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Abstract Imidacloprid, used against mango hopper, is
a persistent insecticide in soil. Microbes have the ability
to remove toxic pesticides from soil surface.
Metagenomic is an approach for understanding the di-
versity and related metabolic activities in any environ-
mental sample without culturing the microbes.
Metagenomic analysis of mango orchard soil was car-
ried out using 16S rRNA gene sequencing to understand
the impact of imidacloprid on soil microbial population.
In control and imidacloprid applied soil samples, repre-
sentative sequences clustered were 0.142930 and
0.082320 million, respectively. At the kingdom level,
85 and 88 percent represented to bacteria, 2 and 1
percent to archaea, and 13 and 11 percent to unassigned
for control and treated metagenomes, respectively. At
phylum level, 16 and 17 percent of OTUs (operational
taxonomic units) were assigned with Proteobacteria,
while 13 and 11 percent of OTUs were unassigned in
control and imidacloprid-treated samples, respectively.
The other abundant phyla in both the samples were
Planctomycetes, Bacteroidetes, and Actinobacteria. At
class level, 9 and 11 percent of OTUs were assigned
with Planctomycetia in control as well as imidacloprid-
treated samples, respectively. A number of OTUs pres-
ent in control and imidacloprid applied samples are
31,173 and 21,909, respectively, with 18,018 number
of OTUs shared between the two samples. The genus

Gemmata totally disappeared in imidacloprid applied
soil, while those belonging to class Phycisphaerae, ge-
nus Prevotella and species copri were identified in
imidacloprid treatment. Bacterial community transfor-
mation was evident from this study indicating possible
microbial bioremediation of imidacloprid in mango or-
chard soil.
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Introduction

Mango (Mangifera indica L.), a commercially impor-
tant fruit, suffers from insects infestation throughout its
developmental stages which requires spraying of many
insecticides to obtain better yield. Hopper (Amritodus
atkinsoni, Idioscopus clypealis, and Idioscopus
nitidulus) was detected as a serious pest of mango
causing up to 50 percent crop loss in cases of severe
infestation (Anonymous 2010). This insect is expected
to emerge from the last week of February to first week of
March. In order to control mango hoppers (if hopper
population is more than 5 per panicle) spray of
imidacloprid [1-(6-chloro-3-pyridinyl)methyl)-N-nitro-
2-imidazolidinimine], a neonicotinoid insecticide, at
0.005% (0.3 mL/L of water) is recommended at early
stages of panicle formation (Anonymous 2010). It is a
polar compound with good water solubility, relatively
non-volatile and persistent in soil with a long residual
life varying from 28 to 1250 days depending upon the
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soil type (Baskaran et al. 1997; Sarkar et al. 2001;
Goulson 2013). Since after spraying on trees, a portion
of imidacloprid come down in contact with soil flora
and fauna, which can contaminate both soil and ground
water (through leaching) and thereby have a chance to
be accumulated in the food chain. When not exposed to
light, imidacloprid breaks down slowly in water and
thus has the potential to persist in groundwater for
extended periods. A water monitoring study by Califor-
nia Department of Pesticide Regulation have reported
imidacloprid in 89 percent of samples with levels rang-
ing from 0.11 to 3.29 μg/L. Nineteen percent of the
samples exceeded the USEPA (United States Environ-
mental Protection Agency) threshold level of
imidacloprid (1.05 μg/L) for chronic toxicity for aquatic
invertebrates (Starner and Goh 2012).

Microbial bioremediation can be considered a cost-
effective tool for the detoxification of pesticides (Li
et al. 2012). Microbial research has generally focused
on the study of culturable bacteria; however, only a
small proportion of bacterial population is culturable.
A vast portion of bacterial community remains unstud-
ied. Molecular identification of dominant culturable mi-
crobes isolated from imidacloprid applied soil revealed
the presence of Pseudomonas mosselii strain NG1,
NCBI (National Centre for Biotechnology Information,
USA) accession no.MN227542 (Pseudomonasmosselii
n.d) (Bhattacherjee et al. 2020) and Sphingobacterium
mucilaginosum strain NG201, NCBI accession no.
MN818683 (Sphingobacterium mucilaginosum n.d)
(unpublisheddata). For predicting the best strategy for
biodegradation, understanding of microbial processes in
individual sites is essential because microbes are the
primary pollutant degraders in contaminated soil
(Jeffries et al. 2018). The published reports on the effect
of imidacloprid on soil microorganisms have indicated
that imidacloprid can influence the community structure
of soil bacteria, ammonia-oxidizing archaea, and
ammonia-oxidizing bacteria along with the decrease in
biomass and soil enzymatic activities (Cycoń et al.
2013; Cycoń and Piotrowska-Seget 2015a, b; Wang
et al. 2014). The influence of imidacloprid on soil mi-
crobial communities has proved that it can adversely
affect different groups of soil microorganisms (Ahmed
and Ahmad 2006; Singh and Singh 2005). These reports
suggested that imidacloprid can be potentially risky to
the soil biochemical characteristics and microbial activ-
ity. Several workers have studied the effects of
imidacloprid on the biodiversity of soil microbes in

