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SUMMARY 

Fire blight of apple and pear, bacterial canker of kiwifruit, bacterial spot of stone fruits, and 

angular leaf spot of strawberry are plant diseases responsible for important crop losses worldwide, 

because the management options available are of limited efficacy. Their causal agents (Erwinia 

amylovora, Ea; Pseudomonas syringae pv. actinidiae, Psa; Xanthomonas arboricola pv. pruni, 

Xap; and Xanthomonas fragariae, Xf, respectively) are bacterial plant pathogens considered as 

quarantine organisms by the European and Mediterranean Plant Protection Organization (EPPO), 

as well as, by the European Union. The restrictions in the use of some effective chemical products, 

the increasing evolution of resistant pathogen populations to existing bactericides, as well as, the 

public concern about the negative impact of conventional pesticides on environment and human 

health have promoted the development of alternative and sustainable management tools. In 

particular, biological control is an alternative or complementary strategy, since the use of microbial 

biopesticides could be merged into an integrated management approach of plant diseases. Several 

microorganisms are commercially available as biological control agents (BCA) of fire blight, while 

little is known about antagonistic microorganisms for the biological control of bacterial canker of 

kiwifruit, bacterial spot of stone fruits, and angular leaf spot of strawberry. 

This Ph.D. Thesis contributes to the development of a novel microbial biopesticide based on 

lactic acid bacteria (LAB) with broad-spectrum activity. LAB are well known as biopreservative 

agents in food and their potential use in crop protection has also been explored, but in a lesser 

extent. In addition, LAB are ubiquitous members of many plant microbiomes and are generally 

considered as safe by food safety agencies.  

In the first part of this Ph.D. Thesis plant-associated LAB were screened for their in vitro 

antagonistic activity against Psa, Xap, and Xf. Lactobacillus plantarum CC100, PM411, and TC92 

and Leuconostoc mesenteroides CM160 and CM209 were selected for showing broad spectrum of 

activity. The selected strains were studied in more detail by means of a multiple-pathosystem 

approach in potted plants of kiwifruit, Prunus sp., and strawberry under greenhouse conditions. 

L. plantarum PM411 and TC92 prevented infections of Psa, Xap, and Xf in their corresponding 

host plants. In addition, the biocontrol performance of both strains was comparable to reference 

products in the semi-field and field experiments performed. Therefore, the multifactorial screening 

based on in vitro and in planta assays against multiple pathogens was successful in selecting 

L. plantarum PM411 and TC92 as candidate BCA. The mechanism involved in the in vitro 

antibacterial activity against Psa, Xap, and Xf was based, at least in part, on a pH lowering effect 

and lactic acid production. Moreover, both strains were able to survive with similar rates on leaf 

surfaces. Interestingly, both strains were clearly distinguished due to their differential multilocus 

sequence typing (MLST) and random amplified polymorphic DNA (RAPD) profiles. 

The establishment of suppressive populations of BCA, and also of LAB, on aerial plant 

surfaces, where many pathogens epiphytically grow, is suggested as a key factor for the biological 



4 

control. Aerial plant surfaces are generally considered as hostile environments for bacterial 

colonization due to ultraviolet radiation, nutrient limitation, and fluctuating temperature and water 

availability. In order to improve the epiphytic fitness of L. plantarum PM411 and TC92, in the 

second part of this Ph.D. Thesis, the water-stress tolerance was increased by means of a 

physiological adaptive strategy consisting of growing cells into a hyperosmotic medium until 

stationary phase, which also involves acid production. Adapted cells showed higher survival rates 

under in vitro desiccation than non-adapted cells. Interestingly, the response of PM411 and TC92 

toward the adaptation treatment resulted in an increase in transcript levels of general stress-related 

genes, which generally remained unaltered during the subsequent desiccation challenge. 

However, differences between the transcription patterns of the two strains were observed, which 

were in agreement with a better performance of adapted cells of PM411 than TC92 on plant 

surfaces under low relative humidity environmental conditions. Indeed, the adaptation treatment 

increased the survival of PM411 cells in different host plants in the greenhouse (strawberry and 

kiwifruit leaves) and under field conditions (apple and pear blossoms). Moreover, the adaptation 

treatment provided more consistency in the PM411 biocontrol efficacy of Ea and Xf infections on 

apple and pear blossoms and strawberry leaves, respectively. 

Monitoring methods that allow for the strain-specific detection and quantification of viable cells 

are required to distinguish the introduced BCA strain from autochthonous microbiota of the same 

species, and to evaluate its population dynamics on plant surfaces after field release. Therefore, in 

the last part of this Ph.D. Thesis, a viability quantitative PCR (v-qPCR) method was developed for 

the unambiguous detection and quantification of L. plantarum PM411 viable cells on aerial plant 

surfaces. The v-qPCR method relied on a sample pre-treatment with a nucleic acid-binding dye 

prior to qPCR. The nucleic acid-binding dye PEMAX was used to selectively detect and enumerate 

viable cells. Interestingly, a PM411 strain-specific molecular marker was identified within a region 

of a predicted prophage with mosaic architecture. Three TaqMan qPCR assays with different 

amplicon lengths (92, 188, and 317 bp) were designed, being the primer set amplifying a 188 bp 

DNA fragment the most suitable for v-qPCR. The reliability of the v-qPCR together with specific 

plate counting and qPCR in the monitoring of PM411 cell population on plant surfaces (pear, 

strawberry, and kiwifruit leaves and apple and pear blossoms) was simultaneously evaluated under 

greenhouse and field conditions. The three methods contributed to comprehend the behaviour of 

PM411 in different tissues, plant species and environmental conditions. The population estimation 

did not differ significantly between the three methods when conditions were conducive to bacterial 

survival. However, under stressful conditions, differences between methods were observed due to 

cell death or viable-but-nonculturable (VBNC) state induction. Therefore, qPCR overestimated and 

plate counting underestimated the viable population level of PM411 under growth limiting 

conditions. 
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RESUM 

El foc bacterià de les pomeres i pereres, el xancre bacterià del kiwi, la taca bacteriana dels 

fruiters de pinyol i la taca angular de les fulles de maduixera són malalties que causen importants 

pèrdues en el cultiu de fruita a tot el món ja que les opcions disponibles pel seu control tenen una 

eficàcia limitada. Els agents causals (Erwinia amylovora, Ea; Pseudomonas syringae pv. 

actinidiae, Psa; Xanthomonas arboricola pv. pruni, Xap; i Xanthomonas fragariae, Xf, 

respectivament) són bacteris fitopatògens considerats organismes de quarantena per la 

Organització Europea i Mediterrània de Protecció Vegetal (EPPO) i la Unió Europea. El nombre 

limitat de productes químics eficaços, la creixent evolució de les poblacions de patògens resistents 

als bactericides existents, així com la preocupació social per l’impacte negatiu dels plaguicides 

convencionals sobre el medi ambient i la salut humana han fomentat el desenvolupament d’eines 

de control alternatives i sostenibles. Concretament, el control biològic mitjançant l’ús del 

bioplaguicides microbians és una estratègia alternativa que forma part del maneig integrat de 

malalties de plantes. Mentre que diversos microorganismes estan disponibles en el mercat com a 

agents de biocontrol (ABC) del foc bacterià, actualment hi ha poca informació sobre 

microorganismes antagonistes pel control biològic del xancre bacterià del kiwi, la taca bacteriana 

dels fruiters de pinyol i la taca angular de les fulles de maduixera. 

Aquesta tesi doctoral contribueix en el desenvolupament d’un nou bioplaguicida microbià 

basat en bacteris de l’àcid làctic (BAL) amb activitat d’ampli espectre. Els BAL són àmpliament 

coneguts com a bioconservants en aliments i el seu potencial ús en protecció de cultius també ha 

estat explorat, tot i que en menor mesura. A més, els BAL formen part de la microbiota de les 

plantes i generalment estan qualificats com a segurs per les agències de seguretat alimentària. 

En la primera part d’aquesta tesi doctoral es va avaluar l’antagonisme in vitro de BAL contra 

Psa, Xap i Xf. Les soques Lactobacillus plantarum CC100, PM411 i TC92 i Leuconostoc 

mesenteroides CM160 i CM209 es van seleccionar per la seva activitat d’ampli espectre. Les 

soques seleccionades es van estudiar amb més detall mitjançant assajos de biocontrol en 

condicions d’hivernacle en plantes de kiwi, Prunus sp. i maduixera. L. plantarum PM411 i TC92 

van prevenir les infeccions de Psa, Xap i Xf en les corresponents plantes hostes. A més, en els 

experiments de semi-camp i camp realitzats, l’eficàcia d’ambdues soques va ser comprable a 

productes de referència. Per tant, l’aproximació multifactorial basada en assajos in vitro i in planta 

enfront múltiples patògens va permetre seleccionar L. plantarum PM411 i TC92 com a candidats 

ABC. El mecanisme implicat en l’activitat antibacteriana in vitro de les dues soques es basa, 

almenys en part, per l’efecte de la reducció de pH i la producció d’àcid làctic. A més, ambdues 

soques van presentar similars taxes de supervivència a la superfície de les fulles. Les soques 

L. plantarum PM411 i TC92 van ser clarament diferenciades pels perfils obtinguts mitjançant les 

tècniques “multilocus sequence typing” (MLST) i “random amplified polymorphic DNA” (RAPD). 
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L’establiment dels ABC, i també dels BAL, a les superfícies de la part aèria de les plantes, on 

molts patògens creixen de manera epifítica, és un factor clau en el control biològic. La part aèria 

de les plantes és generalment considerada un ambient hostil per a la colonització bacteriana degut 

a la radiació ultraviolada, la limitació de nutrients, i les fluctuacions de temperatura i disponibilitat 

d’aigua. Per tal de millorar l’aptitud epifítica de L. plantarum PM411 i TC92, en la segona part 

d’aquesta tesi doctoral es va incrementar la tolerància a l’estrès per manca d’aigua mitjançant una 

estratègia fisiològica d’adaptació que consisteix en fer créixer les cèl·lules en un medi 

hiperosmòtic fins a fase estacionària, que implica la producció d’àcid. Les cèl·lules adaptades van 

presentar nivells de supervivència enfront la dessecació in vitro més alts que les cèl·lules no 

adaptades. A més, la resposta de PM411 i TC92 al tractament d’adaptació va implicar un 

increment dels nivells de transcripció de gens relacionats amb l’estrès, els quals, en general, van 

romandre inalterats durant la posterior dessecació. Tot i així, es van observar diferències entre els 

patrons de transcripció de les dues soques coincidint amb un millor comportament de les cèl·lules 

adaptades de PM411 que les de TC92 a la superfície de les plantes en condicions de baixa 

humitat relativa. De fet, el tractament d’adaptació va incrementar la supervivència de les cèl·lules 

de PM411 en diferents plantes hostes en condicions d’hivernacle (fulles de maduixera i kiwi) i de 

camp (flors de pomera i perera). A més, el tractament d’adaptació va aportar més consistència en 

el biocontrol de les infeccions d’Ea i Xf en flors de pomera i perera i fulles de maduixera, 

respectivament, per part de la soca PM411. 

Els mètodes de monitoratge que permeten la detecció específica a nivell de soca i la 

quantificació de cèl·lules viables són necessaris per distingir la soca de l’ABC introduïda de la 

microbiota autòctona de la mateixa espècie, i per avaluar les seves dinàmiques poblacionals a la 

superfície de les plantes després de l’aplicació a camp. En l’última part d’aquesta tesi doctoral es 

va desenvolupar un mètode basat en la PCR quantitativa de viables (v-qPCR) per la detecció i 

quantificació de cèl·lules viables de L. plantarum PM411 a la superfície de plantes. Aquest mètode 

es basava en un pretractament de la mostra amb un colorant que s’intercala amb el DNA previ a la 

tècnica de qPCR. L’agent intercalant PEMAX es va utilitzar per detectar i enumerar només 

cèl·lules viables mitjançant la qPCR. Es va identificar un marcador molecular específic de la soca 

PM411 en una regió d’un possible pròfag amb arquitectura de mosaic. Es van dissenyar tres 

assajos de qPCR amb amplicons de diferents llargades (92, 188 i 317 pb), essent l’assaig que 

amplificava un fragment de DNA de 188 pb el més adequat pel mètode v-qPCR. La idoneïtat de la 

tècnica v-qPCR juntament amb la de recompte en placa i qPCR en el monitoratge de la població 

de la soca PM411 a les superfícies de plantes (fulles de perera, maduixera i kiwi i flors de pomera i 

perera) es va avaluar de manera simultània en condicions d’hivernacle i camp. Els tres mètodes 

van contribuir a la comprensió del comportament de la soca PM411 en diferents òrgans i espècies 

de plantes i diferents condicions ambientals. La població estimada amb els tres mètodes no va 

diferir significativament quan les condicions eren favorables per la supervivència de PM411. En 

canvi, en condicions d’estrès, es van observar diferències entre els mètodes degut a la mort 
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cel·lular o a la inducció de l’estat de viables però no cultivables. En aquests casos la tècnica de 

qPCR va sobreestimar el nivell poblacional de viables de PM411 mentre que el recompte en placa 

el va subestimar.  

  



8 

  



9 

RESUMEN 

El fuego bacteriano del manzano y el peral, en chancro bacteriano del kiwi, la mancha 

bacteriana de los frutales de hueso y la mancha angular de las hojas de fresa son enfermedades 

que causan importantes pérdidas en los cultivos de fruta en todo el mundo debido a que las 

opciones disponibles para su control tienen una eficacia limitada. Los agentes causales (Erwinia 

amylovora, Ea; Pseudomonas syringae pv. actinidiae, Psa; Xanthomonas arboricola pv. pruni, 

Xap; y Xanthomonas fragariae, Xf, respectivamente) son bacterias fitopatógenas consideradas 

organismos de cuarentena por la Organización Europea y Mediterránea de Protección Vegetal 

(EPPO) y la Unión Europea. El número limitado de productos químicos eficaces, la creciente 

evolución de poblaciones de patógenos resistentes a los bactericidas existentes, así como la 

preocupación social por el impacto negativo de los plaguicidas convencionales sobre el medio 

ambiente y la salud humana han fomentado el desarrollo de herramientas de control alternativas y 

sostenibles. Concretamente, el control biológico mediante el uso de bioplaguicidas microbianos es 

una estrategia alternativa que forma parte del manejo integrado de enfermedades de plantas. 

Mientras que algunos microorganismos están disponibles en el mercado como agentes de 

biocontrol (ABC) del fuego bacteriano, actualmente hay poca información sobre microorganismos 

antagonistas para el control biológico del chancro bacteriano del kiwi, la mancha bacteriana de los 

frutales de hueso y la mancha angular de las hojas de fresa. 

Esta tesis doctoral contribuye en el desarrollo de un nuevo bioplaguicida microbiano basado 

en bacterias del ácido láctico (BAL) con actividad de amplio espectro. Las BAL son ampliamente 

conocidas como bioconservantes en alimentos y su potencial uso en protección de cultivos 

también ha sido explorado, aunque en menor medida. Además, las BAL forman parte de la 

microbiota de las plantas y generalmente están calificadas como seguras para las agencias de 

seguridad alimentaria. 

En la primera parte de esta tesis doctoral se evaluó el antagonismo in vitro de BAL contra 

Psa, Xap y Xf. Las cepas Lactobacillus plantarum CC100, PM411 y TC92 y Leuconostoc 

mesenteroides CM160 y CM209 se seleccionaron por su actividad de amplio espectro. Las cepas 

seleccionadas se estudiaron con mayor detalle mediante ensayos de biocontrol en condiciones de 

invernadero en plantas de kiwi, Prunus sp. y fresa. L. plantarum PM411 y TC92 previnieron las 

infecciones de Psa, Xap y Xf en las correspondientes plantas huéspedes. En los experimentos de 

semi-campo y campo realizados, la eficacia de ambas cepas fue comparable con productos de 

referencia. Por lo tanto, la aproximación multifactorial basada en ensayos in vitro e in planta frente 

a múltiples patógenos permitió seleccionar L. plantarum PM411 y TC92 como candidatos ABC. El 

mecanismo implicado en su actividad antibacteriana in vitro se basa, al menos en parte, por el 

efecto de la reducción de pH y la producción de ácido láctico. Además, ambas cepas presentaron 

similares tasas de supervivencia en la superficie de las hojas. Las cepas L. plantarum PM411 y 
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TC92 se diferenciaron claramente con los perfiles obtenidos mediante las técnicas “multilocus 

sequence typing” (MLST) y “random amplified polymorphic DNA” (RAPD). 

El establecimiento de los ABC, y también de las BAL, en las superficies de la parte aérea de 

las plantas, donde muchos patógenos crecen de manera epífita, es un factor clave en el control 

biológico. La parte aérea de las plantas se considera generalmente un ambiente hostil para la 

colonización bacteriana debido a la radiación ultravioleta, la limitación de nutrientes y las 

fluctuaciones de temperatura y disponibilidad de agua. Con el fin de mejorar la aptitud epífita de 

L. plantarum PM411 y TC92, en la segunda parte de esta tesis doctoral se incrementó la 

tolerancia al estrés por déficit de agua mediante una estrategia de adaptación fisiológica que 

consiste en hacer crecer las células en un medio hiperosmótico hasta alcanzar la fase 

estacionaria, que conlleva la producción de ácido. Las células adaptadas presentaron mayores 

niveles de supervivencia frente a la desecación in vitro que las no adaptadas. La respuesta de 

PM411 y TC92 al tratamiento de adaptación implicó un incremento de los niveles de transcripción 

de genes relacionados con el estrés, los cuales, en general, permanecieron inalterados durante la 

posterior desecación. Aun así, se observaron diferencias entre los patrones de transcripción de las 

dos cepas coincidiendo con un mejor comportamiento de las células adaptadas de PM411 que las 

de TC92 en las plantas en condiciones de baja humedad relativa. El tratamiento de adaptación 

incrementó la supervivencia de PM411 en condiciones de invernadero (hojas de fresa y kiwi) y de 

campo (flores de manzano y peral). Además, el tratamiento de adaptación aportó a la cepa PM411 

mayor consistencia en el biocontrol de las infecciones de Ea en flores de manzano y peral y de Xf 

en hojas de fresa. 

Los métodos de monitorización que permiten la detección específica a nivel de cepa y la 

cuantificación de células viables son necesarios para distinguir la cepa del ABC introducida de la 

microbiota autóctona de la misma especie, y para evaluar sus dinámicas poblacionales en las 

superficies de las plantas después de la aplicación en campo. En la última parte de esta tesis se 

desarrolló un método basado en la PCR cuantitativa de viables (v-qPCR) para la detección y 

cuantificación de células viables de L. plantarum PM411. Este método se basaba en un 

pretratamiento de la muestra con un colorante que se intercala con el DNA previo a la técnica de 

qPCR. El agente intercalante PEMAX se utilizó para detectar y enumerar solamente células 

viables mediante qPCR. Se identificó un marcador molecular específico de la cepa PM411 en una 

región de un posible profago con arquitectura de mosaico. Se diseñaron tres ensayos de qPCR 

con amplicones de distintas longitudes  (92, 188 y 317 pb), siendo el que amplificaba un fragmento 

de 188 pb el más apropiado para el método v-qPCR. La idoneidad de la técnica v-qPCR 

juntamente con la del recuento en placa y qPCR en la monitorización de la población de PM411 

en la superficie de plantas (hojas de peral, fresa y kiwi y flores de manzano y peral) se evaluó de 

manera simultánea en condiciones de invernadero y campo. Los tres métodos contribuyeron en la 

comprensión del comportamiento de la cepa PM411 en distintos órganos, especies de plantas y 

condiciones ambientales. La población estimada con los tres métodos no difirió significativamente 
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cuando las condiciones eran favorables para la supervivencia de PM411. Por lo contrario, en 

condiciones de estrés, se observaron diferencias entre los métodos debido a la muerte celular o a 

la inducción del estado de viables pero no cultivables. En estos casos la técnica de qPCR 

sobreestimó el nivel poblacional de viables de PM411 mientras que el recuento en placa lo 

subestimó.    
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1 Bacterial diseases of fruit crops 

Fruit and vegetable production is an important contributor to the European Union (EU) 

agricultural market (ca. 21%) (Freshfel Europe, 2017). In particular, the fruit sector stands for 6.8% 

of agricultural output in the EU with 36.4 million tonnes of fruit production in 2016, being Spain 

(10.6 million tonnes), Italy (8.7 million tonnes) and Poland (4.4 million tonnes) the most important 

producer countries (Eurostats, 2017). The main fruit categories produced in the EU are apples, 

pears, citrus, peaches and nectarines, kiwifruits, and melons/watermelons (Freshfel Europe, 2016; 

FAOSTAT, 2017). Spain is the leading supplier of fruits with almost 7.5 million tonnes shipped to 

other EU member states in 2015, having the largest European orchard area destined for fruit and 

citrus tree cultivation (33.5%) (Eurostats, 2014). 

The production and quality of fruits are seriously threatened by bacterial, fungal and viral 

diseases that produce significant economic losses (ca. 16%) in agriculture worldwide (Oerke, 

2006). The main bacterial diseases of fruit crops together with their causal agents are listed in 

Table 1.  

 

Table 1. Bacterial diseases of fruit crops (EPPO, 2018a). 

Bacterial pathogen A1/A2 List 
a
 Disease 

Agrobacterium tumefaciens - Crown gall 

‘Candidatus Liberibacter africanus’ 
‘Candidatus Liberibacter asiaticus’ 

A1 
A1 

Citrus Huanglongbing 

Erwinia amylovora A2 Fire blight of apple and pear 

Pseudomonas syringae pv. actinidiae A2 Bacterial canker of kiwifruit 

Pseudomonas syringae pv. morsprunorum 
Pseudomonas syringae pv. syringae  

- 
- 

Bacterial canker of stone fruits 

Xanthomonas arboricola pv. juglandis - Bacterial blight of walnut 

Xanthomonas arboricola pv. pruni A2 Bacterial spot of stone fruits 

Xanthomonas citri pv. citri A1 Citrus canker 

Xanthomonas fragariae A2 Angular leaf spot of strawberry 

Xylella fastidiosa subsp. fastidiosa A2 Pierce’s disease of grapevine 

Xylella fastidiosa subsp. multiplex 
Xylella fastidiosa subsp. sandyi 

A2 
A2 

Bacterial leaf scorch 

Xylella fastidiosa subsp. pauca A2 Citrus variegated chlorosis  
Olive quick decline syndrome 

a
 EPPO A1 and A2 Lists of pests recommended for regulation as quarantine pests (updated at June 2018).
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In particular, fire blight of apple and pear (Erwinia amylovora), bacterial canker of kiwifruit 

(Pseudomonas syringae pv. actinidiae), bacterial spot of stone fruits (Xanthomonas arboricola pv. 

pruni), and angular leaf spot of strawberry (Xanthomonas fragariae) pose a serious challenge to 

European fruit production. In fact, these plant diseases are also a major concern in countries 

outside Europe. Actually, these diseases and pathogens were included in the EU-funded DROPSA 

project and have been the purpose of this Thesis. The causal agents of these diseases are 

bacterial pathogens catalogued as quarantine organisms by the European and Mediterranean 

Plant Protection Organization (EPPO), which includes these bacteria in the A2 list as locally 

present in the EPPO region (EPPO, 2017). In particular, X. arboricola pv. pruni is considered as a 

quarantine bacterium in the EU in plant propagation material (i.e. in nurseries) but not in the field, 

where it is very extended. In addition, P. syringae pathovars and E. amylovora belong to the “Top 

10” plant pathogenic bacteria based on scientific and economic importance (Mansfield et al., 

2012). The aforementioned bacterial plant diseases are described in more detail in the following 

paragraphs.  

1.1 Fire blight of apple and pear 

Fire blight is a substantial threat to global pome fruit production, causing high economic losses 

every year. The causal agent is Erwinia amylovora (hereafter, Ea), a Gram-negative bacterium that 

belongs to the family of Enterobacteriaceae. E. amylovora affects several plant species, mainly 

belonging to the Rosaceae family, such as fruit trees (Pyrus spp., Malus spp., Cydonia sp.) and 

ornamentals plants (Cotoneaster spp., Crataegus spp., Pyracantha spp.) (van der Zwet et al., 

2012; EPPO, 2018a). Fire blight was first identified in 1780 in the United States of America (USA) 

and subsequently detected in New Zealand in 1920. Since then, E. amylovora has been reported 

worldwide where susceptible hosts are cultivated. Currently, fire blight is present in several 

countries of Europe, North America, the Mediterranean region, and occidental and central Asia 

(van der Zwet et al., 2012; Park et al., 2017). In Spain, the disease is established in some regions,  

while other zones are free of fire blight (MAPAMA, 2016). Typical symptoms are blackening of 

shoots, flowers, fruits and leaves, as if they had been swept by fire and often associated with 

droplets of ooze (exudates) on the surface of infected tissues (Figure 1). Necrotic lesions and 

cankers developed on woody tissues are also observed and are the sites where E. amylovora 

overwinters (Thomson, 2000). E. amylovora enters into the host plant via natural openings, such 

as the stigmas and nectarthodes of flowers, stomata, and hydathodes, or wounds. The pathogen 

begins to multiply in the intercellular spaces and is capable of rapid movement within plants and 

the establishment of systemic infections (Vanneste, 2000). 
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Figure 1. Fire blight symptoms on blossoms (A), vegetative shoot (B), and woody tissue (C) of 

pear tree. Images are courtesy of E. Montesinos (A and C) and J. Francés (B). 

1.2 Bacterial canker of kiwifruit 

Bacterial canker of kiwifruit is an emerging plant disease that has become one of the most 

serious limiting factors for kiwifruit production, causing substantial economic losses in worldwide 

cultivated crops (Vanneste et al., 2013; Donati et al., 2014). The causal agent is Pseudomonas 

syringae pv. actinidiae (hereafter, Psa), a Gram-negative bacterium that belongs to the family of 

Pseudomonadaceae. The two most economically important species of green-fleshed and yellow-

fleshed kiwifruit in the world, Actinidia deliciosa and Actinidia chinensis, respectively, are both 

susceptible to Psa. Bacterial canker of kiwifruit was first reported in Japan in 1984 and was also 

found, subsequently, in Korea, Italy, and China. Since 2008, when an epidemic outbreak occurred 

in central Italy, Psa has been spread to a pandemic scale and, to date, Psa is present in several 

European countries. Moreover, in 2010 the pathogen was reported in New Zealand and Chile for 

the first time (Janse, 2012; EPPO, 2018a). Spain is considered as free of Psa, except for certain 

zones in Galicia and Asturias where Psa was first detected in 2011 and 2013, respectively, and 

outbreaks are under eradication (MAPAMA, 2018). The main symptoms include dark angular 

necrotic spots on leaves, often accompanied by a yellow chlorotic halo, and shoot wilting and 

dieback in addition to exudates from cankers on woody plant tissues (Froud et al., 2015) 

(Figure 2). Psa can enter into the host plant through stomata, flowers, leaf and fruit abscission 

scars, and wounds. Consequently, the pathogen can systemically invade the plant. When 

conditions are favourable for development of the disease, Psa can kill a kiwifruit vine within a few 

months (Vanneste et al., 2013; Donati et al., 2014). 
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Figure 2. Bacterial canker symptoms on leaf (A), shoots (B), and woody tissue (C) of kiwifruit. 

Images are courtesy of L. Montesinos (A) and I. Donati (B and C). 

1.3 Bacterial spot of stone fruits 

Bacterial spot produces a negative economic impact in the major producing areas of stone 

fruits and almond due to the decrease in quality and marketability of fruits, a reduction of orchard 

productivity, and an increase in costs of nursery productions (Palacio-Bielsa et al., 2010; Janse, 

2012). The causal agent is Xanthomonas arboricola pv. pruni (hereafter, Xap), a Gram-negative 

bacterium that belongs to the family of Xanthomonadaceae. Xap affects a wide range of Prunus 

species including fruit crops, such as plum (P. domestica), nectarine, peach (P. persica), apricot 

(P. armeniaca), cherry (P. avium), almond (P. dulcis), and their hybrids, and ornamental species, 

such as cherry laurel (P. laurocerasus) (EPPO, 2018a). Bacterial spot of stone fruits was first 

described in the USA in 1903 on Japanese plum. Since then, the disease has been reported 

throughout the five continents and today it is distributed in the major stone-fruit-producing areas of 

the world. In Spain, Xap is present with a restricted distribution and outbreaks are under 

eradication (EPPO, 2018a). The main symptoms can be observed on leaves, fruits, twigs and 

branches, despite differences among the affected species. Symptoms include necrotic angular 

spots on leaves, twig and branch dieback, spots or sunken lesions on fruits, and stem cankers 

(Figure 3). Heavy infections lead to severe defoliation resulting in weakened trees (Scortichini, 

2010). Infected dormant buds, leaf scars, and cankers are sites where the pathogen overwinters 

and are the sources of primary inoculum. Xap multiplies epiphytically, penetrates through natural 

openings (leaf stomata and fruit and twig lenticels) or wounds, and migrates systemically inside the 

plant (Lamichhane, 2014).  
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Figure 3. Bacterial spot symptoms on peach fruit (A and C) and leaves (B and C). Images are 

courtesy of G. Morales.  

1.4 Angular leaf spot of strawberry 

Angular leaf spot of strawberry is responsible for significant losses in strawberry fruit and 

nursery-plant production. The causal agent is Xanthomonas fragariae (hereafter, Xf), a Gram-

negative bacterium that belongs to the family of Xanthomonadaceae. The predominant variety of 

cultivated strawberry, Fragaria x ananassa, is the primary host of X. fragariae. Angular leaf spot of 

strawberry was first reported in 1962 in the USA and, nowadays, it is widespread in most 

strawberry growing areas in Europe (Austria, Bulgaria, France, Spain, Germany, Portugal, Italy, 

Switzerland, Netherlands, Belgium, Finland), Asia (Taiwan, Iran), Africa (Ethiopia), South America 

(Argentina, Brazil, Paraguay, Uruguay, Venezuela) and North America (USA, Canada, Mexico) 

(Kim et al., 2016; EPPO, 2018a). X. fragariae is widespread in nurseries and is readily transmitted 

via asymptomatic planting stock with latent infection in fruit production fields. In Spain, that is the 

main European producer of fresh strawberries, X. fragariae is present with restricted distribution in 

producer regions (Andalucía) but it has the potential to establish there (EPPO, 2018a). Disease 

symptoms first appear on the abaxial side of the leaves as light green, angular, water-soaked spots 

and turn into reddish brown spots being visible on the adaxial side of the leaves (Figure 4). In 

addition, bacterial exudates and blight symptoms on pedicels, petioles and calyxes may appear 

(Kim et al., 2016). X. fragariae can easily invade leaves via the stomata and start to multiply 

through the intercellular spaces of parenchyma (Kastelein et al., 2014). The disease may become 

systemic due to pathogen colonization, causing collapse of the plant. 
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Figure 4. Angular leaf spot symptoms on abaxial (A and C) and adaxial (B) sides of strawberry 

leaves. Images obtained by N. Daranas. 
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2 Integrated management of bacterial plant diseases 

The attainment of an effective management of the bacterial plant diseases described above is 

extremely difficult and a comprehensive understanding of the bacterial pathosystems is required. 

Since curative treatments are not available, the preventive crop protection strategy is preferable to 

avoid the arrival and the spread of the pathogen (Ea, Psa, Xap, and Xf) into the host plants (Norelli 

et al., 2003; Stefani, 2010; Donati et al., 2014; Luiz et al., 2017). An integrated management 

approach, including breeding of resistant or the least susceptible cultivars, cultural practices, and 

intervention with chemical and/or biological control with the support of plant disease forecasting 

models, typically represents the best strategy for effective and sustainable disease management 

(Sundin et al., 2016).  

Firstly, adequate legislation is essential to ensure the use of healthy planting material and 

avoid the introduction and dissemination of the quarantine bacterial pathogens to new 

geographical locations. The phytosanitary passport is required to import to the EU plant material 

that can be host of Ea, Xap, and Xf, which are included as harmful organisms in the Council 

Directive 2000/29/EC. Besides, specific regions within the EU are designated as protected zones 

with the aim of maintaining them as free from Ea and Xap (Commission Implementing Regulation 

(EU) 2016/873).  

Suitable agronomic practices are indispensable as protective measures to reduce the infection 

risk, the pathogen inoculum, and the incidence and severity of infections, as well as, to control the 

disease spreading. Some of the most important interventions are focused on the removal of 

infected plants, balanced fertilization, appropriate pruning and irrigation practices, and breeding of 

resistant or tolerant cultivars (Norelli et al., 2003; Pérez-Jiménez et al., 2012; Cameron & Sarojini, 

2014; Lamichhane, 2014).  

Control strategies based on preventive applications of chemical pesticides, such as copper 

formulations (copper hydroxide, copper oxychloride, copper sulphate) and antibiotics 

(streptomycin, oxytetracycline) have been traditionally applied to satisfactorily suppress epiphytic 

populations of Ea, Psa, Xap, and Xf in the field (Roberts et al., 1997; Norelli et al., 2003; Cameron 

& Sarojini, 2014; Lamichhane, 2014). However, the use of both copper and antibiotics faces 

problems of phytotoxicity, selection of resistant populations of plant pathogens, and environmental 

and food contamination (Roberts et al., 1997; Lalancette & Mcfarland, 2007; Cameron & Sarojini, 

2014). In addition, copper induces the viable-but-nonculturable (VBNC) state in several plant-

pathogenic bacteria, such as E. amylovora, which can maintain pathogenicity, as a survival 

strategy under adverse environmental conditions (Ordax et al., 2006). Besides, the use of 

antibiotics is not allowed for regulatory reasons in the EU because of the potential impact on the 

transfer of antibiotic resistance into clinical pathogens. With a greater concern on these negative 

effects, trends in crop protection have been oriented towards a reduction of reliance on 

conventional pesticides together with the compulsory implementation of integrated pest 
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management (IPM) principles in the EU (Directive 2009/128/EC). IPM is a decision-based process 

that involves coordinated use of multiple tactics for optimizing the management of all classes of 

pests in an ecologically responsible and an economically sound manner (Lamichhane et al., 2016). 

Consequently, the interest in effective and sustainable alternative strategies to conventional 

pesticides has increased to manage these quarantine fruit crop diseases.  

An alternative approach to manage plant diseases is the use of novel compounds that have 

been described as elicitors of induced resistance in the host plant or as plant growth regulators, 

decreasing plant susceptibility to pathogen infections. Prohexadione-Ca, acibenzolar-S-methyl, 

and harpin have been reported as effective compounds to be included in the fire blight 

management strategy (Costa et al., 2006; Bastas & Maden, 2007; Balajoo et al., 2012), whilst 

chitosan and acibenzolar-S-methyl are potential tools for the management of bacterial canker of 

kiwifruit (Ferrante & Scortichini, 2010; Cellini et al., 2014). Synthetic antimicrobial peptides (AMP) 

have also been distinguished as prospective candidates of new pesticides since they may be 

active against a wide range of fungal and bacterial plant pathogens (Montesinos, 2007; Montesinos 

et al., 2012). Bactericidal activity of promising AMP against Ea and Psa has been reported 

(Badosa et al., 2007; Cameron et al., 2014; Cabrefiga & Montesinos, 2017). Recently, the 

application of plant endogenous peptides, such as plant elicitor peptides (Peps) has also been 

described to trigger plant defence response in Prunus-Xap pathosystem (Ruiz et al., 2018).  

Biological control constitutes a worthy tactic though the use of biopesticides in the integrated 

management of bacterial plant diseases. In this context, biopesticides contain biological control 

agents (BCA), generally including beneficial microorganisms and bioactive compounds derived 

from their metabolism, as well as, natural products, such as byproducts/extracts from plants or 

animals, as active ingredients to supress bacterial pathogens (Chandler et al., 2011; Sundin et al., 

2016; Montesinos & Bonaterra, 2017).  

