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Abstract
In this study, three rhizobacterial strains were characterized by their ability to inhibit Rhizoctonia solani and tested in chili (Capsicum 

annuum L.) seedlings. Strains A46 and P61 were identified as Pseudomonas tolaasii, and S108 as Rhanella aquatilis. In the dual culture 
tests, all the strains inhibited the radial growth of R. solani. None of the three strains produced chitinases or volatile compounds, but 
they were found to produce siderophores. However, this last characteristic was not responsible for the rhizobacterial inhibitory effect 
on the growth of R. solani, other bacterial metabolites were possibly involved. The bacterial filtrates added to the potato dextrose 
agar medium (PDA) in a 3:7 ratio had significant antifungal activity, being the filtrate from strain S108 the one that showed the 
highest effect, with 56% fungal inhibition. The co-culture of strain A46 with the phytopathogenic fungi in potato dextrose broth (PDB) 
increased the antifungal activity of the rhizobacterial filtrate. The application of the rhizobacterial strains to Serrano chili decreased the 
R. solani-related mortality rate in seedlings; particularly, S108 had the greatest effect, which was similar to the fungicide effect. This 
study showed that the S108 strain has potential as a biofungicide to control R. solani in chili seedlings.  
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Introduction

Several genera of soil fungi are pathogens that cause 
severe damage to crops around the world, resulting in 
large yield losses (Abuzar, 2013; Naing et al., 2014). 
One such soil-borne fungal pathogen is Rhizoctonia, 
which is widely distributed and causes diseases such 
as stem and root rot, damping-off, wilting, and leaf 
blight (Cao et al., 2004). In chili peppers (Capsicum 
annuum L.), one of the most important spice crops in 
the world (Smith, 2015), Rhizoctonia solani, along with 
Phytophthora capsici and Fusarium oxysporum, cause 
severe damage to the roots and stems which negatively 
impacts on plant growth and crop yield (Velásquez-

Valle et al., 2001; Guillén-Cruz et al., 2006; Lee et al., 
2008; Youssef et al., 2016). Mexico is one of the largest 
exporters of chili peppers worldwide, and one of the 
challenges it faces is to reduce yield losses caused by 
root pathogens. This can be achieved through the use of 
different control strategies and one of them is to apply 
antagonistic microorganisms (Mojica et al., 2009; 
Abuzar, 2013).

In recent years, there has been increasing interest 
in biological control as an alternative to the use of 
agrochemicals that have a negative impact on the 
environment (Huang et al., 2012; Czaja et al., 2015). The 
use of plant growth-promoting rhizobacteria (PGPR) 
can be a good option because, in addition to positively 
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affecting crops, several genera are natural antagonists 
of phytopathogenic fungi (Commare et al., 2002; 
Saravanakumar et al., 2007; Pliego et al., 2011; Huang 
et al., 2012). Biocontrol through rhizobacteria has a low 
cost and can substitute or complement chemical fungicides 
(Jha & Anjaiah, 2007). In several parts of the world, both 
rhizobacteria and secondary bacterial metabolites have 
been isolated and characterized for their potential to 
inhibit the phytopathogenic fungi of agricultural crops (Jha 
& Anjaiah, 2007; Jung et al., 2014; Seiber et al., 2014). 
Antagonist bacteria are characterized for their capacity 
to produce antibiotics, siderophores, hydrogen cyanide, 
chitinases, glucanases, and proteases (Nagarajkumar et al., 
2004; Babalola, 2010). These characteristics give them the 
ability to inhibit phytopathogen growth (Jung et al., 2014). 

In chili crops, obtaining healthy seedlings in seedbed 
is essential to avoid the spread of diseases when they are 
transplanted into the field. This can be done with the use of 
phytopathogen-free substrates or by applying chemical or 
biological fungicides during seedling growth. One of these 
fungicides could be rhizobacteria with antifungal activity. 
The objective of this study was to characterize the ability 
of three rhizobacterial strains to inhibit the growth of 
Rhizoctonia solani and to test its potential in chili seedbeds 
as biocontrol agents. 

Material and methods

Microbial strains

The three rhizobacterial strains used in this work 
were selected from the collection at the Laboratory of 
Microbiology of the Colegio de Postgraduados, Mexico. 
Strains A46 and P61 were isolated from the rhizosphere 
of potatoes, whereas strain S108 was isolated from the 
sporome of the ectomycorrhizal fungus Suillus sp. All three 
strains were grown in nutrient agar medium at 28°C. The 
strain of the phytopathogenic fungus R. solani was isolated 
from lettuce (Lactuca sativa) and selected based on a 
pathogenicity test in chili seedlings. Briefly, this was done 
as follows: Serrano chili seeds were placed on filter paper 
in magenta boxes GA-7 (77 mm × 77 mm × 97 mm) and 
sterile distilled water was added. After germination, two 
mycelial plugs taken from a five day grown culture were 
placed into the boxes and the number of dead plants was 
recorded for 10 days. The R. solani strain was preserved in 
potato dextrose agar (PDA) until it was used.

Molecular identification of the rhizobacerial 
strains

The genetic material was extracted from biomass 
equivalent to seven colonies of each strain from young 

cultures of 24 h with an EZ-10 Spin® Column Bacterial 
DNA mini-prep kit. The amplification of a ~1,500 bp 
fragment of the 16S rDNA was performed for reliable 
identification to the level of genus and species. The 
primers used for this amplification of the 16S rDNA 
were 27F (forward) 5´-AGA GTT TGA TCM TGG 
CTC AG-3´ and 1492R (reverse) 5´-CGG TTA CCT 
TGT TAC GAC TT-3´. 

The PCR products were purified with an Agencourt® 
AMPure® XP kit, following the manufacturer’s 
instructions. The purified amplicons were sequenced at 
MACROGEN, Korea.

The sequences were edited with BioEdit software 
7.0.9.0 and Seaview 4.0. With the sequences, an 
analysis in the BLAST (http://www.ncbi.nlm.nih.gov/
BLAST) of the National Centre of Biotechnology 
Information (NCBI) platform was performed to search 
for homologous genes for identification at the species 
level with identity percentages higher than 97%. The 
16S rDNA gene sequences were deposited in the 
GenBank data base.

Antagonistic activity against Rhizoctonia

The rhizobacterial strains were streaked in lines on 
PDA medium. After 24 h, an agar disc with R. solani 
mycelium was placed 5 cm away from the bacterial 
culture, and the plates were incubated at 28°C. After 
5 days, the radial growth of the phytopathogenic 
fungus was measured. The percent inhibition was 
calculated using the following formula: % Inhibition = 
(R‒r)×100/R, where R is the radius of the fungus in the 
control and r is the radius of the fungus in the presence 
of the antagonist. The experiment was set up in a 
completely randomized design with three replicates 
per treatment, and it was repeated three times. The 
fungus radial growth data were analyzed in SAS 9.0, 
and the treatment means were compared using Tukey’s 
test (p ≤ 0.05).

