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ABSTRACT: An in vitro study was conducted to assess the impact
of organochlorine pesticides (OCPs) on cellular growth,
morphology, cell viability, biofilm-formation activity, and growth-
regulating substances of a soil bacterium. Phosphate-solubilizing
EAM 35 isolated from rhizosphere soil was molecularly identified
as Enterobacter cloacae (accession number MT672578.1). Strain
EAM 35 tolerated varying levels of OCPs, viz., benzene
hexachloride (BHC), chlorpyrifos (CP), dieldrin (DE), and
endosulfan (ES). The toxicity of OCPs to strain EAM 35 was
displayed in a concentration-dependent manner. Among the OCPs,
ES at a concentration of 200 M showed a higher toxicity, where it
maximally reduced the bacterial synthesis of indole-3-acetic acid
(IAA), salicylic acid (SA), and 2,3-dihydroxy-benzoic acid (DHBA) by 73% (p < 0.001), 85% (p < 0.005), and 83% (p < 0.001),
respectively, over the control. While comparing the toxicity of OCPs to P-solubilizing activity of E. cloacae after 10 days of growth,
the toxicity pattern followed the order ES (mean value = 82.6 ug mL™") > CP (mean value = 93.2 ug mL™") > DE (mean value =
113.6 ug mL™") > BHC (mean value = 127 ug mL™"). Furthermore, OCP-induced surface morphological distortion in E. cloacae
EAM 35 was observed as gaps, pits on both cellular facets, and fragmented and disorganized cell structure under a scanning electron
microscope (SEM). The membrane-compromised cells increased as the concentrations of OC pesticides increased from 25 to 200
uM. Additionally, microbial counts (log;, CFU/mL) were also affected after pesticide exposure and decreased with increasing
concentrations. While assessing the impact of OCPs on inhibition (%) of log;, CFU/mL, 150, 175, and 200 M concentrations of
ES completely reduced the growth of E. cloacae. Similarly, while comparing the toxicity of higher concentrations of OCPs to bacterial
growth, sensitivity followed the order ES > DE > CP > BHC. In addition, the biofilm-formation ability of strain EAM 35 was
inhibited in a pesticide-dose-dependent manner, and it was statistically (p < 0.05, p < 0.00S, and p < 0.001) significant.
Conclusively, the present study clearly suggests that before applying pesticides to soil, their recommended dose should carefully be
monitored.

| Effectof Organochlorine
Pesticides on Bacteria

)

H INTRODUCTION carboxylate deaminase,'> ammonia,">'* etc. These pesticides
when reach soil adversely affect the physiology and
morphology of soil microbes.'® In this regard, several workers
have reported the negative/toxic effect of pesticides on soil
microbes and their associated activities. For instance, Kumar et
al.'® have reported that organophosphate pesticides like
acephate, phorate, monocrotophos, glyphosate, etc. severely
affect the growth, physiology, and siderophore production

Pesticides including insecticides are foreseeable tools of
agronomic practices used to protect the crops from damaging
effect of various pests.' > After application, these chemicals
reach the soils and negatively interact with soil micro-
organisms.” The irregular and indiscriminate use of such
chemical pesticides leads to the destruction of physicochemical
processes of soil, microbial structure,’ physiology, and
enzymatic activity.é Soil microorganisms are an important

biological component of the soil ecosystem and have a vital Received: December 5, 2020 (O]OMEGA
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ability of characterized soil microbes. Similarly, in another
studies, different groups of pesticides interrupted the metabolic
pathways, leading to reduction/impairment in synthesis of
growth-regulating substances, damaged surface structure, cell
permeability, and inhibition of P-solubilization of numerous
soil bacteria, viz., Pseudomonas sp.,17 Azotobacter sp.,18
Enterobacter s.p.,19 Azotobacter vinelandii®® and Burkholderia
cepacia.z1

Organochlorine pesticides (OCPs), which belong to a
chlorinated hydrocarbon derivative group, are semisynthetic
pesticides and are semivolatile by nature.”>** These OCPs are
vastly used as chemical protectants in the area of agriculture.”*
The long-term application of OCPs and their persistence in the
natural soil system are the main causes of environmental
pollution. The haphazard use of such chemicals may negatively
affect the soil microbial population including phosphate-
solubilizing bacteria.”> The negative effects of OCPs on
molecularly characterized beneficial bacterial strains including
PSB are reported, which have been confirmed by various
studies. For example, Singh and Singh®® in a similar study
observed that the increasing concentrations of OCPs, for
example, lindane, decreased the growth-regulating substances
of a soil beneficial isolate Microbacterium sp. Likewise, the
cumulative concentrations of endosulfan (ES) decreased the
indole-3-acetic acid (IAA)- and ammonia-producing ability of
two pesticide-tolerant strains Delftia lacustris IITISM30 and
Klebsiella aerogenes IITISM42.”” Additionally, an in vitro study
conducted by Tripti et al.*® confirmed the toxicity of some
commercially available OCPs, viz., chlorpyrifos (CP), phorate,
and endosulfan toward a soil isolate Burkholderia sp. L2
recovered from pesticide-polluted rhizosphere of Lycopersicum
esculentum.

