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ABSTRACT

Composts represent a sustainable way to suppress diseases and improve plant growth. Identification of compost-derived
microbial communities enriched in the rhizosphere of plants and characterization of their traits, could facilitate the design
of microbial synthetic communities (SynComs) that upon soil inoculation could yield consistent beneficial effects towards
plants. Here, we characterized a collection of compost-derived bacteria, previously isolated from tomato rhizosphere, for in
vitro antifungal activity against soil-borne fungal pathogens and for their potential to change growth parameters in
Arabidopsis. We further assessed root-competitive traits in the dominant rhizospheric genus Bacillus. Certain isolated
rhizobacteria displayed antifungal activity against the tested pathogens and affected the growth of Arabidopsis, and the
Bacilli members possessed several enzymatic activities. Subsequently, we designed two SynComs with different
composition and tested their effect on Arabidopsis and tomato growth and health. SynCom1, consisting of different
bacterial genera, displayed negative effect on Arabidopsis in vitro, but promoted tomato growth in pots. SynCom2, consisting
of Bacilli, didn’t affect Arabidopsis growth, enhanced tomato growth and suppressed Fusarium wilt symptoms. Overall, we
found selection of compost-derived microbes with beneficial properties in the rhizosphere of tomato plants, and observed
that application of SynComs on poor substrates can yield reproducible plant phenotypes.
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INTRODUCTION

The soil layer surrounding plant roots, the rhizosphere, hosts
a mesmerizing diversity of microorganisms that are highly
affected by plant activity and represents one of the most com-
plex terrestrial ecosystems (Bais et al. 2006; Raaijmakers et al.
2009). The microbial communities in the rhizosphere, collec-
tively known as the microbiome, are highly diverse and con-
tain members having neutral, deleterious or beneficial effects on
plants (Raaijmakers et al. 2009; Berendsen, Pieterse and Bakker
2012). Generally, the structure of the microbiome is determined
by the chemical environment of the rhizospheric soil, with
main drivers being the root exudates (Bais et al. 2006; Berend-
sen, Pieterse and Bakker 2012), the soil organic matter (Mendes
et al. 2015) and exogenously applied organic amendments (Ling
et al. 2016). Increasing evidence suggests that plants actively
recruit beneficial bacteria that can either promote plant growth
and health or can actively repress proliferation of soil-borne
pathogens (Berendsen et al. 2018; Stringlis et al. 2018b). Thus,
the root-associated microbiome is a subset of the more diverse
microbiome of the bulk soil (Berg and Smalla 2009). Pertur-
bations in the composition of the root-associated microbiome
can affect plant phenotypes, thus understanding the processes
determining the composition of the rhizospheric community
and also how specific members of the microbiome can help the
plant are of high importance.

A considerable amount of research has been devoted to
the identification of individual beneficial microbes responsi-
ble for plant growth and/or health. Plant growth-promoting
rhizobacteria (PGPR) are widely studied beneficial microorgan-
isms because of their ability to enhance plant growth and
yield of several economically important crops. PGPRs can stim-
ulate plant growth via the production of phytohormones (e.g.
auxins, cytokinins and ethylene) (Persello-Cartieaux, Nussaume
and Robaglia 2003), the enzymatic activity they display (e.g.
aminocyclopropane-1-carboxylate (ACC) deaminase) (Penrose
and Glick 2003) or by facilitating nutrition, e.g. phosphate sol-
ubilization (Rodrı´guez and Fraga 1999). PGPRs can also protect
plants against soil-borne plant pathogens by producing antibi-
otics, hydrogen cyanide (HCN) and siderophores (Bloemberg and
Lugtenberg 2001; Whipps 2001), or through the activity of fungal
cell wall-degrading enzymes (Chernin et al. 1995; Dunne et al.
1997). Root colonization by some rhizobacteria can also induce
systemic defense responses (induced systemic resistance; ISR)
in the plant, that are effective against various plant pathogens
in the leaves (Pieterse et al. 2014).

The beneficial role of the root microbiome on plant health
becomes more evident in disease-suppressive soils and organic
amendments, in which disease will not develop even in the
presence of a pathogen and a susceptible host (Weller et al.
2002). Composts from different sources are the most widely
studied organic amendments that display suppressive proper-
ties against soil-borne pathogens and promote plant growth
(Bonanomi et al. 2018). The phenomenon of suppressiveness is
attributed to the microbial activity since it is abolished after
sterilization or pasteurization (Mendes et al. 2011; Bonanomi
et al. 2018). A substantial number of bacterial, oomycete and
fungal pathogens, including Fusarium and Verticillium spp., are
targets of disease suppression (Bonanomi et al. 2018). Despite
the extensive literature demonstrating the suppressiveness of
composts, practical application is still limited due to the incon-
sistency of results and the unpredictable outcome in different
pathosystems (Scheuerell, Sullivan and Mahaffee 2005; Termor-
shuizen et al. 2006).

The improvement of microbial isolation techniques allowed
the identification of several microbial genera that are benefi-
cial for plants (Bai et al. 2015; Garrido-Oter et al. 2018). Species
belonging to Bacillus, Enterobacter, Pseudomonas, Streptomyces and
Trichoderma are really active in the root environment and have
the potential for disease control and plant-growth promotion
(Bonanomi et al. 2018). However, to determine the contribution
of individual strains from complex microbial communities to
plant health is a daunting task. Various in vitro screening tech-
niques are employed to identify microbes that could potentially
improve plant growth and health; yet none of these screening
methods guarantee plant-associated phenotypes (Finkel et al.
2017). Also, binary mutualistic interactions between plants and
microbes are commonly applied for the identification of macro-
scopically visible beneficial outcomes but only a limited number
have been applied successfully in practice (Bulgarelli et al. 2013).
The aforementioned suggest that these in vitro assays fail to pre-
dict in vivo effects as they cannot capture all variables of nature’s
complexity.

In this study, we build on our previous work where we
demonstrated that the activity of the microorganisms contained
in a compost promoted plant growth and enhanced the protec-
tion of tomato plants against Verticillium dahliae (Vd) and Fusar-
ium oxysporum f. sp lycopersici (Fox). Community-level analysis of
the culturable microbiome revealed differential distribution of
the microbial communities between the compost and the rhi-
zosphere, suggesting that plants recruit beneficial soil microor-
ganisms for their own benefit (Antoniou et al. 2017). The aims of
the present study are: (i) to assess if bacterial genera enriched
in the rhizosphere of tomato plants have antifungal potential
and can improve plant fitness; (ii) to test whether the composi-
tion of synthetic communities (SynComs) can affect growth and
defense outputs and (iii) to use simplified SynComs in sterile
peat-based growth substrate and reproduce the suppressive and
growth promotion properties of the compost on tomato plants.
Using this approach, we provide with evidence that rhizosphere-
enriched microbes can be pools for the construction of beneficial
SynComs. Inoculation of an organic amendment lacking phyto-
beneficial properties with such SynComs can produce a growth
substrate with predictable and consistent growth-promoting
and disease-suppressive properties.

