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Abstract

In this study, strain PSBB1 isolated from Vicia faba rhizosphere was identified as Burkholderia cepacia, by 16S rDNA 

sequence analysis and characterized. Strain PSBB1 tolerated glyphosate up to 3200 μg ml−1 and produced IAA (81.6 μg ml−1), 

ACC deaminase (69.3 mg−1 protein h−1), SA (39.3 μg ml−1) and 2,3-DHBA (26.6 μg ml−1), solubilized insoluble P 

(50.8 μg ml−1) and secreted 29.4 μg ml−1 exopolysaccharides, which decreased with increasing concentrations of glypho-

sate. Cell damage following glyphosate application was visible under SEM and CLSM. The phytotoxicity of glyphosate 

on chickpea was variable but significant. B. cepacia mitigated toxicity and enhanced the size, dry matter, symbiosis, seed 

attributes and nutritional contents of chickpea. Further, B. cepacia strain PSBB1 declined the levels of CAT, POD, APX 

and GPX and MDA contents at 4332 μg kg−1 soil glyphosate. Proline also increased under glyphosate stress but declined in 

B. cepacia inoculated plants. The ability to tolerate higher concentration of glyphosate, the capacity to secrete plant growth 

regulators even under herbicide stress and potential to reduce the level of proline and antioxidant enzymes makes B. cepacia 

as an interesting choice for enhancing chickpea production in soils contaminated even with herbicides.
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Introduction

Herbicides are frequently and abruptly used in intensive 

cropping systems for optimizing crop production. Owing 

to widespread and inadvisable application, major portion 

of the herbicides used in excess amount, however, persist 

within soils (Curran 2016). Following accumulation within 

soils and later on uptake by plants, herbicides cause toxicity 

to many crops including legumes (Ugbe et al. 2016). Among 

legumes, chickpea is considered important due to its protein 

rich nutritional value. In addition, it is severely affected due 

to its inability to compete with weeds as it has limited growth 

rate and leaf area which grow slowly during initial growth 

stages (Goud et al. 2013). Moreover, it needs wider spacing 

during cultivation which facilitates crop weed competition 

which as a result pose a serious threat to crop quality and 

production unless it is controlled effectively. However, to 

eradicate weeds from cultivable fields, suitable weed con-

trol strategies involving mechanical practices, crop rotations, 

hand weeding and application of herbicides are available and 

practiced in agricultural practices. The herbicides besides 

exhibiting inhibitory effects also cause threat to the exist-

ence and physiological functions of rhizobacteria (Nandula 

and Tyler 2016) and, consequently, indirectly affects the 

soil fertility (Bitew and Alemayehu 2017). Glyphosate, a 

broad spectrum systemic herbicide which belongs to organo-

phosphorus family is applied to destroy weeds, especially 

annual broadleaf weeds and grasses which in turn limit the 

growth of crops. While evaluating the impact of high con-

centration of glyphosate on nitrogenase activity of numerous 

rhizobial strains, Zablotowicz and Reddy (2007) observed 

that herbicides considerably declined nitrogenase activity of 

rhizobia. As a consequence, the symbiotic events leading to 

nodule formation and root morphogenesis of the test plants 

were drastically diminished (Adami et al. 2017). Similarly, 

the lethal impact of certain herbicides like pendimethalin, 

chlormuron, propaquizafop, oxyfluorfen and imazethapyr on 
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nodulation, growth and yield parameters of chickpea plants 

has previously been reported by Raghavendra et al. (2017). 

In addition, the phyto-fatal effect of butachlor, alachlor and 

oxyfluorfen on oil contents and yield components of ground-

nut (Arachis hypogeae) is reported (Sahoo et al. 2017). Nev-

ertheless, due to the involvement of more labour and high 

cost, environmental persistence, the emergence of herbicide 

resistance among weeds, herbicide drift and environmen-

tally insecure nature, the search for inexpensive and ecologi-

cally sustainable option is an urgent need for the end users 

(practitioners) to minimise the risks caused by herbicides. 

To this end, numerous hard working and meticulous scien-

tists have reported herbicide tolerant microbes with poten-

tial plant growth promoting activities. Chief among them 

belongs to genera Rhizobium (Sudharshana et al. 2013), 

Bacillus (Perez-Fernández and Alexander 2017), Azospiril-

lum (Khalid and Khokhar 2013), Burkholderia (Tetard-Jones 

and Edwards 2016), etc. Sadly, such microbial inoculants 

when applied in fields are exposed to poisonous substances 

for instance herbicides inhibits leguminous crops and their 

associated nodule bacteria (Alori et al. 2017). Although 

studies highlighting the noxious effects of herbicides on cog-

nate rhizobacteria and many agronomic crops (Parsa et al. 

2013) including legumes are available, the reports on the 

result are, however, contradictory. In addition, the toxicity 

of herbicides especially glyphosate to plant growth promot-

ing (PGP) features of Burkholderia cepacia and chickpea is 

unknown. Realizing these, the present study was designed 

to evaluate the—(i) toxic impact of glyphosate on bacteria 

isolated from rhizosphere soil (ii) influence of glyphosate on 

bioactive molecules of potent glyphosate tolerant B. cepacia 

strain PSBB1 (iii) influence of herbicide tolerant bacterial 

strain on the biochemical activities of chickpea plants raised 

in herbicide treated soils (iv) antioxidant response besides 

determination of stress alleviator proline in inoculated plants 

grown under herbicide stress and (v) impact of glyphosate 

on nutrient uptake and root morphology of chickpea plants.

Materials and methods

Physico-chemical properties and microbial 
composition of rhizosphere soil

The soil samples collected from rhizosphere of faba bean 

(Vicia faba) grown at the agricultural fields of Faculty of 

Agricultural Sciences, Aligarh Muslim University, Aligarh 

(27°53′N 78°05′E 27.88°N 78.08°E), Uttar Pradesh, India 

were processed and analysed for different physicochemi-

cal properties using standard and widely used methods. 

