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Abstract: Rhodococcus erythropolis is an environmental Gram-positive Actinobacterium 

with a versatile metabolism involved in various bioconversions and degradations. 

Rhodococci are best known for their great potential in numerous decontamination and 

industrial processes. However, they can also prevent plant disease by disrupting quorum 

sensing-based communication of Gram-negative soft-rot bacteria, by degrading  

N-acyl-homoserine lactone signaling molecules. Such biocontrol activity results partly 

from the action of the γ-lactone catabolic pathway. This pathway is responsible for 

cleaving the lactone bond of a wide range of compounds comprising a γ-butyrolactone ring 

coupled to an alkyl or acyl chain. The aliphatic products of this hydrolysis are then 

activated and enter fatty acid metabolism. This short pathway is controlled by the presence 

of the γ-lactone, presumably sensed by a TetR-like transcriptional regulator, rather than the 

presence of the pathogen or the plant-host in the environment of the Rhodococci. Both the 

density and biocontrol activity of R. erythropolis may be boosted in crop systems. 

Treatment with a cheap γ-lactone stimulator, for example, the food flavoring  

γ-caprolactone, induces the activity in the biocontrol agent, R. erythropolis, of the pathway 

degrading signaling molecules; such treatments thus promote plant protection. 
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1. Introduction 

Virulence functions in a dozen plant-associated bacterial genera have now been described to be 

regulated by autoinducer-1-based quorum sensing [1,2]. This mechanism involves both the synthesis 

and perception of N-acyl-homoserine lactone (NAHSL) signaling molecules leading coordinated gene 

expression in a bacterial population. The communication used by these plant pathogenic bacteria is a 

potentially useful target for the development of novel biocontrol methods [3–5]. These biocontrol 

methods are not aimed at eradicating the pathogen, but rather at exploiting its mechanisms of cellular 

communication to reduce the expression of virulence systems.  

The quorum sensing system is central to inducing the synthesis of cell wall lytic enzymes and 

harpins by the soft-rot bacteria, Dickeya and Pectobacterium spp. These species have thus been used as 

the major plant pathogen models for studying quorum sensing regulation and for testing biocontrol 

strategies [6–12]. The principle of “quorum quenching” has been broadened to include the use of 

rhizospheric NAHSL-degrading bacteria, which can protect the plant against P. atrosepticum [13],  

P. carotovorum [14–16] or Dickeya spp. [17] maceration symptoms. Antagonistic bacteria degrading 

NAHSL signaling molecules can be found both in soil and hydroponic systems, particularly in the 

vicinity of both the aerial (phyllosphere) and underground (rhizosphere) parts of plants. Many of these 

antagonistic bacteria are members of the genera, Acinetobacter, Agrobacterium, Bacillus, Delftia, 

Ochrobactrum, Pseudomonas, Rhodococcus and Serratia [18–21]. In particular, the physiological and 

biocontrol traits of Rhodococcus erythropolis isolates have attracted the attention of phytopathologists 

(for a review, see [9]).  

Rhodococcus erythropolis is an environmental Gram-positive bacterium with a high G + C content 

in DNA, belonging to the nocardioform actinomycetes. Members of the species have been isolated 

from diverse aquatic and telluric media, including seawater, alpine soil or coastal sediments from the 

Arctic to the Antarctic, illustrating the ability of the species to adapt to cold temperatures 

(psychrotolerant strains) [22–24]. However, they are strictly aerobic and can only colonize superficial 

environments not deprived of O2. R. erythropolis cells are non-motile and do not form spores. The 

composition of the cell envelope is unusual, with a high mycolic acid content, contributing to the high 

cell surface hydrophobicity [25,26]. This typical hydrophobic surface favors adhesion to various 

media; it also contributes to determining the location of the cells and their survival between polar and 

non-polar media, for example, between water and oil [22,23]. In addition, Rhodococci have a wide 

catabolic diversity and specific enzymatic capabilities [23,27–31]. This metabolic diversity is partly 

due to the presence and mobilization of large linear plasmids. There are also multiple homologs of 

many enzymes encoded by the genome, and these homologs may be involved in similar, but not 

identical, catabolic pathways contributing to Rhodococcus versatility [30]. Some strains produce 

biofilms [26] and biosurfactants, predominantly composed of glycolipids with a significant 

emulsifying ability; these products facilitate the utilization of hydrophobic compounds [26,32–34]. 
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Other strains produce enzymes involved in various bioconversions and degradations (including 

oxidation, dehydrogenation, epoxidation, hydrolysis, hydroxylation, dehalogenation and 

desulfurization) [23,29,31]. Some of these enzymes are currently being used as biocatalysts in 

biotechnological and industrial processes, including at low temperatures [24,35–38]. Numerous 

