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Abstract: Twenty fluorescent Pseudomonas isolates were tested for their ability to produce siderophores
on chrome azurol S (CAS) agar plates and their antagonistic activity against six plant pathogenic fungal
isolates was assessed. Scaling-up production of siderophores from the promising isolates, P. aeruginosa
F2 and P. fluorescens JY3 was performed using batch and exponential fed-batch fermentation. Finally,
culture broth of the investigated bacterial isolates was used for the preparation of two economical
bioformulations for controlling Fusarium oxysporum and Rhizoctonia solani. The results showed that
both isolates yielded high siderophore production and they were more effective in inhibiting the
mycelial growth of the tested fungi compared to the other bacterial isolates. Exponential fed-batch
fermentation gave higher siderophore concentrations (estimated in 10 µL), which reached 67.05% at
46 h and 45.59% at 48 h for isolates F2 and JY3, respectively, than batch fermentation. Formulated
P. aeruginosa F2 and P. fluorescens JY3 decreased the damping-off percentage caused by F. oxysporum
with the same percentage (80%), while, the reduction in damping-off percentage caused by R. solani
reached 87.49% and 62.5% for F2 and JY3, respectively. Furthermore, both formulations increased the
fresh and dry weight of shoots and roots of wheat plants. In conclusion, bio-friendly formulations
of siderophore-producing fluorescent Pseudomonas isolates can be used as biocontrol agents for
controlling some plant fungal diseases.

Keywords: Pseudomonas; siderophores; antagonism; batch fermentation; exponential fed-batch
fermentation; bio-friendly formulations; biocontrol

1. Introduction

Siderophores are a group of low-molecular-weight molecules (400–1500 Da) with a high affinity to
ferric ions. These molecules are secreted by different microorganisms in response to low-iron conditions;
a siderophore molecule forms a Fe-siderophore complex, which is recognized by membrane-receptor
proteins within the microorganism. After that, Fe-siderophore complex is transported into cell
periplasm, wherever it facilitates iron uptake [1,2]. Siderophores are iron chelators that have many
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applications, such as iron chelation therapy, antibiotic carriers, inhibitors of metalloenzymes, promotion
of plant growth, biocontrol of plant and fish pathogens, biocontrol of algal blooms, removal of petroleum
hydrocarbons from the marine environment, soil bioremediation, recovery of unusual earth elements
and modification of surfaces [3]. The role of siderophore production in the biocontrol of Erwinia
carotovora was demonstrated by Kloepper et al., 1980, who were the first to use pseudobactin-producing
Pseudomonas fluorescens, a type of siderophore, as a biocontrol agent. Several species of fluorescent
pseudomonads are able to secrete siderophores such as P. aeruginosa, P. fluorescens and P. syringae [4,5].
P. fluorescens, which secretes a hydroxamate-type siderophore revealed a high efficiency against
Macrophomina phaseolina, the pathogen causing peanut charcoal rot [6], while a catechol-type siderophore
produced by P. syringae had inhibitory effects on spore germination and mycelium morphology of
Fusarium oxysporum [7]. Maximization of siderophore production from fluorescent pseudomonad
isolates is performed in the bioreactor using different fermentation strategies [8–10]. There are three
common operational modes of fermentation process: batch, fed-batch and continuous fermentation [11].
Batch fermentation is a very simple process, where all the medium components are sterilized in the
vessel of bioreactor; however, some sensitive components might be sterilized separately and then added
after sterilization to the bioreactor. Then, the organism is inoculated into the vessel and its growth
is maintained inside this closed system until the end of the run without any further modification.
The main objective of the fermentation process is maximizing production of the biological product
or biomass, so that the process ends when the yield or products are achieved, when consumption
of nutrients and minerals has occurred, or when toxic products accumulate [11,12]. Fed-batch
fermentation is started with a batch phase and accomplished with a fed-batch phase by adding a
carbon source or any other nutrients to the bioreactor at the end of the exponential phase of the culture
growth (after consumption of the initial carbon source) without any removal of the fermentation
products until the end of the fermentation process. The medium components could be added to
the vessel according to designated feed rate (according model) to avoid the inhibitory effect of the
initial high concentration of any medium component that occurs in batch fermentation. This ensures
that the fed-batch fermentation process achieves high concentrations of the desired products [13].
There are different types of fed-batch fermentation according to the feeding strategy: constant [12],
exponential [14,15], linear [16], pulse [12], and feeding based on other models [17]. Both batch and
fed-batch strategies have been used for maximizing pyocyanin production from P. aeruginosa JY21 [12],
and to improve the production of biosurfactant from P. aeruginosa USM AR2 and MR01 [18,19].
In addition, these strategies have also been used for increasing the production of acetyl esterase from
Pseudomonas sp. ECU1011 [20]. Radha et al., 2014 enhanced the production of alkaline protease using
batch and fed-batch fermentation strategies from a mixed culture of P. putida and Staphylococcus aureus.
They reported1.18-fold increases in the activity of alkaline protease when the enzyme was produced
in a fed-batch fermentation compared to batch fermentation process [21]. Siderophores, which have
high affinity to ferric irons, are naturally produced by microorganisms under low-iron conditions.
The resulting Fe-siderophore complex becomes unavailable to other organisms, but the producing
strain can uptake this complex via a very specific receptor in its outercellular membrane [22,23]. By this
strategy, siderophores producing fluorescent Pseudomonas can restrict the growth of plant pathogens in
the rhizospher of plants. This mechanism is known as competition for iron nutrition, which is one of
the most important mechanisms of biological control of plant pathogens. Pyoverdin, a siderophore
produced by P. putida WCS358, was effective in controlling radish fusarium wilt disease, which is
caused by F. oxysporum f. sp. raphani [24]. In addition, P. fluorescens strains SPs9 and SPs20 that
produced siderophores were effective in the inhibition of tomato wilt pathogen, F. oxysporum f. sp.
lycopersici [5]. Siderophores play an imperative role in iron nutrition of plants, and consequently,
promote plant growth. Iron uptake by plants is usually enhanced by microbial siderophores, when the
plant is able to recognize the bacterial ferric-siderophore complex. Plants take in iron from bacterial
siderophores by means of different mechanisms, for example, chelation and release of iron, the direct
uptake of siderophore-Fe complexes, or by aligand exchange reaction [25]. Arabidopsis thaliana took up
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Fe-pyoverdine complex synthesized by P. fluorescens C7, resulting in an increase in iron concentration
inside the plant, and hence, improved plant growth [26]. The main goal of our study is maximizing the
production of siderophores from two Pseudomonas species, P. aeruginosa and P. fluorescens using batch
and exponential fed-batch fermentation strategies. We then test the ability of siderophore-producing
fluorescent pseudomonads to act as biocontrol agents against soil-borne fungi such as F. oxysporum
and Rhizoctonia solani, the major agents of damping off and root rot diseases for many different plant
crops that cause severe loss in the productivity of food and feed crops.