Detection of in-plate siderophore production 

The rhizobacterial strains P61, A46, and S108 were 
plated on chrome azurol S (CAS) agar, as described 
in brief as follows. The CAS dye was prepared 
according to Louden et al. (2011). The rhizobacterial 
strains were cultured in nutrient broth for three days 
at 28°C under shaking conditions. The cultures were 
then centrifuged at 7,000 rpm for 15 minutes. The 
supernatant was removed and the pellet was washed 
three times with double-distilled water to remove any 
trace of oligoelements. The pellet was resuspended in 
5 mL of double-distilled water. Plating was performed 
by adding 10 µL of the bacterial suspension to the plates 
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containing CAS medium to obtain separate colonies. 
The formation of yellow to orange halos around the 
colonies was evaluated after 72 h of incubation at 28°C 
(Schwyn & Neilands, 1987; Milagres et al., 1999; Shin 
et al., 2001; Pérez et al., 2007). The experiment was 
set up in a completely randomized design with five 
replicates per treatment. The data were analyzed in 
SAS 9.0 and the means of the halos of each strain were 
compared using Tukey’s test (p ≤ 0.05). This experiment 
was repeated three times. Additionally, an antagonism 
experiment using the rhizobacterial strains against the 
fungus in dual culture was performed in PDA medium 
with and without iron (FeCl3, 0.1 g/L) to determine if 
the siderophore production of the strains is responsible 
for inhibiting the growth of the phytopathogenic fungus.

Detection of antifungal volatile compounds 

The rhizobacterial strains (P61, A46, and S108) and 
the phytopathogenic fungus were plated on divided 
PDA plates. The bacteria were plated on one section, 
and after 24 h, a disc containing R. solani was placed 
in the other section of the plate. The fungal growth was 
measured after 5 days and was compared with that of 
the controls (Velázquez-Becerra et al., 2011).

Detection of chitinolytic activity in plate

This test was carried out according to the method 
described by Inglis & Peberdy (1997) with a slight 
change. In brief, rhizobacterial strains P61, A46, and 
108 were grown in Luria Bertani (LB) medium added 
with 1% colloidal chitin (Sigma), previously digested 
with concentrated hydrochloric acid for 24 h. The 
plates were incubated at 28°C for 72 h. The formation 
of a halo around the colonies was evaluated.

Bacterial filtrate assays

Two assays using filtrates from the bacterial strains 
were performed. In the first assay, the strains were 
cultured in potato dextrose broth (PDB) for 72 h under 
shaking at 28°C. The culture was centrifuged at 7,000 
rpm for 15 min, and the supernatant was filtered using 
Millex 0.22-µm Durapore membranes. Each bacterial 
filtrate was incorporated into autoclaved PDA cooled 
to 50 oC to obtain 1:9 and 3:7 ratios (v/v, filtrate/PDA), 
and finally the media were poured in petri plates; a 
control with no filtrate was included. A R. solani disc 
was placed at the center of PDA+bacterial filtrate plates. 
The diameter of the fungal growth was measured after 
48 h. 

In the second experiment, the rhizobacteria were co-
cultured with the fungus (R. solani) on PDB. First, an 

agar disc containing R. solani was inoculated, and 24 
h afterwards, the bacterial strain was inoculated (one 
loop) and incubated at 28°C under shaking for 72 h. The 
microbial cultures were filtered with 0.22-µm Durapore 
membranes; the broths were added into PDA as described 
above to obtain 1:9 and 3:7 ratios (filtrate/PDA). Next, 
an R. solani disc was placed in the plates that contained 
medium. A control without filtrate was included. 
The cultures were incubated at 28°C. After 48 h, the 
development of R. solani was evaluated. In both assays, 
the experimental design was completely randomized, 
and it included three replicates per treatment. The data 
were analyzed in SAS 9.0, and the fungal diameter 
means were compared using Tukey’s test (p ≤ 0.05).

Additionally, a pH test was performed to observe 
the effect of pH following bacterial growth in each of 
the filtrates. This test was based on adjusting the initial 
pH of the medium to 7. The PDB medium was then 
sterilized, and each rhizobacterial strain was inoculated 
and incubated for 72 h under shaking at 28°C. The final 
pH of each bacterial strain grown in liquid medium was 
measured and re-adjusted to 7, followed by the filtration 
of the supernatant. In this experiment, the effect of the 
pH of the bacterial filtrates on R. solani growth was 
evaluated. The experimental design was completely 
randomized with two treatments (adjusted and non-
adjusted pH) and six replicates.

Biocontrol test with rhizobacteria strains in plants 

The bacterial strains were used to establish an assay 
in Serrano chili (Capsicum annuum L.) seedlings. The 
bacterial strains were cultured in PDB under shaking at 
28°C for 72 h. The cultures were then centrifuged for 
15 min at 7,000 rpm, and the pellets were re-suspended 
in distilled water to obtain a final concentration of 108 

bacterial cells/mL. Trays with 200 cells were filled with 
a previously sterilized mixture of agrolite, peat moss, 
and vermiculite (1:1:1). Three seeds were planted in each 
cell, and after seedling emergence, the cells were thinned 
to only one seedling per cell. Then, 3 mL of bacterial 
suspension was added per seedling. Five treatments were 
included, the three strains, one with fungicide (Captan, 
2 g/L), and the control with sterile distilled water only. 
Captan was applied only once using a volume of 3 mL 
per seedling. The phytopathogenic fungus R. solani was 
cultured in PDA plates for 5 days to obtain the inoculum; 
one disc containing mycelium was placed per seedling. 
The relative humidity around the seedlings was increased 
by covering them with plastic bags to accelerate the 
onset of the disease. Data about the disease symptoms 
were taken from the aerial parts of the seedlings, and 
the number of dead seedlings per treatment was counted 
periodically.
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The experiment with chili seedlings in a greenhouse 
was established in a randomized block experimental 
design, in which the treatments were as follows: 
bacterial strains, Captan, and a control, each with four 
replicates of 40 seedlings. The cumulative number of 
dead seedlings per treatment determined at each date 
was considered separately for analysis of variance and 
then Tukey’s test (p ≤ 0.05) was performed using a 
multiple comparison of means in SAS 9.0. 

