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ABSTRACT 
 Honey bee workers take on specific roles within the colony. Young adult workers (~1 week old) 

perform in-hive tasks such as cleaning or brood care (“nursing”), while older workers forage for pollen, 

nectar, and water. This behavioral shift is regulated by hormones such as juvenile hormone (JH) and 

vitellogenin (vg), however the role of other hormones in this process is less-well understood. 

Additionally, stressors like poor nutrition and infection can accelerate this behavioral transition leading to 

precocious foraging and may result in reduced forager performance and accelerated colony decline. The 

neurohormone corazonin (crz), an 11 amino acid peptide with structural similarity to vertebrate 

gonadotropin-releasing hormone (GnRH) and invertebrate adipokinetic hormone (AKH), plays a part in 

determining caste identity in ants and other Hymenopterans. Harpegnathos ants performing nest-

associated tasks have higher levels of vg and low levels of crz, while ants performing tasks outside of the 

nest have low vg and higher crz expression. Crz is a proposed stress hormone demonstrating a variety of 

functions across several groups of insects, however, the exact purpose of this hormone has yet to be 

identified in honey bees. In this study, I explore the molecular mechanism underlying the nutritional 

stress response that leads to precocious foraging, and whether crz is involved in this response. 

Additionally, I examine whether crz plays a role in the behavioral transition of honey bee nurses to 

foragers by injecting honey bee workers in the head with crz peptide. I found that although age did not 

have a significant effect on crz expression, starvation altered crz expression. Finally, I found that bees 

injected with crz take greater amounts of foraging trips than bees injected with a control and bees that 

were left un-injected.  
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The neuropeptide corazonin promotes higher rates of foraging in Apis mellifera workers. 
 
 
1. Introduction 
 

Honey bee workers take on specific roles within the colony. Young adult workers (~1 week old) 

perform in-hive tasks such as cleaning or brood care (“nursing”), while older workers forage for pollen, 

nectar, and water (Johnson, 2009). This behavioral shift is regulated by hormones such as juvenile hormone 

(JH) and vitellogenin (vg), which increase and decrease as worker bees age, respectively (Amdam, Fennern 

& Havukainen, 2011; Guidugli et al., 2005; Amdam et al., 2003). Stressors like poor nutrition and infection 

can accelerate this behavioral transition (Corby-Harris et al., 2014; Holt, Aronstein & Grozinger, 2013; 

Toth et al., 2005) and may lead to reduced forager performance and accelerated colony decline (Goulson et 

al., 2015, Perry et al., 2015; Ushanti et al., 2015). When poor diet reduces normal vg levels, JH levels can 

rise, which signals workers to perform out-of-hive tasks like foraging much earlier than normal (Amdam, 

Fennern & Havukainen, 2011; Perry et al., 2015). Honey bees that forage precociously are less likely to 

return to their hive and are less efficient foragers (Bordier et al., 2017; Ushanti et al., 2015).  

While changes in vg and JH levels with age and task progression are well-documented, the role of 

other hormones in this process is less well understood. A recent study proposed that the neuropeptide 

corazonin (crz), plays a role in determining caste identity in ants and other Hymenopterans (Gospocic et 

al., 2017). Harpegnathos ants performing nest-associated tasks have higher levels of vg and low levels of 

crz, while ants performing tasks outside of the nest have low vg and higher crz expression (Gospocic et al., 

2017). In addition, they found that vg directly opposed crz expression, providing a mechanism underlying 

this age-associated behavioral transition (Gospocic et al., 2017). 

 Corazonin is an 11 amino acid peptide originally isolated from the corpora cardiaca of the 

cockroach, Periplaneta americana, where it stimulates heartbeat frequency (Veenstra 1989). The corpus 

cardiacum complex is the major neurohemal organ in insects; it releases a large quantity of neuropeptides 

and is closely associated with the aorta (Klowden, 2013). In insects, crz is secreted by neurosecretory cells 

that project into the corpora cardiaca (Even, Devaud & Barron, 2012; Roller et al., 2006; Verleyen et al., 
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2006). Crz is highly conserved in its structure and pattern of distribution through the insect body. Different 

forms can be found in the central nervous system of many insects, with noted exceptions of beetles and 

some aphids (Even, Devaud & Barron, 2012; Veenstra, 2009). Crz is a proposed stress hormone with 

similar structure to vertebrate gonadotropin-releasing hormone (GnRH) and invertebrate adipokinetic 

hormone (AKH) which modulate stress response behaviors (Even, Devaud & Barron, 2012; Kodrik, 2008). 