Keeping in view the problem of organochlorine pesticide
toxicity to soil microbes, the present study was intended to (i)
isolate and molecularly characterize (using 16S rRNA analysis)
the Enterobacter cloacae strain EAM 35, (ii) determine the
minimum inhibitory concentration (MIC) of four OCPs
toward recovered isolates, (iii) assess the impact of different
concentrations of OCPs on P-solubilization, indole-3-acetic
acid, and siderophores synthesized by strain EAM 35, (iv)
evaluate the effect of OCPs on the surface morphology and cell
permeability of E. cloacae, (v) assess the impact of pesticides on
growth behavior and CFU counts of E. cloacae, and (vi)
determine the effect of various concentrations of OCPs on the
biofilm-formation ability of E. cloacae.

B RESULTS AND DISCUSSION

Biochemical Characterization and Molecular Identi-
fication of Bacteria. The microbiological and biochemical
features of chosen soil isolates varied significantly (Table 1).
The Gram staining and microscopic observation confirmed
that isolates are Gram-negative short rods. The isolate EAM 35
exhibited variable reactions toward various biochemical tests
(Table 1). The 16S rRNA sequences were obtained from
Macrogen and data available in the NCBI data bank and LPSN
web portal, and isolate EAM 35 showed the maximum base
sequence similarity (100.00%) to type strains E. cloacae DSM
300547 (Accession number CP056776.1) and E. cloacae
ATCC 13047" (accession number CP001918.1) (maximum
base sequence similarity > 99.26%) (Figure 1). On the basis of
maximum relatedness to type strains, isolate EAM 35 was
identified as E. cloacae (Accession number MT672578.1).
Therefore, there could be minimal differences in E. cloacae
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Table 1. Microbiological and Biochemical Features of
Enterobacter cloacae Strain EAM 35

features E. cloacae EAM 35

Morphological Characteristics

Gram’s reaction —ve

configuration round

margin entire

surface smooth

pigmentation white to creamy

opacity translucent

shape short rods
Cultural Characteristics

optimum temperature 28 £2°C
Biochemical Reactions

citrate utilization yes

indole reaction no

methyl red no

nitrate reduction yes

oxidase no

Voges—Proskaur yes
Carbohydrate Utilization

dextrose yes

lactose yes

mannitol no

sucrose yes

urea hydrolysis no

starch hydrolysis yes

gelatin hydrolysis yes

isolated in this study and reported elsewhere in other studies.
Other workers have also recovered the different species of
Enterobacter from various soil habitats and characterized them
by 16S rRNA gartial gene sequence analysis and other state-of-
the-art tools.”” >

Pesticide Tolerance. The minimum inhibitory concen-
trations (MICs) of all of the OCPs toward the selected isolates
were assessed by growing the bacterial cultures on nutrient
medium containing variable doses of pesticides. All of the
OCPs showed the variation in terms of MICs toward the
selected isolates (Table 2). It was observed that the MIC
values of pesticides ranged between 25 and 200 uM. The
toxicity of all of the OCPs toward the isolates was observed to
follow the order benzene hexachloride (BHC) > chlorpyrifos >
dieldrin (DE) > endosulfan. Likewise, the MIC values of
different groups of pesticides such as propiconazole,
hexaconazole, profenofos, and pretilachlor toward soil
microbes was evaluated, and it was observed that 50% of
microbial populations were inhibited at the level of 1000
ppm.*> In a similar observation, Suheil and Fehmey*
conducted an in vitro study to determine the minimum
inhibitory concentrations (MICs) of three different groups of
pesticides, namely, benomyl, super atracedein, and herpicide
toward the soil bacterium Azotobacter chroococcum using serial
dilutions and incubation periods. They found that after
different incubation periods (6, 12, and 18 days), the MIC
of pesticides was variable, and it ranged between 0.6 and 1.2 g
L' and the 107" dilution was considered as resistant for
concentrations of pesticides.

