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Abstract — Sulfoxaflor (SULF), a well-known alternative for the banned neonicotinoids, is not environmentally
persistent, yet numerous studies using field-realistic levels have demonstrated its detrimental impact on honey
bee colonies. Despite this, even just a limited number of studies have addressed its residue-level effects on the
physiological and immunological biomarkers of foraging honey bees in semi-field conditions. In the present
study, we determined the LT of sulfoxaflor (Closer™ 24% SC) on forager bees in the laboratory at concentra-
tions that were 12 to 300,000-fold lower than the field-recommended concentration. Following that, we exposed
bee colonies in a semi-field in-hive experiment for 21 days to a concentration that is 600,000-fold lower than the
field-recommended concentration to assess potential effects on the physiological state of honey bee foragers. To
do that, a total of six colonies were treated with Closer™ (0.3 pg a.i./L) or control treatment, and the activities of
acetylcholinesterase (AChE), glucose oxidase (GOX), and carboxylesterase (CaEs) in head tissues and invertase
(IV), alkaline phosphatase (ALP), and glutathione-S-transferase (GST) in the midgut tissues of forager bees
were assessed at 5-, 10-, 15-, and 20-day post-exposure. The LT, results for the least and greatest concentrations
of Closer™ were 0.37 and 74.3 h, respectively. Furthermore, all measured physiological and immunological
biomarkers were negatively impacted in the chronic exposure to 0.3 pg a.i./L. concentration of Closer™. This
data demonstrated the importance of reviewing the risk assessment of various sulfoxaflor formulations on bees
and rephrasing the legislation that governs how beekeepers deal with sulfoxaflor-sprayed fields.

sulfoxaflor / semi-field experiment / forager bees / AChE / glucose oxidase / pollinators

1. INTRODUCTION

Sulfoxaflor (SULF), the first commercially
available sulfoximine, is a systemic insecti-
cide that has been used successfully to control
a wide range of pests on multiple crops (Bacci
et al. 2018). Like neonicotinoids, it targets insect
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nicotinic acetylcholine receptors (nAChRs), but
at different sites (Watson et al. 2011). There has
been no evidence of cross-resistance in sap-
feeding insect pests that are likely resistant to
commercial neonicotinoid insecticides due to
metabolic detoxification mechanisms (Watson
et al. 2021). As a result, many countries have
begun to use sulfoximine-based insecticides in
all outdoor crops to fill the hole left by the prohi-
bition of neonicotinoids (Brown et al. 2016), and
SULF (Transform®) has been registered in more
than 81 countries worldwide for a wide variety
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of crops including wheat, oilseed rape, cotton, or
tomato in all inhabited continents.

As a result of the expansion of the use of
SULF, several studies have evaluated its effects
on bees. Some studies have reported that SULF
has a contact acute LDy, of 0.379 pg/bee and
an oral acute LDs, of 0.146 pg/bee toxicity
for honey bees (Apis spp.) (Pesticide Proper-
ties DataBase (PPDB), http://sitem.herts.ac.
uk/aeru/ppdb/en/Reports/1669.htm). Although
some studies suggest it is a safe chemical with
no negative effects on either honey bee sur-
vival (Al Naggar and Paxton 2021) or bumble-
bee olfactory conditioning or working memory
(Siviter et al. 2019), other studies have revealed
sublethal effects of SULF on honey bee survival
(Cheng et al. 2018) as well as bumblebee egg-
laying and reproductive success (Siviter et al.
2018, 2020). Furthermore, honey bees exposed
to a field-relevant concentration of SULF, either
alone or in combination with the fungicide
azoxystrobin, developed gut microbiota dys-
biosis, which was linked to an increase in the
relative abundance of opportunistic bacterial
pathogens (Al Naggar et al. 2022). Despite their
importance, these studies used the active ingre-
dient of SULF. The addition of adjuvants to the
active ingredient of an insecticide may result
in a difference in its toxic effects (Mesnage and
Antoniou 2017). Furthermore, formulations
have been shown to be more toxic to bees than
active substances (Mullin et al. 2015; Caliani
et al. 2021).

