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AbstractAbstractAbstractAbstract    
    
Siderophores are iron-chelating agents produced by almost all microorganisms in response to iron 

deficiency. Due to the requirement of iron for cell growth and metabolism, siderophore-mediated acquisition 
of iron plays a central role in determining the ability of different microorganisms to colonize plant roots and 
contributes to microbial interactions in the plant rhizosphere. In this study, five new Pseudomonas (Q14B, 

Q13B, Q7B, Q6B, Q1B), isolated from the rhizosphere of tomato in Morocco, were examined for siderophores 
production capacity. The results show that all five isolates produced siderophores on both solid and liquid 
mediums. In liquid medium, the highest level of production is obtained by Q13B (53.8%).  Concerning 
siderophores’ chemical types, the five strains of Pseudomonas produce two types of siderophores hydroxamate 

and catecholate. It was shown by the peaks of absorbance in the wavelength 495 and between 420-450 nm for 
catecholate and hydroxamate-type siderophores respectively. The results showed that the production of 
siderophores is progressively inhibited with increasing concentrations of iron in the medium. The maximum 
production was obtained with a concentration of 0.5 μM, while the lowest was recorded at 10.0 μM of iron. 
The results of this study showed that the five Pseudomonas isolates producing siderophores could be potential 

biological control agents. 
    
Keywords:Keywords:Keywords:Keywords: catecholate; hydroxamate; Pseudomonas; siderophores 

 
 
IntroductionIntroductionIntroductionIntroduction    
 
Iron (Fe) is an essential nutrient for all organisms (Miethke and Marahiel, 2007). As a transition 

element, iron can adopt either of two ionic forms, reduced ferrous (Fe2+) or oxidized ferric (Fe3+). Also, it is the 
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major redox mediator in biology because of its capacity to exchange electrons (Haas et al., 2008). In addition, 

this nutrient is mainly involved in the growth of almost all living microorganisms, acting as a catalyst in oxygen 
metabolism, enzymatic processes, electron transfer, and DNA and RNA synthesis (Aguado-Santacruz et al. 

2012). Furthermore, iron deficiency in crops results in iron chlorosis, making them micronutrient deficient 
and hence sensitive to microbial infections (Sayyed et al., 2013). Under Fe-limiting conditions, many 

microorganisms and plants produce ferric iron chelators, which solubilize and transport Fe (III) into the cell, 
making it assimilable by plants in Fe2+ form (Ongena et al., 2002). These secondary metabolites are called 

siderophores. They are divided into three key families depending on the characteristic functional group, i.e., 
hydroxamates, catecholate/phenolates, and carboxylates (Schwyn and Neilands, 1987; Sandy and Butler, 2009; 
Sayyed et al., 2019). The formation of Fe (III) siderophore complexes is affected by pH because of the 

competition for the free siderophore ligands between free protons and Fe (Albrecht-Gary and Crumbliss, 
1998). Siderophores produced by PGPR play an important role in plant growth promotion and prevent plant 
pathogens from iron nutrition (Kloepper et al., 1980; Shaikh and Sayyed, 2015; Saha et al., 2015; Sayyed et al., 

2019). Many studies have reported that the Pseudomonas genus was known for its ability to synthesize 

siderophores and to reduce the incidence of plant diseases inhibiting the growth of many plant pathogens 
(Qessaoui et al., 2021; Ghssein and Ezzeddine, 2022; Saranraj et al., 2023). This inhibition capacity can be 

explained by several mechanisms including the production of a wide range of secondary metabolites that have 
inhibitory effects against plant pathogens (Qessaoui et al., 2021, 2022). The objective of this study is to evaluate 

the effect of the five Siderophore Producing Pseudomonas strains, against Botrytis cinerea. 

 
 

Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    
 
Bacterial isolates 

The five Pseudomonas strains (Q14B, Q13B, Q7B, Q6B, Q1B) were isolated from the rhizosphere of 

tomato at the experimental farm of the National Institute for Agricultural Research in Belfaa-Souss-Massa 
region (30°02′42.2"N 9°33′13.4"W) and were previously characterized based on a partial rpoD gene sequence 
using the primers PsrpoD FNP1 and PsrpoDnprpcr1 (Qessaoui et al., 2019). 

