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Abstract
A rapid increase in the application of synthetic pesticides in agricultural practices causes 
a severe hazard to agro-sustainability and soil microflora. Considering these threatening 
problems, the present study aimed to investigate the impact of different groups of pesti-
cides on growth, cellular morphostructure, permeability and antioxidant enzyme of a sym-
biotic Gram-negative bacterium recovered from chickpea nodules. Pesticide-tolerant strain 
BRM5 was characterized and phylogenetically (accession no. KY013481) identified as 
Mesorhizobium ciceri. Strain BRM5 tolerated up to the level of 1200, 1600, 1600, 2400, 
2400, 1800, 2400, 2400 and 3200 μg  mL−1 of glyphosate, quizalofop, atrazine, kitazin, 
metalaxyl, hexaconazole, fipronil, monocrotophos and imidacloprid, respectively. Among 
all concentrations, 3X concentrations of each pesticide had most fatal to bacterial cells. 
The growth pattern of strain BRM5 was decreased linearly with increasing incubation 
times. Scanning electron micrograph (SEM) images of pesticide-treated bacterial cells 
revealed the distorted, broken, irregular, misshaped and larger-sized cell as compared to 
untreated cells. Upon staining with acridine orange (AO)/propidium iodide (PI), active/liv-
ing cells appeared as green colour, whereas dead cells appeared as red colour under confo-
cal microscope (CLSM). This is the clear indication of loss in cell viability following the 
pesticide exposure. The generation of oxidative stress (catalase) by strain BRM5 induced 
under pesticides pressure further revealed the pesticidal toxicity. CAT activity of BRM5 
was decreased with the enhancement in pesticide concentrations. For instance, CAT activ-
ity of BRM5 was decreased by 45%, 71% and 83% when cultured in liquid medium treated 
with 3X doses of each glyphosate, kitazin and fipronil, respectively. Overall, the present 
study visibly indicated that pesticides inhibited the growth, disrupted the morphology and 
reduced the permeability and antioxidant producing ability of bacteria. So, from this study, 
it is suggested that before applying the pesticides in legume production strategies, the rec-
ommended pesticides be carefully examined to avoid the toxicity problems, if any.
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1  Introduction

In agronomic practices, pesticides are habitually applied to combat the damages caused 
by numerous pests. Extreme usage of these agrochemicals, in turn, has led to serious 
problems such as loss in soil fertility (Saha et al. 2017), non-target vegetations (Aktar 
et al. 2009) and serious environmental pollution (Datta et al. 2018). Apart from these, 
pesticides could be poisonous to beneficial soil microbiota (Wu et  al. 2018), useful 
soil insects (Heard et  al. 2017) and food crops (Carvalho 2017) following consump-
tion via food chain (Nollet and Fernandez-Alba 2017). Much information is available 
regarding the impact of pesticides on soil bacteria, fungi, algae and higher organisms 
(Asad et al. 2017). Among the several groups of pesticides, herbicidal toxicity could 
be higher that constrains the chemical and biological processes of both the plants and 
microorganisms (Rubio-Bellido et al. 2018). In addition, pesticides hamper the growth 
of soil beneficial bacteria (Shahid and Khan 2017) and nodule-inhabiting microsymbi-
ont such as Rhizobium (Raghavendra et al. 2017) depending on the concentration and 
their mode of action and hence decline the nodulation process in legumes (Kaur et al. 
2016). During nodulation, entry of rhizobia inside the leguminous plants occurs via 
rhizobial infection of root hairs, and since the bacterial infection period is temporary 
and restricted to actively growing hairs, pesticides affect the growth of root hair and 
thus destruct the infection process. In addition, pesticides downregulate the expres-
sion of nod genes involved in the process of nodulation and nitrogenase production 
(Niewiadomska and Klama, 2005). In addition, pesticides also produce a number of 
free radicals that upsurge the oxidative responses of cellular machinery in microbes 
(Abdollahi et  al. 2004). Furthermore, plant-associated soil microbes designated as 
plant growth-promoting rhizobacteria (PGPR) possess antioxidant defence enzymes 
(Sarkar et  al. 2018) such as catalases (CAT), peroxidases (POD) and superoxide dis-
mutase (SOD) which help in reducing the oxidative stress exerted by pesticides. How-
ever, pesticides also alter the antioxidant defence enzymes in soil bacterial population 
(Shahid and Khan 2018a, b). Contrarily, development of resistance in soil microbial 
population reduces the impact of pesticide toxicity (Srivastava et al. 2016). Therefore, 
the increased collective concern towards the indiscriminate and injudicious use of 
toxic pesticides has encouraged the agronomists and microbiologists to apply benefi-
cial soil rhizobacteria in combination with integrated pest management (IPM) strat-
egies. If properly and meticulously applied, this strategy of using pesticide-resistant 
microorganisms in agronomic practices is very likely to significantly reduce the pes-
ticide usage and might be more economic, target-specific and eco-friendly approach.