Rhodococcus strains are also resistant to a large variety of recalcitrant compounds and present an 

exceptional ability to degrade hydrophobic and xenobiotic compounds, including lignin, petroleum and 

various pesticides [23,39–43]. R. erythropolis has understandably been referred to as a “master” of 

metabolism [27] and “remarkable” [23], in particular because its robustness to many environmental 

stresses [44] is such that it is currently being used in numerous biological decontamination  

processes [23,40,45–51]. However, it now appears also to be a potential biological control agent, 

expressing a catabolic mechanism protecting plants. 

2. Biocontrol Activity: Rhodococcal Quorum Quenching vs. Pectobacterial Quorum Sensing  

The principle of quorum quenching control is based on the interaction between protective agents 

and pathogens near the plant-host or on the plant surface (i.e., at the site of plant wounds). This 

interaction can be a result of inoculation with the biocontrol agent or of stimulation of the relevant 

indigenous microflora. The biocontrol agent degrades signaling molecules, thereby disrupting 

pathogen communication and leading to a decrease in virulence. The potato is an important crop 

worldwide [52,53], and there are epidemiological reports of devastating potato diseases, indicating the 

emergence of new pectinolytic agents [11,54], and therefore, this biocontrol strategy has primarily 

been applied to the Solanum tuberosum-Pectobacterium atrosepticum model [9,17,55]. In the 

psychrotolerant pathogen, P. atrosepticum, NAHSL based-quorum sensing controls virulence factors 

contributing to the typical potato blackleg infection and tuber maceration [56]. Almost one third of the 

genes in P. atrosepticum are under quorum sensing control, and these genes include those coding for 

plant cell-wall degrading enzymes and their secretion systems [57,58]. NAHSL based-quorum sensing 

can also regulate mechanisms involved in the manipulation of plant cell defenses, like harpin 

synthesis, leading to the hypersensitive response (HR) in non-host plant [13]. Generating signaling 

molecules is therefore central to plant-P. atrosepticum interactions (Figure 1A). Indeed, a single 

mutation of the NAHSL synthase gene or the degradation of signaling molecules before their release 

into the microenvironment is sufficient to prevent both the emergence of any symptoms and an  

HR by the plant [13,59]. One anti-virulence approach is based on the selective stimulation of  

NAHSL-degrading bacteria. R. erythropolis strain R138 is a biocontrol agent that has been isolated 

from potato in a hydroponic system; in vitro, it efficiently degrades diverse γ-lactones, including 

NAHSL, within a few hours [18]. This catabolism appears to occur only inside rhodococcal cells, 

because the enzymes involved are intracellular or associated with the membrane [60–62]. The activity 

of strain R138 for the biocontrol of pathogens has been also revealed: its presence significantly reduces 

the maceration of tubers inoculated with the pathogen [9] (Figure 1B).  
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Figure 1. Involvement of the R. erythropolis catabolism in Pectobacterium quorum 

quenching and control of tuber soft-rot. (A) The key role of pathogen communication in 

the chronology of events leading to tuber soft-rot. During the primary invasion stage, 

Pectobacterium cells multiply and constitutively produce small diffusible signaling 

molecules (N-acyl-homoserine lactones, NAHSL); The confinement of pathogens in a 

tuber wound can increase the concentration of signals; It is only when the bacterial 

population reaches a quorum that the effective concentration of NAHSL is obtained and, 

consequently, the release of lytic enzymes responsible for the maceration of the tuber is 

triggered; (B) The presence of a biocontrol agent strongly degrading γ-lactones (i.e., 

Rhodococcus erythropolis R138) near the pathogen in the plant organs to be protected 

prevents the NAHSL concentration from reaching the critical threshold, thereby preventing 

the release of lytic enzymes and tuber soft-rot. Deprived of plant nutrients, the density of 

the pathogen declines after a few days. 

