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Oxidative stress can lead to premature aging symptoms and cause acute mortality at higher doses in a range of
organisms. Oxidative stress resistance and longevity aremechanistically and phenotypically linked; considerable
variation in oxidative stress resistance exists among andwithin species and typically covaries with life expectan-
cy. However, it is unclear whether stress-resistant, long-lived individuals avoid, repair, or tolerate molecular
damage to survive longer than others. The honey bee (Apis mellifera L.) is an emerging model system that is
well-suited to address this question. Furthermore, this species is the most economically important pollinator,
whose healthmay be compromised by pesticide exposure, including oxidative stressors. Here, we develop a pro-
tocol for inducing oxidative stress in honey beemales (drones) via Paraquat injection. After injection, individuals
from different colony sources were kept in common social conditions to monitor their survival compared to sa-
line-injected controls. Oxidative stresswasmeasured in susceptible and resistant individuals. Paraquat drastical-
ly reduced survival but individuals varied in their resistance to treatment within and among colony sources.
Longer-lived individuals exhibited higher levels of lipid peroxidation than individuals dying early. In contrast,
the level of protein carbonylation was not significantly different between the two groups. This first study of ox-
idative stress inmale honey bees suggests that survival of an acute oxidative stressor is due to tolerance, not pre-
vention or repair, of oxidative damage to lipids. It also demonstrates colony differences in oxidative stress
resistance that might be useful for breeding stress-resistant honey bees.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Molecular damage due to oxidative stressmay be one of the primary
causes of organismal aging (Finkel and Holbrook, 2000; Harman, 1956).
Oxidative stress occurs when reactive oxygen species (ROS) are accu-
mulating in a living system faster than they can be detoxified. Oxidative
stress has been linked empirically to aging (Finkel and Holbrook, 2000)
and age-related diseases such as diabetes, cancer, cardiovascular dis-
eases, Parkinson disease, and Alzheimer disease (Beckman and Ames,
1998; Harman, 2006;Markesbery, 1997; Pandey et al., 2010). For exam-
ple, selection for stress resistance results in long-lived flies (Rose et al.,
tomology, North Carolina State
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etics and Physiology Laboratory,
1992), experimental up-regulation of enzymes that defend against
ROS in Drosophila increases lifespan (Arking et al., 2000), and elevated
concentrations of antioxidants contribute to longevity and longer life
span (Radyuk et al., 2010; Svensson and Larsson, 2007).

ROS include (but are not limited to) peroxyl radicals, hydroxyl radi-
cals, hydrogen peroxides, and superoxide anions (Farooqui, 2012) and
may derive from endogenous and exogenous sources (Monaghan et
al., 2009). ROS levels that exceed the capacity of cellular antioxidant de-
fenses, such as detoxifying enzymes and radical scavenging molecules,
cause lipid peroxidation of cell membranes, modification of proteins,
DNA mutations or fragmentation, and potential cell death (Hughes
and Reynolds, 2005). Oxidative stress causes dramatic changes in gene
expression and cellular functions (Li et al., 2008; Zou et al., 2000). Indi-
vidual cell components can be affected differently by oxidative stress,
but surprisingly little is known on the overall relation between different
classes of oxidative damage (Sohal, 2002).

Considerable natural variation in ROS susceptibility and longevity
exists among and within species. The relatively long life of birds
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compared to similarly-sizedmammals has been explained by lower ROS
production or biomolecules that are less susceptible to ROS damage
(Costantini, 2008). Overexpression of antioxidant enzymesdecrease ox-
idative damage and increase life expectancy in Drosophila melanogaster
(Sohal andWeindruch, 1996). However, the mechanisms of natural in-
traspecific variation have not been sufficiently elucidated. Surviving ox-
idative stress could be due to prevention, repair, or tolerance of
molecular damage. This distinction has not been sufficiently investigat-
ed although exceptional longevity in humans has been characterized in
terms of these three categories (Evert et al., 2003).

Although oxidative stress is studied in a variety of insects
(Holmstrup et al., 2011; Kodrík et al., 2007; Krishnan et al., 2007), stud-
ies that link oxidative stress with aging and survival are largely restrict-
ed to D. melanogaster and a few other dipterans (Sohal et al., 1995).
However, a broad comparative data basis, including relatively long-
lived species, is needed for a comprehensive understanding of the
links between oxidative stress and aging (Costantini, 2008). Social in-
sects in the order Hymenoptera are exceptionally long-lived and display
a very high degree of intraspecific plasticity in life expectancy (Carey,
2001; Rueppell et al., 2004). The best studied social insect is the honey
bee, Apis mellifera (L). This species is a long-standing research model
with a completely annotated genome (Weinstock et al., 2006) and it is
the most important pollinator in a variety of natural and agricultural
ecosystems (Calderone, 2012). Thus, the continued decline of honey
bee health is particularly concerning. While no single cause for honey
bee decline has been identified, a combination of factorsmay be respon-
sible, including various pesticides (Goulson et al., 2015).

In honey bee females, the reproductive protein vitellogenin plays an
important role as an antioxidant that may explain the aging plasticity
between female castes and individual variation (Amdam et al., 2009;
Amdam and Omholt, 2002; Corona et al., 2007; Seehuus et al., 2006).
Specifically, thehemolymph titer of vitellogenin is directly linked to sur-
vival of acute oxidative stress (Seehuus et al., 2006) and classic antiox-
idant defenses may be less important for explaining differences in life
expectancy between honey bee castes (Corona et al., 2005). In contrast,
male honey bees (= drones) have much lower levels of vitellogenin
(Piulachs et al., 2003) and may be more susceptible to oxidative stress
due to their haploidy (Stürup et al., 2013). However, drones display
mortality dynamics under natural conditions that are similar toworkers
(Rueppell et al., 2005).