2. Materials and Methods

2.1. Bacterial and Fungal Isolates

2.1.1. Isolation of Fluorescent Pseudomonas Isolates

Isolation was carried out by the serial dilution method from forty soil samples of wheat, corn,
eggplant, cotton, pepper and clover collected from Alexandria, Monufia and Sohag in Egypt. Ten grams
of soil were suspended in 90 mL of sterile double distilled water and shaken for 1 h at 200 rpm.
Next, 200 µL of 10−5 and 10−6 dilutions were spread onto King’s B medium plates. After inoculation,
plates were incubated at 28 to 30 ◦C for 1 to 2 days. Fluorescent Pseudomonas isolates were recognized
by the formation of green fluorescence pigments in and around the colonies when exposed to ultraviolet
light. Fluorescent Pseudomonas cultures were purified using the single colony technique and examined
under light microscope after staining by Gram stain to confirm their purity.

2.1.2. Bacterial and Fungal Isolates from Culture Collection

Four fluorescent pseudomonad isolates, P. fluorescens JY3, JY7, JY8 and JY13 (GenBank accession
number, KF922490, KF922494, KF922495 and KF922500, respectively) (Table 1), and six fungal isolates,
Alternaria spp., F. culmorum, F. oxysporum isolate A, F. oxysporum isolate B, F. solani and R. solani
used in the current study were kindly provided by the City of Scientific Research and Technological
Applications (SRTA-City).

Table 1. Fluorescent Pseudomonas isolates used in the current study.

Fluorescent Pseudomonas Isolates Isolated in the Current Study

Isolate Code Plant Rhizosphere Isolation Governorate
GPS Coordinates

GenBank Accession Number
Latitude Longitude

F1 Corn Monufia 30.5972455 30.9876321
F2 Eggplant Monufia 30.5972455 30.9876321 MG210480
F3 Pepper Alexandria 31.200092 29.918739
F4 Pepper Alexandria 31.200092 29.918739
F5 Eggplant Alexandria 31.200092 29.918739
F6 Eggplant Alexandria 31.200092 29.918739
F7 Cotton Sohag 26.549999 31.700001 MG076939
F8 Corn Sohag 26.549999 31.700001 MG210481
F9 Cotton Sohag 26.549999 31.700001

F10 Corn Sohag 26.549999 31.700001
F11 Corn Sohag 26.549999 31.700001
F12 Corn Sohag 26.549999 31.700001
F13 Wheat Sohag 26.549999 31.700001
F14 Clover Sohag 26.549999 31.700001
F15 Wheat Sohag 26.549999 31.700001
F16 Clover Sohag 26.549999 31.700001

Pseudomonas fluorescens Isolates Provided from Culture Collection

Isolate Code GenBank Accession Number

JY3 KF922490
JY7 KF922494
JY8 KF922495
JY13 KF922500
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2.2. Screening for Siderophores Production Using CAS Assay

2.2.1. Qualitative Assay

All fluorescent Pseudomonas isolates were checked for their capability to secrete siderophores.
Detection of siderophores was performed on chrome azurol S CAS agar plates [27] where the detection
depends on the high affinity of siderophores to chelate iron, so that, in the presence of siderophores the
colure of medium changes from greenish blue to orange. Pseudomonas isolates were grown in succinic
medium contained 4 g succinic acid; 6 g KH2PO4; 4 g K2HPO4; 0.2 g MgSO47H2O; 1 g (NH4)2SO4 and
dH2O up to 1000 mL [28] for 24 h at 200 rpm and 30 ◦C. Next, 10 mL of each culture was centrifuged
at 10,000 rpm for 10 min and then the supernatant was filtrated throughout a 0.2 µ syringe filter.
Five wells were made in each CAS agar plate and each well was filled with 80 µL of culture filtrate.
Plates were then incubated at 30 ◦C for 24 h and the presence of siderophores was detected visually.

2.2.2. Quantitative Assay

Pseudomonas isolates were cultured in succinic medium for 24 h at 200 rpm and 30 ◦C. A 1.5 mL
volume of each culture was centrifuged at 10,000 rpm for 10 min. The relative level of siderophores
was measured in a fixed volume of supernatant (10 µL) using the CAS assay method according to
Schywan and Neilands (1987) [27]. Next, a 0.5 mL CAS assay solution was added to 10 µL of culture
supernatant and mixed well, then 10 µL of Shuttle solution was added, mixed, and the mixture was
left at room temperature for few minutes. The disappearance of the blue color relates to the presence
of siderophores. The absorbance was measured at 630 nm using the media as blank. The relative level
of siderophores was calculated based on the following formula:

Relative level of siderophores % = Ar − As/Ar × 100

Ar refers to absorption of CAS solution plus media plus shuttle solution whereas, As refers to
absorption of CAS solution plus culture supernatant plus shuttle solution.

2.3. Antagonistic Effect of Fluorescent Pseudomonad Isolates (Dual Culture Method)

Antagonistic effects of all fluorescent pseudomonad isolates were tested against Alternaria spp.,
F. culmorum, F. oxysporum isolate A, F. oxysporum isolate B, F. solani and R. solani using the dual culture
method according to Toure et al., 2004 [29]. Antagonistic isolates were streaked as a streak line with a
loopfull of 2 day-old culture on potato dextrose agar plates, and incubated for 48 h prior inoculation by
any tested fungus. A mycelial disc (5 mm in diameter) of an actively growing culture of the checked
fungus was placed in the center at a standard distance close the other edge of the Petri plate and
incubated at 30 ◦C for 3–7 days. Inhibition zones (the distance among the edge of antagonistic bacterial
growth and the edge of fungal growth) were measured. All experiments were carried out in three
replicates for each fungus.

