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Abstract The tree constitutes an ecosystem in which

microorganisms play an essential role in its functionality.

Interactions that microorganisms establish with plants may

be beneficial or detrimental and are of extreme importance

in the exploitation of trees in agriculture as crop production

systems. Fruit trees, especially pomefruit trees including

apple, pear and several ornamentals are of great economic

importance but its production is affected by several dis-

eases. Fungal and bacterial fruit tree diseases are mainly

controlled with chemical fungicides and bactericides, but

health and environmental concerns about the use of

chemical pesticides have result in strong regulatory actions

and have stimulated the development of beneficial micro-

organisms as microbial pesticides. Up to now, several

microorganisms have been registered in different countries

and in the EU as biocontrol agents (BCA) covering mainly

fire blight, soil-borne fungal diseases and postharvest fruit

fungal rot. The key aspects in the success of this technol-

ogy for disease control are related to biosafety and envi-

ronmental impact of biocontrol agents, the traceability and

fate in the environment and food chain, the improvement

by physiological, genetic engineering or the use of mix-

tures or formulations as well as the industrial production

and development of delivery systems for treatment appli-

cation to trees.
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Introduction

Microbial pesticides are products used to control plant dis-

eases made from beneficial microorganisms or the metabo-

lites they produce. Many products composed of viruses,

bacteria, yeast, and fungi are marketed worldwide and

obviously play an important role in sustainable agriculture

although their practical use is at present limited (Ragsdale

and Sisler 1994; Montesinos 2003; Montesinos and Bona-

terra 2009). In the past, several authors have argued that the

main advantages of microbial pesticides compared to

chemical products are (a) the absence of harmful residues,

(b) the environmental friendly nature, and (c) the low pro-

duction cost (Cook and Baker 1983). However, at present,

there are scientific evidences indicating that these advanta-

ges are not always achieved. Their main disadvantages are,

(a) the very high specificity against the target disease and

pathogen that may require multiple microbial pesticides to be

used, and often (b) the variable efficacy due to the influences

of various biotic and abiotic factors, because microbial

pesticides are living organisms.

The experience accumulated over several decades of

research have been successful and hundreds of strains of

microorganisms have been reported as active in the control

of different pomefruit tree pathogens, such as bacteria and

fungi causing aerial or root diseases, or are effective against

postharvest rot of fruits (Table 1). Strains of microorganisms

used to control pomefruit tree diseases are distributed mainly

among Gram-negative bacteria such as Pseudomonadaceae

and Gram-positive bacteria such as Bacillaceae, and there
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are also many representatives of yeasts and fungi especially

within Basidyomicota (Montesinos and Bonaterra 2009).

Mechanisms of action

Knowledge of the mechanisms of biocontrol in a microbial

pesticide is a key factor to achieve an efficient reduction of

the pathogen in their host. Several strains cover a single

mechanism and other use a combination of them. Antibiosis

against plant-pathogenic bacteria and fungi affecting fruit

trees is very common. There are examples for a role of cy-

clolipopeptides like fengycins produced by Bacillus subtilis

in disease reduction to protect wounded apple fruits against

gray mold disease caused by Botrytis cinerea (Ongena et al.

2005), phenolic antifungal compounds like pyrrolnitrin in

Pseudomonas cepacia (Janisiewicz and Roitman 1988),

bacteriocins like herbicolin and pantocins in Pantoea ag-

glomerans and Pantoea vagans (Ishimaru et al. 1988; Wright

et al. 2001; Smits et al. 2010) or lytic enzymes in several

yeast and fungi like in Trichoderma harzianum against

Penicillium expansum in apple (Batta 2004). Competitive

exclusion of the pathogen from sites of infection by better use

of nutrients and colonization than the pathogen is also a

common mechanism that can accompany other mechanisms,

and is considered as the major modes of action by which

microbial agents control pathogens causing postharvest

decay of pome fruits (Sharma et al. 2009) and also in fire-

blight control (Cabrefiga et al. 2007). Several hyperparasites,

especially abundant among the yeast and fungi like Pichia

and Trichoderma, interact directly and degrade the fungal

cell, or exert antagonism through antimicrobial compounds,

develop hyperparasitism or directly attach to the pathogen

cells, interfere with pathogen signals, or induce resistance

into the plant host (Harman 2006). A special case of para-

sitism is exemplified by the application of fungal viruses

against certain fungi and bacteriophages that are lytic to

several plant pathogenic bacteria (Jones et al. 2007; Ghabrial

and Suzuki 2009). Some bacteria and fungi are able to induce

defense responses in plants, by producing either elicitors

(e.g. cell wall components) or messenger molecules (e.g.

salicylic acid) (Spadaro and Gullino 2004). Finally, some

BCAs can inhibit plant pathogens by degradation of chem-

ical signal messengers necessary for quorum sensing (e.g.

acyl homoserine lactones) used to start the infection process

by the pathogen (Molina et al. 2003).