Oxidative stress in honey bee drones has not been studied even
though they are essential to the honey bee life cycle. Drones mature in-
side the colony and most initiate flights to mating arenas, called drone
congregation areas, when they are 8–10 days old (Rueppell et al.,
2005). Staying airborne in the drone congregation areas, the drones
wait for mating partners to arrive and pursue them for a chance of cop-
ulation. Thus, drones' flightmuscles are critical to secure mating oppor-
tunities and strong selective pressure exists for their protection and
maintenance during the mating flight period that can last over
30 days (Rueppell et al., 2005).

Oxidative stress may be caused by endogenous and factors (Finkel
and Holbrook, 2000). Environmental stressors that generate oxidative
stress and can contribute to human disease include pesticides and
other xenobiotics (Sone et al., 2010). These toxins either generate ROS
directly or indirectly as a by-product of their cellular detoxification or
compensatory energy generation (Lukaszewicz-Hussain, 2010). Expo-
sure of colonies to pesticides results in significant physiological stress
in honey bee workers and queens (Henry et al., 2012; Maini et al.,
2010). However, only a few studies have investigated the molecular
mechanisms of pesticide stress in drone honey bees and possiblemech-
anisms to survive pesticide exposure (Johnson et al., 2013; Johnson et
al., 2010).

Paraquat, or 1,1′-dimethyl-4,4′-bipyridilium dichloride, generates
ROS in the form of superoxide anions directly through a cyclic redox re-
action with oxygen and damages a variety of cellular targets. It is there-
fore widely used in oxidative stress studies (Bus and Gibson, 1984).
Paraquat only releases free oxygen radicals when inside the cell via mi-
crosomal NADPH-cytochrome c reductase. By inhibiting oxidative phos-
phorylation pathway complex I (NADH: ubiquinone oxidoreductase) in
the mitochondria, paraquat induces oxidative stress, producing super-
oxide (Fukushima et al., 1994). In addition, paraquat can induce neuro-
toxicity by oxidative stress and excitotoxicity (Djukic et al., 2012).
Oxidative stress induced by paraquat can lead to carbonylation of pro-
teins (Seehuus et al., 2006), DNAdamage (Ali et al., 1996), and lipid per-
oxidation (Suntres, 2002). Paraquat has been originally developed as a
contact herbicide because it is a powerful inhibitor of photosynthesis.
It is still widely used, although restricted in some countries due to public
health concerns. Paraquat generates oxidative stress in a variety of or-
ganisms, including honey bees, Apis mellifera (Seehuus et al., 2006).

In this study, we characterize the variation in oxidative stress resis-
tance in drone honey bees after paraquat injection by determining the
mortality dynamics of treatment and control groups. Additionally, we
quantify the levels of oxidative damage to proteins and lipids in differ-
ent tissues of drones that exhibited low or high resistance to paraquat
injection. Resistant drones displayed elevated levels of lipid damage,
suggesting that tolerance of molecular damage is primarily responsible
for survival of an acute oxidative stress in honey bee drones. This pat-
tern may be compatible with previous studies in honey bee workers
and support a similarmodel ofmortality between the drone andworker
honey bees, despite their stark differences in life history. Moreover, our
results represent another example of a dissociation between functional
decline and mortality risk in honey bees (Rueppell et al., 2007) because
the individuals with higher levels of oxidative damage survived longer.

2. Materials & methods

2.1. Drone sources

All honey bee (Apis mellifera) drones used in this study were reared
from colonies near the North Carolina State University Lake Wheeler
Honey Bee Research Facility (Raleigh, NC, (GPS coordinates: 35.725°N,
78.676°W)) and the University of North Carolina at Greensboro Honey
Bee Research Facility (Greensboro, NC, GPS coordinates: 36.063°N,
79.831°W). In order to maximize the genetic diversity represented in
our samples, we included drones from nine different colony sources, in-
cluding a colony from a breeding program for hygienic behavior (Spivak
and Downey, 1998). The majority of drones were from four colonies:
thehygienic colony “Dhyg”, and colonies “D52”, “D57”, and “D65”. Over-
all, the individuals used were representative of the commercial honey
bee population in the U.S.

2.2. Drone rearing

From each drone source, we collected up to two frames of capped
drone brood that were close to adult emergence. Entire drone frames
were placed into separate mesh-wire cages that trapped adults as they
emerged. These cages were housed in a temperature-controlled incuba-
tor set at 33 °C. All adults that emerged during a 2-day period were col-
lected and placed into drone cages (Laidlaw and Page, 1997) that were
labeled with a unique source identification code. Each cage was
10 × 10 × 2.5 cm (L × W × H) and consisted of a wood frame, a sheet
of metal screen mesh on one side, and a sheet of plastic slotted queen-
excluder material on the opposite side. These cages were placed inside
of full-sized queen-right host colonies. This setup allowed workers to
walk into and out of the cages to care for the adult drones and provided
a commonmaturation environment. All droneswere selected randomly
and the drone cages were randomly placed into the host colonies. A
maximum of 50 drones was placed into each cage and up to nine
cages were placed into a single host colony. All collected drones were
of approximately the same age (within 2 days) and all were allowed
to mature in the host colonies for an additional 10 days before experi-
mental treatment.
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2.3. Oxidative stress treatment

