
Chapter 10
Isolation and Characterization of a Highly
Siderophore Producing Bacillus subtilis
Strain

Huiming Zhu and Hongjiang Yang

Abstract Bacteria, fungi, and graminaceous plants synthesize siderophore for
scavenging iron from environment to inhibit the growth of pathogens by depriving of
iron. At this study, 19 siderophore producing bacterial strains were isolated from heat
treated samples by O-CAS agar screening and liquid CAS assay. Among them, strain
MB8 produced a relatively high level of siderophore (70.38 % SU, ++++).
Comparative sequence analysis of 16S rRNA gene identified MB8 as a Bacillus
subtilis strain.With Arnow analysis, the siderophore ofMB8was confirmed to be one
type of catecholate. Furthermore, fermentation parameters affecting the siderophore
production by MB8, including carbon sources and amino acids, were investigated at
individual levels. Antimicrobial activity assay showed that the siderophore exhibited
significant antimicrobial activity against Proteus vulgaris, Staphylococcus aureus,
Micrococcus luteus, Escherichia coli, Vibrio parahaemolyticus, and Mucor. Our
results indicated that B. subtilis MB8 had the potential to be used as a probiotic
organism.

Keywords Siderophore � SU � Bacillus subtilis � Antimicrobial activity �
Catecholate

10.1 Introduction

Iron is essential for almost all organism by virtue of its unique chemical properties, the
ability to coordinate and activate oxygen, and the possession of an ideal redox
chemistry (FeII → FeIII → FeIV) for involvement in electron transport and metabolic
processes. Higher organisms acquire iron nutrient from diet, while microorganisms
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obtain iron element only from environment. Despite the abundance of iron in the
earth’s crust, iron is not readily bio-available in aerobic environments due to the low
solubility of iron (III). These environmental restrictions and biological imperatives
have prompted microorganisms to synthesize siderophores can sequester and solu-
bilize the nonsoluble surrounding iron in order to make it biologically available.
Siderophores are relatively low molecular weight (500−1,500 dalton) iron-chelating
ligands, and are synthesized under conditions of iron starvation by non-ribosomal
peptide synthetases (NRPS) or NRPS independent pathways [1].

Until now, there are about 500 different siderophores discovered and of which
270 siderophores have been structurally characterized [2]. Based on their structural
features, siderophores comprise three basic groups, the hydroxamate, the catecho-
late, and hydroxycarboxylate. The probiotics strain Escherichia coli Nissle 1917
produces the catecholate enterobactin and salmochelin, the hydroxamate aerobactin,
and the mixed-type siderophore yersiniabactin [3]. And Pseudomonas aeruginosa
synthesizes pyochelin and pyoverdine. Pyoverdine, which contained hydroxamates
and catecholates group, is a yellow-green, fluorescent, water-soluble pigment [4].

Siderophore-mediated iron acquisition is essential for the survival of some
pathogenic bacteria. The siderophores secreted by nonpathogenic strains was
compete iron with pathogenic bacteria to inhibit their growth. The siderophore
provide iron not only for itself, but also for others organism. The organic Fe
chelators can not only enhance plant yield, but also protect the environment and
water by avoiding the use of pesticides [5].

In this study, a bacillus strain secreting siderophores was isolated and identified.
The siderophore secreted was catecholate and its antimicrobial activity was char-
acterized. Moreover, the fermentation parameters for siderophore production were
investigated.

10.2 Materials and Methods

10.2.1 Samples Collection

The chicken fecal samples were collected from five henneries located at Beijing
Huairou district and Henan province. The samples were stored in sterile sealed bags
at 4 °C refrigerator ready for use.

10.2.2 Media and Culture Condition

The medium used in this work included MKB medium [6]; Arginine medium [7]
(AM); Luria-Bertani (LB) medium [8]; Czapek Dox medium [8]; CAS [9] solution;
AM was modified by replacing glucose of arginine medium with 20 g/L glycerol
along with the reduction of arginine to 1 g/L.
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10.2.3 O-CAS Assay and CAS Liquid Assay

2 g samples were dissolved with 10 mL PBS buffer and heated at 80 °C for 20 min.
When cooled to room temperature, 0.2 mL suspension was spreaded on AM agar
plate and incubated at 37 °C for 24 h. Then 15 mL CAS agar medium were applied
over the colonies [10].

The strains which showed positive responses in the O-CAS assay were recov-
ered and purified by streaking. Single colonies were inoculated into AM, and
incubated at 37 °C with a shaking speed 200 rpm for 24 h. Supernatant was
harvested by centrifugation at 10,000 rpm for 5 min, and mixed with equal volume
CAS solution. Siderophores, if present, will remove iron from the dye complex,
resulting in a reduction in blue color of the solution. Measure the absorbance
(OD680 [11]) to test the loss of blue color after 1 h. For OD680 measured, the AM
medium were used as blanks, and the mixture of AM plus CAS assay solution was
used as a reference (Ar). The samples (As) should have a lower reading than the
reference. Siderophore units are defined as SU = [(Ar–As)/Ar] × 100 % [12]. And
As/Ar stands for the siderophore activity level, ranging from 0 to 1. In general the
more siderophore is produced, the lower of As/Ar value was [13]. All these
experiments were conducted at least three times with three replicates for each one.

