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Abstract — Pesticides have been cited as one of the major drivers of pollinator loss. However, little is known
about pesticide impacts on natural populations of native honey bee species. This study looked into the effect of
pesticides with respect to oxidative stress in the laboratory and in field populations of two native Indian honey
bee species (Apis dorsata and A. cerana) by examining a combination of biomarkers, e.g., superoxide
dismutase, catalase and xanthine oxidase. A significant upregulation of all three biomarkers was observed in
both treated individuals in laboratory experiments and field populations sampled from a pesticide use gradient.
This study reports, for the first time, an increase in expression of xanthine oxidase in an invertebrate system

(honey bees) exposed to pesticides.

Apis cerana | Apis dorsata | enzyme / super-oxide dismutase / catalase / xanthine oxidase / insecticide

1. INTRODUCTION

Pesticide use, apart from loss of natural
vegetation cover (Winfree et al. 2009), has been
cited as one of the major drivers of the recent
decline in pollinator populations (Brittain et al.
2010; Mullin et al. 2010; Henry et al. 2012;
Whitehorn et al. 2012). This assertion is
underpinned by a number of studies that looked
into the toxic impacts of various pesticides on
Apis mellifera or bumble bees through dose or
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exposure—mortality response relationships in
controlled ecotoxicological experiments
(Decourtye et al. 2004; Choudhary et al. 2009;
Brittain et al. 2010; Johnson et al. 2010). Apart
from dose mortality responses, a number of
biomarkers, including fecundity (Cresswell and
Laycock 2012; Henry et al. 2012), sub-lethal
markers like proboscis extension response/re-
flex (Decourtye et al. 2005; Han et al. 2010) or
homing behaviour (Henry et al. 2012) and
physiological markers (Badiou-Bénéteau et al.
2012), have also been used to study the
sensitivity of honey bees to pesticide exposure
in controlled experiments. However, it should
be noted that: a) little is known about the
sensitivities of other native Apis bees apart from
A. mellifera with respect to any of the bio-
markers that have been used so far; and b) there
is a large information gap on the response of
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naturally occurring native honey bee popula-
tions (wild populations of non-exotic species) to
multiple pesticide exposure in field conditions
(Osborne 2012). In view of this, a comparison
of native bee species responses across a pesti-
cide use gradient using combinations of bio-
markers (Badiou-Bénéteau et al. 2012) would
be a crucial and valuable contribution towards
developing a more accurate pesticide regulatory
framework. In the present study, we compare
the sensitivity of two native Apis species of
India in two kinds of agricultural landscapes
with varying degrees of pesticide use.

Honey bees, like other insects, are reasonably
sensitive to a range of chemical insecticides
(Devillers et al. 2002; Stefanidou et al. 2003;
Hardstone and Scott 2010), and bees close to
agricultural areas are particularly vulnerable to
pesticide exposure through multiple routes
(Krupke et al. 2012). A number of physiological
biomarkers of xenobiotics have been investigat-
ed in various animal species (Badiou-Bénéteau
et al. 2012). However, acetylcholinesterase has
been particularly prominent among the physio-
logical markers for xenobiotics studies in honey
bees, and as has been suggested, a combination
of other different physiological response
markers would provide a more precise diagnosis
(Badiou-Bénéteau et al. 2012).

Pesticides are known to cause significant
oxidative stress across a wide range of animal
taxa including insects (Qiao et al. 2005).
Oxidative stress occurs when production of
reactive oxygen species (ROS) exceeds an
organism’s natural anti-oxidative defense mech-
anism (Velki et al. 2011; Nishida 2011), and
such imbalance may result from an overabun-
dance in ROS-producing stressors in the envi-
ronment (Halliwell 2007).

Antioxidant enzymes such as superoxide
dismutase (SOD) and catalase (CAT) are of
vital importance in an organism’s defense
against oxidative stress (McCord and Fridovich
1969; Fridovich 1982; Khessiba et al. 2005;
Schriever et al. 2008; Mamidala et al. 2011),
and both have been associated with pesticide
toxicity in insects (Landa et al. 1991), frogs
(Czarniewska et al. 2003) and also in freshwater
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clams (Conners 2004). A number of anti-
oxidant enzymes, such as SOD, CAT, glutathi-
one S-transferase, glutathione peroxidase and
glutathione reductase, have been reported to
occur in insects (Ahmad et al. 1991; Felton
and Summers 1995; Joanisse and Storey
1996). Increased levels of anti-oxidant en-
zymes would therefore be indicative of the
organisms’ attempt at coping in an oxidative
stress environment.

Free radicals act on important macromolecu-
lar structures of the organism and can cause
severe damage to the physiology of the organ-
ism by interfering with cell components, in-
cluding proteins, lipids, and DNA (Akhgari et
al. 2003; Ranjbar et al. 2005). Imbalance of free
radicals within the body can affect processes
like lipid peroxidation that are vital to the
survival of an animal (Akhgari et al. 2003).
Hence, elevated levels of CAT and SOD could
be an adaptive response to this imbalanced
scenario as a protective mechanism (Akhgari
et al. 2003).

Honey bees may employ a range of mecha-
nisms as defense against pesticides, and the
biochemical route (altered target enzymes and
differential levels of detoxification enzymes) is a
major mechanism for this (Smirle 1988). Honey
bees are known to have an active detoxification
system (Gilbert and Wilkinson 1974; Yu et al.
1984; Smirle 1988). Unlike younger workers,
who mainly perform housekeeping tasks inside
the colony, various mixed function oxidases get
activated in older forager workers, and it has been
suggested that this is a biochemical adaptation
against environmental toxins such as pesticides
and plant allelochemicals (Smirle and Winston
1988). An elevated level of antioxidant enzyme
activities is, therefore, a potential biomarker for
oxidative stress for honey bees in pesticide-laden
environments.