In addition, the use of reliable disease forecasting models should be taken into account to 

implement an effective control strategy (Llorente & Montesinos, 2013). They consist of a support 

system to guide the applications of pesticides or alternative plant protection products to ensure 

efficient disease management avoiding unnecessary sprays. These models are usually disease-

specific and based on information about weather, crop, and pathogen. For example, Maryblyt 

(Lightner & Steiner, 1992) and Cougarblight (Smith, 1993) were developed for the fire blight risk 

assessment. Whereas forecasting systems for the bacterial canker of kiwifruit and the bacterial 

spot of stone fruits have been recently developed (Beresford et al., 2017; Morales et al., 2017, 

2018). 
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3 Microbial biopesticides 

Microbial biopesticides are made from BCA that include beneficial microorganisms or the 

compounds derived from their metabolism as active ingredients capable of suppressing population 

density or impact of a specific pest organism or pathogen (Glare et al., 2012). Specifically in 

protection of plant diseases, the biological control mechanism of microorganisms may be sustained 

by direct and indirect interactions with the pathogen. Direct interactions include (i) competition for 

nutrients or space, (ii) antagonism through production of antimicrobial compounds or lytic 

enzymes, (iii) parasitism, and (iv) interference with pathogen signals. Whereas indirect interaction 

is related to the induction of defence responses in plants towards the pathogen (Alabouvette et al., 

2006; Bonaterra et al., 2012).  

Microbial biopesticides have a range of attractive properties that favour their use in crop 

protection. They show multiple modes of action, which differ from those of conventional pesticides, 

since beneficial microorganisms may exhibit a combination of antagonistic mechanisms (Bonaterra 

et al., 2012). Therefore, there is less chance of resistance selection in a particular pathogen. In 

addition, microbial biopesticides usually have no pre-harvest interval and can be applied shortly 

before harvest (Kiewnick, 2007). Although microbial biopesticides generally have a narrow 

spectrum of activity that contributes to limit their impact on non-target organisms, this feature is 

commonly perceived as a disadvantage for placing the product on the market due to their low profit 

potential (Glare et al., 2012; Villaverde et al., 2014). Moreover, inconsistency in efficacy between 

trials or limited biocontrol achieved under field conditions due to the influences of biotic and abiotic 

factors is also a drawback (Alabouvette et al., 2006; Bonaterra et al., 2012). In this context, 

microbial biopesticides may be not appropriate for being used as stand-alone treatments and, 

therefore, their incorporation into an integrated programme can result in the achievement of the 

desired control level, whilst reducing the application of conventional pesticides (Spadaro & Gullino, 

2005; Alabouvette et al., 2006). 

During the last decades, many strains of microorganisms, including bacteria, yeasts and fungi, 

have been widely demonstrated as active in the control of different plant pathogens, such as 

bacteria and fungi causing aerial and root diseases (Bonaterra et al., 2012; Montesinos & 

Bonaterra, 2017), or effective against postharvest diseases (Nunes, 2012; Montesinos et al., 

2015). Regarding fire blight management, several bacterial strains of Bacillus spp. (Aldwinckle et 

al., 2002; Broggini et al., 2005), Pantoea spp. (Ishimaru, 1988; Vanneste et al., 2002), and 

Pseudomonas spp. (Wilson & Lindow, 1993; Cabrefiga et al., 2007) have been selected and 

deeply characterized as BCA because of their ability to prevent or suppress the progress of the 

disease. While little is known about antagonistic microorganisms able to manage angular leaf spot 

of strawberry, bacterial canker of kiwifruit and bacterial spot of stone fruits since few studies have 

been reported so far (Biondi et al., 2009; Kawaguchi et al., 2014; Henry et al., 2016; Wicaksono et 

al., 2018). 
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The availability of microbial biopesticides for agricultural use in the EU market is limited in 

comparison with other countries (e.g. USA) due to the requirements of the legislation to register 

them (Montesinos, 2003). According to the EU Pesticides Database (European Commission, 

2018), currently there are 44 strains, which belong to 21 species of microorganisms, approved as 

active substances as fungicide/bactericide for plant disease management, while five 

microorganisms are in pending status (Table 2).  
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Table 2. Biological control agents approved as active ingredients of microbial biopesticides for 

plant disease management in the European Union (updated at June 2018) (European 

Commission, 2018; EPPO, 2018b). 

Active ingredient Commercial name  Category 
a 

Bacteria  
 

Bacillus amyloliquefaciens AH2 
b 

- FU 

B. amyloliquefaciens FZB24 Taegro FU 

B. amyloliquefaciens IT-45 
b 

- FU 

B. amyloliquefaciens MBI 600 Serifel, Subtilex FU 

B. amyloliquefaciens subsp. plantarum D747 Double Nickel, Triathlon, AmyloX FU 

Bacillus pumilus QST 2808 Sonata, Ballad FU 

Bacillus subtilis IAB/BS03 
b
 - FU 

B. subtilis QST 713 Serenade, Rhapsody, Cease FU, BA 

Pseudomonas chlororaphis MA342 Cedomon, Cerall FU 

Pseudomonas sp. DSMZ 13134 Proradix FU 

Streptomyces K61 (formerly S. griseoviridis) Mycostop FU 

Streptomyces lydicus WYEC 108 Actinovate, Actino-Iron FU, BA 

Fungi  
 

Ampelomyces quisqualis AQ10 AQ-10 FU 

Coniothyrium minitans CON/M/91-08 (DSM 9660) Contans FU 

Fusarium sp. L13 
b
 - FU 

Gliocladium catenulatum J1446 Prestop FU 

Phlebiopsis gigantea (14 strains) Rotstop FU 

Pythium oligandrum M1 Polyversum FU 

Trichoderma asperellum (formerly T. harzianum) ICC012, 
T25 and TV1 

Bioten, Tusal, Tenet 
FU 

T. asperellum T34 Asperello FU 

Trichoderma atroviride (formerly T. harzianum) IMI 206040 
and T11 

Binab-T, Tusal 
FU 

T. atroviride I-1237 Tri-Soil, Esquive FU 

T. atroviride SC1 Vintec FU 

Trichoderma gamsii (formerly T. viride) ICC080 Tenet, Bioten FU 

Trichoderma harzianum T-22 and ITEM 908 Trianum-P, Rootshield, Plantshield FU 

Trichoderma polysporum IMI 206039 BinabT FU 

Verticillium albo-atrum (formerly V. dahliae) WCS850 Dutch Trig FU 

Yeast  
 

Aureobasidium pullulans DSM 14940 and DSM 14941 Blossom protect, Botector FU, BA 

Candida oleophila O Nexy FU 

Metschnikowia fructicola 
b
 - FU 

Saccharomyces cerevisiae LAS02 - FU 
a 

Category: FU, fungicide; BA, bactericide
  

b
 Pending approval  
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4 Development process of a microbial biopesticide 

The discovery and development of a microbial biopesticide is a complex process that involves 

several steps and ends up with the registration procedure for its commercial use (Figure 5): (i) 

selection of candidate antagonistic microorganisms, (ii) identification and characterization of 

strains, (iii) assessment of mechanisms of action and the biocontrol efficacy in pilot tests, (iv) 

improvement of the competitiveness in the plant, (v) definition of mass production and formulation 

systems, (vi) development of specific monitoring methods, and (vii) biosafety and environmental 

impact studies.  

Figure 5. Scheme of the steps required for the development of a microbial biopesticide. Grey 

squares highlight the steps that have been tackled in this Ph.D. Thesis. Adapted from Montesinos 

& Bonaterra (2017). 

 

The selection procedure consists of isolation and screening of microorganisms capable of 

supressing the targeted plant pathogens and reducing the disease levels.  

Proper sampling at adequate niches can increase the probability to obtain candidate 

microorganisms for biological control (Montesinos & Bonaterra, 2017). For instance, samples may 

be taken from plant materials where there is evidence of the presence of beneficial 

microorganisms, such as healthy plants that survived the disease in epidemic areas (Montesinos, 
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2003), or near pathogen infection sites (Handelsman et al., 1990). In addition, antagonists may be 

isolated from samples obtained from the same natural environment where they will be introduced 

for the disease management to ensure their ecological adaptation. A careful choice of the isolation 

technique using enrichment approach and selective or differential media allows for the successful 

isolation of the specific microbial group of interest. Microorganisms with potential antagonistic 

properties and categorized as safe are highly appreciated for the development of microbial 

biopesticides. The isolation of hundreds of candidates is recommended since the presence of 

microorganisms with high antagonistic activity is relatively rare in the environment and it is 

restricted to the strain level (Montesinos, 2003). 

The screening is a critical step because the type of microorganism selected depends on the 

method used (Montesinos, 2003). Screening procedures are usually specific to a given mechanism 

of action, such as antibiosis, competition or induction of plant defence (Montesinos & Bonaterra, 

2017). Therefore, it is expected that only a portion of the antagonistic microbiota will be selected 

(Pliego et al., 2011). Efficacy bioassays are generally performed by means of in vitro, ex vivo, or in 

planta tests in a controlled laboratory environment to select isolates with biocontrol potential 

against targeted pathogens. Additionally, the use of molecular markers to prospect specifically 

antagonists by means of the specific detection of genes involved in the synthesis of secondary 

metabolites with antimicrobial properties seems to be a good strategy to increase the efficiency of 

screening procedures (Mora et al., 2011, 2015; Montesinos & Bonaterra, 2017). In a first screening 

round in vitro assays allow for a rapid throughput with clear discriminatory results. However, the 

selection criterion of in vitro screening method is only based on pathogen growth inhibition by 

means of the production of antimicrobial compounds as mode of action and may exclude the 

discovery of antagonists that control plant pathogens through other mechanisms. An appropriate 

screening procedure is based on ex vivo and in planta bioassays since the interaction between the 

host plant, the pathogen and the antagonist is taken into account, as well as, different mechanisms 

of action related to biological control (Köhl et al., 2011; Pliego et al., 2011). The multi-pathogen 

approach is recommended to select strains with broad spectrum of activity (Roberts et al., 2005; 

Suárez-Estrella et al., 2013; Haidar et al., 2016). Besides antagonistic efficacy, other relevant 

characteristics of the candidates related to suitability for commercial production and registration 

should be taken into account to guide the selection of attractive candidate antagonists (Köhl et al., 

2011).  

Once candidate strains are selected, it is necessary to proceed to their identification and 

characterization by phenotypic and genotypic analysis. The mechanisms involved in their biological 

control activity should also be determined. All this information is not only required for the 

registration and patenting of the potential antagonistic strains, but also for improving their efficacy. 

Understanding the mechanisms of action is also critical for the eventual improvement and effective 

use of the microbial biopesticide as a component of IPM strategies. In addition, since the relative 

dose of pathogen and BCA is an important factor determining the efficacy and consistency of 
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biological control, in planta bioassays under controlled environment make possible to evaluate 

disease management over a wide range of pathogen and BCA densities. Dose–response models 

have been developed to obtain quantitative parameters that describe the efficacy of the BCA, 

allowing for the comparison of different BCA and pathosystems (Montesinos & Bonaterra, 1996; 

Bonaterra et al., 2003; Francés et al., 2003; Trias et al., 2008a). Besides, these parameters may 

give information on the dose range of the BCA needed to provide reliable, economical biological 

control.  

Before an antagonistic strain is seriously considered for the microbial biopesticide 

development, pilot trials (greenhouse and field bioassays) must be conducted in several 

pathosystems and under diverse environmental conditions to ensure a wide range of applicability, 

as well as, consistency in efficacy under real conditions (Montesinos, 2003). 

One of the major limitations of microbial BCA is the inconsistent performance under field 

conditions due to biotic (host plant species, nutritional status, pathogen) and abiotic (temperature, 

relative humidity) factors. Fluctuations in water availability and temperature on aerial plant surfaces 

greatly affect microbial epiphytic life (Montesinos & Bonaterra, 2017). Therefore, improving the 

competitiveness of BCA to colonize and survive in the plant environment is a key step of the 

development process to improve stability and biocontrol efficacy of microbial biopesticides in the 

field (Bonaterra et al., 2012).  

For the commercial launch of a microbial biopesticide, suitable and cost-effective mass 

production at the industrial scale system (solid or liquid fermentation) have to be carefully 

developed to obtain the greatest amount of efficacious cells in the shortest period of time and to 

optimize the production of bioactive metabolites (Nunes, 2012). Subsequently, developing an 

appropriate formulation (dry or liquid) is fundamental to increase shelf-life, improve delivery, 

enhance the persistence in the field, and maintain the biocontrol efficacy (Hynes & Boyetchko, 

2006; Segarra et al., 2015). Thus, the use of protective additives compatible with the BCA is 

common and they can be incorporated at different points of the production-formulation process.  

Biosafety studies have to be undertaken to guarantee the lack of adverse effects of the active 

ingredient and the formulated product in plants and animals, including humans. It is also required 

to perform risk assessment studies on traceability, residue analysis, and environmental impact 

(Montesinos, 2003). Thus, the development of reliable monitoring methods that accurately identify 

the released microorganism at strain level and track its population dynamics over time is a 

registration requirement (Bonaterra et al., 2012). These methods are useful for monitoring the fate 

and behaviour of a released strain in the environment and for the quality control during production 

and formulation of the microbial biopesticide.  

Finally, for placing the microbial biopesticide on the EU market, the active substance (i.e. 

antagonistic strain) needs to be approved at EU level and the formulated product must be 

authorized at member state level (Regulation (EC) No 1107/2009). 
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5 Lactic acid bacteria as biological control agents 

Lactic acid bacteria (LAB) are indigenous to food-related habitats, including plants (fruits, 

vegetables, and cereal grains), wine, milk, and meat (Di Cagno et al., 2008; Crowley et al., 2013). 

They are also part of the normal healthy flora of humans and animals readily found in the oral 

cavity and the intestinal tract. In addition, LAB are ubiquitous members of many plant microbiomes 

and are found in the phyllosphere, endosphere and rhizosphere of many plants (Fhoula et al., 

2013; Shade et al., 2013; Minervini et al., 2015).  

The term ‘lactic acid bacteria’ (LAB) describes a group of Gram-positive bacteria that share 

metabolic and physiological characteristics (Gänzle, 2015). LAB are non-spore forming, non-

motile, catalase-negative, devoid of cytochromes, anaerobic aero-tolerant, acid-resistant, with 

cocci or rod shape. Typically, LAB are mesophilic bacteria, but they are also able to grow at 

temperatures ranging from 5 to 45 ºC. These bacteria produce lactic acid as the major end product 

of sugar fermentation (Stiles & Holzapfel, 1997; Holzapfel & Wood, 2014).  

Two pathways for carbohydrate fermentation are employed by LAB species: the 

homofermentative pathway (glycolysis, Embden-Meyerhof-Parnas pathway) in which lactic acid is 

the primary product or the heterofermentative pathway (6-phosphogluconate/phosphoketolase 

pathway) in which many other metabolites, such as organic acids, carbon dioxide, acetate, ethanol 

and aromatic compounds are produced in addition to lactic acid (Stiles & Holzapfel, 1997; Gänzle, 

2015). 

This group of bacteria belongs to the phylum Firmicutes that encompasses 11 genera: 

Lactobacillus (by far the most investigated genus), Lactococcus, Streptococcus, Enterococcus, 

Pediococcus, Leuconostoc, Oenococcus, Tetragenococcus, Carnobacterium, Vagococcus and 

Weissella (Stiles & Holzapfel, 1997; Papadimitriou et al., 2016).  

The genus Lactobacillus is the largest group of LAB and comprises more than 150 different 

species (Siezen et al., 2010; da Silva Sabo et al., 2014). Among them, Lactobacillus plantarum 

(Figure 6) can be found in different ecological niches, both in fermented foods and plant material, 

as well as, in gastro-intestinal tract of human and animals (Siezen et al., 2010). L. plantarum has 

traditionally been used as starter cultures in food fermentations and some strains have also been 

highlighted as probiotic bacteria.   
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Figure 6. Scanning electron micrographs of Lactobacillus plantarum TC92 inoculated on Prunus 

sp. (rootstock GF-677) leaves. Images obtained by N. Daranas. 

 

LAB are widely used as starter cultures in the manufacture of fermented foods for the dairy, 

meat, vegetable, beverage, and baking industries, as well as, in silage for animal feed. In the 

fermentation process, LAB not only contribute to food preservation, but also the development of 

organoleptic properties.  

The interest in LAB as food biopreservatives to increase food safety is due to their 

antimicrobial activity. Moreover, LAB represent ideal candidates for commercial exploitation since 

some species/strains are designated with the Generally Regarded as Safe (GRAS) and Qualified 

Presumption of Safety (QPS) status by the U.S. Food and Drug Administration (FDA) and the 

European Food Safety Authority (EFSA), respectively. Several studies have documented the 

efficacy of particular LAB strains as biopreservative agents to prevent spoilage and to extend the 

shelf life of a wide range of food (Table 3). These reported strains are able to inhibit the growth of 

foodborne bacterial pathogens, postharvest fungi and mycotoxigenic moulds in fruits, vegetables, 

cheese, bread, meat, and fish.  
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Some antagonistic LAB strains play also a role to control phytopathogens, such as fungi, 

oomycetes and bacteria (Table 4). The potential antagonism between plant-associated LAB and 

some foliar phytopathogenic bacteria was reported for the first time by Visser et al. (1986) with the 

ultimate aim to implement LAB for the biological control of bacterial plant diseases. Thenceforward, 

the application of LAB has been suggested as a promising alternative for the management of 

different plant diseases, such as bacterial spot in pepper plants (Shrestha et al., 2014), bacterial 

soft rot in cabbage (Tsuda et al., 2016), and fire blight in apple and pear trees (Roselló et al., 2013, 

2017). Interestingly, some LAB strains are able to inhibit more than one phytopathogen and, 

therefore, they may allow for a wide range of plant protection (Trias et al., 2008c). The main 

advantage of using LAB as BCA is that they are not perceived as environmental and health 

hazards. Consequently, LAB would pose no risks for applications in edible crop production, 

exempting them from costly and time consuming regulatory approval processes. Beside acting as 

BCA, LAB have also been shown to be effective biofertilizers and biostimulants, improving nutrient 

availability, alleviating biotic and abiotic stresses, and directly stimulating plant growth (Hamed et 

al., 2011; Shrestha et al., 2014; Lamont et al., 2017).   
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5.1 Antimicrobial activity of LAB 

The success of LAB in preventing the growth and activity of pathogenic bacteria and 

undesirable spoilage microorganisms is mainly due to a wide diversity of mechanisms of action. 

They produce one or more antimicrobial metabolites, such as organic acids, carbon dioxide, 

diacetyl, hydroxide peroxide, and also other proteinaceous compounds like bacteriocins and 

antifungal peptides (Reis et al., 2012). In addition, LAB may exclude pathogens by pre-emptively 

colonizing plant tissues susceptible to infection (Visser et al., 1986; Tsuda et al., 2016), by 

competition for nutrient and space, or by inducing defence responses in plants towards the 

pathogen (Konappa et al., 2016).  

The production of organic acids, mainly lactic and acetic, implies a decrease of the 

environmental pH, which generally restricts growth of both bacteria and fungi. Organic acids diffuse 

through the cytoplasmic membrane of the target organisms in their hydrophobic undissociated form 

and then reduce intracellular pH and stop metabolic activities (Dalié et al., 2010; Reis et al., 2012). 

Moreover, these acids functions as permeabilizers of the Gram-negative bacterial outer membrane 

promoting the effects of other antimicrobial substances (Alakomi et al., 2000). 

Hydrogen peroxide is produced by most LAB in the presence of oxygen and its accumulation 

due to the inability to produce catalase oxidises the lipid membrane and cellular proteins of the 

target organisms (Dalié et al., 2010; Reis et al., 2012) 

Bacteriocins constitute a heterogeneous group of ribosomally synthesized antimicrobial 

peptides released into the extracellular medium that are active against other bacteria, either in the 

same or related species (narrow spectrum) or across genera (broad spectrum) (Cotter et al., 

2005). Bacteriocins are produced by both Gram-negative and Gram-positive bacteria, including 

many strains belonging to different genera of LAB. In Gram-positive bacteria, most bacteriocins are 

small in size (30-70 amino acids), have cationic properties and kill target cells by destabilizing the 

integrity of the inner membrane envelope (e.g. pore forming), causing disruption of the membrane-

potential and/or leakage of cellular solutes that eventually leads to cell death (Nes et al., 2007). For 

many bacteriocins from Gram-positive bacteria, the inhibitory activity is not directed against only 

bacteria within the same species as the producer but also against other species and genera (Nes 

et al., 2007). Bacteriocin activity against Gram-negative bacteria has been shown, but, usually, 

when the integrity of the outer membrane has been previously compromised by specific agents or 

treatments, such as the use of chelating agents, by treatment with plant essential oils or by 

physical treatments, such as heating, freezing or high pressure processing (Cotter et al., 2005; 

Prudêncio et al., 2015).  

Since the first classification of LAB bacteriocins proposed by Klaenhammer (1993), different 

schemes have been proposed taking it as a basis (Cotter et al., 2005; Drider et al., 2006; 

Savadogo et al., 2006; Todorov, 2009). Recently, it was proposed a slightly adjusted classification 

for LAB bacteriocins into three different classes that can accommodate the novel subclasses that 
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are appearing, based on the biosynthesis mechanism and biological activity (Alvarez-Sieiro et al., 

2016). Class I includes small (less than 10 kDa) post-translationally modified peptides that are 

heat-stable and characterized by their content of several unusual amino acids, such as lanthionine 

and methyl-lanthionine. Among them, nisin, produced by Lactococcus lactis, is the best studied 

(Lubelski et al., 2008). Class II comprises small (less than 10 kDa), unmodified and heat-stable 

peptides classified as pediocin-like bacteriocins (Class IIa), two-peptide bacteriocins (class IIb), 

leaderless bacteriocins (class IIc), and non-pediocin-like, single-peptide bacteriocins (class IId). 

Pediocin PA-1 from Pediococcus acidilactici (Pucci et al., 1988),  Lactococcin G from L. lactis 

(Nissen-Meyer et al., 1992), and Enterocin L50 from Enterococcus faecium (Cintas et al., 1998) 

are the most extensively studied representative pediocin-like bacteriocin, two-peptide bacteriocin, 

and leaderless bacteriocin, respectively. Class III encompasses unmodified large-molecular-weight 

(>10 kDa) and heat-labile antimicrobial bacteriocins with bacteriolytic or non-lytic mechanism of 

action. Zoocin A and helveticin J are one of the best-characterized LAB bacteriolysins and non-lytic 

bacteriocins, respectively (Joerger & Klaenhammer, 1990; Simmonds et al., 1996).  

Since several species/strains of LAB possess the GRAS and QPS status for use in foods, the 

bacteriocins produced by them are generally considered as safe compounds with interesting 

properties (e.g. stability, antimicrobial activity, lack of toxicity, no flavour alteration). Semi-purified 

and purified LAB bacteriocins or bacteriocin-producing LAB cultures have been proposed as 

effective biopreservative agents to increase the shelf-life of fermented and nonfermented foods, 

whether of animal or vegetable origin, by eliminating or controlling spoilage microorganisms and 

foodborne pathogens (Cotter et al., 2005; Settanni & Corsetti, 2008). The production of 

bacteriocins by LAB is dependent on a number of factors which need to be considered for the 

optimization of fermentation process and enhance the bacteriocin production (Abbasiliasi et al., 

2017). However, only nisin (NisaplinTM, Danisco, E324) and pediocin PA-1 (ALTA2431TM, Quest) 

have been commercialized as food additives so far (Alvarez-Sieiro et al., 2016). Although the 

interest in bacteriocins or bacteriocin-producer strains to control plant pathogenic bacteria and 

fungi has been increased and several examples have been reported, the strains involved in these 

studies were not LAB (Pham et al., 2004; Parret et al., 2005; Hammami et al., 2012). 
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6 Improvement of microbial biopesticides 

A challenge in the development of microbial biopesticides is to overcome the inconsistent 

performance of biological control. The establishment of a suppressive population of the BCA strain 

on aerial plant surfaces is critical in order to guarantee effective biological control of plant diseases. 

Colonization and survival of the BCA on the phyllosphere after spray application are greatly 

dependent on environmental conditions. Aerial plant surfaces show nutrient limitations and are 

exposed to ultraviolet radiation and changes in water availability and temperature. These 

conditions are generally considered inhospitable for bacterial growth and may cause significant 

declines in survival (Lindow & Brandl, 2003). Additionally, during the production process, including 

dehydration procedures and storage, BCA encounter various severe abiotic stresses, such as 

desiccation, high temperature and shear forces, which also reduce their viability and subsequent 

performance (Costa et al., 2000; Cabrefiga et al., 2014; Stephan et al., 2016). Consequently, 

tolerance to environmental stresses may contribute to the fitness traits of BCA, influencing the 

survival capacity on aerial plant surfaces and during the mass production and formulation steps 

(Hagen et al., 2009). Therefore, developing strategies to enhance the stress tolerance of BCA is 

essential for their efficacy and commercial application (Sui et al., 2015). 

Approaches consisting of physiological adaptation of BCA to stress and improvement of 

formulation, as well as, genetic manipulation of microorganisms have been reported to improve the 

performance of microbial biopesticides (Figure 7). The ability of BCA to colonize and survive in the 

plant environment and, consequently, the efficacy of microbial biopesticides under a wide range of 

conditions are improved, expanding their spectrum of activity (Montesinos & Bonaterra, 2017).  

 

 

Figure 7. Approaches for the improvement of microbial biopesticides. 

 

Improvement of 

microbial biopesticides 

- Physiological adaptation of BCA to stress (e.g. osmoadaptation) 

Improvement of formulation 

Genetic manipulation 

- Amendment with non-toxic antimicrobial compounds 

- Mixture of antagonists 

- Nutrient enhancement 
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The physiological adaptation of BCA (bacteria and yeasts) by osmoadaptation has been 

reported as an effective approach to improve their behaviour in front of drying process and storage 

and to enhance epiphytic establishment on plant surfaces. Some examples are: the fire blight 

biological control agents Pseudomonas fluorescens EPS62e (Bonaterra et al., 2007; Cabrefiga et 

al., 2011, 2014) and Pantoea agglomerans E325 (Pusey & Wend, 2012), the postharvest biological 

control agents P. agglomerans EPS125 (Bonaterra et al., 2005), CPA-2 (Teixidó et al., 2006; 

Cañamás et al., 2008), and Candida sake CPA-1 (Teixidó et al., 1998), the Fusarium head blight 

biological control agents Bacillus subtilis RC 218 and Brevibacillus sp. RC 263 (Palazzini et al., 

2009), and the Aspergillus flavus biological control agents Kluyveromyces spp. Y16 and Y25 

(Montemarani et al., 2014). The osmoadaptation consists of inoculum preparation under osmotic 

stress conditions that provokes the intracellular accumulation of compatible solutes (osmolytes) to 

counterbalance the osmotic pressure of the environment and maintain cell turgor. These osmolytes 

include sugars, amino acids and their derivatives synthesized or taken from the growth medium. 

Therefore, environmental stress tolerance in microorganisms can be induced by cultivation under 

suboptimal conditions. Water-stress tolerance is an important component of bacterial fitness and is 

therefore relevant to understand, predict, and manipulate the ecological success of BCA (Hagen et 

al., 2009; Cabrefiga et al., 2011).  

Another strategy to increase the fitness of a BCA upon delivery to the field is the nutritional 

enhancement. Nutrient availability is one of the factors that govern the efficacy of biological control. 

This strategy has been reported for improving biological control activity of several bacteria and 

yeasts against fungal postharvest pathogens (Janisiewicz et al., 1992; Nunes et al., 2001; Guetsky 

et al., 2002; Druvefors et al., 2005) and bacterial plant pathogens (Cabrefiga et al., 2011). This 

approach consists of the addition in the formulation specific nutrients that are preferably 

metabolized by the BCA but not by the pathogen, which results in a stimulation of growth and a 

better colonization of the antagonist. This method is especially useful for antagonists in which 

competition for limiting nutritional sources is the major mechanism of biocontrol (Janisiewicz, 

1994). However, nutrients have to be carefully chosen for each particular BCA/pathogen system 

because nutritional enhancement may have unexpected effects, like potentiation of the pathogen 

activity.  

The improvement of formulation of a microbial biopesticide can be achieved by mixing 

antagonists (bacteria, fungi and yeasts). This approach may increase efficacy and repeatability 

within experiments, as well as, provide a broad spectrum of protection against soilborne fungal 

pathogens (Roberts et al., 2005; Kim et al., 2008; Agustí et al., 2011; Yang et al., 2015), foliar 

bacterial pathogens (Roselló et al., 2017; Jetiyanon et al., 2003; Jetiyanon & Kloepper, 2002) and 

postharvest pathogens (Janisiewicz, 1988; Guetsky et al., 2001; Calvo et al., 2003). An important 

requisite for designing effective strain mixtures is the use of compatible candidates that 

complement each other with different mechanisms of action and ecological attributes (Lutz et al., 

2004; Stockwell et al., 2010; Nunes, 2012). The establishment of several BCA jointly may 
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collectively result in utilization of a greater range of nutrients required by the pathogen (Stockwell 

et al., 2010). Therefore, combination of antagonistic strains may permit more extensive 

colonization and, therefore, synergistic effect on biological control under a broad range of 

conditions (Spadaro & Gullino, 2005). However, despite using ecologically compatible antagonistic 

strains, the mixture may not provide additive or synergistic disease control due to mechanistic 

incompatibility, whereby the activity of one antagonist interferes with the mechanism of action 

employed by the other antagonist (Stockwell et al., 2010). 

The amendment of BCA with non-toxic antimicrobial compounds, such as antimicrobial 

peptides, bioregulators, organic acids, essential oils, and food additives, is another strategy that 

has attracted much attention. The combination of two different and complementary modes of action 

may result in synergistic inhibitory effects. Remarkably improved biological control of plant and 

postharvest pathogens was reported by combining prohexadione-Ca and P. agglomerans P10c 

(Spinelli et al., 2012), salicylic or gibberellic acid and Cryptococcus laurentii strain (Yu et al., 2006, 

2007), lactic acid and L. plantarum strains (Roselló et al., 2017), essential oils and Bacillus 

amyloliquefaciens or L. plantarum strains (Arrebola et al., 2010; Zamani-Zadeh et al., 2014), and 

sodium bicarbonate or ammonium molybdate and several antagonistic yeasts (Nunes et al., 2002b; 

Wan et al., 2003).  

Another possibility to improve the antagonist effectiveness include the genetic manipulation of 

the BCA (Spadaro & Gullino, 2005). In this context, antagonists can be manipulated by molecular 

techniques to over-express mechanisms of biological control or foreign genes can be transferred to 

antagonists to increase tolerance to environmental stresses and to produce antimicrobial 

substances (Janisiewicz et al., 2008). Thus, this approach allows for the introduction of new traits 

to enhance biological control activity. However, regulation restrictions to release genetically 

modified organisms (GMO) into the environment have to be taken into account since genetic 

manipulation is an impediment for registration of a GM-biological control agent.  
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7 Monitoring of biological control agents 

Monitoring population dynamics of microbial BCA once introduced in the environment is 

necessary. Specific analytical methods at strain level are required since autochthonous wild 

populations of the same species or genus may be present. Moreover, since the performance of 

BCA depends on their survival and colonization in the environment, monitoring methods should 

also be capable of enumerating the viable population fraction. A great number of monitoring 

methods have been described in the literature to track BCA (bacteria, fungi and yeasts) delivered 

in both rhizosphere and phyllosphere (Table 5). In all of these approaches, the detection method, 

which is based on the unambiguous identification of the BCA strain by a specific marker, and the 

quantification method, which allows for the assessment of its population level, are both defined. 

Monitoring methods can be divided into culture-based and culture-independent methods (Figure 8). 

However, a combination of them may be useful to get an in-depth study of the overall BCA 

population, being able to monitor both culturable, viable and dead cells (Gamalero et al., 2003). It 

is known that BCA may be undergone a large variety of processes following their introduction in 

the environment, including growth, death, physiological adaptation, and conversion to 

nonculturable cells (Van Elsas et al., 1998).  

 

Figure 8. Quantitative analytical methods for monitoring biological control agents at strain level.  
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7.1 Culture-based methods 

Culture-based methods consist of microbial growth on selective or semi-selective media (e.g. 

supplemented with antibiotics or fungicides) in which only the target strain is able to grow or can be 

differentiated from other strains (Bonaterra et al., 2012). The use of spontaneous mutant 

derivatives resistant to antibiotics for tracking BCA strains has been reported (Johnson et al., 2000; 

Bonaterra et al., 2005, 2007; Stockwell et al., 2010; Roselló et al., 2013). The population size is 

estimated by colony forming units (CFU) counting after dilution plating or using the most probable 

number (MPN) determination. Although these methods have been traditionally used mainly 

because of their easy performance and low cost, they show some limitations. Culture-based 

methods lack specificity because non-target microorganisms able to grow on the media with the 

same antibiotic resistance profile may be present in the environment (Badosa et al., 2004) and 

differentiation between strains regarding colony morphological characteristics is mostly difficult. 

Moreover, considering that part of the BCA population may enter into viable-but-nonculturable 

(VBNC) state as an adaptive response to cope with environmental stresses after field release 

(Oliver, 2005; Pinto et al., 2015), culture-based methods may underestimate the effective 

population size. Consequently, the development of strain-specific and culture-independent 

monitoring tools has received interest.  

7.2 Culture-independent methods 

7.2.1 Cell counting methods 

Genetic engineering of BCA with exogenous reporter genes that encode enzymes or proteins 

responsible for bioluminescence or fluorescence has provided useful tools for monitoring several 

strains in environments (Tombolini et al., 1997; Unge et al., 1999; Lowder et al., 2000; Unge & 

Jansson, 2001; Lübeck et al., 2002; Spinelli et al., 2005; Zhang et al., 2005; Etebarian & Holberg, 

2006; Bloemberg, 2007). The most promising described reporter genes are the gfp and luxAB 

genes. The gfp gene encodes the green fluorescent protein from jellyfish Aequorea victoria 

(fluorescence marker) and the luxAB gene encodes the luciferase enzyme from Vibrio fischeri 

(luminescent marker). The emission of fluorescence is detected from both viable and dead gfp-

tagged cells, since it has no energy requirement. In contrast, only metabolically active cells tagged 

with luxAB gene are detected, since its gene expression and, consequently, the bioluminescence 

phenotype is dependent on cellular energy status. Simultaneous quantification of total population 

and metabolic activity based on the use of a dual gfp/luxAB marker system was reported to monitor 

P. fluorescens SBW25 (Unge et al., 1999). However, the main drawback is that the use of 

heterologous genes converts the BCA into a GMO, introducing difficulties for its further registration 
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and commercialisation in the EU. Therefore, this approach can be only used for monitoring studies 

under confined conditions.  

Immunofluorescence techniques have also been used to track BCA (Kragelund & Nybroe, 

1996; Hansen et al., 1997). They are based on the use of antigen-specific antibodies tagged with a 

fluorescent dye to detect the presence of the target strain (antigen). The use of different dyes 

provides an extremely powerful way to characterize the physiological state, activity or degree of 

viability of bacteria (Gamalero et al., 2003).  

The quantification of tagged cells with fluorescent markers is achieved by fluorescence 

microscopy (epifluorescence and confocal laser microscopy), spectrofluorometry, or flow 

cytometry. In addition, information regarding the localization and distribution of the BCA in planta is 

obtained by visualization of microbial cells in situ (Spinelli et al., 2005).  

7.2.2 PCR-based methods 

Molecular methods based on the detection of nucleic acids by means of polymerase chain 

reaction (PCR) technique are increasingly used for monitoring BCA without regard to their 

cultivability. PCR-based methods are rapid, versatile, sensitive, and precise and allow for specific 

detection and quantification of microorganisms of interest (Martini et al., 2015). The possibility to 

differentiate the target strain from closely related strains of the same species is achieved by 

detecting a strain-specific region within its genome. Several DNA fingerprinting techniques provide 

the detection of natural polymorphisms within the target strain genome to obtain molecular 

markers. These techniques have been generally proved to be suitable since they do not require 

any prior knowledge of the target strain genome and because of their simplicity and high 

discrimination power. One of the most widely used techniques is the random amplified polymorphic 

DNA (RAPD), based on the use of a short single oligonucleotide of a random sequence as a 

primer for the amplification of genomic DNA under non-restrictive conditions (Williams et al., 1990). 