Oxidative stress was induced by injecting paraquat, a common her-
bicide that has been shown to cause oxidative stress in honey bees
(Seehuus et al., 2006). Paraquat (Sigma-Aldrich)was dissolved at a con-
centration of 1 μg/μL into a solution of standard insect saline (135 mM
NaCl, 5 mM KCl, 10 mM MgCl2, 1.6 mM CaCl2, 65 mM Tris–HCl buffer
at pH 7). After preliminary testing, 1 μL of this paraquat solution was
injected manually into each drone with a micro-syringe. The syringe
was composed of a dispenser with a rubber bulb and a glass capillary
tube that was pulled to a sharp needle point. The exact amount that
was injected into each drone was first measured using a micro-pipet
and dispensed as a single droplet onto a glass slide. This droplet was
immediately drawn up into the micro-syringe and injected into a
drone. The injection site for each drone was the inter-segmental
membrane between the second and third segment from the
distal end of the abdomen. Drones were manually immobilized by
applying gentle pressure against their thorax during the injection
process. Control drones were injected with 1 μL of the standard in-
sect saline.

Each injected drone was marked with a specific color to identify its
colony source and treatment before they were randomly put into
drone cages and returned to their host colonies. Each host colony
contained up to five paraquat treatment cages and one control cage
with a mix of drones from the different sources. An equal number of in-
dividuals from each drone source was included in each cage whenever
possible, with amaximumof 80 injected drones per paraquat treatment
cage and 20 saline-injected drones per control cage.

2.4. Sample collection

In total, 537 drones were collected in this study, 489 paraquat-
injected and 48 control individuals. Sample collection of the experimen-
tal drones began 2 h after injection. This initial delay reduced the likeli-
hood of including drones that may have died solely as a result of
physical damage incurred during the injection process and allows for
paraquat detoxification. After this starting point, the cages were
checked regularly for dying bees (every 2 to 4 h during the day with a
longer overnight break) and numbers of deaths from each source
were recorded at each time point. Mortality rates across all cages were
calculated according to standard life table procedures (Carey, 2001).
Drones collected directly after the initial 24-hour waiting period (be-
tween 10% and 70%mortality within each cage) were frozen and desig-
nated as ‘low-resistant’ individuals. The longest-lived drones that
survived N80% of their cage-mates were also collected, frozen, and des-
ignated as ‘high-resistant’ individuals.

2.5. Quantifying oxidative stress damage

ROS-mediated molecular damage was quantified bymeasuring pro-
tein carbonylation and lipid peroxidation. Lipid peroxidation was quan-
tified bymeasuring amixture of thiobarbituric acid reactive substances,
including lipid hydroperoxides and aldehydes. This assay was carried
out using the OXItek™ Thiobarbituric Acid Reactive Substances
(TBARS) Assay Kit (ZeptoMetrix Corp.), whichmeasures the concentra-
tion of malondialdehyde (MDA). We used the whole head of individual
drones because this tissue has the highest content of phospholipids
(Haddad et al., 2007), the thorax was used for protein carbonyl assay,
and the abdomen as the direct site of paraquat injection showed a low
repeatability in preliminary tests of the TBARS assay. Each head was
separated from the frozen drone and immediately submerged in liquid
nitrogen. The frozen tissue was then ground in a 1.5 mL micro-centri-
fuge tube with an autoclaved disposable plastic pestle. The tissue pow-
der was mixed with 280 μL of PBS, vortexed to homogenize the cellular
suspension, and centrifuged briefly to precipitate large pieces of tissue
and cuticle. Subsequently, one half of the supernatant was used in the
TBARS assay and the other half to quantify total protein concentration
with a Pierce™ bicinchoninic acid (BCA) Protein Assay kit (Thermo Sci-
entific) to standardize theMDAconcentration. Both, TBARS and BCA kits
were used strictly according to the manufacturer's recommendations.

Protein carbonyl quantification, relative to total protein content,
provides an accurate measure of oxidative stress (Dalle-Donne et al.,
2003). We used the thorax, the most proteinaceous part of the honey
bee. The relatively small size of honey bees did not allow for a simulta-
neous assessment of lipid and protein oxidation in the head. The abdo-
men containing the digestive tract was considered unsuitable due to
variable diet content. Protein carbonylation was quantified using the
OxiSelect™ Protein Carbonyl Fluorometric Assay kit (Cell Biolabs). The
frozen thorax tissue was ground in a 1.5 mL micro-centrifuge tube
with an autoclaved disposable plastic pestle. The pulverized thorax tis-
sue was thoroughly mixed with 200 μL diluent solution from the assay
kit. One half of this solution was used for the actual protein carbonyl
assay, while the other half was used for quantifying the amount of
total soluble protein in the sampled tissue with a Pierce BCA™ Protein
Assay kit (Thermo Scientific). Both assays were performed strictly ac-
cording to the manufacturer's recommendations. The Bovine Serum al-
bumin (BSA) standard serial dilutions from (0–1500 μg/ml) served as a
standard curve, and protein concentrations of 3 replicates per sample
were calculated based on this standard curve. Protein concentrations
were subsequently used to normalize the corresponding values obtain-
ed in the protein carbonyl assay.

2.6. Statistical analysis

Survival of treatment and control drones was compared by Mantel
Cox log-rank test, pooling data from eight treatment cages and two con-
trol cages, after preliminary tests revealed no significant cage effects.
Drone survival was also compared among the nine different source col-
onies by log-rank test. The levels of protein carbonylation and lipid per-
oxidation were separately compared among untreated controls, and
drones that were categorized as low-resistant or high-resistant to para-
quat exposure with one-way ANOVAs. Tukey-Kramer post-hoc tests
were used to perform pair-wise comparisons among the three experi-
mental groups. Oxidative damage measures of all paraquat-exposed
drones were compared among the four main drone sources, following
the same statistical procedures.

