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A B S T R A C T

Three morphological mutants (M71a, M71b, M71c) of the antagonist Pseudomonas chlororaphis M71, naturally
arose during a biocontrol trial against the phytopathogenic fungus Fusarium oxysporum f.sp. radicis-lycopersisci. In
this study, the three mutants were investigated to elucidate their role in the biocontrol of plant pathogens. M71a
and M71b phenotypes were generated by a mutation in the two-component system GacS/GacA. The mutation
determined an increase in siderophore production and an impaired ability to release proteases, to swarm, to
produce phenazine and AHLs and to colonize tomato roots. In vitro antagonistic activity against different plant
pathogens was partially reduced in M71a, while M71b resulted effective only against Pythium ultimum.
Biocontrol efficacy against Fusarium oxysporum f.sp. radicis-lycopersisci, was partially reduced in M71a and
completely lost in M71b. M71c phenotype was impaired in swarming motility, did not produce biofilms and its
antagonistic activity was similar to the parental M71 strain. M71c showed an enhanced ability to colonize
tomato roots, on which its progeny in part reverted to the M71 parental phenotype. Volatile organic compounds
(VOCs) emitted by all four strains, inhibited the growth of Clavibacter michiganensis subsp. michiganensis and
Seiridium cardinale in vitro. Real-time screening of VOCs by PTR-MS combined with GC–MS analysis, showed that
methanethiol was the main component of the blend produced by all four M71 strains. However, the emissions of
hydrogen cyanide, dimethyl disulfide, 1,3-butadiene and acetone were significantly affected by the three dif-
ferent mutations. These findings highlight that the simultaneous presence of different M71 phenotypes may
improve, through the integration of different mechanisms, the ecological fitness and biocontrol efficacy of P.
chlororaphis M71.

1. Introduction

The Pseudomonas fluorescens complex includes more than fifty va-
lidly named species and many unclassified isolates of plant-associated
bacteria with potential biotechnological applications in agriculture and
environmental protection (Garrido-Sanz et al., 2017). Many P. fluor-
escens strains are common inhabitants of soil and plant rhizosphere and
are described as plant growth-promoting rhizobacteria (PGPR) and/or
effective biocontrol agents (Garrido-Sanz et al., 2017). Within this di-
verse bacterial group, several strains belonging to Pseudomonas chlor-
oraphis possess physiological traits enabling their successful exploita-
tion as inoculants for biofertilization, phytostimulation and biocontrol
of phytopathogenic microorganisms (Arrebola et al., 2019; Chin-A-
Woeng et al., 2000; Pierson and Pierson, 1996).

In particular, P. chlororaphis M71, isolated from tomato rhizosphere,
has demonstrated to effectively control the phytopathogenic fungi
Fusarium oxysporum f. sp. radicis-lycopersici and Seiridium cardinale in
vivo (Raio et al., 2011) and to enhance the tolerance of tomato plants to
water stress (Brilli et al., 2019). The biocontrol activity of P. chloror-
aphis M71 mainly relied on the synthesis of the antibiotic phenazine-1-
carboxylic acid (PCA; Raio et al., 2017). Biosynthesis of phenazines in
P. chlororaphis is related to the expression of an operon, named Phz
operon, which is activated during the stationary growth phase, in a
manner dependent on quorum-sensing system (QS) (Arseneault and
Filion, 2016). QS is a bacterial cell-cell communication mechanism
where N-Acyl-L-homoserine lactone (AHLs) has been identified as a
signalling compound in many Pseudomonas spp. and other Gram-ne-
gative bacteria (Pierson et al., 1998). Production of phenazines in P.
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chlororaphis is also positively regulated by the two-component system
GacS/GacA (Chancey et al., 1999). GacS, a histidine kinase, senses an
environmental signal and activates via a phosphorelay mechanism the
response regulator GacA, a transcription factor which triggers the ex-
pression of target genes (Chancey et al., 1999; Heeb and Haas, 2001).
The GacS/GacA system controls the production of secondary metabo-
lites and extracellular enzymes involved in plant pathogenicity, bio-
control of plant pathogens, ecological fitness and/or tolerance to stress
(Heeb and Haas, 2001; Lapouge et al., 2008). Mutations in the GacS or
GacA genes generally abolish secondary metabolite production (Zuber
et al., 2003) and may alter the ability of P. chlororaphis to exert its
ecological functions. In fact, spontaneous mutants in GacS and GacA of
P. chlororaphis 30–84 were not able to produce phenazines, QS signals
and other secondary metabolites, such as HCN and proteases, involved
in the biocontrol of phytopathogenic microorganisms (van den Broek
et al., 2005). Spontaneous mutations in GacS and/or GacA bring to
morphological variations from thin and translucent to thick, small and
opaque bacterial colonies (van den Broek et al., 2005). This phenom-
enon is known as phenotypic or phase variation and is used by several
bacterial species to generate diversity, which improves the ecological
fitness of the populations (van den Broek et al., 2005). Indeed, P.
chlororaphis 30–84 GacS and GacA mutants were able to survive and
successfully colonize the wheat rhizosphere together with the parental
(Chancey et al., 2002). In P. brassicacearum, GacS and GacA mutants
were more motile and showed higher ability to colonize the root system
(especially the apical part of the roots) than the parental (Achouak
et al., 2004). Probably, the quality of root exudates triggered the phe-
notypic variation mechanism resulting in the selection of mutants able
to colonize more efficiently new sites of the plant’s root system
(Achouak et al., 2004). Phase variation occurs more frequently during
period of prolonged non-lethal stress conditions and it is often observed
during colonization of new hosts, when the increased variability within
the bacterial population may represent an important competitive ad-
vantage (Shrestha et al., 2013). These adaptive mutations occur as re-
sults of transposon-mediated insertions and deletions, substitutions,
point mutations and gene amplification (McKenzie and Rosenberg,
2001).

Three classes of morphological mutants, named M71a, M71b and
M71c, were isolated from the rhizosphere of tomato plants previously
treated with P. chlororaphis M71 strain at the end of a biocontrol trial
performed against F. oxysporum f. sp. radicis-lycopersici (Puopolo et al.,
2011). Here, we have evaluated the three P. chlororaphis M71 mutants
in comparison to M71 parental through a microbiological and bio-
chemical characterization, along with the analysis of volatile organic
compounds (VOCs). Moreover, in vitro and in vivo biocontrol assays
were performed in order to determine the impact of spontaneous mu-
tations on the biocontrol performances of P. chlororaphis M71.

2. Materials and methods

2.1. Microbial strains

2.1.1. Bacteria
P. chlororaphis M71 strain (Puopolo et al., 2011), its three derivative

mutants (M71a, M71b and M71c) and the phytopathogenic bacteria
Clavibacter michiganensis subsp. michiganensis (Cmm) and Rhodococcus
fascians (Rf) were stored at length in glycerol 40 % at −80 °C and
routinely grown at 27 °C on nutrient glucose agar [NGA; Nutrient Agar
(Oxoid-Columbia, MD, USA)18 g/L, Glucose 2.5 g/L] in Petri dishes (90
mm diameter). All bacterial strains belong to the microbial collection of
the Institute of Sustainable Plant Protection – CNR, Florence (Italy).
M71a, M71b and M71c mutant strains were isolated from tomato rhi-
zosphere at the end of a biocontrol trial against Fusarium oxysporum f.
sp. radicis-lycopersici (Puopolo et al., 2011). The three mutants showed a
colony morphology different from the parental strain P. chlororaphis
M71 used to prime the tomato seeds. Rifampicin resistant derivatives of

M71 parental strain and its three mutants were selected by growing
them on NGA amended with increasing amounts of the antibiotic.

2.1.2. Fungi and oomycetes
The phytopathogenic fungi F. oxysporum f. sp. lycopersici (Fol), F.

oxysporum f. sp. radicis-lycopersici (Forl), Pyrenochaeta lycopersici (Pl),
Rhizoctonia solani (Rs), Sclerotinia sclerotiorum (Ss), Seiridium cardinale
(Sc; ATCC 38,654) and the oomycete Pythium ultimum (Pu), were rou-
tinely grown at 25 °C on Potato Dextrose Agar (PDA; Oxoid-Columbia)
and maintained on PDA slants at room temperature (RT). All fungal
strains belong to the microbial collection of the Institute of Sustainable
Plant Protection – CNR, Florence (Italy).