2.4. Molecular Identification of Bacterial Isolates

Total DNA was extracted according to Istock et al., 2001 [30] from fluorescent Pseudomonas
isolates F2, F7 and F8, which produced a higher percentage of siderophores production than the other
Pseudomonas isolates that were isolated in the current investigation. The complete length of the 16S rRNA
gene was amplified according to Matar et al., 2009 [31] using two universal primers, Start (forward)
5′ AGAGTTTGATCMTGGCTCAG 3′ and End (reverse) 5′ TACGGYACCTTGTTACGACTT 3′.
The amplified 16S rRNA gene of Pseudomonas isolates was purified and sequenced based on enzymatic
chain terminator technique by the use of a Big Dye terminator sequencing kit. After that, the nucleotide
sequences were aligned with pseudomonad 16S rRNA gene sequences obtained from GenBank database
(http://www.ncbi.nlm.nih.gov). The phylogenetic tree was constructed with the UPGMA method using
MEGA software version 5 and the number of bootstraps replications was 2000.

http://www.ncbi.nlm.nih.gov
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2.5. Fermentation Experiments

2.5.1. Bioreactor

Fermentation experiments were carried out in a 10-L bench-top bioreactor (Cleaver, Saratoga, CA,
USA) [26]. Temperature was monitored at 25 ◦C while the pH was adjusted to 7 by adding HCl 2 N
and NaOH 2 N using feeding pumps. Aeration was performed using sterilized air that was supplied at
0.5 VVM (air volume per broth volume per minute). Agitation speed ranged between 200 to 600 rpm to
keep the percentage of dissolved oxygen more than 30%. DO percentage and pH values were recorded
automatically using the online module.

2.5.2. Batch Fermentation

P. aeruginosa F2 and P. fluorescens JY3 (GenBank accession number, MG210480 and KF922490),
which have the greatest percentage of siderophores, were cultivated in the bioreactor using a volume
of 5 L of optimized medium for siderophore production. The medium contained 20 mL glycerol;
14.5 g glucose; 1 g glutamic acid; 4 g sodium succinate; 5 g asparagine; 0.1 g urea; 1 g (NH4)2SO4; 1 g
kH2PO4; 3.5 g K2HPO4; 1 g MgSO4; 0.5 µM FeCl3 and dH2O up to 1000 mL, pH 7 for P. aeruginosa
F2 [27]. However, P. fluorescens JY3 was cultivated on optimized medium contained 10 mL glycerol; 1 g
glucose; 0.5 g glutamic acid, 3.14 g sodium succinate; 1 g asparagine; 0.1 g urea; 0.1 g (NH4)2SO4; 6 g
kH2PO4; 4 g K2HPO4; 0.1 g MgSO4; 0.62 µM FeCl3 and dH2O up to 1000 mL, pH 7 [32]. Cultivation
of P. aeruginosa F2 and P. fluorescens JY3 in the bioreactor started with optical density (O.D600nm) of
0.3 as an inoculum size by inoculation from seed culture of LB broth of each strain. Several samples
from each culture were taken at time intervals for the determination of relative level of siderophores,
biomass, glucose and glycerol.

2.5.3. Fed-batch Fermentation

Fed-batch fermentation was initiated with batch phase using 5 L of optimized medium as
previously described. At the end of exponential phase, a feeding step was created by adding the
feeding medium of that every 1-L of optimized medium, including 10-fold of each medium component
except kH2PO4 and K2HPO4, which were added with original weights shown in the optimized
media and without 10-fold increase . The feeding strategy for each strain was accomplished using a
exponential programmed feed rate that was initialized with a rate of 1.5 mL min−1 to finish at rate of
22.5 mL min−1 [15].

2.6. Analytical Procedures

2.6.1. Relative Level of Siderophores

Relative level of siderophores was determined by CAS assay method according to Schywan and
Neilands (1987) as mentioned before [27].

2.6.2. Biomass Estimation

Dry cell weight was estimated according to Van Dam-Mieras et al., 1992 [33].

2.6.3. Glucose Estimation

Glucose concentration was estimated using enzymatic colorimetric kit (Diamond
Diagnostics, Egypt).

2.6.4. Glycerol Estimation

Glycerol concentration was estimated by the method developed by Bok and Demain (1977) [34].
One mL of supernatant containing glycerol was added to 1 mL of 15 mM sodium metaperiodate in
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0.12 M HCl in a test tube and incubated at room temperature for 10 min. After oxidation of periodate,
2 mL of 0.1% (w/v) L-rhamnose solution was added to the test tube in order to remove the excessive
periodate ions. After mixing, 4 mL of Nash reagent containing ammonium acetate (150 g mL−1),
acetic acid (0.2%, v/v) and acetylacetone (0.2%, v/v) were added. The color of the mixture was allowed
to develop for 15 min in a water bath at 53 ◦C. After cooling, the optical density of the mixture was
measured at 412 nm using a spectrophotometer and converted into glycerol concentration (g L−1)
according to a calibration curve (ranging from 0 to 40 mg L−1).

2.7. Application of Siderophores-Producing Pseudomonas Isolates as Biocontrol Agents

2.7.1. Formulation Experiment

Culture broth of P. aeruginosa F2 and P. fluorescens JY3 obtained from fed-batch fermentation
containing 2.0×109cfu mL−1 was formulated using talc powder (TP) as a carrier with some other
additives that include glycerol or glucose as a carbon source and carboxymethylcellulose (CMC) as an
adhesive. Also, calcium carbonate was added to the mixture for adjusting the pH to 7 [35].

2.7.2. Fungal Inoculum Preparation

Inoculums of F. oxysporum and R. solani were prepared using sorghum/coarse sand/water
(2:1:2 v/v/m) medium. All components were combined, packed and sterilized for 2 h. Agar discs,
obtained from the edge of 5-day-old culture of each investigated fungus were inoculated into the
sterilized medium. After two weeks of incubation at 30 ◦C, fungal inoculums became available for soil
infestation [36].

2.7.3. Soil Infestation

Inoculums of F. oxysporum and R. solani were added independently to the soil surface of each
pot at the rate of 2% w/w, and then coated with a thin film of autoclaved soil. The infested pots were
irrigated and reserved for 7 days before sowing.

