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Abstract Iron (Fe) is one of the key micronutrients
essential for plant growth, yield and quality. Wheat (7ri-
ticum aestivum) and soybean (Glycine max) are important
food crops but have relatively low Fe content in grains/
seeds. Foliar application of Fe-invigorated bacte-
riosiderophore might increase Fe content in grain as well as
improve overall plant growth. From a preliminary experi-
ment conducted on soybean using 20 bacterial strains,
Arthrobacter sp. (low siderophore producing) and Lysini-
bacillus fusiformis (high siderophore producing) were
selected based on amount of siderophore produced and
response of plants. This result was validated on field grown
soybean and wheat crops by applying bacteriosiderophore
with or without Fe on foliage. Siderophore was applied at
flowering stage in both crops and observations were
recorded on the sixth day after foliar spray. Significantly
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higher shoot biomass, area of leaves or flag leaf and tissue
Fe concentration was recorded by siderophore produced by
L. fusiformis with Fe as compared to Arthrobacter sp. In
comparison to control (water), application of Fe fortified
bacterial siderophore resulted not only in increased grain
yield by 45% and 28% in wheat and soybean, respectively
but also enhanced Fe concentration in grains by 1.7-fold in
soybean to 2.0-fold in wheat. Partitioning of Fe in grain
was higher in wheat as compared to soybean after foliar
spray. Thus, we reported for the first time that bacte-
riosiderophore with added Fe as foliar application could be
an economical and targeted agronomic approach towards
Fe fortification in crop plants.

Keywords Bacteriosiderophore - Chrome azurol
sulphonate assay - Foliar fertilization - Iron fortification -
Wheat and soybean

Introduction

Iron (Fe) is an essential micronutrient to virtually all forms
of life. Although Fe is the second most abundant metal
element in earth’s crust but its low solubility and high
fixation in soil reduces its bioavailability to the plant roots
[1]. Fe plays a major role in redox reactions in metabolic
processes such as photosynthesis, respiration and nitrogen
assimilation besides being involved in biosynthesis of
chlorophyll and hormones [2]. Fe chlorosis is a widespread
agricultural problem which reduces productivity as well as
nutritional quality of crops. A continuous supply of Fe
through roots and its remobilization from older to newly
developing leaves is essential for optimum growth and
yield. Availability of Fe in soil solution is largely pH
dependent with higher concentration at lower pH but once
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inside the plant, Fe is immobile. The common strategies for
curing Fe deficiency are the use of cultivars tolerant to Fe
chlorosis or soil application of Fe fertilizer. However,
farmers may not always have access to high yielding Fe
deficiency tolerant cultivars or such cultivars may not be
available for every crop. The rapid conversion of soil
applied Fe into unavailable form as solid Fe(III) urges the
need of an alternative method to treat Fe deficiency [3]. To
overcome Fe deficiency in crops, foliar fertilisation is one
of the most economic and targeted approach.

Various inorganic and organic Fe compounds have been
used for foliar application but the results on Fe chlorotic
plants were contradictory [4—7]. In comparison to inorganic
salts, use of Fe chelates has been strongly recommended to
treat Fe chlorosis [8]. A few studies have shown enhanced
penetration and leaf re-greening with inorganic Fe salts
over chelates [6, 9]. Fe(Il) salts rapidly oxidise when
exposed to air while Fe(Ill) salts forms a gelatinous
hydrous polymers once the pH increases more than 2.0
[10]. So, inorganic Fe salts are not preferred for foliar
application but chelated form of Fe when applied on foli-
age was easily translocated within the plants in comparison
to other Fe-containing compounds [4]. Foliar application of
Fe fertilizers such as ferrous sulphate (FeSO,), Fe'! die-
thylene triamine penta acetic acid (FeDTPA), Fe'" ethylene
diamine —N,N'-bis (2-hydroxyphenyl acetic acid) (FeED-
DHA) and Fe'™ ethylene diamine tetra acetic acid
(FeEDTA) to soybean significantly increased yield, though
FeEDDHA was in effective in ameliorating Fe chlorosis
[11, 12]. The varying results of foliar application of syn-
thetic or inorganic Fe fertilizers might be due to the factors
as mentioned above which affects the efficiency of foliar
fertilisation. However, excessive use of synthetic chelates
such as EDTA, EDDHA may raise the concern over
environmental pollution as they are either non-degradable
or poorly biodegradable [13]. Therefore, there is a need to
identify and develop environment safe organic Fe chelators
to prevent Fe chlorosis.

