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Abstract
The aims of this work were to screen isolated bacteria with a dual capacity: to inhibit Fusarium solani and to promote plant 
growth. Also, volatile compounds that would be responsible for that effect were identified. Seventy bacterial strains from 
the air, agricultural soils, hydrocarbons-contaminated soils, and extremophile soils were tested. The former were identified 
by Matrix-Assisted Laser Desorption/Ionization-time of flight mass spectrometry and 16S rDNA sequencing. The plant 
growth-promoting bacteria (PGPB) and their capability for phosphate solubilization, siderophores production, and indole 
production were determined. Twenty isolates from Bacillus and Pseudomonas genera inhibited the mycelial growth up to 40% 
in direct assays. Eleven isolates significantly inhibited mycelial growth in 18–24% via volatile emissions. Volatile compounds 
related to antifungal activity or stress response include ketones, sesquiterpenes, monoterpenoids, alkanes, and fatty acids. 
Our results support the potential of these PGPB to act as biocontrol agents against fungal pathogens via volatile emissions.
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Introduction

The ability of plants to adapt to different environments is 
conditioned by their associated rhizosphere microbiota 
(Peiffer et al. 2013; Philippot et al. 2013). Plant growth-
promoting bacteria (PGPB) are of particular importance in 

the search for successful biological agents since they may 
benefit crop performance through direct or indirect mecha-
nisms. Direct effects include stimulating plant development 
through production of plant regulators, improving nutri-
ent uptake, seed germination, degrading phytotoxic com-
pounds, and inducing systemic resistance (Compant et al. 
2010; Peiffer et al. 2013; Philippot et al. 2013). For instance, 
indol-acetic phytohormone may improve root formation and 
fruit development; some organic acids may act as quorum 
quenchers for other microorganism and, at the same time, 
improve metal uptake by plants. Some bacteria using these 
mechanisms belong to Pseudomonas, Bacillus, Azospirillum, 
Rhizobium, and Serratia genera (Siddiqui, 2006). Indirect 
effects include suppression of pathogens through nutrient 
competition, production of diffusible antifungal compounds, 
and the emission of bacterial volatile compounds (BVCs) 
(Cazorla et al. 2007; Guevara-Avendaño et al. 2018; Vinod-
kumar et al. 2017). The suppression of phytopathogens is 
especially relevant for agricultural crops growing in inten-
sive monocultures and, therefore, highly susceptible to fast-
spreading fungal diseases. Depending on the strategy of the 
fungal pathogen, competing microorganisms can impact 
negatively their survival, spore germination, hypha growth, 
or penetration and colonization in plant tissues (Weller et al. 
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2004; Whipps 2001). The genera Pseudomonas and Bacillus 
play an active role in the suppression of soil-borne patho-
gens (Siddiqui 2006; Cazorla et al. 2007; Dunlap et al. 2017; 
Guevara-Avendaño et al. 2018). Although BVCs have been 
described for Pseudomonas (Hunziker et al. 2015), more 
research on BVCs from Bacillus capable of inhibiting the 
mycelial growth of Fusarium euwallaceae, F. oxysporum 
and Rosellinia necatrix is needed. The ability of bacteria to 
secrete a wide range of antifungal BVCs makes them use-
ful in the search of potential biological control agents (Bais 
et al. 2006; Umeda et al. 2016). It is necessary to consider 
biocontrol as an option to prevent the impact of fungal dis-
eases since the use of chemical pesticides is restricted for 
certain crops (Stout et al. 2003). Therefore, PGPB consti-
tute a source of potential biological control agents useful 
as sustainable alternatives for agriculture. The objectives 
of this study were to: (1) assess the antagonistic activity 
of isolated bacteria from different environments against 
Fusarium solani and evaluate the potential of the isolates 
with highest IP (IP ≥ 40%) as PGPB, (2) conduct a prelimi-
nary screening of the presence of BVCs produced by those 
bacteria with IP ≥ 40%, and (3) evaluate the volatile profile 
by SPME–GC–MS of that isolate with the best IP against 
F. solani.