2.2. Analysis of metabolic profiles and production of lytic enzymes

The carbon assimilation profile of the four P. chlororaphis M71
strains (M71 parental and M71a,b,c mutant strains) were compared by
BIOLOG test (Biolog, Hayward, USA), following the procedures of the
manufacturer, in order to determine the occurrence of variations in
carbon source metabolism among the strains. The analysis was per-
formed twice.

Proteolytic, lipolytic and chitinolytic activity tests were performed
on skim milk agar, LB agar amended with 1%Tween 40 and M9
amended with 1% chitin (Sambrook, 2001), respectively. Twenty μL of
cell suspension of each of the four M71 strain (1 × 107 cfu/mL) were
spot inoculated in the middle of Petri dishes and subsequently in-
cubated at 27 °C for 40 h. The formation of a halo around the macro-
colonies developing in the middle of the Petri dishes indicated a posi-
tive result. The size of halos was measured after 16, 24, 32 and 40 h in
order to compare the differential activity of the four strains. Three Petri
dishes were seeded for each strain and the experiment was performed
twice.

2.3. Siderophore production

The ability of the four P. chlororaphis M71 strains to release side-
rophores was determined on CAS (Chrome Azurol S) agar medium
(Schwyn and Neilands, 1987). Twenty μL of an overnight culture of
each strain, grown on nutrient broth (NB; Oxoid-Columbia), were spot
inoculated in the middle of CAS agar Petri dishes and incubated at 27
°C. Siderophore producing strains developed a fluorescent halo around
the macrocolonies that was measured after 16, 24, 32 and 40 h. Three
Petri dishes were seeded for each strain and the experiment was per-
formed twice.

2.4. Motility assays

2.4.1. Swimming and swarming
The four P. chlororaphis M71 strains were grown on NGA for 48 h at

27 °C, then single colonies were picked-up with a sterile needle and
point inoculated in the middle of Petri dishes containing swimming and
swarming agar media (Deziel et al., 2001). The radial growth of the
colonies was measured after both 24 and 48 h of incubation at 27 °C.
Three Petri dishes of each medium were seeded for each strain and the
whole experiment was performed twice.

2.4.2. Twitching
The four P. chlororaphis M71 strains were grown on NGA for 48 h at

27 °C, then single colonies were picked-up with a sterile needle and stab
inoculated through Luria–Bertani Agar [LB broth (Sigma Chemical-
St.Louis, MO, USA) 25 g/L, Agar Technical No.2 (Oxoid-Columbia) 10
g/L] to the bottom of the Petri dishes, subsequently incubated at 27 °C
for eight to ten days in a moist chamber. Agar was then removed and
the ability of the strains to form a biofilm on the polystyrene surface of
Petri dishes was evidenced by staining the cells with a crystal violet
solution (1%) for 15 min. Exceeding dye was removed by washing the
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cells with distilled water (SDW; Deziel et al., 2001). Three Petri dishes
of each medium were seeded for each one of the four M71 strains and
the whole experiment was performed twice.

2.5. Biofilm production

The ability to form biofilm was assessed at one-hour interval for 10
h in triplicate for each of the four M71 strains according to Deziel et al.
(2001). Briefly, 2 mL tubes containing 500 μL of AB medium (Pierson
and Tomashow, 1992) amended with glucose (0.2 %) and tryptone (0.5
%) were seeded with 5 μL of the overnight cultures of each strain and
incubated at 27 °C for 48 h. Suspensions were discarded, tubes were
rinsed with SDW and attached bacterial cells were stained with a crystal
violet solution (1%). After 15 min of incubation at RT, tubes were
rinsed with SDW and the dye was solubilized with 2 mL of ethanol (95
%). The solution absorbance was determined at 600 nm by the spec-
trophotometer Easyspec (International PBI, IT). The whole experiment
was performed twice.

2.6. Biosurfactant production

The four P. chlororaphis M71 strains were grown in 5 mL AB, NB and
PPMD media at 27 °C for 16 h on an orbital shaker (100 rpm). The
bacterial cultures were then centrifuged at 12,000 rpm for 10 min and
the supernatants were sterilized by 0.2 μm Millipore filters. Ten μL of
each sterile filtrate were spot inoculated on the surface of a parafilm
stripe, let for 1 min at RT and subsequently stained with one μL of
bromophenole blue (1% w/v) (Bunster et al., 1989). The presence of
biosurfactant molecules determined a reduction of the surface tension
and a modification of the drop shape that appeared flat. The experiment
was performed twice.

2.7. Detection of N-acyl homoserine lactone (AHLs) signal molecules

The protocol used to extract signal molecules from bacterial culture
is reported by Shaw et al. (1997). The four P. chlororaphis M71 strains
were grown in AB and PPMD (Wood et al., 1997) broth for 48 h at 27
°C, then bacterial cells were removed by centrifugation and 5 mL of
ethyl acetate was added to the supernatant. Tubes were shaken at 50
rpm at RT for 2 h and centrifugated at 5000 rpm. The supernatant was
transferred into a glass tube and let dry under a laminar hood. The solid
residue was suspended in 200 μL of methanol (50 %). The reporter
strain Chromobacterium violaceum CV026 was grown overnight at 27 °C
in LB broth amended with kanamycin (100 ppm) and streptomycin (80
ppm). Two mL of the suspension were placed in a Petri dish and mixed
with 20 mL of melted LB agar that was let to solidify at RT. Then, 50 μL
of the methanol extract, previously prepared, were placed in a well dug
in the middle of the plate. Three Petri dishes were seeded for each of the
four M71 strain to be evaluated. Production of signal molecules of the
group of AHLs was determined by measuring the size of the purple halo
around the well after 24 and 48 h (McClean et al., 1997). A similar
procedure was applied to determine the AHLs production by using the
reporter strain Agrobacterium tumefaciens NT1 (pZLR4). This strain was
grown in AB broth and then used to prepare Petri dishes of AB + Xgal
according to Cha et al. (1998). From this step, the procedure is the same
of that previously described for C. violaceum. The size of the blue halo
around the well was related to the ability to produce signal molecules.
Three Petri dishes were seeded for each M71 strain and both tests were
performed twice.

2.8. Phenazine production

The ability to produce phenazine was determined following the
procedure of Thomashow et al. (1990). P. chlororaphis M71 and
M71a,b,c were grown on both AB and PPMD media. Three tubes con-
taining 5 mL of each medium were seeded with a drop of 1 × 107cells

mL−1 suspension of each strain and shaken overnight at 27 °C. Cultures
were centrifuged at 7000 rpm for 5 min and supernatants were ster-
ilized by filtration (0.2 μm Millipore filters), then 2 drops of a 12 N HCl
solution and 5 mL of benzene were added. Solutions were shaken at 50
rpm for 2 h at RT and then centrifuged at 5000 rpm for 5 min. Su-
pernatants were transferred into polypropylene tubes and let at RT
under hood to allow benzene evaporation. The solid residues were
suspended in one mL of 0.1 N NaOH and shaken for 20 min at RT. The
absorption maxima for PCA was measured at 367 nm by the spectro-
photometer Easyspec (International PBI, IT). The relative amount of
PCA was calculated by multiplying the absorption maxima by its
standard extinction coefficient (Maddula et al., 2008). The whole ex-
periment was performed twice.