GnRH plays a pivotal role in the regulation of different hormones in mammalian gonads and its secretion 

can be suppressed in times of stress, while AKH is a very important metabolic regulator for most insects 

that plays a role in lipid mobilization (Even, Devaud & Barron, 2012; Kodrik, 2008; Veenstra, Rodriguez 

& Weaver, 2012). However, it is unclear whether honey bees have functional AKH due to the lack of 

significant expression of the AKH gene (Veenstra, Rodriguez & Weaver, 2012); it is exciting to speculate 

that crz may fill this role as a metabolic regulator in honey bees. 

Since first isolated from P. americana, crz has been found to serve a multitude of physiological 

roles in various insects with no clear pattern of function despite its conserved structure and pattern of 

distribution. For instance, in Manduca larvae, crz initiates ecdysis by causing ecdysis triggering hormone 

(ETH) to be released from Inka cells, the source of pre-ecdysis and ecdysis triggering hormones (Kim et 

al., 2004). In albino L. migratoria and green nymphs of S. gregaria, two species of plague locusts, crz 

induces dark pigmentation, which is associated with swarm formation and migration of locusts in response 

to overcrowding (Tawfik et al., 1999). In Drosophila, where the crz receptor is found in the salivary glands 

and adipocytes of the fat body, knockdown of the crz receptor increased resistance to starvation, 

desiccation, it reduced feeding and it altered the expression of Drosophila insulin-like peptides (DILP) 

which regulate sugar and protein metabolism (Kubrak et al., 2016). Therefore, elevated crz signaling during 

stress may coordinate increased food consumption to counteract depleted energy stores to regain metabolic 

homeostasis in Drosophila (Kubrak et al., 2016). Additionally, honey bees have a unique isoform of crz, 

[Thr4, His7]-corazonin, that differs from the isoform of crz found in locusts and some stick insects by only 

a glutamine/threonine substitution (Roller et al., 2006; Verleyen et al., 2006). This [Thr4, His7]-corazonin 
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was significantly less active in the dark color inducing assay in albino locust (Roller et al., 2006; Verleyen 

et al., 2006).  

Corazonin is ubiquitous in arthropods and plays a part in a variety of stress responses, but its role 

in honey bees is less clear (Even, Devaud & Barron, 2012; Veenstra, 2009). Some speculate that it may 

serve in both acute and chronic stress responses of honey bees but this has yet to be explicitly tested 

(Boerjan et al., 2009; Even, Devaud & Barron, 2012; Veenstra, 2009). However, corazonin has been found 

to be upregulated in foraging castes among many other social insects in the order Hymenoptera, such as 

Polistes canadensis (a primitively social wasp), Camponotus floridanus and in Monomorium pharaonis 

workers (Gospocic et al., 2017). Additionally, Gospocic et al. (2017) found that injections of crz directly 

stimulated hunting (foraging) behavior in Harpegnathos ants that had begun to transition into reproductive, 

in-nest roles thus demonstrating that corazonin, at the cost of reproductive or in-hive activity, underpins 

worker behaviors (Gospocic et al., 2017).  

I hypothesize that, like in ants, corazonin plays a similar role in the behavioral transition of honey 

bee nurses (in-hive) to foragers (out-of-hive). Second, because stressors like poor nutrition can quicken the 

transition time to foraging (Brodschneider & Crailsheim, 2010), I hypothesize that changes in crz 

expression may be observed when workers are poorly fed. Lastly, I hypothesize that crz may play a role in 

the nutritional stress response of honey bees because of its structural similarity to AKH, its metabolic 

function in Drosophila, and its proposed role as stress hormone (Even, Devaud & Barron, 2012; Kubrak et 

al., 2016; Kodrik, 2008; Veenstra, Rodriguez & Weaver, 2012). 

 
 
 
2. Materials and Methods 
 
2.1 Corazonin expression in nurse and forager bees 
July 2018 

Several frames of capped brood, close to emergence, were gathered from established hives and 

stored in a controlled environment room at ~32 ℃. After 24 hours, newly emerged adults were swept off 

the hive frames and divided among 6 experimental cages. Each cage contained ~150 bees, half of these 
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cages were fed pollen, 30 % w/v sugar syrup and water (pollen-fed or fed) while the other 3 cages were 

given only 30% syrup and water (pollen-deprived or starved). The cages were paired with the opposite 

treatment and placed into 3 separate colonies. Each of the 3 colonies contained one starved and one fed 

cage. By placing the cages within colonies instead of an incubator, I sought to replicate real hive 

conditions while restricting the cages to specific diets. Additionally, the cages were reinforced by adding 

another layer of screens and tape in order to prevent contact and trophallaxis with in-hive bees. 