MATERIALS AND METHODS

Fungal species and bacterial strains

Race 1 isolate Fol004 of F. oxysporum f. sp. lycopersici (Fox) (Rep
et al. 2005) and race 1 isolate 70V of V. dahliae (Vd) (Pantelides,
Tjamos and Paplomatas 2010) were used. Studied bacterial
strains (Table S1, Supporting Information) were isolated from
the rhizosphere of tomato plants grown in a suppressive com-
post (Antoniou et al. 2017). Both fungal and bacterial isolates
were cryopreserved as an aqueous 20% glycerol suspension at
−80◦C. Fungal strains were activated on potato dextrose agar
(PDA, Merck) at 25◦C, while bacterial strains were grown on tryp-
tic soy agar (TSA, BD) at 25◦C.

In vitro antifungal activity of bacterial isolates

The antagonistic activity of the diffusible secondary metabolites
(DSM) of the bacterial isolates against Vd and Fox was deter-
mined using the in vitro dual-culture assay. PDA medium (20 ml)
was poured into sterile Petri dish (90 mm diameter) and a 5 mm
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mycelial plug, taken from 6-day-old fungal culture, was placed
on the center of the plate. Single bacterial colonies were streaked
at ∼1 cm from the plate’s rim and then plates were incubated
for 7 days at 25◦C. The inhibitory activity of bacterial isolates
was expressed as the percent growth inhibition, compared to the
control (plates inoculated with fungal plugs alone), according to
the formula:

Growth inhibition (%) = (DC − DT) /DC × 100

where, DC, diameter of control and DT, diameter of fungal colony
in dual culture.

Each bacterial isolate was tested three times.
The effect of volatile organic compounds (VOCs) from the

bacterial isolates on Vd and Fox growth was assessed using the
bottoms of two Petri dishes. A 5-mm mycelium plug was added
in one dish as above. Each bacterial isolate was inoculated into
25 ml tryptic soy broth (TSB, BD) in a 50 ml falcon tube and incu-
bated for 48h at 25◦C under agitation (180 rpm). A 100-μl bac-
terial culture (OD600 = 0.5) was spread on the second dish, con-
taining 1x Murashige and Skoog medium (MS, Sigma-Aldrich)
with 1.5% sucrose, 0.4% TSB and 1.5% agar (Farag et al. 2006).
The dish with the bacterial culture was inverted over the dish
with the fungal mycelium plug, allowing physical separation
between them and both dishes were sealed with Parafilm and
incubated at 25◦C. Petri dishes containing Vd or Fox exposed to a
Petri dish containing only bacterial medium served as controls.
Fungal growth inhibition was calculated as described above and
each bacterial isolate was tested four times.

In vitro plant growth assays

Arabidopsis thaliana Col-0 accession (hereafter Arabidopsis) was
used in these assays. Seeds were surface sterilized (Van Wees
et al. 2013) and sown on 1x MS agar medium with 0.5% sucrose
in square plates (120 × 120 × 17 mm). After 2 days of stratifi-
cation at 4◦C, plates were transferred in growth chamber (22◦C;
16 h light, 8 h dark; light intensity 100 μmol m−2 s−1) and posi-
tioned vertically. Uniform 5-day-old seedlings were transferred
to new square plates containing 1x MS agar with 0.5% sucrose.
Each bacterial isolate was cultured on TSB and after 24–48 h of
growth, cells were centrifuged at 2600 g for 7 min at 4◦C, washed
twice in 10 mM MgSO4 and finally resuspended in 10 mM MgSO4.
Ten μl of bacterial suspensions (final OD600 = 0.002) were spot-
ted just below the root tip of each plant 2 days after transferring
the seedlings to new plates. After 8 days of co-cultivation, shoot
fresh weight, primary root length and number of lateral roots
were measured as previously described (Stringlis et al. 2018a).

Indole acetic acid (IAA) quantification assay

Production of IAA by the bacterial strains was measured in cul-
ture supernatants using Salkowski’s reagent (Gordon and Weber
1951). Absorbance was measured at 535 nm with a Tecan Infinite
M200 Pro plate reader (Tecan, Männedorf, Switzerland). The con-
centration of IAA was determined for each sample after compar-
ison with a standard curve ranging between 5 and 50 μg ml−1.

1-aminocyclopropane-1-carboxylate (ACC) deaminase
activity

Each bacterial isolate was grown from mid-up to late-log
phase in TSB in a shaking incubator (200 rpm, 25◦C) and ACC

deaminase activity was assessed by determining α-ketobutyrate
produced from ACC cleavage by ACC deaminase and compar-
ing the absorbance at 535 nm (Tecan plate reader) to a standard
curve of α-ketobutyrate ranging between 0.01 and 0.1 μmol (Pen-
rose and Glick 2003).

Quantification of biofilm formation

Biofilm quantification was performed in 96-well plates as
described before (O’Toole and Kolter 1998) by staining biofilms
with 0.1% (w/v) crystal violet (CV). CV concentration was deter-
mined by measuring the OD at 595 nm in a microtiter plate
reader (Tecan). The samples were assayed in quadruplicate.

Phosphate solubilization

Qualitative screening of phosphate-solubilizing bacterial iso-
lates was performed on Pikovskaya agar medium contain-
ing 0.5% (w/v) Ca3(PO4)2. Bacterial isolates were streaked into
Pikovskaya’s agar and phosphate solubilization was determined
by the appearance of a clear halo around the colonies after 3
days of incubation at 28◦C (Naik et al. 2008).

Determination of hydrolytic enzymes

Production of protease, chitinase, cellulose and pectinase was
detected on agar plates containing skim milk, colloidal chitin
(Hsu and Lockwood 1975), carboxy-methylcellulose and pectin,
respectively (Renwick, Campbell and Coe 1991; Smibert and
Krieg 1994; Naik et al. 2008). Bacterial strains were inoculated
on the respective agar plates and incubated at 28◦C for 3–5
days. Production of clearing zone around the colonies indi-
cated enzyme production. Zones of pectinase and cellulose
were observed after staining with fresh Gram’s iodine solution
(Soares, Da Silva and Gomes 1999; Kasana et al. 2008).