Other fingerprinting methods include the amplified fragment length polymorphism (AFLP), based 

on the detection of genomic restriction fragments (Vos et al., 1995), and the amplification of 

repetitive element sequences (rep-PCR), based on using oligonucleotide primers complementary 

to interspersed repetitive sequences (Versalovic et al., 1994). The comparison of fingerprinting 

patterns of related strains within the same species allows for the discrimination among them. 

Unique amplified fragments for the target strain are cloned and sequenced to generate sequence-

characterized amplified regions (SCAR) in which specific primers can be designed for the specific 

and reproducible amplification of single DNA fragments. SCAR markers have been commonly 

used to develop monitoring methods for BCA (Schena et al., 2002; De Clercq et al., 2003; Massart 

et al., 2005; Pujol et al., 2005; Rubio et al., 2005; Cordier et al., 2007; Felici et al., 2008; Nunes et 

al., 2008; Holmberg et al., 2009; Larena & Melgarejo, 2009b; Von Felten et al., 2010; Feng et al., 

2011; Gotor-Vila et al., 2016). When the target strain genome is available, exploiting sequence 
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polymorphisms in genes or sequences with known functions have also been reported for strain-

specific marker detection in BCA (Johansson et al., 2014; Horn et al., 2016). Furthermore, genome 

comparative analysis also yielded genomic islands that probed to be strain-specific (Braun-

Kiewnick et al., 2012). The use of phage-related sequences as genomic markers have been used 

to identify bacteria at strain level as well (Brandt & Alatossava, 2003; Coudeyras et al., 2008). 

Once the strain-specific sequence has been identified, BCA detection in the environment 

consists of direct DNA extraction from samples followed by PCR with specific primers. However, 

conventional PCR does not allow accurate quantitative analysis. To overcome this limitation, the 

combination of plating on semi-selective media and CFU counts with PCR detection using specific 

primers was reported in order to detect and quantify viable and culturable cells of the target strain 

(De Clercq et al., 2003; Pujol et al., 2005; Felici et al., 2008; Nunes et al., 2008; Larena & 

Melgarejo, 2009b). Nevertheless, the population size may be underestimated because bacteria 

can enter in a VBNC state. The emergence of new techniques, such as the quantitative-

competitive PCR (QC-PCR) and mainly the real-time PCR (qPCR), allows for the quantification of 

nucleic acids in vitro and the estimation of the population size of the BCA strain.  

The QC-PCR is based on the co-amplification of the target DNA with an internal standard (IS) 

DNA, which competes for the primer binding during amplification. Quantification is achieved by 

comparing the relative yield of the PCR products amplified from the target and from the IS that 

should remain constant during the amplification (Rezzonico et al., 2003; Pujol et al., 2004). 

The qPCR is nowadays the most widespread technique for specific detection and enumeration 

of BCA in different plant environments. The amplification reaction is monitored by detection of 

fluorescent signal using different chemistries that can be grouped into sequence non-specific (e.g. 

SYBR Green I dye) and sequence specific systems (e.g. hydrolysis probes, molecular beacons, 

Scorpion probes) (Schena et al., 2004). SYBR Green is an intercalating binding dye that binds to 

any double-stranded DNA and consequently emits fluorescent signal. Among the amplicon 

sequence-specific system, the hydrolysis probes, such as TaqMan probe, are the most utilized. 

TaqMan probe is an oligonucleotide probe fluorescently labelled that hybridises with the target 

DNA during amplification and its hydrolysis by the 5’-3’ exonuclease activity of the DNA 

polymerase after each PCR cycle causes the emission of fluorescence. The advantage of 

fluorogenic probes over DNA binding dyes is that specific hybridisation between probe and target 

DNA sequence is required to generate a fluorescent signal (Schena et al., 2004). TaqMan probe is 

commonly employed for specific BCA strain detection (Massart et al., 2005; Rubio et al., 2005; 

Pujol et al., 2006; Beaulieu et al., 2011; Feng et al., 2011; Braun-Kiewnick et al., 2012; Soto-

Muñoz et al., 2014b; Horn et al., 2016; Mosimann et al., 2017). The fluorescence emitted, which is 

proportional to the amount of PCR product, is captured during the amplification reaction and is 

plotted as a curve. The quantification of the population size of the BCA is achieved by interpolating 

cycle threshold (Ct) values of unknown samples with standard curves obtained after the 

amplification of serial dilutions of known quantities of the target DNA. The cycle threshold (Ct) is 
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the number of PCR cycles necessary to generate a fluorescent signal significantly higher than the 

background signal and is inversely related to the logarithm of the initial amount of target molecules. 

The biggest drawback of qPCR is the possible overestimation of the active BCA population since 

this method cannot differentiate between DNA from viable and dead cells, and non-degraded 

extracellular DNA (Josephson et al., 1993; Schena et al., 2004). 

It is generally accepted that a cell must be intact, capable of reproduction, and metabolically 

active to be considered alive. A variety of techniques exist to assess the relatively proportions of 

viable and dead microorganisms in natural environment, which typically address one of the three 

aspects of microbial viability: (i) the existence of an intact, functional membrane, (ii) the presence 

of cellular metabolism or energy, or (iii) the possession of self-replicating DNA that can be 

transcribed into RNA, which if applicable, can subsequently be translated into protein (Emerson et 

al., 2017). 

A possible strategy to exclude the detection of dead cells may be addressed by using RNA 

rather DNA as target molecule. mRNA is only produced by metabolically active cells and is 

degraded rapidly after cell death, making mRNA suitable to specifically detect viable 

microorganisms. In order to use RNA as target molecule, a reverse transcription step in which RNA 

is converted to cDNA is required before qPCR run (Schena et al., 2004, 2013). The reverse 

transcription (RT) coupled to qPCR has been reported for the determination and quantification of 

active cells of a Trichoderma harzianum strain in soil (Beaulieu et al., 2011). However, since RNA 

is less stable than DNA, RNA degradation may occur by inadequate sample manipulation and 

could lead to false negative or underestimation. In addition, since the expression level of many 

mRNA species greatly depends on the physiological status of cells (e.g. VBNC state) and 

environmental conditions, precise quantification may be not achieved.  

An alternative approach for the preferential detection and quantification of viable cells is the 

viability qPCR (v-qPCR). This method relies on the use of nucleic acid intercalating dye as a 

sample pre-treatment prior to DNA isolation and the qPCR. The v-qPCR has been shown to be 

useful for quantification of viable foodborne pathogenic microorganisms in different food matrices 

(Rudi et al., 2005; Elizaquível et al., 2012; Martin et al., 2013; Elizaquível et al., 2014; Liu & 

Mustapha, 2014; Seinige et al., 2014), and probiotic and starter strains in milk and dairy products 

(Desfossés-Foucault et al., 2012; Villarreal et al., 2013). However, in the biocontrol field of plant 

pathogens v-qPCR has only been developed to monitor the strain P. agglomerans CPA-2 in citrus 

fruit in postharvest so far (Soto-Muñoz et al., 2015a, 2015b). The principle of viable-dead 

distinction is mainly based on membrane integrity (Fittipaldi et al., 2012). By applying a nucleic acid 

intercalating dye, such as propidium monoazide (PMA) or ethidium monoazide (EMA), to the 

sample prior to the nucleic acid extraction, the dye penetrate cells with damaged membranes and 

once inside the cell the dye binds to DNA. Light activation of these DNA-bound molecules results 

in a covalent linkage preventing PCR amplification of the modified DNA (Nocker et al., 2006; 

Fittipaldi et al., 2012; Elizaquível et al., 2014). Although EMA was the first reagent described, its 
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use has been limited since EMA can cross intact cell membranes of some specific species. PMA 

was later accepted as the best reagent due to high selectivity in penetrating only compromised 

membranes, possibly due to its higher charge relative to EMA (Nocker et al., 2006). However, PMA 

is unable to avoid PCR amplification of nonviable cells with unaltered membranes. Recently, a new 

approach, the PEMAX reagent, has been developed to improve the v-qPCR and extend the 

concept of viability PCR to cells with intact cell membrane structure but also with active metabolism 

(Codony, 2014; Codony et al., 2015; Agustí et al., 2017). PEMAX is a double dye technology that 

combines low levels of EMA (10 µM) with PMA (50 µM). These dyes have different size and 

charge. The smaller molecule (EMA) has a certain level of permeability in intact cellular 

membranes, but metabolically active cells are able to throw out this uptake by means of active 

efflux pumps. The second dye (PMA) is needed to complete dead cell or extracellular DNA 

neutralization when in the sample exists high amounts of dead cells with damaged cell membranes 

(Thanh et al., 2017). Viability assessment studies for monitoring bacterial pathogens have used the 

PEMAX reagent in the viability qPCR method (Lizana et al., 2017; Thanh et al., 2017). After the 

treatment with PEMAX, DNA from viable cells with intact membrane structure and active 

metabolism will be free of labelling and then detected and quantified by qPCR. The efficiency of 

the v-qPCR technique depends on a complex set of parameters that must be set up, such as the 

dye (type and concentration) and the length of the PCR amplicon (Fittipaldi et al., 2012). 
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8 Context and approach of this Ph.D. Thesis 

Trends in crop protection are currently focused on the rational use of pesticides and 

encouraging the implementation of ecologically friendly alternative strategies. Among them, 

biological control based on microorganisms is an important component of integrated pest 

management. In this context, the interest in antagonist microorganisms as new active ingredients 

of biopesticides has increased in the last years. Currently, the EU has approved a significant 

number of microbial strains as biopesticides and they account for around a 12% of the total plant 

protection products. 

The Plant Pathology group of the University of Girona started working on the development of 

innovative and sustainable technologies for the management of plant diseases (e.g. biological 

control) since 1993. Beneficial bacteria, such as P. fluorescens EPS62e and P. agglomerans 

EPS125 have been reported to control plant diseases of economic interest, such as fire blight of 

apple and pear trees and postharvest fungal rot diseases, respectively (Bonaterra et al., 2003; 

Cabrefiga, 2004). Different aspects of biocontrol have been studied for the development of these 

strains as BCA, such as the mechanisms of action (Cabrefiga et al., 2007), dose-response 

relationships in biological control processes (Montesinos & Bonaterra, 1996; Francés et al., 2006), 

colonization and traceability (Pujol et al., 2005, 2006, 2007) and physiological improvement of 

strains and optimization of formulations (Bonaterra et al., 2005, 2007; Cabrefiga et al., 2011, 

2014). In the last decade, the research on BCA has been focused on Bacillus (Mora et al., 2011, 

2015) and LAB. From a large collection of LAB strains isolated from plant sources, particular 

strains have been reported to control foodborne bacterial pathogens and postharvest fungi (Trias 

et al., 2008a, 2008b, 2008c), and also fire blight of apple and pear (Roselló et al., 2013, 2017). In 

addition, it has been developed an optimized mixed inoculum of L. plantarum strains with a co-

formulant to increase the efficacy and consistency of biological control of fire blight.  

According to the above mentioned background, the present Ph.D. Thesis is focused on (i) 

studying the applicability of LAB strains on crop protection to control emerging quarantine plant 

pathogens, (ii) improving the fitness of the most promising candidates in plant environment, and 

(iii) developing a method to monitor viable cells of the selected BCA strain in aerial plant surfaces. 

This Thesis has been presented as a compendium of three scientific papers that correspond to 

chapters III, IV, and V and are focused on the research performed to achieve the three mentioned 

goals.  

For the screening of candidate BCA with broad-spectrum activity, a set of 55 LAB strains were 

used. These strains belong to a collection of 539 LAB strains isolated from fresh fruits and 

vegetables and natural and agricultural plant environments that were previously collected in two 

surveys (Trias, 2008; Roselló, 2016) by the research group of Plant Pathology of the University of 

Girona. The 55 strains were selected according to the in vitro antibacterial activity against some 

Gram-positive (Staphylococcus aureus, Leuconostoc mesenteroides, B. subtilis) and Gram-



 

50 

negative (Pseudomonas syringae, E. amylovora, Escherichia coli) bacteria and the presence of 

bacteriocin-gene markers, such as plnEF, mes and nis genes encoding plantaricin, mesentericin 

and nisin, respectively (Roselló, 2016). The use of antimicrobial peptide gene markers has also 

assisted screening procedures in the selection of Bacillus strains as candidate BCA (Mora et al., 

2011). Since the antimicrobial activity of bacteriocins has been widely reported (Savadogo et al., 

2006; Alvarez-Sieiro et al., 2016), the presence of their biosynthetic genes was considered a 

valuable criterion of selection. In fact, genetic screening of LAB for bacteriocin-encoding genes has 

been reported in order to select candidate strains as food biopreservatives (Ben Omar et al., 2008; 

Knoll et al., 2008).  
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The main objective of this Ph.D. Thesis was to develop a microbial biopesticide based on lactic 

acid bacteria (LAB) for the biological control of multiple quarantine bacterial plant diseases.  

The specific objectives were: 

1. Selection and characterization of LAB strains with broad-spectrum activity able to control 

bacterial canker of kiwifruit (Pseudomonas syringae pv. actinidiae), bacterial spot of stone fruits 

(Xanthomonas arboricola pv. pruni) and angular leaf spot of strawberry (Xanthomonas 

fragariae). 

 

2. Physiological improvement of the fitness of Lactobacillus plantarum strains to increase cell 

survival on aerial plant surfaces and the consistency between experiments of biological control 

of bacterial plant diseases. 

 

3. Development of a strain-specific viability quantitative PCR method to monitor the viable 

population level of a L. plantarum strain on aerial plant surfaces. 

 

 

This Thesis is presented as a compendium of three publications that correspond to chapters III, IV, 

and V and follows the same order as the objectives. 

 

CHAPTER III. Biological control of bacterial plant diseases with Lactobacillus plantarum strains 

selected by their broad-spectrum activity. Submitted to Annals of Applied Biology on 2 July 2018. 

CHAPTER IV. Enhancing water stress tolerance improves fitness in biological control strains of 

Lactobacillus plantarum in plant environments. PLoS ONE, 13, e0190931. 

CHAPTER V. Monitoring viable cells of the biological control agent Lactobacillus plantarum PM411 

in aerial plant surfaces by means of a strain-specific viability quantitative PCR method. Applied and 

Environmental Microbiology, 84, e00107-18. 
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ABSTRACT  

Lactic acid bacteria were studied to control multiple pathogens that affect different crops, such 

as Pseudomonas syringae pv. actinidiae in kiwifruit, Xanthomonas arboricola pv. pruni in Prunus, 

and Xanthomonas fragariae in strawberry. A screening procedure based on in vitro and in planta 

assays against the three bacterial pathogens was successful in selecting potential strains as 

biological control agents. The antagonistic activity of 55 strains was first tested in vitro and 

Lactobacillus plantarum CC100, PM411, and TC92, and Leuconostoc mesenteroides CM160 and 

CM209 were selected for showing broad-spectrum activity. The biocontrol efficacy of the selected 

strains was assessed using a multiple-pathosystem approach under greenhouse conditions and 

L. plantarum PM411 and TC92 prevented infections of all three pathogens in their corresponding 

host plants. In addition, the biocontrol performance of both strains was comparable to reference 

products in semi-field and field experiments. The in vitro inhibitory mechanism of PM411 and TC92 

is based, at least in part, on a pH lowering effect and lactic acid production. Moreover, both strains 

showed similar survival rates on leaf surfaces. Both strains have differential multilocus sequence 

typing (MLST) and random amplified polymorphic DNA (RAPD) profiles.  

 

KEYWORDS: Lactobacillus plantarum, bacterial plant diseases, Xanthomonas arboricola pv. pruni, 

Pseudomonas syringae pv. actinidiae, Xanthomonas fragariae 

 

INTRODUCTION 

Increased global trade together with climate change and limitations in plant protection 

products favour the emergence of new plant diseases and their establishment, causing significant 

crop losses (Yáñez-López et al., 2012; Lamichhane et al., 2015). Fruit production is threatened by 

several bacterial plant diseases, such as the bacterial canker of kiwifruit caused by Pseudomonas 

syringae pv. actinidiae (Psa), the bacterial spot of stone fruits caused by Xanthomonas arboricola 

pv. pruni (Xap), and the angular leaf spot of strawberry caused by Xanthomonas fragariae (Xf) 

(Donati et al., 2014; Lamichhane, 2014; Kim et al., 2016). Psa, Xap and Xf are considered 

quarantine organisms by the European and Mediterranean Plant Protection Organization (EPPO). 

The management of these diseases relies mainly on preventive applications of bactericides 

containing copper compounds or antibiotics (Cameron & Sarojini, 2014; Lamichhane, 2014). 

However, the selection of resistant pathogen populations and phytotoxicity are the main drawbacks 

(McManus et al., 2002; Lalancette & Mcfarland, 2007). Overall, there is the need to reduce the 

reliance on conventional pesticides and to implement an integrated pest management (IPM) 

framework (Lamichhane et al., 2015). The plant defence elicitor acibenzolar-S-methyl (ASM) has 

been reported as a potential alternative compound for the management strategy of bacterial canker 

of kiwifruit (Cellini et al., 2014) and angular leaf spot of strawberry (Braun & Hildebrand, 2013). 
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Also, chitosan exhibits antimicrobial activity and acts as an elicitor of plant defence mechanisms, 

being a potential alternative agent to manage bacterial canker of kiwifruit (Cameron & Sarojini, 

2014). Nevertheless, phytotoxicity and a high variability in the host plant response in the field have 

been reported, raising questions about their feasibility in crop protection (Reglinski et al., 2013). 

Therefore, the interest in selecting beneficial microorganisms for the development of biological 

control agents (BCA) has increased since microbial biopesticides are a key tool in IPM 

(Matyjaszczyk, 2015). Strains of bacteria, fungi and viruses are now commercially available to 

manage plant diseases and pests (Matyjaszczyk, 2015; Montesinos & Bonaterra, 2017). However, 

the efficacy of biological products may be variable between trials or low under field conditions, due 

to the influences of biotic and abiotic factors (Sundin et al., 2009). These limitations have 

stimulated the search for novel strains of microorganisms with a wide spectrum of antagonistic 

activity against plant pathogens. Lactic acid bacteria (LAB) constitute an interesting group often 

found in the plant-associated microbiome (Trias et al., 2008a; Zwielehner et al., 2008).  

LAB are good candidates for the development of microbial biopesticides because they include 

some strains categorized as Generally Regarded as Safe (GRAS) by the U.S. Food and Drug 

Administration (FDA) and as having Qualified Presumption of Safety (QPS) by European Food 

Safety Authority (EFSA). Besides, many LAB strains show antimicrobial activity due to the 

production of active metabolites, such as organic acids, bacteriocins and several inhibitory 

bioactive compounds (Reis et al., 2012). LAB have been widely reported as biopreservatives of 

vegetables and fruits, inhibiting the growth of foodborne bacterial pathogens and spoilage fungi 

(Trias et al., 2008a, 2008b; Crowley et al., 2013).  In addition, some LAB strains have also been 

reported as potential BCA against several bacterial plant pathogens (Visser et al., 1986; Roselló et 

al., 2013; Tsuda et al., 2016).  

BCA must be carefully selected since not all species or strains confer plant protection against 

pathogens. Screening strategies enabling the selection of strains with pathogen suppressive 

activity include in vitro antagonism tests and the assessment of infection prevention in detached 

plant organs and whole plants (Köhl et al., 2011; Roselló et al., 2013; Haidar et al., 2016). 

Moreover, the strong commercial interest in LAB has stimulated studies to typify the most 

promising strains, being the identification and characterization at strain level a requirement for BCA 

registration. Typing techniques are based on DNA analysis and two of the most used are 

multilocus sequence typing (MLST) (de las Rivas et al., 2006; Tanganurat et al., 2009) and random 

amplified polymorphic DNA (RAPD-PCR) (López et al., 2008).  

The aims of the present study were: (i) to screen plant-associated LAB by means of in vitro 

tests and select antagonistic strains with broad-spectrum activity against Psa, Xap, and Xf; (ii) to 

assess the biocontrol efficacy of the selected strains in preventing infections of the three 

pathogens in potted plants (kiwifruit, Prunus, and strawberry) in the greenhouse; (iii) to compare 

the biocontrol performance of the selected strains to reference products in semi-field and field 
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experiments; and (iv) to characterize the selected strains regarding the mechanisms involved in the 

in vitro antibacterial activity against Psa, Xap, and Xf and MLST and RAPD-PCR profiling. 

 

MATERIALS AND METHODS 

Bacterial strains and culture conditions  

A total of 55 LAB isolates from the INTEA-CIDSAV culture collection were selected for this 

study (Table S1, Supporting information), which were isolated from several plant sources and 

identified at species level based on 16S rDNA sequences in previous works (Trias et al., 2008a, 

2008b; Roselló et al., 2013). L. plantarum, Lactobacillus pentosus and Lactobacillus paraplantarum 

were discriminated using a PCR-based procedure (Chagnaud et al., 2001; Torriani et al., 2001) 

(details in Table S1). To monitor culturable populations of L. plantarum PM411 and TC92 in plant 

colonization studies, spontaneous mutants resistant to rifampicin (PM411R and TC92R) were used 

(Roselló et al., 2013). 

Pseudomonas syringae pv. actinidiae (Psa) CFBP7286 (Collection Française de Bactéries 

Phytopathogènes, INRA, France), NCPPB3739 (National Collection of Plant Pathogenic Bacteria, 

Fera, UK), and IVIA 3700-1 (Instituto Valenciano de Investigaciones Agrarias, Valencia, Spain); 

Xanthomonas arboricola pv. pruni (Xap) CFBP3894 and CFBP5563; and Xanthomonas fragariae 

(Xf) IVIA XF349-9A and CECT549 (Colección Española de Cultivos Tipo, Valencia, Spain) were 

used as target bacteria in in vitro antagonism tests and efficacy assays in whole plants (Table S1). 

Psa CFBP7286-GFPuv, which is resistant to kanamycin, was used for colonization studies in 

kiwifruit plants (Spinelli et al., 2011).  

Cultures were prepared for routine use from isolates preserved at -80ºC. All LAB isolates were 

grown on de Man, Rogosa and Sharpe (MRS) agar (Oxoid, Basingstoke, UK) at 23ºC for 48 h. Psa 

and Xap were grown on Luria-Bertani (LB) agar at 23ºC for 24 h and Xf was grown on B medium 

(Hazel & Civerolo, 1980) at 23ºC for 24 h. Bacterial suspensions of LAB and pathogen strains were 

obtained by scraping colonies from agar surface and resuspending them in sterile distilled water. 

The suspensions were adjusted to 1-5 x 108 CFU mL-1 and confirmed by plate counting on the 

corresponding media. 

 

Plant material and greenhouse conditions 

Two-year-old plants and 15- to 30-day-old plantlets of kiwifruit (Actinidia chinensis var. 

deliciosa cv. Hayward) were obtained from two commercial nurseries (SolJardí, Jafre, Spain and 

Vitroplant, Cesena, Italy, respectively). Prunus amygdalus × P. persica (cv. GF-677) plantlets that 

were 15 to 30 days old and cold-stored strawberry plants (Fragaria × ananassa cv. Darselect) were 

obtained from two commercial nurseries (Agromillora Iberica, Barcelona, Spain and Planasa, 
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Valtierra, Spain, respectively). All plants were used when uniform growth stage was achieved and 

maintained in a greenhouse at 26 ± 2ºC, 60 ± 10% of relative humidity (RH) and a 16:8 h light:dark 

photoperiod. Standard NPK fertilization and irrigation, as well as, insecticide and miticide sprays 

were applied. In all efficacy assays, inoculated plants with Psa, Xap, or Xf were maintained in a 

class II greenhouse (quarantine biosafety greenhouse A2 level according to EPPO rules). 

 

In vitro antagonistic activity  

The antagonistic activity of 55 LAB isolates was assayed against Psa (NCPPB3739 and IVIA 

3700-1), Xap (CFBP3894 and CFBP5563), and Xf (IVIA XF349-9A and CECT549) using in vitro 

tests. The experiment was performed twice by means of two different procedures. One assay was 

carried out by the agar spot test in lactose-bromocresol purple agar (LBP) as described previously 

(Trias et al., 2008a), with some modifications. Briefly, LAB isolates were spotted on LBP agar 

plates and incubated 24 h at 23°C. 0.5 mL of the target pathogen suspension at 5 x 107 CFU mL−1 

were mixed in 4.5 mL of LBP (Psa and Xap) or B medium (Xf) soft agar (0.7% agar) and overlaid 

on the plate containing grown colonies of LAB. For the other assay, discs (5 mm diameter) cut from 

24-hour-old cultures of LAB isolates on MRS agar were deposited on the surface of plates 

containing cultures of the target pathogen. 0.5 mL of the target pathogen suspension at 5 x 107 

CFU mL−1 were mixed in 4.5 mL of LB (Psa and Xap) or B medium (Xf) soft agar (0.7% agar) and 

overlaid on the plate containing the same media. Controls of target pathogen growth in the 

corresponding media were performed in the absence of LAB. Plates were incubated at 23°C and 

the inhibition zone diameter was measured after 24 and 48 h.  

 

In planta assays under greenhouse conditions 

Efficacy assays were performed on potted plants of kiwifruit (two-year-old plants), Prunus, and 

strawberry under greenhouse conditions and five LAB isolates (L. plantarum CC100, PM411, TC92 

and Leuconostoc mesenteroides CM160 and CM209) were evaluated. Plants were sprayed to 

runoff with a 108 CFU mL-1 suspension of LAB cells using a hand-sprayer (Herkules, Nuair, 

Robassomero, Italy). Then, plants were maintained in plastic bags to reach high RH conditions in 

the greenhouse. After 24 h, plants were inoculated with a suspension of the corresponding 

pathogen at 1-5 x 108 CFU mL-1 (IVIA 3700-1 of Psa, CFBP5563 of Xap, or CECT549 of Xf). The 

pathogen suspensions were mixed with diatomaceous earth (1 mg mL-1) and applied using a hand-

sprayer to runoff. Then, plant material was covered with plastic bags for 24 h and maintained in a 

class II greenhouse for 15-21 days. Streptomycin treated (Sigma, Missouri, USA) (100 mg L-1) and 

water-treated plants were included as positive and negative controls, respectively. Disease 

incidence, calculated as the percentage of infected leaves, was determined in each replicate at 15-

21 days post inoculation. 
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Monitoring inoculated LAB population on leaves 

Colonization and survival studies of L. plantarum PM411 were performed on potted plants of 

kiwifruit (15- to 30-day-old plantlets) and strawberry, while the same studies for L. plantarum TC92 

were performed on Prunus. Plants were sprayed to runoff with a 108 CFU mL-1 cell suspension of 

PM411R or TC92R using a hand-sprayer. After inoculation, plants were covered with plastic bags 

to reach high RH conditions and maintained in the greenhouse. The monitoring of PM411R or 

TC92R population levels was performed following the procedure described by Roselló et al. 

(2017). Three leaves were taken from each replicate at 0, 1, 2, 5, 8, and 10 days post inoculation. 

The population levels of PM411R or TC92R were expressed as Log10 CFU per leaf. 

 

Effect of Lactobacillus plantarum PM411 on Psa survival in kiwifruit plants  

Survival studies of Psa were performed on potted plants of kiwifruit (15- to 30-day-old 

plantlets). Plants were sprayed to runoff with a 108 CFU mL-1 cell suspension of PM411 using a 

hand-sprayer and covered with plastic bags to reach high RH conditions. After 24 h, plants were 

inoculated with a Psa suspension at 1-5 x 108 CFU mL-1 (CFBP7286-GFPuv) to runoff using a 

hand-sprayer. After inoculation, plants were covered with plastic bags and maintained in the 

greenhouse. Streptomycin (Sigma) (100 mg L-1) and water-treated plants were included as 

controls. For monitoring epiphytic and endophytic Psa population, three leaves per replicate were 

sampled at 1 and 4 days post inoculation. Leaves were weighted and the epiphytic population was 

collected by vigorously homogenizing leaves in 20 mL of sterile PBS and 0.1% peptone for 5 min. 

The same leaves were also used to assess endophytic population according to the procedure 

described by Cellini et al. (2018). Both epiphytic and endophytic samples were serially diluted and 

appropriate dilutions were seeded onto LB agar plates amended with 100 µg mL-1 of kanamycin 

(Sigma) to select CFBP7286-GFPuv and 100 µg mL-1 of cycloheximide (Sigma) to avoid fungal 

growth. Plates were incubated at 23ºC for 48 h and green fluorescent colonies were counted under 

UV light. The epiphytic and endophytic population levels of Psa were expressed as Log10 CFU per 

leaf or g, respectively. 

 

In planta assays under semi-field conditions 

The efficacy of two selected LAB strains (L. plantarum PM411 and TC92) in controlling 

bacterial plant pathogens was studied in semi-field assays and compared to reference products.  

Potted plants of kiwifruit (two-year-old plants) for Psa experiments were brought to an 

experimental orchard located at Zevio (Verona, Italy). Plants were treated with products and kept 

under field conditions for 7 days until being transported in a greenhouse for pathogen inoculation. 

The treatments performed were: (i) PM411 cell suspension at 108 CFU mL-1 prepared as described 

above, (ii) Bacillus amyloliquefaciens D747 (Amylo-X©, 25% w/w a.i., 5 x 1010 CFU g-1, Biogard, 
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Monza Brianza, Italy) at 0.375 g a.i. L-1, (iii) copper oxide (Nordox, 75% w/w a.i. Comercial 

Química Massó, Barcelona, Spain) at 0.45 g a.i. L-1.  

Potted plants of Prunus for Xap experiments and strawberry plants for Xf experiments were 

brought to the experimental orchard located at the Mas Badia Agricultural Experiment Station 

(Girona, Spain). Plants were treated with products and kept under field conditions for 7 days until 

being transported in a class II quarantine greenhouse for pathogen inoculation. The treatments 

performed were: (i) TC92 or PM411 cell suspension at 108 CFU mL-1 prepared as described 

above, (ii) Bacillus subtilis QST713 (Serenade Max®, 15.67% w/w a.i., Bayer Crop Science, 

Monheim am Rhein, Germany) at 0.55 g a.i. L-1, (iii) chitosan (Biorend®, 2.5% v/v a.i., Bioagro, 

Santiago, Chile) at 7.5 g a.i. L-1, (iv) acibenzolar-S-methyl (ASM, Bion®, 50% w/w a.i., Syngenta, 

Basel, Switzerland) at 0.075 g a.i. L-1, (v) copper hydroxide (Kocide®, 35% w/w a.i Certis, Elche, 

Spain) at 1.05 g a.i. L-1 and (vi) kasugamycin (Kasumin®, 8% w/w a.i, Lainco, Barcelona, Spain) at 

0.16 g L-1. In all experiments, water-treated plants were included as control. All the treatments, 

except for kasugamycin, were applied twice, 7 and 1 days before inoculation, using a hand-sprayer 

to runoff. 

Plants were spray-inoculated with the corresponding pathogen suspension at 108 CFU mL-1 

(CFBP7286 of Psa, CFBP5563 of Xap, CECT549 of Xf). Spray application was performed as 

described in the greenhouse experiments. After inoculation, plants were maintained for 48 h in 

plastic bags to reach high RH and maintained in a class II greenhouse for the following days. The 

disease incidence was determined as described above per each replicate at 15-21 days post 

inoculation.  

 

In planta Psa control assay in orchard conditions 

The field experiment was performed in 2017 in a commercial orchard located in Sarna, close 

to Faenza (Emilia Romagna, Italy). The trial was carried out in A. chinensis var. deliciosa (cv. 

Hayward) orchard where the disease was present with a moderate pressure in the previous years. 

Standard cultural management (i.e. fertigation, green and winter pruning, thinning and assisted 

pollination) was adopted. The orchard was planted in 2006, with a pergola training system (4.7 × 

2.4 m). For each plant (experimental design explained below) 4 shoots without Psa symptoms 

were selected and tagged at the beginning of the experiment. The treatments performed were: (i) 

PM411 cell suspension at 108 CFU mL-1 prepared as described above, (ii) B. amyloliquefaciens 

D747 (Amylo-X© 5 x 1010 CFU g-1) at 0.375 g a.i. L-1, and (iii) copper oxide (Nordox) at  0.45  g a.i 

L-1. Water-treated plants were included as control. All the treatments were applied every 14 days or 

after each rainfall (≥4 mm of rain), in case the rain event occurred at 7 or more days after 

treatment. Copper application started at bud break (BBCH 03) and was repeated till fruit growth up 

to 30% the final size (BBCH 73). BCA application was performed at 10, 50 and 100% of blooming 

and was repeated till BBCH 73. Psa incidence was assessed twice during the season being the 
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second assessment after the stop of disease progression and was calculated as the percentage of 

symptomatic leaves on 20 shoots per repetition. Psa symptomatology was confirmed by molecular 

identification according to Gallelli et al. (2011). 

 

Characterization of PM411 and TC92 

Different methods were used to characterize the two selected strains L. plantarum PM411 and 

TC92. The role of different produced metabolites on the antibacterial activity against target 

pathogens was studied together with a genotypic characterization.  

 

Antibacterial activity 

Agar diffusion assays using cell-free supernatants (CFS) were performed. PM411 and TC92 

strains were grown in 250 mL Erlenmeyer flasks with 100 mL of MRS broth for 24 h at 30°C with 

shaking (100 rpm). CFS were obtained by centrifugation (10,000 g for 10 min) (5810 R, Eppendorf, 

Hamburg, Germany) and were filtrated through 0.45 µm pore filter (Whatman FP30/0.45, Millipore, 

Bedford, USA). 20 µL of CFS was deposited on the surface of plates containing cultures of the 

target pathogens Psa (IVIA 3700-1), Xap (CFBP3894), and Xf (IVIA XF349-9A) prepared as 

described above (see in vitro antagonism tests, LB for Psa and Xap and B medium for Xf). 

Controls of target pathogen growth in the corresponding media were performed in the absence of 

CFS. Plates were incubated at 23°C and the diameter of the zone of inhibition was examined at 24 

and 48 h. Fractions of CFS were exposed to different treatments (neutralized CFS, and neutralized 

CFS treated with proteinase K, trypsin, α-chimotrypsin or catalase) as described by Trias et al. 

(2008b) and the antimicrobial activity was assessed by agar diffusion assay as described above. 

Three independent replicates of each CFS fraction were performed. Lactic acid was quantified in 

CFS using Enzytec™ D-/L-Lactic Acid commercial kit (Boehringer Mannheim/R-Biopharm AG, 

Darmstadt, Germany) following the instructions of the manufacturer. 1:10 diluted CFS with 

redistilled water were used for the measurement. Two experiments were carried out with three 

independent replicates. 

 

Molecular characterization of PM411 and TC92  

Multilocus sequence typing analysis (MLST) and random amplified polymorphic DNA-

polymerase chain reaction analysis (RAPD-PCR) were performed for strain genotypic 

characterization. 

(i) DNA extraction. Genomic DNA from 45 L. plantarum isolates (INTEA-CIDSAV culture 

collection, Table S1) was extracted according to the method described by Llop et al. (1999). 

Previously, L. plantarum isolates were cultured in MRS medium at 23ºC for 48 h and cell 

suspensions were prepared at 108 CFU mL-1. The concentration and purity of DNA was assessed 
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by spectrophotometric measurements using NanoDrop ND-1000 Spectrophotometer (Thermo 

Fisher Scientific, Waltham, USA). 

(ii) PCR amplifications and conditions. Amplification mixtures and PCR conditions used in this 

study to perform MLST and RAPD-PCR analysis are described in Table 1. The amplification 

products were separated by electrophoresis on a 1.5% (w/v) agarose gel in 1X Tris-acetate EDTA 

(TAE) and stained with Sybr Safe (SYBR® Safe, Invitrogen, Life Technologies, Carlsbad, USA). 

Gel images were captured with an imaging system (FX-20M, Vilvert, Lourmat, France). 

