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The hypopharyngeal glands (HGs) of honey bee nurse workers secrete the major protein fraction of jelly, a
protein and lipid rich substance fed to developing larvae, other worker bees, and queens. A hallmark of poorly
nourished nurses is their small HGs, which actively degrade due to hormone-induced autophagy. To better
connect nutritional stress with HG degradation, we looked to honey bees and other insect systems, where nutrient stress is often accompanied by fat body degradation. The fat body contains stored lipids that are likely a
substrate for ecdysteroid synthesis, so we tested whether starvation caused increased fat body lipolysis.
Ecdysteroid signaling and response pathways and IIS/TOR are tied to nutrient-dependent autophagy in honey
bees and other insects, and so we also tested whether and where genes in these pathways were diﬀerentially
regulated in the head and fat body. Last, we injected nurse-aged bees with the honey bee ecdysteroid makisterone A to determine whether this hormone inﬂuenced HG size and autophagy. We ﬁnd that starved nurse aged
bees exhibited increased fat body lipolysis and increased expression of ecdysteroid production and response
genes in the head. Genes in the IIS/TOR pathway were not impacted by starvation in either the head or fat body.
Additionally, bees injected with makisterone A had smaller HGs and increased expression of autophagy genes.
These data support the hypothesis that nutritional stress induces fat body lipolysis, which may liberate the
sterols important for ecdysteroid production, and that increased ecdysteroid levels induce autophagic HG degradation.

1. Introduction
The honey bee, Apis mellifera, is an important pollinator and a model
system for the study of sociality. Honey bees live in colonies with one
reproductive diploid female queen, tens of thousands of diploid female
workers, and male haploid drones. Workers are facultatively sterile and
work together to increase the inclusive ﬁtness of the colony through a
series of age-related behaviors. One of these behaviors is nursing. In an
established colony with usual demography, nurse worker bees approximately 1–2 weeks of age remain in the colony to nourish larvae,
the queen, and other workers. Nourishment is provided via secretions
from the nurse hypopharyngeal glands (HGs). These paired exocrine
glands are located in the bee’s head between the eyes and brain and are
part of a larger system that also includes the salivary and mandibular
glands (Snodgrass, 1984).
Hypopharyngeal gland size is highly plastic. The HGs are small in
newly emerged adult workers, but grow substantially in the ﬁrst two
weeks of adult life, reaching a maximal size as the worker transitions
into the nurse behavioral caste. As the worker bee transitions away
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from the nurse caste and towards foraging duties outside of the hive,
the HGs shrink (Johnson, 2010). HG size is also sensitive to diet: bees
deprived of pollen, their only source of lipids and protein, in early
adulthood have small glands relative to their well-fed counterparts
(Corby-Harris et al., 2016). These smaller glands are more transcriptionally active than HGs from well-fed bees and show signatures of
ecdysteroid-induced autophagy (Corby-Harris et al., 2016).
Autophagy (or “self-eating”) functions in development and stress
tolerance and is directly and indirectly tied to IIS (insulin/insulin-like
signaling) and TOR (target of rapamycin) signaling. When nutrients are
plentiful, IIS/TOR signaling increases and inhibits autophagy, whereas
the opposite is true when nutrients are restricted (Fahrbach et al.,
2012). For example, during times of nutritional stress, organisms use
autophagy to consume and re-use nutrients that provide metabolic fuel
for essential functions. Poorly fed Drosophila sense and act on nutritional signals via decreased TOR signaling in order to mobilize nutritional resources from their tissues (Barth et al., 2010; Boulan et al.,
2015; Fahrbach et al., 2012; Klionsky and Emr, 2000; Neufeld, 2010;
Rusten et al., 2004; Scott et al., 2004). In contrast to starvation-induced
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heads (Ament et al., 2008) of pollen-fed compared to pollen-deprived
bees. We also hypothesized that makisterone would cause autophagic
HG degradation.

