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            Abstract
          
        

        
          Honeybees (Apis mellifera) have been threatened by diseases and their numbers have been noticeably declining. Nosemosis, a disease caused by Nosema ceranae, is now a leading threat to honeybees. N. ceranae is a microsporidian that forms a spore before it infects the host, which makes it especially difficult to control compared to other pathogens. Because the awareness of nosemosis risk increased within decades, N. ceranae has been studied as a pathogen. Some studies showed the up/down-regulation of honeybee mRNA after nosemosis, however, there are no definite mRNAs that can be used as markers for the disease. In this study, to better understand the honeybee’s regulation of mRNA expression after infection by N. ceranae and to determine a marker for nosemosis, 48 mRNAs from the honeybee’s metabolic pathway, immune system, hormone, or unknown mRNAs, were collected from honeybee head and gut and were quantified using real-time PCR. We selected 18 candidates with the largest expression changes and confirmed that more genes from the metabolic pathway were regulated after infection than immune-related genes. Also noteworthy is that the tendency to regulate gene expression in the head and gut differed. In conclusion, many genes, including Aminopeptidase1, GB50026, and Trypsin alpha can be reliable markers for nosemosis, as there are huge differences in the number of transcripts according to the body part.
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      INTRODUCTION
      Honeybees (Apis mellifera) are not only essential in crop and fruit industries, but also critical to our ecosystem as pollinators (Papa et al., 2022). Considering their contribution as a defender of our ecosystem, their economic value was estimated as $14.6 billion in 2000 (Morse and Calderone, 2000), which has continued to increase. However, this valuable insect is now threatened by the several pathogens to which they are exposed. Recently, their colonies have disappeared more often, and the term colony collapse disorder (CCD) is appearing more frequently in papers than ever before (Vanengelsdorp et al., 2009). The root cause of CCD remains unknown however, honeybee pathogens are plausible contributors (Vanengelsdorp et al., 2017). They can be spread outside the colonies since adult bees leave their colonies to search for the source of food. However, the most plausible contributor among honeybee pathogens is Nosema (Higes et al., 2008; Ellis et al., 2010; Dainat et al., 2012).

      Nosema ceranae is a kind of microsporidia, a spore- forming fungus that causes nosemosis (Fries, 2010). Once N. ceranae enters the honeybee by ingestion, it infects honeybee midgut cells (Kurze et al., 2018). Upon germination inside the host, they start to change the honeybee metabolism and proliferate until they are fully grown. The fungus takes about five days to fully grow in a honeybee gut cell, and after 20 days, the honeybee starts to die because of the disease (Milbrath et al., 2015). It is highly infectious to honeybees and now it is well known to be globally distributed (Dainat et al., 2012). Also, they were recently found in larvae of honeybees, meaning that they can infect any stage of honeybees (Eiri et al., 2015). Although the guts are the place where nosemosis take place, the brain serves as the center of the nervous system in the honeybees. The gene expression changes in the brain are important for behavioral plasticity and the decision to change in response to external stimuli (Robinson et al., 2008).

      Since the initial discovery of N. ceranae, researcher have found some genetic markers in honeybees that can be used to determine if nosemosis is within the colony (Antúnez et al., 2009). However, the information is only limited to the genes of immunoproteins, which is not sufficient to fully understand the complete mechanism of disease progression in honeybees. To do so, the transcriptomic approach in gene expression regardless of the category of the genes caused by nosemosis and their effect on honeybees must be fully studied.

      To understand gene expression regulation in honeybees with nosemosis, qPCR was done with 48 mRNAs (Table 1), and the 18 most altered genes were identified (Table 2). Considering different mechanisms of gene expression may be present in different body locations, samples were obtained from the head and gut, individually, and results were statically analysed to compare differences after infection.

      
        Table 1. 
				