Indole-3-acetic Acid and Siderophore. E. cloacae strain
EAM 35 secreted 127.6 + 6.5 ug mL™! indole-3-acetic acids
when cultured in Luria—Bertani (LB) broth in the absence of
OCPs (controlled condition), which, however, significantly (p

https://dx.doi.org/10.1021/acsomega.0c05931
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Figure 1. Unrooted neighbor-joined phylogenetic tree of E. cloacae EAM 35. The tree was constructed based on 16S rRNA partial gene sequences
of selected bacteria (marked with the red square) and closely related phylogenetic species (type cultures) derived using the NCBI BLAST search
tool. Sequences were aligned using the Clustal W sequence alignment tool in MEGA 7.0 software.

Table 2. Phosphate-Solubilization Activity of Bacterial Isolates and Minimum Inhibitory Concentrations (MICs) of

Organochlorine Pesticides (OCPs)“

MIC (uM)
solubilization zone P-solubilized in liquid broth benzene hexachloride chlorpyrifos dieldrin endosulfan
isolates (mm) (ug mL™ pH (BHC) (CP) (DE) (ES)
EAM 2 13 132 £ 7.5 S.0 100 25 75 NU
EAM 3 15 98 + 3.4 4.5 100 25 50 75
EAM S 12 110 + 8.5 3.9 125 125 N 25
EAM 8 15 145 + 4.3 3.7 150 125 NY 25
EAM 10 16 212+ 7.1 4.2 150 100 75 S0
EAM 11 16 87 £ 4.2 5.2 150 100 N S0
EAM 14 17 92 + 3.7 S.5 100 125 100 S0
EAM 16 15 127 + 6.5 6.0 100 125 100 NY
EAM 20 15 219 £ 92 4.0 S0 150 100 S0
EAM 24 16 139 + 5.2 5.0 75 100 75 S0
EAM 25 13 116 + 00 5.0 75 150 75 75
EAM 27 14 215 +6.2 5.0 100 75 50 100
EAM 29 12 187 + 4.9 4.5 125 100 N 75
EAM 30 17 213 £ 83 4.5 150 150 100 75
EAM 32 12 156 + 7.2 4.0 150 150 100 NU
EAM 33 12 118 + 8.5 3.8 200 100 NY S0
EAM 3§ 19 282 + 12 3.9 200 200 150 150

“Each value is a mean (mean + SD) of three independent replicates.

< 0.05) reduced with subsequent enhancement in the
concentrations of each pesticide. The higher (200 uM)
concentrations of each pesticide showed the most robust
toxic impact and maximally reduced the synthesis of IAA. For
instance, at 200 #M concentrations, each of BHC, CP, DE, and
ES, the IAA production was reduced maximally by 55, 42, 53,
and 73%, respectively, over the untreated control (Figure 2A).
Among all tested OCPs, endosulfan (ES) had the greater toxic
effect. While comparing the toxicity of 200 uM concentration,
the reduction in IAA production follows the order ES > DE >
CP > BHC. The reduction in IAA production at higher
concentrations of OCPs could possibly be due to slower
growth and altered physiological activity of bacterial cells.
Mechanistically, pesticides may affect the metabolism inside
the cell by binding to amino and sulfide groups and thus impair
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the metabolic activity of bacterial cells; therefore, the secretion
of phytohormone was reduced. In line with these results, the
phytohormone synthesized by Paenibacillus sp. was negatively
affected following the exposure to different groups of
organochlorine pesticides.”” Similarly, the toxic effects of
pesticides on the indole-3-acetic acid-synthesizing ability of soil
microbes recovered from various habitats have been reported
by other workers.'®*%*”

Siderophores (the iron chelators) have low-down molecular
weight compounds that are synthesized/released by a number
of soil microbes under the Fe dearth situation.”® The
siderophore-secreting ability of strain EAM 35 was assessed
both in the absence and in the presence of test OCPs. Like
IAA, under controlled conditions (in the absence of OCPs),
strain EAM 3S produced a substantial amount of phenolate-

https://dx.doi.org/10.1021/acsomega.0c05931
ACS Omega 2021, 6, 5548—5559


https://pubs.acs.org/doi/10.1021/acsomega.0c05931?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05931?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05931?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05931?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05931?ref=pdf