The soil samples obtained from rhizosphere were used fur-

ther for assaying microbial compositions. The microbial 

composition including total bacterial communities, fungal 

abundance, actinomycetal populations, phosphate solubiliz-

ing microorganisms (PSM) involving both phosphate solubi-

lising bacteria (PSB) and phosphate solubilising fungi (PSF) 

and asymbiotic nitrogen fixer (Azotobacter) were recovered 

employing standard methods. Moreover, PSB were main-

tained on Pikovskaya agar medium (Pikovskaya 1948). Iso-

lated bacterial cultures were identified primarily by standard 

microbiological and biochemical methods (Holt et al. 1994).

Herbicide tolerance and strain identi�cation

The bacterial strains were further exposed to varying con-

centration of glyphosate [(CAS No. 1071836, a.i = 41% of 

isopropylamine salt, molecular weight (g mol−1) 169.08, MP 

200 °C)] to select herbicide tolerant bacteria. After sterility 

check, the minimal agar plates were amended with increas-

ing rates (0–3200 μg ml−1) of glyphosate and overnight 

grown bacterial strains were spot inoculated. Plates were 

incubated at 28 ± 2 °C for 48 h and the colonies surviving 

at the highest concentration of glyphosate were picked and 

designated as herbicide tolerant strains. Of the total 20 bac-

terial strains expressing varying degree of P-solubilization, 

strain PSBB1 performing higher tolerance to glyphosate 

was chosen for further studies. Herbicide resistant bacterial 

isolate was identified by both biochemical and molecular 

method. The biochemical tests employed for presumptive 

identification of PSBB1 strain included, indole production, 

citrate utilization, Voges Proskauer, methyl red, nitrate 

reduction catalase and oxidase test, gelatine liquefaction, 

starch hydrolysis and carbohydrates (mannitol, dextrose and 

sucrose) utilization (Holt et al. 1994). Bacterial strain was 

later on identified to species level using 16S rRNA partial 

gene sequence analysis which was done commercially by a 

DNA sequencing service provided by Macrogen Inc., Seoul, 

South Korea, using universal primers 785F (5′-GGA TTA 

GAT ACC CTG GTA -3′ and 907R (5′-CCG TCA ATTCMTTT 

RAG TTT-3′). The nucleotide sequence data obtained from 

Macrogen was deposited in the GenBank sequence database. 

The BLASTn program available online was employed to 

find similar sequences with known taxonomic information 

accessible from the databank accessible at the NCBI website 

(http://www.ncbi.nlm.nih.gov/BLAST ) to precisely recog-

nize bacterial strain PSBB1. Sequence was aligned using 

bootstrapped neighbour-joining method and a phylogenetic 

tree was built using MEGA6.0 software.

Bioassay for plant growth regulators in glyphosate 
stress condition

Indole acetic acid, cyanogenic compounds and ammonia

The quantitative estimation of indole-3-acetic acid (IAA) pro-

duced by B. cepacia strain PSBB1 was performed as described 

http://www.ncbi.nlm.nih.gov/BLAST
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by Gordon and Weber (1951) later modified by Brick et al. 

(1991). Here, B. cepacia PSBB1 was grown in Luria–Bertani 

(LB) broth (g l−1: tryptone 10; yeast extract 5; NaCl 10 and 

pH 7.5). Luria–Bertani broth (100 ml) containing 100 mg ml−1 

tryptophan were treated with 0, normal (1×), double (2×) and 

three times (3×) more of normal concentrations of glypho-

sates. The normal concentration of glyphosate used throughout 

the experiment was 500 μg ml−1. The glyphosate containing 

LB was then inoculated with 100 μl culture  (108 cells ml−1) of 

B. cepacia PSBB1 strain and incubated at 28 ± 2 °C for 7 days 

with shaking at 120 r min−1. Following complete incubation, 

culture (5 ml) was centrifuged (8000 r min−1) for 10 min. and 

two ml supernatant was added with 100 μl orthophosphoric 

acid and four ml Salkowsky reagent (2% 0.5 M  FeCl3 prepared 

in 35% per-chloric acid) and incubated for 1 h at 28 ± 2 °C 

in dark. The absorbance of pink colour developed during the 

reaction was measured at 530 nm. The quantity of indole ace-

tic acid was calibrated using pure IAA as a standard. HCN 

production by B. cepacia PSBB1 strain was evaluated by the 

method of Bakker and Schippers (1987). For HCN produc-

tion, B. cepacia PSBB1 strain was inoculated on an HCN 

induction medium (g l−1: tryptic soy broth 30; glycine 4.4 and 

agar 15) supplemented with 0, 1×, 2× and 3× concentrations 

of glyphosate and incubated at 28 ± 2 °C for 4 days. A disk 

of Whatman filter paper No. 1 soaked in 0.5% picric acid and 

2%  Na2CO3 was placed under the lid of the Petri plates and 

sealed with parafilm. After 4 days incubation at 28 ± 2 °C, an 

orange brown colour of the paper confirmed the production of 

HCN. The  NH3 production by B. cepacia PSBB1 strain was 

grown in peptone water with control (0), recommended dose 

and two and three times of recommended rates of glyphosate 

and incubated at 28 ± 2 °C for 4 days. Nessler reagent (1 ml) 

was added to each tube and the development of yellow colour 

showed ammonia production (Dye 1962).

Phosphate solubilization and siderophore production

The quantitative estimation of phosphate solubilization activ-

ity (PSA) of PSBB1 strain was done using Pikovskaya broth 

medium amended with three concentrations of glyphosate. 

The amount of solubilized P was evaluated by chlorostannous 

reduced molybdophosphoric acid blue method (King 1932; 

Jackson 1976). Solubilization index (SI) and solubilization 

efficiency (SE) was calculated by the formula of Premono et al. 

(1996) and Nguyen et al. (1992), respectively.

SI =
Zone of solubilisation + Colony diameter

Colony diameter

SE =
Zone of solubilisation

Colony diameter
× 100.