Detection of cyclic lipopeptides (CLPs) genes

Total genomic DNA was extracted from bacterial isolates as
described previously (Antoniou et al. 2017). Primers used for the
amplification of CLP biosynthesis genes (Joshi and Mcspadden
Gardener 2006; Mora, Cabrefiga and Montesinos 2011) are listed
in Table S2 (Supporting Information). PCR amplifications were
carried out using Kapa Taq (Kapa biosystems) in a C100TM Ther-
mal Cycler (Bio-Rad, Hercules, CA, USA) according to manufac-
turer’s recommendations (Table S2, Supporting Information).

Design of the synthetic communities

Two simplified (partially overlapping) synthetic communities
(SynComs) of bacteria were designed (Table S3, Supporting Infor-
mation) using representative rhizospheric bacteria isolated pre-
viously (Antoniou et al. 2017). SynCom1 consisted of 25 isolates,
selected to reflect the composition of the bacterial community,
isolated from the rhizosphere of tomato plants grown in a sup-
pressive compost (Table S3, Supporting Information). SynCom2
was composed of 25 Bacillus isolates (from the same bacterial
collection) and was designed in order to test if the increased rep-
resentation of the Bacilli compared to other genera in the rhizo-
sphere of tomato plants (33%, Table S1,Supporting Information)
can explain by itself the beneficial effects on plant fitness.
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Preparation of SynComs and treatments

Each bacterial isolate was grown for 48 h in TSB (180 rpm, 25◦C).
Cultures were rinsed with a 10 mM MgCl2 sterile solution and
then centrifuged (2600 g, 8 min). This process was repeated twice
and cells were resuspended in 10 mM MgCl2 solution. The OD600

of each suspension was adjusted to 0.5 (∼2.75 × 108 cfu ml−1).
SynComs were obtained by mixing the isolates in equal ratios.
For the Arabidopsis experiments, each SynCom suspension was
diluted to a final concentration of 105 cfu ml−1 (Castrillo et al.
2017; Paredes et al. 2018). Arabidopsis seedlings were inoculated
by applying 10 μl of a bacterial suspension to the primary root
of each seedling, immediately below the hypocotyl (Zamioudis
et al. 2015). For tomato pot experiments with SynComs, 2 ml of
each SynCom suspension (OD600 = 0.5) was added to 50 ml sterile
10mM MgCl2 and mixed with 200 gr sterilized potting substrate
(∼2.75 × 106 cells per gr substrate) directly before the sowing of
surface sterilized tomato seeds.

Plant growth conditions

Arabidopsis seeds were grown as described above. Uniform 6-
day-old seedlings were transferred on 1x MS agar plates without
sucrose, inoculated with a SynCom or MgCl2 (control) and were
further grown for 20 days in a growth chamber (22◦C; 16 h light,
8 h dark; light intensity 100 μmol m−2 s−1).

Tomato (Solanum lycopersicum) cv. Ailsa Craig seeds were
surface-sterilized (Chialva et al. 2016) and sown into 10.5 cm
diameter pots, each containing 200 g sterilized peat-based pot-
ting substrate (Plantobalt substrate 2, Plantaflor) (Antoniou et al.
2017), alone or with a SynCom. Plants were grown in a controlled
growth chamber (25◦C; 16 h light, 8 h dark; 65%–70% RH; light
intensity 450 μmol m−2 s−1 at pot height) and received watering
individually every second day with equal volume of water.

Experiments for the determination of plant
morphological parameters

In the Arabidopsis-SynComs experiments, measurements of
shoot and root fresh weight and primary root length were
performed after 20 days of co-cultivation with the SynComs.
For root hair length measurements, five individual roots per
treatment were obtained and in each root the length of 27–34
root hairs was quantified by ImageJ (https://imagej.nih.gov/ij/).
Totally, 307 root hairs were measured per treatment. Root hair
density was determined as the average root hair number in a
1 mm2 root segment located 1 cm above the root tip. Root hair
length and density were estimated using photographs taken by a
binocular microscope (Olympus SZX16) with an attached digital
camera (ColorView II, Olympus Soft Imaging System GmbH).

In the tomato-SynComs experiments, leaf area, plant height
and number of leaves were determined 14 days after seedling
emergence. For leaf area measurements, five plants were grown
in sterile potting substrate alone or with a SynCom as described
earlier, individual leaves were dissected and their area was mea-
sured with ImageJ software.

Pathology studies

Pathogenicity experiments were performed on tomato plants at
the four-leaf stage. Plants were grown in sterile potting substrate
alone or with a SynCom as described above. A 5-day-old Fox liq-
uid culture grown in sucrose sodium nitrate (SSN) (Sinha and
Wood 1968) in an orbital shaker (140 rpm) at 25◦C, was passed

through cheesecloth to remove mycelia. Conidial concentration
was adjusted to 107 conidia ml−1 and each seedling was inocu-
lated with 10-ml suspension via root drenching. Control plants
were mock-inoculated with 10 ml sterile-distilled water. Disease
severity was calculated by the number of leaves showing typi-
cal symptoms (wilting, yellowing, necrosis, stem collapse) as a
percentage of the total number of leaves of each plant. Symp-
toms were periodically recorded for 22 days post inoculation
(dpi) with the pathogen. Disease ratings were plotted over time
to generate disease progress curves. The area under the disease
progress curve (AUDPC) was calculated by the trapezoidal inte-
gration method (Campbell and Madden 1990).

Statistical analysis

Data were analyzed by one-way ANOVA (Tukey’s test with P
≤ 0.05 or Dunnett’s test with ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001,
∗∗∗∗P < 0.0001), or two-way ANOVA (Sidak’s test with P ≤ 0.05)
using GraphPad Prism 7 for Windows (GraphPad Software, La
Jolla, CA, United States).