Under normal conditions, xanthine oxidase
(XOX) predominantly exists in an organism in
the form of xanthine dehydrogenase (XDH),
which under oxidative stress is converted to
XOX (Wajner and Harkness 1989; Vorbach et
al. 2003; Nishino et al. 2005; Zhang et al.
2010). XDH is frequently found in insects
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(Irzykiewicz 1955; Anderson and Patton 1955;
Hayashi 1961; Vorbach et al. 2003), and its
conversion to XOX has also been previously
reported in this taxon (Joanisse and Storey
1996). The enzyme XOX not only performs
various cellular protective functions crucial to
innate immune systems, but it also contributes
to the synthesis of numerous ROS and reactive
nitrogen species (Hille and Nishino 1995;
Harrison 2002; Meneshian and Bulkley 2002).
Xanthine oxidase, a form of the enzyme
xanthine oxido-reductase (Vorbach et al. 2003),
has been identified as an evolutionarily con-
served housekeeping enzyme (Vorbach et al.
2003). Enhanced levels of serum XOX activity
for pesticide stress have been already reported
in humans (Zhang et al. 2010). There has been
no previous research showing a change in XOX
expression as a result of pesticide-induced stress
in insects. However, as evident from literature
cited above, there is sufficient reason to suggest
that the anti-oxidant enzymes, along with XOX,
could be treated as important markers for
pesticide-induced physiological stress.

One fundamental requirement for a foraging
bee’s survival is its ability to explore the
surroundings and return back to the hive. If
pesticides known to cause oxidative stress
(Badiou-Bénéteau et al. 2012) begin to impede
homing and foraging success in a forager
(Henry et al. 2012), then the role of antioxidant
enzymes in counteracting such (pesticide-in-
duced) stress would become critical.
Investigating XOX, CAT and SOD as an
effective biomarker combination for such stress
could help establish if a natural population of
bees foraging in a pesticide-intensive agricul-
tural area is under severe oxidative stress. Long-
term exposure to sublethal treatments may also
pose a major threat to hive proliferation and
survival of bees (Desneux et al. 2007).

We checked if pesticide exposure brings
about any change in the SOD, CAT and XOX
levels in honey bees. We hypothesized that
these markers would be differentially regulated
in honey bees exposed to graded treatments of
pesticides in the laboratory that are also used in
the agricultural landscape. We also hypothe-
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sized that natural honey bee populations in areas
of intensive agriculture, and therefore in areas
with high levels of pesticide applications, would
show increased activities of both XOX and anti-
oxidant enzymes, e.g., SOD and CAT, com-
pared to areas with low intensity agriculture
(and lower levels of pesticide consumption).

We tested the above hypothesis using a
controlled laboratory experiment to assess if
exposures to varying treatments of pesticides
that are used in the agricultural landscapes bring
about any change in the activity levels of anti-
oxidant enzymes and XOX in two species of
honey bees (4. dorsata and A. cerana). We
followed this assessment with a comparative
estimation of the activity levels of the same
enzymes in honey bees collected from our
chosen agricultural landscapes, comprising both
non-agricultural or forest areas as well as
intensive cropping areas.

2. METHODS
2.1. Agricultural intensification landscapes

Two agricultural landscapes were chosen. One
was located in the state of West Bengal and the
other in the state of Odisha. In each landscape,
two locations were chosen to represent high
intensity cropping (HIC) and low intensity
cropping (LIC) areas based on the cropping
intensity (which is expressed as gross cropped
area divided by net sown area) and pesticide
residue in soil. For West Bengal, the LIC site was
chosen to be adjacent to the Sunderban Biosphere
Reserve, where cropping is limited to small
patches of home gardens. Similarly, the LIC in
Odisha was chosen to be near Kuldiha Wildlife
Sanctuary, where farming is restricted to subsis-
tence home gardens. HIC areas in both West
Bengal and Odisha predominantly have large-scale
vegetable cultivation interspersed with paddy
fields (Supplementary Table 1). Both of the HIC
areas are the vegetable production hubs in their
respective states. Cropping intensity was provided
by the respective Departments of Agriculture for
the Governments of Odisha and West Bengal.
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2.2. Pesticide residue analyses

Soil pesticide residue was measured by liquid
chromatography—mass spectrometry/mass spectrome-
try (LC-MS/MS) and gas chromatography (GC),
following EPA3540C and EPA8081A procedures
having a detection limit of 0.1 mg kg ' at facilities
provided by SGS India Private Limited. Pesticide use
by farmers in each locality was assessed by
conducting group appraisal surveys (Figure la). All
the soil samples were seasonally matched.

Pesticide residues from honey bees were measured
from random samples of honey bees collected from
different study sites (Figure 3a, b). Pesticide analysis
was also done at facilities provided by SGS India
Private Limited.

2.3. Sampling honey bees

Random samples of individual A. dorsata and A.
cerana foragers were collected at the entrance of nests.
Wild populations of A. dorsata individuals were
collected from a total of eight nests (three in West
Bengal and five in Odisha). For 4. cerana, individuals
were collected from a total of eight colonies, of which
two were managed colonies in bee boxes due to paucity
of natural nests. Individuals from the managed colonies
foraged freely from the natural surroundings. 4. cerana
samples were obtained only from Odisha, as they are not
commonly found in our chosen landscape sites in West
Bengal. Honey bee samples were also seasonally
matched. We refer to Apis dorsata sampled from HIC
and LIC in West Bengal as AD and SD, respectively, and
A. dorsata sampled from HIC and LIC in Odisha as JD
and PD, respectively, as shown in Figure 7a, b. Apis
cerana sampled from HIC and LIC in Odisha are
referred to as JC and PC, respectively (Figure 7c, d). A
flow chart of the experimental design has been provided

in the supplementary material (Supplementary Figure 2).

2.4. Feeding honeybees with pesticides
in laboratory experiments

Individual A. cerana colonies brought from LIC
zones were maintained in separate cages, where they
were acclimatized for 2 days and fed sugar syrup (3
molar) and dry multi-floral pollen [procured from M/S

Ambrosia Natural Products (India) Pvt. Ltd.]. Thirty
individuals from each colony were placed in smaller
experimental cages, where they were fed with 6 mL
sugar syrup (three 2-mL feeder tubes) treated with
varying concentrations of pesticides, with an exposure
time of 6 h. For every experiment, there was a control
cage where the bees were fed with similar volumes of
sugar water without the pesticides. Since our principal
focus was field populations, treatments were selected
using concentrations known to be used by farmers in the
field. The treatments selected included a gradient of
concentrations with values lower and higher than the
typical field applications, and each treatment was
checked for sub-lethality through a treatment-response
experiment. The pesticides used by farmers, and which
were also found in soil and honey bee whole-body
pesticide residue analyses, were procured from local
pesticide outlets. The bees were starved overnight
before the experiment.

