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Abstract The characterization of microbial biolog-

ical control agents (MBCAs) is crucial to improve

their efficacy and consistency as biopesticides. Pow-

erful approaches to characterize MBCA’s modes of

action are provided by modern molecular technolo-

gies. This paper reviews improvements achieved in

this subject by three ‘‘omics’’ approaches: namely the

genomic, the transcriptomic and the proteomic

approaches. The paper discusses the advantages and

drawbacks of new molecular techniques and ‘discov-

ery driven’ approaches to the study of the biocontrol

properties against plant pathogens. Omics technolo-

gies are capable of: (i) identifying the genome,

transcriptome or proteome features of an MBCA

strain, (ii) comparing properties of strains/mutants

with different biocontrol efficacy, (iii) identifying and

characterizing genes, mRNAs and proteins involved in

MBCA modes of action, and (iv) simultaneously

studying the transcriptome or proteome of the plant

host, the plant pathogen and the MBCAs in relation to

their bi- or tri-trophic interactions.

Keywords Biological control � Omics � Genomics �
Transcriptomics � Proteomics � Biocontrol agent

Introduction

Biological control agents (BCAs) have generated

great enthusiasm as safe and sustainable plant protec-

tion tools. Microbial BCAs (MBCAs) have been

developed as active ingredients of several biopesti-

cides. However, the practical application of MBCAs

as biofungicides is hampered by their inconsistent

efficacy compared with synthetic chemical com-

pounds. MBCAs have four main modes of action

against plant pathogens: competition for space and/or

nutrients, antibiosis, hyperparasitism and the induc-

tion of host resistance. Understanding how an MBCA

acts can greatly improve its efficacy and consistency in

practical use as a biofungicide and helps researchers to

select the best strains. Such information can assist the

grower in optimizing the method and timing of

application. Understanding how the MBCA acts can
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also help in the designing of the most appropriate

formulation for further improving efficacy and con-

sistency. The description of the mode of action is also

required for registration under EU regulations (Reg.

EC No. 1007/2009).

A large variety of methodologies can be used to

decipher themode of action of a BCA.Microbiological

methods are traditionally the first approach. These can

be used to assess the production of antibiotics or toxic

metabolites for example by the MBCAs against the

pathogen with in vitro co-cultivation or the correlation

between the dose (CFU) of the applied MBCAs and its

efficacy. Biochemical studies have also been exten-

sively used in the past to identify proteins (Grevesse

et al. 2003; Jijakli and Lepoivre 1998) and metabolites

(Puopolo et al. 2014) secreted by theMBCA that have a

direct impact on the pathogen.

Over the past decade the development of molecular

techniques, i.e. microarrays, high throughput sequenc-

ing and large-scale proteomics, have introduced new

tools for the understanding of the mechanisms under-

lying the biocontrol properties ofMBCAs against plant

pathogens. These techniques, as applied to fungal

BCAs, were reviewed by Massart and Jijakli (2007).

This paper aims to critically summarize the latest

improvements and to review applications of these new

technologies to the study of MBCAs, particularly in

terms of biocontrol in relation to plant pathogens and

what their mechanisms of action are in this regard. It is

important to mention also that metabolomic technolo-

gies have also contributed to the study of MBCAs but

are not addressed in this review.

Genome sequencing of biocontrol agents

The bacterial strain Pseudomonas protegens Pf5 was

the first MBCA whose genome was fully sequenced

by Sanger sequencing (Paulsen et al. 2005). By using

the same technology the genome of Bacillus amy-

loliquefaciens FBZ42 was also sequenced two years

later (Chen et al. 2007). The rise and availability of

high throughput sequencing (also called next gener-

ation sequencing, NGS) techniques, reviewed else-

where (Knief 2014), has greatly accelerated the

sequencing of microbial genomes. The sequencing

throughput evolution has been exponential, making

NGS analysis more affordable for MBCAs. Among

the 27 published prokaryotic genomes of MBCA only

eight have the complete genome sequenced

(Table 1). If the circular chromosome of a microbial

strain has not been entirely sequenced and closed, the

genome sequence is called a ‘draft genome’ and

corresponds to a list of sequences, contigs and

scaffolds. The quality of a draft genome may vary

considerably (Table 1) and can be evaluated through

the number of contigs (the less the better) and the

annotation (automated vs. manually curated). Closing

a genome has clear advantages as then the complete

gene composition is known, but it is a time- and

resource-consuming process. A draft genome

sequence of good quality is in fact sufficient for an

overview of the genes and pathways of the strain and

requires relatively limited effort and cost. The two

main drawbacks of a draft genome are that a part of

the genome is not sequenced so some genes or

important mutations could be missed, and the relative

position of the contigs or scaffolds is also unknown.

