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During flight, metabolic rates of flying insects can be 170 times higher compared to their 

resting state (Bartholomew & Casey, 1978). Consequently, maintaining energetic 

homeostasis for foragers in particular is challenging as their energetic needs are extremely 

dynamic. Honey bee flight is mainly fueled by carbohydrates and trehalose, because forager 

bees have a low amount of fat stores for better foraging efficiency. Therefore, to meet rapidly 

changing energetic demands there should be mechanisms for rapid responses in appetite 

regulation for foraging honey bees (Akulku et al 2021). 

 

1.2 Appetite Regulation in Honey Bees 

 
 
Appetite regulation is one of the main mechanisms involved in balancing energy metabolism 

(Hainerová & Lebl, 2010). Honey bees have different characteristics of energy storage 

compared to vertebrates, as they have a limited fat storage. This is possibly due to their much 

smaller size (Candy et al., 1997). Glucose, fructose, and trehalose sugars are found in the 

hemolymph of honey bees. Among these sugars, it is known that trehalose is the one which 

fluctuates depending on the energetic state of the honey bee (Mayack & Naug, 2013). 

 
Figure 14. Skeletal formula of trehalose Adapted from (Luyckx & Baudouin, 2011) 

 

Trehalose is made up of two glucose molecules (Luyckx & Baudouin, 2011). Even if honey 

bees feed on glucose, sucrose or fructose, energy is stored in the form of trehalose in their 

hemolymph. Dynamic changes in trehalose levels indicate changes in the hunger state of a 

honey bee. When honey bees are satiated, they have higher amounts of glucose and fructose in 

their hemolymph which leads to synthesis of trehalose (Blatt & Roces, 2001). In the case of 

hunger from starvation, trehalose is broken down into two glucose molecules to supply the 

cells their source of energy (Blatt & Roces, 2001). Therefore, lower trehalose levels in the 
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hemolymph of foragers are involved in increased appetite in honey bees. Appetite regulation 

has shown to be directed by increase in octopamine signaling in the honey bee brain in response 

to lowered trehalose levels in the hemolymph (Mayack et al. 2019) and this signaling pathway 

is thought to be independent of the glucose-insulin signaling pathway as ILP1 (Insulin like 

protein 1) and ILP2 (Insulin like protein 2) gene expressions showed no change in response to 

lowering trehalose levels in the hemolymph (Ghanem et al., In Review). 

 

1.2 Honey Bee Brain 

 

An adult honey bee brain comprises of three regions: the protocerebrum, deutocerebrum and 

tritocerebrum. The protocerebrum includes two optic lobes that are involved in the transfer of 

visual image information to the higher-order processing centers of the brain, which are known 

as the mushroom bodies and the central body. The deutocerebrum consists of antennal lobes, 

which have odorant receptors, and the tritocerebrum contains two lateral lobes, which provide 

connections to the labrum and digestive tract (Scheiner et al., 2006). 

Foraging relies on improved learning and memory in order to associate the nectar and pollen 

rewards with the plants that they visit. This activity is also highly dependent on appetite 

regulation. Octopaminergic cells which extend throughout the brain, including the mushroom 

bodies, antennal lobes and subesophageal ganglion, are regions that are likely involved in 

appetite regulation. Cell bodies of an octopaminergic neuron type, the ventral unpaired medial, 

are in the subesophageal ganglion, which controls the mouth parts (Roeder, 2020), and these 

neurons receive input from sucrose sensitive receptors (Rein et al., 2013). There is also 

evidence of a subset of octopaminergic neurons called OA-VPM4 in Drosophila that promotes 

sucrose acceptance behavior documented from the Proboscis Extension Response (PER) assay 

(Youn et al., 2018). 