2.7.4. Disease Assessment

Disease assessment was estimated as a percentage of damping-off (pre- and post-emergence) after
7 and 21 days from sowing, respectively, using the following formula:

% Pre-emergence = No. of non-emerged seedlings/No. of sown seeds × 100

% Post-emergence = No. of dead emerged seedlings/No. of sown seeds × 100

% Damping-off = % Pre-emergence + % Post-emergence

2.7.5. Greenhouse Experiment

A pots experiment was performed to study the effect of the formulated P. aeruginosa F2 and
P. fluorescens JY3 for the biocontrol of F. oxysporum isolate A and R. solani. Pots (18 × 18 cm diameter)
containing sterilized soil infested as previously declared. Nine treatments were performed as follows:
(1) F. oxysporum; (2) R. solani; (3) untreated and uninfected control (healthy); (4) P. aeruginosa F2
formulation; (5) P. fluorescens JY3 formulation; (6) F2 formulation + F. oxysporum; (7) JY3 formulation +

F. oxysporum; (8) F2 formulation + R. solani and (9) JY3 formulation + R. solani. Five wheat seeds were
sown per pot, three replicate (pots) were used for each treatment. Seeds of wheat were treated with the
formulations as seed drench at a dose of 10 g kg−1 of seeds. Formulations were applied twice at a dose
of 3 kg acre−1, 15 and 30 days after seed sowing as a soil drench.
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2.8. Statistical Analysis

Analysis of variance (ANOVA) was used to analyze the results achieved in this study using CoStat
software. The least significant difference (LSD) at P ≤ 0.05 level of probability was utilized for detecting
significant differences among treatments.

3. Results

3.1. Isolation of Fluorescent Pseudomonas Isolates

Sixteen fluorescent Pseudomonas isolates were isolated using King’s B medium (Table 1). The green
fluorescent colonies were picked up under UV light, and further purified by repeated streaking (single
colony) on the same medium, and examined under light microscope.

3.2. Screening for Siderophores Production

All bacterial isolates were screened qualitatively and quantitatively for siderophore production.
In a primary step, qualitative screening has been performed using CAS agar plates. All isolates that

formed a yellow to orange zone around the pure colony indicated a positive siderophore production.
In addition, in the agar well diffusion method, when cell-free supernatant of each culture was applied to
the wells of CAS agar plates, a yellow to orange halo was observed around the wells that indicates the
production of siderophores (Figure 1A). In order to confirm previously obtained results, siderophores
produced by all bacterial isolates were quantitatively measured in liquid cultures. P. fluorescens JY3
and P. aeruginosa F2 showed the highest production of siderophores (1.758% and 1.749%, respectively).
Also, P. aeruginosa F7 and F8 that were isolated in the current work gave a high percentage of siderophore
production but P. fluorescens JY8 showed the lowest production of siderophores (0.011%) in a fixed
10 µL using succinic medium (Figure 1B).

Table 2. Antagonistic effects of fluorescent Pseudomonas isolates against growth of some phytopathogenic
fungi using the dual culture method.

Pseudomonas Isolates
Vertical Distance of Inhibition Diameter (cm)

Alternaria Sp F. culmorum F. oxysporum
Isolate A

F. oxysporum
Isolate B F. solani R. solani

F1 *2.00 ± 0.17 bcd** 2.13 ± 0.45 abcd 2.20 ± 0.10 a 1.70 ± 0.10 a 2.07 ± 0.21 abc 1.63 ± 0.15 e

F2 2.23 ± 0.21 ab 2.47 ± 0.06 a 2.10 ± 0.29 abc 1.70 ± 0.20 a 2.23 ± 0.30 a 2.23 ± 0.21 a

F3 1.37 ± 0.32 e 1.87 ± 021 de 1.60 ± 0.10 fg 1.43 ± 0.06 abc 1.37 ± 0.32 gh 1.77 ± 0.21 de

F4 1.80 ± 0.26 d 1.90 ± 0.26 de 1.80 ± 0.20 def 1.60 ± 0.10 ab 1.80 ± 0.26 cde 2.10 ± 0.36 abc

F5 2.27 ± 0.25 a 2.10 ± 0.17 bcd 1.80 ± 0.10 def 1.60 ± 0.00 ab 2.13 ± 0.25 ab 2.10 ± 0.15 abc

F6 1.43 ± 0.12 e 1.80 ± 0.10 de 1.67 ± 0.15 efg 1.53 ± 0.15 abc 1.47 ± 0.15 fg 2.10 ± 0.10 abc

F7 2.13 ± 0.06 abc 2.27 ± 0.15 abc 2.17 ± 0.15 ab 1.57 ± 0.11 abc 2.13 ± 0.21 ab 2.10 ± 0.35 abc

F8 2.00 ± 0.10 bcd 2.13 ± 0.15 abcd 1.97 ± 0.12 bcd 1.57 ± 0.49 abc 2.00 ± 0.10 abcd 2.00 ± 0.36 abcd

F9 2.17 ± 0.25 ab 2.33 ± 0.25 ab 1.63 ± 0.12 efg 0.87 ± 0.32 d 2.07 ± 0.25 abc 2.07 ± 0.15 abc

F10 2.23 ± 0.12 ab 2.00 ± 0.10 bcde 1.93 ± 0.15 cd 1.43 ± 0.15 abc 2.23 ± 0.12 a 2.17 ± 0.20 ab

F11 2.10 ± 0.26 abc 2.07 ± 0.21 bcd 1.53 ± 0.15 gh 1.23 ± 0.06 c 2.10 ± 0.10 ab 2.23 ± 0.21 a

F12 1.90 ± 0.10 cd 1.97 ± 0.06 cde 1.27 ± 0.21 ij 1.27 ± 0.59 bc 1.90 ± 0.10 bcde 1.90 ± 0.26 bcde

F13 2.10 ± 0.26 abc 1.70 ± 0.36 e 1.83 ± 0.21 de 1.50 ± 0.10 abc 2.10 ± 0.26 ab 1.90 ± 0.20 bcde

F14 0.00 ± 0.00 g 2.10 ± 0.10 bcd 1.60 ± 0.10 fg 0.00 ± 0.00 e 0.00 ± 0.00 j 1.63 ± 0.15 e

F15 0.00 ± 0.00 g 0.00 ± 0.00 h 1.33 ± 0.15 hi 0.00 ± 0.00 e 0.00 ± 0.00 j 0.00 ± 0.00 h

F16 0.00 ± 0.00 g 1.33 ± 0.42 f 0.00 ± 0.00 k 0.00 ± 0.00 e 0.67 ± 0.31 i 1.83 ± 0.25 cde

