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A B S T R A C T   

The aim of the current study was to evaluate the effects of four organophosphate pesticides on the siderophores 
producing soil microorganisms or plant growth promoting rhizobacteria (PGPR). Individual effects of acephate, 
glyphosate, monocrotophos and phorate as well as in combinations of two were tested against the five side
rophore producing soils microorganisms viz, Pseudomonas fluorescens (NCIM-5096), Rhizobium leguminosarum 
(NCIM-2749), Bacillus brevis (NCIM-2532), Azotobacter vinelandii (NCIM-2821), and Salmonella typhimurium 
(NCIM-2501). The dose dependent effect was observed for the siderophore production assay. The effects of 
combinations were found to be more significant as compared to single pesticide(s). The overall sequence of 
adverse effect of the four pesticides on the siderophore production observed was: phorate > acephate >mono
crotophos > glyphosate which was linear with the toxicity of pesticides. Further, it was noticed that PGPR strain 
Pseudomonas fluorescens (13–66%) was the least affected by the pesticides under study and Salmonella typhi
murium (20–75%) was the most affected PGPR strain. The overall order of adverse effect of pesticides on the 
PGPR strains was as: Bacillus brevis (19–80%) > Salmonella typhimurium (20–75%) > Rhizobium leguminosarum 
(21–72%) >Azotobacter vinelandii (22–81%) > Pseudomonas fluorescens (13–66%). In combination, applications 
of Acpt þ Phor have shown more adverse effects as compared to other combinations. Combination of Gly þMono 
has no or least adverse effects on the PGPR strains. Present study may contribute to understand the role of 
siderophores and siderophores producing microorganisms in the metal ion uptake and risk associated with the 
applications of pesticides.   

1. Introduction 

Most of the applied chemicals or pesticides, even if sprayed on weeds 
and foliage of crop, directly leach into the soil and affect the growth and 
development of plant growth promoting bacteria (PGPR) or soil mi
crobial communities (Ahemad and Khan, 2012; Crowley and Kraemer, 
2007; Georgieva et al., 2018; Gopalakrishnan et al., 2017). PGPR 
including siderophores and siderophores producing microflora are an 
important biological component of the soil ecosystem and have a vital 
role in soil fertility through their role in organic matter decomposition 
and nutrient cycling (Hider and Kong, 2010; Neilands, 1952, 1995). 

Maximum siderophores grow under the supply of metal ions, but that 
growth is inhibited if the metal ions deprived by other chelating groups 
(chemicals and microorganism) (Rajkumar et al., 2010; Renshaw et al., 
2002). Siderophores (“metal ions carrier”) are low-molecular-weight 
chelating agents (200–2000 Da), having high affinity iron chelating 
agents secreted by microbial communities such as bacteria, fungi and 
other microflora (Butler and Theisen, 2010; Khan et al., 2009; Schmidt, 
1999). In both Gram-positive and Gram-negative rhizobacteria, Mmþ

siderophore complex on bacterial membrane is reduced to M(m� 1)þ

which is further released into the cell from the siderophore via a gating 
mechanism linking the outer and inner membranes (where M ¼metal 
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ion) (Teintze et al., 1981). Unlikely, during the reduction process, the 
siderophore compounds may be recycled/destroyed (Crowley and 
Kraemer, 2007; Vansuyt et al., 2007). Thus, siderophores act as solu
bilizing agent for metal ions from organic compounds or minerals under 
various stress conditions of metal ions. Usually, siderophores form 
strong stable complexes with metals that are of environmental concern, 
such as Al, Cu, Fe, Ga, and Zn. Binding of the siderophore ligand or acid 
to a metal increases the uptake of soluble metal concentration (Butler 
and Theisen, 2010; Khan et al., 2009; Schmidt, 1999). 

Numerous studies (in-vitro and in-vivo) has been reported on 
decomposition of organophosphate pesticides (OPs) in the presence of 
microorganisms including plant growth promoting rhizobacteria 
(PGPR) (Ahemad and Khan, 2011; Digrak and €Ozçelik, 1998; Kumar 
et al., 2015b; Lo, 2010; Meena et al., 2015; Patel et al., 2017; Sidhu et al., 
2019). As, PGPR are classified based on their functional activities as (i) 
bio-fertilizers (enhancing nutrient availability), (ii) phyto-stimulators 
(production of phytohormones), (iii) rhizo-remediators (degrading 
contaminants) and (iv) bio-pesticides (production of secondary metab
olites with anti-fungal and anti-bacterial properties) (Ahemad and Khan, 
2011 & 2012; Bhattacharyya and Jha, 2012; Kumar et al., 2015b). If we 
search about the effect of pesticides on PGPR, maximum investigations 
highlighting the dose dependent effects of pesticides on PGPR, i.e. with 
the increase of dose adverse effect of pesticides on PGPR increases 
(Ahemad and Khan, 2011; Digrak and €Ozçelik, 1998; Lo, 2010). The 
hazardous effect of pesticides on PGPR is directly proportional to the 
persistence and dose level. Repeated use of pesticides having high 
persistency level in the soils may further increase the threat (Singh et al, 
2015, 2016, 2017). As per above siderophore are also part of PGPR. In 
this context, the chemistry of siderophore and siderophore producing 
microorganisms is intriguing as a potential metal chelator (Kizhakeda
thil and Devi, 2018; Kumari et al., 2018a and b). 

Moreover, Acephate (Acpt), glyphosate (Gly), monocrotophos 
(Mono) and phorate (Phor) are widely used organophosphate (OP) 
pesticides for agricultural applications worldwide (Grube et al., 2011; 
Kumar et al., 2014; Kumar et al., 2015a & 2015b; Kumar et al., 2016; 
Kumar et al., 2017; Kaur et al., 2017; Kumar and Singh, 2018; Kumar 
et al., 2019; Singh et al., 2019; Sidhu et al., 2019). OPs inhibit the 
reversible hydrolysis of acetylcholine, and therefore the persistence of 
OPs for longer time in the environment is a problem. In literature, there 
is no study reported on the Gly, Acpt, Mono, and Phor interactions with 
siderophore producing microorganism or siderophore production. 
Sub-lethal or excess dose level applications of Acpt, Gly, Mono and Phor 
in combinations may adversely effects soils microorganisms including 
PGPRs. More significantly, no study is reported for combinations or 
under “cocktailed effect” of Acpt, Gly, Mono and Phor with each other. 
Consequently, the main objectives of the current study were (1) to 
determine the effects of Acpt, Gly, Mono and Phor on the siderophore 
producing microorganism or siderophore production as single and in 
combinations or “cocktailed effect”, (2) to determine the above mention 
effect quantitatively through UV–visible spectrometric technique. 