As it is not possible to rear A. dorsata in bee
boxes, live individuals were brought from LIC zones
and acclimatized in cages for 2 days before exposure
to pesticides. The experimental cages were kept
outdoors to simulate near-field environmental condi-
tions. During acclimatization, the bees were fed with
3 molar sugar syrup ad libitum for 6 h.

For A. dorsata, we treated 20 individuals in smaller
cages with similar combination of pesticides in 4 mL
sugar syrup (two 2-mL feeder tubes) for 6 h. For both
the species, we had six replicates for each treatment. For
each replicate, the volume of the contaminated solution
that remained in the feeding tubes was checked at the
end of the contamination period of 6 h.

Three pesticide formulations were used in combina-
tion: an organophosphorus (OP) pesticide—dimethoate,
30 % effective concentration (EC) (Tagfor, Rallis India
Limited, Akola, Maharashtra); a synthetic pyrethroid
(SP)—cypermethrin, 10 % EC (Ustaad, United
Phosphorus Limited, Vapi, Gujarat); and an organo-
chlorine pesticide (ES)—endosulfan, 35 % EC
(Thiodan, Bayer, Ankleshwar, Gujarat).

The field use pattern of all three pesticides is 15 %
OP+5 % SP+17.5 % ES in HIC sites of West Bengal
and Odisha. For the LIC site in West Bengal, the field
use pattern of pesticides is 8 % SP+17.5 % ES, and
for LIC in Odisha, the pattern is 5 % SP+17.5 % ES.
At all sites in both states, direct spraying occurs twice
weekly. As a result, foraging bees in the field come
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a Pesticide residue analyses in soil from field sites
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Figure 1. a Pesticide residue analyses done in soil and expressed in ppm. Facilities are provided by SGS India
(Pvt.) Ltd. b Mean cropping intensities (in %) of the field sites are shown. Data provided by a Government of
India census. ¢ Farmers’ practices of pesticide use (mL of pesticide used per 10 L of water) across all field sites
are given as the mean values of the farmers’ consumption of pesticides for each site. HIC stands for high
cropping intensity site and LIC stands for low cropping intensity site.
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into direct contact with these pesticides. Accordingly,
a comparable treatment was calculated for multiple 2-
mL feeder tubes, each containing 3 molar sugar
syrup. Experimental treatments were DO (control),
D1 (5 % OP+1.5 % SP+5.5 % ES), D2 (12.5 %
OP+4 % SP+15 % ES), D3 (20 % OP+6.5 % SP+
23.5 % ES), D4 (25 % OP+8 % SP+29 % ES) and
D5 (30 % OP+10 % SP+35 % ES).

2.5. Honey bee survival analyses

Kaplan-Meier survival analyses were performed to
determine the cumulative survival functions, median
survival and hazard ratios of both species of treated
honey bees in the laboratory with respect to various
treatments for a period of up to 6 h (Klein and
Moeschberger 2003; Visser and Blacquiére 2010;
Archer et al. 2014).

2.6. Estimation of enzyme activity

Estimations of enzyme activity in laboratory
experiments were done immediately after 6 h of
exposure of the bees to pesticides (treatments as in
Methods section). They were immediately frozen in
liquid nitrogen before assays were done. For estima-
tion of enzyme activities of bee samples from the
field sites, live bees were frozen in liquid nitrogen in
the field immediately after collection and brought to
the laboratory for further analyses.

2.6.1. Preparation of tissue homogenate

Homogenates of whole bees were prepared with
modifications to the method described by Fujiyuki et
al. 2009. Honey bee bodies were ground and
homogenized in phosphate buffer (pH 7.0) using a
Dounce homogenizer (Sigma, USA), and a short spin
was given in phosphate buffer (pH 7.0) for 5 min at
400 g. Centrifugation was done at 16,100 g at 4 ° C
for 20 min with 1 % Triton-X to facilitate cell lysis.
The supernatant was collected for assay.

2.6.2. Determination of protein concentration
Protein concentration was determined following

the Bradford method (Bradford 1976), using bovine
serum albumin as a standard.
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2.6.3. Superoxide dismutase (SOD)

SOD enzyme activity was based on a modified
protocol of Marklund and Marklund (1974). SOD
activity was determined by auto-oxidation of 0.2 mM
pyrogallol solution (in 50 mM Tris-Cacodylic acid
buffer, pH 8.2, having 1 mM DTPA) by sample SOD
using pure superoxide dismutase obtained from Sigma as
a standard. Readings were taken using a Shimadzu UV-
1700 UV-VIS spectrophotometer at 420 nm for 1 min
intervals up to 6 min. SOD activity was expressed as p1g
of SOD per mL of reaction mixture per minute per gram
of honey bee tissue (g mL ™' min ).

2.6.4. Catalase (CAT)

CAT enzyme activity was measured based on the
protocol provided by Aebi (1984), with modifica-
tions. CAT activity was estimated by a decrease in the
absorbance of 30 mM H,0O, at 240 nm at 30 s by
spectrophotometric method (Shimadzu UV-1700
UV-VIS spectrophotometer). CAT activity was

.-l -1
expressed as mol min mg .

2.7. Western blot and quantification
of xanthine oxidase (XOX)

2.7.1. Preparation of protein samples

Whole honey bees were ground and samples were
washed in chilled 1X PBS and were homogenized in
protein extraction buffer pH 7.5 [50 mM Tris—HCI,
250 mM NacCl, 0.5 % NP40, 10 % glycerol and 0.5 %
EDTA—free protease inhibitor cocktail (Roche,
California, USA)] using a Dounce homogenizer
(Sigma, USA) for 5 min. The tissue lysates were
then subjected to centrifugation at 14,700 g at 4 °C
for 20 min. The supernatants were collected from
each sample and concentrations of protein were
estimated by the Bradford method (Bradford 1976).

