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CHEMICALS PROMOTING  THE GROWTH OF N-

ACYLHOMOSERINE LACTONE-DEGRADING BACTERIA
The present invention concerns the field of bacterial biocontrol. More

precisely, the invention relates to the identification of chemicals that promote the growth of
bacteria inactivating NAHL.

N-acylhomoserine lactones (NAHL) are essential signals for cell-to-cell
communication in numerous bacterial populations and communities. The perception of
critical concentration of NAHL by bacterial protein sensors (LuxR family) controls the
expression of specific genes. The regulatory pathway that links cell quorum to gene
expression via the perception of NAHL signal is termed quorum-sensing (QS) (Fuqua et al.,
1994). The functions that are regulated through QS are highly diverse (Whitehead et al.,
2001), and involve the virulence of animal and plant pathogens, such as Agrobacterium
tumefaciens, Erwinia carotovora, or Pseudomonas aeruginosa.

Initially discovered in a few bacteria (Dong et al., 2000; Leadbetter and
Greenberg 2000), NAHL-degrading enzymatic activities have now been reported in
Proteobacteria belonging to the Agrobacterium, Bosea, Commamonas, Delftia, Pseudomonas,
Ralstonia, Sphingopyxis, and Variovorax genera (Leadbetter and Greenberg, 2000; Huang et
al.. 2003: Lin et al., 2003; Uroz et al., 2003; Flagan et al., 2003; Hu et al, 2003; Park et al.,
2003; d’Angelo-Picard et al., 2005; Jafra et al., 2006), as well as 1n Actinobacteria and
Firmicutes, such as Arthrobacter, Bacillus, Rhodococcus and Streptomyces genera (Dong et
al., 2000; Lee et al., 2002; Uroz et al., 2003; Park er al., 2003; Park et al., 2005; Park et al.,
2006). These NAHL-degrading bacteria were recovered from different environments such as
soil, rhizosphere and biofilm. Noticeably, an extensive analysis of the diversity of NAHL-
degrading and NAHL-producing bacteria in the rhizosphere of Nicotiana tabacum (d’ Angelo-
Picard et al., 2005) suggests that these two functional communities co-exist In a same
environment. Moreover, some bacterial isolates belonging to a same genus (4Agrobacterium,
Pseudomonas, Sphingopyxis, and Variovorax) may be either NAHL producer or degrader. In
a few genera, such as Agrobacterium and Pseudomonas, these two antagnonist functions may
be co-expressed in a same isolate, and are therefore under a sophisticated regulation, which
was explored in the case of Agrobacterium tumefaciens (Zhang et al., 2002; Chevrot et al.,
2006).

Over past years, antivirulence strategies targeting QS appeared in the
literature (Dong et al., 2001; Zhang 2003; Molina ef al., 2003; Rasmussen and Givskov,
2006). They include the following approaches:

- inhibition of the synthesis of the NAHL signal: for example, triclosan is an
antibiotic molecule which inhibits the synthesis of fatty acids, which are themselves necessary
to the synthesis of NAHL (Hoang and Schweizer, 1999). However, resistances to this
antibiotic appear because it is not specific for the NAHL.



10

15

20

25

30

CA 02675475 2009-07-14
WO 2008/090479 PCT/IB2008/001156

- inhibition of the perception of the NAHL signal: NAHL analogues, such as
halogenated furanones, can be used to disturb the NAHL signal recognition by the bacterial
receptors (Manefield et al., Microbiology. 1999 Feb;145 (Pt 2):283-91).

- enzymatic degradation of the NAHL signal by genetically moditied
organisms: recombinant vectors for the expression, in a microorganism or in a transgenic
plant, of an exogenous lactonase or acylase, have been proposed (Dong and Zhang,. 2005; US

2004/0139495: US 2005/0155088). Transgenic plants expressing an exogenous lactonase, tor
example encoded by the aiid gene from Bacillus sp., are more resistant to an infection by
pathogenic bacteria producing NAHL than their unmodified counterparts. However, this
approach is not easy to perform, since it necessitates obtaining transgenic plants.

- isolation of NAHL-degrading bacteria, for use as biocontrol agents (Uroz
et al., 2003; Jafra et al., 2006) such as bacterial strains belonging to the Bacillus,

Rhodococcus and Delftia genera.
In this context, the inventors have investigated whether the metabolic

diversity of natural bacterial communities may be engineered to favour NAHL-degrading
bacteria through the application of chemicals that promote their growth. As described below,
they have demonstrated that NAHL-degrading bacteria may indeed be specifically stimulated,
offering a potential strategy for the control of QS-dependent plant pathogens by bacterial
population engineering.

According to a first embodiment, the present invention pertains to a soil

additive containing at least one compound selected amongst the compounds of formula (I):
/
R
O R,
O (1)

wherein R;, R’} R; and R; represent a hydrogen atom, a linear or branched

C;-Cy alkyl group, a linear or branched C,-Cyg alkylene group carrying one or more double
bonds, or a C;-Cy alcoxy group, provided that at least one of R;, R’; R, and Rj is an alkyl

group, an alkylene group or an alcoxy group.
According to a preferred embodiment of the invention, R, R’ R; or Rj

represent a linear or branched C,-C,4, preferably C,-Cg and more preferably C,-Cg alkyl group
or a linear or branched C,-Cy4  preferably C,-Cs and more preferably C,;-C¢ alkylene group

carrying one or two double bonds.
In a particular embodiment of the soil additive according to the invention,

Ry, R’; R, or Rj represent an alkyl group or an alkylene group as defined here above, which is

substituted with one or more groups selected in the group consisting of hydroxyl, and ketone.
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According to another preferred embodiment of the invention, the compound

present in the soil additive according to the invention is selected among the following

compounds:
- compounds in which three of R;, R’} R or R3 are hydrogen atoms and the

other one is an alkyl group or an alkylene group; preferably R, represents an alkyl group of
the formula CH;-(CH3),-with 1<n<6.