2. Materials and methods 

2.1. Chemicals and reagents 

Technical grade (98% pure) Gly, Acpt, Mono & Phor was supplied by 
the Gautmi Ltd, Hyderabad (India). All other chemicals including NaOH, 
HCl, CH3COO and metal salts (iron) were of analytical (AR) grade and 
were purchased from Loba Chemie Mumbai (India). All the standard 
solutions were prepared in volumetric flasks and kept at 5 �C during the 
whole experimentation to avoid the decomposition risk at high 
temperatures. 

2.2. Strain selection 

Plant growth promoting bacterial (PGPR) strains were purchased 

from National Chemical Laboratory, Pune-India, with NCIM accession 
numbers. The strains were cultured as per standard specifications or 
protocols supplied by NCL, Pune. The strains with NCIM accession 
numbers are as follows: Pseudomonas fluorescens (NCIM-5096), Bacillus 
brevis (NCIM-2532), Rhizobium leguminosarum (NCIM-2749), Azotobacter 
vinelandii (NCIM-2821), and Salmonella typhimurium (NCIM-2501). The 
selected strains can secrets siderophores (chelating molecules), those 
facilitate the PGPR activities like nitrogen fixation through chelating 
mechanism. These strains are reported to cause nodule formation in pea 
plants, fixes atmospheric nitrogen and reported to produce tyrocidin and 
gramicidin which is a potent antimicrobial agent. Such characteristics of 
microbes improve plant health and/or growth by diverse mechanisms. 
Selected strains were further tested for their PGPR activities by assessing 
the their indole acetic acid production, Phosphate solubilization ability, 
and sidherophore production as mentioned below. 

2.3. Bioassays for plant growth promoting traits of selected strains 

2.3.1. Indole acetic acid production 
Production of indole acetic acid (IAA) in the selected strains were 

determined by inoculation of culture into Luria Bertani (LB) broth 
amended with 50 μg per millilitre L-tryptophan The cultures were kept at 
30 �C for 2–3 days and then centrifuged at cooling centrifuge at 10,000 g 
for 10 min. The supernatant were further used and the concentration 
was determined using Salkowski reagent at 530 nm (Colo et al. 2014). 

A standard curve was prepared by taking different concentrations of 
standard IAA solution (0.1%–1%) and the final volume was ended to 
2 mL with distilled water. After that 4 mL of Salkowski reagent was 
added to the solution and incubated for 30 min at room temperature and 
absorbance was calculated at 530 nm and values were calculated by 
plotting a standard curve by using standard Indole acetic acid at 530 nm. 

2.3.2. Phosphate solubilization assay 
For qualitative assay of Phosphate solubilization activity, the isolates 

were grown in Pikovskaya medium. Bacterial cultures were inoculated 
as spots and remain incubated at 30 �C for 2–3 days. The appearance of 
the halo zone nearby the inoculated spot confirms that the isolate has 
the capability to solubilize the phosphates (Colo et al., 2014). All the 
experiments will be carried out in triplicates. 

The values solubilizing efficiency was calculated using following 
formula: 

Solubilizing effciency¼
Z � C

C
� 100  

Z ¼ zone of Solubilization (mm); C ¼Diameter of colony (mm). 
For quantitative estimation, the isolated strains were assessed by 

evaluation of solubilization of insoluble calcium phosphate into soluble 
form in PVK broth under agitated conditions. One mL of inoculums from 
the test tubes with O.D. 0.5 (λ 600) was added to 100 mL Erlenmeyer 
flasks containing 25 mL of Pikovskaya’s broth & further incubated at 
30 �C till maximum solubilization was observed. Uninoculated flasks 
were taken as controls. The samples were centrifuged at 15,000 rpm for 
10 min and supernatant was collected taken as a sample for a further test 
for phosphorus solubilised as given by John (1970). 

2.3.3. Siderophore production 
For qualitative analysis, same ingredients of King’s B media; Protease 

peptone - 3.00 g, Di-potassium hydrogen phosphate – 0.23 g, Magne
sium sulphate hepta-hydrate – 0.23 g and Agar - 3.00 g were taken into 
four flasks of 250 mL capacity and dissolved in 150 mL distilled water. In 
addition to ingredients of King’s B media, 0.007 g FeCl3 was added to 
each flask. First flask was treated as control. In the second flask 3.75 mg 
pesticide was added i.e. 25 mg/L. In the third flask 27.00 mg pesticide 
was added i.e. 100 mg/L. In the fourth flask 54.00 mg pesticide was 
added i.e. 200 mg/L. All four flasks were allowed for autoclaving. The 
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autoclaved media of each flask (10 mL/plate) was poured on autoclaved 
petri plates in a laminar flow. Petri plates under the laminar flow were 
allowed to solidification. After solidification, 100 μL/petri-plates of 
cultures, of above mentioned siderophore producing PGPR bacterial 
strains were spread on the media. All the plates were capped gently, 
sealed well using the paraffin film, and incubated at 28 � 2 �C for 72 h. 
The fluorescent pigments of the bacterial colonies were assessed using 
an ultraviolet lamp. Fluorescent pigments formed were considered as an 
indication of siderophore production (Ahemad and Khan, 2011 & 2012; 
Kumar et al., 2015b). All the experiments were performed in triplicates. 

2.3.4. Effect of pesticides on siderophore production 

2.3.4.1. Qualitative analysis. For qualitative analysis, same ingredients 
of King’s B media; Protease peptone - 3.00 g, Di-potassium hydrogen 
phosphate – 0.23 g, Magnesium sulphate hepta-hydrate – 0.23 g and 
Agar - 3.00 g were taken into four flasks of 250 mL capacity and dis
solved in 150 mL distilled water. In addition to ingredients of King’s B 
media, 0.007 g FeCl3 was added to each flask. First flask was treated as 
control. In the second flask 3.75 mg pesticide was added i.e. 25 mg/L. In 
the third flask 27.00 mg pesticide was added i.e. 100 mg/L. In the fourth 
flask 54.00 mg pesticide was added i.e. 200 mg/L. All four flasks were 
allowed for autoclaving. The autoclaved media of each flask (10 mL/ 
plate) was poured on autoclaved petri plates in a laminar flow. Petri 
plates under the laminar flow were allowed to solidification. After so
lidification, 100 μL/petri-plates of cultures, of above mentioned side
rophore producing PGPR bacterial strains were spread on the media. All 
the plates were capped gently, sealed well using the paraffin film, and 
incubated at 28 � 2 �C for 72 h. The fluorescent pigments of the bacterial 
colonies were assessed using an ultraviolet lamp. Fluorescent pigments 
formed were considered as an indication of siderophore production 
(Ahemad and Khan, 2011 & 2012; Kumar et al., 2015b). 