Several commercial forms of SULF had
been evaluated for their toxic effect on honey
bees and bumble bees under colony and semi-
field conditions. For example, the impact of
the maximum rates for spray applications
(0.4 L ha™!) of Closer™ (formulated prod-
uct of SULF, 120 g L~! sulfoxaflor, i.e., 48 g
a.i. ha™!) on honey bee and bumble bee col-
ony development and foraging activity was
assessed (Tamburini et al. 2021a, b). Although
the authors found no significant effects of
Closer™ on honey bee colony development
or foraging activity, they found effects on
bumble bee colony growth and size, as well as
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foraging activity. Additionally, in our recent
work, we found that chronic exposure of honey
bee colonies to a sublethal and field-relevant
concentration (0.3 ppb) of another formulation
of SULF (Closer® SC, 240 g L~! sulfoxaflor)
negatively impacted honey bee colony devel-
opment as well as the weight and foraging
activity of forager bees (El-Din et al. 2022).
These adverse effects of Closer™ on both
bumblebees and honey bees could be attrib-
uted to physiological effects, particularly on
the immune system and metabolism as shown
in previous research (Badiou-Bénéteau et al.
2012; Carvalho et al. 2013; Al Naggar et al.
2015; Roat et al. 2017; Al Naggar and Baer
2019). However, this has not yet been investi-
gated and must be confirmed or refuted.

The median lethal time (LTs) is the time it
takes for 50% of organisms exposed to a toxicant
to die and is commonly used in toxicology stud-
ies to quantify the amount of a stressor neces-
sary to kill an organism. LTs, can be used in
conjunction with LD, or LCs, for even more
precise quantification (Zhao and Newman 2004).
As aresult, the goal of this study was to estimate
the time required for sublethal and field-relevant
Closer™ concentrations to kill 50% of honey bee
foragers in the laboratory, as well as to investigate
the potential adverse effects of chronic exposure
to Closer™ under semi-field and in-hive condi-
tions on immunological and physiological mark-
ers of foragers. We, therefore, measured levels
of immunological and metabolic enzymes (glu-
cose oxidase (Gox) (Alaux et al. 2010), alka-
line phosphatase (ALP) (Chen et al. 2011), and
invertase (IV)), detoxification enzymes (car-
boxylesterase (CaEs), glutathione-S-transferase
(GST)), and acetylcholinesterase (AChE) in the
head and midgut of honey bee foragers. These
six biomarkers have been found to be useful in
evaluating pesticide impacts on honey bees in
various biological compartments (Alaux et al.
2010; Chen et al. 2011; Zhu et al. 2017; Yao
et al. 2018; Almasri et al. 2020, 2021). We
expected that the activity of these enzymes may
alter over time as a result of exposure to the
pesticide.
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2. MATERIALS AND METHODS
2.1. Honey bees

Colonies of Apis mellifera carnica led by
mated sisters’ queens were maintained in the
apiary yard of the agricultural experimental sta-
tion, Faculty of Agriculture, Cairo University,
Egypt, from June to August 2021. Colonies had
no visible honey bee diseases, enough bee bread
and honey stores, and a large number of nurses
honey bee workers, and each colony comprised
of eight bee-covered combs, including two to
three combs of the brood.

2.2. Pesticide

Closer™ (240 g L™! SULF, i.e., 40 ga.i. ha™!,
registration number L.9694) was purchased from
Corteva, Inc. (Corteva™ Agriscience). The for-
mulation was kept at room temperature in its
original packaging. Stock solutions were freshly
prepared with tap water and diluted immediately
at room temperature.

2.3. Determination of median lethal time
(LTs5g) of Closer™

The median lethal time LT, (time until death
of 50% of organisms exposed to a toxicant) of
sublethal concentrations of Closer™ were con-
ducted by oral administration through poisoned
sugar syrup under controlled laboratory condi-
tions. The tested concentrations were 15,000,
12,000, 6000, 2000, 600, 60, 6, and 0.6 pg a.i./L
which represent 12-, 15-, 30-, 90-, 300-, 3000-,
30,000-, and 300,000-fold lower than the field
recommended concentration on cotton (~ 150
cm?® a.i/200 L, according to Closer™ 24% SC
SDS https://www.corteva.co.za/products-and-
solutions/crop-protection/closer-240-sc.html),
respectively.

Closer™ sublethal concentrations were
chosen based on a study conducted by the US
Environmental Protection Agency (2016). This

study used a 0.089 Ib a.i./acre application rate on
cotton plants (equivalent to 40 cm® active com-
pound/200 L) applied twice at 5-day intervals.
That application rate, which is 3.75-fold lower
than the currently recommended concentration,
results in 6.09-38.15 pg a.i./L residues of SULF
in nectar and 107.76-1647.10 pg a.i./L in pollen
(U.S. EPA 2016).