2.9. Triparental mating test

To assess the kind of mutation occurred in the gacA/gacS system of
the spontaneous mutants, triparental mating was performed according
to the procedure reported by Pierson and Thomashow (1992) with
some modifications. Escherichia coli DH5α pME3066, harbouring
pLAFR3 containing gacA gene (Laville et al., 1992); E. coli DH5α
pSTC121 harbouring pLAFR3 with EcoRI-PstI gacA fragment (Chancey
et al., 1999); E. coli DH5α pEMH97, harbouring pLAFR3 with gacS gene
from P. syringae pv. syringae B728a Willis et al., 1990) were used as
donor strains. Plasmid transfer from the donor to the recipient strains
was mediated by E. coli strain HB101 that harbours the pRK2013 con-
taining the mob gene. Briefly, the donor, the helper and the recipient
strains were separately grown overnight in 3 mL of LB medium at the
respective growth temperature on an orbital shaker. One mL of each
bacterial culture was centrifuged at 15,000 rpm for 1 min and the pellet
was resuspended in 200 μL of LB medium. Sterile nitrocellulose filters
of 1 cm diameter were placed on the surface of LB agar and then 20 μL
of donor, helper and recipient strains were placed on the filter. Filter
inoculated with donor or recipient alone represented the negative
controls. Petri dishes were incubated for 24−48 h at 27 °C. Five re-
plications for each strain combination were done. Filters were then
placed in sterile tubes containing 2 mL of SDW that were vortexed to
resuspend the bacterial cells. 100 μL of each suspension were spread on
LB Petri dishes containing the different antibiotics and were incubated
at 27 °C for 24−72 h. The plasmid transfer into the recipient strains
allowed their growth on the media amended with the respective anti-
biotic. Donor and recipient strains were unable to grow.

2.10. In vitro antagonistic activity

The antagonistic activity of the four strains was assayed against the
two Gram positive phytopathogenic bacterial (Cmm and Rf), the five
phytopathogenic fungal (Fol, Forl, Pl, Rs and Ss) and the oomycete (Pu)
species listed above (see subsection 2.1). The four M71 strains were
grown on NGA medium for 48 h at 27 °C, then bacterial cells were
scraped from the agar surface and suspended in saline solution (SS,
0,8% NaCl). The suspension density was adjusted to an OD value of 0.1
at λ = 600 nm, corresponding to a concentration of 1 × 107 cfu/mL.
The assay against the fungal and oomycete species was performed by
placing 10 μL of each bacterial suspension at two opposite sides of a
PDA Petri dish; 10 μL drops of SS were used as control. After incubation
for 48 h at 27 °C, a 5 mm disk was cut from the margin of actively
growing phytopathogen colonies and placed in the middle of the Petri
dishes where the bacteria were grown. The antifungal activity of the
four M71 strains was evaluated by comparing the diameter size of
fungal and oomycete colonies with the control (plates without bac-
teria), after 72–240 h of incubation at 24 °C. Three Petri dishes for each
combination M71 strains/fungal pathogen were prepared and the ex-
periment was repeated.

Inhibition activity against phytopathogenic bacteria was assayed
according to the method described by Stonier (1960) on AB and PPMD
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media. Twenty μL of 1 × 107 cfu/mL suspension of each P. chlororaphis
M71 strain were placed in the middle of Petri dishes containing the
growth medium and then incubated at 27 °C for 48 h. Bacterial mac-
rocolonies were then killed by chloroform exposure for 1 h. At the same
time, phytopathogenic bacteria were grown for 48 h at 27 °C in NB
amended with 0.25 % glucose. Five mL of each bacterial culture was
mixed with 4 mL of melted phosphate buffer (1% agar) and poured into
the Petri dishes containing the devitalized macrocolonies. After agar
solidification, Petri dishes were incubated at 27 °C for 24 (Rf) or 48 h
(Cmm). The antibacterial activity of the four M71 strains was evaluated
by comparing the size of inhibition halo surrounding the macro-
colonies. Three Petri dishes for each combination M71 strains/bacterial
pathogen were prepared and the experiment was repeated.

2.11. Rhizosphere persistence of Pseudomonas chlororaphis M71 parental
and M71a,b,c mutant strains and biocontrol of Fusarium oxysporum f. sp.
radicis-lycopersici on tomato plants

Seeds of tomato (Solanum lycopersicum cv. Marmande) were im-
mersed in a 1% NaClO solution, shaken for 10 min at RT, washed three
times with SDW and then let dry under a laminar hood. The four ri-
fampicin resistant M71 strains were grown in 5 mL of NB medium
amended with 100 ppm rifampicin for 48 h at 27 °C. Cells were col-
lected by centrifugation at 8000 rpm for 5 min, washed twice in SS and
then suspended in a carboxymethyl cellulose solution (1%) to obtain a
final concentration of 1 × 108 cfu/mL. Fifty tomato sterile seeds were
added to the suspensions that were gently shaken for one hour at RT.
Seeds were then separated by the liquid and let dry overnight under
laminar hood.

For each of the four M71 strains, four bacterized seeds were placed
in each of ten glass tubes (26 × 200 mm) containing sterile perlite and
10 mL of sterile Hoagland solution. After twenty days, one plantlet was
taken from each tube, the roots were excised, immersed in 9 mL of
sterile SS and shaken for one hour at RT. Suspensions were serially
diluted and plated on NAG amended with 100 ppm of rifampicin. After
48 h at 27 °C, colonies were counted and their phenotype was recorded.

An in vitro biocontrol trial was performed on tomato plants against
the fungal pathogen Forl. Tomato seeds were treated with the four M71
strains according to how previously described. Forty-eight h after
bacterization, the seeds were placed in glass tubes (26 × 200 mm)
containing sterile perlite, 9 mL of sterile Hoagland solution and 1 mL of
a suspension containing 4 × 105 conidia/mL of the Forl pathogenic
fungus. In this case, one tomato seed was placed in each tube and the
trial was conducted as completely randomized experiment with twenty
replications for each of the four M71 strains. Seed germination per-
centage and disease incidence (dead plants/alive plants) were de-
termined twenty days after pathogen inoculation. Seeds treated with
Forl alone or SDW represented the positive and negative control, re-
spectively.

2.12. Inhibition activity of volatile organic compounds (VOCs) emitted by
Pseudomonas chlororaphis M71 parental and M71a,b,c mutant strains
against phytopathogenic microorganisms

2.12.1. Fungi and oomycetes
Split Petri dishes (92 mm of diameter) with two compartments and

ventilation cams (Sarstedt, Nümbrecht, Germany) were used to analyse
the effect of volatile organic compounds (VOCs) emitted by each of the
four M71 strains on the growth of phytopathogenic fungi and oomy-
cetes. Seven mL of NA medium were poured into one half of the split
dish while seven mL of PDA were poured on the other half. Once dried,
50 μL of each strain suspension (1 × 107cells/mL, prepared as pre-
viously described) were spread using sterile spatulas on the side of the
split dish containing NA. As a control, split dishes containing non-in-
oculated NA were used. Dishes were sealed with Parafilm tape (Beims,
Neenah, WI, USA) and incubated at 25 °C for 72 h. Subsequently, plugs

of 5 mm diameter were cut from the edge of colonies of the fungal
species Fol, Forl, Rs, Sc, Ss and of the oomycete Pu, grown on PDA and
were placed at the centre of the half of the split dish containing PDA
medium. Inoculated dishes were sealed with Parafilm tape and the
mycelial growth was evaluated by measuring the diameter of colonies
after seven days of incubation at 25 °C. Seven replicates were analysed
for each combination M71 strain/fungal species and the experiment
was carried out twice.

2.12.2. Bacteria
Split Petri dishes (92 mm of diameter) were also used to analyse the

effect of VOCs emitted from M71 and M71a,b,c strains on the growth of
the two Gram positive pathogenic bacteria Cmm and Rf. Experiment
was performed on both NA and NGA. Fifty μL of the cell suspension of
each of the four M71 strains (OD600nm = 0.1 corresponding to 1 × 107

cells mL−1) or SS (control) were spread by using sterile spatulas on one
side of the split dish. At the same time, cell suspensions of Cmm and Rf
(1 × 107 cells mL−1) were prepared and diluted serially. Five drops (20
μL) of each 10-5 diluted suspension were placed on the other side of the
split Petri dishes. Dishes were sealed with Parafilm tape and incubated
at 27 °C for 10 days. The inhibition activity of VOCs was evaluated by
comparing the number of colonies of the pathogens growing in presence
of each of the four M71 strains with the control (SS). Five split Petri
dishes were analysed for each M71 strain for a total of 25 replicates.
The whole experiment was carried out twice.