2.3.4.2. Quantitative analysis. A well established method described by 
the Castaneda et al. (2005) was used for the quantitative analysis. 
Briefly, for the quantitative analysis, same ingredients of King’s B media; 
Protease peptone - 3.00 g, Di-potassium hydrogen phosphate – 0.23 g, 
and Magnesium sulphate hepta-hydrate – 0.23 g, were taken into three 
flasks of 250 mL capacity and dissolved in 150 mL distilled water. In 
addition to ingredients of King’s B media, 0.007 g FeCl3 was added to 
each flask. First flask was treated as control. In the second flask 3.75 mg 
pesticide was added i.e. 25 mg/L. In the third flask 54.00 mg pesticide 
was added i.e. 200 mg/L. All three flasks were allowed for autoclaving. 
The autoclaved media of each flask (10 mL/test tube) was poured in 
autoclaved test tubes under laminar flow. Test tubes under the laminar 
flow were allowed to cool. After cooling, 100 μL/test tube of cultures of 
above mentioned siderophore producing PGPR bacterial strains were 
added. All the test tubes were capped using foil and sealed by using the 
paraffin film and incubated at 28 � 2 �C for 72 h. The material of test 
tubes were transferred into sterilized centrifuged tubes under laminar 
flow and allowed for centrifugation at 5000 rpm for 15 min. The clear 
supernatants were utilized for analysis. The absorbance spectra were 
recorded using a double beam spectrophotometer (Shimadzu 1800) in 
1.0 cm cells, against distilled water blank. 

Similarly, the above mentioned procedure was also used to deter
mine the effect of Acpt, Mono & Phor and combinations of Gly, Acpt, 
Mono & Phor. Different concentrations of Acpt, Gly, Mono & Phor were 
prepared separately followed by mixing of equal volumes to prepare the 
mixture of pesticides. For example, to prepare 25 mg/L of Acpt þ Gly, 5 
mL of Acpt having concentration 25 mg/L was mixed with 5 mL of Gly 
having concentration 25 mg/L and named as 25 mg/L of Acpt þ Gly. 

To determine the % changes in siderophore production at 25 and 
200 mg/L of pesticide following formula was used; % change ¼ (A-B)/ 
A*100, where A ¼ absorbance of different strains at 0 mg/L of pesticide; 
B ¼ absorbance of different strains at 25, 50, 100 and 200 mg/L of 

pesticide. 

2.4. Statistical analysis 

Origin software 6.0 and 8.0 were used for the ANOVA statistical 
analysis. Use of statistical analysis was done for quantitative analysis of 
siderophore production, metal ion content variations observed in wheat 
growth experiments and to compare the degradation or stability dif
ferences that were observed in the thermal analysis experiments. 

3. Results 

3.1. Indole acetic acid production 

The indole acid production by the five selected strains varies 
considerably. Highest production of IAA was observed in Pseudomonas 
fluorescens (NCIM-5096), Rhizobium leguminosarum (NCIM-2749), Ba
cillus brevis (NCIM-2532), and Azotobacter vinelandii (NCIM-2821), 
respectively, with production concentration up to 83, 74.5, 59 and 
48.10 μg/mL. In Salmonella typhimurium (NCIM-2501), the concentra
tions of IAA production is quite low (20 μg/mL) as compared to other 
strains. Usually indole acetic acid acts as signal molecules. The pro
duction of Indole acetic acid was influenced by the availability of sub
strates, culture conditions, etc. and it also varies from species to species. 

3.2. Phosphate solubilization 

All the five selected strains (Pseudomonas fluorescens (NCIM-5096), 
Bacillus brevis (NCIM-2532), Rhizobium leguminosarum (NCIM-2749), 
Azotobacter vinelandii (NCIM-2821), and Salmonella typhimurium (NCIM- 
2501) were able to form clear zone on Pikovskaya’s agar plates after 7 
days of incubation. When quantified spectrophotometrically, maximum 
phosphate was solubilised by putative Bacillus brevis (NCIM-2532), by 
forming clear zone of 3 mm diameter on Pikovskaya’s agar plate. The 
range of P-solubilization varied from 2 to 16 μg/mL. Most of the phos
phate solubilizing strains increase the bio-availability of phosphorus to 
plant by solubilizing organic phosphorus compounds & convert inor
ganic phosphorus into readily available form which is considered a 
positive indicator of utilizing the microbes as biofertilizers for crop 
production and beneficial for sustainable agriculture. 

3.3. Qualitative analysis for the effects of pesticides on the siderophore 
production 

Qualitative analysis has revealed that, all the strains produced 
siderophores at good rates in the absence of pesticides (Gly, Acpt, Mono 
& Phor). The reduction in the yellow green fluorescence pigment pro
duction was observed with the addition of pesticides at different doses 
(25, 50, 100 and 200 mg/L). The production of yellow green fluores
cence pigment was found to be dose dependent, which decreased with 
the increase in dose of pesticides. Qualitative analysis depicted that 
when pesticide(s) was (were) applied at 25, 50, 100 and 200 mg/L, the 
sharp decrease was observed in yellow green fluorescence production 
(Supplementary Figs. S1–S4). Qualitatively, it was observed that with 
the addition of pesticides, the siderophore production or yellow green 
fluorescence production decreased as compared to control (Supple
mentary Figs. S1–S4). 

3.4. Quantitative analysis on the effects of pesticides on the siderophore 
production 

Quantitatively analysis of siderophore production was performed by 
using the double beam UV–visible spectrophotometer over a range of 
300–420 nm. The changes in the siderophore production with the 
addition of pesticides on Pseudomonas fluorescens is exhibited in Figs. 1 
and 2. Here, the negative scale in Fig. 2 is representing the negative 
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effect (in percentage) of pesticide(s) at two different dose levels (25 and 
200 mg/L). In Fig. 2, the percentage changes in the siderophore pro
duction at 25 mg/L and 200 mg/L are represented with squared box and 
rounded circle. In, qualitative analysis, all strains have shown dose 
dependent effect on siderophore production. With the application of 
various concentrations (from 25 to 200 mg/L) of pesticides the signifi
cant changes were noticed. 