Results

The sequences of the strains P61 and A46 had 99% 
similarity to the sequence of Pseudomonas tolaasii. 
In the case of strain S108, the sequence showed 99% 
similarity to the sequence of Rahnella aquatilis (Table 
1). This strain also had similarity with the genera 
Ewingella, Hafnia, Serratia, and Rouxiella. According 
to its phenotypic characteristics, S108 fits better with 
the description of Rhanella (Kämpfer, 2005; Brady et 
al., 2014). The strain S108 has creamy-colored, convex 
colonies with full margins, is negative for indole 
production, grows at temperatures between 4 and 37oC, 
and the cells are motile. The nucleotide sequences 
were submitted to the NCBI GenBank database, where 
the following accession numbers were assigned: 
KY933651.1 (strain A46), KY933652.1 (strain P61), 
and KY933653.1 (strain S108).

Antagonistic activity

The three rhizobacterial strains tested in this study 
in dual culture showed antagonistic activity against R. 
solani. Strains P61 and S108 inhibited the radial fungal 
growth by 49%, whereas strain A46 inhibited it by 37% 
(Table 2). The formation of the inhibition zone of the 
fungus was observed in the presence of the bacterial 
colony in each of the rhizobacterial treatments. 

Detection of in-plate siderophore production

Strains A46, P61, and S108 were positive for the 
siderophore tests; strains A46 and P61 formed yellow 

halos around the colonies. Regarding strain S108, 
an orange halo was observed; strains P61 and S108 
showed wider halos, indicating a greater production 
of siderophores (Table 2). The experiment using PDA 
supplemented with available iron did not reduce the 
inhibitory activity of the rhizobacteria on the fungus 
(data not shown). This finding suggests that the 
antagonism exerted by the strains on the fungus is not 
due to siderophore production.

Detection of antifungal volatile compounds and 
chitinolytic activity

No inhibition of R. solani radial growth was obser
ved in the divided dishes with the fungus growing on 
one section and the bacterial strain on the other (Table 
2). The fungus grew to surpass the plate division, 
and once it crossed the division, the formation of an 
inhibition zone caused by the presence of strains P61, 
A46, and S108 was observed. This finding suggests 
that no organic volatile antifungal compounds were 
produced. With respect to chitinolytic activity, there 
was no formation of halos around colonies. This 
indicates that the strains did not produce chitinases.

Antifungal activity of the rhizobacterial filtrates

The filtrate obtained from strain S108 and added to 
PDA at 3:7 ratio showed the highest antifungal activity 
(Figs. 1 and 2). This antagonistic activity is possibly due 
to the metabolites that are produced by strain S108. The 

Table 1. Molecular identification of strains according to 
16S rDNA amplification sequences compared to GenBank.

Isolate bp GenBank accession 
number

Query 
coverage

Max. 
identity 

(%)
P61 1365 FM202487. 

Pseudomonas tolaasii
100 99

A46 1279 FM202487. 
Pseudomonas tolaasii

100 99

S108 800 AM268337.1 
Ranhella aquatilis

100 99

Table 2. Characterization of three rhizobacterial strains according to their antagonistic activities.

Strains Species Inhibition (%) 
of R. solani 

Radial growth 
(mm) of R. solani 

Siderophore production 
(halo width, mm)

Volatile 
antifungals

Control -- -- 70 a -- --
A46 P. tolaasii 37 44 b 7.0 b --
P61 P. tolaasii 49 36 c 13.8 a --
S108 R. aquatilis 49 36 c 12.8 a --

-- No effect. Means followed by the same letters are statistically equal (Tukey’s, p≤ 0.05).
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antifungal activity of the filtrates from strains P61 and 
A46 against R. solani was low at both concentrations 
used in the PDA (Fig. 2A). This finding indicates that 
when the concentration of the filtrate increased in the 
culture medium, the effect was higher, particularly in the 
filtrate from strain S108, which was highly significant 
compared to the filtrates of the other strains (Fig. 2A). 
A slight acidification of the PDB was detected after 
the bacterial strains grew. To verify that the pH change 
was not responsible for the antifungal activity of the 
bacterial filtrates, the pH was adjusted to 7. This test 
showed no significant changes in the antifungal activity 
of the filtrates after the pH was neutralized (data not 

shown). The filtrates from strains S108 and A46 that 
were obtained from co-cultures of the rhizobacteria with 
the fungus showed inhibitory activity against R. solani. 
However, the filtrate from P61 had no effect (Fig. 2B). 

Biocontrol activity in plants

The application of the rhizobacterial strains to 
Serrano chilli decreased the R. solani-related mortality 
rate of the seedlings in comparison with the control, 
being the strain S108 the best one. The effect of this 
strain was statistically equal to the effect obtained with 
the Captan treatment (Fig. 3).

Figure 1. Growth inhibition of R. solani due to the addition of bacterial filtrates at 3:7 ratio in PDA medium. A to D: assay 
with filtrates obtained from bacterial cultures without the fungus. E to H: assay with filtrates obtained from bacterial co-
cultures with the fungus. A and E, Controls. B, C, D: A46, P61 and S108 filtrates, respectively. F, G and H: A46, P61 and 
S108 filtrates from co-culture, respectively.
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Figure 2. Inhibition of the radial mycelial growth of R. solani after applying filtrates from Pseudomonas tolaasii P61, P. 
tolaasii A46 and Rahnella aquatilis S108. A): Filtrates from bacterial cultures that were applied at two different ratios in 
PDA medium (1:9 and 3:7). B): Filtrates obtained from the co-culture of the rhizobacteria with the fungus that were added 
to PDA medium at 3:7 ratio. Identical letters over the bars indicate that the means were statistically similar (Tukey’s test, 
α= 0.05).
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Discussion

All three rhizobacterial strains used in this study 
inhibited the growth of Rhizoctonia solani in dual 
culture (Table 2). These strains have the potential to 
control diseases in agriculturally important crops. 
Biological control using rhizobacteria is linked to their 
allelochemical activity, which includes the production 
of antibiotics, lytic enzymes, bioacids, molecules 
involved in quorum sensing, virulence factors, and 
siderophores (Chauhan et al., 2014; Saraf et al., 2014). 
In addition, it also involves competition for space or 
nutrients and the induction of systemic resistance in 
plants (Sulochana et al., 2014).

In this study, several experiments were conducted to 
determine the ability of rhizobacterial strains to inhibit 
the growth of R. solani; their antagonistic activity is not 
caused by the release of volatile organic compounds. 
This conclusion was supported by the divided plate 
experiment (in which there was a barrier in the middle 
of the plate), in which the phytopathogenic fungus 
grew, crossing the barrier on the fourth day, and once 
it passed the division, the inhibition zone was observed 
(data not shown). Other studies have demonstrated 
that rhizobacteria can control phytopathogens via the 
production of volatile compounds, primarily hydrogen 
cyanide. For example, Pseudomonas and Bacillus 
inhibit fungal development via HCN production (Zhang 
et al., 2015).