 

Rhodococcal quenching in plant tissue was fully demonstrated only in 2013 [63]. The involvement 

of R. erythropolis catabolism in biocontrol activity was characterized by cloning the qsdA lactonase 

master gene into a heterologous host (Escherichia coli) and by creating a qsdA deletion in  
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R. erythropolis. The effects of these strains on NAHSL breakdown in tuber were quantified. qsdA 

transcription in R. erythropolis carrying a plasmid-borne qsdA::gfp transcriptional fusion has been also 

studied in situ by confocal laser scanning microscopy (CLSM). In these experiments, a virulent  

P. atrosepticum isolate and a recombinant of this strain producing negligible amounts of NAHSL were 

used to generate the quorum sensing process and tuber soft-rot. These studies showed that (i) the 

biocontrol activity of R. erythropolis is induced in potato tuber by P. atrosepticum  

N-3-oxo-octanoyl-L-HSL signaling molecules and (ii) the rhodococcal γ-lactone catabolic pathway is 

involved both in quorum quenching and the control of tuber soft-rot. 

3. Catabolic Pathways of R. erythropolis Involved in Biocontrol  

3.1. The γ-Lactone Catabolic Pathway 

A lactone is an ester resulting from the spontaneous condensation of an alcohol group and a 

carboxylic group carried by the same molecule. It is a closed ring made from two or more carbon 

atoms, including an endocyclic oxygen. γ-lactones are lactones in which the ring, the γ-butyrolactone 

core, is composed of one oxygen and four carbons. R. erythropolis can assimilate various γ-lactones, 

and, indeed, use them as the sole source of both carbon and energy: indeed, in minimal media 

containing γ-lactones, the mean doubling time is four hours, two hours less than that on the 

uncyclizable structural analog hexanoate [64]. However, even though R. erythropolis can hydrolyze  

the γ-butyrolactone [65,66], only γ-lactone molecules with an aliphatic branched chain on the lactone 

ring can be fully assimilated; this structure is essential for the biosynthesis of all the molecules 

necessary for cell multiplication on minimal media.  

The pathway of γ-lactone assimilation by R. erythropolis has been investigated through a proteomic 

approach involving two-dimensional gel electrophoresis coupled to Matrix-Assisted Laser Desorption 

Ionization (MALDI) Mass Spectrometry (MS) analysis. The proteins synthesized by R. erythropolis 

grown in minimal medium with a γ-lactone (γ-caprolactone) or its aliphatic structural analog 

(hexanoate) were compared. This work revealed a new pathway, not previously described in either 

prokaryotic or eukaryotic cells, and identified most of the enzymes involved [64]. In this short 

pathway, the lactonase QsdA (quorum sensing signal degradation A) hydrolyzes the lactone bond of a 

wide range of flavoring compounds containing a γ-butyrolactone ring coupled to an alkyl or acyl 

chain. The resulting open-chain forms are activated by CoA thioester linkage by the long-chain fatty  

acid-CoA ligase FadD. The activated aliphatic acids obtained can be assimilated or enter a 

dissimilative pathway involving β-oxidation-like enzymes or a ω-oxidation step coupled with  

the β-ketoadipate pathway and, thereby, enter the amphibolic Krebs cycle (Figure 2). 

The lactonase QsdA in this pathway is of particular interest, because it catalyzes the opening of the 

γ-lactone ring, a selective and limiting first step of the pathway. QsdA (formerly acyl homoserine 

lactonase A, or AhlA) was first described as a phosphotriesterase-like lactonase that exhibits a very 

low phosphotriesterase activity [65]. Because phosphotriesters are not found in nature, this 

promiscuous activity is suspected to have emerged recently in evolution, following the use of 

compounds, such as paraoxon insecticide
 
[65,67]. QsdA is, more accurately, a true lactonase, 

degrading various compounds with a preference for relatively hydrophobic lactones, including 
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fragrance molecules used in the agro-food industry and the plant aromatic, dihydrocoumarin [64,65]. It 

also degrades a wide range of NAHSL: those with an acyl chain of between six and 14 carbons long 

with or without substitution at carbon 3. It is this property that gives the enzyme its name and is the 

reason for the growing interest [62–65]. QsdA can open various -lactone rings, but these activities are 

weaker and of less relevance to biocontrol than the opening of γ-forms [18,65]. 

Figure 2. Gamma-lactone catabolic pathway of R. erythropolis. The lactonase QsdA can 

hydrolyze the lactone bond of various γ-butyrolactone rings coupled to an N-acyl chain (R) 

linked to the C or an alkyl chain (R’) linked to the Cγ. The open-chain form of the 

resulting molecule is then activated by a coenzyme A thioester linkage by the fatty acid 

degradation D-CoA ligase (FadD). The resulting products can enter the common pathways 

of fatty acid metabolism. 
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3.2. Regulation of the γ-Lactone Catabolic Pathway 

The expression of the γ-lactone catabolic pathway is induced not by the invasion step or the 

presence of the soft-rot pathogen, but by its quorum sensing-based communication: thus, the synthesis 

of QsdA enzyme is activated only by a source of lactone or a pathogen that can produce NAHSL [63]. 