Despite a few successes achieved so far, there is a critical gap in revealing the fact 
that how pesticides influence the architecture and survival of root-nodulating rhizobac-
teria. Therefore, to better explain such mechanisms and to explore the possibility of 
emerging pesticide resistance in bacterial entities capable of forming symbiotic rela-
tionship with leguminous plants, the current study was intended to: (1) identify and 
characterize the pesticide-tolerant root-nodulating bacterium of Cicer arietinum, (2) 
evaluate the effect of different groups of pesticides (herbicides, fungicides and insecti-
cides) on growth pattern of bacterial strain, (3) assess the oxidative stress induced by 
pesticides in strain BRM5 and (4) determine the impact of pesticides on morphological 
structure and cellular permeability of bacterial strain.
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2 � Materials and methods

2.1 � Recovery of root nodule bacteria and pesticide tolerance

Fresh and undamaged healthy nodules were detached from Cicer arietinum (chick-
pea) plants raised in soils (sandy clay loam and having 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 capac-
ity 11.7 and 5.1 cmol kg−1 anion exchange capacity) of experimental fields of Faculty of 
Agricultural Sciences, Aligarh Muslim University, Aligarh (27°53′N 78°05′E 27.88°N 
78.08°E), western district of Uttar Pradesh, India, which had previous history of pesticide 
application for the last 18 years. Nodules were surface-sterilized by dipping the nodules in 
4% sodium hypochlorite (NaOCl) for 2 min, washed thrice with sterilized double-distilled 
water (DDW) and crushed gently under an aseptic condition. A 100-μL of freshly extracted 
nodule suspensions was streaked on plates of yeast extract mannitol (YEM) agar, and the 
plates were incubated at 28 ± 2 °C for 3–5 days. A total of 15 Mesorhizobial isolates were 
recovered from chickpea root nodule and morphologically and biochemically character-
ized (Holt et al. 2009). A plant infection technique was carried out to determine the host 
specificity (Vincent 1970). Mesorhizobium isolates were exposed to different dose rates of 
different pesticides tested (Table 1) using minimal salt agar (MSA) (g L−1: KH2PO4 1.0, 
K2HPO4 1.0, NH4NO3 1.0, MgSO4·7H2O 0.2, CaCl2·2H2O 0.02, FeSO4·7H2O 0.01, pH 
6.5) for selection of pesticide-tolerant Mesorhizobium strains. The freshly prepared agar 
plates were amended individually with concentrations ranging from 0 to 6400  μg  mL−1 
at twofold dilution intervals for each pesticide. The plates were spot (10 μL) inoculated 
with 108 cells mL−1 of freshly grown bacterial cells and incubated at 28 ± 2 °C for 3 days. 
Rhizobial colonies growing and efficiently persisting at the maximum dose rates of pes-
ticides were chosen and referred to as pesticide-tolerant mesorhizobial strains (PTMS). 
Among all the recovered Mesorhizobium strains, BRM5 strain exhibited the maximum tol-
erance to pesticides, so this strain was selected for further studies.

2.2 � Identification of Mesorhizobial strain and construction of phylogenetic tree

Pesticide-tolerant Mesorhizobium strain BRM5 was characterized at the level of species 
adopting 16S rDNA gene sequence method by means of universal primers (785F and 
907R). The nucleotide sequence data so found were deposited in the GenBank sequence 
database. Moreover, the sequences were pooled and phylogenetic tree was built with the 
help of MEGA 6.0 software.