2.13. In vitro analysis of volatile organic compounds (VOCs) emitted from
Pseudomonas chlororaphis M71 parental and M71a,b,c mutant strains

2.13.1. PTR-MS analysis
The four P. chlororaphis M71 strains were grown on NA medium at

27 °C for 48 h. Bacterial cells were scraped from the agar surface and
suspended in SS to prepare a 1 × 109cfu mL−1 suspensions. Five
hundred μL of each suspension were added to 500 airtight mL flasks
containing 50 mL of NA medium and flasks were incubated at 27 °C.
After 48 h, VOCs emission was analysed in real-time by directly sam-
pling the headspace with a Proton Transfer Reaction - Mass
Spectrometer (PTR-MS, Ionicon Analytic GmbH, Innsbruck, AU). In the
PTR-MS analysis, VOCs are detected through chemical ionization oc-
curring in a drift tube between molecules of H3O+ and the VOCs pre-
sent into the air samples, according to their proton affinity. In the drift-
tube, constant conditions of pressure (=2.2 mbar), temperature (=50
°C) and electrical field (600 v cm-2) were set, resulting in an ionization
energy E/N = 130 Td (Lindinger et al., 1998). All the protonated ions
related to VOCs (i.e. VOC-H+) were screened with a duty cycle of 200 s
spanning from m/z 20–220. Four full cycles were completed for each
single measurement, during which the air sampled by PTR-MS at a rate
of 100 mL min-1 was replaced in the flasks with the same amount of
VOC-filtered air. All the cycles were averaged within one measurement,
and the different measurements were replicated three times. The
headspace of three flasks containing only NA medium was also mea-
sured by PTR-MS and the average value was subtracted to those of the
flasks containing the M71 strains (Brilli et al., 2019).

2.13.2. GC–MS analysis
Cultures of the four M71 strains were prepared as previously de-

scribed for PTR-MS analysis. The blend analyses of bacterial VOCs re-
leased in the headspace of 500 mL flasks containing NA medium were
analysed after 48 h of incubation. An external pump (Pocket Pump SKC
Inc., PA, USA) was used to concentrate 50 mL of air exiting the flask
headspace at a flow rate of 50 mL min−1 in a cartridge filled with 200
mg of Tenax GC® (Markes International, Ltd, Llantrisant, UK). All the
cartridges were thermally-desorbed for 15 min at 280 °C with a helium
flow rate of 50 mL min−1 (Markes International, Series 2 Unity) before
VOCs were transferred into a cold trap which was rapidly heated from
10 °C to 280 °C. VOCs were then separated and identified with a 7890A
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gas chromatograph coupled with a 5975C mass detector (GC–MS,
Agilent Technologies, Wilmington, USA) through fast injection onto the
capillary column (ZB-1, 60 m × 0.25 mm I.D. × 0.25 μm film of
polymethylsiloxane; Phenomenex, Inc. Torrance, CA, USA) via a
transfer line heated at 200 °C. VOCs identification was achieved
through software comparison of retention times and fragmentation
pattern with the Wiley 275 database of mass spectra. Identified com-
pounds were quantified by using external standard calibration proce-
dure using calibrated VOC gas cylinder containing known concentra-
tions of different VOCs (Baraldi et al., 1999; Rapparini et al., 2004;
Ciccioli et al., 2002; Martì et al., 2014).

2.14. Statistical analysis

One-way analysis of variance (ANOVA) was performed to estimate
differences among treatments. Statistically significant differences were
determined by the Tukey’s test (α = 0.05) (https://astatsa.com/
OneWay_Anova_with_TukeyHSD/).

3. Results

3.1. Colony morphology, metabolic profiles and production of lytic enzymes
and siderophore in Pseudomonas chlororaphis M71 parental and M71a,b,c
mutant strains

The colony morphology of M71 and its three mutants that have been
investigated in this study can be described as follow: M71: flat, regular
margin, full orange, mucoid; M71a: flat, regular margin, pale orange,
mucoid; M71b: flat, regular margin, yellow translucent, fluorescent,
mucoid; M71c: flat, regular margin, orange translucent, not mucoid
(Fig. SI1).

M71 and M71a,b,c strains were all identified as P. chlororaphis
subsp. aureofaciens by Biolog test. However, out of the 95 carbon
sources tested, nine compounds were differentially assimilated among
the four strains. (Table SI1). M71used sucrose and formic acid and was
unable to utilize i-erytritol, D-fructose, piruvic acid methyl-ester, α-
hydroxybutirric acid, itaconic acid, L-phenylalanine and L-serin. The
mutants M71a and M71b shared the same metabolic profile as both
utilized i-erytritol, D-fructose, formic acid, itaconic acid and L-serine
and did not metabolize the other four carbohydrates, whereas M71c
was not able to utilize D-fructose and formic acid only. (Table SI1).

A different rate of proteolytic activity was recorded for P. chloror-
aphis M71, M71a and M71c strains: the activity of M71 was observed
after 16 h of incubation and the halo was the widest after 40 h
(8.00±0.4 mm); the clarification of the medium by M71c was detected
after 24 h of incubation and the halo reached the size of 3.75±0.3
mm. For for M71a the proteolytic activity started after 32 h incubation,
reaching a halo of 1.38± 0.3 mm at the end of the experiment, while
M71b did not show any proteolytic activity (Fig. 1A).

In addition, M71a and M71b showed a lipolytic activity similar to
that of their M71 parental strain, producing a halo of 4.0–5.0 mm after
40 h of incubation. The size of the halo produced by M71c was sig-
nificantly smaller than those of the M71 parental and M71a and M71b
strains (Fig. 1B). The size of the fluorescent halo due to siderophore
activity was highest in M71a and M71b while M71 and M71c showed a
lower attitude to produce siderophore (Fig. 1C). All the four strains
were unable to utilize chitin (data not shown).

3.2. Motility and production of biofilm and biosurfactants

Pseudomonas chlororaphis M71 parental strain showed the highest
swimming motility after 24 h of incubation reaching a diameter of the
colony of 6.5± 0.1 cm in contrast with M71c that measured only
2.7±0.1 cm. After 48 h of incubation, colonies of both P. chlororaphis
M71a and M71b were spread all over the plate surface (8.0 and
7.9±0.1 cm, respectively) while M71c colony showed the smallest size

(6.2± 0.1 cm). Only M71 parental strain evidenced a marked
swarming activity (8.0 cm colony diameter after 48 h of incubation)
while the colony size of the three mutant strains ranged between 1.7
and 2.1 cm. In addition, both the strain M71a and M71b evidenced a
higher twitching motility than M71 and M71c (Fig. 2).

Both M71 and M71b strains were the most active biofilm producers,
reaching the highest value of absorbance after 7 (0.5± 0.03) and 5
(0.53±0.02) h of monitoring, respectively. However, there were no
more statistically significant differences between these two strains
during the following ten hours of observation (Fig. 3). In addition,
M71a produced an amount of biofilm lower than M71 and M71b and,
after 5 h of incubation, that difference became statistically significant
(Fig. 3). The activity of P. chlororaphis M71c was very low as it never
reached the value of absorbance of 0.1 (Fig. 3), and the difference with
the other strains became statistically significant from the second hour of
incubation. Only P. chlororaphis M71 and M71c strains were able to
produce biosurfactant molecules (Fig. SI2) and this activity was re-
corded when these two strains were grown on PPMD and NB, but not on
AB medium.

3.3. Production of AHLs signal molecules and phenazine and triparental
mating

Substantial differences were recorded between the results obtained
using C. violaceum CV026 and A. tumefaciens NT1 (pZRL4) as biosensors
of AHLs. The extract of P. chlororaphis M71 strain elicited violacein
production by CV026 strain both on AB and PPMD media, while M71c
only on PPMD and M71a and M71b were not active on both media.
Indeed, all the extracts from the four M71 strains resulted positive when
tested with NT1 (pZRL4) both on AB and PPMD media: the halo size of
M71 was the widest one while M71b was the less active strain (Table 1).

