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ABSTRACT

Recent widespread honey bee (Apis mellifera) colony loss is
attributed to a variety of stressors, including parasites, pathogens,
pesticides and poor nutrition. In principle, we can reduce stress-
induced declines in colony health by either removing the stressor or
increasing the bees’ tolerance to the stressor. This latter option
requires a better understanding than we currently have of how honey
bees respond to stress. Here, we investigated how octopamine, a
stress-induced hormone that mediates invertebrate physiology
and behavior, influences the health of young nurse-aged bees.
Specifically, we asked whether octopamine induces abdominal lipid
and hypopharyngeal gland (HG) degradation, two physiological traits
of stressed nurse bees. Nurse-aged workers were treated topically
with octopamine and their abdominal lipid content, HG size and HG
autophagic gene expression were measured. Hemolymph lipid titer
was measured to determine whether tissue degradation was
associated with the release of nutrients from these tissues into the
hemolymph. The HGs of octopamine-treated bees were smaller than
control bees and had higher levels of HG autophagy gene
expression. Octopamine-treated bees also had higher levels of
hemolymph lipid compared with control bees. Abdominal lipids did
not change in response to octopamine. Our findings support the
hypothesis that the HGs are a rich source of stored energy that can be
mobilized during periods of stress.

KEY WORDS: Honey bee, Hypopharyngeal gland, Lipid,
Octopamine, Stress, Hemolymph

INTRODUCTION

Insect pollinators provide both a foundational ecological service and
a commercial asset for agricultural systems around the world.
Populations of the most commercially utilized pollinator, the honey
bee (Apis mellifera), have experienced rapid declines in the past
15 years due to a synergy of stressors called ‘the four Ps’: poor
forage, pathogens, parasites and pesticides. Two major goals of
honey bee research are to identify the presence and magnitude
of these stressors and to develop ways to mitigate their negative
effects. This latter goal requires a deep knowledge of the various
mechanisms that honey bees use to respond to stress, an area that is
currently underdeveloped (Even et al.,, 2012). A more complete
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understanding of how bees manage individual or multiple stressors
at the individual and colony level might shed light on strategies to
increase their overall resilience.

Honey bee workers take on different roles in the hive, with the
most obvious and well-studied distinction being between in-hive
and out-of-hive duties. At around one week of age, workers nourish
brood, young bees and the queen with secretions from their
hypopharyngeal and mandibular glands, otherwise known as jelly.
The hypopharyngeal glands (HGs) are paired structures in the head
that produce the major protein fraction of jelly. They are found
throughout the Hymenoptera, and become more developed in form
and function with increasing levels of sociality (Cruz-Landim,
1967). The HGs of honey bees are small in newly emerged adults,
but reach maximal size and function within ~3-8 days in a hive
worker (Crailsheim and Stolberg, 1989; Knecht and Kaatz, 1990).
Afterwards, the glands degrade as the workers take on foraging
tasks. The normal age at first forage is highly variable, but occurs at
~2 weeks of age (Winston, 1987). The typical nurse-to-forager
transition is accelerated during stress; stressed bees can begin to
forage as early as 4-7 days of age (Goblirsch et al., 2013; Schulz
et al, 1998). Stressed bees have smaller HGs and depleted
abdominal lipids (Corby-Harris et al., 2019; De Smet et al., 2017,
DeGrandi-Hoffman et al., 2018; Heylen et al., 2011). Experimental
reductions in abdominal lipids induce precocious foraging
(Toth et al., 2005), suggesting that abdominal lipid content may
drive this behavioral transition. Precocious foraging has negative
consequences to individual and hive health. Forager searching
behavior is compromised and colony failures increase when
foragers leave earlier than normal (Perry et al., 2015; Ushitani
etal., 2016). Although the colony-level consequences of precocious
foraging have been examined, the underlying mechanism behind
stress-induced aging in worker bees has yet to be fully elucidated.

Octopamine is a biogenic amine related to the vertebrate hormone
noradrenaline that enables invertebrates to respond rapidly to
stressful stimuli (Adamo et al., 1995; Even et al., 2012; Johnson,
2017; Orchard et al., 1993; Roeder, 1999). Octopamine has a short
half-life and increases within minutes in stressed insects (Adamo
etal., 1995; Goosey and Candy, 1982; Harris and Woodring, 1992).
This rapid increase in octopamine activates the catabolism of energy
stores, fueling energetically expensive behaviors such as flight,
muscle contraction or enhanced locomotion (Arrese and Soulages,
2010; Fields and Woodring, 1991; Li et al., 2016; Orchard et al.,
1982, 1993; Roeder, 1999, 2005; Sherer and Certel, 2019; Tao et al.,
2016; Yang et al., 2015). It does this by acting on the fat body
directly or indirectly via adipokinetic hormone (AKH) (Downer
et al., 1984; Orchard et al., 1982, 1993; Zeng et al., 1996).