Under Fe deficient condition several soil microbes pro-
duce low molecular weight (~ 0.5 to 1.5 kDa) Fe-chelat-
ing compounds called ‘bacteriosiderophore’, which has
high affinity for ferric ions [14]. Siderophore, in general,
forms a highly spin and thermodynamically stable complex
with Fe(IIl) and serve as a carrier for Fe transport into the
plant cells [15]. Currently, 500 siderophore compounds
have been isolated from different microorganism and based
on the functional group, they are categorized as hydroxa-
mates, catecholates and carboxylates [16]. Improvement in
Fe uptake and plant growth was reported when seeds or
root was inoculated with microbial inoculants producing
siderophore [17]. Plants absorb Fe-siderophore complex by
different mechanism such as direct uptake of Fe-side-
rophore complex, chelate and release Fe or by ligand

@ Springer

exchange reaction [18]. Formation of Fe-siderophore
complex is affected by the concentration of divalent or
trivalent cations such as Zn”*, Cd**, Cu**, Ni**, Pb?+ -
and AI’" in soil which competes with Fe for binding sites
in siderophore there by reducing the chances of Fe binding.
To overcome the limitations of soil application of side-
rophore, and because of aqueous soluble nature of bacterial
siderophore, it becomes highly suitable for foliar applica-
tion [19]. Earlier studies reported improved growth and
yield due to foliar application of plant growth-promoting
rhizobacteria (PGPR) in pea [20], tomato [21] and canola
[22]. However, very little information is available on the
effect of foliar applied siderophore extracted from bacterial
culture in combination with Fe on growth and Fe content of
crop plants. In the present study, the effect of foliar applied
bacteriosiderophore, with or without addition of Fe, on
various growth traits and Fe content in grains/seeds was
investigated. For this purpose, experiments were conducted
first to quantify the siderophore production by different
bacterial strains and their evaluation on soybean, second,
response of field grown soybean and wheat crops to foliar
application of siderophore, produced by contrasting bac-
terial strains, fortified with or without Fe.

Materials and Methods
Experiment 1: Preliminary Experiment on Soybean

A preliminary experiment was conducted on soybean
(Glycine max, var. DS-2614) in glasshouse. The tempera-
ture was maintained at an optimal 28 £ 2 °C/25 £ 2 °C
Day/Night and relative humidity at 85% with natural light.
Pots were filled with approximately 5 kg air-dried, well
sieved soil collected from field at a depth of 0-30 cm.
Recommended dose of fertilizers (NPK) was added and
after germination one healthy plant per pot was maintained.

Twenty PGPR strains (Supplementary Table 1) pro-
cured from the Division of Microbiology, ICAR-IARI,
New Delhi were streaked on Luria—Bertani (LB) agar
plates and incubated at 37 °C for 24 h followed by sub-
culturing in LB broth. For siderophore production, 1.0 mL
culture of each bacterial strain was inoculated in 1.0 L of
Fe deficient succinate medium (SM) [23] and incubated at
37 °C for 48 h with constant shaking. After sufficient
growth, the bacterial culture was centrifuged at 800g for
15 min to pellet the cells. The supernatant containing
siderophore was incubated with FeCl; (2.0 mM) for
90 min at room temperature [21]. Before foliar application,
pH of spray solution was set to 6.0 using HCl or KOH with
addition of Triton X-100 as surfactant. At flowering or R2
stage, soybean plants were sprayed with Fe-siderophore
complex and distilled water as control. The above-ground
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biomass was recorded on 6th day after foliar spray and the
yield traits viz. number of pods, test weight (100-seed
weight) and total seed yield per plant were recorded at
maturity or R8 stage.

Quantification of Siderophore Produced
by Different Bacterial Strains

The amount of siderophore in culture solution was quan-
tified by chrome azurol sulphonate (CAS) assay [24]. For
this, 0.5 mL of supernatant was mixed with 0.5 mL of CAS
solution and 10 pL of sulfosalicylic acid. After 20 min
incubation in dark, absorbance was recorded at 630 nm.
The change in colour of blue dye (CAS assay solution) to
purple orange indicated the presence of siderophore. The
blank was set using the SM medium and the reference
solution contained SM medium, CAS dye and sulfosali-
cylic acid (Supplementary Fig. 1b). The quantity of side-
rophore released was determined using the following
formula:

Percent siderophore

__ Absorbance reference — Absorbance sample

= 1
Absorbance reference x 100

Experiment 2: Field Experiment Using Siderophore
Produced by Contrasting Bacterial Strains

Based on the quantity of siderophore production, two
contrasting bacterial strains, Lysinibacillus fusiformis (high
siderophore producing) and Arthrobacter sp. (low side-
rophore producing), were selected to validate the effect of
foliar application of Fe fortified bacteriosiderophore on
soybean and wheat (Triticum aestivum L., var. C 306) in
field. Soybean was sown on 25th July 2016 while wheat
was sown on 12th November 2016. For soybean, seeds
were dibbled at a distance of 15 cm from plant-to-plant and
30 cm between the rows. Wheat was sown manually in six
rows per plot at 22 cm spacing between rows. The net area
per plot was 3.0 m* and 4.0 m? for soybean and wheat,
respectively.