The interpretation of a draft genome must therefore

take into account these specifics and lacunae.

The majority of sequenced MBCAs are bacteria

(Table 1). For eukaryotic MBCAs, only four genomes

have been published so far. In 2011, the genome

sequence of Trichoderma atroviride and T. virens

were sequenced and compared to the genome of T.

reesei (Kubicek et al. 2011). The genome sequence of

T. hamatum GD12 has been published more recently

(Studholme et al. 2013). The consequences derived

from the availability of multiple genome sequences of

Trichoderma species have been analyzed in depth

elsewhere (Mukherjee et al. 2013). Pseudozyma

flocculosa DAOM 196992 (Lefebvre et al. 2013) is

the fourth sequenced eukaryotic MBCA.

The genome availability allows high-throughput

analyses which can speed up the study of the

biocontrol properties by (i) identifying genome fea-

tures of the strain, (ii) identifying and characterizing

genes potentially involved in biocontrol properties,

(iii) characterizing gene clusters with unknown func-

tions (genome mining), (iv) comparing the genome

with other strains from the same species (with or

without biocontrol properties) or from related species

(comparative genomics) and (v) permitting the study

of gene transcription in a holistic manner instead of by

means of gene targeted studies.

The annotation process identifies specific genome

features of the MBCA strain, such as gene clusters,

mobile or repetitive elements and prophage
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integration for bacteria, and plasmids. Importantly, the

annotation process also assigns a function to a variable

proportion of the identified gene clusters. The remain-

ing gene clusters are considered as gene candidates

whose functions are not known.

The interpretation of the genome and the charac-

terized genes of the MBCA is greatly improved by a

preliminary understanding of the modes of action of

the strain using traditional microbiological methods.

Thousands of genes will indeed be identified in the

genome and the most interesting ones need to be

selected for in depth studies. This knowledge will then

drive ‘in depth pathway analysis’. For example, the

genome of a MBCA acting by mycoparasitism is

scanned for the presence of secretion systems and

extracellular enzymes degrading fungal cell walls.

Genes involved in the production of primary or

secondary metabolites are targeted in a BCA acting

by antibiosis. The genes and pathways under study can

vary between MBCA strains and their modes of action

(Table 1). So, even if genome sequencing can reveal

new pathways involved in biocontrol properties, the

information gained from genome sequencing can be

leveraged and its interpretation guided by previous

extensive microbiological and biochemical evaluation

of MBCA properties.

Another important focus in the analysis of the

MBCA’s genome sequence is the identification of

genes and pathways linked to the interaction with

plants and in the adaptation of the MBCA to the

environment (competition for space and nutrients).

Such genes can for example be identified by compar-

ison with plant-pathogen interaction pathways

described in the KEGG database (Kanehisa et al.

2002) or by comparative genomics with other bacteria

isolated from the rhizosphere or endosphere of plants.

These bacteria are, for example, plant growth promot-

ing rhizobacteria (Mathimaran et al. 2012; Niu et al.

2011) or plant pathogens or commensal bacteria

(Brown et al. 2012). The genome sequence also

enables identification of high level of redundancy for

functions that are important in terms of the biocontrol

properties, as chitinase genes in genomes of the

Trichoderma species (Mukherjee et al. 2013).

Comparative genomics is also frequently used to

identify pathways or mutations that are specific to

MBCAs. Comparative genomics involves the com-

parison of genomic features between the genomes of

different organisms (strains within a species, and/or

taxonomically or ecologically related species). The

output of this analysis is greatly dependent on the

genome sequence availability in the databases. The

best case is indeed a seminal work of comparative

genomics on ten strains of P. fluorescens group,

including seven MBCA strains (Loper et al. 2012).

The overall results showed a very variable genome and

enormous differences between strains (Table 1). The

work also provided better understanding of the genetic

variability between BCA strains and of the variety of

genes and pathways used in biocontrol, many of them

specific to a single strain (Loper et al. 2012). This

opened new research opportunities for further

improvements in practical usage of BCA strains and

for identification of new metabolites through genome

mining.