- compounds in which two of Ry, R’} R; or Rj are hydrogen atoms and each
of the other ones is an alkyl group or an alkylene group; preferably R, represents an alkyl

oroup of formula CH3-(CH;),- with 1<n<6 and R, represents a methyl group.
- compounds in which one of R, R’{ R; or R31s an hydrogen atom and each

of the other ones is an alkyl group or an alkylene group; preferably R; and R’; represent a

methyl group and R; represents CH3-CO-(CHy),.
Preferred examples of soil additive according to the invention comprise at

Jeast the following compounds:
- gamma-caprolactone (GCL) of formula (II):

\

/

CH,

o :
|
(1)
- 4-heptanolide (HTN) of formula I1I:
H.C
O
L
(11I)

- gamma-octalactone (GOL) of formula I'V:

CH3(CH2)ZCH2/A o>§o

(1V)
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- 4-hydroxy-4-methyl-3-(3-oxobutyl)-valeric acid gamma lactone of

formula V:
O

|
CH,—C—CH,CH,

CH3\
CH3>£ >§‘°

O

(V)
The soil additive according to the invention preferably contains at least
gamma-caprolactone (GCL) or 4-heptanolide (HTN).

In certain situations, the skilled artisan can choose to add, in addition to a
compound favouring the growth of NAHL-degrading bacteria, one of several strains of such
bacteria. This can be the case, for example, in hydroponic cultures likely to be contaminated
by plant pathogens, or in specific soils naturally devoid of NAHL-degrading bacteria. Hence,
the present invention also pertains to a soil additive as described above, which further
comprises at least one NAHL-degrading bacterial strain, especially a NAHL-degrading
bacterial strain, the growth of which is stimulated by gamma-caprolactone (GCL) or 4-
heptanolide (HTN). Non-limitative examples of NAHL-degrading bacterial strains that can be
used according to this-embodiment are bacteria which belong to a genus selected amongst the
genera Delftia, Rhodococcus, Ochrobactrum, Pseudomonas, Rhizobium, Sinorhizobium,
Bacillus, Comamonas and Variovorax. Preferred strains which can be incorporated to the soil
additives of the invention are Delftia acidovorans and Rhodococcus, including the bacterial
strain Rhodococcus erythroplis W2 (Uroz et al., 2003). Of course, several strains can be used

in combination.
Another aspect of the present invention is the use of a compound of formula

(I):

O 1)
wherein R, R’| R; and Rj; represent a hydrogen atom, a linear or branched
C;-Cy alkyl group, a linear or branched C,-Cy alkylene group carrying one or more double
bonds, or a C;-Cy alcoxy group provided that at least one of R;, R’;, R, and Rj is an alkyl
group, an alkylene group, or an alcoxy group, for favouring the growth of a NAHL-degrading
bacterial strain, in a complex bacterial consortium. Of course, the same particular and

preferred compounds as described above for the soil additives are also a part of this aspect of

the invention.
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In particular, these compounds can be used for preventing biofilm formation
and/or for preventing the NAHL-dependent expression of a virulence factor from a
pathogenic bacterium in a complex environment. Non-limitative examples of such complex
environments which can be treated according to the present invention are a soil, a surface
likely to be colonized by bacteria, and the interior of a plumbing material, a pipe, a silo, a
fermenter, or a colander.

According to another preferred aspect, the present invention pertains to the
use of a soil additive as described above, for protecting plants from biofilm formation and/or
from the NAHL-dependent expression of a virulence factor from a pathogenic bacterium. This
aspect of the invention can be used for protecting plants either in hydroponic cultures, or in
soil cultures. Examples of plant pathogens which can be targeted by the invention are:
Erwinia sp., especially Erwinia carotovora and Erwinia chrysantemi, Burkholderia sp.,
especially  Burkholderia cepacia, Burkholderia glumae, Burkholderia plantarii,
Agrobacterium tumefaciens, Pantoea sterwartii and Ralstonia solanacearum. Accordingly,
non-limitative examples of plants which can benefit from the present invention are: potato
plants, tomato plants, lettuce, rice, basil, beet.

A process for determining if a compound is able to stimulate NAHL-
degrading bacteria in a bacterial consortium containing at least one Delftia strain and/or at
least one Rhodococcus strain is also part of the present invention. Such a process can
comprise the following steps: '

(i) incubating a sample of said bacterial consortium in a synthetic medium
enriched with said compound to be tested;

(i1) incubating a sample of said bacterial consortium in the same synthetic
medium as in (i), but enriched with one of the compounds of formula II-V and preferably with
compound of formula I (GCL) or compound of formula III (HTN) in place of said compound
to be tested;

(iii) incubating a sample of said bacterial consortium in the same synthetic
medium as in (i), without addition of one of the compounds of formula II-V, nor of the
compound to be tested; and

(iv) after an incubation time of 12h, preferably of at least 20h, comparing
the ability of each of the consortia obtained in the conditions mentioned in (i), (i1} and (111) to
degrade a NAHL compound such as C6-HSL.

When performing this process, the skilled artisan will consider that the
tested compound is able to stimulate NAHL-degrading bacteria if the bacterial consortium
obtained in step (i) can degrade said NHL compound as least as efficiently as the bactenal
consortium obtained in step (ii). Of course, steps (i) to (iii) can be performed simultaneously
or sequentially.

The invention is further illustrated by the following figures and examples.
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Figure 1: Structure of a first set of molecules used in this study.
Hexanoylhomoserine lactone (C6-HSL) substitutions are as follows: R; is H and R; 1s CH;-
CH,-CHj;. The other compounds are homoserine lactone (HSL), gamma-butyrolactone (GBL),
gamma-valerolactone (GVL), gamma-caprolactone (GCL), 4-heptanolide (HIN), gamma-
hydroxybutyrate (GHB), succinic semialdehyde (SSA), succinic acid (SA), succinic
anhydride (SAN), 2-pyrrolidone (2PR), delta-valerolactame (DVM), 6-caprolactame (6CM),
6-caprolactone (6CL), L-homoserine (HS), 2-acetylbutyrolactone (ABL), tetrahydrofurane
(THF), tetrahydrofurfuryl alcohol (THA).