Materials and methods

Bacterial isolation

Bacterial isolates used for the present study are derived from 
the Environmental Biotechnology Laboratory of CIATEJ, 
Guadalajara, state of Jalisco, Mexico. They were isolated in 
previous works from agricultural soil (S) (20° 46′ 7″ N and 
103° 41′ 18″ W), soils contaminated with hydrocarbons (H) 
(20° 27′ 22.6″ N and 97° 20′ 8.5″ W), air samples (A) (20º 
37′ 53.76″ N and 103º 20′ 42.72″ W), and extremophile soils 
(E) (20° 3′ 36.03″ N and 102° 36′ 58.49″ W).

Bacterial isolates identification by mass 
spectrometry (MALDI‑TOF)

Bacterial isolates identification was carried out by Matrix-
Assisted Laser Desorption/Ionization-time of flight mass 
spectrometry (MALDI-TOF) performed on a MICROFLEX 
LT mass spectrometer (Bruker Daltonics, Bremen, Germany) 
by applying two different extraction protocols: 1) using bio-
mass from a single colony (DT Method, Bruker Daltonics), 
2) an ethanol/formic acid protein extraction procedure (EX 
Method, Bruker Daltonics). The taxonomic identification 
was achieved by comparing the mass spectra with reference 
spectra from the BDAL database employing the MALDI-
Biotyper® 3.4 software (Bruker Daltonics, Billerica, MA, 

USA). The spectrometer was calibrated using the Bacterial 
Test Standard purchased from Bruker Daltonics. The follow-
ing identification reliability criteria were used: 2.300–3.000 
score, reliable at the species level; 2.000–2.299, at genus 
(presumable at species level); 1.700–1.999, presumable 
identification at genus level; < 1.700, not reliable identifica-
tion (Rocca et al. 2018).

In vitro antagonism screening assays 
against Fusarium solani

Fusarium solani was inoculated onto Potato Dextrose Agar 
medium (PDA, BD Bioxon) and incubated at 30 °C for 
5 days before dual plating. An agar plug of 1 cm in diameter 
was taken from the border of the mycelial growth with a 
sterile cork borer and placed on the center of a PDA (pH 
7.2) Petri dish. Bacterial isolates were taken from a single 
colony with a sterile loop and inoculated at a 1.5-cm dis-
tance from the mycelial plug. The antagonism assays were 
carried out in triplicate and incubated at 30 °C. After 5 days, 
the mycelium radial growth was measured for the bacterial 
and control treatments. The percentage of inhibition (IP) of 
mycelial growth was calculated using the following formula: 
% inhibition = [(D − d)/D] * 100, where D is the diameter of 
fungal growth for the control treatment, and d is the diam-
eter of fungal growth for the bacterial treatment (Idris et al. 
2007). The selection criterion was arbitrarily set at IP ≥ 40%. 
After that, the 20 best isolates were selected for molecular 
identification by 16S rDNA sequencing, PGPB evaluation, 
and antifungal activity of their emitted BVCs, as described 
below.

Molecular identification of bacterial isolates 
with antagonistic effect against F. solani

Bacterial isolates showing antagonistic activity were 
identified through 16S rDNA gene sequencing. DNA 
was extracted from each bacterial isolate using the 
phenol:chloroform:isoamyl alcohol technique described 
by Bollet et al. (1991). The 16S rDNA region was ampli-
fied by PCR using universal primers 63F (5′- CAG GCC 
TAA CAC ATG CAA GTC-3′) and 1387R (5′- GGG CGG 
WGT GTA CAA GGC-3′) (Hugenholtz and Goebel 2001) 
in 100 μL reactions containing 300 ng of template DNA, 
10X of Taq buffer, 10 mM of each dNTP, 2 mM of  MgCl2, 
10 μM of each primer, 1 μL BSA (3%), 0.5 μL DMSO, and 
1U of Taq DNA polymerase. Reactions were performed in 
a ProFlex PCR System thermal cycler under the following 
conditions: initial denaturation at 95 °C for 5 min; 40 cycles 
of denaturation at 95 °C for 1 min, annealing at 54 °C for 
1 min, extension at 72 °C for 1 min, and a final extension 
step at 72 °C for 5 min. PCR products were purified using 
the  Wizard® SV Gel and PCR Clean-Up System Purification 
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kit (Promega), following the manufacturer’s instructions. 
Purified PCR products were sent to Macrogen Inc. (South 
Korea) for sequencing. Sequences were manually checked 
and trimmed in Sequencher 5.4.6 (Gene Codes Corporation). 
The edited sequences were BLAST-analyzed (Altschul et al. 
1990) and deposited in the GenBank nucleotide database. 
Sequences were uploaded to NCBI and received the acces-
sion numbers MN262681-MN262699, and MN298762.

