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Siderophores are low molecular weight iron chelating secondary metabolites synthesized by various groups
of microorganisms help in scavenging iron-limited conditions. Siderophores produced by endophytic bacteria
facilitate the plant growth by providing iron to plants. The objective of this study was to isolate and screen
the siderophore producing endophytes from nodules and roots of Cicer arietinum and Pisum sativum plants.
Out of total 84 isolates, only 14 endophytes produced siderophore and quantitative analysis was also done.
Ten best siderophore producers (above 65% siderophore units) were characterized for the type of siderophore
produced. Most of them were producing hydroxamate and carboxylate type of siderophores. These 10 isolates
were evaluated for other plant growth promoting (PGP) traits in vitro. All of them were producing ammonia
and indole-3-acetic acid (IAA). Isolate CPFR10 was found to be positive for all the PGP traits viz. ammonia,
organic acid, HCN, and IAA production. Diversity analysis of these 10 isolates using Amplified rDNA

Restriction Analysis profile revealed nine genotypes at 90% similarity.

1. INTRODUCTION

Iron is the fourth most abundant element in the Earth’s crust, vital
for growth of living organisms as it acts as cofactor for enzymes
involved in various metabolic processes [1,2]. Despite of its
abundance in soil, it is unavailable to plants and microorganisms as
it occurs as Fe* (ferric form) which is not soluble at physiological
pH [3]. Microorganisms have developed specific mechanism
for uptake of iron by releasing siderophores to scavenge iron.
Siderophores are low molecular weight iron chelating compound
which mainly functions to arrest insoluble ferric iron from
different environments [4]. Large numbers of bacterial genera
are known to synthesize siderophores, such as Pseudomonas,
Azotobacter, Bacillus, Rhizobium, and Enterobacter. [5].
Although siderophores mainly scavenge iron but in addition to
this, they have some other functions also. They help the microbes
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in acquiring mineral nutrients, function as virulence factors to
protect them from pathogens [6,7].

Endophytes either fungi or bacteria resides inside plant
tissues without causing any harm to their host [8]. They receive
nutrients and protection from their host and in turn promote
the growth of the host plant [9]. The plant growth promoting
effect of endophytes occurs through the concerted activity of
phytohormones production, biological nitrogen fixation, phosphate
solubilization, modulation of 1-aminocyclopropane-1-carboxylic
acid (ACC) deaminase expression, production of siderophores,
and biocontrol [10]. Among these, the siderophore production by
endophytes helps the plants in iron sequestration and increases the
concentration of bio available iron to inner tissues [ 11]. In addition
to iron acquisition, they also give nutritional competition to the
pathogens by limiting the iron availability to them and inhibit
their growth [6]. Various studies have demonstrated the ability
of siderophore producing endophytes in plant growth promotion.
Upon inoculation of Mung bean plants with siderophore-producing
Pseudomonas strain GRP3, chlorotic symptoms were reduced and
chlorophyll content increased under iron-limiting environments
[12]. The siderophore producing Pseudomonas fluorescens C7
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facilitated the iron uptake and improved the growth of Arabidopsis
thaliana plants [13]. Large number of studies have also reported
siderophore producing endophytes lessen the environmental
stresses forced on plants by high level of heavy metals in soil [14].

Siderophores, the metal-chelating agents produced by
large number of bacteria under iron-destitute state, are mainly
grouped into three types: hydroxamates, catecholates, and
carboxylates [15]. Hydroxamate type of siderophore comprises
linear and cyclic compound with 1-amino-5-hydroxaminopentane
which binds to iron with binding constants of 10*2to 102 M [16].
Due to this robust binding and hexadentate structure, hydroxamates
are unaffected to environmental degradation and enzymatic
hydrolysis [16]. These types of siderophores are reported to be
produced by both Gram-positive as well as Gram-negative bacterial
genera, such as Streptomyces spp., aecrobactin by Escherichia coli,
ferrioxamines and ferribactin by Pseudomonas sp., Arthrobacter
spp. [17]. Carboxylate type of siderophores like rhizobactin and
staphyloferrin A are predominantly produced by Rhizobium and
Staphylococcus, respectively. The catecholate (or phenolate) form
of siderophore is known to be produced by bacterial genera, such
as E. coli, Klebsiella sp., Bacillus sp., Erwinia sp., and Salmonella
sp. [18]. For chelating iron, each catecholate group provides two
oxygen atoms to form hexadentate octahedral complex. These
types are characterized by high stability constants that can bind
iron even at very low concentration. Most common examples are
enterobaction, enterochelin, mycobactins, and agrobactins [2].
Therefore, the present investigation was planned to qualitatively
and quantitatively screen siderophore producing endophytic
bacteria from roots and nodules of Cicer arietinum and Pisum
sativum plants and to study their genetic diversity using Amplified
rDNA Restriction Analysis (ARDRA) profile.