Figure 2: Kinetics of C6-HSL inactivation by bacterial consortia. The
different bacterial consortia, which were obtained after enrichment on the indicated
compounds as a sole carbon source (mannitol is abbreviated as Man), were tested for their
capacity to inactivate C6-HSL signal (at 25 uM at the beginning of the kinetics). At each
point of the kinetics (0, 1, 2, 3, 5 and 24 hours), the uninoculated control (C) was used to
estimate the percentage of residual C6-HSL. The kinetics which were simultaneously
performed, are showed in a same graph. Bacteria came from unplanted soil (A, B, C, D) and
rhizospheric soil (E). The values are the mean of 4 replicates.

Figure 3: Structure of a second set of molecules used in this study.
Abbréviations: UGL: Undecanoic y-lactone; GOL: y-Octalactone; WL: Whiskey lactone;
GDL: y-Decalactone; GNL: y-Nonalactone; DNL: 6-Nonalactone; DDL: 0-Decalactone; €-
Decalactone.

Figure 4: Kinetics of NAHL inactivation by bacterial consortia. (A)
NAHL is C6-HSL with an initial concentration of 25 puM (B) NAHL 1s 3-oxo-
octanoylhomoserine lactone (OC8-HSL), with an initial concentration of 200 nM. The
different bacterial consortia obtained after enrichment on the indicated compounds as a sole
carbon source (mannitol is abbreviated as Man) were tested to for their capacity to inactivate
NAHL signal. At each time (0, 1, 3 and 5 hrs), the uninoculated control (C) was used to
estimate the percentage of residual NAHL.

Figure 5: Inactivation of OC8-HSL by mannitol, 6CL, GCL and HTN
consortia.

Figure 6: Maceration assay on potato tubers. Potato tubers were infected
by NaCl solution as a negative control (a), or Erwinia carotovora 6276 (f) as a positive
control, or bacterial consortia from enrichment procedure in the presence of Mannitol (b),
6CL (c), GCL (d), or HTN (e), or a mix of Erwinia carotovora 6276 and Mannitol (g), 6CL
(h), GCL (i), HTN (j) consortia. A biocontrol activity was observed in the presence of the
GCL- and HTN-consortia.

Figure 7: Percentage of NAHL-degrading and NAHL-producing strains
in potato rhizosphere. The percentages of NAHL-degraders and NAHL-producers were

estimated among cultivable bacteria (CFU/gram of fresh weight of roots), which were
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recovered from potato rhizospheres before (D0; white columns), 14 days (D14; black
columns) and 28 days (D28; grey columns) after the treatment with GCL or 6CL. An
untreated batch was used as a control in the two independent sets of experiments. The mean
of three replicates is shown. Statistically different values (Student ¢ test; 0.05) are noted by
different letters. | '

Figure 8: Concentration of GCL in hydroponic solutioh (A) and plant
tissues (B) of hydroponic cultures of potato plants.

Figure 9: Percentage of NAHL-degrading and NAHL-producing strains
in potato rhizosphere after treatment with HTN. The percentage of NAHL degraders and
NAHL producers was estimated among cultivable bacteria (cfu/g of fresh weight of roots),
which were recovered from potato rhizospheres before the treatment (D0; white colomns), 14
days (D14; dark grey columns), 28 days (D28; black columns) after the first treatment and 42
days after the first treatment, i.e., 14 days after the second treatment (D42; grey columns).
The letters indicate statistically ditferent values (Student’s t-test; 0.05).

Figure 10: Assimilation of GCL and NAHL-degrading capacity. Each
disk represents 90 isolates from untreated or GCL-treated (0.1 and 0.4 mL/L) batches 14 days
(D14) and 28 days (D28) after the beginning of the treatment. Pieces indicate the proportion
of bacteria which assimilated GCL as a sole carbon source and inactivate C6-HSL signal
(hatched), those which only assimilated GCL (grey), those which only inactivate NAHL
signal (black), and those which did not assimilate GCL, nor inactivated NAHL signal (white).

Figure 11: DGGE analyses. DGGE analyses were performed on two
samples from a same batch, 14 days (panel A) and 28 days (panel B) after the application of
GCL (0.1 and 0.4 mL/L). Numbered bands on pictures were analyzed by sequencing. For
each sequence or group of sequences, one of the closest rrs sequences was indicated. It 1s
identified by its Genbank number, the similarity indice (SI) (calculated at Ribosomal
Database Project http:/rdp.cme.msu.edu/), and the name and taxonomical position of the
bacteria of origin (Bact, Bacteria; BC, Bacteroidetes/Chlorobi group; Firm, Firmicutes; o, o.-
proteobacteria; B, B-proteobacteria; and v, y-proteobacteria).

| Figure 12: Impact of GCL (0.4 mg/mL) treatment on potato plants
culture in greenhouse during 56 days. The time scale (A) indicates the different GCL
treatments (at day-0, day-18 and day-49) and the analyses of rhizospheric samples (day-0
before treatment, day-7, day-28, day-49 and day-56). The plants were cultivated In
hydroponic batches from DO to D17, then transferred into hydroponic system allowing the
long term culture until tuberisation. At each time, three samples (DO and D7) and four
samples (D28, D49 and D56) were analyzed: the number of CFU/g of roots was estimated
(B), as well as the percentage of acyl-HSL-producing (C) and acyl-HSL degrading strains.
Different letters indicate a significative difference (Student’s t-test; a=0.05) between the two

conditions, untreated and GCL-treated.
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EXAMPLES

The experimental data which follow have been obtained by using the
materials and methods described below:

Chemicals and bacterial media

All chemicals were purchased from Sigma-Aldrich-Fluka. Bacterial rich
media were King B (King et al., 1954), Tryptic soy agar (IT'SA) (AES, France) and TY (0.5%
tryptone, 0.3% yeast extract). The minimal medium was AB (Chilton ef al., 1974), in which
ammonium chloride (1 g/L) was used as a sole nitrogen source and mannitol (2 g/L) as a sole
carbon source, excepted when another carbon source is specified. Agar was added at 15g/L.
Fluorescent Pseudomonads were counted under UV (312 nm), on King B agar plates
supplemented with ampicillin (40 mg/L) and chloramphenicol (13 mg/L).