The production of siderophores is another biocontrol 
mechanism that rhizobacteria have to suppress the 
growth of fungi that cause diseases in crops (Chernin 
et al., 1995; Kielak et al., 2013; Brzezinska et al., 
2014). The three rhizobacteria considered in this study 

produced siderophores (Table 2). These compounds 
chelate iron, are quite diverse, and can only be 
synthesized by plants and microorganisms like bacteria 
and fungi (Milagres et al., 1999; Shin et al., 2001; Pérez 
et al., 2007; Louden et al., 2011). It has been observed 
that when rhizobacteria take up the iron in the medium, 
they make it unavailable for other microorganisms, 
including phytopathogens, suppressing their growth. In 
this case, the production of siderophores was not the 
mechanism that was involved in the antifungal activity 
of the strains against R. solani because even in the 
PDA supplemented with iron, these strains inhibited 
the growth of the phytopathogenic fungi in the same 
manner as they did in the medium without iron (data not 
shown). In other studies, the production of chitinases 
by rhizobacterial strains of Pseudomonas, Serratia, and 
Bacillus has been reported and related to the antifungal 
activity of these microorganisms (Brzezinska et al., 
2014; Akocak et al., 2015). In this work, none of the 
three strains produced chitinases. 

The bacterial filtrates at a 1:9 ratio (filtrate/PDA) 
did not have antifungal activity on R. solani, probably 
because the amount of antifungals was low. By 
increasing the bacterial filtrates to a 3:7 ratio, it was 
found that the S108 filtrate showed activity against 
the fungus, this was with the filtrate obtained from 
bacterial culture without the fungus or co-culture with 
the fungus, which suggests that strain S108 releases 
compounds with stronger antifungal activity. The same 
was true with the filtrate A46 obtained from co-culture 
(Fig. 2).

The production of compounds of microbial origin 
is influenced by several factors including temperature, 
culture medium (nutrients), pH, the growth phase of the 
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microbial colony, stress conditions, and the presence of 
or stimuli from other microorganisms (Berendsen et al., 
2012; Zha et al., 2013). In particular, strain A46 only 
released metabolites with antifungal activity when it 
was co-cultured with R. solani in PDB (Figs. 1 and 2). 
Contrastingly, strain S108 did not require the presence 
of the fungus to produce compounds with strong 
antifungal activity. Strain P61 without the fungi or in 
co-culture produced metabolites with weak antifungal 
activity.

Pseudomonas strains reportedly produce different 
antimicrobials like phenazine, 2,4-diacetylphloroglu
cinol, pyrrolnitrin, hydrogen cyanide, and pyoverdine, 
among others (Coraiola et al., 2006; Rokni et al., 
2012). In the particular case of Pseudomonas tolaasii, 
this species causes rot in edible fungi, and the extracted 
toxin, which is called tolaasin, has been associated 
with the disease caused by the bacterium (Cho & Kim, 
2003; Sunhee et al., 2011). In this study, the two P. 
tolaasii strains significantly inhibited R. solani growth 
in dual culture. Their antagonistic activity may be due 
to the production of tolaasin, even when the filtrates 
had very low antifungal activity. Other studies also 
report that bacterial filtrates obtained from strains with 
antagonistic activity against fungi in dual culture do not 
always show antifungal activity (Li et al., 2014).

In the case of Rahnella aquatilis, it is a Gram negative 
enterobacteria that has been found in water bodies, 
forest soils, mosses, colonized roots, and sporomes of 
ectomycorrhizal fungi (Izumi et al., 2006; Opelt et al., 
2007; Degelmann et al., 2009; Kumari et al., 2013). 
This bacterial species has been reported as a plant 
growth promoting rhizobacteria (Kandel et al., 2017) 
and it has antagonistic activity against phytopathogenic 
fungi of the genera Penicillum, Botrytis, Fusarium, 
Rhizoctonia, Pythium, and Gaeumannomyces (Calvo et 
al., 2007; Opelt et al., 2007; Kandel et al., 2017). Other 
attributes that have been found in strains of this species 
are: the ability to produce secondary metabolites 
(peptides, siderophores, amino acids, organic acids, 
phytohormones) and solubilize phosphates (Pintado 
et al., 1999; Opelt et al., 2007; Oulkadi et al., 2014; 
Kandel et al., 2017). In this work, the filtrates of strain 
R. aquatilis S108 mixed with the PDA medium at 3:7 
ratio showed high antifungal activity.

Rhizosphere microorganisms establish different 
interactions and produce a large variety of compounds 
with bioactivity that depends on the microorganism, 
the environment and the interaction itself (Cray et 
al., 2015), so the use of two or more microorganisms 
in co-culture could be essential for the production of 
bioactive compounds, simulating what happens in the 
rhizosphere (Bertrand et al., 2014). The co-culture 
of two microorganisms has been shown to increase 

the production of metabolites that are not present in 
individual cultures (Pettit, 2009; Bertrand et al., 2014; 
Dashti et al., 2014). For this reason, an experiment in 
which the bacteria were co-cultured with the pathogenic 
fungus was conducted in PDB, and the resulting 
filtrates were evaluated for their antifungal activity. 
Only the antifungal activity of the filtrate from the P. 
tolaasii A46 strain increased significantly due to the 
effect of co-culturing with the fungus, suggesting that 
the production of antifungal metabolites increased due 
to the presence of R. solani. This finding demonstrates 
that some rhizobacterial strains with the potential for 
the biological control of phytopathogenic fungi require 
fungal stimulus to trigger the production of antifungal 
compounds. Several factors affect the growth of 
microorganisms in culture medium, and in turn, these 
microorganisms produce several compounds (Wang et 
al., 2011; Zhao et al., 2013; Dashti et al., 2014; Djinni 
et al., 2014). Some of these compounds are organic 
acids, such as lactic, phenylacetic and propionic acids, 
which lower the pH of the culture medium, inhibiting 
filamentous fungi (Lavermicocca et al., 2003; Saithong 
et al., 2010; Li et al., 2014). In our study, we observed 
that the pH of the medium was slightly acidified with 
all three rhizobacteria. Thus, to rule out this possibility 
as the cause of the R. solani inhibition, the pH was 
adjusted to 7 after the filtrates were obtained. We found 
that even when adjusting the pH, the filtrates maintained 
their antifungal activity. 