Secretion of siderophores by the B. cepacia strain PSBB1 

was determined qualitatively by  FeCl3 test (Atkin et al. 

1970) and by the Chrome Azurol S (CAS) method (Alexan-

der and Zuberer 1991) using the three doses of glyphosate, 

added to CAS agar plates. Siderophore secreted by B. cepa-

cia PSBB1 was quantitatively assayed by growing bacterial 

culture in Modi medium added with three concentrations 

of glyphosate for 5 days and Catechol-type phenolates was 

determined (Reeves et al. 1983). For detection, equal vol-

ume of the Hathway’s reagent and sample were mixed, and 

absorbance was measured at 560 nm for salicylates (SA) 

and at 700 nm for dihydroxy phenols using sodium salicy-

late and 2,3-dihydroxy benzoic acid (DHBA) as a standard, 

respectively.

Extraction of exo‑polysaccharide and ACC deaminase

The exopolysaccharide (EPS) released by B. cepacia PSBB1 

was extracted by the method of Mody et al. (1989). For this, 

PSBB1 was grown in basal medium supplemented with 

5% sucrose and treated with recommended, two times and 

three times doses of glyphosate and incubated for 5 days 

at 28 ± 2 °C at 120 rpm. Culture broth was centrifuged 

(8000 rpm min−1) for 20 min and EPS was extracted by 

mixing chilled acetone  (CH3COCH3) and supernatant in a 

ratio of 3:1. The precipitated EPS so obtained was washed 

three times alternately with distilled water and acetone, 

transferred to filter paper and weighed after overnight dry-

ing at room temperature. The bacterial enzyme ACC deami-

nase (EC 4.1.99.4) secreted by B. cepacia strain PSBB1 was 

qualitatively detected by spot inoculation method using DF 

salts minimal medium (Dworkin and Foster 1958) contain-

ing 3 mM ACC as the only source of N. Plates contain-

ing DF medium without ACC and with  (NH4)2SO4 (0.2% 

w/v) served as negative and positive control, respectively. 

Plates maintained at 28 ± 2 °C for 72 h were examined 

each day for bacterial growth. Mesorhizobium LMS-1 con-

taining pRKACC plasmid (Shah et al. 1998) was used as 

a positive control. The quantity of ACC deaminase was 

also extracted following the methods of Honma and Shi-

momura (1978) and Penrose and Glick (2003). The quantity 

of α-ketobutyrate generated due to ACC deaminase activ-

ity was measured spectrophotometrically against a standard 

curve of α-ketobutyrate. The activity of ACC deaminase was 

presented as the quantity of α-ketobutyrate released/mg of 

protein/h. All experiments were conducted three times.

Cellular damage induced by glyphosate observed 
under SEM and CLSM

Cellular damage to the bacterial strain B. cepacia PSBB1 

was observed under SEM (Saleem et al. 2017) after grow-

ing B. cepacia PSBB1 in NB (g l−1: peptone 10; beef extract 
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10; NaCl 5; pH 7) treated with 1000 μg ml−1 glyphosate. 

In addition, the toxicity of glyphosate to strain PSBB1 

was observed under Confocal Laser Scanning Microscopy 

(CLSM).

Crop-based experiments

Seed inoculation, herbicide treatment and plant culture

The surface of healthy seeds of chickpea (cv. avarodhi) 

was sterilized with 70% ethanol for 3 min.; 3% sodium 

hypochlorite (NaOCl) for 3 min.; washed six times with 

sterile water and dried. Sterilized seeds of chickpea were 

bacterized with B. cepacia PSBB1 by dipping seeds in liq-

uid culture medium for 2 h using 10% gum arabic as sticker 

to achieve  108 cells  seed−1. The un-inoculated sterilized 

seeds submerged in sterile water only were taken as con-

trol. Non-bacterized and bio primed ten seeds were sown in 

each earthen pot containing 3 kg of conventional soils. The 

experimental soil (non-sterilized) was: sandy clay loam and 

had organic C 6.2 g kg−1, Kjeldahl N 0.75 g kg−1, Olsen P 

16 mg kg−1, pH 7.2 and WHC 0.44 ml g−1, cation exchange 

capacity 11.7 and 5.1 cmol kg−1 anion exchange capacity. 

Glyphosate (μg kg−1) at 1444 (1×), 2888 (2×) and 4332 (3×) 

were added to each experimental pot. Pots without herbicide 

served as control. Soils after adding herbicide were mixed 

homogenously. There were eight treatments and individual 

treatment was repeated three times. Experimental pots were 

set up in a complete randomized design and three plants 

were retained in every pot 7 days after emergence. Pots were 

watered regularly and were kept in an open field conditions 

(9 h photoperiod/15 h dark cycle). The crop experiments 

were carried out regularly for 2 years to achieve consistency 

in results.

Assessment of chickpea growth, symbiosis, and grain 

features

All plants in three pots for each treatment were uprooted 

at 80 days after sowing and remaining plants in three pots 

were harvested at 120 DAS. The detached plants were used 

for the measurement of growth and symbiotic attributes. 

Plants collected at 80 and 120 days after sowing were oven-

dried and dry matter accumulated within plant tissues was 

measured. Chlorophyll a, b, total chlorophyll and carotenoid 

contents in chickpea leaves (Arnon 1949) and accumulation 

of leghaemoglobin (LHb) in nodule tissues of inoculated/

non-inoculated plants were determined 80 days after growth 

(Sadasivum and Manickam 1992). Grain features such as the 

formation of seeds and seed protein (Lowry et al. 1951) was 

estimated at 120 DAS (at harvest).

Bioassay of proline, malondialdehyde (MDA) 

and antioxidant enzymes

Proline content in fresh plant tissues collected from dif-

ferent organs (root, shoot and leaves) were determined 

at 80 DAS while in grains it was estimated after harvest 

(120 DAS) as suggested by Bates et al. (1973). The extent 

of lipid peroxidation was evaluated by measuring MDA 

by the method of Heath and Packer (1968) and the result 

was expressed as μ mol MDA  g−1 fresh weight. Antioxi-

dant enzymes such as CAT, POD, APX and GPX in fresh 

leaves were detected at 80 DAS following the previously 

described methods (Ahmed et al. 2017; Leonard et al. 