In honey bees, octopamine is a key element of the nurse-to-
forager transition because it induces foraging and increases forager
sensitivity to foraging-related hive cues (Barron and Robinson,
2005; Barron et al., 2002; Mayack et al., 2019; Schulz et al., 2002a).
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Octopamine also increases sucrose responsiveness, a behavioral
marker that is higher in foragers than nurses (Scheiner et al., 2002,
2017b). Foragers have higher levels of octopamine in their antennal
lobes compared with nurses, which may explain why foragers learn
odors better than nurse bees (Scheiner et al., 2017b; Schulz and
Robinson, 1999; Wagener-Hulme et al., 1999). Octopamine may
also mediate the bee’s physiological response to stress (Even et al.,
2012). Harris and Woodring (1992) showed that stressed foragers
have higher levels of octopamine in their brains. Bees infected with
Nosema at emergence have higher whole-body expression of the
octopamine precursor and the octopamine receptor Octp2R genes
(Mayack et al., 2015) and higher levels of octopamine in their brain
at 7 days of age (Gage et al., 2018). Octopamine also enhances the
colony response to alarm pheromone (Rittschof et al., 2019) and is
elevated in bees performing hygienic behavior against pathogens
(Spivak et al., 2003). The role of octopamine in the honey bees’
physiological response to stress, specifically lipid mobilization, is
less clear. Because the nurse-to-forager transition is induced by
octopamine and because this transition is associated with
physiological responses such as abdominal lipid depletion and
HG degradation, one prediction is that octopamine induces the
degradation of these tissues and the release of lipids in order to fuel
the stress response.

We asked whether octopamine caused abdominal and HG lipid
depletion and the release of lipids into the hemolymph. Nurse-aged
workers were treated with octopamine or a negative control and their
abdominal lipid content, HG size and hemolymph lipid levels were
compared. Pollen consumption of treated and control bees was
measured to determine if any physiological changes could be
explained by diet. In addition, although we know that the abdominal
lipid levels of nurse-aged honey bees can be quite high (Corby-
Harris et al., 2019; Keller et al., 2005; Toth et al., 2005), the lipid
content of the HGs was not clear, so HG lipid content was measured.
We expected that octopamine-treated bees would have decreased
abdominal lipids, smaller HGs and elevated hemolymph lipid
titers. HG autophagy gene expression was also measured. Pollen-
deprived bees exhibit HG degradation and increased expression of
evolutionarily conserved autophagy genes (azg6 and azg9) (Corby-
Harris et al., 2016, 2019; Singh and Cuervo, 2011) that are critical
for lipid mobilization in mammals (Koga et al., 2010; Singh et al.,
2009). If HG degradation is important for lipid mobilization under
stress, we hypothesized that arg6 and arg9 expression would
increase with octopamine treatment. Our overall goal in performing
these experiments was to provide insight into the mechanisms
underpinning the honey bee stress response.

MATERIALS AND METHODS

Hypopharyngeal gland and head capsule lipid content

The abdomen of young nurse-aged workers contains a large amount
of stored lipids, especially when those workers are fed pollen
(Corby-Harris et al., 2019; Keller et al., 2005; Toth et al., 2005). In
contrast, the lipid content of the HGs in young workers was not
clear. We therefore assayed the lipid content of the head, separating
the HGs from the remaining head capsule that contained all of the
remaining (non-HG) head structures, such as the mandibular glands
and brain. Five hives (N=5) were selected from apiaries at Carl
Hayden Bee Research Center, each containing >10 frames of bees
and both sealed and unsealed brood. All hives were headed by Apis
mellifera ligustica queens from a commercial queen breeder in
California. From each hive, >20 bees were brushed off a frame of
open brood and cold anesthetized at 4°C. The heads of these 20
immobilized bees were separated from their respective thoraces. The

HGs were dissected from the heads and placed into a pre-weighed
1.5 ml screw cap microcentrifuge tube containing 0.5 mm diameter
silica beads, pooled by colony (i.e. each sample contained the
glands of 20 bees from the same colony). The remnant head
capsules were pooled into another similar pre-weighed tube. The
pooled tissue samples (N=5 samples containing HGs or head
capsules of 20 bees) in the pre-weighed tubes were dried (Human
etal., 2013) and reweighed to obtain the dry mass of the tissue. The
samples were twice subjected to a Folsch extraction and assayed for
lipid content using the sulfuric acid—vanillin—phosphoric acid assay
(Corby-Harris et al., 2019; Van Handel, 1985). Sample absorbance
was evaluated against a standard curve containing vegetable oil. The
mass (in pg) of total lipids in each sample and the mass of lipids in
pg per mg of dry tissue mass were calculated.