Regulatory issues for commercialization

of microorganisms as biocontrol agents

The priority objectives in the area of plant protection

products shift toward a rational use of pesticides and a

reduction in the number of registered active ingredients to

those that are more selective, less toxic, and lacking neg-

ative environmental impact (Gullino and Kuijpers 1994).

Therefore, several countries have undertaken regulatory

changes in pesticide registration requirements, given that

consumer health and environmental preservation prevail

over productive or economic considerations. In the Euro-

pean Union (EU), the availability of BCA products for

agricultural use is limited by the requirements of the leg-

islation on registration of new plant biologicals, which

affects some of the more interesting biological control

agents (Fravel et al. 1999; Mathre et al. 1999; EC 2000;

Harman 2000; Montesinos 2003; Montesinos and Bona-

terra 2009). The registration procedure generally requires

detailed dossiers accounting for scientific data on micro-

organism identity, biological properties, efficacy, specific

analytical methods, residues, traceability, and potential

adverse effects on human health and non-target organisms.

Furthermore, specific requirements may change when an

authorization application considers the microorganism as a

biocide or a plant enhancer. Several microorganisms have

been registered in different countries and in the EU as

biocontrol agents of pomefruit tree diseases covering

mainly fire blight, soil-borne fungal diseases and posthar-

vest fruit fungal rot (Table 2) (http://ec.europa.eu/food/

plant/protection/evaluation/index_en.htm).

Biosafety and environmental impact

Before commercialization and delivery of BCAs to agri-

cultural environments their biosafety, and behaviour and

impact on ecosystems has to be evaluated. Regulations in

many countries now require an analysis of environmental

impact as part of an application for registration and com-

mercial development not only of genetically modified

biocontrol agents. Several features of the released bio-

control agents have to be considered for an adequate

assessment of adverse effects on the ecosystem. Some

examples are the establishment and survival, dispersal,

genetic stability and horizontal genetic transfer, effects on

the resident microbiota and fauna (pathogenicity, viru-

lence, allergenicity and toxicity towards humans, animals

and plants), and availability and applicability of effective

containment systems if they are required.

For biosafety testing of any organisms released into the

environment, validation of predictions made in the labo-

ratory by post-release field monitoring of environmental

impacts is crucial. Well-designed ecological monitoring

programmes will provide data, which can help regulators as

well as future applicants based on similar monitored cases

(van Elsas et al. 1998). In this context, it is necessary to

have methods for specific analysis at strain level, which are
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Table 1 Biocontrol agents of bacterial and fungal pomefruit tree pathogens and diseases

Microbial biocontrol agent Disease References

Agrobacterium radiobacter Crown gall (Agrobacterium tumefaciens) Vicedo et al. (1993)

Acremonium breve Gray mold (Botrytis cinerea) Janisiewicz (1988)

Aureobasidium pullulans Gray mold (B. cinerea) Ippolito et al. (2000); Castoria et al. (2001)

Blue mold (Penicillium expansum) Ippolito et al. (2000); Castoria et al. (2001)

Bacillus subtilis Fireblight (Erwinia amylovora) Broggini et al. (2005)

Apple ring rot (Botryosphaeria berengeriana) Liu et al. (2009)

Phytophthora cactorum Utkhede et al. (2001)

Bacillus pumilus Apple scab (Venturia inaequalis) Kucheryava et al. (1999)

Gray mold (B. cinerea) Mari et al. (1996)

Bacillus licheniformis Gray mold (Botrytis mali) Jamalizadeh et al. (2008)

Burkholderia cepacia Blue mold (P. expansum) Janisiewicz and Roitman (1988)

Mucor rot (Mucor piriformis) Janisiewicz and Roitman (1988)