autophagy, developmental autophagy is primarily activated by ecdysteroid hormones (Baehrecke, 1996, 2002, 2003; Edgar, 2006; Nicolson
et al., 2015; Thummel, 2001) that can themselves respond to nutritional
cues via IIS and TOR signaling (Boulan et al., 2015; Yamanaka et al.,
2013). Although autophagy in honey bees is poorly understood, the
evidence to date suggests that it functions in development (Ronai et al.,
2017, 2016; Silva de Moraes and Bowen, 2000) and the bee’s response
to poor nutrition (Corby-Harris et al., 2016). Starvation-induced autophagy in honey bees seems to involve mostly ecdysteroid signaling
and not IIS/TOR (Corby-Harris et al., 2014, 2016). However, because
IIS/TOR is involved in autophagy in other insects and worker honey bee
IIS genes respond to changes in diet (Ament et al., 2011, 2008; Ihle
et al., 2014), its potential role in the HG’s response to pollen-deprived
conditions cannot yet be ruled out.
Makisterone A is the predominant ecdysteroid in honey bees
(Feldlaufer et al., 1986a, 1985, 1986b). Ecdysteroids are synthesized
from dietary sterols in the larval and pupal prothoracic glands
(Feldlaufer et al., 1986a, 1985; Hartfelder, 1993), the adult worker
ovaries (Amdam et al., 2010; Feldlaufer et al., 1986b; Yamazaki et al.,
2011), and possibly the adult fat body and brain (Yamazaki et al.,
2011). In honey bees, these dietary sterols come from pollen. But if
phytosterols from pollen are used to produce ecdysteroids, how could
ecdysteroid-induced autophagy occur in pollen-deprived bees (CorbyHarris et al., 2016)? In workers, ecdysteroid levels peak in the pupal
stage, several days after capping, suggesting that dietary sterols can be
stored for later ecdysteroid production (Amdam et al., 2010; Feldlaufer
et al., 1985; Rachinsky et al., 1990; Zufelato et al., 2000). Dietary
sterols that are not used during development are likely stored in the fat
body (Arrese et al., 2006, 1996; Behmer and Nes, 2003; Gilbert and
Chino, 1974; Lasser et al., 1966; Patel et al., 2005; Thomas, 1974).
Indeed, pollen-deprived bees mobilize stores in their fat body when
nutrition is limited. Underfed honey bees have smaller fat bodies (Keller
et al., 2005; Toth et al., 2005). In looking at the honey bee’s transcriptional response to pollen deprivation, Corby-Harris et al. (2014)
found that two genes involved in sterol transport, NPC2 homolog
(GB44564) and epididymal secretory protein E1-like (an NPC2-like
protein; GB42053), are up-regulated in the fat bodies of 8d old bees
starved of pollen in adulthood. In Drosophila, NPC2 is important for
sterol transport and provides the sterol substrates for ecdysteroid production (Huang et al., 2007). So one hypothesis is that starvation-induced fat body mobilization releases sterols and these sterols fuel ecdysteroid production. If this is true, pollen-deprived bees with
autophagic HGs should also show evidence of fat body mobilization.
Further, increased levels of ecdysteroids should lead to smaller HGs,
even when pollen is provided.
Previous work suggests that hypopharyngeal glands undergo autophagic cell death due to increased ecdysteroid production (CorbyHarris et al., 2016). To further investigate this possibility and the
physiological mechanisms behind it, we investigated the possible connections between nutrient stress, fat body mobilization, ecdysteroid
synthesis and response, and HG degradation. As demonstrated in previous experiments (Corby-Harris et al., 2016), we expected that nutritional stress would cause HG degradation, loss of HG function, and
increased expression of ecdysteroid production and response genes in
the head, where the HGs are located. To better establish whether ecdysteroid signaling and IIS/TOR gene expression was inﬂuenced by
dietary pollen, we tested the expression of genes in these two pathways
in both the fat body and head. We next measured fat body lipolysis and
lipid levels in pollen-starved and -fed bees. Last, to better test whether
ecdysteroids were indeed involved in HG degradation via autophagy,
we determined whether HG size and expression of autophagy genes
responded to makisterone injection. We hypothesized that pollen deprivation would lead to (1) HG degradation and loss of function, (2)
increased expression of ecdysteroid production and response genes in
the head, and (3) fat body lipolysis. We hypothesized that IIS signaling
would be higher in the fat bodies (Ihle et al., 2014) and lower in the

2. Materials and methods
2.1. Bees
Five 10 frame colonies headed by Apis mellifera ligustica queens from
a commercial queen breeder in California supplied the bees for this
experiment. Sealed brood frames from these ﬁve colonies were placed
in a hive box in a temperature-controlled room (33 °C ± 1 °C). All
adults that emerged over an 18 h period were collected for further use.