Source bees for hormone treatments

Ten- or twenty-frame colonies headed by Apis mellifera ligustica
queens from a commercial queen breeder in California supplied the
bees for these experiments. Sealed brood frames from these five
colonies were placed in a hive box in a temperature-controlled room
(33£1°C). All adults that emerged over an 18 h period were placed
into plastic cages (11.5%7.5x16.5 cm) and fed water, 30% w/v
sucrose and pollen patty ad libitum. Pollen patty contained equal
parts bee-collected pollen (Great Lakes Pollen; www.bulkfoods.
com), table sugar (sucrose; Domino Foods, Inc.) and Drivert® sugar
(8% sucrose and fructose+92% sucrose; Domino Foods, Inc.)
mixed with water to a thick but pliable consistency. Three replicate
cages containing approximately 150 bees per cage were set up for
each treatment age. The cages were maintained at 32+1°C and 50%
humidity with no light.

Octopamine treatment

Octopamine was dissolved in dimethylformamide (dMF) at a
concentration of 2 pg ul~! (Barron et al., 2007); dMF without
hormone was the negative control. In preparation for treatment, the
bees were immobilized by chilling the entire cage at 4°C (90 min on
average). 1 pl of either octopamine or the control was applied
topically to the thorax. The bees were marked with different colors
of water-based paint (Posca USA) on the abdomen according to
treatment. For each cage, approximately 50 bees were treated with
either the treatment or the control (100 total per cage). The bees were
then placed back into their original cage where they recovered in the
incubator at 32+1°C and 50% humidity with ad libitum access to
pollen patty (see above), water and 30% w/v sucrose. Bees chilled
for this amount of time typically recover and are active again after
5Smin in the incubator. Bee mortality was negligible in all of
the cages and did not differ for bees treated with octopamine or the
control. The treatments were replicated in three cages for each
treatment age (treated at 5, 6 or 7 days).

Hypopharyngeal gland measurements

HGs are smaller in stressed bees (Corby-Harris et al., 2019; De Smet
etal., 2017; DeGrandi-Hoffman et al., 2018; Heylen et al., 2011), so
we hypothesized that the HGs may be smaller in bees treated with
the stress hormone octopamine. To investigate HG size in the
presence of this hormone, the gland acini were measured under a
microscope to provide a robust and sensitive assessment of each
individual bee’s gland size (Corby-Harris and Snyder, 2018). Bees
were treated at 5, 6 or 7 days post-emergence and returned to their
cage as described above until they reached 8 days of age (i.e. 1,2 or
3 days post-treatment). For each treatment age (5, 6 or 7 days),
30 bees of either treatment were collected from each of the three
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replicate cages (10 bees per cage), flash frozen in liquid nitrogen and
maintained at —80°C until their glands were measured. The HGs of
each bee were dissected and measured as in Corby-Harris and
Snyder (2018). The area (mm?) of a minimum of 10 but up to 12
randomly selected acini per bee was measured at 60—-80x using the
Leica Applications Suite v.3.8.0 software. Only acini with clear
borders were used. Acini areas were averaged for each individual.
The data were log transformed to fit the assumptions of a mixed
model ANOVA and were analyzed as such with treatment
(octopamine or control), age of treatment, or the interaction
between treatment and treatment age as fixed effects and cage as
a random effect. Data were analyzed for this and subsequent data
using SAS software Version 9.4 for Windows © 2002-2012 SAS
Institute Inc., Cary, NC, USA. Specific, planned contrasts were
made between the octopamine-treated and control bees separately
for each age that they were treated.