Antennal lobes (AL) within the glomeruli region, serve as a connection region for a set of 

neurons that is found in the honey bee brain. The AL provides the connection of interneurons 

in the brain and sensory neurons. Octopamine activity was detected in the glomeruli of AL, 

which makes this region likely to be involved in appetite regulation in honey bees. Moreover, 

network models of the appetitive odor learning propose that the octopamine receptor AmOA1 

is located in the inhibitory neurons, and they vary in density. In this model, octopamine 
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mediates the potentiation of each glomerulus to change the response to each odor and appetitive 

behavior, across different honey bees (Rein et al., 2013). 

Mushroom body (MB) and calyx regions of the honey bee brain are also important in appetitive 

learning which are the higher processing units. Kenyon cells found in MB are involved in 

olfactory learning and memory (Roeder, 2020). Neurons in the MB of Drosophila, the 

octopamine receptor isoform OAMB, is active in the octopamine signaling of appetitive 

olfactory learning (Kim et al., 2013). Octopamine injection to the calyces substituted the sugar 

reinforcement in appetitive behavior, as measured by the proboscis extension reflex in honey 

bees (Hammer & Menzel, 1998). This indicates that the calyces are involved in octopamine 

signaling as well as appetitive behavior regulation. 

Neuropils in the honey bee brain are composed of a million neurons. For better understanding 

of social behaviors directed by the connections of neurons in different brain regions, genetic 

engineering methodologies are needed (Kohno & Kubo, 2019; Leboulle et al., 2022). 

Deformed wing virus results in learning deficits and changes in behavior (Iqbal and Mueller, 

Proc Biol Sci 2007). Behavioral changes and malfunctioning of the brain regions due to 

diseases can be studied with regulation of gene expression and gene editing approaches. There 

have been previous attempts for development of vectors such as lentivirus plasmid to introduce 

modifications in these neurons (Leboulle et al., 2022). However, no viral vectors are found to 

be efficient in transfecting the honey bee neurons. In this study, we used the baculovirus as a 

viral vector for transfection of the neurons in the honey bee brain. 

 

1.3.1 Honey Bees as A Model Organism For Neurobiology 

 

Honey bees have a true organized brain, yet it is much simpler than the human brain. In 

addition, there have been numerous studies on honey bee physiology, neurobiology, and 

behavior to establish a basic foundation for future neurological studies (Chen et al., 2021; Hu 

et al., 2019; Kaya-Zeeb et al., 2022; Roth et al., 2019). Therefore, the honey bee is an 

amenable model organism for the development of genetic engineering tools that is required 

for understanding neurobiology and neurological disorders such as a dysregulation in 

appetite. 
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as viral vectors and nanoparticles are available for the transportation of the CRISPR-Cas9 

system for in vivo applications (Javaid & Choi, 2021; Liang et al., 2015). These vectoring 

methods improve the effectiveness of the system in vivo because relying on a passive 

mechanism such as diffusion is not sufficient in live organisms for the targeting of specific 

tissues of interest within the organisms (Mengstie & Wondimu, 2021). 

 

1.5.1 CRISPR-Cas9 as a tool for gene knockdown in honey bees 

 

Gene delivery and genome editing methods have been studied on honey bee embryos mainly 

for the purpose of producing transgenic lines. CRISPR-Cas9 systems have the advantage of 

specificity, and they are more effective compared to other methods such as using transposons 

and siRNAs (Gurumurthy et al., 2016). The first studies on creating transgenic honey bees 

included conducting transfection of external DNA that was introduced to honey bees through 

injections and electroporations. The first attempt was a transfection of a linearized plasmid and 

sperm mixture into fertilized eggs, followed by artificial insemination of queen. The DNA was 

propagated for three generations; however, it was not integrated into the genome of the honey 

bee (Robinson et al., 2000). 