 

Table 1 Amplification mixtures and PCR conditions. 

PCR approach Amplification mixture a PCR conditions b 

MLST  

 

1X PCR buffer, 2.5 mM MgCl2, 0.2 

mM dNTPs, 0.2 µM each primer, 1 U 

Taq and 20 ng DNA (reaction vol, 25 

µL) 

95ºC for 10 min; 30 cycles of 95ºC for 30 s, 

54ºC (gdh) or 48ºC (pgm, ddl, gyrB, purK1, 

mutS) for 60 s, 72ºC for 60 s; and elongation 

72ºC for 10 min.  

RAPD-PCR  

 

1X PCR buffer, 1.5 mM MgCl2, 0.2 

mM dNTPs, 0.2 µM each primer, 

3.75 U Taq, and 50 ng DNA 

(reaction vol, 25 µL) 

For P3 and P4: 94ºC for 3 min; 30 cycles of 

94ºC for 1 min, 36ºC for 2 min, 72ºC for 2 min; 

and elongation at 72ºC for 2 min.  

For 512Fb, Inva1 and P7: 94ºC for 4 min; 45 

cycles of 94ºC for 1 min, 35ºC for 1 min, 72ºC 

for 1 min; and elongation at 72ºC for 5 min. 

a dNTP, deoxynucleotides (Invitrogen Life Technologies, Carlsbad, USA); primers (Sigma Aldrich, Barcelona, 

Spain); Taq, Taq DNA polymerase (Biotools, Madrid, Spain for MLST and Invitrogen for RAPD-PCR). 

b PCR was carried out in a GeneAmp PCR system 9700 (Applied Biosystems). 

 

(iii) MLST analysis. PM411 and TC92 strains were analysed together with 43 L. plantarum 

isolates from INTEA-CIDSAV culture collection (Trias et al., 2008a, 2008b; Roselló et al., 2013), 

and 26 L. plantarum isolates from other studies (de las Rivas et al., 2006; Tanganurat et al., 2009). 

The housekeeping genes selected for MLST analysis were phosphoglucomutase (pgm), D-alanine-

D-alanine ligase (ddl), B subunit of DNA gyrase (gyrB), ATPase subunit of the 

phosphoribosylaminoimidazole carboxylase (purK1), glutamate dehydrogenase (gdh) and DNA 

mismatch repair protein (mutS). The amplification and sequencing primers used were described 

previously by de las Rivas et al. (2006), except for gdh gene that the primers were designed in this 

work (gdhF 5’-GGTTACACCCATCCGTTAAT-3’ and gdhR 5’-TTCTTCAAAAGTCCAGTCA-3’, 

901 bp fragment). Amplification products were purified with QIAEX desalting and concentrating 

DNA solutions kit (QIAGEN GmbH, Hilden, Germany) for direct sequencing using Automatic 

Sequencer 3730XL (Macrogen, Seoul, Korea). Sequence alignments and comparisons were 

performed using BioEdit Sequencing Editor (http://www.mbio.ncsu.edu/bioedit/bioedit.html). For 
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each gene, the sequences obtained were compared to the ones reported in the other studies, and 

allele numbers were assigned following the codes previously described (de las Rivas et al., 2006; 

Tanganurat et al., 2009). New allele sequences were deposited in the GenBank database under 

the accession numbers KT247498 (allele 4 pgm), KT247499 (allele 7 ddl), KT247496 (allele 9 

purK1), KT247497 (allele 10 purK1), KT247501 (allele 11 gdh) and KT247500 (allele 9 mutS).  

Each strain was defined by an allele profile or sequence type (ST), derived from the combination of 

numbers corresponding to the alleles at the analysed loci. Sequences that differed, even at a 

single nucleotide site, were considered as distinct alleles (de las Rivas et al., 2006).  

(iv) RAPD-PCR analysis. PCR amplification of each isolate was carried out with five primers, 

with arbitrarily chosen sequences, P3 (Tailliez et al., 1998), Inva1 (Rahn et al., 1992), 512Fb (Holt 

& Cote, 1998), P4 and P7 (Di Cagno et al., 2010) in separate reactions. Pattern analyses were 

performed with Image LabTM version 4.1 software (Bio-Rad Laboratories, Hercules, USA).  

 

Experimental designs and data analysis 

In vitro antagonism tests consisted of three independent replicates of each LAB and were 

performed twice. The inhibition zone diameter of the 55 isolates against the six target pathogens 

were transformed to binary data (indicating the presence and absence of inhibition zones (“1” for 

present, “0” for absent)) for hierarchical cluster analysis. The simple matching coefficient of 

similarity using unweighted pair group method with the arithmetic average (UPGMA) as the cluster 

algorithm was used (Numerical Taxonomy System program package NTSYSpc, Exter Software, 

New York, USA).  

Biocontrol efficacy assays in greenhouse and semi-field conditions consisted of three 

independent biological replicates per treatment with five plants per replicate. Two independent 

experiments were performed in all three pathosystems in greenhouse and semi-field experiments 

except for semi-field and monitoring assays in Psa that were performed once. The biocontrol 

efficacy assay against Psa in the field consisted of four randomized blocks of five plants per 

treatment. Each block was repeated in separated rows. Disease incidence and Psa population 

levels were subjected to analysis of variance (ANOVA) and mean values were compared using the 

least significant difference (LSD) test at P <0.05. The analysis was performed with the GLM 

procedure of the PC-SAS (Version 8.2, SAS Institute Inc., Cary, USA).  

The monitoring studies of LAB population consisted of three independent biological replicates 

with five plants per replicate and two independent experiments.  

Allelic profiles of six housekeeping genes of each L. plantarum strain obtained by MLST 

analysis were used in order to investigate clonal complexes of strains by minimum spanning tree 

(MST) method (Bionumerics v7.5, Applied-Maths, Sint-Martens-Latem, Belgium). Polymorphic 

DNA bands obtained by RAPD analysis were transformed into a binomial matrix indicating the 

presence and absence of fragments (“1” for present, “0” for absent). A dendrogram with the five 
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series of RAPD-PCR profiles of the 45 L. plantarum isolates was generated using the Dice 

coefficient of similarity and the UPGMA method (NTSYSpc). 

RESULTS 

Antagonistic activity against bacterial plant pathogens   

Several LAB isolates strongly inhibited growth (inhibition zone diameter > 10 mm) of the 

majority of the target bacteria. However, differences in sensitivity to inhibition by LAB were 

observed among the six target strains. The cluster analysis showed three main groups of 

antagonism spectrum at a similarity level of 0.55 (Fig. 1). Group 1 included 17 strains and showed 

none or low activity against Psa, moderate activity against Xap, and moderate to high activity 

against Xf. Group 2 included 33 strains that showed low to moderate activity against Psa, 

moderate to high activity against Xap and Xf. Interestingly, Group 3 included five strains, CC100, 

CM160, CM209, PM411, and TC92, that displayed a broad and generally high activity against all 

the target pathogens. 

 

Control of Psa, Xap and Xf in plants under greenhouse conditions 

L. mesenteroides CM160 and CM209 and L. plantarum CC100, PM411, and TC92 were 

selected for efficacy assays in greenhouse conditions due to their broad and high in vitro 

antagonism against Psa, Xap, and Xf. PM411 and TC92 strains consistently reduced Psa, Xap and 

Xf disease incidence in kiwifruit, Prunus and strawberry plants, respectively, in comparison with 

non-treated control in both experiments performed (Fig. 2). The efficacy of the L. plantarum strains 

in kiwifruit ranged from 84.5 to 96.3% for TC92 and from 70.0 to 75.4% for PM411; in Prunus, 

ranged from 59.1 to 69.3% for TC92 and from 45.5 to 65.5% for PM411; and in strawberry, ranged 

from 35.4 to 69.2% for TC92 and from 45.8 to 92.3% for PM411. PM411 and TC92 did not differ 

significantly from streptomycin, expect for PM411 in one experiment of Xf-strawberry pathosystem. 

In contrast, CC100, CM160, and CM209 did not reduce disease incidence in comparison to non-

treated plants in some experiments. 
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Fig. 1 Dendrogram of the in vitro antagonism spectrum of 55 lactic acid bacteria (LAB) strains. The target 

pathogens are listed at the top and correspond to strains NCPPB3739 and IVIA 3700-1 of P. syringae pv. 

actinidiae (Psa), strains CFBP3894 and CFBP5563 of X. arboricola pv. pruni (Xap) and strains CECT549 

and IVIA XF349-9A of X. fragariae (Xf). Two independent experiments were performed. Clusters of strains 

are indicated by a circle dot. Colour legend indicates the inhibition activity: pale grey, negative in both 

experiments; dark grey, positive in one experiment; black, positive in both experiments. Cluster analysis was 

performed using unweighted pair group method with the arithmetic average (UPGMA) with the simple 

matching coefficient of similarity. 
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Fig. 2 Effect of the treatments with lactic acid bacteria (LAB) strains (grey bars) on P. syringae pv. actinidiae 

(Psa), X. arboricola pv. pruni (Xap), and X. fragariae (Xf) infections in kiwifruit, Prunus and strawberry plants, 

respectively, under greenhouse conditions. The effect of strains on disease incidence (%) was compared 

with streptomycin (white bars) and a non-treated control (black bars). Two independent experiments were 

performed (left and right panels). Values are the mean of three replicates and error bars represent the 

standard error of the mean. Bars with the same letter in the same panel do not differ significantly (P<0.05) 

according to the least significant difference (LSD) test. LSDPsa-Exp.1=22.4; LSDPsa-Exp.2=28.8; LSDXap-Exp.1=23.4; 

LSDXap-Exp.2=29.0; LSDXf-Exp.1=32.8; LSDXf-Exp.2=16.8. 
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Monitoring inoculated LAB population on leaves 

The survival of L. plantarum PM411 and TC92 was monitored onto leaves of kiwifruit and 

strawberry plants (PM411) and leaves of Prunus plants (TC92) under greenhouse conditions 

(Fig. 3). After inoculation, the population level decreased approximately 2 log units between the 1st 

and the 10th day. In particular, the drop of population was observed during the first five days. 

Thereafter, the viable population remained stable throughout the following five days at a level of 

around 104 CFU per leaf.  

 

Fig. 3 Survival of L. plantarum PM411 in kiwifruit and strawberry plants and survival of L. plantarum TC92 in 

Prunus plants under controlled environmental conditions. Survival is shown as the population level (Log10 

CFU leaf-1). Values are the mean of the three replicates and error bars represent the standard error of the 

mean. Two independent experiments were performed (top and bottom panels).  

 

Control of Psa, Xap and Xf in plants under semi-field and field conditions 

Efficacy of TC92 and PM411 in controlling Xap and Xf, respectively, was compared to 

reference products in semi-field experiments (Fig. 4). The incidence of infection attained in Prunus 

plants treated with L. plantarum TC92 was significantly lower than in the non-treated control in both 

experiments performed. TC92 efficacy in controlling Xap on Prunus (41.5-55.0%) was not 

significantly different from B. subtilis QST713, chitosan, acibenzolar-S-methyl and kasugamycin in 

both experiments or from copper in only one. Strawberry plants treated with L. plantarum PM411 

showed lower incidence of infections than the non-treated control in both experiments. PM411 

efficacy (63.6 to 75.0%) in controlling Xf on strawberry did not differ significantly from B. subtilis 

QST713, acibenzolar-S-methyl, copper and kasugamycin in both experiments or from chitosan in 

only one.  
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Fig. 4 Effect of the treatment with L. plantarum TC92 and PM411 (grey bars) on X. arboricola pv. pruni (Xap) 

infections in Prunus potted plants and on X. fragariae (Xf) infections in strawberry potted plants, respectively, 

in semi-field experiments. The effect of strains on disease incidence (%) was compared with different 

reference products, such as B. subtilis (Bs) QST713, chitosan, acibenzolar-S-methyl (ASM), copper, and 

kasugamycin (white bars) and a non-treated control (black bars). Two independent experiments were 

performed. Values are the mean of three replicates and error bars represent the standard error of the mean. 

Bars with the same letter in the same panel do not differ significantly (P<0.05) according to the least 

significant difference (LSD) test. LSDXap-Exp.1=12.7; LSD Xap-Exp.2=13.0; LSD Xf-Exp.1=12.8; LSD Xf-Exp.2=10.6. 

 

Efficacy of PM411 in controlling Psa was compared to reference products in a semi-field 

experiment (Fig. 5). PM411 was able to halve disease incidence in kiwifruit plants in comparison to 

non-treated control with significant differences. PM411 efficacy in controlling Psa on kiwifruit 

(54.2%) was similar to the ones of B. amyloliquefaciens D747 and copper without significant 

differences between them.  

In the field experiment, performed in a commercial kiwifruit orchard, the natural Psa incidence 

in non-treated plants was 45.3%. PM411 was the most effective treatment in lowering disease 

incidence, attaining 50.3% of efficacy and no significant differences were observed in comparison 

with B. amyloliquefaciens D747 as a reference product, which showed 22.7% of efficacy (Fig. 5). 

Copper did not significantly reduce disease incidence in comparison to non-treated control, 

showing 37.1% of efficacy.  
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Fig. 5 Effect of the treatment with L. plantarum PM411 (grey bars) on P. syringae pv. actinidiae (Psa) 

infections in kiwifruit plants in semi-field and field experiments. The effect of PM411 on disease incidence 

(%) was compared with reference products, such as B. amyloliquefaciens (Ba) D747 and copper (white bars) 

and a non-treated control (black bars). Values are the mean of three replicates and error bars represent the 

standard error of the mean. Bars with the same letter in the same panel do not differ significantly (P<0.05) 

according to the least significant difference (LSD) test. LSDSemi-field=13.5; LSDField=11.7. 

 

Psa population suppression by PM411 

The epiphytic and endophytic populations of Psa on leaves of potted kiwifruit plants treated 

with PM411 were monitored for 4 days post inoculation (dpi) of the pathogen at high RH conditions 

(Table 2). Population of Psa recovered from leaves of plants treated with PM411 was lower than 

that from untreated plants. Specifically, for the epiphytic population the reduction (1 log unit) was 

significant at 1 dpi, while for the endophytic population it was observed at 4 dpi. A reduction of 1.5 

to 2 log units of Psa population was observed in streptomycin-treated plants.   
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Table 2 Effect of L. plantarum PM411 treatment on survival of P. syringae pv. actinidiae (Psa) in 

kiwifruit plants. 

 

 

 

 

 

 

 

 

 

a Values of Psa population levels are the mean of the three replicates one and four days post Psa inoculation 

on plants. Values with different letters in the same column are significantly different (P < 0.05) according to 

the least significant difference (LSD) test.  

b Treatments were carried out one day before Psa inoculation.  

c Log10 CFU g-1 value under detection limit. 

 

PM411 and TC92 characterization 

To understand the antibacterial activity of PM411 and TC92, cell-free supernatant (CFS) were 

analysed. CFS without pH adjustment (pH 3.8) showed antibacterial activity against the three 

target pathogens Psa, Xap, and Xf. However, the inhibitory activity was completely lost after CFS 

pH neutralization, while enzymatic treatments (tripsin, -chimiotripsin, proteinase K and catalase) 

had no impact on the inhibitory effect (data not shown). A similar amount of a mixture of D- and L-

lactic acid was quantified in CFS obtained from both strains (75.75 ± 0.63 mM for PM411 and 

74.86 ± 1.02 mM for TC92), with D-lactic acid the predominant optical isomer in the mixture. 

In relation to genotypic characterization, the minimum spanning tree analysis (MST) of 

different L. plantarum strains based on MLST data (Fig. S1, Supporting information) is shown in 

Fig. 6. Specifically, PM411 and TC92 were analysed together with other isolates, 43 from INTEA-

CIDSAV culture collection and 26 from other studies. The six housekeeping genes yielded a total 

of 21 STs and the majority of the strains (66%) represented the ST16 (n=38) and ST1-15 (n=9). 

The 21 STs were grouped into three clonal complexes (CCs). CC1 consisted of 5 STs that 

accounted for 42 strains, including ST5 as the putative primary founder. CC2 consisted of ST1-15 

represented by nine strains and ST17 that included one strain. CC3 was composed of ST20 and 

ST21 with four strains. The remaining STs were considered as singletons. Specifically, PM411 and 

TC92 were found in two different clonal complexes, TC92 in CC1 and PM411 in CC3. Strain 

PM411 shared ST21 with two strains from INTEA-CIDSAV collection. Strain TC92 shared ST16 

 Psa population levels a 

 epiphytic (Log10 CFU leaf-1)  endophytic (Log10 CFU g-1) 

Treatment b 1 day  4 days  1 day  4 days 

            

PM411 6.1 b  5.5 ab  3.7 a  2.8 b 

Streptomycin 5.4 c  5.0 b  2.7 b  < 2c c 

Non-treated 7.2 a  6.5 a  4.0 a  3.6 a 

LSD  0.48   1.02   0.58   0.23 
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with other 35 strains from INTEA-CIDSAV collection and with two strains studied by Tanganurat et 

al. (2009). The differences between TC92 and PM411 were found in purK1 and gdh.  

PM411 and TC92 together with 43 L. plantarum strains were subjected to RAPD-PCR analysis 

(Fig. 6). According to band profiles, strains were divided into three clusters at a coefficient of 

similarity higher than 0.6. TC92 shared cluster A with 22 strains and PM411 shared cluster B with 

other 2 strains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Minimum spanning tree of 71 L. plantarum isolates based on allelic profiles of genes pgm, ddl, gyrB, 

purK1, gdh and mutS (A). Each circle corresponds to a sequence type (ST) and the size of the circle is 

proportional to the number of isolates within any given ST. Colour codes of isolates: green, INTEA-CIDSAV 

collection; red, de las Rivas et al. (2006); and blue, Tanganurat et al. (2009). The type of line between 

isolates indicates the strength of the genetic relationship between them (black, strong relationship; grey, 

intermediate relationship; and dotted line, weak relationship). The number of mutations between STs is also 

indicated for each relationship. STs that belong to the same clonal complex (CC) are shown as circles 

grouped in a grey area. Black arrows indicate that PM411 strain with ST21 belongs to CC3 and TC92 strain 

with ST16 belongs to CC1. Dendrogram of the randomly amplified polymorphic DNA-PCR (RAPD-PCR) 

patterns of 45 L. plantarum strains (INTEA-CIDSAV collection) using primers P3, P4, P7, 512Fb and Inva1 

(B). Circle dots indicate the three main clusters as well as the singletons. Cluster analysis was performed by 

unweighted pair group method with the arithmetic average (UPGMA) with the Dice coefficient of similarity. 

Black arrows indicate TC92 and PM411 strains. 
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Fig. 6  
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DISCUSSION 

The growing interest in sustainable management of plant diseases caused by Psa, Xap, and 

Xf has stimulated the search for novel BCA. Several bacteria, such as Pseudomonas and 

Xanthomonas, were selected for their biocontrol activity against these pathogens, but these studies 

have been focused on a single pathogen (Biondi et al., 2009; Kawaguchi et al., 2014; Henry et al., 

2016; Wicaksono et al., 2018). In the present work, a multi-disease approach was adopted to 

select potential antagonistic bacteria with a broad-spectrum activity. This strategy has been 

previously reported for the screening of BCA in other pathosystems (Haidar et al., 2016). Since 

some LAB strains have shown antagonistic activity against bacterial and fungal plant pathogens 

(Visser et al., 1986; Trias et al., 2008b; Wang et al., 2011; Fhoula et al., 2013) and denoted 

biocontrol efficacy on plants (Roselló et al., 2013; Shrestha et al., 2014; Tsuda et al., 2016; Roselló 

et al., 2017), plant-associated LAB have been considered as candidate for the development of 

BCA.  

In the present study in vitro and in planta tests were used to select candidate BCA to control 

multiple bacterial plant pathogens in their corresponding host plants. 55 LAB isolates were 

screened for in vitro antibacterial activity against Psa, Xap, and Xf and CC100, CM160, CM209, 

PM411 and TC92 were selected for exhibiting a broad spectrum of antagonism. Other reports have 

also demonstrated a high antagonistic activity of certain strains of LAB against phytopathogenic 

bacteria, such as Xanthomonas campestris, Pectobacterium carotovorum, Pseudomonas syringae, 

Pseudomonas savastanoi, and Ralstonia solanacearum (Trias et al., 2008b; Fhoula et al., 2013; 

Shrestha et al., 2014). In vitro assays are commonly used for preliminary selection of antagonist 

strains from a huge number of candidates testing different phytopathogens as target (Kavroulakis 

et al., 2010; Mora et al., 2015). This strategy is mainly focused on the selection of antagonists 

whose mode of action is the secretion of antimicrobial compounds (Köhl et al., 2011), such as LAB 

(Ben Omar et al., 2008). Therefore, this method allowed for the preselection of BCA candidate 

strains.  

In planta tests based on multiple-pathosystem approach were suitable to highlight strains with 

potential biocontrol ability and broad spectrum among the ones previously selected in in vitro tests. 

The biocontrol activity of PM411 and TC92 against Psa, Xap, and Xf was confirmed in plants under 

greenhouse conditions reducing pathogen infections similarly to streptomycin. In a previous study 

both strains were also selected in a screening procedure for exhibiting suppressive effect against 

E. amylovora in plant assays (Roselló et al., 2013). 

The biocontrol efficacy of PM411 and TC92 against Psa, Xap, and Xf in the corresponding 

hosts was also observed in semi-field or field experiments, confirming that they could be useful in a 

wide range of conditions. Due to the regulatory restrictions of the quarantine pathogens in EU, the 

assessment of disease management strategies in orchards affected with these pathogens is 

practically unaffordable in designated protected zones, such as Spain. Therefore, semi-field 
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experiments, consisting of treatment applications under field conditions and pathogen inoculation 

in the quarantine greenhouse, have been performed in this study since they were previously 

reported as comparable to field experiments for biocontrol testing (Cabrefiga et al., 2011).  

Biocontrol efficacy of the LAB selected strains was comparable to B. amyloliquefaciens D747, 

B. subtilis QST713, chitosan, ASM, copper, and kasugamycin. LAB strains could be considered as 

a promising alternative tool to be included in the disease management strategy due to the 

limitations that restrict the use of commercial products. In particular, phytotoxicity and pathogen 

resistance selection have been reported regarding copper compounds and antibiotics used for 

Psa, Xap, and Xf control (Roberts et al., 1997; Lalancette & Mcfarland, 2007; Colombi et al., 2017). 

While lack of consistency in efficacy has been demonstrated under some limited conditions 

concerning plant defence elicitors, such as ASM (Reglinski et al., 2013) and commercial microbial 

biopesticides based on Bacillus spp. against Psa (Monchiero et al. 2015).  

Due to their interest as biological control agents, PM411 and TC92 were characterized 

regarding the mechanism involved in the antimicrobial activity against the pathogens, as well as, 

genetically typified for their development as BCA. Cell-free supernatants (CFS) obtained from 

cultures of both strains showed also inhibitory effect, indicating the presence of antimicrobial 

compounds. Indeed, lactic acid production was confirmed in cell cultures of PM411 and TC92. 

While plantaricin synthesis by both strains is expected due to the presence of biosynthetic genes 

(plnEF, plnJK) with similar levels of expression (Roselló et al., 2013; Daranas et al., 2018a). Since 

pH neutralization of CFS eliminated the antibacterial effect, acidic pH or the presence of organic 

acids could account for the main antimicrobial activity. Other studies reported organic acids as one 

of the main mechanisms through which antimicrobial activity of LAB is exerted against a broad 

spectrum of target bacteria (Arena et al., 2016). Although in this work plantaricins have not been 

proved to contribute in Psa, Xap, and Xf inhibition, their role should not be dismissed because 

acidification or acid-mediated cell membrane disruption may be required to exert an antagonistic 

effect (Alakomi et al., 2000). Even though hydrogen peroxide role in antimicrobial activity was not 

confirmed in CFS, its production is expected to be favoured on plant surfaces, where there are 

aerobic conditions, and to contribute to pathogen suppression as previously reported (Pridmore et 

al., 2008). Therefore, to deeply understand the multifactorial mode of action of PM411 and TC92 

responsible for disease prevention in plants further studies are required. 

Besides the production of antimicrobial metabolites, pre-emptive colonization of plant tissues 

susceptible to pathogen infection is an important mechanism underlying BCA effectiveness 

(Giddens et al., 2003). Since Psa, Xap, and Xf enter into the host plant through natural openings, 

such as leaf stomata, and wounds, the presence of PM411 and TC92 cells on the leaf surfaces 

prior to the arrival of pathogens might avoid infection. In particular, PM411 preventively sprayed on 

plants inhibited endophytic and epiphytic Psa population indicating a direct effect on pathogen and 

in accordance with the reduction of disease incidence in plant experiments. This inhibitory effect of 

PM411 and TC92 was also observed on E. amylovora on pear plant surfaces (Roselló et al., 
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2017). The survival of PM411 and TC92 on leaves of kiwifruit, Prunus, and strawberry plants was 

confirmed in greenhouse experiments. Similar population levels were reached on the three 

different host plants and in agreement with their survival previously reported on pear plants 

(Roselló et al., 2017). A population decrease after spray was observed due to the harsh conditions 

in aerial plant surfaces. However, a constant level of 103-104 CFU leaf-1 of LAB strains was 

attained in the following ten days. This decline of population on leaves was also reported in other 

L. plantarum BCA, which, interestingly, attained higher population levels in wounded sites of leaves 

(Tsuda et al., 2016). Changes in water availability and temperature, nutrients limitation, or 

ultraviolet radiation on leaves can be transiently inadequate for BCA growth (Lindow & Brandl, 

2003).  

Although the performance of PM411 and TC92 regarding the suppression of pathogens is 

similar and both strains were identified as L. plantarum, they were clearly discriminated by RAPD-

PCR analysis and belong to different clonal complexes according to MLST. Interestingly, these 

strains were analysed together with other plant-associated L. plantarum strains and both RAPD-

PCR and MLST analysis displayed similar groups.  

L. plantarum PM411 and TC92 are effective in preventing treatments to control bacterial 

pathogens representing different genera (Pseudomonas, Xanthomonas) and affecting different 

hosts (kiwifruit, Prunus, strawberry). Their exhibited broad-spectrum antagonism against bacterial 

pathogens is mainly based on antimicrobial metabolites. Moreover, they inhibited pathogen 

population on plant surfaces supressing infections. However, the population reduction of PM411 

and TC92 under nonconductive conditions might compromise plant protection. To achieve the BCA 

population required for biocontrol, repeated spray applications may be necessary. Therefore, 

monitoring of viable cells could aid the design of a suitable delivery schedule of applications 

(Daranas et al., 2018b). Also, the improvement of BCA ecological fitness could be implemented 

(Daranas et al., 2018a). Further studies are needed to confirm the performance of PM411 and 

TC92 in the field under different agricultural and climatic conditions. 
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SUPPORTING INFORMATION  

Additional Supporting Information may be found in the online version of this article: 

Table S1 Lactic acid bacteria and bacterial plant pathogen strains used in this study. 

Figure S1 Dendrogram according to the MLST typing of 71 L. plantarum strains, including 45 

strains of this study (Trias et al., 2008a, 2008b; Roselló et al., 2013) and 26 strains from other 

studies. The analysis included allelic profiles of genes pgm, ddl, gyrB, purK1, gdh and mutS. 

Colour codes of strains: green, this study; red, de las Rivas et al. (2006); and blue, Tanganurat et 

al. (2009). Cluster analysis was performed by MEGA version 5.1 software 

(http://www.megasoftware.net) using the unweighted pair group method with arithmetic averages 

(UPGMA) and the Kimura two-parameter model (1000 Bootstrap method). Bootstrap confidence 

intervals, origin of the isolates, sequence type (ST) and allelic profiles (in brackets) are indicated. 
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Table S1. Lactic acid bacteria and bacterial plant pathogen strains used in this study 

Species Code strain
 a 

Host 
Geographical 

origin 
Growth 

medium
 b

 

Lactic acid bacteria 
c 

    

Lactobacillus plantarum AC58, AC59, AC73, AC81, AC84 Aubergine
 

Spain MRS 

 BC24, BC30, BC37, BC50, BC66 Chard  Spain MRS 

 CC31, CC100, CC121 Cucumber  Spain MRS 

 CC70, CC85, CC93 Cabbage  Spain MRS 

 CM450 Courgette  Spain MRS 

 CM466 Persimmon  Spain MRS 

 FC248, FC534 Fig  Spain MRS 

 NC568 Loquat  Spain MRS 

 PC40, PC49, PC67 Potato  Spain MRS 

 PM314, PM340, PM411, PM411R
 d
 Pear  Spain MRS 

 RC526 Blackberry  Spain MRS 

 TC26, TC28, TC35, TC41, TC43, 
TC44, TC46, TC54, TC60, TC69, 
TC71, TC92, TC92R 

d
, TC97, TC101, 

TC102, TC110, TM106 

Tomato  Spain MRS 

Lactobacillus pentosus SE217, SE294, SE304, SE307 Soya beans  Spain MRS 

 BM305 Broccoli   Spain MRS 

Leuconostoc 
mesenteroides 

CM160  Cherry  Spain MRS 

 CM209 Lettuce  Spain MRS 

 PM366 Peach  Spain MRS 

Lactococcus lactis SE303 Soya beans  Spain MRS 

Non-identified FC560 Fig  Spain MRS 

Bacterial plant pathogens    

Pseudomonas syringae pv. 
actinidiae (Psa) 

CFBP7286, CFBP7286-GFPuv 
e 

Actinidia chinensis   Italy LB 

NCPPB3739  Actinidia deliciosa  Japan LB 

IVIA 3700-1 
f 

A. deliciosa Portugal LB 

Xanthomonas arboricola 
pv. pruni (Xap) 

CFBP3894 Prunus salicina New Zealand LB 

CFBP5563 Prunus persica France LB 

Xanthomonas fragariae (Xf) IVIA XF349-9A 
f 

Fragaria vesca Spain B medium
 

CECT549 Fragaria chiloensis 
var. ananassa 

USA B medium
 

a 
CFBP, Collection Française de Bactéries Phytopathogènes (INRA, France); CECT, Colección Española de Cultivos Tipo 

(Valencia, Spain); IVIA,  Instituto Valenciano de Investigaciones Agrarias (Valencia, Spain); NCPPB, National Collection of 

Plant Pathogenic Bacteria (Fera, UK).
 

b 
MRS (de Man, Rogosa and Sharpe), LB (Luria Bertani), B medium (Hazel & Civerolo 1980). 

c 
INTEA-CIDSAV culture collection (Trias et al., 2008a, 2008b; Roselló et al., 2013). LAB strains were identified at species 

level based on 16S rDNA sequences. L. plantarum “group” was confirmed using species-specific primers 

(PLANT1/LOWLAC) (Chagnaud et al., 2001) by PCR amplification. Positive isolates for specie-specific PCR were then 

tested by multiplex PCR in a second step for the identification of L. plantarum, L. paraplantarum and L. pentosus with recA 

gene-based primers paraF, pentF, planF and pREV (Torriani et al., 2001). 

d 
Spontaneous mutants of L. plantarum PM411 and TC92 strains resistant to rifampicin. 

e
 Courtesy of Dr. F. Spinelli, Department of Agricultural and Food Sciences, University of Bologna, Italy (Spinelli et al., 2011). 

f
 Courtesy of Dra. M. M. López, IVIA, Valencia, Spain. 
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Figure S1 Dendrogram according to the MLST typing of 71 L. plantarum strains, including 45 strains of this 

study (Trias et al., 2008a, 2008b; Roselló et al., 2013) and 26 strains from other studies. The analysis 

included allelic profiles of genes pgm, ddl, gyrB, purK1, gdh and mutS. Colour codes of strains: green, this 

study; red, de las Rivas et al. (2006); and blue, Tanganurat et al. (2009). Cluster analysis was performed by 

MEGA version 5.1 software (http://www.megasoftware.net) using the unweighted pair group method with 

arithmetic averages (UPGMA) and the Kimura two-parameter model (1000 Bootstrap method). Bootstrap 

confidence intervals, origin of the isolates, sequence type (ST) and allelic profiles (in brackets) are indicated.  

 BC24

 TC35

 TC26

 CC100

 CC70

 AC84

 AC73

 BC37

 TC43

 TC97

 TC102

 CC121

 TC46

 TC28

 TC110

 CP33

 GG35

 AC81

 TM106

 AC58

 TC54

 TC69

 TC44

 CC31

 PC67

 AC59

 TC60

 TC92

 TC71

 CC93

 BC30

 PC49

 BC50

 BC66

 TC101

 TC41

 PC40

 CC85

 CM466

 M32

 GL13

 CP32

 TC24

 GG12

 M29

 TC23

 WCFS1

 FC534

 GL11

 RC526

 RM35

 CECT748T

 RM73

 RM28

 NC568

 PM411

 PM314

 PM340

 FC248

 RM40

 CECT221

 RM71

 RM72

 RM38

 CECT749

 CECT4185

 CECT220

 CECT4645

 CECT223

 CECT224

 CM450

0.005 

Strains Source ST Allelic profile

CP33 pickled cucumber

GG35 pickled ginger

AC58

AC59

AC73

AC81

AC84

BC24

BC30

BC37

BC50

BC66

CC31

CC100

CC121

CC70

CC85

CC93

PC40

PC49

PC67

TC26

TC28

TC35

TC41

TC43

TC44

TC46

TC54

TC60

TC69

TC71

TC92

TC97

TC101

TC102

TC110

TM106

CM466 persimons 18 (4, 2, 1, 2, 1, 7)

M32 pickled mango 17 (1, 6, 1, 1, 1, 1)

CP32 pickled cucumber

GG12 pickled ginger

GL11

GL13

TC23

TC24

M29 pickled mango

FC534 fig

WCFS1 human saliva

RC526 blackberry 19 (2, 1, 1, 9, 1, 1)

RM35 wine 10 (3, 2, 1, 2, 2, 8)

CECT748T pickled cabbage 5 (3, 2, 1, 2, 1, 1)

RM73 wine 14 (3, 2, 1, 2, 1, 7)

RM28 wine 9 (1, 2, 1, 7, 7, 3)

NC568 loquat 20 (1, 2, 1, 1, 7, 1)

PM314

PM340

PM411

FC248 fig

RM40 wine

CECT221 grass silage 3 (1, 1, 6, 3, 8, 1)

RM71

RM72

RM38 wine 11 (3, 1, 4, 2, 4, 2)

CECT749 pickled cabbage 6 (3, 2, 1, 2, 3, 1)

CECT4185 silage 7 (3, 1, 2, 1, 5, 1)

CECT220 corn silage 2 (1, 3, 1, 2, 6, 5)

CECT4645 cheese 8 (2, 4, 7, 8, 10, 4)

CECT223

CECT224

CM450 summer squash 22 (2, 7, 1, 10, 11, 9)

ND 4 (1, 5, 3, 4, 7, 1)

12 (1, 1, 1, 5, 9, 1)

wine 13

potato

(3, 1, 5, 6, 5, 6)

1-15 (1, 1, 1, 1, 1, 1)

16 (2, 2, 1, 2, 1, 1)

aubergine

chard

cucumber

cabbage

tomato

pic chin cabbage

pickled garlic

pear 21 (2, 2, 1, 1, 7, 1)
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Abstract

Lactobacillus plantarum strains PM411 and TC92 can efficiently control bacterial plant

diseases, but their fitness on the plant surface is limited under unfavourable low relative

humidity (RH) conditions. To increase tolerance of these strains to water stress, an adaptive

strategy was used consisting of hyperosmotic and acidic conditions during growth. Adapted

cells had higher survival rates under desiccation than non-adapted cells. Transcript levels

and patterns of general stress-related genes increased immediately after the combined-

stress adaptation treatment, and remained unaltered or repressed during the desiccation

challenge. However, there were differences between strains in the transcription patterns

that were in agreement with a better performance of adapted cells of PM411 than TC92 in

plant surfaces under low RH environmental conditions. The combined-stress adaptation

treatment increased the survival of PM411 cells consistently in different plant hosts in the

greenhouse and under field conditions. Stress-adapted cells of PM411 had similar biocon-

trol potential against bacterial plant pathogens than non-adapted cells, but with less variabil-

ity within experiments.