Bacterial enrichment and isolation from soils

Non sterile soil from the CNRS experimental field (Mérantaise) at Gif-sur-
Yvette (France) was mixed with sterile sand Loire River and distributed into pots (20 cm in
diameter). Some of them were sown with disinfected seeds of Nicotiana tabacum cv. Samson.
Pots were randomly placed in the greenhouse (CNRS, Gif-sur-Yvette), under a long day
conditions (16h) at 17°C (night) and 24°C (day), and watered daily with tap water. One gram
of unplanted or rhizospheric (3-months aged plants) soil was resuspended in 10 mL of sterile
0.8% NaCl. Soil suspensions were diluted (1/50) into AB media supplemented with actidione
(100 mg/L) and with mannitol or one of the 17 molecules showed in the figure 1. After a 3-
days incubation at 25°C under shaking (180 rpm), the cell cultures were diluted (1/50) mnto
fresh AB media for an additional 2-days enrichment step. At this stage, bacterial consortia
were washed twice in NaCl (0.8%), their cell density was adjusted upon OD at 600 nm, and
they capacity to inactivate C6-HSL was compared. Bacteria from these consortia were then
purified by two successive isolations on AB agar plates supplemented with the corresponding
carbon source, and by a third isolation on TY agar plates. Such isolates were tested for
NAHL-production and NAHL-degradation.

Bacteria isolation from batch experiments

The non sterile batches (40x60x8cm) contained 13L of the nutritive solution
Hydrobloom (Cellmax, UK) with Nitrogen at 0.80 g/L, Phosphore at 0.56 g/L and Potassium
at 1.48 g/L as major components. The solution was diluted from a concentrated stock solution
(x250) with non sterile water from the public water system. One hundred plants of Solanum
tuberosum var. Allians, which were recovered from cultures performed under sterile
conditions, were placed into holes (3 cm space to each other) of batch covers. Planted batches
were placed in the greenhouse (Comité Nord Plants de Pomme de Terre, Bretteville-du-
Grand-Caux) under natural light at 10-15°C (night) and 25-30°C (day). Four weeks later, 6CL
(0.1 mL/L) and GCL (0.1 and 0.4 mL/L) were added (D0), and the bactenal populations were
analyzed 14 days (D14) and 28 days (D28) after the beginning of the treatment. An untreated
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batch was used as a control. One gram of roots (fresh weight) was resuspended in 10 mL of
sterile MgSO,4 10 mM, diluted and spread on TSA and King B plates to isolate total cultivable
bacteria and fluorescent Pseudomonas, respectively. Three samples were analyzed from each
batch at each time DO, D14 and D28; from each sample, thirty isolates from TSA plates and
thirty fluorescent isolates from King B plates were individually tested from production and
inactivation of NAHL signal.

Identification of NAHL-producers and NAHL-degraders

Bacterial isolates grown in 96-microwell plates were individually tested
from production of NAHL with the A. tumefaciens biosensor NT1 (pZNLR4) and the
inactivation of the C6-HSL signal, as described previously (d’Angelo-Picard et al. 2004). The

growth on AB medium with GCL as a sole carbon source was monitored in 96-microwell

plates at 600 nm. |
rrs identification and DGGE (Denaturing Gel Gradient Electrophoresis)
analysis

The 5’-end of the rrs gene was amplified with primers pA (5°-
AGAGTTTGATCCTGGCTCAG) (SEQ ID NO:1) and 518r (5°-
ATTACCGCGGCTGCTGG) (SEQ ID NO:2), and sequenced with pA primer by
GenomeExpress (Meylan, France). At least 400 bp were submitted to the NCBI database.
Although some sequence comparisons authorized identification of isolates at the species level,
only the genus level was retained in this study for homogeneity.

The structure of the bacterial population associated with roots system (ca.
10 g) was analyzed by DGGE of PCR-amplified rrs region (position 341-534 of E.coli
sequence). Two samples were analyzed from each batch. The DGGE analysis was performed
by Microbial Insights (Rockford, TN, USA), as previously described (d’Angelo-Picard et al.,
2004). Band positions in each line were converted to 0 (absence) and 1 (presence) value and
assembled in a matrix. Profile similarity was calculated with the Dice algorithm using
DistAFLP software (http:/pbil.univ-lyonl.fr/ADE-4/microb). Sequence identification of
selected bands was performed using the sequence match facility of the Ribosomal Database
Project (http://rdp.cme.msu.edw/), according to NCBI taxonomy

(http://www.ncbi.nlm.nih.gov/Taxonomyy/).

Example 1: Enrichment for bacterial consortia that inactivate NAHL

signal
Example 1A: first set of compounds

Seventeen compounds, which show some structural or metabolic relations
with the conserved core of NAHL (Figure 1), were used individually as a sole carbon source
in synthetic medium inoculated with one gram of unplanted soil. After two cycles of
enrichment, the resulting bacterial consortia were compared for their capacity to 1nactivate
C6-HSL (Figure 2 A-D). With the exception of consortia obtained from enrichments on
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succinic anhydride (SAN) and succinic semialdehyde (SSA), all consortia exhibited a stronger
NAHL degrading activity than that of consortia obtained from enrichments performed using
mannitol, a sugar analogue structurally unrelated to NAHL. The bacterial consortia that grew
on succinic acid (SA), 2-acetylbutyrolactone (ABL), tetrahydrofurane (THF), 6-caprolactame
(6CM), delta-valerolactame (DVM), and 2-pyrrolidone (2PR) inactivated from 50 to 80% ot
the introduced C6-HSL after an incubation time of 24 hours, while over than 90% of C6-HSL
signal was obliterated by consortia obtained from enrichments on gamma-butyrolactone
(GBL), gamma-hydroxybutyrate (GHB), gamma-valerolactone (GVL), gamma-caprolactone
(GCL), 6-caprolactone (6CL), 4-heptanolide (HTN), homoserine lactone (HSL), homoserine
(HS) and tetrahydrofurane (THA). Amongst these, the HTN, 6CL, GHB, and THA consortia
inactivated more than 90% of the C6-HSL signal after an incubation time of 5 hours. Similar
results were observed with bacterial consortia originating from rhizospheric soil (Figure 2E).
In this case, the HTN, THA, 6CL and GCL consortia were the most active towards C6-HSL.