Then there was delivery of EGFP (enhanced green fluorescent protein) into the honey bee adult 

brain, which was accomplished through electroporation of a EGFP- containing plasmid in two 

separate studies. Expression of GFP (green fluorescent protein) was confirmed in the honey 

bee brain with immunohistochemistry, but there was around 50% mortality of the adult bees 

that underwent the electroporation treatment, and the distribution of the transfection was 

limited to the edges of the bee brain (Schulte et al., 2013; Kunieda & Kubo, 2004). The 

drawback of this study is that it caused around 50% mortality from the electroporation 

treatment. There have been several studies using RNAi for gene knockdowns in the honey bee 

brain, but its effects are transient, lasting for around a maximum of 48 hours (Guo et al., 2018). 

The first application of CRISPR-Cas9 on honey bees was reported by Kohno et al. (2016), 

where 57 embryos were injected directly with sgRNA and Cas9, at 50 ng/µl and 1 µg/µl 

concentrations, respectively. This is the most basic way of introducing the CRISPR-Cas9 

system which is typically effective for cells grown in the lab (Lino et al., 2018). The 

knockdown of MRJP1 (major royal jelly protein 1) was targeted as its mutations are not 
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a viral delivery method could improve the gene editing for adults that may have development 

issues if the gene editing was performed at the embryonic stage. Moreover, specific tissues and 

locations of adult bees can be penetrated more easily using a viral vector.  

 

1.5 Baculovirus as a vector system 

 

Baculovirus could potentially be an optimal delivery method of the CRISPR-Cas9 system 

because it presents a high infectivity rate for insect cells leading to higher transduction 

efficiencies (Kost, Condreay, & Jarvis, 2005). The lentivirus is widely used for vectoring the 

CRISPR-Cas9 complex for mammalian cells; however, it has low transduction efficiency 

which is approximately 20% for honey bee cells (M. M. Chan et al., 2010). In addition, the 

lentiviral delivery was performed in vivo as well and injected into the brains of adult bees, but 

its transfectivity, especially on neurons, was limited and the GFP signal was only coming from 

the surrounding glial cells of the kenyon cells. Therefore, lentivirus seems to be more suitable 

as a transfection agent for somatic cells, which is not applicable for targets in the bee brain 

(Leboulle et al., 2022). 

Baculovirus, which is also called Autographa californica nucleopolyhedrovirus (AcNPV), is 

known to infect the Alfalfa Looper moth, A. californica. The AcNPV genome is double 

stranded, and it is not an integrating virus (Schaly et al., 2021; Kim et al., 2021). 

Baculovirus is engineered for gene delivery applications of different hosts. Its efficiency as a 

vector was demonstrated in mosquitoes (Naik et al., 2018), the beet armyworm (Han Y, 2018) 

as well mammalian cells (Schaly et al., 2021). This vector has also been injected into queen 

honey bee pupae to start a transgenic germline. The 1×105 Infectious Unit (IFU) of baculovirus 

was successful in delivering EGFP and the GP64 envelope protein-containing plasmid, 

however, the 1×106 IFU concentration led to high mortality of the honey bees (Ikeda et al., 

2011). A high AcNPV titer was also reported to be potentially lethal for lepidopteran insects 

as well (O'Reilly et al., 1998).  

EGFP delivery enclosed within an AcNPV plasmid was also performed on honey bee larvae, 

pupae, and adults (Ansari et al., 2016). A total of 0.2 µl and 5 µl of (106 PFU/ul) viral solution 

was applied to the larvae and pupae. A fluorescence signal was obtained in live pupae 4 days 
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after injection, but 5 µl of injection solution interfered with the metamorphosis of pupae. On 

the other hand, when the viral titer was decreased to 0.2 µl, 2 out of 8 pupae were able to 

survive and undergo metamorphosis. Researchers concluded susceptibility to mortality when 

using a high titer (5 µl) of vector, which emphasizes the need for optimizing the viral titer for 

a particular target. In addition, viral transfection of adult honey bees was not achieved in this 

study (Ando et al., 2007).  Therefore, it is important to use the minimal amount of baculovirus 

required for successful delivery of the CRISPR-Cas9 system because the infectivity of this 

virus is very high for insects. 
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performed medial ocellar tract injections (Figure 5), using a 10 µL Microliter Syringe 