Gray mold (B. cinerea) Janisiewicz and Roitman (1988)

Candida guilliermondii Blue mold (P. expansum)

Gray mold (B. cinerea)

McLaughlin et al. (1990)

McLaughlin et al. (1992)

Candida oleophila Penicillium rot (P. expansum) El-Neshawy and Wilson (1997)

Gray mold (B. cinerea) Mercier and Wilson (1994)

Candida sake Penicillium rot (P. expansum) Viñas et al. (1996)

Gray mold (B. cinerea) Viñas et al. (1998)

Rhizopus rot (Rhizopus nigricans) Viñas et al. (1998)

Candida saitoana Apple fruit decay (P. expansum; B. cinerea) El Ghaouth et al. (2000)

Cryptococcus albidus Mucor rot (M. piriformis) Roberts (1990)

Gray mold (B. cinerea) Fan and Tian (2001)

Blue mold (P. expansum) Chand-Goyal and Spotts (1996);
Calvo et al. (2003)

Cryptococcus flavus Mucor rot (M. piriformis) Roberts (1990)

Cryptococcus humicola Gray mold (B. cinerea) Filonow et al.(1996)

Cryptococcus laurentii Bitter rot (Glomerella cingulata) Blum et al. (2004)

Mucor rot (M. piriformis) Roberts (1990)

Gray mold (B. cinerea) Zhang et al. (2005); Chand-Goyal
and Spotts (1997)

Blue mold (P. expansum) Zhang et al. (2003)

Kloeckera apiculata Gray mold (B. cinerea) McLaughlin et al. (1992)

Metschnikowia pulcherrima Blue mold (P. expansum) Spadaro et al. (2002)

Gray mold (B. cinerea) Spadaro et al. (2002)

Pantoea agglomerans Fireblight (E. amylovora) Wilson et al. (1992)

Penicillium rot (P. expansum) Nunes et al. (2002); Francés et al. (2006)

Phytophthora cactorum Utkhede and Smith (1997)

Rhizopus rot (R. nigricans) Nunes et al. (2001)

Pseudomonas fluorescens Fireblight (E. amylovora) Wilson and Lindow (1993);
Cabrefiga et al. (2007)

Gray mold (Botrytis spp.) Mikani et al. (2008)

Pseudomonas syringae Blue mold (P. expansum) Janisiewicz (1987); Zhou et al. (2001)

Gray mold (B. cinerea) Zhou et al. (2001)

Rahnella aquatilis Gray mold (B. cinerea) Calvo et al. (2007)

Blue mold (P. expansum) Calvo et al. (2007)

Reoviridae (W370dsRNA) Rosellinia necatrix Kanematsu et al. (2004)

Rhodotorula glutinis Apple fruit decay (P. expansum; B. cinerea) Zhang et al. (2009)

Trichoderma harzianum Gray mold (B. cinerea) Batta, (2004)

Trichoderma spp P. cactorum Smith et al. (1990)

Armillaria rot (Armillaria mellea) Elkins et al. (1998)
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not available in most BCAs. Similarly, there is a need for

methods to analyze the population of autochthonous mic-

robiota to estimate the qualitative and quantitative altera-

tions in the microbial community structure that the released

BCAs may cause. This is probably the most difficult aspect

of the determination of the biosafety of a release, since a

variety of assessments are required to study microbial

diversity into the tree environment like DGGE finger-

printing or other molecular methods.

Toxicological studies in mammals, including acute

toxicity tests, are performed to guarantee safety to con-

sumers and handlers of the microbial pesticides, especially

if cases of clinical opportunistic infections are reported or

if certain secondary metabolites of concern are produced.

However, risk evaluation is not a simple task, because the

risk of nontarget effects for a given microorganism is

estimated from the intrinsic toxicity–pathogenicity level,

the degree of exposure, and the susceptibility of the pos-

sible receiver. Most microbial pesticide strains meet all

biosafety rules. However, in a few cases, there are uncer-

tainties regarding the potential risk, because in some spe-

cies of BCAs opportunistic human pathogen strains have

been reported. Phenotypic and genotypic studies performed

using strains of Burkholderia cepacia (Parke and Gurian-

Sherman 2001), Pseudomonas putida (Aumeran et al.