Twenty bees were sampled into liquid nitrogen from each of the six cages at 5, 8, 12, 15 and 22 

days after emergence. At each of the sampling dates, water, sugar, and pollen stores were checked and 

replenished. Bees in the cages were fed diets ad libitum. RNA was extracted from the heads of six bees, 

from each set of 20, using QIAGEN’s RNeasy Universal Mini Kit and the given protocol, adapted for 

larger quantities of tissue. DNase treatment was performed on the extracted RNA using the Invitrogen 

Ambion DNase Kit protocol. The DNased template RNA was used to synthesize cDNA using the 

ThermoScientific revertAid First Strand cDNA Synthesis Kit with the primers of interest, producing 

gene-specific cDNA. For RT-qPCR, a corazonin probe, vitellogenin F/R primer and actin F/R primer 

(loading control) were plated in triplicates for each sample with 1 µl of the resulting cDNA. The plate was 

centrifuged for 1 minute at 25 ℃ and run on BioRad CFX96 Real-time System Thermocycler.  

 
May & June 2019 

A second trial was completed, this time with double the number of cages and hives. Each cage 

contained ~150 bees, half of these cages were fed pollen, 30 % w/v sugar syrup and water (pollen-fed or 

fed) while the other 6 cages were given only syrup and water (pollen-deprived or starved). The cages 

were paired with one cage from the opposite treatment and placed into 6 separate, pre-established 

colonies. Each of the 6 colonies therefore contained one starved and one fed cage. Bees in the cages were 

fed diets ad libitum. For this trial twenty bees were sampled into liquid nitrogen from each of the 12 cages 

at 8, 12, and 15 days after emergence. Again, the cages were reinforced by adding another layer of 

screens and tape in order to prevent contact and trophallaxis with in-hive bees. 
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2.2 Corazonin injections  
 Several frames of capped brood, close to emergence, were gathered from pre-established hives 

and stored in a controlled environment room at ~32 ℃. After 24 hours, newly emerged adults were swept 

off the hive frames and approximately 700-800 of the newly emerged bees (NEBs) were marked with a 

dot of paint on their thorax. The marked NEBs were then placed into four separate hives. The bees were 

re-collected from the hives at 9 days post-emergence. The bees were re-collected at this age to ensure I 

was using bees before they typically begin to forage, ~14 days old (Johnson, 2009). Also, it is suggested 

that vitellogenin peaks around 8 days post-emergence and decreases from there, signaling the transition 

from in-hive to out-of-hive tasks (Amdam, Fennern & Havukainen, 2011). Half of the bees collected from 

the four experimental hives were injected in the center of the head on the anterior (face) side, just behind 

the antennae, with 2µl of 50x concentration (125 ng/µl) of corazonin (crz) peptide dissolved in 1x 

Ringer’s solution. The remaining half were injected in the head with a 50x concentration (125 ng/µl) of a 

scrambled crz peptide dissolved in 1x Ringer’s solution to serve as a control. After injections, the two 

groups were re-marked with distinct colors of paint and returned to their respective hives. A preliminary 

experiment showed that bees injected in the head were accepted back into their colonies and survived 

injection (Fig. S1). Additionally, the concentration of the injected peptides was determined in a 

preliminary trial comparing the effects of a 1x Ringer’s solution, 10x, 50x and 100x concentration of crz 

peptide injected in the heads of bees 9 days post emergence (Fig. S2). It was reasoned that we need to 

inject higher than endogenous amounts for effective concentrations of crz to be circulating (Gospocic et 

al., 2017).  

 
 
2.3 Foraging behavior assay 
June & July 2019 

A white landing platform was affixed to the entrance of each of the experimental hives and was 

topped with a plexiglass cover so bees flying into and out of the hive would be slowed and more easily 

observed. For five days post-injection (10-15 days post-emergence), the foraging activity of the crz and 

scramble peptide injected bees was monitored at the hive entrance. The bees were monitored at the hive 
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entrance for 10 minutes every hour for five hours, from 6:00 am until 11:00 am Mountain-Standard Time 

(MST). It was observed and documented how frequently painted bees left and returned to the hive, every 

time bees flew into and out of the hive it was designated as a “foraging trip”. After observations were 

completed for the day, the hive was evaluated for the number of painted bees of both treatments found on 

frames and on the hive bodies. The mortality of the injected bees was also assessed daily after injections 

by counting the number of dead bees at the hive entrance and on the hive bottom board. Daily totals of 

foraging trips from each treatment were divided by the daily total of bees found in the hives of the same 

treatment in order to determine the ratio of foraging trips to treated bees in the hive. It was possible to 

have a ratio of foraging trips >1 due to a greater number of foraging trips observed than bees in the hive. 

