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Figure 1.2, Schematic diagram describing the overarching premise of this thesis. Known
correlations are activation and inhibition of Katp channels reduces and increases virus mediated
mortality, respectively. The aims of this thesis will address a portion of this correlation through
ROS.

1.11. Katp Agonists Increase Survivorship after Infection with Model Virus

As a proof-of-concept, previous work developed a laboratory assay for assessing the
impact of drug exposure on the survival of virus infected honey bees, as well as changes in viral
replication as measured through changes in the expression of viral mMRNA %27, In this assay, age-
matched adult honey bees were infected via intrathoracic microinjection with an
entomopathogenic model virus, flock house virus (FHV), then monitored for survival over a five

to ten day period in caged groups. Testing demonstrated that honey bee mortality directly
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increased relative to the titer of FHV administered (Figure 1.3A) and quantitative PCR (qPCR)
analysis demonstrated that viral RNA expression increased over time (Figure 1.3B) 7.
Importantly, treatment with the Katp channel agonist pinacidil increased survival of bees while
decreasing viral replication following infection with FHV, whereas treatment with the Katp
channel antagonist tolbutamide decreased survival and increased viral replication (Figure 1.3C-
D). These results suggest that Katp channels provide a significant link between cellular
metabolism and the antiviral immune response in bees, indicating a likely linkage between ROS
signaling, antiviral immune responses, and Katp channels in honey bees. Considering this, this
thesis work aimed to further elucidate this connection by describing the influence of Katp

channels to ROS and survivorship.
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Figure 1.3. Honey bee immunity and survival bioassays for infections with flock
house virus. (A) Survival of virus-infected adult bees. (B) Increasing viral RNA
expression measured using qPCR. (C) Katp Activation (pinacidil) and inhibition
(tolbutamide) reduced and increased virus mediated mortality, respectively. (D) Altered
viral RNA expression after Karp modulation compared to untreated (black bars).

Published in O’Neal et al., Sci. Rep, 2017.
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1.12. Overarching Hypothesis to be Tested

Honey bees are exposed to a variety of different stressors, such parasites, pesticides, and
transcontinental travel, which have reduced the immunocompetence of the individual bee and
increased their susceptibility to pathogens /%172, This increase in susceptibility to pathogens has
resulted in a downward spiral of bee health and population decline. Sick and weakened bees
diminish colony resiliency, ultimately leading to a breakdown in the social structure, production,
immunity, and survivorship of the colony 173, Unfortunately, removing the chemical stressors or
eliminating mite-transmitted pathogens is impractical at the present time and therefore, methods
to increase immunocompetence are needed to increase honey bee health. Previous work suggests
a putative connection between Katp channels and antiviral immunity in managed honey bees,
and taken in context with work in mammalian systems, we speculate that the functional linkage
between these factors is through ROS. Therefore, this thesis aimed to directly test the hypothesis
that Katp channel modulators are capable of regulating levels of ROS in individual honey bees.
The data generated in this study will bridge the fundamental knowledge gap and result in an
understanding of honey bee immune system regulation as well reveal novel intervention points
To test this hypothesis, we propose the following objectives:
1.13. Objectives of the Study

1. Identify Kate modulators capable of affecting paraquat-induced ROS in honey bees

2. Determine if Katp modulators increase survivorship from paraquat-induced ROS

3. Provide proof-of-concept that ROS induction reduces mortality stemming from mite

infestation

27



Chapter 2. Test The Hypothesis That Pharmacological Modulators of Katp
Channels Can Reduce Oxidative Stress in the Honey Bee, Apis Mellifera.

2.1. Introduction

The Western honey bee, Apis mellifera L., is the most widely managed crop pollinator in
the United States, and significantly contributes to the economic viability of our agricultural
industry and the overall sustainability of food and fiber production. Declines in the numbers of
both managed and wild pollinators have served to increase public awareness of bee health issues,
and prompted researchers to intensify efforts to understand the factors driving these declines 174
176 While a variety of factors negatively impact bee populations, there is a growing belief that
the prevalence of viruses poses the most significant threat to honey bee health 1’”. Managed
honey bee colonies are commonly infected with multiple viruses concurrently 18179 though such
infections may remain asymptomatic, and persist only at low levels in healthy colonies.
Importantly, exposure to environmental stressors can weaken colony immunity and provoke
acute outbreaks that result in overt deformities, paralysis, and death of individual bees, leading to
colony loss. Taken together, colony losses appear to be closely associated with reduced
immunocompetence 175180181 ‘and therefore, mechanisms to enhance immune function are likely
to reduce infection rates and increase colony viability. However, much of the research occurring
currently is focused on describing the factors causing mortality and not the identification of
physiological mechanisms that can mitigate the stress-induced damages to restore honey bee
health. Identification of novel physiological pathways within the individual honey bee that can
increase colony sustainability is needed and is therefore the premise of this study

