. Material and methods
2.1. Bacterial strains and growth conditions

72 LAB strains (Abriouel et al., 2012) were obtained from Alorefia
green table olives naturally-fermented by four small-medium enter-
prises (SMEs) from Malaga (Spain) and included lactobacilli (59 Lb.
pentosus strains) and leuconostocs (13 Lc. pseudomesenteroides strains).
These strains were routinely cultured at 30 °C in de Man Rogosa and
Sharpe (MRS) broth (Fluka, Madrid, Spain) or agar under aerobic condi-
tions for 24-48 h. Strains were kept in 20% glycerol at — 80 °C for long
term storage.

2.2. Antibiotic susceptibility testing and MIC determination

MICs of 15 antibiotics encompassing nearly all important classes
were determined in LSM broth [90% of IST broth (Oxoid, Madrid,
Spain) and 10% MRS broth (Fluka, Madrid, Spain)] (Klare et al., 2005) ac-
cording to the ISO 10932/IDF 233 standard (ISO, 2010). Pharmacological
classes and specific antibiotics employed in this study were: p-lactams
(amoxicillin: AMO, ampicillin: AMP and cephalosporin cefuroxime:
CFX), quinolone (ciprofloxacin: CIP), lincosamide (clindamycin: CLI),
aminoglycosides (gentamicin: GEN, kanamycin: KAN and streptomycin:
STR), macrolide (erythromycin: ERY), glycopeptides (teicoplanin: TPL
and vancomycin: VAN), sulfonamides (trimethoprim: TMP and trimeth-
oprim/sulfamethoxazole: TMP/SMZ at ratio 1.25/23.75), chlorampheni-
col: CMP and tetracycline: TET. All antibiotics were from Sigma, with the
exception of STR, TET and CIP (Fluka), TMP and SMZ (Almirall), CFX
(Norman Laboratories). The microbiological breakpoints of the antibi-
otics tested (defined also as ECOFF according to the European Food Safe-
ty Authority (EFSA, 2012) are shown in Table 1. For the antibiotics not
included in the EFSA listing, the microbiological breakpoints were
defined according to Danielsen and Wind (2003), Flérez et al. (2005)
and the European Commission (European Commission, SCAN, 2005)
for Lactobacillus and Leuconostoc. Furthermore, for the antibiotics for
which no breakpoints were defined for Lactobacillus and Leuconostoc
spp. in the literature, such as CFX, TPL and TMP/SMZ, we used the micro-
biological breakpoints reported by the National Committee for Clinical
Laboratory Standards (CLSI, 2011) for staphylococci. We considered
MICs higher than the suggested breakpoints as evidence of phenotypic
resistance (EFSA, 2012). The accuracy of susceptibility testing was
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Fig. 1. Distribution of antibiotic MICs for Lactobacillus pentosus (A) and Leuconostoc
pseudomesenteroides (B) strains isolated from Alorefia fermented olives.

monitored by parallel use of the quality control strain Enterococcus
faecalis ATCC 29212.

2.3. Determination of intrinsic and acquired resistance

According to the European Committee on Antimicrobial Susceptibil-
ity Testing (EUCAST, http://www.eucast.org), microorganisms without
(wild type, WT) and with acquired resistance mechanisms (non-wild
type, NWT) to the antibiotic in question are characterized by their MIC
values as follows: WT < X pg/ml and NWT > X pg/ml, X being the
ECOFF (epidemiological cut-off) value of the corresponding antibiotic
for the LAB species studied. The distinction between natural and ac-
quired resistance was determined by analysis of MICs and their distribu-
tions according to Stock and Wiedemann (2001). In the case of a
population with acquired resistance, plotting the MIC of a particular an-
tibiotic for one species against the number of strains found with the re-
spective MIC usually results in a bimodal distribution (one peak with
relatively low MICs which represents the natural population, and one
peak with higher MICs which represents the strains with acquired
resistance).

2.4. PCR detection of antimicrobial resistance genes

PCR amplifications of well-known structural genes associated
with resistance to chloramphenicol (cat, the chloramphenicol acetyl-
transferase gene), 3-lactam antibiotics (bla and blaZ, the B-lactamase
genes), macrolides (the ermA, ermB, ermC, msrA/B, ereA, ereB, mphA,
mefA), tetracycline [tet(M), tet(O), tet(S) and tet(W), tet(L) and tet(K)],

aminoglucosides [aad(E), aac(6’)-le-aph(2’)-la, aph(2’)-1b, aph(2’)-Ic,
aph(2')-1d, aph(3’)-Illa and ant(4')-Ia], sulfonamides (dfrA and dfrD)
and glycopeptides (vanA, vanB, vanC and vanE) were performed using
conditions described elsewhere (Aarestrup et al., 2000; Aminov et al.,
2001; Dutka-Malen et al.,, 1995; Fines et al., 1999; Hummel et al.,
2007; Klare et al., 2007; Liu et al., 2009; Martineau et al., 2000; Miele
et al., 1995; Singh and Murray, 2005; Sutcliffe et al., 1996; Vakulenko
et al,, 2003) and primers listed in Table 2 (Supplementary Table).
Table 2 also includes primers for genes mediating antibiotic resistance
through other mechanisms, such as efflux pumps (mdfA, norE, acrA,
acrB, tolC, mepA, norA, norC, mefA and mdeA). Template DNA for PCR
reactions was prepared as in Jensen et al. (1998).

2.5. DNA sequencing of the QRDR related to ciprofloxacin resistance

To investigate whether observed phenotypic resistance to ciproflox-
acin was due to mutations in the quinolone resistance determining re-
gions (QRDR) of the gyrA and parC genes, the QRDR encoding regions
were amplified (Table 2) as described by Hummel et al. (2007). PCR-
amplified products purified using Exo Star kit (GE-Healthcare) were se-
quenced bidirectionally with their corresponding primers and the de-
duced amino acid sequences were aligned with those retrieved from
the GenBank database by using DNAStar CLUSTAL W multiple align-
ment tool (Lasergene program, version 5.05 (DNASTAR, Inc., Madison,
WI, USA).

2.6. Statistical analysis

Statistical analysis of data was accomplished using Excel 2007 and
XLSTAT 2012 trial version (2012.4.02 Addinsoft, France) and the corre-
lation between time of fermentation and resistance was determined by
principal component analysis (PCA).

3. Results
3.1. Antimicrobial susceptibility testing and MIC distribution profiles

MIC determination of the different antibiotics was performed with
59 Lb. pentosus and 13 Lc. pseudomesenteroides from Alorefia table olives
(including selected LAB with potential probiotic features according to
Abriouel et al. (2012). The results obtained (Table 1) indicated that
the MICs of p-lactams (amoxicillin and ampicillin), chloramphenicol,
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Fig. 2. Multidrug resistance observed in Lactobacillus pentosus (M) and Leuconostoc
pseudomesenteroides (&) strains isolated from Alorefia fermented olives.


http://www.eucast.org

114

Table 3

M.C. Casado Mufioz et al. / International Journal of Food Microbiology 172 (2014) 110-118

Phenotypic and genotypic antibiotic resistance of lactic acid bacteria isolated from Alorefia fermented olives.

Months of fermentation Species Phenotypic antibiotic resistance Resistance gene(s) detected by PCR
Leuconostoc pseudomesenteroides
3 CF2-26 CFX, KAN, STR, TET, TMP/SMZ, VAN acrA, mepA
6 AP2-28 KAN, STR, TMP, TMP/SMZ, VAN acrA, norA
CF1-31 CFX, KAN, STR, TET, TMP/SMZ, VAN acrA
CF2-31 CFX, KAN, STR, TET, TMP/SMZ, VAN acrA
CF2-33 STR, TMP, TMP/SMZ, VAN mdeA
CF2-35 CFX, KAN, STR, TET, TMP/SMZ, VAN
CF2-38 CFX, CLI, KAN, STR, TET, TMP/SMZ, VAN mepA
CF2-40 CFX, KAN, STR, TET, TMP/SMZ, VAN mepA
Other SP5-11 CFX, CLI, KAN, STR, TET, TMP/SMZ, VAN acrA, mepA
SP5-12 CFX, CLI, KAN, STR, TET, TMP/SMZ, VAN acrA, mepA
SP5-17 CFX, CLI, KAN, STR, TET, TMP/SMZ, VAN acrA, mepA
SP5-18 CFX, CLI, KAN, STR, TET, TMP/SMZ, VAN acrA, mepA
SP5-19 CFX, CLI, KAN, STR, TET, TMP/SMZ, VAN acrA, mepA
Lactobacillus pentosus
1 CF1-1 CEX, STR, VAN acrA, mepA
CF1-3 STR, TMP, TMP/SMZ, VAN acrA, mepA
CF1-4 CFX, CIP, STR, TMP/SMZ, VAN acrA, mepA
CF1-5 CIP, STR, TMP, TMP/SMZ, VAN acrA
CF1-6 CFX, CIP, STR, TMP, TMP/SMZ, VAN acrA
CF1-7 STR, VAN acrA
CF1-8 STR, VAN acrA
CF1-10 CFX, CIP, STR, TMP, TMP/SMZ, VAN acrA
CF2-2 CFX, CIP, STR, TMP, TMP/SMZ mdeA
CF2-3 CIP, STR, TMP, TMP/SMZ, VAN mdeA
CF2-4 CFX, TMP, TMP/SMZ mdeA
CF2-5 CIP, STR, TMP, TMP/SMZ, VAN mdeA
CF2-6 CFX, CIP, STR, TMP, TMP/SMZ, VAN mdeA
CF2-7 STR, VAN mdeA
CF2-9 CFX, CIP, STR, TMP, TMP/SMZ mdeA
CF2-10 STR, VAN mdeA
2 CF1-12 CFX, CIP, STR, TMP, TMP/SMZ, VAN acrA
CF1-14 STR, VAN acrA
CF1-15 CFX, STR, TMP, TMP/SMZ, VAN acrA
CF1-16 CFX, CIP, STR, TMP, VAN
CF1-19 CFX, CIP, STR, TMP, VAN acrA
CF1-20 STR, TMP, TMP/SMZ, VAN acrA
CF2-11 CIP, STR, TMP, TMP/SMZ acrA, norA, mdeA
CF2-12 CIP, STR, TMP, TMP/SMZ acrA, norA, mdeA
CF2-13 CFX, CIP, TMP, TMP/SMZ, VAN acrA, norA, mdeA
CF2-15P CIP, STR, TMP, TMP/SMZ, VAN acrA, norA, mdeA
CF2-17 CIP, STR, TMP, TMP/SMZ, VAN acrA, norA, mdeA
CF2-18 CEX, CIP, TMP, VAN acrA, mdeA
CF2-19P CIP, STR, TMP, TMP/SMZ acrA, norA, mdeA
LP-1 CEX, CIP, STR, TMP, TMP/SMZ, VAN mdeA
LP-5 CIP, STR, TMP, TMP/SMZ, VAN norA, mdeA
LP-7 CFX, CIP, STR, TMP, TMP/SMZ, VAN mdeA
LP-8 CFEX, CIP, STR, TMP, TMP/SMZ, VAN mdeA
3 CF1-21 CFX, CIP, STR, TMP, VAN acrA
CF1-23 CFX, CIP, STR, TMP, TMP/SMZ, VAN acrA
CF1-25 CIP, STR, TMP, TMP/SMZ, VAN acrA, norA, mdeA
CF1-29 CFX, CIP, STR, TMP, TMP/SMZ, VAN acrA, norA, mdeA
CF1-30 STR, TMP acrA
CF2-21 CIP, STR, TMP, TMP/SMZ acrA, norA
CF2-24 CFX, STR, TMP, TMP/SMZ, VAN
CF2-28 CIP, STR, TMP/SMZ, VAN
AP2-15 CFX, CIP, STR, TMP, VAN
AP2-16 CFEX, CIP, STR, TMP, TMP/SMZ, VAN
6 CF1-33 CFX, CIP, STR, TMP, TMP/SMZ, VAN mdeA
CF1-35 CIP, STR, TMP, TMP/SMZ, VAN acrA, norA, mdeA
CF1-36 CEX, STR, TMP, TMP/SMZ, VAN acrA, mdeA
CF1-37 STR, TMP, TMP/SMZ, VAN acrA, norA, mdeA
CF1-38 CFX, CIP, STR, TMP, TMP/SMZ, VAN mdeA
CF1-40 CIP, TMP, TMP/SMZ, VAN
CF1-43 CIP, TMP, TMP/SMZ, VAN mdeA
CF2-34 CIP, STR, TMP, TMP/SMZ, VAN norA
CF2-39 STR, TMP/SMZ, VAN
Other 2C1 STR, VAN
2C4 CIP, STR, VAN acrA
2C5 STR
2C6 CIP, TMP, TMP/SMZ
2C7 CIp
5C2 STR acrA
5C3 CIP, TMP, TMP/SMZ, VAN acrA

Samples CF1 and CF2 corresponded to fermenter 1 and fermenter 2 of SME1, respectively.
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gentamicin (aminoglycoside) and erythromycin (macrolide) did not
exceed the ECOFF suggested in most cases by the European Food
Safety Authority (EFSA, 2012) for both LAB species (Lb. pentosus and
Lc. pseudomesenteroides). However, in the case of amoxicillin, we used
the microbiological breakpoint proposed by Florez et al. (2005) as
described in Table 1, since the official ECOFF of amoxicillin has not
been designated for Lb. pentosus and Lc. pseudomesenteroides by the in-
ternational organizations. Accordingly, relatively narrow unimodal MIC
distributions at the low-end concentration range were shown by
Lb. pentosus and Lc. pseudomesenteroides strains for amoxicillin and am-
picillin (0.002-2 pg/ml). Concerning the other antibiotics to which both
Lb. pentosus and Lc. pseudomesenteroides were very sensitive, they
displayed either uni- or bimodal MIC distributions, depending on the
antibiotic used and the LAB concerned (Table 1). Thus, chloramphenicol
and erythromycin showed unimodal and bimodal MIC distributions for
Lc. pseudomesenteroides and Lb. pentosus, respectively (Table 1). The bi-
modal MIC distributions of gentamicin observed could differentiate two
sensitive subpopulations (Table 1), the major one at the low-end
concentration range (MIC range 0.002-1 pg/ml) and the smallest
one with intermediate MICs (>8-16 pg/ml). Regarding ciprofloxacin,
only Lc. pseudomesenteroides strains were susceptible to this antibiotic
(MIC range >0.1-8 pg/ml). However, Lb. pentosus showed susceptibility
to clindamycin (MIC range 0.002-2 pg/ml), kanamycin (MIC range

0.002-64 pg/ml) and tetracycline (MIC range 0.002-16 pg/ml) (Table 1).

The incidence of phenotypic resistance in Lb. pentosus and
Lc. pseudomesenteroides to some antibiotics varied considerably depend-
ing on the LAB genus tested and the antimicrobial used (Table 1). Gener-
ally, Lc. pseudomesenteroides was more resistant than Lb. pentosus to all
antibiotics except ciprofloxacin and trimethoprim (Table 1). Lb. pentosus
strains were phenotypically resistant to streptomycin, vancomycin,
trimethoprim, trimethoprim/sulfamethoxazole, teicoplanin and cipro-
floxacin in the range of 70-83% (Table 1), and cefuroxime (44%). The phe-
notypic antibiotic resistances observed for Lc. pseudomesenteroides
included streptomycin, trimethoprim/sulfamethoxazole, teicoplanin and
vancomycin (100%), kanamycin and cefuroxime (85%), clindamycin and
tetracycline (46%), and trimethoprim (15%) (Table 1).

For cefuroxime, most strains of Lb. pentosus and Lc. pseudomesen-
teroides displayed broader bimodal MIC distributions, which allowed to
differentiate two subpopulations: the most sensitive one with low MICs
(>0.1-1 pg/ml) and the other one with intermediate-higher MIC values
(>4-128 pg/ml), which included both sensitive and resistant strains
(Table 1).

Concerning aminoglycosides (kanamycin and streptomycin), resis-
tant Lc. pseudomesenteroides strains displayed unimodal MIC distribu-
tions (MIC range >16-32 pg/ml for kanamycin and MIC >128 pg/ml
for streptomycin). However, Lb. pentosus strains showed bimodal MIC
distribution for streptomycin, which distinguished between sensitive
(MIC range 8-128 ng/ml) and resistant (MIC >256 pg/ml) subpopula-
tions (Table 1).

For sulfonamides (trimethoprim and trimethoprim/sulfamethoxazol)
and glycopeptides (teicoplanin and vancomycin), either uni- or bi-
modal MIC distributions were observed for both Lb. pentosus and
Lc. pseudomesenteroides (Table 1), being resistant to teicoplanin,
trimethoprim and vancomycin at a high MIC range (>128 pg/ml for
teicoplanin and trimethoprim and >256 pg/ml for vancomycin). Bi-
modal distributions of teicoplanin and vancomycin for Lb. pentosus
showed two subpopulations at the low-end (0.002-2 pg/ml) and the
high-end (>64->128 nug/ml) concentration ranges. However the bi-
modal distribution of trimethoprim MIC values of Lb. pentosus strains
was broad and positioned at the intermediate-high concentration
range (>4->128 pg/ml) (Table 1).

Regarding tetracycline, only Lc. pseudomesenteroides was shown to
be resistant to this antibiotic. The bimodal distribution obtained
(Table 1, Fig. 1) indicated two subpopulations: one sensitive with low
MICs (>0.1-1 pg/ml) and another one resistant with intermediate
MICs (>8-16 pg/ml).

The distinction between natural and acquired resistance was deter-
mined for those strains of Lb. pentosus and Lc. pseudomesenteroides
which showed phenotypic resistance to some antibiotics and displayed
bi- or multimodal distribution of the MICs. Fig. 1 shows an example of
the bi-/multimodal distribution of the MICs of ciprofloxacin and vancomy-
cin for Lb. pentosus (Fig. 1A), and of tetracycline for Lc. pseudomesenteroides
(Fig. 1B), in comparison with the normal unimodal MIC distribution for
ampicillin to which all Lb. pentosus and Lc. pseudomesenteroides were sus-
ceptible (Fig. 1).

Multi-drug resistance (MDR, defined as resistance to 3 or more dif-
ferent antimicrobials) was observed in 13 Lc. pseudomesenteroides
strains (100%) and 56 Lb. pentosus strains (95%) (Fig. 2, Table 3). All
MDR Lc. pseudomesenteroides strains were resistant to at least 4 antimi-
crobials, and 6 were resistant to 7 of them (Fig. 2, Table 3). However,
MDR Lb. pentosus were resistant to 3 (8 strains), 4 (9 strains), 5 (14
strains), 6 (16 strains) or 7 (9 strains) antibiotics (Fig. 2, Table 3).

3.2. Detection of resistance genes

To identify resistance determinants responsible for the resistance
phenotypes observed, all strains were screened by PCR for the presence
of resistance genes as described above. Analysis of tetracycline-resistant
Lc. pseudomesenteroides showed that neither the genes encoding ribo-
somal protection proteins [tet(M), tet(O), tet(S) or tet(W)] nor genes
encoding the tetracycline efflux pumps [tet(K) or tet(L)] were detected
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Fig. 3. Biplot of the simultaneous evaluation of the relationship of scores (antimicrobials)
and sample variable (months of fermentation in fermenter 1 “A” and fermenter 2 “B” of
SME1). Antimicrobials: CFX, cefuroxime; CIP, ciprofloxacin; STR, streptomycin; TPL,
teicoplanin; VAN, vancomycin; TMP, trimethoprim and TMP/SMZ, trimethoprim/
sulfamethoxazole.
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in any strain with an MIC higher than 8 pg/ml. Similar results were ob-
tained for the Isa gene responsible for resistance to lincosamides, which
was not detected in clindamycin-resistant Lc. pseudomesenteroides.
Other genes encoding for resistance to aminoglycosides [aad(E),
aac(6’)-le-aph(2')-1a, aph(2’)-1b, aph(2')-Ic, aph(2’)-Id, aph(3’)-Illa
and ant(4’)-Ia], sulfonamides (dfrA and dfrD), glycopeptides [van(A),
van(B), van(C) and van(E)], and 3-lactam antibiotics (bla and blaZ)
were not detected in any of the LAB strains studied.

Molecular characterization of ciprofloxacin resistance was done by
the comparative analysis of the deduced amino acid sequences of the
highly conserved quinolone resistance-determining region (QRDR) of
Lb. pentosus strains with either resistant or sensitive phenotypes. No
substitutions could be detected within the QRDR of the GyrA subunit
of DNA gyrase (Ser-83 and Asp-87) or the ParC subunit of topoisomer-
ase IV (Ser-80 and Glu-84). Therefore, no insertion sequences, integrons
or transposons flanking the genes were involved in the observed resis-
tance to ciprofloxacin.

Concerning efflux pumps implicated in antibiotic resistance,
acrA was the most commonly detected determinant, i.e. in 69% of
Lc. pseudomesenteroides and 54% of Lb. pentosus (Table 3). Similarly,
mepA was detected in 62% of Lc. pseudomesenteroides, while only 5% of
Lb. pentosus harbored genes coding for this efflux pump. On the other
hand, mdeA was detected in 32% of Lb. pentosus and only in one
Lc. pseudomesenteroides strain. Concerning norA, 8% of Lc. pseudomesen-
teroides and 22% of Lb. pentosus gave positive results in PCR reactions of
the corresponding efflux pump (Table 3). With respect to other efflux
pumps (mdfA, norE, acrB, tolC, norC and mefA), none of the LAB strains
showed positive results in the corresponding PCR reactions.

3.3. Principal component analysis

Principal component analysis (PCA) was used as a mathematical tool
to evaluate the relationship among all antibiotic resistances tested in this
study as a function of fermentation months (variable). The biplot graph
shown in Fig. 3 indicates that during the first, second and six months of
fermentation, vancomycin and trimethoprim/sulfamethoxazol were the
most relevant antibiotic resistances in fermenter 1. Similarly, vancomycin
and trimethoprim/sulfamethoxazol, and also trimethoprim and cipro-
floxacin were prevalent resistances in fermenter 2 after two and six
months of fermentation (Fig. 3). However, after one month fermentation
in fermenter 2, cefuroxime, teicoplanin and streptomycin showed more
relevant resistances, being also prevalent after 3 months of fermentation
in the same fermenter (Fig. 3). On the other hand, after 3 months fer-
mentation in fermenter 1 several antibiotic resistances were relevant
such as ciprofloxacin, teicoplanin, trimethoprim, cefuroxime and strepto-
mycin (Fig. 3).

4. Discussion

The use or rather misuse of antibiotics for decades in bacterial infec-
tion treatments, animal husbandry and agriculture (Wegener, 2003)
has resulted in the increased emergence of resistant bacteria to modern
antibiotics, leading to failure in therapy and causing also evolutionary
and ecological problems as were reported by Gillings (2013) about the
recruitment of more resistance genes into the resistome and mobilome.

Antibiotic-resistant bacteria represent a great challenge for the food
industry, especially LAB which were isolated from several European
fermented foods (Maietti et al. 2007; Ouoba et al. 2008; Nawaz et al.
2010; Toomey et al. 2010) such as fermented meat and dairy foods.
LAB traditionally used as starter cultures and also as probiotics may
act as reservoir of antibiotic-resistance genes which are similar to
those found in human pathogens (Flérez et al., 2005) and potentially
transferable to other pathogens either in the food matrix or in the gas-
trointestinal tract (Mathur and Singh, 2005). In the present study, we
investigated the antibiotic susceptibility profiles of LAB isolated from a
traditional and natural fermentation of Alorefia table olives. Although

LAB from this food source were probably not exposed to antibiotics
and were therefore not expected to harbor transferable resistances, it
could not be assumed that such bacteria would be totally free of antibi-
otic resistances and transferable antibiotic resistance genes, and their
QPS status (EFSA, 2004) would need to be confirmed for further starter
culture development as demanded by EFSA (2012) for use of LAB starter
strains in foods.

The antibiotic susceptibility profiles of Lb. pentosus and
Lc. pseudomesenteroides strains showed that both are generally
quite sensitive to clinically relevant antibiotics such as ampicillin,
amoxicillin, erythromycin, chloramphenicol and gentamicin. In general,
lactobacilli and leuconostocs are susceptible to antibiotics inhibiting the
protein synthesis such as erythromycin, chloramphenicol, clindamycin
and tetracycline (Florez et al,, 2005; Ammor et al.,, 2007). However, only
Lb. pentosus strains were susceptible to tetracycline and clindamycin,
while 46% of Lc. pseudomesenteroides strains were phenotypically resis-
tant to these antibiotics. In both cases, the bimodal distribution of MICs
suggested that some Lc. pseudomesenteroides strains possessed acquired
resistance for clindamycin and tetracycline. However, the absence of re-
sistance determinants [tet(M), tet(O), tet(S), tet(W), tet(L) and tet(K)],
may suggest a new mechanism of resistance which can be due either to
acquired genes or to the mutation of indigenous genes (EFSA, 2012).
The common resistance mechanism of erythromycin and clindamycin
[the so-called macrolide-lincosamide-streptogramin (MLS) phenotype]
was not responsible for the observed clindamycin resistance in resistant
leuconostocs, since no erm, msrA/B, mphA or mefA genes were detected.
Furthermore, Isa gene was not related with clindamycin resistance phe-
notype in Lc. pseudomesenteroides as this gene was absent in resistant
bacteria.

The high resistance to teicoplanin and vancomycin (MICs >
128 pg/ml) exhibited by most Lb. pentosus strains (71-80%) and all
Lc. pseudomesenteroides strains (100%) is in agreement with the report-
ed intrinsic resistance of LAB to these antibiotics (Danielsen and Wind,
2003; Ammor et al., 2007; Liu et al., 2009). Glycopeptide resistance of
both Lb. pentosus and Lc. pseudomesenteroides is probably due to the
presence of p-Ala-p-lactate in their peptidoglycan, instead of the normal
dipeptide p-Ala-D-Ala (Deghorain et al., 2007). As this is a chromosom-
ally mediated and not transferable trait, this would explain why in the
present study we did not find any vancomycin resistance gene marker
such as the transferable van genes (vanA, vanB, vanC and vank).

Intrinsic resistance to aminoglycosides such as streptomycin
and kanamycin has been reported to be a general feature of
lactobacilli (Danielsen and Wind, 2003), and is thought to result
from membrane impermeability (Elkins and Mullis, 2004). The
results obtained in the present study showed that Lb. pentosus strains
(83%) were resistant only to streptomycin (MIC > 256 pg/ml). Howev-
er, Lc. pseudomesenteroides strains (85-100%) were shown to be resis-
tant to both aminoglycosides. The lack of aminoglycoside resistance
determinants [aad(E), aac(6’)-le-aph(2')-Ia, aph(2')-Ib, aph(2’)-Ic,
aph(2')-Id, aph(3’)-Illa and ant(4’)-la] and the observed unimodal dis-
tribution of MICs at the high-end concentration range suggest an intrin-
sic resistance to aminoglycosides in Lc. pseudomesenteroides strains.
Compared to kanamycin and streptomycin, gentamicin showed very ef-
fective inhibition at the low-end concentration range (0.002-1 pg/ml),
possibly because this aminoglycoside is able to cross the membrane
better than other aminoglycosides (Elkins and Mullis, 2004), thus
resulting in lower MICs of this antibiotic for both LAB species tested.

All tested Lc. pseudomesenteroides and 71% of Lb. pentosus exhibiting
bimodal or multimodal broad MIC distributions for trimethoprim/sulfa-
methoxazole, were shown to be resistant. However, trimethoprim
displayed bimodal MIC distributions over a broad concentration range,
with 76% of Lb. pentosus strains but only 15% of Lc. pseudomesenteroides
strains resistant to this antibiotic. In both cases, none of the strains
showed amplification with dfrA and dfrD primers related with trimetho-
prim resistance. The European Food Safety Authority (EFSA, 2008) consid-
ered that the resistance shown by LAB to trimethoprim, trimethoprim/
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sulfamethoxazol and streptomycin is not relevant when tested on LSM
medium, because of the interference of its components with the antibac-
terial activity of these antibiotics. Small portion of LSM broth (10% MRS)
contains antagonistic components such as p-aminobenzoic acid (against
sulfamethoxazole) and/or thymidine (against trimethoprim) (Klare
et al., 2005; Turnidge and Bell, 2005).

The reduced susceptibility to ciprofloxacin reported here for
Lb. pentosus (70%), exhibiting a multimodal MIC distribution with three
different subpopulations, indicated an acquired resistance. However,
we found no mutations in the QRDR of the genes encoding GyrA or
ParC for ciprofloxacin resistance associated with insertion sequences,
integrons, or transposons as reported previously (El Amin et al., 1999;
Hummel et al., 2007; Petersen and Jensen, 2004), which indicated an
intrinsic mechanism of resistance.

With respect to cefuroxime, LAB are usually more resistant to ceph-
alosporins as reported by Danielsen and Wind (2003) and Coppola et al.
(2005). The impermeability of the cell wall is the main mechanism of re-
sistance to inhibitors of cell-wall synthesis, since LAB species lack
cytochrome-mediated electron transport (Condon, 1983). However,
the cooperation of non-specific mechanisms, such as multidrug trans-
porters (Putman et al.,, 2001) and defective cell wall autolytic systems
(Kim et al., 1982), may be responsible for the differences observed be-
tween the strains. In the present study, 44% of Lb. pentosus and 85% of
Lc. pseudomesenteroides were resistant to this antibiotic, but none of
the resistant strains harbored acquired resistance determinants (bla
and blaZ).

A multi-resistance profile of LAB isolated from Alorefia table olives
was shown throughout the fermentation process. Correlation of differ-
ent parameters (antibiotics and months of fermentation) showed that
the prevalence of antibiotic resistance in LAB was highly dependent
on the fermenter where the fermentation took place, since the biotic
and abiotic conditions were quite different (Abriouel et al., 2011).
Green olives were placed in 6000-liter glass fiber tanks, supplemented
with salt (6% wt/vol) and 0.8% (vol/vol) of acetic acid and allowed to fer-
ment for 4 to 7 months at room temperature. Vancomycin and trimeth-
oprim/sulfamethoxazol were the most relevant antibiotic resistances in
LAB during the whole fermentation process, regardless of the fermenter
sampled. On the other hand, PCA also showed that the most prevalent
month was the third month of fermentation when correlated with mul-
tiple antibiotic resistance. The intrinsic resistance of LAB to several anti-
biotics may be partially due to genes that encode multidrug resistance
efflux pumps (MDRs), which expel different types of antibiotics and
also chemicals (dyes, organic solvents, detergents, biocides and meta-
bolic products). In the present study, norA which confers resistance to
chloramphenicol and fluoroquinolones (norfloxacin and ciprofloxacin)
as reported by several authors (Neyfakh et al., 1993; Truong-Bolduc
et al., 2003) was detected in LAB which were both resistant and sensi-
tive to ciprofloxacin, suggesting that norA may play another role in
some LAB (especially in ciprofloxacin-sensitive strains). Regarding the
tripartite complex AcrAB-TolC system which is involved in the efflux
of B-lactams, fluoroquinolones, chloramphenicol and tetracycline
(Okusu et al., 1996), only AcrA - a fusion protein - was detected in
both LAB, while AcrB - a cytoplasmic membrane transporter protein —
and TolC - an outer membrane channel protein — were not detected.
The absence of AcrB and TolC may hypothetically be due to a point mu-
tation in their corresponding genes, which enabled their detection by
PCR, or maybe AcrA does not play a role in antibiotic resistance in this
species. NorA and MdeA, both chromosomally encoded MFS (major fa-
cilitator superfamily) pumps, and MepA, a MATE-family MDR pump
that is also chromosomally encoded (Kaatz et al., 2005), were detected
in both LAB species. Multidrug-resistance efflux pumps are encoded in
all bacteria and can confer clinically relevant resistance to antibiotics,
but it is now understood that these efflux pumps also have a physiolog-
ical role (Piddock, 2006). In the present study, efflux pumps detected
may confer low level resistance to several antibiotics, but they may
also play a crucial role in allowing bacteria to survive in their ecological

niche (high salt, low pH, antimicrobials such as phenolic compounds
from olives, metabolic products).

5. Conclusions

Almost all Lb. pentosus (95%) and all Lc. pseudomesenteroides strains
isolated from naturally-fermented Alorefia green table olives can be
regarded as safe because of the absence of acquired resistance determi-
nants. The intrinsic resistance to more than three antibiotics will not be-
come a problem in a medical setting, since they were also highly
sensitive to other clinically relevant antibiotics. In this study, the occur-
rence of intrinsic multi-resistance in both LAB species was due in part to
chromosomally encoded efflux pumps such as NorA, MepA and MdeA.
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Abstract

Lactic acid bacteria (LAB) isolated throughout the fermentation process of Alorefia
table olives were found to be resistant at least to three antibiotics (Casado Mufioz et al.,
2014); however, most were sensitive to the biocides tested in this study (with minimum
inhibitory concentrations [MIC] below the epidemiological cut-off values). 2-15% of
the isolates were found to be biocide resistant: Leuconostoc Pseudomesenteroides,
which were resistant to hexachlorophene, and Lactobacillus pentosus to cetrimide and
hexadecylpiridinium.

We analysed the effect of different physico-chemical stresses, including
antimicrobials, on the phenotypic and genotypic responses of LAB, providing new
insights on how they become resistant in a changing environment. Results indicated that
similar phenotypic responses were obtained under three stress conditions:
antimicrobials, chemicals and UV light. Susceptibility patterns to antibiotics changed:
increasing MICs for ampicillin, chloramphenicol, ciprofloxacin, teicoplanin and
tetracycline, and decreasing the MICs for clindamycin, erythromycin, streptomycin and
trimethoprim in most strains. Statistically, cross resistance between different antibiotics
was detected in all stress conditions. However, expression profiles of selected genes
involved in stress/resistance response (rpsL, recA, uvrB and srtA) differed depending on
the stress parameter, LAB species and strain, and the target gene.

We conclude that, despite the uniform phenotypic response to stresses, the repertoire
of induced and repressed genes differs. So, a search for a target to improve stress
tolerance of LAB, especially those of importance as starter/protective cultures or
probiotics, may depend on the individual screening of each strain, even though we could

predict the antibiotic phenotypic response to all stresses.