different countries using different techniques, viz., mo-
lecular markers like ERIC-PCR (enterobacterial repeti-
tive intergenic consensus-polymerase chain reaction)
and RAPD-PCR (random amplified polymorphic
DNA-polymerase chain reaction) in contaminated soils
of Cameron Highlands, Malaysia (Moghaddam et al.
2011), denaturing gradient gel electrophoresis (DGGE)
in saline soils from Yellow River Delta, China (Zhang
et al. 2015); next-generation sequencing (NGS) in
agrosoddy-podzolic soil of Moscow, Russia
(Astaykina et al. 2020); etc. With the help of next-
generation DNA sequencing approach, metagenomic
analysis can be utilized to obtain more information on
the interaction between microbial taxonomy and regard-
ing those bacteria which are contributing to the func-
tioning of soil and are viable but not culturable (Amann
et al. 1995; Hugenholtz and Tyson 2008). Until date, the
metagenomic analysis for investigating the detailed
structure of bacterial communities/populations in soil
ecosystem under mango orchards and their response to
contamination with imidacloprid treatment have not
been reported so far. Thus, the present study was under-
taken to assess the influence of imidacloprid application
on soil bacterial diversity using 16S ribosomal RNA
gene (rDNA)-based metagenomic analysis.

Materials and methods

Soil samples were obtained from imidacloprid-treated
(0.005%) and untreated (control) soils as per standard
procedure. Soil of mango orchard is loam to sandy loam
type with pH 7.6, bulk density between 1.40 and 1.60
g/cm3, particle density between 2.26 and 2.32 g/cm3,
and water holding capacity 21.5 percent. The physico-
chemical properties of soil were organic carbon 0.48 per
cent, phosphorus between 15 and 18 mg/kg, potassium
90 and 100 mg/kg, zinc 0.3 and 0.5 mg/kg, copper 0.25
and 0.40 mg/kg, iron 12 and 15 mg/kg, and manganese
7 and 10 mg/kg. DNA for metagenomic analysis was
extracted from treated and control soils using genomic
DNA isolation research kit according to the manufac-
turer’s protocol (Chromous Biotech Pvt. Ltd., Bengalu-
ru, India). Twenty-five nanogram DNAs were used to
amplify 16S rRNA hyper variable regions V3–V4. The
reaction includes KAPA HiFi HotStart Ready Mix and
10-μM final concentration of modified 341F and 785R
primers (Klindworth et al. 2013). The PCR program
involved an initial denaturation of 95 °C for 5 min
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followed by 25 cycles of 95 °C for 30 s, 55 °C for 45 s,
and 72 °C for 30 s and a final extension at 72 °C for
7 min using primers, viz., forward primer (V3V4F:5′-
CCTACGGGNGGCWGCAG-3′) and reverse primer
(V3V4R:5′-ACTACHVGGGTATCTAATCC-3′). The
amplicons were purified using Ampure beads to remove
unused primers, and this was followed by 8 cycles of
PCR using Illumina barcoded adapters to prepare the
sequencing libraries.

Steps adopted in 16S rRNA gene sequencing and
analyses through metagenomics are depicted in Fig. 1.
The library was further sequenced on Illumina MiSeq
platform using 2 × 250 paired-end (PE) chemistry which
generated 0.5 million reads per sample. The quality
check of raw reads was carried out by FastQC (v
0.11.7) (Andrews 2017), trimmed (TrimGalore v
0.5.0) (Babraham 2017) to remove adapter contamina-
tion, further processed to remove gaps and overhangs
(UCHIME algorithm) (Edgar et al. 2011), and filtered
using GREENGENES v.13.8-99 (DeSantis et al. 2006).
The contigs were then clustered into operational taxo-
nomic units (OTUs). After the classification, OTU
abundance was estimated. Phylogenetic Investigation
of Communities by Reconstruction of Unobserved
States (PICRUSt) was used to predict gene family abun-
dance (Langille et al. 2013). Metagenomes were pre-
dicted using predict metagenomes.py script and used for
further downstream analysis using Quantitative Insights
Into Microbial Ecology (QIIME v.1.9.0) (Kuczynski
et al. 2011). Paired end data were given as input in
QIIME and OTU were assigned to similar sequences;
UCLUST algorithm was used at sequence similarity
threshold of 97 percent against Greengenes as the refer-
ence database for picking up OTUs. The output files
from the QIIME are analyzed for the taxonomic classi-
fication using microbiome analyst, which is an online
comprehensive statistical, visual, and meta-analysis
of microbiome data available at https://www.
microbiomeanalyst.ca/faces/home.xhtml. The
alpha-diversity (Shannon index) of metagenomic
profiles was calculated on biome formatted output
tables from FOCUS/SUPERFOCUS (SUbsystems
Profile by databasE Reduction using FOCUS)
using the QIIME software (Caporaso et al. 2010).
Sequence information generated was submitted in
the NCBI database, and Sequence Read Archive
(SRA) submission hyperlink is https://submit.ncbi.
nlm.nih.gov/subs/sra/SUB6674392/overview
(Metagenome of mango orchard soil n.d).