3. Results

Control drones did not experience any noteworthy mortality over
the experimental period, while paraquat-injected drones exhibited a
sharp decline in survival (Fig. 1). The survival of control and paraquat-
injected drones was significantly different across all cage replicates
(Log-Rank Test, χ2 = 117.6, df = 1, p b 0.0001). The 12-hour mortality
rate of the paraquat-injected drones between 12 and 84h post-injection
varied from32 to 57% but did not showa consistent increase or decrease
over time.

Lipid peroxidation in the head was significantly different among con-
trol, low-resistant, and high-resistant drones (F2, 117 = 7.43, p=0.0009;
Fig. 2). High-resistant drones displayed the highest level of oxidative
damage (N=43, 37.72± 3.84 nmol/mg), whichwas significantly higher
than the levels in low-resistant drones (N= 55, 21.13 ± 3.39 nmol/mg,
p = 0.0044) and controls (N = 22, 16.02 ± 5.36 nmol/mg, p =
0.0038). No significant difference between low-resistant drones and con-
trols was detected (p= 0.7008). Protein carbonylation levels in the tho-
racic tissue were similar in control (N = 9, 27.50 ± 8.64 nmol/mg),
low resistant (N = 24, 39.86 ± 5.29 nmol/mg), and high resistant
(N=24, 47.39±5.29 nmol/mg) drones and groupswere not significant-
ly different (F2, 54 = 1.97, p= 0.1500; Fig. 3).

Survival of paraquat treated drones was significantly different
among the colony sources (Log-Rank test: χ2 = 69.9, df = 8,
p b 0.001, Fig. 4). “D65” had the highest survival rate (46.76 ± 2.80 h),



Fig. 3.Oxidative stress levels of control, low-resistant andhigh-resistant drones,measured
as the relative quantity of protein carbonyls formed (Pro Carb). No significant difference
was found among the three experimental groups. The black dot represents the mean,
the line shows the median with the 1st and 3rd quartiles making up the rest of the
rectangle and small open circle indicate statistical outliers.

Fig. 1. Survival of saline-injected (dotted line) and paraquat-injected (solid line) drones. A
total of 48 control and 489 treated drones were included and survival was signficantly
higher in the control group. Post-injection time was defined as the time between the
injection and the periodic surveys of the cohorts that were performed at different times
for different replicates.
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and “D29” the lowest survival rate (17.63 ± 1.05 h) for the duration of
the experiment. Measurements of lipid peroxidation were significantly
different among the four major drone sources (F3, 116 = 4.06, P =
0.0087; Fig. 5). “D52” (N = 28, 16.49 ± 4.82 nmol/mg) and “D57”
(N = 29, 19.82 ± 4.74 nmol/mg) exhibited statistically indistinguish-
able oxidative damage levels, which both were significantly lower
than the values of “D65” (N = 45, 35.73 ± 3.80 nmol/mg). Drones
from “Dhyg” (N=18, 27.35 ± 6.01 nmol/mg) exhibited damage levels
that were intermediate and not significantly different from any other
drone source.
Fig. 2. Oxidative stress levels measured by TBARS assay of saline-injected and paraquat-inject
whether they died rapidly after paraquat injection (low-resistant) or resisted paraquat-indu
different (P = 0.0009) and letters indicate which post-hoc pairwise comparisons were signifi
1st and 3rd quartiles making up the rest of the rectangle and small open circle indicate statisti
4. Discussion

This study linked survival of an acute oxidative stress tomeasures of
molecular damage in honey bee drones to test whether survival is due
to avoidance, repair, or tolerance of oxidative damage. While the hy-
pothesis that survival is due to avoidance or repair ofmolecular damage
predicted lower levels of oxidative damage in the paraquat resistant in-
dividuals, the tolerance hypothesis does not. The paraquat injections
caused a significant increase of mortality over the experimental obser-
vation period. Our data showed that protein carbonylation was not sig-
nificantly different among treatment groups and lipid peroxidation was
higher in the high-resistant drones compared to the low-resistant
groups. Thus our experiment provided support of the tolerance hypoth-
esis and was not consistent with the avoidance or repair hypotheses.
ed drones. The paraquat-injected drones were further divided into two groups based on
ced oxidative stress (high-resistant). The three experimental groups were significantly
cantly different. The black dot represents the mean, the line shows the median with the
cal outliers.



Fig. 4. Survival of paraquat injected drones differed significantly among source colonies
but not according to cage replicates (not shown). Sample size for each source colony is
listed next to the respective cumulative survival curve. Post-injection time was defined
as the time between the injection and the periodic surveys of experimental cohorts that
were performed at different times for different replicates.