Keywords:
Lactobacillus pentosus, Leuconostoc pseudomesenteroides, antibiotics, biocides, stress,

guantitative PCR, gene expression
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I. INTRODUCTION

Lactic acid fermented foods have been consumed globally for millions of years
because of their nutritional value, extensive shelf-life and especially their cultural value.
Lactic acid bacteria (LAB), a heterogeneous group of Gram-positive bacteria found
widespread in many environments (Schleifer and Ludwig, 1995), are the main
microorganisms carrying out the fermentation processes on the vegetables, dairy and
meats. They are also used as starter or protective cultures (Caplice and Fitzgerald, 1999;
Leroy and De Vuyst, 2004; Wood and Holzapfel, 1995) and as probiotics (Kechagia et
al., 2013; Servin, 2004) due to their long history of safe use (Anadon et al., 2006;
EFSA, 2007) and several strains having “QPS” (Qualified Presumption of Safety) status
(EFSA, 2007). Foodborne LAB are vehicles of antibiotic resistance (AR) genes similar
to those found in human pathogens (Korhonen et al., 2010; Mathur and Singh, 2005;
Teuber et al., 1999). As such, fermented foods also represent vectors by which AR
bacteria can be spread to humans (Franz et al., 2005; Klein et al., 1988; Ross et al.,
2002; Reid et al., 2003; Picard et al., 2005). In fact, international organizations have
launched criteria addressing the biosafety concerns of starter cultures and probiotic
microorganisms; however, nothing could be done with spontaneous fermentations that
rely on indigenous microbiota. LAB generally exhibit intrinsic resistance to many
antibiotics (e.g., via lowered permeability, enzymatic inactivation and alteration of the
target compounds) (Poole, 2002), but also acquired resistance due to chromosomal
mutation and mobile genetic elements (e.g., plasmids, transposons, and integrons). The
greatest concern is the horizontal gene transfer (Ammor et al., 2007, 2008) due to the
higher potential for horizontal dissemination of AR genes (Khachatourians, 1998;
European Commission, 2008) to other species.

The emergence of AR has mainly been due to the over-use or the misuse of
antimicrobial agents for improper infection control, animal husbandry, and agriculture
(Wegener, 2003; Munsch-Alatossava and Alatossava, 2007; Dixon, 2000; Feinman,
1999; SCAN, 1996), including the prophylactic use of antibiotics as animal growth
promotion over the last few decades (nowadays banned in several countries), which
have contributed to the generation of resistant bacteria in animals and environment.
Furthermore, the increased use of biocides as disinfectants (e.g., in clinical setting,
industry, and home) at concentrations below the minimum inhibitory concentration
(MIC) of targeted bacteria (Holah, 2000) may generate pressures for cross-resistance
with antibiotics (Russell, 2000; Meyer and Cookson, 2010; Lavilla Lerma et al., 2015).
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Thus, these compounds contribute to AR emergence and decreased treatment efficacy
(Chapman, 2003). Sub-inhibitory concentrations of antimicrobials trigger several
bacterial responses to ensure their survival: adaptation, mutation, acquisition of mobile
resistance genes by horizontal gene transfer (e.g., transformation, conjugation and
transduction), over-expression of resistance genes, and efflux pumps (Pearce et al.,
1999; Poole, 2002, 2004, 2007; Huet et al., 2008). The genetic basis for the
development of AR depends on the genetic fitness of each bacterial strain and available
response strategies.

Here, we evaluated biocide tolerance of several antibiotic resistant LAB (Casado
Mufioz et al., 2014) isolated from naturally-fermented Alorefia table olives during its
fermentation process. Furthermore, we investigated the phenotypic and genotypic
responses of LAB to different physico-chemical stressors, including antimicrobials.
This is of great relevance in order to understand and explain the increased resistance of

these bacteria under changing environmental conditions.
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Il. MATERIAL AND METHODS

I.1. Bacterial strains and growth conditions. 73 LAB strains, including 13
Leuconostoc pseudomesenteroides and 60 Lactobacillus pentosus strains isolated from
naturally-fermented Alorefia green table olives (Abriouel et al., 2012), were used in this
study. These strains were routinely cultured at 30°C either in Man Rogosa and Sharpe
(MRS) broth (Fluka, Madrid, Spain) or on agar under aerobic conditions for 24-48 h.
Strains were kept in 20% glycerol at -80°C for long-term storage.

11.2. Antimicrobial agents. Antimicrobial agents (Tables 1 and 2) included various
biocides used in food industry and clinically relevant antibiotics. All antimicrobials
were purchased from Sigma Aldrich (Madrid, Spain), except triclosan, which was
obtained from Fluka (Madrid, Spain).

11.3. Biocide susceptibility testing, MIC and ECOFF determination. The MICs of
the aforementioned biocides were measured in a concentration range from 0.001 pg/mL
to 10 pg/mL in LSM broth [90% of IST broth (Oxoid, Madrid, Spain) and 10% MRS
broth (Fluka, Madrid, Spain)] (Klare et al., 2005) according to the 1SO 10932/IDF 233
standard (1SO, 2010). MICs of all biocides were determined using the NCCLS broth-
microdilution method (NCCLS, 2000). After incubation, the MIC was read as the
lowest concentration of each antimicrobial agent that inhibited the growth of the strain.
All MIC determinations of each antimicrobial against each strain were carried out in
triplicate, and reliable results were taken if at least two of the three replicates were in
agreement.

ECOFF is defined, from a unimodal distribution of antimicrobial MIC perbacterial
species, as the concentration representing > 95% (MICgs) of bacterial populations
(Pfaller et al., 2010). These values were determined as reported by Lavilla Lerma, et al.
(2015).

I1.4. Induction of resistance by different physico-chemical stresses. For induction
experiments, seven strains of LAB [Lc. pseudomesenteroides AP2-28 and Lb. pentosus
strains (CF1-16, CF1-25, CF1-35, CF2-11, CF2-15P and CF2-19P)] were selected on
the basis of their phenotypic and genotypic resistance profile (Casado Mufioz et al.,
2014), and we also included the potentially probiotic strain Lb. pentosus MP-10 isolated

from naturally-fermented Alorefia green table olives (Abriouel et al., 2011).
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Antimicrobials (antibiotics or biocides) were selected on the basis of susceptibility
results.

Overnight cultures of different cells were diluted 1:100 in fresh MRS broth and
challenged against either triclosan (1 pg/mL), benzalkonium chloride (1 pg/mL),
chloramphenicol (5 pg/mL), tetracycline (10 pg/mL) or amoxicillin (0.1 pg/mL). Cells
were incubated at 30°C for 48 h and then centrifuged.

Induction of SOS response, a global response to DNA damage involving DNA repair
and mutagenesis, was carried out by exposing overnight culture (2 ml) to germicidal
UV light (254 nm) for 1, 5 and 10 min, and incubated for 3h at 30°C. After incubation,
induced cells were harvested by centrifugation.

To induce the expression of genes coding for multidrug efflux proteins such as NorA
and AcrA/B, 0.5 mM of isopropyl-p-D-thiogalactopyranoside (IPTG) (Yu et al., 2002)
or ethanol (4%) and/or sodium chloride (0.5 M) (Ma et al., 1995) were added,
respectively. In all cases, induced cells were cryogenically stored in 20% glycerol at -
80°C until use.

11.5. Antimicrobial susceptibility of induced cells.

MICs of antibiotics tested in this study were determined as reported by Casado
Mufoz, et al. (2014). The ECOFFs of antibiotics used in this study were reviewed by
Casado Mufoz et al. (2014) as 2 pg/ml for ampicillin in Lb. pentosus and Lc.
pseudomesenteroides; 8 and 4 pg/ml for chloramphenicol in Lb. pentosus and Lc.
pseudomesenteroides, respectively; 4 and 32 pg/ml for ciprofloxacin in Lb. pentosus
and Lc. pseudomesenteroides, respectively; 2 and 1 pg/ml for clindamycin in Lb.
pentosus and Lc. pseudomesenteroides, respectively; 16 pg/ml for erythromycin in Lb.
pentosus and Lc. pseudomesenteroides; >256 and 64 pg/ml for streptomycin in Lb.
pentosus and Lc. pseudomesenteroides, respectively; 32 pg/ml for teicoplanin in Lb.
pentosus and Lc. pseudomesenteroides; 32 and 8 pg/ml for tetracycline in Lb. pentosus
and Lc. pseudomesenteroides, respectively; 8 pg/ml for trimethoprim in Lb. pentosus
and Lc. pseudomesenteroides. Regarding biocides, MICs were determined as described
above. There are no data are available about the ECOFF in LAB and the maximum
residue level (MRL) recommended by EFSA for each biocide used as disinfectant or
pesticide were of 0.01 mg/kg for cetrimide and hexachlorophene, 0.1 mg/kg for
benzalkonium chloride and didecyldimethylammonium bromide, 0.2% for triclosan and
5 ug/ml for chlorhexidine (Database of MRLs in the EU; EFSA, 2014).
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11.6. Quantitative reverse-transcriptase PCR of stress/resistance following gene
expression following induction.

11.6.1. RNA extraction. The design of expression assays of stress/resistance genes
(Table 3; rpsL, recA, srtA and uvrB) was based on the annotated genome sequence of
Lb. pentosus MP-10 (Abriouel et al., 2011), and gene transcripts were quantitatively
determined after induction of cells under different treatments. Total RNA was isolated
in triplicate using the Illustra RNAspin Mini RNA Isolation Kit (GE-Healthcare,
Madrid, Spain) according to the manufacturer's instructions. Cells similarly handled
without induction were used for comparison. RNA quantification and quality
assessment were carried out by UV spectrometry (NanoDrop 2000; Thermo Scientific).
RNAs were adjusted to a concentration of 500 ng/ml and frozen at -80°C until required.

11.6.2. RNA Quantitative reverse transcriptase PCR of stress/resistance genes. For
quantitative reverse-transcriptase PCR (gQRT-PCR), extracted mRNAs were reverse
transcribed to cDNA and quantified via real-time PCR in a single reaction using the
SensiFast SYBR & Fluorescein One-Step kit (Bioline, Barcelona, Spain). 16S rRNA
gene was used as a housekeeping gene, and a no template control (NTC) was used as
negative control. Primers for housekeeping and resistance genes are reported in Table 3.
Quantitative PCRs (qPCRs) were performed in triplicate on a CFX96 Touch™ Real-
Time PCR Detection System (BioRad, Madrid, Spain). PCR-grade water served as a

negative control.

I1.7. Statistical analysis. The relationship between physico-chemical stress
(antimicrobials, salt and ethanol) and increases in antibiotic MIC was investigated.
Pearson correlation coefficients (r) were calculated and determined according to Lavilla
Lerma, et al. (2015). Correlations were categorically classified according to Dancey and
Reidy (2004), being “strong” correlation when the coefficient is between 0.7-0.9,
“moderate” 0.4-0.6, and “weak™ 0.1-0.3. In all analyses, a p-value <0.05 was considered

significant.
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I1l. RESULTS.

I11.1. Biocide susceptibility and ECOFF determination. LAB isolated from Alorefia
green table olives were generally very sensitive to biocides (75-100% with MIC < 1
pg/ml); however, up to 25% of LAB showed moderate sensitivity to certain biocides
(1< MIC < 5 ug/ml) especially Lb. pentosus strains to didecyldimethylammonium
bromide, triclosan and benzalkonium chloride (Table 1, Fig. 1).

ECOFF values were, in most cases, similar to both LAB species (Lb. pentosus versus
Lc. pseudomesenteroides) except for hexadecylpyridinium  chloride and
hexachlorophene. The LAB analyzed in this study were, in most cases, sensitive to the
biocides. However, 1.66% of the Lb. pentosus were resistant to cetrimide or
hexadecylpyridinium chloride, and 46% of Lc. pseudomesenteroides were resistant to

hexadecylpiridinium (Table 1, Fig. 1).

111.2. LAB phenotypic response to physico-chemical stresses. Phenotypic responses
to stress induction with different antimicrobials (antibiotics and biocides) were
generally similar in all strains analyzed (Table 2). The MICs of ampicillin,
chloramphenicol, ciprofloxacin, teicoplanin and tetracycline increased by 340-1000 fold
(Table 2). Similarly, after UV light exposure at different time periods (1, 5 and 10 min),
the MICs of the mentioned antibiotics increased by 340-750 fold (especially for
chloramphenicol and teicoplanin) regardless of the exposure time in most cases (Table
4). Cells induced by IPTG or NaCl+ethanol showed similar results (Table 5); however,
when cells were induced by either ethanol or NaCl, MIC increases were observed to the
same aforementioned antibiotics and additionally to clindamycin (Table 5).

On the other hand, we observed a decrease in MICs for some antibiotics after
induction of different stresses (antimicrobials, UV and chemicals) such as clindamycin,
erythromycin, streptomycin and trimethoprim (Tables 2, 4 and 5). Furthermore, the
MIC to ampicillin, teicoplanin and ciprofloxacin occasionally declined in some strains
(Tables 2, 4 and 5).

111.3. Correlation between MIC of antibiotics and different stresses in LAB. Table
6 shows the strength of the pair-wise relationships of antibiotic MIC increase following
stress induction. Pearson's correlation coefficient analysis of values (log-transformed)
showed a moderate-strong correlation between some antibiotics especially those

exposed to antimicrobials (antibiotics or biocides) (Table 6A). As such, almost all
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antibiotics significantly correlated with one or two other antibiotics, except for
ampicillin, which correlated with three antibiotics (Table 6A). Moderate positive
correlations were observed between ampicillin and ciprofloxacin, clindamycin or
teicoplanin (0.372 < r < 0.498), and also between clindamycin and tetracycline (r =
0.687), teicoplanin and trimethoprim (r = 0.533), and ciprofloxacin and clindamycin (r
= 0.361). However, moderate negative correlations were obtained between
chloramphenicol and ciprofloxacin (r = -0.409) and also between streptomycin and
teicoplanin (r = -0.335) (Table 6A).

Concerning LAB induced by UV exposure, the MIC increases of some antibiotics
positively correlated (Table 6B); moderate correlations were observed between
chloramphenicol and teicoplanin (r = 0.682), clindamycin and trimethoprim (r = 0.649),
and ampicillin and tetracycline (r = 0.528). However, moderate negative correlation was
only obtained between teicoplanin and tetracycline (r = -0.511).

Induction with chemicals such as IPTG or ethanol and/or sodium chloride
produced strong positive correlation (Table 6C) between chloramphenicol and
teicoplanin (r = 0.739), and moderate positive correlation between ampicillin and
ciprofloxacin (r = 0.535). However, a moderate negative correlation was only observed

between teicoplanin and tetracycline (r= -0.483).

111.4. Genotypic response of LAB to physico-chemical stresses. We selected two
strains: Lb. pentosus MP-10 and Lc. pseudomesenteroides AP2-28 to study the effect of
stress on the expression of stress tolerance/resistance genes: rpsL, recA, uvrB and srtA.
The responses of both bacteria differed depending on the inducer and the gene analyzed
(Fig. 2). In respect to rpsL gene, up-regulation was observed in Lc.
pseudomesenteroides AP2-28 after exposure to chloramphenicol, tetracycline, ethanol,
NaCl or UV light exposure (5 and 10 min), with transcript abundances increasing 4-5
orders of magnitude (Fig. 2A). Similarly, up-regulation of rpsL gene was observed after
Lb. pentosus MP-10 were exposed to chloramphenicol; however, the same bacteria
down-regulated the rpsL gene following amoxicillin, benzalkonium and triclosan
treatments (Fig. 2A).

RecA expression showed an opposite pattern than the rpsL gene (Fig. 2B). The recA
gene in Lc. pseudomesenteroides AP2-28 became down-regulated following
amoxicillin, benzalkonium, IPTG, ethanol and NaCl+ethanol induction; and Lb.

pentosus MP-10 similarly down-regulated recA with NaCl (Fig. 2B). However, Lb.
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pentosus MP-10 up-regulated their recA gene when induced by tetracycline and UV
exposure (5 and 10 min).

Concerning the srtA gene, down-regulation was observed for both Lc.
pseudomesenteroides AP2-28 and Lb. pentosus MP-10 following induction with
chloramphenicol, tetracycline and benzalkonium, IPTG and UV exposure (5 and 10
min) (Fig. 2C). Furthermore, amoxicillin, ethanol and NaCl+ethanol down-regulated
srtA in Lc. pseudomesenteroides AP2-28, and NaCl did the same in Lb. pentosus MP-10
(Fig. 2C).

Down-regulation of uvrB gene expression was observed after stress from amoxicillin,
benzalkonium and triclosan, IPTG, ethanol and NaCl+ethanol for Lc.
pseudomesenteroides AP2-28 (Fig. 2D). However, uvrB gene expression was down
regulated in Lb. pentosus MP-10 after exposure from benzalkonium, IPTG and NaCl
(Fig. 2D). On the other hand, we also observed up-regulation of the uvrB gene after
induction to Lb. pentosus MP-10 with chloramphenicol and UV exposure for 5 min
(Fig. 2D).

I11.5. Correlation between resistance genes in LAB induced by several physico-
chemical stresses. Table 7 shows the correlations between expression levels of different
resistance genes (rpsL, recA, uvrB and srtA) in Lb. pentosus MP-10 and Lc.
pseudomesenteroides AP2-28 following induction with physico-chemical stress. A
unique strong positive correlation was detected between recA and uvrB genes in both
Lc. pseudomesenteroides AP2-28 (r = 0.930) and Lb. pentosus MP-10 (r= 0.770).
Concerning the rest of the genes, no correlations were obtained (Table 7).
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Discussion

LAB face an array of chemical and environmental stresses in their natural habitats,
during food processing and storage, and during passage through gastrointestinal tract.
Adaptive responses involve changes in their physiology, behavior and genetic by means
of several mechanisms of stress response (Chung et al., 2006; Foster, 2007; Ryall et al.,
2012). Phenotypic switching is one strategy adopted by bacteria to ensure their survival
and persistence in various environmental conditions (Sousa et al., 2011). In this case,
LAB have developed several adaptation strategies to survive in changing and adverse
conditions (e.g., pH, salt concentration, temperature, nutrient concentration, etc.) that
include the alteration of cellular physiology by controlling stress-response gene
expression. The results obtained in this study indicated that stress induction by
antimicrobials (biocides or antibiotics), chemicals or UV light changed the pattern of
antibiotic susceptibility in LAB isolated from naturally fermented Alorefia table olives.
However, at a genotypic level, several stress genes were differentially expressed
depending on LAB species and strain, and stressor. Induction patterns were not very
clear. Correlating phenotypic and genotypic responses will provide new insights on how
bacteria become resistant in a changing environment.

The indiscriminate use of antimicrobials as therapeutic agents and as disinfectants
frequently contribute to the development of antimicrobial resistance (Davin-Regli and
Pages, 2012; Dixon, 2000; Hawkey, 2008; McBain et al., 2002). As reported by Casado
Mufioz et al. (2014), most Lb. pentosus (95%) and all Lc. pseudomesenteroides
analyzed in the present study were resistant to at least three antibiotics (multidrug
resistant). However, here, we showed that they are generally sensitive to biocides (MIC
below determined ECOFF), with only 2-15% of bacteria showing any resistance to
hexachlorophene (in Lc. Pseudomesenteroides) and cetrimide and hexadecylpiridinium
in (Lb. pentosus). Exposing LAB with sub-lethal concentrations of antibiotics or
biocides (sub-MICs) resulted in changes in susceptibility patterns with increased MICs
for ampicillin, chloramphenicol, ciprofloxacin, teicoplanin and tetracycline, while
decreased MICs were shown for clindamycin, erythromycin, streptomycin and
trimethoprim in most strains, which in most cases were originally susceptible to the
corresponding antibiotics. Previously, Casado Mufioz et al. (2014) reported that similar

LAB used in this study were chloramphenicol-sensitive and resistant to streptomycin
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and trimethoprim; however, in the present study, susceptibility pattern became inverted
after induction with sub-lethal concentrations of antimicrobials.

The emergence of new resistance patterns in LAB induced by sub-lethal
concentrations of antimicrobials has ecological and evolutionary consequences. Sub-
lethal concentrations of antibiotics could affect mutation rates, horizontal gene transfer
and biofilm formation in the natural habitat of LAB and may contribute to the
emergence and spread of AR in the environment and food chain (Laureti et al., 2013).
Moreover, many authors report that stressors such as heat, salt, acidic and alkaline pH
can significantly alter phenotypic AR in food-related pathogens (e.g., Al-Nabulsi et al.,
2011; Ganjian et al., 2012; McMahon et al., 20073, b). In a similar manner, exposure to
chemicals or UV light (5 or 10 min) produced the same effects as antimicrobials on
antibiotic MICs.

The data suggest that changes in susceptibility patterns following induction in LAB
may be due to either the alterations of cell membrane permeability to the corresponding
antibiotics or expression profiles of resistance/stress genes. Generally, positive
correlations between antibiotics representing different classes and cellular targets
suggest either co-resistance (resistance traits carried by the same mobile genetic element
such as plasmid, transposon or integron) or cross-resistance mechanisms. In this study,
the positive correlations following antimicrobial stress suggest cross-resistance, which
rely on unspecific resistance mechanisms with a wide range of activity against
antibiotics, such as efflux pumps. Correlations were shared by different physico-
chemical stressors (antimicrobials, UV exposure and chemicals) and a repertoire of
similar phenotypic and genotypic mechanisms were induced under different conditions.
Although phenotypic responses to stress were generally similar under different stress
conditions, expression patterns of selected genes involved in tolerance/resistance
mechanisms showed differential stress responses.

To determine the mechanisms adopted by LAB to withstand hostile conditions,
knowledge about inducible genes under each stress condition is of crucial importance
since a balance of different responses is involved in tolerance/resistance. The rpsL gene,
which encodes the ribosomal protein S12, was over-expressed after induction with all
stressors (antibiotics, NaCl, ethanol and UV light) except amoxicillin and biocides. This
protein with polyspecific effects may act as RNA chaperone, as reported by Coetzee et
al. (1994), with the aim to protect the ribosome structure and function under stress.

Increasing rpsL gene expression was generally responsible, except for few cases, for
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increased MICs of ampicillin, chloramphenicol, ciprofloxacin, teicoplanin and
tetracycline.

However, recA gene was only over-expressed after induction with tetracycline and
UV light (5 and 10 min), while an under-expression of this gene was observed in LAB-
induced by biocides, amoxicillin, IPTG, NaCl, ethanol and NaCl+ethanol. The gene
recA encodes the RecA protein, which has a role in SOS regulation system and in many
DNA repair pathways such as repairing daughter-strand gaps, double strand breaks and
SOS mutagenesis (Cox, 2007). When the SOS response is activated, several genes
involved in repair, replication, recombination and cell division are expressed—
including the recA gene, and genes related to nucleotide excision repair (NER) system
(uvrA, uvrB, uvrC and uvrD genes). In this study, uvrB gene was down regulated under
all stress conditions, except after induction with chloramphenicol and UV light during 5
min. It is noteworthy that recA and uvrB genes had paired expression patterns and being
involved in the same repair mechanisms, which were activated only in the case of
antibiotics (chloramphenicol or tetracycline) and UV light exposure. Statistical analysis
in the present study supports this fact. Thus, the SOS response as an inducible pathway
(Van der Veen and Abee, 2011) may partly be involved in the increased MICs of
antibiotics after induction with chloramphenicol, tetracycline or UV light; strong
positive correlations were obtained for both genes. On the other hand, srtA virulence
gene, which encodes an enzyme that anchors surface proteins to the cell wall
(Mazmanian et al., 199), was under-regulated under all stress conditions. The genes srtA
and srtB are responsible for cross-linking LPXTG motif-containing surface proteins to
peptidoglycan, thus the down-regulation of srtA gene under stress condition may be
responsible for decreased MICs of clindamycin, erythromycin, streptomycin and
trimethoprim in the majority of cases by altering the permeability of cellular
membranes. Hesketh et al. (2011) obtained similar results, with the repression of the
gene encoding sortase under drug stress.

In general, to ensure survival, bacteria maintain the SOS response under tight control
and rigorously transcribe select genes to adequately address the stress. So, the analysis
of mechanisms adopted by Lc. pseudomesenteroides AP2-28 and Lb. pentosus MP-10
may help explain how LAB survive each stress condition, and why they change their
susceptibility patterns. Induction assays by antibiotics inhibiting protein synthesis
(chloramphenicol or tetracycline) caused over-expression of rpsL (Lc.

pseudomesenteroides AP2-28 and Lb. pentosus MP-10), recA and uvrB (Lb. pentosus
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MP-10) genes; however, down-regulation of the srtA gene was observed (Lb. pentosus
MP-10 and Lc. pseudomesenteroides AP2-28). Thus, as mentioned above, to survive
under antibiotic stress LAB use repair and protection mechanisms by switching on
involved genes such as rpsL, recA and uvrB—depending on the antibiotic used and the
LAB strain—and thus increasing the MICs of some antibiotics. In parallel, the down-
regulation of srtB gene may be responsible for the higher sensitivity of LAB to other
antibiotics (clindamycin, erythromycin, streptomycin and trimethoprim). However,
induction assays by biocides (benzalkonium or triclosan) caused down-regulation of
rpsL (Lb. pentosus MP-10), recA (Lc. pseudomesenteroides AP2-28), srtA and uvrB
(Lb. pentosus MP-10 and Lc. pseudomesenteroides AP2-28) genes. Thus, induction by
antibiotics or biocides does not involve the same repertoire of genes (except for the
down-regulated srtA gene) or mechanisms since both antimicrobials have different
cellular targets; furthermore, SOS response was not activated by biocide stress. The
similar phenotypic response to antibiotic/biocide stress may suggest that other specific
genes are involved in this response, or unspecific mechanisms may be involved such as
efflux pumps (Buffet-Bataillon et al., 2012).

Regarding chemicals, induction with either NaCl, ethanol, or both resulted in the
same expression profil—over-expressing rpsL gene (Lc. pseudomesenteroides AP2-28)
and down-regulating recA, uvrB and srtA genes (Lb. pentosus MP-10 induced by NaCl
and Lc. pseudomesenteroides AP2-28 induced by ethanol or NaCl+ethanol). Over-
expression of rpsL gene was attributed to its role in ribosome protection as mentioned
previously; however, the down-regulation of genes involved in SOS response suggest
that salt and ethanol stresses do not activate this system in LAB. As reported previously
for antimicrobial stress, srtA gene down-regulation was related with membrane
permeability alteration. On the other hand, UV light exposure over-expressed rpsL,
recA and uvrB genes suggesting that both repair and protection mechanisms were
induced by UV exposure, while srtA gene was repressed as in other cases.

Conclusions

We conclude that, in spite of the uniform phenotypic responses to several stresses,
the repertoire of induced and repressed genes differed according to the type of stress and
LAB strain; although, strong positive correlations were obtained with recA and uvrB

genes under several stress conditions. So, the search for a mechanism to improve stress

14



424
425
426
427
428
429
430
431

432
433
434
435
436

tolerance of LAB, especially those with importance as starter/protective cultures or
probiotics, will depend on individual screening of each strain; although, we can predict
the antibiotic phenotypic response to stress with this data. Overall we speculate that
rpsL gene could be a biomarker of robustness/resistance in LAB, although further
studies must be required to elucidate the correlation between induced rpsL gene with

robustness.
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Figure legends:

Figure 1. Susceptibility of Lactobacillus pentosus MP-10 (A) and Leuconostoc
pseudomesenteroides AP2-28 (B) to biocides and determination of ECOFFs. Arrows

indicated ECOFF value in each case.

Figure 2. Effect of physico-chemical stresses on expression of stress
tolerance/resistance genes: rpsL (A), recA (B), srtA (C) and uvrB (D) in Lb. pentosus
MP-10 and Lc. pseudomesenteroides AP2-28. Antimicrobials: benzalkonium chloride
(BZ), triclosan (TC), amoxicillin (AMX), chloramphenicol (Cm) and tetracycline
(TET). Et, ethanol.

22



Table 1. MIC distribution of seven biocides against LAB isolated from naturally-fermented Alorefia green table olives.

Biocide Species No. of isolates with the following MIC range (ug/ml) ECOFF % of
(ug/ml)  resistant
0.001<MIC<0.01 0.01<MIC<0.1 0.1<MIC<1 1<MIC<5 strains ®
Benzalkonium chloride Lb. pentosus 17 27 16 5 0
Lc. pseudomesenteroides 5 7 1 5 0
Cetrimide Lb. pentosus 2 36 21 1 1 1.66
Lc. pseudomesenteroides 8 5 1 0
Hexadecylpyridinium chloride Lb. pentosus 3 26 30 1 1 1.66
Lc. pseudomesenteroides 6 1 6 0.1 46
Chlorhexidine Lb. pentosus 5 34 17 4 5 0
Lc. pseudomesenteroides 9 3 1 5 0
Didecyldimethylammonium chloride Lb. pentosus 1 23 19 17 5 0
Lc. pseudomesenteroides 11 1 1 5 0
Hexachlorophene Lb. pentosus 35 21 4 1 0
Lc. pseudomesenteroides 11 2 0.1 0
Triclosan Lb. pentosus 1 43 16 5 0
Lc. pseudomesenteroides 12 1 5 0

Bold signifies the corresponding strains are resistant showing MIC value above the ECOFF.
29 of strains for which MICs are > ECOFF.



Table 2. Effect of antimicrobials on antibiotic MIC in eight LAB isolated from naturally-fermented Alorefia green table olives.

Fold increase (7) or decrease (N) in MIC of different antibiotics

Antimicrobial Strains
AMP CHL CIP CLI ERY STR TEC TET TMP
Benzalkonium  Lc. pseudomesenteroides AP2-28 N2 22 23 S S S g 22 S
chloride Lb. pentosus CF1-16 S A12.5 27 S S S 21340 28 S
Lb. pentosus CF1-25 2100 22 214 S S S N2 280 S
Lb. pentosus CF1-35 25 2125 27 S S S N2 280 S
Lb. pentosus CF2-11 25 2500 22 S S S 2170 28 S
Lb. pentosus CF2-15p 210 21200 22 S S S 21340 28 S
Lb. pentosus CF2-19p 210 2500 A7 S S S 21340 22 215
Lb. pentosus MP-10 210 2125 24 S S S 234 22 S
Triclosan Lc. pseudomesenteroides AP2-28 S 22 27 S S S N8 22 S
Lb. pentosus CF1-16 25 225 27 S S S 2340 28 S
Lb. pentosus CF1-25 21100 721 27 S S S N2 220 S
Lb. pentosus CF1-35 210 25 23 S S S N2 280 S
Lb. pentosus CF2-11 25 2200 71 S S S 255 28 S
Lb. pentosus CF2-15p 210 2200 22 S S S 21340 22 S
Lb. pentosus CF2-19p 210 2200 A7 S S S 21340 28 2115
Lb. pentosus MP-10 210 225 24 S S S 234 N4 S
Amoxicillin Lc. pseudomesenteroides AP2-28 S 721 22 S S S g S S
Lb. pentosus CF1-16 25 2125 14 25 S S 21340 7168 S
Lb. pentosus CF1-25 2100 A7.5 214 2200 S S N2 2680 S
Lb. pentosus CF1-35 240 2125 22 S S S N2 2680 S
Lb. pentosus CF2-11 25 2500 21 S S S 255 768 S
Lb. pentosus CF2-15p 210 2750 A2 S S S 21340 768 215
Lb. pentosus CF2-19p 240 2500 23 S S S 21340 768 S
Lb. pentosus MP-10 S 225 N2 S S S 734 S S



Chloramphenicol Lc

Lb.
Lb.
Lb.
Lb.
Lb.
Lb.
Lb.
Tetracycline Lc.
Lb.
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(7 and N): Strains exhibited increase or decrease of MIC, respectively, for the corresponding antibiotic in comparison with controls under

standard conditions.

S: Strains susceptible to the corresponding antibiotic.



Table 3. Primers and PCR conditions used in this study.

Target gene Primer Sequence (5'-3") Annealing Reference
T°(°C)

rpsL rpsMP-10-Fw ATTAATTCGTAAAGGCCGT 55 This study
rpsMP-10-Rv ACTTCCGTAAAGCCGAGTTA

recA recCAMP10-Fw  ATTATGCGGATGGGTGAC 53 This study
recCAMP10-Rv ~ AACTTTCAGGGCCATAAAT

uvrB uvrBMP10-Fw  TAGTTTCAGATTACCAACC 52 This study
uvrBMP10-Rv ~ TCACTTGTGCAATCACGT

SrtA srtMp10-Fw TAGTGTTAGTGTCGTTGG 52 This study
srtMp10-Rv TTGAAAACTTCAAATCACTC

norA norA-Fw TTTGTTTTCAGTGTCAGAATTTATGTTTG 55 Patel et al. (2010)
norA-Rv GGCTTGGTGAAATATCAGCTATTAAAC

16SrRNA  16S-Fq RT TCATGATTTACATTTGAGTG 55 Cho et al. (2010)

16S-Rq RT GACCATGCGGTCCAAGTTGTT




Table 4. Effect of UV exposure on antibiotic MIC in eight LAB isolated from naturally-fermented Alorefia green table olives.

Fold increase in MIC of different antibiotics

Exposure time Strains
to UV light AMP CHL CIP CLI ERY STR TEC TET TMP

1 min Lc. pseudomesenteroides AP2-28 23 A7.5 27 S S S 1 218 S
Lb. pentosus CF1-16 S 25 27 S S S 2340 218 S
Lb. pentosus CF1-25 S 25 27 S S S 1 2160 S
Lb. pentosus CF1-35 210 219 23 S S S 1 2160 S
Lb. pentosus CF2-11 S 2500 N2 S S S 340 216 S
Lb. pentosus CF2-15p 210 2500 1 S S S 340 216 S
Lb. pentosus CF2-19p 210 2500 214 S S S 340 164 S
Lb. pentosus MP-10 210 21125 2 10 S S 34 22 S

5 min Lc. pseudomesenteroides AP2-28 1 275 27 S S S 1 28 S
Lb. pentosus CF1-16 S A12.5 1 S S S 21340 78 S
Lb. pentosus CF1-25 200 A7.5 23 S S S 1 2160 S
Lb. pentosus CF1-35 5 212.5 23 S S S 1 2160 S
Lb. pentosus CF2-11 S 2500 1 S S S 21340 216 S
Lb. pentosus CF2-15p 210 2500 2 S S S 21340 216 S
Lb. pentosus CF2-19p 210 2750 214 S S S 21340 216 S
Lb. pentosus MP-10 210 2125 22 220 S S 234 22 S

10 min Lc. pseudomesenteroides AP2-28 1 25 23 S S 2.5 1 28 -S
Lb. pentosus CF1-16 S 25 23 S S S 21340 28 S
Lb. pentosus CF1-25 2100 22 23 S S S 1 2160 S
Lb. pentosus CF1-35 210 25 21 S S 25 1 280 S
Lb. pentosus CF2-11 210 21200 21 S S S 21340 216 S
Lb. pentosus CF2-15p 210 2200 21 S S 22 21340 216 S
Lb. pentosus CF2-19p 210 2500 23 S S 72.5 2340 78 S
Lb. pentosus MP-10 210 250 22 7120 S S 134 22 N2.5




(7 and N): Strains exhibited fold increase or decrease, respectively in the corresponding antibiotic MICs comparing with controls under standard
conditions.