2004; Hammerschmidt et al. 1982; Zhang and Kirkham 

1996). All enzyme assays were performed three times with 

three replicates.

Root morphology, bacterial colonization and nutrient 

uptake

The toxic and destructive impact of glyphosate on root 

morphology of chickpea plants grown on soft agar plates 

treated with and without 1000 μg ml−1 of glyphosate was 

monitored under SEM (JSM 6510 LV, JEOL, Japan). Uni-

noculated and PSBB1 inoculated chickpea roots were used 

further for assessing B. cepacia colonization ability. For 

this, root samples were thoroughly washed with water and 

phosphate buffer. Root samples were then fixed for 12 h 

in 2% (v/v) glutaraldehyde prepared in 0.1 M phosphate 

buffer, pH 7.0, washed three times with the same buffer 

and dehydrated in a graded series of ethanol at 4 °C. Sam-

ples were dried in critical point dryer (CPD). Dried sam-

ples were fixed in gold stubs and examined under SEM. 

The nutrient uptake (nitrogen and phosphorous content) by 

roots and shoots of chickpea plants detached at 120 DAS 

were determined following the method of Jackson (1976) 

and Iswaran and Marwah (1980).

Statistical analysis

The experiments were performed with plants exposed to 

identical treatments for two successive years under simi-

lar experimental conditions. Each experiment was done 

in three groups with three replicates per treatment and 

data was presented as mean ± SD. Data were pooled, and 

TWO-WAY analysis of variance was applied using statis-

tical program Minitab 17. The significant differences and 

similarities among the treatments were compared using 

Duncan’s Multiple Range Test (DMRT) by two-way analy-

sis of variance at 5% significance.
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Results and discussion

Soil composition and microbial characterization 
and identi�cation

The physico-chemical properties of soils determined in 

this study showed: pH 8.9, electrical conductivity (EC) 

0.995 mv cm−2, organic carbon (OC) 0.4%, total available 

N, P and K 0.077, 18, and 319.5 kg ha−1, respectively. 

Sulphur (S) and Boron (B) was 11.5 and 5.2 mg kg−1, 

respectively, while micronutrients like Zn, Fe, Mn and 

Cu were 1.14, 9.26, 4.32 and 0.54 mg kg−1, respectively. 

Bacterial strain PSBB1 isolated from V. faba rhizosphere 

was identified as Gram-negative bacterium which showed 

positive reaction to citrate, oxidase, catalase, nitrate 

reduction, hydrolysed starch and gelatin. Strain PSBB1, 

however, showed a variable preference for carbohydrates. 

Based on the morphological and biochemical characteris-

tics, strain PSBB1 belonged to genus Burkholderia. How-

ever, this genus was further identified to species level 

by 16S rRNA gene sequence analysis. The nucleotide 

sequence of 16S rRNA of PSBB1 (approximately 823 bp 

in size) was submitted to GenBank (Accession Number 

KY013480). A similarity search was performed using 

BLASTn programme which indicated that strain PSBB1 

was closely related to B. cepacia NR114491.1 (16S: 99% 

similarity). Due to highest similarity, the strain PSBB1 

was confirmed as B. cepacia. Later on, a phylogenetic 

tree was constructed by MEGA 6.0 software, based on 

16S rRNA partial gene sequence (Fig. 1).

Glyphosate tolerance

The application of herbicides in agronomic practices is a 

common practice to protect crops from undesirable weed 

competition and hence, to optimize food production. How-

ever, excessive use of such chemicals leads both to reduc-

tion in crop production and the emergence of resistance to 

such chemicals among beneficial soil microflora. To solve 

these problems, we tried to find herbicide tolerant bacteria 

which could be used as microbial inoculant for enhancing 

crop production in herbicide enriched soil. In this study, the 

rhizobacterial strain B. cepacia PSBB1 when exposed to 

varying concentrations of glyphosate was found to tolerate 

exceptionally higher level (3200 μg ml−1) of glyphosate and 

grew well on carbon- and nitrogen-source-free minimal salt 

agar plates treated with herbicide. Principally, the sensitivity 

or resistance toward herbicides is controlled by physiologi-

cal activity and genetic composition of microbiota (Herman 

et al. 2005). Hence, microorganisms capable of tolerating 

higher level of pesticides have been report as frequent 

degrader of such chemicals (Karishma and Prasad 2016). 

Since the medium used in our study to identify glyphosate 

tolerant strain of B. cepacia had no C and N other than her-

bicide, it is convincingly presumed that B. cepacia strain 

PSBB1 probably used up herbicides as a sole energy source 

by biodegrading glyphosate and hence, showed maximum 

tolerance to this herbicide. This feature of higher glyphosate 

tolerance is considered important for different reasons—(i) 

glyphosate tolerant B. cepacia can thrive well under her-

bicide stressed environment and (ii) if applied as inocu-

lant under herbicide stress, can facilitate crop production 

(Table 1).