The application of the strains S108 and P61 to 
Serrano chili seedlings decreased the mortality rate 
caused by R. solani, compared with the control. Strain 
S108 and the Captan treatment had a similar effect 
on the reduction of seedling mortality caused by the 
phytophatogen, which was maintained until the end 
of the experiment. This suggests that strain S108 had 
an effectiveness equivalent to the chemical fungicide 
(Fig. 3). Strains S108 and P61 have great potential as 
biopesticides to control R. solani in chili seedbeds and 
possibly other transplant vegetables.

Obtaining healthy seedlings in seedbeds is essential 
for the successful production of chili crops in the field. 
The use of inoculants prepared with rhizobacteria like 
the R. aquatilis S108 strain can help small farmers to 
control Rhizoctonia and possibly other fungi that cause 
root diseases in the seedbeds, being of low cost and 
friendly to the environment. However, it is necessary 
that the study continues with field tests in order to 
evaluate if the inoculation of the strain S108 is as 
effective in the control of this disease as the use of 
chemical fungicides.

In summary, the three strains of rhizobacteria in dual 
culture inhibit the growth of R. solani by between 38 
and 49%. Strains produce siderophores; however, the 
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antifungal activity was not related to these compounds. 
The filtrate of strain S108 had the greatest effect on R. 
solani with 56% inhibition when this is added to the PDA 
medium in a 3:7 ratio. The rhizobacterial inoculation 
reduced the mortality of seedlings caused by R. solani. 
The best treatments were the inoculation of strain S108 
and the application of Captan, which had statistically 
the same effect. The strain of Rahnella aquatilis S108 
has potential as a biopesticide to control R. solani in 
chili seedbeds and possibly the filtrate obtained from 
the bacterial culture also works to reduce the growth of 
the pathogen at the nursery level.

References

Abuzar S, 2013. Antagonistic effects of some Pseudomonas 
fluorescent strains against root rot fungi (Rhizoctonia 
solani and Fusarium oxysporum) and root-knot nematodes 
(Meloidogyne incognita) on chili (Capsicum annum). 
World Appl Sci J 54: 1455-1460. https://doi.org/10.5829/
idosi.wasj.2013.27.11.825

Akocak P, Churey J, Worobo R, 2015. Antagonistic effect 
of chitinolytic Pseudomonas and Bacillus on growth of 
fungal hyphae and spores of aflatoxigenic Aspergillus 
flavus. Food Biosci 10: 48-58. https://doi.org/10.1016/j.
fbio.2015.01.005

Babalola O, 2010. Beneficial bacteria of agricultural 
importance. Biotechnol Lett 32: 1559-1570. https://doi.
org/10.1007/s10529-010-0347-0

Berendsen RL, Pieterse CM, Bakker PA, 2012. The 
rhizosphere microbiome and plant health. Trends Plant Sci 
17: 478-486. https://doi.org/10.1016/j.tplants.2012.04.001

Bertrand S, Bohni N, Schnee S, Schumpp O, Gindro K, 
Wolfender J, 2014. Metabolite induction via microorganism 
co-culture: A potential way to enhance chemical diversity 
for drug discovery. Biotechnol Adv 32: 1180-1204. https://
doi.org/10.1016/j.biotechadv.2014.03.001

Brady C, Hunterb G, Kirkb S, Arnolda D, Denman S, 2014. 
Rahnella victoriana sp. nov., Rahnella bruchi sp. nov., 
Rahnella woolbedingensis sp. nov., classification of 
Rahnella genomospecies 2 and 3 as Rahnella variigena 
sp. nov. and Rahnella inusitata sp. nov., respectively 
and emended description of the genus Rahnella. Syst 
Appl Microbiol 37: 545-552. https://doi.org/10.1016/j.
syapm.2014.09.001

Brzezinska S, Jankiewicz U, Burkowska A, Walczak M, 
2014. Chitinolytic microorganisms and their possible 
application in environmental protection. Curr Microbiol 
68: 71-81. https://doi.org/10.1007/s00284-013-0440-4

Calvo J, Calvente V, de Orellano ME, Benuzzi D, de Tosetti 
MIS, 2007. Biological control of postharvest spoilage 
caused by Penicillium expansum and Botrytis cinerea in 
apple by using the bacterium Rahnella aquatilis. Int J 

Food Microbiol 113: 251-257. https://doi.org/10.1016/j.
ijfoodmicro.2006.07.003

Cao L, Qiu Z, You J, Tan H, Zhou S, 2004. Isolation and 
characterization of endophytic Streptomyces strains from 
surface‐sterilized tomato (Lycopersicon esculentum) roots. 
Lett Appl Microbiol 39: 425-430. https://doi.org/10.1111/
j.1472-765X.2004.01606.x

Chauhan A, Balgir PP, Shirkot CK, 2014. Antifungal potential 
of native strain isolated from rhizosphere soil of Valeriana 
jatamansi from temperate regions of Himachal Pradesh. J 
Appl Hortic 16: 131-135.

Chernin L, Zafar I, Shoshan H, Ilan C, 1995. Chitinolytic 
Enterobacter agglomerans antagonistic to fungal plant 
pathogens. J Appl Environ Microbiol 61: 1720-1726.

Cho K, Kim Y, 2003. Two types of ion channel formation 
of tolaasin, a Pseudomonas peptide toxin. FEMS Micro-
biol Lett 221: 221-226. https://doi.org/10.1016/S0378-
1097(03)00182-4

Commare R, Nandakumar R, Kandan A, Suresh S, Bharathi 
M, Raguchander T, Samiyappan R, 2002. Pseudomonas 
fluorescens based bio-formulation for the management 
of sheath blight disease and leaffolder insect in rice. 
Crop Prot 21: 671-677. https://doi.org/10.1016/S0261-
2194(02)00020-0

Coraiola M, Lo Cantore P, Lazzaroni S, Evidente A, Iaco
bellis N, Dalla S, 2006. WLIP and tolaasin I, lipodepsi
peptides from Pseudomonas reactans and Pseudomonas 
tolaasii, permeabilise model membranes. Biochem 
Biophys Acta 1758: 1713-1722. https://doi.org/10.1016/j.
bbamem.2006.06.023

Cray J, Houghton J, Cooke L, Hallsworth JA, 2015. Simple 
inhibition coefficient for quantifying potency of biocontrol 
agents against plant-pathogenic fungi. Biol Control 81: 
93-100. https://doi.org/10.1016/j.biocontrol.2014.11.006

Czaja K, Góralczyk K, Struciński P, Hernik A, Korcz 
W, Minorczyk M, Lyczewska M, Ludwicki JK, 2015. 
Biopesticides - towards increased consumer safety in the 
European Union. Pest Manage Sci 71: 3-6. https://doi.
org/10.1002/ps.3829