S: Strains susceptible to the corresponding antibiotic.



Table 5. Effect of resistance gene inducers on MIC in eight LAB isolated from naturally-fermented Alorefia green table olives.

Fold increase in MIC of different antibiotics

[<5]

o Inducer Strains

o AMP CHL CIP CLli ERY STR TEC TET TMP

IPTG Lc. pseudomesenteroides AP2-28 N2 22 217 S S S N4 216 S

Lb. pentosus CF1-16 S 25 217 S S S 2340 216 S
Lb. pentosus CF1-25 S 22 217 S S S 1 280 S

< Lb. pentosus CF1-35 S S 1 S S S 1 280 S

2 Lb. pentosus CF2-11 S 21200 N4 S S S 21340 216 S
Lb. pentosus CF2-15p 25 2200 N? S S S 21340 78 S
Lb. pentosus CF2-19p 25 21200 23 S S S 2340 22 S
Lb. pentosus MP-10 210 250 1 S S S 234 22 S

Ethanol Lc. pseudomesenteroides AP2-28 1 25 214 240 S S 1 28 S

Lb. pentosus CF1-16 S A12.5 214 220 S S 21340 216 S
Lb. pentosus CF1-25 S 25 214 2400 S S 1 2160 S
Lb. pentosus CF1-35 210 2125 14 220 S S 1 280 S
Lb. pentosus CF2-11 S 2500 22 21200 S S 21340 216 S
Lb. pentosus CF2-15p S 2500 22 21200 S S 21340 216 S

- Lb. pentosus CF2-19p S 2500 214 212000 S S 21340 216 S

3 Lb. pentosus MP-10 210 2125 78.5 220 S S 734 22 S

E NaCl Lc. pseudomesenteroides AP2-28 S 25 214 S S S 1 216 S
Lb. pentosus CF1-16 25 2125 23 25 S S 21340 216 S
Lb. pentosus CF1-25 S 22 23 21100 S S N7 280 S
Lb. pentosus CF1-35 210 2125 14 S S S 1 2160 S
Lb. pentosus CF2-11 S 2500 22 S S S 21340 216 S
Lb. pentosus CF2-15p 210 2500 22 250 S S 2340 116 S
Lb. pentosus CF2-19p 230 2500 714 S S S 2340 116 S
Lb. pentosus MP-10 250 2125 785 210 S S 2734 2 S



Ethanol +  Lc. pseudomesenteroides AP2-28 1 72 a7 S S S 1 216 S
NaCl Lb. pentosus CF1-16 S 25 27 S S S 285 216 S
Lb. pentosus CF1-25 S 22 23 S S S N7 280 S

Lb. pentosus CF1-35 25 25 27 S S S 1 280 S

Lb. pentosus CF2-11 25 2500 1 S S S 21340 216 S

Lb. pentosus CF2-15p 25 21200 1 S S S 21340 216 S

Lb. pentosus CF2-19p 210 21200 27 S S S 21340 216 S

Lb. pentosus MP-10 230 250 24 S S S 134 1 S

(7 and N): Strains exhibited fold increase or decrease, respectively in the corresponding antibiotic MICs comparing with controls under standard
conditions.

S: Strains susceptible to the corresponding antibiotic.



Table 6. Correlations between MIC values of antibiotics (log-transformed) following different
physico-chemical stress in LAB .

Antibiotic AMP CHL cip cLI STR TEC TET T™P

AMP 1

CHL -0.165 1

CIP 0.498"  -0.409" 1

CLI 0.395 -0.112 0.361° 1

STR 0.077 0.303 0.170 -0.076 1

TEC -0.301 0.243 -0.099 -0.124  -0.335 1

TET 0.372' -0.142 0.166 0.687" -0.159 -0.168 1

TMP -0.126 0.291 -0.102 -0.057 -0.153 0.533" -0.074 1
Antibiotic AMP CHL cIp CLI STR TEC TET TMP

AMP 1

CHL -0.187 1

cIP -0.062 0.255 1

CLI -0.067 -0.146 -0.178 1

STR -0.095 -0.085 -0.221 -0.148 1

TEC -0.295 0.682" 0.051 -0.307 -0.116 1

TET 0.528" -0.341 0.064 -0.265 -0.049 -0.511° 1

TMP -0.039 -0.124 -0.103 0.649" -0.085 -0.177 -0.153 1
Antibiotic AMP CHL cIp CLI TEC TET C

AMP 1

CHL 0.092 1

CIP 0.535~ -0.145 1

CLI -0.147 0.339 0.005 1

TEC -0.084 0.739” -0.292 0.180 1

TET -0.195 -0.317 -0.107 0.018  -0.483" 1

*Significant correlation at p < 0.05 level.

**Significant correlation at p < 0.01 level.

Antimicrobials are: AMP, ampicillin; CHL, chloramphenicol; CIP, ciprofloxacin; CLI, clindamycin; STR,
streptomycin; TEC, teicoplanin; TET, tetracycline; TMP, trimethoprim. A, stress-related induction with
antimicrobials (antibiotics or biocides); B, stress-related induction with UV exposure; C, stress-related induction with
chemicals (IPTG, NaCl, ethanol).



Table 7. Correlations between

resistance gene abundance (log-transformed)

in

Lc.

pseudomesenteroides AP2-28 and Lb. pentosus MP-10 following induction by physico-chemical

stress.
Gene rpsL recA StrA uvrB
rpsL 1
recA 0.121 1
StrA 0.201 0.250 1
uvrB 0.156 0.930" 0.318
Gene rpsL recA StrA uvrB
rpsL 1
recA 0.037 1
StrA 0.032 -0.535 1
uvrB 0.592 0.770" -0.326

**Significant correlation at p < 0.01 level.

rpsL, recA, strA and uvrB resistance genes. A, Lc. pseudomesenteroides AP2-28; B, Lb. pentosus MP-10.
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food preparations, versus clinical and agricultural risk. Here, we compared the proteomic responses of Lactobacil-
lus pentosus MP-10, a potentially probiotic lactic acid bacteria isolated from brines of naturally fermented Alorefia
green table olives, exposed to sub-lethal concentrations of antibiotics (amoxicillin, chloramphenicol and tetracy-
cline) and biocides (benzalkonium chloride and triclosan). Several genes became differentially expressed de-
pending on antimicrobial exposure, such as the up-regulation of protein synthesis, and the down-regulation of
carbohydrate metabolism and energy production. The antimicrobials appeared to have altered Lb. pentosus
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Probiotics MP-10 physiology to achieve a gain of cellular energy for survival. For example, biocide-adapted Lb. pentosus
Antibiotics MP-10 exhibited a down-regulated phosphocarrier protein HPr and an unexpressed oxidoreductase. However,
Biocides protein synthesis was over-expressed in antibiotic- and biocide-adapted cells (ribosomal proteins and

glutamyl-tRNA synthetase), possibly to compensate for damaged proteins targeted by antimicrobials. Further-
more, stress proteins, such as NADH peroxidase (Npx) and a small heat shock protein, were only over-
expressed in antibiotic-adapted Lb. pentosus MP-10. Results showed that adaptation to sub-lethal concentrations
of antimicrobials could be a good way to achieve desirable robustness of the probiotic Lb. pentosus MP-10 to var-
ious environmental and gastrointestinal conditions (e.g., acid and bile stresses).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Lactobacillus pentosus is the most prevalent species of lactic acid
bacteria (LAB) found in naturally-fermented Alorefia table olives
(Abriouel et al., 2011, 2012) and Spanish-style green fermented olives
(Maldonado-Barragan et al., 2011). Furthermore, these versatile bacte-
ria have been detected in various environmental niches such as plant
materials, silage, fermented foods (dairy, vegetable and meat), as well
as the oral cavities, gastrointestinal tracts (GIT), and vaginas of humans
and animals (Anukam et al., 2013; Okada et al., 1986; Tajabadi et al.,
2011; Todorov and Dicks, 2004). Due to their wide distribution and
beneficial effects, special and deserved attention was recently given to
the application of lactobacilli, especially of vegetable origin, as a starter
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Salud, Facultad de Ciencias Experimentales, Edif. B3, Universidad de Jaén, Campus Las
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culture in different fermentations (Rodriguez-Gémez et al., 2014;
Ruiz-Barba and Jiménez-Diaz, 2012), as a probiotic in silage (EFSA,
2011), dairy (Anukam and Olise, 2012) and fermented olives
(Rodriguez-Gémez et al., 2014), as they provide bio-therapeutic bene-
fits via bacterial pathogen inhibition and an improved immune system.
More specifically, Lb. pentosus MP-10 isolated from brine of naturally
fermented Alorefia olives (Abriouel et al., 2011, 2012) could be used
as a probiotic strain due to their ability to inhibit pathogenic bacteria
and tolerate low pH (1.5) and bile salts (3%) in the gastrointestinal
environment.

Besides the technological and health-promoting effects shown by
lactobacilli with probiotic properties, such as production of antimicrobi-
al substances and survival in gastrointestinal tracts, other requirements
should be proven to justify their utility. The most important selection
criteria for bacterial strains intended for use as probiotics include: 1) in-
trinsic resistance to antibiotics of human and veterinary importance and
2) lack of transferable resistance genes to avoid the risk of horizontal
gene transfer to other bacteria in the food chain and environment
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(EFSA, 2008; EFSA Panel on Biological Hazards, 2010). As such, many
studies have focused on genotypic methods to highlight the presence or
absence of antimicrobial resistance determinants (e.g., Bautista-Gallego
et al.,, 2013; Duran and Marshall, 2005; EFSA, 2012; Franz et al., 1999;
Zhang et al., 2009). However, several aspects of bacterial fitness, which
develop tolerance or resistance to different antimicrobials used in a clin-
ical setting or disinfection, remain unexplored. Bacterial adaptation to
antimicrobials, which was referred by Maisonneuve and Gerdes (2014)
as “bacterial persisters,” is the intermediary stage that links between sen-
sitive and resistant phenotypes. Thus, more attention should be provided
to the potential for bacterial adaptation, such as further induction of
cross-resistance to other treatments and modifications in colonization
or virulence (Dubois-Brissonnet, 2012). Detecting the mechanisms
adopted by different bacteria to resist different drugs in various environ-
mental niches remains important. In this respect, several studies
report that physiological modifications occur during adaptation such as
differential protein expression, which seems to be concomitant to
increased tolerance (Dubois-Brissonnet, 2012) and cross-resistance to
other environmental stressors (Karatzas et al., 2007, 2008).

In the last decade, proteomics has been used to study bacterial
physiological responses to different stressors; this has progressed sig-
nificantly with the availability of whole-genome sequences, progress
in mass spectrometry and bioinformatics. Proteomics, as a key in the
post genomic era, provides useful data to identify new diagnostic
markers and therapeutic targets in diseases. Recently, genomic and pro-
teomic analyses of Lactobacillus genus have rapidly expanded, especially
with Lb. pentosus having one of the largest genomes known among LAB
(Abriouel et al., 2011; Maldonado-Barragan et al., 2011); however, little
is known about the mechanisms adopted by Lb. pentosus to tolerate or
resist several stressors. This information should be of great concern
since the knowledge of these mechanisms could be exploited to im-
prove the functionality of probiotic starter strains and, thus, their health
promoting benefits.

The present study aimed to determine the phenotypic and genotypic
antimicrobial-resistance profiles of Lb. pentosus MP-10 and the selected
mechanisms, by which these bacteria adapt under different antimicro-
bial stress. We compared the proteomic profiles of this strain induced
by different antimicrobials (antibiotics or biocides), each with a distinct
mechanism of action. The comparative analysis provides valuable
knowledge and a broad overview of the key proteins involved in antibi-
otic and biocide tolerance.

2. Materials and methods
2.1. Bacterial strains and growth conditions

Lb. pentosus MP-10, isolated from naturally-fermented Alorefia
green table olives (Abriouel et al., 2011, 2012), was routinely cultured
at 30 °C in Man Rogosa and Sharpe (MRS) broth (Fluka, Madrid,
Spain) or agar under aerobic conditions for 24-48 h. The strain was
stored long-term in 20% glycerol at —80 °C.

2.2. Antimicrobial agents

The antimicrobial agents used in this study were clinically relevant
antibiotics: amoxicillin “AMX”, ampicillin “AMP”, cefuroxime “CFX”,
chloramphenicol “CMP”, ciprofloxacin “CIP”, clindamycin “CLI”, erythro-
mycin “ERY”, gentamicin “GEN”, kanamycin “KAN”, streptomycin “STR”,
sulfamethoxazole/trimethoprim “SMZ/TMP”, teicoplanin “TC”, trimeth-
oprim “TMP”, tetracycline “TET” and vancomycin “Van”; and biocides
commonly used in the food industry: benzalkonium chloride “BC”
and triclosan “TC”. All antibiotics and benzalkonium chloride were
purchased from Sigma Aldrich (Madrid, Spain); however, triclosan
was obtained from Fluka (Madrid, Spain).

2.3. Phenotypic and genotypic antibiotic testing

2.3.1. Antibiotic susceptibility testing and MIC determination

The MICs of the above-mentioned antibiotics were determined
for Lb. pentosus MP-10 as described by Casado Muifioz et al. (2014)
in LSM broth [a mixture of 90% IST broth (Oxoid, Madrid, Spain) and
10% MRS broth (Fluka, Madrid, Spain)] (Klare et al., 2005) according
to the ISO 10932/IDF 233 standard (International Organization for
Standardization, 2010).

2.3.2. PCR detection of antibiotic resistance genes

PCR amplifications of well-known gene determinants associated
with resistance to B-lactam antibiotics (bla and blaZ, the p-lactamase
genes), sulfonamides (dfrA and dfrD) and glycopeptides (vanA, vanB,
vanC and vanE) were performed using conditions described elsewhere
(Dutka-Malen et al., 1995; Fines et al., 1999; Hummel et al., 2007; Liu
et al,, 2009; Martineau et al., 2000; Miele et al., 1995). Furthermore,
PCR of genes mediating antibiotic resistance through other mecha-
nisms, such as efflux pumps (mdfA, norE, acrA, acrB, tolC, mepA, norA,
norC, mefA and mdeA), were also performed in the present study. Tem-
plate DNA for PCR reactions were prepared as reported in Jensen et al.
(1998).

24. Tolerance induction

Tolerance to antibiotics or biocides was assessed by investigating
the ability of Lb. pentosus MP-10 to grow in the presence of sub-lethal
concentrations of the corresponding antimicrobials, to which the strain
was originally sensitive (amoxicillin, chloramphenicol, tetracycline,
benzalkonium chloride and triclosan). Tolerant phenotypes were
developed by increasing the concentrations of different antimicrobials
as described by Casado Mufioz et al. (unpublished data). Briefly, antimi-
crobial tolerance in Lb. pentosus MP-10 was induced by exposure to tri-
closan (1 pg/ml), benzalkonium chloride (1 pg/ml), cholamphenicol
(5 pg/ml), tetracycline (10 pg/ml) or amoxicillin (0.1 pg/ml) at 30 °C
for 48 h; cells were then harvested by centrifugation (Casado Mufioz
et al., unpublished data). All Lb. pentosus isolates were stored in 20%
glycerol at —80 °C until use. Isolates were streaked onto MRS-agar; a
single colony was selected and subsequently used to inoculate MRS-
broth for 24 h at 30 °C. The resulting culture was used to inoculate
fresh MRS-broth at a dilution of 1:100. Cultures (both induced and
non-induced controls) were harvested at mid-logarithmic growth
phase (ODgoo nm = 0.6).

2.5. Whole cell protein extraction

The cell pellets obtained, as described above, from isogenic mutants
were resuspended in 2 ml of PBS and dispersed into liquid nitrogen with
a 200-ul micropipette to obtain cryobeads. Whole-cell protein extrac-
tion was done as described by Caballero Gémez et al. (2013). The bacte-
rial beads were ground in liquid nitrogen using a cryogenic grinder
(6870 Freezer/Mill, SpexCertiPrep, Stanmore, UK) with three steps of
3 min at a rate of 24 impacts/s. The samples were centrifuged at
5000 x g for 5 min (at 4 °C), and the resultant supernatants were filtered
through a 0.45-pum pore size filter (Chromafil PET; Macherey-Nagel,
Diiren, Germany). Proteins were extracted from the filtered superna-
tants with TRIzol reagent (Euromedex, Souffelweyersheim, France) as
previously described (Izquierdo et al., 2009). Protein concentrations
were determined using the Bradford protein assay (Bio-Rad) according
to the manufacturer's instructions.

2.6. 2-D gel electrophoresis
Protein extracts (150 pg) were loaded onto 17-cm strips with a pH

range of 3 to 10 (Bio-Rad), focused for 60,000 V h, and then separated
on a 12% SDS-polyacrylamide gel as reported previously (Izquierdo
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et al., 2009). The gels were stained as described by Candiano et al.
(2004) using Bio-Safe Coomassie brilliant blue G-250 (Bio-Rad),
which has a reported detection limit of 1 ng for BSA, and scanned on
a GS-800 Calibrated Densitometer (Bio-Rad). Three independent
experiments were carried out and each assay was performed in
triplicate.

2.7. Image analysis

Image analysis of the 2D-GE gels was performed using PD
Quest 8.0.1 software (Bio-Rad). Only spots that were present on
the three gels were selected for inter-condition comparison. Spot inten-
sities were normalized to the sum of intensities of all valid spots in
one gel. For analysis of changes in protein expression during antimicro-
bial exposure, a protein was considered to be under- or over-produced
when changes in normalized spot intensities were at least 1.5-fold at a
significance level of p < 0.05 (Student's t test for paired samples), as
previously described (Sanchez et al., 2007). Regarding proteome
comparisons between different culture conditions of Lb. pentosus
MP-10, proteins were considered differentially produced when
spot intensities passed the threshold of a twofold difference (one-
way ANOVA, p-value < 0.05), as described previously (Izquierdo
et al., 2009).

2.8. Protein identification

Spots of interest were subjected to tryptic in-gel digestion as
described by Izquierdo et al. (2009) and analyzed by chip-
liquid chromatography-quadrupole time-of-flight (chip-LC-QTOF)
using an Agilent G6510A QTOF mass spectrometer equipped with
an Agilent 1200 Nano LC system and an Agilent HPLC Chip Cube,
G4240A (Agilent Technologies, Santa Clara, CA, USA), as described
previously (Hamon et al, 2011). Protein identification was
performed against the genome of Lb. pentosus KCA1 available at the
NCBI Website (http://www.ncbi.nlm.nih.gov; accessed 4th November
2014), using the PEAKS DB search engine (Bioinformatics Solutions
Inc., Waterloo, Canada). Using the PEAKS inChorus feature, Mascot
and PEAKS searches were compared to confirm protein identities and
limit the risk of false positives. Scores represent peptide probabilities
as calculated using PEAKS DB's Peptide-Spectrum Matching Score
(—101gP).

2.9. Growth and survival of antimicrobial-induced and non-induced Lb.
pentosus MP-10 following exposure to gastric juices

To determine the growth rate of antimicrobial-induced Lb. pentosus
MP-10 in comparison with control (without induction), overnight
cultures were diluted 1/1000 in MRS broth and viable counts were de-
termined by serial dilutions on MRS-agar plates after 4 and 8 h of incu-
bation at 30 °C. Increase in growth rate was determined by the
difference between Log;o CFU/ml at time x h (4 or 8 h) and Log;o
CFU/ml at time O h. To test if antimicrobial induction of Lb. pentosus
MP-10 improved its tolerance to acid and bile concentrations, overnight
cultures were added (at 2% volume) to simulated gastric juice (pepsin
and NaCl) at different conditions: pH 1.5, pH 2.5, 2% bile or 3% bile.
The mixtures were incubated at 37 °C for 30 min and viable counts
were determined on MRS agar plates as described above. The
survival rate was determined according to Bao et al. (2010) by the
following equation: survival rate (%) = (Log;o CFU/ml N;/Logio
CFU/ml Np) x 100.

N; is the total viable count of Lb. pentosus MP-10 after 30 min treat-
ment (at pH 1.5, pH 2.5, 2% bile or 3% bile), and Ny is the total viable
count at time O (before treatment).

3. Results

3.1. Antibiotic susceptibility and molecular detection of antibiotic resistance
genes in Lb. pentosus MP-10

MIC determinations of the different antibiotics revealed that Lb.
pentosus MP-10 was sensitive to amoxicillin (MIC = 0.2 pg/ml), ampicil-
lin (MIC = 0.2 pg/ml), chloramphenicol (MIC = 0.04 pg/ml),
clindamycin (MIC = 0.2 pg/ml), erythromycin (MIC = 0.1 pg/ml),
gentamycin (MIC = 0.8 pg/ml), kanamycin (MIC = 16 pg/ml),
streptomycin (MIC = 150 pg/ml) and tetracycline (MIC = 8 pg/ml).
However, Lb. pentosus MP-10 showed resistance to cefuroxime
(MIC = 100 pg/ml), ciprofloxacin (MIC = 8 pg/ml), teicoplanin
(MIC > 128 pg/ml), trimethoprim (MIC = 128 pg/ml), trimethoprim/
sulfamethoxazole (MIC = 950/50 pg/ml) and vancomycin
(MIC > 128 pg/ml). In most cases, resistance or sensitivity was cat-
egorized based on the microbiological breakpoints of the antibi-
otics tested (also defined as ECOFF by the European Food Safety
Authority, 2012), which was reviewed by Casado Mufioz et al.
(2014).

To identify possible genetic determinants responsible for the resis-
tance phenotypes observed in Lb. pentosus MP-10, PCR reactions were
performed as described above. However, results revealed an absence
of specific resistance determinants, except for the detection of norA cod-
ing for a multidrug efflux pump.

3.2. Influence of antibiotics on protein expression levels in Lb. pentosus
MP-10

Based on antibiotic susceptibility results, amoxicillin, chloramphen-
icol and tetracycline were selected to carry out tolerance studies. We
compared the proteomes of antibiotic-treated and untreated Lb.
pentosus MP-10 to elucidate the physiological changes resulting from
the treatments. 2D-GE analysis of antibiotic-treated cells, collected dur-
ing mid-exponential growth phase, showed different proteomic profiles
depending on the antibiotic used, suggesting various antibiotic stress
responses (Fig. 1). Treatment with chloramphenicol, amoxicillin and
tetracycline resulted in two, four and six proteins (respectively) that
significantly (p < 0.05) differed to the pattern from the untreated con-
trol (Fig. 1). These proteins were individually excised from duplicate
2D-GE gels, subjected to tryptic digestion, and identified by chip-LC-
QTOF and Uniprot database searching (summarized in Table 1).
Treatment with amoxicillin or chloramphenicol resulted in an under-
expressed CTP synthase (spot 0102), an enzyme involved in nucleotide
synthesis that requires ATP for its metabolic function. On the other
hand, proteins involved in other metabolic pathways such as carbohy-
drate metabolism (phosphocarrier protein HPr of the phosphotransfer-
ase system “PTS”, spot 4201), homeostasis (NADH peroxidase Npx,
spot 6101) and protein synthesis (SSU ribosomal protein S6p, spot
7202) became over-expressed in the presence of amoxicillin. Similarly,
three proteins carrying different biological functions were over-
expressed in the presence of tetracycline: 6-phosphogluconate dehy-
drogenase (spot 7605), involved in carbohydrate metabolism; a small
heat shock protein (spot 7802) responsible of cell protection; and LSU
ribosomal protein L1p (spot 7803), implicated in protein synthesis
(Fig. 1, Table 1).

The following three proteins were only expressed in the absence
of tetracycline: pyruvate kinase (spot 3102) and NAD-dependent
glyceraldehyde-3-phosphate dehydrogenase (spot 4501), which
are linked to carbohydrate metabolism, as well as acetaldehyde
dehydrogenase (spot 3104), which is involved in alcohol and fat
metabolism (Fig. 1, Table 1). In the case of chloramphenicol, the
only protein not produced, compared with the untreated control,
was 6-phosphofructokinase, which is related to carbohydrate
metabolism.
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Fig. 1. 2-DE gels of whole cell proteomes from Lactobacillus pentosus MP-10 cultured in the absence (A) or presence of amoxicillin (B), chloramphenicol (C) and tetracycline (D). The figure
shows representative 2-DE gel pictures (pH range: 4-7) of whole-cell protein lysates from an early stationary phase of Lb. pentosus MP-10 spots exhibiting constitutive differential
expression between growth of Lb. pentosus MP-10 in standard conditions and after induction by antibiotics which were identified by peptide mass fingerprinting and are labeled; the

identifications of the spots affected by antibiotics are listed in Table 1.

3.3. Influence of biocides on protein expression levels in Lb. pentosus MP-10

According to biocide susceptibility pattern by Lb. pentosus MP-10
(Casado Mufioz et al., unpublished data), we selected benzalkonium
chloride and triclosan for further tolerance studies. Following treatment
with biocides (benzalkonium chloride or triclosan), the proteomes of
Lb. pentosus MP-10 were compared with untreated bacteria. The
benzalkonium chloride exposure resulted in only one protein signifi-
cantly (p <0.05) over-expressed in the induced cells: ribosomal subunit
interface protein (spot 6603), which is related to protein biosynthesis
(Fig. 2, Table 2). However, the proteome of Lb. pentosus MP-10 treated
with triclosan showed significant (p < 0.05) differential expression
among three proteins: an over-expressed glutamyl-tRNA synthetase
(spot 5801), linked to amino acid starvation; an under-expressed
phosphocarrier protein HPr of the PTS (spot 4401), related to carbohy-
drate metabolism; and no detection of oxidoreductase of the aldo/keto
reductase family (spot 5301), involved in energy production and con-
version (Fig. 2, Table 2).

3.4. Survival and tolerance responses of antimicrobial-induced Lb. pentosus
MP-10

As shown in Table 3, the growth rate was increased in almost
all antimicrobial-induced Lb. pentosus MP-10 by 0.09-0.32 Logo
units after 4 or 8 h incubation at 30 °C except in chloramphenicol-
induced cells, which showed the same growth rate as non-induced
controls.

Comparison of survival capacity of non-induced and antimicrobial-
induced Lb. pentosus MP-10 under acid or bile (2 and 3%) stress deter-
mined that antimicrobial induction improved the tolerance capacity of
Lb. pentosus MP-10 at acidic conditions. The bacteria had >100% survival
and they exhibited slightly greater growth than the controls (94% and
100%, at pH 1.5 and 2.5, respectively) (Table 3). Regarding bile toler-
ance, at both concentrations of 2 and 3% of bile we observed 100%
survival, or better, in benzalkonium- and triclosan-induced cells; more-
over at 2% bile concentration, chloramphenicol-induced Lb. pentosus
MP-10 also showed 100% survival (Table 3). However, at 3% bile
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Table 1
Proteins differentially expressed in Lactobacillus pentosus MP-10 treated with different an-
tibiotics, as compared to control.

Table 2
Proteins differentially expressed in Lactobacillus pentosus MP-10 treated with different
biocides as compared to control.

Protein identity Spot  Accession —10  Sequence
no.  number® 1gP® coverage
(%)

Protein identity Spot  Accesion —10  Sequence
no.  number® 1gP® coverage
(%)

Proteins over-expressed
In the presence of amoxicillin:
Phosphotransferase system, 4201 EIW14262.1 341.26 97
phosphocarrier protein HPr
NADH peroxidase Npx (EC 1.11.1.1) 6101 EIW13302.1 372.87 78

SSU ribosomal protein S6p 7202 EIW15333.1 240.77 87
In the presence of tetracycline:

6-phosphogluconate 7605 EIW14063.1 407.61 82
dehydrogenase, decarboxylating
(EC 1.1.1.44)

Small heat shock protein 7802 EIW15192.1 31552 97

LSU ribosomal protein L1p 7803 EIW14839.1 333.50 66

Protein under-expressed
In the presence of amoxicillin or
chloramphenicol:
CTP synthase (EC 6.3.4.2) 0102 EIW15026.1 384.76 75
Proteins not expressed
In the presence of chloramphenicol:

6-Phosphofructokinase (EC 5501 EIW13706.1 35839 88
2.7.1.11)
In the presence of tetracycline:

Pyruvate kinase (EC 2.7.1.40) 3102 EIW13705.1 381.86 94

Alcohol dehydrogenase (EC 1.1.1.1); 3104 EIW15075.1 317.41 63
acetaldehyde dehydrogenase
(EC1.2.1.10)

NAD-dependent 4501 EIW14737.1 411.19 91
glyceraldehyde-3-phosphate
dehydrogenase (EC 1.2.1.12)

2 Accession number in the NCBInr database.
b PEAKS DB's Peptide-Spectrum Matching Score.

concentration, bacteria pre-exposed to amoxicillin, chloramphenicol
and tetracycline became less viable (Table 3).

4. Discussion

The importance of probiotic bacteria, which are mainly members of
the genera Lactobacillus and Bifidobacterium, has increasingly become
recognized in human and animal nutrition by their contributions to im-
munological, digestive, and respiratory health. However, according to

A

Proteins over-expressed
In the presence of benzalkonium
chloride:
Ribosomal subunit interface protein 6603 EIW14771.1 310.89 67
In the presence of triclosan:
Glutamyl-tRNA synthetase 5801 EIW14887.1 334.84 70
(EC6.1.1.17)
Protein under-expressed
In the presence of triclosan:
Phosphotransferase system, 4401 EIW14262.1 181.75 57
phosphocarrier protein HPr
Proteins not expressed
In the presence of triclosan:
Oxidoreductase of aldo/keto 5301
reductase family, subgroup 1

EIW12654.1
32288 73

¢ Accession number in the NCBInr database.
b PEAKS DB's Peptide-Spectrum Matching Score.

the Qualified Presumption of Safety (QPS) approach proposed by the
European Food Safety Authority (EFSA, 2008), the presence of antibiotic
resistance determinants is one of the most important safety selection
criteria for bacterial strains intended for use in the food industry, even
among bacteria that are generally recognized as “safe”. Here, Lb.
pentosus MP-10 isolated from brines of naturally fermented Alorefia
green table olives (Abriouel et al., 2011, 2012) could be regarded as
“safe” because of the absence of acquired resistance determinants.
Their intrinsic resistance to more than three antibiotics, which relies
on chromosomally encoded efflux pumps such as NorA, is unlikely to
be an issue from a medical point of view, since Lb. pentosus MP-10
remains highly sensitive to other clinically relevant antibiotics.
However, the survival of probiotic bacteria and their beneficial pro-
biotic effects under different environmental conditions, including those
encountered in the gastrointestinal tract, may rely on the resistance
traits. As such, knowing which proteins are involved in tolerance is im-
portant to improve the functionality of probiotic strains under different
stress conditions. In the present study, we investigated the proteomic
response of probiotic bacteria Lb. pentosus MP-10 to antimicrobial stress
conditions. Antibiotics and biocides induced adaptations in Lb. pentosus

Fig. 2. 2-DE gels of whole cell proteomes from Lactobacillus pentosus MP-10 cultured in the absence (A) or presence of benzalkonium chloride (B) and triclosan (C). The figure shows
representative 2-DE gel pictures (pH range: 4-7) of whole-cell protein lysates from an early stationary phase of Lb. pentosus MP-10 spots exhibiting constitutive differential expression
between growth of Lb. pentosus MP-10 in standard conditions and after induction by biocides which were identified by peptide mass fingerprinting and are labeled; the identifications

of the spots affected by biocides are listed in Table 2.
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Table 3

Growth and survival of the antimicrobial-induced Lactobacillus pentosus MP-10 after exposition to acidic pH and bile concentrations.

Antimicrobial induced-Lactobacillus pentosus MP-10 Increase in growth rate

(Log1o CFU/ml)?

Survival to bile concentration
during 30 min (%)

Survival to acidic pH
during 30 min (%)

4h 8h pH 1.5 pH 2.5 2% 3%
Control (without induction) 0.45 + 0.17 135+ 0.18 94 100 67 87.5
Benzalkonium chloride 0.76 4+ 0.06 1.43 4+ 0.07 >100 >100 100 100
Triclosan 047 4+ 0.24 1.24 4+ 0.05 >100 >100 >100 >100
Amoxicillin 0.39 + 0.06 1.44 4+ 0.03 >100 >100 71 29
Chloramphenicol 0.43 + 0.01 134 +0.10 >100 >100 >100 40
Tetracycline 0.59 4+ 0.05 1.2 +£0.01 >100 >100 60 64

Each value or percentage in the table represents the mean of triplicate plate count readings from three separate experiments.

2 Difference between Log;o CFU/ml at different times (4 or 8 h) and Log;o CFU/ml at time 0.

MP-10 as evidenced by modifications of its proteomic arsenal, with the
observed changes being intimately dependent on the antimicrobial
used. Overall, antibiotics induced several physiological modifications,
possibly due to various mechanisms of action, each targeting a defined
cellular structure; in comparison, biocides induced fewer modifications.
Adaptation to antibiotics is likely to trigger comparatively more physio-
logical modifications than biocides; several resistance mechanisms to
antibiotics have had a longer evolution process to protect bacteria, com-
pared with the more relatively recent exposure to biocides and limited
opportunity to develop resistance. Overall, several proteins involved in
carbohydrate metabolism like phosphocarrier protein HPr of the PTS,
as part of glycolysis-related machinery, and 6-phosphogluconate dehy-
drogenase of the pentose phosphate pathway were up-regulated after
exposure to antibiotics (amoxicillin or tetracycline) targeting different
cellular structures. Increasing the level of ATP synthesis (Wilkins et al.,
2002) was either required for the increased efflux activity or compen-
sating the low glycolytic capacity (Wouters et al., 2000), and is an im-
portant factor for survival under stress conditions. Similar results were
obtained with Bifidobacterium animalis and Lactobacillus reuteri under
bile stress (Lee et al., 2008; Sanchez et al., 2007). Furthermore, HPr
(histidine-containing protein) protein is not only responsible for carbo-
hydrate uptake; it also plays a regulatory role in sugar metabolism and
catabolite repression, depending on protein-protein interactions with
many cellular factors (Deutscher et al., 2006). Accordingly, other pro-
teins involved in glycolysis pathways such as 6-phosphofructokinase,
and pyruvate kinase and NAD-dependent glyceraldehyde-3-phosphate
dehydrogenase were down-regulated in the presence of antibiotics
inhibiting protein synthesis — chloramphenicol and tetracycline, re-
spectively. Pyruvate, an end product of glycolysis, is a metabolic key
molecule that can be used in a number of different reactions to increase
the ATP levels, thus antibiotic stress induced regulation of metabolism
by down- or up-regulation of enzymes involved in energy production.
These data suggest that, to ensure survival under antibiotic stress, Lb.
pentosus MP-10 physiology may be altered to achieve a higher cellular
energy gain via up- or down-regulation of carbohydrate metabolism
(pentose and glycolysis pathways). Under antibiotic stress and subse-
quent limited energy conditions, PTS transport systems are used rather
than ABC transporters (Taranto et al., 1999). These systems are, in fact,
more energy efficient as the phosphorylated substrate can directly
enter glycolysis or pentose phosphate pathways, conserving ATP. Simi-
larly, Lin et al. (2014) reported that fluctuation of metabolic pathways
may represent an antibiotic-resistance mechanism under chlortetracy-
cline stress in Escherichia coli.