Foliar sprays were prepared by inoculating 5.0 mL
culture of each strain in 5.0 L of Fe deficient SM medium
and incubated at 37 °C with continuous shaking. After
measuring the bacterial growth by absorbance at ODgponm,
culture solution was centrifuged at 800g for 15 min and
siderophore content in the supernatant was checked by
CAS assay as described above. The supernatant containing
siderophore obtained from each bacterial strain was divi-
ded into two portions, one portion was incubated with
FeCl; (2.0 mM) while the other portion was maintained
without Fe. A total of six foliar treatments, namely (1)

water as control (2) 2.0 mM FeCl; solution (3)
Arthrobacter sp. supernatant without Fe (4) Arthrobacter
sp. supernatant with 2.0 mM Fe (5) L. fusiformis super-
natant without Fe and (6) L. fusiformis supernatant with
2.0 mM Fe, were included. For the ease of writing, the
bacteriosiderophore fortified with Fe will be denoted as
bacterial species +Fe. The foliar application was carried
out at flowering stage in both crops. While spraying, the
soil surface was covered with polythene to avoid dripping
of excess solution from foliage into the soil and it was
removed the next day. On the sixth day after spraying,
plants were sampled for shoot dry weight, total leaf area,
flag leaf area, and Fe content analysis in different organs.
Another set of treated plants were harvested at physiolog-
ical maturity, sun-dried, threshed and yield attributes were
recorded. The Fe concentration in different tissue was
estimated by wet digestion with di-acid mixture (HNO;:-
HCIO,) using atomic absorption spectrometer (ECIL,
India). The partitioning of Fe in different plant tissue was
calculated by multiplying the tissue Fe concentration with
their dry weight and expressed as mg Fe per plant.

Statistical Analysis

Field experiments were carried out in a randomized block
design with five replications for each treatment. Data were
subjected to one-way analysis of variance (ANOVA) and
means were compared with critical difference (CD) at P
< 0.05 level of significance. The data from experiment 1
was subjected to hierarchical cluster analysis based on
Ward’s method to group the bacterial strains. The statisti-
cal software R version 3.1.2 (R Foundation for Statistical
Computing, Vienna) was used. Graphs were made using
Graph Pad Prism version 6.00 (Graph Pad Software, La
Jolla, CA).

Results and Discussion

The bacterial strains varied significantly in terms of the
quantity of siderophore production induced by Fe deficient
condition in the media (Supplementary Fig. 1a). The effect
of foliar applied siderophore fortified with Fe on growth,
yield and Fe content depends upon the quantity of side-
rophore secreted by bacteria. The bacterial strains were
grouped into three clusters based on the quantity of side-
rophore produced and the response of plant (Supplemen-
tary Fig. 2). Cluster 1 included twelve bacterial strains
which produced low (< 30%) siderophore whereas Cluster
2 and Cluster 3 contained four strains each. Cluster 3
included bacterial strains with highest (> 80%) siderophore
production capacity while Cluster 2 exhibited moderate
siderophore producing bacterial strains. In all clusters,
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siderophore quantity was positively related to the above-
ground biomass, seed yield and 100-seed weight (Fig. la—
c¢). In Cluster 3, bacteriosiderophore quantity was signifi-
cantly correlated with biomass (R*> 0.95) and seed yield
(Rzz 0.89) while in Cluster 1, biomass and test weight
were significantly correlated. A similar response was
obtained for shoot dry weight, seed yield and 100-seed
weight with different strains. Foliar application of L. fusi-
formis resulted in maximum shoot biomass and seed weight
while strains producing low siderophore resulted in mini-
mum biomass accumulation and seed yield. L. fusiformis
belongs to the genus Bacillus and their occurrence is
ubiquitous in soil [25]. It is reported that Bacillus sp.
promotes plant growth in many ways like production of a
diverse range of antibiotics [26], improvement of soil fer-
tility and mobilization of nutrients [27] through increased
nutrient solubility in soil. Our results are in agreement with
findings of Vendan et al. [28] who reported that inoculants
of L. fusiformis significantly promote growth of Ginseng
plants. Likewise, Winkelmann [29] reported that
Arthrobacter sp. belongs to low or no siderophore secreting
bacterium group. Moreover, for their own siderophore
requirement, Arthrobacter sp. depends on other side-
rophore producing bacterial strain [30]. Therefore, based
on preliminary results contrasting bacterial strains,
Arthrobacter sp. (low siderophore producing) and L. fusi-
formis (high siderophore producing) belonging to Cluster 1
and 3 respectively, were selected for further validation.
In the field, both soybean and wheat crops showed sig-
nificant increase in leaf area, aboveground biomass, and
yield due to foliar application of L. fusiformis +Fe but no
effect was observed without Fe as compared to control. The
effect of Fe alone and Arthrobacter sp. +Fe showed similar
results for most of the traits in both crops. In soybean, the
foliar application of L. fusiformis +Fe resulted in increased
leaf area (22%), aboveground biomass (35%), pod number
per plant (34%), total seed weight (45%) and test weight