2.2. Dietary treatments
Emerged young adults (≤18 h old) were placed into plastic cages
(11.5 cm × 7.5 cm × 16.5 cm) and fed water and 50% w/v sucrose ad
libitum. Dietary treatments consisted of bees fed or not fed pollen in
addition to sucrose and water: well-fed bees were provided with honey
bee collected pollen from a mixed ﬂoral source (Durham’s Bee Farm;
https://www.durhamsbeefarm.com/) ad libitum, while pollen-deprived
bees were not fed any pollen. With the exception of the lipase experiments, ﬁve cages were constructed for each treatment, yielding a total
of 10 cages (5 cages × 2 treatments). For the lipase experiments, 8
cages were constructed (4 cages × 2 treatments). Each cage contained
approximately 50 bees.

2.3. Hypopharyngeal gland (HG) measurements
The HGs of bees that were fed or not fed pollen were measured to
determine whether HG size diﬀered depending on diet. At 8d of age, 10
bees were collected from each cage, ﬂash frozen in liquid nitrogen, and
maintained at −80 °C until their glands were measured. For each bee,
the HGs were dissected into a PBS buﬀer (37 mM NaCl, 2.7 mM KCl,
and 10 mM PO4, pH 7.4) and visualized at 60× magniﬁcation. The area
(mm2) of a minimum of 10 but up to 24 randomly selected acini per bee
was measured using the Leica Applications Suite v.3.8.0 software. Only
acini with clear borders were used. Acini areas were averaged within
individuals. The data were loge transformed to ﬁt the assumptions of a
linear mixed model and were analyzed as such with diet as a ﬁxed eﬀect
and cage as a random eﬀect.

2.4. Fat body and head lipase activity
Lipase activity was measured in the heads and fat bodies of bees
provided with pollen and those deprived of pollen. At 5d and 8d of age,
10 bees were collected from each of the 8 cages and immobilized by
chilling them at 4 °C for approximately one hour. The heads and fat
bodies (the abdominal carcass without the digestive tract, ovaries, or
sting apparatus) of 10 bees were dissected into 750 µl of ice-cold
PBS + 1X HaltTM protease inhibitor (Thermo Scientiﬁc). These tissues
were mascerated using a set of ﬁne dissecting scissors and kept at
−20 °C until further processing. The samples were subjected to a total
lipase assay using a ﬂuorometric Lipase Activity Assay Kit (Cayman
Chemical) according to the manufacturer’s directions except for that the
tissue homogenate was not diluted. The average ﬂuorescence was
normalized by the amount of total soluble protein in each sample,
which was measured with a BCA Assay Kit (Thermo Scientiﬁc). The
slope of these normalized readings over time and the lipase activity in
nmol/minute/ml were calculated. The data did not ﬁt the assumptions
of a linear model and were analyzed for both ages and tissues separately
using a Wilcoxon/Kruskal-Wallis test.
2