Evaluation of the properties of plant 
growth‑promoting bacteria

Bacterial isolates (n = 20) showing antagonistic effect 
against F. solani were evaluated for their capacity as PGPB. 
Phosphate solubilization was evaluated using Pikovskaya’s 
culture medium (Sundara Rao and Sinha 1963a, b) supple-
mented with 5 g L−1 phosphorite rock. One single colony 
was taken with a sterile toothpick and inoculated into Piko-
vskaya’s culture broths. The high-range reagent set kit for 
phosphate determination (HANNA Instruments, Mexico 
city, Mexico) was used and phosphate concentration was 
evaluated in a HI83200 Bench multiparameter spectropho-
tometer (HANNA Instruments) at 420 nm (APHA/AWWA/
WEF 2012). For indolacetic acid (IAA) production, two tryp-
ticase soy (TSA) broths with or without 0.1 g  L−1 tryptophan 
were prepared. IAA was evaluated based on Salkowsky’s 
reagent (Salkowsky’s, 1889, modified by Rodríguez, 2013: 
1 mL of 0.5 m  FeCl3, 50 mL of water and 30 mL of concen-
trate  H2SO4). Concentration was determined on a Microplate 
xMark spectrophotometer (Bio-Rad  Laboratories® Hercules, 
CA, USA) at 530 nm, using a standard curve of indoleacetic 
acid (mg IAA  L−1). Both assays were carried out in triplicate 
and incubated for 2 days at 30 °C. Sterile medium was inoc-
ulated with a sterile toothpick and used as a negative control. 
Siderophore production was determined using Chromeazurol 
S (CAS) medium (Alexander and Zuberer 1991). Solutions 
were prepared as described in the methodology described 
by the former authors without solution 4. One single colony 
was inoculated with a sterile toothpick by picking the agar. 
The assay was carried out with four replicates. The appear-
ance of an orange coloration, after 4 days of incubation at 
30 °C, was considered as a positive result (+). Additionally, 
hemolysis test was performed to identify bacteria that could 
be pathogenic to humans. Bacterial isolates were inoculated 
into TSA and incubated at 20 °C for 24 h. Blood agar base 
was prepared with 5% of human blood. One single isolated 
colony was taken and transferred with a sterile toothpick. 
The assay was carried out in triplicate with negative control 
(sterile toothpick) and incubated at 30 °C for 48 h. Complete 
β-hemolysis was observed as a clear zone around the colony, 
and partial α-hemolysis as a dark-green coloration. Bacteria 
with γ-hemolysis do not exhibit any alteration of color or 

opacity in the medium, indicating the absence of hemolysis 
(Forbes et al. 2002).