2007), Pantoea agglomerans (Rezzonico et al. 2009), and

Aureobasidium pullulans (Gostincar et al. 2011) did not

reveal differences between environmental and clinical

Table 2 Strains of biocontrol agents in commercial microbial biofungicides and bactericides registered in the EU

Active ingredient Target pathogen/disease Host

Bacillus subtilis strain QST

713

Bacteria (fire blight) and fungal root diseases,

Alternaria, Aspergillus, Venturia, grey mould

Grape, pome and stone fruits, horticultural crops

Coniothyrium minitans strain

CON/M/91-08 (DSM 9660)

Sclerotinia C. minitans is a highly specialised

hyperparasite. Its host range is restricted to certain

sclerotia-forming species within the Ascomycotina

and Deuteromycotina

Horticultural crops (soil decontamination)

Gliocladium catenulatum
strain J1446

Pythium, Rhizoctonia, Phytophthora, Fusarium,
Didymella, Botrytis, Verticillium, Alternaria,
Cladosporium, Helminthosporium and Penicillium

Vegetables, herbs, strawberries, ornamentals and

stored products

Phlebiopsis gigantea 14

strains

Heterobasidion annosus Coniferous trees

Pseudomonas chlororaphis
strain MA 342

Seedborne fungi Fieldgrown monocotyledonous crops (oat, rye,

durum, barley, wheat triticale)

Pythium oligandrum Strain

M1

Soilborne pathogenic fungi and Alternaria and

Sclerotium
Oil-seed rape in the field

Streptomyces K61 (formely

S. griseoviridis)
Root rot, grey mould and foot decay Ornamentals, vegetables and herbs, under protection

and outdoors

Trichoderma asperellum
(formerly T. harzianum)

strains ICC012, T11 and

TV1

Soil-borne fungal plant pathogens (e.g., Pythium spp.,

Phytophthora spp., Sclerotinia spp., Sclerotium spp.,

Thielaviopsis basicola, Rhizoctonia spp.,

Verticillium spp.)

Horticulture, forestry, viticulture, nursery,

glasshouse, greenhouse, open fields, protected

crops, home gardening, house plants, ornamentals

Trichoderma atroviride
(formerly T. harzianum)

strains IMI 206040 and T11

Soil-borne fungal plant pathogens Strawberries outdoors and in greenhouse. On

ornamental trees in the field

Trichoderma gamsii (formerly

T. viride) strain ICC080

Soil-borne fungal plant pathogens (e.g., Pythium spp.,

Phytophthora spp., Sclerotinia spp., Sclerotium spp.,

Thielaviopsis basicola, Rhizoctonia spp.,

Verticillium spp.)

Horticulture, forestry, viticulture, nursery,

glasshouse, greenhouse, open fields, protected

crops, home gardening, house plants, ornamentals

Trichoderma harzianum
strains T-22 and ITEM 908

Soil-borne fungal plant pathogens Horticulture, forestry, viticulture, nursery,

glasshouse, greenhouse, open fields, protected

crops, home gardening, house plants, ornamentals

Trichoderma polysporum
strain IMI 206039

Soil-borne fungal plant pathogens Horticulture, forestry, viticulture, nursery,

glasshouse, greenhouse, open fields, protected

crops, home gardening, house plants, ornamentals

Verticillium albo-atrum
(formerly V. dahliae) strain

WCS850

Dutch elm disease Elm

This table contains only products currently registered (updated 9/16/2011). Products that are pending of decision and temporarily authorized in

certain countries are not listed
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isolates, demonstrating that the capacity to grow freely in

natural habitats and cause opportunistic infections can be

encoded within any given strain. Interestingly, some of

these microorganisms are widespread in nature and are

inhabitants on the surface of many plants (Leben 1965).

These uncertainties are the reason for specific and differing

regulations on risk classification of microorganisms among

countries.

A formal assessment of safety has been established by

European Food Safety Authority (EFSA) that is based in a

‘‘Qualified Presumption of Safety (QPS)’’ (EFSA 2007)

consisting on four pillars (identity, body of knowledge, pos-

sible pathogenicity and end use). Any strain of microorgan-

ism, the identity of which could be unambiguously established

and assigned to a QPS group, would be freed from the need for

further safety assessment other than satisfying any qualifica-

tions specified. Microorganisms not considered suitable for

QPS remain subject to a full safety assessment (http://

www.efsa.europa.eu/en/panels/pesticides.htm).