Journal of Insect Physiology 116 (2019) 1–9

V. Corby-Harris, et al.

expression was assayed. As described above, approximately 150 newly
emerged young adults (≤18 h old) were placed into plastic cages
(11.5 cm × 7.5 cm × 16.5 cm). All bees were provided with water, 30%
w/v sucrose, and pollen patty ad libitum; no bees were deprived of
pollen for the hormone injection assays. The pollen patty contained
equal weights of bee-collected pollen (Durham’s Bee Farm), table sugar
(sucrose; Domino Foods, Inc.), and Drivert® sugar (8% sucrose and
fructose + 92% sucrose; Domino Foods, Inc.), with water to a cookie
batter consistency. Eight cages were constructed and four cages (one for
each age tested) were then placed into two diﬀerent full-sized double
body hives containing brood and food stores (Hives A and B; 2
hives × 4 ages = 8 cages total). One cage was removed from each hive
at either 2, 3, 4, or 5 days of age for injections. At least 20 bees were
injected with one of four doses of makisterone (low (0.375 ng/µl),
medium (3.75 ng/µl), or high (37.5 ng/µl)) or a control dose of 95%
ethanol diluted in Ringer’s solution (128 mM NaCl, 18 nM CaCl2,
1.3 mM KCl, 2.3 mM NaHCO3, pH 6.6). Assuming a total hemolymph
volume of 30 µl in a worker, bees injected with the high, medium, or
low doses of makisterone would therefore have 2.5 × 10−3,
2.5 × 10−4, or 2.5 × 10−5 ng/µl ﬁnal concentration of the circulating
hormone per bee, respectively. This is within the range reported by
Yamazaki et al. (2.5 × 10−6 ng/µl) for the amount of ecdysteroids (20E equivalents; not makisterone) in worker hemolymph (Yamazaki et al.,
2011) and the amount of 20-hydroxyecdysone reported by Ueno et al.
(2015) that needs to be injected into a bee head (2.5 ng/µl) in order to
elicit a transcriptional response. The initial high (37.5 ng/µl) dose of
makisterone contained 2 µl of a 0.01 M solution in ethanol added to
259.8 µl Ringer’s solution; serial dilutions were made from the initial
stock into Ringer’s solution. The control contained 2 µl of 95% ethanol
in 259.8 µl Ringer’s solution. At least 80 bees total were injected per
cage (i.e., ≥20 bees for each of 4 treatments). Prior to the injection, all
of the bees in the cage were chilled and immobilized at 4 °C. 2 µl of each
treatment was injected into the head of each bee, just penetrating the
exoskeleton in the area between the eyes and above where the antennae
emerge from the head, using a 50 µl Hamilton gastight syringe and a
10 mm needle with a 20° tip that was aﬃxed to a dispenser. The injected bees were marked on their thorax with diﬀerent colors of nontoxic paint according to the treatment and returned to the cage. The
cage was returned to the hive until the bees were 8d of age. At 8d of
age, all dead bees were removed from the cage and the remaining bees
were ﬂash frozen and maintained at −80 °C for further use.
The hypopharyngeal glands of the hormone- and control-treated
bees were dissected as described above. HG size was measured for one
of the paired glands in 10 bees for each treatment × hive × age combination using the methods outlined above. Average acinus area per bee
(mm2) was obtained and the values were loge transformed to meet the
assumptions of the model. Acinus size data were analyzed using a
mixed model ANOVA with age, injection dose, and the interaction between age and injection dose as the ﬁxed eﬀects and hive as a random
eﬀect. We were particularly interested in the diﬀerences between the
control and each of the doses (low, medium, and high) for each age, so
planned contrasts were performed using deﬁned combinations of age
and dose in the following manner: 2d control versus 2d low, 2d control
versus 2d medium, 2d control versus 2d high, 3d control versus 3d low,
3d control versus 3d medium, 3d control versus 3d high, 4d control
versus 4d low, 4d control versus 4d medium, 4d control versus 4d high,
5d control versus 5d low, 5d control versus 5d medium, 5d control
versus 5d high.
In one hive (Hive A) only, bees that were injected with the control
(0 ng/µl) or low dose (0.375 ng/µl) of makisterone at 4d of age were
used to study the inﬂuence of makisterone on the expression of autophagy genes atg6 and atg9 in the HGs. We focused on this age because
this is when the normal pulse of ecdysteroid occurs in honey bee
workers (Hartfelder et al., 2002). RNA was extracted from the other
gland in the pair that was not used for the acinus measurements
(N = 10 glands per treatment) described above. Two treated samples