P. fluorescens JY3 0.63 ± 0.15 f 1.07 ± 0.15 fg 1.07 ± 0.15 j 1.23 ± 0.15 c 1.77 ± 0.38 de 0.63 ± 0.10 g

P. fluorescens JY7 0.10 ± 0.00 g 0.77 ± 0.21 g 0.00 ± 0.00 k 0.30 ± 0.10 e 1.17 ± 0.10 h 0.00 ± 0.00 h

P. fluorescens JY8 0.13 ± 0.00 g 0.00 ± 0.00 h 0.00 ± 0.00 k 0.00 ± 0.00 e 1.40 ± 0.10 fgh 1.07 ± 0.06 f

P. fluorescens JY13 0.00 ± 0.00 g 0.93 ± 0.25 g 0.00 ± 0.00 k 0.00 ± 0.00 e 1.67 ± 0.15 ef 0.00 ± 0.00 h

L.S.D 0.266 0.360 0.222 0.342 0.276 0.296

* Means in each column followed by the identical letter do not differ significantly at P≤ 0.05 level; ** Significant letters.
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Figure 1. (A) Qualitative assay of siderophore production on chrome azurol S (CAS) agar plates using
supernatant of some fluorescent Pseudomonas isolates; (B) Relative level of siderophores produced by
fluorescent Pseudomonas isolates grown on succinic medium using CAS assay and (C) antagonistic
effect of Pseudomonas aeruginosa F2 and Pseudomonas fluorescens JY3 against Fusarium solani, plate on the
left in each photo is the corresponding control without the antagonist (data are presented in Table 2).

3.3. Antagonistic Effect of Fluorescent Pseudomonad Isolates (Dual Culture Method)

This experiment aimed to investigate the antagonistic effect of the experimental Pseudomonas
isolates on the growth of some tested plant pathogenic fungi using dual culture technique. Isolate F2
was the most efficient isolate in inhibiting the mycelial growth of all tested pathogens. On the other
hand, isolates F14, F15, F16, JY7, JY8 and JY13 showed a weak antagonistic activity (Table 2). All tested
Pseudomonas isolates showed antagonistic activity against Alternaria sp. except Pseudomonas isolates F14,
F15, F16 and JY13. Pseudomonas isolate F5 followed by isolates F2, F9 and F10, which showed
no significant differences among each other, were the most effective isolates in inhibiting the
mycelial growth of Alternaria sp. Meanwhile, F2 had more antagonistic activity than the other
fluorescent Pseudomonas isolates on F. calmorum. All Pseudomonas isolates showed antagonistic activity
against F. oxysporum isolate A except F16, JY7, JY8 and JY13, where Pseudomonas isolate F1 had a
more-antagonistic effect on F. oxysporum isolate A compared to the other isolates followed by F7.
Pseudomonas isolates F1 and F2 followed by F4 and F5 followed by F7 and F8 were the most effective
isolates in inhibiting the mycelial growth of F. oxysporum isolate B, but Pseudomonas isolate F2 had
more antagonistic activity than the other fluorescent Pseudomonas isolates on F. solani and R. solani
(Figure 1C).

3.4. Molecular Identification of Bacterial Isolates

Pseudomonas isolates F2, F7 and F8, which produced a higher percentage of siderophore production
than the other Pseudomonas isolates isolated in the current study, were identified based on sequencing
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of 16S rRNA gene. A database search to identify the bacterial isolates was achieved in BLAST search at
the National Center for Biotechnology Information site (http://www.ncbi.nlm.nih.gov). Blast results
revealed that sequences of isolates F2, F7 and F8 were almost similar to several P. aeruginosa strains with
homology percentage of 99%. Pseudomonas isolates F2, F7 and F8 were identified as P. aeruginosa with
accession numbers of MG210480, MG076939 and MG210481, respectively (Table 1). A phylogenetic tree
of the 16S rRNA gene that was generated using the nucleotide sequences of the fluorescent Pseudomonas
isolates F2, F7 and F8 (obtained in the current investigation) and other pseudomonad 16S rRNA gene
sequences (obtained from GenBank database) revealed that two major clusters exist. Cluster 1 included
Cellvibrio ostraviensis, while all fluorescent Pseudomonas isolates obtained in this study and provided
from GenBank database were clustered in cluster 2. This cluster is divided into two groups: the first
group included P. aeruginosa F2, F7 and F8 with the other P. aeruginosa strains provided from GenBank;
while the second group contained P. fluorescens, P. putida, P. chlororaphis, P. syringae and P. meliae
(Figure 2).
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Figure 2. Phylogenetic tree of fluorescent Pseudomonas isolates F2, F7 and F8 obtained in the current
study and validly described members of the genus Pseudomonas based on the nucleotide sequences of
the 16S rRNA gene. Phylogenetic tree was constructed with UPGMA method using MEGA version 5
and the number of bootstraps replications is 2000.

3.5. Batch Fermentation

Batch fermentation technique in the bioreactor was used in this study to enhance siderophores
production from P. aeruginosa F2 and P. fluorescens JY3 compared to cultivation in shake flasks,
which produced a low relative level of siderophores in our previous study. Batch fermentation
was performed using P. aeruginosa F2 and P. fluorescens JY3 in a 10-L bench-top bioreactor (Cleaver,
Saratoga, CA, USA), where both isolates produced a higher percentage of siderophores production
than the other Pseudomonas isolates that were screened in the current work. Figure 3A shows the
relative level of siderophores, cell biomass, glucose and glycerol concentrations of the culture broth
of P. aeruginosa F2 plotted against time. Cell biomass of P. aeruginosa F2 increased slowly during lag
phase, which continued for 5 h. After that, the culture entered exponential phase (log phase) where the
biomass increased rapidly with a constant specific growth rate, µ of 0.043 h−1. The dissolved oxygen
decreased as a result of the increasing demand for O2 that is required for bacterial growth (Figure 3B).
To assure sufficient oxygen provided, oxygen was maintained at over 30% by increasing the agitation