Abdominal lipid measurements

Stressed bees have higher octopamine levels (Harris and Woodring,
1992) and lower abdominal lipids (Corby-Harris et al., 2019; Keller
et al., 2005) and, in other insects, octopamine causes fat body lipid
depletion (Orchard et al., 1982, 1993). We therefore hypothesized
that bees treated with the stress hormone octopamine would have
reduced abdominal lipids. To test this, we measured the abdominal
lipid levels of bees treated with the hormone or the negative control.
Ten octopamine-treated and 10 control bees that were also used for
the above HG measurements were selected from each of the three
replicate cages treated at 5, 6 or 7 days and sampled at 8 days of age.
This yielded 30 bees per treatment by treatment age combination, 10
sampled from each of the three replicate cages. The abdominal
carcass of each frozen bee was dissected by removing the thorax
from the abdomen, cutting the abdomen open using sharp forceps,
and removing the digestive tract, sting apparatus and ovary tissue.
The residual carcasses were dried (Human et al., 2013) but a dry
weight could not be obtained for each individual carcass. Reliable
weights can usually only be obtained from pooled tissues, as in
Corby-Harris et al. (2019) and the HG lipid content experiments
described above. Lipids were extracted and quantified as described
above for HGs. The data were analyzed using a generalized linear
mixed model (GLMM) and a gamma link function. The
denominator degrees of freedom were estimated using the
Kenward and Roger method (Schaalje et al., 2002). We tested
whether individual abdominal lipid levels (ug) were influenced by
octopamine treatment, age of treatment, or an interaction between
treatment and age. Cage was a random effect in the model. Planned,
specific contrasts were performed to test the effect of octopamine in
bees treated at the same age.

Hemolymph lipid measurements

If the nutrients stored in the abdomen or HGs were liberated upon
octopamine treatment, we hypothesized that they would be released
rapidly into the hemolymph. To test this, we assayed hemolymph
lipids in bees treated at either 6 days or 7 days of age at 1 hand 2 h
post-treatment. On separate days, bees aged 6 days or 7 days were
treated on the thorax with octopamine or the negative control as
described above. On each treatment day, bees were treated at two
different instances, one group for studying the effects of octopamine
at 1 h post-treatment (60 treated and 60 control) and one group for
studying the effects of octopamine at 2 h post-treatment (60 treated
and 60 control). After treatment, the bees recovered in a cage with
water only and no access to sugar or pollen. At 1 h and 2 h post-
treatment, the bees were immobilized at —20°C for ~3-5 min.

Hemolymph was drawn by dissecting the abdomen from the thorax,
applying gentle pressure to the thorax, and using a 10 pl pipette to
draw 2 ul hemolymph from the posterior end of the thorax.
Individual hemolymph samples were snap frozen in 1.5 ml
centrifuge tubes and maintained at —80°C until the lipid assay
was performed. Hemolymph was drawn from 96 of the 120 bees
(48 treated and 48 control) at 1 h or 2 h post-treatment. A team of
6 people was used to minimize the time needed to treat and collect
hemolymph, treating 120 bees in ~5 min and drawing hemolymph
from 96 bees in ~10 min. Half (48 total; 24 treated and 24 control)
of the hemolymph samples were selected randomly for analysis of
lipid analysis at each collection time point (1 h or 2h post-
treatment). Each sample was subjected to one round of a Folsch
extraction and the hemolymph lipids were measured as described
above. The 24 samples that were collected for each combination of
time post-treatment (1 h or 2 h) and age treated (6 days or 7 days)
were run on two different assay plates, with 12 treated and 12 control
samples present on each plate. The data were then analyzed in two
ways. Plate was a random effect in both analyses. First, we used a
GLMM with a lognormal distribution to analyze the data from only
the samples above the limit of detection of the assay (Table 2 details
the number of samples above this cut-off). The model included the
fixed effects of age treated (6 days or 7 days), time post-treatment
(1 hoor 2 h), treatment, and all two- and three-way interaction terms.
The denominator degrees of freedom were estimated using the
Kenward and Roger method (Schaalje et al., 2002). Planned
contrasts were performed to compare the effect of octopamine
treatment for samples collected at the same time post-treatment (1 h
or 2 h) and treatment age (6 days or 7 days). Second, a logistic
regression was used to determine whether the age of the bees when
treated (6 days or 7 days), time post-treatment (1 h or 2h),
treatment, and all two- and three-way interaction terms influenced
the likelihood that lipids were detected in the hemolymph
(yes=sample had detectable lipids; no=sample did not have
detectable lipids). The denominator degrees of freedom were
estimated using the between-within method (Li and Redden, 2015).
Planned contrasts were again performed to compare the effect of
octopamine treatment on likelihood that hemolymph lipid was
detected for samples collected at the same time post-treatment (1 h
or 2 h) and treatment age (6 days or 7 days).