M71a,b,c mutants showed a reduced ability to produce phenazine in
comparison to the M71parental strain. However, the growth medium
strongly affected phenazine production; in fact, M71, M71a and M71c
produced an amount of phenazine on PPMD more than doubled then
that produced on AB medium (Table 1), while the amount of phenazine
synthesized by M71b was strongly reduced on PPMD medium.

aDetection of signal molecules is expressed as the mean value (mm)
of the size of the coloured halo produced by biosensor strains
Chromobacterium violaceum CV026 (CV) and Agrobacterium tumefaciens
NT1(pZRL4) (AT) on agar medium.

bPhenazine production is expressed as μg/mL. cValues are
means± standard error and letters indicate statistically significant
differences (n = 3; α = 0.05).

Transconjugant strains were obtained following the transfer of gacS
and gacA genes into P. chlororaphis M71a and M71b mutants respec-
tively, by mean of triparental mating (M71c was not impaired in ac-
tivities controlled by the GacS/GacA system). Following gene transfer,
phenazine production, swarming motility and signal molecules synth-
esis were restored in M71a and M71b transconjugants at the same level
than the M71 parental strain. (Table 2).

3.4. Antagonistic activity in vitro

The strains M71 and M71c showed a similar inhibition activity
against the five fungal and the oomycete species inducing the highest
reduction of fungal colony size. M71a was less active than M71 against
Fol and Pl and had no effect against Rs, while M71b was active only
against Pu (Table 3).

The phytopathogenic bacterium Rf was inhibited by M71 and M71c
strains and their antagonistic activity increased on PPMD medium. Only
M71 was effective against Cmm on AB medium, while M71, M71a and
M71c were able to inhibit the growth of the bacterium Cmm on PPMD.
M71b instead, was not effective against the two bacterial pathogens on
both media (Table 4).
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3.5. Tomato seed colonization and in vivo biocontrol assay of Fusarium
oxysporum f. sp. radicis-lycopersici

Colonization by the four P. chlororaphis strains did not affect tomato
seed germination (data not shown). All strains actively colonized the
plant roots that showed a bacterial concentration ranging between 3 ×
106 and 1.0 × 107 cfu/g of roots. Among the four strains, M71c was the
most efficient root colonizer (Figure SI3). Morphological analysis of
colonies isolated from the roots of tomato plants showed that M71a and
M71b did not originated different colony phenotypes; 40 % of the
colony descendent from M71 showed instead the M71b phenotype and
60 % the parental one; M71c originated 58 % of the colony morpho-
logically similar to the inoculated strain, whereas 42 % restored the

parental phenotype (Table SI2).
Results of biocontrol trial performed under laboratory conditions

showed that germination of tomato seeds was not affected by the bac-
terization with the four strains (data not shown), which instead influ-
enced the disease induction by Forl (DI) in a differential way. In fact,
M71 and M71c were strongly effective against Forl, reducing the level
of diseased plants to 16 and 25 % respectively. M71a showed a mod-
erate biocontrol activity (50 % of DI respect to the control) and M71b
did not show any efficacy against the pathogen (95 % of DI respect to
the control) (Fig. 4).

Fig. 1. Proteolysis (1A), lipolysis (1B) and siderophore production (1C) by P. chlororaphis M71 parental and M71a,b,c mutant strains. Values are means± standard
error and letters indicate statistically significant differences (n = 6; P ≤ 0.05).
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3.6. In vitro activity and characterization of Volatile Organic Compounds
produced by Pseudomonas chlororaphis M71 parental and M71a,b,c mutant
strains against phytopathogenic microorganisms

3.6.1. Fungi and Oomycetes
When exposed to the VOCs emitted by the P. chlororaphis M71

parental strain, the colony radial growth of the fungal pathogen Sc was
significantly reduced (66 %), while no inhibitory activity was detected
against the Pu, Fol and Ss. An enhancement of growth, although not
significant, was observed for Rs and Forl (Fig. 5). Similarly, the three
M71a,b,c mutant strains were able to significantly inhibit the Sc, even
though with lower effectiveness than M71, but not the other tested
fungal species (data not shown). In fact, M71a, M71b and M71c in-
duced a reduction of Sc colony size of 54, 43 and 39 %, respectively

(Fig. 6).

3.6.2. Bacteria
On NA medium, after 96 h of incubation, Cmm colonies developed

on control (SS) and on Petri dishes seeded with P. chlororaphis M71b,
while on NAG medium Cmm colonies developed only on control Petri
dishes (data not shown). After 10 days of incubation, all the four P.
chlororaphis strains showed a certain inhibition activity against Cmm.
On NA medium, the effect of M71c was comparable with that of M71
parental strain, while M71b did not induce a significant reduction in the
number of colonies (Table 5). On NAG medium, M71 completely pre-
vented the pathogen growth to a similar extent to M71c. In addition,
the activity of M71b was stronger on NAG than on NA medium and was
similar to that of M71a (Table 5). All the four P. chlororaphis strains did

Fig. 2. Swimming, swarming and twitching ability of P. chlororaphis M71 parental and M71a,b,c mutant strains after 48 h of incubation at 28 °C. Values are
means± standard error and letters indicate statistically significant differences (n = 6; P ≤ 0.05).

Fig. 3. Biofilm production by P.chlororaphis M71 parental and M71a,b,c mutant strains. Values are means± standard error and letters indicate statistical differences
(n = 3; P ≤ 0.05) calculated after 1, 5 and 10 h of incubation.

Table 1
AHLs and phenazine production by Pseudomonas chlororaphis M71 parental and M71a,b,c mutant strains.

AB medium PPMD medium

AHLsa Phenazineb AHLs Phenazine

CV AT CV AT

M71 5.5±0.5 a c 25.5± 0.94 a 4.322± 0.12 a 7.38± 0.26 a 27±0.1 a 10.851± 0.84 a
M71 a 0 b 16.5± 0.18 c 0.551± 0.44 c 0 b 12±0.37 c 2.019± 1.56 c
M71 b 0 b 10±0.1 d 0.601± 0,04c 0 b 9±0.56 d 0.049± 0.66 d
M71 c 0 b 21±0,1 b 1.566± 0.33 b 8.75± 0.77 a 19±0.1 b 6.932± 2.06 b
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not inhibit Rf growth on both media (data not shown).
Real-time screening of VOCs by PTR-MS analysis, revealed that the

four M71 strains were able to emit a wide range of protonated ions
related to VOCs and/or fragment of VOCs, among wich the most
abundant corresponded to m/z 49, further identified as methanethiol by
GC–MS analysis. Indeed, results show that methanethiol represented
over the 82, 69, 74 and 68 % of the total blend of VOC emitted from P.
chlororaphis M71, M71a, M71b and M71c respectively. Moreover, sta-
tistically significant differences were found in 14 among the 40 more
represented VOCs and/or fragments of VOCs emitted by the four P.
chlororaphis strains (Table 6 and Fig. 7). The VOCs emitted by M71a,b,c
mutant strains, representing an amount over the 1% of the total, that
resulted significantly different from M71 parental were: dimethyl dis-
ulfide (m/z 95) that increased in M71b, hydrogen cyanide (m/z 28)
which was the highest in M71c and the lowest in M71b, acetone (m/z
59) that increased in both M71a and M71c and 1,3 butadiene (m/z 55)
which was higher in M71c (Table 6; Fig. 7).

4. Discussion

Pseudomonas chlororaphis M71 is a plant growth promoting rhizo-
bacterium possessing the abilities both to act as powerful biocontrol
agent and to prime tolerance against abiotic stresses (Raio et al., 2017;
Brilli et al., 2019). During an in vivo biocontrol trial on tomato plants
against the fungal pathogen Forl (Puopolo et al., 2011), three mutants
morphologically different from the M71 parental strain were selected.
In this study, these three mutants (namely M71a, M71b and M71c)
were characterized in order to elucidate their ecological role and to
understand if the mutations affected their biocontrol efficacy with re-
spect to M71 parental strain. Several bacterial species generate popu-
lation diversity by a mechanism known as phenotypic variation that
increases bacterial fitness under certain conditions (Broek et al., 2005).
This is one of the mechanisms enabling pathogens to survive in the host
by escaping the immune response, besides affecting colonization be-
haviour and biocontrol activity of the rhizosphere bacteria (Broek et al.,
2005).