This suggests that there is a mechanism involved in signal transduction from the detection of γ-lactone 

substrates/NAHSL signals to the transcription of the qsdA operon in R. erythropolis. The qsdA operon 

has been found in all R. erythropolis isolates studied, including rhizosphere and mycorrhizosphere 

isolates, and “soil decontaminating” reference strains, like strains DCL14 and PR4 [64]. The whole 

genomic sequence of strain PR4 was made available in 2005 [68]. Analysis of this genome sequence in 

the region upstream from the qsdA operon reveals a putative TetR family transcriptional regulator 

gene, which we have named qsdR, and its appropriate DNA binding sites (Figure 3). TetR family 

proteins are found in diverse bacteria, including both Gram-positive and -negative [69,70]. They 

generally act as repressors of transcription and regulate various cellular activities, including, in R. 

erythropolis, metabolic activities [71]. The TetR regulator was first identified in E. coli, where it 

controls the expression of genes encoding a tetracycline efflux pump. Without tetracycline in the cell, 

the TetR protein binds to the operator region and inhibits the biosynthesis of the resistance protein, 

TetA. When tetracycline is present, it binds to TetR, changing the conformation, causing TetR 

detachment from the operator region, resulting in the expression of the gene encoding the resistance 

protein, TetA [69,70]. A similar mechanism is presumed to control the qsdA operon with γ-lactone in 

the role of tetracycline (Figure 3). This regulation mechanism is a classical and economic system for 

the induction of the pathway by its substrate, which appears well suited to the roles played by the  

γ-lactone catabolic pathway in rhodococcal metabolism and fitness. 

3.3. Roles of the γ-Lactone Catabolic Pathway and Regulation of Rhodococcal Communication 

The γ-lactone pathway of R. erythropolis differs from other biocontrol mechanisms in that it is 

based on a catabolic principle. It differs from approaches involving antibiosis, competition for iron or 

plant-induced systemic resistance based on the synthesis of secondary metabolic compounds. It is an 

example of a catabolic pathway in which the broad spectrum of the substrates allows it to contribute to 

bacterial nutrition, the control of communication and detoxification. Indeed, at least three roles can be 

assigned to the qsdA operon: the γ-lactone catabolic pathway is a pathway used to assimilate various 

lactones encountered in the environment as nutrients; it serves to disrupt bacterial communication and 

the functions under control of NAHSL-based quorum sensing employed by some microorganisms and, 

thereby, obtaining a competitive advantage over them; or it is associated with cellular detoxification. 

Related to this last point, we note that R. erythropolis can degrade a wide range of recalcitrant 

molecules, including molecules derived from pesticides or petroleum [23,41,42,46,72]. The steps in 

the degradation of these compounds, which can alter membrane integrity, are often associated with an 

intermediate lactonase activity (i.e., enol-lactone-hydrolyzing activities) responsible for linearization 

of the target molecules, such that they enter the β-ketoadipate or β-oxidation pathways [66,73,74]. 

Furthermore, 3-oxo substituted-HSL molecules are bactericidal to Gram-positive bacteria [75]. Indeed, 
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Gram-positive bacteria may have developed NAHSL-degrading enzymes to protect themselves against 

the antibacterial activity of NAHSL, thereby favoring their survival in the natural environment [75,76]. 

There is another possibility for the role of this pathway: it may be involved in the control of 

signaling molecules used by Rhodococcus and/or Streptomyces cells. Even if it is known that  

Gram-positive bacteria do not produce NAHSL [77], the presence of a γ-butyrolactone quorum sensing 

system is suspected in Rhodococcus genus. This communication system, only identified and 

characterized in the closely related actinobacterial genus, Streptomyces, typically consists of a  

γ-butyrolactone synthase (AfsA in Streptomyces griseus) and a cognate receptor  

(ArpA in S. griseus) [78]. However, the γ-butyrolactone signal identified in the S. griseus species,  

2-isocapryloyl-3R-hydroxymethyl-γ-butyrolactone, commonly named factor A, is a more complex 

molecule than NAHSL. It carries not one, but two aliphatic chains on α and β carbons of the lactone 

ring [79]. In silico analysis of the R. erythropolis PR4 genome revealed the presence of genes encoding 

AfsA and ArpA homologs with 31% and 36% amino acid sequence identity, respectively, suggesting 

the possible presence of a functional γ-butyrolactone quorum sensing system in Rhodococcus. Lactone 

degradation by R. erythropolis may be a metabolic pathway involved in the regulation of signal turn 

over, as observed in Agrobacterium tumefaciens, which can both produce and degrade its own  

signals [80]. 