Dashti Y, Grkovic T, Usama A, Hentschel U, Quinn R, 
2014. Production of induced secondary metabolites 
by a co-culture of sponge-associated actinomycetes, 
Actinokineospora sp. EG49 and Nocardiopsis sp. RV163. 
Mar Drugs 12: 3046-3059. https://doi.org/10.3390/
md12053046

Degelmann DM, Kolb S, Dumont M, Murrell JC, Drake 
HL, 2009. Enterobacteriaceae facilitate the anaerobic 
degradation of glucose by a forest soil. FEMS Micro-
biol Ecol 68; 312-319. https://doi.org/10.1111/j.1574-
6941.2009.00681.x

Djinni I, Defant A, Kecha M, Mancini I, 2014. Metabolite 
profile of marine-derived endophytic Streptomyces 
sundarbansensis WR1L1S8 by liquid chromatography-
mass spectrometry and evaluation of culture conditions 

https://doi.org/10.5829/idosi.wasj.2013.27.11.825
https://doi.org/10.5829/idosi.wasj.2013.27.11.825
https://doi.org/10.1016/j.fbio.2015.01.005
https://doi.org/10.1016/j.fbio.2015.01.005
https://doi.org/10.1007/s10529-010-0347-0
https://doi.org/10.1007/s10529-010-0347-0
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1016/j.biotechadv.2014.03.001
https://doi.org/10.1016/j.biotechadv.2014.03.001
https://doi.org/10.1016/j.syapm.2014.09.001
https://doi.org/10.1016/j.syapm.2014.09.001
https://doi.org/10.1007/s00284-013-0440-4
https://doi.org/10.1016/j.ijfoodmicro.2006.07.003
https://doi.org/10.1016/j.ijfoodmicro.2006.07.003
https://doi.org/10.1111/j.1472-765X.2004.01606.x
https://doi.org/10.1111/j.1472-765X.2004.01606.x
https://doi.org/10.1016/S0378-1097(03)00182-4
https://doi.org/10.1016/S0378-1097(03)00182-4
https://doi.org/10.1016/S0261-2194(02)00020-0
https://doi.org/10.1016/S0261-2194(02)00020-0
https://doi.org/10.1016/j.bbamem.2006.06.023
https://doi.org/10.1016/j.bbamem.2006.06.023
https://doi.org/10.1016/j.biocontrol.2014.11.006
https://doi.org/10.1002/ps.3829
https://doi.org/10.1002/ps.3829
https://doi.org/10.3390/md12053046
https://doi.org/10.3390/md12053046
https://doi.org/10.1111/j.1574-6941.2009.00681.x
https://doi.org/10.1111/j.1574-6941.2009.00681.x


Characterization of the antifungal activity of three rhizobacterial strains

Spanish Journal of Agricultural Research December 2018 • Volume 16 • Issue 4 • e1011

9

on antibacterial activity and mycelial growth. J Appl 
Microbiol 116: 39-50. https://doi.org/10.1111/jam.12360

Guillén-Cruz R, Hernández-Castillo FD, Gallegos-Morales 
G, Rodríguez-Herrera R, Aguilar-González CN, Padrón-
Corral E, Reyes-Valdés MH, 2006. Bacillus spp. como 
biocontrol en un suelo infestado con Fusarium spp., 
Rhizoctonia solani Kuhn y Phytophthora capsici Leonian 
y su efecto en el desarrollo y rendimiento del cultivo de 
chile. Rev Mex Fitopatol 24: 105-114.

Huang X, Zhang N, Yong X, Yang X, Shen Q, 2012. 
Biocontrol of Rhizoctonia solani damping-off disease 
in cucumber with Bacillus pumilus SQR-N43. 
Microbiol Res 167: 135-143. https://doi.org/10.1016/j.
micres.2011.06.002

Inglis PW, Peberdy JF, 1997. Production and purification 
of chitinase from Ewingella Americana, a recently 
described pathogen of the mushroom, Agaricus bisporus. 
FEMS Microbiol Lett 157: 189-194. https://doi.
org/10.1111/j.1574-6968.1997.tb12772.x

Izumi H, Anderson IC, Alexander IJ, Killham K, Moore 
ER, 2006. Endobacteria in some ectomycorrhiza of Scots 
pine (Pinus sylvestris). FEMS Microbiol Ecol 56: 34-43. 
https://doi.org/10.1111/j.1574-6941.2005.00048.x

Jha G, Anjaiah V, 2007. Metabolites of rhizobacte
ria antagonistic towards fungal plant pathogens. 
Ann Microbiol 57: 127-130. https://doi.org/10.1007/
BF03175061

Jung W, Mabood F, Souleimanov A, Whyte L, Niederberger 
T, Smith D, 2014. Antibacterial activity of antagonistic 
bacterium Bacillus subtilis DJM-51 against phytopa
thogenic Clavibacter michiganense subsp. michiganense 
ATCC 7429 in vitro. Microb Pathog 77: 13-16. https://
doi.org/10.1016/j.micpath.2014.10.008

Kämpfer P, 2005. Genus Rahnella. In: Bergey's Manual of 
Systematic Bacteriology, The Proteobacteria, Part B, The 
Gammaproteobacteria, vol. 2, 2nd ed.; Brenner DJ, Krieg 
NR, Staley JT (Eds.), Springer, NY, pp. 759-763.

Kandel SL, Firrincieli A, Joubert PM, Okubara PA, Leston 
ND, McGeorge KM, Doty SL, 2017. An in vitro study 
of bio-control and plant growth promotion potential of 
Salicaceae endophytes. Front Microbiol 8: 386. https://
doi.org/10.3389/fmicb.2017.00386

Kielak A, Cretoiu M, Semenov A, Soren J, Dirk J, 2013. 
Bacterial chitinolytic communities respond to chitin and 
pH alteration in soil. Appl Environ Microbiol 79: 263-
272. https://doi.org/10.1128/AEM.02546-12

Kumari D, Reddy MS, Upadhyay RC, 2013. Diversity of 
cultivable bacteria associated with fruiting bodies of wild 
Himalayan Cantharellus spp. Ann Microbiol 63: 845-
853. https://doi.org/10.1007/s13213-012-0535-3

Lavermicocca P, Valerio F, Visconti A, 2003. Antifungal 
activity of phenyllactic acid against molds isolated from 
bakery products. Appl Environ Microbiol 69: 634-640. 
https://doi.org/10.1128/AEM.69.1.634-640.2003