ACS Omega http://pubs.acs.org/journal/acsodf
-@- Benzene hexachloride (BHC) -4~ Chlorpyrifos (CP)
— —/~ Dieldrin (DE) -~ Endosulfan (ED)
— 160
o3 A
€ 140 -
(=2}
3. 120 - i
N
T 1
-2 100
o 80 -
@ 60
O
o
& 40 -
[} ]
é; 20
G S G
“0
o™ T T 1 o ,290‘“
2D Graph 1
60 : < 100 :
E=223 Benzene hexachloride (BHC) - | EZE3 Benzene hexachloride (BHC)
: I Chlorpyrifos (CP) £ B Chlorpyrifos (CP)
' 504 " Dieldrin (DE) o "1 Dieldrin (DE)
—E| . Endosulfan (ED) = 80 1 Endosulfan (ED)
T
2 40 S
= S 60 |
n —
g 30 1 §
2 20 - 2 4]
= >
> X
Q o
= 419 1 < 20
< S
»n <
i - ]
’ NSRS &
c’o‘\\‘ 16‘(\ ‘.)Q((\ 16‘(\ ‘\00((\ QQ«\ o

Figure 2. Effect of varying concentrations of organochlorine pesticides on indole-3-acetic acid (A) and siderophore production: salicylic acid (B)
and 2,3-dihydroxybenzoic acid (C) synthesized by E. cloacae strain EAM 3S. In this figure, the line diagram and histograms represent the mean
values of three replicates (n = 3). Corresponding error bars represent the standard deviation (SD) of three replicates (SD, n = 3). The asterisks *,
** and # denote statistical significance at p < 0.05, p < 0.005, and p < 0.001, respectively, computed by Student’s t-test.

type siderophores; SA (50.6 + 6.1 ug mL™') and 2,3-DHBA
(77 + 9.1 ug mL™"). The siderophore-producing ability of the
strain decreased consistently with addition of 25—200 uM
concentrations of each organochlorine pesticide. For example,
among all of the pesticides, ES showed the maximum
inhibitory effect and it reduced SA and 2,3-DHBA by 85 and
82%, respectively, over the untreated control (Figure 2B,C).
While comparing the mean values, the synthesis of salicylic
acid decreased in the order ES (mean value = 117 yug mL™") >
DE (mean value = 154 yg mL™") > CP (mean value = 169 ug
mL™') > BHC (mean value = 176 ug mL™"). Similarly, the
reduction in 2,3-DHBA synthesis showed the following
pattern: ES (mean value = 187 g mL™") > CP (mean value
=253 ug mL™") > DE (mean value = 282 g mL™") > BHC
(mean value = 287 ug mL™"). The possible mechanism behind
the decreased bacterial siderophore is the adsorption of
chemical pesticides on the microbial cell surface and therefore
it affects the transport of ions. Sometimes respiratory arrest/
loss is reported, leading eventually to the death of bacteria
while growing under pesticide stress. In the sequence of these
events, changes take place in the oxidoreduction level and,
depending on the chemical composition and dose of chemical
pesticides, the microorganism concerned may be unable to
survive and bacterial growth and physiological activity become
slower. Therefore, the release of active biomolecules including
siderophores by bacterial species was altered. In a similar study,
the effects of different groups of organophosphate pesticides,
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viz., glyphosate, phorate, monocrotophos, acephate, and
glyphosate, on the siderophore-producing ability of soil
microbes like P. fluorescens, R. leguminosarum, B. brevis, A.
vinelandii, and S. typhimurium have been reported.'® In
addition, a constant and concentration-dependent decrease in
the synthesis of phenolate-type siderophores (SA and 2,3-
dihdroxy benzoic acid) released by B. subtilis has been reported
when cultured in liquid medium supplemented with different
groups of fungicides.”

P-solubilization under Organochlorine Pesticides.
Solubilization of the insoluble form of inorganic phosphate
(iP) into its soluble form is the characteristic feature of soil
microbes inhabiting various environmental conditions.*’ The
qualitative and quantitative phosphate-solubilization potential
of the E. cloaceae strain under variable concentrations of
organochlorine pesticides (OCPs) was evaluated by growing
the bacterium in liquid PKV medium (Table 3). It was noticed
that the quantity of P-solubilization in liquid broth decreases
with increasing concentrations of pesticides from 25 to 200
#M. Among the concentrations, the higher doses (200 yM)
showed the maximum toxic effect. As an example, at a 200 yM
dose and after 2 days of incubation, BHC, CP, DE, and ES
decreased the phosphate-solubilization potential of E. cloaceae
strain EAM 35 by 77% (decreased from 278 to 62 ug mL™"),
81% (from 278 to S1 ug mL™"'), 68% (from 278 to 87 ug
mL™"), and 86% (from 278 to 38 ug mL™"), respectively, over
the control (278 g mL™"). While comparing the mean values
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Figure 3. Time- (0—22 h) and concentration (25—200 xM)-dependent growth inhibition of E. cloacae EAM 3S. In this figure, panels (A, B, C, and
D) represent the growth curves of the bacterium under varying concentrations of benzene hexachloride (A), chlorpyrifos (B), dieldrin (C), and

endosulfan (D).