From the hive entrance of three chosen colo-
nies, we collected honey bee foragers (older than
3 weeks) who were returning with pollen grains
on their legs. We chose forager bees over in-hive
bees (OECD Test No. 213 Test No. 213: Hon-
eybees, Acute Oral Toxicity Test, 1998) because
they are more likely to be directly exposed to
contaminated nectar. Furthermore, Barascou
et al. (2022) showed that foragers are more sen-
sitive to pesticides than nurse bees. The tested
concentrations were prepared in 500 g per L
sucrose (50% w per v). Each concentration was
tested with three replicates, each replicate had
twenty foragers, and they were allowed to feed
on sugar syrup containing the tested concentra-
tions or sugar syrup free of the pesticide (con-
trol). The cages used for oral toxicity bioassay
were made of wood and had a rectangle shape
(40 cm height X 30 cm diameter). The front face
of these cages was designed as an openable door
made of metal wire with wooden edges. Glass
tubes 50 mm x 10 mm in size with an open-end
narrowed to 2 mm in diameter and containing
200 uL of 50% sugar syrup at the appropriate
concentration were used as feeders. The bees
were starved for 2 h before the experiment,
and moribund bees were replaced with healthy
ones. Once the sugar syrup had been consumed
(within 1-2 h), the feeders were removed and
replaced with one containing untreated sugar
syrup. The cages were kept in the dark at a room
temperature of 25 +2 °C and relative humidity
of 60+ 10% (OECD 1998). For determining the
oral median lethal time (LT5;), the mortalities
were assessed at successive intervals: 0.2, 0.3,
0.5,0.8,1,2,3,4,6, 12, 24, 48, and 72 h post-
treatment. Then LTs, was calculated using the
LdP LineR program using the log-probit model
Ehabsoft (http://www.ehabsoft.com/ldpline).
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2.4. Chronic toxicity of Closer™

To investigate the potential adverse effects of
chronic exposure for 20 days to a sublethal and
field-relevant concentration of Closer™ on the
physiological state of forager bees, honey bee
colonies (n=3) were exposed to 0.3 pg a.i./L
(represented 600,000-fold lower than field rec-
ommended concentration) of Closer™ that was
incorporated into 1 L of sugar solution 50%
(w/v) per colony. Three colonies were used as
a control group and received the same prepara-
tions as the experimental group but without the
pesticide. The colonies that were chosen had at
least 10,000-15,000 bees and 5—6 brood frames.
The 1-L feeding volume was chosen to be con-
sumed within 24 h, allowing for the introduction
of fresh preparations every 2 days for 21 days.
Every 5 days, twenty forager bees were collected
from the hive entrance from each replicate col-
ony of both treated and non-treated colonies,
decapitated, the heads and midgut separated, and
then stored at — 80 °C for enzyme activity assays
to investigate the effect of pesticide exposure on
enzyme activities over time.

2.5. Enzyme assays

The following chemicals were purchased from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO,
USA): o-dianisidine, horseradish peroxidase,
4-nitrophenyl acetate (4-NPA), 4-nitrophenol,
acetylthiocholine iodide (ATChI), 5,5'-dithiobis (2-
nitrobenzoic acid) (DTNB), p-hydroxybenzhydrazide
(PAHBAH), para-nitrophenylphosphatase (pNPP),
L-glutathione reduced (GSH), and 1-chloro-2,4
dinitrobenzene (CDNB).

Bee foragers were decapitated, and the heads
were used to determine GOx, AChE, and CaE
activities, while the midgut tissues were used
to determine the activities of invertase, GST,
and ALP enzymes. Three pooled samples of
five foragers randomly selected from each rep-
licate colony were homogenized using Surom™
homogenizer in three periods that did not exceed
30 s each. The extraction medium contained
40 mM sodium phosphate buffer (SPB) pH 7.4,
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0.3% (w/v) Triton X-100 and protease inhibitor
(Badiou-Bénéteau et al. 2012) to produce 10%
(w/v) tissue extracts. The homogenates were then
centrifuged at 12,000 rpm (4 °C) for 15 min, and
the supernatants were collected for the enzyme
activity assays listed below. The protein concen-
tration of the homogenates was determined using
the Bradford reaction with bovine serum albumin
as a standard (Bradford 1976) and expressed as
mg protein/mL homogenate. The protein concen-
tration of each sample was used to standardize the
enzyme activities to a per-milligram protein basis.