(Hamilton, USA) placed in a right handed micromanipulator (WPI, Germany), to deliver 1 

µl of the baculovirus vector, containing the CRISPR-Cas9 system (106 PFU/ul) (Søvik et al., 

2016). Prior to this, the lens of the middle ocelli was removed using a micro scalpel with a 

30-degree angle blade. After injection, the harnessed bees were once again fed ad libitum, to 

relieve the stress caused by injections. Then, they were placed inside an incubator at 25°C 

and 70% relative humidity when not being used for the experiment (Figure 6). 

 

Table 1. Honey bee treatment groups 

Brain 

Injections:                CRISPR                                 GFP                         PBS 

 

 

Thorax            

injection:    None               Sorbose                     None         None                      Sorbose 

 

 

 

CRISPR bees     CRISPR+Sorbose bees      GFP bees    PBS bees     PBS+Sorbose bees 
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cDNA not to exceed 1 µg per sample. The reagents in Table 3 were used for each cDNA 

synthesis reaction. 

 

Table 3. cDNA Synthesis Reagents 

 Reagent  Volumes per rxn (ul) 

Nuclease-free H2O  13- (RNA volume) 

5X RT Buffer  4 

dNTP  1 

Primers  1 

OneScript® Plus RTase  1 

 

3.4.4 qPCR reaction 

 
Two different mixtures for the qPCR reaction were prepared with the reagents given in Table 

4 for both the target gene (octopamine beta receptor sub-type 2) and the reference  gene 

(Ribosomal protein 49 - RP49). The reference gene was known to be stable across tissues 

and within the brain of the honey bee,  Apis mellifera (Lourenço et al., 2008). 

 

Table 4. Reagents used for qPCR reaction 

Reagents Volumes per rxn (ul) 

Nuclease free H2O 2.4 

Primers (F) 0.3 

0.3 Primers (R) 

BlasTaq 2X 5 

cDNA 2 

Total 10 

 

A total of 10 µl reactions were prepared with 2.4 µl of nuclease free water, 0.6 µl of forward 

and reverse primers (SenteBioLab, Ankara, Turkey), and 5 µl of Blastaq Green 2x master 

mix (Abm, Richmond BC, Canada).  We used 2 µl of template cDNA.  
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Figure 17. Honey bee brain dissections on beeswax petri dish dissecting plate. Three pictures taken at different 

stages of brain dissections. (A) A honey bee head upon the removal of chitin layer at the neck site (30X), (B) a 

honey bee brain after detached from the inner sides of the chitin head capsule (30X), (C) a complete intact brain 

at the end of the dissection (30X), (D) A head capsule stabilized on the was dissecting plate with three needles 

and, (E) Whole brain dissected at the tip of the probe 

 

Dissected fresh brains were placed in a 1.5 ml microcentrifuge tube for fixation. The tube 

contained 1 ml of 4% PFA solution and it was protected from UV light with aluminum foil. 

The brains were kept in 4% PFA overnight at 4° C. The brains then were kept in 15% sucrose-

PBS and 30% sucrose-PBS solution, respectively, until it sank to the bottom of the tube. The 

brains were rinsed with PBS (1x) for 10 min and then embedded in low melting point agarose 

(4%). Later, the brains were sliced (50 µm thickness) with a Leica 1,000s vibratome at room 

temperature (Figure 8). These slices were kept in PBS (1x) at 4°C until further analysis. 

 

 

A B C 

D E 
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Figure 18. Preparation of honey bee brain for brain imaging. (A) Honey bee brain kept in 15% sucrose solution, 

(B) Honey bee brain embedded in 4% Agarose (top view)), (C) Honey bee brain embedded and trimmed for slicing 

(back view)), (D) Embedded honey bee brain is glued on the vibratome specimen holder (brain shown within the 

circle) and (E) 50 µm honey bee brain slices were obtained. 