2.3 � Growth kinetics of bacterial strain under pesticide stress

The growth response/behaviour of bacterial strain (BRM5) was assessed by growing the 
log-phase cells (1 × 107 CFU mL−1) into minimal salt (MS) broth medium comprising of 
one (1X), two (2X) and three (3X) times more of normal rates of pesticides. The normal 
doses of glyphosate, quizalofop, atrazine, kitazin, hexaconazole, metalaxyl, fipronil, mono-
crotophos and imidacloprid applied throughout the experimental trial were 300, 400, 300, 
500, 600, 400, 500, 600 and 700 μg mL−1, respectively. The MS medium without pesti-
cides but containing only bacterial strain served as control. The inoculated medium was 
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maintained at 28 ± 2 °C on a rotary shaker, and growth response was measured with the 
help of a spectrophotometer at 620 λ at periodic intermissions (0–24 h), and a curve was 
plotted.

2.4 � Oxidative damage experiment

2.4.1 � Catalase (CAT) assay

The CAT activity of bacterial cell (strain BRM5) grown in pesticide-supplemented medium 
was assessed (Abei 1974). For the assay, 100 μL of bacterial cell lysate from the tissue 
homogenate was properly mixed with 2  mL of 50  mM PBS (phosphate-buffered saline) 
(pH 7.0), and 30 mM of 100 μL of hydrogen peroxide (H2O2) was added to it. The decrease 
in the absorbance was recorded at the wavelength of 240 λ for 3 min using a UV–vis spec-
trophotometer (Shimadzu 2600, Japan). The results were interpreted as the nanomolar of 
H2O2 min−1 μg−1 protein.

2.5 � Assessment of structural damage and permeability determination

2.5.1 � Cellular/structural damage by scanning electron microscopy (SEM)

Pesticide-induced cellular damage/distortion in BRM5 strains was observed under SEM 
by growing the bacterial strains in NB medium treated with 900  µg  mL−1 glyphosate, 
1200 µg mL−1 quizalofop, 900 µg mL−1 atrazine, 1500 µg mL−1 kitazin, 1800 µg mL−1 
hexaconazole, 1200 µg mL−1 metalaxyl, 1500 µg mL−1 fipronil and 1800 µg mL−1 mono-
crotophos and incubated at 28 ± 2 °C for 24 h. The culture grown in pesticide-free medium 
served as control. After incubation, cultures were centrifuged at 12,000 rpm for 10 min, 
and pellet was suspended in 1 × PBS and the cell pellets were washed again three times 
with 1 × PBS and pre-fixed with 2.5% glutaraldehyde for overnight at 4 °C. The cells were 
recovered by centrifugation at 10,000 rpm for 5 min, and pellets were again washed with 
the same buffer. After three successive washing cycles, the fixed specimens were dehy-
drated in a graded series (30, 50, 70, 90 and 100%) of ethanol for 5 min each. Thereafter, 
cell pellets were centrifuged and re-suspended in PBS. Five μL of bacterial suspension 
was smeared on coverslip and dried. The specimens were mounted and analysed under the 
SEM to see the changes in bacterial structures, if any, and images were recorded.

2.5.2 � Membrane integrity and bacterial mortality under CLSM

Alterations in the membrane integrity and bacterial mortality were assessed by fluores-
cence microscopy with some modifications (Rizvi et al. 2019). To 200 μL of treated and 
untreated bacterial suspensions, 10 μL of acridine orange (AO: 15 μg mL−1 prepared in 
PBS) and 10 μL of propidium iodide (PI: 50 μg mL−1 prepared in PBS) were added. Bacte-
rial suspensions treated with both AO and PI stains were incubated at room temperature 
for 10  min and centrifuged (at 5000  rpm) for 10  min. The supernatants were discarded 
to remove the unbound dyes, while cell pellets were re-suspended in 500 μL of PBS. The 
experimental set-up was maintained in the dark conditions to avoid photobleaching of dyes.
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2.6 � Statistical analysis

The data obtained throughout the study were analysed statistically by Duncan’s multiple 
range (DMRT) test and LSD between the treatments calculated by means of Minitab 17 
statistical software at 5% probability level.