One of the primary bee antiviral defense mechanisms is an evolutionarily conserved gene

silencing mechanism known as RNA interference (RNAI), which recognizes the presence of
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double-stranded RNA to initiate targeted degradation of viruses 82, Little information exists
regarding mechanisms to enhance RNAI pathways in bees, but previous work has demonstrated
that a family of potassium ion channels, termed ATP-sensitive inward rectifier potassium (Katp)
channels, play a significant role in mediating the survival of both mammals and insects during a
viral infection 18163 These data suggest Kate channels may drive RNAI pathways and thus,
antiviral immunity, highlighting the importance of defining the interaction between these two
systems. Interestingly, Katp channels are coupled to the metabolic state of the cell, enabling
these channels to regulate levels of reactive oxygen species (ROS) through mitochondrial
function %4 ROS are used in mammals as a signaling mechanism for immune system
enhancement after virus infection 128:162.163.169.183 “inqjcating that a functional linkage between
Katp channels, ROS, and antiviral defense mechanisms may also exist in honey bees.

ROS are well-documented to cause a number of deleterious events that lead to acute
mortality of honey bees 848 resulting from increased cellular damage 6. Considering this, it
is understandable that the majority of ROS research has focused on the deleterious consequences
ROS have to honey bee health. However, ROS are also critical to animal survival, as they
function as signal messengers for the immune system during virus infection. A moderate increase
in ROS are also known to benefit human health by enhancing immune function'®2. In mammals,
it has been shown that ROS production is initiated as a consequence of pathogen infection, and if
ROS are generated at moderate levels, it induces activation of multiple immune pathways that
lead to inhibition of virus replication. Importantly, ROS have been shown to be beneficial to
mosquito survival by enhancing immune responses of mosquitoes after infection with bacterial
or viral pathogens 3% indicating a conserved function between mammals and insects.

Therefore, the overarching premise of this thesis study is that ROS represent a physiological
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product capable of reducing pathogen infection, and that chemical modulation of ROS levels can
enhance the overall health of managed honey bee colonies through increased innate antiviral
immune function. As such, this thesis work aims to fill significant gaps in our knowledge with
respect to mechanisms that can modulate levels of ROS in honey bees by investigating the
functional interplay between ROS, virus infection, and bee survivorship. This must be addressed
for increased sustainability of managed bee colonies, and is thus the premise of this thesis.

Potassium ion channels are a fundamental component of many physiological mechanisms
since they are responsible for establishing and maintaining the membrane potential of animal
cells and serve crucial roles in cellular regulation *7. A superfamily of potassium ion channels,
termed inward rectifier potassium (Kir) channels, function as biological diodes due to the unique
biophysical property that allows the flow of potassium ions in the inward direction more easily
than the outward direction at hyperpolarizing potentials ¥’. K channels are known to be
critical for proper function of multiple mammalian ®1°! and insect 1231921% physjological
systems. All Kir channels share similar molecular architecture; they are tetramers, assembled
around an aqueous membrane-spanning pore that are gated by polyvalent cations that occlude the
pore at cell potentials more positive than the K* equilibrium potential *%61%7, Katp channels are a
subfamily of Kir channels, and are heterooctomeric complexes of four pore-forming Kir channel
subunits and four regulatory (SUR) subunits 1%1%°  Contrary to “classic” Kir channels, Katp
channels are regulated by the ratio of intracellular ATP: ADP and thus, they couple the
membrane potential to the metabolic state of the cell 2%,

The coupling of Kartp channels to the metabolic state of the cell suggests that these
channels may be involved in the regulation of ROS for cellular protection®*. Indeed, studies on

mammalian Katp channels have shown that pharmacological activation of Kate channels with
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diazoxide results in functional uncoupling of the mitochondria, yielding an increase in ROS
production 15166 On the contrary, pharmacological inhibition of Kare channels results in a
decrease in ROS concentration within the animal 1°7:1%  Importantly, the role of Kare channels
and ROS modulation is conserved between mammals and insects as it has been shown that Katp
channels provide a protective role against hypoxic stress in Drosophila %2,  Similarly, a
functional linkage between Katp channels and oxidative stress has been shown in cockroaches
189, These data provide evidence that Kare channels are involved in regulating the titer of ROS,
raising the intriguing possibility that viral-mediated mortality in honey bees may be mitigated by
regulating ROS levels through Kate channel modulation.
2.2. Materials and Methods
2.2.1. Solvents, Reagents, and Compounds