Traceability and fate in the environment

Monitoring the fate and behaviour of a released microor-

ganism strain in the environment is necessary to perform

risk assessment studies on traceability, residue analysis,

and environmental impact required for registration of

microbial pesticides (De Clercq et al. 2003; Montesinos

2003). These legal requirements need the use of monitoring

methods that can accurately identify the released strain,

distinguish it from the native species into the microbial

community and track its population dynamics over time.

Several methods can be used in field studies to assess the

fate of the target microorganism (Fig. 1). The classical cul-

ture-based methods consist of growth on selective media or

media composed with selectable markers (antibiotic or

fungicide resistance, nutritional complementation, induced

mutations which confer particular colony morphology). If a

selective medium is not available, identification of the BCA

at the strain level must be achieved by other means, such as

morphological analysis, immunological assays (ELISA

tests), or molecular methods, such as probe-hybridization of

the 16S or 18S rDNA sequences, or examination of micro-

satellite markers (Ryder 1995; Plimmer 1999). The amount

of time needed to develop and perform these tests and their

high costs are the major constraints of most of these tech-

niques. The use of culture independent tools like fluorescent

antibodies or fluorescently labelled oligonucleotide probes,

or to transform the BCA with fluorescence (gfp) or biolum-

iniscence (lux) reporter genes is advantageous for tracking

microbial strains because allow the localization and visual-

ization of microbial cells in situ, interacting with the host.

However, the use of heterologous genes converts the BCA

into a genetically modified microorganism, carrying severe

restrictions for its release into the environment due to the

possibility of persistence in the environment (Steinhäuser

2001). PCR-based methods designed using genotypic

markers (SCAR fragments) can be developed, and are reli-

able and quick to develop a PCR procedure (Pujol et al.

2006). However, conventional PCR technique is suited for

identification of strains but does not allow quantitative

analyses, by contrast real-time PCR (qPCR) do and is also

very repetitive and reliable (Schena et al. 2004). A problem

of conventional qPCR is that does not discriminate between

viable and nonviable microorganisms. A BIO-PCR method,

that combines a biological preamplification on growth

medium with direct PCR, can specifically detect viable cells

of a target microorganism, but do not quantify the population

(Schaad et al. 1995). Interestingly, the combination of qPCR

with plate-counting methods provided a tool to analyze the

population behaviour in terms of the proportion of viable

cells (Pujol et al. 2006, 2007). Moreover determination of

viable cells can be done by reverse transcription (RT) cou-

pled to qPCR for which complete DNA digestion is required

prior to the amplification reaction. Nucleic acid sequence-

based amplification (NASBA) (Compton 1991) is a very

promising alternative method, since it can selectively

amplify mRNA even in the presence of genomic DNA. The

CULTURE BASED METHODS CULTURE INDEPENDENT METHODS

Direct Selective media
(Intrinsic or introduced 
phenotypic markers)

Plate colony counting
(visual, PCR, serology)

Introduced reporters Nucleic acid based
Fluorescence ( gfp), 

bioluminescence ( lux )

Confocal microscopy
Flow citometry

RT-qPCR
NASBA

RNA DNA

qPCR
LAMP

Fig. 1 Quantitative analysis methods of biocontrol agents at strain level
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NASBA product can be detected using molecular beacons

(QNASBA). An alternative is loop-mediated isothermal

amplification (LAMP) (Tomita et al. 2008) that has been

used to detect Erwinia amylovora in pomefruit tree surface

(Temple and Johnson 2011), but has not been used in BCAs

and is still under validation.

The fate and behaviour of released BCAs in the natural

environment have been studied not only in soil, rhizosphere

and in the phyllosphere (flowers, leaves, fruits), but also in

postharvest of fruit.

Studies performed in natural soils concluded that popu-

lation sizes of artificially introduced bacteria decline more or

less rapidly following inoculation, and growth of introduced

populations in microbiologically undisturbed soils is a rare

phenomenon (van Veen et al. 1997). In addition, population

declines were observed for artificially introduced BCAs in

the rhizosphere. For instance, strains of Pseudomonas fluo-

rescens CHAO, F113 and Pf153 can colonize plant roots

initially at levels of about 107–108 CFU g-1, but decline after

a few weeks. Interestingly different behaviour between

strains was observed because Pf153 is more persistent in the

rhizosphere than the other two strains (Haas and Défago

2005). BCAs behaviour in soil and rhizosphere are affected

by formulation, application techniques and environmental

conditions (Hase et al. 2001).