Fig. 1  Phylogenetic tree con-

structed from the 16S rRNA 

gene sequence (823 bp) of 

Burkholderia cepacia strain 

PSBB1 (GenBank Accession 

No. KY013480) and related 

organisms using Clustal W and 

MEGA 6.0 software
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Plant growth regulators under glyphosate stress

IAA, HCN and  NH3 production

Glyphosate tolerant bacterial strain PSBB1 revealed a vari-

able production of plant growth regulators when grown 

both with and without herbicide (Table 2). Generally, the 

amount of active biomolecules secreted by B. cepacia 

PSBB1 decreased with increasing rates of glyphosate. For 

instance, PSBB1 produced IAA 81.6 μg ml−1 in the absence 

of glyphosate which, however, declined regularly with con-

sistent increase in glyphosate concentration and a maximum 

reduction in IAA synthesis was recorded at 3× (59.3 μg IAA 

 ml−1). Similarly, Nithyakalyani et al. (2016) observed com-

parable secretion of IAA by Bradyrhizobium. A constant 

enhancement in IAA secretion in medium containing tryp-

tophan is not shocking since tryptophan is used for indole 

acetic acid production. However, secretion of IAA even at 

higher glyphosate level is interesting because such herbicide 

tolerant microbes when applied under herbicide polluted soil 

are likely to continue secreting IAA. And, therefore, the phy-

tohormone requirement of crops can be fulfilled even under 

herbicide polluted soils. This finding thus suggests that the 

glyphosate tolerant and IAA positive strain PSBB1 may be 

Table 1  Morphological and biochemical properties of Burkholderia 

cepacia strain PSBB1

Characteristics Burkholderia cepacia strain 

PSBB1

Morphology Medium, circular, rounded whitish 

colony, entire margin

 Gram reaction −ve

 Shape Short rods

Biochemical reactions

 Citrate utilization −

 Indole −

 Methyl red +

 Nitrate reduction +

 Oxidase +

 Catalase +

 Voges Proskauer −

Carbohydrate utilization

 Glucose +

 Lactose +

 Fructose +

 Sucrose +

 Hydrolysis

 Starch +

 Gelatin +

Tolerance to glyphosate (μg ml−1)

 At minimal agar plate 3200

 GenBank Accession No. KY013480
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applied to facilitate many important biochemical activities 

of plants, for example, growth and ramification of cells, root 

morphogenesis, symbiosis, apical dominance, phototropism 

and geotropisms even in herbicide contaminated soils (Dei-

num et al. 2016). Among other microbial metabolites, cya-

nogenic compounds like HCN are also secreted by several 

microorganisms, which can be produced directly from gly-

cine and cyanogenic glycosides (Rijavec and Lapanje 2016). 

Ammonia is yet another metabolite produced by bacteria 

via degradation of amino acids and by nitrite ammonifica-

tion, urease-mediated hydrolytic degradation of urea and 

decarboxylation of amino acids. Both HCN and  NH3 have 

been found in root exudates. The HCN and ammonia pro-

duction is found to be a common trait of various PGPR 

strains including Burkholderia, Aeromonas, Pseudomonas 

and Bacillus (Rahman et al. 2017). The secretion of cya-

nogenic compounds in varied rhizosphere gives HCN pro-

ducing bacteria a competitive and selective advantage over 

other HCN sensitive bacterial populations. Production of 

cyanogenic compound and ammonia by bacterial strain was, 

however, not detected at the 3× concentration of glyphosate. 

Similarly, hydrogen cyanide and  NH3 limitation by rhizos-

phere microorganisms in polluted soil is reported (Rani and 

Kumar 2017). Reduction in HCN and ammonia production 

by rhizobacterial strains under stressed environmental con-

ditions could possibly be due to the impairment of various 

metabolic activities (Azarmi et al. 2016).

Phosphate solubilization and production of siderophores

P-solubilizing efficiency of rhizobacterial strain PSBB1, 

decreased as the dose rate of glyphosate increased. The 

maximum decrease in P-solubilization was recorded at 3× 

of glyphosate (14.1 μg ml−1), which diminished the solu-

bilized phosphorous by 72% over control (50.8 μg ml−1). 

The SE of strain PSBB1 varied between 2.3 (1×) and 2.0 

(3×) while the SI differed between 126 (1×) and 108 (3×). 

In many studies, the PSA of rhizobacteria has been due 

to the release of low molecular weight organic acids that 

results in drop in pH (Ditta and Khalid 2016). Like other 

plant growth regulators, the production of siderophores 

involving salicylic acid and DHBA also decreased con-

siderably under varying rates of glyphosate. For exam-

ple, the SA and DHBA secreted by B. cepacia PSBB1 

in herbicide free medium was 29.3 and 26.6 μg ml−1, 

respectively, which, however, declined by 45 and 26%, 

respectively, at 3× of glyphosate. Siderophores, an iron 

chelating compound produced by bacterial communities 

under iron starved conditions (Dorjey et al. 2017) provide 

Fe to plants when grown in limited Fe deficient environ-

ment (Kurth et al. 2016). Under aerobic environments, 

iron occurs principally as insoluble hydroxide and oxy-

hydroxide, which becomes inaccessible/unavailable to 

microbial communities. Therefore, the synthesis of sidero-

phores under iron starved condition could be advantageous 

because such siderophores producing strains could be used 

in the management of phytopathogens.

Exopolysaccharides and ACC deaminase

Realizing the significance of EPS in biological nitrogen 

fixation (BNF) (Ghosh and Maiti 2016) soil aggregation 

(Vogel et  al. 2017) and capability of PGPR to adapt to 

environmental stressor molecules, the strain PSBB1 was 

also examined for EPS producing ability under herbicide 

stress. Fascinatingly, PSBB1 released a substantial quan-

tity of EPS which may affect the growth of many plants 

directly and/or indirectly even under stressed situation. In 

the absence of glyphosate, 29.4 μg ml−1 EPS was produced 

by PSBB1 strain, which declined gradually with increas-

ing concentrations of glyphosate (Table 2). The release of 

EPS by bacterial strains both in the absence or presence 

of stressor molecules could be advantageous both for pro-

ducing bacteria and crops. Exopolysaccharides on one hand 

protects bacteria from harsh environment such as desicca-

tion, phagocytosis and phage attack (Zeidan et al. 2017) by 

forming a polymeric network around growing culture while 

on the other hand it protects plants from pathogen attack 

(Rodríguez-Navarro et al. 2014). Also, invasion process, for-

mation of infection thread, bacteroid, and nodules during 

Rhizobium–legume interactions is greatly influenced by EPS 

(Yuan et al. 2017). Due to these, the interest in identifying 

EPS producing organism has been increased in recent times 

(Kaushal and Wani 2016).