(21%) as compared to control (Supplementary Fig. 3a—d).
However, application of Fe resulted in increased leaf area
(5%), total biomass (20%), pod number per plant (17%),
total seed weight (24%) and test weight (10%) as compared
to control. Similar effect was exhibited by Arthrobacter sp.
+Fe application on leaf area (8%), total biomass (19%),
pod number per plant (24%), but the total seed weight
(33%) and test weight (16%) were significantly higher as
compared to control. In wheat, the flag leaf area, total
chlorophyll concentration and total grain yield varied sig-
nificantly (Supplementary Fig. 4a—d) due to foliar treat-
ments. Foliar application of L. fusiformis +Fe resulted in
increased flag leaf area (28%), total chlorophyll (27%),
grain yield (28%) and test weight (9%) as compared to
control. Similar to soybean, the foliar application of Fe and
Arthrobacter sp. +Fe produced comparable results by
increasing leaf area (18-20%), total chlorophyll (5-8%),
grain yield (14—-15%) and test weight (7%) as compared to
control. Our results demonstrate that the foliar application
of Fe alone or in combination with siderophore produced
by Arthrobacter sp. had similar effect on plant growth and
yield but the combination of Fe with siderophore produced
by L. fusiformis significantly improved plant growth and
yield.

Few reports are available on growth enhancement by
foliar applied PGPR but the effect of foliar applied bacte-
rial siderophore in combination with Fe is lacking. Previ-
ous studies showed that when Bacillus OSU142 strain
applied as foliar spray in apricot during two successive
years, increased yield by 30% and 90% respectively [31].
Further, foliar application of PGPR resulted in increased
height and nitrogen status of canola plants [22] or
improved photosynthesis and metabolite concentration in
sesame by Bacillus methyl otrophicus KE2 [32]. However,
our results on both wheat and soybean were in disagree-
ment with earlier reports as the foliar application of side-
rophore without Fe showed no significant improvement in
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growth and yield traits but when fortified with Fe, these
traits were significantly improved. This might be due to
difference in the methodology as we applied only side-
rophore present in the supernatant while in other studies,
whole organism along with siderophore was applied which
might induce several growth effects.

The concentration and partitioning of Fe in different
organ of soybean and wheat were significantly influenced
by foliar treatments (Table 1). In soybean crop at flowering
stage, significant increase in leaf Fe concentration was
observed by application of Fe (30%), Arthrobacter sp. +Fe
(25%) and L. fusiformis +Fe (27%) as compared to control.
However, the Fe concentration in stem was highest due to
L. fusiformis +Fe (98%) followed by Arthrobacter sp. +Fe
(45%) treatment. At maturity, L. fusiformis +Fe applica-
tion resulted in doubling of Fe concentration in stem, while
pod cover retained 40% and seed exhibited 70% increase as
compared to control. Other treatments also resulted in
increase in seed Fe concentration (30% by Fe and 40% by
Arthrobacter sp. +Fe) in comparison to control. Although
all foliar treatments improved seed Fe concentration in
soybean but higher Fe retention in foliage at harvest was
observed in Fe (20%) and Arthrobacter sp. +Fe (30%)
treatments. In wheat crop, at anthesis stage, increase in leaf
Fe concentration was more than doubled with foliar
application of Fe, Arthrobacter sp. +Fe and L. fusiformis
+Fe as compared to control (Table 1). The stem Fe con-
centration was also doubled with siderophore in combina-
tion with Fe as compared to control. At maturity stage, L.
fusiformis +Fe treatment resulted in lowest Fe retention in
leaf tissue as compared to other two Fe treatments while in
stem and chaff, the Fe concentration was more than dou-
bled. Moreover, the Fe concentration in wheat grain was
obtained highest (102%) by L. fusiformis +Fe as compared
to other treatments. Reduced leaf Fe concentration at har-
vest suggests efficient mobilization of Fe from leaf to

developing seeds/grains as observed in both soybean and
wheat, leading to higher Fe concentration which was noted
in L. fusiformis +Fe treatment. Besides tissue Fe concen-
tration, the total Fe content or accumulation in seed/grain
in both crops was significantly increased by foliar treat-
ments (Fig. 2). The Fe content obtained highest with L.
fusiformis +Fe treatment in both soybean (2.5 folds) and
wheat (2.6 fold) in comparison to control. In wheat, foliar
application of Fe alone also resulted in more than two-fold
increase in total Fe content in grain as compared to control.