The interaction of amoxicillin and tetracycline with membrane lipids
and proteins induced the over-expression of stress proteins, such as
NADH peroxidase Npx and a small heat shock protein, respectively, as
a first response of the cell to maintain homeostasis and viability.
Furthermore, it has been reported that, besides its role in cell redox ho-
meostasis (degradation of hydrogen peroxide to water and oxygen),
Npx of the peroxidase-oxidase-reductase (POR) subgroup of the
flavoprotein-disulfide-reductase (FDR) family also contributes to the

regeneration of oxidized pyridine nucleotides for glycolysis (Ying,
2006). Small heat shock proteins as “minichaperones” have been associ-
ated with enhanced bacterial survival during stress, since they are nec-
essary for normal cellular functions, including growth and stability of
DNA and RNA. They also prevent the formation of inclusion bodies
(Jakob et al., 1993; Narberhaus, 2002; Veinger et al., 1998), but are not
involved in protein re-folding as chaperones.

On the other hand, protein synthesis in Lb. pentosus MP-10, exposed
to amoxicillin and tetracycline, was up-regulated. However, it has been
reported that the proteins involved in cell growth, such as ribosomal
proteins, were markedly under-regulated under stress conditions as
an energy-saving strategy necessary for protection mechanisms in the
cell (Rezzonico et al., 2007). In spite of the fact that ribosomal run-off
and transit times are slower upon stressor exposure, stress-regulatory
factors are preferentially associated with ribosomes, suggesting in-
creased translation and protein synthesis (Sherman and Qian, 2013).
Enhanced protein synthesis may be required to compensate for the
proteins damaged as a result of the interaction of antibiotics with the
membrane or cytoplasmic proteins, regardless of their cellular target.
Some may be involved in metabolism or defense (SOS response
and heat shock response). Similarly, Mangalappalli-Illathu and Korber
(2006) reported that higher levels of ribosomal proteins associated with
increased protein synthesis were important for reduced susceptibility to
quaternary ammonium compounds like benzalkonium chloride.

Concerning other metabolic pathways, the enzymes involved in
fatty-acid (alcohol dehydrogenase) and pyrimidine biosynthesis (CTP
synthase) were down-regulated in the presence of antibiotics. Alter-
ations in fatty-acid biosynthesis may lead to changes in the cell mem-
brane that would favor cell survival in the presence of tetracycline;
Rogers et al. (2007) obtained similar results with penicillin-exposed
Streptococcus pneumoniae. Regarding CTP synthase, this enzyme is re-
quired for the biosynthesis of ribo- and deoxyribonucleotides for RNA
and DNA replication (Jergensen et al., 2004). Lowered growth rates ob-
tained just after exposure to antibiotics may have reflected the down-
regulation of proteins involved in nucleotide synthesis and fatty acids.
However, after antimicrobial exposure, growth rates were either similar
or even increased in some antimicrobial-induced cells (e.g., amoxicillin-
or benzalkonium-induced cells).

On the other hand, the adaptation of Lb. pentosus MP-10 to biocides
(benzalkonium chloride or triclosan) induced physiological modifica-
tions that are, in part, similar to those caused by antibiotics such
as up-regulation of protein synthesis, and down-regulation of carbohy-
drate metabolism and energy production (Fig. 3). In fact, cross-
resistance between antibiotics and biocides was widely reported in lit-
erature (e.g., Fraise, 2002; Moken et al., 1997; Randall et al., 2007).
Also, in a previous study, Lb. pentosus MP-10 pre-adapted to low con-
centrations of biocides showed increased antibiotic MICs (Casado
Mufioz et al,, unpublished data), suggesting that the physiological mod-
ifications triggered by either a biocide or an antibiotic may provide
resistance to the other. Benzalkonium chloride, a disinfectant known
to cause membrane damage, specifically induced an over-expression
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Fig. 3. Schematic representation of the effect of antibiotics and biocides on protein
expression in Lactobacillus pentosus MP-10.

of ribosomal subunit interface protein related to protein synthesis.
However, triclosan caused over-expression of glutamyl-tRNA synthe-
tase, which is considered a key enzyme required for protein biosynthe-
sis. Furthermore, triclosan caused down-regulation of proteins involved
in carbohydrate metabolism (phosphocarrier protein HPr) and energy
production (oxidoreductase). As stated previously with antibiotics,
cells adapted to antimicrobials tended to lower carbohydrate metabo-
lism and energy production, while those involved in protein synthesis
were up-regulated to possibly compensate for protein damage as a
result of the interaction of biocides with the membrane. Moreover,
benzalkonium chloride and triclosan exhibited different adaptation
responses, which may be attributed to different mechanisms of action;
triclosan acts by inhibiting the enoyl reductase enzyme in fatty acid syn-
thesis (Heath et al., 2002), while benzalkonium chloride has multiple
targets in microbial cells (Beumer et al., 2000).

In conclusion, we obtained a better understanding of the proteomic
responses of a probiotic bacterium, such as Lb. pentosus MP-10 to differ-
ent antimicrobial stressors. In this sense, we confirmed that antimicro-
bial stress could enhance bacterial resistance to environmental and
gastrointestinal stresses such as acid and bile. Thus, viable counts of
some antimicrobial-induced Lb. pentosus MP-10 were higher than the
non-induced strain. From this information, one could develop strategies
to improve the persistence and resistance of this bacterium under dif-
ferent environmental conditions. It has been previously shown that ad-
aptation to different stresses (salt, low pH, bile, high temperature, etc.)
could be used as a strategy to enhance the technological performance of
probiotic lactobacilli (Corcoran et al., 2006; Desmond et al., 2001; Mills
et al.,, 2011). In our study, pre-stressed Lb. pentosus MP-10 exhibited
greater viability than those without previous induction (except for a
few cases) and had increased tolerance to acidic and high-bile environ-
ments than the controls. Here, we describe for the first time that antimi-
crobial stress adaptation could improve the resistance and robustness
of potential probiotic Lb. pentosus MP-10 with the aim to withstand

conditions where sub-lethal concentrations of antimicrobials and stress
conditions (e.g., at low pH or high-bile concentration) may be present,
such as the food chain, the environment, or the gastrointestinal tract.
On the other hand, this fact has become a great concern since pathogen-
ic bacteria, as they can develop antimicrobial resistance after exposure
to antimicrobials, could possibly develop resistance to intestinal condi-
tions. Our results show that Lb. pentosus MP-10 responds to the expo-
sure of biocides and antibiotics by adjusting its proteomic arsenal as a
survival strategy: up-regulating protein synthesis, including stress pro-
teins, and down-regulating carbohydrate metabolism and energy pro-
duction (Fig. 3). Further, studies are required to elucidate which
proteins are involved in acid and bile tolerance. These aspects should
be further emphasized with the aim to achieve desirable robustness of
probiotic bacteria in relation to various environmental and gastrointes-
tinal conditions.
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crobiota in the production of various foods. On the detrimental side, lactobacilli may act as reservoir of antibiotic re-
sistance genes, which can spread to commensal bacteria in humans or animals, or to food-associated pathogens. In
the last decade, advances in molecular biology and in genome sequencing have provided more information on an-
tibiotic resistances in foodborne bacteria. The aim of this review was to consider and provide an up-to-date status on
phenotypic and genotypic antibiotic resistance profiles in Lactobacillus species from fermented foods and also to
highlight new information on the distribution of glycopeptide and chloramphenicol resistance genes in Lactoba-
cillus genomes. In silico screening of vanZ (glycopeptide resistance) and cat (chloramphenicol resistance)-
like sequences in Lactobacillus species isolated from fermented foods revealed for the first time the occur-
rence of vanZ and cat genes in Lactobacillus species being highly conserved genes in the chromosome of
each species, presumably non-transferable. Further studies involving genome sequences of Lactobacillus
isolated from fermented foods, especially those relying on spontaneous fermentation, is crucial to increase
knowledge on the potential presence and spread of antibiotic resistance genes via the food route.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Members of the genus Lactobacillus are Gram-positive, non-
spore-forming rods or coccobacilli (Hugenholtz, 1998), catalase-
negative (although some strains possess a pseudocatalase), aero-
tolerant or anaerobic, aciduric or acidophilic and are nutritionally
fastidious (Hammes & Vogel, 1995). They generally have a fermenta-
tive metabolism, whose primary fermentation end product is lactic
acid (Klaenhammer & de Vos, 2011; Tannock, 2004) besides other
products such as acetate, ethanol, CO,, formate and succinate. Lactoba-
cillus is the largest genus among lactic acid bacteria (LAB) with over
212 species described to date in List of Prokaryotic names with Standing
in Nomenclature “LPSN” (January 2015, www.bacterio.net). This genus
is characterized by a high level of diversity, which is reflected in its com-
plex phylogeny (Schleifer & Ludwig, 1995). For Lactobacillus classifica-
tion, various schemes have been proposed, based on phenotype,
physiology, biochemical characteristics and housekeeping genes
such as the 16S rRNA-encoding gene. Nowadays, investigations on
the taxonomy of the Lactobacillus genus include investigations of a
large number of genes or proteins, or indeed the whole genome
(phylogenomics). Indeed, genome sequencing and phylogenomics
is regarded by some as the way forward from polyphasic taxonomy
in bacterial taxonomy (Vandamme & Peeters, 2014). Genome
sequencing (more than 100 whole genome sequences available in
NCBI database: www.ncbi.nlm.nih.gov) has already paved the way
for a better understanding of the genus, which may be subject to
future reclassifications (Claesson, van Sinderen, & O'Toole, 2008;
Makarova et al., 2006; Zhang, Ye, Yu, & Shi, 2011).

Lactobacilli are ubiquitous in the environment and in raw materials
used in food production, thus their role in the production of fermented
foods has been reported for millennia (reviewed in Tamang &
Kailasapathy, 2010). Numerous species of Lactobacillus are relevant in
fermented foods as they have been used as starter and/or protective
cultures in fermented vegetables, dairy products, sausages and fish
(Franz, Cho, & Holzapfel, 2011; Garrigues, Johansen, & Crittenden,
2013; Giraffa, Chanishvili, & Widyastuti, 2010; Hansen, 2002; Heller,
2001; Holzapfel, 2002; Leroy & DeVuyst, 1999). These microorganisms
are considered as generally regarded as safe (GRAS) in the U.S.A. due
to their long history of use as food processing aids, and some strains
of Lactobacillus were shown to confer a health benefit on humans and
animals (Casas & Dobrogosz, 1997, 2000). In Europe, the suggested
Qualified Presumption of Safety “QPS” safety assessment scheme
suggested by EFSA is based on the ‘body of knowledge’ of the species
and a safety decision tree which excludes strains that have any history
of infection, or which have transferable antibiotic resistance or
virulence genes (EFSA, 2012a). Thus, the safety of Lactobacillus species
should be considered, even though they are common members of the
indigenous microbiota (the human mouth, gastrointestinal tract
and female genital tract). This is partly due to the fact that some
strains may occasionally cause opportunistic infections, especially
in elderly and immunocompromised individuals (Cannon, Lee,
Bolanos, & Danziger, 2005; Harty, Oakey, Patrikakis, Hume, & Knox,
1994; Schlegel, Lemerle, & Geslin, 1998), and that some strains may
carry antibiotic resistance genes that may be transferable. Infections
that lactobacilli have been isolated from include dental infections,
bacteremia and endocarditis, and in rare cases also other
infections (Bennett, Shekhel, Radelet, & Miller, 2014; Franko et al.,
2013; Nei et al.,, 2013; Salminen et al., 1998; Vahabnezhad,
Mochon, Wozniak, & Ziring, 2013). The purpose of this review is to
summarize the current knowledge on antibiotic resistances and

resistance genes in species of the genus Lactobacillus, in order to
gain an understanding of the potential risk of fermented foods as ve-
hicle for antibiotic-resistant bacteria and for antibiotic resistance
genes.

2. Antibiotic resistance in lactobacilli of fermented food origin

Antibiotics are commonly used in animal husbandry to cure or pre-
vent the onset of bacterial infections in agriculture, but antibiotics
were also used as growth promoters for decades (forbidden as growth
promoters in the EU since January 2006 and South Korea since 2011,
however some antibiotics are still allowed in other countries of Asia
and in Australia and USA among others), which could have exerted a se-
lective pressure for the emergence and spread of antibiotic-resistant
bacteria. The emergence of antibiotic resistances is a complex phenom-
enon, which involves interactions between humans, animals, bacteria,
drugs and the environment (Barbosa & Levy, 2000; Coast & Smith,
2003; O'Brien, 2002). The growing body of evidence which reports
on antibiotic resistances in LAB of food origin (Egervdrn, Roos, &
Lindmark, 2009; Ge, Jiang, & Han, 2007; Marshall, Ochieng, & Levy,
2009; Teuber, Meile, & Schwarz, 1999), albeit at a low incidence, has
reflected the global concern of antibiotic resistances in food safety and
public health.

Lactobacilli eventually reach the gastro-intestinal tract via ingestion
of the high numbers of these bacteria in the fermented foods (typically
for fermented foods >10% CFU/ml; Ali & Mustafa, 2009; Cadena,
Villarraga, Lujan, & Salcedo, 2006) where they can interact with the
resident gut microbiota of the host. Because of the high numbers of mi-
croorganisms, the confined conditions and the close cell-to cell contact
in this environment, the gastrointestinal tract is an ideal hot spot for
gene transfer. The possibility for transfer of bacteria from fermented
foods to a gastrointestinal environment underlines the importance of
the microbiological quality of fermented foods, especially of traditional
fermented foods, which rely on a natural and diverse microbiota present
in raw materials. This is less so for industrial fermentations, which rely
on a few selected and well-defined starter cultures (Verraes et al.,
2013). In this regard, the diversity of traditional Mediterranean,
African or Asian fermented food products is a result of differences in
bacterial species found naturally in raw materials of each geographical
region, local environmental conditions and traditional processing pro-
cedures, and the fermented end products are thus characterized by a
diverse microbiota as was reported by several authors (Abriouel,
Benomar, Lucas, & Galvez, 2011; Abriouel, Martin-Platero, Maqueda,
Valdivia, & Martinez-Bueno, 2008; Abriouel et al., 2006, 2012; Ben
Omar et al., 2000; Jokovic et al., 2008, Liu et al., 2011; Nam et al.,
2012; Oguntoyinbo et al., 2011; Settani & Moschetti, 2010). Considering
the physico-chemical properties of fermented foods, stressors such as
salt, low pH and additives could enhance this resistance by switching
on specific genes (silent genes), increasing their expression or facilitat-
ing their dissemination between strains which coexist in the same place
and at the same time (Al-Nabulsi et al., 2011; Ganjian et al., 2012;
McMahon, McDowell, & Blair, 2007; Poole, 2012). Clearly, therefore,
there is a need for a closer investigation of both the biodiversity of
LAB associated with and predominating in the production of traditional
fermented foods, as well as their safety regarding acquired and transfer-
able antibiotic resistances.

The role of foodborne lactobacilli as potential reservoirs of antibiotic
resistance (AR) has gained more attention, even though these bacteria
have historically been considered as “GRAS”. Thus, the presence of
potentially transferable genes is of great concern and should be
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considered. Until 1999, there were only a few studies which evaluated
acquired antibiotic resistance in lactobacilli (Teuber, 1999). Currently,
there are several studies reporting antibiotic resistance in Lactobacillus
species (Casado Mufioz, Benomar, Lavilla Lerma, Galvez, & Abriouel,
2014; Hummel, Hertel, Holzapfel, & Franz, 2007; Kastner et al., 2006;
Klare et al., 2007; Klein, 2011; Liu, Zhang, Dong, Yuan, & Guo, 2009;
Zonenschain, Rebecchi, & Morelli, 2009) and an intrinsic resistance
could be shown for many antibiotics (Casado Mufioz, Benomar, Lavilla
Lerma, Galvez, & Abriouel, 2014; Hummel, Hertel, Holzapfel, & Franz,
2007; Klein, 2011). In addition, genes encoding transferable antibiotic
resistances were identified and characterized (Ammor et al., 2008;
Belletti et al., 2009; Devirgiliis, Coppola, Barile, Colonna, & Perozzi,
2009; Egervarn, Roos, & Lindmark, 2009; Feld, Bielak, Hammer, &
Wilcks, 2009).

At present, an additional advantage for assessment of safety and
presence of antibiotic resistance genes comes from complete genome
sequencing projects as complete genome sequences become more and
more available for several Lactobacillus species and strains (Lee, Chae,
Lee, Lim, & Kim, 2011; Zhang, Ye, Yu, & Shi, 2011). These sequences
can be used to monitor for virulence traits as well as transferable antibi-
otic resistance genes (Bennedsen et al., 2011).

2.1. Methodologies for phenotypic antibiotic resistance determination

As a basic requirement, susceptibility tests to a relevant range of
antimicrobials of human and veterinary importance should be carried
out for each bacterial strain intended for use as feed additive for humans
or animals. Before addressing antibiotic resistances in species within
the genus Lactobacillus, it is important to describe the methodologies
used to determine these and to categorize lactobacilli strains as either
susceptible or resistant to specific antimicrobials. To test antibiotic sus-
ceptibility in lactobacilli, different standardized, quantitative methods
have been developed, such as the broth dilution or agar dilution methods
(serial two-fold dilution procedures) or E-tests for the determination of
minimum inhibitory concentration (MIC) according to the Clinical and
Laboratory Standard Institute (CLSI; www.clsi.org), the European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST), ISO standard,
British Society for Antimicrobial Chemotherapy (BSAC, UK), Agence
Francaise de Securité Sanitaire des Produits de Santé (AFFSAPS,
France) or Deutsches Institut fiir Normung e.V. (DIN, Germany) and
the ISC/WHO (International Society of Chemotherapy/World Health Or-
ganization). However, qualitative or semi-qualitative methods to deter-
mine MIC indirectly, such as diffusion methods (disk diffusion), are
generally not acceptable (EFSA, 2012b). After incubation, the MIC is de-
fined as the lowest concentration of the antimicrobial that inhibits bac-
terial growth. The Panel on Additives and Products or Substances used
in Animal Feed (FEEDAP) of the European Food Safety Authority
(EFSA) defined the microbiological breakpoints to distinguish between
antimicrobial resistant strains from the susceptible ones. Hence, a bac-
terial strain is categorized as susceptible (S) when it is inhibited at a
concentration of a specific antimicrobial equal or lower than the
established cut-off value (S < x mg/L), and as resistant (R), when it is
not inhibited at a concentration of a specific antimicrobial higher than
the established cut-off value (R > x mg/L) according to EFSA (2012b).
A regular update on the microbiological cut-off values of different anti-
microbials is reported when data from the scientific community and
other relevant sources (e.g., the European Medicines Agency, the
European Centre of Diseases Prevention and Control) become available
(EFSA, 2012b). Besides investigating the minimal antimicrobial concen-
tration of an antibiotic for a single strain, one may also test for the dis-
tribution of a population of bacteria belonging to a single taxonomical
unit (species or genus). Bi- or multi-modal MIC distribution usually re-
sults from acquired resistances by either added genes or mutation
(Ammor et al., 2008).

The MIC of antibiotics expressed in mg/L or pg/ml should be deter-
mined in Lactobacillus species and strains for each of the following

antibiotics: ampicillin, vancomycin, gentamicin, kanamycin, streptomy-
cin, erythromycin, clindamycin, tetracycline and chloramphenicol
(EFSA, 2012a), taking into consideration different parameters (growth
media, inoculum size and incubation conditions such as temperature,
incubation time, and composition of the atmosphere) (White et al.,
2001) and using relevant quality control strains. In this sense, different
media were used for microdilution antibiotic susceptibility testing of
lactobacilli taking into consideration the special growth requirements
in terms of medium acidity and carbohydrate supplementation. The
LAB susceptibility test medium “LSM” broth (Klare et al., 2005) was
specifically developed for these bacteria to overcome the disadvantages
of standard media for LAB propagation such as MRS broth, since this
medium could interfere with some antibiotics (trimethoprim and
sulfamethoxazole) as it contains antagonistic components such as p-
aminobenzoic acid (against sulfamethoxazole) and/or thymidine
(against trimethoprim) (Klare et al., 2005; Turnidge & Bell, 2005).
Moreover, Muller-Hinton and Iso-Sensitest (IST) media are often not
suitable for susceptibility testing of lactobacilli (Klare et al., 2007).
Recently, ISO 10932/IDF 233 Standard (ISO, 2010) medium that is
based on the LSM formulation was made available for susceptibility
testing.

2.2. Phenotypic and genotypic resistance patterns of lactobacilli

Distinction between intrinsic (non-horizontally transmissible)
and acquired (which relies on mobile genetic elements such as
plasmids, transposons, integrons, or on mutations) resistance in
lactobacilli to common antibiotics is necessary. In general, most
Lactobacillus species are intrinsically resistant to aminoglycosides
(neomycin, kanamycin, streptomycin and gentamicin), glycopep-
tides (vancomycin and teicoplanin), inhibitors of nucleic acid
synthesis (ciprofloxacin, enoxacin, pefloxacin, norfloxacin, nalidixic
acid, and metronidazole) and inhibitors of folic acid synthesis
(sulphamethoxazole, trimethoprim and co-trimoxazole) (Charteris,
Kelly, Morelli, & Collins, 1998; Coppola et al., 2005; Patel, Shah, &
Prajapati, 2012; Zhou, Pillidge, Gopal, & Gill, 2005). However, they
are susceptible to penicillins (ampicillin and penicillin G), chloram-
phenicol, streptomycin, clindamycin, tetracycline, erythromycin, linez-
olid and quinupristin/dalfopristin (Ammor, Flérez, & Mayo, 2007,
Katla, Kruse, Johnsen, & Herikstad, 2001; Luh et al., 2000; Patel, Shah,
& Prajapati, 2012). Susceptibility to bacitracin varies greatly (Coppola
et al., 2005; Katla, Kruse, Johnsen, & Herikstad, 2001).

Here, we review the phenotypic and genotypic antibiotic resistance
pattern of Lactobacillus species isolated from fermented foods (dairy,
fermented vegetables and fermented meat), being some of them
reviewed by Devirgiliis, Zinno, & Perozzi (2013). In most cases,
knowledge of the antibiotic resistance phenotypes may still be impor-
tant, even in the absence of resistance transfer mechanisms.

2.2.1. Resistance to antibiotics inhibiting cell wall synthesis

In general, Lactobacillus species were found to be susceptible to
many cell wall synthesis inhibitors, like penicillins (ampicillin,
oxacillin and piperacillin) and -lactamase inhibitors, but relatively
more resistant to cephalosporins (cephalotin and cefuroxime,
ceftriaxone and cefoxitin). However, a widespread resistance toward
penicillins, especially penicillin G, has already been observed in
lactobacilli used as probiotics or starter cultures (Charteris, Kelly,
Morelli, & Collins, 1998; Danielsen & Wind, 2003), in Lb. rhamnosus,
Lb. reuteri and Lb. plantarum isolated from cheese (Belleti et al.,
2009; CanZek Majheni¢, Mohar Lorbeg, & Rogelj, 2007; Flérez,
Delgado, & Mayo, 2005; Temmerman, Scheirlinck, Huys, & Swings,
2003), in Lb. delbrueckii subsp. bulgaricus from Chinese yogurts
(Zhou et al., 2012), in Lb. casei from fermented milk “Dahi”
(Soomro & Masud, 2012), in lactobacilli from fermented milk in
Burkina Faso (Savadogo, Ouattara, [lboudo, Karou, & Traore, 2010) or
India (Lavanya, Sowmiya, Balaji, & Muthuvelan, 2011), in Lb. casei and
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Lb. helveticus from fermented milk (Yiiksekdag & Beyatli, 2008), in Lb.
plantarum from fermented vegetables (Lapsiri, Nitisinprasert, &
Wanchaitanawong, 2011; Pérez Pulido et al.,, 2005), in Lb. salivarius
from different fermented foods (Nawaz et al., 2011), in Lactobacillus sp.,
Lb. curvatus and Lb. sakei from fermented dry sausages (Aymerich et al.,,
2006; Gevers, Danielsen, Huys, & Swings, 2003), in lactobacilli from
Nigerian fermented foods and beverages (Olukoya, Ebigwei, Adebawo,
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& Osiyemi, 1993), in lactobacilli from fermented fish (Sornplang,
Leelavatcharamas, Sukon, & Yowarach, 2011) and in lactobacilli from tra-
ditional Ethiopian fermented foods (traditional fermented condiments,
Awaze and Qotchqotcha and fermented Tef dough) (Dessalegn &
Ashenafi, 2010) (Table 1).

Apart from penicillin-resistance, other studies showed that certain
lactobacilli (Lactobacillus sp. strains not identified at species level, as

Table 1
Overview of antibiotic resistance in the fermented food-associated Lactobacillus.
Fermented foods Lactobacillus species ~ Antibiotic resistance References
Phenotypic resistance® Genes
Dairy products Yogurt Lb. acidophilus ERY ermB Nawaz et al. (2011)
Lb. brevis TET tetM, tetS Nawaz et al. (2011)
Lb. delbrueckii subsp. AMP, CM, CTC, KAN, TET, LCM, NEO, GEN, PENG, ant(6), aph(3°)-1lI, tetM Zhou et al. (2012)
bulgaricus ROX, STR ermB Nawaz et al. (2011)
ERY tetS Nawaz et al. (2011)
Lb. fermentum TET ermB, tetM Nawaz et al. (2011)
Lb. kefiri ERY, TET
Lb. plantarum
Cheese Lactobacillus sp. ERY, TET AMP, APR, CEFPO, CIP, COL, GEN, KAN, ermB, tetM van Hoek et al. (2008)
Lb. casei NAL, NEO, SPEC, STR, SMX, TMP, VAN aadA, aadE, aph(3°)-11I, Ouoba, Lei, and Jensen
ERY, TET (2008)
Lb. curvatus DAL, ERY, NOV, TET ermB, tetM van Hoek et al. (2008)
Lb. fermentum ermlF, tetM, vatE-1 Gfeller, Roth, Meile, and
ERY, TET Teuber (2003)
Lb. paracasei ermB, tetM, tetW van Hoek et al. (2008)
KAN, STR Comunian et al. (2010)
Lb. pentosus TET aadA, aadE, aph(3°)-1lI Han et al. (2013)
Lb. plantarum tetM Zago et al. (2011)
ERY van Hoek et al. (2008)
Lb. plantarum ermB Feld, Bielak, Hammer, and
TET Wilcks (2009)
Lb. sakei tetL, tetM Ammor et al. (2008)
van Hoek et al. (2008)
Whey fermented milk Lb. salivarius TET tetM Nawaz et al. (2011)
Lb. vaginalis ERY ermB Nawaz et al. (2011)
Others Lb. fermentum ERY, TET ermB, msrC, tetK, tetL Thumu and Halami (2012)
Lb. plantarum ERY, TET ermB, tetL, tetW Thumu and Halami (2012)
Lb. plantarum AMK, BC, CIP, GEN, TMP/SMX, VAN vanX Liu, Zhang, Dong, Yuan, and
Guo (2009)
Fermented Pickle Lb. plantarum TET tetM van Hoek et al. (2008)
vegetables Lb. salivarius ERY, TET ermB, tetM Nawaz et al. (2011)
Fermented vegetables  Lb. animalis ERY, TET ermB, tetM Nawaz et al. (2011)
Lb. brevis TET tetM, tetS Nawaz et al. (2011)
Lb. brevis CIP, ERY ermB Pan, Hu, and Wang (2011)
Lb. fermentum AMP, CM, CIP, CLI, ERY, KAN, TET tetM Pan et al. (2011)
Lb. helveticus AMP, CM, CLI, KAN erm Pan et al. (2011)
Lb. mali CLI, TET tetM Pan et al. (2011)
Lb. namurensis CM, CIP, CLI, KAN, TET aph(3°)-III, tetM Pan et al. (2011)
Lb. parabuchneri TET - Nawaz et al. (2011)
Lb. plantarum TET tetM, tetS Nawaz et al. (2011)
Lb. plantarum AMP, CM, CIP, CLI, ERY, KAN, TET aph(3°)-Ill, erm, ermB, mefA, Pan et al. (2011)
Lb. salivarius TET tetM Nawaz et al. (2011)
Lb. vaginalis ERY tetM Nawaz et al. (2011)
ermB
Fermented Fermented meat Lb. alimentarius TET tetM Gevers et al. (2003)
meat and fish Lb. brevis ERY, TET ermB, tetM Zonenschain et al. (2009)
Lb. curvatus ERY, TET ermB, tetM, tetW Zonenschain et al. (2009)
Lb. curvatus TET tetM Gevers, Danielsen, Huys,
and Swings (2003)
Lb. paracasei ERY, TET ermB, tetM Zonenschain, Rebecchi,
and Morelli (2009)
Lb. paracasei ERY, TET ermB, tetM Comunian et al. (2010)
Lb. plantarum ERY, TET ermB, ermC, tetM, tetS, tetW Zonenschain et al. (2009)
Lb. plantarum TET ermB, tetM Gevers et al. (2003)
Lb. reuteri ERY, TET ermB, tetM Zonenschain et al. (2009)
Lb. reuteri ERY, TET ermB, tetW Thumu and Halami (2012)
Lb. rhamnosus ERY, TET ermB, tetW Zonenschain et al. (2009)
Lb. sakei ERY, TET ermB, tetM, tetW Zonenschain et al. (2009)
Lb. sakei TET tetM, tetK Martins et al. (2013)
Lb. sakei TET tetM Gevers et al. (2003)
Lb. salivarius ERY, TET ermB, tetL, tetM, tetO, tetW  Thumu and Halami (2012)

* AMK, amikacin; AMP, ampicillin; APR, apramycin; BC, bacitracin; CEFPO, cefpodoxime; CIP, ciprofloxacin; CLI, clindamycin; CM, chloramphenicol; COL, colistin; CTC, chlortetracycline;
DAL, dalfopristin; ERY, erythromycin; GEN, gentamycin; KAN, kanamycin; LCM, lincomycin; NAL, Nalidixan; NEO, neomycin; NOV, novobiocin; PENG, penicillin G; ROX, roxithromycin;
SPEC, Spectinomycin; STR, streptomycin; TET, tetracycline; TMP/SMX, trimethoprim/sulphamethoxazole; VAN, vancomycin.
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well as Lb. plantarum strains) isolated from dairy products showed resis-
tance to ampicillin (Hleba, Kacaniova, Pavelkova, & Cuboii, 2012; Rozila
et al., 2012; Zhou et al., 2012). Furthermore, ampicillin-resistant
lactobacilli were also isolated from Nigerian fermented foods and
beverages (Olukoya, Ebigwei, Adebawo, & Osiyemi, 1993), fermented
fish (Sornplang, Leelavatcharamas, Sukon, & Yowarach, 2011) as well
as fermented milk in India (Lavanya, Sowmiya, Balaji, & Muthuvelan,
2011). Other ampicillin-resistant lactobacilli species were isolated
from various products and include Lb. casei isolated from fermented
milk “Dahi” (Soomro & Masud, 2012), Lb. curvatus and Lb. sakei
(Aymerich et al., 2006) and Lb. plantarum from fermented sausages
(Pan, Hu, & Wang, 2011), Lb. fermentum and Lb. helveticus from
fermented vegetables (Pan, Hu, & Wang, 2011). Resistance to ampicillin
in Lb. reuteri was shown to result from point mutations in pbp genes
which encode the penicillin binding proteins (Pbp1a, Pbp2a and/or
Pbp2x), the target of beta-lactam antibiotics. Such resistance is regarded
as non-transferable, because the pbp genes are located on the chromo-
some (Rosander, Connolly, & Roos, 2008).

Resistance to cephalosporins and oxacillin was also shown to
occur in lactobacilli (especially Lb. rhamnosus) isolated from dairy
products such as different types of cheeses (Belleti et al., 2009;
Coppola et al., 2005; Danielsen & Wind, 2003; Herreros et al., 2005;
Hummel, Hertel, Holzapfel, & Franz, 2007). Resistance to these com-
pounds was also shown in Lb. paracasei from yogurts (Honi et al.,
2013), in Lb. plantarum and Lb. pentosus from fermented olives
(Casado Mufioz, Benomar, Lavilla Lerma, Galvez, & Abriouel, 2014;
Mokhbi, Kaid-Harche, Lamri, Rezki, & Kacem, 2009) and in Lb.
curvatus and Lb. fermentum in fermented sausages (Zdolec et al,,
2011).

Condon (1983) showed that cell wall impermeability seems to be
the main mechanism of resistance to beta-lactam antibiotics. Further-
more, the cooperation of non-specific mechanisms, such as multi-
drug transporters (Putman, van Veen, Degener, & Konings, 2001) and
defective cell wall autolytic systems (Kim, Morrison, & Bayer, 1982)
may also account for differences between strains within the same spe-
cies (Ammor, Flérez, & Mayo, 2007).