Several features of the three mutant strains originated by P.

chlororaphis M71 resulted different from the parental. In particular,
proteolytic and swarming activity, AHLs and phenazine production
were significantly reduced in all the three M71 mutant strains.
Moreover, siderophore production, swimming and twitching activity
increased in M71a and M71b mutants whereas decreased in M71c. The
transfer of gacS and gacA genes by triparental mating, into
P.chlororaphis M71a and M71b respectively, restored swarming moti-
lity, signal molecules synthesis and phenazine production at level
comparable with the parental M71 strain. These data highlight that
both M71a and M71b originated by a mutation in the GacS/GacA
regulatory system. In fact, the GacS/GacA two-component transcrip-
tional system controls the production of secondary metabolites and
extracellular enzymes involved in pathogenesis, biocontrol and ecolo-
gical fitness (Heeb and Haas, 2001; Lapouge et al., 2008). GacS senses
signal and activates via a phosphorelay mechanism the GacA tran-
scription regulator, which in turn triggers the expression of target genes
(Chancey et al., 1999; Heeb and Haas, 2001). The enzymes necessary
for the biosynthesis of phenazines are encoded by the Phz operon,

Table 2
Phenotypic profiles of transconjugants obtained from the insertion of gacS or
gacA genes into Pseudomonas chlororaphis M71 parental and M71a,b,c mutant
strains, respectively.

Strain Transferred gene Phenazine
production

AHL
production

Swarming

M71 pLAFR3 ++ ++ ++
M71b pLAFR3 + – –
M71b pSTC121 gacA ++ ++ ++
M71b pME3066 gacA ++ ++ ++
M71b pEMH97 gacS + – –
M71a pLAFR3 – – –
M71a pSTC121 gacA – – –
M71a pME3066 gacA – – –
M71a pEMH97 gacS ++ ++ ++

Table 3
Growth inhibition of phytopathogenic fungal species in presence of Pseudomonas chlororaphis M71 parental and M71a,b,c mutant strains.

Control M71 M71a M71b M71c

Fol 3.5±0.3 aa 2.0± 0.2 c (41 %) 2.9±0.1 b (18 %) 3.5± 0.0 a (1%) 2.0± 0.2 c (41 %)
Forl 3.5±0.1 a 2.5± 0.2 b (29 %) 2.7±0.6 b (29 %) 3.5± 0.0 a (0%) 2.3± 0.1 b (33 %)
Pl 4.0±0.0 a 1.7± 0.1 c (58 %) 3.5±0.0 b (13 %) 3.5± 0.0 b (13 %) 1.8± 0.3 c (54 %)
Pu 4.0±0.0 a 2.3± 0.1 bc (42 %) 2.6±0.1 b (35 %) 2.0± 0.1 c (50 %) 2.1± 0.2 c (46 %)
Rs 3.9±0.1 a 1.5± 0.2 c (62 %) 4.0±0.0 a (0%) 4.0± 0.0 a (0%) 1.9± 0.1 b (51 %)
Ss 3.5±0.0 a 1.7± 0.2 b (58 %) 1.8±0.22 b (55 %) 4.0± 0.0 a (0%) 1. 7± 0.2 b (57 %)

a Values are means± standard error of the half diameter (cm) of fungal colonies. The reduction of the colony growth, calculated as percentage respect to the
control, is reported in the brackets. Different letters indicate statistically significant differences (n = 3; α = 0.05).

Table 4
Inhibition halo size against Rhodococcus fascians and Clavibacter michiganensis
subsp. michiganensis on AB and PPMD medium produced by Pseudomonas
chlororaphis M71 parental and M71a,b,c mutant strains.

Rf Cmm

AB PPMD AB PPMD

M71 8±0.4aa 15.7± 0.9 a 14.2± 0.5 a 17.8± 0.4a
M71a 0 c 0 b 0 b 10.9± 0.3 b
M71b 0 c 0 b 0 b 0 c
M71c 2±0.2a 15.3± 0.7a 0 b 15.1± 0.7 ab

a Values are means± standard error of the inhibition halo (mm). Different
letters indicate statistically significant differences (n = 3; α=0.05).

Fig. 4. Disease incidence (%) on tomato plants infected with Forl and in-
oculated with P. chlororaphis M71parental and M71a,b,c mutant strains.
Different letters indicate statistically significant differences among the mean
values (n = 20; P ≤ 0.05).
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which possesses two regulatory genes: phzI and phzR (Mavrodi et al.,
2006). Phenazine synthesis in fluorescent Pseudomonas spp. is depen-
dent on quorum-sensing and is activated once a critical mass of bac-
terial cells and their AHLs signal molecules have accumulated
(Arseneault and Filion, 2016). AHLs signal molecules production by P.
chlororaphis M71 parental strain and M71a,b,c mutant strains varied in
relation to the bacterial biosensor system and the medium used to
perform the test. It is already known that the biosensor A. tumefaciens
NT1(pZRL4) is sensitive to AHLs with medium-to-long acyl chains
(Shaw et al., 1997) while C. violaceum CV026 biosensor responds to
AHLs with short-to medium acyl chains (McClean et al., 1997). Con-
sistently with these studies, the AHLs production was impaired in GacS/
GacA P. chlororaphis M71 mutants, where the synthesis of AHLs with
medium-to-long acyl chains was reduced in M71a and M71b compared
to the parental M71 strain, while AHLs with short-to-medium acyl
chains were detected only in M71 parental and M71c mutant strains.
These findings clearly show that the drastic reduction of phenazine
production in the two Gac mutants is related to the impaired synthesis
of AHLs. Chancey et al. (1999) found that a mutation in gacA in P.
chlororaphis 30–84 strain blocked the transcription of phzI and conse-
quently the synthesis of AHLs and phenazines. However, both M71a
and M71b mutants were still able to produce AHLs and phenazines,
even at lower level than the M71 parental. These results highlight that a
QS system independent by the transcriptional factor GacA may be
present in M71 strain. A second QS system csaI/csaR, was detected in P.
chlororaphis 30–84, although it was demonstrated to regulate cell sur-
face properties and it was not involved in the regulation of the phe-
nazine biosynthetic gene cluster (Zhang and Pierson, 2001). The

complete genome sequence of P. chlororaphis subsp. aurantiaca
StFRB508 revealed a triplicate QS system composed by phzI/phzR, csaI/
csaR and aurI/aurR regulatory genes (Morohoshi et al., 2013). This
strain is able to synthesize six types of AHLs, the main of which (3−OH-
C6-HSL) is regulated by PhzI, whereas AurI and CsaI catalyze 3-oxo-C6-
HSL and C6-HSL respectively. The AHLs produced by PhzI induced the
strongest activation of phenazine biosynthesis gene cluster, while the
AHLs produced by AurI and CsaI induced only a slight activation of the
gene cluster in parallel with phzI/phzR system-mediated regulation
(Morohoshi et al., 2013). It is possible that a similar triplicate QS
system is responsible of the regulation of phenazine biosynthesis in P.

Fig. 5. Effect of VOCs emitted by P. chlororaphis M71 on different phytopathogenic fungal species. Bar represent mean values± standard error and letters indicate
statistical significant differences (n = 7; P ≤ 0.05).

Fig. 6. Effect of VOCs emitted by P. chlororaphis M71parental and M71a,b,c mutant strains on Sc growth. Bar represent mean values± standard error and letters
indicate statistical significant differences (n = 7; P ≤ 0.01).

Table 5
Effect of VOCs emitted by Pseudomonas chlororaphis M71 parental and M71a,b,c
mutant strains on Clavibacter michiganensis subsp. michiganensis growth.