Example 1B: second set of compounds

Additional compounds (Figure 3) were then individually tested as sole

carbon source of soil bacterial consortia, as described above. After two cycles of enrichment,

the resulting bacterial consortia were compared for their capacity to inactivate C6-HSL
(Figure 4 A) or OC8-HSL (Figure 4 B).

The most efficient compounds for obtaining NAHL-degrading consortia
were HTN, GCL and GOL.

Example 2: Structure of the bacterial consortia inactivating NAHL

signal
The bacteria recovered from the mannitol, GBL, GCL, 6CL, HIN, THA,

and THF consortia were individually tested for their capacity to produce and inactivate
NAHL signals. To this purpose, a collection of 280 isolates which were recovered from 280
independent enrichments (i.e., only one isolate was selected from each of the cultures), was
screened for the above two phenotypes. NAHL-producing bacteria were detected among
mannitol consortia (10% of the tested strains), as well as GBL (12%), THA (13%) and THF
(41%) consortia, while none was present among isolates from GCL, 6CL and HTN consortia.
NAHL-inactivating bacteria were recovered from GCL, 6CL, HTN, THA, and THF consortia.
GCL, 6CL and HTN consortia showed the higher abundance (40-50%) of NAHL-degrading
bacteria. Fifty-three of them were characterized by determining the sequence of the 5’ region
of their rrs gene. All seventeen isolates from HTN consortia belonged to the Rhodococcus
genus, while those from 6CL and GCL consortia were related to the Delftia (80% of the
identified strains), Chryseobacterium (10%), Rhodococcus (7%), and Ralstonia (3%) genera.
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Example 3: Biocontrol activity of the bacterial consortia against

Erwinia caratovora
The Mannitol-, 6CL-, GCL-, and HTN-consortia were compared for their

capacity to inactivated OC8-HSL, the major NAHL produced by the plant pathogen Erwinia
carotovora subsp. atroseptica 6276, as well as for their biocontrol activity against this
pathogen in potato maceration assay. In the presence of the 6CL-, GCL-, and HTN-consortia,
the C6-HSL and OC8-HSL signals were inactivated more rapidly than in the presence of the
Mannitol consortia (Figure 5). Moreover, the GCL- and HTN-consortia showed biocontrol
activity against E. carotovora 6276, while the 6CL- and Mannitol-consortia did not (Figure

0).
Example 4: Growth stimulation of NAHL-degrading bacteria in

hydroponic plant cultures
The efficiency of GCL and 6CL and HTN treatments in hydroponic cultures

of Solanum tuberosum var. Allians was evaluated. The plants were cultivated in vifro under
sterile conditions, then placed into batches in a greenhouse at Bretteville-du-Grand-Caux
(France) in a non-sterile environment. Especially, a non-sterile nutritive solution was used and
served as a source of naturally occurring bacteria. In a first experiment (without plants), two
batches of nutritive solution were supplemented with 6CL or GCL (ImL/L). The ratio of

NAHL-degrading bacteria in the nutritive solution was evaluated before the treatment and 14-

“day later. This percentage increased from 10+2 to 30+2 in the case of the 6CL-treated batch

and from 1042 to 70+2 in the GCL-treated batch. From the 6CL- and GCL-treated batches, 10
NAHL-degrading bacteria were identified by their »rs sequence: 9 belonged to the Delftia

genus, the other one to the Rhodococcus genus.
Because young plants are sensitive to high concentrations (1 mL/L) ot GCL

and 6CL (data not shown), a second preliminary experiment was conducted in planted batches
supplemented with GCL and 6CL (0.1 mL/L). An increase of the ratio of NAHL-degrading
bacteria was observed 28 days after the GCL amendment but not after that of 6CL (Table 1).
Among the 32 NAHL-degrading bacteria that were characterized by rrs sequencing (Table 1),
most of them also belonged to the Delftia and Rhodococcus genera. At the end of experiment
(D28), a higher diversity of NAHL-degrading bacteria would appeared in the untreated batch
(7 identified genera) as compared to that observed in the 6CL- and GCL-treated batches (3

identified genera in each batch). Taken together, the results that were obtained with unplanted
and planted batches in this set of experiments suggested that GCL supplementation may
increase the ratio of NAHL-degrading bacteria, including Delftia and Rhodococcus, among

the bacterial community of potato rhizosphere.
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Table 1: Level and diversity of NAHL-degrading rhizobacteria after 6CL and GCL
treatments. The asterisk indicates that DO and D28 mean values are statistically different

(Student t test; 0.05).

Untreated batch __ 6CL (0.ImL/L)  GCL (0.1 mL/L)

DO D28 DO D28 DO D28

Log CFU/gram of  7.847.7 102499 8.0£7.6 10.5£10.1 8.0+7.5  10.549.8
root (fresh weight)

NAHL producers 5.6£t1.2 7.8+15 7.8+12 56£06 6.7£1.0 11.1£1.5
(o)

NAHL degraders 14.443.2 13.3+£0.1 8.9+1.5*% 6.7+1.7* 16.7+0.1* 33.3+4.0*
(*0)

rrs-identified
NAHL-degraders: -
Agrobacterium
Bacillus
Bosea
Delftia
Moraxella
Pseudomonas
Sphingomonas
Rhodococcus
Total