The ROS inducing compound paraquat (PESTANAL, analytical grade), the Kate channel
modulator pinacidil, and dimethyl sulfoxide (DMSQO) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). All chemicals were designated to be >98% pure. Chemical structure of the
Kate modulator pinacidil used in this study is shown in Table 1.3.
2.2.2. Honey Bee Colonies

Colonies of Cordovan Italian bees were sourced from the USDA-ARS Honey Bee
Breeding, Genetics and Research Facility (Baton Rouge, Louisiana). Queens were acquired from
C.F. Koehnen and Sons (Ord Bend, California). Queens were open mated on location by the
breeder. No brood was taken from the colonies for a period of 8 weeks after queen installation,
so as to ensure all bees used were from the installed Koehnen queens, and not the preceding
queen. Varroa mite levels were assayed twice per month by alcohol wash. Any colony having

mite levels above the economic treatment threshold of 3.0 mites per 100 bees was excluded from
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the study, unless specifically dictated by the methods (section 2.2.7). No Varroa mite treatments
were made during the conduct of the study.
2.2.3. Hoarding Cages

Standard bee study cages were purchased from Small Life Supplies (Whittlesey,
Peterborough, Cambridgeshire, Great Britain). The cages (figure 2.2.4) were machined from
stainless steel, with glass closures. Cages were washed with acetone, then dried and autoclaved
before each use. Segments of 3/8" inch PVC pipe (Ace Hardware (Oak Brook, IL) were cut to
measure 1.5 inches in length, so as to form adapters to fit 5SmL BAXTER oral syringes
(Thermofisher Scientific (Waltham, MA)), which were filled with 10% sucrose solution for bee
feeding. The protruding tip of each syringe was trimmed with a razor blade before filling with
feeding solution and inserting into hoarding cages, so as to ensure that the diet solutions were
accessible to the bees.

2.2.4. Modulation of Paraquat-Induced Oxidative Stress in Honey Bees
2.2.4.1. Expose Bees to Katp Activator Pinacidil during Paraquat Induced Stress.

Frames of near-emerging brood were removed from colonies and placed into purpose-
made emerging cages courtesy of the USDA-ARS lab (Baton Rouge, LA). Cages were placed
into a humidified incubator and were maintained at 32.5°C and 60-70 % percent relative
humidity 2°%. All Kate modulators were made into 200 mM stock solutions in DMSO, to aid in
solubility in aqueous solution. 10 uL of stock solution were then added to 990 uL of 1:1 sucrose,
so that the final concentration of modulators in the diet was 2mM, and the final DMSO
concentration was 1%. Newly emerged bees (less than 24 hours old) were then pre-fed with

Katp modulator or untreated 1:1 sucrose solution, containing 1% DMSO for 24 hours. After 24
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hours of exposure to Kate modulators, 0.5 ug/uL of paraquat was added to the diet of treatment
groups as well as positive controls, while untreated controls continued to receive normal
sucrose/vehicle. Bees fed throughout the incubation period, with feeding solutions being remade
every 24 hours. Whole bees were sampled beginning 24 hours from the onset of paraquat
exposure, at the intervals of 24, 48, 72, and 96 hours. The fluorophore, Rhodamine B, was added

195 and as

to the sucrose to ensure the bees imbibe the chemical, similar to our other studies
shown in Figure 2.1 B-C. This compound fluoresces under 510 nm light; as such, bees that have
fed on the compound visibly fluoresce under this wavelength. Bees that were not fluorescent
were not be included in the data analysis. Dead bees were not used in biochemical assays

because melanization after death would have skewed biochemical data. Bees were stored at -80°

C until the conclusion of the experiment.
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Figure 2.1. Treatment chamber for honey bee exposure to chemicals. A) Photo showing
bees feeding on Rhodamine B labeled sucrose that would contain modulators. B) Image of
a bee fed on Rhodamine labeled sucrose under white light and fluorescent lamps.