Figure 3. The qsdA operon of R. erythropolis and its putative mechanism of regulation. 

The γ-lactone catabolic pathway is induced by various γ-lactone molecules, including  

N-acyl homoserine lactone signaling molecules. (A) In the absence of a γ-lactone source, 

the QsdR (quorum sensing signal degradation) regulator protein form dimers that bind to 

the operator region, switching off the biosynthesis of catabolic enzymes; (B) When  

γ-lactones are present, they bind to QsdR, thereby changing the conformation, such that 

QsdR dimers cannot bind to the operator region. The result is the expression of the genes 

encoding catabolic enzymes. 
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3.4. Other Biocontrol Pathways in R. erythropolis  

Recent work suggests that the γ-lactone catabolic pathway may well not be the only process 

involved in the control of soft-rot in planta [63]. Deletion of the qsdA gene from the biocontrol agent,  

R. erythropolis (resulting in strain R138-ΔqsdA), did not completely abolish the biocontrol activity. 

This suggests that R138 strain possesses alternative mechanisms of NAHSL inactivation in addition to, 

or compensating for the loss of, the γ-lactone catabolic pathway. R. erythropolis produces multiple 

homologs of various catabolic enzymes, enhancing the species’ metabolic versatility [27,30]. 

Therefore, there may be one or more alternative enzymes for lactone catabolism other than QsdA. 

These putative alternative metabolic routes may also involve an acylase, which liberates a free 

homoserine lactone and a fatty acid, or an oxido-reductase, whose activity results in hydroxyl 

derivative production; the degradation products of such activities cannot act as signaling  

molecules [81]. In support of this possibility, traces of these three activities have been detected in vitro 

in various R. erythropolis strains [60–62]. Proteomic analysis has identified an amidase and an  

oxido-reductase produced by strain R138 during growth in minimal medium, but only in the presence, 

as a sole carbon source, of N-octanoyl-L-HSL or N-3-oxo-octanoyl-L-HSL, respectively [82]. 

4. Improving Biocontrol Activity  

4.1. Stimulation of Lactonase Activity 

In the soil and rhizosphere, NAHSL-degrading bacteria may make up 5%–15% of the total 

cultivable bacteria and are thus a small, but non-negligible, resource for developing biocontrol 

formulations [3,19,83]. However, the strength of signal degradation activities is often insufficient for 

bacteria to prevent extensive damage to crops when conditions are favorable for pathogens. Work on 

lactone metabolism and mechanisms of its regulation reveal that NAHSL catabolism in ecosystems 

may be boosted by introducing various NAHSL structural analogs to act as stimulators of  

NAHSL-degrading activity (Figure 4). For this approach to work, these structural analogs would have 

to be degraded in a non-specific manner and induce catabolic pathways that degrade signaling 

molecules. Thus, it may be possible to stimulate these catabolic pathways by releasing inducing 

substrates into the environment without adverse effects, due to the release of pathogen signals. To 

assess this possibility, a collection of compounds, each with structural similarities or metabolic 

associations with the conserved core of NAHSL, have been used individually as sole carbon sources in 

a synthetic medium inoculated with soil samples. After two cycles of enrichment, the resulting 

bacterial consortia were compared for their capacity to inactivate NAHSL. All consortia obtained from 

lactone enrichments exhibited a better NAHSL-degrading activity than that of consortia obtained from 

enrichments performed using mannitol, an easily catabolized polyol without a lactone bond. These 

consortia included bacteria obtained from rhizospheric soil samples, cultivated in the presence of either 

γ-caprolactone, -caprolactone or γ-heptalactone with enhanced NAHSL degradation capability. 

Interestingly, only the γ-caprolactone and γ-heptalactone consortia showed biocontrol activity against 

P. atrosepticum in tuber assays, identifying these molecules as possible biostimulator and biocontrol 

compounds. This is presumably a consequence of their γ-butyrolactone rings linked to an aliphatic 

chain, both traits common to NAHSL signals and not present in -caprolactone [9,18]. 
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4.2. Stimulation of R. erythropolis Fitness 

Biocontrol strategy success is also dependent on biotic and abiotic factors, which condition the 

installation, development and persistence of a large enough population of the protecting agent and 

expression of sufficient activity to control the disease [52,84]. Work using stimulated quorum 

quenching approaches suggests that some γ-lactones act also as chemicals promoting the growth of 

biocontrol bacteria. For example, in the presence of γ-lactones, rather than of the only plant-host, R. 

erythropolis seems to have a considerable advantage over other bacterial genera, only a small number 

of which can use this source of carbon in the vicinity of the plant [18,61,85] (Figure 4).  