2. MATERIALS AND METHODS

2.1. Collection of Plant Material and Isolation of Bacterial
Endophytes

Cicer arietinum and Pisum sativum plant samples were collected
randomly from the fields of Sirsa and Fatehabad district of Haryana,
India. After uprooting plants, nodule and root samples were washed
thoroughly in running tap water to remove any adhering soil.
Samples were surface sterilized by sequential immersion in 0.25%
HgCl, for 1 minute, 95% ethanol for 30 seconds, then washing five
times with sterile double distilled water [19]. Sterilized roots and
nodules were crushed using sterile glass rod and sap was streaked
on Tryptone soy agar (TSA) plates and incubated for 2-3 days at
28°C + 2°C. Colonies were selected on the basis of variation in
morphology (color, size, and shape), purified, maintained on agar
slants at 4°C and glycerol stocks at —20°C.

2.2. Screening of Siderophore Production

The siderophore production capability of isolates was detected
on Chrome azurol S (CAS) agar plates for qualitative assay [20].
Isolates were grown initially in tryptone soy broth (TSB) for
24 hours on rotatory shaker with 150 rpm at 28°C + 2°C. Then
50ul of bacterial suspension was spotted on CAS agar plates and
incubated for 4-5 days at 28+2°C. Following incubation, these

plates were observed for production of yellow-orange halo zone
around the spot which indicates siderophore production.

2.3. Quantitative Estimation of Siderophore Production

Isolates found to be positive for siderophore production were
screened quantitatively using CAS liquid assay [21]. After initial
growth in TSB, isolates were transferred to siderophore inducing
medium (SIM) and incubated for 5 days on rotatory shaker with 200
rpm at 28+2°C. SIM was prepared as follows [22], Solution-1, 30.2
g of Piperazine-N,N'-bis(2-ethanesulphonic acid) buffer dissolved
in 750 ml of salts solution containing KH,PO, (0.3 g), NaCl (0.5
g) and NH,CI (1 g). Iron free solution-2 was prepared with glucose
(2 g), mannitol (2 g), MgSO4.7H20 (493 mg), CaCl, (11 mg),
MnSO,.H,0 (1.17 mg), H,BO, (1.4 mg), CuSO,.5H,0 (0.04 mg),
ZnS0O,.7H,0 (1.2 mg), and NaMoO,.2H,0 (1 mg). Solutions 1
and 2 were then autoclaved at 15 Ib/inch? for 15 minutes. Solution
3 was prepared by dissolving casamino acid (10% w/v) in distilled
water, i.e., 3 g in 27 ml of water and dissolved thoroughly on
magnetic stirrer. The solution was filter sterilized using 0.2 micron
membrane filter. Finally, solutions 2 and 3 were mixed into solution
1 and volume was adjusted to 1 I with pH 6.8 and dispensed into
flasks (50 ml per flask). All the glassware were deferrated by
washing with 6-M HCI overnight to eliminate the residual Fe
contamination, then rinsed with double distilled water two to three
times. The solutions were deferrated using 8-hydroxyquinoline
followed by extraction with chloroform. Following incubation of
5 days, cells were discarded by centrifugation at 7,000 rpm for
15 minutes. Resultant supernatant (0.5 ml) was mixed with the
0.5 ml CAS assay solution [21]; 10 pl of shuttle solution (2 M
S-sulfosalicyclic acid) was added. After 20 minutes of incubation
at room temperature, absorbance was measured at 630 nm
to estimate the loss of blue color to orange. The percentage of
siderophore units were calculated by the formula:

[(4,—A)/A] 100

where, 4_is the absorbance of reference sample at 630
nm (medium plus CAS assay solution and shuttle solution) and 4
is the absorbance of sample (supernatant plus CAS assay solution
and shuttle solution).

2.4. Chemical Characterization of Siderophores

The type of siderophore was determined by specific tests using
culture supernatants prepared as described above. Hydroxamate
type of siderophore was detected by tetrazolium test [23] and
spectrophotometric assay at 420—450 nm [24], catecholate type of
siderophores was detected by Arnow’s test and spectrophotometric
assay at 495 nm [24,25]; carboxylate type was detected using
Shenker assay [26] and chemical test [27].