Lee KJ, Kamala-Kannan S, Sub HS, Seong CK, Lee GW, 
2008. Biological control of Phytophthora blight in red 
pepper (Capsicum annuum L.) using Bacillus subtilis. 
World J Microbiol Biotechnol 24:1139-1145. https://doi.
org/10.1007/s11274-007-9585-2

Li H, Zhang S, Lu J, Ulvko H, Pang X, Sun Y, Xue H, Zhao 
L, Kong T, Lv J, 2014. Antifungal activities and effect of 
Lactobacillus casei; ASTI8 on the mycelia morphology and 
ultrastructure of Penicillium chrysogenum. Food Control 
43: 57-64. https://doi.org/10.1016/j.foodcont.2014.02.045

Louden B, Haarmann D, Lynne A, 2011. Use of blue agar 
CAS assay for siderophore detection. J Microbiol Biol 
Educ 12: 51-53. https://doi.org/10.1128/jmbe.v12i1.249

Milagres A, Machuca A, Napoleao D, 1999. Detection of 
siderophore production from several fungi and bacteria by 
a modification of chrome azurol S (CAS) agar plate assay. 
J Microbiol Methods 37: 1-6. https://doi.org/10.1016/
S0167-7012(99)00028-7

Mojica MV, Luna OHA, Sandoval CCF, Pereyra AB, Morales 
RLH, González ANA, Hernández LCE, Alvarado GOG, 
2009. Biological control of chili pepper root rot (Capsicum 
annuum L.) by Bacillus thuringiensis. Phyton (Buenos 
Aires, Argent.) 78: 105-110.

Nagarajkumar M, Bhaskaran R, Velazhahan R, 2004. 
Involvement of secondary metabolites and extracelular 
lytic enzymes produced by Pseudomonas fluorescens 
in inhibition of Rhizoctonia solani, the rice sheath 
blight pathogen. Microbiol Res 159: 73-81. https://doi.
org/10.1016/j.micres.2004.01.005

Naing K, Anees M, Kim S, Nam Y, Kim Y, Kim K, 2014. 
Characterization of antifungal activity of Paenibacillus 
ehimensis KWN38 against soilborne phytopathogenic 
fungi belonging to various taxonomic groups. Ann 
Microbiol (Heidelberg, Ger.) 64: 55-63. https://doi.
org/10.1007/s13213-013-0632-y

Opelt K, Chobot V, Hadacek F, Schönmann S, Eberl L, Berg 
G, 2007. Investigations of the structure and function of 
bacterial communities associated with Sphagnum mosses. 
Environ Microbiol 9: 2795-2809. https://doi.org/10.1111/
j.1462-2920.2007.01391.x

Oulkadi D, Balland-Bolou-Bi C, Billard P, Kitzinger G, 
Parrello D, Mustin C, Banon S, 2014. Interactions of three 
soil bacteria species with phyllosilicate surfaces in hybrid 
silica gels. FEMS Microbiol Lett 354: 37-45. https://doi.
org/10.1111/1574-6968.12421

Pérez S, Cabirol N, George R, Zamudio L, Fernández F, 
2007. O-CAS, a fast and universal method for siderophore 
detection. J Microbiol Methods 70: 127-131. https://doi.
org/10.1016/j.mimet.2007.03.023

Pettit RK, 2009. Mixed fermentation for natural product drug 
discovery. Appl Microbiol Biotechnol 83: 19-25. https://
doi.org/10.1007/s00253-009-1916-9

Pintado ME, Pintado AI, Malcata FX, 1999. Fate of nitrogen 
during metabolism of whey lactose by Rahnella aquatilis. 

https://doi.org/10.1111/jam.12360
https://doi.org/10.1016/j.micres.2011.06.002
https://doi.org/10.1016/j.micres.2011.06.002
https://doi.org/10.1111/j.1574-6968.1997.tb12772.x
https://doi.org/10.1111/j.1574-6968.1997.tb12772.x
https://doi.org/10.1111/j.1574-6941.2005.00048.x
https://doi.org/10.1007/BF03175061
https://doi.org/10.1007/BF03175061
https://doi.org/10.1016/j.micpath.2014.10.008
https://doi.org/10.1016/j.micpath.2014.10.008
https://doi.org/10.3389/fmicb.2017.00386
https://doi.org/10.3389/fmicb.2017.00386
https://doi.org/10.1128/AEM.02546-12
https://doi.org/10.1007/s13213-012-0535-3
https://doi.org/10.1128/AEM.69.1.634-640.2003
https://doi.org/10.1007/s11274-007-9585-2
https://doi.org/10.1007/s11274-007-9585-2
https://doi.org/10.1016/j.foodcont.2014.02.045
https://doi.org/10.1128/jmbe.v12i1.249
https://doi.org/10.1016/S0167-7012(99)00028-7
https://doi.org/10.1016/S0167-7012(99)00028-7
https://doi.org/10.1016/j.micres.2004.01.005
https://doi.org/10.1016/j.micres.2004.01.005
https://doi.org/10.1007/s13213-013-0632-y
https://doi.org/10.1007/s13213-013-0632-y
https://doi.org/10.1111/j.1462-2920.2007.01391.x
https://doi.org/10.1111/j.1462-2920.2007.01391.x
https://doi.org/10.1111/1574-6968.12421
https://doi.org/10.1111/1574-6968.12421
https://doi.org/10.1016/j.mimet.2007.03.023
https://doi.org/10.1016/j.mimet.2007.03.023
https://doi.org/10.1007/s00253-009-1916-9
https://doi.org/10.1007/s00253-009-1916-9


Deisy Y. Pineda-Mendoza, Apolinar Gonzalez-Mancilla, Juan J. Almaraz, María P. Rodríguez-Guzman, et al.

Spanish Journal of Agricultural Research December 2018 • Volume 16 • Issue 4 • e1011

10

J Dairy Sci 82: 2315-2326. https://doi.org/10.3168/jds.
S0022-0302(99)75480-9

Pliego C, Ramos C, de Vicente A, Cazorla F, 2011. Screening 
for candidate bacterial biocontrol agents against soilborne 
fungal plant pathogens. Plant Soil 340: 505-520. https://
doi.org/10.1007/s11104-010-0615-8

Rokni H, Li W, Sanchez A, Sinnaeve D, Rozenski J, Martins 
J, De Mot R, 2012. Genetic and functional characterization 
of cyclic lipopeptide white-line-inducing principle (WLIP) 
production by rice rhizosphere isolate Pseudomonas 
putida RW10S2. Appl Environ Microbiol 78: 4826-4834. 
https://doi.org/10.1128/AEM.00335-12