Bacterial volatile compounds emission

The bacterial isolates that could inhibit F. solani mycelial 
growth by more than 40% in the first antagonism assay 
(n = 20) were selected for additional evaluation; the anti-
fungal activity of their emitted BVCs was further tested. The 
indirect antagonism assays were carried out using the two-
sealed-base-plates method described in Méndez-Bravo et al. 
(2018). A 5-day-old fungal culture was placed facing, but 
not touching. A 24-h-old bacterial culture on TSA. Briefly, 
each bacterial isolate was streaked to prepare a bacterial 
lawn onto a base plate containing PDA medium. Lids were 
removed and replaced by another base plate containing in 
its center a disc of 1-cm diameter of fungal mycelium. Both 
base plates were assembled and sealed with two layers of 
 Parafilm® and incubated for 5 days at 30 °C. Each bacterial 
isolate was tested in triplicate with a control of the fungus. 
After 5 days, the IP was measured. The isolate with the high-
est IP was evaluated for BVCs identification by solid-phase 
microextraction (SPME) coupled to gas chromatography and 
mass spectrometry (GC–MS) as described below.

Preliminary screening of bacteria volatile 
compounds (BVCs) by SPME‑GC–MS

Bacillus S18 was grown 24 h prior to the experimental set up 
on LB medium at 30 °C with 200 rpm agitation at an optical 
density of 0.300 at 600 nm. Then 50 μL of the culture was 
re-inoculated onto Petri plates containing PDA medium and 
a 5-day-old fungal culture plug of 1-cm diameter was placed 
facing the sample (bacteria and fungi: BF). Both base plates 
were sealed face-to-face with two layers of  Parafilm® and 
an additional layer of plastic wrap  (Kleenpack®). Controls 
of only bacteria (B), fungus alone (F), and PDA medium 
were also evaluated in triplicate. SPME fibers [50–30 μm 
 Carboxen®/DVB/PDMS (2 cm), Agilent Technologies, Inc., 
Palo Alto, CA, USA] were inserted into the middle space of 
the two-Petri dish assembly through a hole and allowed to 
rest for 20 min to adsorb volatile compounds. This BVCs 
trapping was performed at 3, 4, 5 days of growth for the 
BF assay, and at 0, 3, 4, and 5 days of growth for B and F 
at 30 °C of incubation. SPME fibers were injected into the 
GC port and volatile compounds were thermally desorbed 
at 250 °C in a gas chromatograph (Agilent Technologies 
6890 N) coupled to a mass analyzer (Agilent Technologies 
5975). Helium gas was used as carrier gas (1.0 mL min−1) 
and a DB-5MS column (30  m length × 0.25  mm inner 
diameter × 0.25  μm film thickness; J&W) was used. A 
splitless injector was used to introduce the sample and 
the GC was operated following the conditions described 
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in Méndez-Bravo et al. (2018). The MS was operated in 
electron impact (70 eV) mode with a source temperature of 
230 °C and a continuous scan from 40 to 550 m/z. The mass 
spectra of volatile compounds were compared with those 
in the NIST/EPA/NIH Mass Spectrometry Library v2.0 d 
2004 using a range of 70–99% similarity values. The relative 
abundance of the putatively annotated BVCs was expressed 
as adjusted peak area after subtracting peaks from control 
average chromatogram.

Statistical analysis

Data were processed with Kruskal–Wallis’s test for non-
parametric data (p ≤ 0.01) for the mycelial growth inhibition 
(cm) of F. solani using the Wizard Software for Solutions 
1.9.31 (250). For BVCs presence evaluation, one-way analy-
ses of variance (ANOVA) were performed. Mycelial growth 
inhibition (cm) data were previously normalized with log 
(x + 1) function and analysis was performed with the Stat-
graphic Centurion XVI. Principal component analysis (PCA) 
and heat map designs were performed on XLSTAT 2018.7 
statistical and data analysis solution software (Boston, 

USA), using the average values of the relative abundance 
(RA) of the peak area obtained for each compund.