2.5. Characterization of Plant Growth Promoting Traits

Ammonia and organic acid production were evaluated by
nesslerization reaction and methyl red test, respectively [28].
Phosphate solubilization was checked by spotting the isolate on
Pikovskaya agar medium plates and incubated for 4-5 days at 28°C
+ 2°C [29]. The plates were observed for the development of clear
halo zone around colonies. Hydrogen cyanide (HCN) production
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was estimated using method as described by Lorck [30]. Bacterial
isolates were spreaded on nutrient agar plates supplemented with
glycine. Whatman filter paper no.1 disks (dipped in 0.5% picric acid,
2% of sodium carbonate) were placed on lids of the petri plates and
sealed with the parafilm. Change in color from yellow to dark brown
of the filter paper indicates the production of HCN after 4-5 days
of incubation at 28°C + 2°C. The production of IAA in the culture
broth was determined by using standard colorimetric assay [31]. The
isolates were grown in Erlenmeyer flasks (150 ml) containing 25 ml
of sterilized Yeast extract mannitol (YEM) broth supplemented with
0.1 g/l L-tryptophan and incubated at 28°C = 2°C for 5 days in a
shaking incubator at 150 rpm. Following incubation, culture broths
were centrifuged at 7,000 rpm for 3 minutes and the supernatant was
mixed in equal volume with Salkowski reagent (1 ml 0.5M FeCl,
in 50 ml of 35% HCIO,). After an incubation of 30 minutes in dark,
absorbance was measured at 530 nm and [AA concentration of the
samples was evaluated using standard curve of known concentration
of TAA (10-200 pg/ml) [32]. Two milliliters of uninoculated YEM
broth with 2 ml of Salkowski reagent was taken as a negative control.

2.6. Amplified rDNA Restriction Analysis (ARDRA) of Potent
Siderophore Producers

The genomic DNA from selected isolates was extracted by
modified CTAB method [33] and used as template for PCR
amplification of 16S rDNA. The universal primers were used
for amplification 8F (5’AGAGTTTGATCCTGGCTCAG3')
and 1541R (5S’AAGGAGGTGATCCAGCCGCA3") [34]. PCR
amplifications were performed in a volume of 30 ul containing
50 ng DNA template, 1x Taq polymerase buffer, 0.25 pM of each
primers, 0.2 mM of each dNTP, 1.5 mM MgCl, and 1 U of Taq
polymerase (Promega, USA). Amplification was performed in the
thermocycler (Bio-Rad, T100, USA) with the initial denaturation of
94°C for 3 minutes followed by 30 cycles of 94°C for 45 seconds,
58°C for 45 seconds, 72°C for 2 minutes, and final extension of
72°C for 7 minutes. Amplified PCR product was resolved on 1.2%
agarose gel in 0.5% TBE buffer at 60 V for 40 minutes stained
with ethidium bromide under Azure c150 gel documentation
system (Azure biosystems, Dublin, CA 94568). PCR products
were digested separately with three restriction endonucleases
Hinfl, Haelll, and Mspl (Promega Corp., USA) in a 25-ul reaction
volume. Restriction digested product were resolved on 1.5%
agarose gels along with 100 bp marker (Promega Corp., USA)
and run at 60 V in 1x tris-borate-EDTA (TBE) buffer containing
10 pg/ml ethidium bromide. Using SimQual (Jaccard coefficient),
similarity matrices were constructed and clustering was done by
unweighted pair grouping with mathematic average (UPGMA)
method using NTSYS-pc program (Version2.1: Exeter software,
Setauket, NY) [35].

3. RESULTS

3.1. Isolation of Bacterial Endophytes

A total of 84 morphologically distinct endophytic bacteria; 52
from Chickpea (Cicer arietinum) and 32 from Pea (Pisum sativum)
plants were isolated from surface sterilized root and nodules and
purified by subculturing. Forty-six isolates were obtained from
nodules and 38 from roots. Out of total, 57% of the isolates were

Gram-positive and rest Gram-negative (Tables 1 and 2). All the
bacterial isolates exhibited variable colony and cell morphology.

3.2. Qualitative and Quantitative Screening of Siderophore
Producing Endophytic Bacteria

Out of total, 14 isolates were found to be positive for siderophore
and selected for quantitative estimation of siderophore production
(Figs. 1 and 2). Four isolates produced siderophore units in the
range of 1.44%-14.04%, while 10 isolates PFRS, CPFRI10,
CPFR4, CPFR18, PFR12, CPFN16, CPFN8, PFN14, CPFNI11, and
CPSR6 produced significantly higher quantities of siderophores
above 65% siderophore units (Table 1).