Similarly, in the phyllosphere the fate of BCA also

depends greatly on environmental conditions. For example,

Pseudomonas fluorescens EPS62e introduced on apple and

pear trees in orchards under Mediterranean climatic condi-

tions established high and stable population levels in blos-

som and fruit calyx end, whereas was unable to colonize

leaves for long time. The strain dominated the microbial

communities of blossoms, representing up to 100% of the

culturable population and spread moderately in the orchard,

being detected in non-treated flowers of trees 15–35 m from

the inoculation site (Pujol et al. 2007). Moreover, other

works performed in the phyllosphere confirmed that key

factors affecting the establishment of BCAs on floral sur-

faces are the inoculum preparation, the temperature and the

bloom stage at the treatment time. For instance, spraying of

P. vagans C9-1, P. fluorescens A506 (Nuclo et al. 1998) or

Bacillus subtilis BD170 (Broggini et al. 2005) in trees under

field conditions resulted in efficient primary colonisation of

pistils in flowers that were open at the time of treatment.

Subsequent bacterial dissemination (secondary colonisa-

tion) of flowers that were closed or at bud stage at the time of

treatment was observed (Johnson et al. 2000).

In addition, several studies were performed on fruit

surface under postharvest conditions in which the adapta-

tion of BCAs at storage conditions (low temperature and

even ultra low oxygen concentration) was confirmed. This

was the case of Candida oleophila strain O that maintain a

population level of 5 9 104 CFU cm-2 during large-scale

experiments on apples (Massart et al. 2005).

The use of combinations of methods of analysis pro-

vides information on the population viability such as in the

case of using real-time PCR and CFU counting methods. A

rise in the population of P. fluorescens EPS62e and a

coincidence between both techniques was observed when

conditions were optimal (flowers colonization), while dif-

fering and decreasing values were observed in leaves,

where environmental conditions were unfavourable for this

strain (Pujol et al. 2006) (Fig. 2).

Improvement of biocontrol agents

One of the major limitations of biological control is the

high variability in the efficacy of one test to another,

depending on biotic (host species, nutritional status, path-

ogen) and abiotic (temperature, wetness, relative humidity)

factors (Johnson et al. 2000; Lugtenberg and Leveau 2007;

Sundin et al. 2009). The lack of performance in microbial

pesticides is usually due to difficulties of the BCA to col-

onize and survive in the environment in which it applies,

because its fitness is limited under field conditions. Spe-

cially the phyllosphere and to a lesser extent the rhizo-

sphere, are environments subject to large fluctuations of

space-time environmental and phenological conditions,

with a well established indigenous microbiota that is dif-

ficult to be displaced by non-native microorganisms.

Increasing the competitiveness of a BCA in the plant

environment is a key step in improving its biocontrol

ability and different strategies can be used.

A suitable strategy is based in the nutritional enhancement

of the BCA to promote its multiplication in the plant envi-

ronment and/or the inhibition of growth of the competing

microorganisms. The use of certain chemicals in combina-

tion with a BCA strain that suppressed the competing or

antagonistic indigenous microbiota, or the addition of

nutrients in formulations that are more efficiently used by the

BCA than by the pathogen are strategies reported to enhance

survival and adaptability as well as biocontrol efficacy in

several fungal plant pathogens (Janisiewicz et al. 1992;

Moënne-Loccoz et al. 1999; El Ghaouth et al. 2000; Guetsky

et al. 2002; Druvefors et al. 2005). For instance, the effi-

ciency of biocontrol of fireblight infections by P. fluorescens

62e was improved by addition of glycine and Tween 80, with

no effect on E. amylovora infection potential (Cabrefiga et al.