Comparisons with phylogenetically distant species

may identify some false positive genes not involved in

MBCA properties. For example, Liu et al. (2012)

underlined the difficulties in predicting biocontrol

functions for many genes in the BCA strainMicrobac-

terium barkeri 2011-R4 as there were at that time only

two genomes available for the genusMicrobacterium.

On the other hand the B. amyloliquefaciens FBZ42

genome was compared with the genome of B. subtilis

to reveal an unexpected potential for the production of

secondary metabolites with more than 8.5 % of the

genome devoted to antibiotics and siderophore syn-

thesis by non-ribosomal pathways (Chen et al. 2007).

Comparative genomic analysis can also be carried

out to compare MBCAs with the genomes of

pathogens. The comparison between a plant pathogen

and a closely related BCA provided new insights into

subtle genetic differences between their lifestyles. The

P. fluorescens group, including MBCA and pathogen

strains, is particularly interesting for such comparison.

For example, the identification of similar secondary

metabolites production in both biocontrol and patho-

gen strains warrants further investigation into biocon-

trol properties through ongoing genome mining on

new orphan biosynthetic cluster genes in biocontrol

strains (Eyiwumi Olorunleke et al. 2015).

The candidate genes and uncharacterized regions

can be studied by genome mining. Genome mining

consists in the discovery of new natural products from

sequenced microbes by genomics-guided approaches

and is particularly well developed for bacteria. Several

approaches have been developed to discover meta-

bolic products of biosynthetic gene clusters and some
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have been synthetized (Bachmann et al. 2014; Challis

2008). For MBCAs, genome mining strategies have

been extensively applied for the P. fluorescens group,

mainly to identify polyketide synthase (PKS) and

nonribosomal peptide synthetase (NRPS), unraveling

new antibiotic products (Eyiwumi Olorunleke et al.

2015).

Finally, the genome sequence of anMBCA can also

help in the registration process for a plant protection

product. For example, Wu et al. (2011) identified the

genomic differences between the MBCA P. aerugi-

nosaM18 and certain P. aeruginosa strains, which are

human pathogens. They underlined the genetic dis-

tance and the lack of genes involved in human

pathogenicity in the MBCA strain, prerequisites for

any plant protection product registration.

Transcriptomic studies of biocontrol agents

Historically, transcriptomic studies on MBCAs were

carried out with a targeted approach on candidate

genes, for example through real-time RT-PCR. The

gene selection was based on microbiological, histo-

chemical or biochemical observations. For fungal

biocontrol agents, the genes involved in pathogen cell

wall degradation (glucanases, chitinases, proteases,

etc.) were extensively studied with this approach

(Massart and Jijakli 2007). The genes involved in

secondary metabolite production were mostly studied

in relation to bacterial BCAs. This approach, based on

a priori hypotheses, provided better understanding of

the gene expression for the studied genes but lacked

comprehensive analysis of the transcriptome. To

overcome this limitation, ‘discovery driven’ methods

were developed (Liu and Yang 2005; Massart and

Jijakli 2006; Viterbo et al. 2004) to identify without a

priori genes with a differential transcription under

contrasting conditions.

Until a decade ago, the targeted and ‘discovery

driven’ approaches were clearly distinct, even if real-

time PCR was frequently used to confirm the differ-

ential expression of genes identified by the ‘discovery

driven’ approach. The emergence of microarrays and

other high throughput technologies led to the conver-

gence of targeted and ‘discovery driven’ approaches.

Currently, standard microarrays are available for the

study of the transcriptome of many host plants and

custom microarrays can be designed for any MBCA

with a sequenced and annotated genome or cDNA

sequences. Bioinformatic analyses of microarray data

requires specific biostatistics knowledge but is now

standardized and considered to be user-friendly; see

De Las et al. (2014) for an extended review. The

microarray has been progressively superseded by

RNA sequencing which has several advantages over

microarray. These include high resolution, a better

dynamic range of detection, lower technical variations

and transcript-level analysis instead of gene-level

analysis (McGettigan 2013; Nookaew et al. 2012).

Interestingly, RNA sequencing only requires small

technical adaptations to be able to simultaneously

study the transcriptome of the host plant, the plant

pathogen and the MBCAs in their tri-trophic interac-

tions. With the growth of high-throughput technolo-

gies, data analysis is becoming a key and limiting

factor requiring specific knowledge and training.