Introduction

The development of practical strategies for the sustainable management of plant diseases to

minimize the use of environmentally aggressive pesticides pose a challenge to worldwide crop

production [1–2]. The number of crops without efficient protection methods has increased

in recent years and this fact has stimulated an increasing demand of beneficial plant-microbe

interactions to withdraw biotic and abiotic stresses [3–5]. Thus, there is a need for finding new

and more effective biological control agents (BCA) and biostimulants, and also for optimizing

the methods by which these new products are made viable, durable, robust and economical

[6–8]. Lactobacillus plantarum strains have been reported as novel BCA for bacterial diseases

control such as fire blight of rosaceous plants [9–10].

The establishment of the BCA on plant organs, prior to the arrival of the pathogen, is a key

factor to achieve an efficient biocontrol of aerial plant diseases. In many BCA, a population

decline is often observed after application to plants, thus reducing biocontrol efficiency
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[11–12]. This decline of population is due to the shift from laboratory culture conditions to the

growth-limiting plant surface [13]. In addition, microorganisms are exposed on the phyllo-

sphere to ultraviolet radiation, nutrient limitation, and fluctuating water availability [14–15].

These reasons may explain the limited efficacy of lactic acid bacteria like L. plantarum strains

observed under non-optimal environmental conditions.

However, lactic acid bacteria (LAB) are able to tolerate several stresses (pH, salt, heat, inhib-

itory compounds) [16], and as in other bacteria, L. plantarum have several mechanisms to

enhance survival under stressful environments [17–19]. These mechanisms include the synthe-

sis of chaperone proteins (GroES/GroEL and DnaK/DnaJ/GrpE), which assist the folding of

misfolded proteins, and proteases (Clp family of proteins, such as ClpA, ClpB, ClpC, ClpE,

ClpL and ClpX), which degrade damaged proteins; both regulated mainly by the transcrip-

tional repressors CtsR and FtsH [20–21]. Also, small heat shock proteins (sHSP) and cold

shock proteins (CSP) function as folding chaperones, and play an important role in maintain-

ing membrane integrity under stress conditions. Cells exhibiting an increased synthesis of

these proteins have shown a greater ability to survive under stress conditions [22–24]. In addi-

tion to stress related proteins, bacteriocins (e.g. plantaricins) may confer competitive advan-

tages to L. plantarum [25–26] and their synthesis is affected by growth conditions and stress

[27]. Also, the adhesion-like factor EF-Tu may function as an “envelope associated protein”,

which can be released from the cell when they experience osmotic shock [28–29]. As it has

been suggested, transcriptional profiling of stress-related, bacteriocin-encoding and adhesion

factor genes could be used as a tool to evaluate the suitability of adaptation strategies, and to

compare strains adaptability to a stressful environment [30–33].

Different strategies have been used to increase BCA adaptation to stress and to improve its

epiphytic fitness upon delivery to the field. For example, cells have been adapted during its cul-

tivation to a sub-lethal dose of a specific physical or chemical stress [34–36] or to heat shock

[37–38]. These adaptation treatments can significantly improve the subsequent performance

of the microorganism under suboptimal conditions, not only to the specific stressing factor

used during adaptation, but also to a range of different stresses, a phenomenon known as

cross-protection [39–40]. In lactic acid bacteria it has been described that the exposure to a sin-

gle stressor is commonly associated to the cross-tolerance to other stressors like acid [41], heat

shock [42] or desiccation [43]. The development of cross-tolerance to stress has been described

in L. plantarum strains from food processing and probiotics [24, 44]. However, there are no

reports on tolerance to stress in L. plantarum biological control strains of plant diseases.

In the present work, we wanted to physiologically improve the fitness of L. plantarum strains

PM411 and TC92, by means of a strategy of tolerance to desiccation stress and low relative

humidity conditions that are common problems onto plant surfaces. We used a procedure con-

sisting of the adaptation of cells to salt and/or acidic pH conditions during inoculum prepara-

tion. The response of both strains to stress was compared by means of: (1) the effect of different

adaptation treatments on cell inactivation during desiccation stress, and on plant surfaces under

controlled environment conditions at low relative humidity (RH), and (2) the transcriptional

pattern of selected genes after the adaptation treatment and during the desiccation challenge.

Finally, (3) the effect of the adaptation treatment on the survival of PM411 on different plant

surfaces under greenhouse and field conditions and on the efficacy of biocontrol was studied.

Materials andmethods

Bacterial strains and growth conditions

L. plantarum strains PM411 and TC92 were isolated from pear and tomato, respectively, as

described previously [10, 45]. Strains were cultured in Man, Rogosa and Sharpe broth (MRS)

Enhancing water stress tolerance in biological control strains
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(Oxoid; Unipath Ltd., Basingstoke, Hampshire, England) at 30˚C in an orbital shaker at 80

rpm. Stock cultures were stored at -80˚C in MRS containing 20% (v/v) glycerol. To monitor

culturable populations of PM411 and TC92 in plant colonization studies, spontaneous mutants

resistant to rifampicin (PM411R and TC92R) were used [10]. Erwinia amylovora EPS101 iso-

lated from an infected shoot of a Conference pear tree in Lleida (Spain) [35] and Xanthomonas

fragariae CECT549 (Colección Española de Cultivos Tipo) were used in pathogen inoculation

experiments. Bacterial suspensions of the pathogens were obtained from ultrafreeze-preserved

cultures (-80˚C) grown overnight at 25˚C in Luria–Bertani (LB) agar for E. amylovora and

in medium B agar [46] for X. fragariae. Colonies were scraped from the agar surface and sus-

pended in sterile distilled water. The culture was adjusted to a cell density corresponding to

1 x 108 CFUmL-1 (OD600 of 0.12 and 0.40 for E. amylovora and X. fragariae, respectively) and

diluted with sterile distilled water to obtain an appropriate concentration.

Adaptation treatments

PM411 and TC92 cells were cultured overnight in MRS broth until an OD600 of 0.8–1.0, har-

vested by centrifugation (10000 x g, 10 min at 10˚C), and washed in 50 mM sterile phosphate

buffer (PBS, pH 7.0). Washed cells were resuspended in the corresponding adaptation medium

at an initial OD600 of 0.2, or cultured accordingly. The adaptation treatments performed were

acidic, hyperosmotic, stationary phase, combined-stress, and non-adapted (Fig 1). For the

acidic treatment (A), cells were cultured until mid-log phase (final conditions OD600 = 0.6, pH

3.8 ± 0.2) in MRS broth at pH 4.0 (modified by the addition of HCl 1N). For the hyperosmotic

treatment (O), cells were cultured until mid-log phase in MRS broth (pH 6.2) amended with

NaCl 1 M (final conditions OD600 = 0.6, pH 5.3 ± 0.2). For the stationary phase treatment (S),

cells were cultured in MRS broth at pH 6.2 until stationary phase (final conditions OD600 =

1.0, pH 3.8 ± 0.2) (no pH control). For the combined-stress treatment (C), cells were cultured

in MRS broth (pH 6.2) amended with NaCl 1 M until stationary phase (final conditions

OD600 = 1.0, pH of 3.8 ± 0.2). For non-adapted treatment (N), cells were cultured in MRS

broth (pH 6.2), until mid-log phase (final conditions OD600 = 0.6, pH = 5.3 ± 0.2). All treat-

ments were incubated at 30˚C with shaking at 80 rpm. Three independent biological replicates

were prepared for each L. plantarum strain (PM411 and TC92) and treatment combination.

Two independent experiments were performed.

Effect of adaptation treatments on cell survival during desiccation

Previously to the water stress challenge, cells were obtained from cultures grown under differ-

ent adaptation conditions, as described above. In the first experiment, the adaptation treat-

ments performed were A, O, S, C, and N, and subsequently cells were exposed to desiccation

along a period of 6 days (long-term). In the second experiment, the adaptation treatments

were A, C, and N, and the exposure to desiccation was along 5 h (short-term). In both experi-

ments, cells from culture aliquots (25 ml) were harvested by centrifugation (10000 x g, 10 min

at 10˚C), washed once in PBS and resuspended in 25 ml of sterile PBS (pH 7.0). In the case of

O and C cells, the sterile PBS used to wash cells was amended with NaCl to a final concentra-

tion of 1 M. Then, aliquots of 1 ml were distributed into 1.5 ml Eppendorf tubes and harvested

by centrifugation at 6000 x g for 5 min. The supernatant was discarded and the pellet contain-

ing cells was dried in a vacuum desiccator using silica gel as desiccant as described [34]. The

tubes were maintained opened in the desiccator at 25˚C. In the first experiment, samples

for cell survival analysis (an Eppendorf tube) were taken at 1, 2 and 6 days after the start of

the desiccation challenge. In the second experiment, tubes were taken at 0.5, 1, 1.5, 2, 3, 4

and 5 h. The experimental design consisted of three independent biological replicates of each
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adaptation treatment and date of assessment, for each strain and experiment. For cell survival

analysis, the pellets were resuspended in 1 ml of sterile PBS (pH 7.0) and appropriate dilutions

of the suspensions were seeded onto MRS agar plates (Panreac, Barcelona, Spain) using a spiral

plater system (Eddy Jet; IUL Instruments, Barcelona, Spain). Plates were incubated at 23˚C

for 48 h. Colonies were counted using an automatic counter system (Countermat Flash; IUL

Instruments) and counts were transformed to CFU ml-1 of culture. Non-desiccated cells of

Fig 1. Schematic representation of the adaptation treatments and water stress challenge, and the analysis performed in L.
plantarum PM411 and TC92 strains.Gene expression of cells was studied in non-adapted (N), acidic (A), and combined-
stress (C) conditions after the adaptation treatments. After the treatments (N, A, and C) cells were exposed to water stress (i) in
vitro for the study of cell inactivation kinetics and gene expression, and (ii) in planta for the study of cell inactivation kinetics.

https://doi.org/10.1371/journal.pone.0190931.g001
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each adaptation treatment (N, A, O, S, and C) served as controls. The inactivation of cells for

each treatment was calculated as log N0/N, where N0 is the initial number of unstressed cells

(control) and N the number of survivors.

Effect of adaptation treatments on survival of L. plantarum under low
relative humidity conditions

Apple flowers. Open blossoms were collected from an experimental field of Golden

Smoothie apple cultivar near Girona (Mas Badia Agricultural Experiment Station), taken to

the laboratory under refrigeration, and used within 24 h. The procedure was essentially as

described [47]. Briefly, detached flowers were maintained with the cut peduncle submerged

in a sucrose solution in Eppendorf tubes and placed in transparent plastic boxes. Flowers

were treated with a hand sprayer to the runoff point (0.4 ml per flower), with suspensions of

PM411R and TC92R cells (108 CFUml-1) from A, C, or N adaptation treatments. Adapted

and non-adapted cells were obtained as described above, and resuspended in quarter-strength

Ringer’s solution by setting the OD600 of cell suspensions to 0.25 (confirmed by colony counts,

108 CFUml-1). After the corresponding treatment, inoculated flowers were placed at 25±1˚C,

with 16 h of fluorescent light/8 h dark and under low relative humidity (RH) conditions

(50%). RH conditions were obtained in controlled environment chambers (SGC097.PFX.F,

Fitotron, Sanyo Gallenkamp plc, UK) by placing CaCl2 into the chamber as a humidity

absorber. The experimental design consisted of three independent biological replicates of each

adaptation treatment and date of assessment for each strain. Two independent experiments

were performed. Samples of 5 flowers from each replicate were taken for monitoring popula-

tion levels of PM411R or TC92R at 1, 2 and 6 days post inoculation. Flowers were homoge-

nized with 20 ml of sterile PBS (pH 7.0) and 0.1% peptone using a stomacher (Masticator; IUL

Instruments). Sample homogenates were diluted and appropriate dilutions were seeded onto

MRS agar plates supplemented with 50 μg ml-1 of rifampicin (Sigma, Missouri, USA) to

counter-select the corresponding strain inoculated. Plates contained 10 μg ml-1 of econazole

nitrate salt (Sigma, Missouri, USA) to avoid fungal growth. Plates were incubated at 23˚C for

48 h and colonies were counted. The population levels of PM411R or TC92R were expressed

as CFU per flower. A sample of recently inoculated flowers by each adapted (A and C) and

non-adapted (N) strain served as a control. The inactivation index for each treatment was cal-

culated as described above.

Prunus leaves. Prunus amygdalus × P. persica plants of the rootstock GF-677 were

obtained by micropropagation (Agromillora, Barcelona, Spain). Plants of 20 cm in length

were grown in 10-cm-diameter plastic pots having 6 to 10 young leaves, and were main-

tained in a greenhouse at 26 ± 2˚C, 60 ± 10% of RH and a 16-h photoperiod, and were fertil-

ized once a week with a 200 ppm N/P/K solution (20:10:20) and standard insecticide and

miticide sprays were applied until use. Plants were inoculated with 108 CFUml-1 cell suspen-

sions of A, C, or N adapted PM411R and TC92R cells using a microsprayer until runoff (10

ml per plant). Cell suspensions were prepared as described above. Inoculated plants were

placed into transparent plastic boxes at 25˚C, with 16 h of fluorescent light / 8 h dark and

under low (60–70%)-RH conditions. Low RH conditions were obtained by placing CaCl2
into the boxes as a humidity absorber. The experimental design consisted of three indepen-

dent biological replicates (5 plants per replicate) of each adaptation treatment and date

of assessment for each strain. Two independent experiments were performed. For monitor-

ing population levels of PM411R or TC92R five leaves were taken from each replicate at 1,

2, 3, 4 and 7 days post-inoculation. Samples were processed and calculations were done as

described above.
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Transcriptional analysis during adaptation conditions and desiccation
challenge

Expression patterns of PM411 and TC92 cells obtained immediately after growth under differ-

ent adaptation treatments (A, C, and N) and after desiccation challenge were analysed. Total

RNA was extracted from PM411 and TC92 cells grown under three adaptation conditions

(A, C, and N), and exposed or non-exposed to desiccation challenge. A, C, and N cells were

obtained following the procedure described above, immediately after growth (non-desiccated)

or at different times during desiccation (0.5, 1, 1.5, 2, 3, 4 and 5 h) (Fig 1). At every sampling

time dehydrated cells were suspended in 1 ml of sterile PBS (pH 7.0). RNA from 500 μl of cell

suspensions was immediately stabilized in two volumes of RNA Protect Bacteria Reagent (Qia-

gen, Hilden, Germany). Total RNA was isolated according to the procedure recommended by

Qiagen with minor modifications, involving enzymatic lysis together with proteinase K diges-

tion, followed by mechanical disruption. The pellet was resuspended with 200 μl TE buffer

containing 15 mg ml-1 lysozyme (Sigma). Besides, 20 μl of proteinase K and 6 μl of mutanoly-

sin (Sigma) were added and samples were incubated at 37˚C for 45 min with shaking at 300

rpm. The mechanical disruption was performed adding 50 mg of acid-washed glass beads

(Sigma, 150–600 μm) to the sample using the Tissulyser II instrument (Qiagen) at frequency

of 30 s-1 for 5 min. Extracted total RNA was purified with the RNeasy Mini Kit (Qiagen)

according to the manufacturer’s instructions and RNA was resuspended in 50 μl RNase free

water. The concentration and purity of RNA was assessed by spectrophotometric measure-

ments using NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Waltham,

USA). Residual DNA was removed using the Turbo DNA-free kit (Applied Biosystems, Foster

City, USA) and cDNA was synthetized from RNA using the High Capacity cDNA Reverse

Transcription Kit (Applied Biosystems) according to the manufacturer’s instructions. The

absence of chromosomal DNA contamination was confirmed by minus-reverse transcriptase

control in quantitative real-time PCR (qPCR).

Quantitative real-time PCR was carried out in a 7500 Real-Time PCR System (Applied

Biosystems) to assess the transcriptional level of L. plantarum genes associated to: (i) stress

response, i.e. encoding molecular chaperones (dnaK and groEL), Clp proteins (clpC and clpB),

small heat shock proteins (hsp1 and hsp3), cold shock proteins (cspP and cspL), stress factors

(ctsR and ftsH), and small redox protein (trxB1); (ii) adhesion factor protein (efTU), and (iii)

plantaricin synthesis (plnE and plnJ). Optimized reactions included 10 μl SYBR1 Green PCR

Master Mix (Applied Biosystems), 7 μl RNase-free water, 1 μl of each forward and reverse

primer (Table 1) at 2 μM, and 1 μl cDNA in a final volume of 20 μl. The thermal cycling condi-

tions were as follows: 10 min at 95˚C for initial denaturation; 50 cycles of 15 s at 95˚C, and 1

min at 60˚C; and a final melting curve program of 60 to 95˚C with a heating rate of 0.5˚C/s.

Each qPCR assay included duplicates of each cDNA sample, no-template and RNA controls to

check for contamination. Measures were taken from each condition from three independent

biological cultures. The lactate dehydrogenase D gene (ldhD) was used as internal control for

data normalization [53].

Expression patterns of PM411 and TC92 cells obtained immediately after growth under

different adaptation treatments (A, C, and N) were analysed and the normalized expression

values of selected genes were quantified and log2 transformed. Standard curves for quantifi-

cation of gene expression were created using decimal dilutions of recombinant plasmid

DNA (target sequences were cloned into a vector pSpark1 in Escherichia coli DH5 cells)

corresponding to copy numbers ranging between 102 and 106. Ct values in each dilution

were measured in triplicate using the optimized qPCR as described above and a negative

non-template control was included in each run. Ct values were plotted against the logarithm
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of their initial template copy numbers and each standard curve was generated by a linear

regression of the plotted points.

Besides, the effect of desiccation stress (1, 1.5, 2, 3 and 4h under desiccation) on the tran-

scriptional response of selected genes of PM411 and TC92, depending on the adaptation treat-

ments (A, C, and N), was analysed. In this case, the comparative critical threshold ( Ct)

method was used to assess the relative transcriptional level. Similar amplification efficiencies

of all genes primer pairs were checked making the Ct method appropriate to calculate

the relative expression (RE) level. The Ct of non-desiccated cells, at the corresponding cell-

adaptation method (A, C, and N), was used as the calibrating condition to calculate RE level.

Genes were considered to be up- or down-regulated if their RE levels were at least twofold (RE

level = 21 or 2−1) higher or less than the calibrator condition [54, 55].

Effect of combined stress adaptation treatment on the dynamics of
population of PM411 on plant surfaces

Two experiments under greenhouse conditions and two field trials at the Mas Badia Agricul-

tural Experiment Station (Girona, Spain) were performed.

Greenhouse experiments. Experiments were conducted in potted plants (10-cm-diame-

ter plastic pots) of cv. Darselect strawberry and cv. Hayward kiwifruit. Plants were used when

had 30 to 40 cm in length and 10 to 15 young leaves in the case of kiwifruit plants and 5 to 8

leaves per crown in strawberry plants. Plants were spray inoculated to runoff (6 and 20 mL per

strawberry and kiwifruit plants, respectively) with a suspension of PM411R. The inoculum of

the biological control agent was prepared as previously described, either adapted with the com-

bined treatment (C) or non-adapted (N). Cells were harvested by centrifugation and resus-

pended in quarter-strength Ringer’s solution to 5 x 107 CFUmL-1. After the corresponding

treatment, plants were maintained in a greenhouse at 26 ± 2˚C, 70 ± 10% of RH and a 16-h

photoperiod. Three replicates of three plants per replicate were used for each adaptation treat-

ment. Sample collection for monitoring population levels of PM411 was performed at 0, 1, 2, 3

Table 1. Function of genes and primer sequences used in the transcriptional response study.

Function Gene Forward primer (5’—3’) Reverse primer (5’—3’) Reference

Chaperone proteins dnaK [31]

groEL [31]

Proteases clpB [48]

clpC [49]

Small heat shock proteins hsp1 [48]

hsp2 [50]

hsp3 [31]

Cold shock proteins cspP [44]

cspL [44]

Stress factors ftsH [51]

ctsR [51]

Small redox protein trxBI F: [52]
R: this study

Adhesion protein efTU [29]

Plantaricin synthesis plnE [32]

plnJ [32]

D-lactate dehydrogenase ldhD [53]

https://doi.org/10.1371/journal.pone.0190931.t001
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and 6 days. Samples of three leaflets for strawberry plants and three leaves for kiwifruit plant

were taken from each replicate of the corresponding treatment and sampling date.

Field experiments. Experiments were conducted in plots of cv. Golden Smoothie apple

and cv. Comice pear trees. Treatments were distributed in a completely randomized block

design with three replications of each treatment and 7 trees per replicate. In each tree two

branches containing blossoms were tagged. Treatments corresponded to suspensions of

PM411 non-adapted (N) or adapted (C). In both treatments cells were harvested by centrifuga-

tion and diluted in quarter-strength Ringer’s solution to 5 x 107 CFUmL-1. Two strategies

were assayed, one doing a single application of bacteria to trees on 29 March 2017 (cv. Comice

pear) and on 5 April 2017 (cv. Golden Smoothie apple), and in the second strategy two applica-

tions were performed (29 March and 4 April 2017 in the case of pear trees, and 5 April and 11

April 2017 in the case of apple trees). Open blossoms from tagged branches were spray inocu-

lated until near runoff with the bacterial suspension using a hand-held 5 mL sprayer (3 mL per

blossom). Weather conditions in the field plots were measured with a weather station located

in the experimental field (Mas Badia, La Tallada d’Empordà) (Temperature, RH and rainfall).

Sample collection for monitoring PM411 levels was performed at 0, 1, 2, 5, 6 and 7 days. Sam-

ples of two blossoms (4–6 flowers and accompanying leaves) were taken from each replicate of

the corresponding treatment and sampling date. All the samples (leaves from the greenhouse

experiment and blossoms from the field experiment) were homogenized in a sterile plastic bag

with 30 mL of 0.05 M phosphate buffer (pH 7.0) and 0.1% peptone under shaking in an orbital

shaker at 150 r.p.m. for 30 min at 4˚C. The extract was concentrated 10-fold by centrifugation

at 10000 g for 10 min. The extract was serially diluted and appropriate dilutions were seeded

onto MRS agar plates supplemented with 50 μg ml-1 of rifampicin and 10 μg ml-1 of econazole

nitrate salt and population levels of PM411 were assessed as described.

Effect of combined stress adaptation treatment on efficacy of disease
control

Two different assays were performed to control angular leaf spot of strawberry (X. fragariae)

and fire blight of apple and pear (E. amylovora).

Angular leaf spot disease of strawberry. Plants were sprayed to runoff with 10 ml of a

suspension of adapted or non-adapted cells of PM411. After 24 h, plants were inoculated with

a suspension of Xf at 1x108 CFUml-1. Pathogen suspension was prepared in distilled water

with diatomaceous earth (1 mg ml-1) and applied using a hand-sprayer (at a pressure of 20 psi)

to runoff with 6 ml of the suspension. After inoculation, plants were maintained for 48 h in

plastic bags to allow a high relative humidity conditions. Then, plant material was maintained

in the quarantine greenhouse at 26˚C (± 2˚C), 60% ± 10 of RH and a 16 h light-8 h dark photo-

period. The experimental design consisted of three replicates of two plants per replicate for

each treatment. Kasugamycin treated (Kasumin, Lainco, Barcelona, Spain) (80 mg l-1) and

non-treated plants were included as controls.

Two experiments were performed. After two weeks from the pathogen inoculation the

severity of infections was determined per each replicate. Severity of infections was determined

as the level of infection of each leaf, according to the following scale: 0, no symptoms; 1, pres-

ence of small spots of necrosis (<25% of the leaf surface); 2, necrosis progression through the

leaf (25–50%) and; 3, leaf mainly affected by necrosis (>50%). The mean severity level per leaf

was calculated per each replicate of two plants.

Fire blight control. Open blossoms of pear and apple treated in the experimental

orchard plot (see above) were collected at 1 day after treatment, to perform efficacy assays

under controlled environmental conditions. The individual flowers used for inoculation with
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E. amylovora were prepared as described [35], in single Eppendorf vials [47]. The hypanthium

of flowers was then inoculated with 10 μL of a suspension of E. amylovora at 107 CFUmL-1.

The inoculated flowers were again placed in plastic boxes, and incubated at 25˚C and high RH

for 5 days. The experimental design consisted of three replicates of five flowers per replicate

for each treatment. Kasugamycin treated (80 mg l-1), and non-treated controls inoculated with

the pathogen alone were included. Two experiments were performed. Severity of infections on

flowers was evaluated per each replicate after 5 days of pathogen inoculation. The severity of

infections was determined as the level of infection of each inoculated flower according to a

scale from 0 to 3 in function of the symptoms observed: 0, no symptoms; 1, partial hypanthium

necrosis; 2, total hypanthium necrosis; 3, necrosis progression through peduncle.

Data analysis

To test the significance of the effect of adaptation treatments on inactivation of PM411 and

TC92 to desiccation in vitro, and on flowers and leaves, and to test the effect of adaptation

treatment of PM411 on the population level on plant surfaces and on biocontrol efficacy

against X. fragariae and E. amylovora, a one-way analysis of variance (ANOVA) was per-

formed. Means of the index of inactivation were separated according to the Tukey’s test at

P� 0.05. The statistical analyses were performed using GLM procedure of the PC-SAS (ver-

sion 9.1; SAS Institute Inc., Cary, NC).

Results

Effect of adaptation treatments on survival of cells during desiccation

The behaviour of acidic (A), hyperosmotic (O), stationary phase (S), combined-stress (C)

adapted and non-adapted (N) cells of PM411 and TC92 strains, during a long-term and a

short-term period under desiccation stress was compared (Fig 2).

Over the long-term period of desiccation, the C adaptation treatment had the lowest inacti-

vation values (less than 1 log after 6 days of desiccation), significantly different from the other

adaptation treatments in both strains (P< 0.001). Inactivation values of A, S, and C cells were

significantly lower than N cells in both strains (P< 0.001). S and A treated cells had inactiva-

tion values around 2 log in PM411, while in TC92 these values were around 4 log for A cells

and 2 log for S cells. O treated cells had lower inactivation values than N cells in TC92 (specifi-

cally at 2 and 6 days under desiccation) but had similar inactivation in the case of PM411cells.

Overall, PM411 N cells were less affected by desiccation stress than TC92 N cells.

The short-term experiment was performed once the best treatments were selected. Also in

this case the inactivation values of A and C treated cells were significantly lower than in N cells

in both strains (P< 0.001), being the C adaptation treatment which gave the lowest inactiva-

tion values. No significant differences (P> 0.05) were observed in inactivation among the

treatments in both strains during the first 3 h. However, after this period, the inactivation val-

ues increased for A and N treatments. TC92 N cells reached higher inactivation values than

PM411 N cells.

Effect of adaptation treatments on survival on flowers and leaves under low
relative humidity conditions

The inactivation of PM411 and TC92 previously submitted to adaptation treatments was stud-

ied in apple flowers and Prunus leaves at low RH (Fig 3).

In both strains, A, C, and N treated cells reached lower inactivation values on flowers (1.1

to 1.5 log at 6 days post inoculation) than on leaves (3.5 to 4.3 log at 7 days post-inoculation).
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In PM411, the inactivation of C treated cells was significantly lower than in A and N treated

cells, in both plant materials (P< 0.001). Hence, the C treatment clearly improved PM411 cell

survival, both on flowers and leaves. No significant differences in inactivation were observed

between adapted and non-adapted TC92 cells, neither on flowers nor on leaves (P> 0.05)

(except for C treated cells on leaves in day 2, which were significantly lower than A and N

treated cells (P< 0.05)).

Globally, PM411 C cells showed lower inactivation than TC92 C cells. On leaf surfaces at

low RH, inactivation values were 2 log in PM411 compared to 4 log in TC92. However, in blos-

soms, the inactivation in PM411 C adapted cells did not differ from TC92 cells.

Transcriptional response to adaptation treatments and desiccation stress

The effect of adaptation treatments and desiccation stress on the expression levels and pattern

of selected genes in PM411 and TC92 cells was studied. Gene expression during adaptation in

Fig 2. Effect of adaptation treatments on cell inactivation in L. plantarum TC92 and PM411 during desiccation.
Long-term (top panels) and short-term (bottom panels) periods. Non-adapted, N (�), acid adapted, A ( ),
hyperosmotic adapted, O ( ), stationary phase adapted, S (5), and combined-stress adapted, C ( ) cells. Inactivation
is shown as log N0/N, where N0 is the initial number of cells and N is the number of survivors. Values are the mean of
three independent biological replicates and error bars represent the standard deviation of the mean.

https://doi.org/10.1371/journal.pone.0190931.g002
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acid (A), combined-stress (C), and non-adapted (N) conditions is shown in Fig 4. The expres-

sion pattern was quite similar in the two strains, but differed depending on treatments. A and

N treatments showed similar expression pattern (in 10 out of 14 genes). However, the C treat-

ment showed different expression levels in both strains (in 10 out of 14 genes) in comparison

to A and N treatments. Expression values of stress related genes were higher in C than in N

treated cells, for 10 genes in PM411 (dnaK, groEL, clpB, clpC, hsp1, hsp3, cspL, ftsH, ctsR, and

trxB1), and for 7 genes in TC92 (groEL, clpB, clpC, hsp1, hsp3, ftsH, and trxB1). The adhesion

factor efTU and the plantaricins plnE and plnJ had similar levels of expression in all treatments

and in both strains. Interestingly, in C treated cells, in both strains, cold shock proteins (cspP

and cspL) showed the lowest levels of expression of stress-related genes.

Gene expression during desiccation stress, depending on adaptation treatments, is shown

in Fig 5. Non-adapted cells showed different desiccation stress response patterns in each strain.

In PM411 N cells all genes were upregulated and, in general, their expression levels were kept

upregulated over time. On the contrary, in TC92 N cells only dnaK and groEL genes were kept

upregulated over time. So, TC92 N cells had a lower response capacity to desiccation stress

than PM411. The transcriptional pattern of A treated cells did not differ significantly from N

Fig 3. Effect of adaptation treatments on cell inactivation in L. plantarum TC92 and PM411 in apple flowers and
Prunus leaves at low RH.Non-adapted, N (�), acid adapted, A ( ), and combined-stress adapted, C ( ) cells.
Inactivation is shown as log N0/N, where N0 is the initial number of cells and N is the number of survivors. Values are
the mean of three independent biological replicates and error bars represent the standard deviation of the mean.

https://doi.org/10.1371/journal.pone.0190931.g003
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cells in both strains. Interestingly, the expression pattern of C treated cells was different from

the N and A cells in both strains. Most of the genes were downregulated at some singular point

or were kept unchanged during the desiccation stress period. However, the expression levels of

some particular genes were actually different between TC92 C and PM411 C cells. For exam-

ple, clpB, clpC, hsp1 and hsp3 were upregulated only in TC92 under desiccation conditions for

Fig 4. Transcriptional analysis during adaptation conditions in L. plantarum TC92 and PM411.Normalized
expression values (log2) of genes associated to stress response, adhesion factor protein, and plantaricin synthesis, in
non-adapted (N), acid adapted (A), and combined-stress adapted (C). ldhD gene was used for data normalization.
Three independent biological replicates were performed.

https://doi.org/10.1371/journal.pone.0190931.g004
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3 hours, and their expression level was kept upregulated during the following hour. The efTU

gene was upregulated in PM411 C cells while was unaltered in TC92 C cells.

Effect of adaptation on survival under greenhouse and field conditions and
on efficacy of biological control

Levels of PM411 on plants under greenhouse conditions decreased slightly through time and

were higher in kiwifruit than in strawberry plants (Fig 6). Differences in population levels were

observed between adapted and non-adapted PM411 cells in the two experiments performed

for each plant species.

Fig 5. Transcriptional pattern of adapted cells of L. plantarumTC92 and PM411 during desiccation challenge.Non-adapted (N), acid adapted (A), and
combined-stress adapted (C) cells. Samples during desiccation were taken at selected steps throughout a 4 h period. The relative expression (RE) level was
assessed by the Ctmethod. The ldhD gene was used as the internal control. The Ct of non-desiccated cells for the corresponding adaptation method was
defined as the calibrator. Three independent biological replicates were performed.

https://doi.org/10.1371/journal.pone.0190931.g005
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Population levels of PM411 decreased also through time on pear and apple blossoms under

field conditions that were relatively dry (one single rainfall event in pear tree assay and moder-

ate temperatures and low humidity in both pear and apple trees; Fig 7). Three days following

field inoculation, population levels of PM411 decreased to steady-state values in non-adapted

treatments (103–104 CFU per blossom), but were significantly higher in adapted treatments

(104–105 CFU per blossom) (Fig 7). When a second spray of PM411 was applied under harsh

conditions, also adapted cells survived better than non-adapted cells on both, pear and apple

plants.

A decrease in disease severity was observed compared to the control in plants treated with

both adapted (C) and non-adapted (N) cells of PM411, without significant differences between

them (Fig 8). However, the C treatment had less variability compared to the N treatment and

no significant differences between N and non-treated control could be detected in four out of

six experiments performed. More in detail, the coefficients of variation in both experiments

performed were for the C treatment 5.7 and 17.1% in strawberry, 8.3 and 15.7% in pear and

9.1 and 20% in apple, and those of the N treatment were 62.6 and 59% in strawberry, 55.1 and

52.7% in pear and 32.8 and 45.8% in apple. These results indicated that the C treatment gave

more consistent efficacy.

Fig 6. Effect of adaptation treatment on survival of PM411 in strawberry and kiwifruit leaves, under controlled
environment greenhouse conditions. Plants were sprayed with non-adapted, N (�) or combined-stress adapted, C
( ) cells. Values are the mean of three independent biological replicates and error bars represent the standard
deviation of the mean. �, indicates significant differences between treatments according to the Tukey test.

https://doi.org/10.1371/journal.pone.0190931.g006

Enhancing water stress tolerance in biological control strains

PLOSONE | https://doi.org/10.1371/journal.pone.0190931 January 5, 2018 14 / 21

104



Discussion

In order to increase the tolerance to water stress of L. plantarum strains isolated from plant

environments, and to improve its epiphytic survival under low relative humidity conditions, a

strategy based on the adaptive growth under stress conditions has been developed. The com-

bined-stress strategy consisted of adapting cells by growing them into a hyperosmotic medium

until stationary-phase, which involves also acid production.

Our results with L. plantarum are in agreement with the findings in other Lactobacillus spe-

cies from fermented foods, that reported a higher tolerance to stress of stationary-phase cells

compared to exponential-phase cells [17, 19, 42, 56]. Also, the present results are in accordance

with studies showing that cells obtained from non-controlled pH fermentations had better tol-

erance to stresses than cells from controlled pH experiments [57–59]. In addition, cells of Lac-

tobacillus had enhanced tolerance to harsh conditions when grown under salt [60–62] or acid

stress [20, 63].

The response of strains PM411 and TC92 toward the combined-stress treatment resulted

in a strong protection against desiccation. The study of the gene expression responses

Fig 7. Effect of adaptation treatment on survival of PM411 in blossoms of ‘Comice’ pear and ‘Golden Smoothie’
apple under field conditions. Environmental conditions during the field experiments are shown in the upper panels.
Temperature (dotted line), RH (bold line) and rainfall (vertical bars). Blossoms were treated in the field with either
adapted cells (C) ( ), or non-adapted cells (N) (�), using a single spray strategy or a repeated spray strategy. Values are
the mean of three replicates. Error bars represent the 95% confidence interval of the mean. �, indicates significant
differences between treatments according to the Tukey test.

https://doi.org/10.1371/journal.pone.0190931.g007
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immediately after the combined-stress treatment confirmed an increase in transcript levels

of the stress-related genes (DnaK, GroEL, ClpC, ClpB,Hsp1, Hsp3, CspP, CspL, CtsR, FtsH

and TrxB1), in comparison with non-adapted cells. Whereas, after desiccation challenge,

transcript levels of the same genes remained unaltered or repressed in adapted cells while

were overexpressed in non-adapted cells. This is in concordance with a better survival of

adapted vs. non-adapted cells. These results suggest that cells after the combined-stress

treatment have high levels of stress proteins that probably protect themselves from damage

caused by a subsequent desiccation. Other studies performed in probiotic and dairy lactic

acid bacteria have also shown that the adaptive response to stress involves the overproduc-

tion of several stress-related proteins, such as DnaK, GroEL, Clp, FtsH, that might give better

survival under harsh environment [31, 43, 62, 64]. Interestingly, in our strains, the com-

bined-stress adaptation treatment did not affect the expression level of the non-stress related

genes efTU, plnE and plnJ. This is in agreement with the report that plnE/F and efTU gene

expression in L. plantarum and L. pentosus was not affected by salt contents or pH variations

in the growth medium [29, 32].