3 � Results and discussion

3.1 � Strain identification and characterization

In the present investigation, a total of 15 mesorhizobial isolates varying in colonial mor-
phology on YEMA plates were recovered from root nodules of Cicer arietinum. Among 
the total mesorhizobial strain, BRM5 was found as Gram negative and rod in shape dis-
playing inconstant biochemical reactions (Table  2). Based on the variable biochemical 
characteristics, strain BRM5 was presumptively identified as Mesorhizobium ciceri. Addi-
tionally, the molecular characterization was done by using 16S rDNA sequencing technol-
ogy to know the precise species of this strain (BRM5). After molecular sequencing, the 
16S rDNA nucleotide sequences (approximately 614 nbp) of BRM5 strain were submit-
ted to GenBank, NCBI (accession number KY013481.1). Kinship of the strain BRM5 was 
explored by basic local alignment search tool for nucleotide (BLASTn) which suggested 
that the test strain was phylogenetically related to M. ciceri, and due to the high frequency 
of relatedness (> 95%), it was authenticated as M. ciceri. Later, a phylogenetic tree was 
constructed using multiple sequence alignment by ClustalW and neighbour-joining (NJ) 
method using the FASTA format sequences of similar bacteria (Fig.  1). In recent time, 
the isolation and molecular characterization of rhizobial population in various regions of 
the world have received increased attention due to their important characteristic features 
of biological nitrogen fixation (BNF) and symbiotic association with leguminous crops 
(Lindström and Mousavi 2019). The sequence analysis of 16S rRNA has emerged as one 
of the most important methods in phylogenetic analysis of bacteria (Pandey et al. 2019). 
Mesorhizobium ciceri was isolated from chickpea nodules and very first time identified 
by Nour et al. (1994). In recent time, various workers have isolated Mesorhizobium strains 
from root nodules of chickpea nodule plants grown in different agro-climatic regions and 
molecularly characterized using 16S RNA partial gene sequence analysis (Martinez Con-
dom 2019; Singh et al. 2019; Pandey et al. 2018; Zafar et al. 2017). However, due to the 
high sequence conservation, 16S RNA partial gene sequence analysis is insufficient to dis-
tinguish the strains of one species or even closely related species (Martens et  al. 2008). 
Recently, housekeeping genes located on the bacterial chromosome have been used in 
combination with 16S rRNA for elucidation of taxonomic relationship (Rong and Huang 
2010). In Mesorhizobium spp., symbiotic genes present in their chromosome have also 
been characterized alongside the housekeeping genes to understand the phylogenetic rela-
tionship among the different strains (Chen et al. 2008). 

3.2 � Pesticide tolerance

In our study, mesorhizobial isolate M. ciceri BRM5 tolerated a significant amount of 
fungicides (hexaconazole, kitazin and metalaxyl), herbicides (atrazine, quizalofop and 
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glyphosate) and insecticides (imidacloprid, monocrotophos and fipronil) when grown 
on C- and N-deprived minimal salt agar (MSA) plates added with the ordered doses 
(0–6400 μg  mL−1) of nine pesticides. The tolerance levels of M. ciceri BRM5 against 
pesticides ranged between 900 and 3200  μg  mL−1. M. ciceri when treated with varying 
rates of pesticides in semi-solid agar and liquid broth MS medium (solid/liquid), dis-
played tolerance in the following order: imidacloprid (3200:2100  μg  mL−1) > monocro-
tophos/hexaconazole (2400:1800 μg mL−1) > fipronil/kitazin (2400:1500 μg mL−1) > met-
alaxyl (1800:1200  μg  mL−1) > quizalofop (1600:1200  μg  mL−1) > atrazine 
(1600:900 μg mL−1) > glyphosate (1200:900 μg mL−1).