However, improvements in computational power, the

simplification of the analysis and of the parameteri-

zation through freely available or commercial soft-

ware are facilitating the manipulation and analysis of

the generated sequences and should steadily speed up

and simplify the spread of RNA sequencing.

Large-scale transcriptomic studies carried out with

MBCAs are summarized in Table 2. The summary

shows key elements for transcriptome analysis and

future research directions that should be taken in

relation to MBCAs. The MBCA transcriptome studies

have been particularly useful in terms of providing a

better understanding of how these MBCAs act and of

the complex gene regulation sustaining the effect of

the MBCA on the pathogenesis. More specifically the

results highlighted genes involved in niche adaptation,

competition for nutrients and space (Adomas et al.

2006; Wu et al. 2011), the complex interplay and

synchronization of gene transcription needed for

efficient mycoparasitism (Reithner et al. 2011) and

the more comprehensive understanding of the cell

physiology sustaining mycoparasitism (Seidl et al.

2009) or the kinetics of MBCA-pathogen interactions

(Barret et al. 2009a, b). The plant transcriptome

studies have identified the plant defense pathways

stimulated by the MBCA against the plant pathogen.

An important range of pathways can be upregulated in

presence of an MBCA, such as jasmonic acid

(Okubara et al. 2010; Sun et al. 2011), abscisic acid

(Feng et al. 2012), PR proteins (Okubara et al. 2010)

and the responses to oxidative (Okubara et al. 2010;
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Vilanova et al. 2014) or biotic and abiotic stresses

(Alfano et al. 2007; Jiang et al. 2009; Morán-Diez

et al. 2012). The conclusions were nevertheless greatly

dependent on the studied model. For example, P.

fluorescens strain Q8r1-96 and P. gigantea upregu-

lated the jasmonic acid pathways in wheat and Pinus

sylvestris respectively (Okubara et al. 2010; Sun et al.

2011) while T. harzianum strain T34 downregulated

that pathway in A. thaliana (Morán-Diez et al. 2012)

and Ralstonia solanacearum DhrpB mutant did not

modify it in the same plant model (Feng et al. 2012).

Whatever the methodology used to identify the

differentially expressed genes, it is essential to confirm

the results of high throughput ‘discovery driven’

methodologies by an independent technique, such as

real-time RT-PCR.

The growing availability of sequenced and anno-

tated genomes will greatly facilitate the large-scale

study of transcriptomes in the future whichever

methods are used. It will in particular impact on the

design of microarrays and data analyses of RNA

sequencing. RNA sequencing can also improve the

genome annotation by identifying new transcript

variants or previously unknown genes.

A key element to the success of a gene expression

study is the experimental model designed to identify

the genes related to biocontrol activity. The majority

of the studies have compared in vitro conditions

using various carbon sources or by confrontation

assays with the pathogen. These experiments are

easy to carry out and to control but can produce

biased results compared with in situ conditions. Gene

expression studies with MBCAs have also been

mainly focused on transcriptome analysis of a single

species, either the MBCA, the host plant or the plant

pathogen. Some pioneering experiments using clas-

sical real-time PCR (Daval et al. 2011) or microarray

(Rubio et al. 2014) have shown the usefulness of

these approaches for understanding the complex

interplay between two or three species. The design

and analysis of in situ models of bi- (plant-MBCA)

or tri-trophic (plant-MBCA-pathogen) interactions

should be preferred in the future and should survey

the transcriptome of all the species.

Large-scale transcriptomics can also be applied to

understand gene expression changes of the genetically

transformed MBCA that exhibits modified biocontrol

properties (Montero-Barrientos et al. 2011; Trushina

et al. 2013). Comprehensive understanding of the geneT
a
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function in cell biology andMBCA properties can thus

be obtained.

Biological interpretation of the data can be puz-

zling. As an example, Mgbeahuruike et al. (2013)

found different results according to the stage of growth

or confrontation of the MBCA. This underlines the

complexity of biocontrol mechanisms and the impor-

tance of finding an appropriate experimental design

with suitable sample timing. Moreover, for eukaryotic

MBCA and poorly annotated genomes, many differ-

entially expressed genes do not have a known

function, which limits any biological interpretation

of their differential expression.

Proteomic analyses of biocontrol agents

The proteome is the entire protein complement

expressed by a genome (Wilkins et al. 1995).