19H. Li-Byarlay et al. / Experimental Gerontology 83 (2016) 15–21
Many experimentalmanipulations of defensemechanisms highlight
the importance of avoidance of oxidative damage (Bowler et al., 1992)
but complementary stress resistance and longevity-assurance mecha-
nisms may be important for natural variation in these traits (Evert et
al., 2003). Tolerance of damage may be an underappreciated stress re-
sistance mechanism related to life expectancy (Gavrilov and
Gavrilova, 2004). Higher tolerance of oxidative damage could be
achieved by a higher quantity of critical cellular components, such as
the mitochondria that also differ between long-lived honey bee queens
and short-lived workers (Osanai and Rembold, 1968).
Fig. 5. Comparison of lipid peroxidation levels among the four major drone sources used in the
normalized by the total concentration of soluble proteins (BCA) in each sample. Overall, colony
the D65 than in the D52 and D57 colony. The black dot represents themean, the line shows the
circle indicate statistical outliers.
Individual variation in stress resistance and lifespan has been ad-
dressed in honey bee workers, where it is linked to variable titers of
the yolk protein vitellogenin that is preferentially oxidized (Seehuus
et al., 2006). Drones have very low levels of vitellogenin (Trenczek et
al., 1989) and our general measures of protein carbonylation in the tho-
rax did not reveal any differences among our experimental groups.
Thus, it is unlikely that variation in oxidative stress resistance has a sim-
ilar mechanistic basis in worker and drone honey bees. A variety of de-
fenses against oxidative stress exist (Pamplona and Costantini, 2011)
and the short-lived drones might lack extensive anti-oxidant defenses,
but empirical data are lacking. Flight muscles make up the majority of
the thorax but measures of protein carbonylation in the thorax may
not be sensitive to oxidative stress in honey bees (Williams et al.,
2008). This finding is confirmed by our results that protein carbonyla-
tion levels were not significantly different between paraquat-injected
and non-injected drones. Our results suggest that the injected paraquat
does not penetrate into muscle cells well or muscles cells are well-
defended against paraquat damage. Repair and/or turn-over of dam-
aged muscle proteins during the experiment seem less likely explana-
tions for our observations.

In contrast, lipid peroxidation measures were significantly affected
by treatment. Opposite to our initial prediction, the drones dying early
in response to paraquat injection did not exhibit significantly higher
levels of lipid peroxidation in the brain than non-injected controls.
This result suggests that either very low levels of lipid peroxidation
kill the low-resistant individuals or the quantified MDA accumulation
is not killing honey bee drones butmerely represents an indicator of ox-
idative stress. The low-resistant drones may have died of other oxida-
tive damage before MDA in the brain could accumulate. High-resistant
drones survived despite high levels of lipid peroxidation, indicating
that they did not effectively detoxify the injected paraquat to avoidmo-
lecular damage but instead tolerated the damage. Thus, our results cor-
roborate the view that lipid peroxidation may not be strictly coupled to
survival (Halliwell and Chirico, 1993). To the extent that oxidative stress
resistance and longevity are linked (Finkel andHolbrook, 2000; Lithgow
and Walker, 2002), these findings weaken the proposition that
study. Lipid peroxidation, measured as the concentration of malondialdehyde (MDA), was
source affected lipid peroxidation significantly. In particular, wemeasured higher levels in
median with the 1st and 3rd quartiles making up the rest of the rectangle and small open



20 H. Li-Byarlay et al. / Experimental Gerontology 83 (2016) 15–21
membrane composition may afford the extraordinary longevity of
honey bee queens (Haddad et al., 2007).

Our result is thefirst report to reveal the difference of lipid peroxida-
tion from the head tissues of drones under oxidative stress. Previous
studies of worker bees showed the inhibition of mitochondria complex
I and oxidative stress was associated with aggression in the brain
(Li-Byarlay et al., 2014, Chandrasekaran et al., 2015). Future work can
be conducted to test whether there is difference between drone and
worker brain metabolism and oxidative stress, as well as potential be-
havioral changes of drones under oxidative stress.

The differences between our measurement of protein carbonylation
and lipid peroxidation may be due tissue-specificity because methodo-
logical limitations prevented us from performing the two assays on the
same tissue. Furthermore, paraquat toxicity has been linked to protein
carbonylation in honey bees (Seehuus et al., 2006). However, our results
suggest that the paraquat injection leads to systemic damage because
lipid peroxidation was increased in the head, furthest away from the
site of injection. Consequently, paraquat must have traveled to the
head after injection into the abdomenwithout significant carbonylation
of the proteins in the thorax. The insect flightmuscles are a central place
for naturally occurring oxidative stress because of the intense flightme-
tabolism which might make them intrinsically more resistant to oxida-
tive stress (Williams et al., 2008). The drone's flight muscles are
absolutely critical to fitness, so that they have evolved to be particularly
resistant to oxidative stress and hence explain why they do not show
damage as seen in the lipids. Future studies will have to distinguish
the relationship between oxidative damage in different body compart-
ments and among different classes of biomolecules to gain amore com-
prehensive understanding of oxidative stress at the organismal level in
honey bees and other species. Future studies will also have to clarify
whether variation in oxidative stress resistance in honey bee drones is
linked to their considerable variation in life expectancy under normal
circumstances of free flight (Rueppell et al., 2005), which seems to be
mediated in female honey bees through the titer of the antioxidant vi-
tellogenin (Seehuus et al., 2006; Corona et al., 2007). In addition to an-
tioxidant defenses, tolerance ofmolecular damagemay be an important
contributor to ensure survival in the longer-livedworkers and queens in
honey bees and more generally (Evert et al., 2003).

Different drone sources exhibited significant differences in survival
and levels of lipid peroxidation. The longest-lived drone source (D65)
also experienced thehighest levels of lipid peroxidation, and the general
relation of survival and lipid peroxidation across different colonies con-
firmed the overall relationship between these two variables at the colo-
ny level. The significant differences amongdrone sources but not among
replicate cages suggest that genetic and/or environmental factors dur-
ing development, such as nutrition (Andersen et al., 2010; Huang,
2012), are more important for the survival of an acute oxidative stress
than the adult social environment during exposure to that stress. Our
experimental design did not enable us to distinguish between genetic
and developmental causes of the influences of the colony source and
more detailed studies are required to distinguish between genotype
and developmental effects. Genetic variability in stress resistance
would encourage future efforts in honey bee breeding to select for toler-
ance to oxidative damage as a general stress resistance mechanism
(Monaghan et al., 2009). Regardless of the mechanism, the selectively
bred hygienic bees (Dhyg) did not show a particularly low survival, in-
dicating that this form of disease resistance and stress tolerancemay be
independently selected for in the same breeding program (Rueppell,
2014).