 
April, May & June 2020 

A second trial of injections and observations was conducted the following spring and summer 

using the same experimental design and protocol with some minor alterations. First, during this round, an 

additional control group was added to be observed for foraging age. Altogether, there were 3 treatment 

groups; crz peptide injected, scrambled crz peptide injected, and painted but not injected bees. For this 

additional treatment, a subset of bees that were painted after emergence were not re-collected from the 

hives to be injected with crz or the scrambled control; these bees were painted but not injected. When the 

NEBs were swept and initially painted, greater quantities of bees were marked to ensure there would be 

sufficient numbers of bees to both treat via injections and to observe untreated.  Additionally, marked 

bees were recollected from their hives and injected at 8 days post-emergence instead of 9 days post-

emergence to observe whether there would be a marked difference in foraging times and rate. Daily totals 

of foraging trips of bees from each treatment were divided by the daily total of bees found in the hives of 

the same treatment in order to determine the ratio of foraging trips to treated bees in the hive. It was 

possible to have a ratio of foraging trips >1 due to a greater number of foraging trips observed than bees 

in the hive.   

 
2.4 Baseline corazonin expression of untreated bees in the hive  
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In tandem with the foraging trials in 2019 and 2020, at 8, 12, and 15 days post-emergence, ~12-

20 bees in the experimental hives that were marked with paint but not injected were sampled into liquid 

nitrogen to be analyzed for corazonin and vitellogenin gene expression. RNA was extracted from the 

heads of six bees, from each sampling date, using QIAGEN’s RNeasy Universal Mini Kit and the given 

protocol, adapted for larger quantities of tissue. DNase treatment was performed on the extracted RNA 

using the Invitrogen Ambion DNase Kit protocol. The DNased template RNA was used to synthesize 

cDNA using the ThermoScientific revertAid First Strand cDNA Synthesis Kit with the primers of 

interest, producing gene-specific cDNA. For RT-qPCR, a corazonin probe, vitellogenin F/R primer and 

actin F/R primer (loading control) were plated in triplicates for each sample with 1 µl of the resulting 

cDNA. The plate was centrifuged for 1 minute at 25 ℃ and was run on BioRad CFX96 Real-time System 

Thermocycler.  

 
2.5 Statistical Analyses  
Corazonin expression in nurse and forager bees 

For each trial (2018 and 2019), the quantification cycle (Cq) values of the bees from the starved 

and fed treatments were averaged across technical replicates and the expression estimates were obtained 

using the 2−ΔΔCt (Livak) method (Livak & Schmittgen, 2001). To determine whether there was an age 

effect on vg and crz expression, the resulting Cq values were analyzed using a Wilcoxon/ Kruskal-Wallis 

test. To determine whether expression of both vg and crz responded to pollen deprivation, the average Cq 

values for the starved treatment were divided by the fed values, then separated by age, compared to a 

value of 1 using a Wilcoxon Signed-Rank test. 

 
Corazonin injections and foraging assay 

Daily totals of foraging trips from each treatment were divided by the daily total of bees found in 

the hives of the same treatment in order to determine the ratio of foraging trips to treated bees in the hive. 

It was possible to have a ratio of foraging trips >1 due to a greater number of foraging trips observed than 

bees in the hive. To determine whether injections of crz had an effect on foraging trips, for each trial, the 

data from all 4 hives were combined. The resulting ratio of foraging trips per day were analyzed via a 
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generalized linear model (ratio foraging trips ~ treatment + age+ treatment * age). A post hoc Tukey-

Kramer test was used to analyze the effect of treatment at each age.  

  
Baseline corazonin expression of untreated bees in the hive 

Lastly, for the baseline crz and vg expression data, the Cq values were averaged across technical 

replicates and the expression estimates were obtained using the 2−ΔΔCt (Livak) method (Livak & 

Schmittgen, 2001). Due to a low sample size from the 2020 collections, the data from 2019 and 2020 

were pooled (n= 4 hives from 2019 + 2 hives from 2020 = 6 hives total). The median, minimum and 

maximum expression values were calculated to get an idea of the natural variation in expression of crz 

and vg at 8, 12 and 15 days in a field setting. The data set was not analyzed beyond these simple 

descriptive statistics. 