3.3. Characterization of Type of Siderophore

Selected 10 bacterial isolates with significant siderophore
production were characterized for type of siderophore produced
(Table 2). Eight isolates, CPSR6, CPFNS, CPFN11, CPFN16,
CPFR4, PFRS, PFR12, and PFNI14 showed maximum peak
between 420 and 450 nm in the FeCl, test and deep red color
in the tetrazolium test which indicates hydroxamate type of
siderophore. Only one isolate, CPFR10 showed absorbance peak
at 495 nm in the FeCl, test and reddish color in Arnow’s assay
indicated catecholate type of siderophore. Ten isolates, namely,
CPSR6, CPFN8, CPFN11, CPFN16, CPFR4, CPFR10, CPFR18,
PFRS5, PFR12, and PFN14 were positive for carboxylate type of
siderophore showed maximum peak between 190 and 280 nm. It
was observed that isolates CPSR6, CPFN8&, CPFN11, CPFNI16,
CPFR4, PFRS, PFR12, and PFN14 were positive for both the
hydroxamate as well as carboxylate types of siderophore.

3.4. Plant Growth Promoting Properties of Siderophore
Producing Endophytes

All these 10 siderophore producers were assessed for their plant
growth promoting capability. All the isolates were able to produce
IAA in the range of 11.12-68.46 pug/ml and ammonia. Only two

Table 1: Percentage siderophore production by endophytic bacterial isolates
from Cicer arietinum and Pisum sativum.

% Siderophore

Isolates Siderophore production

production (CAS assay)

CPSN1 + 14.04 +0.42
CPSN2 + 8.56 +1.10
CPSN6 + 1.44 +0.80
CPFN8 ++ 87.03+0.18
CPENI11 ++ 73.10 +2.19
CPFN16 ++ 88.26 +0.53
CPSR1 + 2.57+0.70
CPSR6 ++ 67.28 £1.53
CPFR4 +++ 91.33+0.34
CPFR10 +++ 91.78 £ 0.46
CPFR18 +H+ 90.41 +0.91
PFN14 ++ 83.01 +£1.36

PFR5 ++ 92.93+0.28
PFR12 -+ 90.41+0.71
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isolate CPFR4 and PFRS5 were able to solubilize phosphate. Isolate
CPFR10 possessed multi plant growth promoting (PGP) traits and
was found to be best ammonia, organic acid and IAA producer
among all (Table 3).

3.5. Amplification of 16S rDNA and ARDRA Profile Analysis

Genomic DNA of these isolates were amplified by PCR using
16S rDNA primers, fD1 (SAGAGTTTGATCCTGGCTCAG3")
and rD1 (5" AAGGAGGTGATCCAGCC 3'). Amplification of
16S rDNA was confirmed by obtaining single band of ~1,400 bp

on 1.2% (w/v) agarose gel. The RFLP pattern of 16S rDNA of
10 selected bacterial isolates from chickpea and pea showed 24
polymorphic bands ranging from 170 to 1,300 bp. The dendrogram
of similarity coefficients was constructed which depicted that all
the isolates formed nine clusters at 90% similarity (Fig. 3). The
isolates CPFN8, CPFR4 were grouped in cluster 1 showed 100%
similarity, while all the other isolates were present in separate
eight clusters. Isolate CPSR6 is out-grouped in the ninth clusters
showing its variation with other isolates.

Table 2: Characterization of siderophore type by endophytic bacterial isolates.

FeCl, test
Isolates Peak at 425 nm Peak at 495 nm
(Hydroxamate) (catecholate)

CPSR6 + -
CPFNS + -
CPFNI11 + -
CPFN16 + -
CPFR4 + -
CPFR10 - +
CPFR18 - -

PFRS + -
PFR12 + -
PFN14 + -

Hydroxamate Catecholate

(Tetrazolium test) (Arnow’s test) Carboxvlate
+ - +
+ - +
+ - +
+ - +
+ - +
- + +
- - +
+ - +
+ - +
+ - +

Figure 1: Siderophore production by endophytic bacteria on CAS agar plates.
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4. DISCUSSION

Endophytic bacteria are ubiquitous in almost all the plant
species; actively colonizing healthy plant tissue with no apparent
symptoms of diseases [10]. They offer numerous benefits to host
plant by producing primary and secondary metabolites, providing
resistance against phytopathogens, augmenting tolerance to stress
conditions and helping in sequestration of nutrients to plants [2].
The growing knowledge on the favorable effects of endophytes
on plant growth has recognized these as useful tools on the
way to improve crop yield in addition to more sustainable and
chemical free agriculture. Several studies on rhizobial as well
as non-rhizobial endophytic bacterial genera during the last two
decades have acknowledged their role in plant growth promotion
[12,13,36].