Acknowledgements

We are grateful to Jennifer Keller (North Carolina State University)
for her assistance on bee colonies, Ravi Dixit, Cheynne Lashmit, and
Dr. Marce Lorenzen (North Carolina State University) for their assis-
tance on assays, Prof. Coby Shal and Dr. Ayako Wada-Katsumata
(North Carolina State University) for their help on the microplate read-
er, and two reviewers for their helpful suggestions. H.L.-B. was support-
ed by the National Research Council Research Associateship, and O.R.
received financial support from the National Institutes of Aging (Grant
#R21AG046837). This work was also supported by the U.S. Army Re-
search Laboratory (Grant: W911NF-04-D0003).
References

Ali, S., Jain, S., Abdulla, M., Athar, M., 1996. Paraquat induced DNA damage by reactive ox-
ygen species. IUBMB Life. 39, 63–67.

Amdam, G.V., Omholt, S.W., 2002. The regulatory anatomy of honeybee lifespan. J. Theor.
Biol. 216, 209–228.

Amdam, G.V., Ihle, K., Page, R.E., 2009. Regulation of honeybee worker (Apis mellifera) life
histories by vitellogenin. In: Pfaff, D.W., Arnold, A.P., Edgen, A.M., Fahrbach, S.E.,
Rubin, R.T. (Eds.), Hormones, Brain and Behavior, second ed. Vol 2. Academic
Press, San Diego.

Andersen, L.H., Kristensen, T.N., Loeschcke, V., Toft, S., Mayntz, D., 2010. Protein and car-
bohydrate composition of larval food affects tolerance to thermal stress and desicca-
tion in adult Drosophila melanogaster. J. Insect Physiol. 56, 336–340.

Arking, R., Burde, V., Graves, K., Hari, R., Feldman, E., Zeevi, A., Soliman, S., Saraiya, A., Buck,
S., Vettraino, J., 2000. Forward and reverse selection for longevity in Drosophila is
characterized by alteration of antioxidant gene expression and oxidative damage pat-
terns. Exp. Gerontol. 35, 167–185.

Beckman, K.B., Ames, B.N., 1998. The free radical theory of aging matures. Physiol. Rev. 78,
547–581.

Bowler, C., Montagu, M.V., Inze, D., 1992. Superoxide dismutase and stress tolerance.
Annu. Rev. Plant Biol. 43, 83–116.

Bus, J.S., Gibson, J.E., 1984. Paraquat - model for oxidant-initiated toxicity. Environ. Health
Perspect. 55, 37–46.

Calderone, N.W., 2012. Insect pollinated crops, insect pollinators and US agriculture:
trend analysis of aggregate data for the period 1992–2009. PLoS One 7, e37235.

Carey, J.R., 2001. Insect biodemography. Annu. Rev. Entomol. 46, 79–110.
Chandrasekaran, S., Rittschof, C.C., Djukovic, D., Gu, H., Raftery, D., Price, N.D., Robinson,

G.E., 2015. Aggression is associated with aerobic glycolysis in the honey bee brain1.
Genes Brain Behav. 14, 158–166.

Corona, M., Hughes, K.A., Weaver, D.B., Robinson, G.E., 2005. Gene expression patterns as-
sociated with queen honey bee longevity. Mech. Ageing Dev. 126, 1230–1238.

Corona, M., Velarde, R.A., Remolina, S., Moran-Lauter, A., Wang, Y., Hughes, K.A., Robinson,
G.E., 2007. Vitellogenin, juvenile hormone, insulin signaling, and queen honey bee
longevity. Proc. Natl. Acad. Sci. U. S. A. 104, 7128–7133.

Costantini, D., 2008. Oxidative stress in ecology and evolution: lessons from avian studies.
Ecol. Lett. 11, 1238–1251.

Dalle-Donne, I., Rossi, R., Giustarini, D., Milzani, A., Colombo, R., 2003. Protein carbonyl
groups as biomarkers of oxidative stress. Clin. Chim. Acta 329, 23–38.

Djukic, M.M., Jovanovic, M.D., Ninkovic, M., Stevanovic, I., Ilic, K., Curcic, M., Vekic, J., 2012.
Protective role of glutathione reductase in paraquat induced neurotoxicity. Chem.
Biol. Interact. 199, 74–86.

Evert, J., Lawler, E., Bogan, H., Perls, T., 2003. Morbidity profiles of centenarians: survivors,
delayers, and escapers. J. Gerontol. Ser. A Biol. Med. Sci. 58, M232–M237.

Farooqui, A.A., 2012. Generation of reactive oxygen species in the brain: signaling for neu-
ral cell survival or suicide. In: T., F., A.A., F. (Eds.), Oxidative Stress in Vertebrates and
Invertebrates (Molecular Aspects on Cell Signaling). Wiley-Blackwell, pp. 3–15.

Finkel, T., Holbrook, N.J., 2000. Oxidants, oxidative stress and the biology of ageing. Nature
408, 239–247.

Fukushima, T., Yamada, K., Hojo, N., Isobe, A., Shiwaku, K., Yamane, Y., 1994. Mechanism
of cytotoxicity of paraquat: III. The effects of acute paraquat exposure on the electron
transport system in rat mitochondria. Exp. Toxicol. Pathol. 46, 437–441.

Gavrilov, L.A., Gavrilova, N.S., 2004. The reliability-engineering approach to the problem
of biological aging. Ann. N. Y. Acad. Sci. 1019, 509–512.