 
Siderophores qualitative production  

Siderophore production by the different isolates was qualitatively tested using Chrome Azurol sulfonate 
medium (CAS-medium) described by Schwyn and Neilands (1987). Each fluorescent Pseudomonas isolate was 

streaked on the surface of CAS agar medium and incubated at 28 °C for 3 days. After the incubation, 
siderophore production was confirmed by a yellow-orange halo around the colonies. The assay was carried out 
in triplicates.  

 
Siderophores quantitative production        

Quantitative analysis of siderophore production was done on King B liquid medium inoculated with 
100 μL Pseudomonas isolate culture (108cfu/ml) and incubated at 28 °C for 72 hours. Cultures were centrifuged 

at 5000 rpm for 30 min, and 500 μL of the supernatant was mixed with 500 μL CAS solution. The color 
changed from blue to orange indicating siderophore production. After 20 min of incubation, optical density 
was measured by the Optizen 3220UV Double Beam UV-Vis spectrophotometer (Mecasys, Korea) at 630 nm. 
The percentage of siderophore was calculated in terms of % of siderophore units using the following formula: 

 

  % ������	ℎ���� ���� =
�� − ��

��
∗ 100                                                                     (1)        
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RA means absorbance of reference (CAS reagent) and SA means absorbance of the sample (Pastor et al., 

2014).  
 
Chemical nature determination of the siderophores produced by the five strains 

The supernatants obtained to quantify the siderophores were sterilized by filtration (0.22 μm) and 
subjected to chemical analysis to determine the nature of the siderophores produced. FeCl3 test was used to 
determine Hydroxamates and catecholate (Neilands, 1981). 

 
Catecholates 

To determine catecholate Siderophore, 1 ml of FeCl3 (2%) was added to 1 ml of filtrate. A maximum 
absorbance at 495 nm indicated the presence of catecholate-type ferri-siderophores (Neilands, 1981). 

 
Hydroxamates 

1 ml of 2% ferric chloride solution was added to 1 ml of culture filtrate. The formation of red or purple 
color indicated the presence of siderophores. A maximum absorbance between 420 and 450 nm of ferrated 
siderophores indicated its hydroxamate nature (Neilands, 1981). The peak was noted on a UV–visible 
spectrophotometer. 

 
Effect of iron concentrations on the production of siderophores 

To determine the effect of the iron concentration on the biosynthesis of siderophores in the five 
Pseudomonas, six iron concentrations (FeCl3. 6H2O) were tested (0.5; 1; 1.5; 2.5; 5, and 10 μM). The five 

Pseudomonas strains were cultured in King B liquid medium, flooded with different concentrations of iron 

with three repetitions for each concentration. After incubation at 28 ± 2 °C for 72 h at 120 rpm, the percentage 
of siderophores is calculated using the formula described by Pal and Gokarn (2010). To remove traces of iron, 
all the glassware used was cleaned with 6 M HCl and washed with double-distilled water. 

 
Antifungal activity of the five Pseudomonas strains against Botrytis cinerea  

In vitro evaluation of five Pseudomonas strains was conducted using a dual culture technique on PDA 

(Kaur et al., 2013). A heavy inoculum of the individual isolate was applied as a band of 1.5 cm length 

equidistantly on three opposite edges of the agar medium in the Petri plate using an inoculation loop. A 
mycelial disc of 5 mm diameter from 7-day-old culture of B. Cinerea was placed at the center of the Petri plate. 

Three replications were maintained for an isolate. Plates containing the pathogen alone served as control. The 
inoculated plates were incubated at 25 °C for five days. After the incubation period, the mycelial growth of B. 

Cinerea was recorded, and the mycelial growth inhibition percentage (MGIP) was calculated using the 

following formula: 

  % MGIP =
r1 − r2

r1
∗ 100                                                                   (2)   

 
r1 is the radial growth of the fungus in the control and r2 is the radial growth of the fungus in the treated 

plates (Chaurasia et al., 2005; Hummadi et al., 2022). 

 
Statistical analysis  

Data analysis was subjected to ANOVA using Statistica software ver.6. Data for Siderophore production 
are presented as means ± standard deviation. Any difference mentioned is significant at p< 0.01 using the 
Newman–Keuls test  
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Results Results Results Results     
 
Siderophores production  

The five Pseudomonas strains were tested for siderophore production capacity. All these isolates 

produced siderophores in both solid and liquid media. This production is shown by the presence of yellow-
orange halo around the colony (Figure 1) in solid medium with a diameter ranging from 4 to 6 mm. The color 
change between yellow and orange indicated the production of different types of siderophores.   