ACC deaminase secreted by many bacteria is an impor-

tant biochemical trait which decreases unusually the higher 

concentration of ethylene and, therefore, facilitates perfor-

mance of plants growing under unfavourable environments 

(Han et al. 2015; Sharma et al. 2016). Here, B. cepacia 

PSBB1 strain exhibited a positive ACC deaminase reaction 

grown even with the different concentration of herbicide. 

A gradual decline in the amount of α-ketobutyrate was, 

however, observed as the concentration of herbicide was 

increased (Table 2). It was found that, 3× dose of glypho-

sate had the largest inhibitory effect and decreased ACC 

deaminase synthesis by 29% over control. Secretion of 

ACC Deaminase by B. cepacia PSBB1, however, even in 

herbicide stress could agronomically be a beneficial feature 

for raising the productivity of crops under herbicide stress 

(Glick et al. 2007). Conclusively, the ability of B. cepacia 

PSBB1 to survive under glyphosate stress and its potential 

to secrete plant growth promoting substances even under 

herbicide stress makes this organism an interesting and most 

promising choice for crop production even under the envi-

ronment polluted with herbicides.
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Assessment of glyphosate induced toxicity to B. 
cepacia PSBB1 under SEM and CLSM

After estimating the lethal effect of glyphosate on B. cepa-

cia PSBB1 growth under in vitro conditions, the glypho-

sate impact on strain PSBB1 was evaluated further by 

SEM. The SEM showed a distinct and unruptured bacterial 

cell when grown without herbicide (Fig. 2a, b). However, 

strain PSBB1 when grown in the presence of 1000 μg ml−1 

of glyphosate had damaged cell surface (Fig. 2c). The 

CLSM images further confirmed the toxicity of herbicides 

resulting in increasing number of dead cells (Fig. 3) which 

increased with increasing concentration of glyphosate. 

Thus, both SEM and CLSM used for analyzing glypho-

sate toxicity confirmed the inhibitory effect of glyphosate 

observed under in vitro conditions. Similar destructive 

impact of herbicides and consequential cellular damage 

to other rhizobacterial cells such as, Bradyrhizobium and 

Pseudomonas and observed under SEM has recently been 

reported (Shahid and Khan 2017).

Herbicide and inoculation impact on chemical 
and biological characteristics of chickpea plants

Considering the threat that herbicide adversely affects the 

production of legumes on one hand and herbicide tolerant 

soil microflora may enhance the legume production even 

under herbicide stressed soil, on the other hand, the current 

research was designed. Although, B. cepacia is a known 

pathogen, yet, it also has some agronomic importance and 

have previously been used as a PGPR due largely to its 

nitrogen fixing, phosphate solubilizing and ACC deaminase 

activity (Sandanakirouchenane et al. 2017; Rahman et al. 

2017; Arthee and Marimuthu 2017) for enhancing the pro-

duction of crops. For instance, B. cepacia as biofertilizer 

have been applied to protect crops from damaging impact of 

fungal pathogens leading eventually to the increase in crop 

yields (Holmes et al. 1998). Apart from these, B. cepacia 

strain CH9 is also known to reduce the toxicity of pesticides 

by degrading them. For example, the degradation of imida-

cloprid and metribuzin (Gopal et al. 2011) and parathion 

(Fernández-López et al. 2017) following B. cepacia applica-

tion is reported. Considering these, the glyphosate tolerant 

Fig. 2  SEM micrographs of B. cepacia grown in the absence of glyphosate (a, b) and in the presence of 1000 μg ml−1 of glyphosate (c). Yellow 

arrows indicate the damage/rupture caused by glyphosate

Fig. 3  CLSM images of B. cepacia PSBB1 in the absence of 

glyphosate a control cells and b 500  μg  ml−1, c 1000  μg  ml−1 and 

d 1500 μg ml−1 of glyphosate. The image shows an increasing num-

ber of dead cells (stained red with propidium iodide) which enhanced 

with increasing glyphosate concentrations
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B. cepacia PSBB1 was included in this study as inoculant for 

augmenting chickpea production in glyphosate treated soils.

Plant growth under glyphosate stress

The bacterized and uninoculated chickpea plants culti-

vated in soils treated with varying level of glyphosate had 

variable plant growth (Table 3). In general, the measured 

biological properties declined with rising concentration 

of glyphosate. Bacterized chickpea plants in contrast had 

superior growth relative to uninoculated plants but the bio-

logical characteristics of even bio primed plants declined 

gradually when raised along the herbicide compared to those 

grown in glyphosate free soil (Table 3). For example, B. 

cepacia PSBB1 strain when used as a bioinoculant with 2× 

of glyphosate, increased the dry biomass of roots and shoots 

by 12 and 41% at 80 days after sowing and 54 and 4% after 

120 days of plant growth, respectively, relative to non-bac-

terized plants grown under herbicide stressed soils. While 

assessing the impact of bacterial culture (PSBB1) used 

with 3× concentration of glyphosate and comparing with 

those of only herbicide amended soil, a highest enhance-

ment of 24 and 31% in shoot biomass at 80 DAS, and at 

120 DAS, respectively, was observed in plants grown with-

out glyphosate and non-inoculated treatment. The ANOVA 

(two-way) analysis indicated a significant (P ≤ 0.05) inter-

action between bacterial culture application and herbicide 

(glyphosate). The effect of biopriming and glyphosate on 

biological and chemical characteristics of test plant was syn-

ergistically significant at 80 DAS and 120 DAS (Table 3). 

Like many traditional PGPR, glyphosate tolerant B. cepacia 

PSBB1 used as bacterial inoculant in our study also resulted 

in a significant improvement in the functioning of chickpea 

which could possibly be due to the synthesis of plant growth 

regulators (Premachandra et al. 2016). Of these, growth reg-

ulators, IAA for example, stimulates elongation or division 

of cells and promotes root growth (Pandey et al. 2017). As 

a result of expanded roots, the plant absorbs more water and 

minerals (Rijavec and Lapanje 2016) which consequently 

leads to enhanced growth. Other factors that might have 

contributed in the overall development of chickpea growth 

could be the availability of other essential nutrient such as P, 

siderophores, HCN, etc. to chickpea plants directly or indi-

rectly in the chickpea rhizosphere.