The acidic treatment, consisting of a single stress factor, showed less protection against des-

iccation than the combined treatment. In accordance, the gene expression pattern immediately

after the acidic adaptation treatment and after desiccation challenge was quite similar to non-

adapted cells in both strains. However, this can be a particular response of our strains, since

other studies have shown differential expression of some genes in acid-adapted cells compared

to non-adapted cells, specifically those related with malolactic fermentation and intracellular

accumulation of histidine in L. casei [63] or stress-related genes (e.g. clpL) in Oenococcus oeni

[22].

Fig 8. Effect of adaptation of PM411 on susceptibility of strawberry plants to infection by X. fragariae (Xf) and of
pear and apple flowers to infection by E. amylovora (Ea). Plants and blossoms were treated under greenhouse and
field conditions, respectively, with adapted PM411 cells, non-adapted PM411 cells, kasugamycin or non-treated.
Strawberry plants were sprayed with Xf in the greenhouse. Once treated, pear and apple flowers were collected in the
field and inoculated with E. amylovora under controlled environment conditions in the laboratory. Values of severity
are the mean of three replicates. Error bars represent the 95% confidence interval of the mean. Bars for severity panels
with the same letter in the same panel do not differ significantly (P<0.05) according to the Tukey test.

https://doi.org/10.1371/journal.pone.0190931.g008
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Differences in tolerance to desiccation were observed between PM411 and TC92 cells, in

agreement with the gene expression patterns. PM411 non-adapted cells survived better than

TC92 over the period of desiccation and showed upregulation of all the eleven stress-related

genes analysed, whereas in TC92 only three genes were upregulated. Concerning the response

to the combined adaptation treatment, both strains increased cell survival under desiccation

but had slightly different stress-related gene expression patterns. After the adaptation treat-

ment, PM411 showed overexpression in more genes than TC92. Moreover, throughout desic-

cation only in TC92 heat shock proteins (hsp1 and hsp3) and proteases (clpB and clpC) were

differentially upregulated after 3 h, probably due to cell damage and death, because it was at

this time when inactivation in non-adapted cells increased.

In plant surfaces, under low RH conditions, the combined-stress adaptation treatment

increased cell survival only in PM411. Therefore, we hypothesize that the differences in the

stress-related gene expression patterns between the strains might be indicative of a better

behaviour of PM411 adapted cells, with a high capacity to withstand stresses in plant surfaces.

This is in agreement with the report on differences of tolerance to stress between strains of L.

plantarum from fermented foods [56, 59]. In addition, differences in stress response between

strains of Pseudomonas fluorescens antagonistic to E. amylovora have also been reported, which

explained their performance in disease biocontrol [12, 55, 65]. Accordingly, in PM411 adapted

with the combined treatment, the efTU gene was upregulated after desiccation challenge, while

not changed in TC92. Interestingly, the efTU gene, which encodes an adhesion-like protein

elongation factor, may play a role in adhesion. As reported, in L. plantarum the efTU gene is

upregulated in the presence of mucus covering the intestinal surface suggesting its role in

adhesion [29]. In addition, adhesion-like proteins were reported to be released from the cells

of hiochi bacteria (Lactobacillus spp.) when they experience osmotic shock [28].

The combined-stress treatment improved survival of PM411 on plant surfaces under limit-

ing environmental conditions (low RH) in different plant hosts. This beneficial effect was sig-

nificant in Prunus, kiwifruit and strawberry leaves under greenhouse conditions, and in apple

and pear flowers under controlled environment and also in the field. Under these unfavourable

conditions, the strain did not multiply and only survived to steady-state populations, and

adapted cells survive better than non-adapted cells. This effect was more important in leaves

than in flowers. Probably this is because the water stress under low RH conditions is higher in

leaves than in flowers. Leaves have waxy surfaces and are easily exposed to low RH conditions

than flowers, and also provide limited nutrient resources to bacterial colonists. In contrast,

flowers have internal structures (hypanthium and pistil) that can be colonized by L. plantarum

where there are less prone to suffer sudden fluctuations in RH and have more nutrients avail-

able. Thus, bacteria may have more options of avoiding stresses in flowers than in leaves [14,

66]. The combined-stress treatment improved biocontrol efficacy since reduced variability

within the trial, thus providing more consistency in disease suppression. A reduction of the

within-experiment variability was also observed in other BCA and associated with an improve-

ment of biocontrol [67]. This beneficial effect is related to the better survival performance of

adapted PM411 on plant hosts.

Finally, strategies to adapt bacteria to stress conditions have been widely used in lactic acid

bacteria to improve technological performance (fermented foods, probiotics), but not in the

field of plant disease protection. Our results show that a combined adaptation treatment based

on simultaneous hyperosmotic and acid stress, as well as cultivation until stationary phase,

has beneficial effects on the survival of L. plantarum strains in response to desiccation and low

relative humidity conditions on the plant surfaces. The effect was stronger in strain PM411

than in strain TC92, probably due to a better transcriptional response. This strategy increases
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PM411 survival on plant surfaces and the performance of biocontrol of bacterial diseases, thus,

helping to develop improved microbial pesticides.
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Supervision: Esther Badosa, Jesús Francés, Emilio Montesinos, Anna Bonaterra.

Visualization: Núria Daranas.
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10. Roselló G, Francés J, Daranas N, Montesinos E, Bonaterra A. Control of fire blight of pear trees with
mixed inocula of two Lactobacillus plantarum strains and lactic acid. J. Plant Pathol. 2017; 99 (Special
issue): 111–120.

Enhancing water stress tolerance in biological control strains

PLOSONE | https://doi.org/10.1371/journal.pone.0190931 January 5, 2018 18 / 21

108



11. Stockwell VO, Johnson KB, Loper JE. Establishment of bacterial antagonists of Erwinia amylovora on
pear and apple blossoms as influenced by inoculum preparation. Phytopathology. 1998; 88: 506–513.
https://doi.org/10.1094/PHYTO.1998.88.6.506 PMID: 18944901

12. HagenMJ, Stockwell VO,Whistler CA, Johnson KB, Loper JE. Stress tolerance and environmental fit-
ness of Pseudomonas fluorescens A506, which has a mutation in rpoS. Phytopathology. 2009; 99:
679–688. https://doi.org/10.1094/PHYTO-99-6-0679 PMID: 19453226

13. Pujol M, Badosa E, Montesinos E. Epiphytic fitness of a biological control agent of fire blight in apple
and pear orchards under Mediterranean weather conditions. FEMSMicrobiol Ecol. 2007; 59: 186–193.
https://doi.org/10.1111/j.1574-6941.2006.00227.x PMID: 17233751

14. Lindow SE, Brandl MT. Microbiology of the phyllosphere. Appl Environ Microbiol.2003; 69: 1875–1883.
https://doi.org/10.1128/AEM.69.4.1875-1883.2003 PMID: 12676659

15. Vorholt JA. Microbial life in the phyllosphere. Nat Rev Microbiol. 2012; 10: 828–840. https://doi.org/10.
1038/nrmicro2910 PMID: 23154261

16. Rubio R, Martin B, Aymerich T, Garriga M. The potential probiotic Lactobacillus rhamnosusCTC1679
survives the passage through the gastrointestinal tract and its use as starter culture results in safe nutri-
tionally enhanced fermented sausages. Int J Food Microbiol. 2014; 186: 55–60. https://doi.org/10.
1016/j.ijfoodmicro.2014.06.013 PMID: 24998181

17. van de Guchte M, Serror P, Chervaux C, Smokvina T, Ehrlich SD, Maguin E. Stress responses in lactic
acid bacteria. Anton Leeuw Int J G. 2002; 82: 187–216.

18. Corcoran BM, Stanton C, Fitzgerald G, Ross RP. Life under stress: The probiotic stress response and
how it may be manipulated. Curr Pharm Design. 2008; 14: 1382–1399.

19. Serrazanetti DI, Guerzoni ME, Corsetti A, Vogel R. Metabolic impact and potential exploitation of the
stress reactions in lactobacilli. Food Microbiol. 2009; 26: 700–711. https://doi.org/10.1016/j.fm.2009.
07.007 PMID: 19747603

20. Mills S, Stanton C, Fitzgerald GF, Ross RP. Enhancing the stress responses of probiotics for a lifestyle
from gut to product and back again. Microb Cell Fact. 2011; 10: S19. https://doi.org/10.1186/1475-
2859-10-S1-S19 PMID: 21995734
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31. Bové P, Russo P, Capozzi V, Gallone A, Spano G, Fiocco D. Lactobacillus plantarum passage through
an oro-gastro-intestinal tract simulator: carrier matrix effect and transcriptional analysis of genes

Enhancing water stress tolerance in biological control strains

PLOSONE | https://doi.org/10.1371/journal.pone.0190931 January 5, 2018 19 / 21

CHAPTER IV. Enhancing water stress tolerance in biological control strains

109



associated to stress and probiosis. Microbiol Res. 2013; 168: 351–359. https://doi.org/10.1016/j.
micres.2013.01.004 PMID: 23414698

32. Hurtado A, Reguant C, Bordons A, Roz s N. Expression of Lactobacillus pentosus B96 bacteriocin
genes under saline stress. Food Microbiology. 2011; 28: 1339–1344. https://doi.org/10.1016/j.fm.2011.
06.004 PMID: 21839383

33. Rizzello CG, Filannino P, Di Cagno R, Calasso M, Gobbetti M. Quorum-sensing regulation of constitu-
tive plantaricin by Lactobacillus plantarum strains under a model system for vegetables and fruits. Appl
Environ Microbiol. 2014; 80: 777–787. https://doi.org/10.1128/AEM.03224-13 PMID: 24242246

34. Bonaterra A, Camps J, Montesinos E. Osmotically induced trehalose and glycine betaine accumulation
improves tolerance to desiccation, survival and efficacy of the postharvest biocontrol agent Pantoea
agglomerans EPS125. FEMSMicrobiol Lett. 2005; 250: 1–8. https://doi.org/10.1016/j.femsle.2005.06.
028 PMID: 16002241

35. Cabrefiga J, Francés J, Montesinos E, Bonaterra A. Improvement of fitness and efficacy of a fire blight
biocontrol agent via nutritional enhancement combined with osmoadaptation. Appl Environ Microbiol.
2011; 77: 3174–3181. https://doi.org/10.1128/AEM.02760-10 PMID: 21441337

36. Pusey PL, Wend C. Potential of osmoadaptation for improving Pantoea agglomeransE325 as biocon-
trol agent for fire blight of apple and pear. Biol Control. 2012; 62: 29–37.

37. Liu J, Wisniewski M, Droby S, Tian S, Hershkovitz V, Tworkoski T. Effect of heat shock treatment on
stress tolerance and biocontrol efficacy ofMetschnikowia fructicola. FEMSMicrobiol Ecol. 2011; 80:
145–155.

38. Sui Y, Wisniewski M, Droby S, Liu J. Responses of yeast biocontrol agents to environmental stress.
Appl Environ Microbiol. 2015; 81: 2968–2975. https://doi.org/10.1128/AEM.04203-14 PMID: 25710368

39. Boor KJ. Bacterial stress responses: what doesn’t kill them can make them stronger. Plos Biol. 2006; 4:
e23. https://doi.org/10.1371/journal.pbio.0040023 PMID: 16535775

40. Kultz D. Molecular and evolutionary basis of the cellular stress response. Annu Rev Physiol. 2005; 67:
225–257. https://doi.org/10.1146/annurev.physiol.67.040403.103635 PMID: 15709958

41. Pieterse B, Leer RJ, Schuren FHJ, van der Werf MJ. Unravelling the multiple effects of lactic acid stress
on Lactobacillus plantarum by transcription profiling. Microbiol. 2005; 151: 3881–3894.

42. De Angelis M, Di Cagno R, Huet C, Crecchio C, Fox PF, Gobbetti M. Heat shock response in Lactobacil-
lus plantarum. Appl Environ Microbiol. 2004; 70: 1336–1346. https://doi.org/10.1128/AEM.70.3.1336-
1346.2004 PMID: 15006751

43. Desmond C, Fitzgerald GF, Stanton C, Ross RP. Improved stress tolerance of GroESL-overproducing
Lactococcus lactis and probiotic Lactobacillus paracaseiNFBC 338. Appl Environ Microbiol. 2004; 70:
5929–5936. https://doi.org/10.1128/AEM.70.10.5929-5936.2004 PMID: 15466535

44. Song S, Bae DW, Lim K, Griffiths MW, Oh S. Cold stress improves the ability of Lactobacillus plantarum
L67 to survive freezing. Int J FoodMicrobiol. 2014; 18: 135–143.

45. Trias R, Ba eras L, Badosa E, Montesinos E. Bioprotection of Golden Delicious apple and Iceberg let-
tuce against foodborne bacterial pathogens by lactic acid bacteria. Int J FoodMicrobiol. 2008; 123: 50–
60. https://doi.org/10.1016/j.ijfoodmicro.2007.11.065 PMID: 18191266

46. Hazel WJ, Civerolo EL. Procedures for growth and inoculation of Xanthomonas fragariae, causal organ-
ism of angular leaf spot of strawberry. Plant Dis. 1980; 64: 178–181.

47. Pusey PL. Crab apple blossoms as a model for research on biological control of fire blight. Phytopathol-
ogy. 1997; 87: 1096–1102. https://doi.org/10.1094/PHYTO.1997.87.11.1096 PMID: 18945005

48. Fiocco D, Capozzi V, Collins M, Gallone A, Hols P, Guzzo J, et al. Characterization of the CtsR stress
response regulon in Lactobacillus plantarum. J Bacteriol. 2010; 192: 896–900. https://doi.org/10.1128/
JB.01122-09 PMID: 19933364

49. Bron PA, Grangette C, Mercenier A, de VosWM, KleerebezemM. Identification of Lactobacillus plan-
tarum genes that are induced in the gastrointestinal tract of mice. J Bacteriol. 2004; 186: 5721–9.
https://doi.org/10.1128/JB.186.17.5721-5729.2004 PMID: 15317777

50. Capozzi V, Weidmann S, Fiocco D, Rieu A, Hols P, Guzzo J, et al. Inactivation of a small heat shock
protein affects cell morphology and membrane fluidity in Lactobacillus plantarumWCFS1. Res Micro-
biol. 2011; 162: 419–25. https://doi.org/10.1016/j.resmic.2011.02.010 PMID: 21349328

51. Fiocco D, Collins M, Muscariello L, Hols P, KleerebezemM, Msadek T, et al. The Lactobacillus plan-
tarum ftsH gene is a novel member of the CtsR stress response regulon. J Bacteriol. 2009; 191: 1688–
94. https://doi.org/10.1128/JB.01551-08 PMID: 19074391

52. Serrano LM, Molenaar D, Wels M, Teusink B, Bron PA, de VosWM, et al. Thioredoxin reductase is a
key factor in the oxidative stress response of Lactobacillus plantarumWCFS1. Microb Cell Fact. 2007;
6: 29. https://doi.org/10.1186/1475-2859-6-29 PMID: 17725816

Enhancing water stress tolerance in biological control strains

PLOSONE | https://doi.org/10.1371/journal.pone.0190931 January 5, 2018 20 / 21

110



53. Fiocco D, Crisetti E, Capozzi V, Spano G. Validation of an internal control gene to apply reverse tran-
scription quantitative PCR to study heat, cold and ethanol stresses in Lactobacillus plantarum. World J
Microb Biot. 2008; 24: 899–902.

54. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2^(-delta delta CT) method. Methods. 2001; 25: 402–408. https://doi.org/10.1006/meth.2001.
1262 PMID: 11846609

55. Desroche N, Beltramo CGuzzo J. Determination of an internal control to apply reverse transcription
quantitative PCR to study stress response in the lactic acid bacteriumOenococcus oeni. J Microbiol
Meth. 2005; 60: 325–333.

56. Parente E, Ciocia F, Ricciardi A, Zotta T, Felis GE, Torriani S. Diversity of stress tolerance in Lactobacil-
lus plantarum, Lactobacillus pentosus and Lactobacillus paraplantarum: a multivariate screening study.
Int J Food Microbiol. 2010; 144: 270–279. https://doi.org/10.1016/j.ijfoodmicro.2010.10.005 PMID:
21035223

57. Silva J, Carvalho AS, Ferreira R, Vitorino R, Amado F, Domingues P, et al. Effect of the pH of growth on
the survival of Lactobacillus delbrueckii subsp. bulgaricus to stress conditions during spray-drying. J
Appl Microbiol. 2005; 98: 775–782. https://doi.org/10.1111/j.1365-2672.2004.02516.x PMID:
15715882

58. Carvalho AS, Silva J, Ho P, Teixeira P, Malcata FX, Gibbs P. Relevant factors for the preparation of
freeze-dried lactic acid bacteria. Int Dairy J. 2004; 14: 835–847.
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ABSTRACT A viability quantitative PCR (v-qPCR) assay was developed for the un-

ambiguous detection and quantification of Lactobacillus plantarum PM411 viable

cells in aerial plant surfaces. A 972-bp region of a PM411 predicted prophage with

mosaic architecture enabled the identification of a PM411 strain-specific molecular

marker. Three primer sets with different amplicon lengths (92, 188, and 317 bp) and

one TaqMan probe were designed. All the qPCR assays showed good linearity over a

4-log range and good efficiencies but differed in sensitivity. The nucleic acid-binding

dye PEMAX was used to selectively detect and enumerate viable bacteria by v-qPCR.

The primer set amplifying a 188-bp DNA fragment was selected as the most suitable

for v-qPCR. The performance of the method was assessed on apple blossoms, pear,

strawberry, and kiwifruit leaves in potted plants under controlled environmental

conditions, as well as pear and apple blossoms under field conditions, by comparing

v-qPCR population estimations to those obtained by qPCR and specific plate count-

ing on de Man-Rogosa-Sharpe (MRS)-rifampin. The population estimation did not

differ significantly between methods when conditions were conducive to bacterial

survival. However, under stressful conditions, differences between methods were ob-

served due to cell death or viable-but-nonculturable state induction. While qPCR

overestimated the population level, plate counting underestimated this value in

comparison to v-qPCR. PM411 attained stable population levels of viable cells on the

flower environment under high relative humidity. However, the unfavorable condi-

tions on the leaf surface and the relatively dryness in the field caused an important

decrease in the viable population.

IMPORTANCE The v-qPCR method in combination with plate counting and qPCR is

a powerful tool for studies of colonization and survival under field conditions, to im-

prove formulations and delivery strategies of PM411, and to optimize the dose and

timing of spray schedules. It is expected that PEMAX v-qPCR could also be devel-

oped for monitoring other strains on plant surfaces not only as biological control

agents but also beneficial bacteria useful in the sustainable management of crop

production.

KEYWORDS biological control, viability-qPCR

The development of new biological control agents (BCA) to prevent crop diseases is

receiving considerable attention. The use of BCA is in agreement with the principles

and benefits of integrated pest management (IPM), reducing the application of con-

ventional plant protection products. In this context, lactic acid bacteria (LAB), which

have been extensively reported as food biopreservatives (1–4), show several features

that make them candidate BCA of foliar bacterial plant diseases. Several LAB strains are

antagonists of many plant-pathogenic bacteria and fungi (5–7) due to a wide diversity

of mechanisms of action, such as the production of organic acids, bacteriocins, and
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other inhibitory bioactive compounds, or to the competition for nutrients or coloniza-

tion sites (8). Moreover, some LAB strains have been qualified as generally regarded as

safe (GRAS) by the U.S. Food and Drug Administration (FDA) and as having a qualified

presumption of safety (QPS) by the European Food Safety Authority (EFSA). Concretely,

the Lactobacillus plantarum PM411 strain has been selected in our laboratory as

potential BCA due to its broad in vitro antagonistic activity against several plant-

pathogenic bacteria. This strain synthesizes antimicrobial compounds, such as plantar-

icins EF and JK, and produces lactic acid, efficiently controlling fire blight disease of pear

and apple plants (5, 9).

It is necessary to develop strain-specific quantitative methods for monitoring strain

PM411 in the environment in order to study its ecological fitness and to optimize

formulations and application strategies in the phyllosphere of plants (10–12). Metag-

enomic studies in apple trees have revealed the presence of Lactobacillus spp. as

components of the phyllosphere (13, 14). Therefore, the monitoring method has to be

able to discriminate strain PM411 from other inhabitants of the same species in plants.

In addition, since the performance of a BCA requires its colonization and survival on

plant surfaces, the development of methods capable of quantifying only viable cells is

needed.

Several monitoring methods are commonly used to detect and quantify BCA at the

strain level in environmental samples, but in most cases, they are unable to estimate

only the viable or culturable population. Culture-based techniques combined with the

use of an antibiotic-resistant mutant allow the quantification of a specific strain (11) but

may underestimate (ca. 2 or 3 log units) the population size of the BCA under

nonconducive conditions (15, 16). This is because some bacteria, including LAB species,

such as L. plantarum, may enter in a viable-but-nonculturable state (VBNC) as a survival

strategy to cope with environmental stress (17–19). VBNC cells retain some metabolic

activity and intact membranes, despite minor changes in their composition (18, 20). In

contrast, the population level may be overestimated if monitoring methods based on

nucleic acid targets, such as real-time PCR (qPCR), are used, since DNA from viable and

dead cells can be indifferently amplified (15, 21, 22). The viability quantitative PCR

(v-qPCR) constitutes a method that allows the quantification of only viable cells. The

method has been shown to be useful for quantification of viable foodborne

pathogenic microorganisms, such as Listeria monocytogenes (23), Escherichia coli

O157:H7 (23, 24), Campylobacter spp. (25, 26), and Salmonella spp. (23, 27) in different

food matrices (e.g., fresh-cut vegetables, ground beef, chicken, and cooked ham).

Viability assessment of LAB has also been studied to enumerate probiotic and starter

strains in milk and dairy products (28, 29). Moreover, this methodology has been used

to monitor a BCA strain of Pantoea agglomerans in citrus fruit (21).

For the development of a strain-specific v-qPCR assay, first, it is necessary to find a

specific molecular marker in the strain that can be identified by comparative genomic

analysis or even by fingerprinting techniques, such as randomly amplified polymorphic

DNA-PCR (RADP-PCR) or amplified fragment length polymorphisms (AFLP) (30–32). In

addition, for selectively detecting and enumerating viable bacteria, different nucleic

acid-binding dyes such as propidium monoazide (PMA) or ethidium monoazide (EMA)

are used in combination with qPCR (33–35). EMA and PMA can penetrate damaged

cellular membranes and intercalate into DNA. Light activation of these DNA-bound

molecules results in a covalent linkage preventing PCR amplification of the modified

DNA. However, both dyes have some limitations. EMA can cross intact cell membranes

of some bacterial species and cause, to some extent, inhibition of PCR amplification of

viable cells (33). While PMA is highly selective in penetrating only compromised

membranes, it is unable to avoid PCR amplification of nonviable cells with unaltered

membranes. A new approach, the PEMAX reagent, has been developed recently to

improve the v-qPCR and extend the concept of viability PCR to cells with intact cell

membrane structure but also with active metabolism. This new approach consists of

using an adequate level of EMA (,10 mM) mixed with PMA ($20 mM) (36–38). Low

levels of EMA can cross intact membranes and are accumulated in cells that lack the
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metabolic ability to offset its uptake. However, EMA is thrown out from metabolically

active cells (36). The combination of EMA with PMA increases the strength of the DNA

neutralization when samples contain high levels of dead cells with damaged mem-

branes, but it also avoids amplification of DNA of cells with undamaged membranes

and inactive metabolism. After the treatment of the bacterial suspension with PEMAX,

DNA from viable cells with intact membrane structure and active metabolism (whether

culturable or VBNC) will be free of labeling and then detected by qPCR (37).

To our knowledge, the application of the PEMAX reagent in the v-qPCR approach

has been recently used in viability assessment studies for monitoring bacterial patho-

gens (e.g., Legionella and Salmonella) (39, 40) but not for the specific quantification of

beneficial bacteria in plant environments.

The aim of the present work was to develop a strain-specific v-qPCR assay using the

PEMAX system to detect and quantify viable cells of L. plantarum PM411 in aerial plant

surfaces. The method has allowed monitoring of the survival of PM411 after artificial

inoculation to plant material under different conditions and plant hosts, in comparison

to qPCR and plate counting techniques.

RESULTS

Identification of an L. plantarum PM411-specific molecular marker. A discrimi-

natory band (520 bp) was found in the PM411 strain by the RAPD-PCR method using

the primer XD9 (described in Materials and Methods). Its sequence shared 86% identity

with the Lactobacillus phage Sha1 (GenBank accession number HQ141411) and 81%

identity with 32 L. plantarum strains available in the NCBI database. Detection for

prophage DNA sequences within the PM411 genome using PHAST indicated three

regions that were predicted to represent prophages. One of these regions with 69.6 kb

(GenBank accession number MG788324) contained the RAPD sequence and was iden-

tified as the putative prophage Lactob_PLE3 (GenBank accession number NC_031125)

with a score of 150 and with 80 coding DNA sequences (CDS) (see Table S1 in the

supplemental material). In particular, the 520-bp sequence (found by RAPD-PCR) was

located in the CDS 75 and 76 of the putative phage. Figure 1 shows a 972-bp fragment

(from CDS positions 65376 to 66348), which includes the RAPD sequence, with mosaic

architecture that contain homologous and nonhomologous sequences to strains avail-

able in the NCBI database. Its specificity was confirmed in silico since the whole 972-bp

fragment was not found in any strain available in the database. The fragment contained

homologous sequences, such as 665 bp that shared 79% identity with 32 L. plantarum

FIG 1 Description of the PM411 sequence (972 bp) in which strain-specific qPCR assays were designed. The
sequence was located in the putative prophage (GenBank accession number MG788324) and revealed
mosaic architecture. Black boxes show a 665-bp region with 79% identity with 32 L. plantarum strains,
encoding a tail fiber and a hypothetical protein. The striped box shows a 90-bp region with #85% identity
with 7 L. plantarum strains, encoding a tail fiber. The dotted box shows a 162-bp region with 80% identity
with L. plantarum HFC8, encoding a hypothetical protein. White boxes show nonhomologous sequences.
The primers and TaqMan probe and the region corresponding to RAPD fragment are indicated.
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strains, partially encoding a tail fiber and a hypothetical protein, 90 bp that shared

#85% identity with 7 L. plantarum strains, partially encoding a tail fiber, and 162 bp

that shared 80% identity with L. plantarum HFC8, partially encoding a hypothetical

protein. However, the presence of the nonhomologous sequences enabled the iden-

tification of a strain-specific molecular marker. The strain specificity of the marker was

confirmed by PCR using PM411-for and PM411C-rev primers (Table 1). With this

approach, no amplification was obtained for any of the strains listed in Table 2, except

for PM314 and PM340, which were confirmed to be clones of PM411 by repetitive

element sequence-based PCR (rep-PCR) fingerprinting. L. plantarum PM411, PM314,

and PM340 strains showed an identical banding pattern (data not shown). This com-

mon banding pattern was clearly different from other L. plantarum strains tested

(CM450, FC248, TC92, and WCFS1).

Strain-specific qPCR designs. Departing from the PM411 strain-specific marker,

TaqMan-based qPCR assays were developed. Three qPCR assays producing different

amplicon lengths (92, 188, and 317 bp) were designed in the polymorphic region and

checked (A, B, and C) in order to study their suitability in v-qPCR (Fig. 1). The shared

forward primer (PM411-for) annealed with the sequence homologous to L. plantarum

HFC8, the TaqMan probe (PM411-pr) with the sequence without homology, and the

reverse primers (PM411A-rev, PM411B-rev, and PM411C-rev) with the region homolo-

gous to several L. plantarum strains (HFC8 nonincluded).

Specificity, sensitivity, and amplification efficiency of qPCR assays. At 4 ng of

genomic DNA per qPCR (approximately 106 CFU or genomic equivalents), successful

amplification of PM411 was achieved, with cycle threshold (CT) values from 16.5 to 23

by the three strain-specific TaqMan-based qPCR assays developed. No amplification

was observed with DNA from pure cultures of the large collection of strains of different

species and genera (LAB and non-LAB bacteria) listed in Table 2. Only random fluores-

cence signals were observed at CT values higher than 38 in 7 LAB strains and in some

plant material washings without PM411 cells. Hence, the three qPCR assays were

considered to be specific at the strain level.

TABLE 1 Primers and TaqMan probes used for RAPD-PCR, rep-PCR, and qPCR analysis

Oligonucleotide, primer,

or probe by analysis

typea Sequence (5=–3=)b

Amplicon

length

(bp)b
Reference

or source

RAPD-PCR
P3 CTGCTGGGAC — 72
P4 CCGCAGCGTT — 73
P7 AGCAGCGTGG — 73
M13 GAGGGTGGCGGTTCT — 73
Inva1 GTGAAATTATCGCCACGTTCGGCAA — 74
512Fb GATGCAGTCGACAATGTGGATGCT — 75
XD9 GAAGTCGTCC — 76

rep-PCR
ERIC1R ATGTAAGCTCCTGGGGATTCAC — 70
ERIC2 AAGTAAGTGACTGGGGTGAGCG
REP-1R IIIICGICGICATCIGGC —

REP-2 ICGICTTATCIGGCCTAC
BOXA1R CTACGGCAAGGCGACGCTGACG —

GTG5 GTGGTGGTGGTGGTG —

qPCR
PM411-for AGATGCCAGCACTGGATTAAGC This work
PM411-pr FAM-TGCACGGCACAACTCAGGCGATT-TAMRA
PM411A-rev TTCATAGTAATCCCAGTGGTTTGG 92
PM411B-rev CCTTGTCGATACCAAAGTTAGCTATG 188
PM411C-rev CGGCGGCACCACCTT 317

aERIC, enterobacterial repetitive intergenic consensus sequence; REP, repetitive extragenic palindromic
sequence; BOX, BOX sequence; GTG5, polytrinucleotide (GTG)5 sequence.

b—, variable size. Amplicon sizes listed are amplification products obtained by qPCR using PM411-for primer,
PM411-pr TaqMan probe, and the corresponding reverse primer (PM411A-rev, PM411B-rev, or PM411C-rev).
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Standard curves of the three qPCR assays, which were prepared in flower washings,

showed good linearity over a 4-log range (from 1 3 103 to 1 3 107 CFU · ml21, R2 5

0.99), and the lowest limit of detection was 1 3 102 CFU · ml21. The equations of

regression curves for the A, B, and C designs were CT 5 23.3 log CFU · ml21 1 39.7 (for

A), CT 5 23.3 log CFU · ml21 1 42.8 (for B), CT 5 23.4 log CFU · ml21 1 47.6 (for C).

The corresponding amplification efficiencies (E) were 99.9% (A), 98.7% (B), and 98.9%

(C). However, the three assays differed in sensitivity. The A design (92 bp) was the most

sensitive, followed by the B design (188 bp), with the C design (317 bp) being the least

sensitive. The comparison between the three standard curves led to the selection of the

A and B assays for further experiments.

v-qPCR. The effect of different PEMAX concentrations and qPCR assay (different

amplicon length) on the signal reduction (SR) (difference of CT value [∆CT] between

non-PEMAX-treated and PEMAX-treated samples) was determined on dead and viable

cells (Fig. 2). On dead cells, significant differences of SR between concentrations of

PEMAX were observed, and the highest SR in both qPCR assays (A and B) was obtained

using 50 mM PEMAX. However, on viable cells, the different PEMAX concentrations did

not show significant differences. Based on these results, the PEMAX concentration of 50

mM was chosen for further experiments.

TABLE 2 Bacterial strains used in this study

Species Code straina

LAB
Lactobacillus brevis CECT 4669
Lactobacillus buchneri CECT 4111b

Lactobacillus collinoides CECT 922b

Lactobacillus dextrinicus CECT 4791b

Lactobacillus pentosus 10 strains isolated from plant sourcesc

Lactobacillus plantarum PM411, PM314, PM340, TC54, TC92, FC248,
CM450, CM466, RC526, FC534, 35 strains
isolated from plant sourcesc

CECT 221, CECT 223, CECT 748b, CECT 749,
CECT 4185, CECT 4308, CECT 4528, CECT
4645, CECT 5785, WCFS1 (syn. of LMG
9211), ATCC 8014

Lactobacillus sakei CECT 980
Lactococcus lactis 3 strains isolated from plant sources,c

CECT 539, CECT 984, CECT 4433
Leuconostoc citreum 1 strain isolated from plant sourcesc

Leuconostoc fallax CECT 4701
Leuconostoc mesenteroides 12 strains isolated from plant sources,c

CECT 219b

Pediococcus acidilactici LMG 6411
Pediococcus parvulus CECT 7350
Pediococcus pentosaceus LMG 10740
Weissella cibaria 3 strains isolated from plant sourcesc

Non-LAB
Bacillus subtilis EPS201
Erwinia amylovora PMV 6076
Escherichia coli ATCC 5954
Pantoea agglomerans EPS125
Pantoea vagans 7 EPS strains, C9-1d

Pseudomonas fluorescens 10 EPS strains, EPS62e
Pseudomonas syringae 7 EPS strains, EPS94
Staphylococcus aureus ATCC 9144
Xanthomonas axonopodis pv. vesicatoria 2133-2

aCECT, Colección Española de Cultivos Tipo; BCCM/LMG, The Belgian Coordinated Collections of
Microorganisms/Laboratory of Microbiology, Ghent University; ATCC, American Type Culture Collection; PMV,
Laboratoire de Pathologie Moléculaire et Végétale, INRA/INA-PG, Paris, France; EPS, Escola Politècnica
Superior-UdG, Spain; IVIA, Instituto Valenciano de Investigaciones Agrarias, Spain.

bType strain.
cTrias et al. (4) and Roselló et al. (5).
dStrain provided by F. Rezzonico.
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When A and B qPCR assays were compared, on dead cells, a significantly higher SR

was obtained by the B assay, with an amplicon length of 188 bp, than by the A assay,

with an amplicon length of 92 bp, for all PEMAX concentrations (Fig. 2). On viable cells,

only a significant higher SR was obtained with the B than the A assay using 100 mM

PEMAX, whereas when using 50 and 75 mM PEMAX, no significant differences between

assays were observed. The B assay was finally chosen.

Standard curves were developed in flower washings to check the v-qPCR method as

a specific bacterial detection and quantification tool (Fig. 3). On viable cells, standard

curves (each obtained in three independent experiments) were generated using the B

assay, with or without PEMAX treatment. The correlation coefficient values (R2 5 0.99)

and the amplification efficiencies (83.5% with PEMAX and 86.2% without PEMAX) were

comparable. The standard curves were linear over the range of 1 3 103 to 1 3 107 CFU ·

ml21, with and without PEMAX treatment. However, in the presence of PEMAX

treatment, a shift of 2 cycles was observed regarding the nontreated samples. On dead

cells treated with PEMAX, CT values higher than 38 were obtained over the range from

1 3 103 to 1 3 107 CFU · ml21, meaning that the amplification was inhibited (Fig. 3).

In mixtures of viable cells (from 1 3 103 to 1 3 107 CFU · ml21) and a fixed quantity

of dead cells (1 3 106 CFU · ml21) treated with PEMAX, the standard curves (each

obtained in two independent experiments) achieved a high correlation coefficient

(R2 5 0.98), with an amplification efficiency of 96.9% (Fig. 3). However, the CT values of

this standard curve obtained with the presence of dead cells in the sample were slightly

smaller than those from only viable cells, especially when the concentrations of viable

cells were low. Without PEMAX treatment, the qPCR assay was unable to differentiate

between DNA from viable and dead cells.