2.2.4.2. Processing of Samples

To generate sample extract for analysis, whole bees were individually processed by first
removing the sting gland, and were then be placed individually into 2.0 mL screw-top
microcentrifuge tubes, along with 1.8 mg of 2.0 mm zirconium beads. Samples were returned to
the -80° C freezer and, while still frozen, the bees were homogenized by dry milling using a
Mini-Beadbeater 96 bead mill (Bio Spec Products, Bartlesville, OK) for 20 seconds at 3500
RPM. Samples were then reconstituted using 1.0 mL (per bee) (equivalent to 10 uL per mg of
mass, as adult bees are ~ 100mg, each) of ice-cold 5mM potassium phosphate buffer, pH 7.4,
containing 0.9% sodium chloride (Cayman Chemical, Ann Arbor, MI) with 0.3% Triton X-100

(Sigma-Aldrich, City, State) and lightly swirled. Reconstituted samples were then centrifuged for
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15 minutes at 12,000xG at 4° C. The resulting supernatant was collected and divided into 120 uL
aliquots, and stored at -80° C.
2.2.4.3 Analysis of Samples

To biochemically assess the capability of Katp modulators to reduce ROS, two assays
were performed. The first assay, the Total Antioxidant Capacity Assay (Cayman Chemical, Ann
Arbor MI) evaluated the difference in ROS generated in each bee by measuring their total
antioxidant capacity in a 96-well plate based colorimetric assay. The assay functions by
measuring the ability of any and all antioxidants present in each sample to inhibit the oxidation
of the chromogenic compound 2,2’-Azino-di-3-ethylbenzthiazoline sulphonate (ABTS®) by the
compound metmyoglobin. If no antioxidants are present in the sample, metmyoglobin will
reduce ABTS, producing a color change, which may be read by a spectrophotometer. An
increase of antioxidants causes less color change and resultant absorption of light at 750 nm
decreases, allowing for measurement the antioxidant content of the sample. This absorption
value is then quantified by comparing the absorbance of the samples against a standard curve of
Trolox (an analogue of tocopherol). The resultant values ascertained by this method are
representative of millimolar Trolox equivalents, which are then standardized by dividing by the
protein content of the sample, as determined using the Pierce™ 660nm protein quantification
assay, as detailed in the following paragraph. Thus, the antioxidant kit indirectly measures the
concentration of ROS; an increase ROS would deplete the total antioxidant capacity of the bee,
while a decrease in ROS would result in a higher total antioxidant capacity. The assay was read
using a BioTek™ Epoch® spectrophotometer (Fisher Scientific (Waltham, MA)), at 750 nm, per

the kit instructions.

35



The second assay, the Pierce 660nm protein assay, is a dye-metal-complex based method
of total protein quantification. This assay is more rapid, more linear, and more reproducible
compared with the standard Coomassie-dye based Bradford Assay 2°2. This assay is based on the
binding of proteins to the dye-metal-complex, which causes a shift in the absorbance of the
solution, from 450 nm to 660 nm. Before binding, the dye-metal-complex solution appears
reddish brown; after proteins bind, the solution turns blueish green. These absorbances are then
compared to a bovine serum albumin based standard curve, so as to quantify the total protein

content of each sample 2%2

. The assay was read using a BioTek™ Epoch® spectrophotometer
(Fisher Scientific (Waltham, MA)), at 660 nm, per the kit instructions.
2.2.5. Survivorship Assessment with Kate Modulators after Paraquat-Induced ROS

Newly emerged bees (0-24 hours post emergence) were placed into hoarding cages, with
20 bees per cage, with three cages per treatment group per replicate, with three replicates in the
study. Treatment groups were fed with 2mM Pinacidil in 1:1 sucrose, while untreated and
positive control groups were fed 1:1 sucrose with vehicle only (DMSO). After 24 hours of
feeding, paraquat were added to the diet of the experimental and positive control groups at a
concentration of 0.5 ug/uL, while the untreated control continued to receive 1:1 sucrose plus
vehicle. After 24 hours of exposure to paraquat, and at 24 hour intervals following this point,
mortality was assessed for each cage. Mortality was defined as any individual which showed no
visible motion within five seconds of observation. All individuals which were found to be dead
were removed at the time of observation. Feeding solutions were then made fresh at the time of

mortality assessments (every 24 hours) and replaced before returning bees to humidified

incubator. Observations continued for a period of 120 hours.
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2.2.6. Test the Hypothesis that ROS-Induction Alters Mortality Rates of Bees Heavily Infested
with Varroa Mites