2.7.2. Western blotting

One hundred micrograms of total protein extract
from each of the fields (4. dorsata from West Bengal
and Odisha; 4. cerana from Odisha), as well as from
the laboratory samples (both A. dorsata and A.
cerana across treatments), was fractionated by SDS-
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PAGE and transferred to PVDF+membrane (Millipore,
Massachusetts, USA), followed by incubation with a
rabbit polyclonal antibody to xanthine oxidase (Santa
Cruz, California, USA) and HRP-conjugated secondary
antibodies (Pierce, Illinois, USA). Immunoreactive bands
were visualized using Immobilon™ Western chemilumi-
nescence HRP substrate (Millipore, Massachusetts, USA).
Equal loading of protein samples was confirmed by
coomassie blue staining of the gel (Welinder and Ekblad
2011). The blots were scanned; bands were normalized by
coomassie and quantitated using the GelDoc XR system
and Quantity One® software version 4.6.3 (Bio-Rad,
California, USA).

The change in expression of xanthine oxidase was
studied in Apis dorsata and Apis cerana samples exposed
to treatments DO, D1, D2, D3, D4 and DS. Apis dorsata
samples across six treatments are referred to as ADO, AD1,
AD2, AD3, AD4 and ADS, respectively, as shown in
Figure 6a, b. Apis cerana samples across treatments are
referred to as ACO, ACI, AC2, AC3, AC4 and ACS,
respectively, as shown in Figure 6c¢, d.

2.8. Data analyses

Each field and treatment sample for enzyme assay
included 30 individuals for 4. cerana and 20
individuals for 4. dorsata, to standardize for equiv-
alent sample weights. All individuals were randomly
sampled. For A. dorsata, nine replicate field samples
were taken for both landscapes and for A. cerana, six
replicates were taken for the Odisha landscape. For
dosage experiments, there were six replicates each for
all the enzyme assays for both species. For all
Western blot experiments, five replicates were taken.
The normality of the data was checked using the
Shapiro-Wilk Test. Where data was not found to be
normal, a non-parametric test was carried out. For
non-normal data, a Mann Whitney U test was done to
compare two means and a Kruskal-Wallis test was
done to compare more than two means. All statistical
tests were performed using SPSS V. 16. Samples
from the field were pooled across the region, i.e., HIC
samples contained individuals from both West Bengal
and Odisha. The same was true for LIC. Results are
presented as means+standard errors, indicated in
graphs as error bars. Kaplan-Meier survival analyses
were performed using Medcalc software (V13.1.2).

3. RESULTS
3.1. Agricultural intensification landscapes

The high intensity cropping area (HIC) in each of
the agricultural landscapes had a high soil pesticide
residue (Figure 1a), and was cropped intensively
(Figure 1b). Compared to HIC, the low cropping
intensity areas (LIC) had negligible or no pesticide
residues in the soil (i.e., below the detection limit)
(Figure la) and had a lower cropping intensity
(Figure 1b). It was observed that 0.38 ppm
carbofuran, 67.23 ppm and 44.73 ppm of endosulfan
I and II, respectively, 1.91 ppm of profenophos,
5.57 ppm of 4-bromo-2-chlorophenol (a metabolite
of profenophos) and 55.78 ppm cypermethrin were
present in the soil sampled from the HIC site in West
Bengal. In comparison, the LIC site in West Bengal
contained only 1.4 ppm of endosulfan I in the soil
pesticide residue analyses. Similarly, in Odisha, the
HIC site was found to contain higher soil pesticide
residues (0.2 ppm carbofuran, 56.55 ppm and
43.15 ppm of endosulfan I and II, respectively,
16.85 ppm of 4-bromo-2-chlorophenol, 3.44 ppm
of profenophos and 12.88 ppm of cypermethrin)
compared to the LIC site, where no such pesticides
were detected in the soil. Rainfall, temperature and
humidity conditions in the HIC and LIC areas in
both landscapes were similar, and climographs for
all the field sites across both states have been
furnished in the supplementary material
(Supplementary Figure 1). Farmers’ consumption
pattern of pesticides across landscapes is shown in
Figure 1c. The cropping pattern in the respective
landscapes was similar (Supplementary Table 1).

Land use maps of both sites in both states show a
distinct difference between HIC and LIC. A higher
percentage of land is used for agriculture in the HIC
sites of both states compared to their respective LIC
counterparts. The maps also further confirm that the
LIC zones in both states have a higher percentage of
forest cover or natural vegetation compared to their
respective HIC counterparts (Figure 2).

3.2. Pesticide residue in honey bees

The pesticide residues detected in honey
bees helped validate our choice of gradients.
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Honey bees, sampled from high intensity cropping
sites in both states, had high residues of dimethoate
and cypermethrin in them. Honey bees sampled
from low intensity cropping sites had no or very
little pesticide residue (Figure 3). It was observed
that A. dorsata, sampled from West Bengal HIC,
had 0.77 ppm of cypermethrin and 0.23 ppm of
dimethoate residues, whereas A4. dorsata bodies
from the same state's LIC had no such pesticide
residues. A. dorsata sampled from HIC site in
Odisha reported 0.74 and 0.19 ppm of cypermethrin
and dimethoate, respectively, compared to Odisha
LIC, which had 0.02 ppm cypermethrin (42 fold
lower) and 0.09 ppm of dimethoate (2.08 fold
lower) in honey bee bodies (Figure 3a). For 4.
cerana in Odisha, 1.84 and 1.95 ppm of
cypermethrin and dimethoate, respectively, were
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reported in the HIC compared to 0.25 ppm of
cypermethrin (7.37 fold lower) and 0.15 ppm of
dimethoate (13-fold lower) from honey bees sam-
pled from the LIC (Figure 3b). However, a
difference in pesticide residue between the two
species was observed, where A. cerana from the
Odisha LIC had 14.3-fold and 1.67-fold higher
cypermethrin and dimethoate residues, respectively,
compared to LIC A. dorsata. Similarly, for the
Odisha HIC, A4. cerana had 2.51-fold and 10.4-fold
higher cypermethrin and dimethoate residues, re-
spectively, compared to HIC 4. dorsata.