RESULTS

Production of antifungal and growth-modulating
secondary metabolites is widespread among
rhizosphere-enriched bacteria

To understand whether the previously observed disease sup-
pressiveness of soil-borne pathogens (Antoniou et al. 2017) is
attributed to specific microbes selected in tomato rhizosphere,
we tested in dual-culture assays the antagonistic activity of the
rhizobacterial strains against Vd and Fox (Fig. 1). Initially, all 143
isolated strains were evaluated for direct antagonism through
the production of DSM. A high percentage of these (32.9%, 47
strains) suppressed Vd growth whereas only nine strains (6.3%)
led to significant inhibition of Fox growth (Fig. 1A). Suppres-
sion of Fox ranged from 45.3% to 56.7%, while inhibition rates
against Vd ranged from 3.3% to 51.3%. All the Enterobacter cloa-
cae strains and strains Bacillus licheniformis (3Ba9, 3Ba17), Bacil-
lus subtilis (1Ba19), Chryseobacterium sp. (2Ba19), Ochrobactrum
sp. (2Ba57) and Stenotrophomonas maltophilia (2Ba31) were found
to inhibit the growth of both Vd and Fox. From all the Bacillus
strains tested, a relatively high percentage (42.6%, 20 isolates)
could suppress mycelial growth of Vd. Next, we selected the 47
strains out of the 143 total isolates, causing significant Vd and
Fox growth inhibition and tested their ability to suppress fungal
growth through the production of VOCs (Fig. 1B). We observed a
marked suppression of Vd by Acidovorax sp., that inhibited fun-
gal growth by 55.3%, while 16 more isolates inhibited Vd growth
more than 10%, with inhibition ranging from 10.3% to 28.4%.
Twenty-eight isolates exhibited moderate inhibition, ranging
from 0 to 9.6%, whereas strains Microbacterium foliorum (2Ba37)
and B. licheniformis (3Ba44) slightly promoted Vd fungal growth
by 2.5 and 1.5%, respectively. Regarding Fox, 18 strains led to
pathogen inhibition ranging from 10.2% to 23%, whereas 21
strains showed less than 10% suppression. Seven Bacillus (1Ba2,
1Ba18, 1Ba43, 3Ba3, 3Ba30, 3Ba44, 3Ba45) and one Microbacterium
(3Ba33) strains promoted Fox growth but to a small extent (0.5%
to 4.4%). Interestingly, only three S. maltophilia (1Ba16, 2Ba27, and
3Ba7), one Ochrobactrum (2Ba57), one E. cloacae (2Ba47), one Aci-
dovorax (1Ba38) and one B. megaterium (1Ba20) strains could sup-
press fungal growth of both pathogens more than 10% (Fig. 1B).
This first experiment suggests that compost-derived bacteria
isolated from tomato rhizosphere have the potential to inhibit
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Figure 1. Antifungal potential of the rhizospheric microbial isolates. Heat maps illustrating the antifungal activity of (A), diffusible secondary metabolites (DSM) and
(B), volatile organic compounds (VOCs) of the studied bacterial isolates against the fungal pathogens Verticillium dahliae (Vd) and Fusarium oxysporum f. sp. lycopersici

(Fox). Color of each box corresponds to the mean inhibition percentage recorded for each bacterial isolate as calculated from three and four replicate measurements,
for DSM and VOCs respectively. Color scale ranges from green to red, with green, black and red representing negative values (promotion), baseline value (no effect)
and negative values (inhibition), respectively. Measurements of antifungal activity were made 7 days after challenging Vd and Fox with the DSM or VOCs produced by
the bacterial isolates.

fungal growth, mostly through production of DSM and in a lesser
extent through VOCs.

Previously, the compost-derived and rhizosphere-enriched
isolates were not only associated with disease suppressive-
ness, but also with plant growth promotion (Antoniou et al.
2017). Therefore, the 47 strains displaying an inhibitory effect
on Vd and Fox mycelial growth in vitro (Fig. 1) were tested
for their ability to promote plant growth in vitro. Seven-day-
old Arabidopsis seedlings were exposed to each bacterial strain
and shoot biomass, primary root length and number of lat-
eral roots were determined after 8 days of co-cultivation. Eleven
out of 47 isolates significantly increased shoot fresh weight, six
increased primary root length and seven increased the num-
ber of lateral roots compared to the control (Fig. 2; green-
colored boxes). A number of S. maltophilia, E. cloacae, Delf-
tia sp., Agrobacterium tumefaciens, Bacillus humi and B. licheni-
formis strains led to significant increase in shoot fresh weight,
whereas the remaining strains did not increase shoot biomass

(Fig. 2A). Three S. maltophilia strains, Delftia sp., one Chryseobac-
terium strain and Lysinibacillus sphaericus significantly increased
primary root length (Fig. 2B; green boxes), whereas E. cloacae
2Ba47 and 17 Bacillus strains showed negative effects on pri-
mary root length of seedlings (Fig. 2B; red boxes). Two S. mal-
tophilia strains, two Ochrobactrum sp., one E. cloacae, one Chry-
seobacterium and Advenella sp. significantly increased the num-
ber of lateral roots (Fig. 2C; green boxes) whereas 12 Bacillus
strains led to decreased number of lateral roots compared to the
control (Fig. 2C; red boxes). The B. megaterium 1Ba20 induced neg-
ative effects on all plant growth parameters determined. These
results indicate that the bacterial isolates when tested individu-
ally in vitro can have differential effects on plant growth, despite
their isolation from the rhizosphere of plants showing growth
promotion.

Another way to test if bacterial strains have the potential
to affect plant physiology, is by evaluating their ability to pro-
duce/modify hormonal signals (Vacheron et al. 2013). Auxin is

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article-abstract/95/10/fiz138/5561439 by U
trecht U

niversity user on 11 N
ovem

ber 2019



6 FEMS Microbiology Ecology, 2019, Vol. 95, No. 10

Figure 2. Effects of bacterial isolates on plant growth and root system architecture of Arabidopsis seedlings. Boxplots showing variation around the median for (A),
shoot biomass production, (B), primary root length and (C), number of lateral roots, measured after 8 days of co-cultivation with each bacterial isolate (n = 21 plants). In
each graph, grey box corresponds to control, red boxes to isolates with significant negative effect compared to control and green boxes to isolates displaying significant
positive effect compared to control. White boxes represent strains with effect similar to control. Asterisks indicate statistically significant differences from control

plants: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001, one-way ANOVA, Dunnett’s test.

one of the hormones closely related to plant growth and devel-
opment (Teale, Paponov and Palme 2006). Production of the
auxin analog IAA was possible by 28 out of 47 strains (Fig. 3A).
Four Chryseobacterium, 2 Ochrobactrum, one S. maltophilia, both A.
tumefaciens, Delftia sp. and Acidovorax sp. strains produced IAA.
A high percentage of the Bacillus strains assayed (85%, 17 strains
out of 20) produced IAA, however, at lower levels. Ethylene (ET)
is a plant hormone that depending on its levels in plants can
have either positive or negative effects on growth (Dubois, Van
den Broeck and Inzé 2018). ET depletion is achieved by many
PGPR strains through ACC deaminase enzymatic activity (Pen-
rose and Glick 2003). ACC deaminase activity was measured by
determining the production of a-ketobutyrate from ACC. Delftia
sp. 2Ba46b was the most efficient strain, among the 25 strains
that exhibited ACC deaminase activity (Fig. 3B). All the Delftia
sp., Acidovorax sp. Advenella sp., Pseudomonas stutzeri, A. tume-
faciens, Chryseobacterium sp., E. cloacae, Ochrobactrum sp., S. mal-
tophilia strains and 3 Microbacterium sp. strains were found pos-
itive to ACC deaminase activity. These assays show that a big
proportion of the tested isolates have the potential to either syn-
thesize hormonal analogs (IAA) or modify hormonal precursors
(ACC), affecting as such plant growth.