Figure 4. Stimulation of R. erythropolis fitness and γ-lactone catabolic activity in a 

hydroponic system. (A) The inoculation of the biocontrol agent, Rhodococcus erythropolis 

R138, in a potato hydroponic system triggers a weak root colonization by the rhodococcal 

population, essentially embedded in root mucilage (white arrow on the picture with shifted 

colors); (B) The addition of the stimulator γ-caprolactone (0.4 g/L) to the plant nutrient 

solution significantly increases the cell density of the biocontrol agent (white arrow). The 

breakdown of lactones associated with this growth is revealed by confocal laser scanning 

microscopy using an R138 strain containing a plasmid-borne qsdA::gfp transcriptional 

fusion. The green fluorescent protein and the QsdA lactonase are synthesized by 

rhodococcal cells (yellow arrow) only in the presence of biostimulating molecules. 
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Various γ-lactones are fragrance molecules used in the agro-food, perfume and cosmetic industries: 

γ-caprolactone and γ-heptalactone are best known as food additives, for example, in beverages, ice 

cream, candy and tobacco. They are colorless, oily liquids with a nutty, coconutty or malty odor, which 

are generally prepared industrially by oxidation of phenyl or cyclohexanone groups [64,86–88]. They 

are both authorized as flavoring agents by the European Food Safety Authority. This status of  

non-toxic products intended for human consumption and their reasonable cost of production facilitate 

their use in a large-scale tests, as they have no human or environmental toxicity. Added to the plant 

growth substrate in hydroponic or soil systems, γ-caprolactone and γ-heptalactone promote the growth 

of bacteria capable of degrading both these substrates and also NAHSL [9,76,89]. For example,  

γ-caprolactone-mediated biostimulation of native NAHSL-degrading bacteria has been evaluated in an 

industrial-scale plant hydroponic system, used for the production in greenhouses of the certified tubers 

from potato plants [85]. In these systems, bacterial populations on the surface of S. tuberosum roots 

and tubers reach up to 10
10

 colony forming units per gram of fresh weight [90,91]. After  

γ-caprolactone-treatment, NAHSL degraders made up to 70% of the total culturable bacteria, and most 

of these strains were related to the R. erythropolis species. This demonstrated strong biostimulation of 

the native quorum quenching populations by γ-caprolactone. Most of the Rhodococcus isolates 

recovered from this type of biostimulated hydroponic system exhibit the three relevant properties: use 

of the biostimulator as a sole source of carbon, rapid degradation of NAHSL signaling molecules and 

effective protection of potato tubers against maceration caused by P. atrosepticum [85,92]. However, it 

is important to note that such biostimulation is transient: chemical analysis reveals a rapid degradation 

of γ-caprolactone added to the hydroponic culture medium and in the tissue of potato plants, and this 

correlates with rhodococcal stimulation [18,85]. R. erythropolis populations (indigenous and 

inoculated) have recently been successfully stimulated in larger scale trials in hydroponic culture in 

greenhouses. Various γ-lactone-containing molecules were tested, and the best activity was observed 

with molecules carrying a lateral chain shorter than four carbons, such as γ-caprolactone and  

γ-heptalactone. In these experiments, the addition of 0.4 g/L of γ-heptalactone increased the numbers 

of NAHSL degraders up to 60% of the bacteria cultured, with the R. erythropolis population being the 

major culturable quorum quenching population. Most of the Rhodococcus isolates were able to reduce 

maceration symptoms to 20% of those in the unprotected controls [85,89].  

4.3. Formulations Incorporating R. erythropolis strains 

A critical step for the application of this type of biocontrol strategy is the application phase and, 

thus, the establishment of microbial formulations. Indeed, inoculated bacteria must resist the 

phenomena of dilution, predation and competition with the native microflora, as well as the nutritional 

stress and abiotic features of their novel environment. The success of the application depends on the 

bacteria remaining viable in soils and also on their catabolic capacity, which will determine their 

fitness. It is therefore necessary to develop bacterial formulations that optimize these traits.  