Fig. 2 (a) shows the order of adverse effect of Gly on siderophore 
production as Azotobacter vinelandii (23%) ~ Rhizobium leguminosarum 
(23%) > Salmonella typhimurium (21%) > Bacillus brevis (19%) >>
Pseudomonas fluorescens (13%) with the addition of 25 mg/L of Gly. With 
the addition of 200 mg/L of Gly, the order of siderophore production 
was Azotobacter vinelandii (66%) > Bacillus brevis (63%) > Salmonella 
typhimurium (58%) > Rhizobium leguminosarum (50%) >> Pseudomonas 
fluorescens (43%). It was observed that the siderophore production was 
significantly decreased with the increase of concentration of Gly at 
significant level p < 0.05. In case of Gly, Fig. 2 (a) exhibits that, with the 
addition of 25 and 200 mg/L of Gly, maximum decrease in siderophore 
production occures on the Azotobacter vinelandii strain while there was 
minimum change observed on the Pseudomonas fluorescens strains (at 

significant level p < 0.05). 
Acpt has shown higher adverse effects as compare to that of Gly 

Fig. 2 (b). Here, with the addition of 25 mg/L of Acpt, the order of 
adverse effect of Acpt on siderophore production was; Azotobacter 
vinelandii (37%) > Salmonella typhimurium (33%) > Rhizobium legumi
nosarum (27%) >> Bacillus brevis (26%) >> Pseudomonas fluorescens 
(20%). With the addition of 200 mg/L of Acpt, the decreasing order of 
siderophore production was; Azotobacter vinelandii (81%) > Bacillus 
brevis (79%) > Salmonella typhimurium (75%) > Rhizobium leguminosa
rum (72%) >> Pseudomonas fluorescens (62%). It was observed that, the 
siderophore production was significantly decreased with the increase of 
concentration levels of Acpt at significant level p < 0.05. Fig. 2 (b) ex
hibits that, with the addition of 25 and 200 mg/L Acpt, maximum 
decrease in siderophore production was observed on Azotobacter vine
landii and minimum decrease was observed on Pseudomonas fluorescens 
at significant level p < 0.05. 

Mono has shown more adverse effects on PGPR strains as compared 
to that of Gly, but least as compared to Acpt Fig. 2 (c). At 25 mg/L, the 
observed order of adverse effect on different strains was: Azotobacter 
vinelandii (28%) > Salmonella typhimurium (25%) ~ Rhizobium 

Fig. 1. UV–visible analysis on the effect of pesticides on siderophore production of Pseudomonas fluorescens strain at 25 and 200 ppm dose level of pesticides. (a) 
analysis for acephate (b) analysis for glyphosate (c) analysis for monocrotophos and (d) analysis for phorate. 
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leguminosarum (24%) > Bacillus brevis (23%) >> Pseudomonas fluo
rescens (16%). With the addition of 200 mg/L of Mono, the decreasing 
order of siderophore production was; Azotobacter vinelandii 
(74%) > Bacillus brevis (71%) > Salmonella typhimurium (66%) ~ Rhizo
bium leguminosarum (66%) >> Pseudomonas fluorescens (55%). It was 
observed that, the siderophore production was significantly decreased 
with the increase of concentration levels of Mono at significant level 
p < 0.05. Fig. 2 (c) exhibits that with the addition of 25 and 200 mg/L 
Mono, maximum decrease in siderophore production was observed on 
Azotobacter vinelandii and minimum decrease was observed on Pseudo
monas fluorescens at significant level p < 0.05. 

Fig. 2 (d) depicted that Phor has affected the siderophore production 
at significant extent as compare to other three pesticides. At 25 mg/L of 
Phor, the order of adverse effect of Phor on siderophore production was; 
Azotobacter vinelandii (39%) > Salmonella typhimurium (34%) > Rhizo
bium leguminosarum (32%) > Bacillus brevis (29%) >> Pseudomonas flu
orescens (23%) (Fig. 2(d)). With the addition of 200 mg/L of Phor, the 
decreasing order of siderophore production was; Azotobacter vinelandii 
(81%) > Bacillus brevis (80%) > Rhizobium leguminosarum (76%) > Sal
monella typhimurium (75%) >> Pseudomonas fluorescens (66%) (Fig. 2 
(d)). It was observed that, the siderophore production was significantly 
decreased with the increase of concentration levels of Phor at significant 
level p < 0.05. Fig. 2 (d) exhibits that, with the addition of 25 and 
200 mg/L Phor, maximum decrease in siderophore production was 
observed on Azotobacter vinelandii and minimum decrease was observed 
on Pseudomonas fluorescens at significant level p < 0.05. 

3.5. Effect of pesticides in combination or cocktailed effect on siderophore 
production 

Qualitative analysis under the cocktailed effect revealed the decrease 
in siderophore production of all PGPR strains (Supplementary Fig. S5). 
The effects of combinations of pesticides were found to be more as 
compared to single or pure dose of pesticide. Production of yellow green 
fluorescence pigment was reduced with the addition of Acpt, Gly, Mono 
& Phor in combinations. Siderophore inhibition was found to be dose 
dependent which decreases with the increase in dose. 

Quantitative analysis of siderophore production was performed by 
using the double beam UV–visible spectrophotometer. The percentage 
changes in the siderophore production on addition of 25 and 200 mg/L 
of Acpt þ Gly is shown in Fig. 3. With the addition of 25 mg/L of Acpt þ
Gly, the decreasing order of siderophore production was; Azotobacter 
vinelandii (42%) > Salmonella typhimurium (37%) ~ Rhizobium legumi
nosarum (33%) > Pseudomonas fluorescens (27%) > Bacillus brevis (24%). 
Similarly, on addition of 200 mg/L of Acpt þGly, the decreasing order of 
siderophore production was; Azotobacter vinelandii (89%) > Pseudo
monas fluorescens (84%) > Rhizobium leguminosarum (75%) > Salmonella 
typhimurium (72%) > > Bacillus brevis (68%). Fig. 3 has exhibits that, 
siderophore production was significantly decreased with the increase of 
dose levels of different combinations at significant level (p < 0.05). At 
the dose level of 200 mg/L of Acpt þ Phor in combination, the observed 
percentage decrease in siderophore production with different strains 
was; Azotobacter vinelandii (67%), Rhizobium leguminosarum (75%), 
Salmonella typhimurium (80%), Pseudomonas fluorescens (80%) and Ba
cillus brevis (64%). 