Concerning resistance to glycopeptides, most Lactobacillus spe-
cies carried intrinsic resistance (Charteris, Kelly, Morelli, &
Collins, 1998; Danielsen & Wind, 2003; Fukao et al.,, 2009;
Handwerger, Pucci, Volk, Liu, & Lee, 1994; Klein, Zill, Schindler, &
Louwers, 1998; Klein et al., 2000; Mathur & Singh, 2005; Ruoff,
Kuritzkes, Wolfson, & Ferraro, 1988; Swenson, Piwnica-Worms,
McNamee, & Paul, 1990), which is generally based on the presence
of p-Alanine- p-Lactate rather than the p-Ala-p-Ala dipeptide in
their peptidoglycan (Ammor et al., 2008; Klein et al., 2000). How-
ever, such resistance is different from the enterococcal type
which is based on the presence of vanA, vanB or vanC acquired
genes (DeLisle & Perl, 2003; Tynkynnen, Singh, & Varmanen, 1998).
Klein, Zill, Schindler, & Louwers (1998) and Klein et al. (2000) confirmed
that they were unable to show transfer of vancomycin-resistance deter-
minants from Lb. rhamnosus to a vancomycin-susceptible enterococcal
strain, which provided reassurance on the safety of the Lactobacillus
strains used as probiotics with regard to their vancomycin resistance.
However, an unclear resistance basis of Lactobacillus spp. could pose
uncertainty about its use as probiotics (EFSA, 2012a). Charteris, Kelly,
Morelli, & Collins (2001) and Zhou, Pillidge, Gopal, & Gill (2005) found
vancomycin resistance in several probiotic strains of Lb. rhamnosus. Sim-
ilarly, intrinsic resistance to vancomycin was confirmed for Lb. paracasei,
Lb. salivarius and Lb. plantarum (Blandino, Milazzo, & Fazio, 2008).
However, other studies showed that Lb. delbrueckii subsp. bulgaricus, Lb.
acidophilus, Lb. johnsonii, and Lb. crispatus possessed acquired mecha-
nisms of resistance (Bernardeau, Vernoux, Henri-Dubernet, & Gueguen,
2008; Vescovo, Morelli, & Bottazzi, 1982) to vancomycin. Also, Mater,
Langella, Corthier, & Flores (2008) showed that a commercial Lb.
acidophilus could acquire a vanA (encoding high level resistance in
enterococci) gene mediated by a Tn1546 transposon from enterococci

in vitro and in vivo in the gut of mice. Therefore, acquisition and further
transfer of resistance genes should be addressed in the safety evaluations
of probiotics and starter cultures.

2.2.2. Resistance to antibiotics inhibiting proteins synthesis

Generally, most Lactobacillus species are susceptible to antibiotics
that are able to inhibit protein synthesis (erythromycin, tetracycline,
clindamycin and chloramphenicol) and they also tend to be resistant
toward aminoglycosides (streptomycin, kanamycin, neomycin, and
gentamicin) (Ammor, Flérez, & Mayo, 2007). Resistance to aminoglyco-
sides was reported in lactobacilli isolated from different fermented
foods, such as Lb. plantarum from fermented vegetables (Lapsiri,
Nitisinprasert, & Wanchaitanawong, 2011), Lb. pentosus from naturally
fermented olives (Casado Mufioz, Benomar, Lavilla Lerma, Galvez, &
Abriouel, 2014), Lb. bulgaricus and Lb. paracasei from yogurts (Honi
etal, 2013; Zhou et al., 2012), Lb. helveticus, Lb. delbrueckii subsp. lactis,
Lb. rhamnosus and Lb. casei (Belletti et al., 2009), Lb. casei (Ouoba, Lei, &
Jensen, 2008), Lb. fermentum (Gfeller, Roth, Meile, & Teuber, 2003) and
Lb. pentosus (Han et al., 2013) from cheese, Lb. plantarum from dairy
products (Liu, Zhang, Dong, Yuan, & Guo, 2009), Lb. fermentum, Lb.
helveticus, Lb. namurensis and Lb. plantarum from fermented vegetables
(Pan, Hu, & Wang, 2011), Lb. brevis, Lb. fermentum and Lb. paracasei
subsp. paracasei from fermented sausages (Zdolec et al., 2009) and Lb.
plantarum, Lb. casei and Lb. paracasei from fermented fish (Liasi et al.,
2009). Intrinsic resistance to aminoglycosides may result from various
mechanisms and thus can be attributed to the absence of cytochrome-
mediated electron transport enabling antibiotic uptake (Charteris,
Kelly, Morelli, & Collins, 2001) and to changes in cellular permeability.
However, the most important cause of resistance is an enzymatic antibi-
otic modification by “acetyltransferases (AAC9, adenyltransferases
(ANT) and phosphotransferases (APH)”, whose encoding genes are
usually found on plasmids and transposons (Turnidge & Bell, 2005).
The acquired resistance genes aadE and aphA3 have previously been
found in Lb. curvatus from raw milk cheese (Danielsen, Madsen,
Hammer, & Wind, 2005); aph(3’)-III, aadA and aadE genes occurred in
Lb. casei from dairy products (Ouoba, Lei, & Jensen, 2008) and in Lb.
pentosus from cheese (Han et al., 2013); aph(3’)-IIl and ant(6) genes
in Lb. delbrueckii subsp. bulgaricus from dairy products (Zhou et al.,
2012); aph(3’)-IIl in Lb. plantarum and Lb. namurensis from Chinese
fermented vegetable foods. In the last case, aph(3’)-IIl was found to be
located together with other resistance genes on the same plasmid
from E. faecium SZ109 (Pan, Hu, & Wang, 2011), suggesting a horizontal
gene transfer.

As mentioned above, most of Lactobacillus species are susceptible to
chloramphenicol, erythromycin, clindamycin and tetracycline. How-
ever, strains resistant to these agents have also been identified in
lactobacilli isolated from several fermented foods. Resistance to chlor-
amphenicol was detected in Lb. plantarum, Lb. fermentum, Lb. helveticus
and Lb. namurensis isolated from Chinese fermented vegetable foods
(Pan, Hu, & Wang, 2011), in Lb. sakei from fermented meat products
(Martins et al., 2013) and in lactobacilli isolated from Chinese yogurts
(Zhou et al., 2012). Resistance to erythromycin was shown to occur in
strains of Lactobacillus spp. isolated from cheese (Belletti, Monica,
Benedetta, Erasmo, Giulia and Fausto, 2009; Comunian et al., 2010;
Feld, Bielak, Hammer, & Wilcks, 2009; Gfeller, Roth, Meile, & Teuber,
2003; van Hoek et al., 2008), from dairy products (Hleba, Kac¢aniova,
Pavelkova, & Cuboii, 2012; Thumu & Halami, 2012), from Chinese
fermented vegetable foods (Pan, Hu, & Wang, 2011), from fermented
meats (Comunian et al., 2010; Gevers, Danielsen, Huys, & Swings,
2003; Thumu & Halami, 2012; Zonenschain, Rebecchi, & Morelli,
2009) and from a variety of fermented foods (Nawaz et al., 2011)
(Table 1).

Resistance to clindamycin was detected in different lactobacilli
species isolated from Chinese fermented vegetable foods (Pan, Hu, &
Wang, 2011), cheese (Belletti, Monica, Benedetta, Erasmo, Giulia and
Fausto, 2009) and fermented vegetables (Lapsiri, Nitisinprasert, &
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Wanchaitanawong, 2011) (Table 1). Tetracycline resistance was detect-
ed in lactobacilli isolated from various fermented foods such as Chinese
fermented vegetable foods (Pan, Hu, & Wang, 2011), cheese (Ammor
et al., 2008; Belletti, Monica, Benedetta, Erasmo, Giulia and Fausto,
2009; Comunian et al., 2010; Gfeller, Roth, Meile, & Teuber, 2003; van
Hoek et al., 2008; Zago et al., 2011), dairy products (Hleba, Ka¢aniova,
Pavelkova, & Cuboii, 2012; Thumu & Halami, 2012), from a variety of
fermented foods (Nawaz et al., 2011), pickles (van Hoek et al., 2008),
fermented vegetables (Pan, Hu, & Wang, 2011), fermented meat
(Comunian et al., 2010; Gevers, Danielsen, Huys, & Swings, 2003;
Martins et al., 2013; Thumu & Halami, 2012; Zonenschain, Rebecchi, &
Morelli, 2009), and African fermented millet porridge (Ouoba, Lei, &
Jensen, 2008) (Table 1).

Acquired resistance to tetracycline, erythromycin, clindamycin and
chloramphenicol in lactobacilli isolated from fermented foods were
found to be mediated by tetM and tetS genes (encoding ribosomal pro-
tection proteins for tetracycline resistance) and erm(B) (erythromycin
resistance), these being the most commonly observed resistance
genes in lactobacilli isolated from a variety of foods, followed by the
cat (plasmid encoded chloramphenicol acetyltransferase) gene
(Cataloluk & Gogebakan, 2004; Danielsen, 2002; Gevers, Danielsen,
Huys, & Swings, 2003; Lin, Fung, Wu, & Chung, 1996). The cat resistance
gene was also detected on the chromosome in different lactobacilli
isolated from fermented foods, as we will further discuss in detail.

In the last years, several studies showed that besides tetM and tetS
genes, other tetracycline resistance genes were prevalent in lactobacilli
such as the tetW gene, encoding a ribosomal protection protein
(Comunian et al., 2010; Devirgiliis, Zinno, & Perozzi, 2013; Thumu &
Halami, 2012; Zonenschain, Rebecchi, & Morelli, 2009), and the tetL ef-
flux gene occurring in lactobacilli from dairy products and fermented
meat (Ammor et al., 2008; Thumu & Halami, 2012). Resistance genes
tetM and tetS were identified both on plasmids and the chromosome
in different Lactobacillus species isolated from different fermented
foods (Table 1). Comunian et al. (2010) showed that tetM expression re-
quires tight antibiotic-dependent regulation, similarly to tetracycline-
resistance genes in Escherichia coli. Moreover, this observation supports
the results obtained with two strains of Lb. sakei isolated from an Italian
raw milk cheese (Ammor et al., 2008), where tetM was found within
transposon-like sequences. Association of tetM with widely different
MIC values in different strains has been reported by several authors
(Flérez et al., 2008; Gevers, Danielsen, Huys, & Swings, 2003).
Comunian et al. (2010) showed that increasing transcript levels corre-
lated with increasing MIC values, which suggested that tetM transcrip-
tion is dependent on antibiotic concentration because of an antibiotic
concentration-dependent promoter activity. Furthermore, strains
harboring more than one tetracycline resistance gene exhibited elevated
resistance levels due to synergistic effects of these genes (Ammor et al.,
2008). Devirgiliis, Coppola, Barile, Colonna, & Perozzi (2009) and
Devirgiliis, Zinno, & Perozzi (2013) reported that tetM was present
on the Tn916 transposon in Lb. paracasei strains isolated from water buf-
falo mozzarella, which all display the same MIC value of 32 pg/ml
(Devirgiliis, Coppola, Barile, Colonna, & Perozzi, 2009), and also in Lb.
plantarum M345 (plasmid pLFE1) isolated from raw-milk cheese, and
that the transposon is capable of being transferred to different LAB
(Feld, Bielak, Hammer, & Wilcks, 2009). However, the plasmid-carried
tetW gene, more common in human and animal intestinal bacteria, did
not exhibit any transferability of the tetracycline resistance gene from
Lb. reuteri to bacteria of the human gut microbiota (enterococci,
bifidobacteria and lactobacilli), as was reported by Egervdrn, Lindmark,
Olsson, & Roos (2010).

The resistance gene ermB located both on plasmids or the chromo-
some, was detected (Table 1) in several Lactobacillus species isolated
from a variety of fermented foods (Nawaz et al., 2011), fermented dry
sausages (Gevers, Danielsen, Huys, & Swings, 2003; Zonenschain,
Rebecchi, & Morelli, 2009), dairy products (Ammor, Flérez, & Mayo,
2007; Feld, Bielak, Hammer, & Wilcks, 2009; van Hoek et al., 2008),

traditional Italian fermented foods (Comunian et al., 2010), Indian
fermented foods (Thumu & Halami, 2012), Chinese cabbage and
fermented sour and hot cabbage (Pan, Hu, & Wang, 2011). The ermB
gene is often associated with mobile elements, mainly conjugative
transposons, and thus these mobile genetic elements may explain
their spread (Simeoni et al., 2008). Furthermore, Thumu and Halami
(2012) showed that the highly erythromycin-resistant Lactobacillus
species isolated from fermented dry sausages harbored only the ermB
gene, and that the cMLSg (constitutive Macrolide, Lincosamide, and
Streptogramin B) phenotype displayed by these lactobacilli was a result
of a mutation in the leader peptide of erm genes after their continuous
expression mainly under exposition of the animals to different anti-
biotics (Weisblum, 1995). In this sense, the acquired resistance
to lincosamide (clindamycin) in lactobacilli, referred to as MLSg
(Macrolide, Lincosamide, Streptogramin B compound) resistance, is
frequently associated with the presence of methylase genes, mainly
ermB gene, but also ermC (especially in lactobacilli from fermented
meats), ermG and ermT genes.

Transferable multiresistance in lactobacilli is rare so far, with the ex-
ception of erm-vat-tet resistance that is plasmid-encoded (pLME300) in
a Lb. fermentum strain (Gfeller, Roth, Meile, & Teuber, 2003) and erm-
vat-tet-aad-aph-sat resistance in a Lb. curvatus strain (Danielsen,
Madsen, Hammer, & Wind, 2005), both isolated from cheeses made
from raw milk.

2.2.3. Resistance to antibiotics inhibiting DNA replication/transcription

Lactobacilli seem to be intrinsically resistant to quinolones, e.g.
nalidixic acid and ciprofloxacin, by a currently unknown resistance
mechanism (Hummel, Hertel, Holzapfel, & Franz, 2007). The intrinsic
resistance to ciprofloxacin was not found to be associated with muta-
tions in the QRDR of gyrA and parC as occurred in Gram-positive bacteria
(Hummel, Hertel, Holzapfel, & Franz, 2007), thus the intrinsic resistance
could have resulted from intrinsic characteristics such as cell wall struc-
ture, permeability, or an efflux mechanism.

2.24. Resistance to folic acid synthesis inhibitors

Resistance to sulphonamides and trimethoprim has also been
reported as an intrinsic feature of the folate auxotrophic lactobacilli
(Katla, Kruse, Johnsen, & Herikstad, 2001). In some cases, sulfameth-
oxazole/trimethoprim phenotypic determination of susceptibility of
lactobacilli in some culture media may not be coherent, because certain
antagonistic medium components such as p-aminobenzoic acid (PABA)
and thymidine may interfere with the antibiotic activity (Turnidge &
Bell, 2005). In other cases, the mechanisms of resistance in lactobacilli
isolated from fermented foods include cell wall impermeability, alterna-
tive metabolic pathways, a dihydrofolate reductase (DHFR), that is in-
sensitive to trimethoprim, overproduction of DHFR and trimethoprim-
insensitive transferable DHFRs (Huovinen, 1987).

2.3. Antibiotic resistance and mobile genetic elements in Lactobacillus from
fermented foods

Consumption of live Lactobacillus spp. included in lactic acid
fermented foods as potential vehicles of spread of antibiotic resistance
determinants have received increasing attention in recent years. The
risks are associated with potential transfer of antibiotic resistance with-
in the gastrointestinal tract from commensal or probiotic bacteria to
other bacteria or potential pathogens, thus impairing successful antibi-
otic treatment of common microbial infections (Klein et al., 2000;
Snydman, 2008). The antibiotic resistance genes can be transferred
horizontally via mobile elements ( plasmids, transposons and integrons)
which are responsible for intra- and inter-species transfer of genetic
material (van Reenen & Dicks, 2011). Furthermore, the presence of
insertion sequences (IS) within bacterial genomes is also an indicator
of horizontal gene transfer which is regulated by environmental factors,
thus they were detected in some lactobacilli (http://www-is.biotoul.fr/)
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such as Lb. salivarius UCC118 isolated from the human ileum (Canchaya,
Claesson, Fitzgerald, van Sinderen, & O'Toole, 2006), Lb. helveticus
DPC 4571 isolated from cheese (Callanan et al., 2008), Lb. delbrueckii
subsp. bulgaricus ATCC 11842 isolated from bulgarian yogurt and Lb.
amylovorus GRL1118 (Kant, Paulin, Alatalo, de Vos, & Palva, 2011a) iso-
lated from intestine among others. The presence of different types of IS
elements in lactobacilli suggests their role in genome evolution and thus
their role in horizontal gene transfer (Cai, Thompson, Budinich,
Broadbent, & Steele, 2009; Cremonesi, Chessa, & Castiglioni, 2013;
Kaleta, O'Callaghan, Fitzgerald, Beresford, & Ross, 2010; Schneider &
Lenski, 2004). In this context, lactobacilli from fermented foods were
investigated regarding the presence of conjugative plasmids or transpo-
sons located on the chromosome or on plasmids, which carry single or
multiple genes encoding resistance to a diverse array of antibiotics.
Furthermore, these strains were also investigated for the presence of
IS elements flanking antibiotic resistance genes. The conjugative trans-
poson Tn916—an 18-kbp genetic element containing the genetic deter-
minant for tetracycline resistance tetM—occurred in Lb. paracasei
isolated from raw milk and natural whey starter cultures employed in
the manufacture of the Italian traditional cheese Mozzarella di Bufala
Campana, was capable of horizontal interspecies transfer to the oppor-
tunistic pathogen Enterococcus faecalis (Devirgiliis, Caravelli, Coppola,
Barile, & Perozzi, 2008; Devirgiliis, Coppola, Barile, Colonna, & Perozzi,
2009). A Tn916-like transposon was also found in Lb. sakei Rits 9 strain
isolated from Italian Sola cheese made from raw milk (Ammor et al.,
2008), and in other Lactobacillus species from different fermented
foods (Table 1). The genes tetL, tetK and tetW on the other hand, have
been shown to be located on plasmids in different lactobacilli isolated
from dairy and fermented meats (Table 1). In the study of Kastner
et al. (2006), Lb. reuteri SD 2112 isolated from breast milk was shown
to harbor the tetracycline resistance gene tetW (residing on a plasmid)
and the lincosamide resistance gene Inu(A). Two plasmids—carrying
tetracycline (tetW) and lincosamide [Inu(A)] resistance genes—were
also identified by Rosander, Connolly, & Roos (2008) in a commercial
strain of Lb. reuteri ATCC 55730 originally isolated from breast milk
(Ammor et al., 2008). Lactobacillus fermentum isolated from pig feces
carried a 5.7 kbp plasmid with an erm gene conferring high level eryth-
romycin resistance, which was 98.2% identical to the gene of the entero-
coccal conjugative transposon Tn1545 (Fons et al., 1997). In the study
of Gfeller, Roth, Meile, & Teuber (2003), a chromosomally located,
tetracycline-resistance determinant tetM was identified in Lb. fermentum
ROT1 that was isolated from a raw milk dairy product. A 19,398-bp

plasmid (pLME300) found to be present in several erythromycin-
resistant strains of Lb. fermentum was also isolated and completely
sequenced (Ammor et al., 2008).

Shrago and Dobrogosz (1988) showed the conjugal transfer of
Group-B streptococcal plasmids to Lb. plantarum, while Morelli, Sarra,
& Bottazzi (1988) demonstrated that the conjugative plasmid pAMB1
could be transferred from Lb. reuteri to E. faecalis in vivo. Thus,
lactobacilli like other bacteria, have possibly acquired some anti-
biotic resistance genes by conjugation from bacteria such as strepto-
cocci and enterococci (Ammor, Flérez, & Mayo, 2007; Teuber et al.,
1999). On the other hand, transfer of resistance genes by transduc-
tion has also been reported (Morelli, Zonenenschain, Del Piano, &
Cognein, 2004). Natural transformation has not yet been described
in lactobacilli (Ammor, Flérez, & Mayo, 2007), although genes
involved in uptake of free DNA have been found in Lb. reuteri (Bath,
Roos, Wall, & Jonsson, 2005). Most of the Lactobacillus species,
regardless of their source (plants, meat, silage, sourdough or gastro-
intestinal tract), contain native plasmids (Wang & Lee, 1997), and
frequently appear to harbor multiple different plasmids in a single
strain. In lactobacilli, plasmid differences are found in distribution,
function and size (Davidson, Kordias, Dobos, & Hillier, 1996; Wang
& Lee, 1997). The functions of these plasmids have classically been
correlated with phenotypical properties, including drug resistance,
carbohydrate metabolism, amino acid metabolism and bacteriocin pro-
duction (Lavanya, Sowmiya, Balaji, & Muthuvelan, 2011). Auputinan,
Tragoolpua, Pruksakorn, & Thongwai (2011) reported that not all
lactobacilli from fermented foods harbored plasmids, and those harbor-
ing plasmids are characterized by a high diversity not related with the
species identity nor the source of isolation. Plasmid curing studies
done with lactobacilli isolated from fermented milk indicated the
plasmid location of penicillin resistance determinants in all penicillin-
resistant Lactobacillus strains (Lavanya, Sowmiya, Balaji, & Muthuvelan,
2011).

Acquisition of resistance genes by lactobacilli present in fermented
foods could have occurred from staphylococci and enterococci, based
on the evidence of homology of mobile genetic elements in those bacteria.
Fig. 1 shows the most important resistance gene pool shared in lactobacilli
from fermented foods, staphylococci and enterococci. Spread of resistance
genes could occur via plasmids or transposons (Fig. 1), such as Tn916-
Tn1545 and Tn1546 type of transposons (Clewell, Flannagan, & Jaworski,
1995; Devirgiliis, Coppola, Barile, Colonna, & Perozzi, 2009; Ammor,
Flérez and Mayo, 2007).

Resistance
plasmids
Tn916-Tn1545
Tni546
aad aad
Staphylococci aphA3 Lactobacilli aphA3 Enterococci
Animal/human erm Fermented foods erm, mefA Animal/human
tet tet, vanX
Resistance
plasmids

Fig. 1. The most important resistance genes shared by lactobacilli from fermented foods, staphylococci and enterococci, and also the common mobile genetic elements involved in spread of
resistance. Genes encoding resistance to: aad and aphA3, aminoglycosides; erm, erythromycin; mefA, macrolide; tet, tetracycline; vanX, vancomycin.
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2.4. Novel insights on antibiotic resistances of Lactobacillus spp. obtained
from whole genome sequence data

An advanced strategy to approach safety investigations regarding
antibiotic resistances in lactobacilli is to explore genome sequences,
i.e. an in silico analysis for antibiotic resistance genes. However, the
low number of available genome sequences up to date may limit
an in-depth understanding of the origin of observed phenotypic resis-
tances, which are either induced or uninduced by the presence of anti-
microbials. Some observations about the most important genomic
insights that regard antibiotics such as chloramphenicol and glycopep-
tides in lactobacilli isolated from fermented foods are discussed below.

2.4.1. Resistance to chloramphenicol

As explained above, the cat gene is frequently found on plasmids as-
sociated with various Lactobacillus spp. However, a search for this gene
in genomic DNA sequences of different lactobacilli available at the Na-
tional Centre for Biotechnology Information (NCBI) database revealed
the presence of cat genes on the chromosome of Lb. brevis isolated
from fermented vegetables, Lb. plantarum isolated from dairy products
and fermented vegetables, Lb. fermentum isolated from dairy products
and Lb. sakei isolated from fermented sausage and fermented vegetables
(Table 2). However, the presence of this gene on the chromosome does
not necessarily imply that it is expressed at the phenotypic level, be-
cause sometimes the differences detected between phenotypic and ge-
notypic tests are attributed to a mutation in cat gene or its regulatory
region, as suggested by Hummel, Hertel, Holzapfel, & Franz (2007).
Moreover, the analysis of homology of cat gene sequences of lactobacilli
from fermented foods, using the BLASTn tool for searching against the
non-redundant nucleotide database of NCBI, indicated a highly diver-
gent nucleotide sequence region in the Lactobacillus genus, being the
differences detected between species (Table 2). Fig. 2 shows the evolu-
tionary distances between Cat proteins in different lactobacilli isolated

Table 2

from fermented foods and other environments (especially from silage,
intestinal and vaginal microbiota), being all cat genes located on the
chromosome, except for the cat gene of Lb. reuteri 15007, that was isolat-
ed from healthy weaning piglets and was harbored on the plasmid
pLRIO4 (Hou et al., 2013). For this, Cat protein sequences were retrieved
from the National Centre for Biotechnology Information (NCBI) data-
base and then analyzed to construct the phylogenetic tree (Fig. 2)
by using the neighbor-joining method (Bionumerics version 2.5, Ap-
plied Maths, Belgium). The resulting phylogenetic tree showed that
the chromosomally encoded Cat proteins in lactobacilli isolated
from fermented foods and other environments occur in two clusters
(G1 and G2). The first cluster G1 subdivided into three subclusters
(A, B and C) showed that Lb. sakei (subcluster B) and Lb. buchneri
and Lb. fermentum (subcluster C) strains formed different subclus-
ters separated from other Gram-positive bacteria such as Enterococ-
cus sp. and Staphylococcus sp. (subcluster A). However, the plasmid
encoded Cat protein in Lb. reuteri 15007 clustered together with En-
terococcus sp. and Staphylococcus sp. in the same subcluster (A).
The second cluster (G2) divided into two subclusters—subcluster D
and subcluster E—was represented by chromosomally encoded Cat
proteins from Lb. brevis and Lb. plantarum strains, respectively.
These data clearly show the high divergence between Cat proteins
in lactobacilli species and also a high homology among strains of
the same species, regardeless their origin (food or other environ-
ments). On the other hand, Cat protein encoded by the cat gene
from plasmid pLRIO4 of Lb. reuteri [5007 (belonging to subcluster
A) was highly similar to the Cat proteins encoded by cat genes locat-
ed on several plasmids of S. aureus (pC194, pKH13 and pKH15), this
fact suggesting that the acquisition of the cat gene by Lb. reuteri
15007 was probably done by horizontal gene transfer from
S. aureus. Similarly, in the same subcluster A, Cat sequences of
E. faecalis, E. faecium and S. aureus (Fig. 2) could also be found to
group together, these sharing the same origin as other Cat proteins

Percentage of identity of chloramphenicol resistance gene (cat) in Lactobacillus species isolated from fermented foods.

Lactobacillus
strains from

Alignment of cat gene
sequences

References

fermented Percent identity (%) Strains (Source of isolation)
foods
Lb. brevis KB290 100 Lb. brevis KB290 (pickle), Lb. brevis ATCC 367 (silage) Fukao, Tomita, Yakabe, Nomura, Ike,
and Yajima (2009); Fukao et al.
(2013); Makarova et al. (2006)
95 Lb. brevis BSO 464 (brewery) Bergsveinson, Baecker, Pittet, and
Ziola (2015)
Lb. fermentum F-6 100 Lb. fermentum F-6 (dairy) Gao (Unpublished, NCBI Reference
Sequence: NC_021235.1)
99 Lb. fermentum 3872 (milk from female), Jayashree et al. (2013); Karlyshev,
Lb. fermentum MTCC 8711 (yogurt) Raju, and Abramov (2013)
Lb. plantarum subsp. plantarum ST-III and Lb. 100 Lb. plantarum 16 (steep water), Lb. plantarum WCFS1 Crowley, Bottacini, Mahony, and van

plantarum subsp. plantarum P-8

99 Lb. plantarum JDM1 (human intestinal tract),
Lb. plantarum ZJ316 (feces), Lb. plantarum subsp. plantarum
NC8 (grass silage), Lb. plantarum IPLA88 (sourdough),
Lb. plantarum 2165 (milk product), Lb. plantarum 4_3
(fermented soybean), Lb. plantarum Lp90 (wine), Lb. plantarum
CMPG5300 (vagina of healthy woman), Lb. plantarum UCMA
3037 (unpasteurized camembert cheese)

(human saliva), Lb. plantarum subsp. plantarum P-8 (dairy),
Lb. plantarum subsp. plantarum ST-III (kimchi)

Sinderen (2013); Gao (Unpublished,
NCBI Reference Sequence:
NC_021224.1); Kleerebezem et al.
(2003); Wang, Chen, Ai, Zhou,
Zhou, Wang, et al. (2011a)

Axelsson et al. (2012); Karlyshev
and Abramov (2014); Ladero et al.
(2013); Lamontanara et al. (2015);
Li et al. (2013); Malik, Siezen,
Renckens, Vaneechoutte,
Vanderleyden, and Lebeer (2014);
Naz et al. (2013); Zhang et al.
(2009)

Lb. sakei subsp. sakei 23 K 100 Lb. sakei subsp. sakei 23 K (sausage) Chaillou et al. (2005)
99 Lb. sakei wikim 22 (kimchi) Lim et al. (2014)
98 Lb. sakei LTH681 (fermented food), Lb. sakei subsp. sakei LS25 McLeod, Brede, Rud, and Axelsson

(fermented sausage)

(2013); Schmidt, Hertel, and
Hammes (1999)
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Origin
E. faecium DO (p2) Human
_[ S. aureus pC223 Human
E. faecalis pREZ25 Sausage
_[ S. aureus TP4 (pTZ4) Human
A b reutert 15007 Piglet
S. aureus KH28 (pKH15)
G1 S. aureus SA25 (pC194)  Bovine
S. aureus KH13 (pKH13)
r 1 Lb sakei subsp. sakei. 23K Sausage
l[ L B Lb. sakei wikim 22 Kimchi
Lb. sakei LTH681 Fermented food
E. faecium Aus0004 Blood
——— 1 Lb. buchneri NRRL B-30929 Fuel ethanol
Lb. fermentum MTCC 8711 Yogurt
¢ Lb. fermentum F-6 Dairy
Lb. fermentum 3872 Human milk
Lb. brevis BSO 464 Brewery
4[[ D Lb. brevis ATCC 367 Silage
G2 Lb. brevis KB290 Pickle
Lb. plantarum subsp. plantarum P-8 Dairy
- Lb. plantarum UCMA 3037 Cheese
- Lb. plantarum WCFS1 Human saliva
- Lb. plantarum subsp. plantarum ST-ll| Kimchi
- Lb. plantarum 16 Steep water
- Lb. plantarum JDM1 Human intestinal tract
- IE Lb. plantarum ZJ316 Faeces
- Lb. plantarum subsp. plantarum NC8 Grass silage
- Lb. piantarum IPLASS Sourdough
- Lb. plantarum 2165 Milk product
- Lb. piantarum 4 3 Fermented soybean
3 Lb. plantarum Lp20 Wine
L Lb. piantarum CMPG5300 Vagina
Escherichia  coli S17-1 (pFL122) Liver

Fig. 2. Phylogenetic tree constructed using the neighbor-joining algorithm to evaluate the distance between Cat proteins from lactobacilli isolated from fermented foods and other bacteria
of different sources. Cat protein sequences were retrieved from the National Centre for Biotechnology Information (NCBI) database and then analyzed to construct the phylogenetic tree by
using the neighbor-joining method (Bionumerics version 2.5, Applied Maths, Belgium). Escherichia coli was used as outgroup bacilli. Abbreviation: E, Enterococcus; Lb, Lactobacillus;

S, Staphylococcus.

encoded on plasmids. This fact highlights the importance of Entero-
coccus and Staphylococcus genera in contributing to horizontal
gene transfer to different other bacterial genera, especially also to
certain Lactobacillus strains. However, a chromosomally encoded
Cat protein in E. faecium Aus0004 isolated from blood shared the
same origin as Lb. sakei, Lb. buchneri and Lb. fermentum (70% iden-
tity, Fig. 2).

In general, lactobacilli from fermented foods did not appear to
exhibit a horizontal gene transfer of cat genes, since no homology
was detected between the chromosomally-encoded cat genes from
lactobacilli and the plasmid encoded cat genes from food and non-

food source lactobacilli and other bacteria. However, horizontal gene
transfer to food Lactobacilllus strains could nevertheless be possible,
since Lb. reuteri from pigs, whose cat gene was plasmid located, was
thus probably able to receive the cat gene from Staphylococcus and En-
terococcus spp., possibly of an intestinal source. Thus, the mechanism,
as well as the origin of the cat determinant in lactobacilli from fer-
mented foods, appears to be different from the acquired resistance by
plasmids in Lb. reuteri, as well as other bacteria occurring in the natural
ecosystems such as the intestinal tract of the animals.

The problem which could be associated with safety assessments
of strains regarding antibiotic resistance genes is that no standard
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Percentage of identity of glycopeptide resistance gene (vanZ) in Lactobacillus species isolated from fermented foods.