 

3.5.2 Staining and confocal imaging of the honey bee brain 

 
A staining solution was prepared with 0.4 U (units), equivalent to approximately 2 µl of 

phalloidin, and 1 µl of DAPI per slice. Phalloidin enables visualization of the actin filaments 

and DAPI binds to DNA, making the nuclei of the neurons visible. Slices were kept in the 

staining solution for 20 min. Then, the brain slices were placed on a microscope slide and 

were mounted with 20 µl of methyl salicylate mounting media. The coverslips of the slides 

were then sealed with nail polish, and these were kept until dry. 

A B C 

E D 
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4.3 Brain Imaging 

 
Whole brain 50 µm brain slices of noninjected and CRISPR injected honey bees were imaged 

under the confocal microscope. The whole brain area was captured in a rectangular area using 

the ZEN blue software 3.5 (Figure 11). The whole brain image of a noninjected honey bee 

brain had an arithmetic mean intensity of 4,416 for GFP signal while the whole brain image of 

CRISPR injected honey bee brain had a value of 6,774. 

 
Figure 21. Whole brain images of noninjected and CRISPR injected honey bees. (A) Noninjected honey bee brain 

image, slice thickness: 50 um. (B) CRISPR injected honey bee brain image, slice thickness: 50 um. Voltage 

gain:650 blue signals are for DAPI and green signals are for GFP. 

 
Particular regions were selected within the whole brain area for further analysis (Figure 12). 

The left antennal lobe (AL)of the noninjected honey bee brain had an arithmetic mean intensity 

of 5,69 for GFP signal while the AL of CRISPR injected honey bee brain had a value of 7,277. 

 

 
Figure 22. Left antennal lobe (AL) of noninjected and CRISPR injected honey bee brains. (A) AL of noninjected 

honey bee brain, slice thickness: 50 µm. (B) AL of CRISPR injected honey bee brain image, slice thickness: 50 

µm. Voltage gain:650 blue signals are for DAP I and green signals are for GFP. 

 

A B 

B A 



28 
 

The right AL of the noninjected honey bee brain had an arithmetic mean intensity of 4,35 for 

GFP signal while the right AL of the CRISPR injected honey bee brain had the value of 7,712 

(Figure 13). 

 

 
Figure 23. Right Antennal lobe (AL) of noninjected and CRISPR injected honey bee brains. (A) AL of noninjected 

honey bee brain, slice thickness: 50 um.(B) AL of CRISPR injected honey bee brain image, slice thickness: 50 um. 

Voltage gain:650 blue signals are for DAPI AND green signals are for GFP. 

 

4. DISCUSSION 

 

In this study, a novel gene delivery method is applied to honey bees through brain injections. 

Transfectivity of the viral vector was observed throughout all regions of the honey bee brain. 

Therefore, we suspect that the baculovirus was successful in infecting the neurons of the honey 

bee brain. The effectiveness of the CRISPR-Cas9 system was also supported by the behavioral 

data by a lowering of appetite in starved bees and was validated both with a significant lowering 

of octopamine beta receptor subtype 2 gene expression as well as higher GFP signal coming 

from the brain of treated bees emanating from the confocal microscopy images.  

We first injected 2 µl of our viral vector, however, this viral titer resulted in high mortality 

(22.2%) of GFP-plasmid injected honey bees (for example 2 out of 9 honey bees were dead 1 

day after injection). GFP has been used as a reporter to measure gene expression and cell 

tracking, however, it is claimed that it can potentially interfere with in vivo experimental data. 

GFP has been shown to cause cytotoxicity as well as immunogenicity at the in vivo and cellular 

level. Therefore, in future studies, the GFP reporter could be removed in order to increase the 

survival of the treated bees in the experiment. In addition, the widespread nature of the infection 

in the honey bee brain suggests that a lower dose could have been used that may achieve the 

same level of desired effect in terms of knocking down a neural target to determine its function. 

B A 
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