Bacillus rhizobacteria possess multifaceted beneficial
characteristics

Enrichment of selected members of the microbiome in the rhi-
zosphere can usually explain the beneficial effects conferred
on plant fitness (Kloepper, Ryu and Zhang 2004; Pieterse et al.
2014). In our case, Bacillus isolates had increased representation
among the rhizosphere strains (47 strains out of 143) account-
ing for 33% of the rhizospheric isolates (Table S1, Supporting
Information). Hence, Bacilli were selected to be characterized for
an array of enzymatic activities and genetic markers associated
with biological control activities. Microbial versatility in the rhi-
zosphere and microbial biocontrol potential is usually linked to
the production of hydrolytic enzymes (chitinases, glucanases,
proteases, cellulases) (Chernin and Chet 2002; Compant et al.
2005), while cyclic lipopeptides (CLPs) produced by microbes can
inhibit growth of phytopathogens, facilitate root colonization
and even stimulate host defense mechanisms (Raaijmakers et al.
2010). Fifteen strains (71%) showed pectinase activity includ-
ing all B. licheniformis and B. subtilis isolates; eight strains (38%)
exhibited cellulase activity; six strains (29%) showed proteolytic
activity including all B. subtilis isolates; 10 strains (48%) showed
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Figure 3. Production of IAA and ACC deaminase activity by bacterial isolates. Indole acetic acid (IAA) (A), and α-ketobutyrate production (B), by bacterial isolates. Bars
show the mean from three replicates of each isolate and are colored based on genus classification of the isolates. Error bars represent SE. Different letters indicate
significant differences between the isolates (P < 0.05, one-way ANOVA, Tukey’s test).

chitinase activity including all B. licheniformis strains and eight
strains (38%) showed phosphate solubilization potential includ-
ing all B. subtilis strains (Fig. 4A). From these data, it becomes
apparent that the isolated Bacilli constitute a pool of enzymatic
activities.

Except for general biocontrol activities, the 21 Bacillus strains
were examined for the presence of CLP biosynthetic genes, since
production of CLPs is linked not only to antimicrobial activity
but also to biofilm formation (Stringlis et al. 2018c). Ten out of
21 strains had between one and three CLP biosynthetic genes.
The most frequent gene marker was srfAA (9 positive strains),

followed by bacA (4 positive strains). The gene markers srfAB
and bmyB were found in two B. licheniformis strains (3Ba17, 3Ba28
and 3Ba16, 3Ba17, respectively), fend was found in B. subtilis CCS
strain and spaS was detected in B. chandigarhensis (3Ba3) strain.
The most frequent genotypes were srfAA-bacA found in all B.
subtilis and B. megaterium strains and srfAA-bmyB found in two B.
licheniformis (3Ba16, 3Ba17) strains. We further tested the in vitro
ability of Bacilli strains to form biofilm (Fig. 4B). Eleven out of
21 strains (52%) showed significant biofilm formation with four
B. licheniformis strains forming more biofilm than the remaining
strains. Moreover, all B. subtilis strains were positive in biofilm
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Figure 4. Enzymatic potential and biofilm formation of selected bacterial iso-

lates. (A), Results of the different enzymatic activity assays and of the PCR tar-
geting genes responsible for the production of cyclic lipopeptides in isolates of
the genus Bacillus. Grey color indicates the presence and white color indicates

the absence of the phenotype or gene in a bacterial isolate. TCP, Tricalcium
phosphate [Ca3(PO4)2]; srfAA, surfactin synthetase subunit 1; srfAB, surfactin
synthetase subunit 2; fend, fengycin synthetase; bmyB, bacillomycin synthetase;
ituC, iturin A synthetase C; bacA, bacilysin biosynthesis protein; spaS, lantibi-

otic subtilin. (B), Boxplot of biofilm formation by each Bacillus isolate. Black dots
represent the values of the four replicates per treatment. Asterisks indicate sta-
tistically significant differences from blank control: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P <

0.001, ∗∗∗∗P < 0.0001, one-way ANOVA, Dunnet’s test.

formation and the same was observed for B. chandigarhensis, B.
megaterium and B. humi 1Ba28 strains. Generally, the abovemen-
tioned data show that among Bacilli there are isolates with the
potential to efficiently proliferate in the rhizosphere.

Design of bacterial synthetic communities of different
composition yields different outputs in Arabidopsis and
tomato

In an effort to assess how the rhizosphere enrichment of diverse
bacterial isolates from a compost can benefit the host plant
(Antoniou et al. 2017), we designed two simplified SynComs from
the bacteria characterized in the current study. SynCom1 was
composed of 25 strains, aiming to reflect the representation of
the most abundant phylogenetic groups detected in the rhizo-
sphere (Table S3, Supporting Information). SynCom2 was com-
posed of 25 Bacillus strains (Table S3, Supporting Information), in
order to test if the dominance of the Phylum Firmicutes in the

Figure 5. Effects of synthetic communities (SynComs) on Arabidopsis plant

growth and root system architecture. Effect of bacterial synthetic communities
on (A), shoot weight, (B), primary root length and (C), root weight of Arabidopsis

plants (n = 21). Asterisks indicate statistically significant differences between

treatments: ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001, ns, not significant, one-way ANOVA,
Tukey’s test. (D), Representative pictures of seedlings growing in control plates
and plates with SynCom1 and SynCom2. Pictures were taken 20 days post co-
cultivation.

rhizosphere of tomato plants (33%, Table S1, Supporting Infor-
mation) can explain by itself the beneficial effects on plant fit-
ness (Antoniou et al. 2017). Initially, SynComs were tested in vitro
for their effect on Arabidopsis growth, 20 days after root inocula-
tion. Treatment of plants with SynCom1 caused adverse effects
in plant growth and resulted in reduction of shoot and root fresh
weight and root length (Fig. 5). In contrast to SynCom1, treat-
ment of plants with SynCom2 did not affect shoot and root fresh
weight, however, primary root length was shorter compared to
control plants (Fig. 5B). Root hairs’ mean length of SynCom2-
treated plants was significantly longer compared to the controls,
however, the number of mature root hairs was not altered (Fig.
S1, Supporting Information). These data show that while the
SynComs contain microbes enriched in the rhizosphere of toma-
toes showing growth promotion, in vitro assays with Arabidop-
sis cannot capture the complexity of the interaction between a
community and a host that can support it.