Proteomics is thus defined as the qualitative (i.e.

identification, function, post-translational modifica-

tions, etc.) and quantitative (i.e. abundance, distribu-

tion within different localizations, temporal changes in

abundance, etc.) analysis of the proteins expressed by

a genome in a specific tissue (Wilkins et al. 1995).

Proteomic studies are essential for the characterization

of the biocontrol process, since the final gene product

responsible for the biocontrol properties (e.g. lytic

enzymes and elicitors of plant resistance) can be

directly identified.

The quantification of protein can be carried out with

a ‘targeted’ approach, focusing on proteins selected a

priori as known to be related to the biocontrol. A

‘discovery driven’ approach can also be used, inves-

tigating all proteins expressed during the biocontrol

process, to identify new proteins involved and/or to

obtain a global view on the mechanisms. In the

targeted approach specific antibodies or enzymatic

assays are frequently used to assess the level and the

activity of enzymes related to biocontrol (e.g. chiti-

nases, cellulases and proteases) (Aegerter and Gordon

2006). For the ‘discovery driven’ approach, several

proteomic methodologies are available, they can be

distinguished as the gel-based and the gel-free meth-

ods and excellent reviews recently discussed techno-

logical advances in the microbial proteomics

(Armengaud 2013; Gil and Monteoliva 2014; Otto

et al. 2014, 2012; Oudenhove and Devreese 2013).

Briefly, the gel-based approaches are based on protein

separation by the two-dimensional (2D) gel elec-

trophoresis followed by protein spot isolation and

identification by mass spectrometry, while the gel-free

proteomics is based on the enzymatic digestion of the

protein mixture followed by liquid chromatography

and identification of peptide sequences by mass

spectrometry (Otto et al. 2012; Wöhlbrand et al.

2013). Although the greater part of biocontrol pro-

teomics studies were carried out using the more

traditional gel-based methods (Table 3), these

approaches are subjected to the limitation of scarce

reproducibility and limited numbers of samples and

proteins that can be analyzed for each experiment. The

gel-free mass spectrometry-based methods have rev-

olutionized proteomic studies on MBCAs in terms of

comprehensiveness, sensitivity and versatility (Brot-

man et al. 2008; Kwasiborski et al. 2014; Lim et al.

2012; Palmieri et al. 2012). In particular, they enabled

and improved analysis of proteins previously excluded

from the gel-based detection for their physical and

chemical properties (Otto et al. 2012). Liquid chro-

matography mass spectrometry (LC–MS) analyses are

beginning to be of widespread application for MBCA

studies. Labeling procedures quantify changes of

protein abundance between samples and at the same

time detect post-translational modifications (Otto et al.

2012; Wöhlbrand et al. 2013). Efficient label-free

protocols for relative quantification based on LC–MS

methods are available (Otto et al. 2012), and a

statistical model for comparative proteomics studies

has been optimized on T. reesei data (Daly et al. 2008).

High throughput analyses of proteomes are nowadays

possible thanks to new mass spectrometers that permit

sequencing of thousands of protein reads, and associ-

ation with the specific protein that originated each

peptide in the mixtures (Helsens et al. 2010) can be

made using powerful bioinformatic tools for protein

identification (Mesuere et al. 2012). Even if gel-based

techniques still remain pivotal for routine analysis

(Otto et al. 2012), the high-throughput gel-free peptide

isolation followed by tandem mass spectrometry

technology make 2D gel electrophoresis approaches

obsolete (Wöhlbrand et al. 2013).

Proteomics have been applied to the study of

biocontrol features of MBCAs (i) to obtain the

proteomic fingerprint of the strain and/or to under-

stand basic biological responses, (ii) to identify

differentially expressed proteins related to the bio-

control processes, and (iii) to identify proteins with
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biotechnological value. The design of proteome

studies of an MBCA has several similarities with the

design of a transcriptome study: the proteome can be

compared under contrasting in vitro conditions or

during bi-trophic and tri-trophic interactions.

Proteomic analysis of MBCAs has advanced

significantly in the last few years (Table 3). As

regards bacteria, proteomic studies of Bacillus subtilis

IS58, even though it was not used as a BCA, were the

first to be addressed (Bernhardt et al. 1997; Schmid

et al. 1997). As regards filamentous fungi, proteomic

fingerprinting of biocontrol strains belonging to the

Trichoderma genus was the first to become available

(Grinyer et al. 2004a, b), and a review of Trichoderma

sp. proteomes highlighted the main steps in the

characterization of these MBCAs (Lorito et al. 2010).