of OCPs, the maximum negative effect on PSA was observed in
the following order: ES (mean value = 82.6 ug mL™') > CP
(mean value = 93.2 g mL™") > DE (mean value = 113.6 ug
mL™") > BHC (mean value = 127 ug mL™"). Also, a significant
drop in the pH value of inoculated and OCP-treated PKV
liquid broth was recorded at different intervals. It has been
reported by many workers that the P-solubilization property of
soil bacteria is due to the drop in pH, which has been
associated with their ability to secrete low-molecular-weight
organic acids such as citric acid, oxalic acid, malic acid, acetic
acid, succinic acid, maleic acid, gluconic, 2-ketogluconic acid,
etc. The changes in pH values of liquid medium under
pesticide pressure are consistent with the decline in the P-
solubilizing efficiency of strain EAM 35. These changes may
occur probably due to the reduction in the secretion of
bacterial organic acids or the degraded byproducts of
pesticides; truly, both the factors might be involved in uplifting
the pH of pesticide-amended liquid medium. Similar to the
present finding, the pesticide-concentration-dependent inhib-
itions in the P-solubilization potential of a soil beneficial isolate
A. vinelandii along with the drop in pH of liquid broth have
recently been reported.”

Growth Behavior and Log,, CFU/mL Counts under
OCP Stress. The growth response of E. cloacae strain EAM 35
to different concentrations of four organochlorine pesticides
varied (Figure 3). In the early lag phase, strain EAM 35 grew at
a snail’'s pace, which, however, increased linearly with
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increasing growth periods, and thereafter it declined sharply.
In the presence of 25 M concentrations of each pesticide, the
bacterial strain survived somehow better. In contrast, among
the concentrations of OCPs used, the higher (200 M) doses
had the maximum severe damaging effect on bacterial growth.
While comparing the toxicity of higher concentrations (200
M) of all organochlorine pesticides to bacterial growth, the
sensitivity followed the order ES > DE > CP > BHC. The toxic
effect of other pesticides as observed in another study while
developing the bacterial strain in pesticide-containing liquid
broth*' was possibly be due to the better solubility and
mobility of such chemical pesticides relative to those observed
on solid medium. The growth inhibition as observed in this
study could, therefore, be probably due to the transport/
uptake of OCP ions across the membranes. Likewise, the
inhibitory effect of pesticides on the growth kinetics of soil
isolates cultured in nutrient medium added with pesticides has
previously been reported.*” The increasing concentration of
different groups of pesticides reduced the CFU count of P.
fluorescens and P. putida under in vitro conditions.*’
Pesticide-Induced Surface Morphological Distortion.
The OCP-induced surface morphological changes in strain
EAM 35 were assessed by growing the bacterial cells in liquid
broth treated with 200 uM each benzene hexachloride,
chlorpyrifos, dieldrin, and endosulfan along with control
(without any OCPs). The SEM microscopic images revealed
a distorted/ruptured and disordered rod-shaped bacterial cell
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(Figure 4, panel I B, C, and D). The OCP-treated cells had a
large number of gaps, pits on both cellular facets, and
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Figure 4. Scanning electron microscopy images of E. cloacae strain
EAM 35 cultured in NB without (A) and with 150 #M concentrations
of benzene hexachloride (B), chlorpyrifos (C), and endosulfan (D).
The red and yellow circles and arrows represent the damage/
distortion in the surface morphology of bacterium after the exposure
of OCPs.

of E. cloaceae EAM 35 revealed the increasing number of dead/
injured cells observed in the form of red short rods (Figure
SB—E) compared to untreated control cells (Figure SA). Cells

Control

200 uM BHC

200 uM CP

200 uM DE 200 pM ES

Figure 5. Pl-stained confocal laser scanning microscopy images of E.
cloacae strain EAM 3S: panel (A) shows untreated control cells with
no red rod-shaped cells, whereas panels (B, C, D, and E) represent the
red rods treated with 200 uM each benzene hexachloride,
chlorpyrifos, dieldrin, and endosulfan. In these images, red rods
depict membrane-compromised cells.

fragmented and disorganized cell structure over untreated
control cells. In contrast, untreated bacterial cells appeared as
smooth and rod-shaped and displayed intact/undamaged
surface morphology (Figure 4A). The microscopic examina-
tion observed in this finding therefore confirmed the toxic/
inhibitory action of OCPs. The obliteration/damage in
bacterial cells by OCPs could be attributed to an accumulation
of such toxic chemicals in the bacterial membrane, which
might have altered the membrane potential, eventually leading
to cell death. Similarly, the morphological distortion/
alterations in B. cepacia cells have been observed under a
scanning electron microscope when bacterial cells were
exposed to herbicide glyphosate.”’ The pesticide-induced
structural deformation causing significant aberration, cracks,
and gaps in two soil beneficial Pseudomonas spp.'” has been
reported.