To tackle the limitations of the in vitro experimentation, we
tested the effect of the two SynComs on tomato plants in more
pragmatic conditions performing pot experiments. In contrast to
the Arabidopsis findings, in both SynCom treatments of tomato,
the plants displayed increased growth as assessed by total leaf
area, plant height and total number of leaves compared to the
control plants (grown in sterile peat-based substrate) (Fig. 6). The
effects were more striking in SynCom1-treated tomato plants
compared to plants treated with SynCom2, as they showed
greater growth in all parameters assayed (Fig. 6).

The members of the tested SynComs derive from a com-
post not only promoting tomato growth but also suppressing
disease caused by soil-borne fungal pathogens (Antoniou et al.
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Figure 6. Beneficial effects of synthetic communities (SynComs) on tomato growth. SynComs-mediated effect on (A), leaf area (cm2), (B), plant height (cm) and (C),
number of leaves. Data are means of five biological replicates and error bars indicate SE of mean. Asterisks indicate statistically significant differences: ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001, one-way ANOVA, Tukey’s test. (D), Representative pictures of tomato plants taken at 14 days after seedling emergence.

2017). Since both SynComs could benefit tomato growth, we
then wondered if the tested SynComs could also reduce the
symptoms caused by Fox after tomato infection. Interestingly,
plants treated with SynCom2 showed less disease severity com-
pared to the controls and SynCom1-treated plants (Fig. 7). The
first Fox symptoms appeared in the form of wilting and yel-
lowing especially on older leaves at 14 dpi and were recorder
until 22 dpi (Fig. 7A). Disease symptoms progressed more rapidly
in the control and SynCom1-treated plants, whereas SynCom2-
treated plants showed less prominent symptoms and slower
disease development (Fig. 7A, C). At 22 dpi, the disease sever-
ity in SynCom2-treated plants was 28.9% whereas in control
and SynCom1-treated plants reached 58.4% and 48.7% respec-
tively (Fig. 7B). The relative AUDPC values over 22 days of dis-
ease progress were higher in control (15.6%) and SynCom1-
treated plants (15.9%) compared to SynCom2-treated plants
(7.3%) (Fig. 7B). These data show that substrate inoculation
with SynCom2 could reproduce the effect of the compost on
disease suppressiveness. The ability of SynCom1 to promote
growth in tomato but not to suppress disease, in the tested con-
ditions, highlights the complexity behind naturally-observed
growth promotion and further experimentation is required for
its elucidation.

DISCUSSION

Modern agriculture relies on the extensive use of chemicals to
combat plant diseases and increase yields, which have never-
theless a negative impact on terrestrial ecosystems and human

health. Therefore, the development and application of alter-
native and sustainable ways to deal with phytopathogens is a
matter of urgency. In this respect, composts with suppressive
properties are used to control soil-borne pathogens, that con-
ventional methods, such as synthetic pesticides and resistant
cultivars fail to control (Termorshuizen et al. 2006; Noble 2011;
Bonanomi et al. 2018). However, practical application of com-
posts in agriculture is limited due to their unpredictable and
inconsistent growth-promoting and disease-suppressive prop-
erties (Bonanomi et al. 2018). Plants shape the structure of rhi-
zosphere microbial communities by altering the chemical envi-
ronment of the rhizosphere through root exudation (Bais et al.
2006). Exudates can stimulate the abundance of selected micro-
bial groups with beneficial properties that can largely contribute
in the fitness and longevity of plants (Berendsen et al. 2018;
Stringlis et al. 2018b). Several studies using cultivation-based
techniques allowed the identification of antagonistic bacteria
and fungi that when proliferating in the rhizosphere promoted
plant growth and protected host plants from pathogens. In sev-
eral cases, such isolated strains have been used to fortify com-
posts and improve their consistency to control diseases (Kwok
et al. 1987; Nakasaki, Hiraoka and Nagata 1998). Herein, we
extend on our previous work by evaluating the antifungal and
growth promotion potential of the bacteria enriched in the rhi-
zosphere of tomato plants (Antoniou et al. 2017), and by design-
ing synthetic communities we aim to understand how the com-
position of microbial consortia can explain the enhanced growth
and protection observed against the fungal wilt pathogens of
tomato.
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Figure 7. SynCom2 has a protective effect on tomato plants against F. oxysporum f. sp. lycopersici. (A), Disease progress over time and (B), amount of disease expressed
as relative AUDPC. Error bars indicate the SE of mean (n = 8 replicates). Asterisks indicate statistically significant differences: ∗P < 0.05; ns,not significant, one-way
ANOVA, Tukey’s test. (C), Fusarium wilt symptoms on tomato plants grown in sterile peat (left), sterile peat inoculated with SynCom1 (middle) and with SynCom2

(right), at 22 days post inoculation.

The rhizospheric community is a pool of
disease-suppressive and growth-modulating traits

Evaluation of the bacterial collection enriched in the rhizo-
sphere of tomato plants showed that strains from several gen-
era displayed multiple plant-beneficial characteristics. A sub-
stantial number of Bacillus, S. maltophilia, E. cloacae, Ochrobac-
trum and Chryseobacterium strains inhibited Vd and Fox growth
by producing DSM and/or VOCs (Fig. 1). The ability of Bacillus
species to inhibit Vd and Fox growth both in vitro and in vivo
has been extensively reported in the literature (Chen et al. 2010;
Cao et al. 2011; Deketelaere et al. 2017). Similarly, antagonistic
activity of E. cloacae, certain S. maltophilia and Chryseobacterium
strains against Fox, Vd or both pathogens has been reported in
in vitro, greenhouse and field trials (Berg et al. 1994; Berg, Marten
and Ballin 1996; Landa et al. 2001; Akköprü and Demir 2005; Li
et al., 2010, 2012) whereas some strains belonging to Ochrobac-
trum suppressed the incidence of Fusarium wilt in greenhouse
experiments (Aranda et al. 2011; Gowtham et al. 2016). Addition-
ally, a large proportion of the tested isolates produced IAA or
displayed ACC deaminase activity in vitro (Fig. 3). Most Bacillus
strains produced IAA, all E. cloacae exhibited ACC deaminase
activity whereas strains of Chryseobacterium, Ochrobactrum, and
S. maltophilia could produce both IAA and ACC deaminase. The
potential of isolates belonging to the aforementioned genera
or species to produce or modify hormonal signals is also well-
documented (Shah et al. 1998; Lim and Kim 2009; Gowtham et al.
2016; Singh and Jha 2017).