2.6. Acetylcholinesterase (AChE)

The head extract was used to determine the
activity of AChE (EC 3.1.1.7) using acetylthi-
ocholine (ATC) as a substrate, as described by
Ellman et al. (1961) with modifications (Zhu
et al. 2017). In a 200 pL reaction mixture, 50 uL
supernatant of foragers head extract was mixed
with 0.25 mM ATC and 0.4 mM DTNB in 150
uL of 0.1 M phosphate buffer pH 7.5. The change
in absorbance (A) was measured kinetically at
405 nm using FLUOstar® Omega multi-mode
microplate reader (BMG Labtech Co., Ger-
many). The molar extinction coefficient of the
colored product, DTNB (1.36x 10* M~! cm™")
was used. Specific activities were expressed as
nmole ATC hydrolyzed per min per mg protein.

2.7. Glucose oxidase (GOx)

The oxidation of o-dianisidine by H,O, at
430 nm was conducted to determine the activ-
ity of GOx (EC 1.1.3.4) in the supernatant of
foragers head extract according to the method of
Alaux et al. (2010). The reaction medium con-
tained 100 pLL of sample supernatant, 200 pL of
2.5-unit peroxidase, 100 uL of 100 mM glucose,
100 pL of 0.3 mM o-dianisidine, and 500 pL of
125 mM monopotassium phosphate, pH 7.0. The
quantification of GOx was performed using the
H,0, standard curve and expressed as muA per
minute per milligram protein.
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2.8. Carboxylesterases (CaEs)

The activity of CaEs (EC 3.1.1.1) was assessed
using 4-nitrophenyl acetate (4-NPA) as a substrate
according to the method of Chanda et al., (1997).
The test media (2 mL total) was made up of 1,925
uL of 20 mM Tris—HCl buffer (pH 8.0) with 1 mM
ethylenediaminetetraacetic acid (EDTA), 25 pL of
5 mM 4-NPA, and 50 pL of supernatant of for-
agers head extract. After 5 min of incubation at
25 °C, the formation of yellow 4-nitrophenol was
measured at 405 nm with a Thermo Scientific Evo-
lution 100 UV-Visible Spectrophotometer and
plotted against a standard curve of 4-nitrophenol.
The specific activity was expressed as umoles of
hydrolyzed 4-NPA per mg protein per minute.

2.9. Invertase (IV)

Using sucrose as a substrate and
p-hydroxybenzhydrazide (PAHBAH) as a coloring
reagent, the activity of the invertase enzyme (EC
3.2.1.26) was determined in supernatant of forag-
ers head extract according to the method of Lever
(1972) which was modified by Khandekar et al.
(2014). A 1 mL reaction mixture containing 100 pL
of supernatant and 900 pL of 1% w/v sucrose solu-
tion (in 100 mM acetate buffer, pH 4.5) was incu-
bated at 55 °C for 20 min. Then 50 pL of the reac-
tion mixture was withdrawn and added to 1.45 mL
of freshly prepared 0.5% w/v PAHBAH solution (in
0.5 M freshly prepared NaOH). The mixture was
then boiled at 90 °C for 5 min followed by cool-
ing to room temperature. A blank sample was incu-
bated without enzyme solution. The absorbance was
measured at 410 nm by Thermo Scientific Evolution
100 UV-Visible Spectrophotometer. The specific
activity of the invertase enzyme was determined by
hydrolyzing 1.0 umole of sucrose to glucose and
fructose per minute per milligram protein under
assay conditions.

2.10. Alkaline phosphatase (ALP)

The activity of ALP (EC 3.1.3.1) was assessed
using para-nitrophenylphosphatase (pNPP) as a

chromogenic substrate, as described by Bounias
et al. (1996). The reaction medium contained 20
UL of supernatant of foragers midgut extract, 50 uL
of 20 uM MgCl,, 80 uL of 2 mM p-NPP, and 100
uL of 400 mM Tris—HCI, pH 8.5. The FLUOstar®
Omega multi-mode microplate reader was used to
monitor ALP at 410 nm. ALP-specific activities
were calculated using a pure 4-nitrophenol calibra-
tion curve and expressed as umol pNPP formed per
minute per milligram protein.

2.11. Glutathione-S-transferase (GST)

Midgut GST (EC 2.5.1.18) activities were
assayed using 1-chloro-2,4 dinitrobenzene
(CDNB) as a substrate, based on the method of
Habig et al. (1974) with adjustments in CDNB
and glutathione (GSH) concentrations. A 10 pL.
of supernatant of foragers midgut extract was
incubated for 10 min at 25 °C with 950 pL of
phosphate buffer (100 mM, PH 7.4) and 30 uL of
50 mM glutathione (GSH) in an incubator. The
reaction was initiated by the addition of 10 pL of
75 mM CDNB in ethanol. The change in absorb-
ance was recorded at 340 nm with the Thermo
Scientific Evolution 100 UV-Visible Spectropho-
tometer, using its kinetic mode, at 60-s intervals
during a 5-min reaction period. The amount of
conjugated CDNB formed was calculated using
the extinction coefficient of 9.6 mM~! cm™!
(Habig et al. 1974). The GST-specific activities
were expressed as nmole CDNB-GSH conjugate
per minute per milligram protein.