3.3. Honey bee survival analysis

For every experiment, there was no sugar
syrup remaining at the end of the 6 h exposure
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in (a) and (b), respectively, in West Bengal and (¢) and (d), respectively, in Odisha, showing amount of land
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Figure 3. a Pesticide residue analyses done in Apis dorsata honey bee samples across the states of West
Bengal and Odisha; b Pesticide residue analyses done in Apis cerana honey bee samples in Odisha. Facilities
are provided by SGS India (Pvt.) Ltd. Pesticide residues are expressed in ppm. HIC stands for high cropping
intensity site and LIC stands for low cropping intensity site.

to pesticides. A. cerana and A. dorsata individ-  that the individuals of both species were
uals consumed an average of 193 and 192 uL of  subjected to the same level of oral contamination.
contaminated solution, respectively, meaning  During the exposure of honey bees (both species) to
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pesticides, mortality was checked at 1 h intervals for
each treatment. The lethal time 50 (LT50) for
treatment D1 showed differences between the two
studied species. But the difference narrowed at
subsequent treatment and became similar from
treatment D3 onward (Figure 4a). In 4. dorsata,
LT50 values for doses D1-D5 in order were found
to be 223, 33.6, 11.5, 6.5 and 2.5 h, respectively
(Figure 4b). For A. cerana, it was observed that
treatments D1-D3 had LT50 values higher than the
experimental time of 6 h (62, 22.8 and 12.2 h for
D1, D2 and D3, respectively). However for
treatments D4 and D5, LT50 values were 3 and
2.5 h, respectively (Figure 4a).

Kaplan-Meier survival analyses (Klein and
Moeschberger 2003) were performed for both the
species of honey bees exposed to different pesticide
treatments. For A. cerana, survival curves for
treatments were found to be significantly different
from each other (x*=140.40, df=5, p<0.001). The
median cumulative survival at the 95 % confidence
interval was found to be 4 h for A. cerana.

Survival curves were also significantly different
among the treatments (x*=52.67, df=5, p<0.001) for
A. dorsata. Median cumulative survival at the 95 %
confidence interval was found to be 6 h for A
dorsata.

The survival curves for different treatments are
shown in Figure 4b, c for both species of honey
bee. For A. dorsata, cumulative survival was
higher than for 4. cerana for all five treatments
(D1 to DS) up until the third hour of observation
(Figure 4b). For A. cerana, there was a drop in
cumulative survival at the second hour of obser-
vation for treatment D5 (Figure 4c).

The survival tables and hazard ratios (Klein and
Moeschberger 2003) at 95 % confidence intervals
for both species of honey bees are available in the
supplementary material (Supplementary Tables 2
and 3).

3.4. Laboratory experiments
3.4.1. Activity assay of SOD and CAT
In the laboratory experiment, a steady rise in

the SOD and CAT activity levels were observed
in both A. dorsata and A. cerana (Figure 5a, b).

For A. dorsata, a significant difference among
treatments in CAT activity was observed
(Kruscal-Wallis test, p=0.001) and a significant
difference between DO and treatment was
observed from D2 (one-tailed Mann Whitney
U test, p=0.001) onwards (Figure 5a). Mean
CAT enzyme activities were found to be 1.97
(£0.2) mol min ~'mg ', 3.98 (+0.8) mol min "
mg ', 5.24 (+1.2) mol min 'mg 7', 6.23 (+1.6)
mol min “'mg !, 8.31 (+0.5) mol min “'mg !
and 12.04 (£2.1) mol min "'mg "', respectively
for treatments DO-D5.

A significant difference was also observed
for SOD (Kruscal-Wallis test, p=0.015), and in
this case a significant difference between the
control and a treatment was observed at D5
(one-tailed t-test; t=—2.488, df=10, p=0.016)
(Figure 5a). Mean SOD enzyme activities were
found to be 25.53 (+2.24) pg mL 'min ',
26.09 (£1.241) ug mL 'min ', 29.06 (£0.536)
ug mL “'min 7', 30.21 (£1.099) ug mL ~'min
~130.45 (0.694) ug mL 'min "' and 32.86
(£1.907) across treatments DO-DS5, respectively.

For A. cerana, a significant increase in levels
of SOD (Kruscal-Wallis test,p=0.003) was
observed. A significant difference with respect
to DO was observed from D2 onwards (one-
tailed Mann Whitney U test, p=0.026). Mean
SOD enzyme activities in A. cerana for treat-
ments D0-D5 were found to be 10.45 (+0.08)
pug mL 'min 7', 12.04 (£0.4) ug mL ~'min
16.17 (0.78) ug mL ~'min ', 17.11 (£2.1) ug
mL 'min ', 17.65 (20.8) pug mL 'min "' and
18.53 (£2) pug mL 'min ', respectively
(Figure 5b).

A significant increase in levels of CAT
activity was also found in 4. cerana (Kruscal-
Wallis test, P=0.00,01) and a significant differ-
ence between the control and a treatment was
only observed from D3 onwards (one-tailed
Mann Whitney U test, p=0.004) (Figure 5b).
Mean CAT enzyme activities for A. cerana were
found to be 2.03 (£0.12) mol min "'mg "', 2.05
(£0.8) mol min “'mg "', 2.688 (£0.5) mol min
“'mg !, 579 (£0.8) mol min 'mg ', 7.88
(£1.2) mol min "'mg "' and 14.38 (+1.4) mol
min 71mg ! for treatments DO, D1, D2, D3, D4
and D5 respectively.
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Figure 4. a Lethal time 50 (LT50) of both species of honey bees across treatments D1-D5; b Cumulative survival
function for 4. dorsata for treatments DO-DS5 up to 6 h; ¢ Cumulative survival function for A. cerana for treatments
DO-D5 up to 6 h. Treatments are DO (control), D1 (5 % OP+1.5 % SP+5.5 % ES), D2 (12.5 % OP+4 % SP+15 %
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ES), where OP: organophosphorus pesticide; SP: synthetic pyrethroid; ES: endosulfan pesticide.
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Figure 5. Activities of antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT) in the treated
honey bees (a). A. dorsata individuals across treatments DO-D5; b A. cerana individuals across treatments DO—
D5; SOD=Superoxide dismutase, CAT=Catalase. *p<0.05, **p<0.01. DO=control; D1=5 % OP+1.5 % SP+
5.5 % ES; D2=12.5 % OP+4 % SP+15 % ES; D3=20 % OP+6.5 % SP+23.5 % ES; D4=25 % OP+8 % SP+
29 % ES; and D5=30 % OP+10 % SP+35 % ES, where OP: organophosphorus pesticide; SP: synthetic

pyrethroid; ES: endosulfan pesticide.