http://www.ncbi.nlm.nih.gov
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rate. After 41 h the dissolved oxygen was increased gradually until the end of the run. The maximum
biomass achieved was 10.3 g L−1 at 38 h. Relative level of siderophores reached 1.91% at 12 h but it
accomplished its maximum value of 31.9% at 40 h. Glycerol concentration decreased slowly and it was
not fully consumed as its value reached 4.5 g L−1 at 50 h but glucose concentration decreased rapidly
and it was fully consumed at 26 h. Relative level of siderophores, biomass and glycerol concentration
in the culture broth of P. fluorescens JY3 against time are shown in Figure 4A, where relative level of
siderophores achieved was 1.97% at 12 h, reaching its maximum value of 23.9% at 48 h. Moreover,
the maximum biomass achieved was 5.2 g L−1 at 24 h and glycerol concentration decreased gradually
to reach 0.25 g L−1 at 52 h. P. fluorescens JY3 cell biomass increased exponentially with specific growth
rate, µ of 0.096 h−1. The dissolved oxygen decreased rapidly and reached 30% in the first hour, so that,
motor speed was increased and accordingly agitation rate increased until 6 h, consequently, dissolved
oxygen increased rapidly as a result of increasing agitation speed (Figure 4B).Processes 2020, 8, x FOR PEER REVIEW 11 of 21 
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3.6. Fed-Batch Fermentation

Maximization of siderophores production from P. aeruginosa F2 and P. fluorescens JY3 was
completed using fed-batch technique. Fed-batch fermentation was carried out in a 10-L bench-top
bioreactor (Cleaver, Saratoga, USA) using P. aeruginosa F2 and P. fluorescens JY3, which produced the
highest percentage of siderophores production compared to other Pseudomonas isolates screened in this
study. The fed-batch process was started with a batch phase and completed using a fed-batch phase
using exponential feed rate. The fed-batch stage initiated with the addition of the feeding medium
using an exponential feeding type of prearranged feed rate. The feeding started with an initial rate of
1.5 mL min−1 until it reached the final rate of 22.5 mL min−1. Figure 5A illustrates relative level of
siderophores, biomass and glucose/glycerol concentration of the culture broth of P. aeruginosa F2 as a
function of time. During the batch step, the culture grew exponentially with a constant specific growth
rate. Dissolved oxygen decreased quickly during the exponential phase due to the increasing demand
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for O2 that is required for the growing cell mass. The oxygen was held in reserve at above 30% by
controlling motor speed and consequently agitation rate (Figure 5B).
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The relative level of siderophores reached 1.8% at 18 h and then increased rapidly to achieve 37.8%
at 40 h but it reached its maximum value of 67.05% at 46 h. The maximum biomass was 15.8 g L−1 at
39 h. Glucose concentration decreased rapidly and it was fully consumed at 24 h. In addition, glycerol
concentration decreased slowly and was not fully consumed at 24 h; its value reached 10.36 g L−1.
After feeding, the glycerol concentration increased for a short period and then decreased rapidly to
near zero at the end of the run.

In thecase of P. fluorescens JY3, cell biomass increased exponentially with a specific growth rate.
The relative level of siderophores, biomass and glycerol concentration against time are shown in
Figure 6A. The relative level of siderophores reached 1.92% at 16 h and increased rapidly to reach
19.24% at 36 h, achieving its maximum value of 45.59% at 48 h. The maximum biomass achieved
was 13.7 g L−1 at 44 h. Glycerol concentration decreased gradually and reached 2.89 g L−1 at 24 h.
After feeding, glycerol concentration increased gradually for some time to reach 4.75 g L−1 at 42 h and
decreased again to reach 2.85 g L−1 at the end of the process. The dissolved oxygen decreased rapidly,
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therefore the concentration of oxygen was restricted to a value of 30% by increasing the speed of motor
to the desired agitation rate. The rise of the agitation rate resulted in an increase in the dissolved
oxygen concentration in the medium until 8 h; after this point dissolved oxygen increased gradually.
Once feeding starts, the dissolved oxygen decreased rapidly, and consequently the agitation speed was
increased gradually (Figure 6B). The fed-batch fermentation technique produced the highest percentage
of relative level of siderophores of all methods, so cultures of P. aeruginosa F2 and P. fluorescens JY3
obtained by fed-batch fermentation were used for the preparation of talc formulations to be utilized as
biocontrol agents.
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3.7. In-Vivo Antagonistic Effect of P. aeruginosa F2 and P. fluorescens JY3 against Some Phytopathogenic Fungi

Formulations of siderophores-producing Pseudomonas isolates using talc powder as a carrier were
applied as biocontrol agents in a soil infested with F. oxysporum and R. solani. Wheat seeds were
treated with the formula and sown after seven days of soil infestation. Damping-off percentage and
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reduction percentage were evaluated. In addition, fresh and dry weights of shoots and roots were
weighed. Formulations of P. aeruginosa F2 and P. fluorescens JY3, which produced a higher percentage of
siderophores production than other Pseudomonas isolates used in this work, were effective in reducing
damping-off caused by F. oxysporum and R. solani compared to the control infested with plant pathogens.
Damping-off percentage caused by F. oxysporum and R. solani reached 33.3% and 53.3%, respectively.
Meanwhile, treatments using formulations of F2 and JY3 in a soil infected with F. oxysporum were
effective in reducing damping-off percentage, which was decreased to reach 6.67% with a reduction
percentage of 80%. Formulation of P. aeruginosa F2 in a soil infected with R. solani was more effective in
reducing damping-off percentage compared to the formulation of P. fluorescens JY3, as the damping-off