Pollen consumption

HG size and abdominal lipid content are sensitive to dietary pollen
(Corby-Harris et al., 2014, 2016, 2019). In addition, consumption
and dietary responsiveness increases with octopamine treatment in
bees and other invertebrates (Li et al., 2016; Scheiner et al., 2017a;
Tao et al, 2016). Because consumption could explain the
differences in HG size and abdominal lipids, we tested whether
bees treated with octopamine consumed more food. Honey bees
were topically treated on the thorax with octopamine or the negative
control at 5 days and 6 days of age as described above, except the
bees were separated into cages by treatment. We did not test
consumption for bees 7 days of age. Twenty cages of bees treated
with either octopamine (N=10 cages) or the control (N=10 cages)
were constructed. Each cage contained 100 bees. Bees were
provided with fresh pollen patty, water and 30% sucrose solution
ad libitum. Daily consumption of the pollen patty was measured
until the bees were 8 days of age. Liquid sucrose was not measured
because some liquid was lost when the bottles were removed for
weighing. However, we reasoned that the high sugar content of the
patty would induce increased consumption if octopamine resulted in
elevated sucrose responsiveness. The values for pollen consumption
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Table 1. Primer sequences

GenBank
Gene  accession Forward primer (5'—3’) Reverse primer (5'=3') Probe
atg6 XM_006564732  TTGCGTGTCAACGATGTCTA TGGATGGGAACTACGTGAAAG
atg9 XM_395581 CGGGAGTTGGAGATGTTTGTAG  CCCGATCTTGGACAGGAATTT FAM-TGCTGTCTG-Z-CCACATTGGATTTCC-IBFQ
actin AB023025.1 TGCCAACACTGTCCTTTCTG AGAATTGACCCACCAATCCA

per cage were log transformed to fit the assumptions of a linear
model. We then analyzed the transformed data with a repeated
measures MANOVA where 24 h, 48 h, and, for bees treated at
6 days of age, 72 h consumption were the response variables.
Treatment (octopamine or the control), consumption prior to
the treatment, and the interaction between these factors were the
predictor variables. Owing to the short half-life of this hormone and
its ability to activate an immediate response (Adamo et al., 1995;
Harris and Woodring, 1992; Hiripi et al., 1994; Woodring et al.,
1993), we also analyzed the 24 h consumption data alone. For this
24 h consumption data, we analyzed an ANOVA where treatment
(octopamine or the control), consumption prior to the treatment, and
the interaction between these factors were the predictor variables.
No bees died during the length of the assay.

Hypopharyngeal gland autophagy gene expression

Autophagy releases nutrients from cellular stores (Singh and
Cuervo, 2011; Singh et al., 2009) and is increased in the HGs of
bees deprived of pollen (Corby-Harris et al., 2016; Corby-Harris
etal., 2019), so we hypothesized that autophagy was involved in the
release of lipids from the HGs in response to octopamine. We tested
this by measuring the expression of two autophagy genes (atg6 and
atg9) in the HGs. Honey bees treated on the thorax with octopamine
or the control as part of the hemolymph lipid measurements were
assayed for gene expression. Forty bees that were treated with
octopamine or the control at 6 days or 7 days of age and collected at
1 h or 2 h post-treatment were tested (N=10 per agextime post-
treatmentxtreatment combination). We focused on these two time
points because hemolymph lipid levels were higher by 2 h post-
treatment time point (see Results). If HG autophagy led to increased
hemolymph lipids, then autophagy gene expression might be
elevated in the octopamine-treated bees by 2 h post-treatment.
Following the hemolymph draw, the bees were immediately flash
frozen in liquid nitrogen and were maintained at —80°C until their
HGs were dissected. The HGs of the individually-treated bees were
dissected quickly and placed into chilled 2 ml bead beating tubes
that contained 0.55 mm diameter silica beads and buffer RLT/B-
mercaptoethanol. Each sample contained the HGs from one bee.
RNA was extracted from each sample using the RNeasy Mini kit
(Qiagen). The samples were treated with DNase (Ambion) in order
to remove any remaining genomic DNA. The DNA-free RNA was
subjected to a cDNA synthesis reaction (ThermoFisher RevertAid)
and the resulting cDNA was used in quantitative RT-PCR reactions.
Primer sequences are listed in Table 1. The reaction to detect arg9
expression used a FAM fluorophore connected to an internal DNA
probe (iTaq Universal Probes Supermix, BioRad), while the atg6
and actin reactions used primers alone and the SYBR green
flurophore (SsoAdvanced Universal SYBR Green Supermix,
BioRad). Cq values were averaged across the three technical
replicates that were run for each sample by gene combination.
Relative gene expression estimates were obtained using the 274A¢*
(Livak) method. These values were analyzed using a Wilcoxon/
Kruskal-Wallis test (Yuan et al., 2006), where expression was the
dependent variable and treatment (control or octopamine-treated)

was the independent variable. Data were analyzed separately for the
atg6 and atg9 genes.