Lactobacillus strains from

Alignment of vanZ gene sequences

fermented foods

Percent identity (%)

Strains (Source of isolation)

References

Lb. brevis KB290 100
99
Lb. casei BDII, Lb. casei BL23 and 100

Lb. casei LC2W

99

98
Lb. casei ATCC 334 100

99

Lb. casei str. Zhang 100

99

Lb. brevis KB290 (pickle), Lb. brevis ATCC 367 (silage)
Lb. brevis BSO 464 (brewery)

Lb. casei BDII (koumiss), Lb. casei BL23 (cheese) and
Lb. casei LC2W (dairy), Lb. casei W56 (probiotic),
Lb. paracasei subsp. paracasei 8700:2 (human
gastrointestinal mucosa), Lb. paracasei subsp.
paracasei Lpp226 (artisanal dairy product), Lb. casei
12A (corn silage)

Lb. casei LOCK 919 (probiotic from feces), Lb. casei str.
Zhang (koumiss), Lb. paracasei subsp. paracasei
Lpp125 (artisanal dairy product), Lb. casei M36
(cheese), Lb. casei Lpc-37 (dairy product), Lb. casei
Lc-10 (dairy product), Lb. casei UW4 (cheese), Lb. casei
UWT1 (cheese), Lb. casei 5b (cheese), Lb. paracasei
subsp. paracasei Lpp7 (commercial dairy product),

Lb. paracasei subsp. paracasei Lpp14 (artisanal dairy
product), Lb. paracasei subsp. paracasei Lpp17
(artisanal dairy product), Lb. paracasei subsp.
paracasei Lpp22 (commercial dairy product),

Lb. paracasei subsp. paracasei Lpp41 (commercial
dairy product), Lb. paracasei subsp. paracasei Lpp48
(artisanal dairy product), Lb. paracasei subsp.
paracasei Lpp122 (artisanal dairy product), Lb.
paracasei subsp. paracasei Lpp120 (artisanal dairy
product), Lb. casei UCD174 (wine), Lb. paracasei subsp.
tolerans Lpl7 (commercial dairy product), Lb. paracasei
N1115 (traditional homemade dairy product),

Lb. casei A2-362 (wine)

Lb. casei ATCC 334 (cheese), Lb. paracasei subsp.
paracasei JCM 8130 (milk)

Lb. casei ATCC 334 (cheese), Lb. casei UCD174 (wine)

Lb. casei BDII (koumiss), Lb. casei BL23 (cheese),

Lb. casei LC2W (dairy), Lb. casei W56 (probiotic),

Lb. casei LOCK 919 (probiotic from feces), Lb. casei str.
Zhang (koumiss), Lb. paracasei N1115 (dairy),

Lb. paracasei subsp. paracasei JCM 8130 (milk),

Lb. paracasei subsp. paracasei 8700:2

(human gastrointestinal mucosa),

Lb. paracasei subsp. paracasei Lpp120 (artisanal dairy
product), Lb. paracasei subsp. paracasei Lpp70
(artisanal dairy product), Lb. paracasei subsp.
paracasei Lpp123 (artisanal dairy product), Lb.
paracasei subsp. paracasei Lpp22 (commercial dairy
product), Lb. casei UW4 (cheese), Lb. casei UW1
(cheese), Lb. casei Lc-10 (dairy product), Lb. casei 5b
(cheese), Lb. paracasei subsp. tolerans Lpl7
(commercial dairy product), Lb. casei M36 (cheese),
Lb. casei Lpc-37 (dairy product), Lb. paracasei subsp.
paracasei Lpp7 (commercial dairy product),

Lb. paracasei subsp. paracasei Lpp41 (commercial
dairy product), Lb. paracasei subsp. paracasei Lpp71
(artisanal dairy product), Lb. paracasei subsp.
paracasei Lpp126 (artisanal dairy product), Lb.
paracasei subsp. paracasei Lpp22 (commercial dairy
product), Lb. paracasei subsp. paracasei Lpp14
(artisanal dairy product), Lb. paracasei subsp.
paracasei Lpp43 (artisanal dairy product), Lb. paracasei
subsp. paracasei CNCM 1-4649 (artisanal dairy
product), Lb. paracasei subsp. paracasei Lpp125
(artisanal dairy product)

Lb. casei str. Zhang (koumiss), Lb. paracasei subsp.
paracasei Lpp17 (artisanal dairy product), Lb. casei
LOCK 919 (probiotic from feces)

Lb. casei BDII (koumiss), Lb. casei BL23 (cheese),

Lb. casei LC2W (dairy), Lb. casei W56 (probiotic), Lb.
casei ATCC 334 (cheese), Lb. paracasei N1115 (dairy),
Lb. paracasei subsp. paracasei JCM 8130 (milk), Lb.
casei A2-362 (wine), Lb. paracasei subsp. paracasei
Lpp123 (artisanal dairy product), Lb. paracasei subsp.
paracasei 8700:2 (human gastrointestinal mucosa)

Fukao et al. (2013); Makarova et al. (2006)
Bergsveinson et al., Bergsveinson, Baecker,
Pittet and Ziola (2015)

Ai et al. (2011); Broadbent et al. (2012);
Chen et al. (2011);

Hochwind et al. (2012); Mazé, Boel, Zaiiga,
Bourand, Loux,

Yebra, et al. (2010); Smokvina et al. (2013);
Ward et al.

(Unpublished, NCBI Reference Sequence:
NC_022112.1)

Broadbent et al. (2012); Ladero et al.
(2014); Koryszewska-Baginska,

Bardowski, and Aleksandrzak-Piekarczyk
(2014); Smokvina et al. (2013);

Wang et al. (2014); Zhang et al. (2010)

Makarova et al. (2006); Toh et al. (2013)

Broadbent et al. (2012); Makarova et al.
(2006)

Aiet al. (2011); Broadbent et al. (2012);
Chen et al. (2011); Hochwind et al. (2012);
Koryszewska-Baginska, Bardowski and
Aleksandrzak-Piekarczyk (2014); Ladero

et al. (2014); Mazé et al. (2010); Smokvina
et al. (2013); Wanget al. (2014); Ward et al.
(Unpublished, NCBI Reference Sequence:
NC_022112.1); Zhang et al. (2010)

Koryszewska-Baginska, Bardowski and
Aleksandrzak-Piekarczyk (2014); Smokvina
et al. (2013); Zhang et al. (2010)

Ai et al. (2011); Broadbent et al. (2012);
Chen et al. (2011); Hochwind et al. (2012);
Makarova et al. (2006); Mazé, Boel, Ziiiiga,
Bourand, Loux, Yebra, et al. (2010);
Smokvina et al. (2013); Toh et al. (2013);
Ward et al. (Unpublished, NCBI Reference
Sequence: NC_022112.1)
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Lactobacillus strains from
fermented foods

Alignment of vanZ gene sequences

Percent identity (%)

Strains (Source of isolation)

References

Lb. delbrueckii subsp. bulgaricus
2038

Lb. delbrueckii subsp. bulgaricus
ATCC 11842

Lb. delbrueckii subsp. bulgaricus
ATCC BAA-365

Lb. delbrueckii subsp. bulgaricus
NDO02

Lb. fermentum F-6

Lb. fermentum IFO 3956

Lb. helveticus CNRZ32

Lb. helveticus DPC 4571

Lb. helveticus H10

Lb. helveticus R0052

Lb. kefiranofaciens ZW3

Lb. plantarum subsp.
plantarum ST-II1
Lb. plantarum subsp.

plantarum P-8

Lb. sakei subsp. sakei 23 K

100
99

98
100

100
99

100

99

98

97
100

99
100
99

100

99

80

100

80

100

99

100

99

100

100

100

99

100
99

Lb. delbrueckii subsp. bulgaricus 2038 (yogurt)

Lb. delbrueckii subsp. bulgaricus ATCC BAA-365
(yogurt), Lb. delbrueckii subsp. bulgaricus ATCC 11842
(yogurt)

Lb. delbrueckii subsp. bulgaricus NDO2 (fermented milk)
Lb. delbrueckii subsp. bulgaricus ATCC 11842 (yogurt)
Lb. delbrueckii subsp. bulgaricus ATCC BAA-365
(yogurt), Lb. delbrueckii subsp. bulgaricus 2038
(yogurt), Lb. delbrueckii subsp. bulgaricus ND0O2
(fermented milk), Lb. delbrueckii ZN7a-9 (uncooked
sour wort of dolo, traditional sorghum malt beer)

Lb. delbrueckii subsp. bulgaricus ATCC BAA-365 (yogurt)
Lb. delbrueckii subsp. bulgaricus ATCC 11842 (yogurt),
Lb. delbrueckii subsp. bulgaricus 2038 (yogurt), Lb.
delbrueckii subsp. bulgaricus NDO2 (fermented milk),
Lb. delbrueckii ZN7a-9 (uncooked sour wort of dolo,
traditional sorghum malt beer), Lb. delbrueckii subsp.
lactis CRL581 (Argentinian hard cheese)

Lb. delbrueckii subsp. bulgaricus ND0O2

(fermented milk)

Lb. delbrueckii subsp. lactis CRL581 (Argentinian hard
cheese), Lb. delbrueckii subsp. lactis DSM 20072
(gastrointestinal tract)

Lb. delbrueckii subsp. bulgaricus ATCC BAA-365
(yogurt), Lb. delbrueckii subsp. bulgaricus 2038
(yogurt), Lb. delbrueckii ZN7a-9 (uncooked sour wort
of dolo, traditional sorghum malt beer)

Lb. delbrueckii subsp. bulgaricus ATCC 11842 (yogurt)
Lb. fermentum F-6 (dairy)

Lb. fermentum IFO 3956 (fermented plant material)
Lb. fermentum IFO 3956 (fermented plant material)
Lb. fermentum F-6 (dairy)

Lb. helveticus CNRZ32 (fermented milk), Lb. helveticus
H9 (dairy), Lb. helveticus H10 (fermented milk), Lb.
helveticus ATCC 10386

Lb. helveticus R0052 (fermented milk), Lb. helveticus
DPC 4571(cheese)

Lb. amylovorus GRL1118 (pig ileum), Lb. amylovorus
GRL 1112 (porcine feces), Lb. acidophilus 30SC
(swine intestine)

Lb. helveticus DPC 4571 (cheese)

Lb. helveticus H9 (dairy), Lb. helveticus H10
(fermented milk), Lb. helveticus R0O052 (fermented
milk), Lb. helveticus CNRZ32 (fermented milk)

Lb. amylovorus GRL 1118 (pig ileum), Lb. amylovorus
GRL 1112 (porcine feces), Lb. acidophilus 30SC
(swine intestine)

Lb. helveticus H9 (dairy), Lb. helveticus H10 (fermented
milk), Lb. helveticus CNRZ32 (fermented milk)

Lb. helveticus R0052 (fermented milk), Lb. helveticus
DPC 4571 (cheese)
Lb. helveticus R0O052 (fermented milk)

Lb. helveticus H9 (dairy), Lb. helveticus H10
(fermented milk), Lb. helveticus DPC 4571 (cheese),
Lb. helveticus CNRZ32 (fermented milk)

Lb. kefiranofaciens ZW3 (kefir)

Lb. plantarum subsp. plantarum ST-III (kimchi)

Lb. plantarum JDM1 (human intestinal tract)

Lb. plantarum subsp. plantarum P-8 (dairy),

Lb. plantarum subsp. plantarum ST-III (kimchi),

Lb. plantarum WCFS1 (human saliva)

Lb. plantarum 16, Lb. plantarum JDM1 (human
intestinal tract), Lb. plantarum ZJ316 (feces)

Lb. sakei subsp. sakei 23 K (sausage)

Lb. sakei subsp. sakei LS25 (commercial starter culture
for fermented sausage)

Zheng et al. (2008)
Makarova et al. (2006); van de Guchte et al.
(2006)

Sun et al. (2011)

van de Guchte et al. (2006)

Adimpong et al. (2013); Makarova et al.
(2006); Sun, Chen, Wang, Zhao, Shao, Guo,
et al. (2011); Zheng et al. (2008)

Makarova et al. (2006)

Adimpong et al. (2013); Hebert, Raya,
Brown, Font de Valdez, Savoy de Giori, and
Taranto (2013); Sun, Chen, Wang, Zhao,
Shao, Guo, et al. (2011); van de Guchte et al.
(2006) Zheng et al. (2008)

Sun et al. (2011)

Muzny et al. (Unpublished, GenBank:
GL872382.1, Hebert et al. (2013)

Adimpong et al. (2013); Makarova et al.
(2006); Zheng et al. (2008)

van de Guchte et al. (2006)

Gao (Unpublished, NCBI Reference Sequence:
NC_021235.1)

Morita et al. (2008)

Morita et al. (2008)

Gao (Unpublished, NCBI Reference Sequence:
NC_021235.1)

Broadbent, Hughes, Welker, Tompkins, and
Steele (2013); Zago et al. (Unpublished,
NCBI Reference Sequence:
NZ_JRQG01000080.1); Zhang et al.
(Unpublished, NCBI Reference Sequence:
NZ_CP002427.1); Zhao et al. (2011)
Callanan et al. (2008); Tompkins, Barreau,
and Broadbent (2012)

Kant, Paulin, Alatalo, de Vos, and Palva
(2011a); Kant, Blom, Pavla, Siezen, and de
Vos (2011b); Oh et al. (2011)

Callanan et al. (2008)

Broadbent, Hughes, Welker, Tompkins and
Steele (2013); Tompkins, Barreau, and
Broadbent (2012); Zhao et al. (2011)
Kant, Paulin, Alatalo, de Vos and Palva
(2011a); Kant, Blom, Pavla, Siezen and de
Vos (2011b); Oh et al. (2011)

Broadbent et al. (2013); Zhang et al.
(Unpublished, NCBI Reference Sequence:
NZ_CP002427.1); Zhao et al. (2011)
Callanan et al. (2008), Tompkins, Barreau,
and Broadbent et al. (2012)

Tompkins, Barreau, and Broadbent et al.
(2012)

Broadbent et al. (2013); Callanan et al.
(2008); Zhang et al. (Unpublished, NCBI
Reference Sequence: NZ_CP002427.1);
Zhao et al. (2011)

Wang, Wang, Ahmed, Bai, and Wang et al.
(2011a)

Wang et al. (2011b)

Zhang et al. (2009)

Gao (Unpublished, NCBI Reference Sequence:
NC_021224.1); Kleerebezem et al. (2003);
Wang et al. (2011b)

Crowley, Bottacini, Mahony and van Sinderen
(2013); Li al. (2013); Zhang et al. (2009)
Chaillou et al. (2005)

McLeod, Brede, Rud and Axelsson (2013)
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protocols are available to test for transferability of resistance genes
(Hummel, Hertel, Holzapfel, & Franz, 2007).

2.4.2. Resistance to glycopeptides

The intrinsic resistance of Lactobacillus to glycopeptides is of great
concern, since vancomycin and teicoplanin are the antibiotics of choice
against majority of Gram-positive bacteria, particularly against multiple
drug-resistant enterococci and staphylococci resistant to beta-lactams
(Egervdrn, 2009; Klare et al., 2007; Reynolds, 1998).

An in silico screening was carried out for the presence of van gene-like
sequences using the genome sequence informations that are available for
Lactobacillus species, especially those isolated from fermented foods, in the
NCBI genome database. The results showed the presence of vanZ genes
responsible for glycopeptide resistance in different Lactobacillus species
such as Lb. brevis, Lb. casei, Lb. delbrueckii subsp. bulgaricus, Lb. fermentum,
Lb. helveticus, Lb. kefiranofaciens, Lb. plantarum subsp. plantarum and Lb.
sakei subsp. sakei isolated especially from dairy products (Table 3).

Screening for chromosomal vanZ genes in various Lactobacillus
species isolated from fermented foods, and also for those from other
environments, was done retrieving vanZ gene sequences from NCBI's
nucleotide database followed by an alignment of each gene using the
BLASTn tool for searching against the non-redundant nucleotide data-
base of NCBI. The results obtained (Table 3) indicated that the vanZ
gene was highly conserved within each species or Lactobacillus species
group, while no homologs were found in other Lactobacillus spp.
or other taxa. Consequently, because of this nucleotide sequence diver-
gence between different Lactobacillus species, it would be impossible to
detect this gene among different species of the genus by PCR. Genomic
sequence analysis, therefore, becomes the only way to detect similar
genes implicated in glycopeptide resistance.

Phylogenetic analysis of VanZ proteins was used to investigate the
evolutionary relationship between all lactobacilli from fermented
foods and some lactobacilli isolated from other environments (silage,
gastrointestinal tract and vagina) described up to date. For this, VanZ
protein sequences were retrieved from the National Centre for Biotech-
nology Information (NCBI) database and then analyzed to construct the
phylogenetic tree (Fig. 3) by using the neighbor-joining method
(Bionumerics version 2.5, Applied Maths, Belgium). The resulting
neighbor-joining dendrogram from the aligned VanZ protein sequences
grouped these sequences into two clusters with seven subclusters
(Fig. 3). The results obtained revealed a high divergence in VanZ protein
sequences of lactobacilli, which depended in most cases on the species.
However, different clusters were obtained in the case of Lb. casei/Lb.
paracasei and Lb. delbrueckii belonging to different genomic groups
(Fig. 3). Regarding the other species, each one exhibited a single
subcluster with a moderate homology of 70-78% identity, except for
Lb. delbrueckii with 97% identity between strains regardeless their
origin. In general, we can conclude that the presence of the vanZ gene
was not the result of horizontal gene transfer between species and
genera due to the high divergence in the encoded VanZ proteins, since
in most cases the distribution of the encoding gene is inherently linked
to the species or even the phylogenetic group, and the evolutionary
changes thus probably occurred as a result of speciation. This fact is of
crucial importance, as it leads to the conclusion that this resistance
gene would not be subjected to horizontal gene transfer by foodborne
lactobacilli in fermented foods to pathogenic bacteria in the gastrointes-
tinal tract. Thus strains carrying the vanZ gene and/or the associated
fermented products do not pose a health risk regarding transfer of
glycopeptide-resistance genes.

3. Impact of antibiotic resistance in lactobacilli

The emergence of antibiotic resistance in lactobacilli from fermented
foods—which have historically been regarded as safe—has a profound
impact on safety considerations. Therefore, increased attention should
be given to safety assessments regarding antibiotic resistances of LAB,
especially those involved in traditional fermented foods. In the absence
of a defined starter culture, it is conceivable that the natural fermenta-
tion microbiota could include species with transferable resistance
genes that may be able to be transferred to pathogenic bacterial species
or in the food matrix, or after ingestion if the donor survives, even in the
intestinal tract. Thus, the treatment of an infection may be complicated
by the subsequent spread of resistance genes. This fact is of great
concern, especially in under-developed countries, where the diet relies
mainly on fermented foods. Moreover, it is also relevant in developed
countries where traditional fermented foods are often considered
as delicatessen products, due to their unique taste and aroma. Thus,
fermentation that relies on the naturally present microbiota should be
standardized in its production methods, including the use of starter
cultures, or should at least be investigated for the presence of transfer-
able resistance genes among LAB that occur in such products. Such
investigations should focus on mobile elements such as plasmids, trans-
posons or IS, with the aim to evaluate their capability for horizontal
transfer of AR genes to pathogens (van Reenen & Dicks, 2011).

The number of infections associated with lactobacilli currently
reported is quite small, and there is no evidence of opportunistic infec-
tion by lactobacilli from fermented foods. However, the emergence of
lactobacilli as reservoirs of antibiotic resistance genes could possibly
represent a threat to human health, if antibiotic resistant lactobacilli
are ingested in large amounts with fermented foods, and transfer of
resistance genes to intestinal bacteria takes place. It also seems likely
that antibiotic-resistant lactobacilli would be more difficult to eradicate
from polymicrobial infections in immunocompromised individuals, or
in individuals suffering any other underlying condition predisposing
them to microbial infections. On the other hand, although the risk
associated with antibiotic resistant lactobacilli exists, the benefits of
consumption of foods with added probiotic microorganisms exceeds
the risks, once these microorganisms are internationally considered as
generally regarded as safe (GRAS).

4. Conclusions

The body of published work indicates that bacteria naturally
present in fermented foods may represent an important reservoir
of antibiotic resistance genes. Those bacteria are ingested in large
numbers and could possibly transfer antibiotic resistance determi-
nants to intestinal microbiota. Our finding indicates the presence of
glycopeptide and chloramphenicol resistance genes in genome
sequences of lactobacilli from fermented foods, however no studies
were done in this subject which encourage the need of molecular char-
acterization of those genes in lactobacilli found in fermented foods and
also probiotics. Furthermore, their ability to transfer antibiotic resistance
genes must be considered.
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Fig. 3. Phylogenetic tree constructed using the neighbor-joining algorithm to evaluate the distance between VanZ proteins from lactobacilli isolated from fermented foods. VanZ protein
sequences were retrieved from the National Centre for Biotechnology Information (NCBI) database and then analyzed to construct the phylogenetic tree by using the neighbor-joining
method (Bionumerics version 2.5, Applied Maths, Belgium). Enterococcus faecium DO was used as outgroup LAB. Lactobacilli from other environments (indicated by their origin in the
right column) were used in phylogenetic tree construction. Abbreviation: E, Enterococcus; Lb, Lactobacillus.
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Abstract

Lactobacillus pentosus MP-10 isolated from naturally fermented Alorefia table olives
is a potential probiotic bacteria. In this study, we sequenced the complete genome and
we analyzed its safety aspects and defense mechanisms. The whole genome contains
3,698,214 bp with an estimated G+C content of 46.32% and 5 plasmids of (30-50 kb).
The annotated genome sequence revealed the presence of 3558 ORFs and 87 structural
RNAs. The genome sequence of Lb. pentosus MP-10 is considered the largest genome
among lactobacilli up to date highlighting its ecological flexibility and adaptability. Our
data shed new light on the presence of two new genes belonging to Subtype I-E
CRISPR system besides other nine genes of two CRISPR clusters (Type | and Type II)
considered as immune system against foreign genetic elements which is of great
importance in its probiotic and also starter culture application. In silico analysis of
antibiotic resistance showed the absence of acquired antibiotic resistance genes and that
most of the resistance genes were antibiotic efflux genes or resulted from mutation of
chromosomal genes. On the other hand, no virulence determinants were found in Lb.
pentosus MP-10 genome. Thus, we can suggest that Lb. pentosus MP-10 could be
considered as safe, although additional analysis of its functionality and probiotic-linked

mechanisms should be carried out.
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Introduction

Lacobacilli are ubiquitous in the environment and in raw materials used in food
production (reviewed in [1], and also they are part of intestinal, vaginal and oral
microbiota [2]. As members of the lactic acid bacteria (LAB), they have been used in
food fermentation processes for millennia, however in the last decade they were also
used as probiotics, and thus when administered as live microorganisms in adequate
amounts they confer a health benefit on the host [3]. Lactobacilli and bifidobactria are
the main LAB probiotics used being traditionally isolated from human sources (milk
and intestinal tract). However, a search for probiotic LAB from non-dairy origin such as
fruits and vegetables has increased in the last years because of the increasing lactose
intolerance, dyslipidemia, allergy and vegetarianism [4, 5, 6]. Furthermore, those food
matrices are characterized by intrinsic physico-chemical features which mimic the
conditions found in the gastrointestinal tract since probiotics of vegetable or fruit origin
developed mechanisms for adherence to vegetable or fruit surface in a similar way as
they could carry out this property on the intestinal surface, besides their tolerance to
acids and several stresses. In this way, several researches were focused on the selection
of new probiotic candidates [7, 8] being the number of LAB oscillating between 2.0 and
4.0 Logyo CFU/g in fruit and vegetable raw materials [9, 10] and of 6-8 Log;o CFU/g in
fermented foods [11, 12].

Beside the probiotic features of some lactobacilli strains, the safety aspects should be
considered as both properties are inherently linked to the strain used and host
susceptibility [13]. Although, many Lactobacillus spp. are recognized as GRAS
(Generally Regarded As Safe; for the USA) or have attained the QPS (Qualified
Presumption of Safety; for the European Commission; European Food Safety Authority
“EFSA”) [14] status, the probiotic and safety of a strain intended to be used as probiotic
should be in deep analyzed at genomic scale or “probiogenomics” [15] to reveal the
absence of genes involved in virulence or antibiotic resistance transferability besides the
presence of other genes involved in their health-promoting traits.

In the present study, we performed complete genome sequencing of a potential
probiotic Lactobacillus pentosus MP-10 isolated from brines of naturally fermented
Alorefia green table olives [16] to provide deep insight into the safety aspects of this
strain. In this sense, the presence of antibiotic resistance and virulence determinants was

investigated in depth by means of bioinformatic tools.
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Materials and Methods

Bacterial strain and growth conditions. Lactobacillus pentosus MP-10 isolated from
brines of naturally fermented Alorefia green table olives [16] was routinely cultured at
30°C either in Man Rogosa and Sharpe (MRS) broth (Fluka, Madrid, Spain) or on agar
under aerobic conditions for 24-48 h. The strain was kept in 20% glycerol at -80°C for

long-term storage.

Genomic DNA preparation and sequencing. Genomic DNA was isolated from an
overnight culture in MRS broth of Lb. pentosus MP-10 using the PureGene Core Kit B
according to the manufacturers' instructions (QIAGEN, Spain). The quantity and quality
of genomic DNA were determined by photometric (NanoDrop) and fluorometric
(Picogreen, Promega) methods. Genome sequencing and annotation of Lb. pentosus
MP-10 were done by Lifesequencing S.L. (Valencia, Spain). The genomic DNA was
sheared and size selected to produce ~10-15 Kb insert-size library according to the
Procedure and Checklist -20 Kb Template Preparation Using BluePippinTM Size-
Selection System protocol (P/N 100-286-000-07), the mean size distribution was 14.718
bp. The sample was sequenced using P6-C4 Polymerase — Chemistry combination,
magbead loading, stage start and a data acquisition time of > 4 hrs. The total amount of
sequenced material was 1,724Gb of raw data. The resulting reads were assembled de
novo using HGAP3.0 approach (SMRT analysis version: 2.3.0, patch #4) with the
parameters by default and with the Minimum Seed Read Length set at 6000 bp. Further
analysis aimed to circularize the contigs derived from the assemblies was done using the
publicly available tool Circlator based on the algorithm reported by Hunt et al. [17]. The
assembled genome sequences were annotated using the Prokka annotation pipeline,
version 1.11 [18]. This involves predicting tRNA, rRNA, and mRNA genes and signal
peptides in the sequences using Aragorn, RNAmmer, Prodigal, and SignalP,
respectively [19, 20, 21].

Genomic analysis of safety aspects of Lactobacillus pentosus MP-10. The predicted
CDSs were annotated by using Blast against the CARD database of antibiotic resistance

genes, ResFinder version 2.1(https://cge.cbs.dtu.dk//services/ResFinder/) for acquired

antibiotic resistance genes and the MvirDB database of virulence factors (last version
downloaded on 10™ of January, 2016), and the associated GO terms were obtained by

using Swiss-Prot database. Furthermore, we used the Resistance Gene Identifier (RGI)
4
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(as part of for CARD tools) software prediction of resistome from protein or nucleotide

data based on homology and SNP models.

Nucleotide sequence accession numbers. The complete genome sequence of Lb.
pentosus MP-10 has been deposited at the EMBL Nucleotide Sequence Database

(project no. xxxxx) under accession number XXx.
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Results and Discussion

General genomic features of Lactobacillus pentosus MP-10. The Lb. pentosus MP-10
whole-genome sequence was obtained using a strategy of Pac Bio RSII sequencing
technology. The single circular chromosome was of 3,698,214 bp (6 contigs) with an
estimated G+C content of 46.32% and 5 plasmids of 30-50 kb (Figure 1). However, the
previous draft genome obtained by pyrosequencing technology (GS FLX Titanium
system; 454 Life Sciences) revealed the presence of a circular 3,835,873-bp
chromosome (108 contigs) and 3 plasmids (pLP-MP10-1 [53 kb], pLP-MP10-2 [35 kb],
and pLP-MP10-3 [18 kb]) [16]. The complete and new annotated genome sequence
revealed the presence of 3558 ORFs (2971 canonical and 587 Non-Canonical) and 87
structural RNAs (SRNAs) (16 rRNA and 71 tRNA) (Figure 1). The genome sequence of
Lb. pentosus MP-10 is considered the largest genome among lactobacilli up to date
which may reflect the ecological flexibility of this bacterium via metabolic diversity and
life-style adaptability as a result of bacterial evolution (gene duplication and horizontal
gene transfer “HGT”). We also identified the presence of two CRISPR (clustered
regularly interspaced short palindromic repeat) clusters (Type | and Type Il) that
represent an acquired immune system providing protection against mobile genetic
elements (viruses, transposable elements and conjugative plasmids) [22]. The CRISPR
associated protein responsible genes (cas genes) were detected such as casl, cas2, cas3
and cas9 genes similar to those of Streptococcus thermophilus (Table 1). Furthermore,
the coding genes for CRISPR-associated endonucleases Casl and Cas2 (ygbT and ygbF
genes), CRISPR system Cascade subunit CasC (casC gene) and CRISPR system
Cascade subunit CasD (XX999 01592 gene ID of Lb. pentosus MP-10) from
Escherichia coli were detected in Lb. pentosus MP-10 chromosome (Table 1). The gene
coding for CRISPR-associated endoribonuclease Cse3 in Thermus thermophilus was
found in Lb. pentosus MP-10 chromosome (cse3 gene). It is noteworthy to highlight that
we found two new genes coding for CRISPR-associated protein Csel (XX999 01589
gene ID; csel Lpe gene) and CRISPR-associated protein Cse2 (XX999 0159 gene ID;
cse2_Lpe gene) as revealed by the search in the Pfam database and we called them
csel Lpe and cse2_Lpe genes belonging to Subtype I-E (Table 1). These data gave new
insights into the evolution of bacterial resistance against mobile elements in
Lactobacillus spp. since Lb. pentosus MP-10 possessed a multiple and a variety of
CRISPR elements including two new genes csel Lpe and cse2_Lpe as a defense

mechanism against foreign genetic elements. This fact is of great relevance for the
6
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application of Lb. pentosus MP-10 not only as a promising probiotic but also as starter
culture at industrial scale.

We also identified 29 transposase related-genes highly represented by 17 Transposase
DDE domain proteins, nine transposases (three transposases, two putative transposases,
transposase from transposon Tn916, two transposase 1S200 like proteins and 1S2 transposase
TnpB) and three Transposase Mutator family coding genes. The number of transposase genes
present in Lb. pentosus MP-10 (9 genes) was lower than other lactobacilli strains such as Lb.
pentosus KCAL (25 genes) [23] and Lb. acidophilus NCFM (18 genes) [24] which may suggest
that insertion element-mediated genome diversification is less frequent in Lb. pentosus strains

from vegetable environment (Table 2).

In silico analysis of safety properties of Lb. pentosus MP-10. To generate genomic
insights into the safety aspects of a potential probiotic Lb. pentosus MP-10, we surveyed
the genes related with antibiotic resistance and virulence factors in the Lb. pentosus
MP-10 genome.

Antibiotic resistance. Genomic screening for antibiotic resistance genes by using
the perfect and strict algorithms in the Resistance Gene Identifier (RGI in the CARD
database) revealed that Lb. pentosus MP-10 contained resistance genes for several
antibiotics such as aminocoumarin, beta-lactam, fluoroquinolone, lincosamide,
macrolide, phenicol (including chloramphenicol), rifampin and tetracycline being in
most cases antibiotic efflux genes (Figures 2 and 3). In this sense, antibiotic resistance
genes for multidrug efflux pumps such as emeA, ImrD, macB, mepA, arlR and fexA
were detected in Lb. pentosus MP-10 genome being able to export macrolides (macB
gene), tetracyclines (mepA gene), lincosamides (ImrD gene), fluorogquinolones (arIR
gene and mutation in gyrB gene) and phenicols including chloramphenicol (fexA gene)
(Figure 3). However, previous phenotypic analysis of antibiotic susceptibility of Lb.
pentosus MP-10 [25] revealed that this strain was sensitive to ampicillin,
chloramphenicol, erythromycin and tetracycline. This data can be explained by the fact
that the efflux pump genes were not functional under the experimental conditions tested.
Furthermore, PBP1a gene coding for resistance to beta-lactams and also mprF gene
mediating antibiotic resistance via aminoacylation and flipping of membrane
phospholipids [26] were identified (Figure 3). On the other hand, mutation in rpoB and
gyrB genes conferring resistance to rifampin and fluoroquinolone+aminocoumarin,

respectively were found in Lb. pentosus MP-10 genome and they were similar to S.
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aureus rpoB mutants conferring resistance to rifampicin and Mycobacterium leprae
gyrB conferring resistance to fluoroquinolone (Figure 3).

On the other hand, ResFinder did not detect any acquired antibiotic resistance gene
for aminoglycoside, beta-lactam, Colistin, fluorogquinolone, fosfomycin, fusidic acid,
MLS-Macrolide, lincosamide and streptogramin B, nitroimidazole, oxazolidinone,
phenicol, rifampicin, sulphonamide, trimethoprim, tetracycline and glycopeptide (data
not shown).

Antibiotic resistance analysis in silico showed the absence of acquired antibiotic
resistance genes and that most of the resistance genes are antibiotic efflux genes or
resulted from mutation of chromosomal genes.

Virulence. Regarding virulence, alignment of the predicted CDSs against the
MvirDB database of virulence factors revealed the presence of Lp2 and Lp3 prophage
proteins and alanine racemase from Lb. plantarum WCFS1, besides the surface located
protein from Lb. rhamnosus (>90% identity; Table 3). In this sense, Lb. pentosus MP-10
chromosome revealed the presence of Lp3 prophage elements which included DNA
packaging genes (encoding small and large terminase, portal protein), head-tail genes
(head-to-tail joining) and helicase. Furthermore, several proteins of unknown functions
of Lp2 and Lp3 prophages from Lb. plantarum WCFS1 were also detected (Table 3).
Comparing Lp3 prophage region of Lb. pentosus MP-10 and Lb. plantarum WCFS1, we
observed a strong synteny between prophages from two distinct species of Lactobacillus
being the comparison only done with proteins with >90% identity (Figure 3). In this
case, 9 homologous proteins were shared although both species occupy different
ecological niches: human saliva or olives [16, 27]. Those data suggested that different
species colonizing different ecosystems may share the same prophages and also their
architecture due probably to the interconnection between different habitats via lateral
genetic exchange. Similar results were reported by Zhang et al. [28] for other
lactobacilli. However, Lb. pentosus MP-10 chromosome screening for phage integrases
as markers for mobile DNA elements such as prophages determined the presence of two
integrases [Putative prophage phiRv2 (XX999 00126) and Phage integrase family
protein (XX999 03519)], and also several integrase core domain proteins being all of
them located not adjacent to the prophage like-region, thus we can deduce that they are

not involved in prophage mobility.
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Conclusions. The new annotated genome sequence of Lb. pentosus MP-10 is
considered the largest genome among lactobacilli up to date which may reflect the
ecological flexibility and adaptability of this bacterium. In silico analysis of safety
properties of Lb. pentosus MP-10 revealed the absence of acquired antibiotic resistance
genes and that most of the resistance genes are antibiotic efflux genes or resulted from
mutation of chromosomal genes. Regarding virulence, we did not find any virulence
factor. Thus, we can suggest that Lb. pentosus MP-10 could be considered as safe,

although additional analysis of its functionality should be carried out.
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Figure legends

Figure 1. Circular representation of the Lactobacillus pentosus MP-10 chromosome.
The circles from outside to inside are the annotated CDS elements in forward
orientation, the annotated CDS elements in the revers orientation, several COG
functions, the structural RNA, the GC content and the GC screw.

Figure 2. Analysis of the whole genome of Lactobacillus pentosus MP-10 by using the
perfect and strict algorithms in the Resistance Gene Identifier (RGI) with overall
resistance in the center, resistance classes in the middle, and individual resistance genes
on the outer (open reading frames).

Figure 3. Heat-map analysis of antibiotic resistance showing the unique distribution
profiles of antibiotic resistance genes in Lb. pentosus MP-10 (black: no sequence
matching the protein; purple: strict match to known antimicrobial resistance (AMR)

gene sequence).
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Table 1. Characterization of CRISPR elements detected in Lactobacillus pentosus MP-10 genome.