2.5. Fat body lipid content
The fat body lipid content of 8d old bees that were fed or not fed
pollen was measured. Five bees were collected from each cage (N = 5
cages for the pollen deprived bees and N = 4 cages for the pollen-fed
bees), ﬂash frozen in liquid nitrogen, and maintained at −80 °C until
their fat bodies were dissected as described above. The tissue was
pooled by cage and dried to obtain the dried tissue weight (Human
et al., 2013). The dried tissue samples were twice subjected to a Folsch
extraction (1 ml 2:1 chloroform:methanol). Samples were bead beaten
with 0.55 mm diameter silica beads for 1 min in the chloroform:methanol and 210 µl of 0.25% KCl was added. The samples were
then brieﬂy vortexed and centrifuged for 15 min. The bottom chloroform phase was retained and dried in a SpeedVac. This dried chloroform-soluble fraction was subjected to a sulfuric acid-vanillin-phosphoric acid assay as described in Van Handel (1985). Sample
absorbances were evaluated against a standard curve containing vegetable oil. The data were evaluated with a t-test.
2.6. Tissue-speciﬁc RNA extraction and cDNA synthesis
At 8d, 5 bees were collected from each cage and preserved at
−80 °C until they were dissected. Upon dissection, the HGs, whole
heads, and fat bodies were immediately placed onto dry ice. Whole
heads and fat bodies were taken from the same 10 bees, while the HGs
were dissected from a diﬀerent set of 10 bees. Fat body consisted of the
abdominal carcass with the digestive tract, sting apparatus, and ovary
tissue removed, as above. Samples were pooled by cage and according
to tissue type. RNA was extracted from the tissue using the RNeasy Mini
Kit (Qiagen). The tissues were homogenized in a bead beater with
0.55 mm diameter silica beads and buﬀer RLT/β-mercaptoethanol according to the manufacturer’s guidelines, and treated with DNase
(Ambion) to digest any remaining genomic DNA. Genomic DNA was
completely digested as conﬁrmed with a PCR on the RNA using actin
primers, which yielded no product. The DNA-free RNA was subjected to
a cDNA synthesis reaction (ThermoFisher RevertAid). The resulting
cDNA was used in quantitative RT-PCR reactions.
2.7. Hypopharyngeal gland (HG), head, and fat body qRT-PCR
The expression of genes involved in HG function and autophagic
degradation as well as fat body and head IIS/TOR and ecdysteroid
signaling were assayed. The expression of genes involved in HG function and autophagy was assayed ﬁrst. HG cDNA was subjected to qRTPCR using the mrjp1, mrjp3, atg6, and atg9 primers. The whole heads
and fat bodies were then assayed for expression of genes involved in
ecdysteroid production and response (disembodied, shade, seven-up,
HR3/38, ultraspiracle, EcR-A, EcR-B1) and IIS/TOR signaling (TOR, ilp1, akt). Fat body autophagy was also assayed with the atg6 and atg9
primers. Actin and GAPDH were used as controls for all samples. All
primers exhibited 98%-101% eﬃciency at their respective annealing
temperatures. Each reaction was run in triplicate. Both probe-based
(iTaq Universal Probes Supermix, BioRad) and SYBR-based
(SsoAdvanced Universal SYBR Green Supermix, BioRad) assays were
used according to the manufacturer’s instructions. For each gene, the
primers and assay type are presented in Table S1. Cq values were
averaged across technical replicates and the expression estimates were
obtained using the 2−ΔΔCt (Livak) method. These values were analyzed
using a Wilcoxon/Kruskal-Wallis test (Yuan et al., 2006), where expression was the dependent variable and diet was the independent
variable. Data were analyzed separately for each tissue.
2.8. Inﬂuence of makisterone on hypopharyngeal gland (HG) size and
autophagy gene expression
The inﬂuence of makisterone on HG size and autophagy gene
3
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Fig. 1. The hypopharyngeal gland sizes of 8d old bees fed pollen (+) or no
pollen (−). Values represent the mean acinus size per cage ± S.E. among cages
(N = 5 cages per treatment). Hypopharyngeal gland size was signiﬁcantly impacted by diet (p < 0.0001) (single column).
Fig. 3. Fat body lipid content of bees fed pollen (+) or no pollen (−) for 8d.
Mean lipid content per milligram of dry tissue (µg/mg) ± S.E. are presented.
Lipid content was signiﬁcantly impacted by diet (p = 0.012) (single column).

and one control sample did not yield suﬃcient RNA and were excluded.
Expression of the autophagy genes atg6 and atg9 relative to actin was
measured as described above. Cq values were analyzed using a Wilcoxon/Kruskal-Wallis test (Yuan et al., 2006), where expression was the
dependent variable and treatment (control injection vs. makisterone
injection) was the independent variable.

Fig. 2. Lipase activity in the heads and fat bodies of bees fed pollen (+) or no pollen (−) for 5d or 8d. Mean lipase activity (nmoles/min/ml) ± S.E. are presented.
Lipase activity was signiﬁcantly impacted by diet only in the fat bodies of bees 5d of age (p = 0.021). Please note the diﬀerent maxima on the y-axes (1.5 columns).
4
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Fig. 4. Average relative expression ± SE of
(A) major royal jelly proteins (mrjp1 and
mrjp3) and (B) autophagy genes (atg6 and
atg9) in 8d nurses fed a diet containing
pollen (+) or no pollen (−). Bee tissue was
pooled within cage for N = 5 cages per
treatment. Average relative expression relative to actin ± S.E. is shown. Filled bars
indicate signiﬁcant diﬀerences between
diets (p < 0.05). Please note that the difference in y-axes scale for the two panels
(1.5 columns).