 

 
3. Results 
3.1 Corazonin expression in nurses and foragers may be altered by pollen deprivation 
July 2018 

First, I asked whether there is an age effect on vg and crz expression in fed bees. In fed bees, 

there was no age effect on vg or crz expression (Kruskal-Wallis Test, vg: 𝑋𝑋4
2= 6.50, p= 0.1648, n=15 

averages each from 3 technical replicates, across 5 age groups and 3 cages; crz: 𝑋𝑋4
2= 2.30, p= 0.6808, 

n=15 averages each from 3 technical replicates, across 5 age groups and 3 cages) (Fig. 1a & b).  

Next, I asked whether there is an effect of starvation on expression by looking at whether 

(expression in starved)/(expression in fed bees) values were significantly different than 1. Vg expression 

values < 1 indicate that vg was lower in starved bees compared to fed bees at that age. The (expression in 

starved)/(expression in fed bees) values of vg at each age were not significantly different than 1 

(Wilcoxon Signed-Rank)(Fig. 1c). Similarly, (expression in starved)/(expression in fed bees) values of crz 

at each age were not significantly different than 1(Wilcoxon Signed-Rank) (Fig. 1d). 

Then I asked whether there is an age effect on vg and crz expression for (expression in 

starved)/(expression in fed bees) values. There was no age effect for either vg or crz (Kruskal Wallis Test, 



13 
 

vg: 𝑋𝑋4
2= 1.90, p= 0.7541, n=15 averages each from 3 technical replicates, across 5 age groups and 3 cages; 

crz: 𝑋𝑋4
2= 5.45, p= 0.2439, n=15 averages each from 3 technical replicates, across 5 age groups and 3 

cages) (Fig 1c & d).  

 

Fig 1. Gene expression of the (A) vitellogenin lipoprotein and (B) corazonin neuropeptide from the heads of bees fed a diet containing pollen. 
Average gene expression of (C) vitellogenin lipoprotein and (D) corazonin neuropeptide from the heads of bees deprived of pollen divided by those 
fed pollen (respectively). N = 3 cages per treatment, 6 bees per cage. Please note the differences in y-axis scales for the 4 panels. Average relative 
expression relative to actin is shown. 
 
 
May & June 2019 

Again, I first asked whether there is an age effect on vg and crz expression in fed bees. In fed 

bees, there was no age effect on vg or crz expression (Kruskal-Wallis, vg: 𝑋𝑋2
2= 4.99, p= 0.0823, n= 18 

averages each from 3 technical replicates, across 3 age groups and 6 cages; crz: 𝑋𝑋2
2= 0.67, p= 0.7163, n= 

18 averages each from 3 technical replicates, across 3 age groups and 6 cages) (Fig. 2a & b).  

Next, I asked whether there is an effect of starvation on expression by looking at whether 

(expression in starved)/(expression in fed bees) values were significantly different than 1. Vg expression 
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values < 1 indicate that vg was lower in starved bees compared to fed bees. Vg expression was 

significantly < 1 at ages 8,12 and 15 days, indicating the stressor was effective (Wilcoxon Signed-Rank, 

p= 0.002778 (all ages)) (Fig. 2c).  Values >1 indicate higher crz expression in starved bees compared to 

those fed pollen. Crz expression at 8 days was significantly >1 (Wilcoxon Signed-Rank, p= 0.04934) 

(Fig. 2 d). 

Then I asked whether there is an age effect on vg and crz expression for (expression in 

starved)/(expression in fed bees) values. There was no age effect for either vg or crz expression (Kruskal-

Wallis, vg: 𝑋𝑋2
2= 5.85, p= 0.536, n= 18 averages each from 3 technical replicates, across 3 age groups and 

6 cages; crz: 𝑋𝑋2
2=2.63, p= 0.2683, n= 18 averages each from 3 technical replicates, across 3 age groups 

and 6 cages).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. Gene expression of (A) vitellogenin lipoprotein and (B) corazonin neuropeptide from the heads of bees fed a diet containing pollen. 
Average gene expression of (C) vitellogenin lipoprotein and (D) corazonin neuropeptide from the heads of bees deprived of pollen, by those fed 
pollen (respectively). N = 6 cages per treatment, 6 bees per cage. Please note the differences in y-axis scales for the 4 panels. Average relative 
expression relative to actin is shown. 