RESULTS

The hypopharyngeal glands contain lipids

In total, the head capsule samples contained an average of
608.6+197.7 pg (meants.e.m.) of lipids and the HG samples
contained 127.5+13.6 pg lipids. Normalizing for tissue weight, the
head capsule contained 7.1+4.0 pg lipids per mg of tissue and
the HGs contained 35.5+7.0 ug of lipids per mg of tissue (Fig. 1).

HGs are smaller in octopamine-treated bees

Hypopharyngeal gland size was influenced by the octopamine
treatment (£} 160=18.59, P<0.0001); bees treated with octopamine
had smaller HGs (Fig. 2). HG size was significantly influenced by
octopamine treatment for bees treated at 6 days (F ;60=13.14,
P=0.0004) and 7 days (F 169=9.51, P=0.002), but not for bees
treated at 5 days (F} 169=0.60, P=0.440) of age.

Abdominal lipid levels were not altered by octopamine

The age of the bee when treated (£, 170=4.12, P=0.018) was the only
factor influencing abdominal lipid levels (Fig. 3). Octopamine did
not influence abdominal lipid levels when the treatments were
applied to bees aged 5, 6 or 7 days of age.

Hemolymph lipids increased with octopamine treatment

Focusing only on the samples that were within the limit of detection
for the test, both hours post-treatment (F)s;=6.75, P=0.0103)
and hours post-treatmentxage treated (F;51=9.29, P=0.0027)
influenced hemolymph lipids (Fig. 4). Treatment was marginally
non-significant (F ;5,=3.81, P=0.0528). In planned contrasts,
hemolymph lipids increased due to the octopamine treatment only
in bees treated at 7 days of age at 2 h post-treatment (F ;5,=5.99,
P=0.0156). In considering all of the octopamine or control treated
samples, even those below the limit of detection for the test, a
greater number of octopamine-treated bees than control bees had
detectable levels of lipid in their hemolymph (Table 2). Under the
logistic model, treatment (F ;53=5.79, P=0.0171) significantly
influenced the likelihood that lipids would be detected in the
hemolymph. Planned contrasts verified more lipid detection events
in the octopamine-treated bees for bees treated at 7 days of age and

Table 2. Number of hemolymph lipid detection events for bees treated
with octopamine or the negative control (N=24 for each agexhours post-
treatmentxtreatment combination)

Age treated Hours post-treatment Control Octopamine P*
6 days 1 22 22 NS
2 14 21 0.0316
7 days 1 15 23 0.0186
2 21 22 NS
Total 72 88

*Significance of planned contrast comparing the effect of octopamine on the
likelihood of a sample being above the limit of detection for each agexhours
post-treatment combination. NS, not significant.
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Fig. 1. Lipid concentrations in the head capsule and hypopharyngeal glands of honey bees (Apis mellifera). Total lipids (A, ug) and (B) ug lipids per mg
of tissue present in the head capsule or HGs of bees obtained from the brood area of five colonies (N=5). Tissue from 20 bees per hive was pooled. The
boxplot shows the mean (middle line of box) and interquartile range (box boundaries) as well as the minimum and maximum values of the distribution. Outliers are

points outside of the maximum and minimum of the distribution.

measured at 1 h post-treatment (F; 153=5.64, P=0.0186; Table 2)
and for bees treated at 6 days of age and measured 2 h post-treatment
(F1.183=4.69, P=0.0316; Table 2).

Pollen consumption was not influenced by octopamine

Bees were treated with octopamine or the negative control at 5 or
6 days post-emergence. Pollen patty consumption was measured
daily through 8 days of age. Pollen patty consumption over 3 days
(for the 5 days treated bees) and over 2 days (for the 6 days treated
bees) was equal between the octopamine-treated bees and the bees
treated with the control (Fig. 5). Twenty-four-hour pollen
consumption was also not influenced by octopamine treatment for
bees treated at 5 days and 6 days of age (Fig. 5).

Octopamine-induced autophagy gene expression varied

Bees treated at 6 days of age with octopamine had higher expression
of the autophagy gene arg9 at 1h post-treatment (x; =3.86,
P=0.0494; Fig. 6). At 1 h, there were no differences in atg6
expression due to octopamine treatment. By 2 h post-treatment, both
atg6 and atg9 were more highly expressed in the treated bees
compared with the control (afg6: x3=8.25, P=0.0041; atg9:
X7=8.25, P=0.0041; Fig. 6). Bees treated at 7 days of age
showed no difference in arg6 expression at either 1 h or 2 h post-
treatment. For the atg9 gene, expression was higher as a result
of octopamine treatment at 1h (x3=5.23, P=0.0222). Atg9
expression did not differ due to octopamine treatment in bees
sampled at 2 h post-treatment.