Results and discussion

Isolation, identification, and antifungal activity 
against Fusarium solani

Seventy isolates were obtained from different environ-
ments: 18 from agricultural soil (S), 12 from hydrocarbon-
contaminated soil (H), 29 from air (A), and 11 from soils 
of extremophile environments (E) (Table 1). For this first 
approach, Matrix-Assisted Laser Desorption/Ionization-time 
of flight mass spectrometry (MALDI-TOF MS) was used 
to identify the genus of the 70 isolates. Only 37 isolates, 
belonging to the Bacillus, Pseudomonas, Arthrobacter, 
Stenotrophomonas, Micrococcus, and Staphylococcus gen-
era could be identified by MALDI-TOF MS, with scores 
ranging from 1.489 to 2.261. It should be mentioned that 
none of the samples from the extremophile environment 
(E) was identified by this technique, despite obtaining good 

Table 1  Molecular identification by 16S rDNA sequencing, plant growth promotion, and hemolysis traits of bacterial isolates with antagonistic 
activity. Sequence closest matches were based on the NCBI database 16S ribosomal DNA sequences

Average in mg of PO4
−3  L−1 or IAA  L−1 with its standard error are shown. For siderophores (S) a qualitative result was taken (+)

ND no detected. Isolate H3 was sequenced two times MN298762-MN298763

ID Bacteria NCBI best match Accesion number Identity (%) mg PO4
−3  L−1 S mg IAA  L−1 Hemolysis

With l-tryptophan Without l-tryptophan

H3 Bacillus subtilis MN298762 100 36.3 ± 2.0 + ND 2.4 ± 3.4 γ
H8 Bacillus pacificus MN262697 100 28.7 ± 2.3 + ND ND –
H10 Bacillus subtilis MN262696 100 22.3 ± 4.6 + ND ND –
H11 Bacillus velezensis MN262684 99 10.5 ± 1.5 – ND 11.7 ± 0.8 γ
A2 Bacillus wiedmannii MN262689 100 16.7 ± 3.7 – ND ND β
A7 Bacillus subtilis MN262690 100 8.3 ± 0.9 – ND ND β
A10 Bacillus wiedmannii MN262686 100 22.7 ± 6.8 – 7.8 ± 10.2 6.6 ± 1.7 β
A12 Bacillus wiedmannii MN262688 100 21.0 ± 4.0 – 26.3 ± 6.8 67.7 ± 4.0 β
A18 Bacillus wiedmannii MN262681 97 19.0 ± 2.6 – ND ND β
A19 Bacillus circulans MN262682 99 7.3 ± 0.3 – 7.6 ± 4.2 7.5 ± 0.6 γ
A21 Bacillus amylolique-

faciens
MN262693 100 10.7 ± 0.7 – ND ND γ

A25 Bacillus pacificus MN262699 100 12.7 ± 0.7 + ND 3.4 ± 4.8 γ
S4 Bacillus subtilis MN262694 100 15.3 ± 2.3 + ND 2.4 ± 1.8 β
S8 Pseudomonas lactis MN262691 95 17.7 ± 2.3 + ND ND β
S10 Bacillus tequilensis MN262685 100 9.0 ± 2.5 – ND ND γ
S11 Bacillus amylolique-

faciens
MN262698 99 24.0 ± 2.6 – ND ND γ

S13 Bacillus wiedmannii MN262695 99 31.7 ± 9.9 – ND ND β
S14 Bacillus wiedmannii MN262687 100 33.0 ± 1.0 + 44.9 ± 4.3 3.9 ± 3.3 γ
S17 Bacillus tequilensis MN262683 100 26.3 ± 3.2 – ND ND β
S18 Bacillus wiedmannii MN262692 100 17.0 ± 2.3 + ND 6.5 ± 0.3 β
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quality mass spectra. The mycelial radial growth of F. solani 
was significantly reduced by 54 bacterial isolates (p ≤ 0.01) 
(Fig. 1). Some of the isolates (36%) from E showed antago-
nistic capacity (Fig. 1a), as well as 94% of the isolates from 
S (Fig. 1b), 97% of the isolates from H (Fig. 1c), and 76% 
of the isolates from A (Fig. 1d). Ten isolates showed > 60% 
fungal inhibition (IP), four of Bacillus (scores > 1.7), one 
Staphylococcus (score > 1.8), and the other five could not be 
identified. Isolates H10, A21, and A18 inhibited F. solani 
mycelial growth by more than 70%, two belong to Bacil-
lus (score > 1.7), and A18 could not be identified (Supple-
mentary Table S1). On the other hand, isolates A8, A17, 
A26, A28, S15, and H12 stimulated mycelial growth of 
F. solani and 35 isolates were not identified. Some Bacil-
lus strains inhibit F. graminearum in 50–62.7% (Pan et al. 
2015). In another study, 62 bacterial strains, belonging to 
Pseudomonas sp., Bacillus sp, and Microbacterium sp., 
inhibited F. culmorum growth by 15–40% (Mnasri et al. 
2017). These percentages of inhibition are similar to some 