3. Results
3.1. Hypopharyngeal glands were smaller in bees deprived of pollen
The HGs of bees fed pollen were signiﬁcantly larger than in pollendeprived bees (F1,99 = 20.11, p < 0.0001; Fig. 1).
3.2. Fat body lipase increases with pollen deprivation
At 5d of age, fat body lipase activity was higher in bees deprived of
pollen compared to those that were fed pollen (χ21 = 5.33, p = 0.021,
Fig. 2). By 8d of age, fat body lipase activity in the pollen-deprived bees
was not statistically diﬀerent from that in pollen-fed bees, likely due the
large amount of variation among the pollen-deprived samples. Head
lipase activity did not diﬀer with diet in bees 5d or 8d of age.
3.3. Fat body lipid content was lower in bees deprived of pollen
The fat bodies of bees fed pollen contained signiﬁcantly more lipids
than those of bees deprived of pollen for 8d (t8 = −3.64, p = 0.012;
Fig. 3).
3.4. Hypopharyngeal gland (HG) gene expression was impacted by diet
Fig. 5. Expression of ecdysteroid production and response genes in the heads of
8d nurses fed a diet containing pollen (+) or no pollen (−). Shaded bars represent comparisons that were signiﬁcantly aﬀected by diet (P < 0.05). White
bars indicate where diet did not signiﬁcantly impact expression. Expression was
assessed for N = 5 cages per treatment. Average relative expression relative to
actin ± S.E. is shown (1.5 columns).

In the HGs, dietary pollen had a positive impact on major royal jelly
protein (MRJP) gene expression and a negative impact on autophagy
gene expression (Fig. 4). The expression of the MRJP genes 1 and 3 was
signiﬁcantly higher in bees fed pollen compared to those deprived of
pollen (mrjp1: χ21 = 6.82, p = 0.0090; mrjp3: χ21 = 6.82, p = 0.0090).
Autophagy gene 6 (atg6) expression was signiﬁcantly higher in the
pollen-starved bees compared to those fed pollen (χ21 = 4.81, p = 0.03).
The expression of autophagy gene 9 (atg9) was not aﬀected by diet. In
all cases, the qualitative outcome and statistical signiﬁcance were the
same for both actin and the GAPDH controls.
5
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Table 1
Summary of genes aﬀected by diet in the head or fat body (FB) tissue.

FB
head
A

Major royal jelly protein

Autophagy

IIS/TOR

Ecdysteroid production and response

mrjp1

mrjp3

atg6

atg9

amTOR

ilp-1

AKT

disembodied

shade

seven-up

hr3/46

usp

EcR-A

EcR-B

not tested
yes (F > S)A

not tested
yes (F > S)A

no
yes (S > F)A

no
no

no
no

no
no

no
no

no
yes (S > F)A

no
yes (S > F)A

no
yes (S > F)A

no
no

no
no

no
yes (S > F)A

yes (F > S)A
No

“S” = starved of pollen but fed water and 50% sucrose ad libitum, “F” = fed pollen, water, and 50% sucrose ad libitum.

Fig. 6. Hypopharyngeal gland (HG) size of bees injected with makisterone. Ten
bees were injected with one of three diﬀerent doses of makisterone (high:
75 ng/µl, medium: 7.5 ng/µl, low: 0.75 ng/µl) or a control dose containing the
ethanol solvent diluted in PBS in the head at 2, 3, 4, or 5 days of age. Following
the injection, the bees were conﬁned to plexiglass cages placed in hives and fed
pollen patty, 30% sucrose, and water ad libitum until 8 days of age when they
were sacriﬁced for HG measurements. Average acinus size (mm2) ± S.E.
(N = 10) is plotted. Asterisks represent signiﬁcant diﬀerences (p < 0.05) between each makisterone treatments and the control injection at each age (1.5
columns).

Fig. 7. Autophagy gene expression in the hypopharyngeal glands of 8d old bees
injected with makisterone. Bees were injected at 4d of age with makisterone
(grey bars) or a control (white bars) and gene expression was measured at 8d.
The mean expression of each gene relative to actin ± S.E. is plotted. For atg9,
the bees injected with the control showed a very low level of gene expression
greater than zero. For both the atg6 (p = 0.039) and atg9 (p = 0.026) genes,
expression signiﬁcantly increased with the hormone injection. Expression was
assessed for N = 8 treated and N = 9 control bees (single column).

3.5. Genes involved in ecdysteroid production and response were impacted
by diet

(F3,311 = 14.59, p < 0.0001), and the interaction between dose and
the age of injection (F9,311 = 3.50p = 0.0004) signiﬁcantly inﬂuenced
the HG size of 8d old bees. In bees injected at 2d and 5d of age, makisterone injection did not inﬂuence the HG size (Fig. 6). For bees injected at 3d of age, those injected with the low, medium, and high doses
all had signiﬁcantly smaller HGs compared to the control (p < 0.05 for
all contrasts). For bees injected at 4d of age, only those injected with
the low dose had signiﬁcantly smaller HGs compared to the control
(p < 0.05 for the contrast). No diﬀerences were observed between the
bees injected with the medium- or high-dose treatments versus the
control when they were injected at 4d of age.