Quantification of viable L. plantarum PM411 in aerial plant surfaces. PM411 was

monitored on inoculated apple blossoms and leaves of pear, strawberry, and kiwifruit

plants under controlled environment conditions (25°C, high or low relative humidity

[rH]) by qPCR, v-qPCR, and plate counting (pc) (Fig. 4 and 5).

On apple blossoms, in both experiments performed, there were significant differ-

ences between qPCR (total cells) and the other two quantification methods, v-qPCR

FIG 2 Signal reduction (SR) in viable (black) or dead (gray) cell suspensions with different concentrations of
PEMAX reagent (50, 75, and 100 mM). SR is the difference between cycle threshold values (∆CT) of
non-PEMAX and PEMAX-treated samples. TaqMan-based qPCR assays designated A (92 bp) and B (188 bp)
were carried out. The results are shown as means from three independent replicates, and error bars
represent standard deviations of the mean. Different capital letters (letters without apostrophe in viable cell
suspensions and letters with apostrophe in dead cell suspensions) show significant differences between
qPCR assays for each concentration of PEMAX (P , 0.05), according to the Tukey test. Different lowercase
letters (letters without apostrophe in viable cell suspensions and letters with apostrophe in dead cell
suspensions) in the same panel indicate significant differences between concentrations of PEMAX reagent
(P , 0.05), according to the Tukey test.

Daranas et al. Applied and Environmental Microbiology

May 2018 Volume 84 Issue 10 e00107-18 aem.asm.org 6

120



(viable cells) and pc (culturable cells), at some steps throughout the experiments (Fig.

4). After inoculation, the total population size decreased approximately 1 log unit

between the 1st and 8th days, whereas the viable and culturable population decreased

up to 3 log units. In particular, after a reduction of 1.5 log units during the first 24 h,

the viable population remained stable throughout the following 2 days, at around 106

to 107 CFU per blossom, without significant differences compared to the total and

cultivable populations. However, after this period, the amounts of viable and culturable

cells were significantly lower than total cells. Under these conditions, there was a linear

relationship between culturable (pc) and viable (v-qPCR) population levels (y 5 0.95x 1

0.12; R2 5 0.93; P , 0.001).

On pear, strawberry, and kiwifruit leaves, significant differences between the three

quantification methods (qPCR, v-qPCR, and pc) were observed at some steps through-

out the experiments (Fig. 5). Total population level (qPCR) was significantly higher than

viable (v-qPCR) and culturable (pc) population levels almost in all sampling days

throughout the experiments. Interestingly, significant differences were also observed

between the viable and culturable populations, with the quantification of viable cells

FIG 3 Cycle threshold (CT) values obtained by TaqMan-based v-qPCR assay (B design) for a range of
concentrations from 1 3 103 to 1 3 107 CFU · ml21. The experiment was performed with (i) only viable
cells, (ii) only dead cells, and (iii) viable cells in the presence of 1 3 106 CFU · ml21 of dead cells. Cells
were treated with PEMAX reagent (black symbols) or not (white symbols) prior to DNA extraction. Three
independent experiments represented by circle, triangle, and square symbols were carried out. The
striped background represents the detection limit at CT values of .38.
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being significantly higher than the culturable cells, especially after 2 to 3 days under

high rH and after only 1 day under low rH. In all the experiments, the total population

decreased approximately 1 to 1.5 log units between the 1st and 6th days, whereas

culturable and viable cells declined more, from 2 to 4 log units, depending on plant

species and rH conditions. While on pear and strawberry leaves at high rH, the

population reduction of viable and culturable cells was 3 to 4 log units, on kiwifruit

leaves, it was 2 to 2.5 log units. Under low rH, the population decrease of viable and

culturable cells on kiwifruit leaves during the 3 days postinoculation (2 to 2.5 log units

for viable cells and 3 to 3.5 log units for culturable cells) was higher than under high

rH (1 log unit for viable cells and 1.5 log units for culturable cells).

The population levels of PM411 were also monitored on apple and pear blossoms

under field conditions, which were relatively dry (moderate temperatures and low

humidity) with one single rainfall event in the pear tree assay (Fig. 6). Total population

size differed significantly from viable and culturable population levels at some steps

throughout the experiments, both on apple and pear blossoms. Two days following

field inoculation (first or single spray), viable cells of PM411 decreased to steady-state

values (103 to 105 CFU per blossom) both on apple and pear, without significant

differences from culturable cells on apple flowers. However, on pear blossoms, the

viable population was significantly higher than the culturable population after 1 to 2

days of PM411 inoculation. When a second spray of PM411 was applied, the three

quantification methods (qPCR, v-qPCR, and pc) estimated the same population only

immediately after the spray. After 1 day, PM411 population decreased, and significant

differences in total population compared to viable and culturable populations were

also observed both on pear and apple plants. However, only on pear blossoms was the

viable population significantly higher than the culturable population after the second

spray. From the different types of plant material and environmental conditions studied,

it can be concluded that the populations of viable and culturable cells did not differ

significantly under environmental conditions conducive for bacterial survival (on flow-

ers under high rH), but they were different under harsh conditions, especially on leaves

under low rH.

DISCUSSION

Monitoring the persistence and traceability of L. plantarum PM411 in plants is a key

task for understanding its behavior in the crop environment and to improve formula-

FIG 4 Population dynamics of L. plantarum PM411 estimated by qPCR (total) (Œ), v-qPCR (viable) (�), and
plate counting (culturable) (e) on apple blossoms under controlled-environment conditions (25°C and high
rH). Cells were sprayed onto the plant material at 108 CFU · ml21. The experiment was performed two times.
Values are the means of three replicates, and error bars represent the standard deviation of the mean. *,
significant differences between qPCR and v-qPCR/pc; #, significant differences between qPCR and pc,
according to the Tukey test. Exp., experiment.
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tions and delivery strategies for biological control of plant diseases. The fate and

persistence of target microorganisms in the environment have been traditionally

assessed with a variety of culture-dependent and independent methods (6–8, 10, 11).

Among the various approaches used, PCR-based methods have been the most popular

because they are very sensitive and specific to properly identify the inoculated strains,

distinguishing them from the resident population. In the present study, we have

developed a viability qPCR assay using PEMAX reagent for the unambiguous detection

and quantification of L. plantarum PM411 viable cells in aerial plant surfaces. This

method has two main advantages: to be specific at the strain level and to allow the

quantification of only viable cells, whether culturable or VBNC.

In order to identify a strain-specific marker, a putative PM411-specific DNA region

was identified using the RAPD-PCR technique that showed homology with part of the

sequence of Lactobacillus phage Sha1 (41). However, this region was not sufficiently

specific to PM411, since it was shared by 32 L. plantarum strains of the NCBI database.

The RAPD sequence was located in one of the three prophage regions in the PM411

genome that was predicted to represent the Lactob_PLE3 phage (42). The occurrence

of prophage DNA within bacterial genomes is common in LAB, such as Lactobacillus

spp. (43–45). This putative prophage in the PM411 genome has mosaic architecture

with homologous sequences to L. plantarum strains and also to Lactobacillus, Strepto-

coccus, Bacillus, Enterococcus, and Listeria phages (Table S1), which are alternated with

nonhomologous sequences. This polymorphic structure allowed the identification of

sequences to design a strain-specific marker. Prophages exhibit a high degree of

FIG 5 Population dynamics of L. plantarum PM411 estimated by qPCR (total) (Œ), v-qPCR (viable) (�), and plate counting (culturable) (e) on leaves
of pear, strawberry, and kiwifruit plants under controlled-environment conditions (25°C with high or low rH). Cells were sprayed onto the plant
material at 108 CFU · ml21. The experiments were performed two times, except for strawberry and kiwifruit plants under high rH. Values are the
means of three replicates, and error bars represent the standard deviation of the mean. *, significant differences between qPCR and v-qPCR/pc;
#, significant differences between qPCR and pc; †, significant differences between qPCR, v-qPCR, and pc; ¤, significant differences between
qPCR/v-qPCR and pc, according to the Tukey test.
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mosaicism (46) and have been found to contribute to interstrain genetic variability in

bacteria (47, 48). Therefore, polymorphic sites within prophage sequences or prophage

junction fragments in the genome can be used as indicators of genomic diversity. The

presence of homologous phage genes spread in different bacterial strains might reflect

phylogeny and suggests horizontal gene transfer between these related species (42).

Several studies included the use of phage-related sequences as genomic markers. For

example, regions of Lc-Nu and A2 phage sequences were used for strain-specific PCR

primer design to identify Lactobacillus rhamnosus strains (49, 50). Moreover, the use of

FIG 6 Population dynamics of L. plantarum PM411 estimated by qPCR (total) (Œ), v-qPCR (viable) (�), and plate
counting (culturable) (e) on apple and pear blossoms under field conditions. Cells were sprayed onto the plant
material at 108 CFU · ml21. One single spray or two sprays were performed both in pear and apple blossom
experiments. Values are the mean of three replicates, and error bars represent the standard deviation of the mean.
*, significant differences between qPCR and v-qPCR/pc; #, significant differences between qPCR and pc; †,
significant differences between qPCR, v-qPCR and pc; ¤, significant differences between qPCR/v-qPCR and pc,
according to the Tukey test. Mean daily temperature (black line), amount of rainfall (black bars), and relative
humidity (dotted line) were monitored during the trials.
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prophage junction fragments as indicators of genomic diversity was already reported

in other taxa, such as Salmonella and Listeria (47, 51).

The specificity of the PM411 marker was first confirmed in silico and by the absence

of amplification signal by PCR in all the L. plantarum strains tested (except for PM314

and PM340, which were deemed to be clones of PM411), other plant-associated

bacterial genera, and plant material washings from field samples. Since other strains of

L. plantarummay be present in the crop environment (52), this specificity is a key factor

in monitoring PM411. Although random amplifications with high CT values (higher than

38) were observed for some nontarget strains and plant material washings, this

phenomenon was previously described in the literature as a background no-template

control (15), being irrelevant if remaining outside the range used to generate the

standard curve, as occurred in the present study.

The sensitivity and reliability of the three qPCR assays with different amplicon

lengths were evaluated mimicking conditions of field sampling by amending plant

material washings with different concentrations of PM411, in order to ensure compa-

rable qPCR efficiencies (53, 54). All the qPCR assays fulfill the requirements for satis-

factory amplification. Moreover, the values obtained were similar to those reported in

other qPCR assays designed to quantify several biological control agents (15, 32, 55).

The use of EMA and PMA coupled with qPCR is an efficient technique to distinguish

between viable and dead cells in plant samples (25, 33). These systems have been used

to detect foodborne pathogens in lettuce (56) and in fresh-cut vegetables (23), as well

as to detect biological control agents in postharvest fruits (21). The new approach

based on a double-dye reagent, PEMAX, improves the v-qPCR scope (36–38). In the

present study, PEMAX was used to set up a viability qPCR method specific for PM411,

and after PEMAX treatment of plant material washings, only DNA from PM411 cells with

undamaged membrane and active metabolism was detected by qPCR.

In our work, the effect of PEMAX concentration was optimized to selectively detect

viable PM411 cells, avoiding the amplification of heat-killed cells in plant material

washings, in accordance with other reports that used PMA dye on different microor-

ganisms (23, 27). According to our study, 50 mM PEMAX in a dead cell suspension in

flower washings allowed the inhibition of DNA amplification, while viable cell suspen-

sions were not affected.

In order to choose the best assay for v-qPCR, two designs of different amplicon

lengths were compared, taking into account the inactivation of amplification in dead

cells, while preserving the performance of qPCR (sensitivity, linearity, and efficiency).

Our results showed that the best performance was obtained using the longer amplicon

(188 bp). Although the optimal amplicon length for qPCR assays to guarantee method

efficiency is less than 100 bp (57), in v-qPCR, longer DNA sequences are necessary (27).

As reported, the probability of dye (EMA/PMA) binding in the target region of dead

bacteria increases with the length of the DNA fragment (58). Since amplification

efficiency and sensitivity of the reaction diminish when amplicon length increases, the

reliability of the developed viability qPCR method (using the 188-bp amplicon and

PEMAX) was evaluated on viable, dead, and a mixture of viable/dead cells of PM411.

The quantification method developed was linear over the range of 1 3 103 to 1 3 107

CFU · ml21, and the obtained standard curves, using CT values from three independent

experiments, showed high correlation coefficient values and amplification efficiencies.

Taking into account that the quantification limit was determined in the presence of a

high level of dead cells, this sensitivity is similar to those reported in other methods

developed to detect and quantify biological control agents (15, 21, 59). The slight

increase in CT values of PEMAX-treated samples compared to nontreated ones was

previously reported in studies using PMA as a dye (24, 26). Considering that the

PEMAX-qPCR method allowed the quantification of viable cells in the presence of 1 3

106 CFU · ml21 of dead cells with high amplification efficiency, the methodology was

suitable to monitor viable PM411 cells in plant samples.

The performance of the method was studied by comparing v-qPCR population

estimation to those obtained by qPCR and specific plate counting on de Man-Rogosa-
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Sharpe (MRS)-rifampin. Since L. plantarum PM411 is a biological control agent of fire

blight of apple and pear (5, 9) and is capable of controlling other bacterial plant

diseases, such as bacterial canker of kiwifruit and angular leaf spot of strawberry, plant

species, like pear, apple, strawberry, and kiwifruit, were used for further experiments to

evaluate the method. In addition, different environmental conditions for the BCA, such

as blossoms or leaves, under controlled (high and low rH) or field conditions were

analyzed. No significant differences were observed between the three methods when

the conditions were conducive for bacterial survival. However, under harsh conditions,

qPCR quantification overestimated the population level of PM411 (until 4 log units),

indicating the presence of nondegraded DNA released from dead cells, and plate

counting underestimated the population of the strain (until 2 log units), indicating

induction of the VBNC state. Therefore, v-qPCR enabled the most accurate quantifica-

tion of PM411 viable cells, whether culturable or VBNC, to monitor survival on aerial

plant surfaces.

On flowers, under controlled-environment conditions of high rH, PM411 showed a

transient drop in population level upon inoculation, probably due to the stressful

conditions of the spray. However, after this initial decrease, PM411 attained stable

population levels of viable cells for the following 2 days, reaching values from 106 to

107 CFU per blossom. In this period, viable population levels were not significantly

different from those estimated by qPCR or plate counting. The usefulness of qPCR or

plate counting as monitoring tools of BCA after delivery on plants was also confirmed

in the BCA Pseudomonas fluorescens EPS62e that showed efficient colonization of

blossoms (15, 60). This result is consistent with the fact that the flower environment is

favorable for bacterial survival and colonization because of a high level of nutrients.

Sugars, such as glucose and fructose, and amino acids, such as proline, asparagine,

glutamic acid, and glutamine, are predominant in apple and pear flowers (61). It is

expected that L. plantarum can reach stable populations in the flower environment,

since it has the capacity to use a broad range of carbohydrates and amino acids (62).

After 5 days on the flower surface, the population of PM411 clearly decreased, coin-

ciding with the end of the life span of flowers. This survival reduction may be attributed

to the nonconducive conditions as a result of the senescence of the tissues (13). At this

period, population was overestimated by qPCR, indicating the presence of nonde-

graded DNA being released from dead cells. Studies conducted by other authors

monitoring bacteria on plant surfaces confirmed the differences in population estima-

tion between qPCR and plate counting (15, 21). Interestingly, all viable cells were

culturable probably because conditions were not enough stressful to induce a VBNC

state.

On the leaf surface, the PM411 population decreased more than on flowers after

inoculation. The leaf environment is poor in carbon-containing nutrients and more

exposed to fluctuations in temperature, UV radiation, and especially water availability

(relative humidity and leaf wetness) (63, 64). Under these stress conditions, the induc-

tion of a VBNC state and cell death may explain significant differences between v-qPCR,

qPCR, and plate counting. However, these differences were observed in leaf experi-

ments both under high and low rH, probably meaning that the lack of nutrients is one

of the most important limiting factors for PM411 survival. As reported in other bacteria,

including LAB, stressful conditions (e.g., desiccation and starvation) can promote cells

to enter in a VBNC state (17, 20). Consequently, VBNC cells were not quantified by plate

counting, and the viable PM411 population was underestimated, as reported in other

BCA monitoring studies under different stress conditions (15, 16, 65). As VBNC cells are

still metabolically active and preserve membrane integrity, they should be considered

the effective population of BCA since they can become culturable again when better

conditions arrive (20). On flowers under field conditions, the viable population of

PM411 dropped to around 103 to 105 CFU per blossom immediately after the spray

(both in the single- or two-spray experiments). Although the nutritional conditions in

flowers are expected to be optimal, the harsh environment, such as periods of low

relative humidity (,70%) combined with UV radiation exposition, probably caused this
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decrease in population. Interestingly, in a pear orchard, differences between v-qPCR

and plate counting were observed, presumptively due to the induction of the VBNC

state as an adaptive stress response of cells against suboptimal environmental condi-

tions. It was reported in previous studies that L. plantarum PM411 increased transcript

levels of stress-related genes under desiccation (66). However, in an apple orchard,

similar populations of viable and culturable PM411 cells were observed. Therefore,

differences in morphology and physicochemical environment between pear and apple

flowers, as well as weather conditions registered in the field, may explain how a

discrepancy between viable and culturable populations was only observed in apple

flowers.

In our study, the unfavorable environmental conditions on the leaf surface and the

relatively dry field conditions during the experiments seem to induce a VBNC state in

PM411 cells.

Finally, we have developed a method for the specific detection and quantification of

viable PM411 that has been evaluated and validated. The method is expected to be a

reliable monitoring tool to estimate the viable population of the strain in aerial plant

surfaces, and it will allow further studies of colonization and survival under field

conditions, as well as improvements in formulations and delivery strategies. Data

obtained from v-qPCR monitoring may indicate when PM411 should be released in the

field to achieve the population required for biocontrol, since the decrease in the viable

population can compromise the BCA efficacy. It is expected that PEMAX v-qPCR could

also be developed for monitoring other bacterial strains on plant surfaces, not only

biological control agents, but also other beneficial bacteria (e.g., biofertilizers and

biostimulants) useful in the sustainable management of crop production.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and DNA extraction. The bacterial strains used in this study
are listed in Table 2. LAB strains were grown on de Man-Rogosa-Sharpe (MRS) agar (Oxoid, Basingstoke,
Hampshire, UK) at 23°C for 48 h. Non-LAB strains were grown on Luria-Bertani (LB) agar at 25°C for 24
h. Escherichia coli DH5a calcium competent cells were used for cloning procedures and were grown in
LB medium at 37°C. A spontaneous mutant of wild-type L. plantarum PM411 resistant to rifampin,
obtained as previously described (5), was used in this study. All strains were stored in 20% glycerol at
280°C. DNA was extracted according to the method described by Llop et al. (67) from pure bacterial
suspensions (Table 2).

Strategy to identify a strain-specific molecular marker for L. plantarum PM411. All primers, PCR
mixtures, and PCR conditions used in this study are described in Tables 1 and 3, and amplified fragments
were analyzed using standard methods.

RAPD-PCR analysis was carried out to identify a PM411 strain-specific molecular marker. Seven
primers were tested in strain PM411 and other selected L. plantarum strains (ATCC 8014, CECT 223, CECT
4528, CECT 5785, TC54, TC92, and WCFS1) by PCR. A potential PM411 strain-specific RAPD band was
excised from the agarose gel, purified with a QIAquick gel extraction kit (Qiagen, Hilden, Germany),
cloned into the pGEM-T Easy vector (Promega, Madison, WI, USA), and transformed into E. coli DH5a

calcium competent cells. Cells were selected by antibiotic resistance in LB agar supplemented with 100
mg · ml21 ampicillin (Sigma, MO, USA), and a PCR analysis with the universal primers T7 and Sp6 was
done to confirm the insertion. The RAPD-PCR fragment was sequenced (Macrogen, Seoul, South Korea)
and analyzed using the FinchTV 1.4.0 software (Geospiza, Seattle, WA, USA) and Multalin software (68).
The specificity was ensured in silico using the BLAST program at the NCBI database (http://www.ncbi
.nlm.nih.gov/BLAST).

As the fragment identified by RAPD-PCR showed similarity with a prophage, raw data of sequenced
L. plantarum PM411 genome were used for prophage region search and annotation using a phage
finding tool (PHAge Search Tool [PHAST] [69]). The corresponding putative phage sequence was
deposited in the GenBank database (accession number MG788324). The RAPD sequence was located in
the putative prophage of L. plantarum PM411, and a 972-bp region (region from positions 65376 to
66348 of accession number MG788324) was checked in silico for specificity. This region was used in order
to design a primer pair (PM411-for and PM411C-rev) using Primer-BLAST (Table 1). The primers were
designed in the PM411-specific region. The specificity of the primers was tested using strains described
in Table 2. The rep-PCR amplifications of PM411 and other L. plantarum strains listed in Table 2 (CM450,
FC248, PM314, PM340, TC92, and WCFS1) were carried out for clone detection with the repetitive
sequence-based oligonucleotides corresponding to ERIC, REP, BOXA1R, and GTG5 (Table 1) (70).

Strain-specific qPCR designs and specificity, sensitivity, and amplification efficiency evalua-

tion. Three TaqMan-based qPCR assays were designed (Table 1) within the strain-specific marker (region
from positions 65376 to 66348 of accession number MG788324) to obtain three amplicons with different
lengths. All of them shared the same forward primer (PM411-for) and probe (PM411-pr), but they had
three different reverse primers (PM411A-ref, PM411B-rev, and PM411C-rev). Probes were labeled with the
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6-carboxyfluorescein (FAM) reporter dye at the 5= end and with the 6-carboxytetramethylrhodamine
(TAMRA) quencher dye at the 3= end. Primers and TaqMan probes were designed using the Primer
Express 3.0 software (Applied Biosystems, Foster City, CA, USA).

The specificity of the qPCR designs was tested after optimization of the concentrations of the primers
and probe using bacteria listed in Table 2. A no-template control (NTC), using water instead of genomic
DNA, and positive control with PM411 DNA were included in all PCR runs. All reactions were performed
in triplicate and were carried out in a 7500 real-time PCR system (Applied Biosystems, Foster City, CA,
USA).

Standard curves were developed to check the sensitivity and efficiency of the qPCR assays by mixing
several concentrations of PM411 cells with plant material washings. To obtain plant material washings,
open blossoms of apple (cv. Golden Smoothee) and pear (cv. Comice) and leaves from potted plants of
pear (cv. Conference), strawberry (cv. Darselect), and kiwifruit (cv. Hayward) were used. Two blossoms or
three leaves were infused with 30 ml of 50 mM sterile phosphate buffer (PBS; pH 7.0) and 0.1% peptone
in a 100-ml bottle and mixed in an orbital shaker (KS501 digital; IKA Labortechnik, Staufen, Germany) at
130 rpm for 30 min on ice (15, 60). Cell suspensions of PM411 were prepared in sterile distilled water at
high concentration (109 CFU · ml21) and diluted to appropriate concentrations with plant material
washings. The cell concentration of the first serial decimal dilution was checked by a measure of the
optical density at 600 nm (OD600), considering that 0.25 corresponds to 108 CFU · ml21, and this was
confirmed by colony counts. The tested concentrations covered a 5-log range, from 1 3 103 to 1 3 108

CFU · ml21. An aliquot of plant material washings without PM411 cells was kept as a no-template control
(NTC) sample.

DNA was isolated according to the method described by Schmidt et al. (71), with some modifications.
Briefly, 1 ml of sample was centrifuged at 13,200 3 g for 10 min, and the pellet was resuspended in 400
ml of TES buffer (50 mM Tris-HCl, 1 mM EDTA, 6.7% glucose). Cells were incubated with 100 ml of
lysozyme at 20 mg · ml21 (Sigma) and 6 ml of mutanolysin at 5,000 U · ml21 (Sigma) for 1 h at 37°C with
shaking (ThermoMixer F1.5; Eppendorf, Hamburg, Germany). After adding 15 ml of proteinase K at 20 mg ·
ml21 (Qiagen) and 40 ml of 20% sodium dodecyl sulfate (SDS), samples were incubated at 60°C for 1 h.
Then, mechanical disruption was performed transferring the sample into a 2-ml safe-seal microcentrifuge
tube with 70 mg of acid-washed glass beads (Sigma) and using a TissueLyzer II instrument (Qiagen) at
a frequency of 30 s21 for 10 min. Glass beads and cell debris were removed by centrifugation at 12,000
3 g for 10 min, and the supernatant was purified adding 1 volume of phenol-chloroform-isoamyl alcohol
(25:24:1) (Sigma) and mixed by vortexing for 5 s. Phases were separated by centrifugation at 16,000 3

g for 5 min. The aqueous phase was mixed with 2 volumes of ice-cold ethanol and 0.1 volume of 4 M
sodium acetate, and DNA was precipitated overnight at 220°C. DNA was collected by centrifugation at
16,000 3 g for 30 min, and the pellet was washed in ice-cold 70% ethanol, dried, resuspended in 50 ml
of water, and stored at 220°C until analyzed. The amount and purity of DNA samples were determined
spectrophotometrically (NanoDrop ND-1000 spectrophotometer; Thermo Fisher Scientific, USA).

TABLE 3 Amplification mixture and PCR conditions

PCR

approach Amplification mixturea PCR conditionsb

RAPD-PCR 13 PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTPs, 200 nM
each primer, 3.75 U Taq, and 100 ng DNA (reaction
vol, 50 ml)

For M13: 94°C for 3 min; 35 cycles of 94°C for 1 min, 40°C
for 20 s, ramp to 72°C at 0.6°C/s for 20 min; elongation
at 72°C for 2 min

For P3 and P4: 94°C for 3 min; 30 cycles of 94°C for 1
min, 36°C for 2 min, 72°C for 2 min; and elongation at
72°C for 2 min

For P7, Inva1, 512Fb, and XD9: 94°C for 4 min; 45 cycles
of 94°C for 1 min, 35°C for 1 min, 72°C for 1 min; and
elongation at 72°C for 5 min

pGEM-T insert
amplification

13 PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTPs, 200 nM
primers T7 and Sp6, 1.875 U Taq, and 2 ml
recombinant vector (reaction vol, 25 ml)

98°C for 2 min; 35 cycles of 98°C for 10 s, 45°C for 30 s,
72°C for 30 s; and elongation at 72°C for 12 min

PCR 13 PCR buffer, 3 mM MgCl2, 0.2 mM dNTPs, 200 nM
PM411-for and PM411C-rev, 1.75 U Taq, and 25 ng
DNA (reaction vol, 25 ml)

95°C for 5 min; 30 cycles of 95°C for 45 s, 60°C for 40 s,
for 72°C 40 s; and elongation at 72°C for 10 min

rep-PCR 13 PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTPs, 1.6
mg/ml BSA, 10% DMSO, 500 nM each forward and
reverse primer for rep-PCR and ERIC-PCR or of the
single primer for BOX-PCR and GTG5-PCR, 2.5 U Taq,
and 50 ng DNA (reaction vol, 25 ml)

95°C for 7 min; 30 cycles of 94°C for 1 min, 52°C for 1
min for ERIC- and BOX-PCR or 42°C 1 min for REP- and
GTG5-PCR, and 65°C for 8 min; and elongation at 65°C
for 16 min

qPCR 13 TaqMan universal PCR master mix, 500 nM each
forward and reverse primer, 200 nM GP probe or
250 nM RP1 or RP2 probe, and 20 ng DNA or 4 ml
DNA sample (reaction vol, 20 ml)

50°C for 2 min; 95°C for 10 min; 50 cycles of 95°C for 15 s
and 60°C for 1 min

adNTPs, dinucleoside triphosphates; BSA, bovine serum albumin; DMSO, dimethyl sulfoxide; Taq, Taq DNA polymerase (Invitrogen). TaqMan Universal PCR master mix
is manufactured by Invitrogen.

bPCR was carried out in a GeneAmp PCR system 9700 (Applied Biosystems) and qPCR in a 7500 real-time PCR system (Applied Biosystems).
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qPCR was performed, and two no-template controls (NTC) were included in all PCR runs: (i) one using
water instead of genomic DNA, and (ii) one using DNA isolated from plant material washings without
PM411 cells. All reactions were performed in triplicate as described above. CT values were plotted against
the logarithm of the initial number of CFU · ml21, and standard curves were generated by a linear
regression of the plotted points. Slopes were used to determine the amplification efficiency of each
design using the equation E (%) 5 (1021/slope 2 1) 3 100.

v-qPCR. (i) PEMAX concentration optimization. PEMAX reagent (GenIUL, Terrassa, Spain) was
diluted in 500 ml of sterile bidistilled water to obtain a stock solution of 2,000 mM that was stored at
220°C in the dark until needed. To determine the optimal concentration of PEMAX (50, 75, and 100 mM),
an appropriate volume of PEMAX stock solution (25, 37.5, or 50 ml) was added into 1 ml of viable or dead
PM411 cell suspension, both adjusted to 1 3 106 CFU · ml21 in apple flower washings. Dead cells were
obtained by heating a cell suspension at 100°C for 15 min (10, 26) (ThermoMixer F1.5; Eppendorf). The
loss of cell viability was checked by plating on MRS agar, followed by incubation for 48 h at 30°C. Then,
samples were thoroughly mixed and incubated for 30 min in the dark at room temperature in an orbital
shaker KS501 digital (IKA Labortechnik) at 130 rpm. Immediately, samples were photoactivated for 15
min with the PhAST Blue photoactivation system (GenIUL, Barcelona, Spain) set to 100% and transferred
into DNA low-binding 1.5-ml tubes (Sarstedt, Nümbrecht, Germany). PEMAX-treated cells (viable and
dead) were collected by centrifugation at 13,200 3 g for 10 min and washed with 50 mM sterile PBS (pH
7.0) under the same centrifugation conditions. Samples of viable and dead cells, adjusted to 1 3 106 CFU ·
ml21 in apple flower washings and without being treated with PEMAX were also used. DNA extraction
of PEMAX-treated and non-PEMAX-treated samples was performed as described in the previous para-
graph. Each experimental condition was assayed in two independent experiments.

(ii) Amplicon length effect. To study the influence of amplicon length in the effectiveness of the
PEMAX treatment to suppress PCR amplification of dead cells, two independent qPCR assays (A and B)
were performed. One unique forward primer (PM411-for) and probe (PM411-pr) and two reverse primers
(PM411A-rev and PM411B-rev) were used to obtain two amplicons with different lengths (Table 1). qPCR
was performed as described previously, and a no-template control (NTC) was included in each PCR run.
All reactions were performed in triplicate.

The effect of PEMAX at different concentrations on DNA amplification suppression by qPCR assays A
and B was tested in viable and dead cells and expressed as “signal reduction.” Signal reduction was
calculated by subtracting CT values between non-PEMAX-treated and PEMAX-treated samples. Three
independent experiments were performed.

(iii) Standard curve. To check the v-qPCR method as a specific bacterial detection and quantification
tool, the sensitivity and amplification efficiency of the v-qPCR B design were evaluated by developing
standard curves. Cell suspensions were prepared using viable, dead, or mixtures of PM411 cells in apple
flower washings. Samples were prepared from covering a 5-log range (from 1 3 103 to 1 3 108 CFU ·
ml21) of viable or dead cells, obtained as described, and mixing the same concentration range of viable
PM411 cells with a constant number of dead cells (1 3 106 CFU · ml21). From each sample, 1 ml was
treated with PEMAX at 50 mM according to the procedure described previously. An aliquot of each
sample without being treated with PEMAX was also used. DNA extraction was performed in PEMAX-
treated and non-PEMAX-treated samples as described above. qPCR was performed using the B design
(PM411-for, PM411-pr, and PM411B-rev), obtaining an amplicon size of 188 bp. qPCR was performed as
described previously, including the two negative controls (NTC) mentioned above. All reactions were
performed in triplicate. Standard curves were generated as described above. Three independent exper-
iments were carried out.

Quantification of L. plantarum PM411 on plant material. Greenhouse experiments were per-
formed in different plant materials, such as apple blossoms and pear, strawberry, and kiwifruit leaves.
Two field trials on apple and pear blooming trees at the Mas Badia Agricultural Experimental Station
(Girona, Spain) were also included.

Greenhouse experiments on leaves were conducted in potted plants (10-cm-diameter plastic pots) of
pear (cv. Conference), strawberry (cv. Darselect), and kiwifruit (cv. Hayward). Plants were used when they
were 30 to 40 cm in length, with 6 young leaves per shoot in pear plants, 10 to 15 young leaves in
kiwifruit plants, and 5 to 8 leaves per crown in strawberry plants. Open blossoms of the Golden
Smoothee apple cultivar were obtained from a commercial orchard near Girona (Spain). Flowery
branches were collected and transported to the greenhouse under refrigeration, and the lower end of
the branches was kept submerged in a 5% sucrose solution. To inoculate PM411, the plant material was
sprayed to runoff (10 ml per pear plant, 6 ml per strawberry plant, 20 ml per kiwifruit plant, and 3 ml per
open blossom) with the bacterial suspension at 108 CFU · ml21. All plant material was kept at 25°C, with
a 16-h fluorescent light/8-h dark photoperiod. Treated flowery branches and potted plants were covered
with plastic bags to reach high-rH conditions. A group of kiwifruit plants was maintained at low rH (70%)
in controlled-environment chambers (SGC097.PFX.F; Fitotron, Sanyo Gallenkamp plc, UK). The experi-
mental design consisted of three replicates of four pear potted plants, three strawberry and kiwifruit
plants, or five flowery branches containing 15 blossoms in total. Experiments were carried out twice,
except for strawberry and kiwifruit plants at high rH, which were performed once. Sampling for
monitoring the PM411 population was performed immediately or at 12 h after inoculation and over six
(plant assays) or eight (flower assays) days. Two blossoms, three leaflets of strawberry plants, and three
leaves of pear or kiwifruit plants were taken from each replicate and sampling date.

Field experiments were conducted in plots of cv. Golden Smoothie apple and cv. Comice pear trees
during the blooming period. Three replicates of 7 trees per replicate were used. In each tree, two
branches containing blossoms were tagged. Two strategies were assayed in independent experiments:
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one doing a single application of PM411 to trees (day 0), and a second strategy with two applications
(days 0 and 5). Open blossoms from tagged branches were spray inoculated until near runoff with the
bacterial suspension at 108 CFU · ml21 using a handheld 5-ml sprayer (3 ml per blossom). Temperature,
rH, and rainfall were measured with a weather station located in the experimental field (Mas Badia, La
Tallada d’Empordà, Girona, Spain). Sample collection for monitoring PM411 levels was performed at 0, 1,
2, 5, 6, and 7 days. Samples of two blossoms (4 to 6 flowers and accompanying leaves) were taken from
each replicate and sampling date.

Plant material washings were obtained as described above by homogenizing blossoms and leaves
with 30 ml of 50 mM sterile PBS (pH 7.0) and 0.1% peptone at 130 rpm for 30 min on ice bath. Plant
material washings from field experiments were 10-fold concentrated by centrifugation at 10,000 3 g for
10 min of 20 ml of plant extract and resuspended in 2 ml of sterile PBS and 0.1% peptone. The population
levels of PM411 on blossoms and leaves were determined using qPCR, v-qPCR, and plate counting.

For qPCR, DNA was isolated from 1 ml of each plant material washing, as explained above. DNA was
evaluated in triplicate using the TaqMan-based qPCR assay B (PM411-for, PM411-pr, and PM411B-rev, 188
bp). The quantification was performed by means of a standard curve of the corresponding plant material
washing (apple or pear blossoms or strawberry, kiwifruit, or pear leaves) specifically developed (linear
range of 1 3 103 to 1 3 107 CFU · ml21, R2 5 0.99, E .80%), and used in each plate run. The amount
of total cells by qPCR was obtained by interpolating the CT values from the unknown samples against the
corresponding developed standard curve and expressed as log10 CFU per blossom or leaf.