Photosynthetic pigments and symbiotic attributes

The chlorophyll content and symbiotic attributes such as 

nodule numbers, nodule biomass and leghaemoglobin 

of fresh nodules detached from non-bacterized chickpea 

plants uprooted at 80 DAS declined constantly with sub-

sequent increase in concentration of glyphosate (Table 4). 

Glyphosate at 4332 μg kg−1 decreased the chl a, chl b, total 

chlorophyll and carotenoids contents maximally by 13, 15, 

11, 24%, respectively, in contrast to uninoculated chickpea 

plants. On comparing the effect of 1444 μg kg−1 glypho-

sate on inoculated and non-inoculated plants, a greatest 

increase of 8, 14, 9 and 13% in chl a, chl b, total chloro-

phyll and carotenoids content, respectively, was observed 

over glyphosate treated and non-inoculated control plants. 

In contrast, the bioinoculant increased the chl a, chl b, total 

chlorophyll and carotenoids content by 4, 16, 6 and 17%, 

respectively, at 2888 μg kg−1 soil relative to the herbicide 

treated but un-inoculated plants. A similar impact of glypho-

sate and PSBB1 strain on symbiotic attributes of chickpea 

plant was observed. Nodule number, nodule biomass and 

leghaemoglobin content were decreased by 17, 8 and 35%, 

respectively, at 3× concentration of glyphosate at 80 DAS. 

However, in the presence of 2× glyphosate concentration, 

bioinoculant (PSBB1) enhanced the nodule number, nodule 

dry biomass and leghaemoglobin content by 49, 16 and 14%, 

respectively, at 80 DAS. Owing to the toxic effect of glypho-

sate on the nutritional contents in legumes the efficiency of 

PSBB1 strain to enhance the nutritional uptake of chick-

pea was assessed. It was found that there was a marginal 

increase in N and P contents in plant organs as compared to 

glyphosate treated and PSBB1 inoculated plants. Two fac-

tor ANOVA showed that the single effect of inoculation and 

their interaction (inoculation × glyphosate) were significant 

(P ≤ 0.05) for the calculated factors. Also, the leghaemo-

globin concentration in nodule tissues detached from PSBB1 

inoculated chickpea plants was better. The enhanced nodule 

numbers and leghaemoglobin in bacterized legumes raised 

in glyphosate stressed soil is suggestive of the microbial 

colonization and existence inside herbicide contaminated 

soil. Similar, enhancement of different growth attributes 

of bio inoculated legumes grown under herbicides stressed 

soils has been reported by Sarkar et al. (2005).

Seed attributes

Seed yield (SY) and grain protein (GP) of chickpea plants 

assayed at harvest (120 DAS) exhibited gradual decrease 

with successive increasing in concentrations of glyphosate 

(Table 4). In contrast, the SY and GP of inoculated chickpeas 

enhanced by 9 and 13%, in comparison to non-inoculated 

chickpea plants. In contrast, the glyphosate tolerant strain 

B. cepacia PSBB1 increased the SY and GP marginally by 

3 and 5%, respectively, at 2888 μg kg−1 soil, comparatively 

uninoculated chickpea raised in soil amended with identi-

cal doses of glyphosate. On the contrary, herbicide toler-

ant strain B. cepacia (PSBB1) enhanced the SY and GP 

by 12 and 9%, respectively, at 3× concentration of glypho-

sate, relative to the un-inoculated chickpea plants grown 

with the identical dose rate of herbicide. In a similar study, 

Madariaga-Navarrete et al. (2017) found an enhancement 
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in different growth attributes of Phaseolus vulgaris when 

grown in the presence of consortium comprising of Tricho-

derma and Rhizobium sp. under the influence of herbicide 

atrazine. The statistical analysis significantly showed the 

interactive consequence of inoculation and glyphosate (inoc-

ulation × glyphosate) on the measured parameters.

Proline, malondialdehyde (MDA) and antioxidant enzymes

Formation and accumulation of proline within plant tissues 

is a physiological reaction to stressor molecules present in 

the environment. Proline, an extremely water-soluble amino 

acid biomolecule defends the membranes from the destruc-

tive effects of high concentrations of inorganic ions. In 

addition, it can function both as a protein-compatible hydro 

trope (Sharma and Verslues 2010) and as a hydroxyl radical 

scavenger (Kaul et al. 2008). The increase in free cellular 

proteins under different abiotic and abiotic stresses provide 

a multifarious defensive role in most plant species (Hos-

sain et al. 2014). Considering these attributes of proline, we 

also determined proline in various plant organs of chickpea. 

Here, we found a substantial build-up of proline in roots, 

shoots, leaves and seeds of chickpea grown under glypho-

sate stress. Proline concentration in roots, shoots and foli-

age recorded at 80 DAS and grains at 120 days after plant-

ing enhanced with increasing rate of glyphosate (Table 4). 

A maximum uptake of 33.7, 47.7 and 32.4 mg g−1 fresh 

weight was found in roots, shoots and leaves after 80 days 

of chickpea growth under glyphosate tress. Similar to this, 

an increase in the proline content in other legumes for exam-

ple, faba bean developed with herbicide fusillade has been 

observed (Osman et al. 2016). However, in the presence of 

strain PSBB1, the level of proline was substantially reduced, 

and it was found as 20.4, 32 and 26.9 mg g−1 fresh weight 

in roots, shoots and leaves, respectively, at 4332 μg kg−1 

glyphosate. The bioinoculant PSBB1 strain considerably 

decreased the proline content in roots and shoots of chickpea 

plants by 38 and 14%, respectively, at 80 days after sow-

ing relative to plants grown in soils treated with only 2× of 

glyphosate (Fig. 4). Similar reduction in proline concentra-

tion in inoculated faba bean cultivated under herbicide stress 

is reported by Osman et al. (2016). The reduction in the 

concentration of proline in different organs of inoculated 

chickpea plants grown in glyphosate amended soil could 

probably be due to the detoxifying/bioremediation ability 

of PSBB1 strain (Fig. 5). 