3.4.2. Gene expression assay of XOX
(by studying change in protein
expression by western blot analyses)

A similar response pattern was observed in
the experimental honey bee samples treated
with pesticide laden sugar syrup at varying
concentrations. There was a significant differ-

ence in XOX protein expression among Six
treated samples—D1, D2, D3, D4 and DS5.
There was a significant increase in XOX protein
expression from D3 onwards in all experimental
samples when compared with DO (one-tailed
Mann Whitney U test, p=0.001) for 4. dorsata.
XOX protein was upregulated 0.45-fold (+0.05)
for D1, 0.73-fold (+0.09) for D2, 2.51-fold
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(x0.02) for D3, 4.48-fold (+£0.03) for D4 and
6.45-fold (+0.10) for D5, respectively, when
compared with DO in 4. dorsata (Figure 6a, b).

A significant increase in XOX protein
expression was also observed in A. cerana
when treated bees were compared with
control from D3 onwards (one-tailed Mann
Whitney U test, p=0.001). XOX protein was
upregulated 1.33-fold (£0.08) for D1, 1.60-
fold (+0.12) for D2, 5.14-fold (£0.18) for
D3, 5.98-fold (+0.2) for D4 and 9.31-fold
(£0.08) for D5, respectively, when compared
with DO in A. cerana (Figure 6c¢, d).

3.5. Field population studies
3.5.1. Anti-oxidant enzymes

For Apis dorsata, there was no significant
difference in mean values of SOD (Mann
Whitney U test, p=0.356) and CAT (Mann
Whitney U test, p=0.433) between the HICs of
both landscapes. The same was true for the LIC
SOD (Mann Whitney U test, p=0.191) and
CAT (Mann Whitney U test, P=0.456). Since
there were no significant differences in SOD
and CAT for A. dorsata, values between
respective HIC and LICs were pooled across
landscapes for further analyses. A significant
increase (one-tailed t-test; t=—3.094, df=16,
p=0.0034) was observed in levels of SOD
activity of A. dorsata samples collected from
the HIC. The mean SOD level in HIC samples
was 13.39 ug mL ™" min "' (+0.863) and that in
LIC samples was 9.71 pg mL ™' min~" (+1.016)
(Figure 7a). A significant increase (one-tailed t-
test; ; t=—41.547, df=16, p=0.0001) was also
observed in levels of CAT activity in 4. dorsata
samples in the HIC (3.56 mol min ' mg ~'; £0.57)
compared to LIC (9.24 mol min ~'mg ~'; £2.19)
(Figure 7 a).

A significant increase in levels of SOD (one-
tailed t-test; t=—10.092, df=10, p=0.0001) and
CAT activities (one-tailed t-test, t=—5.18811, df=
10, p=0.0001) was also observed in A. cerana
collected from the HIC when compared with the
LIC (Figure 7b). Mean SOD activity in the HIC
was 13.5 pug mL™' min™' (£0.524) and
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6.3 ug mL™' min ' (£0.489) in the LIC. Mean
value for CAT activity in the HIC was
1.599 mol min ~'mg ' (£0.59) and 6.77 mol min
“'mg 7! (£0.47) in the LIC (Figure 7b).

3.5.2. Gene expression assay of XOX
(by studying change in protein
expression by western blot analyses)

Western blot analyses revealed a significant
difference in the expression of XOX in all field
samples across both landscapes (one-tailed
Mann Whitney U test; n=>5). For Apis dorsata,
there was an increase of 2.02-fold (+0.07) (one-
tailed Mann Whitney U test; n=5; p=0.008) in
XOX expression in HIC samples from West
Bengal when compared with LIC samples from
the same. In Odisha samples, XOX was
upregulated by 1.99-fold (+0.14) (one-tailed
Mann Whitney U test; n=5; p=0.008) in HIC,
compared to A. dorsata populations from the
LIC (Figure 8a, b). In another set of experi-
ments, change in XOX expression level was
observed for Apis dorsata and Apis cerana
samples from the Odisha landscape. In this
instance too, 4. dorsata populations in the HIC
showed a 4.38-fold (+0.64) increase (one-tailed
Mann Whitney U test; n=5; p=0.009) in XOX
protein expression when compared with LIC
populations. A. cerana samples in the HIC also
showed a significant rise (one-tailed Mann
Whitney U test; n=5; p=0.009) in XOX protein
expression (1.52 fold+0.05) when compared to
the populations from the LIC (Figure 8c, d).

4. DISCUSSION

A large number of developing countries around
the world have intensified their agriculture in
recent decades, and consequently there has been a
significant rise in pesticide use in these countries
(Schreinemachers and Tipragsa 2012). An assess-
ment of native honey bee response to elevated
pesticide exposures in these countries could be
critical to determine non-target pesticide impacts,
and it is in this context that the results of this study
are presented. For any comprehensive risk assess-
ment of pesticides on non-target organisms, it
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Figure 6. (a) Representative blots for xanthine oxidase (XOX) and respective SDS-PAGE gels stained with
Coomassie blue for Apis dorsataindividuals across treatments DO (control), D1 (5 % OP+1.5 % SP+5.5 % ES), D2
(12.5 % OP+4 % SP+15 % ES), D3 (20 % OP+6.5 % SP+23.5 % ES), D4 (25 % OP+8 % SP+29 % ES) and D5
(30 % OP+10 % SP+35 % ES), where OP: organophosphorus pesticide; SP: synthetic pyrethroid; ES: endosulfan
pesticide. (b) Graph indicates the change in expression of XOX normalized by Coomassie blue. (¢) Representative
blots for xanthine oxidase (XOX) and respective SDS-PAGE gels stained with Coomassie blue for 4. cerana
individuals across treatments DO-D5. (d) Graph indicates the change in expression of XOX normalized by Coomassie
blue. **p<0.05. AD0O, AD1, AD2, AD3, AD4 and ADS are treated 4. dorsata individuals with respect to treatments
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would be essential to assess toxic responses in
laboratory, semi-field as well as field experiments
(Osborne 2012). But very few studies have
addressed toxic responses at all levels with
regards to native bees (Osborne 2012). For
India, there is only one example of this kind,
where the response of 4. cerana to pesticide
application in a cardamom plantation in India
(Stanley et al. 2010) was investigated
through field experiment.