        

        
          List of all candidate genes screened using qPCR
        
        

      

      
        
          
            	Name
            	Alias
            	Name
            	Alias
          

        
        
          	N-acetylmuramoyl-L-alanine amidase
          	AmiD
          	hymenoptaecin
          	HYT
        

        
          	apamin protein precursor
          	Apamin
          	inhibitor of nuclear factor kappa-B kinase
          	INFKB
        

        
          	Apidaecin1
          	API1
          	inhibin-beta
          	Inhibin-b
        

        
          	aminopeptidase1
          	APN1
          	inhibin-beta C
          	Inhibin-bC
        

        
          	cytochrome P450 6a14
          	C6a14
          	lipase 3
          	LIP3
        

        
          	NF-kappa-B inhibitor cactus 1
          	Cact1
          	leucine-rich repeat neuronal protein
          	LRNP
        

        
          	NF-kappa-B inhibitor cactus 2
          	Cact2
          	myeloid differentiation primary response protein
          	myd88
        

        
          	chymotrypsin2
          	CHT2
          	myosuppressin
          	MyS
        

        
          	chymotrypsin5
          	Cht5
          	natterin3
          	NAT3
        

        
          	corazonin
          	Crz
          	neuropeptide F
          	NPY1
        

        
          	defensin1
          	Def1
          	pheromone biosynthesis-activating neuropeptide
          	PBAN
        

        
          	defensin2
          	Def2
          	peptido glycan recognition protein3
          	PGRPs3
        

        
          	GB40485
          	GB40485
          	Prophenoloxidase-activating enzyme
          	PPOact
        

        
          	GB40486
          	GB40486
          	nuclear factor NF-kappa-B p100 subunit
          	Rell
        

        
          	GB41854
          	GB41854
          	SIFamide-related peptide
          	SIF
        

        
          	GB42410
          	GB42410
          	short neuropeptide F-like
          	SNF
        

        
          	GB43310
          	GB43310
          	Serine pyruvate aminotransferase
          	Spat
        

        
          	GB43971
          	GB43971
          	serine protease inhibitor
          	SRPB3
        

        
          	GB44488
          	GB44488
          	signal transducer and activators of transcription
          	STAT5B
        

        
          	GB46103
          	GB46103
          	stimulator of interferon genes protein
          	STING
        

        
          	GB50026
          	GB50026
          	tachykinin
          	TCK
        

        
          	GB52201
          	GB52201
          	CD109
          	Tep7
        

        
          	glucose dehydrogenase
          	GuD
          	Transforming growth factor beta
          	TGF-b
        

        
          	disintegrin and metalloproteinase
          	Hopsc
          	trypsin alpha
          	TRA
        

      

      

      
        Table 2. 
				
        

        
          Selected candidate nosemosis marker genes used in this study are referred to by their aliases in this paper
        
        

      

      
        
          
            	Name
            	Alias
            	Explanation
          

        
        
          	N-acetylmuramoyl-L-alanine amidase AmiD-like
          	AmiD
          	Protein important for peptidoglycan biosynthesis
        

        
          	Apidaecin1
          	API1
          	Immune-related gene with bactericidal activity
        

        
          	Puromycin-sensitive aminopeptidase-like protein
          	APN1
          	Functions in protein metabolism
        

        
          	Chymotrypsin2
          	CHT2
          	Digestive enzyme working in pancreas
        

        
          	Defensin1
          	Def1
          	Antibacterial protein against Gram-positive bacteria
        

        
          	GB40485
          	GB40485
          	Unknown
        

        
          	GB42410
          	GB42410
          	Unknown
        

        
          	GB50026
          	GB50026
          	Unknown
        

        
          	Inhibin-beta
          	Inhibin-b
          	Subunit of both activin and inhibin
        

        
          	Leucine-rich repeat neuronal protein
          	LRNP
          	Involved in positive regulation of synapse assembly
        

        
          	GB53141
          	NAT3
          	Hypothetical protein with transferase activity
        

        
          	Peptido glycan recognition protein S3
          	PGRPs3
          	Immune protein targeted against antiparasitic defense
        

        
          	Proclotting enzyme
          	PPOact
          	Activator of innate defense system
        

        
          	Short neuropeptide F-like
          	SNF
          	Protein related to starvation
        

        
          	Signal transducer and activator of transcription 5B
          	Stat5b
          	Protein vital for immune system
        

        
          	Thioester-containing protein 7
          	Tep7
          	Anti-microbial effector
        

        
          	Transforming growth factor beta
          	TGFb-F
          	Protein used to induce immune cells
        