2011). Similarly, the use of some chemical compounds that

are promoters in the rhizosphere have been used to selec-

tively induce in situ expression of a beneficial gene (e.g.,

biocontrol), like the effect of proline in a P. fluorescens strain

(van Veen et al. 1997).
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Another strategy is the modification of the physiology of

the BCA to adapt themselves to adverse situations after

application in natural environments (soil, rhizosphere,

phyllosphere). Several microorganisms survive under

osmotic stress, through a physiological process of osmoad-

aptation consisting of the intracellular accumulation of

compatible solutes (including sugars, polyols, heterosides,

amino acids and amino acid derivatives). This process can be

induced by cultivation under suboptimal conditions and

allows cells to tolerate, not only drought or salinity, but also

freezing and high temperatures as well as improving the

ecological fitness (Csonka and Hanson 1991; Miller and

Wood 1996; Welsh and Herbert 1999). The physiological

adaptation to unfavourable conditions has been used in

several BCAs like Pantoea agglomerans EPS125,

Pseudomonas fluorescens EPS62e (Bonaterra et al. 2005,

2007) and Candida sake CPA-1 (Teixidó et al. 1998) to

induce stress tolerance by combination of saline osmotic

stress and osmolyte amendment or by modifying nutrient

status and water stress, respectively, and to increase the

efficiency of biocontrol.

The combination of osmoadaptation with other strate-

gies like nutritional enhancement also improves the fitness

of BCAs on aerial plant surfaces. A procedure of physio-

logical adaptation using both strategies to increase colo-

nization and survival in the phyllosphere of Rosaceous

plants has been developed to improve fitness and efficacy

of the fire blight BCA, P. fluorescens EPS62e (Fig. 3)

(Cabrefiga et al. 2011). A ready-to-use formulation with

the physiologically adapted BCA can be easily prepared by

growing the BCA in a bioreactor with a suitable broth

culture amended with salts and osmolytes (osmoadapta-

tion), and the harvested cells mixed with the specific

nutrient (nutritional enhancement) to made a liquid or dried

formulation (Montesinos and Bonaterra 2009).

Another strategy used to improve biological control is to

combine antagonists with different mechanisms of bio-

control (Janisiewicz 1988; Spadaro and Gullino 2005;

Stockwell et al. 2011). Combinations of strains, if they are

compatible, permit a more extensive colonization of the

phytosphere and increase the expression of important bio-

control traits affecting the pathogen under a broader range

of environmental conditions than strains applied individu-

ally. For example, the combination of two strains of P.

fluorescens increased efficacy in control of Phytophthora

root rot of strawberry and decreased variability within each

treatment (Agustı́ et al. 2011) (Fig. 4).
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The improvement of BCAs can also be achieved by means

of genetic modification. Genetic improvement has the

advantage of incorporating sustainable features in the

progeny of the BCA. Breeding based strategies can be used to

over express genes involved in the production of pre-existing

metabolites or to introduce new genes, or develop strains that

produce higher levels of antimicrobial compounds, or per-

form genetic manipulations, which alter the time of pro-

duction (Walsh et al. 2001). Several genetic modifications

have been performed to enhance biological control in the

rhizosphere, including the overproduction of antimicrobial

compounds such as in T. harzianum or in P. fluorescens

CHAO (Flores et al. 1997; Girlanda et al. 2001).

The introduction of genetically engineered strains is

limited by EU legal regulations and it has been suggested

to pose potential hazard to the environment as well as to

sensitive organisms. In the case of the use of genetically

modified BCAs, the requirements of EU legislation for

environmental release and commercial use are very strict

and comprehensive, and include various types of environ-

mental impact assessment and risk analysis for both the

BCA and the substances it produces. Although the hazards

can potentially be minimized by a careful choice of the

genetic construction, by opting for a chromosomal inser-

tion instead of a plasmid-borne gene, and by the delivery

system, minimizing translocation and dispersal (van Elsas

and Migheli 1999). Similarly, biotechnology can be used to

emphasize useful traits in the rhizosphere of plants that

include exudates that increase nutrient accessibility, mini-

mize stress or that encourage the persistence of beneficial

microorganisms. Thus, transgenic plants and microorgan-

isms can be engineered to exude exogenous compounds

that improve plant nutrition, repress pathogenic microbes

and minimize the consequences of biotic or abiotic stresses

(Ryan et al. 2009).

Production and formulation

Commercial exploitation of selected strains requires suit-

able industrial production and formulation to increase

shelf-life and retain biocontrol activity similar to that of

fresh cells of the agents (Powell and Jutsum 1993; Burgues

and Jones 1998). To produce BCAs, proper methods of

industrial scale-up and fermentation have to be developed

although there are out of the scope of this paper. Similarly,

the development of a suitable formulation methodology is

essential for obtaining long shelf-life and different liquid or

dried formulations have been used in marketed microbial

pesticides. Liquid formulation products consist of biomass

suspensions in water oils or emulsions with retained via-

bility and efficacy for several months, but generally should

be stored and distributed under refrigerated conditions

(Abadias et al. 2003). Dry formulation products include

wettable powders (to be applied as a suspension in liquid),

dusts (to be applied dry) and granules (Schisler et al. 2004).