Gene ID Gene Gen length Protein description UniProt Reference Predicted functions
(bp) Clusters (UniRef)

XX999 00242  cas9 4077 CRISPR-associated endonuclease Cas9 UniRefl00:G3ECR1  DNA and RNA binding; endonuclease activity; maintenance of
CRISPR repeat elements; metal ion binding; defense response to virus

XX999 00243  casl 906 CRISPR-associated endonuclease Casl UniRefl00:G3ECR2  DNA binding; endonuclease activity; maintenance of CRISPR repeat
elements; metal ion binding; defense response to virus

XX999 00244  cas2 306 CRISPR-associated endoribonuclease Cas2 UniRef100:G3ECR Endonuclease activity; maintenance of CRISPR repeat elements; metal
ion binding; defense response to virus

XX999 01586  ygbT 954 CRISPR-associated endonuclease Casl UniRef100:Q46896 DNA binding; cytoplasm; DNA repair; cellular response to DNA
damage stimulus; crossover junction endodeoxyribonuclease activity;
5'-flap endonuclease activity; maintenance of CRISPR repeat elements;
metal ion binding; defense response to virus

XX999 01587  ygbF 900 CRISPR-associated endoribonuclease Cas2 UniRef100:P45956 Endonuclease activity; maintenance of CRISPR repeat elements;
defense response to virus

XX999 01588  cas3 2748 CRISPR-associated nuclease/helicase Cas3 UniRefl100:F2XG53  Nucleic acid binding; helicase activity; deoxyribonuclease activity;
ATP binding; DNA metabolic process; metal ion binding

XX999 01589  csel Lpe* 1752 CRISPR-associated protein Csel (CRISPR_csel) - -

XX999 01590  cse2_Lpe* 612 CRISPR-associated protein Cse2 (CRISPR_cse2) - -

XX999 01591  casC 1080 CRISPR system Cascade subunit CasC UniRef100:Q46899 RNA binding; protein complex; defense response to virus

XX999 01592  casD 726 CRISPR-associated protein (Cas_Casb) UniRef100:Q46898 RNA binding; protein complex; defense response to virus

XX999 01593  cse3 669 CRISPR-associated endoribonuclease Cse3 UniRef100:Q53WG9  RNA binding; endonuclease activity; defense response to virus

*: New genes founds in this study.



Table 2. Characterization of transposase elements detected in Lactobacillus pentosus MP-10 genome.

Gene ID

Gene

Gen length (bp)

Protein description

Protein family

XX999_00061
XX999_00069
XX999_00112
XX999_00245
XX999_00337
XX999_00400
XX999_00407
XX999_00611
XX999_00680
XX999_01017
XX999_01502
XX999_01619
XX999_01924
XX999_01925
XX999_02663
XX999_02664
XX999_02834
XX999_02924
XX999_02993
XX999_03221
XX999_03439
XX999_03498
XX999_03585
XX999_03610
XX999_03614
XX999_03618
XX999_03623
XX999_03627
XX999 03642

XX999 00061
XX999 00069
XX999 00112
XX999 00245
XX999 00337
XX999 00400
XX999 00407
XX999 00611
Int-Tn

XX999 01017
XX999 01502
XX999 01619
XX999 01924
XX999 01925
XX999 02663
XX999 02664
XX999 02834
XX999 02924
XX999 02993
XX999 03221
XX999 03439
XX999 03498
XX999 03585
XX999 03610
XX999 03614
XX999 03618
XX999 03623
XX999 03627
XX999 03642

252
582
504
504
732
504
372
504
1158
198
297
504
1269
441
1140
453
297
297
504
372
372
372
504
591
1368
504
1176
297
252

Transposase

Transposase, Mutator family
Transposase DDE domain protein
Transposase DDE domain protein
I1S2 transposase ThpB
Transposase DDE domain protein
Transposase DDE domain protein
Transposase DDE domain protein

Transposase from transposon Tn916

Transposase

Transposase DDE domain protein
Transposase DDE domain protein
Putative transposase

Transposase 15200 like protein

Putative transposase DNA-binding domain protein

Transposase 1S200 like protein
Transposase DDE domain protein
Transposase DDE domain protein
Transposase DDE domain protein
Transposase DDE domain protein
Transposase DDE domain protein
Transposase DDE domain protein
Transposase DDE domain protein
Transposase, Mutator family
Transposase DDE domain protein
Transposase DDE domain protein
Transposase, Mutator family
Transposase DDE domain protein
Transposase

Pfam:PF01527.14
Pfam:PF00872.12
Pfam:PF01609.15
Pfam:PF01609.15

CLUSTERS:PRK09409

Pfam:PF01609.15
Pfam:PF01609.15
Pfam:PF01609.15
UniProtKB:P22886
Pfam:PF01527.14
Pfam:PF01609.15
Pfam:PF01609.15
Pfam:PF01385.13
Pfam:PF01797.10
Pfam:PF07282.5

Pfam:PF01797.10
Pfam:PF01609.15
Pfam:PF01609.15
Pfam:PF01609.15
Pfam:PF01609.15
Pfam:PF01609.15
Pfam:PF01609.15
Pfam:PF01609.15
Pfam:PF00872.12
Pfam:PF01609.15
Pfam:PF01609.15
Pfam:PF00872.12
Pfam:PF01609.15
Pfam:PF01527.14




Table 3. Characterization of virulence determinants detected in Lactobacillus pentosus MP-10 genome against the MvirDB database of virulence
factors.

Gene ID Identity  Query protein Gene product
(%) length Description Protein length Accession

XX999 00145 92.08 101 Prophage Lp3 protein 21 101 NP_785913

XX999 00131 92.48 266 Prophage Lp3 protein 7 266 NP_785925

XX999 00596 92.53 375 Alanine racemase 375 UniProtKB - 008445
XX999 02401 92.68 127 Prophage Lp2 protein 24 126 NP_785890.1
XX999 00135 93.65 63 Prophage Lp3 protein 10 63 NP_785922.1
XX999 00137 93.80 129 Prophage Lp3 protein 12 129 NP_785920.1
XX999 02409 95.05 101 Prophage Lp2 protein 12 101 NP_785900.1
XX999 02999 95.48 155 Surface located protein 155 UniProtkB - 030701
XX999 01408 95.83 170 Prophage Lp2 protein 16 169 NP_785897.1
XX999 02421 96.00 138 Prophage Lp2 protein 8 127 NP_785904.1
XX999 00141 96.72 368 Prophage Lp3 protein 17 portal protein 366 NP_785917.1
XX999 00138 96.82 157 Prophage Lp3 protein 14 terminase small subunit 157 NP_785919.1
XX999 00132 96.98 464 Prophage Lp3 protein 8 helicase 464 NP_785924.1
XX999 00139 97.53 567 Prophage Lp3 protein 15 terminase large subunit 567 NP_785918.1
XX999 00143 97.70 89 Prophage Lp3 protein 19 head-to-tail joining 89 NP_785915.1

XX999 02397 99.34 152 Prophage Lp2 protein 31 153 NP_785883.1
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DISCUSION

En las ultimas décadas, la seguridad de los probioticos ha despertado un gran
interés dentro de la comunidad cientifica en general y las organizaciones
internacionales de la Seguridad Alimentaria/Salud en particular (EFSA,
FAO/WHO) que propusieron las pautas necesarias para evaluar la inocuidad y la
seguridad de los mismos antes de su aprobacién como probiéticos. Se ha
comprobado que dicha seguridad esta altamente ligada a la cepa en cuestion
aunque la especie a la que pertenece la cepa tenga un historial de uso seguro,
ademas las ultimas evidencias cientificas apuntan que muchos rasgos de seguridad
son cepa-dependientes. En este contexto, el analisis de la seguridad debe tener en
cuenta la naturaleza del microorganismo que se va a utilizar como probiético (la
taxonomia correcta), el método de administracion, los niveles de exposicion, el
estado de salud de los beneficiarios y las funciones fisiol6gicas a desempefiar por
dichos probioticos (Sanders et al., 2010). Para ello, el analisis de la seguridad de los
microorganismos probioticos esta basado en la investigacion en profundidad de la
presencia de actividades metabolicas perjudiciales, los genes de resistencia a
antibidticos transferibles y la patogenicidad de dichas cepas.

La presencia de genes de resistencia transferibles en las cepas probidticas
puede presentar un riesgo de transferencia de dichos genes a la microbiota
intestinal una vez ingeridos los probioticos, por lo tanto dichos probiodticos pueden
actuar como reservorios de genes de resistencia a antimicrobianos. La
transferencia in vivo de genes de resistencia a microorganismos intestinales
potencialmente patégenos (comensales o transitorios) es un proceso muy
complejo y dificil de demostrar a nivel practico, sin embargo existen evidencias
cientificas que han demostrado que por ejemplo el gen vanA de resistencia a
vancomicina ha sido transferido in vivo en un modelo animal de una cepa de
Enterococcus a una cepa de Lactobacillus acidophilus, lo cual confirma que la
transferencia de genes puede tener lugar in vivo (Mater et al, 2008). Esta
resistencia adquirida por la adquisicion de nuevos genes de resistencia
transferibles debe ser diferenciada de la resistencia intrinseca que es inherente al
rango taxonomico al cual pertenece la cepa (especie o género) y en el cual el riesgo
de transferencia a otros microorganismos es muy bajo. Para ello, en esta memoria
hemos analizado diferentes aspectos de seguridad de bacterias lacticas con

potencial probidtico aisladas de la fermentaciéon natural de la aceituna Alorefia, en
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DISCUSION

este contexto la resistencia a antibidticos y biocidas ha sido explorada tanto a nivel
fenotipico como genotipico. Ademas, el abordaje de la resistencia desde la
perspectiva protedmica y gendmica de una cepa probiotica seleccionada se llevd
acabo para abarcar mas informacion sobre los mecanismos de resistencia en un
ecosistema poco explorado como es el caso de una fermentacion espontanea de las
aceitunas de mesa.

El uso indiscriminado de antimicrobianos, como agentes terapéuticos y como
desinfectantes, puede contribuir al desarrollo de resistencias a estos
antimicrobianos (Dixon, 2000; Hawkey, 2008; McBain et al, 2002; Davin-Regli y
Pages, 2012). En las ultimas décadas, el uso y sobre todo el abuso de los
antibidticos para el tratamiento de las infecciones bacterianas, en ganaderia y
agricultura (Wegener, 2003), ha tenido como consecuencia un incremento en el
numero de resistencias bacterianas a los antibidticos modernos y por lo tanto
fallos en la terapia y también otras consecuencias a nivel ecoldgico y evolutivo
(Gillings, 2013).

Las bacterias resistentes a antibioticos representan un gran desafio para la
industria alimentaria, especialmente las BAL, aisladas de alimentos como carne o
productos lacteos fermentados (Maietti et al, 2007; Ouoba et al, 2008; Nawaz et
al, 2010; Toomey et al, 2010). Las BAL se utilizan tradicionalmente como cultivos
iniciadores de alimentos fermentados y como probiéticos, donde pueden actuar
como reservorios de genes de resistencia a antibioticos, similares a los
encontrados en bacterias patégenas humanas (Florez et al, 2005), estos genes son
potencialmente transferibles a otros microorganismos patogenos de la matriz
alimentaria o del tracto gastrointestinal (Mathur y Singh, 2005).

En el presente estudio, hemos evaluado los perfiles de susceptibilidad de las
BAL, aisladas de la fermentacion natural y tradicional de la aceituna verde de mesa
Alorefia, a diferentes antibidticos. Aunque las BAL de este alimento no fueron
probablemente expuestas a ningin antibiotico y por lo tanto, a priori, no se
esperaba que albergasen genes de resistencia transferibles, no se puede suponer
que dichas bacterias estan totalmente libres de resistencia a antibidticos y de sus
genes transferibles. Por lo tanto, su estatus QPS (EFSA, 2004) debe ser confirmado
con el fin de usarlas como cultivos iniciadores segin las recomendaciones de la

Autoridad Europea de Seguridad Alimentaria “EFSA” (EFSA, 2012).
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Los perfiles de susceptibilidad a antibioticos de las cepas de Lactobacillus
pentosus y Leuconostoc pseudomesenteroides aisladas de la fermentacion de la
aceituna Alorefia mostraron que las cepas de ambas especies son en general
bastante sensibles a antibidticos clinicamente relevantes tales como ampicilina,
amoxicilina, eritromicina, cloranfenicol y gentamicina. En general, los lactobacilos
y los leuconostocs son susceptibles a los antibidticos que inhiben la sintesis
proteica tales como eritromicina, cloranfenicol, clindamicina y tetraciclina (Florez
etal, 2005; Ammor et al, 2007). Sin embargo, algunas cepas de Lb. pentosus fueron
susceptibles a tetraciclina y clindamicina, mientras que el 46% de las cepas de Lc.
pseudomesenteroides fueron fenotipicamente resistentes a estos antibioticos. En
ambos casos, la distribucion bimodal de las MICs sugiere que algunas cepas de Lc.
pseudomesenteroides poseian determinantes de resistencia adquirida a
clindamicina y tetraciclina. Sin embargo, la ausencia de los determinantes de
resistencia [tet(M), tet(0), tet(S), tet(W), tet(L) y tet(K)] puede sugerir un nuevo
mecanismo de resistencia a tetraciclina que ocurre como consecuencia de la
presencia de genes de resistencia adquiridos o bien de la mutacion de genes
intrinsecos (EFSA, 2012). El mecanismo de resistencia comun a eritromicina y
clindamicina [el fenotipo macrolido-lincosamida-estreptogramina (MLS)] no fue
responsable de la resistencia observada a clindamicina en los leuconostocs
resistentes, ya que los genes erm, msrA/B, mphA o mefA no han sido detectados.
Ademas, el gen Isa no ha sido relacionado con el fenotipo resistente a clindamicina
en Lc. pseudomesenteroides puesto que este gen no fue detectado en ninguna cepa
resistente a dicho antibiotico.

Los altos niveles de resistencia a teicoplanina y vancomicina (MICs >128 pug/ml)
exhibidos por la mayoria de las cepas de Lb. pentosus (71-80%) y por todas las
cepas de Lc. pseudomensenteroides (100%) concuerdan con los datos de resistencia
intrinseca descrita en las BAL a estos antibioticos (Danielsen y Wind, 2003; Ammor
et al, 2007; Liu et al, 2009). La resistencia a glicopéptidos de Lb. pentosus y Lc.
pseudomesenteroides se debe probablemente a la presencia de D-Ala-D-lactato en
su peptidoglicano en lugar del dipéptido D-Ala-D-Ala normalmente presente en su
pared celular (Deghorain et al, 2007). Dicho rasgo estd codificado a nivel

cromosomico y no es un determinante transferible, lo cual podria explicar por qué
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en este estudio no hemos encontrado ningin gen de resistencia a vancomicina
tales como son los genes transferibles van (vanA4, vanB, vanCy vankE).

La resistencia intrinseca a aminoglucdsidos tales como estreptomicina y
kanamicina ha sido descrita como una caracteristica inherente de los lactobacilos
(Danielsen y Wind, 2003), que resulta como consecuencia de la impermeabilidad
de su membrana (Elkins y Mullis, 2004). Los resultados obtenidos en este estudio
mostraron que el 83% de las cepas de Lb. pentosus eran resistentes a
estreptomicina (MIC > 256 pg/ml). Sin embargo, la mayoria de las cepas de Lc.
pseudomesenteroides (85-100%) fueron resistentes a ambos aminoglucésidos. La
ausencia de determinantes de resistencia a aminoglucésidos [aad(E), aac(6')-Ie-
aph(2’)-1a, aph(2’)-Ib, aph(2')-Ic, aph(2’)-1d, aph(3’)-llla y ant(4')-la] y la
distribucién unimodal de las MICs observadas en el rango de concentraciones altas
sugieren que estas cepas de Lc. pseudomesenteroides son intrinsecamente
resistentes a los aminoglucoésidos.

Por otra parte, la gentamicina fue muy efectiva inhibiendo el crecimiento de
ambas especies en el rango de concentraciones mas bajas (0,002-1 pg/ml),
posiblemente porque este aminoglucdsido ha sido capaz de atravesar la pared
bacteriana con mayor facilidad que otros aminoglucdsidos tales como Ila
kanamicina y estreptomicina (Elkins y Mullis, 2004), obteniéndose asi valores
bajos de MICs para este antibidtico en ambas especies de BAL ensayadas.

Todas las cepas de Lc. pseudomesenteroides asi como el 71% de las cepas de Lb.
pentosus estudiadas se mostraron resistentes a trimetoprima/sulfametoxazol ya
que exhibieron distribuciones bimodales o multimodales de las MICs para dichos
antibidticos. Sin embargo, la trimetoprima exhibié una distribucién bimodal de la
MIC en un amplio rango de concentraciones, con un 76% de las cepas de Lb.
pentosus y s6lo un 15% de las cepas de Lc. pseudomesenteroides resistentes a este
antibiético. En ambos casos, ninguna de las cepas mostré amplificaciéon con los
cebadores dfrAy dfrD relacionados con la resistencia a trimetoprima. No obstante,
la EFSA (EFSA, 2008) considera que la resistencia mostrada por las BAL a
trimetoprima, trimetoprima/sulfametoxazol y estreptomicina no es relevante
cuando se ensaya en el medio de cultivo LSM (Klare et al, 2005) ya que los
componentes de este medio interfieren en la actividad antibacteriana de estos

antibidticos. Una pequefia proporcidon del caldo LSM (10% de MRS) contiene
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componentes antagonistas tales como el acido p-aminobenzodico (contra el
sulfametoxazol) y/o la timidina (contra trimetoprima) (Klare et al, 2005; Turnidge
y Bell, 2005).

La baja susceptibilidad mostrada por las cepas de Lb. pentosus (70%
resistentes) a ciprofloxacino, exhibiendo una distribuciéon multimodal de la MIC
con tres subpoblaciones diferentes, indica un resistencia adquirida. Sin embargo,
no hemos encontrado ninguna mutacion de los genes que codifican GyrA o ParC en
la region QRDR responsables de la resistencia a ciprofloxacino y que estan
asociados con secuencias de insercion (IS), integrones o transposones como ha
sido descrito previamente (El Amin et al, 1999; Hummel et al, 2007; Petersen y
Jensen, 2004), lo cual se trata de un mecanismo de resistencia intrinseco.

En cuanto a cefuroxima, las BAL son generalmente mas resistentes a
cefalosporinas de acuerdo con Danielsen y Wind (2003) y Coppola et al. (2005). La
impermeabilidad de la pared celular es el mecanismo principal de resistencia a los
inhibidores de sintesis de la pared celular, ya que las especies de las BAL carecen
de citocromos en su cadena de transporte electronico (Condon, 1983). Sin
embargo, las diferencias fenotipicas observadas entre las cepas pueden ser el
resultado de la cooperacion de varios mecanismos de resistencia inespecificos
tales como bombas de exporte (Putman et al, 2001) y los sistemas autoliticos
defectuosos de la pared celular (Kim et al, 1982). En este estudio, el 44% de las
cepas de Lb. pentosus y el 85% de las cepas de Lc. pseudomesenteroides fueron
resistentes a este antibidtico, pero ninguna de las cepas resistentes albergaron
determinantes de resistencia adquirida (bla y blaZ.).

Las BAL aisladas de las aceitunas verdes de mesa Alorefia a lo largo del proceso
de fermentaciéon mostraron un perfil de multirresistencia. La correlacion entre los
diferentes parametros (antibidticos y meses de fermentacién) indico que la
prevalencia de la resistencia a antibidticos en las BAL dependia principalmente del
fermentador donde ocurri6 dicho proceso de fermentacion, ya que las condiciones
bidticas y abidticas fueron bastante diferentes (Abriouel et al, 2011). Las aceitunas
verdes se colocaron en tanques de 6000 litros en presencia de sal (6%
peso/volumen) y 0.8% de acido acético y a continuacidn se dejaron fermentar
durante 4 a 7 meses a temperatura ambiente. Las resistencias a vancomicina y

trimetoprima/sulfametoxazol fueron las mas relevantes en las BAL durante todo el
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proceso de fermentacion, independientemente del fermentador muestreado. Por
otra parte, el analisis de componentes principales (PCA) revel6 que existe una
correlacion entre el tercer mes de fermentacion y la resistencia multiple a
antibidticos. La resistencia intrinseca de las BAL a varios antibidticos se puede
atribuir parcialmente a la presencia de genes que codifican para bombas de
exporte de multiples drogas (MDRs), que expulsan al medio extracelular diferentes
tipos de antibidticos asi como ciertos compuestos quimicos (colorantes,
disolventes organicos, detergentes, biocidas y productos metabdlicos). En este
estudio, el gen norA que confiere resistencia a cloranfenicol y fluoroquinolonas
(norfloxacina y ciprofloxacino) como ha sido descrito por varios autores (Neyfakh
et al, 1993; Truong-Bolduc et al, 2003), se detecté en algunas cepas de las BAL
tanto resistentes como sensibles a ciprofloxacino, sugieriendo asi que norA puede
jugar un papel diferente en ciertas BAL (especialmente en cepas sensibles a
ciprofloxacino).

En cuanto al complejo tripartito AcrAB-TolC, implicado en la expulsion de beta-
lactamicos, fluoroquinolonas, cloranfenicol y tetraciclina (Okusu et al, 1996), s6lo
AcrA -proteina de fusion- fue detectada en ambas especies de BAL, mientras que
AcrB -proteina transportadora de la membrana citoplasmica- y TolC -proteina de
la membrana externa- no fueron detectados. La ausencia de AcrB y TolC,
hipotéticamente, podria deberse a la mutacion puntual en los genes
correspondientes, lo cual hizo imposible su deteccion mediante PCR, o tal vez AcrA
no desempefia ninguin papel en la resistencia a los antibidticos en esta especie. Las
bombas de exporte NorA y MdeA pertenecientes a la familia MFS (Major Facilitator
Superfamily) y la bomba de exporte MepA (de la familia MATE) (Kaatz et al.,, 2005)
codificadas a nivel cromosomico han sido detectadas en ambas especies de las
BAL. Las bombas de exporte de multirresistencia se pueden encontrar en todas las
especies bacterianas y pueden conferir una resistencia clinicamente relevante a los
antibidticos, pero también se conoce su papel a nivel fisiolégico (Piddock, 2006).
En este estudio, las bombas de exporte detectadas pueden conferir un nivel bajo de
resistencia a varios antibidticos, pero también pueden desempefiar un papel
crucial en la supervivencia bacteriana en su nicho ecolégico (alta concentracion de
sal, bajo pH, antimicrobianos tales como los compuestos fenélicos de las aceitunas,

productos metabolicos).
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Asi, la mayoria de las cepas de Lb. pentosus (95%) y todas las cepas de Lc.
pseudomesenteroides aislados de la fermentacion natural de la aceituna verde de
mesa Alorefia se pueden considerar seguras debido a la ausencia de determinantes
de resistencia adquirida. La resistencia intrinseca a mas de tres antibidticos no se
convertird en un problema a nivel clinico, ya que estas cepas fueron altamente
sensibles a otros antibioticos clinicamente relevantes. En este estudio la ocurrencia
de la multirresistencia intrinseca en ambas especies de las BAL fue debida en parte
a las bombas de exporte codificadas a nivel cromosémico tales como NorA, MepA y
MdeA.

Después de determinar que las BAL aisladas de la fermentacion natural de las
aceitunas verdes de mesa Alorefia fueron intrinsecamente multirresistentes a
diferentes antibioticos, nos pareci6é interesante determinar la susceptibilidad de
estas cepas a diferentes biocidas usados en la industria alimentaria. Para ello,
hemos determinado en primer lugar los valores de corte ECOFF (epidemiological
cut-off value for resistance) de los biocidas en ambas especies de las BAL (Lb.
pentosus y Lc. pseudomesenteroides) y los resultados demostraron que dichas BAL
fueron generalmente sensibles a los biocidas (las MICs estan por debajo de los
valores ECOFF), detectandose solamente el 2-15% de bacterias resistentes a
hexaclorofeno (Lc. pseudomesenteroides) y a cetrimida y hexadecilpiridinio (Lb.
pentosus).

Las BAL se enfrentan a diferentes tipos de estrés quimico y ambiental en su
habitat natural, durante el procesamiento y almacenamiento de los alimentos, asi
como durante su paso a través del tracto gastrointestinal. Las respuestas
adaptativas desarrolladas incluyen cambios en su fisiologia, comportamiento y
genética mediante distintos mecanismos de respuesta al estrés (Chung et al, 2006;
Foster, 2007; Ryall et al, 2012). El cambio fenotipico es una de las estrategias
adoptadas por las bacterias para garantizar su supervivencia y persistencia bajo
diversas condiciones ambientales (Sousa et al, 2011). En este sentido, las BAL
desarrollaron varias estrategias de adaptacion para sobrevivir bajo condiciones
cambiantes y desfavorables (pH, sales, temperatura, concentracion de
nutrientes...etc), lo cual incluye la alteracion de la fisiologia celular mediante la
expresion de genes de respuesta al estrés. Para entender y explicar el incremento

de la resistencia de las BAL aisladas de la fermentaciéon natural de las aceitunas
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verdes de mesa Alorefia bajo condiciones ambientales cambiantes hemos
planteado el siguiente estudio. Los resultados obtenidos indicaron que el estrés
inducido por los antimicrobianos (biocidas o antibioticos), compuestos quimicos o
la luz UV cambid el patron de susceptibilidad a los antibidticos en las BAL
analizadas. Sin embargo, a nivel genotipico, varios genes relacionados con el estrés
fueron diferencialmente expresados, dependiendo de la especie y la cepa de las
BAL y del tipo de estrés, aunque los patrones de induccién no fueron muy claros.
La correlacién entre las respuestas fenotipicas y genotipicas nos proporciond
nuevos conocimientos sobre como las bacterias se vuelven resistentes en un
ambiente cambiante.

La exposicion de las BAL a concentraciones subletales de antibidticos o biocidas
(sub-MICs) originé cambios en los patrones de susceptibilidad aumentando las
MICs de ampicilina, cloranfenicol, ciprofloxacino, teicoplanina y tetraciclina,
mientras que se registré un descenso de las MICs de clindamicina, eritromicina,
estreptomicina y trimetoprima en la mayoria de las cepas, las cuales eran
originalmente susceptibles en la mayoria de los casos a los antibidticos
correspondientes. Como ha sido previamente descrito, las BAL analizadas en este
estudio fueron sensibles a cloranfenicol y resistentes a estreptomicina y
trimetoprima; sin embargo, dicho patréon de susceptibilidad se invirtié después de
la induccién mediante concentraciones sub-letales de antimicrobianos.

La aparicion de nuevos patrones de resistencia en las BAL inducidas por
concentraciones sub-letales de antimicrobianos tiene consecuencias ecologicas y
evolutivas. Las concentraciones sub-letales de antibiéticos podrian afectar la tasa
de mutacidn, la transferencia horizontal de genes y la formacion de biopeliculas en
el habitat natural de las BAL y podrian contribuir a la aparicién y diseminacion de
la resistencia a antibidticos en el medio ambiente y la cadena alimentaria (Laureti
et al, 2013). Ademas, muchos autores describieron que los factores de estrés tales
como el calor, la sal, el pH acido y alcalino pueden alterar de forma significativa el
fenotipo de la resistencia a antibidticos en patogenos relacionados con los
alimentos (Al-Nabulsi et al, 2011; Ganjian et al, 2012; McMahon et al, 20073, b).
De forma similar, la exposicién a compuestos quimicos o luz UV (durante 5 o 10
minutos) puede producir los mismos efectos que los antimicrobianos en las MICs

de los antibidticos.
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Los datos obtenidos en el presente estudio sugieren que los cambios en los
patrones de susceptibilidad después de la induccion de las BAL pueden deberse a
alteraciones en la permeabilidad de la membrana celular a los antibidticos
correspondientes o a diferentes perfiles de expresibn de genes de
resistencia/estrés. En general, las correlaciones positivas entre los antibioticos que
representan diferentes clases y dianas celulares sugieren una co-resistencia (los
determinantes de resistencia estan portados por el mismo elemento genético
movil tales como plasmido, transposén o integron) o bien mecanismos de
resistencia cruzada entre los diferentes antibioticos. En este estudio, las
correlaciones positivas obtenidas tras el estrés con antimicrobianos sugieren la
existencia de una resistencia cruzada, la cual se basa en mecanismos de resistencia
no especificos con un amplio rango de actividad frente a los antibioticos, tales
como las bombas de exporte. Estas correlaciones fueron compartidas por
diferentes factores de estrés fisico-quimicos (agentes antimicrobianos, exposicion
a los rayos UV y compuestos quimicos) siendo inducido un repertorio de
mecanismos fenotipicos y genéticos similares bajo diferentes condiciones. Aunque
las respuestas fenotipicas fueron generalmente similares bajo diferentes
condiciones de estrés, los patrones de expresion de los genes seleccionados
implicados en los mecanismos de tolerancia/ resistencia mostraron respuestas
diferenciales al estrés.

Para determinar los mecanismos adoptados por las BAL para soportar
condiciones hostiles, el conocimiento sobre los genes inducibles bajo cada
condicion de estrés es de gran importancia, ya que el balance de las diferentes
respuestas esta implicado en la tolerancia/resistencia. En este sentido, el gen rpsL
que codifica la proteina ribosomal S12, fue sobre-expresado después de la
induccién con todos los factores de estrés (antibidticos, cloruro sodico, etanol y luz
UV), exceptuando la amoxicilina y los biocidas (cloruro de benzalconio y triclosan).
Esta proteina con efectos multiples especificos puede actuar como una chaperona
de ARN, como ha sido descrito por Coetzee et al. (1994), con la finalidad de
proteger la estructura y la funcidon del ribosoma bajo condiciones de estrés. El
aumento de la expresion del gen rpsL fue generalmente responsable, a excepcion
de pocos casos, del aumento de las MICs de ampicilina, cloranfenicol,

ciprofloxacino, teicoplanina y tetraciclina.
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Sin embargo, el gen recA solo fue sobre-expresado después de la induccion con
tetraciclina y luz UV (durante 5 y 10 minutos), mientras que se observo una
disminucién de la expresion del mismo en las BAL inducidas por biocidas,
amoxicilina, IPTG, cloruro sédico, etanol y la combinacién de cloruro sédico y
etanol. El gen recA codifica la proteina RecA, que juega un papel importante en la
regulacion del sistema SOS y en muchas rutas de reparacion del ADN, tales como la
reparacion de los gaps de la hebra copia, roturas de la doble cadena o la
mutagénesis del sistema SOS (Cox, 2007). Cuando se activa la respuesta SOS, se
expresan varios genes implicados en la reparacion, replicacion, recombinacién y la
divisiéon celular, incluyendo el gen recA y los genes (uvrd, uvrB, uvrC y uvrD)
relacionados con el sistema de reparacion por escision de nucledtidos (NER). En
este estudio, el gen uvrB fue reprimido bajo todas las condiciones de estrés,
excepto tras la induccién con cloranfenicol y luz UV durante 5 minutos. Cabe
destacar que los genes recA y uvrB tienen una expresion paralela siendo
implicados en los mismos mecanismos de reparaciéon, los cuales han sido
solamente activados en el caso de antibioticos (cloranfenicol o tetraciclina) y la
exposicion a la luz UV. Ademas, los analisis estadisticos realizados en este estudio
apoyan este hecho. Por lo tanto, la respuesta SOS como una ruta inducible (Van der
Veen y Abi, 2011) puede parcialmente estar implicada en el aumento de las MICs
de antibiéticos tras la induccién con cloranfenicol, tetraciclina o la luz UV ya que se
obtuvieron fuertes correlaciones positivas para ambos genes.

En cuanto al gen de virulencia srtA que codifica una enzima capaz de anclar
proteinas de la superficie a la pared celular (Mazmanian et al, 1999), fue
reprimido bajo todas las condiciones de estrés. Los genes srtA y srtB son
responsables del entrecruzamiento de proteinas de superficie con motivos LPXTG
al peptidoglicano, por lo tanto la represién del gen srtA bajo condiciones de estrés
podria ser responsable en la mayoria de los casos de la disminucion de las MICs de
clindamicina, eritromicina, estreptomicina y trimetoprima mediante la alteracion
de la permeabilidad de las membranas celulares. Hesketh et al. (2011) obtuvieron
resultados similares con la represion del gen que codifica la enzima sortasa bajo
estrés por drogas.

En general, para garantizar la supervivencia, las bacterias mantienen la

respuesta SOS bajo un estricto control y transcriben rigurosamente genes
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selectivos para abordar de manera adecuada la situacion del estrés. Entoncés, el
analisis de los mecanismos adoptados por Lc. pseudomesenteroides AP2-28 y Lb.
pentosus MP-10 puede ayudar a explicar como las BAL sobreviven a diferentes
condiciones de estrés y por qué cambian sus patrones de susceptibilidad. Los
ensayos de induccion mediante antibioticos que inhiben la sintesis de proteinas
(cloranfenicol o tetraciclina) causaron la sobre-expresion de los genes rpsL (Lc.
pseudomesenteroides AP2-28 y Lb. pentosus MP-10), recA y uvrB (Lb. pentosus MP-
10); sin embargo, se observd una represion del gen srtA (Lb. pentosus MP-10 y Lc.
pseudomesenteroides AP2-28). De este modo, como se mencioné anteriormente, las
BAL para sobrevivir bajo condiciones de estrés por antibiéticos pueden utilizar
diferentes mecanismos de reparacidn y proteccion activando los genes implicados
tales como rpsL, recA y uvrB -dependiendo del antibiotico utilizado y la cepa de las
BAL- y aumentando asi las MICs para algunos antibiéticos. En paralelo, la represion
del gen srtB puede ser responsable del incremento de la sensibilidad de las BAL a
otros antibidticos (clindamicina, eritromicina, estreptomicina y trimetoprima). Sin
embargo, la induccién con biocidas (cloruro de benzalconio o triclosan) causé la
represion de los genes rpsL (Lb. pentosus MP-10), recA (Lc. pseudomesenteroides
AP2-28), srtA 'y uvrB (Lb. pentosus MP-10 y Lc. pseudomesenteroides AP2-28). Por lo
tanto, la induccion con antibiéticos o biocidas no implica el mismo repertorio de
genes (excepto para la represién del gen srtA) o mecanismos ya que ambos
antimicrobianos tienen diferentes dianas celulares. Ademas, la respuesta SOS no
fue activada por el estrés inducido por biocidas. La respuesta fenotipica similar
obtenida tras la induccién con antibiotico/biocida sugiere que hay otros genes
especificos implicados en dicha respuesta, o hay mecanismos no especificos tales
como las bombas de exporte (Buffet-Bataillon et al, 2012).