Results and discussion

Amplicon sequencing of V3–V4 region of 16S rRNA
gene revealed that in treated and control sample, a num-
ber of representative sequences clustered were 0.142930
and 0.082320 million, respectively. QIIME analysis of
the sequenced data resulted in identification of operation-
al taxonomic units (OTUs) which were used to classify
the bacterial population present in the samples at phylum,
class, family, order, genus, and species levels. Table 1
depicts the results of rarefaction analysis based on
Mothur v.1.21.1 to reveal the diversity indices, including
the ACE (abundance-based coverage estimator), Chao,
Simpson, and Shannon diversity indices. Alpha-diversity
indexes are composite indexes reflecting abundance and
consistency. The rarefaction analysis indicated that OTU
abundance as reflected by ACE index was higher
(58087.57) in control soil compared to that (43642.26)
in treated one. The diversity of OTU represented in terms
of Shannon index was relatively higher in treated sam-
ples (8.98) compared to that in control soil (8.76). The
lower OTU abundance in treated soil might be due to the
fact that pesticides have inhibitory effect on microorgan-
isms (Yousaf et al. 2013). Muturi et al. (2017) have
reported a significantly lower number of OTUs in mala-
thion, carbaryl, and permethrin treated container aquatic
habitats compared to control. Using observed species
measure, sample C1S22 (imidacloprid treated) was found
more diverse compared to the control sample C2S23
(Fig. 2). Higher diversity in pesticide added soil is ex-
plained on the basis that depending on biotic and abiotic
factors, microorganisms adapt to the environment, and
accordingly environmental conditions select for microor-
ganisms featuring specific capabilities (Shah et al. 2012).
Kim et al. (2002) have reported the presence of the
bacteria with cytochrome genes directly involved in the
degradation process of organic carbon compounds. Fig-
ure 3 depicting heat map illustrates that the abundance of
phyla in imidacloprid-treated (C1S22) samples are rela-
tively diverse.

Total number of OTUs picked was 47,930, out of
which 85 and 88 percent were classified with kingdom
Bacteria in treated and control sample, respectively. At
phylum level, 16 and 17 percent of OTUs were assigned
with Proteobacteria in treated and control samples, re-
spectively, whereas 13 and 11 percent were unassigned
(Table 2). The other phyla abundant in all the samples
were Planctomycetes (13 and 16% of OTUs),
Bacteroidetes (13 and 13% of OTUs), Chloroflexi (12
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and 13% of OTUs), and Actinobacteria (10 and 7% of
OTUs). At class level, the abundant classes were
assigned to Planctomycetia (9 and 11% of OTUs),
Anaerolineae (9 and 10% of OTUs), Saprospirae (8
and 9% of OTUs), and Alphaproteobacteria (7 and 8%
of OTUs) in treated and control samples, respectively.
At order level, 8 and 9 percent of OTUs were assigned
with Saprospirales in treated and control samples, re-
spectively, followed by Actinomycetales (7 and 5% of
OTUs). At family level, 7 and 9 percent of OTUs were
assigned with Chitinophagaceae in treated and control
samples, respectively. Table 2 indicates that application
of imidacloprid in mango orchard soil influenced bacte-
rial community diversity as some bacterial populations
increased and some decreased at different levels, while
some remained same. At the genus level, the OTU
number genera corresponding to Rhodoplanes, order
Myxococcales, and class Betaproteobacteria remained
the same in imidacloprid applied and control soil but
that of class Gammaproteobacteria and order
Pedosphaeral decreased in treated soil by 33 percent.
The genusGemmata totally disappeared in imidacloprid
applied soil, while those belonging to class
Phycisphaerae and genus Prevotella species copri ap-
peared additionally (Figs. 4 and 5). At the genus level, 6
and 7 percent of OTUs were assigned with unassigned
genus within the Chitinophagaceae family in treated and
control samples, respectively.