Our result clearly indicated a distinct pesti-
cide use gradient in the studied agricultural
landscapes, both in terms of pesticide residues
in soil as well as in the honey bee bodies.
However, with respect to the pesticide residue
in the honey bee samples, A. cerana had
between 1.67-fold and 14.3-fold higher pesti-
cide residue levels—both in the LIC as well as
in the HIC—compared to A. dorsata. We
reckon that this difference between the two
species in terms of pesticide residues in their
bodies is perhaps due to the differential levels of
pesticide exposures of the two species. The
differences in pesticide exposure is perhaps due
to the fact that 4. cerana nests (or managed
hives) are essentially in close proximity to the
crop fields in our study sites, and are generally
closer to ground level, in contrast with the 4.
dorsata nests, which are generally much higher
up in tall tree crowns (Starr et al. 1987; Koetz
2013). Also, A. cerana, having a much shorter
foraging range of 1 to 1.5 km (Dhaliwai and
Sharma 1974; Dyer and Seeley 1991; Abrol
2011; Partap 2011; Koetz 2013), may be more
dependent on crop flowers compared to A.
dorsata, which due to its larger foraging range
of more than 5 km (Koeniger and Vorwohl
1979; Abrol 2011) and larger size, can have
greater access to non-crop natural and semi-
natural vegetations that are free from pesticides.
These reasons can possibly be responsible for
the observed differences in pesticide loads in
the bodies of the two honey bee species.
However, the reason for this difference in
pesticide retention, between the two species,
would require further investigation.

Through the survival analyses of the studied
species, we assessed the hazards posed by

pesticides to the honey bees in terms of
cumulative survival of treatments having com-
parable concentrations of pesticides applied in
the field. As is apparent from the obtained LT50
values in A4. cerana, for treatment as low as D1,
LT50 is 62 h, whereas for D3 it is only 12.2 h.
In A. dorsata, the LT50 value for D3 was found
to be 11.5 h. In reality, honey bees are
exposed for longer durations in the
field—hence in actuality, the LT50 values
can be even lower for the field honey bees.
This suggests that there could be significant
mortality in natural populations at the field
application treatments.

The overall LT50 data reflects that A. dorsata
had better survivability compared to A. cerana,
as is evident from the higher median value of
survival time at the 95 % confidence interval.
This is also evident from cumulative survival
plots. For treatment D4, there is a drop in
cumulative survival function for 4. dorsata at
4 h compared to A. cerana, which shows a
decline at the third hour. Similarly for DS, A.
dorsata showed a drop at the third hour compared
to A. cerana, which shows a drop in cumulative
survival function as early as in the second hour.

Our data demonstrated upregulation of anti-
oxidant enzymes in laboratory bees exposed to
graded treatments of pesticide cocktails with
respect to both A. cerana and A. dorsata, and
supports our first hypothesis that the oxidative
stress markers will be differentially upregulated
across laboratory pesticide treatments. However,
these observed changes in the laboratory were
with respect to the pesticides mixtures similar to
pesticide combinations used in field conditions.
These changes were not observed with respect
to the individual pesticides. It must be men-
tioned that assays with respect to the individual
pesticides would be required to assess the
relative roles of different pesticides in triggering
the enzymatic responses.

Our second hypothesis that stress markers
will be differentially upregulated across pesti-
cide use intensity in agricultural landscapes
similar to laboratory responses was also con-
firmed by our results. The responses with
respect to the stress markers in the field samples
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of bees collected from different areas of varying
pesticide use were similar to those observed in
laboratory samples. When compared with low
intensity cropping areas with low or pesticide-

free agronomic practices, samples collected
from areas with high pesticide use showed
elevated levels of SOD and CAT, the two major
anti-oxidant enzymes. These results strongly
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suggest a rise in oxidative stress in honey bees
associated with pesticides. Similarity in re-
sponse patterns observed in treated individuals
and field populations support this assertion. Our
analyses of samples from two geographically
separated field locations confirm that the pesti-
cide exposure responses observed were indeed
independent of geographic locations.

SOD, a potent antioxidant enzyme, scav-
enges for oxygen free radicals such as superox-
ide anion (O?") and eventually converts it into
hydrogen peroxide (H,O,). The H,O, molecule
is the substrate for CAT, which subsequently
acts upon it, releasing oxygen (O,) and water
(H,0). Hence, their synergistic action is impor-
tant in helping individuals to combat oxidative
stress. CAT activity is a biomarker of exposure
to an oxidative stress (Khessiba et al. 2005).
CAT has been identified as a key player in
dealing with ROS (Mamidala et al. 2011), and
elevated levels of CAT have previously been
shown in A.mellifera following laboratory ex-
posure to xenobiotic compounds (Badiou-
Bénéteau et al. 2012).

For A. cerana, treated bees showed a signif-
icant rise in SOD activity against control at D2,
as well as a significant rise in CAT activity from
D3 onwards. These data suggest that a signifi-
cant rise in CAT activity at a higher treatment
was due to the higher substrate accumulation
that was being provided by SOD.

In A. dorsata populations, a significant
rise with regards to SOD only at DS from
DO in the dosage experiment, suggests that
the A. dorsata population is perhaps more
capable of withstanding oxidative stress com-
pared to A. cerana. Laboratory assessment of
comparative treatment responses in 4. cerana
and A. dorsata with respect to individual
pesticides would reveal if our observed
responses to pesticide mixtures were due to
any synergistic effect. However, it must be
mentioned that due to the small, fragmented
mosaic of diverse crop fields in agricultural
landscape in the study regions, bees are
exposed to a wide variety of pesticides.
Therefore, studying their individual effects
in the field would not be possible.
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Unlike A. cerana, SOD activity in 4. dorsata
was unchanged at lower treatments, and was
only differentiated from DO at D5. It is possible
that the larger body size for A. dorsata was
responsible for this observation. It may also be
attributed to the fact that the A. cerana samples
(collected from the LIC in Odisha) had a higher
base level of pesticide residue in their bodies
compared to A. dorsata. This could explain why
we found a differential mortality between the
species of honey bees in laboratory experi-
ments. However, it must be mentioned that
despite the differential base level of pesticide
residues in both species of honey bees, there
was a broadly similar pattern of response in the
two honey bee species for treatments D1 to D5
compared to their respective DO.