Goulson, D., Nicholls, E., Botías, C., Rotheray, E.L., 2015. Bee declines driven by combined
stress from parasites, pesticides, and lack of flowers. Science 347, 1255957.

Haddad, L.S., Kelbert, L., Hulbert, A.J., 2007. Extended longevity of queen honey bees com-
pared to workers is associated with peroxidation-resistant membranes. Exp.
Gerontol. 42, 601–609.

Halliwell, B., Chirico, S., 1993. Lipid peroxidation: its mechanism, measurement, and sig-
nificance. Am. J. Clin. Nutr. 57, 715S–724S.

Harman, D., 1956. Aging: a theory based on free radical and radiation chemistry.
J. Gerontol. 11, 298–300.

Harman, D., 2006. Free radical theory of aging: an update. Ann. N. Y. Acad. Sci. 1067,
10–21.

Henry, M., Beguin, M., Requier, F., Rollin, O., Odoux, J.F., Aupinel, P., Aptel, J., Tchamitchian,
S., Decourtye, A., 2012. A common pesticide decreases foraging success and survival
in honey bees. Science 336, 348–350.

Holmstrup, M., Sørensen, J.G., Heckmann, L.-H., Slotsbo, S., Hansen, P., Hansen, L.S., 2011.
Effects of ozone on gene expression and lipid peroxidation in adults and larvae of the
red flour beetle (Tribolium castaneum). J. Stored Prod. Res. 47, 378–384.

Huang, Z., 2012. Pollen nutrition affects honey bee stress resistance. Terrestrial Arthropod
Rev. 5, 175–189.

Hughes, K.A., Reynolds, R.M., 2005. Evolutionary and mechanistic theories of aging. Annu.
Rev. Entomol. 50, 421–445.

Johnson, R.M., Dahlgren, L., Siegfried, B.D., Ellis, M.D., 2013. Effect of in-hive miticides on
drone honey bee survival and sperm viability. J. Apic. Res. 52, 88–95.

http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0005
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0005
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0010
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0010
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0015
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0015
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0015
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0015
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0020
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0020
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0020
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0025
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0025
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0025
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0030
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0030
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0035
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0035
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0040
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0040
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0045
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0045
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0050
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0055
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0055
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0060
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0060
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0065
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0065
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0070
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0070
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0075
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0075
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0080
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0080
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0085
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0085
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0090
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0090
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0090
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0095
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0095
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0100
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0100
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0100
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0105
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0105
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0110
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0110
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0115
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0115
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0115
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0120
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0120
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0125
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0125
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0130
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0130
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0135
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0135
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0140
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0140
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0145
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0145
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0150
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0150
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0155
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0155


21H. Li-Byarlay et al. / Experimental Gerontology 83 (2016) 15–21
Johnson, R.M., Ellis, M.D., Mullin, C.A., Frazier, M., 2010. Pesticides and honey bee toxicity -
USA. Apidologie 41, 312–331.

Kodrík, D., Krishnan, N., Habuštová, O., 2007. Is the titer of adipokinetic peptides in
Leptinotarsa decemlineata fed on genetically modified potatoes increased by oxidative
stress? Peptides 28, 974–980.

Krishnan, N., Večeřa, J., Kodrík, D., Sehnal, F., 2007. 20-hydroxyecdysone prevents oxida-
tive stress damage in adult Pyrrhocoris apterus. Arch. Insect Biochem. Physiol. 65,
114–124.

Laidlaw, H.H., Page, R.E., 1997. Queen Rearing and Bee Breeding. Wicwas Press, Cheshire,
CT.

Li, H.M., Buczkowski, G., Mittapalli, O., Xie, J., Wu, J., Westerman, R., Schemerhorn, B.J.,
Murdock, L.L., Pittendrigh, B.R., 2008. Transcriptomic profiles of Drosophila
melanogaster third instar larval midgut and responses to oxidative stress. Insect
Mol. Biol. 17, 325–339.

Li-Byarlay, H., Rittschof, C.C., Massey, J.H., Pittendrigh, B.R., Robinson, G.E., 2014. Socially
responsive effects of brain oxidative metabolism on aggression. Proc. Natl. Acad.
Sci. 111, 12533–12537.

Lithgow, G.J., Walker, G.A., 2002. Stress resistance as a determinate of C. elegans lifespan.
Mech. Ageing Dev. 123, 765–771.

Lukaszewicz-Hussain, A., 2010. Role of oxidative stress in organophosphate insecticide
toxicity–short review. Pestic. Biochem. Physiol. 98, 145–150.

Maini, S., Medrzycki, P., Porrini, C., 2010. The puzzle of honey bee losses: a brief review.
Bull. Insect. 63, 153–160.

Markesbery, W.R., 1997. Oxidative stress hypothesis in Alzheimer's disease. Free Radic.
Biol. Med. 23, 134–147.

Monaghan, P., Metcalfe, N.B., Torres, R., 2009. Oxidative stress as a mediator of life history
trade-offs: mechanisms, measurements and interpretation. Ecol. Lett. 12, 75–92.

Osanai, M., Rembold, H., 1968. Entwicklungsabhängige mitochondriale Enzymaktivitäten
bei den Kasten der Honigbiene. Biochimica et Biophysica Acta (BBA)-Bioenergetics
162, 22–31.

Pamplona, R., Costantini, D., 2011. Molecular and structural antioxidant defenses against
oxidative stress in animals. Am. J. Phys. Regul. Integr. Comp. Phys. 301, R843–R863.