Table 2   Microbiological, morphological, biochemical and molecular features of M. ciceri strain BRM5

Characteristics M. ciceri strain BRM5

[A] Microbiology
[B] Morphology

Gram negative, short rods
White pinkish, mucilaginous, raised, semi-translucent colony

[C] Biochemical reactions
 Citrate utilization −
 Indole −
 Methyl red +
 Nitrate reduction +
 Oxidase +
 Catalase +
 Voges–Proskauer −

[C.1] Carbohydrate utilization
 Glucose +
 Lactose +
 Fructose +
 Sucrose
 Arabinose
 Dextrose
 Maltose

+
+
+
+

[C.2] Hydrolysis
 Starch +
 Gelatin +

[D] Tolerance to pesticides Solid (μg mL−1) Liquid (μg mL−1)
Kitazin 2400 1500
Hexaconazole 2400 1800
Metalaxyl 1800 1200
Glyphosate 1200 900
Quizalofop 1600 1200
Atrazine 1600 900
Fipronil 2400 1500
Monocrotophos 2400 1800
Imidacloprid 3200 2100
[E] Molecular characteristics
 Nucleotide base pair (bp) 614 bp
 Primer used 785F (5′GGA​TTA​GAT​ACC​CTG​GTA​-3′) and 907R (5′CCG​

TCA​ATTCMTTT​RAG​TTT-3′)
 GenBank accession no. KY013481
 Sequences submitted to NCBI data bank
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In this study, M. ciceri BRM5 displayed the maximum tolerance against the imi-
dacloprid in broth as well as semi-solid agar media. Usually, pesticides are applied 
in cultivation practices to negate dreadful pests, for example, phytopathogens, insects 
and weeds, to safeguard the crop damages and hence to enhance the food productivity. 
However, haphazard and redundant application and deposition of agricultural pesticides 
in soils lead to both the decline in plant productivity and development of resistance 
between the soil microorganisms. In order to better understand the toxicity of pesticides, 
we identified and cultivated a new and unique pesticide-tolerant nodule-inhabiting bac-
terium that alleviated the pesticidal toxicity and might concurrently be used to augment 
the crop production even in soils contaminated with pesticides. M. ciceri strain BRM5 
when exposed to variable concentrations of pesticides exhibited exceptional tolerance 
ability to different pesticides. Since strain BRM5 was grown on MS medium amended 
with different doses of pesticides, it is supposed that this symbiotic bacterium might 
have degraded the test pesticides and utilized it as a nutrient source for their growth and 
existence. This ability of M. ciceri BRM5 expressing higher tolerance and degradation 
of pesticides among plant beneficial bacteria is a fascinating and intricate phenomenon 
(Jahn et  al. 2017). However, the tolerance to any pesticides could be: (1) temporary: 
pesticides induce the changes at physiological level that alters microbial metabolism 
(Wu et  al. 2018) so that a new metabolic pathway is generated (Cycon et  al. 2013) 
which helps in degrading the encountered pesticide. As a result, microbial populations 
protect an essential biochemical reaction which otherwise could be suppressed by pes-
ticide and (2) permanent: they depend upon genetic modifications which are inherited 
by subsequent generations of microorganisms (Ahemad and Khan 2010; Bellinaso et al. 
2003; Johnsen et al. 2001). Microbes that have established either temporary or perma-
nent resistance to pesticides have been found capable of degrading pesticides and hence 
altering its toxicity (Sang et al. 2016).

Fig. 1   Phylogenetic tree constructed from the 16S rRNA gene sequence of M. ciceri strain BRM5 and 
related organisms by using ClustalW and MEGA 6.0 software. The NCBI accession numbers of related 
organisms are given in brackets
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3.3 � Growth kinetics of bacterial strain under pesticide pressure