Newly emerged worker bees were collected from colonies with low (less than 3 mites per
100 bees) and high infestations (>8 mites per 100 bees) of Varroa destructor mites, as Varroa
are the vector for many of the most important honey bee viruses. As before, bees from both
colonies were allowed to emerge in a humidified incubator. Bees from both low-mite and high-
mite colonies were placed into distinct hoarding cages and fed for 24 hours with untreated
sucrose. After 24 hours, a discriminating range of doses of paraquat was added to sucrose
solution to cages of both groups to induce ROS. The bees were further allowed to feed until all
were dead, with survivorship assessments taken every 24 hours. To enable a statistical
comparison of toxicity, we constructed sigmoidal curves using GraphPad Prism 6 software and
the time required to kill 50% of the experimental population (ET50) was calculated by nonlinear
regression (variable slope) using a Hill equation in GraphPad Prism (GraphPad Software, San
Diego, CA, USA).
2.3. Results
2.3.1. Katp Modulators are Non-Toxic to Adult Honey Bees

The pharmacology of Kartp channels is the most developed of all Kir channels and
consists of both, activators and inhibitors. Molecular structures of pinacidil and diazoxide
(activators) as well as glyburide and tolbutamide (inhibitors) are shown in Figure 2.2A. Prior to
studying the physiological function of honey bee Katp channels using these pharmacological
probes, we tested their impact to honey bee acute toxicity by providing access of 50 caged bees
to the compounds through sugar water for 1 week. Compounds were tested at concentrations

approaching solubility limits (2-4 mM) and data shown in Figure 2.2B clearly show that that
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chronic exposure to these molecules was non-toxic. This was also found to be true for classical
Kir channel inhibitor VU041 12, The lack of acute toxicity suggests that using these modulators

to probe the physiological function of Katp channels in bees is a viable approach.
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Figure 2.2. Katp modulators and Acute Toxicity. Molecular structures of Katp channel
activators (A) and inhibitors (B). Acute toxicity of Karp modulators to honey bees. Data
points represent mean (n=150) % survivorship with error bars representing SEM.

2.3.2. ldentification of Paraquat Concentration to Induce ROS

A goal of this study was to measure the ability of Katp modulators to regulate the levels
of ROS and thus, the induction of ROS is necessary to determine if Kate modulators increase or
decrease ROS levels. The standard method to induce ROS into individual honey bees is through
injection of the herbicide paraquat, as it yields reproducible levels of ROS, whereas flight and
other measures are highly variable. Thus, we measured mortality of individual honey bees after
exposure to paraquat at concentrations of 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, and 2 mg/mL.

Concentrations of paraquat at 1 mg/mL and 2 mg/mL resulted in near 100% mortality at 72-
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hours post exposure and approximately 50% mortality at 48 hours. The onset of toxicity was
slower with 0.5 ug/mL paraquat where we observed 20 + 7% mortality at 48 hours and 58 + 11%
toxicity at 72 hours. Less than 100% toxicity was observed at 96 hours, which was the end of
the analysis. Thus, we deemed 0.5 mg/mL paraquat to be the appropriate concentration to use
for subsequent studies with Katr modulators due to the slower, yet linear rate of toxicity when

compared to other concentrations (Figure 2.3).
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Figure 2.3. Rate of mortality of honey bees exposed to varying concentrations of
paraquat. Mortality was assessed at 24 hour intervals and data points represent mean (n=75
bees) % mortality. Error bars represent SEM.

2.3.3. Determine if Pretreatment with Katp Modulators Affects Survivorship during Paraquat-
Induced ROS

We aimed to determine the influence of Kate channel activators and inhibitors to
mortality that resulted from generation of ROS. To do this, we pretreated groups of 20 newly

emerged bees with either Katp modulators in 1:1 sucrose, or sucrose with vehicle (DMSQ) only.
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After 24 hours, 0.5 ug/uL of paraquat was added to the sucrose diet, and survivorship was then
assessed in 24 hour intervals after exposure to paraquat. First, we analyzed the impact of Katp
inhibitors to paraquat-induced mortality and found that glibenclamide, 5-hydroxydecanoic acid
(data not shown), or tolbutamide (Figure 2.4A) did not alter paraquat-induced toxicity over the
120 hour feeding period. Next, we studied an array of structurally distinct Kate activators (Table
1.3) and found that VU063, diazoxide, or minoxidil did not alter paraquat induced mortality
(data not shown). However, pinacidil was found to significantly increase the rate of toxicity with
an ETso of approximately 40 hours whereas 0.5 mg/mL paraquat alone resulted in an ETso of
approximately 68 hours (Figure 2.4A), a statistically significant difference (P<0.05).