Membrane Permeability under Pesticide Stress. In
this study, the extent of cellular injury caused by OCPs to the
cells of E. cloaceae EAM 35 was evaluated in terms of cellular
membrane permeability deliberated by staining the bacterial
cells with a fluorescently labeled dye, propidium iodide (PI).
For the assessment, strain EAM 35 was cultured in a medium
supplemented with an increasing dosage (25—200 yM) of test
OCPs, stained with red-emitting red fluorescence DNA-bound
dye PI (excited at 532 nm), and images were recorded under a
confocal microscope. CLSM examination of OCP-treated cells
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of bacterial membranes act as selectively permeable barriers for
a variety of molecules; however, if permeability increases, cells
may take up excessive quantities of materials present in their
surroundings.”* Therefore, toxic chemicals including pesticides
increase access to intracellular locations and put forth the
damaging effect generally in the form of generation of reactive
oxygen species. These DNA-bound dyes were not taken up by
metabolically active cells. However, they can easily bind to the
nucleic acids of membrane-compromised cells. Recently, Khan
et al.'” have reported increasing number of dead cells of
Pseudomonas sp. after exposure to increasing concentrations of
fungicides (hexaconazole and carbendazim).

Biofilm Inhibition. In this finding, the effect of different
OCPs on percent biofilm formation in E. cloacae strain EAM
35 was observed in a dose-related manner. The inhibition of
biofilm formation by BHC, CP, DE, and ES (Figure 6 panels b,
¢, d, and e) against strain EAM 35 was statistically (p < 0.0, p
<0.005andp < 0.001) significant. The higher concentrations
of OCPs had the maximum negative impact on the biofilm-
formation ability of strain EAM 35. For instance, at 200 uM
concentrations of each BHC, CP, DE, and ES, the biofilm-
formation ability of strain EAM 35 was greatly reduced by 42,
44, 69, and 79%, respectively, over the untreated control
(Figure 6A). The biofilms formed by bacterial species are a
complex mixture of glycocalyx matrices that are produced by
the cross-talk between quorum sensing molecules that may also
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Figure 6. Impact of different concentrations (25—200 uM) of organochlorine pesticides on biofilm formation (%) by E. cloacae strain EAM 35 after
24 h of incubation. In the figure (A), panel (a) represents the untreated control, whereas panels (b, ¢, d, and e) depict the biofilm inhibition after
the exposure to 200 uM each BHC, CP, DE, and ED, respectively. In figure (B), the histograms represent the mean value of biofilm percentage
over the untreated control (100%), while error bars show standard deviation (SD, n = 3) with a significance of *p < 0.05, **p < 0.00S, and p <

0.001.

facilitate the development of other virulence factors
(pyocyanin, rhamnolipids, motility, etc.).” In this study, the
test pesticides inhibited the formation of bacterial biofilms.
The disruption/inhibition could possibly be due to the cellular
damage/injury in the bacterial cell membrane, altering the
permeability, which leads to the leakage/outflow of intra-
cellular content that prevents the synthesis of extrapolymeric
substances and other virulence factors.*®*” Also, the inhibitory
effect of OCPs on the bacterial biofilm could be attributed to
the malfunctioning/damage of water channels throughout the
biofilm, which are present for the transportation of nutrients.
Furthermore, the chemical pesticides may directly diffuse/
disrupt the layer of EPS and exert an antimicrobial action.
Likewise, in another studies, pesticides and other chemical
compounds inhibited the bacterial biofilms formed by A.
chroococcum, B. thuringiensis, P. mosselii, and S. meliloti under in
vitro conditions.**

B CONCLUSIONS

The varying levels of OC pesticides, viz., benzene hexachloride,
chlorpyrifos, dieldrin, and endosulfan exhibited a visible
toxicity to the E. cloacae EAM 3$ strain. The inhibitory
potential of OCPs was apparent through the decline in plant-
growth-promoting (PGP) traits, growth kinetics, and CFU
counts. Also, reduced P-solubilization along with a drop in the
pH of liquid medium and inhibition of biofilm-formation
ability of the bacterial strain was clearly observed with
increasing concentrations of each OC pesticide. In addition,
the distorted surface morphology and membrane disintegration
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were proved by a set of microscopic observations.
Furthermore, pesticides altered the metabolic pathways,
leading to synthesis of indole-3-acetic acid and siderophore
(SA and 2,3-DHBA). Conclusively, the present finding
requires the attention of the workers and suggests that before
applying the pesticides in agronomic practices, their recom-
mended field doses should be clearly known and carefully

monitored.