All of these dry formulated products can be easily trans-

ported and stored but must be dehydrated to achieve a

stable product. However, due to cell damage during

dehydration, loss of cell viability can be of several orders

of magnitude (Rhodes 1993). Thus, exogenous protectants

have to be added to allow the preservation of cell viability

during dehydration. Various groups of substances, such as

sulfoxydes, alcohols and their derivatives, monosaccha-

rides and polysaccharides, amino acids, peptides, glyco-

proteins and compounds have been shown protective action

against dehydration damage. In addition, the type of

dehydration process has an influence on survival. Drying

can be accomplished by a number of means including

freeze-drying, spray-drying and fluidized bed-drying.

Freeze-drying is a common technique in industry that is the

least damaging method for drying microorganisms and

resulted in formulations with log-term stability. However,

it could be a too expensive alternative for cost-sensitive

large-scale productions. In contrast, spray-drying is a more

economic method but stressful for cells since it involves

extreme water loss and temperature gradients. A similar

technique, the fluidized-bed drying have been used for

some applications, especially for desiccation-tolerant yeast,

which is also economic and generally considered less

stressful than spray-drying (Larena et al. 2003).

Several marketed bacterial inoculants are peat-based

formulations used to coat pellets for sowing to be applied

in soils, or encapsulated formulations in which the active

ingredient was surrounded with a protective inert layer.

This layer can consist of polymers like alginate,
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carragenan, or cellulose (Bashan et al. 2002). The encap-

sulation of microorganisms protects them against many

environmental stresses and releases them to the phytho-

sphere gradually. Finally, different amendments have been

used in microbial pesticide formulations that improve the

properties of the formulated BCA (chemical filters to pre-

vent ultraviolet radiation damage, wetting agents, specific

nutrients) (Schisler et al. 2004).

Application and delivery systems

Microbial pesticides are applied following inoculative,

augmentative, or inundative strategies. The application can

be local using sticks or tablets near the root system, by seed

coating or root bacterization of seedlings before trans-

planting, by using helper insects for dispersion; and by

spraying or drenching plants with the product. In the case

of postharvest disease control, the fruit can be treated in

preharvest or postharvest as is done with chemical pesti-

cides. The basic principle is to introduce the BCA in the

plant ecosystem, to allow its multiplication or survival near

or within the specific pathogen entry sites in the host plant.

The inoculative and augmentative strategy consist of the

application of a low initial population of the BCA, which

then multiplies and achieves effective population levels

that control the pathogen. In contrast, the inundative

strategy is based on the same principle that in chemical

pesticides, and the BCAs are applied at an effective con-

centration, generally high (e.g. 107–108 CFU mL-1). In all

cases, the efficiency of BCA in the control of pathogens is

strongly dose-dependent, because it is affected by the rel-

ative amounts of pathogen and BCA in the plant, as well as

on pathogen aggressiveness (Montesinos and Bonaterra

1996; Francés et al. 2006). To ensure covering a wide

range of conditions of applicability in practice, a dose of

around 108 CFU mL-1 is recommended for bacterial BCAs

and 107 CFU mL-1 for fungi or yeast.

Future prospects

There has been a tremendous increase in knowledge and

technology in the past years on BCAs development, and a

great part of the limitations have been addressed. Often,

microbial pesticides are conceived by researchers as the

single technology in the future scenario of plant protection.

However, biological control has only significance as a part

of the complementary measures that configure a modern

integrated crop protection strategy. The challenge now is to

compatibilize and coordinate the use of microbial pesti-

cides with other measures especially chemical insecticides,

fungicides or bactericides addressed to control the many

biotic agents limiting pomefruit tree production.

Acknowledgments Funding was provided by COST Action 864

and by Spain MICINN (Project AGL2006-13564-c02-01/AGR and

AGL2009-13255-c02-01). The research group is under accreditation

by SGR 2009-0812, XaRTA and TECNIO net from Catalonia.

References
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