10.2.4 Siderophore Typing by Chemical Methods

The Arnow assay was used to detect catecholate type siderophore [14]; the FeCl3
assay was used to detect hydroxamate type siderophore [15], and the Shenker assay
was used to detect carboxylate type siderophore [16]. All the assays were conducted
at least three times with three replicates for each one.

10.2.5 Identification by 16S rRNA Sequencing

Genomic DNA of MB8 was extracted as described previously [17]. Then MB8 strain
was identified by 16S rRNA gene sequence analysis. Universal primers 27F
(5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACG-
ACTT-3′) were used to amplify 16S rRNA gene fragment PCR products were
sequenced directly. Sequence homology search was carried out with BLAST provided
by NCBI [18].

10.2.6 Growth and Siderophore Production

The isolate was inoculated in 100 mL AM by transferring 1 % seed cultures and
incubated for 48 h at 37 °C with a shaking 200 rpm. Cell density was tested at an
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interval of 2 h up to 48 h. 1 mL culture supernatant was mixed with 1 mL of CAS
solution to measure the siderophore production. A reference was prepared by mixing
AM medium and CAS solution. Both the test and reference were read at 680 nm.

10.2.7 The Effect of Fermentation Parameters

In order to verify whether carbon source [7] and amino acid [7] had an influence on
siderophore unit and growth of MB8, xylose, maltose, lactose, soluble starch,
sucrose, fructose, and glycerol were used as an alternative carbon source to glucose
in AM. Moreover, arginine was replaced with alanine, cysteine, aspartic acid,
histidine, glutamate, glutamine, and glycine, respectively, to investigate the amino
acid effect on siderophore production. All above experiments were performed for
36 h at 37 °C with a shaking speed 200 rpm.

10.2.8 Antimicrobial Activity Analysis

Overnight cultures of E. coli, Staphylococcus aureus, Proteus vulgaris, Micrococcus
luteus, and Vibrio parahaemolyticus were inoculated to 30 mLMKBmedium at 1 %
inoculum, respectively. In the same time, the siderophore extract was added to the
cultures with different ratios. 1 g/L 2, 3-DHBA and PBS buffer was used as negative
control. All cultures were incubated at 37 °C for 16 h. Cell density were tested by
measurement of OD600, and the inhibition ratio was calculated as the following:

Inhibition ration ¼ OD600without siderophore extract � OD600with siderophore extract
� �

=

OD600without siderophore extract ½5�:

Added 10 mL of PBS buffer to PDA slant of mucor, the suspension was transfer
to 30 mL Czapek Dox medium with 3 % inoculums. In the same time, the sider-
ophore extract was added to the cultures with different ratios. 1 g/L 2, 3-DHBA and
PBS buffer was used as negative control. All cultures were incubated at 37 °C for
48 h. The cultures were filtered and the biomass was dried completely before
measurement of mycelium weight. The inhibition ratio = (dry weight of mycelium
of without siderophore extract − dry weight of mycelium with siderophore extract)/
dry weight of mycelium without siderophore extract [5].
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10.3 Results and Discussion

10.3.1 Isolation and Identification of Siderophore
Producing Bacillus Strains

According to the method described, a total of 19 strains showed a positive response
to O-CAS assay. Among them, MB8 strain changed the color of CAS rapidly
within 15 min, then turned into nacarat in 30 min. Therefore, strain MB8 is ten-
tatively considered as a potentially strong siderophore producer.

The 19 isolated strains were subjected to CAS liquid assay, and they have
different siderophore yields. The siderophore units of strain MB8 in liquid AM was
64.53 % (As/Ar = 0.35) and siderophore activity level was ++++. The obtained
result was similar to Bacillus spp. ST13 isolated from human stool, and siderophore
units of this strain was approximately 70 % [19]. The results suggested that strain
MB8 was a highly siderophore producing strain.

The genomic DNA of MB8 was extracted and used as templates to amplify 16S
rRNA gene fragments by PCR method. Homology alignments were performed via
BLAST provided by NCBI. The taxonomy classification was carried out by
Classifier of RDPII [18]. Both analyses gave similar results that strain MB8 was
homologous to Bacillus subtilis with 100 % similarity [22].

10.3.2 Siderophore Typing and Siderophore Production

The culture of strain MB8 was spin and the supernatant was collected. With Arnow
method, the supernatant was analyzed. The colorless supernatant turned into dark
red rapidly (OD510 = 0.762), equivalent to 44 mg/mL 2, 3-DHBA. Therefore, the
siderophore synthesized by strain MB8 was catecholate type siderophore. The result
was consistent with previous findings [20, 21].

As shown in Fig. 10.1, MB8 grew at a relatively slow speed. The culture entered the
stationary phase at 30 h. The production of siderophore was consistent with the growth
curve of the MB8, and the siderophore unit of MB8 achieved the maximum
(SU= 70.38%) at 36 h. It took about 12 h forMB8 to enter log phase. The long log phase
phenomenon was probably due to the nutrient deficiency of synthetic medium [23].