Malondialdehyde (MDA) is frequently used as an index 

of lipid peroxidation under harsh environmental conditions. 

Fig. 4  Proline accumulation in 

shoots (a), root (b) and leaves 

(c) at 80 DAS and grains at 120 

DAS (d) of B. cepacia PSBB1 

inoculated and uninoculated 

chickpea grown in soils treated 

with different dose of glypho-

sate. The values indicate the 

mean SD of three replicates

Fig. 5  Effect of glyphosate and bioinoculant B. cepacia strain PSBB1 

on photosynthetic pigments chl a, chl b, total chlorophyll and carot-

enoids
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In this study, the efficiency of glyphosate in prompting 

lipid peroxidation and causing variations in antioxidants 

enzymes was assayed. Here, the MDA contents increased 

progressively with increasing concentration of herbi-

cide. Glyphosate at 3×, produced the maximum amount 

(13.8 μ mol g−1 fw) of MDA in leaves. However, PSBB1 

primed chickpea plants exhibited a marginal decrease in 

MDA content following herbicide application (Fig. 6). In 

a similar investigation, Curá et al. (2017) have showed sig-

nificant enhancement in MDA content of seedlings under 

stress condition compared to control. Like MDA, CAT, 

POD, APX and GPX of leaves varied between bacterized 

and uninoculated plants raised along with tested herbi-

cide. Generally, the concentration of antioxidant enzymes 

increased with increasing rates of herbicides. In contrast, 

B. cepacia PSBB1 strain reduced the CAT activity maxi-

mally by 66% at 3× concentration of glyphosate. However, 

at normal rate of glyphosate, CAT activity was found to be 

reduced by 85% by strain PSBB1 (Fig. 6). The POD activity 

increased maximally by 18% when plants were grown exclu-

sively at 3× of glyphosate amended soil compared with uni-

noculated control. Moreover, APX declined maximally by 

9% at two times more concentration of glyphosate. The GPX 

activity of leaves increased by 4% at 2× concentration of 

glyphosate over non-inoculated control. On the contrary, B. 

cepacia PSBB1, caused a 14% reduction in the GPX activ-

ity even in the presence of 3× concentration of glyphosate. 

In agreement to our findings, the CAT activity in leaf and 

root tissue of other legume seedling have also been found to 

increase significantly in a concentration dependent manner 

(Chehelpar et al. 2016). Moreover, the decline in oxidative 

stress (CAT and POD) in PGPR Bacillus aryabhattai strain 

SRB02 inoculated soybean is also reported by Park et al. 

(2017).

Morphological distortion and bacterial colonization

Distortion/damage to root tips was observed under SEM 

when chickpea plants were developed in the presence of 

1000 μg ml−1 of glyphosate (Fig. 7). The glyphosate inhibi-

tion to roots was more pronounced in the radical regions 

of growing chickpea plants. Similarly, it has been reported 

by Mondal et al. (2013) where they observed a significant 

damage in the morphological structure of chickpea/legumes 

roots grown in the presence of pesticide. The PSBB1 strain 

used as inoculant were able to colonize the chickpea roots 

while non-inoculated root surface showed no colonization 

under SEM after 10 days of inoculation on the surface of 

primary and lateral roots. Aggregation of cells was centred/

localized on root tips and at the elongation zone (Fig. 8). 

Similarly, the colonizing ability of bacteria the root surface 

and hence, to enhance the plant growth is reported (del Gallo 

et al. 2017).

Fig. 6  Inoculation effect of strain PSBB1 on oxidative stress in leaves of chickpea under glyphosate stress: a membrane lipid peroxidation (MDA 

content), b catalase, c peroxidase, d guaiacol peroxidase, and e ascorbate peroxidase
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Conclusion

The phytotoxic effect of glyphosate on survival, cellular 

morphology and biomolecules, secreted by of B. cepacia 

PSBB1 differed considerable. Interestingly, the ability of 

strain PSBB1 to excrete such growth enhancers was not 

abolished completely even at higher glyphosate concen-

tration; though the amounts of plant growth regulators 

declined regularly. Moreover, the inhibitory impact of 

glyphosate was greater on uninoculated chickpea plants 

compared to bacterized plants. Herbicide tolerant B. 

cepacia PSBB1 when used as bioinoculant, safeguarded 

the plants from the inhibitory effect of glyphosate and con-

comitantly augmented the whole dry matter production, 

nutrient accumulation and seed attributes of chickpeas. 

The overall enhancement in chickpea production due to 

inoculation of strain PSBB1 in combination with glypho-

sate could possibly be due to multiple variables such 

as—(i) firm colonization and establishment of inoculated 

bacterial culture (ii) secretion of phytohormone, sidero-

phores, EPS and ACC deaminase by B. cepacia PSBB1 

(iii) reduction in proline level in herbicide stressed envi-

ronment and (iv) suppression of antioxidant enzymes and 

Fig. 7  SEM micrograph of 

chickpea roots. a, b Root tip 

of chickpea grown without 

glyphosate while c, d indicates 

glyphosate toxicity to chickpea 

roots

Fig. 8  Colonization of B. cepacia PSBB1 on chickpea root surface observed under SEM a represents the uninoculated root surface, b, c repre-

sents the colonization of bacteria on root surface
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MDA level. Considering the herbicide tolerance ability, 

capacity to express plant growth regulators even under 

herbicide stress and potential to mitigate the toxicity of 

herbicide (bioremediation), this bacterial strain PSBB1 of 

B. cepacia could safely and inexpensively be developed as 

a bioinoculant for enhancing chickpea production in soils 

contaminated even with herbicides.
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