For all enzyme assays, three replicates from
both treated and non-treated colonies were used,
and they were corrected for non-enzymatic con-
jugation that occurred in a sample where the
enzyme solution was replaced by the buffer. All
enzymatic activities were also normalized to the
protein concentration in the heads and midguts
of treated and control groups.

2.12. Data analysis

Statistical analyses were performed using
R studio version 4.1.2 (R Core Team (2022),
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while data visualization was carried out by use
of GraphPad Prism version 8.00 for Windows,
(GraphPad Software, La Jolla California USA,
www.graphpad.com). To compare the change
in enzyme activities between treated and non-
treated colonies at different time points, we used
ANOVA (Type II) tests in a generalized linear
mixed model (GLMM). Pesticide exposure and
time of assessment were used as independent,
fixed factors (predictors), while the colony was
included as a random factor. To test for signifi-
cant interactive effects of exposure to pesticide
exposure and time of assessment of investigated
enzymes, we inspected the pesticide X time
interaction terms in all models. For all analy-
ses, the level of type I error was set as p <0.05.

3. RESULTS

3.1. LTj, of sublethal concentrations of
Closer™

The mortality % of foragers exposed to
different concentrations of Closer™ was
recorded at successive intervals (up to 72 h
after treatment). Table I shows the LT, and
LTy, values at different times (h) for the eight

Ahmed et al.

tested concentrations. As expected, the LTy,
values increased as Closer™ concentrations
decreased. The least and greatest LT5, recorded
were 0.37 and 74.3 h for the least (6 pg a.i. /L)
and greatest concentrations (15,000 pg a.i. /L)
of Closer™, respectively. The least and greatest
concentrations are 300,000 and 12-fold lower
than the field-recommended concentration.
After 72 h of treatment, the mortality rate in
the control group was 3.3%.

3.2. Enzyme activities

When we compared the activity of AChE,
GOx, and CaEs at different time points in the
head tissues of foragers exposed to a sublethal
concentration of Closer™ (0.3 ug a.i./L) for
21 days, we found significant pesticide X time
interaction effects for only AChE (GLMM,
p <0.05) indicating that the activity of this
enzyme changed (increased) over time as a
result of pesticide treatment (Table II).

Activities of GOx, and CaEs changed sig-
nificantly in treated colonies compared to non-
treated colonies (control). The activity of CaEs
was always lower in forager bees collected from
treated colonies compared to those collected
from non-treated colonies (Figure 1, Table II).

Table I The median lethal time (LTs, and LTy) (hours) of honey bee foragers (n=60 bee/treatment) after
exposure to Closer™ (active ingredient sulfoxaflor) at sub-field recommended concentrations

Conc. (ug a.i./Ll) -fold lower than LTso(h)" 95%

LTy,h)* 95% CL  Slope (mean+SE) x2

field recommended CL (lower— (lower—

conc.? upper) upper)
15,000 12 0.37 0.32-043 1.04 0.85-1.38 2.89+0.32 441
12,000 15 0.86 0.75-0.98  2.88 2.30-3.87 2.44+0.21 9.37
6000 30 1.23 1.07-1.39  3.06 2.63-3.72 3.24+0.28 421
2000 90 1.81 1.57-2.08 6.71 5.31-9.23 2.25+0.20 1.18
600 300 5.99 5.27-6.85 182 14.7-243 2.66+0.24 6.09
60 3000 14.7 11.8-18.1 952 66.4-161 1.58+0.17 3.85
6 30,000 31.3 25.9-38.6 146 101-255  1.91+0.22 1.64
0.6 300,000 74.3 56.0-115 423 227-1301 1.69+0.26 6.93

The field recommended concentration on cotton (2150 cm?/200 L, according to Closer™ 240 SC SDS)

LTy, and LT, are expressed in h
“Confidence intervals at a 95% probability level
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We also found significant pesticide X time
interaction effects for only GST (GLMM,
p <0.05) when we compared the activity of
GST, invertase, and ALP enzymes at differ-
ent time points in the midgut tissues of for-
agers exposed to a sublethal concentration of
Closer™ (0.3 pg a.i./L), indicating that the
activity of this enzyme changed over time as a
result of pesticide treatment (Table II).