        
          	Trypsin alpha
          	TRA
          	Related to neuroactive ligand-receptor interaction
        

      

      

    

    

  
    
      METHODS AND MATERIALS
      
        1. Spore preparation
        N. ceranae-infected honeybees were obtained from the Rural Development Administration in Korea (RDA, Korea). Midgut tissues of infected bees were homogenized in 200 μL of distilled water to obtain N. ceranae spores for inoculations. N. ceranae was purified from the suspension using discontinuous 25%, 50%, 75%, and 90% Percoll (GE healthcare, USA) (Kim et al., 2017). The spore concentration was determined using a hemocytometer; spores were subsequently mixed with 50% sucrose solution to achieve 20,000 spores/ μL.

      

      
        2. A. mellifera handling
        Nosema spores were injected into bees that had recently emerged, instead of bees in their late stage, because new emerging bees do not require the use of carbon dioxide and more accurate results can be achieved (Milbrath et al., 2015). After emergence, 15 to 20 honeybees were divided in to two groups. Honeybees from one group were starved for two hours and then fed a 3 μL 50% sucrose solution with 60,000 Nosema spores (Malone et al., 1995). Honeybees from another group were treated in the same process using a 50% sucrose solution without spores. Bees were grown in a cage separately with dark at 28℃. After a 14-day growth period, all bees were stored at -70℃ until use.

      

      
        3. RNA isolation and cDNA synthesis
        The midgut and head of the honeybees from each group were separated using a sterilized blade. The parts were disrupted using a mortar and pestle in 3 mL of RIPA buffer. DNAs were eliminated using DNase (Thermo, USA) treatment, and RNAs from the obtained suspension were extracted using an RNA mini kit (Ambion, USA). Total RNAs from each group were adjusted to the same concentration and cDNA was synthesized using reverse transcriptase (Thermo, USA).

      

      
        4. Quantification of transcript using real-time PCR
        Using synthesized cDNA as a template with qPCR master mix (Cellsafe, USA) and primers (Table 3), realtime PCR was performed. For initial denaturation, we heated the suspension at 95℃ for five minutes. For the PCR cycle, the following steps were repeated 28 times: 95℃ for 20 seconds, 49-58℃ for 20 seconds, and 72℃ for 20 seconds. As a final elongation step, 72℃ was maintained for five minutes, followed by 4℃ maintenance. Real-time PCR was carried out using CFX Connect (Bio-Rad, USA). Once all genes were screened, we identified 18 genes with large differences and repeated real-time PCR on those candidates six times.

        
          Table 3. 
				
          

          
            Primers used in the real-time PCR
          
          

        

        
          
            
              	Name
              	Sequence
              	Name
              	Sequence
            

          
          