percentage recorded 6.67% and 20% with a reduction percentage of 87.49% and 62.5%, respectively
(Table 3). Both formulations stimulated the growth of wheat plants in a soil infected with F. oxysporum
and R. solani compared to the other control treatments inoculated with each fungus alone. Fresh and
dry weights of shoots and roots increased significantly in treatments with formulations of P. aeruginosa
F2 and P. fluorescens JY3 in a soil infected with plant pathogenic fungi. Treatment using formulation of
F2 in a soil infected with F. oxysporum increased the fresh weights of shoots and roots of wheat plants,
which reached 3.77 g and 3.3 g with increase percentages of 45.09% and 49.39%, respectively. Whereas,
there was a 3.33 g and 2.93 g increase in fresh weights of shoots and roots, with increased percentage
to 37.84% and 43%, respectively, in the case of treatment using JY3 formulation. In comparison with
F. oxysporum treatment alone, fresh weights of shoots and roots reached 2.07 g and 1.67 g, respectively.
Fresh weights of shoots were 3.53 g and 3.27 g with increase percentage of 72.52% and 70.34% in
treatments using F2 and JY3 formulation in a soil infected with R. solani, respectively, compared to
treatment using the fungus alone that recorded 0.97 g. The fresh weights of roots reached 3.1 g and
2.83 g with an increased percentage of 80.65% and 78.8% using the same formulations in comparison
with treatment using the fungus alone that reached 0.6 g (Table 4). The results of dry weights of
shoots and roots obtained in this study elucidated the efficiency of treatments using formulations of
P. aeruginosa F2 and P. fluorescens JY3 in increasing the dry weights of shoots in a soil infected with
F. oxysporum and R. solani. The increase in shoot dry weight reached 2.83 g, 2.47 g, 2.63 g and 2.37 g,
with increased percentage of 63.6%, 58.3%, 87.45% and 86.08%, respectively while the dry weights of
shoots in the case of treatments using F. oxysporum and R. solani reached 1.03 g and 0.33 g, respectively.
The dry weights of roots recorded 2.3 g, 2.03 g, 2.2 g and 1.83 g, with increase percentage of 55.22%,
49.26%, 91.82% and 90.16%, respectively. Whereas treatments using F. oxysporum and R. solani recorded
1.03 g and 0.18 g, respectively (Table 4).

Table 3. Effect of culture formulations of Pseudomonas aeruginosa F2 and Pseudomonas fluorescens JY3 on
damping-off of wheat plants caused by Fusarium oxysporum and Rhizoctonia solani.

Treatment Damping Off (%) Reduction W

(%)
Reduction X

(%)

1. F. oxysporum (check) *33.33 ± 11.55 ab** 0 n.d.
2. R. solani (check) 53.33 ± 23.09 a n.d. 0
3. Control 20.00 ± 00.00 b 40 62.50
4. P. aeruginosa F2 13.33 ± 11.55 b 60 75
5. P. fluorescens JY3 13.33 ± 11.55 b 60 75
6. F2 + F. oxysporum 06.67 ± 11.55 b 80 n.d.
7. JY3 + F. oxysporum 06.67 ± 11.55 b 80 n.d.
8. F2 + R. solani 06.67 ± 11.55 b n.d. 87.49
9. JY3 + R. solani 20.00 ± 00.00 b n.d. 62.50
L.S.D 28.78

W Reduction % (in case of F. oxysporum) = [check-treatment]/check × 100; X Reduction % (in case of R. solani) =
[check-treatment]/check × 100; * Means in each column followed by the identical letter do not differ significantly at
P ≤ 0.05 level; ** Significant letters; “n.d.” not determined.
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Table 4. Effect of culture formulations of Pseudomonas aeruginosa F2 and Pseudomonas fluorescens JY3 on fresh and dry weight of shoots and roots of wheat plants.

Treatment Fresh Weight of Shoots (g) Increase Y

(%)
Increase Z

(%)
Fresh Weight of Roots

(g)
Increase Y

(%)
Increase Z

(%)

1. F. oxysporum (check) *2.07 ± 0.06 c** 0 n.d. 1.67 ± 0.21 c 0 n.d.

2. R. solani (check) 0.97 ± 0.25 d n.d. 0 0.6 ± 0.10 d n.d. 0

3. Control 3.63 ± 0.21 ab 42.98 73.28 3.23 ± 0.38 ab 48.30 81.42

4. P. aeruginosa F2 4.17 ± 0.15 a 50.36 76.74 3.73 ± 0.12 a 55.23 83.91

5. P. fluorescens JY3 3.60 ± 0.25 ab 42.50 73.06 3.10 ± 0.17 ab 46.13 80.65

6. F2 + F. oxysporum 3.77 ± 0.15 ab 45.09 n.d. 3.30 ± 0.20 ab 49.39 n.d.

7. JY3 + F. oxysporum 3.33 ± 0.12 b 37.84 n.d. 2.93 ± 0.15 b 43 n.d.

8. F2 + R. solani 3.53 ± 0.29 ab n.d. 72.52 3.10 ± 0.10 ab n.d. 80.65

9. JY3 + R. solani 3.27 ± 0.31 b n.d. 70.34 2.83 ± 0.25 b n.d. 78.80

L.S.D 0.75 0.78

Treatment Dry Weight of Shoots (g) Increase Y (%) Increase Z (%) Dry Weight of Roots (g) Increase Y (%) Increase Z (%)

1. F. oxysporum (check) 1.03 ± 0.15 c 0 n.d. 1.03 ± 0.12 c 0 n.d.

2. R. solani (check) 0.33 ± 0.12 d n.d. 0 0.18 ± 0.03 d n.d. 0

3. Control 2.67 ± 0.23 ab 61.42 87.64 2.1 ± 0.06 ab 50.95 91.43

4. P. aeruginosa F2 3.30 ± 0.10 a 68.79 90 2.67 ± 0.15 a 61.42 93.26

5. P. fluorescens JY3 2.73 ± 0.21 ab 62.27 87.91 2.07 ± 0.10 ab 50.24 91.3

6. F2 + F. oxysporum 2.83 ± 0.21 ab 63.60 n.d. 2.30 ± 0.10 ab 55.22 n.d.

7. JY3 + F. oxysporum 2.47 ± 0.29 b 58.30 n.d. 2.03 ± 0.21 ab 49.26 n.d.

8. F2 + R. solani 2.63 ± 0.06 ab n.d. 87.45 2.20 ± 0.17 ab n.d. 91.82

9. JY3 + R. solani 2.37 ± 0.15 b n.d. 86.08 1.83 ± 0.06 b n.d. 90.16

L.S.D 0.68 0.66
Y Increase % (in case of F. oxysporum) = [treatment-check]/treatment × 100; Z Increase % (in case of R. solani) = [treatment-check]/treatment × 100; * Means in each column followed by the
identical letter do not differ significantly at P ≤ 0.05 level; ** Significant letters; “n.d.” not determined.
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4. Discussion

Siderophores are produced by several microorganisms such as Pseudomonas, Enterobacter and
Escherichia coli [5,8,37,38]. In our study, twenty siderophores-producing Pseudomonas isolates were
evaluated as biocontrol agents for their in-vitro antagonistic effect against the growth of some plant
pathogenic fungi (Alternaria spp., F. culmorum, F. oxysporum isolate A, F. oxysporum isolate B, F. solani
and R. solani). P. aeruginosa isolate F2 was more effective in significantly inhibiting the mycelial
growth of all the tested fungi than other Pseudomonas isolates. These results are in harmony with
the results obtained by Pàez et al., 2005 who reported that P. aeruginosa was more efficient than
P. fluorescens in inhibiting some plant pathogenic fungi [39]. Also, Sasirekha and Srividya (2016)
reported that siderophores-producing P. aeruginosa FP6 had antagonistic activity against R. solani [40].
Also, Islam et al., 2018 showed that P. aeruginosa RKA5 inhibited mycelia growth of F. oxysporum f. sp.
cucumerinum [41]. On the other hand, Ahmedzedah et al., 2006 reported that 13 out of 47 fluorescent
Pseudomonas isolates showed antagonistic effects against Fusarium sp. and R. solani [42].