En cuanto a los compuestos quimicos, la induccién con el cloruro sddico, etanol,
o la combinaciéon de ambos, dio lugar a los mismos perfiles de expresion. En este
sentido, se obtuvo la sobre-expresion del gen rpsL (Lc. pseudomesenteroides AP2-
28) y la represion de los genes recA, uvrB y srtA (Lb. pentosus MP-10 inducida por
el cloruro sodico y Lc. pseudomesenteroides AP2-28 inducido por etanol o cloruro
sodico+etanol). La sobre-expresion del gen rpsL se atribuyé a su papel en la
proteccion del ribosoma como ha sido mencionado anteriormente. Sin embargo, la

represion de genes implicados en la respuesta SOS sugiere que el estrés producido
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por el cloruro sédico y el etanol no activa este sistema en las BAL. Como ha sido
comentado previamente en el caso del estrés por antimicrobianos, la represion del
gen srtA fue relacionada con la alteracién de la permeabilidad de la membrana. Por
otro lado, la exposicion a la luz UV produjo la sobre-expresion de los genes rpsL,
recA y uvrB, lo cual sugiere que ambos mecanismos de reparacion y de proteccion
fueron inducidos en estas condiciones, mientras que el gen srtA fue reprimido
como ocurrio en los otros casos.

En conclusion, a pesar de la uniformidad de las respuestas fenotipicas a varios
tipos de estrés, el repertorio de genes activados y reprimidos fue diferente de
acuerdo con el tipo de estrés aplicado y la cepa de las BAL analizada; aunque
fuertes correlaciones positivas fueron obtenidas con los genes recA y uvrB bajo
diferentes condiciones de estrés. Por lo tanto, la busqueda de estrategias para
mejorar la tolerancia de las BAL al estrés, especialmente aquellas de importancia
como cultivos iniciadores/protectores o como probiéticos, va a depender en gran
medida del andlisis individual de cada cepa. Aunque podemos predecir la
respuesta fenotipica al estrés producida por los antibiéticos. En general, podemos
especular que el gen rpsL podria considerarse como un biomarcador de
robustez/resistencia en las BAL, aunque estudios posteriores son requeridos para
elucidar la correlacion entre el gen rpsL inducido con la robustez.

Por otro lado, considerando que los lactobacilos probioticos estan despertando
cada vez mas interés en cuanto a su uso en la nutricion humana y animal debido a
los beneficios ofrecidos a nivel del sistema inmunolégico, el sistema digestivo y el
sistema endocrino, planteamos el siguiente estudio sobre una cepa de Lb. pentosus
con potencial probiético. En este sentido, teniendo en cuenta los datos expuestos
anteriormente para las BAL aisladas de la fermentacion natural de la aceituna
verde de mesa Alorefla cuyos resultados van a depender de la cepa en cuestion,
nos parecio interesante abordar el estudio de la supervivencia de una cepa de Lb.
pentosus con potencial probiotico bajo diferentes condiciones y desde la
perspectiva proteémica. La supervivencia de las bacterias probioéticas asi como sus
efectos beneficiosos bajo diferentes condiciones ambientales (incluyendo las
condiciones gastrointestinales) pueden depender de los determinantes de
resistencia. Asi, es importante conocer las proteinas implicadas en la tolerancia

para mejorar la funcionalidad de las cepas probidticas bajo diferentes condiciones
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de estrés. En este estudio, hemos investigado la respuesta protedmica del
probiotico Lb. pentosus MP-10 a diferentes condiciones de estrés antimicrobiano.
Los antibidticos y biocidas indujeron adaptaciones en Lb. pentosus MP-10 mediante
la modificacién de su perfil proteémico, dichos cambios fueron principalmente
dependientes del antimicrobiano usado.

En general, los antibiéticos indujeron varias modificaciones fisioldgicas, debidas
posiblemente a varios mecanismos de accion teniendo cada uno de ellos una diana
celular bien definida; en comparaciéon con los biocidas que indujeron pocas
modificaciones. La adaptacion a los antibioticos parece desencadenar mas
modificaciones fisioldgicas que los biocidas. Este hecho ocurre porque los
mecanismos de resistencia a antibidticos bacterianos han experimentado un
proceso evolutivo largo para proteger a las bacterias, comparandoles con la
relativamente reciente exposicion a los biocidas y las pocas oportunidades para
desarrollar resistencia a estos ultimos. En general, varias proteinas implicadas en
el metabolismo de carbohidratos tales como la proteina fosfotransportadora HPr
(Histidine-containing  Phosphocarrier protein) del sistema PTS (sistema
fosfotransferasa) —como parte de la maquinaria relacionada con la glicolisis- y 6-
fosfogluconato deshidrogenasa perteneciente a la ruta de las pentosas fosfato
exhibieron un aumento de su expresion tras la exposicién a los antibidticos
(amoxicilina y tetraciclina) con diferentes dianas celulares. El incremento de los
niveles de sintesis de ATP (Wilkins et al, 2002) fue requerido para la alta actividad
de exporte o para compensar la baja capacidad glucolitica (Wouters et al, 2000), lo
cual es de gran importancia para la supervivencia bacteriana bajo condiciones de
estrés. Resultados similares fueron obtenidos con Bifidobacterium animalis y Lb.
reuteri bajo condiciones de estrés biliar (Lee et al, 2008; Sanchez et al, 2007).
Ademas, la proteina HPr no sélo es responsable del transporte de carbohidratos
sino que también desempefia un papel regulador en el metabolismo de aztcares y
en la represidn catabolica, dependiendo de las interacciones proteina-proteina con
diversos factores celulares (Deutscher et al, 2006). En consecuencia, los niveles de
expresion de otras proteinas implicadas en las rutas de glucolisis tales como 6-
fosfofructoquinasa, y piruvato quinasa y gliceraldehido-3-fosfato deshidrogenasa
dependiente de NAD fueron reducidos tras la inducciéon con antibidticos

inhibidores de la sintesis de proteinas tales como cloranfenicol y tetraciclina,
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respectivamente. El piruvato, como producto final de la glucélisis, es un metabolito
clave que puede ser utilizado en diferentes reacciones para aumentar los niveles
de ATP, asi el estrés con antibidticos indujo la regulacion del metabolismo
mediante represion o activacion de enzimas implicadas en la producciéon de
energia. Estos datos sugieren que para garantizar la supervivencia bajo
condiciones de estrés con antibioticos, la fisiologia de Lb. pentosus MP-10 puede
alterarse para lograr un alto rendimiento energético via la regulacion de la
activacion o represion del metabolismo de carbohidratos (ruta de las pentosas
fosfato y la glucolisis). Bajo condiciones de estrés con antibioticos y la subsiguiente
limitacion energética, los sistemas de transporte PTS fueron usados en lugar de
transportadores de la familia ABC (Taranto et al, 1999). De hecho, estos sistemas
son mas eficientes energéticamente ya que el substrato fosforilado puede entrar
directamente en las rutas de glucolisis o de pentosas fosfato conservando ATP. Del
mismo modo, Lin et al. (2014) describi6 que la fluctuacién de las rutas metabdlicas
puede representar un mecanismo de resistencia a antibidticos bajo condiciones de
estrés con clortetraciclina en Escherichia col.

La interaccién de amoxicilina y tetraciclina con los lipidos y proteinas de
membrana indujo la sobre-expresion de proteinas de estrés como la NADH
peroxidasa Npx y una proteina pequefia de choque térmico, respectivamente. Este
hecho ocurre como una primera respuesta celular para mantener la homeostasis y
la viabilidad. También, ha sido descrito que ademas de su papel en la homeostasis
celular redox (degradacion del peroxido de hidrogeno a agua y oxigeno), la
proteina Npx del subgrupo peroxidasa-oxidasa-reductasa (POR) (familia de
flavoproteina-disulfuro-reductasa “FDR”) también contribuye a la regeneracion de
nucleétidos pirimidinicos oxidados para la glucélisis (Ying, 2006). En cuanto a las
proteinas pequefias de choque térmico tales como "minichaperonas”, éstas han
sido asociadas con la mejora de la supervivencia bacteriana durante el estrés, ya
que son necesarias para el funcionamiento normal de las células, incluyendo el
crecimiento y la estabilidad del ADN y el ARN. Igualmente, estas proteinas
previenen la formacion de cuerpos de inclusion (Jakob et al, 1993; Narberhaus,
2002; Veinger et al, 1998), pero no estan involucradas en el replegamiento

proteico como las chaperonas.

182



DISCUSION

Por otro lado, se incrementaron los niveles de sintesis proteica en Lb. pentosus
MP-10 tras la exposicidon con amoxicilina y tetraciclina. Sin embargo, Rezzonico et
al. (2007) describi6 que la expresidn de las proteinas implicadas en el crecimiento
celular (tales como son las proteinas ribosomales) fue marcadamente disminuida
bajo condiciones de estrés, como una estrategia de ahorro energético necesario
para los mecanismos de proteccion celular. A pesar de la baja actividad ribosomal
tras la exposicion al estrés, los factores que regulan dicho estrés estan
normalmente asociados a los ribosomas, lo cual sugiere un aumento en la sintesis
de proteinas (Sherman y Qian, 2013). Este aumento en la sintesis proteica puede
ser necesario para compensar el dafio que sufren las proteinas de membrana o
citoplasmaticas tras su interaccion con los antibiéticos, independientemente de su
diana celular. Algunas de estas proteinas estan involucradas en el metabolismo o
en la defensa celular (la respuesta SOS y la respuesta al choque térmico). De forma
similar, Mangalappalli-Illathu y Korber (2006) describieron que los niveles altos de
proteinas ribosomales asociados con un incremento de la sintesis proteica fueron
de gran importancia para la reduccion de la susceptibilidad a compuestos de
amonio cuaternario tales como el cloruro de benzalconio.

Con referencia a otras rutas metabodlicas, la expresion de los enzimas implicados
en el metabolismo de acidos grasos (alcohol deshidrogenasa) y en la biosintesis de
nucledétidos pirimidinicos (CTP sintasa) fue reprimido en presencia de antibioticos.
Las alteraciones en la biosintesis de los acidos grasos pueden provocar cambios en
la membrana celular que a su vez favoreceran la supervivencia celular en
presencia de tetraciclina, en este sentido Rogers et al (2007) obtuvieron
resultados similares con Streptococcus pneumoniae expuesta a penicilina. En
cuanto a la enzima CTP sintasa, ésta es requerida para la biosintesis de ribo- y
desoxirribonucledtidos necesarias para la replicacion del ARN y el ADN (Jgrgensen
et al, 2004). En este estudio, las bajas tasas de crecimiento obtenidas
inmediatamente después de la exposicion a los antibidticos pueden reflejar una
disminucién en la expresion de las proteinas implicadas en la sintesis de
nucleétidos y acidos grasos. Sin embargo, tras la exposicion a los antimicrobianos
las tasas de crecimiento fueron similares o incluso aumentados en las células

inducidas por algunos antimicrobianos (amoxicilina o cloruro de benzalconio).
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Por otro lado, la adaptacién de Lb. pentosus MP-10 a los biocidas (cloruro de
benzalconio o triclosan) indujo modificaciones fisioldgicas que eran en parte
similares a las causadas por los antibiéticos tales como el aumento de los niveles
de sintesis proteica y la reduccion del metabolismo de carbohidratos y de
produccion de energia (Figura 1). De hecho, la resistencia cruzada entre
antibidticos y biocidas ha sido ampliamente descrita en la literatura (Fraise, 2002;
Moken et al, 1997; Randall et al, 2007). Ademas, en el estudio anterior Lb.
pentosus MP-10 pre-adaptada en presencia de bajas concentraciones de biocidas
mostré un aumento de las MICs de antibidticos, lo cual sugiere que las
modificaciones fisioldgicas desencadenadas por biocida o antibidtico pueden
proporcionar resistencia al otro. El cloruro de benzalconio, un desinfectante que
dafia la membrana celular, indujo especificamente la sobre-expresion de la
proteina de interfase de la subunidad ribosomal relacionada con la sintesis de
proteinas. Sin embargo, el triclosan caus6 la sobre-expresion de la glutamil-RNAt
sintetasa que esta considerada como una enzima clave en la biosintesis proteica.
Ademas, el triclosan caus6 un descenso en la expresion de proteinas implicadas en
el metabolismo de carbohidratos (la proteina HPr) y en la produccion de energia
(oxidoresductasa). Al igual que ocurre con la induccién por los antibioticos, las
células adaptadas a los antimicrobianos tienden a reducir el metabolismo de
carbohidratos y de produccién de energia, mientras que las proteinas que
participan en la sintesis proteica fueron sobre-expresadas para compensar,
posiblemente, el dafio proteico resultante de la interaccion de los biocidas con la
membrana. Ademas, el cloruro de benzalconio y el triclosan exhibieron diferentes
respuestas de adaptacién, las cuales pueden ser atribuidas a los diferentes
mecanismos de accién de dichos biocidas; el triclosan actia inhibiendo la enzima
enoil reductasa que participa en la sintesis de acidos grasos (Heath et al, 2002),
mientras que el cloruro de benzalconio tiene multiples dianas celulares (Beumer et
al, 2000).

En conclusion, obtuvimos una mejor comprension de la respuesta proteémica
de una bacteria probidtica, tales como es Lb. pentosus MP-10 a diferentes
antimicrobianos como factores de estrés. En este sentido, hemos confirmado que el
estrés antimicrobiano podria potenciar la resistencia bacteriana al estrés

ambiental y gastrointestinal tales como los bajos pHs acidos y las sales biliares. Asi,
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los recuentos de viables de Lb. pentosus MP-10 inducida con antimicrobianos
fueron mayores que aquellos producidos en la cepa no inducida. A partir de la
informacion, se podrian desarrollar diferentes estrategias para mejorar la
persistencia y resistencia de esta bacteria bajo diferentes condiciones ambientales.
Como ha sido previamente demostrado, la adaptacion a diferentes condiciones de
estrés (sal, pH acido, sales biliares, altas temperaturas...etc) podria ser utilizada
como una estrategia para mejorar el rendimiento tecnoldgico de diferentes cepas
de lactobacilos probidticos (Corcoran et al, 2006; Desmond et al, 2001; Mills et al,
2011). En este estudio, Lb. pentosus MP-10 inducida exhibi6 una mayor tasa de
viabilidad (excepto para algunos casos) y ademas mostré una mayor tolerancia a
ambientes acidos y con concentraciones elevadas de sales biliares que los
controles sin induccion. En el presente estudio, describimos por primera vez que la
adaptacidn al estrés antimicrobiano podria mejorar la resistencia y la robustez de
Lb. pentosus MP-10 con potencial probidtico con el fin de hacer frente a
condiciones en los cuales concentraciones sub-letales de antimicrobianos y
condiciones de estrés (bajo pH y altas concentraciones de bilis) podrian estar
presentes, tales como la cadena alimentaria, el medio ambiente o el tracto
gastrointestinal. Por otro lado, este hecho es preocupante ya que las bacterias
patdgenas al desarrollar resistencias antimicrobianas tras la exposicién a los
antimicrobianos, pueden posiblemente desarrollar resistencias a las condiciones
intestinales. Nuestros resultados mostraron que Lb. pentosus MP-10 responde a la
exposicion a biocidas y antibioticos mediante cambios en su proteoma como una
estrategia de supervivencia: incrementando la expresion de la sintesis de proteinas
incluyendo las proteinas de estrés y disminuyendo la expresion de proteinas
implicadas en el metabolismo de carbohidratos y la produccion de energia (Figura
1). Por lo tanto, estudios posteriores son requeridos para dilucidar qué proteinas
estan implicadas en la tolerancia al pH acido y la bilis. Estos aspectos deben ser
enfatizados con el fin de lograr la robustez deseada en las bacterias probioticas en
relacidn con varias condiciones ambientales y gastrointestinales.

Por otro lado, la genémica ofrece nuevas informaciones de interés sobre la
resistencia a antimicrobianos y aspectos de patogenicidad ya que
mayoritariamente la deteccidn de los determinantes de resistencia o de virulencia

por PCR se queda muy limitada a los genes ya conocidos y caracterizados

185



DISCUSION

previamente. Sin embargo, el andlisis de nuevos genes requiere de la secuenciacion
del genoma de varias cepas, del analisis bioinformatico y de la comparacién entre
diferentes genomas para dilucidar la presencia de nuevos genes asi como los
mecanismos de transferencia entre miembros del mismo género o entre géneros
distintos. En este sentido, el analisis in silico del genoma de los lactobacilos puede
ofrecer nuevos conocimientos sobre su seguridad especialmente aquellos aislados
de productos fermentados por la importancia de estos alimentos en nuestra dieta y
también por los riesgos que supone la transferencia de dichos genes a lo largo de la
cadena alimentaria y también a nivel del ecosistema intestinal. Los lactobacilos
presentes en alimentos fermentados pueden actuar como potenciales vehiculos de
determinantes de resistencia a antibioticos no solamente en la cadena alimentaria
sino también dentro del tracto gastrointestinal siendo posible la transferencia de
genes de las bacterias comensales o probidticas a otras bacterias o incluso a
patdgenos, por lo tanto dificultando el tratamiento con antibioticos de infecciones
comunes (Klein et al, 2000; Snydman, 2008). La transferencia de genes de
resistencia a antibidticos se puede realizar horizontalmente mediante elementos
moviles (plasmidos, transposones e integrones), lo cual es responsable de la
transferencia intra-e inter-individual del material genético (van Reenen y Dicks,
2011). Ademas la presencia de secuencias de insercion (IS) en los genomas
bacterianos indica también una transferencia horizontal de genes que esta
principalmente regulada por los factores ambientales. Estos elementos han sido
detectados en algunos lactobacilos (http://wwwe-is.biotoul.fr/). En este trabajo,
hemos analizado in silico la seguridad de los lactobacilos aislados de alimentos
fermentados en cuanto a la resistencia a antibiéticos, y para ello hemos usado las
secuencias genomicas disponibles en la base de datos NCBI (National Centre for
Biotechnology Information). Hoy en dia, disponemos de pocas secuencias
genomicas de lactobacilos lo cual puede limitar bastante el analisis en profundidad
del origen de la resistencia fenotipica observada en este género, dicha resistencia
puede ser inducida o no por los antimicrobianos. En este estudio, hemos llevado a
cabo el andlisis in silico de la distribucion de los genes de resistencia a
cloranfenicol (cat) y glicopéptidos (vanZ) en los genomas de lactobacilos.

En cuanto a la resistencia a cloranfenicol, el gen de resistencia cat se encuentra

frecuentemente en plasmidos de varias especies del género Lactobacillus. Sin
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embargo, la busqueda de este gen en las secuencias el genémicas de diferentes
lactobacilos disponibles en la base de datos NCBI reveld la presencia de cat en el
cromosoma de Lb. brevis aislada de vegetales fermentados, Lb. plantarum de
productos lacteos y vegetales fermentados, Lb. fermentum aislada de productos
lacteos y Lb. sakei aislada de salchichas y vegetales fermentados. No obstante, la
presencia de este gen no siempre implica su expresion a nivel fenotipico, ya que las
diferencias observadas entre los ensayos fenotipicos y genotipicos se atribuyen
algunas veces a las mutaciones en el gen cat o su region reguladora (Hummel et al,
2007). Ademas, el analisis de la homologia de las secuencias del gen cat de los
lactobacilos aislados de productos fermentados usando la herramienta de
busqueda de nucledtidos no redundantes BLASTn de NCBI, indic6 una gran
divergencia de las secuencias nucleotidicas de esa region en el género Lactobacillus
e incluso entre especies. La distancia evolutiva entre las proteinas Cat de
diferentes lactobacilos aislados de alimentos fermentados y otros ambientes
(especialmente ensilado, microbiota intestinal y vaginal) result6 en 2 grupos G1 y
G2 en el arbol filogenético, siendo todos los genes cat localizados en el cromosoma
excepto el gen cat de Lb. reuteri 15007 localizado en el plasmido pLRIO4 (Hou et al,
2013). Dicho arbol filogenético mostré una gran divergencia entre las diferentes
especies del género Lactobacillus y una alta homologia entre las cepas de la misma
especie independientemente de su origen (alimentos o otros ambientes). Por otro
lado, la proteina Cat codificada por el gen cat localizado en el plasmido pLRIO4 de
Lb. reuteri 15007 fue altamente similar a aquellas proteinas codificadas por los
genes cat localizados en plasmidos de S. aureus (pC194, pKH13 y pKH15), lo que
sugiere que la adquisicion del gen cat por Lb. reuteri 15007 fue probablemente
debida a la transferencia horizontal de genes desde S. aureus. De forma similar, E.
faecalis, E. faecium y S. aureus comparten el mismo origen que otras proteinas Cat
codificadas en plasmidos. Este hecho subraya la importancia de los géneros
Enterococcus spp. y Staphylococcus spp. en la transferencia horizontal de genes a
otros géneros bacterianos, especialmente a algunas cepas de Lactobacillus. En
general, los lactobacilos aislados de alimentos fermentados no exhiben una
transferencia de los genes cat, ya que no existe ninguna homologia entre los genes
cat codificados por el cromosoma en los lactobacilos y los genes cat codificados

por plasmidos en lactobacilos de origen alimentario o otros ambientes. Sin
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embargo, la transferencia horizontal de genes en cepas de Lactobacillus de origen
alimentario podria ser posible, ya que el gen cat localizado en el plasmido pLRI04
de Lb. reuteri 15007 (aislada del intestino de cerdo) fue probablmente capaz de
adquirir este gen de Staphylococcus spp. y Enterococcus spp. posiblemente de
origen intestinal. Por lo tanto, el mecanismo y el origen del gen cat en los
lactobacilos aislados de alimentos fermentados parecen ser diferentes de la
resistencia adquirida por los plasmidos en Lb. reuteri, asi como otras bacterias que
se encuentran en sistemas naturales tales como el tracto intestinal de los animales.
Sin embargo, el principal problema que podria ser asociado a los ensayos de la
seguridad de las cepas en cuanto a los genes de resistencia a antibioticos es la
carencia de protocolos estandarizados para el ensayo de la transferibilidad de los
genes de resistencia (Hummel et al., 2007).

Por otro lado, la resistencia intrinseca de los lactobacilos a los glicopéptidos es
preocupante, ya que la vancomicina y la teicoplanina son dos antibidticos de
primera eleccion para el tratamiento de infecciones causadas por la mayoria de las
bacterias Gram-positivas, especialmente frente a muchos enterococos y
estafilococos multirresistentes a diferentes antimicrobianos y resistentes a beta-
lactamicos (Egervarn, 2009; Klare et al,, 2007; Reynolds, 1998).

El andlisis in silico de genes van o secuencias relacionadas en las especies de
Lactobacillus y especialmente aquellas aisladas de alimentos fermentados mostro
la presencia de los genes vanZ responsables de la resistencia a glicopéptidos en
diferentes especies del género Lactobacillus tales como Lb. brevis, Lb. casei, Lb.
delbrueckii subsp. bulgaricus, Lb. fermentum, Lb. helveticus, Lb. kefiranofaciens, Lb.
plantarum subsp. plantarum y Lb. sakei subsp. sakei aisladas principalmente de
productos lacteos. Los analisis del gen vanZ localizado en el cromosoma indicaron
que dicho gen era muy conservado en cada especie de Lactobacillus, pero no se
encontraron homologos en otros lactobacilos u otros taxones. En consecuencia, es
casi imposible detectar este gen utilizando la técnica de PCR debido a esta
divergencia en la secuencia de los nucledtidos entre las diferentes especies de
Lactobacillus. Asi, el analisis gendmico se convierte en la Unica via para detectar
genes similares implicados en la resistencia a glicopéptidos.

El analisis filogenético de las secuencias proteicas VanZ de los lactobacilos

aislados de alimentos fermentados y algunos lactobacilos aislados de otros
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ambientes (ensilado, tracto gastrointestinal y vagina) revelé una gran divergencia
dependiendo en la mayoria de los casos de la especie de Lactobacillus estudiada.
Sin embargo, diferentes grupos fueron obtenidos en el caso de Lb. casei/Lb.
paracasei y Lb. delbrueckii que pertenecen a diferentes grupos genomicos. En
cuanto a las demas especies, cada una presentaba un solo subgrupo con una
homologia moderada del 70% al 78% de identidad, a excepcién de Lb. delbrueckii
que poseia una homologia del 97% entre sus cepas independientemente de su
origen. De forma general, estos datos sugieren que la presencia del gen vanZ no fue
el resultado de la transferencia horizontal de genes entre especies o géneros y esto
se debe a la gran divergencia en las proteinas VanZ, ya que en la mayoria de los
casos la distribucion de un gen estd vinculada a la especie e incluso al grupo
filogenético y los cambios evolutivos producidos probablemente como resultado
de la especiacidn. Este hecho es de gran importancia ya que este gen de resistencia
a vancomicina no puede ser transferido horizontalmente por los lactobacilos
presentes en los alimentos fermentados a bacterias patdgenas en el tracto
gastrointestinal. Por lo tanto, las cepas portadoras del gen vanZ y/o los productos
fermentados asociados a ellas no representan ningin riesgo para la salud en
relacidn a la transferencia de genes de resistencia a glicopéptidos.

Tras encontrar nuevas informaciones sobre la resistencia a antibioticos
mediante el analisis in silico de genomas de Lactobacillus aislados de alimentos
fermentados, nos parecié interesante analizar el genoma de Lb. pentosus MP-10
con potencial probidtico para dilucidar diferentes aspectos de seguridad. El
analisis gendmico de las bacterias probioticas puede ofrecer datos de interés sobre
su seguridad y su funcionalidad, aunque los lactobacilos se consideran seguros por
su larga historia de uso como cultivos iniciadores o protectores en diferentes
alimentos tales como los vegetales fermentados, los productos lacteos, productos
carnicos y de pescado (Leroy y DeVuyst, 1999; Heller, 2001; Hansen, 2002;
Holzapfel, 2002; Giraffa et al.,, 2010; Franz et al., 2011; Garrigues et al., 2013). En
este sentido, la EFSA considera que el estatus QPS de cualquier cepa destinada a su
uso como probiotico debe ser investigada en profundidad para descartar cualquier
cepa con algun historial de infeccién o por posesion de genes transferibles de
resistencia a antibioticos o virulencia (EFSA, 2012a). Esto se debe a que algunas

cepas del género Lactobacillus han sido implicadas en infecciones oportunistas
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especialmente en personas de avanzada edad y en individuos
inmunocomprometidos (Harty et al, 1994; Schlegel et al, 1998; Cannon et al.,
2005).

El genoma de Lb. pentosus MP-10 fue secuenciado mediante la tecnologia de
secuenciacion de tercera generacion. Los resultados obtenidos demostraron que
dicho genoma es considerado el mas largo dentro del género Lactobacillus
conteniendo 3,698,214 pb y 5 plasmidos de 30-50 kb. Estos datos reflejan la gran
flexibilidad de esta bacteria via diversidad metabdlica y estilos de adaptabilidad
como resultado de la evolucién bacteriana (duplicacion de genes y transferencia
horizontal de genes). El analisis in silico del genoma de Lb. pentosus MP-10 revel6
la presencia de regiones implicadas en la defensa a elementos genéticos moviles
(virus, elementos transponibles y plasmidos conjugativos) tales como el sistema
CRISPR (dos clusters), ademas de la riqueza y variedad de los genes relacionados
con el sistema CRISPR hemos encontrado dos nuevos genes en esta cepa (csel_Lpe
y cseZ_Lpe) lo cual indica que Lb. pentosus MP-10 posee varios mecanismos de
defensa frente a elementos genéticos exdgenos. Este hecho es de gran relevancia
para la aplicacion de Lb. pentosus MP-10 como probiético y como cultivo iniciador
a escala industrial.

En cuanto a la seguridad de Lb. pentosus MP-10, el analisis in silico del genoma
de dicha cepa frente a la base de datos CARD mostré la presencia de genes de
resistencia a varios antibidticos relacionados mayoritariamente con bombas de
exporte pero algunos también resultaron de la mutacién de genes presentes en el
cromosoma tal es el caso de los genes gyrB y rpoB que codifican para la resistencia
a fluoroquinolona+aminocoumarin y rifampicina, respectivamente. Por otro lado,
no se detectaron genes de resistencia a antibioticos adquiridos lo cual descarta
cualquier trasferencia horizontal de genes de resistencia a antimicrobianos.

Ademas, hemos realizado un analisis in silico de la virulencia de Lb. pentosus
MP-10 usando la base de datos MvirDB y los resultados demostraron la ausencia
de genes de virulencia. Sin embargo, hemos detectado la presencia de algunos
genes de los profagos Lp2 y Lp3 en el genoma de Lb. pentosus MP-10 igualmente
encontrados en el genoma de la bacteria probiodtica. Aunque ambas cepas (Lb.
pentosus MP-10 y Lb. plantarum WCFS1) provienen de nichos ecoldgicos diferentes

(saliva o aceitunas de mesa), estas dos especies comparten varios genes
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codificadores de profagos y también su arquitectura lo cual es debido
probablemente a la interconexion entre los diferentes ecosistemas.

En conclusidn, la cepa Lb. pentosus MP-10 se puede considerar segura debido a
la ausencia de genes implicados en la virulencia o genes de resistencia adquirida a

antibidticos. Aunque para su aplicacion como probiodtico requiere del analisis in

silico e in vivo de su funcionalidad.
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1.- Casi todas las cepas de Lactobacillus pentosus (95%) y Leuconostoc
pseudomesenteroides aisladas de la fermentacion natural de aceitunas verdes de
mesa Alorefia pueden ser consideradas como seguras debido a la ausencia de

determinantes de resistencia adquiridos.

2.- La resistencia intrinseca a mas de tres antibidticos no se convertira en un
problema a nivel clinico, ya que ambas especies de las BAL aisladas de la
fermentacion natural de aceitunas verdes de mesa Alorefia fueron también muy

sensibles a otros antibiodticos clinicamente relevantes.

3.- La incidencia de la multiple resistencia intrinseca en ambas especies de las BAL
era debida en parte a bombas de exporte cromosémicamente codificadas tales

como NorA, MepA y MdeA.

4.- Las respuestas fenotipicas de las cepas BAL a diferentes tipos de estrés fue
uniforme, sin embargo, el repertorio de genes inducidos y reprimidos diferian en
funcion del tipo de estrés y de la cepa BAL; si bien, se obtuvieron correlaciones
positivas importantes entre los genes recA y uvrB bajo varias condiciones de

estrés.

5.- La busqueda de un mecanismo para mejorar la tolerancia al estrés de las BAL,
especialmente aquellas con importancia como cultivos iniciadores/protectores o

como probidticos, dependera en gran medida del analisis individual de cada cepa.

6 .- La adaptacion al estrés antimicrobiano de Lactobacillus pentosus MP-10 podria
mejorar su resistencia y su robustez para soportar condiciones ambientales y

gastrointestinales.
7.- Lactobacillus pentosus MP-10 respondié a la exposicién de los biocidas y los

antibiéticos mediante el ajuste de su arsenal proteémico como una estrategia de

supervivencia via la sobre-expresion de la sintesis de proteinas, incluyendo las
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proteinas de estrés, y la represion de la produccion de energia y el metabolismo de
hidratos de carbono.

8.- La presencia de genes altamente divergentes de glicopéptidos (gen cat) y
cloranfenicol (gen vanZ) en los genomas de lactobacilos aislados de alimentos

fermentados dependia en la mayoria de los casos de la especie en cuestion.

9.- Las cepas de Lactobacillus que llevan los genes de resistencia cat o vanZ no
representan ningun riesgo para la salud en relacién con la transferencia de los

genes de resistencia a cloranfenicol o glucopéptidos, respectivamente.

10.- La secuenciacidon genomica reveld que el genoma de Lactobacillus pentosus

MP-10 es el genoma mas grande descrito hasta la fecha en el género Lactobacillus.

11.- El analisis in silico de las propiedades de seguridad de Lactobacillus pentosus
MP-10 revelo la ausencia de genes de resistencia a antibioticos adquiridos y que la
mayoria de los genes de resistencia eran genes de bombas de exporte o genes
cromosOmicos con mutaciones. Ademadas, no se detectaron determinantes de

virulencia en dicha cepa.

12.- Lactobacillus pentosus MP-10 podria ser considerada como segura, aunque un

andlisis adicional de su funcionalidad debe llevarse a cabo.
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CONCLUDING REMARKS

1.- Almost all Lactobacillus pentosus (95%) and all Leuconostoc
pseudomesenteroides strains isolated from naturally-fermented Alorefia green
table olives can be regarded as safe because of the absence of acquired resistance

determinants.

2.- The intrinsic resistance to more than three antibiotics will not become a
problem in a medical setting, since both LAB species isolated from naturally-
fermented Alorefia green table olives were also highly sensitive to other clinically

relevant antibiotics.

3.- The occurrence of intrinsic multi-resistance in both LAB species was due in part
to

chromosomally encoded efflux pumps such as NorA, MepA and MdeA.

4.- The phenotypic responses of LAB strains to several stresses was uniform,
however the repertoire of induced and repressed genes differed according to the
type of stress and LAB strain; although, strong positive correlations were obtained

with recA and uvrB genes under several stress conditions.

5.- The search for a mechanism to improve stress tolerance of LAB, especially
those with importance as starter/protective cultures or probiotics, will depend on

individual screening of each strain.

6 .- The antimicrobial stress adaptation of Lactobacillus pentosus MP-10 could
improve its resistance and its robustness to withstand environmental and

gastrointestinal conditions.

7.- Lactobacillus pentosus MP-10 responded to the exposition of biocides and
antibiotics by adjusting its proteomic arsenal as survival strategy by up-regulating
protein synthesis, including stress proteins, and down-regulating carbohydrate

metabolism and energy production.
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8.- The presence of highly divergent glycopeptide (cat gene) and chloramphenicol
(vanZ gene) resistance genes in genome sequences of lactobacilli from fermented

foods depended in most cases on the species.

9.- Lactobacillus strains carrying cat or vanZ genes do not pose a health risk
regarding transfer of chloramphenicol or glycopeptide-resistance genes,

respectively.

10.- Genome sequencing revealed that Lactobacillus pentosus MP-10 genome is the

most largest genome described up to date in Lactobacillus genus.

11.- In silico analysis of safety properties of Lactobacillus pentosus MP-10 revealed
the absence of acquired antibiotic resistance genes and that most of the resistance
genes were antibiotic efflux genes or chromosomal genes with mutations.

Furthermore, no virulence determinants were detected in this strain.

12.- Lactobacillus pentosus MP-10 could be considered as safe, although additional

analysis of its functionality should be carried out.
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