            	Actin-F
            	TTGTATGCCAACACTGTCCTTT
            	LRNP-F
            	CAAATTTGTGCACCGTATGC
          

          
            	Actin-R
            	AAATTAAGATCATCGCGCCA
            	LRNP-R
            	AATTCTCCTCGAACGATACC
          

          
            	AmiD-F
            	AGTTGCTAATCTGGCTACGG
            	NAT3-F
            	AGATGTCAGTTTATAGGTGG
          

          
            	AmiD-R
            	AGAGTCAGTTGTTTGAGCGC
            	NAT3-R
            	CAACGTAAATCGTACTACCG
          

          
            	API1-F
            	ATGAAGAATTTTGCCTTAGC
            	PGRPs3-F
            	TTATCAAACGGAACGAATGG
          

          
            	API1-R
            	GGATCTAGGTTGGTATTCCC
            	PGRPs3-R
            	TTCTAAACTAACTGTATGATG
          

          
            	APN1-F
            	TTGAACGATCAGAAGAGAGG
            	PPOact-F
            	GTTTGGTCGACGGAAGAAAA
          

          
            	APN1-R
            	GAATGTCGCCTTGAAATCGG
            	PPOact-R
            	CCGTCGACTCGAAATCGTAT
          

          
            	CHT2-F
            	GAAGATATCAAAGTTGTGGC
            	SNF-F
            	GTTGGCTTCGTTGTTGGTAC
          

          
            	CHT2-R
            	TAATGCTATGTCGTTCTTCC
            	SNF-R
            	CTAAAGCATTGCGTTGCATC
          

          
            	Def1-F
            	GTTGAGGATGAATTCGAGCC
            	Stat5b-F
            	TTTAAATCTGCGACAGGTCG
          

          
            	Def1-R
            	AACTGAGACAGTTAGCAGCG
            	Stat5b-R
            	GAATAATCTTGTCCGCTTGC
          

          
            	GB40485-F
            	ATGGCAGTGAAAGGACAGTG
            	Tep7-F
            	GCAAATTATACTAGTGGTGC
          

          
            	GB40485-R
            	TGAACGTTATCTCGTGTTCC
            	Tep7-R
            	AGTAGATTCTGTATATGCCC
          

          
            	GB42410-F
            	TGAAACTCCGCATATCCGTC
            	TGFb-F-F
            	TTGAATCTGCTCGGATTGCC
          

          
            	GB42410-R
            	GACATATGCTGTTTGCTGTC
            	TGFb-F-R
            	TGTCCAAGAGAAACTTGGGC
          

          
            	GB50026-F
            	CACAAGAAGTACACGACCAA
            	TRA-F
            	TTCATTACAAGTTGCCTCGG
          

          
            	GB50026-R
            	CGATTCGTCGAACICGAATG
            	TRA-R
            	TGTAAACTGAGTTGGTGAGG
          

          
            	Inhibin-b-F
            	GATCTTCTTCTCGCTCTTCG
            	
            	
          

          
            	Inhibin-b-R
            	AGAAGGTTAGACAGCAGAGC
            	
            	
          

        

        
          
            All primers were tested to confirm absence of self-annealing. Actin was used as a control gene.
          

        

        

      

      
        5. Normalization of real-time data and statistical analysis
        Results from real-time PCR were expressed as a Cq value, which denotes the number of cycles required to generate a signal greater than the threshold. All assay results were normalized to accurately compare with other genes (Vandesompele et al., 2002). For reference, the transcript level of actin was measured and transcript normalization used the following equation.
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        6. Statistical analysis
        Results are presented as the mean±mean standard deviation (S.D). To determine the reproducibility of the measurements, each qRT-PCR assay was carried out in triplicate. Statistical analysis was performed using Microsoft Excel 2021 (Microsoft, USA) and Statistical Package for the Social Sciences (SPSS) 28.0 (IBM Corp, USA). All graphs except microscopic images were analyzed by Microsoft Excel 2021. Statistical significance was defined at a p-value less than 0.05.

      

    

    

  
    
      RESULTS
      
        1. Quantification of apidaecin and defensin
        Since apidaecin (API1) and defensin (Def1) were already identified as genes upregulated upon nosemosis infection (Casteels et al., 1989; Klaudiny et al., 2005), they were measured first. Expressions of both genes from the head were dramatically repressed after infection (Fig. 1). Normalized values for API1 and Def1 from the head were 39.9±4.1 and 122±2 but changed to 2.1±0.1 and 4.1±0.3, respectively. However, the tendency to change was not the same in gut cells. While expression of apidaecin was slightly increased from 4.2±0.2 to 9.7±1, that of defensin showed a significant decrease from 61.7±2 to 2.5±0.1 after infection. N. ceranae affected the expression of defensin in the honeybee immune system.

        
          
          

          Fig. 1. 
				
          

          
            Quantification of API1 (Apidaecin1) and Def (Defensin1). The expression levels were compared to those in the head or gut of controls (*p-value<0.05; ***p-value<0.001).
          
          

          

        

      

      
        2. Quantification of immune-related genes
        Aside from apidaecin and defensin, we sorted for immune-related candidate genes which can be used as genetic markers for nosemosis (Fig. 2). Those genes were inhibin beta (Inhibin-b), peptidoglycan recognition protein (PGRPs3), PPOact, signal transducer and activators of transcription (Stat5b), CD109 (Tep7), and transforming growth factor beta (TGFb-F). Inhibin-b and PGRPs3 did not show significant changes in their expression. There were no large changes in the amount of PPOact from the head, however, midgut cells showed dramatic differences from 0.18±0.01 to 1.58±0.25. Tep7 and TGFb-F transcripts from the head also not changed, while the same transcript from gut cells increased. In the case of Stat5b, its transcription level from both body parts changed. The amount of Stat5b from the head changed from 1.66±0.12 to 1.22±0.05, and from 0.98±0.07 to 1.44±0.01 in the gut. Transcription level of most immune-related genes was induced, implying that the honeybee immune system was activated after nosemosis infection.