The optimal performance of the upstream processing using on-line and off-line sensors in the
two basic types of fermentation (batch, and fed-batch) was studied. Batch and fed-batch fermentation
processes were accomplished to enhance the cell biomass and to achieve high concentrations of
siderophores. In batch fermentation of P. aeruginosa F2 and P. fluorescens JY3, cells grew rapidly
after the lag phase, which continued for 5 h. Biomass was subsequently increased exponentially
with a constant specific growth rate of 0.043 h−1 and 0.096 h−1, respectively, within the exponential
phase. Batch fermentation of isolates F2 and JY3 in the bioreactor produced the highest concentration
of biomass and siderophores. In isolate F2, maximum values of 10.3 g L−1 at 38 h and 31.9% at
40 h, respectively, were reached, while values of 5.2 g L−1 at 42 h and 23.9% at 48 h were recorded
for isolate JY3, respectively. On the other hand, maximum biomass of P. aeruginosa PAO1 and
P. fluorescens NCIM5096 was 1.6 and 1.96 g L−1, respectively [8,43]. Maximization of biomass and
siderophores concentration in the bioreactor may be related to optimal conditions of pH, agitation,
and aeration, which are provided by the bioreactor for cell growth and production of siderophores.
Batch fermentation could not obtain high cell density and high concentration of product because
cells suffer from substrate inhibition and catabolite repression. Accumulation of by-products such
as acetic acid and propionic acid during batch fermentation was documented [9,44,45]. High partial
pressure of CO2, high concentration of carbon source and high specific growth rate might be responsible
for the accumulation of by-products that cause suppression of bacterial growth and production of
products [46]. So, to obtain high cell density and high concentrations of siderophores, fed-batch
fermentation is favored to reduce by-products production and to get rid of substrate suppression.
Exponential fed-batch fermentation of P. aeruginosa F2 and P. fluorescens JY3 gave higher cell mass
and siderophores concentration than batch fermentation. Biomass and siderophore estimation of
P. aeruginosa F2 reached its maximum value of 15.8 g L−1 at 39 h and 67.05% at 46 h, respectively while
they reached 13.7 g L−1 at 44 h and 45.59% at 48 h by P. fluorescens JY3, respectively. Sarma et al., 2010,
obtained high cell density from fluorescent pseudomonad R81 using fed-batch fermentation [9].

The fact that P. aeruginosa is classified as a risk group 2 biological agent that rarely represents
a serious health threat to human is evident [47–49]. In addition, the fact that this organism was
isolated from the rhizosphere of edible plants from agricultural fields, as a member of the natural
microflora found in the native soil, gave us confidence to continue working with this microorganism.
Therefore, the current study used P. aeruginosa, as an effective biocontrol agent. Formulations
of siderophores-producing Pseudomonas isolates, which were used as biocontrol agents in a soil
infected with F. oxysporum and R. solani, were efficient in decreasing damping-off. The biocontrol
mechanism of siderophores-producing fluorescent pseudomonads could be explained by their
ability to chelate and reduce the amount of ferric ions available in rhizosphere (competition for
iron nutrition). By this means, siderophores-producing fluorescent pseudomonads may restrict
plant pathogens in the rhizosphere and reduce their ability to colonize plant roots. In addition,
siderophores-producing fluorescent pseudomonads can induce plant systemic resistance, which reduces



Processes 2020, 8, 455 17 of 20

the pathogen infection. Other mechanisms, in addition to siderophores production by fluorescent
pseudomonads, were reported that may help in suppressing and controlling fungal pathogens, such as
the production of antifungal compounds and lytic enzymes. Solans et al., 2016 studied the role
of siderophores as biocontrol agents [50] whereas Arya et al., 2018 revealed that tomato seedlings
inoculated with P. fluorescens strains SPs9 and SPs20, which are able to produce siderophores in
the soil infected with F. oxysporum, succeeded in controlling wilt disease with high efficiency [5].
Leeman et al., 1996 reported that siderophore-producing P. fluorescens induced systemic resistance
against Fusarium wilt of radish [51]. Formulation of siderophores-producing P. aeruginosa F2 and
P. fluorescens JY3 were sufficient in increasing fresh and dry weights of shoots and roots of wheat
plants. These results may due to the ability of both isolates to induce the plant to produce some
phytohormones such as auxin, cytokinin, and gibberellins. Also, may be related to the capability of
plant to recognize the microbial Fe-siderophores complex and consequently iron uptake from this
complex (iron nutrition). In an agreement with the current findings, Sharma et al., 2003 showed
increasing iron, chlorophyll a, and chlorophyll b concentrations of Vigna radiate plants when they were
inoculated with siderophore-producing Pseudomonas strain GRP3 [52]. Additionally, our results were
in agreement with Sayyed et al., 2005 and Manwar et al., 2000, who documented that inoculation
with P. fluorescens enhanced seed germination, shoot and root length of wheat [8,53]. Arya et al., 2018,
reported that siderophores-producing P. fluorescens strain SPs9 and SPs20 were effective in increasing
fresh and dry weight of tomato plants in a soil infected with F. oxysporum [5]. The same results were
obtained by inoculating Triticum aestivum with fluorescent pseudomonad R62 [54].

5. Conclusions

In this study, scaling-up production of siderophores from fluorescent pseudomonads was
accomplished using fermentation technology. Exponential fed-batch fermentation of P. aeruginosa F2
and P. fluorescens JY3 gave higher concentrations of siderophores and biomass than batch fermentation.
Formulations of siderophores-producing fluorescent pseudomonads were effective in controlling
soil-borne fungi and for stimulation of plant growth. These formulations can therefore be utilized as
plant growth promoters and biocontrol agents.
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