A T e ™
o b O DO

CO 1 ek N et et et ek
O W 1 N LI
|

OO0 hd | = 3 LI WD

o0
o0

To wvalidate the above preliminary experiments, two extensive and
independent analyses of the impact of 6CL and GCL treatments on planted batches were
performed under similar conditions in two subsequent sets of experiments. Before (D0) and,
at 14 days (D14) and 28 days (D28) following the applications of 6CL (0.1 mL/L) and GCL
(0.1 and 0.4 mL/L), the total number of cultivable bacteria was determined, as well as the
percentage of NAHL-degrading and NAHL-producing isolates. An untreated batch was used
as a control. In the two experiments, cell density (CFU/g of root) consistently increased 14
days after the application of GCL at 0.4 mL/L (Figure 7). However, no repeatable
modification of the ratio of NAHL-producing bacteria was observed. In contrast, an increase
of the ratio of NAHL -degrading bacteria was constantly noticed 14 days after GCL (0.1 and
0.4 mL/L) application. In the case of the higher concentration of GCL, such an increase was
still observed 28 days after the treatment in both experiments. In the untreated and 6CL-
treated batches, the proportion of NAHL-degrading bacteria remained at a quite similar level
during all experiments, suggesting that, to the contrary of GCL, 6CL had a no specific etfect
on the NAHL-degrading bacteria of the investigated rhazosphere.

In the case of the GCL assay, the level of GCL in untreated and treated
batches in both hydroponic solution and plant tissues was evaluated by HPLC-MS analysis.
The GCL rapidly decreased in the course of the time (Figure 8). Fourteen days after the
application of GCL, the GCL concentration in hydroponic solution was lower than 107

mg/mL, which is the lowest detectable concentration of GCL in this assay. In untreated plant
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tissues, GCL was detected at a low level, from 2 to 4.10”° mg/mL. Twenty-eight days after the
application of GCL, the GCL concentration was similar in both treated and untreated samples.

An additional experiment was conducted to determine the impact of HTN
(0.1 and 0.4 mL/L) treatment on planted batches, under the same conditions as described
above. In this experiment, a second treatment was performed 28 days after the first treatment,
and the total number of cultivable bacteria, as well as the percentage of NAHL-degrading and
NAHL-producing isolates were determined 14 days after this treatment, i.e., 42 days after the
first treatment (D42). This assay confirmed the ability of HTN to stimulate the growth of

NAHL-degrading bacteria (Figure 9).Example 5: NAHI -inactivation and assimilation of

GCL are partly linked
The above observation prompted the evaluation of the hypothesis of a

metabolic link between the ability to assimilate GCL as a sole carbon source and the capacity
to inactivate NAHL. Among the collected isolates from the untreated and GCL-treated
batches (at D14 and D28), the capability of bacteria to assimilate GCL as a sole carbon source
was determined strain by strain. Results were cross-examined with respect to the ability of
each strain to inactivate (or not) NAHL signal. From this analysis (Figure 10), four categories
of bacterial isolates emerged: bacteria that do neither assimilate GCL, nor 1nactivate NAHL
signal; those only inactivating NAHL signal; those only assimilating GCL; and those both
assimilating GCL and inactivating NAHL. The later group was only detected in the treated
batches, in which all but a few of the NAHL-degrading bacteria were also GCL-assimilating

bacteria. A link between assimilation of GCI. and NAHL-inactivation was therefore
established.

Example 6: Diversity of the NAHL.-degrading and GCL-assimilating

bacteria
The impact of GCL and 6CL on the diversity of NAHL-degrading strains

was assessed by comparing 262 NAHL-degrading strains sampled from the two first sets of
experiments, at the beginning of the experiments (D0) and after 14 and 28 days. The isolates
were identified by rrs-sequencing (Table 2). At DO, most of the NAHL-degrading 1solates
were identified as Delftia. However, at D14 and D28, the Agrobacterium isolates dominated
in untreated batches, while they were not detected in the treated batches. In those, the more
frequently counted bacteria were Delftia and Rhodococcus. All these Delftia and
Rhodococcus isolates grew on GCL as a sole carbon source. However, sixteen isolates which
assimilated GCL and did not inactivate NAHL signal (Figure 10), were identified as
Acidovorax (7 isolates), Microbacterium (3), Pseudomonas (2), Azospirillum (1),

Staphylococcus (1), Flavobacterium (1), and Achromobacter (1).
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Table 2: Diversity of NAHL-degrading rhizobacteria after 6CL and GCL treatments

Two first sets of experiments

DO _ D14 and D238
All Untreated 6CL 0.1 GCLO0.1 GCLO0A4
| ___batches .
rrs-identified NAHL-degraders: 28 30 18 80 106
Agrobacterium 4 19 - - -
Delftia 19 3 9 16 9
Pseudomonas | ] - 1 1
Rhizobium 3 - 1 | .
Rhodococcus - 6 6 60 96
Others 1 ] 2 2 -

To analyze the impact of HTN on the diversity of NAHL-degrading strains,
50 NAHL-degrading strains were sampled from the third set of experiments, at the beginning
of the experiments (D0) and after 14 and 42 days. The isolates were identified by rrs-
sequencing (Table 3). At DO, all of the 5 NAHL-degrading isolates analyzed were identified
as Agrobacterium. However, at D14 and D42, the Rhodococcus isolates dominated in treated

batches, in which Delftia and Sinorhizobium were also detected.

Table 3 Diversity of NAHL-degrading rhizobacteria after HTN treatments

DO D14 and D42
All Untreated HITN 0.1 HTIN 04
batches
rrs-identified NAHL-degraders: 5 0 17 28
Agrobacterium 5 - - -
Delftia - 1 -
Sinorhizobium - - - |
Rhodococcus - - 16 27

Example 7: Impact of GCL and 6CL on other bacterial groups
In addition to the above data that deal with cultivable bacteria, DGGE

analyses were performed on D14 and D28 samples (GCL-treated and untreated batches) from
the second set of experiments mentioned above. This approach revealed a drastic remodelling
of bacterial populations after GCL application (Figure 11). Such modifications were most
visible in the presence of the highest concentration of GCL (0.4 mL/L). Some identified bands
were more intense, or only present, in the batch treated with GCL at 0.4 mL/L. The nucleotide
sequence of these bands was related to the Flavobacterium, Acidovorax, Thermomonas
genera. Some others bands were more intense -or only present- in the untreated batch. In this
case, they were generated from bacteria close to Flexibacter, Acidovorax, Xanthomonas,
Thermomonas genera and to an uncharacterized Rhodocyclaceae bacterium. Some different
bands, which were related to Thermomonas and Acidovorax genera, were absent or present in
untreated and GCL-treated samples. This feature suggests a fine modification ot the structure
of bacterial populations at sub-genus level. Remarkably, the rrs-sequences belonging to
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Acidovorax and Flavobacterium genera were identified among the bacteria which assimilated
GCL and did not inactivate NAHL-signal (Figure 10), as well as among the DGGE bands that
appeared in the batch treated with GCL (Figure 11).