Next, plant-bacterium binary-association experiments
allowed us to assess the effect of each strain on plant growth,
by using in vitro-grown Arabidopsis plants (Castrillo et al. 2017;
Garrido-Oter et al. 2018; Paredes et al. 2018). A substantial
number of Bacillus strains increased Arabidopsis shoot fresh
weight (Fig. 2A) and repressed primary root length and number
of lateral roots (Fig. 2B, C). As shown in Fig. 3A, Bacilli are IAA
producers and it was previously shown that microbes producing
auxin or other molecules with auxin activity, can promote plant
growth and affect root morphogenesis by inhibiting primary
root elongation (Zamioudis et al. 2013; Asari et al. 2017). Most
E. cloacae strains increased shoot fresh weight of Arabidopsis
(Fig. 2), most likely via their ACC deaminase activity (Fig. 3B) by
which bacteria can lower plant ethylene levels and stimulate
plant growth (Penrose and Glick 2001). Finally, certain S. mal-
tophilia strains induced shoot growth, root length and number of
lateral roots of Arabidopsis plants (Fig. 2) and these phenotypes
could be attributed to IAA production and/or ACC deaminase
activity (Fig. 3).

Bacillus rhizobacteria possess a battery of beneficial
properties

Release of various metabolites by the plants can attract ben-
eficial microorganisms and enrichment of selected microbes
in the rhizosphere has been shown to help plants deal with
abiotic and biotic stresses (Rudrappa et al. 2008; Bakker et al.
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2013). More specifically, root associations with PGPR can pro-
tect plants from soil-borne pathogens by antagonistic mech-
anisms and/or activation of ISR (Bais, Fall and Vivanco 2004;
Kloepper, Ryu and Zhang 2004), and can help plants acquire
more nutrients and grow bigger either by the production of
phytohormones or the inactivation of environmental pollutants
(Lugtenberg and Kamilova 2009). In our previous work, we found
enrichment of Bacilli strains in the rhizosphere of tomato plants
that displayed both increased growth and enhanced protection
against soil-borne pathogens (Antoniou et al. 2017). Therefore,
we tested here whether individual Bacilli isolates retain prop-
erties that could benefit the plant. Apart from the antifungal
activity and the growth-modulating compounds discussed ear-
lier, we found that a large part of the Bacillus strains produced
hydrolytic enzymes and possessed genes for CLPs biosynthesis
(Fig. 4A). Previous studies have shown that hydrolytic enzymes,
such as chitinases, proteases, cellulases and glucanases, are
involved in the antagonistic activity of Bacillus sp. and other bio-
logical control agents against fungal pathogens (Chernin et al.
1995; Dunne et al. 1997; Abdullah, Ali and Suleman 2008). Pro-
duction of antibiotics, including CLPs, is considered one of the
most convincing properties of Bacillus spp. contributing to a
broad-spectrum antimicrobial activity (Stein 2005). Besides their
antimicrobial role, CLPs are also known to act as biosurfac-
tants affecting the ecological fitness of the producing strains
in terms of root colonization and biofilm formation (Stringlis
et al. 2018c). Several works have shown that a variety of CLPs
can stimulate host immune responses and trigger ISR in cer-
tain host plants (Raaijmakers et al. 2010; Falardeau et al. 2013).
In our study, the ability of the Bacillus isolates to form biofilm
was verified in vitro (Fig. 4B). Previously, Chen et al. (2013) sug-
gested a positive correlation between the ability of B. subtilis
to form robust biofilm and its biocontrol efficacy, and inter-
estingly the formation of robust biofilms by Bacillus in defined
medium was correlated with that on the plant roots. Another
study also demonstrated the responsiveness of Bacilli towards
plant cues, since root-associated biofilms of B. subtilis were
triggered by exudates released from tomato roots (Chen et al.
2012). Taken together, the enrichment of Bacilli in the rhizo-
sphere of tomato and the overall ability of the tested Bacil-
lus strains to produce an array of lytic enzymes, possess CLPs
biosynthetic genes and form biofilms may explain the beneficial
effects observed on the plants and the suppression of soil-borne
pathogens.

Composition of synthetic microbial communities
differentially affects fitness of Arabidopsis and tomato
plants

The contribution of each microbe to a plant phenotype is a major
challenge as many processes with regard to host fitness are
accomplished by microbial synergies. While the majority of bio-
logical control efforts has focused on single organisms in the
past, it is now possible to extend the analysis of plant protec-
tion to the full breadth of microbiota and develop microbiome-
based biocontrol strategies (Berg et al. 2013). Current research
efforts focus on community rather than single-organism stud-
ies since the behavior of microorganisms in a community is dif-
ferent from that in pure cultures (De Roy et al. 2014). Studies
have shown that single isolates with the ability to suppress fun-
gal wilt pathogens under laboratory experiments often fail to
induce disease suppression in the field due to low survival in the
soil (Saravanan, Muthusamy and Marimuthu 2003; Xiong et al.

2017). Other studies have linked species-richness of communi-
ties to higher resistance against pathogen invasions (Van Elsas
et al. 2012; Yang et al. 2017). Therefore, practices that increase the
size of the bacterial community may also increase the suppres-
siveness in soils and/or composts (Yang et al. 2017).

Here, we constructed two SynComs using a bottom up
approach by mixing selected bacterial strains that were exclu-
sively recovered from tomato roots grown in a suppressive com-
post. The rationale behind these artificial assemblies was to
achieve a SynCom composition reflecting the proportion of dif-
ferent Phyla in the culturable microbiome and in a next step to
use those strains displaying in vitro antifungal properties against
Fox and Vd (Fig. 1). We reasoned that inclusion of the most
competitive bacterial isolates in terms of fungal growth inhi-
bition and maintenance of this attribute in a community con-
text, might result in a reduction of fungal wilt disease of tomato.
For that, strain representation in SynCom1 was analogous to
Phyla representation in tomato rhizosphere (Table S3, Support-
ing Information), in order to mimic the rhizosphere commu-
nity features as closely as possible. SynCom2 contained only
those Bacillus isolates that based on the in vitro pre-screening
assays showed antifungal and plant growth-promoting poten-
tial. Application of SynComs on the roots of Arabidopsis and
tomato plants in microcosm experiments produced differential
outputs. SynCom1 was able to promote growth of tomato (Fig. 6)
but compromised root length and fresh weight of Arabidopsis
(Fig. 5). SynCom2 did not affect growth of Arabidopsis (Fig. 5) but
promoted tomato growth (Fig. 6). Interestingly, SynCom1 that
yielded the best growth-promoting effect on tomato, did not pro-
tect plants against Fox, whereas SynCom2 was able to reduce the
severity of Fusarium wilt while displaying a moderate impact on
plant growth (Figs. 6, 7). Our results suggest the critical involve-
ment of Bacillus bacterial strains in the observed protection of
tomato plants against Fox, while the combination of various dif-
ferent genera is required for the growth promotion of tomato.
The phenotypic output of the in vitro experiments with SynComs
and Arabidopsis plants were not consistent with the output of pot
experiments with tomato plants suggesting that the effects pro-
duced my microbial consortia on host fitness are hard to predict
only by in vitro experiments.