In all but one case (see below), the qualitative outcome was similar
for both actin and the GAPDH controls. In the head, the expression of
genes involved in ecdysteroid production and response was higher in
the pollen-starved bees compared to those fed pollen (Fig. 5). Shade
(χ21 = 5.77, p = 0.016), disembodied (χ21 = 5.77, p = 0.016), EcR-A
(χ21 = 3.94, p = 0.047), and seven-up (χ21 = 4.81, p = 0.03) were all
expressed more in pollen-starved bees compared to those fed pollen.
The expression of EcR-B, HR3/46, and ultraspiracle did not change
signiﬁcantly with diet. In the fat body, the only ecdysteroid production/
response gene impacted by diet was EcR-B1, which was higher in bees
fed pollen (χ21 = 5.77, p = 0.016; Fig. S1). In both the head and fat
body, none of the IIS/TOR signaling genes that were assayed (amTOR,
amAKT, or amIlp-1) were impacted by diet for both the actin and
GAPDH controls (Fig. S2). AmTOR expression was signiﬁcantly higher
in the heads of pollen-deprived bees for the actin (χ21 = 3.94,
p = 0.047) but not the GAPDH (χ21 = 3.15, p = 0.076) control. The
expression of the autophagy genes atg6 and atg9 did not diﬀer with diet
in the fat body (Fig. S3). A summary of the gene expression results is
presented in Table 1.

3.7. Autophagy gene expression is higher in the HGs of bees injected with
makisterone
HG autophagy gene expression was inﬂuenced by the low-dose injection of makisterone (Fig. 7) for bees injected at 4d of age and assayed
at 8d. Atg6 (χ21 = 4.62, p = 0.039) and atg9 (χ21 = 5.18, p = 0.023)
expression was signiﬁcantly higher in bees injected with makisterone
compared to the control.
4. Discussion

3.6. Hypopharyngeal glands (HG) are smaller in bees injected with
makisterone

We explored the mechanism linking pollen deprivation with hypopharyngeal gland (HG) degradation. First, we conﬁrmed previous

Treatment dose (F3,311 = 3.36, p = 0.0192), the age of injection
6
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Fig. 8. A model to link nutritional stress and hypopharyngeal gland (HG) degradation in honey bee nurse workers. Please see text for description. Observations from
other studies are cited (1.5 columns).

ﬁndings that nutritional stress caused autophagic HG degradation and
reduced function (Corby-Harris et al., 2016). Looking more closely at
the tissue-speciﬁc expression of ecdysteroid production and response
genes, we found that these genes were upregulated in response to pollen
deprivation in the head, but not the fat body. In contrast, the IIS/TOR
pathway genes were not impacted by diet in either the head or fat body.
We also found that nutritional stress increased fat body mobilization.
Last, we found that injections of makisterone into the heads of pollenfed bees reduced gland size and increased expression of autophagy
genes in the HGs. Our data therefore provide some hints of a possible
mechanism connecting nutrient stress with HG autophagy in honey
bees.
Previous work (Corby-Harris et al., 2016) and the data presented
here support the idea that when nurse workers are deprived of pollen,
their HGs get smaller and lose function, likely due to ecdysteroid-induced autophagic degradation of the HG tissue. Our gene expression
data conﬁrm previous studies (Corby-Harris et al., 2014, 2016) showing
that pollen deprivation is associated with the increased expression of
ecdysteroid signaling and response genes in the head but not in the fat
body. Further support for the role of ecdysteroids in causing autophagic
HG degradation comes from the makisterone injections that we conducted, where bees injected with the hormone had smaller glands and
increased HG expression of autophagy genes. Our data therefore support previous results that the starvation-induced decline in honey bee
HG size is due to hormonal signaling that activates autophagy. Unfortunately, we have yet to show that makisterone levels increase in the
hemolymph of pollen-deprived bees. Others have measured honey bee
ecdysteroid levels using radioimmunoassays against ecdysone (Amdam
et al., 2010), but this assay has been met with logistical challenges in
recent years (McKinney et al., 2017). Others have utilized enzymelinked immunoassays (EIAs) against Drosophila ecdysone to measure
worker hemolymph ecdysone levels (Trawinski and Fahrbach, 2018),
but the sensitivity of this assay in our hands has been low. Further work
must be done to determine whether makisterone levels increase in the
hemolymph of pollen-deprived bees.
Nurse workers deprived of pollen mobilized resources from their fat
bodies, but this was not accompanied by increased expression of the
autophagy genes atg6 or atg9 in the fat body. Our observation of increased fat body lipolysis aligns with previous work showing that