Pandey, K.B., Mishra, N., Rizvi, S.I., 2010. Protein oxidation biomarkers in plasma of type 2
diabetic patients. Clin. Biochem. 43, 508–511.

Piulachs, M., Guidugli, K., Barchuk, A., Cruz, J., Simoes, Z., Belles, X., 2003. The vitellogenin
of the honey bee, Apis mellifera: structural analysis of the cDNA and expression stud-
ies. Insect Biochem. Molec. 33, 459–465.

Radyuk, S.N., Rebrin, I., Klichko, V.I., Sohal, B.H., Michalak, K., Benes, J., Sohal, R.S., Orr,W.C.,
2010. Mitochondrial peroxiredoxins are critical for the maintenance of redox state
and the survival of adult Drosophila. Free Radic. Biol. Med. 49, 1892–1902.

Rose, M.R., Vu, L.N., Park, S.U., Graves, J.L., 1992. Selection on stress resistance increases
longevity in Drosophila melanogaster. Exp. Gerontol. 27, 241–250.
Rueppell, O., 2014. The architecture of the pollen hoarding syndrome in honey bees: im-
plications for understanding social evolution, behavioral syndromes, and selective
breeding. Apidologie 45, 364–374.

Rueppell, O., Amdam, G.V., Page Jr., R.E., Carey, J.R., 2004. From genes to society: social in-
sects as models for research on aging. Sci. Aging Knowl. Environ. 5, pe5.

Rueppell, O., Christine, S., Mulcrone, C., Groves, L., 2007. Aging without functional senes-
cence in honey bee workers. Curr. Biol. 17, R274–R275.

Rueppell, O., Fondrk, M.K., Page Jr., R.E., 2005. Biodemographic analysis of male honey bee
mortality. Aging Cell 4, 13–19.

Seehuus, S.C., Norberg, K., Gimsa, U., Krekling, T., Amdam, G.V., 2006. Reproductive pro-
tein protects sterile honey bee workers from oxidative stress. Proc. Natl. Acad. Sci.
U. S. A. 103, 962–967.

Sohal, R.S., 2002. Role of oxidative stress and protein oxidation in the aging process. Free
Radic. Biol. Med. 33, 37–44.

Sohal, R.S., Weindruch, R., 1996. Oxidative stress, caloric restriction, and aging. Science
273, 59–63.

Sohal, R.S., Sohal, B.H., Orr, W.C., 1995. Mitochondrial superoxide and hydrogen peroxide
generation, protein oxidative damage, and longevity in different species of flies. Free
Radic. Biol. Med. 19, 499–504.

Sone, H., Akanuma, H., Fukuda, T., 2010. Oxygenomics in environmental stress. Redox
Rep. 15, 98–114.

Spivak, M., Downey, D.L., 1998. Field assays for hygienic behavior in honey bees (hyme-
noptera: Apidae). J. Econ. Entomol. 91, 64–70.

Stürup, M., Baer-Imhoof, B., Nash, D.R., Boomsma, J.J., Baer, B., 2013. When every sperm
counts: factors affecting male fertility in the honeybee Apis mellifera. Behav. Ecol.
24, 1192–1198.

Suntres, Z.E., 2002. Role of antioxidants in paraquat toxicity. Toxicology 180, 65–77.
Svensson,M.J., Larsson, J., 2007. Thioredoxin-2 affects lifespan and oxidative stress inDro-

sophila. Hereditas 144, 25–32.
Trenczek, T., Zillikens, A., Engels, W., 1989. Developmental patterns of vitellogenin

haemolymph titre and rate of synthesis in adult drone honey bees (Apis mellifera).
J. Insect Physiol. 35, 475–481.

Weinstock, G.M., Robinson, G.E., Gibbs, R.A., Worley, K.C., Evans, J.D., et al., 2006. Insights
into social insects from the genome of the honeybee Apis mellifera. Nature 443,
931–949.

Williams, J.B., Roberts, S.P., Elekonich, M.M., 2008. Age and natural metabolically-inten-
sive behavior affect oxidative stress and antioxidant mechanisms. Exp. Gerontol. 43,
538–549.

Zou, S., Meadows, S., Sharp, L., Jan, L.Y., Jan, Y.N., 2000. Genome-wide study of aging and
oxidative stress response in Drosophila melanogaster. Proc. Natl. Acad. Sci. U. S. A. 97,
13726–13731.

http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0160
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0160
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0165
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0165
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0165
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0170
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0170
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0170
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0175
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0175
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0185
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0185
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0185
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0190
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0190
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0190
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0195
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0195
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0200
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0200
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0205
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0205
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0210
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0210
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0215
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0215
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0220
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0220
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0220
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0225
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0225
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0230
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0230
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0235
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0235
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0235
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0240
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0240
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0245
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0245
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf8555
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf8555
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf8555
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0250
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0250
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0255
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0255
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0260
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0260
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0265
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0265
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0265
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0270
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0270
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0275
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0275
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0280
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0280
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0280
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0285
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0285
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0290
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0290
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0295
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0295
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0295
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0300
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0305
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0305
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0310
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0310
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0310
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0315
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0315
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0315
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0320
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0320
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0320
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0325
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0325
http://refhub.elsevier.com/S0531-5565(16)30181-4/rf0325

	Honey bee (Apis mellifera) drones survive oxidative stress due to increased tolerance instead of avoidance or repair of oxi...
	1. Introduction
	2. Materials & methods
	2.1. Drone sources
	2.2. Drone rearing
	2.3. Oxidative stress treatment
	2.4. Sample collection
	2.5. Quantifying oxidative stress damage
	2.6. Statistical analysis

	3. Results
	4. Discussion
	Acknowledgements
	References