obtained in our work, with the exception of some isolates 
from this work, which presented more than 70% inhibition. 
This phenomenon could be due to volatile emission and/or 
difussible compounds (Cazorla et al. 2007; Compant et al. 
2010; Kai et al. 2009).

Molecular identification of bacterial isolates

After antagonism assays, 20 isolates presenting an IP ≥ 40% 
were selected for the second stage in which they were sub-
jected to molecular identification (16S) and evaluated for 
their PGPB traits (Fig. 1e). None of the samples from E 
presented an IP higher than 40%. Hence, they were discarded 
for the following trials. Closest sequence matches, based on 
BLASTn similarity analysis, are presented in Table 1. Most 
of the isolates belonged to the Bacillus genus. Isolates H10, 
A21, and A18 with an IP > 70% were identified as Bacillus 
sp., with H10 and A21 corresponding to the genus identi-
fied by MALDI-TOF analysis. We found 19 strains of the 

Fig. 1  Inhibition of F. solani mycelial growth (diameter in cm) by 
bacterial isolates from: a extremophile soils (strains’ names with E), 
b agricultural soil (S), c soils contaminated with hydrocarbons (EH), 
and d air samples (A). Average values are shown with standard error, 
* indicates significant difference relative to control (c at the extreme 

right of each plot) (Kruskal–Wallis’s test p ≤ 0.01). e Five-day culture 
assays of fungus (circle at the center) with bacterial isolates (inocu-
lated in the lines 1.5 cm above and below the fungus circle). These 
isolates were based on a ≥ 40% inhibition
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Bacillus genus and one Pseudomonas. In addition to this, 
nine of the isolates that were not identified previously by 
MALDI-TOF were identified as Pseudomonas sp. and Bacil-
lus sp. Isolates H8 and A12 with MALDI-TOF scores > 2, 
belong to the Bacillus genus as identified in both 16S and 
MALDI-TOF database, but the two techniques did not agree 
at the species level. Isolate H11 (score > 2) did not corre-
spond with either the genus or the species determined pre-
viously by MALDI-TOF. Examples of bacterial antagonists 
of fungal pathogens isolated from ecological niches other 
than plant habitats include P. fluorescens, P. luteola, and B. 
brevis, isolated from the rhizosphere of Physalis peruviana, 
which effectively prevent F. oxysporum growth. Strain P. 
fluorescens significantly delayed the appearance of disease 
symptoms on P. peruviana plants (Urrea et al. 2011). In 
another study, 14 morphologically different strains (typical 
and not typical of Pseudomonadaceae) inhibited the growth 
of F. culmorum mycelia by more than 50% (Przemieniecki 
et al. 2019). Guevara et al. (2018) performed dual culture 
assays, using bacteria isolated from the rhizosphere of 
avocado, and identified species of Bacillus sp. with a high 
antagonistic capacity against F. euwallaceae, Graphium 
euwallaceae, Graphium sp, and Phytophthora cinnamomi 
(Guevara et al. 2018).