In A. dorsata, it was observed that CAT
activity had significantly increased from D2
onwards, whereas SOD activity had only
significantly increased at treatment D5 com-
pared to control (DO0). This could be because
ROS comprises a number of elements and
not just superoxide anion (Bouayed and
Bohn 2010). However, all ROS elements are
eventually converted to H,O,, where CAT is
predominant for removing H,O, at the
terminal end (Mueller et al. 1997; Barbeta
et al. 2004). Hence, SOD could be only
significantly upregulated when there is
enough superoxide anion to work upon,
whereas CAT plays a vital role in breaking
down H,0, produced from all ROS elements.

The xanthine oxidase catalyses conversion
of hypoxanthine to xanthine and also medi-
ates its subsequent conversion to uric acid
(Aranda et al. 2007). Superoxide anion (0% is
an important byproduct of this reaction (Aranda et
al. 2007). Elevated levels of XOX would therefore
imply an increased production of O* and a
subsequent increase in production of SOD as a
preventive measure. These findings led us to
hypothesize that induced SOD level during
stress produces abundant hydrogen peroxide
and results in induced CAT activity. Thus,
upregulation in the expression of XOX levels
could be correlated to an elevated enzyme
activity level of both SOD and CAT, and this
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would make XOX a potent marker for
pesticide-induced oxidative stress.

In our chosen study sites, as was mentioned
before, spraying occurred twice weekly. Direct
spraying was done even when the flowers were in
bloom. Hence, field populations were exposed to
pesticides directly as well as through contaminated
nectar. Long-term exposure to toxic agents can occur
in honey bees by transfer of pesticides sprayed on
crops into the hive (Villa et al. 2000). Short duration
of laboratory studies is hence only a partial measure
of the lethal effect as would be applied in the field
(Desneux et al. 2007).

Changes in the expression of XOX in honey bee
species due to pesticide exposure have been shown
for the first time in this study. XOX was shown to be
significantly upregulated in both species across
treated bees. A similar response pattern in wild bees
from two kinds of landscapes with different levels of
pesticide exposure, evident by different quantities of
pesticide residues found in their body, clearly
suggests that the expressional change of XOX
observed in the field is attributable to pesticides.
Our results show an increased expression level of
XOX protein in areas of high pesticide use as well as
across a pesticide treatment gradient in the lab, and
this pattern is repeated also for SOD and CAT.

Physiological effects of pesticides include effects
on the population, because pesticides have been
reported to induce deformations of ovaries and testes
in insects (George and Ambrose 2004; Medina et al.
2004). Especially in haplodiploid species, like honey
bees, in which the female chooses the fertilization of
ova while laying eggs, effects on the fertilization of
ova, as well as differential survival of sexes in
juveniles exposed to pesticide (Idris and Grafius
1993), can cause a serious threat to population
survival.

In the above context, a resultant population
imbalance could affect honey bee colony survival,
population structure and perhaps the inter-specific
behaviour of affected species. In reality, the field
scenario is complex, with multi-species interac-
tions and multiple pesticide usage.

Because sub-lethal effects of pesticides interact
with numerous life-history traits involved in repro-
duction, they are also likely to have an impact on
insect communities (Desneux et al. 2007). However,
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further investigation in a large trial is necessary to
discern the impacts of such stress on their population
dynamics.

From behavioural alteration (Whitehorn et al.
2012) to neuro-physiological changes (Palmer et
al. 2013) in adults as well as in broods (Henry et
al. 2012), a number of recent studies have
established deleterious responses of honey bees
to pesticide toxicity. As has previously been
reported, A. mellifera is deficient in its genome
for expression of detoxifying enzymes
(Claudianos et al. 2006), and given this apparent
deficient detoxification system, other detoxifica-
tion systems in honey bees become important.
Hence, the present study in two natural 4pis bees
is important, and we propose that the altered levels
of the XOX-SOD-CAT combination could be
used as potential response biomarkers for non-
target insects in agro-ecosystems.

However, it will also be important to assess
demographic, behavioural or anatomical response
markers across a field pesticide-use gradient in order
to fully interpret the lessons learned from earlier
experimental eco-toxicological studies. The implica-
tions for honey bees may in turn have implications
for other beneficial pollinator species assemblages.
This study could contribute to developing pesticide
regulatory frameworks and comprehensive risk
assessment, complementing laboratory experiments
with suitably designed field experiments.
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APPENDIX

List of abbreviations used in methodology section:

P. Chakrabarti et al.

Abbreviation Full terminology Abbreviation Full terminology
HIC High intensity cropping XOX Xanthine oxidase
LIC Low intensity cropping PBS Phosphate buffered saline
LCMS/MS Liquid chromatography—mass NaCl Sodium chloride
spectrometry / mass
spectrometry
GC Gas chromatography NP40 Tergitol-type NP-40
(nonylphenoxypolyethoxylethanol)
EPA3540C and Environmental Protection EDTA Ethylenediaminetetraacetic acid
EPASOS1A Agency methods 3540C and
procedures 8081A; followed by SGS
India Pvt. Ltd.
OP Organophosphorus pesticide SDS-PAGE Sodium dodecyl
sulfate—Polyacrylamide
gel electrophoresis
EC Effective Concentration PVDF Polyvinylidenedifluoride
SP Synthetic pyrethroid HRP Horseradish peroxidase
ES Endosulfan pesticide DTPA Diethylene triamine pentaacetic acid
Experimental DO (control) Tris—HCl Tris (2-Amino-2-hydroxymethyl-
treatments D1 (5 % OP+1.5 % SP+ propane-1,3-diol)—Hydrochloric
5.5 % ES) acid
D2 (12.5 % OP+4 % SP+
15 % ES)
D3 (20 % OP+6.5 % SP+
23.5 % ES)
D4 (25 % OP+8 % SP+
29 % ES)
D5 (30 % OP+10 % SP+
35 % ES)
SOD Superoxide dismutase CAT Catalase
Stress oxydatif provoqué par des pesticides sur des REFERENCES

populations indigénes d’abeilles, élevées en
laboratoire et en champ, dans des zones d’agriculture
intensive de deux Etats de I’est de I’Inde

Apis cerana | Apis dorsata/ enzyme / dismutase /
catalase / oxydase / insecticide

Durch Pestizide verursachter oxydativer Stress bei
Labor. und Feldpopulationen einheimischer
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Dismutase / Xanthin-Oxidase / Katalase / Insektizid
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