Fig. 2. Quantitative effect of Gly (a), Acpt (b), Mono (c), and Phor (d) at 0, 25 and 200 mg/L on the siderophore production by five PGPR strains w. r. t. the % 
decrease in siderophore production of different PGPR strains at significant level p < 0.05. 
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At 200 mg/L of Acpt þ Gly, the observed percentage decrease in 
siderophore production with different strains was; Azotobacter vinelandii 
(67%), Rhizobium leguminosarum (75%), Salmonella typhimurium (79%), 
Pseudomonas fluorescens (51%) and (E) Bacillus brevis (66%). At 200 mg/ 
L of Mono þ Gly, the observed percentage decrease in siderophore 
production with different strains was; Azotobacter vinelandii (66%), 
Rhizobium leguminosarum (71%), Salmonella typhimurium (76%), Pseu
domonas fluorescens (49%) and (E) Bacillus brevis (65%). 

At 200 mg/L of Gly þ Phor, the observed percentage decrease in 
siderophore production with different strains was; Azotobacter vinelandii 
(72%), Rhizobium leguminosarum (79%), Salmonella typhimurium (86%), 
Pseudomonas fluorescens (59%) and (E) Bacillus brevis (78%). At 200 mg/ 
L of Mono þ Phor, the observed percentage decrease in siderophore 
production with different strains was; Azotobacter vinelandii (71%), 
Rhizobium leguminosarum (79%), Salmonella typhimurium (84%), Pseu
domonas fluorescens (61%) and (E) Bacillus brevis (74%). At 200 mg/L of 
Acpt þ Mono, the observed percentage decrease in siderophore pro
duction with different strains was; Azotobacter vinelandii (70%), Rhizo
bium leguminosarum (77%), Salmonella typhimurium (82%), Pseudomonas 
fluorescens (59%) and (E) Bacillus brevis (73%). 

It was observed that, the effect on the siderophore production was 
dose dependent similarly as for individual pesticide, i.e. siderophore 
production decreased with increase in dose. In current study, the 
observed order of pesticide in combination or cocktailed on the 

siderophore production was: Acpt þ Phor > Mono þ Phor > Gly þ Phor 
> Acpt þ Mono > Acpt þ Gly > Gly þ Mono. It was observed that, 
pesticides as individual or in combination have low effect on Pseudo
monas fluorescens and greater adverse effect on Rhizobium leguminosarum 
strain. 

4. Discussions 

Among PGPR group, Pseudomonas, Rhizobium, Bacillus and Azoto
bacter are one of the important generas studied over the decades because 
of their nitrogen fixation, used as a biofertilizer and produces array of 
growth-promoting substances and helps to replace chemical fertilizer for 
the sustainable agriculture production (Carlos et al., 2019; McRose 
et al., 2019; Sayyed et al., 2005). These species are known for side
rophore production, indole acetic acid production, and phosphate sol
ubilization (Carlos et al., 2019). Selected strains have ability to secret 
chelating molecules or siderohpores those aid the iron uptake which 
facilitates the PGPR activities mainly siderophore production. Salmo
nella typhimurium is known for the phosphate solubilization through the 
positive regulation by cyclic adenosine monophosphate (cAMP) and the 
cAMP receptor protein (CRP) for two enzymes produced by Salmonella 
typhimurium, an acid hexose phosphatase and a cyclic phosphodiesterase 
(Kier et al., 1977 & 1979). 

Since, plant growth promoting rhizobacteria (PGPR) are the diverse 

Fig. 3. Mixture or cocktailed effect of pesticides at their dose level of 25 mg/L, and 200 mg/L on siderophore production with (A) Azotobacter vinelandii, (B) 
Rhizobium leguminosarum (C) Salmonella typhimurium, (D) Pseudomonas fluorescens, and (E) Bacillus brevis, at significant level p < 0.05. Here, A ¼ Acpt, G ¼Gly, 
M ¼Mono and P ¼ Phor. 
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class of bacterial strains found near the roots of the plant or rhizosphere. 
They induce plant growth by the indirect or direct methods (Ahemad 
and Khan, 2011; Digrak and €Ozçelik, 1998; Lo, 2010). PGPR regulate 
plant growth through by producing various hormones like producing 
siderophores, indole acetic acid, hydrogen cyanide, nitrate and 
enhancing phosphate solubilization etc (Ahemad and Khan, 2011 & 
2012; Duke et al., 2012; Kumar et al., 2015b). Pesticides can inhibit the 
siderophore production of soil microorganisms by two ways i.e. direct 
and indirect effects. Through the direct effects where the toxic chemicals 
kill these microorganisms before the siderophore production or other 
plant growth promoting activities (HCN production, ammonia and ni
trate production, indole acetic acid production, etc.) (Mohamed et al., 
2019; Prasad et al., 2018). Through the indirect effects where the 
chelating chemicals inhibit the siderophore production or other plant 
growth promoting activities by competing with siderophore produced 
by these microorganisms (Mohamed et al., 2019; Prasad et al., 2018; 
Verma et al., 2018; Winkelmann, 2017; Zaidi et al., 2017). Most dras
tically, pesticides can inhibit the metal ions uptake through both ways. 
In recent study, effect of various pesticides were tested against the PGPR 
strains where glyphosate and monocrotophos were found toxic at 900 
and 2100 μg/ml (Shahid et al., 2019). Various authors have shown that 
Gly can adversely affect PGPRs through excess production of ammonia 
and through the excess dose applications of Gly (Ahemad and Khan, 
2011 & 2012; Duke et al., 2012). In case of Gly, the results presented in 
current study were same as like of Ahemad and Khan (2011) & 2012 
where dose dependant results were found and Gly has shown minimum 
adverse effects on PGPRS as compared to other pesticides. 

The dose of pesticides could inhibit the production of siderophore 
was proved in the current study. Study on the Acpt, Mono, Phor and 
cocktailed effect was performed first for the time with interesting and 
significant result findings. It is reported that Gly application may cause 
significant difference on the soils enzyme activities includes respiration, 
β-glucosidase, β-glucosaminidase activity, and dehydrogenase activity 
(Duke et al., 2012). Gly applications reduced the counts of Mn solubi
lizing PGPRs, consequently, uptake of Mn reduced in soil and plants 
(Bernards et al., 2005). Researches claimed that this happened due to 
decrease in production siderophore production and indole acetic acid 
(Ahemad and Khan, 2011 & 2012). Metal solubilizing capacity of the 
microorganisms can increase with the increase in the siderophore pro
duction (Duke et al., 2012). In present study, all pesticides including Gly 
have decreased the siderophore production, and conditions were more 
drastic under high dose level. Effect of Gly on N-fixation and nodulation 
has been analyzed by various authors (Ahemad and Khan, 2011 & 2012; 
Zobiole et al., 2010), depends upon the applications of Gly, formulation 
of Gly and time of applications of Gly, little variation in above factors 
may cause severe damage of soil community. In current study, dose 
dependent effect of Gly on Rhizobium leguminosarum was observed. In 
present study it was found that remaining three pesticides (Acpt, Mono 
and Phor) has more adverse effects on the PGPR strains and their side
rophore production capacity. The conditions were more drastic under 
the cocktailed effects. Lo, 2010 have explained that mixed form of 
pesticides can cause more adverse effects on the soil microorganisms 
through the inhibitions of the plant growth promoting activities (like 
producing siderophores, indole acetic acid, hydrogen cyanide, nitrate 
and enhancing phosphate solubilization) of the strains. It was noticed 
that PGPR and other beneficial soil microorganisms acts as per the dose 
(concentration or individual or mixed) and toxicity level of the chem
icals including the pesticides (Mohamed et al., 2019; Prasad et al., 2018; 
Verma et al., 2018; Winkelmann, 2017; Zaidi et al., 2017). 