The activities of invertase and ALP changed
significantly in treated colonies compared to
non-treated colonies (control). The activity of
ALP was always higher in forager bees col-
lected from treated colonies compared to those
collected from non-treated colonies (Figure 2,
Table II).

4. DISCUSSION

Pesticides can have lethal effects on bees
(Henry et al. 2012; Tosi and Nieh 2019), as well
as sublethal effects such as cognitive impairments
(Chakrabarti et al. 2019), flight and homing dis-
ruptions (Henry et al. 2012), and detrimental
physiological alterations (Pettis et al. 2012;
Chakrabarti et al. 2020). Consequently, the prob-
able links between honey bee survival and pesti-
cide residues have received a great deal of atten-
tion, and previous research indicated that pesticide
residues may have a deleterious impact on honey
bee population survival (Di Prisco et al. 2013;
Sanchez-Bayo and Goka 2014; Zhu et al. 2017).

Closer™ (SULF) has been shown to be toxic
to insects that pollinate plants (Bacci et al. 2018).
As a result, this insecticide is used under strict
regulations to limit risk of toxicity for these use-
ful insects. One of these regulations is to avoid
exposing bees to excessive concentrations of this
insecticide. Despite that, bees may be exposed
to residues of SULF while foraging on bloom-
ing plants adjacent to the treated fields, and this
exposure may occur more than once.

In the current study, we exposed foragers to
Closer™ concentrations that ranged from 12 to
300,000-fold lower than the field-recommended
concentration (150 cm? active compound/200 L)
under laboratory conditions. The results revealed
that exposing forager bees to these concentra-
tions resulted in 50% mortality in less than 48 h
post-treatment, while exposure to concentration
of 300,000-fold less than the recommended con-
centration resulted in 50% mortality in around
3 days. In fact, the mortality data obtained in the
current study is consistent with the Closer™ fact
sheet, which states that this chemical is harm-
ful to bees and advises farmers to allow at least
3 h between application and bee foraging period.
Despite this, the concentrations tested are quite
low and several orders of magnitude lower than
what bees may be exposed to after 3 h of forag-
ing. According to the U.S. EPA (2016), when an
application rate of 40 cm? active compound/200
L was applied, they detected a 6.09-38.15 g
a.i./L of SULF in nectar and 107.76-1647.10 ug
a.i./L in pollen. These levels are significantly

Table II Results from GLMM analyses testing effects of exposure to a sublethal concentration (0.3 pg a.i./L)
of Closer® (active ingredient sulfoxaflor) for 21 days on the activity of some enzymes in bee heads (AChE
acetylcholinesterase, GOx glucose oxidase, and CaEs 4-nitrophenyl acetate carboxylase) and midgut tissues
(GST glutathione-S-transferase, IV invertase (IV), and ALP alkaline phosphatase) at different time points of

exposure

(Type III Wald chi-square tests) (p-value)
Source Df AChE GOy CaEs GST Invertase ALP
Pesticide 1 <0.001 0.02 <0.001 <0.001 0.04 <0.001
Time 1 <0.001 0.05 0.54 0.06 0.71 <0.001
Pesticide x time 1 <0.001 0.25 0.77 0.01 0.07 0.19

Values in bold indicate statistically significant differences between treatments
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Figure 1. Effects of exposure of foraging bees to a sublethal concentration (0.3 pg a.i./L) of Closer® (active ingredi-
ent sulfoxaflor) for 21 days under semi-field in-hive conditions on the activity of a acetylcholinesterase (AChE), b
glucose oxidase (GOx), and ¢ 4-nitrophenyl acetate carboxylase (CaEs)) in bee heads at different time points of expo-
sure. The statistical details are addressed in Table I, bars depict (mean + SEM).

higher than the tested levels in our study, indi-
cating a substantial risk to forager bees.