Straina NA NAG

M71 1.1± 2.4 cb 0 c
M71a 10.1±11.3 b 6.6± 5.75 b
M71b 39±9.0 a 11.4±9.6 b
M71c 3.5± 7.2 bc 2.4± 2.6 bc
Control (SDW) 48.8 (± 7.9) a 30.8(± 10.1) a

a The test was performed in vitro using split Petri dishes where each M71
strain was cultivated on the opposite side of Clavibacter michiganensis subsp.
michiganensis.

b Values are means± standard error of the number of colonies grown on the
two media after ten days of incubation at 25 °C. Different letters indicate sta-
tistically significant differences (n = 15; α=0.05).
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Table 6
Percentage of protonated ions related to VOC and/or fragment of VOC detected by PTR-MS from Pseudomonas chlororaphisM71 parental and M71a,b,c mutant strains
grown for 48 h on NA medium at 27 °C.

m/z Assignment to specific VOC M71 M71a. M71b M71c

49 Methanethiol * 82.292± 8.203a 69.872± 13.451 74.229± 14.527 68.401± 154.250
51.00 1-Buten-3-yne 4.034± 0.463 3.323± 0.683 3.762±0.909 3.140±0.736
57.00 1-Butene, 2-Propenal 2.838± 0.813 4.717± 1.392 3.348±1.244 5.319±2.765
43.00 Alcohol fragments 2.214± 0.657 3.415± 1.026 3.226±1.483 4.105±1.505
50.00 ??? 1.790± 0.206 1.45± 0.298 1.676±0.386 1.389±0.320
95.00 Dimethyl disulphide* 1.448±0.396b 1.57±0.632b 3.297±0.934a 0.505±0.376b
28.00 Hydrogen cyanide 1.271±0.424b 0.612±0.107b 0.015±0.006b 5.990±2.911a
71.00 Butanoic acid, isoamyl alcohol fragments 0.566± 0.086 0.922± 0.463 0.267±0.371 1.036±0.799
81.00 Monotherpenes and/or alcohol fragments 0.349± 0.315 2.688± 2.329 0.035±0.005 0.806±0.019
41.00 Monoterpenes fragment 0.340± 0.064 0.694± 0.441 0.692±0.128 0.867±0.744
85.00 1-Butene, 3.3-dimethyl-, 1-Pentene, 2-methyl-, etc. 0.329± 0.130 0.530± 0.165 0.319±0.149 0.606±0.355
137.00 Monoterpenes* 0.238± 0.210 1.868± 1.622 0.021±0.017 0.565±0.007
33.00 Methanol 0.225±0.056b 0.505±0.055a 0.324±0.026b 0.273±0.195b
48.00 i.e. nitrous acid 0.217± 0.044 0.206± 0.057 0.257±0.086 0.208±0.061
55.00 1,3-Butadiene 0.153±0.129b 1.457±0.568b 0.487±0.688b 2.213±1.713a
47.00 Formic acid, ethanol 0.151± 0.116 0.046± 0.047 0.055±0.049 0.321±0.445
91.00 1,3-Butanediol, Ethanol, 2-ethoxy-, 2-Propanol, 1-methoxy- 0.149±0.013a 0.048±0.007b 0.039±0.004b 0.173±0.036a
79.00 Benzene* 0.130±0.031b 0.107±0.060bc 0.349±0.041a 0.024±0.008c
58.00 ??? 0.124± 0.037 0.209± 0.067 0.151±0.055 0.234±0.129
61.00 Acetic Acid*, glycolaldehyde 0.108±0.018a 0b 0b 0b
155.00 Monoterpenes (i.e. linalool) 0.094±0.028b 0.179±0.029a 0.082±0.020b 0.165±0.026a
44.00 Isocyanic acid, CO2-H+ 0.074±0.019 0.120± 0.038 0.107±0.038 0.146±0.060
64.00 ??? 0.068± 0.040 0.087± 0.054 0.128±0.039 0.107±0.066
67.00 1-Buten-3-yne, 2-methyl-, 1,3-Cyclopentadiene, 3-Penten-1-yne 0.065± 0.011 0.082± 0.050 0.069±0.049 0.050±0.010
96.00 ??? 0.061±0.011b 0.077±0.026b 0.143±0.032a 0.031±0.009b
63.00 Dimethyl sulfide (DMS) 0.054± 0.014 0.121± 0.030 0.096±0.050 0.071±0.012
42.00 Acetonitrile 0.054±0.010b 0.087±0.016b 0.034±0.008b 0.212±0.050a
93.00 Monoterpenes fragment, toluene* 0.049±0.024b 0b 0.038±0.030b 0.208±0.057a
52.00 ??? 0.047± 0.005 0.039± 0.008 0.044±0.010 0.038±0.005
72.00 ??? 0.033± 0.006 0.056± 0.024 0 0.064±0.044
138.00 Monoterpenes isotope 0.026± 0.024 0.209± 0.182 0 0.062±0.002
82.00 Monotherpenes and/or alcohol fragments isotope 0.023± 0.021 0.177± 0.153 0 0.054±0.003
75.00 Propanoic acid, 1-Butanol, etc. 0.018±0.007b 0.008±0.003b 0.013±0.000b 0.037±0.01a
65.00 ??? 0.016±0.017b 0b 0.047±0.008a 0.045±0.010a
141.00 Decene*, p-Menthane 0.005± 0.000 0.011± 0.001 0.023±0.015 0.021±0.007
6000 i.e. acetamide 0.04±0.000 0.063± 0.001 1.694±2.392 0.065±0.002
59.00 Acetone* 0b 1.778±0.657a 0.188±0.075b 1.512±0.956b
99.00 Hexenals 0 0.225± 0.028 0.418±0.563 0.157±0.154
97.00 2,4-hexadienale 0 1.339± 0.399 3.127±4.194 0
98.00 ??? 0 0.088± 0.025 0.205±0.286 0

a Data are means of three replications per treatment± standard error and different letters indicate statistically significant difference (n = 3; α = 0.05). The VOC
and/or fragment of VOC that resulted statistically significant different are highlighted in bold.
* Protonated ions further identified by GC–MS analysis (Table SI3).

Fig. 7. Mean percentages of single protonated ions related to VOC and/or fragment of VOC on the total amount of VOCs detected by PTR-MS analysis which resulted
statistically different among the four P. chlororaphis M71 strains (n = 3, P ≤ 0.05).
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chlororaphis M71 strain, explaining the ability of M71a and M71b mu-
tants to still produce a reduced amount of AHLs and phenazine.

The in vitro antagonistic activity of the P. chlororaphis mutant M71a
against the fungi Forl, Pu and Ss was statistically similar to M71 par-
ental strain, even though it was strongly reduced against the other three
tested fungi. In addition, the antibacterial activity of M71a was null
against Rf and strongly impaired against Cmm. On the other hand, the
P. chlororaphis mutant M71b was ineffective against five fungal and the
two bacterial species which have been tested, although the mutation in
gacA did not affect its activity against Pu. The impaired antimicrobial
activity of both M71a and M71b mutants may be related to the reduced
amount of PCA produced. However, siderophore may have played a
major role in their biocontrol efficacy against Pu, since the two mutants
produced high amount of siderophores in place of PCA. Gac mutants of
P. fluorescens CHA0, unable to produce phenazines, overproduced
fluorescent pigments and their inhibitory activity against Pu was
identical to that of the parental PCA-producer (Duffy and Defago,
2000). Moreover, suppression of many root diseases by Pseudomonas
spp. has been attributed to the production of siderophore that compete
for iron in the rhizosphere and, in particular, some specific siderophores
showed to be involved in the biocontrol of Pythium species (Matthijs
et al., 2007). The production of VOCs by the four P. chlororaphis strains
seems not to be involved in the inhibition of the fungal species tested in
vitro except for Sc, the agent of cypress canker, for which a significative
reduction of mycelium growth was determined by VOCs released by
both M71 and its three mutant strains. The pathogen Sc is effectively
controlled in vivo by M71 strain and the phenazine PCA has been al-
ready demonstrated to play a major role (Raio et al., 2017). However,
results of in vitro analysis obtained in this study highlight that the VOCs
produced by M71 may be involved in the interaction with Sc. Real-time
VOCs detection by PTR-MS, confirmed by GC–MS analysis, showed that
methanethiol is the main VOCs produced by all M71 strains. Thus, it is
likely that methanethiol, alone or in synergy with other VOCs, may be
responsible for the inhibition of Sc grown in vitro. Nevertheless, the
elucidation of the role of VOCs in the biocontrol of cypress canker is a
specific matter that goes beyond the aim of this study, and it deserves
further investigations. Besides, VOCs were able to inhibit in vitro only
the growth of Cmm but not Rf bacterial species, even though the two
M71 Gac mutants resulted impaired in this activity with respect to M71
parental strain. Among the VOCs emitted by the four P. chlororaphis
M71 strains that may possess an antibacterial activity, dimethyl dis-
ulfide (DMDS) has been reported to exert a bacteriostatic activity
against Agrobacterium tumefaciens (Dandurishvili et al., 2011) and a
bactericidal effect on Synecoccus spp. (Popova et al., 2014). Therefore,
it is plausible that some other VOCs found in the blend emitted by P.
chlororaphis M71 and M71a,b,c strains may contribute to the anti-
bacterial effect observed against Cmm. In particular, HCN is the only
VOC that significantly decreased in M71a and M71b mutants with re-
spect to the parental, consistently with the fact that the synthesis of this
VOC is under the control of the GacS/GacA system (Heeb and Haas,
2001).