nutritional stress is associated with the reduction in abdominal tissue
lipids in honey bees (Keller et al., 2005; Toth et al., 2005) and other
insects (Arrese and Soulages, 2010; Park et al., 2013). We hypothesize
that fat body lipolysis releases sterols that are stored in the fat body
(Arrese et al., 2006; Arrese and Soulages, 2010). These sterols may be a
source for ecdysteroid synthesis in the head, because (1) sterols are a
substrate for ecdysteroid synthesis (Feldlaufer et al., 1986a,b), (2) the
expression of ecdysteroid synthesis and response genes were up-regulated in starved bees, and (3) ecdysteroids are involved in HG degradation ((Corby-Harris et al., 2016) and the current study).
In the present and previous (Corby-Harris et al., 2014, 2016) studies, we failed to observe a relationship between pollen consumption
and diﬀerences in IIS/TOR activity in the head and fat body. It is unclear why this is the case, especially because a positive relationship
between diets and IIS signaling has been observed in honey bees
(Ament et al., 2011; Ihle et al., 2014) and other insects (Fahrbach et al.,
2012; Hietakangas and Cohen, 2009). Further, IIS/TOR is important in
honey bee caste development (Mutti et al., 2011; Patel et al., 2007),
which is itself tied to diet because larvae fed a richer diet become
queens. Diﬀerences in when the bees were sampled for gene expression
analyses or in the actual diets (pollen type or protein concentration)
may explain these variable results. In addition, with respect to amTOR,
the signaling pathways involved in queen development may be more
active or nutritionally sensitive in larvae than adult workers.
Insects experience a variety of acute stressors including food scarcity, prolonged ﬂight, ﬂuctuating temperatures, and immune challenges. We observed that honey bees maintain homeostasis when food
is scarce by mobilizing nutrients from their fat body. Several hormones
link stress to fat body mobilization in insects, including octopamine,
adipokinetic hormone, and juvenile hormone (Beenakkers et al., 1985;
Gruntenko et al., 2000; Hirashima et al., 2000, 1999; Kodrik et al.,
2015; Rachinsky, 1994; Rauschenbach et al., 1995; Tao et al., 2016).
Octopamine production increases with stress (Even et al., 2012; Fields
and Woodring, 1991; Orchard et al., 1982) and induces JH secretion
from the corpora allata (Kaatz et al., 1994). JH levels also increase with
stress (Harris and Woodring, 1992; Lin et al., 2004), and JH leads to
decreased HG size (Jaycox et al., 1974) and increased expression of the
ecdysteroid response gene usp (Barchuk et al., 2004) in honey bees. HG
size is also negatively impacted by other stressors such as pesticides (De
7
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Smet et al., 2017; Heylen et al., 2011) and infection (DeGrandiHoﬀman et al., 2018; Wang and Moeller, 1969). It is therefore possible
that, as in other insects, stress response hormones activate fat body
breakdown and HG degradation under a variety of stressful conditions.
Considering the present data and previous results (Corby-Harris
et al., 2014, 2016), we present a working model to link nutritional
stress to HG degradation in honey bees (Fig. 8). Nutrient stress may
elicit a hormonal response similar to that observed in bees subjected to
other stressors (Harris and Woodring, 1992; Lin et al., 2004), which
causes the induction of stress response and lipid metabolism genes
(Corby-Harris et al., 2014) and lipolysis in the fat body. Lipolysis liberates sterols into the hemolymph, which is used for ecdysteroid
synthesis, most likely in the head. This elevated ecdysteroid titer causes
the autophagic degradation of the HGs and a concomitant reduction in
HG function (Corby-Harris et al., 2016). While we do not yet know
whether JH and octopamine levels increase with nutritional stress, the
levels of these hormones increase with other types of stress (Ahn et al.,
2012; Harris and Woodring, 1992; Lin et al., 2004). This has implications for the broader issue of how honey bees and other pollinators
respond to an increasingly harsh and unpredictable environment
(Woodard, 2017). Understanding how bees respond to individual
stressors and stressors that operate simultaneously, and how the
abundance and quality of diﬀerent diets inﬂuence the stress response,
oﬀers promise for increasing colony health.
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