Growth behaviour of M. ciceri strain BRM5 to different concentrations of glyphosate 
(Fig. 2a), quizalofop (Fig. 2b), atrazine (Fig. 2c), kitazin (Fig. 2d), hexaconazole (Fig. 2e), 
metalaxyl (Fig. 2f), fipronil (Fig. 2g), monocrotophos (Fig. 2h) and imidacloprid (Fig. 2i) 
noticeably wandered. In the start (lag phase), the growth of bacterial cells was slow, which, 
further, increased an exponential mode with an enhancement in number of cells and after-
wards it dropped sharply. Among the three selected doses, 900, 1200, 900, 1500, 1800, 
1200, 1500, 1800 and 2100 μg  mL−1 of each glyphosate, quizalofop, atrazine, kitazin, 
hexaconazole, metalaxyl, fipronil, monocrotophos and imidacloprid were most fatal to the 
cells of BRM5 and caused most detrimental impact on the growing cells compared to other 
doses (1X and 2X) of pesticides. The noxious and deadly effect of all the chosen pesti-
cides on growing cells of Mesorhizobial strain was probably just because of the soluble and 
mobile nature of these agricultural chemicals in liquid medium relative to those assessed on 
solid agar medium. The subsequent exposure of pesticides to the growing cells of BRM5 
and a consistent decline in growth could possibly be due to the interaction of such chemical 
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Fig. 2   Growth pattern of M. ciceri strain BRM5 at increasing concentrations of pesticides as a function of 
time of incubation at 28 ± 2 °C. Data represent the means ± SD of three independent experiments done in 
triplicate. a–i Represent the growth behaviour of strain BRM5 grown in MSM broth supplemented/treated 
with 300, 600, 900 µg mL−1 glyphosates, 400, 800, 1200 µg mL−1 quizalofop, 300, 600, 900 µg mL−1 atra-
zine, 500, 1000, 1500 µg mL−1 kitazin, 600, 1200 1800 µg mL−1 hexaconazole, 400, 800. 1200 µg mL−1 
metalaxyl, 500, 1000, 1500  µg  mL−1 fipronil, 600, 1200, 1800  µg  mL−1 monocrotophos and 700, 1400, 
2100 µg mL−1 imidacloprid, respectively
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compounds with the bacterial cytoplasmic membrane enhancing its permeability (Wasi 
et al. 2011). In the same way, arrest of membrane respiration is a common phenomenon 
that is responsible for the bacterial mortality (Haroon et al. 2019). Furthermore, pesticides 
may disturb the internal metabolic activity by binding to the –NH2 and S2− groups after 
their uptake by bacterial cells and thus cause damage to the complete metabolic machinery 
of growing bacteria. Deviations take place throughout in the oxido-reduction potential of 
soil, and depending on the speciation and pesticides dose rate, microbes may eventually 
be killed or eliminated from polluted areas. Prior to our study, lethal and growth-retarding 
impact of pesticides on growth behaviour of other soil bacterium growing in MS medium 
supplemented with different doses of pesticides has formerly been reported (Alam et  al. 
2018; Niemi et al. 2009).

3.4 � Assessment of oxidative stress

The by-products of the reactive oxygen species such as O2−, H2O2 and OH· are formed in 
the cells of bacterial membrane which are greatly influenced by the xenobiotic (Ahmed 
et al. 2018). Also, agricultural chemicals and other organic pesticides are well-known toxi-
cants against the bacteria cells which modulate the structural configuration and composi-
tion of the microorganisms that resulted in oxidative stress (Cao et al. 2017). Consequently, 
the oxidative stress produced after pesticide exposure was determined in the present inves-
tigation. The results revealed that glyphosate-, quizalofop-, atrazine-, kitazin-, hexacona-
zole-, metalaxyl-, fipronil-, monocrotophos- and imidacloprid-treated cells of strain BRM5 
had a noteworthy negative effect on catalase activity (Fig. 3a–c). There was a significantly 
higher (P < 0.05) toxic impact on the bacterial cells when grown with monocrotophos 
(1800 μg mL−1), which led to a significant (P < 0.05) decrease in CAT activity (0.010 mM 
H2O2 min−1 μg−1 protein) compared to control cells (0.12 mM H2O2 min−1 μg−1 protein). 
Similarly, cells of BRM5 strain grown in liquid culture broth supplemented with three 
times of the normal doses of atrazine and imidacloprid excreted 0.012 and 0.06 mM H2O2 
min−1 μg−1 protein at 900 and 2100 μg mL−1, respectively (Fig. 3a–c). Toxic behaviour 
of pesticides and other numerous organic solvents are well recognized against the bacte-
ria leading to several changes in the body producing the membrane and oxidative damage 
(Jabłońska-Trypuć 2017). Several species of pesticides such as paraquat, bipyridylium, ace-
tochlor, acetamiprid and synthetic auxins can also induce oxidative stress due to obstruc-
tion of electron flow through the ETC (electron transport chain) and can directly/indirectly 
influence the structure and function of the bacterial membranes (Lü et al. 2009; Isik et al. 
2007). Exposure to pesticides alters the protein expression associated with energy metabo-
lism and membrane transport and thus increases the oxidative stress (Bhat et  al. 2015). 
Also, oxidative damage can activate the SOS responses, arrest cell division and promote/
elongate and initiate the DNA repair process (Cooper and Lovett 2011; Kawai et al. 2003). 
In a follow-up study, Martins et al. (2011) have reported the noxious impacts of two her-
bicides (acetochlor and metolachlor) on antioxidative enzymes systems (CAT and GR) 
of a soil bacterium Enterobacter asburiae and concluded that these specific isoenzymes 
could be involved in the stress tolerance ability of bacterium. In yet another experiment, 
Mongkolsuk et al. (2005) recommended that bacterium Xanthomonas can respond to the 
oxidative damages induced by xenobiotics and environmental contaminants such as pes-
ticides and heavy metals, through physiological adaptation to hydrogen peroxide (H2O2). 
Additionally, the acetamiprid-induced responses on superoxide dismutase (SOD), catalase 
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(CAT) and ascorbate peroxidase (APX) activity of soil bacteria have been reported (Yao 
et al. 2006).