10.3.3 Investigation of the Fermentation Parameters
Affecting Siderophore Production

The siderophore production by MB8 was affected by the carbon source used. As
shown in Fig. 10.2, the growth on glycerol stimulated the very high siderophore
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production (SU = 72.13 %, OD600 = 1.888), while the strain produced a relatively
less amount of siderophore (SU = 70.49 %, OD600 = 1.86) with glucose as the sole
carbon source. The siderophore unit of MB8 using maltose, lactose, fructose,
starch, or sucrose as carbon source were 40.54, 38, 28.76, 60.51, and 61.85 %,
respectively. Glycerol was chosen as the optimal carbon source.

MB8 couldn’t grow in the medium with alanine or cysteine. As shown in
Fig. 10.3, in the medium with aspartic acid, glutamine, arginine, glutamic acid,

Fig. 10.1 Growth curve and siderophore production by MB8

Fig. 10.2 Effect of carbon sources
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glycine or histidine, the siderophore units of strain MB8 was 12.44, 4.31, 72.06,
6.94, 63.06, or 65.79 %, respectively. The results demonstrated that arginine was
chosen as the optimal growth amino acid, consistent with results obtained in
Bacillus megabacterium [7].

10.3.4 Effect of Arginine Concentrations

No data were available about the relationship between the arginine concentration
and the siderophore production. In order to evaluate the positive effect of arginine
on the siderophore production by strain MB8, the medium was supplemented with
arginine in various concentrations ranging from 0 to 4 g/L. As shown in Fig. 10.4,
the increase of arginine concentration did not always irritate the siderophore pro-
duction of MB8, both the siderophore production and the cell density of strain MB8
were restrained by high concentrations of arginine. In the absence of arginine, MB8
didn’t grow at all, indicating MB8 couldnot synthesize arginine. In the presence of
1 g/L arginine, the siderophore unit of strain MB8 reached at the maximum level
(SU = 74.89 %). The SU and cell density gradually decreased along with the
incease of arginine concentration. In the presence of 4 g/L argine in the medium,
SU of strain MB8 was almost zero. The results showed that the optimal concen-
tration of arginine was 1 g/L along with 20 mL/L glycerol.

Fig. 10.3 Effect of amino acids
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10.3.5 Antimicrobial Activity Analysis

To determine whether the antagonistic substance of MB8 was catecholate sidero-
phore, the siderophore of strain MB8 was preliminarily purified as described [23].
The effects of the siderophore extract on microbial growth were measured. In the
presence of low concentrations of siderophore, an obvious antagonism effect on the
growth of P. vulgaris, S. aureus, and M. luteus was observed, while the relatively
low inhibition effect was observed in the growth of V. parahaemolyticus and E. coli
(Table 10.1). In the presence of high concentrations of siderophore, all tested
microorganisms grew poorly (Table 10.1).

The siderophore extract also showed inhibition effect on the growth of Mucor. In
the presence of 20 % siderophore, the inhibition rate was 88.7 %. Until now, all
fungal siderophores were hydroxamate-type with the exception of the polycarb-
oxylaterhizoferrin [24]. Fungi acquired iron element by transporting siderophores
into fungal cells through an energy-dependent process. In the transporting process,

Tab. 10.1 Growth inhibition by the siderophore

Strains Siderophore (v/v) 2, 3-DHBA (%)

5 % 10 % 15 % 20 %

Mucor 11.4 31.1 82.5 88.7 3.1

S. aureus 89.2 97.4 100 100 2.1

V. parahaemolyticus 57.0 60.3 62.4 69.7 1.1

M. luteus 88.4 100 100 100 2.4

E. coli 43.2 56.7 69.5 80.6 2.8

P. vulgaris 91.4 100 100 100 1.09

(The final concentration of 2, 3-DHBA was 0.2 g/L)

Fig. 10.4 Effect of arginine concentrations
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the fungal siderophores bound with the specific receptors on the membrane. The
siderophore synthesized by strain MB8 was catecholate type and could be recog-
nized by fungal receptors. This explained why the siderophore of MB8 had an
obvious inhibition effect on the growth of mucor. Usually, Bacillus species didn’t
have such extensive antagonism spectrum as reported in our study [7, 19]. Our
results suggested that for the first time, the siderophore extract from a Bacillus strain
exhibited the antagonism activity against microorganisms.

10.4 Conclusions

In this study, a high siderophore producing Bacillus strain MB8 was isolated. With
16S rRNA sequence analysis, MB8 was identified as B. subtilis. After optimization
of the fermentation parameters, MB8 produced the siderophore unit up to 74.89 %.
The siderophore extract had an obvious antagonistic effect on the growth of P.
vulgaris, S. aureus, M. luteus, V. parahaemolyticus, E. coli, and Mucor. It was
suggested that B. subtilis MB8 had the potential to be used as a probiotic due to its
ability synthesizing the catecholate type siderophore with the broad antagonism
activity against bacteria and fungus.
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