Example 8: Impact of GCL treatment on potato plants culture in

hydroponic system allowing the long-term culture
Potato plants cultured in greenhouse were treated with GCL (0.4 mg m/L) at

D0, D18 and D49, and rhizospheric samples were analyzed at DO (before treatment), D7,
D28, D49 and D56. The plants were cultivated in hydroponic batches from DO to D17, then
transferred into hydroponic system allowing the long term culture until tuberisation. Figure 12
shows a clear effect of GCL treatment on the percentage of acyl-HSL degraders at D28, D49

and D56.

Discussion on the above examples
Bacteria that inactivate NAHL signal are taxonomically diverse (a-, B-, y-

proteobacteria, Firmicutes, and Actinobacteria) and may represent 5 to 15% of total cultivable
bacteria in the rhizospheric soils (d’Angelo-Picard et al., 2004; d’ Angelo-Picard et al., 2005),
as well as in hydroponic plant cultures (Figure 7). The NAHL-degrading bactenia were
proposed to play a role in the modulation of quorum-sensing communication in planta
(Chevrot et al., 2006), as well as to obliterate the antibiotic activity assigned to NAHL-
derived compounds (Kaufmann et al., 2005). In addition, these bacteria constitute potential
biocontrol agents permitting to protect plants from the NAHL-dependent expression of some
virulence factors from several pathogens such as Erwinia (Uroz et al., 2003; Dong et al.,
2004). This study demonstrates that the application of degradable chemicals might be a
valuable tool to stimulate the growth of NAHL-degrading bacteria and therefore increase the
percentage of such bacteria in the rhizosphere of hydroponic cultures of Solanum tuberosum.
Among 25 assayed molecules (Figures 1 and 3) structurally related to the
conserved core of NAHL, GCL, 6CL, HTN and GOL stimulated the growth of NAHL-
degrading bacteria after enrichment procedures from soil and rhizospheric samples (Figures 2
and 4). Moreover, when GCL or HTN was applied to hydroponic plant cultures, a significant
increase of the percentage of NAHL-degrading bacteria among total cultivable bacteria was
observed (Figures 7 and 9). Most of these bacteria, the growth of which was stimulated, were
also able to use GCL as a sole carbon source (Figure 10). They belong to the Rhodococcus
and Delftia genera, most probably to the Rhodococcus erythropolis and Delftia acidovorans
species (Tables 2 and 3), as suggested by the partial sequence of their r7s gene. Interestingly,
isolates of these two species were already known to inactivate NAHL signals. In the case of
Delftia genus, little is known about the enzymatic properties that are required for NAHL
inactivation (Jafra et al., 2006) ; only two rrs partial sequences of NAHL-degrading strains
A207 and A317 were deposited in Genbank (AY580081 and AY581676) by S. Jafra, P.
Garbeva and J.M. Van der Wolf. In contrast, the NAHL-degrading strains of Rhodococcus
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genus are of a particular interest (Uroz et al., 2003; Park et al., 2006), because they can
modify the structure of NAHL by at least three enzymatic activities: a lactonase that opens the
GBL-ring of NAHL (Park et al., 2006); an acylase that releases HS and a fatty acid, and an
oxidoreductase that reduces the 3-oxo substitution to an hydroxyl on some NAHL (Uroz et
al., 2003; Uroz et al., 2005).

A more unexpected effect of the GCL application is the stimulation of the
growth of a restricted number of NAHL-degrading species, especially Rhodococcus
erythropolis and Delftia acidovorans, as evaluated in front of the wide diversity of NAHL-
degrading bacteria in the soil and rhizosphere (a-, B-, y-proteobacteria, Firmicutes, and
Actinobacteria). These two species emerged after application of GCL in two distinct
environments, soil and hydroponic cultures. The efficiency of the GCL application could
therefore be dependent upon the natural occurrence of these two species in the amended
environments. Besides, in natural environments from where Rhodococcus and Delftia are
absent, the inoculation of selected isolates of these genera appears feasible. However,
Rhodococcus erythropolis and Delftia acidovorans are very common in soils and rhizosphere,
including soils in which pesticides (such as 2.4-dichlorophenoxyacetate), halogenated
compounds, and oil pollutants were indroduced (Muller et al., 2001; Uroz et al., 2003;
Hamamura et al., 2006). Whether these xenobiotics increase the emergence of NAHL-
degrading bacteria in such environments remains open to investigation.

In addition to a significant stimulation of the growth of some Rhodococcus
and Delftia strains, a decrease of the percentage of A. tumefaciens isolates among the NAHL-
degrading rhizobacteria was observed (Table 2). This feature suggests that both the level and
diversity of NAHL-degrading bacteria was modified after GCL-treatments. In contrast, no
modification of level of NAHL-degrading bacteria was noticed among fluorescent
Pseudomonads which represent about 10% of the cultivable bacteria in the rhizosphere ot
hydroponic culture of Solanum tuberosum. DGGE analysis also revealed significant
modifications of the structure of bacterial communities in GCL-treated batches (Figure 11).
The identified genera the growth of which was stimulated by GCL applications were close to
the Flavobacterium, Acidovorax, Thermomonas. However, the capacity of all these DGGE-
identified bacteria to hydrolyze GCL and/or NAHL could not be predicted, and some bacterial
isolates, which assimilated GCL and did not inactivate NAHL-signal (Figure 10), were
identified after rrs-sequencing as Acidovorax and Flavobacterium. Bacteria assimilating