3.5 � Structural damage and membrane permeability assessment

The toxic and damaging impacts of selected pesticides on root-nodulating M. ciceri strain 
BRM5 were perceived under SEM. It was detected that cells of strain BRM5 developed 
in the absence of pesticides appeared as smooth, rod-shaped cells with uninjured surface 
morphostructure (Fig. 4a). Contrary to this, electron micrographs of bacterium treated with 
glyphosate (Fig. 4b), quizalofop (Fig. 4c), atrazine (Fig. 4d), kitazin (Fig. 4e), hexacona-
zole (Fig. 4f), metalaxyl (Fig. 4g), fipronil (Fig. 4h) and monocrotophos (Fig. 4i) at dose 
rates of 900, 1200, 900, 1500, 1800, 1200, 1500 and 1800 μg mL−1, respectively, embod-
ied a cracked/damaged, distorted, misshaped and somehow increased bacterial cell length 
under scanning electron microscopy.

For the assessment of cellular membrane permeability of bacterial cells under CLSM, 
strain BRM5 was grown in MS liquid broth supplemented with different dose rates of pes-
ticides and stained with AO and PI. Untreated cells of M. ciceri were viable and appeared 
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Fig. 3   Catalase activity in cells of M. ciceri strain BRM5 induced by selected and treated with 300, 600, 
900 µg mL−1 glyphosates, 400, 800, 1200 µg mL−1 quizalofop, 300, 600, 900 µg mL−1 atrazine, 500, 1000, 
1500 µg mL−1 kitazin, 600, 1200 1800 µg mL−1 hexaconazole, 400, 800. 1200 µg mL−1 metalaxyl, 500, 
1000, 1500 µg mL−1 fipronil, 600, 1200, 1800 µg mL−1 monocrotophos and 700, 1400, 2100 µg mL−1 imi-
dacloprid, respectively. Corresponding error bars represent standard deviation (SD) of three replicates (SD, 
n = 3)
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as green (Fig. 5a), whereas cells treated with 900, 1200, 900, 1500, 1800, 1200, 1500 and 
1800 and 2100 μg mL−1 glyphosate (Fig. 5b), quizalofop (Fig. 5c), atrazine (Fig. 5d), kita-
zin (Fig. 5e), hexaconazole (Fig. 5f), metalaxyl (Fig. 5g), fipronil (Fig. 5h) and monocro-
tophos (Fig. 5i, j) and imidacloprid (Fig. 5k, l), respectively, exhibited red-coloured small 
rods that are the representative of injured/dead cells, and this is the clear indication of pes-
ticidal toxicity to bacterial cells. Among all the test pesticides, atrazine and glyphosate had 
more remarkable toxic impacts on cells of strain BRM5, resulting in increased cell mortal-
ity which was evident by an increase in red fluorescence.