In this study, total of 84 endophytic bacterial isolates
from nodules and roots of C. arietinum and P. sativum plants were
screened for siderophore production. Fourteen isolates with most
halozones diameters were selected and quantified. Production of
siderophores is an important attribute of plant growth promoting
endophytes and facilitates growth of plants under iron limiting
conditions through iron sequestration [2]. There are many reports
in literature on siderophore producing capacity of endophytes
affirmed using CAS assay [37-39].

Out of 14, 10 isolates were producing siderophore
units above 65% in CAS-liquid assay. Siderophores produced

by microorganisms are usually classified as catecholates,
hydroxamates, carboxylates, and mixed type. A range of
biochemical assays were used for determining siderophore type
[23,24,40]. Most of our isolates were positive for hydroxamate
type of siderophore. Earlier studies also reported that several soil
bacteria could produce more than one type of hydroxamates [6].
The catecholate type of siderophore was detected by Arnow’s
test and FeCl, test. Only one of the isolate CPFR10 produced
catecholate type of siderophore.

The carboxylate type of siderophores was detected by
formation of copper complex between the range of 190-280 nm.
In the present study, all the isolates showed peak in the range of
190-280 nm with copper colored complex showing the presence
of carboxylate type of siderophore. The type of siderophore
synthesized by bacteria depends on the amount and accessibility of
nutrients and it may differ in culture rich conditions as compared
to natural habitat. Previous studies have reported that the bacteria
are capable of producing one or more types of siderophores,
hydroxamate, and catecholate being the most common types [41—
43], but in contrary to this, our isolates produced both carboxylate
and hydroxamate type of siderophores.

The selected best 10 siderophore producers were further
investigated for their in vitro plant growth promoting traits and
diversity analysis. The ARDRA technique has been commonly
used to study the molecular diversity of endophytic plant growth

Figure 2: Chrome azurol S liquid assay to quantify siderophore production.

Table 3: PGP traits of best siderophore producers.

CPSR6 + -
CPFN8 -+ -
CPFNI1 +++ -
CPFN16 ++ -
CPFR4 ++ -
CPFR10 -+ ++
CPFR18 +++ -
PFRS ++ -
PFRI2 +++ -
PEN14 ++ +

18.29+£2.26
2529 +5.50
11.12+1.56
31.38 £3.64
2737+3.92
68.46 +2.40
37.42+4.44
3513+ 1.71
37.63 £ 1.79
26.17 +0.65
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Figure 3: Dendrogram showing phenotypic similarity of siderophore producing endophytic bacteria from Cicer arietinum and
Pisum sativum using UPGMA method.

promoting bacteria. The genetic diversity of siderophore producing
endophytic bacteria using ARDRA resulted in grouping of these
isolates in nine separate clusters at 90% similarity representing
nine different genotypes. Similarly, several biotypes of endophytic
bacteria in different legumes crops have also been reported by
others [50-52]. Plant growth promoting ability of endophytes
offers numerous benefits to host plant and help to survive under
diverse environmental conditions [10,41,44]. Isolate CPFR10 was
found to be most promising with multi PGP traits along with high
TAA and HCN production. The ability to produce IAA promotes
plant growth and elicits an increased level of protection during
adverse conditions [45,46]. HCN production is regarded as one
of the recognized host’s biocontrol or protecting mechanism
against phytopathogens [47]. Several microorganisms producing
siderophore along with HCN are known to suppress the growth of
pathogens [48—50]. The microbes having HCN+ phenotype along
with siderophore and IAA production can be expected to have an
ecological role not only in biocontrol but also in regulating the
bioavailability of nutrients.

5. CONCLUSION

A total of 84 endophytic bacteria isolated from nodules and roots
of Cicer arietinum and Pisum sativum plants were screened for
siderophore production. Following qualitative CAS agar assay, 14
isolates produced siderophore and selected for further investigation.
Upon quantitative analysis, 10 isolates produced siderophore above
65% siderophore units and subsequently characterized for the
type of siderophore. Most of them produced both carboxylate and

hydroxamate type of siderophores. The ability to produce different
types of siderophores with differences in structure and iron binding/
releasing capacities, enable these microbes to have multiple roles
depending upon the habitats. The present investigation revealed
that these endophytic bacterial isolates also exhibited other plant
growth promoting traits viz. ammonia, organic acid, IAA, HCN
production, and phosphate solubilization. However, to ascertain
the effectivity of PGP traits on growth and productivity of crops,
through phytohormone production and control against harmful
microbes, needs to be evaluated in further studies.
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