Specific aspects of the MBCA metabolism related

to the biocontrol of pathogens can be explored by

proteomic analysis. For example, P. flocculosa is able

to colonize powdery mildew colonies and this ability

is facilitated by the release of an antifungal glycolipid

(flocculosin). Proteome studies of P. flocculosa

DAOM 196992 suggested that flocculosin synthesis

is elicited as response to specific stress or limiting

conditions (Hammami et al. 2010).

Comparison of the proteome expressed by an

MBCA strain and a non-effective strain has been

carried out for bacterial MBCAs: B. subtilis strains

KB-1122 (Zhang et al. 2009), B. subtilis strain FZB24

(Baysal et al. 2013), B. amyloliquefaciens strain

KPS46 (Buensanteai et al. 2008) and P. chlororaphis

strain PA23 (Kwasiborski et al. 2014). Two compar-

ison models have been studied: proteome analysis of

an MBCA strain and a natural strain exhibiting low

biocontrol activity (Baysal et al. 2013; Zhang et al.

2009) and proteome analysis between the MBCA

strain and an impaired mutant without biocontrol

activity (Buensanteai et al. 2008; Kwasiborski et al.

2014). These studies identified differentially

expressed proteins related to expected biocontrol

functions (e.g. lytic enzymes and lipopeptide produc-

tion) and a large group of proteins with unknown

functions (Kwasiborski et al. 2014) possibly involved

in the biocontrol activities.

Differential proteomics experiments involved anal-

ysis of the MBCA proteome during the bi-trophic

interaction of the MBCA from the Trichoderma genus

(Cheng et al. 2012; Grinyer et al. 2005; Monteiro et al.

2010; Suárez et al. 2005; Tseng et al. 2008; Ujor et al.

2012; Yang et al. 2009) and B. subtilis (Zhang et al.

2014) with the plant pathogen. The protein abundance

of cell wall degrading enzymes was significantly

increased by theMBCA during the interaction with the

plant pathogen, but the proteomic response was related

to the origin of the pathogen cell walls (Suárez et al.

2005). In the case of co-culture between the MBCA

and the plant pathogen, proteomic analysis identified

cellular and secreted proteins involved in the B.

subtilis KB-1122 and M. grisea P131 interaction

(Zhang et al. 2014), and defense processes activated

by the plant pathogen Schizophyllum commune in

response to T. viride parasitization (Ujor et al. 2012).

Proteomics can also be used to study antagonistic

microbial consortia presenting biocontrol properties,

such as theF. oxysporumMSA35 (Moretti et al. 2010),

or interactions between two MBCAs, such as P.

fluorescens UTPF68 and T. atroviride ATCC 74058

(Faraji et al. 2013), to highlight syntrophic relations

and compatibility issues during combined

applications.

Biocontrol mechanisms are also mediated by the

activation of plant resistance, and proteomic studies of

MBCA-plant interactions have focused on the identi-

fication of microbe-associated molecular patterns

(MAMPs) or plant regulators responsible for resis-

tance activation. Some MAMPs were identified in

MBCA proteomes, such as cyclophilin (Grinyer et al.

2004a, b), swollenin (Brotman et al. 2008), endopoly-

galacturonase (Morán-Diez et al. 2009) and flagellin

proteins (Kierul et al. 2015). Changes in the plant

proteome caused by MBCA application have been

reported for cucumber (Brotman et al. 2008; Segarra

et al. 2007), maize (Shoresh and Harman 2008a, b),

and rice (Kandasamy et al. 2009).

More complex models, corresponding to the tri-

trophic interactions have been less studied but do have

enormous potential to provide insights into the multi-

species cross-talk in microbe–microbe and plant–

microbe communications. For example, complex

changes in the T. atroviride ATCC 74058 proteome

were found during multi-player interactions, and

specific changes in protein abundances were found

in response to B. cinerea or R. solani, suggesting a

sophisticated modulation of the MBCA proteome

(Marra et al. 2006). Moreover, the MBCA altered the

expression of several disease-related proteins of bean

(Marra et al. 2006) and grapevine (Palmieri et al.

2012). However, proteomic analysis of multi-trophic
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interaction can be complicated to analyze, due to the

presence of similar proteins from various species that

could increase the complexity of species assignment.