In our recent study, we showed that a 21-day
chronic exposure to a very low concentration
of Closer™ (SULF) had a detrimental effect on
honey bee colony growth and foraging activ-
ity (EI-Din et al. 2022). We assumed that the

INRAZ $D|B @ Springer

negative impact of chronic exposure to Closer™
(0.3 pg a.i./L) on foraging activity and weight
of foragers could be attributed to physiologi-
cal implications mainly in the immune system,
detoxification, and metabolism of honey bee
foragers as found in previous research (Christen
et al., 2021; Al Naggar et al. 2015; Roat et al.
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Figure 2. Effects of exposure of foraging bees to a sublethal concentration (0.3 pg a.i./L) of Closer® (active ingredi-
ent sulfoxaflor) for 21 days under semi-field in-hive conditions on the activity of a glutathione-S-transferase (GST), b
invertase (IV), and c alkaline phosphatase (ALP) enzymes in bee midgut tissues at different time points of exposure.
The statistical details are addressed in Table II, bars depict (mean+ SEM).

2017; Al Naggar and Baer 2019; Wu et al. 2023).  2013), detoxification (GST and CaEs), honey
To validate our assumption, we assessed the  production (IV), and neurotransmission (AChE)
potential adverse effect of chronic exposure to  in foragers over time under in-hive conditions.

Closer™ (0.3 pg a.i./L) on the activities of some The immunological defense in honey bees is
enzymes involved in immunity (Gox and ALP,  well-developed and includes hygienic behavior,
ALP also involved in metabolism (Carvalho etal. ~ which is an antiseptic behavior consisting of

INRAZ $D|B @Springer
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the ability to recognize and remove unhealthy
broods from the hive (Wilson-Rich et al. 2008).
Any impairments in this immune system would
undoubtedly affect the whole hive’s vitality.
Intriguingly, GOX-specific activity was sig-
nificantly altered by chronic Closer™ expo-
sure in the current study. The GOx enzyme, a
social immunity parameter (Alaux et al. 2010),
sterilizes larval food and honey (Bucekova
et al. 2014), hence contributing to colony-food
sterilization and thus disease prevention. Conse-
quently, if the colony was unable to maintain lev-
els of GOX activity, a decrease in antiseptics in
the colony would impact not just adult nestmates
but also brood survival, weakening the colony
in the long run (Alaux et al. 2010). Our findings
showed that the colony was unable to counteract
the negative effects of Closer™ chronic exposure
on the GOx activity, suggesting that the GOx
may be a useful biomarker for assessing the pre-
viously observed disruptive effects of sulfoxaflor
on colony growth and development.

Another immunological and metabolic bio-
marker in our study is alkaline phosphatase
(ALP). We found a significant increase in ALP
activity in response to Closer™ chronic exposure
over the time. Similarly, an increase in the ALP
activity in forager bees, however, in response to
thiamethoxam (Badiou-Bénéteau et al. 2012) or
spinosad (Carvalho et al. 2013) was reported.
Fipronil and AMISTAR® XTRA (a commercial
fungicide composed of azoxystrobin and cypro-
conazole) on the contrary significantly reduced
the ALP activity in bees (Carvalho et al. 2013;
Caliani et al. 2021). The alkaline phosphatase
family of enzymes oversees cell signaling, the
transport of metabolites, and is involved in diges-
tion processes (Bounias et al. 1985). Insecticides,
fungicides (Bounias et al. 1985), or acaricides
(Bounias et al. 1996) have been shown to modu-
late ALP in the honey bee, even though it is not
involved in pesticide detoxification. As a result,
the elevation in ALP activity in our work could
be interpreted as a defect in the immunological
state of forager bees.

GST and CaEs are detoxification enzymes
that eliminate a wide range of toxic compounds
(Badawy et al. 2015). Despite this, these
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enzymes have not been thoroughly explored in
honey bees (Zhu et al. 2017), and limited data
suggested that GST and CaEs are less relevant in
the honey bee detoxification system (Iwasa et al.
2004). On the contrary, several studies recorded
a modulation in GST and/or CaEs activities of
bees after pesticides exposure (Badiou-Bénéteau
et al. 2012; Carvalho et al. 2013; Badawy et al.
2015; Almasri et al. 2020, 2021).

In our study, we found a significant induc-
tion in GST-specific activity over the 21 days
of chronic exposure to Closer™. In addition
to its role in detoxification, GST is thought to
be a bioindicator of oxidative stress induction.
This enzyme converts biomolecule peroxidation
products formed during oxidative stress into less
toxic hydroxyl derivatives (Yan et al. 2013).
Thus, the increased GST activity is most likely
due to increased lipid peroxidation (Taric et al.
2020). Badawy et al. (2015) also reported a 186%
increase in GST activity following the treatment
with acetamiprid, pymetrozine, and pyridalyl at
lower doses. In addition, Nielsen et al. (2000),
Papadopoulos et al. (2004), Carvalho et al.
(2013), Roat et al. (2017), and Caliani et al.
(2021) reported increased GST-specific activ-
ity in bees exposed to deltamethrin, flumethrin,
spinosad, fipronil and AMISTAR®, respectively.
The increase in GST-specific activity strongly
implies the induction of oxidative stress in the
midgut tissues of foragers due to exposure to
SULF.