5. Conclusion 

It was concluded that pesticides under study (Gly/Acpt/Mono/Phor) 
can inhibit the growth of soil microorganisms i.e. PGPR. In qualitative 
and quantitative assay, the he siderophore production was decreased 
with the applications of pesticides under study. The overall order of 

adverse effect of pesticides under study on the siderophore production 
ability of four PGPR microorganisms was Bacillus brevis > Salmonella 
typhimurium > Rhizobium leguminosarum >Azotobacter vinelandii > Pseu
domonas fluorescens. Among the four pesticides, at different dose levels, 
the order of adverse effect on siderophore production was 
phorate > acephate >monocrotophos > glyphosate which is linear with 
toxicity of pesticides. Lesser the adverse effects of pesticide on micro
organism, greater will be the utility of pesticide as a source of nitrogen 
carbon and phosphate by microorganism. Results of this study may help 
the environmental researchers to use the selected PGPR for the biore
mediation of pesticides under study as per their adverse effects. 

Safety 

Acephate, glyphosate, monocrotophos and phorate are organo
phosphate that inhibits the activity of cholinesterase. Their direct con
tact should be avoided. Work with these pesticides should be performed 
in a fume hood using gloves and eye protection. 

Declaration of competing interest 

There is no statement on conflict of interest. 

Acknowledgements 

We are thankful to UGC, India for its financial support through Rajiv 
Gandhi National Fellowship scheme awarded to one of the author Vijay 
Kumar (RGNF-SC-HIM-1223). Also, authors are extremely thankful to 
Gautmi Ltd Hyderabad (India) for providing the pesticide of technical 
grade, Lovely Professional University for infrastructural as well as 
instrumental support and SAIF Punjab University Chandigarh, SAIF IIT 
Madras as well as SAIF Kerala University Kochi for providing the 
instrumental support. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bcab.2019.101359. 

References 

Ahemad, M., Khan, M.S., 2011. Effect of pesticides on plant growth promoting traits of 
greengram-symbiont bradyrhizobium sp strain MRM6. Bull. Environ. Contam. 
Toxicol. 86, 384–388. 

Ahemad, M., Khan, M.S., 2012. Effects of pesticides on plant growth promoting traits of 
Mesorhizobium strain MRC4. J. Saudi Soc. Agric. Sci. 11, 63–71. 

Bernards, M.L., Thelen, K.D., Penner, D., 2005. Glyphosate efficacy is antagonized by 
manganese. Weed Technol. 19, 27–34. 

Bhattacharyya, P.N., Jha, D.K., 2012. Plant growth-promoting rhizobacteria (PGPR): 
emergence in agriculture. World J. Microbiol. Biotechnol. 28, 1327–1350. 

Butler, A., Theisen, R.M., 2010. Iron (III)–siderophore coordination chemistry: reactivity 
of marine siderophores. Coord. Chem. Rev. 254, 288–296. 

Carlos, M.H., Ferreira, S., Helena, M.V.M., Soares, E.V., 2019. Promising bacterial genera 
for agricultural practices: an insight on plant growth-promoting properties and 
microbial safety aspects. Sci. Total Environ. 682, 779–799. 

Castaneda, G.C., Munoz, T.J.J., Videa, J.R.P., 2005. A spectrophotometric method to 
determine the siderophore production by strains of fluorescence Pseudomonas in the 
presence of copper and iron. Microchem. J. 81, 35–40. 

�Colo, J.O.S.I.P., Hajnal-Jafari, T.I., Duri�c, S., Stamenov, D., Hamidovi�c, S.A.U.D., 2014. 
Plant growth promotion rhizobacteria in onion production. Pol. J. Microbiol. 63 (1), 
83–88. 

Crowley, D.E., Kraemer, S.M., 2007. Function of siderophores in the plant rhizosphere. 
In: Pinton, R., et al. (Eds.), The Rhizosphere Biochemistry and Organic Substances at 
the Soil-Plant Interface. CRC Press, pp. 73–109. 

Digrak, M., €Ozçelik, S., 1998. Effect of some pesticides on soil microorganisms. Bull. 
Environ. Contam. Toxicol. 60, 916–922. 

Duke, O.S., Lydon, J., Koskinen, W.C., Moorman, T.B., Chaney, R.L., Hammerschmidt, R., 
2012. Glyphosate effects on plant mineral nutrition crop rhizosphere microbiota and 
plant disease in glyphosate-resistant crops. J. Agric. Food Chem. 60, 10375–10397. 

Georgieva, T., Evstatieva, Y., Savov, V., Bratkova, S., Nikolova, D., 2018. Assessment of 
plant growth promoting activities of five rhizospheric Pseudomonas strains. Biocatal. 
Agric. Biotechnol. 16, 285–292. 

V. Kumar et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.bcab.2019.101359
https://doi.org/10.1016/j.bcab.2019.101359
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref1
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref1
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref1
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref2
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref2
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref3
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref3
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref4
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref4
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref5
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref5
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref6
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref6
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref6
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref7
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref7
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref7
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref8
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref8
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref8
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref9
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref9
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref9
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref10
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref10
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref11
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref11
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref11
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref12
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref12
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref12


Biocatalysis and Agricultural Biotechnology 21 (2019) 101359

8

Gopalakrishnan, S., Srinivas, V., Samineni, S., 2017. Nitrogen fixation plant growth and 
yield enhancements by diazotrophic growth-promoting bacteria in two cultivars of 
chickpea (Cicer arietinum L). Biocatal. Agric. Biotechnol. 11, 116–123. 

Grube, A., Donaldson, D., Kiely, T., Grube, A., Wu, L., 2011. Pesticide Industry Sales and 
Usage: 2006 and 2007 Market Estimates. United States Environmental Protection 
Agency, Washington DC, 2011.  