The established interest in R. erythropolis for biotechnology and bioremediation has led to the 

development of various formulations, which are more or less suitable [93,94]. In these formulations, 

immobilization processes are used and allow the fixation or trapping of cells. Encapsulation within a 

polymer, such as agarose or alginate, both biocompatible and biodegradable matrices, ensures the 
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protection and release of bacteria. To develop efficient bioremediation method for the atrazine 

herbicide present in soils, alginate beads containing bentonite (clay), powdered activated carbon and/or 

skimmed milk have been evaluated for the suitability for the release of R. erythropolis into the soil and 

for the efficiency of atrazine degradation. This bead formulation provides adequate numbers of  

R. erythropolis cells to degrade atrazine in either water or soil. The addition of bentonite accelerates 

cell release, and skimmed milk increases the shelf life of the biologically active agent [93]. For 

extended storage at 4 °C, cell viability is greatly prolonged by growing cell-encapsulated beads in 

nutrient broth media. Air-dried bead formulations more suited for agricultural and bioremediation 

applications possess a capacity for atrazine degradation similar to that of the currently used wet bead 

formulations [94]. R. erythropolis has also been used as a biocatalyst for cholesterol degradation in 

aqueous media. In this work, two immobilization methods were compared: the percentage of 

metabolite degraded was higher for inkjet immobilized bacteria than for atomized immobilized 

bacteria [95]. An efficient and convenient alginate-based formulation also containing an organic  

co-solvent has been developed with the Rhodococcus sp. A5270 strain, able to catalyze the 

enantioselective biotransformation of nitriles [96]. 

The use of additives to the encapsulation matrix may enhance the fitness of these bacteria in soils. 

In the same way, the condition of the multiplication of the bacteria prior to the encapsulation may 

promote the ability for biodegradation. Nevertheless, it is necessary first to assess the consequences of 

the conditions of the biomass production of the added compounds in the formulation for spreading in 

the natural environment, so as to avoid metabolic interactions harmful to the survival of the biocontrol 

agents and to the efficiency of decontamination. Indeed, most bacteria can use diverse carbon sources 

as substrates. Generally, for reasons of efficiency (i.e., reduction in the diversity of enzyme 

synthesized), there is a hierarchy in the use of nutrients by the bacterial cell. In the presence of several 

substrates, selection steps, called metabolic preference and catabolic repression, are observed [97]. 

This type of metabolic interference has substantial consequences for the metabolic function of cells. To 

illustrate this, we precultured the biocontrol agent, strain R138, in various minimal media containing 

succinate (a substrate of basal metabolism, commonly found in the rhizosphere) or γ-caprolactone  

(a biostimulating molecule, substrate for the γ-lactone pathway) and in a Luria-Bertani rich medium. 

These liquid cultures were then applied to wounded potato tubers inoculated with a virulent soft-rot 

pathogen. Only the formulation containing the γ-caprolactone provided rapid protection (from the 

second day); also, it provided more effective biocontrol over time (at least seven days).  

This shows that the metabolism of this type of biocontrol agent must be conditioned to obtain the best 

results for quorum quenching applications. Thus, an example of field treatment would be underground 

seed-tubers with adequate alginate beads containing the activated (preconditioned) biocontrol agent. 

During a second step, when environmental conditions are favorable for the growth and virulence  

of the pathogen, it may be necessary to spray crops with a liquid treatment containing  

biostimulating molecules. 

5. Conclusions 

Microbiological control methods are complementary to other control methods, based on 

prophylactic measures, chemical treatments or genetic approaches [98]. Biocontrol formulations are an 
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expanding market and now make up 1% of total pesticide sales. Fravel [99] and Montesinos [100] have 

drawn up lists of biocontrol products and strains authorized by the United States Environmental 

Protection Agency (USEPA) and the European Protection Agency (EPA). Most of these strains belong 

to the bacterial genera, Bacillus and Pseudomonas, and the fungal genera, Aspergillus and 

Trichoderma. The beneficial effects are the consequences of diverse mechanisms, including those 

involving microbial siderophores, the biosynthesis of antibiotics, surfactants and phytohormones, 

nutrient and spatial competition, mycoparasitism, predation, cell lysis by phages and plant-induced 

systemic resistance. However, there is skepticism about the reliability of biocontrol, partly because 

published accounts of control include evidence of a lack of consistency [101,102]. Moreover, 

antibiotic and cyanide production by biocontrol agents can affect not only the pathogen, but, in some 

cases, plant development [103,104]. Consequently, investigations are underway to screen for novel 

protectors and new antagonistic properties that target novel, and often poorly understood,  

pathogen traits.  