Next, we microinjected pinacidil in honey bees that were fed paraquat to ensure the
increased rate of mortality was not a byproduct of feeding the bees pinacidil plus paraquat. The
pattern of toxicity remained the same with pinacidil increasing the rate of toxicity and
tolbutamide not altering paraquat induced mortality. As expected, the rate of mortality was
much faster when compared to oral exposure with the pinacidil/paraquat combination, resulting
in an ETso of approximately 20 hours whereas 0.5 mg/mL paraquat alone resulted in an ETso of

approximately 75 hours (Figure 2.4B).
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Figure 2.4. Influence of pinacidil and tolbutamide to paraquat induced mortality. Toxicity
was assessed with routes of pinacidil exposure being oral (A) and injection (B). Mortality was
assessed at 24 hour intervals and data points represent mean (n=75 bees) % mortality. Error
bars represent SEM. Abbreviations used: NI (no injection), UTC (untreated control), PQT
(paraquat only), PQT+PIN (paraquat plus pinacidil), PQT+TOL (paraquat plus tolbutamide).

2.3.4. Effect Katp Modulator Pinacidil on Paraquat-Induced ROS in Honey Bees

To measure the ability of Kate channel activator pinacidil to affect levels of ROS in
individual honey bees, we pretreated groups of 10 newly emerged bees with 2 mM pinacidil by
oral exposure. Other Katp modulators were not studied due to the lack of impact to paraquat

induced mortality (Figure 2.4.). Paraquat was incorporated into the sugar diet to chemically
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induce ROS 24 hours after pinacidil exposure and the total antioxidants in individual bees were
quantified as an indirect measure for ROS. Pinacidil alone did not reduce antioxidant levels
when compared to control at 24 hours post treatment.  Both paraquat alone and
paraquat/pinacidil combination reduced the total levels of antioxidants with a 1.3- and 1.6-fold
reductions, respectively when compared to control (1.25 uM A.O. / pg/mg protein), which were
statistically significant reductions (<0.05) from control but not from each other. At 48 hours, the
antioxidant level after exposure to pinacidil alone was found to be approximately 15% increased
over control, which was not statistically significant (P-value: 0.4) when compared to control.
However, paraquat was shown to statistically reduce antioxidant levels when compared to
control levels by 1.4-fold (Figure 2.5). Additionally, a dramatic reduction of antioxidants was
observed at 48 hours for pinacidil/paraquat combination when compared to untreated control or
paraquat alone with a 3.0- and 1.7-fold reduction, respectively, which are both statistically
significant reductions (P<0.05, Figure 2.5). Contrary to 24- and 48-hours, pinacidil alone was
found to reduce antioxidant levels by 1.5-fold at 72-hours post exposure, which was a
statistically significant reduction (P<0.05), and was not statistically different from paraquat alone
at 72 hour. No data for paraquat/pinacidil combination was collected at 72-hours post exposure
because greater than 95% of bees were dead. Interestingly, the total antioxidant levels for the
paraquat/pinacidil combination continued to be reduced between the 24 and 48 hour time points
(and presumably, were reduced to the point of lethality between the 48 and 72 hour time points),
whereas bees exposed to paraquat alone did not have significantly different antioxidant levels

between 24-, 48-, and 72-hours post exposure (Figure 2.5).
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Figure 2.5. Change in total antioxidant capacity over the course of 72 hours after
exposure to paraquat alone or paraquat/pinacidil combination. Bars represent mean
(n=50-100 bees) antioxidant levels and error bars represent SEM. Uppercase letters represent
statistical significance (P<0.05) within the same time point and lowercase levels represent
statistical significance (P<0.05) of the same chemical treatment group across the time points.
Significance was determined by one-way ANOV A with Tukey’s posttest.

2.3.5. ROS Induction Reduces Rate of Mortality in Colonies Heavily Infested with Varroa

ROS is known to cause significant cellular damage through enhanced lipid peroxidation
of cell membranes, and is considered a significant detriment to honey bee health 119202 Yet,
ROS have also been shown to serve as a secondary messenger for the activation of immune
responses in mammals 52184204 leading us to develop the hypothesis that honey bees use ROS as
a stimulator for immune function and the biological response is dependent upon concentration
and pathogen titers within the bee. To test this hypothesis, we extracted honey bees from

colonies that had a heavy- (>8 mites/100 bees) or low- (<3 mites/100 bees) mite infestation and
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