Carboxylesterase is involved in the biochemi-
cal mechanism of pesticide resistance in certain
pest species and plays an important role in the
detoxification of numerous endogenous and
exogenous agrochemicals through hydrolysis
(Wheelock et al. 2005). CaEs-specific activity
was increased in the heads of honey bee foragers
when acetamiprid, pymetrozine, and pyridalyl
pesticides were applied at different rates and was
inhibited by dinotefuran, indicating that carboxy-
lesterase activity is pesticide dependent (Badawy
et al. 2015). In the current study, we observed
a significant decrease in CaEs-specific activity
over the chronic exposure period to Closer™,
implying a reduction in honey bee foragers
detoxification capacity and that foragers are
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very sensitive to Closer™, which could explain
the negative effects reported on foraging activity
and bee weight in our previous research (El-Din
et al. 2022).

We further evaluated the effect of SULF on
invertase, which is the enzyme responsible for
honey production by hydrolyzing nectar sucrose
to form fructose and glucose (Sahin et al. 2020).
This enzyme also consider a vital parameter for
estimating honey quality and freshness (Julika
et al. 2020). We detected a significant decrease
of invertase activity beginning on the tenth-day
post-exposure compared to the control, indi-
cating a detrimental effect on invertase, which
might influence honey production. This assump-
tion is consistent with the findings of Sandrock
et al. (2014), who reported a 29% decline in
honey production in colonies exposed to thia-
methoxam and clothianidin on a long-term basis
and could also be attributed to the decrease in
foraging activity revealed in our previous study
(EI-Din et al. 2022). On contrary of our results,
Zhu et al. (2017) found that a 3000 pg a.i./L.
of Transform 5G® (another formulation form
of SULF) had no negative effects on invertase
activity.

Many studies and reviews have highlighted
the importance of acetylcholine and its catalyz-
ing enzyme AChE in bees, and they have also
been widely used as general biomarkers of neu-
ral toxins in environmental and occupational
medicine (Lionetto et al. 2013). AChE inhibits
impulse transmission by rapidly hydrolyzing the
neurotransmitter acetylcholine in cholinergic
receptors (Colovi€ et al. 2013). In the current
study, we found in the head of foragers collected
from Closer™treated colonies an increase over
time of AChE-specific activity. This is consistent
with the findings of previous research that dem-
onstrated higher AChE activity in advice™ (imi-
dacloprid) and Transform™ (SULF)-treated bees
at the residual level (Zhu et al. 2017) as well as in
the brain tissues of bees exposed to coumaphos
and aldicarb (Williamson et al. 2013). In con-
trast, AChE activity was inhibited in the head and
thorax of honey bee foragers exposed to different
rates of acetamiprid, pymetrozine, dinotefuran,
and pyridalyl pesticides (Badawy et al. 2015).

The increase in AChE-specific activity that
occurs in foragers after chronic exposure to Closer™
could be attributed to a defense response, thereby
protecting overall bee health (Qi et al. 2020). AChE
is also involved in memory and learning processing
(Guez et al. 2010). As a result, changes in AChE
activity may impair honey bee learning and mem-
ory performance, as recently reported (Cartereau
et al. 2022), potentially reducing foraging perfor-
mance as observed in our previous research (El-Din
et al. 2022).

We employed forager bees rather than any other
hive member in either the acute (LTs,) or chronic
(enzyme assays) exposure experiments in the cur-
rent study. This is due to the fact that forager bees
conduct all outside work like nectar, pollen, water,
and propolis collection (Bucekova et al. 2014).
While performing this duty, forager bees may be
accidentally exposed to pesticide residues (Zhu
et al. 2020). Moreover, they might transfer the con-
taminated nectar and pollen to the hive leading to
the accumulation of numerous pesticide residues
in the beehive matrices (Almasri et al. 2021).

5. CONCLUSION

The cumulative intake of Closer™ at a very
low level modulates immunological parameters,
causing oxidative stress and neurotoxicity, which
may affect forager body mass and activity, and
therefore colony growth. These findings lend
credence to the belief that Closer™ poses sig-
nificant risks to pollination services, necessitat-
ing the passage of critical legislation prohibiting
the use of such products or limiting exposure of
honey bee colonies.
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