B EXPERIMENTAL SECTION

Isolation and Biochemical Characterization of Bacte-
rial Isolates. Soil samples were collected from pesticide-
polluted rhizospheres of chili (Capsicum annuum) and tomato
(L. esculentum). Soil samples were serially (10™'—1077) diluted,
and 100 uL of soil suspensions was spread-plated on
Pikovskaya (PVK) agar plates added with 5.0 g L™ tricalcium
phosphate (TCP). The PKV plates were incubated at 28 + 2
°C for 4—5 days until the zone of solubilization appeared
around the bacterial colonies. A total of 40 phosphate-
solubilizing isolates were recovered and maintained on the
same medium. Furthermore, the morphological and biochem-
ical identification of all of the isolates was done using standard
protocols.*’

Determination of Minimum Inhibitory Concentration
(MIC) and Molecular Identification of Selected Isolates.
The MIC of all recovered strains (N = 40) was determined by
growing them on nutrient agar (NA) plates supplemented with
variable (12.5, 25, 50, 75, 100, 125, 150, 175, 200, 225, 250,
and 300 uM) concentrations of all OCPs, viz., benzene
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Table 4. Chemical Properties of Organochlorine Pesticides (OCPs) Used in the Study

Properties Benzene hexachloride Chlorphyrifos (CP) Dieldrin Endosulfan (ES)
(BHC) (DE)
Common name Gammaxene, Brodan, Bolton Dieldrin, HEOD Benzoepin, Endocel,
Gammallin insecticide, Chlorpyrifos- Phaser, Thiodan
ethyl
Chemical name 1,2,3,4,5,6- 0,0-diethyl 0-(3,5,6- (1aR,2R,2aS,3S,6R,6aR,7S,7aS)-  6,7,8,9,10,10-Hexachloro-

hexachlorocyclohexane

trichloro-2-pyridinyl)-

3,4,5,6,9,9-hexachloro- 1,5,5a,6,9,9a—hexahydro-

phosphorothioate 1a,2,2a,3,6,6a,7,7a-octahydro- 6,
2,7:3,6-dimethanonaphtho[2,3- 9-methano-2,4,3-
bJoxirene benzodioxathiepine-3-
oxide
Chemical Organochlorine Organochlorine Organochlorine Organochlorine
family
Chemical C6H6Cl6 CoH,;;CL5NOsPS C12H8Cl60 CoHeC1605S
formula
Grade Technical Technical Technical Technical
Physical colorless solid with a Colorless crystals colorless to light tan crystals Brown crystals, slight
appearance slight musty odour sulfur dioxide odor
Molecular 290.83 g/mol 350.59 g/mol 380.91 g/mol 406.90 g-mol—1
weight
Chemical a ﬁ &
structure C'J:::‘:C' Cl_N_OP(OCH;CHs), ci % o
. " U lereqer - L
a oAl cl 0 °
of
Solubility Water, chloroform Water Water Water

hexachloride (BHC), chlorpyrifos (CP), dieldrin (DE), and
endosulfan (ES) (Table 4). The freshly grown bacterial cells
were spot-inoculated on OCP-added NA plates and incubated
at 28 + 2 °C for 2—3 days. After incubation, the growth of
bacteria was checked and MIC was determined. MIC is
generally defined as the minimum concentration at which no
visible growth of bacterial cultures occurs.

Among the 40 P-solubilizing isolates, strain EAM 35 showed
the greatest halo (zone of solubilization) (19 mm) around its
colonies on PKV plates. Therefore, we decided to identify the
strain at the species level using 16S rRNA partial gene
sequence analysis (for detailed description of DNA isolation,
gel extraction, purification, and PCR, see Supporting
Information Section S4.2). For this, strain EAM 35 was sent
to Macrogen Inc., Seoul, South Korea (commercially
available), for further analysis. The sequences received from
Macrogen were analyzed using the BLASTn program available
online and matched with the data accessible from the data
bank at the NCBI (http://www.ncbi.nlm.nih.gov/BLAST) to
find the similarities with known taxonomic information. The
nucleotide sequences were deposited in the GenBank sequence
database for accession number. Afterward, the phylogenetic
tree was constructed.