Changes at morphological level in microorganisms under the harsh/stressed condi-
tions are an important observable parameter of bacteriological adaptation (Chakravarty 
and Banerjee 2008; Jan et  al. 2001). Morphological changes in microorganism as an 
adaptive response to stressed/adverse conditions have been reported by several workers 
(Ahmed et al. 2019; Saif and Khan 2018; Shahid et al. 2018; Millach et al. 2017; Gandhi 
and Shah 2016). But, reports on the effect of pesticidal stress on structural morphology 
of soil beneficial microorganisms, especially on root-nodulating symbiotic bacteria, are 
negligible. In this study, morphology of different groups of pesticide (fungicide, herbicide 
and insecticide)-treated cells of M. ciceri strain BRM5 observed under SEM provided a 

Fig. 4   SEM of M. ciceri strain BRM5; control (a) treated with 900 µg mL−1 glyphosate (b), 1200 µg mL−1 
quizalofop (c), 900 µg mL−1 Atrazine (d), 1500 µg mL−1 kitazin (e), 1800 µg mL−1 hexaconazole (f), 1200 
µg mL−1 metalaxyl (g) and 1500 µg mL−1 fipronil (h) and 1800 µg mL−1 monocrotophos (i). Yellow arrows 
and circles represent the distorted/damaged, broken bacterial cells due to the toxicity of pesticides
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strong evidence that pesticides are indeed stressful to the bacterial cells, characterized by 
distorted, broken, mis-shaped, irregular and somehow larger cells. The increased size of 
bacterial cell decreased the contact surface and therefore condensed the attachable surface 
for synthetic and organic (pesticides) compounds. Consequently, larger cells can endure 
superiorly under the stressed environment than the control cells of same bacterial species. 
This study, therefore, clearly revealed that nodule bacteria do have an adaptive measure to 
counteract pesticide stress. In an identical experiment, Shahid and Khan (2018a, b) have 
also found some significant damages to Bacillus subtilis while growing under stress.

Cell membranes permit the cells to interconnect with their contiguous surroundings. 
Being selectively permeable, bacterial cells allow a controlled exchange of molecules 
across it. So, like any other cellular components, pesticides and other stressor molecules 
cause toxicity to membrane, which results in oxidative damage. To affirm this, the bacte-
rial cells were stained with AO/PI, which is reported to interpose with the genetic mate-
rial as nucleic acids (DNA and RNA) comprising of negatively charged PO4 group, sugars 
(ribose and deoxyribose) and H+ bonding. Of these dyes, PI is most commonly used as a 
marker of cell death and it is excluded by the cell membranes of living entities. Hence, the 

Fig. 5   Propidium iodide (PI) and acridine orange (AO) stained CLSM images of M. ciceri strain BRM5 
untreated control cells (a), treated with 900 µg  mL−1 glyphosate (b), 1200 µg  mL−1 quizalofop (c), 900 
µg mL−1 atrazine (d), 1500 µg mL−1 kitazin (e), 1800 µg mL−1 hexaconazole (f), 1200 µg mL−1 metalaxyl 
(g), 1500 µg mL−1 fipronil (h), 1800 µg mL−1 monocrotophos (i) and 2100 µg mL−1 imidacloprid (j, k). 
The red- and orange coloured dots depict the number of dead cells
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fluorescence conferred by dye is frequently correlated with cells whose membrane integ-
rity was damaged. And hence, when observed under CLSM, a clear toxicity to bacterial 
membranes due to pesticides was also reported by Shahid and Khan (2018a, b) for Bacillus 
subtilis.

4 � Conclusion

Conclusively, the inconstant doses of different pesticidal species applied individually had a 
clear and visible toxic impact on M. ciceri strain BRM5 with progressive decline in growth 
pattern, structural damage, oxidative stress and membrane disintegration. While assessing 
the growth kinetics, pesticides hampered the growth of BRM5 in time- and concentration-
dependent manner. Pesticides, in general, enhanced the permeability of cell membrane, 
which consequently increased the uptake of test pesticides and reduced the cell viability. 
Similarly, alterations in CAT activity of bacterial cells treated with different pesticides 
were noticeable. The findings of the current research revealed the agricultural importance 
of a novel bacterium M. ciceri BRM5 under pesticide stress. Therefore, the present investi-
gation clearly suggests that before applying the pesticides, for optimizing crop production, 
they must be carefully examined for toxicity aspects.
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