Hider, R.C., Kong, X., 2010. Chemistry and biology of siderophores. Nat. Prod. Rep. 27, 
637–657. 

John, M.K., 1970. Colorimetric determination of phosphorus in soil and plant materials 
with ascorbic acid. Soil Sci. 109 (4), 214–220. 

Kaur, S., Kumar, V., Chawla, M., Cavallo, L., Poater, A., Upadhyay, N., 2017. Pesticides 
Curbing Soil Fertility: Effect of Complexation of Free Metal Ions 5. Article No 43 doi: 
103389/fchem201700043.  

Khan, M.S., Zaidi, A., Wani, P.A., Oves, M., 2009. Role of plant growth promoting 
rhizobacteria in the remediation of metal contaminated soils. Environ. Chem. Lett. 7, 
1–19. 

Kier, L.D., Weppelman, R., Ames, B.N., 1977. Resolution and purification of three 
phosphatases of Salmonella typhimurium. J. Bacteriol. 130, 411–419. 

Kier, L.D., Weppelman, R., Ames, B.N., 1979. Regulation of nonspecific acid phosphatase 
in Salmonella: phoN and phoP genes. J. Bacteriol. 138, 155–161. 

Kumar, V., Singh, S., 2018. Interactions of acephate, glyphosate, monocrotophos and 
phorate with bovine serum albumin. Indian J. Pharm. Sci. 80 (6), 1151–1155. 

Kumar, V., Singh, S., Manhas, A., Singh, J., Singla, S., Kaur, P., 2014. Bioremediation of 
petroleum hydrocarbon by using Pseudomonas species isolated from petroleum 
contaminated soil. Orient. J. Chem. 30, 1771–1776. 

Kumar, V., Upadhyay, N., Kumar, V., Sharma, S., 2015. A review on sample preparation 
and chromatographic determination of acephate and methamidophos in different 
samples. Arabian J. Chem. 8, 624–631. 

Kumar, V., Singh, S., Singh, J., Upadhyay, N., 2015. Potential of plant growth promoting 
traits by bacteria isolated from heavy metal contaminated soils. Bull. Environ. 
Contam. Toxicol. 94, 807–815. 

Kumar, V., Kumar, V., Kaur, S., Singh, S., Upadhyay, N., 2016. Unexpected formation of 
N-phenyl-thiophosphorohydrazidic acid OS-dimethyl ester from acephate: chemical 
biotechnical and computational study. Biotech 6, 1–11, 3.  

Kumar, V., Singh, S., Singh, R., Upadhyay, N., Singh, J., 2017. Design synthesis and 
characterization of 22-bis(24-dinitrophenyl)-2-(phosphonatomethylamino)acetate 
as a herbicidal and biological active agent. J. Chem. Biol. 10, 179–190. 

Kumar, V., Singh, S., Singh, A., Subhose, V., Prakash, O., 2019. Assessment of heavy 
metal ions, essential metal ions, and antioxidant properties of the most common 
herbal drugs in Indian Ayurvedic hospital: for ensuring quality assurance of certain 
Ayurvedic drugs. Biocatal. Agric. Biotechnol. 18, 101018. 

Kumari, P., Meena, M., Upadhyay, R.S., 2018. Characterization of plant growth 
promoting rhizobacteria (PGPR) isolated from the rhizosphere of Vigna radiata 
(mung bean). Biocatal. Agric. Biotechnol. 16, 155–162. 

Kumari, P., Meena, M., Gupta, P., Dubey, M.K., Nath, G., Upadhyay, R.S., 2018. Plant 
growth promoting rhizobacteria and their biopriming for growth promotion in mung 
bean (Vigna radiata (L) R Wilczek). Biocatal. Agric. Biotechnol. 16, 163–171. 

Lo, C.C., 2010. Effect of pesticides on soil microbial community. J. Environ. Sci. Health B 
45, 348–359. 

McRose, D.L., Lee, A., Kopf, S.H., Baars, O., Kraepiel, A.M.L., Sigman, D.M., Morel, F.M. 
M., Zhang, X., 2019. Effect of iron limitation on the isotopic composition of cellular 
and released fixed nitrogen in Azotobacter vinelandii. Geochem. Cosmochim. Acta 
244, 12–23. 

Meena, R.K., Singh, R.K., Singh, N.P., Meena, S.K., Meena, V.S., 2015. Isolation of low 
temperature surviving plant growth – promoting rhizobacteria (PGPR) from pea 
(Pisum sativum L) and documentation of their plant growth promoting traits. 
Biocatal. Agric. Biotechnol. 4, 806–811. 

Mohamed, I., Eidd, K.E., Abbas, M.H.H., Salem, A.A., Ahmed, N., Ali, M., Shah, G.M., 
Fang, C., 2019. Use of plant growth promoting Rhizobacteria (PGPR) and 
mycorrhizae to improve the growth and nutrient utilization of common bean in a soil 
infected with white rot fungi. Ecotoxicol. Environ. Saf. 171, 539–548. 

Kizhakedathil, M.P.J., Devi, C.S., 2018. Rhizoshpheric bacteria isolated from the 
agricultural fields of Kolathur Tamilnadu promotes plant growth in mustard plants. 
Biocatal. Agric. Biotechnol. 16, 293–302. 

Neilands, J.B., 1952. A crystalline organo-iron pigment from a rust fungus (ustilago 
sphaerogena). J. Am. Chem. Soc. 74, 4846–4847. 

Neilands, J.B., 1995. Siderophores: structure and function of microbial iron transport 
compounds. J. Biol. Chem. 270, 26723–26726. 

Patel, S., Jinal, H.N., Amaresan, N., 2017. Isolation and characterization of drought 
resistance bacteria for plant growth promoting properties and their effect on chilli 
(Capsicum annuum) seedling under salt stress. Biocatal. Agric. Biotechnol. 12, 
85–89. 

Prasad, M., Srinivasan, R., Chaudhary, M., Choudhary, M., Jat, L.K., 2018. Chapter Seven 
- Plant Growth Promoting Rhizobacteria (PGPR) for Sustainable Agriculture: 
Perspectives and Challenges. PGPR Amelioration in Sustainable Agriculture. Food 
Security and Environmental Management, pp. 129–157. 

Rajkumar, M., Ae N Prasad, M.N.V., Freitas, H., 2010. Potential of siderophore-producing 
bacteria for improving heavy metal phytoextraction. Trends Biotechnol. 28, 
142–149. 