Earlier reports suggest that foliar application of Fe for-
tified siderophore not only improved Fe absorption by
foliage but also enhanced its mobilization towards grains.
Our results are in agreement with Fernandez et al. [8] who
compared the Fe uptake as well as its mobilization into
neighbouring leaf after application of Fe-siderophores, Fe—
EDTA and FeSOQy to the distal part of the leaf in Vicia faba,
Nicotiana tabacum and Citrus madurensis. They observed
maximum mobilization of Fe in neighbouring leaf in Fe
siderophore complex while least translocation was
obtained in FeSO,. Similarly, Basiouny and Biggs [33]
reported that Fe chelates are mobilised better than inor-
ganic Fe-containing compounds into and throughout the
plant system and the response of plants to organic Fe
chelates might be due to improved antioxidant scavenging
system [7]. In contrast to some commonly used synthetic
chelates, the siderophores are not environmentally haz-
ardous and may serve as an alternative means of supplying
Fe to plants [34]. Mobilization of Fe from vegetative tis-
sues into grains through phloem may be influenced by soil
properties viz. nitrogen, moisture and pH or plant’s phys-
iological response such as transpiration rate and photo-
synthesis [35]. Therefore, application of Fe directly on the
foliage plays an important role in grain Fe accumulation
[36]. Foliar application of Bacillus sp. strain OSU 142 in
apricot resulted in higher nutrient (N, P, K, Ca and Mg)

Table 1 Influence of foliar application of bacteriosiderophore fortified with or without Fe on tissue Fe concentration in soybean and wheat

during flowering and harvest stages

Treatments Soybean (mg Fe g_1 DW) Wheat (mg Fe g_l DW)

Flowering Maturity Anthesis Maturity

Leaf Stem Leaf Stem Pod cover  Seed  Leaf Stem Leaf Stem Chaff  Grain
Control (water) 0925 0.205 0.813 0.140 0.240 0.09 0443  0.127 0373  0.120 0.160  0.137
Fe 1.198 0219 0976  0.252  0.266 0.12 0900 0260  0.696  0.260 0.230  0.218
Arthrobactor sp. +Fe 1.160  0.298 1.057  0.247  0.270 0.13 0453  0.158 0.683 0.210 0.230 0.227
Arthrobactor sp. 0.908  0.220 0.841 0.183  0.260 0.11 0921 0357 0330 0.170 0220 0.171
L. fusiformis +Fe 1.173 0405 0.823 0.283  0.337 0.15 0430 0.178 0450 0270 0350 0.277
L. fusiformis 0.933 0.203 0.830 0273 0.310 0.12 0913  0.187 0307 0330 0270 0.222
Signiﬁcance ok *3k Hek ok NS ok *3k ok ok ok ok Hk

NS non-significant
**Significant at P = 1%
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Fig. 2 Influence of foliar application of bacteriosiderophore with and
without Fe enrichment on Fe content in seed/grain per plant of
soybean and wheat. Data corresponds to mean + SEm (n = 5). Mean
with the same letter are not significantly different at P < 0.05
according to least significant difference test

concentration in leaf tissue which might be due to it’s a
symbiotic N-fixing ability in the phyllosphere [37, 38].
However, in-depth physiological studies are needed to
explore the translocation of Fe applied with bacterial
siderophore, towards developing grain. Further, the side-
rophore produced by L. fusiformis fortified with Fe may be
validated on other crops under field conditions which might
provide an easy, economic and targeted strategy for
biofortification.

Conclusions

In this study contrasting bacterial strains, L. fusiformis
(92.3%) and Arthrobacter sp. (12.1%) in terms of side-
rophore production were identified and validated on soy-
bean and wheat crops. Results from this study strongly
suggested foliar application of Fe with siderophore to
enhance plant growth, yield and of Fe concentration of in
grains. This is first report that the foliar application of Fe
fortified bacteriosiderophore can represent a low cost, easy
and sustainable method for enhancing Fe concentration in
legume and cereal grains to help alleviate the Fe
deficiency.

Acknowledgements The present work was funded by Virtual Fer-
tilizer Research Centre, Washington D.C., U.S.A. (Grant # 02838/14).

@ Springer

Author Contribution Conceived of or designed study: RP, SS,
AKS; Performed research: SS, AK, SC; Provided facility and research
support: RP, PB, AKS; Analysed data: SS, RP, SC; Wrote the paper:
SS, RP, PB, VP.

Compliance with Ethical Standards

Conflict of interest The authors declare that they have no conflict of
interest.

Research Involving Human Participants and/or Animals Not
applicable.

Informed Consent Not applicable.