 
 



15 
 

3.2 Corazonin injection causes increased foraging rates 
June & July 2019   

 
In the first trial (containing only crz injected and scrambled peptide injected treatments), there 

was no significant difference found between the two treatments and the age of first foraging (GLM, 

interaction term: treatment*age, 𝑋𝑋5
2 = 6.30; p= 0.2786, n= 48 foraging observations) indicating that bees 

injected with crz do not forage earlier than bees injected with the scrambled control peptide. However, 

bees that were injected with crz were observed taking significantly more foraging trips overall (for all 

ages) than the scrambled peptide (GLM, interaction term: treatment, 𝑋𝑋1
2= 10.33; p= 0.0013, n = 48 

foraging observations) (Fig. 3). This indicates that bees injected with corazonin do not forage earlier but 

are more likely to make foraging trips overall. Additionally, the Tukey-Kramer test showed there was a 

significant effect of treatment at 11 days (p= 0.0322, n= 8 foraging observations/day). While a similar 

trend is observed between the four hives, different patterns of foraging behavior are observed when 

looking at individual hives.  
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Fig 3. Ratio of foraging trips to bees in the hive from (A) hive 19-1, (B) hive 19-10, (C) hive 19-7, and (D) hive 19-12 across 6 days (10 - 15 
days old). Bees were injected with either scrambled peptide (SP) or corazonin (CRZ) peptide. Each day, the total number of bees from each 
treatment that were observed foraging was divided by the daily total number of bees found in the hive of the same treatment, for a ratio of 
foraging trips per day. N= 48 foraging observations between 4 hives. Please note the differences in y-axis scale for panel B. 

 
 
 
April, May & June 2020  

In the second trial (containing painted but not injected, crz injected, and scrambled peptide 

injected treatments) a similar trend was observed. There was no significant difference found between the 

three treatments and the age of foraging, indicating that bees injected with crz do not forage earlier than 

bees injected with the scrambled control peptide or untreated bees (GLM, interaction term: treatment*age, 

𝑋𝑋12
2 = 15.17, p= 0.2227, n= 84 foraging observations). However, bees that were injected with crz were 

observed taking significantly more foraging trips overall (for all ages) than both the scrambled peptide 

and untreated bees (GLM, interaction term: treatment, 𝑋𝑋2
2 = 22.17, p= 1.533e-05, n= 84 foraging 

observations) (Fig. 4). This indicates that bees injected with corazonin do not forage earlier but are more 

likely to make foraging trips overall. The Tukey-Kramer test showed there was a significant difference 

between crz injected and un-injected bees at 11 days (p= 0.0094, n= 12 foraging observations/day) and 14 

days (p= 0.0200, n = 12 foraging observations/day). As in the first trial, while a similar trend is observed 

between the four hives, different patterns of foraging behavior are observed when looking at individual 

colonies.  
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Fig 4. Ratio of foraging trips to bees in the hive from (A) hive 20-8, (B) hive 20-2, (C) hive 20-9, and (D) hive 20-16. Bees were injected with 
either scrambled peptide (SP), corazonin (CRZ) peptide or painted but not injected (NT). Each day, the total number of bees from each treatment 
that were observed foraging was divided by the daily total number of bees found in the hive of the same treatment, for a ratio of foraging trips per 
day. N= 84 foraging observations between 4 hives.  
 

 
 
 
 
 
 
3.3 Baseline corazonin expression of untreated bees in the hive  

 
The values for both vg and crz expression of untreated bees are plotted and defined in Fig. 5a & b 

and Table 7.  
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Fig 5. Gene expression of (A) vitellogenin lipoprotein and (B) corazonin neuropeptide from the heads of bees collected from the experimental 
colonies used in the 2019 and 2020 foraging trials. N=6 hives. Please note the differences in y-axis scales for the 2 panels. Average relative 
expression relative to actin is shown. 
 
 
 
Table 7. 
Median, minimum and maximum Cq values from un-injected bees collected from each hive (n = 6) 
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4. Discussion 
 
 In this study I examined whether the proposed stress neurohormone, corazonin (crz), plays a role 

in the behavioral transition of honey bee nurses to foragers. Additionally, I explored the molecular 

mechanism underlying the nutritional stress response that leads to precocious foraging, and whether crz is 

involved in this response.  