In this review, we have presented and discussed advances in a new approach to biocontrol based on 

the interference of microbial communication involved in sensing cellular density and the 

microenvironment. Because of the diversity of its pathogens and its ranking as the fourth most 

important food crop in the world, the potato was chosen as the plant model for developing this novel 

biocontrol strategy. This choice is relevant to diseases affecting organs underground, because these 

organs are generally out of the reach of germicidal treatments [52]. One of the major microbial 

diseases in Europe is caused by soft-rot bacteria; these bacteria destroy potato crops and tubers during 

storage or transport to the supply areas [55], and therefore, soft-rot quorum sensing has emerged as a 

relevant target for biocontrol by a quorum quenching mechanism involving the bacterium,  

R. erythropolis. R. erythropolis expresses NAHSL-degrading activity, displays biocontrol capabilities 

for protecting potato tubers and is, therefore, an attractive candidate for developing a quorum 

quenching-based biocontrol strategy against soft-rot bacteria. This may be of great value to farming, 

because the application of a biostimulating γ-lactone in the environment of the crop selects and 

enhances R. erythropolis populations with the two beneficial activities: quenching the pathogenicity of 

soft-rot bacteria and eliminating the amending molecule, which is, therefore, fully biodegradable. This 

biostimulated quorum quenching strategy could be extended to numerous pathogens of horticultural 

and vegetable crops, including several ranked among the top ten bacterial pathogens [105], such as  

A. tumefaciens, Ralstonia solanacearum, Pseudomonas syringae and Erwinia amylovora, all of which 

use various N-hexanoyl/octanoyl-L-HSL as signaling molecules [2,106–108].  

According to current evaluations, quorum quenching strategies appear to respect the microbial 

balance better than other biocontrol strategies, like, for example, predation or antibiosis. These other 

methods are suspected to be associated with rapid recolonization by an uncontrolled  

microflora [52,90]. However, the application of a biocontrol inoculum, with or without a biostimulator, 

inevitably leads to changes in microbial balance. Treatment with γ-caprolactone or γ-heptalactone 

alters the microbial diversity in the rhizosphere by increasing the relative density of flora capable of 

degrading NAHSL. Fortunately, this effect is temporary and its duration is correlated with the duration 

of γ-lactone assimilation [18,85]. Other changes in the microflora structure have also been  

recorded [85,89], but they do not appear to be greater than those observed during the phase change 
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associated with plant growth, experimental culture conditions (field and year), climatic variations or  

cultural practices [56,109–112]. 

Another important criticism that can be leveled at this approach is that the target signals (NAHSL) 

are not fully specific to soft-rot bacteria and could be synthesized and used by other bacteria associated 

with plants [1,2]. Some neutral and/or beneficial plant bacteria also produce NAHSL, raising the issue 

of the possible disruption of the functions of these bacteria that are beneficial to the plant crop. Indeed, 

NAHSL can lead to diverse positive reactions in plants, such as plant growth, the induction of plant 

defenses and adventitious root formation. These reactions depend on the type of NAHSL produced. 

For example, inoculation with long-chain (C14) NAHSL-producing Sinorhizobium meliloti strains 

enhances the resistance of Arabidopsis plants to pathogenic bacteria, whereas inoculation with  

short-chain (C8)-producing Rhizobium etli had no such effect. Furthermore, plants seem to influence 

the amount of NAHSL in the rhizosphere: the presence of plants decreases the concentration of 

NAHSL in bacterial culture without having a major impact on bacterial growth. This diminution may 

be due to a quorum quenching activity of root exudates [113]. Finally, plants can also produce NAHSL 

analogs, which select and promote favorable rhizospheric microflora or, conversely, perturb quorum 

sensing by pathogenic populations [114]. Therefore, spreading a biocontrol quencher in the plant’s 

environment could have a synergistic or antagonistic action, such that the desired effect could be 

enhanced or attenuated. Today, only some leguminous plants [115–117] and barley [118], but not  

S. tuberosum, were shown to interfere with quorum sensing by degrading NAHSL or producing 

NAHSL analogs, suggesting that the impact of the plant-host will not be decisive, at least for potato 

crops. On the opposite side, the bacterial production of NAHSL could have a more important role on 

the plant health, inducing or reinforcing the systemic resistance of certain Solanaceae species (like 

tomato) to other bacterial or fungal pathogens than those fought by the quorum quenching  

strategy [119,120]. Extensive study and trials are therefore needed to address these questions, such that 

the biocontrol potential of R. erythropolis can be fully exploited. 
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