References

1. Abadial, Vazquez S, Rellan-Alvarez R, El-Jendoubi H, Abadia A,
Alvarez-Fernendez A, Lopez-Millan AF (2011) Towards a
knowledge-based correction of iron chlorosis. Plant Physiol Bio-
chem 49:471-482. https://doi.org/10.1016/j.plaphy.2011.01.026

2. Pandey R (2015) Mineral nutrition of plants. In: Bahadur B et al
(eds) Plant biology and biotechnology. Volume I: plant diversity,
organization, function and improvement. Springer India, New
Delhi, pp 499-538. https://doi.org/10.1007/978-81-322-2286-6_
20

3. Wei Y, Shohag MIJI, Yang X (2012) Biofortification and
bioavailability of rice grain zinc as affected by different forms of
foliar zinc fertilization. PLoS ONE 7:e45428. https://doi.org/10.
1371/journal.pone.0045428

4. Fernandez V, Eichert T (2009) Uptake of hydrophilic solutes
through plant leaves: current state of knowledge and perspectives
of foliar fertilization. Crit Rev Plant Sci 28:36-68. https://doi.org/
10.1080/07352680902743069

5. Aciksoz SB, Yazici A, Ozturk L, Cakmuk L (2011) Biofortifi-
cation of wheat with iron through soil and foliar application of
nitrogen and iron fertilizers. Plant Soil 349:215-225. https://doi.
org/10.1007/s11104-011-0863-2

6. Rios JJ, Carrasco-Gil S, Abadia A, Abadia J (2016) Using Perls
staining to trace the iron uptake pathway in leaves of a Prunus
root stock treated with iron foliar fertilizers. Front Plant Sci
7:1-13. https://doi.org/10.3389/fpls.2016.00893

7. Sharma S, Malhotra H, Borah P, Meena MK, Bindraban P,
Chandra S, Pande V, Pandey R (2018) Foliar application of
organic and inorganic iron formulation induces differential
detoxification response to improve growth and biofortification in
soybean. Ind J Plant Physiol. https://doi.org/10.1007/s40502-018-
0412-6

8. Fernandez V, Ebert G, Winklemann G (2005) The use of
microbial siderophores for foliar iron application studies. Plant
Soil 272:245-252. https://doi.org/10.1007/s11104-004-5212-2

9. El-Jendoubi H, Vazquez S, Calatayud A, Vavpetic P, Vogel-
Mikus K, Pelicon P, Abadia J, Abadia A, Morales F (2014) The
effects of foliar fertilization with iron sulfate in chlorotic leaves
are limited to the treated area. A study with peach trees (Prunu
spersica L. Batsch) grown in the field and sugar beet (Beta vul-
garis L.) grown in hydroponics. Front Plant Sci 5:1-16. https://
doi.org/10.3389/fpls.2014.00002

10. Silver J (1993) Chemistry of iron. Blackie Academic Profes-
sional, Glasgow, p 306. https://doi.org/10.1002/a0c.590070811

11. Goos RJ, Johnson BE (2000) A comparison of three methods for
reducing iron-deficiency chlorosis in soybean. Agron J
92:1135-1139. https://doi.org/10.2134/agronj2000.9261135x


https://doi.org/10.1016/j.plaphy.2011.01.026
https://doi.org/10.1007/978-81-322-2286-6_20
https://doi.org/10.1007/978-81-322-2286-6_20
https://doi.org/10.1371/journal.pone.0045428
https://doi.org/10.1371/journal.pone.0045428
https://doi.org/10.1080/07352680902743069
https://doi.org/10.1080/07352680902743069
https://doi.org/10.1007/s11104-011-0863-2
https://doi.org/10.1007/s11104-011-0863-2
https://doi.org/10.3389/fpls.2016.00893
https://doi.org/10.1007/s40502-018-0412-6
https://doi.org/10.1007/s40502-018-0412-6
https://doi.org/10.1007/s11104-004-5212-2
https://doi.org/10.3389/fpls.2014.00002
https://doi.org/10.3389/fpls.2014.00002
https://doi.org/10.1002/aoc.590070811
https://doi.org/10.2134/agronj2000.9261135x

Indian J Microbiol

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Heithold]J Sloan JJ, MacKown CM, Cabrera CI (2003) Soybean
growth on calcareous soil as affected by three iron sources.
J Plant Nutr 26:935-948. https://doi.org/10.1081/pIln-120018575
Adesemoye AO, Torbert HA, Kloepper JW (2009) Plant growth-
promoting rhizobacteria allow reduced application rates of
chemical fertilizers. Microbial Ecol 58:921-929. https://doi.org/
10.1007/s00248-009-9531-y