Effect of OCPs on PGP Traits of E. cloacae EAM 35.
Indole-3-acetic Acid (IAA) Activity. The effect of organo-
chlorine pesticides on the IAA-producing ability of E. cloacae
EAM 35 was evaluated by growin% it in 25—200 uM OCP-
treated Luria—Bertani (LB) broth.”® (For detailed description
of spectrophotometric determination of IAA, see Supporting
Information Section S4.2.1).

Siderophore Production. The siderophores (iron chelating
compounds) [salicylic acid (SA) and 2,3-dihydroxybenzoic
acid (DHBA)] synthesized by bacterial isolate EAM 35 were
measured by growing them in chrome azurol S (CAS) agar
(Himedia, India) and liquid Modi medium supplemented with
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various concentrations of organochlorine pesticides followin§
the method of Alexander and Zuberer’' and Reeves et al.,’
respectively.

Phosphate Solubilization. To assess the impact of OCPs
on the P-solubilizing potential of strain EAM 35, bacterial cells
were cultured in Pikovskaya (PKV) broth treated with different
concentrations of OCPs. For the quantitative measurement,
20—200 uM concentrations each of BHC, CP, DE, and ES
were added individually to 100 mL of PKV broth, inoculated
with 1 mL of bacterial culture (10® cells mL™"), and incubated
at 28 + 2 °C with intermittent shaking (at 120 rpm). The
available P was measured in the bacterial supernatant on 2nd,
4th, 6th, 8th, and 10th days after incubation. The change in pH
values of liquid PKV following P-solubilization was also
recorded.”

Surface Morphology Assessment of OCP-Treated Bac-
teria. The OCP-induced changes in the surface morphology of
the bacterium were assessed following the protocol as
previously described by Shahid and Khan.” For the assess-
ment, cells of strain EAM 35 were grown in NB medium
supplemented with 100 #M concentrations each of BHC, CP,
DE, and ES at 28 + 2 °C for 24 h (see Supporting Information
Section S4.3 for cell harvesting and sample preparation for
scanning electron microscopy).

Determination of Cellular Membrane Injury. To examine
the membrane-damaging potential of the test pesticides, the
strain EAM 35 was cultured in NB broth. After 12 h of
incubation, the growing bacterial cells were treated with 25—
200 #M concentrations of each OCP and further incubated for
6 h in shaking conditions (at 120 rpm). The harvesting of cells
was done using centrifugation (10000 rpm, S min), and cell
pellets were washed at least three times with sterile phosphate
buffer saline (PBS) and tagged with a mixture solution of
fluorescently labeled DNA-binding dyes, propidium iodide
(PI) and acridine orange (AO), at a concentration of S0 yM

https://dx.doi.org/10.1021/acsomega.0c05931
ACS Omega 2021, 6, 5548—5559


http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05931/suppl_file/ao0c05931_si_001.pdf
http://www.ncbi.nlm.nih.gov/BLAST
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05931/suppl_file/ao0c05931_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05931/suppl_file/ao0c05931_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05931?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05931?fig=tbl4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05931?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

for 20 min at room temperature. Cells were washed with PBS
and visualized on a glass slide under a confocal laser scanning
microscope (Leica TCS CLSM; Leica Microsystems, Ger-
many), and numbers of active and dead cells were counted.

Bacterial Growth Kinetics and CFU Counts under
Pesticide Stress. The kinetics of bacterial growth was
determined by growing strain EAM 35 in NB medium
containing 0—200 uM concentrations of BHC, CP, DE, and
ES. The pesticide-supplemented and bacterium-inoculated
broth was maintained at 28 + 2 °C on a shaking incubator,
growth was measured spectrophotometrically at 620 nm at
regular intervals, and the growth curve was plotted."” For CFU
count, 0.1 mL volume of the 24 h grown culture from each
exposure concentration was spread-plated on nutrient agar
(NA) medium and incubated under the abovementioned
growth conditions to count the viable cells. The number of
colony forming units (CFU) per mL was converted to log;,
CFU/mL and plotted as a function of pesticide concentration.
The CFU was calculated as follows

colony forming unit (CFU)

number of colonies X dilution factor

volume plated

Determination of Biofilm Formation. To assess the biofilm
formation by E. cloacae strain EAM 35, the absorbance-based
crystal violet (CV) method was followed as described by Khan
et al.> In brief, bacterial strains were exposed to 25—200 uM
concentrations each of BHC, CP, DE, and ES.

Statistical Analysis. Data were statistically analyzed using
SigmaPlot 12.0 and Minitabl7 software packages. Tests
included two-way analysis of variance (ANOVA) followed by
post hoc least significant difference (LSD). Student’s t-test was
used where applicable.
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