In addition, both PTR-MS and GC–MS analyses of VOCs also evi-
denced that M71b produced a double amount of DMDS than the par-
ental. In Pseudomonas donghuensis, DMDS was detected in gacA deficient
mutants as well as in the parental strain, showing that the synthesis of
this sulphur containing-VOC was not regulated by the two component
GacS/GacA system (Ossowicki et al., 2017). Similarly, the synthesis of
DMDS and methanethiol, in P. chlororaphis M71, seems not to be under
the control of the GacS/GacA system, since all the four M71 strains
were able to produce these two sulfurate compounds, even at different
rate. Both methanethiol and DMDS were detected among the main
VOCs produced by Pseudomonas tolaasii, the bacterium responsible of
brown blotch disease of important edible mushrooms (Lo Cantore et al.,
2015). The toxic effect of these VOCs is related to the inhibition of
mitochondrial activity and alterations of cell membranes in fungi Lo
Cantore et al., 2015). DMDS may also either inhibit or stimulate

Arabidopsis thaliana growth in a manner dependent by the dose applied
to the plants (Kai et al., 2009; Groenhangen et al., 2013). Previous
studies regarding the VOCs emitted by P. chlororaphis 449 strain evi-
denced that different ketones and DMDS were the main compounds
active against some bacteria, flies and nematodes (Popova et al., 2014);
benzothiazole and dimethyltrysulfide produced by two different strains
of P. chlororaphis were active against the phytopathogenic fungus S.
sclerotiorum (Fernando et al., 2005); 2,3-butanediol produced by P.
chlororaphis strain O6 induced systemic resistance against the bac-
terium Erwinia carotovora (Han et al., 2006). To the best of our
knowledge, our study is the first to report production of methanethiol
by P. chlororaphis species. The GC–MS analysis, that allowed the iden-
tification of more than 100 VOCs belonging to different classes (Table
SI3) confirmed the real time findings. However, conversely from PTR-
MS results, 1,3 butadiene was not detected in the GC–MS analysis,
probably depending on the different sampling and analytical meth-
odologies utilized.

In order to determine the stability of P. chlororaphis M71a,b,c mu-
tants, all the strains were used separately to treat tomato seeds before
sowing. Isolates were next recovered from the roots of the plantlets and
the colony enumerated on the basis of their morphology. Both M71a
and M71b originated only colonies having the same morphology as the
two inoculated strains, showing that the mutations occurred in gacA
and gacS genes originated a genetically stable progeny consistent with
data reported by Chancey et al. (2002). The P. chlororaphis M71 par-
ental originated strains resembling to itself and to the gacA mutants
(yellow translucent colonies), thus confirming that mutation in gacS/
gacA system is frequent in P. chlororaphis (Chancey et al., 2002). The
biocontrol efficacy in vivo against the fungus Forl was partially reduced
in M71a with respect to M71 parental strain, while the mutant M71b
was ineffective in protecting tomato plantlets against the pathogen at-
tack. PCA released by P. chlororaphis 30–84 in wheat rhizosphere was
estimated to be at a concentration of 55−80 mg per hectare and re-
sulted effective in controlling take-all disease (Tomashow et al., 1990).
Probably, the small amount of PCA released by the M71a and M71b
mutants was below the threshold necessary to prevent the infection of
tomato plants by Forl. Thus, the loss of in vivo biocontrol efficacy of the
two Gac mutants, evidences that the control of Forl by M71 parental
strain is mainly due to the antimicrobial activity of PCA.

The P. chlororaphis mutant M71c differed from the parental strain
for the rough and dry appearance of the colony surface. Variants
showing this kind of colony morphology have been already reported in
P. aeruginosa (Kirisits et al., 2005), however, M71c differed from these
variants for its inability to form biofilm. Moreover, M71c resulted
strongly impaired in swarming activity and, as the parental, it did not
move by twitching. Since M71c is not impaired in QS and phenazine
synthesis, it is likely that other factors may be involved in biofilm
production. Anyway, type IV pili should not be involved (Mattick,
2002) since M71c does not possess twitching motility. In addition,
M71c had an enhanced ability to produce VOCs. Indeed, with respect to
the parental, it produced significantly higher levels of HCN, 1, 3 bu-
tadiene and acetone. HCN has been widely described as a powerful
antifungal compound (Rijavec and Lapanje, 2016). Recent studies have
demonstrated that HCN is involved in geochemical processes that in-
directly increase the availability of phosphate in soil, which is bene-
ficial for rhizosphere bacteria (Rijavec and Lapanje, 2016). Besides that,
1, 3 butadiene, produced by a Bacillus spp. strain, showed a strong in-
hibitory activity against Ralstonia solanacearum, the causal agent of
bacterial wilt disease (Tahir et al., 2017). In fact, 1, 3 butadiene, to-
gether with other VOCs, altered the transcriptional levels of genes in-
volved in motility and pathogenicity of R. solanacearum and was able to
induce systemic resistance (ISR) in plants, which resulted in a decrease
of wilt disease (Tahir et al., 2017). To the best of our knowledge, the
role of acetone in the rhizosphere environment is not yet known. It is
possible that the synergic activity of these VOCs may give to M71c
mutant a competitive advantage for the rhizosphere colonization. In
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fact, this phenotype represented the majority of P. chlororaphis re-iso-
lated from the roots of tomato plants obtained by seed treated with
M71c. The remaining part of bacteria re-isolated from the roots of to-
mato plants had the colony morphology of the M71 parental, eviden-
cing that the mutation in M71c may revert to the M71 parental phe-
notype. Phenotypic heterogeneity of P. chlororaphis is probably wider
than that described so far, since P. chlororaphis could diversify into
multiple niche specialists, as described for P. fluorescens (Rainey and
Travisano, 1998) or P. aeruginosa (Workentine et al., 2013), for which a
single morphological variant possesses different biochemical and eco-
logical performances. It is evident that the simultaneous presence of the
different mutants may improve, through the integration of different
mechanisms (antibiosis, iron competition, root colonization, VOCs,
etc.), the competition and survival of natural population of P. chloror-
aphis M71 in the rhizosphere and successfully prevent pathogen infec-
tions in the colonized plants.

5. Conclusions

The three spontaneous mutants of P. chlororaphis M71tested in this
study, selected on the basis of colony morphology, showed to possess
phenotypic features (such as motility, production of phenazine, AHLs
and biofilm) different from those of similar morphological mutants
described in the literature (Chancey et al., 1999; Liu et al., 2018). The
findings of our study strongly support the hypothesis that phenotypic
variants have a mutualistic role in the ecology of a given bacterial
species. Data obtained from this research also highlight that side-
rophores synthesized by P. chlororaphis M71 gacA mutant may play a
major role in the control of Pu and that VOCs are involved in the in-
teraction of M71 with Sc. Further investigations are needed to identify
other molecules involved, as well as the mechanism of action and their
effectiveness.
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