For v-qPCR, previously to DNA isolation, 1 ml of sample was treated with PEMAX at 50 mM, according
to the procedure described above. DNA extraction, qPCR assay, and quantification, using the corre-
sponding standard curve with PEMAX treatment (linear range of 1 3 103 to 1 3 107 CFU · ml21, R2 5

0.99, and E .80%), were carried out as described above.
For plate counting, plant material washings were serially diluted, and appropriate dilutions were

seeded using a spiral plater (Eddy Jet; IUL Instruments, Barcelona, Spain) onto MRS agar plates
supplemented with 50 mg · ml21 rifampin (Sigma) to counterselect PM411 and 10 mg · ml21 econazole
nitrate salt (Sigma) to avoid fungal growth. Plates were incubated at 30°C for 48 h, and colonies were
counted using an automatic counter system (Countermat Flash; IUL Instruments). The culturable popu-
lation level of PM411 was expressed as the log10 CFU per blossom or leaf.

Statistical analysis. To test the significance of the effect of PEMAX concentration and qPCR design
in the suppression of DNA amplification (signal reduction) on dead and viable cells of PM411, a two-way
analysis of variance (ANOVA) was performed. To test the effect of the quantification method to estimate
the PM411 population on plant surfaces for each sampling date, ANOVA was performed. Means of the
∆CT (signal reduction) or CFU · blossom21 or CFU · leaf21 (population) were separated according to the
Tukey’s test at a P value of #0.05. The statistical analyses were performed using GLM procedure of
the PC-SAS (version 9.1; SAS Institute, Inc., Cary, NC).

Accession number(s). The putative phage sequence of L. plantarum strain PM411 has been
deposited in the GenBank database under the accession number MG788324.
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Bacterial plant diseases, such as fire blight of apple and pear, bacterial canker of kiwifruit, 

bacterial spot of stone fruits, and angular leaf spot of strawberry, are responsible for important crop 

losses worldwide because few effective management options are available. Although chemical 

pesticides have been generally effective, the restrictions in the use of some products (e.g. 

antibiotics in the European Union), the increasing evolution of pathogen resistance to existing 

bactericides, as well as, the public concern about the negative impact of conventional pesticides on 

environment and human health, are promoting the development of alternative and sustainable 

management tools. In particular, biological control is an alternative or complementary strategy 

since the use of microbial biopesticides could be merged into an integrated management approach 

of crop protection (Sundin et al., 2016; Chandler et al., 2011).  

Lactic acid bacteria (LAB) have many characteristics that make them attractive biological 

control agents (BCA) as active ingredients of microbial biopesticides. LAB are well known as 

biopreservative agents in food against pathogenic and spoilage microorganisms (Tomé et al., 

2008; Trias et al., 2008a, 2008b; Lan et al., 2012; Cizeikiene et al., 2013; Crowley et al., 2013; 

Cheong et al., 2014; Di Gioia et al., 2016; Gómez-Sala et al., 2016; Saraoui et al., 2017). The 

potential use of LAB in crop protection has also been explored and some strains, mostly 

Lactobacillus plantarum, have been reported during the last decade as antagonists of plant 

pathogenic bacteria and fungi (Wang et al., 2011, 2012; Shrestha et al., 2014; Baffoni et al., 2015; 

Tsuda et al., 2016). However, there is no microbial biopesticides based on LAB available on a 

commercial scale so far. Bacterial BCA registered in the European Union (EU) belong to species of 

Bacillus, Pseudomonas, and Streptomyces. In addition, LAB are plant-associated microorganisms 

being ubiquitous members of flower, leaf and fruit microbiomes (Trias et al., 2008b; Zwielehner et 

al., 2008; Leff & Fierer, 2013; Shade et al., 2013; Williams et al., 2013). Interestingly, most LAB 

fulfil the requirements concerning biosafety since several species, including L. plantarum, are 

considered with the Qualified Presumption of Safety (QPS) status by the European Food Safety 

Agency (EFSA) (EFSA Panel on Biological Hazards, 2017) and certain strains are categorized as 

Generally Recognized as Safe (GRAS) by the U.S. Food and Drug Administration (FDA) (FDA, 

2018). Consequently, it is expected that LAB strains would pose no risks for applications in edible 

crop protection and would not be limited to be approved as active ingredient of a microbial 

biopesticide regarding biosafety (Regulation (EC) No 1107/2009). Moreover, cost-effective 

strategies for industrial scale production of LAB biomass have been reported although these 

bacteria have numerous growth requirements (Schiraldi et al., 2003; Aguirre-Ezkauriatza et al., 

2010; Krzywonos & Eberhard, 2011). 

This Ph.D. Thesis contributes to the development of a novel microbial biopesticide based on 

LAB, specifically L. plantarum, as broad-spectrum BCA. Some of the phases involved in its 

development have been addressed, such as the screening of effective BCA together with their 

characterization, the improvement of their fitness onto plant surfaces, and the development of a 

strain-specific monitoring method.  
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Biopesticides with wide spectrum of application are really appreciated for the management of 

multiple diseases in different cropping systems or in a single crop since it remains an unfulfilled 

goal (Köhl et al., 2011; Droby et al., 2016). The first aim of this Thesis was the screening of LAB as 

candidate BCA with the main purpose to identify strains showing suppression toward a broad 

range of bacterial phytopathogens, such as Pseudomonas syringae pv. actinidiae (Psa), 

Xanthomonas arboricola pv. pruni (Xap), and Xanthomonas fragariae (Xf) (Chapter III of this 

Thesis). Similarly, a multi-pathogen approach for the screening of microbial antagonists was 

addressed in other studies as well (Roberts et al., 2005; Suárez-Estrella et al., 2013; Gava et al., 

2018). In a preliminary phase, L. plantarum CC100, PM411, and TC92 and Leuconostoc 

mesenteroides CM160 and CM209 were preselected owing to high in vitro antagonistic activity 

against the three bacterial phytopathogens. The antibacterial activity of PM411, TC92, and CM209 

was previously reported against Erwinia amylovora, as well as, against other target bacteria, such 

as Pseudomonas syringae, Escherichia coli, Staphylococcus aureus and Bacillus subtilis (Roselló 

et al., 2013). These results are in agreement with previous reported antagonistic activity of certain 

L. plantarum and L. mesenteroides strains against Gram-positive and Gram-negative bacteria 

(Elegado et al., 2004; Ben Omar et al., 2008; Knoll et al., 2008; Darsanaki et al., 2012; Fhoula et 

al., 2013; Arena et al., 2016).  

Since the correlation between in vitro and in vivo results is not always found as it has been 

reported by Parikh et al. (2018), the applicability of the preselected LAB strains as BCA was 

studied in more detail by means of in planta efficacy assays in greenhouse, in which the interaction 

between the host plant, the pathogen, and the antagonist is taken into consideration (Köhl et al., 

2011). L. plantarum PM411 and TC92 consistently reduced infections in the three pathosystems 

(Psa-kiwifruit, Xap-Prunus, and Xf-strawberry). Indeed, both strains were also selected because in 

a previous report they showed biocontrol efficacy against E. amylovora in pear plants (Roselló et 

al., 2013, 2017).  

Therefore, the multifactorial screening procedure based on in vitro and in planta assays 

against multiple pathogens was successful in selecting two very interesting BCA, L. plantarum 

PM411 and TC92, showing effective biological control of bacterial canker of kiwifruit, bacterial spot 

of stone fruits, and angular leaf spot of strawberry.  

The characterization of BCA is required for their development as biopesticides and for the 

registration procedure. Therefore, once PM411 and TC92 strains were selected as candidate BCA, 

the mechanism of action involved in the pathogen suppression and the genotypic characterization 

were tackled (Chapter III). Organic acids, such as lactic acid, were the preferred mediators of in 

vitro inhibition of Psa, Xap, and Xf by both strains. Similarly, lactic and acetic acid, as the principal 

end products of the metabolism of probiotic LAB strains, have been attributed as the main 

antimicrobial agents against foodborne pathogens (Tejero-Sariñena et al., 2012). Although the 

widely reported antagonistic activity of bacteriocins against foodborne pathogens and spoilage 

bacteria (Allende et al., 2007) and the presence of the biosynthetic plantaricin genes plnEF and 
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plnJK in the two selected strains (Roselló et al., 2013) with similar levels of expression (this Thesis, 

Daranas et al., 2018a), the antagonistic role of plantaricins in PM411 and TC92 was not proved in 

this study. Gram-negative bacteria are naturally resistant to bacteriocins due to their outer 

membrane, which acts as an effective barrier. Nevertheless, lactic acid produced by LAB might 

promote the sensitization of Gram-negative bacterial pathogens towards bacteriocins destabilizing 

the outer membrane (Alakomi et al., 2000; Prudêncio et al., 2015). On leaf surfaces both strains 

were able to survive and, in particular, PM411 showed a suppression of Psa population. In order to 

better elucidate the multifactorial mechanism of PM411 and TC92 responsible for pathogen 

suppression, it would be interesting to determine the antimicrobial metabolites produced directly on 

plant surfaces. It is hypothesized that under aerobic conditions the production of lactic acid or other 

organic acids resulting from fermentation might be limited, whereas the formation of hydrogen 

peroxide could contribute to the antagonism. Accordingly to other authors, hydrogen peroxide 

accumulated by LAB in a cell suspension has shown inhibitory effect against foodborne pathogens 

(Ito et al., 2003). 

Although the similarities explained above between PM411 and TC92 strains, multilocus 

sequence typing (MLST) together with random amplified polymorphic DNA-PCR (RAPD-PCR) 

analysis of several L. plantarum strains allowed a clear discrimination between both strains. This is 

in accordance with previous reports in which these genotypic methods provided different profiles 

within L. plantarum strains (de las Rivas et al., 2006; Tanganurat et al., 2009; Di Cagno et al., 2010 

Xu et al., 2015). The concordance between clusters obtained using MLST and RAPD-PCR 

analysis provided robust results. De las Rivas et al. (2006) suggested that strains sharing the same 

sequence type (ST) might be clones. In particular, PM411 shared the same ST with two other 

L. plantarum strains from our collection (PM314 and PM340) which were isolated from the same 

sample (pear). The hypothesis that they could be clones was confirmed later by the amplification of 

repetitive element sequences (rep-PCR) (this Thesis, Daranas et al., 2018b). In contrast, TC92 

shared the same ST with several strains but it is unlikely that they could be clones since they were 

isolated from different plant sources. 

Acceptable and consistent performance under field conditions is critical for the success of any 

microbial biopesticide. Therefore, the efficacy of the two selected L. plantarum strains PM411 and 

TC92 in suppressing Psa, Xap, and Xf infections in plants was confirmed by means of semi-field 

and field assays and was comparable with reference products, including commercial microbial 

biopesticides, plant defence elicitors, copper and antibiotics. Nevertheless, variable biocontrol 

performance of PM411 and TC92 in the field is very likely due to fluctuating environmental 

conditions. 

 

 The establishment of suppressive populations of BCA on aerial plant surfaces, where many 

pathogens epiphytically grow, is suggested as a key factor for the development of protection 

against pathogens (Stockwell et al., 1998; Hagen et al., 2009; Stockwell et al., 2010). However, 
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aerial plant surfaces are generally considered as hostile environments for bacterial colonization 

since bacteria are exposed to ultraviolet radiation, nutrient limitation, and fluctuating temperature 

and water availability (Lindow & Brandl, 2003; Remus-Emsermann & Vorholt, 2014). Therefore, the 

capacity of L. plantarum to cope with stresses imposed in the field is likely to be a key factor 

contributing to epiphytic fitness. The second aim of this Thesis was the physiological improvement 

of fitness of the two selected L. plantarum strains PM411 and TC92 to increase cell survival on 

aerial plant surfaces and the consistency of biological control of bacterial plant diseases 

(Chapter IV). 

Bacteria, including LAB, have evolved specific mechanisms to respond and to withstand harsh 

conditions and sudden environmental changes (stress-sensing system and defences) (van de 

Guchte et al., 2002; Bucka-Kolendo & Sokołowska, 2017). Stress defence mechanisms of LAB can 

be grouped according to their direct participation in preserving cell energy, protecting the cell 

envelope, and defending macromolecules (Papadimitriou et al., 2016). One of the most common 

consequences of a given stress condition in bacteria is the induction of protein misfolding. When 

this situation occurs, a set of molecular effectors, generally related to chaperones and proteases, 

are induced. While the task of chaperones is to protect functional proteins and to refold misfolded 

ones, proteases provide the last line of defence by removing irreversibly damaged proteins 

(Papadimitriou et al., 2016). In this Thesis, the transcriptional analysis focused on the expression 

patterns of stress-related genes together with kinetics of cell inactivation were proposed for the 

assessment of stress tolerance of PM411 and TC92 strains.  

Water-stress tolerance is an important epiphytic fitness trait of BCA strains that influence their 

capacity to survive on aerial plant surfaces (Hagen et al., 2009). L. plantarum PM411 and TC92 

differs in inherent desiccation tolerance and stress response. PM411 showed higher survival and a 

stronger stress response with a higher amount of upregulated stress-related genes during 

desiccation than TC92. These results are in agreement with differences observed in the survival of 

two strains of P. syringae in water-stressed environments that were also correlated with different 

gene expression profiles. In particular, the most tolerant strain exhibited a proactive response to 

osmotic stress based on upregulation of genes (Freeman et al., 2013). In this sense, diversity in 

intrinsic resistance to different stresses (Ferrando et al., 2015) and in stress response patterns 

(Parente et al., 2010) of L. plantarum strains has also been reported. Interestingly, the adhesion-

like protein elongation factor efTU, whose role in intestinal surface adhesion has been reported in 

L. plantarum (Ramiah et al., 2007), was only upregulated in PM411. Therefore, it is likely that 

PM411 cells could show a better attachment on plant surfaces than TC92 cells. In addition, unlike 

TC92, PM411 cell colonies display a ropy phenotype which may be attributed to the production of 

exopolysaccharides (EPS) as previously reported for other strains (Dertli et al., 2015; Caggianiello 

et al., 2016). EPS are thought to contribute to the defence mechanism of bacterial cells against 

environmental stressors. For instance, the layer of extracellular polysaccharides surrounding 

microbial cell creates a microenvironment with increased water retention capacity and ensures 
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greater cell resistance against desiccation (Donot et al., 2012). In addition, EPS can also be 

involved in adhesion to surfaces and biofilm formation (Caggianiello et al., 2016). Therefore, it is 

hypothesized that the putative EPS could confer to PM411 increased adhesion ability to plant 

surfaces, as well as, protection against desiccation.  

The improvement of microbial biopesticide competitiveness on plant surfaces under field 

conditions is a common step required for its development in order to overcome its variable 

performance of biocontrol due to fluctuating environmental conditions. In this Thesis, an enhancing 

water-stress tolerance strategy was developed to improve the epiphytic survival of L. plantarum 

PM411 and TC92 and, therefore, the consistency of their biocontrol efficacy. The water-stress 

adaptation treatment relies on growing cells into a hyperosmotic medium until stationary phase, 

which involves also acid production. In this sense, many other studies have reported the induction 

of adaptive response by applying a sublethal stress, mainly hyperosmotic stress, during inoculum 

preparation as an adaptation treatment to improve viability of BCA under water-stress conditions in 

the phyllosphere (Bonaterra et al., 2005, 2007; Palazzini et al., 2009; Cabrefiga et al., 2011) or 

during formulation and storage (freeze-drying) (Teixidó et al., 2005, 2006; Wang et al., 2010; 

Pusey & Wend, 2012; Cabrefiga et al., 2014). Preadaptation to one particular stress condition can 

also imply cells to resist to other stress conditions and this phenomenon is known as cross-

protection. The ability to develop cross-protection responses have been confirmed by different 

biocontrol bacteria and yeasts (Teixidó et al., 2005, 2006; Liu et al., 2011). Interestingly, for the 

adaptation treatment, some studies combined saline osmotic stress and osmolyte amendment to 

the minimal growth media used (Bonaterra et al., 2005; Cabrefiga et al., 2011, 2014). Intracellular 

accumulation of compatible solutes, such as amino acids, is one of the most common strategies of 

bacteria to balance the osmotic pressure (Pichereau et al., 2000; Welsh, 2000). Consequently, this 

strategy contributes to improve survival of cells exposed later to drying conditions. Despite the 

limited capacities of L. plantarum to synthesize compatible solutes (Poolman & Glaasker, 1998), 

the adaptation treatment defined in this Thesis does not include the addition of osmolytes. The 

main reason is because the complex media de Man Rogosa and Sharpe (MRS) was used to reach 

high growth rates and it contains yeast and beef extract and amino acids, such as betaine and 

carnitine, are both present (Kets et al., 1996). The protective role of ionic solutes, such as betaine, 

on L. plantarum has been described as a response to osmotic stress (Kets et al., 1996; Zhao et al., 

2014; Papadimitriou et al., 2016). Accordingly, the improvement of survival rates after drying have 

also been reported in probiotic Lactobacillus spp. by fermentation under suboptimal conditions 

(Prasad et al., 2003; Liu et al., 2014; Ferrando et al., 2015).  

The adaptive response of PM411 and TC92 toward the water-stress adaptation treatment 

resulted in an increase in transcript levels of stress-related genes that encode chaperone proteins, 

proteases, small heat shock proteins, cold shock proteins, stress factors, and small redox proteins, 

which generally remained unaltered under the subsequent desiccation. Consequently, a strong 

protection from damage caused by the in vitro desiccation was achieved in adapted cells of both 
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strains. These results indicate that the induction of stress-related gene expression in PM411 and 

TC92 may be a key factor for the improvement of stress tolerance. Upregulation of general stress-

related gene expression, such as chaperone proteins (groEL, dnaK) and stress factors (ftsH), has 

been previously involved in the stress response in Lactobacillus spp. when cells have been 

cultured under sublethal osmotic stress (Prasad et al., 2003; Bove et al., 2012). The preadaptation 

treatment provokes the modulation of cell physiology to adapt to the perceived stress and, thereby, 

indirectly enhances desiccation tolerance (Berninger et al., 2018). Similarly, changes in gene 

expression pattern during stress adaptation treatment and the improvement in subsequent stress 

tolerance have also been reported for BCA in the literature (Liu et al., 2011, 2012). As in other 

bacteria, adaptive response appears to be a usual mode of stress protection in LAB (van de 

Guchte et al., 2002). Although water-stress adapted cells of both strains showed similar kinetics of 

cell inactivation under desiccation in vitro, differences on plant surfaces under low relative humidity 

(RH) conditions were observed. The protective effect of adaptation treatment was stronger in 

PM411 that in TC92 and this fact is probably due to particular differences in the transcriptional 

patterns of these strains. In particular, in adapted cells of PM411 a higher number of stress-related 

genes showed increased expression values in comparison with non-adapted cells than in adapted 

cells of TC92. Also, while in PM411 adapted cells stress-related genes remained unaltered or 

downregulated during desiccation, in TC92 adapted cells genes that encode proteases and small 

heat shock proteins were upregulated. Therefore, PM411 strain was selected as a potential BCA 

showing higher water-stress tolerance and a better adaptive response than TC92.  

According to these results, transcriptional analysis focused on particular stress-related genes 

may be highly-regarded as a tool to assess stress response of candidate strains as BCA against 

common environmental stresses during screening programs. Therefore, stress tolerance could be 

a relevant criterion for the selection of BCA. Additionally, this transcriptional analysis may also 

assist the development of a preadaptation treatment regarding to the adaptive response of cells.  

An improvement of the establishment of adapted PM411 on the surface of strawberry and 

kiwifruit leaves in greenhouse and in apple and pear blossoms in the field was achieved in 

comparison with non-adapted PM411. Higher survival rates of adapted PM411 cells could be 

expected. These results indicate that other restrictive environmental variables different from 

desiccation, such as ultraviolet radiation, nutrient limitation, fluctuating temperature, rain, and wind 

might have directly influenced the capability of PM411 for the establishment on leaf surfaces and 

flowers. Although cross-protection is common among bacteria, including LAB (Bucka-Kolendo & 

Sokołowska, 2017), slight protection response against other stress factors was observed in water-

stress adapted PM411 cells. Previous studies reported that osmoadaptation treatments in 

P. agglomerans BCA were not shown to be advantageous in the orchard (Cañamás et al., 2008; 

Pusey & Wend, 2012).  

In this sense, it seems advisable to perform further studies to identify the detrimental effect of 

other environmental stress factors, such as ultraviolet radiation, temperature and wash off, on the 



CHAPTER VI. General discussion 

143 

establishment of PM411 in the field. Several studies have been focused on finding out about the 

tolerance of bacterial and yeast BCA to abiotic stresses in order to improve them or as a decision 

support to select BCA (Cañamás et al., 2008; Lahlali et al., 2011; Segarra et al., 2015; Gava et al., 

2018). In addition, the development of a formulation of PM411 containing adjuvants may offer a 

solution to protect cells against unfavourable environmental conditions and to improve their 

establishment and adherence on plant surfaces. For instance, humectants can reduce the effects 

of fluctuating wet and dry conditions, sunscreens might avoid adverse effect of sunlight by 

reflecting or absorbing ultraviolet radiation, and stickers may improve adherence to foliage and 

persistence in the event of wind and rain (Hynes & Boyetchko, 2006; Segarra et al., 2015). The 

assessment of different additives in formulations of BCA to promote their adherence and 

persistence on plant surfaces and, therefore, biocontrol efficacy in the orchard have been reported 

(Segarra et al., 2015; Cañamás et al., 2008). Moreover, freeze-dried formulations of adapted 

PM411 cells could also exhibit greater resistance to environmental conditions than fresh cells due 

to stress responses induced during the drying process. This occurrence has been reported in 

Pseudomonas and Pantoea spp. BCA (Stockwell et al., 1998; Cañamás et al., 2008; Cabrefiga et 

al., 2014). 

Interestingly, the adaptation treatment developed in this Thesis provides more consistency in 

the PM411 biocontrol efficacy of Xf and Ea infections on strawberry leaves and apple and pear 

blossoms, respectively. Whereas it was reported that adaptation treatments of Metschnikowia 

fructicola, Candida oleophila, Rhodosporidium paludigenum (Wang et al., 2010; Liu et al., 2011, 

2012), B. subtilis and Brevibacillus sp. (Palazzini et al., 2009), P. agglomerans (Bonaterra et al., 

2005), and Pseudomonas fluorescens (Bonaterra et al., 2007; Cabrefiga et al., 2011) improved 

their biocontrol activity, other studies reported that adapted cells of P. agglomerans only 

maintained their efficacy (Teixidó et al., 2006; Cañamás et al., 2009). 

 

Monitoring methods that allow for the specific detection and quantification of viable cells are 

required to evaluate the population dynamics of BCA on plant surfaces after field release. Since 

the efficacy of microbial biopesticides in controlling aerial plant diseases depends on their 

establishment on plant surfaces, knowing the population size of the BCA is really useful to predict 

its biocontrol efficacy. The third aim of this Thesis was the development of a viability quantitative 

PCR (v-qPCR) method to monitor the population dynamics of L. plantarum PM411 after artificial 

inoculation on aerial plant surfaces (Chapter V). 

The quantification of BCA have been generally reported by strain-specific approaches, such as 

qPCR (Massart et al., 2005; Pujol et al., 2006; Cordier et al., 2007; Holmberg et al., 2009; Von 

Felten et al., 2010; Braun-Kiewnick et al., 2012; Mosimann et al., 2017) and plate CFU-counts in 

combination with PCR confirmation (De Clercq et al., 2003; Pujol et al., 2005; El Hamouchi et al., 

2008; Felici et al., 2008; Nunes et al., 2008; Larena & Melgarejo, 2009b; Vilanova et al., 2018). 

However, these methodologies have some limitations. While qPCR is not capable of discriminating 
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between dead and viable cells, plate CFU-counts combined with PCR does not consider viable-

but-nonculturable (VBNC) cells. An alternative molecular method could be the use of mRNA as a 

marker of viability since these levels rapidly decline after cell death and has an essential role in 

bacterial metabolism. Specific mRNA fragments from genes involved in bacterial survival and 

fitness have been reported as viability markers using reverse transcription real-time PCR (RT-

qPCR) for evaluating survival of the phytopathogen Xanthomonas citri subsp. citri on plant material 

(Golmohammadi et al., 2012). The RT-qPCR method has also been reported for monitoring the 

population of the BCA strain Trichoderma harzianum T-78, although the detection marker (ITS 

region) is not specific at strain level (Beaulieu et al., 2011). The main drawback of using RT-qPCR 

as a strain-specific quantification approach is that finding a strain-specific mRNA sequence as an 

indicator of viability with steady expression levels may be unlikely. In addition, extensive studies, 

similar to those performed for the appropriate choice of reference genes for accurate normalization 

of gene expression data, should be required to ensure that the expression level of the marker does 

not change under different environmental conditions. Furthermore, handling RNA is tedious and 

cumbersome due to its sensitivity to degradation, limiting an accurate quantification.  

Several culture-independent techniques different from molecular methods have been 

addressed for the viability assessment of probiotic bacteria in the food industry. Membrane 

integrity-based fluorescence staining coupled to flow cytometry has been reported as an efficient 

and time-saving detection method to monitor viability of probiotic bacteria in dried formulations. 

The LIVE/DEAD BacLight viability kit, containing SYTO9 and propidium iodide (PI), allows for 

discriminating live and dead cells regarding cell membrane integrity. SYTO9 stains all cells 

fluorescent green, while PI penetrates only the cells whose cell membrane has been damaged, 

staining them red (Kramer et al., 2009). A rapid method based on isothermal microcalorimetry 

(IMC), which measures heat flow from biological processes produced by active bacterial cells, has 

been reported as a promising tool to be used in the quality control of dried probiotic formulations 

(Hernández-Garcia et al., 2017). The measurement of adenosine triphosphate (ATP) content, as 

the energy currency of all living cells, has been correlated with the number of metabolically active 

cells. The method involves the use of ATP-luciferase reaction kit based on the ATP-dependent 

luciferin-luciferase reaction and the measurement of luminescence (Fujimoto & Watanabe, 2013). 

However, all these viability approaches cannot be used to target specific bacterial strains and their 

use to monitor BCA in the plant environment is not acceptable since the BCA cannot be 

discriminated from other microorganisms that belong to the resident population. 

Therefore, the viability quantitative PCR (v-qPCR) method, which relies on the sample pre-

treatment with nucleic acid-binding dye prior to qPCR, was chosen in this Thesis since the 

quantification of viable cells, whether culturable or not, of a specific strain is feasible. The v-qPCR 

method has been widely reported for selective detection and quantification of foodborne pathogens 

(Rudi et al., 2005; Elizaquível et al., 2012; Martin et al., 2013; Liu & Mustapha, 2014; Seinige et al., 

2014) and other relevant microorganisms in the food industry, such as probiotic (Desfossés-
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Foucault et al., 2012; Villarreal et al., 2013). Nevertheless, in the biocontrol field few studies have 

tested v-qPCR for monitoring plant pathogens (Meng et al., 2016; Vilanova et al., 2017) and BCA 

(Soto-Muñoz et al., 2014a, 2015a) so far. 

The PM411 strain-specific TaqMan qPCR was designed into a sequence of 972 bp with 

mosaic architecture located in a putative prophage in the PM411 genome. The first approach to 

detect polymorphisms within PM411 genome was based on RAPD-PCR technique. According to 

other authors, the RAPD-PCR technique has been successful to obtain specific molecular markers 

when working with other BCA and their genome sequences are not available (Pujol et al., 2005; 

Felici et al., 2008; Nunes et al., 2008; Holmberg et al., 2009; Von Felten et al., 2010; Gotor-Vila et 

al., 2016). However, in our study, the putative strain-specific band showed homology with part of a 

phage sequence together with other L. plantarum sequences in GenBank database and was not 

sufficiently specific to PM411. In contrast, RAPD-PCR has been useful to identify strain-specific 

molecular markers in Lactobacillus spp. (Galanis et al., 2015). Therefore, the second approach 

was the analysis of prophage DNA sequences in PM411 genome since they have been found to 

contribute to inter-strain genetic variability in bacteria, including Lactobacillus spp. (Brandt et al., 

2001). The polymorphic structure of the putative prophage that contained the RAPD sequence 

allowed the identification of regions to design the strain-specific qPCR. These results are in 

agreement with previous reports in which phage-related sequences were used as a basis for 

designing strain-specific primers and probes in Lactobacillus rhamnosus using polymorphic sites 

(Brandt & Alatossava, 2003; Endo et al., 2012; Karjalainen et al., 2012). Therefore, it is 

hypothesized that the design of strain-specific qPCR assays for BCA based on polymorphisms of 

phage-related sequences may be a valuable strategy. 

For the development of the v-qPCR method a number of considerations must be taken into 

account. In order to achieve the neutralization of DNA amplification from dead cells of PM411, the 

sample treatment with the nucleic acid-binding dye together with the amplicon length were 

optimized. PEMAX reagent was chosen as the nucleic acid-binding dye instead of ethidium 

monoazide (EMA) and propidium monoazide (PMA) that are widely known in v-qPCR. The main 

reason is that PEMAX extends the concept of viability to cells with intact cell membrane structure, 

but also with active metabolism, and may avoid detection of “ghost cells”, which have an intact 

membrane but are metabolically inactive (Codony et al., 2015), unlike EMA and PMA that cell 

membrane integrity is the only viability criterion (Nocker et al., 2006). Besides, targeting longer-

than-average sequences in qPCR in combination with PEMAX treatment was found to be greatly 

beneficial for suppressing dead cell DNA amplification while preserving the performance of the 

method (sensitivity, linearity, and efficiency). These results are in agreement with previous reported 

studies focused on the effect of the amplicon length in v-qPCR to enumerate viable cells of 

Salmonella (Martin et al., 2013), Vibrio anguillarum and Flavobacterium psychrophilum (Contreras 

et al., 2011).   
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 The reliability of the v-qPCR together with plate counting and qPCR in the monitoring of 

PM411 cell population on plant surfaces, both leaves and flowers, was simultaneously evaluated 

under greenhouse and field conditions. The three methods contributed to comprehend the 

behaviour of PM411 in different host plant tissues, species and environmental conditions. Under 

conducive conditions for bacterial survival (e.g. flowers at high RH), correlation within three 

methods was observed. Contrarily, under harsh conditions (e.g. leaf surfaces or field conditions) 

discrepancy between methods was observed due to the presence of nondegradated DNA from 

dead cells or VBNC cells. Therefore, qPCR overestimated the viable population level of PM411 

under limited conditions, while plate counting underestimated this value.  

For the placing of a microbial biopesticide on the EU market, the active substance (antagonist 

strain) needs to be approved at EU level and the formulated product must be authorized at 

member state level (Regulation (EC) No 1107/2009 and Directive 2009/128/EC). Besides 

toxicological studies to ensure safety, environmental risk assessment studies are required in order 

to accurately evaluate the persistence and dissemination of the microbial biopesticide upon 

delivery to the environment, as well as, its impact on biodiversity and the ecosystem (effects on 

non-target organisms) (Boivin & Poulsen, 2017). In the literature, environmental fate and behaviour 

of BCA under field conditions and during postharvest storage have been reported in order to 

provide valuable information for registering issues, as well as, to study the impact of formulation, 

application techniques, and weather conditions on the ecological fitness of BCA strains (Pujol et 

al., 2006, 2007; Soto-Muñoz et al., 2015a, 2015b; Gotor-Vila et al., 2017; Vilanova et al., 2018).  

The v-qPCR method combined with plate counting and qPCR are expected to assist further 

studies for the development of PM411 as a BCA. These studies include the assessment of the 

persistence and dispersion of PM411 in the crop environment, ecological fitness studies under 

different weather conditions, the improvement of formulation to ensure reasonable shelf-life and 

maintain efficacy during long-term storage, and the establishment of a delivery schedule of PM411 

based on its suppressive threshold level to guarantee crop protection. Indeed, it would be deeply 

interesting to study the minimum effective dose of PM411 for the biological control of plant 

diseases, considering the role of both culturable and VBNC cells since it is an unfilled topic.  

Colonization studies of the BCA based on spatial distribution in plant tissues susceptible to 

pathogen infection may provide valuable information for a better knowledge of biocontrol 

performance. Therefore, the genetic engineering of PM411 with the gfp gene that encodes the 

green fluorescent protein could also be developed in the future as a monitoring tool with the aim to 

provide information about in situ spatial distribution of PM411 cells in the plant, as well as, the 

interaction between host plant, pathogen and PM411.  

L. plantarum PM411 has been selected as a potential BCA of multiple quarantine bacterial 

pathogens in fruit crops. PM411 is capable of surviving on plant surfaces but it is not a good 

colonizer and, probably, the effect on biological control is due to its inundative application to the 

plant. Therefore, repetitive sprays and interlaced application of PM411 with conventional 
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agrochemical products, such as copper or other alternative biopesticides, should be taken into 

account as a disease management strategy to achieve an extended protective effect.  
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1. The screening procedure based on a multi-pathogen approach by means of in vitro and in 

planta assays has been a successful strategy to select lactic acid bacteria (LAB) strains as 

candidate biological control agents (BCA) with broad-spectrum activity. Lactobacillus plantarum 

PM411 and TC92 have been selected for exhibiting in vitro antagonism against Pseudomonas 

syringae pv. actinidiae (Psa), Xanthomonas arboricola pv. pruni (Xap), and Xanthomonas 

fragariae (Xf), and consistently reducing infections of these pathogens in the corresponding host 

plants. 

 

2. L. plantarum PM411 and TC92 have been confirmed as BCA since their efficacy in the 

biological control of bacterial canker of kiwifruit (Psa), bacterial spot of stone fruits (Xap), and 

angular leaf spot of strawberry (Xf) in semi-field and field assays was similar to commercial 

products, including microbial biopesticides, plant defence elicitors, and chemical pesticides. 

 

3. The main mechanism of action of L. plantarum PM411 and TC92 involved in the in vitro 

suppression of Psa, Xap, and Xf has been attributed to organic acids, such as lactic acid.  

 

4. Genetic characterization by multilocus sequence typing (MLST) and random amplified 

polymorphic DNA-PCR (RAPD-PCR) analysis allowed for the discrimination between PM411 

and TC92 strains. 

 

5. L. plantarum PM411 and TC92 differ in their tolerance and response to desiccation. Unlike 

TC92 strain, the water-stress response of PM411 included upregulation of the eleven stress-

related genes considered in this study. The differences in the gene expression patterns have 

been related to higher survival rates in PM411 than in TC92 under desiccation. 

 

6. The physiological adaptation strategy that consisted of growing cells into a hyperosmotic 

medium until stationary-phase, which involves also acid production, has enhanced the tolerance 

to water stress of L. plantarum PM411 and TC92. The response of both strains toward the 

adaptation treatment included an increase in transcript levels of stress-related genes and 

resulted in higher survival rates under desiccation. 

 

7. Particular differences in the gene expression patterns between adapted cells of L. plantarum 

PM411 and TC92, both after the adaptation treatment and under desiccation, have been related 

to different water-stress tolerance of strains in plants. Unlike TC92 strain, the adaptation 

treatment led PM411 strain to withstand low relative humidity conditions on plant surfaces.   
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8. The adaptation treatment provided L. plantarum PM411 with a survival increase on plant 

surfaces and field conditions, and more consistency between experiments in suppressing fire 

blight in apple and pear blossoms and angular leaf spot in strawberry plants.  

 

9. The viability quantitative PCR (v-qPCR) method using PEMAX reagent allowed the 

unambiguous detection and quantification of L. plantarum PM411 viable cells on aerial plant 

surfaces. A polymorphic region of a putative prophage in the PM411 genome was useful to 

design strain-specific primers and a TaqMan probe for the qPCR assay. The establishment of 

an adequate amplicon length allowed for sufficient suppression of dead cell DNA amplification 

by PEMAX treatment together with the preservation of the sensitivity of the qPCR method. 

 

10. The combined use of v-qPCR, conventional qPCR, and specific plate counting methods has 

contributed to comprehend population dynamics of L. plantarum PM411 in different plant 

surfaces and environmental conditions. The unfavourable conditions on leaf surfaces and the 

relatively dry field conditions have induced the viable-but-nonculturable (VBNC) state and cell 

death in the PM411 population. 
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