GCL, but inactive towards NAHL, are amongst the most undesirable bacteria as they disturb
the effect of GCL as a stimulator of the growth of NAHL-degrading bacteria.
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CLAIMS

1. A soil additive containing at least one compound selected amongst the

R; /Rz
»
o ”,
|
O (1)

wherein R;, R’} R, and Rj are selected in the group consisting of a
hydrogen atom, a linear or branched C;-Cy alkyl group, a linear or branched C,-C; alkylene
group carrying one or more double bonds, or a C;-Cyp alcoxy group, provided that at least one
of Ry, R’| Ry and Rj is selected in the group consisting of an alkyl group, an alkylene group

and an alcoxy group.
2. The soil additive of claim 1, wherein R;, R’; Ry or Rz is a linear or

compounds of formula (I):

branched C,-C,4 alky! group.
3. The soil additive of claim 2, wherein R;, R’; R, or R3 i1s a linear or

branched C,-Cg alkyl group.
4. The soil additive of claim 3, wherein R;, R’} Ry or Rj3 1s a linear or

branched C,-Cg alkyl group.
S. The soil additive of any of claims 1 to 4, wherein three of Ry, R’y R; or

R; are hydrogen atoms and the other one is an alkyl group or an alkylene group.

6. The soil additive of claim 35, wherein R, is an alkyl group of formula CHj3-
(CH»)n- with 1<n<6.

7. The soil additive of any of claims 1 to 6, containing at least one of the

following compounds:
- gamma-caprolactone (GCL) of formula (1II):

(1I)
- 4-heptanolide (HTN) of formula III:
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HAC

Y

O

(I11)

- gamma-octalactone (GOL) of formula IV:

CH3(CH2)ZCH2/4 OXO

(IV).

8. The soil additive of any of claims 1 to 7, further comprising at least one
NAHL-degrading bacterial strain.

9. The soil additive of claim 8, wherein said at least one NAHL-degrading
bacterial strain belongs to a genus selected amongst the genera Delftia, Rhodococcus,
Ochrobactrum, Pseudomonas, Rhizobium, Sinorhizobium, Bacillus, Comamonas and
Variovorax.

10. The soil additive of claim 8 or claim 9, which comprises at least one
Delftia acidovorans strain and/or at least one Rhodococcus erythroplis strain.

11. The soil additive of any of claims 1 to 10, which comprises at least one
compound selected in the group consisting of gamma-caprolactone (GCL) and 4-heptanolide
(HTN), and at least one NAHL-degrading bacterial strain, wherein the growth of said NAHL-

degrading bacterial strain is stimulated by said compound.
12. The soil additive of claim 11, wherein said bacterial strain is selected in

the group consisting of Delftia, Rhodococcus, Pseudomonas, Rhizobium and Sinorhizobium.

13. Use of a compound of formula (1):

O (D
wherein R, R’; R; and Rj represent a hydrogen atom, a linear or branched

C1-Cyo alkyl group, a linear or branched C,-Cy alkylene group carrying one or more double

bonds, or a C;-Cyp alcoxy group provided that at least one of R;, R’;, R; and Rj is an alkyl



10

15

20

235

30

35

CA 02675475 2009-07-14
WO 2008/090479 PCT/IB2008/001156

22

group, an alkylene group, or an alcoxy group, for favouring the growth of a NAHL-degrading
bacterial strain, in a complex bacterial consortium.

14. The use of claim 13, wherein R;, R’;, Ry or R represent a linear or

branched C,-C,;4 alkyl group.

15. The use of claim 14, wherein R;, R’;, Ry or Rj3 represent a linear or
branched C,-Cg alkyl group.

16. The use of claim 15, wherein R, R’ R, or Rj represent a linear or
branched C,-Cg alkyl group.

17. The use of any of claims 13 to 16, wherein three of R, R’) R, or R; are

hydrogen atoms and the other one is an alkyl group or an alkylene group.
18. The use of claim 17, wherein R; represents an alkyl group of formula

CH;-(CHj)n- with 1<n<6.

19. The use of any of claims 13 to 18, wherein said compound is selected in
the group consisting of gamma-caprolactone (GCL), 4-heptanolide (HTN) and gamma-
octalactone (GOL).

20. The use of any of claims 13 to 19, for preventing biofilm formation
and/or for preventing the NAHL-dependent expression of a virulence factor from a

pathogenic bacterium in a complex environment.

21. The use of claim 20, wherein said complex environment is a soil, a
surface likely to be colonized by bacteria, or the interior of a plumbing material, a pipe, a silo,

a fermenter, or a colander.
22. Use of a soil additive of any of claims 1 to 12, for protecting plants from

biofilm formation and/or from the NAHL-dependent expression of a virulence factor from a

pathogenic bacterium.
23. The use of claim 22, for protecting plants in hydroponic cultures.

24. The use of claim 22, for protecting plants in soil cultures.

25. The use of any of claims 22 to 24, wherein said plants are selected in the
group of potato plants, tomato plants, lettuce, rice, basilica, beet.

26. A process for determining if a compound is able to stimulate NAHL-
degrading bacteria in a bacterial consortium containing at least one Delftia strain and/or at
least one Rhodococcus strain, comprising the following steps:

(1) incubating a sample of said bacterial consortium in a synthetic medium
enriched with said compound to be tested;

(i) incubating a sample of said bacterial consortium in the same synthetic
medium as in (i), but enriched with one of the compounds of formula II-V as defined in claim

13 and preferably with compound of formula II (GCL) or compound of formula III (HTN) 1n

place of said compound to be tested,;
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(iii) incubating a sample of said bacterial consortium in the same synthetic

medium as in (i), without addition of one of the compounds of formula II-V, nor of the

compound to be tested; and
(iv) after an incubation time of 12h, preferably of at least 20h, comparing

~ the ability of each of the consortia obtained in the conditions mentioned in (1), (11) and (111) to
degrade a NAHL compound such as C6-HSL.
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