 

 
Figure 1.Figure 1.Figure 1.Figure 1. The appearance of orange color and zone formation indicating siderophore production in CAS 
agar plate assay 

 
In liquid medium, the percentage of siderophore production varied according to the strain of 

Pseudomonas tested. The highest level of production is noted for Q13B (53.8%) (Figure 2). However, Q1B 

showed the lowest one (17.5%). 
 

 
Figure 2.Figure 2.Figure 2.Figure 2. Siderophores production by five Pseudomonas in liquid medium 

 
Chemical nature determination of the siderophores produced by the five strains 

The five strains of Pseudomonas produce two types of siderophores; hydroxamates, and catecholates. 

This production was shown by the peaks of absorbance in the wavelength (495 nm) for the catecholate-type 
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siderophore (Figure 3). A maximum absorbance between 420-450 nm indicated the presence of hydroxamate-
type siderophores (Figure 4). 

 

 
Figure 3.Figure 3.Figure 3.Figure 3. Detection of the chemical nature of siderophores produced by Pseudomonas strains (case of 

catecholates) 

 

 
Figure 4.Figure 4.Figure 4.Figure 4. Detection of the chemical nature of siderophores produced by Pseudomonas strains (case of 

hydroxamates)  

 
Effect of iron concentrations on the production of siderophores 

The results obtained showed that the production of siderophores is progressively inhibited with 
increasing concentrations of iron (0.5, 1, 1.5, 2.5, 5, 10 µM FeCl3) (Table 1). The maximum productions of 
siderophores for all isolates studied were obtained with a concentration of 0.5 μM of iron, while the lowest was 
recorded at 10.0 μM of FeCl3 (Table 1). The difference in siderophore production is significant between the 
five Pseudomonas strains at FeCl3 concentrations greater than or equal to 1.5 μM. 
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Table 1.Table 1.Table 1.Table 1. Effect of iron concentration on the production of siderophores by the five Pseudomonas strains 

    
Iron concentrationsIron concentrationsIron concentrationsIron concentrations    

0.5 μM0.5 μM0.5 μM0.5 μM    1 Μm1 Μm1 Μm1 Μm    1.5 Μm1.5 Μm1.5 Μm1.5 Μm    2.5 Μm2.5 Μm2.5 Μm2.5 Μm    5 Μm5 Μm5 Μm5 Μm    10 Μm10 Μm10 Μm10 Μm    

Q14BQ14BQ14BQ14B    84.03±2.71a 77.39±0.09a 55.18±0.06c 53.91±0.07b 50.88±0.03a 28.09±0.06c 

Q13BQ13BQ13BQ13B    76.81±0.07a 73.89±0.06a 71.09±0.03e 66.21±0.03d 51.65±0.03a 49.79±0.03a 

Q7BQ7BQ7BQ7B    79.22±4.10a 77.37±4.2a 66.05±2.48a 65.10±0.66c 59.18±4.7b 49.38±0.96a 

Q6BQ6BQ6BQ6B    83.79±0.03a 79.96±0.03a 73.85±0.03d 73.29±0.03e 71.52±0.14c 66.69±0.41e 

Q1BQ1BQ1BQ1B    80.84±3.49a 79.07±3.53a 53.04±0.68b 52.12±1.00a 51.11±0.00a 50.88±0.03d 

****By rows, values with the same letters are not significantly different according to the Newman & Keuls test at 1%. 
Values are the average of three replications; values after ± represent the standard deviation 

 
Antifungal activity by the five Pseudomonas strains against Botrytis cinerea  

The result obtained for the antifungal activity of Pseudomonas strains tested showed that all five strains 

(Q14B, Q13B, Q7B, Q6B, Q1B) inhibited mycelial growth of B. cinerea (Figure 5 and 6). Mycelial growth 

inhibited an average of 40.42% to 63.26% for Q6B and Q1B respectively compared to the control. The two 
Q7B and Q1B showed potent inhibition of B. cinerea, above 60% (Figure 6). 