Evaluation of plant growth‑promoting capacity 
and hemolysis analysis

Isolates H3, H8, S13, S14, and S17 solubilized 
25 mg PO4

−3 L−1 or more, and the other 15 isolates solubi-
lized 7.3–24.0 mg PO4

−3 L−1. Isolates A25, S8, S4, S18, S14, 
H3, H8, and H10 produced siderophores. Isolates A10, A12, 
A19, and S14 produced 7.6–44.9 mg IAA  L−1 in a medium 
supplemented with l-tryptophan, and isolates A25, A10, 
A12, A19, H3, H11, S14, S18, and S4 produced 2.4–67.7 mg 
IAA  L−1 in a medium without l-tryptophan (Table 1). These 
results indicate that Trp-dependent and Trp-independent 
pathways are used (Woodward and Bartel 2005). Species of 
Bacillus and Pseudomonas have been widely reported for 
their ability to improve plant growth, through the produc-
tion of siderophores (Singh et al. 2014), phytohormones or 
signaling molecules (López-Bucio et al. 2007), phosphate 
solubilization, nitrogen fixation, and for their potential anti-
microbial activity (Sarbadhikary and Mandal 2017). Bacillus 
spp., Pseudomonas spp. and Paenibacillus spp. strains have 
been shown to inhibit F. verticillioides growth by 45–85%, 
as well as being able to produce siderophores and auxins, 
with the strain Paenibacillus polymyxa an auxin-like com-
pounds producer with 40 µmol  L−1 (Figueroa-López et al. 
2016). An analysis of bacterial properties among the growth-
promoting properties, metabolic activity, and fungistatic 
properties against F. culmorum revealed that Pseudomonas 
putida PSDM3, Enterobacter sp. PSDM16, Advenella sp. 

PSDM17, and Proteus sp. PSDM21 were able to improve 
plant growth due to one or more of these mechanisms. Two 
of the tested bacterial strains, Proteus penneri PSDM6 and 
Proteus sp. PSDM7, produced IAA in a medium enriched 
with l-tryptophan at concentrations > 20 μl mL−1 (Prze-
mieniecki et al. 2019). On the other hand, the hemolytic 
test in our study revealed 10 isolates with non-hemolytic 
(−) or γ-hemolytic effects (H3, H8, H10, H11, A19, A21, 
A25, S10, S11, and S14). None of the isolates exhibited 
α-hemolysis. The isolates exhibiting β-hemolysis were A2, 
A7, A10, A12, A18, S4, S8, S13, S17, and S18 (Table 1).

Bacterial volatile compounds activity evaluation

Of the 20 best bacterial isolates and with capacity as PGPB, 
only 11 strains significantly inhibited the mycelial growth 
(cm) of F. solani (p ≤ 0.05) (Fig. 2a), with an IP between 
18–24%. Bacillus sp. S18 showed the highest IP (24%). 
These results suggest that its antagonistic capacity can be 
originated from its capacity to emit BVCs. Mnasri et al. 
(2017) reported bacteria of Pseudomonas, Bacillus, and 
Microbacterium genera capable of inhibiting (62–75%) the 
growth of F. culmorum via BVCs. On the other side, Pseu-
domonas sp. and Arthrobacter sp. have also been reported 
to present an antagonistic activity against P. cinnamomi, 
simultaneously promoting in vitro growth of Arabidopsis 
thaliana via BVCs (Méndez et al. 2018).