 First, I examined whether, like in ants, crz is expressed more in foraging castes and if its 

expression is directly opposed by the lipoprotein vitellogenin (vg) (Gospocic et al., 2017). Though vg was 

not significantly influenced by the age of the bees, expression was greatly reduced by pollen deprivation, 

indicating that our stressor was effective. These results support previous studies that show pollen 

deprivation causes lower levels of vg expression (Amdam, Fennern & Havukainen, 2011; Corby-Harris et 

al., 2014). Crz was not significantly influenced by the age of the bees, however, pollen deprivation 

increased crz expression at 8 days old. This suggests that crz is not strongly preferentially expressed in 

foragers, but its expression may increase during times of nutritional stress. Thus, providing evidence for 

its proposed role as a hormone involved in nutritional stress by potentially activating metabolism (Even, 

Devaud & Barron, 2012; Veenstra, 2009). Additionally, vg may not directly oppose crz in honey bee 

workers as in Harpegnathos ants, due to vg to and crz both not having preferential expression at nursing 

or foraging ages (Gospocic et al., 2017). If vg opposed crz we would expect that as vg decreases with age, 

crz expression would increase.   

Injections of the crz peptide into the heads of bees close to foraging age resulted in greater 

numbers of foraging trips overall, but it did not result in earlier ages of foraging. Our results suggest that 

increased levels of circulating crz leads to greater numbers of foraging trips. In regard to the expression 

patterns of crz, we would expect that if injections of crz induce foraging behaviors then crz expression 

would be greater in foraging bees. However, it is possible that there is something occurring on the protein 

level that cannot be quantified using gene expression.  
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When reviewing the baseline data, it can be seen that there is variation in expression exhibited 

among hives. It is known that honey bee colonies exhibit variation in behavior and this has been linked to 

differences in overall colony fitness (Wray, Mattila & Seeley, 2011), so this variation is unsurprising. 

However, it illustrates the possibility that different hives are subjected to or deal with stress in different 

ways, leading to differences in the expression of physiological markers. This may be the case for the 

expression of crz and vg. 

I propose that crz increases alongside other hormones, like juvenile hormone (JH) and 

octopamine (OA), to allow foragers to respond to more nutritionally demanding activity like increased 

exposure to stressors and flying (Robinson, 2002; Schultz & Robinson, 1999). In bees treated topically 

with a JH analog (methoprene) and fed a high pollen diet, the crz gene was upregulated (Wheeler et al., 

2015). It is interesting to speculate that perhaps as JH and OA increase in foraging bees, where more 

energy is required, it signals the release of hormones like crz and adipokinetic hormone (AKH) to 

mobilize energy from the fat body, midgut or hypopharyngeal glands (Corby-Harris et al. 2020; Even, 

Devaud & Barron, 2012; Robinson, 2002; Schultz & Robinson, 1999). Crz may help foragers to respond 

to stressful situations by mobilizing energy resources (Even, Devaud & Barron, 2012; Veenstra, 2009).  

The results from this study support the hypothesis that crz plays a role in the behavioral transition 

of honey bee nurses (in-hive) to foragers (out-of-hive) by increasing foraging trips in bees that were 

injected with corazonin. However, crz does not appear to be involved in precocious foraging. The 

hypotheses that changes in crz expression may be observed when workers are poorly fed and that crz may 

play a role in the nutritional stress response of honey bees were generally supported; nutritional stress 

caused higher crz expression in bees aged 8 days compared to bees that were fed pollen.  

I demonstrated a link between crz and greater numbers of foraging trips as well as increased crz 

in times of nutritional stress. Thus. providing a better picture of the general stress responses in honey bees 

and contributing to a greater understanding as to how this economically and ecologically important insect 

responds to negative environmental stimuli. The more we know about how stress changes honey bee 
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physiology, the more we can understand how that will influence behavior, and ultimately influence 

colony fitness. Therefore, we can make more informed decisions on their management and maintenance. 



Appendix A: Supplementary Information 

Table S1: Reagents and Resources  

Peptides, Probes and Primers Source Product Number 

Apis corazonin (pQTFTYSHGWTN) Abbiotec H061348 

Scramble control corazonin (H-
QRETYNSWFTG-NH2) 

Abbiotec H061347 

qPCR probe, Crz: 5’-/56-
FAM/TGCCAACTG/ZEN/CGATTACAGA
AATTGAGA/3IABkFQ/-3’ 

Integrated DNA 
Technologies  

N/A 

qPCR primer, Crz F: 5’-
CCAGATGGTTAACTCTCAAATCC-3’ 

Integrated DNA 
Technologies 

N/A 

qPCR primer, Crz R: 5’-
TTAATAATTGTTATTGGTAGGAGCG-3’ 

Integrated DNA 
Technologies 

N/A 

qPCR primer, Vg F: 
 5’-CCCACGTTGATCTCCAACTAC-3’ 

Integrated DNA 
Technologies 

N/A 

qPCR primer, Vg R: 
5’-CCGCTTGTCTTGGTCAACTTT-3’ 