 

 
Figure 5.Figure 5.Figure 5.Figure 5. Effect of five Pseudomonas stains against B. cinerea  
Bars with the same letters are not significantly different at P<0. 01 using the Newman-keuls test 

 

 
Figure 6.Figure 6.Figure 6.Figure 6. Inhibition of mycelium growth of B. cinerea by Pseudomonas strains in PDA medium 
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DiscussionDiscussionDiscussionDiscussion    
 
In the present study, the tests regarding the production of siderophores are carried out on King B 

medium which is known by its appropriate iron composition allowing the release of siderophores into the 
medium by bacteria. The quantitative estimation of siderophore production on CAS liquid medium is 
determined after 5 days of incubation at 30 °C.  Analysis of variance reveals a difference in efficacy (p < 0.01) 
among isolates in terms of their ability to produce siderophores. The production percentages range from 17.47 
to 58.88%, with Q6B, Q14B, and Q13B being the most efficient strains. The lowest percentage has been 
observed for Q1B. For qualitative estimation, the appearance of an orange halo formed around the colony on 
a solid CAS medium indicated the production of siderophores by the bacteria. It should be noted that the 
liquid medium is more suitable for siderophore production by the bacteria. All the strains tested in the current 
study produced two kinds of siderophores: hydroxamates and catecholates. Many studies showed that 
Hydroxamates are produced by both bacteria and fungi, while catecholates are produced exclusively by bacteria, 
and include two groups, catechol, and hydroxyl with a ligand function (Baakza et al., 2004). Another kind of 

siderophore is carboxylates, these siderophores are produced by a fungal (mucosal) group, and very few bacteria, 
such as Rhizobium meliloti and Staphylococcus hyicus, and they are generally bound to iron by two groups, one 

hydroxyl and the other carboxyl (Drechsel et al., 1995; Baakza et al., 2004). By to detect this type of compound, 

several techniques based on chemical properties have been used including CAS medium (Schwyn and Neilands, 
1987). All the isolates tested in this study produced hydroxamate and catecholate siderophores in the CAS 
medium. Many studies reported that siderophores are produced by both bacteria and fungi as well as some 
monocotyledons species only when the medium is deficient in iron (Crowley et al., 1991; Ratledge and Dover, 

2003; Lemare et al., 2022; Meyer and Hornsperger, 1978). In this same context, Meyer and Abdallah (1978) 

reported that this product has also been synthesized by many strains of fluorescent Pseudomonas such as P. 

aeruginosa, P. putida, P. chlororaphis, and P. aureofaciens. To evaluate the influence of iron concentration on 

siderophore production, the highest siderophore production for all the strains studied was obtained with 0.5 
μM FeCl3 concentration, and the lowest was recorded at 10.0 μM FeCl3. For all isolates tested, siderophore 
production is progressively inhibited with increasing iron concentrations.  Similar results were obtained by 
Budzikiewicz (1993); Rachid et al. (2005) and  Sayyed et al. (2005). Regarding the effect of incubation time on 

siderophore production, Sayyed et al. (2005) showed that the siderophores production started after 12 h of 

incubation. Siderophore maximum production was observed at the end of the logarithmic growth phase 
(Sharma and Johri, 2003). 

This work highlights the importance of rhizospheric Pseudomonas in siderophores production. Our 

study further confirms the potential of Pseudomonas in Botrytis control. The use and application of these soil 

microorganisms in biological control can be an effective alternative to current practices and can reduce the use 
of harmful agrochemicals. Our research further indicates that microbial soil biodiversity can play an important 
role in disease plant protection and be utilized to reduce pesticide use. Future field studies should focus on field 
trials where these isolates can be used as a product to control Botrytis cinerea and stimulate plant growth. 

 
    
ConclusionsConclusionsConclusionsConclusions        
 
This study investigates the siderophore production capacity of five new Pseudomonas strains isolated 

from the rhizosphere of tomato plants in Morocco. All five isolates demonstrated the ability to produce 
siderophores on both solid and liquid media. Strain Q13B exhibited the highest production level. Results 
revealed that these strains produced two types of siderophores: hydroxamates and catecholates. Furthermore, 
the production of siderophores was found to be inhibited by increasing the concentration of iron in the 
medium. These results indicate that the identified Pseudomonas isolates have the potential to act as biological 
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control agents against plant pathogens, including Botrytis cinerea. This study highlights the importance of 

rhizospheric Pseudomonas in siderophore production and their potential contribution to plant disease 
management, reducing the dependence on harmful agrochemicals. 
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