Analysis of BVCs emitted by isolate S18

From the analysis of the S18 strain volatile profile facing 
F. solani (BF) and S18 strain alone (B), 14 compounds 
appeared, i.e., they arose from the bacteria-fungi interaction 
(BF). This group comprises alcohols, ketones, sesquiterpe-
nes, monoterpenoids, alkanes, and fatty acids with a similar 
percentage > 60%. Additionally, F. solani alone (F) produced 
its own profile of volatile compounds but at a lower abun-
dance as compared with BF. These compounds are sesquit-
erpenes tentatively identified as α-cedrene, α-cubebene, and 
caryophyllene (Fig. 2b, c). Some of them have been reported 
in Fusarium sp. when induced by stress factors such as the 
presence of predators, parasites, and competitors (Kramer 
and Abraham 2012). In total, seven compounds were iden-
tified only in BF and were tentatively identified as ethyl 
tetradecanoate, ethyl dodecanoate, 2,10-bornanediol,exo-, 
pentadeca-5,10-diyn-1-ol, 2,2-dimethylheptane, 1-hexanol, 
and phenacyl formate. However, 3-methylbutan-1-ol, isoter-
pinolene, and icosane were found in volatile profiles from all 
treatments (B, F, and BF) within the same days but with dif-
ferent abundance. None of the compounds was found in sam-
ples from B, or at the beginning of the experiment (day 0). 
The PCA showed similar tendency among the compounds 
found in BF, although in some cases, they appeared in B or 
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F, i.e., those from BF were grouped and appeared close to 
the total amount of detected compounds on the positive side 
of Component 1 (PC1 (+)) and B and F samples were placed 
on PC1 (−). Days 3, 4, and 5 of BVCs evaluation and day 0 
for samples of F and B were grouped on PC1 (−), whereas 
samples from BF were grouped on PC1 (+) (Fig. 2b). The 
heatmap shows that the sesquiterpenes increased their abun-
dance in the bacteria-fungi interaction (BF) (Fig. 2c) as a 
response to the antagonistic activity.

In another study, the main volatile compounds produced 
by a strain closely related to the genus Bacillus were ketones, 
aldehydes, alkyls, sulfoxides, pyrazines, and alcohols, which 
were able to inhibit P. cinnamomi mycelial growth by 76% 
(Méndez-Bravo et al. 2018). On the other hand, volatile 
compounds that are effective as antifungals, such as ben-
zothiazole, cyclohexanol, n-decanal, dimethyl trisulfide, 
2-ethyl-1-hexanol, and nonanal, inhibit mycelial growth, 
ascospore germination, and survival of Sclerotinia sclero-
tiorum, which causes white rot (Zhang and Fernando 2004). 
Some Bacillus species have a high capacity to emit BVCs 
against Ralstonia solanacearum and F. oxysporum, such as 
benzene, pentadecane, tetradecane, and some ketones (Raza 

et al. 2016; Yuan et al. 2012). Pseudomonas spp., due to 
their ability to emit antifungal and anti-oomycete BVCs such 
as 1-undecene and hydrogen cyanide, have been reported 
to inhibit the mycelial growth of Phytophthora infestans, 
Rhizoctonia solani, and Sclerotinia sclerotiorum (Elkahoui 
et al. 2015; Hunziker et al. 2015; Nandi et al. 2015).

Conclusion

Twenty bacterial isolates, belonging to the Bacillus and 
Pseudomonas genera, from different environments showed 
antagonistic activity versus F. solani. Bacillus amylolique-
faciens A21, Bacillus subtilis H10, and Bacillus wiedmannii 
A18 inhibited > 70% F. solani growth. Bacillus spp. S18, 
A19, and A21 produced volatile compounds that reduced 
F. solani mycelial growth in ≥ 20%. The volatile profile of 
Bacillus sp. S18 facing F. solani comprised ketones, ses-
quiterpenes, monoterpenoids, alkanes, and fatty acids. It is 
worth mentioning that the obtained volatile profiles were dif-
ferent among B, F, and BF treatments, suggesting a possible 
response to the interaction between bacteria and fungi via 

Fig. 2  a Inhibition of F. solani mycelial growth (diameter in cm) by 
bacterial isolates. Mean values are shown with standard error. * indi-
cates significant difference relative to control (c at the extreme right 
of each plot) (Kruskal–Wallis’s test p ≤ 0.01). b Principal component 
analysis (PCA) of the volatile compounds of the Bacillus S18 strain 
on day zero, 3, 4, and 5 (D0, D3, D4, D5). Some compounds were 

present in cultures of bacteria alone (B), fungus alone (F), or both 
together (BF). c Heatmap of the compounds abundance found in each 
treatment of the same strain at times D0, D3, D4, and D5. Green cor-
responds to the highest abundance, black medium and red, to the low-
est
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volatile compounds. These results emphasize the relevance 
of PGPB and their volatile compounds as biological control 
agents of phytopathogenic fungi and the potential use of 
Bacillus and Pseudomonas species.
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