Silva-Stenico ME, Pacheco FTH, Rodrigues JLM, Carrilho E,
Tsai SM (2005) Growth and siderophore production of Xylella
fastidiosa under iron-limited conditions. Microbiol Res
160:429-436. https://doi.org/10.1016/j.micres.2005.03.007
Budzikiewicz H (2010) Microbial siderophores. In: Fortschritte
der ChemieorganischerNaturstoffe/Progress in the chemistry of
organic natural product, vol 92, pp 1-75. https://doi.org/10.1007/
978-3-7091-7123-3_10

Saha M, Sarkar S, Sarkar B, Sharma B, Bhattacharjee S, Tribedi
P (2016) Microbial siderophores and their potential applications:
a review. Environ Sci Pollut Res 23:3984-3999. https://doi.org/
10.1007/s11356-015-4294-0

Rungin S, Indananda C, Suttiviriya P, Kruasuwan W, Jaemsaeng
R, Thamchaipenet A (2012) Plant growth enhancing effects by a
siderophore-producing endophytic streptomycete isolated from a
Thai jasmine rice plant (Oryza sativa L. cv. KDML105). Antonie
Van Leeuwenhoek 102:463-472. https://doi.org/10.1007/s10482-
012-9778-z

Schmidt W (1999) Mechanisms and regulation of reduction-
based iron uptake in plants. New Phytol 141:1-26

Ahemad M, Kibret M (2014) Mechanisms and applications of
plant growth promoting rhizobacteria: current perspective.
JKSUS  26:1-20.  https://doi.org/10.1046/.1469-8137.1999.
00331.x

Bahadur A, Singh UP, Sarma BK, Singh DP, Singh KP, Singh A
(2007) Foliar application of plant growth-promoting Rhizobac-
teria increases antifungal compounds in pea (Pisum sativum)
against Erysiphe pisi. Mycobiol 35:129-134. https://doi.org/10.
4489/myco0.2007.35.3.129

Radzki W, Maiiero FG, Algar E, Garcia JL, Garcia-Villaraco A,
Solano BR (2013) Bacterial siderophores efficiently provide iron
to iron-starved tomato plants in hydroponics culture. Antonie Van
Leeuwenhoek 104:321-330. https://doi.org/10.1007/s10482-013-
9954-9

Ahmadi-Rad S, Gholamhoseini M, Ghalavand A, Asgharzadeh A,
Dolatabadian A (2016) Foliar application of nitrogen fixing
bacteria increases growth and yield of canola grown under dif-
ferent nitrogen regimes. Rhizosphere 2:34-37. https://doi.org/10.
1016/j.rhisph.2016.08.006

Meyer JA, Abdallah MA (1978) The fluorescent pigment of
Pseudomonas fluorescens: biosynthesis, purification and physic-
ochemical properties. Microbiology 107:319-328. https://doi.org/
10.1099/00221287-107-2-319

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

Singh SK, Tang WZ, Tachiev G (2013) Fenton treatment of
landfill leachate under different COD loading factors. Waste
Manag 33:2116-2122. https://doi.org/10.1016/j.wasman.2013.06.
019

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Solanki MK, Kumar S, Pandey AK, Srivastava S, Singh RK,
Kashyap PL, Arora DK (2012) Diversity and antagonistic
potential of Bacillus sp. associated to the rhizosphere of tomato
for the management of Rhizoctonia solani. Biocontrol Sci
Technol 22:203-217. https://doi.org/10.1080/09583157.2011.
649713

Calvo P, Ormeifio-Orrillo E, Martinez-Romero E, Zidiga D
(2010) Characterization of Bacillus isolates of potato rhizosphere
from andean soils of Peru and their potential PGPR characteris-
tics. Braz J Microbiol 41:899-906. https://doi.org/10.1590/s1517-
83822010000400008

Vendan RT, Yu YJ, Lee SH, Rhee YH (2010) Diversity of
endophytic bacteria in ginseng and their potential for plant
growth promotion. J Microbiol 48:559-565. https://doi.org/10.
1101/310797

Winkelmann G (1991) Handbook of microbial iron chelates.
CRC Press, Boca Raton, pp 65-105. https://doi.org/10.1201/
9780203712368

Kalinowski BE, Liermann LJ, Givens S, Brantley SL (2000)
Rates of bacteria-promoted solubilization of Fe from minerals: a
review of problems and approaches. Chem Geol 169:357-370.
https://doi.org/10.1016/s0009-2541(00)00214-x

Esitken A, Karlidag H, Ercisli S, Sahin F (2002) Effects of foliar
application of Bacillus subtilis Osu-142 on the yield, growth and
control of shot-hole disease (Coryneum blight) of apricot. Die
Gartenbauwissenschaft 67:139-142