Microorganisms are vital for the bioremediation of
pesticides. Addition of pesticide affects the growth of
certain bacteria while promoting growth of others. Shah

et al. (2013) have reported that phylum Proteobacteria is
present in higher proportion in heavy metal contamina-
tion, waste-water treatments, and other contaminated
sites all over the world. The number of OTU
representing unassigned phylum supports the
observation of relatively higher diversity in treated
samples. Shah et al. (2012) have also reported that a
sub-community comprising diverse organisms collec-
tively interacts to perform all the metabolic reactions
for bioremediation in pesticide-applied soils.
Moghaddam et al. (2011) have reported that long-term
application of imidacloprid adversely affected the soil
bacterial community and the numbers of viable gram-
negative bacteria in soil could be reduced due to its
application, and presence of its residues in soil could
be harmful to selective soil microbial communities. Our
findings clearly indicated that application of
imidacloprid in mango orchard soil influenced
bacterial community diversity as some bacterial
populations increased and some decreased at different
levels while some remained the same. As shown in
Table 2 at the phylum level, in imidacloprid applied
soi l , the populat ion of OTUs belonging to
Proteobacteria, Planctomycetes, Chloroflexi, and
Ver rucomic rob ia dec reased , whi l e tha t o f
Actinobacteria increased. Cyanobacteria were
observed in treated soil, while those were absent in
control soil. Kuritz (1998) and Kumar and Singh
(2017) have reported Cyanobacteria as agents for the
degradation of pesticides and chlorinated organic
compounds. Our results are in concurrence with
Anhalt et al. (2007) who have reported the biodegrada-
tion of imidacloprid in soil by Leifsonia sp. Latter be-
long to phylum Actinobacteria whose OTU increased
by 30 per cent in treated soils. Shetti and Kaliwal (2016)
reported that in laboratory studies, application of
imidacloprid at 125, 250, 500, and 1000 ppm levels
resulted in 9.80, 08.40, 6.73, and 5.60 × 106 colonies
(p < 0.05) when compared to 11.05 × 106 colonies in
control plates. In the field studies, imidacloprid-treated
fields showed a significant (p < 0.05) decline in bacterial

Fig. 1 Steps of metagenomic
analysis using 16S rDNA (V3–
V4) region

Table 1 Diversity measures between imidacloprid-treated
(C1S22) and control (C2S23) soil samples

Group Ace Chao Simpson Shannon

C1S22
(treated)

43642.25620 38157.45827 0.01608 8.981899

C2S23
(control)

58087.56623 37307.72115 0.001703 8.765675
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counts. Cycoń and Piotrowska-Seget (2015a) have ob-
served a negative effect by imidacloprid applied at the
field rate (1 mg/kg soil) dosage for the number of total

bacteria in soil as it affected the physiological state of
culturable bacteria and caused a reduction in the rate of
colony formation. The same authors (2015b) have

Fig. 2 Alpha-diversity measure
between imidacloprid-treated
(C1S22) and control (C2S23) soil
samples using observed species
measure

Fig. 3 Heat map plot depicting relative abundance of 24 no. of phyla among imidacloprid-treated (C1S22) and control (C2S23) soil samples
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reported that ammonia-oxidizing archaea and ammonia-
oxidizing bacteria community were affected by
imidacloprid treatment and concluded that changes in
their community structures could be due to an increase
in the concentration of N-, which is the most important
factor determining the contribution of these microorgan-
isms to soil nitrification process. The nitrification rate
was decreased, while the ammonification rate was stim-
ulated by imidacloprid application. Cycoń et al. (2013)
have suggested the evolution of bacteria capable of
degrading imidacloprid among indigenous microflora,
wh i c h i s s im i l a r t o ou r f i n d i n g s wh e r e
Sphingobacterium mucilaginosum strain NG201 was
evolved with imidacloprid degradation potential. Signif-
icant increase in bacterial population was observed in
imidacloprid-treated groundnut soil (Singh and Singh
2005). Astaykina et al. (2020) have observed the chang-
es in the abundances of the phyla of Actinobacteria and
Proteobacteria in agrosoddy-podzolic soil of Moscow,
Russia, after the application of three pesticides (herbi-
cide metribuzin, insecticide imidacloprid, and fungicide
benomyl) and imidacloprid stimulated nitrogen fixation in
soil. Using 16S rRNA amplicon and shotgun
metagenomic sequencingmethods, certain bacterial genera
like Chromohalobacter, Marinimicrobium, Idiomarina,
Sal inosphaera , Halomonas , Sphingopyx i s ,