Saithong P, Panthavee W, Boonyaratanakornkit M, 
Sikkhamondhol C, 2010. Use of a starter culture of 
lactic acid bacteria in plaa-som, a Thai fermented fish. J 
Biosci Bioeng 110: 553-557. https://doi.org/10.1016/j.
jbiosc.2010.06.004

Saraf M, Pandya U, Thakkar A, 2014. Role of allelochemicals 
in plant growth promoting rhizobacteria for biocontrol of 
phytopathogens. Microbiol Res 169: 18-29. https://doi.
org/10.1016/j.micres.2013.08.009

Saravanakumar D, Vijayakumar C, Kumar N, Samiyappan R, 
2007. PGPR-induced defense responses in the tea plant 
against blister blight disease. Crop Prot 26: 556-565. 
https://doi.org/10.1016/j.cropro.2006.05.007

Schwyn B, Neilands JB, 1987. Universal chemical assay 
for the detection and determination of siderophores. 
Anal Biochem 160: 47-56. https://doi.org/10.1016/0003-
2697(87)90612-9

Seiber J, Coats J, Duke S, Gross D, 2014. Biopesticides: state 
of the art and future opportunities. J Agric Food Chem 62: 
11613-11619. https://doi.org/10.1021/jf504252n

Shin S, Lim Y, Lee S, Yang N, Rhee J, 2001. CAS agar 
diffusion assay for the measurement of siderophores in 
biological fluids. J Microbiol Methods 44: 89-95. https://
doi.org/10.1016/S0167-7012(00)00229-3

Smith SH, 2015. In the shadow of a pepper-centric 
historiography: Understanding the global diffusion of 
capsicums in the sixteenth and seventeenth centuries. J 
Ethnopharmacol 167: 64-77. https://doi.org/10.1016/j.
jep.2014.10.048

Sulochana M, Jayachandra S, Kumar S, Dayanand A, 2014. 
Antifungal attributes of siderophore produced by the 
Pseudomonas aeruginosa JAS-25. J Basic Microbiol 54: 
418-424. https://doi.org/10.1002/jobm.201200770

Sunhee L, Geunhyeong J, Doseok H, Yoonkyung W, 
Younggiu L, Yeonjoong Y, Kyungrai K, Jiye H, Young 

KK, Dong WK, Yoongho L, 2011. A peptide produced 
by Pseudomonas tolaasi, tolaasin binds to metal ions. J 
Korean Soc Appl Biol Chem (Korean Ed.) 54: 633-636. 
https://doi.org/10.1002/jobm.201200770

Velásquez-Valle R, Medina-Aguilar M, Luna-Ruiz J, 2001. 
Sintomatología y géneros de patógenos asociados con 
las pudriciones de la raíz del chile (Capsicum annuum 
L.) en el Norte-Centro de México. Rev Mex Fitopatol 
19: 175-181.

Velázquez-Becerra C, Macías-Rodríguez LI, López-
Bucio J, Altamirano-Hernández J, Flores-Cortez I, 
Eduardo Valencia-Cantero E, 2011. A volatile organic 
compound analysis from Arthrobacter agilis identifies 
dimethylhexadecylamine, an amino-containing lipid 
modulating bacterial growth and Medicago sativa 
morphogenesis in vitro. Plant Soil 339: 329-340. 
https://doi.org/10.1007/s11104-010-0583-z

Wang Y, Fang X, An F, Wang G, Zhang X, 2011. 
Improvement of antibiotic activity of Xenorhabdus 
bovienii by medium optimization using response 
surface methodology. Microb Cell Fact 10: 1-15. 
https://doi.org/10.1186/1475-2859-10-98

Youssef SA, Tartoura KA, Abdelraouf GA, 2016. 
Evaluation of Trichoderma harzianum and Serratia 
proteamaculans effect on disease suppression, 
stimulation of ROS-scavenging enzymes and improving 
tomato growth infected by Rhizoctonia solani. 
Biol Control 100: 79-86. https://doi.org/10.1016/j.
biocontrol.2016.06.001

Zha J, Li BZ, Shen MH, Hu ML, Song H, Yuan YJ, 2013. 
Optimization of CDT-1 and XYL1 expression for 
balanced co-production of ethanol and xylitol from 
cellobiose and xylose by engineered Saccharomyces 
cerevisiae. Plos One 8 (7): e68317. https://doi.
org/10.1371/journal.pone.0068317

Zhang L, Khabbaz SE, Wang A, Li H, Abbasi PA, 2015. 
Detection and characterization of broad-spectrum 
antipathogen activity of novel rhizobacterial isolates 
and suppression of Fusarium crown and root rot disease 
of tomato. J Appl Microbiol 118: 685-703. https://doi.
org/10.1111/jam.12728

Zhao P, Quan C, Jin L, Wang L, Wang J, Fan S, 2013. Effects 
of critical medium components on the production of 
antifungal lipopeptides from Bacillus amyloliquefaciens 
Q-426 exhibiting excellent biosurfactant properties. 
World J Microbiol Biotechnol 29: 401-409. https://doi.
org/10.1007/s11274-012-1180-5

https://doi.org/10.3168/jds.S0022-0302(99)75480-9
https://doi.org/10.3168/jds.S0022-0302(99)75480-9
https://doi.org/10.1007/s11104-010-0615-8
https://doi.org/10.1007/s11104-010-0615-8
https://doi.org/10.1128/AEM.00335-12
https://doi.org/10.1016/j.jbiosc.2010.06.004
https://doi.org/10.1016/j.jbiosc.2010.06.004
https://doi.org/10.1016/j.micres.2013.08.009
https://doi.org/10.1016/j.micres.2013.08.009
https://doi.org/10.1016/j.cropro.2006.05.007
https://doi.org/10.1016/0003-2697(87)90612-9
https://doi.org/10.1016/0003-2697(87)90612-9
https://doi.org/10.1021/jf504252n
https://doi.org/10.1016/S0167-7012(00)00229-3
https://doi.org/10.1016/S0167-7012(00)00229-3
https://doi.org/10.1016/j.jep.2014.10.048
https://doi.org/10.1016/j.jep.2014.10.048
https://doi.org/10.1002/jobm.201200770
https://doi.org/10.1002/jobm.201200770
https://doi.org/10.1007/s11104-010-0583-z
https://doi.org/10.1186/1475-2859-10-98
https://doi.org/10.1016/j.biocontrol.2016.06.001
https://doi.org/10.1016/j.biocontrol.2016.06.001
https://doi.org/10.1371/journal.pone.0068317
https://doi.org/10.1371/journal.pone.0068317
https://doi.org/10.1111/jam.12728
https://doi.org/10.1111/jam.12728
https://doi.org/10.1007/s11274-012-1180-5
https://doi.org/10.1007/s11274-012-1180-5