Integrated DNA 
Technologies 

N/A 

qPCR primer, ACT F: 
5’-TGCCAACACTGTCCTTTCTG-3’ 

Integrated DNA 
Technologies 

N/A 

qPCR primer, ACT R: 
5’-AGAATTGACCCACCAATCCA-3’ 

Integrated DNA 
Technologies 

N/A 

Commercial Assays Source Product Number 

RNeasy Mini Kit (250) QIAGEN 74106 

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher K1621 

Ambion DNase I Invitrogen LSAM2222 

iTaq Universal SYBR Green Supermix BIO RAD 1725124 

iTaq Universal Probes Supermix BIO RAD 1725134 

Injection Survival Pilot 
In preparation for injections with the corazonin peptide, a pilot experiment was completed to 

ensure that bees handled by humans or injected would be accepted back into their colony and to ensure 
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bees could survive injections in the head. Forty foragers were collected from the entrances of three 

separate colonies and were anesthetized by chilling them on wet ice for ~15 minutes. Once anesthetized, 

20 foragers from each colony were handled for ~30-45 seconds and then painted on the thorax. The 

remaining 20 foragers from each colony were injected with 2µl of 1x Ringer’s solution and marked with 

paint on the thorax. The bees were then returned to their respective hives. At 24 hours and 48 hours post-

treatment, the ground near the hives and the hive entrances were searched for dead bees from each 

treatment (Figure S1). Then the colonies were evaluated for painted bees, when found they were counted 

and collected. This was done two additional times, resulting in three trials. Percent survival was averaged 

across the three experimental colonies. Results were analyzed Results were analyzed using Tukey-Kramer 

HSD test comparison for all pairs. Though there was a significant difference observed for the second and 

third trials (p= 0.0078, p=0.0013, respectively) the difference was in the range of what we expected given 

the differences between the two treatments.  

Fig  S1. Percent survival of bees recovered from injection pilot across 3 separate rounds. Rates of survival for both injected bees (inj) and handled 
bees (cntrl) improved with each round. N= 20 per treatment, per hive.  

Concentration Pilot 
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The concentration of crz and scrambled peptide to use for injections and foraging behavior assays 

was determined in a pilot experiment comparing the effects of a 1x Ringer’s solution, 10x, 50x and 100x 

concentration of crz peptide injected in the heads of bees 9 days post emergence. Several frames of 

capped brood, close to emergence, were gathered from pre-established hives and stored in a controlled 

environment room at ~32 ℃. After 24 hours, newly emerged adults were swept off the hive frames and 

approximately 400-500 of the newly emerged bees (NEBs) were marked with a dot of paint on their 

thorax. The marked NEBs were then placed into two separate hives. The bees were re-collected from the 

hives at 9 days post-emergence. Once collected, 50 bees were injected in the head with either 2µl of 1x 

Ringer’s solution,10x, 50x or 100x concentration of crz peptide. After being injected, the four treatment 

groups were marked with distinct colors of paint and returned to their respective hives.  

A white landing platform was affixed to the entrance of each of the experimental hives, and was 

topped with a plexiglass cover so bees flying into and out of the hive would be slowed, and therefore 

more easily observed. For five days post-injection (10-15 days post-emergence), the foraging activity of 

the injected bees was monitored at the hive entrance. The bees were monitored at the hive entrance for 10 

minutes every hour for five hours, from 6:00 am until 11:00 am Mountain-Standard Time (MST). It was 

observed and documented how frequently painted bees left and returned to the hive, these bees were 

designated as “foraging”. Results were analyzed via the Wilcoxon method of nonparametric multiple 

comparisons.  There was no significant difference in foraging observed between the four treatments 

which could likely be attributed to a small sample size. We acknowledge that there were very few bees 

found foraging, again we believe this is due to the relatively small number of bees injected per treatment 

and one of the experimental hives appeared to decline in overall health. Given that no significant 

difference between concentrations was observed, we reasoned it would be best to use the 50x (medium) 

concentration for both crz and scrambled control peptides.  
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Fig S2. Foraging bees from (A) hive 19-2 Round 1, (B) hive 19-8 Round 1, (C) hive 19-2 Round 2, and (D) hive 19-8 Round 2. Bees were 
injected with either 1x Ringer’s solution(cntrl), 10x crz peptide (low), 50x crz peptide (med) or 100x crz peptide (hi). The colored x’s represent 
zero foraging observations on a given day. N= 20 bees per treatment, per hive. Please note the differences in y-axis scales for the 4 panels 
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