Fig. 2. Effect of octopamine

7 days treatment on hypopharyngeal gland
acinus size in honey bees. Bees were
treated at 5, 6 or 7 days post-

* emergence and their HGs were
° measured at 8 days. Each point

represents the average acinus area for
one bee (N=30 per agextreatment
combination). Asterisks represent
significant differences (P<0.05)
between bees treated with octopamine
versus the control. The boxplot shows
the mean (middle line of box) and
interquartile range (box boundaries) as
well as the minimum and maximum
values of the distribution. Outliers are
points outside of the maximum and
minimum of the distribution.
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6 days
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Fig. 3. Effect of octopamine treatment
on abdominal lipids in honey bees.
Bees treated at 5, 6 or 7 days post-
emergence were assayed for abdominal
lipids at 8 days of age. Each point
represents the average abdominal
carcass lipid content for one bee (N=30
bees per agextreatment combination).
The boxplot shows the mean (middle line
L4 of box) and interquartile range (box
boundaries) as well as the minimum and
° maximum values of the distribution.
Oultliers are points outside the maximum
P and minimum of the distribution.
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DISCUSSION

Octopamine plays a crucial role in coordinating the invertebrate’s
physiological and behavioral responses to environmental stimuli. In
the context of stress, octopamine liberates stored nutrients to fuel the
organism’s behavioral response (Adamo et al., 1995; Arrese and
Soulages, 2010; Fields and Woodring, 1991; Gage et al., 2018;
Harris and Woodring, 1992; Hiripi et al., 1994; Johnson, 2017; Li
et al., 2016; Orchard et al., 1982; Tao et al., 2016; Woodring et al.,
1993). In honey bees, octopamine also induces the nurse to forager
transition (Barron and Robinson, 2005; Barron et al., 2002; Mayack
et al., 2019; Scheiner et al., 2002; Schulz et al., 2002a). Bees
transitioning from nurse to forager typically show a reduction in
abdominal lipid stores and HG size (Crailsheim and Stolberg, 1989;
Toth and Robinson, 2005). This behavioral transition is accelerated

Control Octopamine

when the colony is stressed (Goblirsch et al., 2013; Schulz et al.,
2002b). Taking into account the role of octopamine in honey bees
and other insects, we hypothesized that octopamine would induce
the degradation of abdominal and HG tissues, releasing lipids
into the hemolymph. The present study partially supports this
hypothesis: octopamine induces the degradation of the HGs, but not
abdominal lipid stores, releasing energy-rich lipids into the
hemolymph. Our key findings relating HG size, abdominal and
hemolymph lipids, and autophagy gene expression are presented in
Table 3.

In contrast to the abundant evidence that the abdomens of
young bees contain lipids (Corby-Harris et al., 2019; Keller et al.,
2005; Toth et al., 2005), we found no examples in the literature that
HGs contained significant amounts of lipid. However, because the
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Fig. 4. Hemolymph lipids in bees treated with octopamine or the negative control at 6 days or 7 days post-emergence. Hemolymph was sampled at 1 h
and 2 h post-treatment. Asterisks represent a significant difference (P<0.05) in hemolymph lipids between bees treated with octopamine versus the control for the
relevant agextime post-treatment combination. Each point represents the lipids in 2 pl of hemolymph collected from one bee. Only samples above the limit of
detection for the test are shown, and so N<24 for each combination of age treated, hours post-treatment and treatment (Table 2 details the number of samples
above the limit of detection). The boxplot shows the mean (middle line of box) and interquartile range (box boundaries) as well as the minimum and maximum
values of the distribution. Outliers are points outside of the maximum and minimum of the distribution.
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A B Control Fig. 5. Average daily pollen consumption of bees
0.6 0.6 — — — Octopamine  treated with octopamine or the negative control at
5 days or 6 days of age. Topical treatment of
octopamine or the control was carried out at (A) 5
days or (B) 6 days. Consumption was measured every
24 hfor 72 h (A) or 48 h (B) post-treatment. Error bars
~ .
S - represent the meants.e.m. consumption for N=10
~ . cages per treatment type.
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lipoprotein vitellogenin is found in the HGs and fat body cells in the
head (Seehuus et al., 2007), we assumed that the head and HGs
contained lipids, generally speaking. Our experiments confirm our
hypothesis that the HGs of young bees are a rich source of lipids. The
total amount of lipid in the head capsule was greater than the total
amount of lipid in the HGs. However, per unit of tissue mass, the HGs
had a higher lipid content than the head capsule. Therefore, per unit of
enzymatic activity, the organism could potentially extract more
energy-rich lipids from the HGs than other head tissues. It is unclear
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how localized these octopamine-induced degradation pathways are.
One question that we did not investigate here is whether the brain, a
lipid-rich structure (Arien et al., 2015), degrades or is otherwise
influenced with stress or octopamine treatment. Further experiments
could test whether octopamine or stress influences lipids in the honey
bee brain. If so, brain lipidome remodeling could explain why
octopamine induces foraging behavior.