Renshaw, J.C., Robson, G.D., Trinci, A.P.J., Wiebe, M.G., Livens, F.R., Collison, D., 
Taylor, R.J., 2002. Fungal siderophores: structures functions and applications. 
Mycol. Res. 106, 1123–1142. 

Sayyed, R.Z., Badgujar, M.D., Sonawane, H.M., Mhaske, M.M., Chincholkar, S.B., 2005. 
Production of microbial iron chelators (siderophores) by fluorescent Pseudomonads. 
Indian J. Biotechnol. 4 (4), 484–490. 

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

Shahid, M., Zaidi, A., Ehtram, A., Khan, M.S., 2019. In vitro investigation to explore the 
toxicity of different groups of pesticides for an agronomically important rhizosphere 
isolate Azotobacter vinelandii. Pestic. Biochem. Physiol. 157, 33–44. 

Sidhu, G.K., Singh, S., Kumar, V., Datta, S., Singh, J., 2019. Environmental toxicity, 
monitoring and biodegradation of organophosphate pesticides: a review. Crit. Rev. 
Environ. Sci. Technol. 49 (13), 1135–1187. 

Singh, S., Kashyap, N., Singla, S., Bhadrecha, P., Kaur, P., 2015. Bioremediation of heavy 
metals by employing resistant microbial isolates from agricultural soil irrigated with 
Industrial Waste water. Orient. J. Chem. 31 (1), 357–361. 

Singh, S., Singh, N., Kumar, V., Datta, S., Wani, A.B., Singh, D., Singh, K., Singh, J., 2016. 
Toxicity monitoring and biodegradation of the fungicide carbendazim. Environ. 
Chem. Lett. 14, 317–329. 

Singh, S., Kumar, V., Upadhyay, N., Singh, J., Singla, S., Datta, S., 2017. Efficient 
biodegradation of acephate by Pseudomonas pseudoalcaligenes PS-5 in the presence 
and absence of heavy metal ions [Cu(II) and Fe(III)] and humic acid. 3 Biotech 7, 
262–268. 

Singh, S., Kumar, V., Sidhu, G.K., Datta, S., Dhanjal, D.S., Koul, B., Janeja, H.S., Singh, J., 
2019. Plant growth promoting rhizobacteria from heavy metal contaminated soil 
and their plant growth promoting attributes for Pisum sativum L. Biocatal. Agric. 
Biotechnol. 17, 665–671. 

Teintze, M., Hussein, M.B., Barnes, C.L., Leong, J., Vander-Helm, D., 1981. Structure of 
ferric pseudobactin a siderophore from a plant growth promoting Pseudomonas. 
J. Biochem. 20, 6446–6457. 

Vansuyt, G., Robin, A., Briat, J.F., Curie, C., Lemanceau, P., 2007. Iron acquisition from 
Fe-pyoverdine by Arabidopsis thaliana. Mol. Plant Microbe Interact. 20, 441–447. 

Verma, R.K., Sachan, M., Vishwakarma, K., Upadhyay, N., Mishra, R.K., Tripathi, D.K., 
Sharma, S., 2018. Role of PGPR in sustainable agriculture: molecular approach 
toward disease suppression and growth promotion. In: Meena, V. (Ed.), Role of 
Rhizospheric Microbes in Soil. Springer, Singapore, p. 259. 

Winkelmann, G., 2017. A search for glomuferrin: a potential siderophore of arbuscular 
mycorrhizal fungi of the genus Glomus. Biometals 30, 559–56.  

Zaidi, A., Khan, M.S., Rizvi, A., Saif, S., Ahmad, B., Shahid, M., 2017. Role of phosphate 
solubilizing bacteria in legume improvement. In: Zaidi, A., Khan, M., Musarrat, J. 
(Eds.), Microbes for Legume Improvement. Springer, Cham, 175–19.  

Zobiole, L.H.S., Oliveira, R.S., Jr Kremer, R.J., Constantin, J., Yamada, T., Castro, C., 
Oliveira, F.A., Oliveira Jr., A., 2010. Effect of glyphosate on symbiotic N2 fixation 
and nickel concentration in glyphosate-resistant soybeans. Appl. Soil Ecol. 44, 
176–180. 

V. Kumar et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S1878-8181(19)30809-6/sref13
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref13
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref13
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref14
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref14
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref14
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref15
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref15
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref16
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref16
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref17
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref17
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref17
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref18
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref18
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref18
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref19
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref19
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref20
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref20
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref21
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref21
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref22
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref22
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref22
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref23
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref23
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref23
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref24
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref24
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref24
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref25
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref25
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref25
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref26
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref26
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref26
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref27
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref27
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref27
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref27
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref28
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref28
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref28
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref29
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref29
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref29
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref30
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref30
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref31
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref31
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref31
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref31
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref32
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref32
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref32
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref32
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref33
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref33
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref33
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref33
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref34
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref34
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref34
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref35
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref35
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref36
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref36
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref37
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref37
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref37
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref37
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref38
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref38
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref38
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref38
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref39
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref39
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref39
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref40
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref40
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref40
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref41
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref41
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref41
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref42
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref42
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref43
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref43
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref43
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref44
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref44
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref44
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref45
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref45
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref45
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref46
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref46
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref46
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref47
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref47
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref47
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref47
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref48
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref48
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref48
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref48
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref49
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref49
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref49
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref50
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref50
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref51
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref51
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref51
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref51
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref52
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref52
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref53
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref53
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref53
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref54
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref54
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref54
http://refhub.elsevier.com/S1878-8181(19)30809-6/sref54

	Effects of organophosphate pesticides on siderophore producing soils microorganisms
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 Strain selection
	2.3 Bioassays for plant growth promoting traits of selected strains
	2.3.1 Indole acetic acid production
	2.3.2 Phosphate solubilization assay
	2.3.3 Siderophore production
	2.3.4 Effect of pesticides on siderophore production
	2.3.4.1 Qualitative analysis
	2.3.4.2 Quantitative analysis


	2.4 Statistical analysis

	3 Results
	3.1 Indole acetic acid production
	3.2 Phosphate solubilization
	3.3 Qualitative analysis for the effects of pesticides on the siderophore production
	3.4 Quantitative analysis on the effects of pesticides on the siderophore production
	3.5 Effect of pesticides in combination or cocktailed effect on siderophore production

	4 Discussions
	5 Conclusion
	Safety
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