Table 2 Changes in bacterial community diversity as affected by
imidacloprid application to soil

Level % OTU
treated
(C1S22)

% OTU
control
(C2S23)

Phylum p_Proteobacteria 16 17

p_ Bacteroidetes 13 13

p_Planctomycetes 13 16

p_Chloroflexi 12 13

p_Actinobacteria 10 7

p_Acidobacteria 6 7

p_Verrucomicrobia 3 4

p_OD1 and 35 more 2 2

p_Cyanobacteria 4 -

Unassigned 13 11

Class c_Alphaproteobacteria 7 8

c_Deltaproteobacteria 3 3

c_Betaproteobacteria 3 3

c_Gammaproteobacteria 2 3

c_Saprospirae 8 9

c_Phycisphaerae 3 4

c_Planctomycetia 9 11

c_Anaerolineae and 12 more 9 10

c_Acidobacteria-6 and 16
more

2 3

c_Actinobacteria and 8 more 7 5

c_Pedosphaerae 2 3

p_OD1 and 35 more 2 2

c_Chloroplast 3 -

c_Bacteroidia and 7 more 3 -

Unassigned 13 11

Order o_Rhizobiales and 9 more 4 4

c_Betaproteobacteria 3 3

_saprospirales 8 9

Gemmatales 4 5

o_Pirellulales 4 5

o_Actinomycetales and 8more 7 5

o_iii1-15 and 16 more 2 3

Bacteroidales and 7 more 3 -

c_Phycisphaerae 3 -

p_OD1 and 35 more 2 2

o_Pedosphaerales 2 3

c_Gammaproteobacteria 2 3

o_Myxococcales 2 2

o_envOPS12 and 15 more and
12 more

5 5

o_Streptophyta 3 -

o_WD2101 and 9 more - 2

Table 2 (continued)

Level % OTU
treated
(C1S22)

% OTU
control
(C2S23)

Family f_Hyphomicrobiaceae and 9
more

3 3

c_Betaproteobacteria 3 3

f_Chitinophagaceae 7 9

f_Pirellulaceae and 2 more 4 5

f_Gemmataceae 3 4

f_ and 15 more and 12 more 5 5

f_Nocardioidaceae and 25
more and 8 more

3 2

f_ and 16 more 2 2

o_Myxococcales 2 2

c_Gammaproteobacteria 2 3

c_Phycisphaerae 3

f_ 3 3

o_Pedospphaerales 2 2

p_OD1 and 35 more 2 2

f_Prevotellaceae and 7 more 2 -

Unassigned 13 11
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Novosphingobium, Sphingomonas, and Pseudomonas
were found to be more abundant in the soil sample from
the HCH-dumpsite (450 mg HCH/g soil) (Sangwan et al.
2012). Doolotkeldieva et al. (2018) have reported pre-
dominance of bacterial genus Micrococcus belonging to
phylum Actinobacteria in soils from dumping zones for
obsolete pesticides around the Suzak and Balykchy
dumping places of Kyrgyzstan. Using metagenomic
analysis, Bhardwaj et al. (2020) have reported the abun-
dance of orders Erysipelotrichales, Selemonadales,

Clostridiales, and Thermoanaerobacterales exclusively in
soil mesocosm treated with herbicide atrazine. The au-
thors have also mentioned that some bacterial genera like
Pseudomonas, Achromobacter, Xanthomonas,
Stenotrophomonas, and Cupriavidus had emerged as
the dominant members in various bioremediation strate-
gies. They have concluded that inherent microbial flora
have the ability to adjust their community and metabolic
machinery upon exposure to the herbicide.

Fig. 4 Differences in bacterial diversity at genus level (C1S22, treated, and C2S23, control)

Fig. 5 Differences in bacterial diversity at species level (C1S22, treated, and C2S23, control)
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Conclusion

This study is the first of its kind in ascertaining the role
of microbial community variation in mango orchard
soils created by imidacloprid application. The results
indicate that in control soil, total microbial population
abundance is higher, but diversity is lesser. In treated
soil, imidacloprid susceptible microbial abundance de-
creased, while the diversity increased. The number of
unassigned bacteria was higher in treated samples which
might provide explanation for higher diversity. This
suggests the selection and adaptation of potential
imidacloprid degrading microbes in treated soils. This
study gives insights into microbial transformation phe-
nomenon in the mango rhizosphere soil system which
could be exploited for developing microbial bioremedi-
ation consortium.
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