The HGs were smaller in octopamine-treated bees and
hemolymph lipids increased with hormonal treatment. Together
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Fig. 6. Expression of autophagy genes atg6 and atg9 in the HGs of bees treated with octopamine. Bees were treated with octopamine at (A) 6 days or (B)
7 days of age. Each point represents HG gene expression for one individual bee collected at 1 h or 2 h post-treatment. N=10 bees per combination of age
treated, hours post-treatment and treatment. Asterisks represent significant differences (P<0.05) in expression due to treatment. The boxplots show the mean
(middle line of box) and interquartile range (box boundaries) as well as the minimum and maximum values of the distribution. Outliers are points outside

of the maximum and minimum of the distribution. Note the different y-axis range on each panel.
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Table 3. Summary of experiments testing whether octopamine treatment resulted in decreased HG size, increased hemolymph lipids, decreased

abdominal lipids or increased autophagy gene expression

Time treated HG size Sampling time post-treatment Hemolymph lipids Abdominal lipids atg6 expression atg9 expression
6 days l 1h - - - 1

2h ) - T T
7 days 1 1h T - - 1

2h 1 - - -

1 and | indicate an increase or decrease, respectively, relative to control bees; — indicates no significant change.

with the data showing that HGs contain lipids, this suggests that the
HGs can be used to fuel the stress response. Past work shows that
these autophagy genes are upregulated in the HGs during periods of
sustained pollen deprivation (Corby-Harris et al., 2016; 2019) and
are important in macroautophagy (Koga et al., 2010; Singh and
Cuervo, 2011; Singh et al., 2009). We tested whether the increased
hemolymph lipid levels and reduced HG size that we observed in the
octopamine-treated bees were due to HG autophagy. While the
results for the bees treated at 6 days supported the idea that
autophagy acts in the HGs to liberate lipids, the data were less clear
for bees treated at 7 days. In these bees, increased autophagy gene
expression was only evident for the azg9 gene at 1 h post-treatment.
This variable response may be due to age-specific sensitivity of the
organism to the hormone or day-to-day differences in our ability to
pinpoint a potentially quick ‘pulse’ of autophagy gene expression
following acute octopamine exposure. More data are needed to
definitively say whether octopamine causes HG depletion via
autophagy, perhaps using samples collected at more frequent
intervals post-treatment.

In contrast to the HGs, abdominal lipids were not influenced by
octopamine treatment. This contrasts with previous work in other
insects showing that octopamine causes lipids to be mobilized from
the fat body (Orchard et al., 1982, 1993; Roeder, 1999; Zeng et al.,
1996). More work is needed to say definitively whether octopamine
acts on the HGs and not the fat body. For example, octopamine may
only act on the fat body at certain ages or after a more prolonged
exposure. It would also be helpful to test whether abdominal versus
thoracic application of octopamine influenced our results, as thoracic
application may not raise abdominal octopamine levels to a
physiologically relevant level (Barron et al., 2007). However, with
regard to the question of whether acute octopamine exposure early in
adulthood depletes abdominal lipid stores to accelerate the nurse-to-
forager transition, our results to date do not support that hypothesis.

We measured pollen patty consumption because HG and
abdominal lipid content is sensitive to dietary pollen (Corby-Harris
etal., 2016; Corby-Harris et al., 2019). In addition, consumption and
dietary responsiveness increases with octopamine treatment in bees
and other invertebrates (Li et al., 2016; Scheiner et al., 2017a; Tao
et al., 2016). In our experiments, pollen patty consumption was not
influenced by octopamine treatment. This could be because young
bees are not yet responsive to sucrose (Scheiner et al., 2017a).
Nonetheless, our experiments show that compensatory pollen
consumption does not explain the equivalent abdominal lipid levels
seen in octopamine-treated and control bees.

Octopamine induced HG degradation and the release of lipids
into the hemolymph. As in other invertebrates, rising octopamine
levels in honey bees may facilitate the release of lipids from
storage tissues in order to fuel an energetically expensive stress
response. Our data suggest that the HGs are an accessible source of
lipids and that octopamine may induce autophagic HG degradation
to liberate these lipids. Finding ways to keep octopamine levels low
in young bees may help hives to tolerate stress and maintain a
healthy colony size.
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