CONCLUSIONS

In conclusion, our results support the notion that growth pro-
motion of plants and disease suppression are complex phenom-
ena that are probably established by the activity of sophisticated
microbial consortia (Mendes et al. 2011; Chialva et al. 2018). The
creation of synthetic ecosystems using microbial mixtures that
can influence plant properties such as plant growth and disease
resistance is an emerging research field that can lead to promis-
ing solutions for sustainable agricultural practices (Paredes et al.
2018). We propose that microbial synthetic communities can be
used as compost inoculants to produce composts with desired
characteristics e.g. predictive biocontrol of targeted pathogens.
In that direction, further study is needed to understand how
synthetic communities persevere in a compost and in the rhizo-
sphere, what are the additive traits of a community compared to
single strains and which host responses determine the outcome
of the interaction.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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Asari S, Tarkowská D, Rolčı́k J et al. Analysis of plant growth-
promoting properties of Bacillus amyloliquefaciens UCMB5113
using Arabidopsis thaliana as host plant. Planta 2017;245:15–
30.

Bais HP, Fall R, Vivanco JM. Biocontrol of Bacillus subtilis against
infection of Arabidopsis roots by Pseudomonas syringae is facil-
itated by biofilm formation and surfactin production. Plant
Physiol 2004;134:307–19.

Bais HP, Weir TL, Perry LG et al. The role of root exudates in rhi-
zosphere interactions with plants and other organisms. Annu
Rev Plant Biol 2006;57:233–66.

Bai Y, Müller DB, Srinivas G et al. Functional overlap of the Ara-
bidopsis leaf and root microbiota. Nature 2015;528:364–9.

Bakker PAHM, Berendsen RL, Doornbos RF et al. The rhizosphere
revisited: root microbiomics. Front Plant Sci 2013;4:165.

Berendsen RL, Pieterse CMJ, Bakker PAHM. The rhizosphere
microbiome and plant health. Trends Plant Sci 2012;17:478–86.

Berendsen RL, Vismans G, Yu K et al. Disease-induced assem-
blage of a plant-beneficial bacterial consortium. ISME J
2018;12:1496–507.

Berg G, Knaape C, Ballin G et al. Biological control of Verticillium
dahliae kleb. by natural occurring rhizosphere bacteria. Arch
Phytopathol Plant Prot 1994;29:249–62.

Berg G, Marten P, Ballin G. Stenotrophomonas maltophilia in the
rhizosphere of oilseed rape — occurrence, characterization
and interaction with phytopathogenic fungi. Microbiol Res
1996;151:19–27.

Berg G, Smalla K. Plant species and soil type cooperatively shape
the structure and function of microbial communities in the
rhizosphere. FEMS Microbiol Ecol 2009;68:1–13.

Berg G, Zachow C, Müller H et al. Next-generation bio-products
sowing the seeds of success for sustainable agriculture.
Agronomy 2013;3:648–56.

Bloemberg GV, Lugtenberg BJ. Molecular basis of plant growth
promotion and biocontrol by rhizobacteria. Curr Opin Plant
Biol 2001;4:343–50.

Bonanomi G, Lorito M, Vinale F et al. Organic amendments,
beneficial microbes, and soil microbiota: toward a unified
framework for disease suppression. Annu Rev Phytopathol
2018;56:1–20.

Bulgarelli D, Schlaeppi K, Spaepen S et al. Structure and func-
tions of the bacterial microbiota of plants. Annu Rev Plant Biol
2013;64:807–38.

Campbell CL, Madden LV. Introduction to Plant Disease Epidemiol-
ogy. New York: J Wiley & Sons, 1990:728.

Cao Y, Zhang Z, Ling N et al. Bacillus subtilis SQR 9 can control
Fusarium wilt in cucumber by colonizing plant roots. Biol Fer-
til Soils 2011;47:495–506.

Castrillo G, Teixeira PJPL, Paredes SH et al. Root microbiota drive
direct integration of phosphate stress and immunity. Nature
2017;543:513–8.

Chen F, Wang M, Zheng Y et al. Quantitative changes of
plant defense enzymes and phytohormone in biocontrol of
cucumber Fusarium wilt by Bacillus subtilis B579. World J
Microbiol Biotechnol 2010;26:675–84.

Chen Y, Cao S, Chai Y et al. A Bacillus subtilis sensor kinase
involved in triggering biofilm formation on the roots of
tomato plants. Mol Microbiol 2012;85:418–30.

Chen Y, Yan F, Chai Y et al. Biocontrol of tomato wilt disease by
Bacillus subtilis isolates from natural environments depends
on conserved genes mediating biofilm formation. Environ
Microbiol 2013;15:848–64.

Chernin L, Chet I. Microbial enzymes in biocontrol of plant
pathogens and pests. In: Dick RG, Burns RP (eds). Enzymes in
the Environment: Activity, Ecology, and Applications. New York:
Marcel Dekker, Inc., 2002, 171–225.

Chernin L, Ismailov Z, Haran S et al. Chitinolytic Enterobacter
agglomerans antagonistic to fungal plant pathogens. Appl Env-
iron Microbiol 1995;61:1720–6.

Chialva M, Salvioli di Fossalunga A, Daghino S et al. Native soils
with their microbiotas elicit a state of alert in tomato plants.
New Phytol 2018;220:1296–308.

Chialva M, Zouari I, Salvioli A et al. Gr and hp-1 tomato mutants
unveil unprecedented interactions between arbuscular myc-
orrhizal symbiosis and fruit ripening. Planta 2016;244:155–65.

Compant S, Duffy B, Nowak J et al. Use of plant growth-
promoting bacteria for biocontrol of plant diseases: princi-
ples, mechanisms of action, and future prospects. Appl Envi-
ron Microbiol 2005;71:4951–9.

Deketelaere S, Tyvaert L, França SC et al. Desirable traits of a
good biocontrol agent against Verticillium wilt. Front Micro-
biol 2017;8:1186.

De Roy K, Marzorati M, Van Den Abbeele P et al. Synthetic micro-
bial ecosystems: an exciting tool to understand and apply
microbial communities. Environ Microbiol 2014;16:1472–81.

Dubois M, Van den Broeck L, Inzé D. The pivotal role of ethylene
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