These limitations can be partially overcome by

genome sequencing and by developing in situ models

that allow for nutrient exchanges and limit the

contaminations by the plant components (Kwasiborski

et al. 2014).

Proteomic studies also have great potential for

optimization of the industrial production of MBCAs.

For example, a proteomic analysis of the conidiation

process of T. atroviride IMI 206040 identified tran-

scription factors responsible for the photoconidiation

process (Sánchez-Arreguı́n et al. 2012). Moreover,

proteomic approaches carried out on MBCAs identi-

fied potential elicitors of plant defense mechanisms

and plant growth stimulation (Hermosa et al. 2010).

Although many proteins related to the biocontrol

activities are well characterized, a relevant fraction of

the identified protein remains unidentified in most of

the proteomic studies (Kwasiborski et al. 2014;

Monteiro et al. 2010; Palmieri et al. 2012; Sharma

et al. 2014), suggesting that further investigations are

required. Biocontrol proteins can be then used for

biotechnological industrial applications, such as their

production in bioreactors and for their selective

purification (e.g. bioactive plant protection mole-

cules). Since the growth and activity of MBCAs is

affected by several factors, the use of the purified

active ingredients (e.g. resistance inducers, toxin,

enzymes) could be more stable and could give more

reproducible results than those achieved with the use

of whole microorganisms. Identification of protein

effectors of MBCAs and post-translational modifica-

tion of key receptors are particularly important to

understand modulation processes and possible limita-

tions for biocontrol mechanisms and to select new

MBCAs.

Progress has been made in the field of microbial

proteomics thanks to developments in sample prepa-

ration, high resolution separation techniques, high

performance mass spectrometers and software for

protein identification and quantification (Armengaud

2013; Otto et al. 2014, 2012; Oudenhove and Devreese

2013). However, there still exist different technical

challenges and limitations since protein separation and

analysis are inherently skill-based and are difficult to

automate. The bias has decreased significantly as the

numbers of observed peptides per protein have

increased (Daly et al. 2008), highlighting advantages

of large proteomic data developed with the gel-free

technologies. However, large and expensive pro-

teomic facilities, sophisticated bioinformatics analy-

ses and robust statistical tools are required for the new

proteomic technologies. As for the NGS technologies,

cost reductions and user-friendly analysis tools are

expected in the near future.

Conclusions: MBCAs in the post-omic area

The exponential development of omic technologies is

impacting biocontrol research. Technological and

bioinformatic improvements have significantly

increased our knowledge of MBCAs and their prop-

erties. It is noteworthy that NGS technologies are also

yielding better understanding of their interactions with

the plant microbial communities (Massart et al. 2015).

Genome sequencing of MBCAs is likely to become

one of the first steps in its characterization. The

genome sequence can provide a holistic backbone to

support further studies whatever the technologies and

methodologies used.

Whichever omic approach is used (transcriptomic,

proteomic, metabolomic), MBCA properties should

preferably be identified in advance by traditional

means. It is recommended that hypotheses, based on

microbiological, biochemical and microscopic analy-

sis, should be already in place on the mode of action of

the MBCAs. With this preliminary knowledge a more

appropriate experimental model can be applied to

obtain omic data. The experimental model (with the

comparison of conditions, timing of sampling and

sample processing etc.) is key to the success of the

approach. Omic data analysis can also specifically

target those functions or pathways that are suspected

to play a role. Data analysis is now a bottleneck for an

omic approach. The complexity of data analysis

warrants thorough training of the biocontrol researcher

and/or close collaboration with bioinformatics labo-

ratories. After rigorous bioinformatics analysis,

extracting relevant information from the data (i.e.

biological interpretation of the generated information)

is essential to avoid the recurrent comments on the

omics results: ‘‘so what?’’. The relevance of omics

results to practical improvement of biocontrol prop-

erties of the MBCA depends on biological interpre-

tation and on an appropriately designed experimental
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scheme. So far, the omic approaches have been carried

out individually or sequentially. The integration of

multi-scale types of biological information is capable

of delivering an integrated and holistic approach to

capture the temporal and spatial dynamics of the

biological model but remains very challenging.

The omics approach then helps us to grasp the

complexity of MBCA’s modes of action (i.e. the

sequence of events, the influence of environmental

factors, etc.) and adds weight to the hypothesis of their

implication in efficacy against the pathogen. However,

such implication should be further explored with

genetic engineering tools such as gene disruption or

over-expression to demonstrate how the suggested

action plays out.
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