Radhakrishnan R, In-J Lee (2017) Foliar treatment of Bacillus
methylotrophicus KE2 reprograms endogenous functional chem-
icals in sesame to improve plant health. Indian J Microbiol
57:409-415. https://doi.org/10.1007/s12088-017-0666-0
Basiouny FM, Biggs RH (1971) Uptake and distribution of iron in
citrus. Proc Florida State Hort Soc 84:17-22

Fernandez V, Del Rio V, Abadia J, Abadia A (2006) Foliar iron
fertilization of peach (Prunus persica (L.) Batsch): effects of iron
compounds, surfactants and other adjuvants. Plant Soil
289:239-252. https://doi.org/10.1007/s11104-006-9132-1
Malhotra H, Pandey R, Sharma S, Bindraban P (2019) Foliar
fertilization: possible routes of iron transport from leaf surface to
cell organelles. Arch Agron Soil Sci. https://doi.org/10.1080/
03650340.2019.1616288

Rana A, Joshi M, Prasanna R, Shivay YS, Nain L (2012) Bio-
fortification of wheat through inoculation of plant growth pro-
moting rhizobacteria and cyanobacteria. Eur J Soil Biol
50:118-126. https://doi.org/10.1016/j.ejsobi.2012.01.005
Cakmake1 R, Kantar F, Sahin F (2001) Effect of N2-fixing bac-
terial inoculations on yield of sugar beet and barley. J Plant Nutr
Soil Sci 164:527-531. https://doi.org/10.1002/1522-
2624(200110)164:5%3c527:aid-jpln527%3e3.0.co;2-1

Esitken A, Karlidag H, Ercisli S, Turan M, Sahin F (2003) The
effect of spraying a growth promoting bacterium on the yield,
growth and nutrient element composition of leaves of apricot
(Prunus armeniaca L. cv. Hacihaliloglu). Aust J Agric Res
54:377-380. https://doi.org/10.1071/ar02098

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1081/pln-120018575
https://doi.org/10.1007/s00248-009-9531-y
https://doi.org/10.1007/s00248-009-9531-y
https://doi.org/10.1016/j.micres.2005.03.007
https://doi.org/10.1007/978-3-7091-7123-3_10
https://doi.org/10.1007/978-3-7091-7123-3_10
https://doi.org/10.1007/s11356-015-4294-0
https://doi.org/10.1007/s11356-015-4294-0
https://doi.org/10.1007/s10482-012-9778-z
https://doi.org/10.1007/s10482-012-9778-z
https://doi.org/10.1046/j.1469-8137.1999.00331.x
https://doi.org/10.1046/j.1469-8137.1999.00331.x
https://doi.org/10.4489/myco.2007.35.3.129
https://doi.org/10.4489/myco.2007.35.3.129
https://doi.org/10.1007/s10482-013-9954-9
https://doi.org/10.1007/s10482-013-9954-9
https://doi.org/10.1016/j.rhisph.2016.08.006
https://doi.org/10.1016/j.rhisph.2016.08.006
https://doi.org/10.1099/00221287-107-2-319
https://doi.org/10.1099/00221287-107-2-319
https://doi.org/10.1016/0003-2697(87)90612-9
https://doi.org/10.1016/j.wasman.2013.06.019
https://doi.org/10.1016/j.wasman.2013.06.019
https://doi.org/10.1080/09583157.2011.649713
https://doi.org/10.1080/09583157.2011.649713
https://doi.org/10.1590/s1517-83822010000400008
https://doi.org/10.1590/s1517-83822010000400008
https://doi.org/10.1101/310797
https://doi.org/10.1101/310797
https://doi.org/10.1201/9780203712368
https://doi.org/10.1201/9780203712368
https://doi.org/10.1016/s0009-2541(00)00214-x
https://doi.org/10.1007/s12088-017-0666-0
https://doi.org/10.1007/s11104-006-9132-1
https://doi.org/10.1080/03650340.2019.1616288
https://doi.org/10.1080/03650340.2019.1616288
https://doi.org/10.1016/j.ejsobi.2012.01.005
https://doi.org/10.1002/1522-2624(200110)164:5%3c527:aid-jpln527%3e3.0.co;2-1
https://doi.org/10.1002/1522-2624(200110)164:5%3c527:aid-jpln527%3e3.0.co;2-1
https://doi.org/10.1071/ar02098
https://www.researchgate.net/publication/333675243

	Foliar Application of Iron Fortified Bacteriosiderophore Improves Growth and Grain Fe Concentration in Wheat and Soybean
	Abstract
	Introduction
	Materials and Methods
	Experiment 1: Preliminary Experiment on Soybean
	Quantification of Siderophore Produced by Different Bacterial Strains
	Experiment 2: Field Experiment Using Siderophore Produced by Contrasting Bacterial Strains
	Statistical Analysis

	Results and Discussion
	Conclusions
	Acknowledgements
	Author Contribution
	References