        
          
          

          Fig. 2. 
				
          

          
            Quantification of immune-related genes. The expression levels were compared to those in the head or gut of controls (*p-value<0.05; ***p-value<0.001).
          
          

          

        

      

      
        3. Quantification of non-immune genes
        Parasitic characteristics of N. ceranae could change the gene expression of the metabolic pathway of honeybee (Mayack and Naug, 2009). As a result, we found nonimmune genes with significant changes in transcript level (Fig. 3). Those genes were N-acetylmuramoyl-L-alanine amidase (AmiD), aminopeptidase1 (APN1), chymotrypsin2 (CHT2), GB40485, GB42410, GB50026, leucinerich repeat neuronal protein (LRNP), natterin3 (NAT3), short neuropeptide F-like (SNF), and trypsin alpha (TRA). The transcript expression rate of AmiD and GB40485 changed only slightly compared to other non-immune genes. Among those candidate genes, two of them oppositely changed their expression. The transcription level of CHT2 from the head increased while that from the gut decreased. On the other hand, the transcription level of GB42410 from the head decreased while that from the gut increased. APN1, GB50026, LRNP, NAT3, and TRA changed their transcription level only in gut cells, and except NAT3, significantly large expression changes were noted. APN1 changed from 1.05±0.02 to 4.51± 0.14, GB50026 changed from 0.99±0.09 to 6.04±0.20, LRNP changed from 6.56±0.50 to 3.66±0.24, and TRA changed from 0.18±0.01 to 3.58±0.51. SNF changed its expression only in the head, from 0.10±0.002 to 0.011±0.0008. Although both APN1 and CHT2 are related to the digestive system, they seemed to respond differently against nosemosis.

        
          
          

          Fig. 3. 
				
          

          
            Quantification of non-immune genes. The expression levels were compared to those in the head or gut of controls (*p-value<0.05; ***p-value<0.001).
          
          

          

        

      

    

    

  
    
      DISCUSSION
      The disastrous effect, that nosemosis could bring on apiculture or even on our ecosystem has been repeatedly reported (Klee et al., 2007; Higes et al., 2010). Also, after nosemosis was blamed for being the cause of CCD, studies on Nosema spp. progressed rapidly. Many studies reported changes in gene transcription levels in honeybees after nosemosis, and some listed immune genes altered after infection (Antúnez et al., 2009; Chaimanee et al., 2012). Here, we found genes that showed altered expression whether they are related to immune function or not, and have reported results by expression location.

      Using quantitative real-time PCR, we confirmed that more genes from the metabolic pathway were regulated after infection than immune-related genes. As previously described, it was undoubtedly true that apidaecin1 and defensin1 changed the most in terms of transcription numbers and rates (Casteels et al., 1989; Klaudiny et al., 2005). The transcription level of those genes was greatly changed, both in the head and gut. Since both genes showed large changes, this suggests they are the best genetic markers for nosemosis. Surprisingly, the expression of apidaecin1 was down-regulated in head and for defensin1, its expression was down-regulated in both head and gut. Considering they are well established immunoprotein, they were expected to be up-regulated. According to previous studies, the time and the number of spores fed to honeybees are important factors for the expression, and also, decreased expression of immunoproteins in nosemosis-infected honeybees are reported (Chaimanee et al., 2012). To understand honeybee immune mechanisms and the parasitic characteristics of N. ceranae, we needed more understanding about other genes related to N. ceranae infection that are not well established.

      Our results showed that most immune-related genes from honeybee gut cells were increased in expression upon N. ceranae infection. Although honeybees were infected with N. ceranae for 14 days, which is right before honeybee death began, their immune system was still functioning. These results may lead us to a special mechanism, that N. ceranae uses, to survive against these immune responses. It can be debatable that those genes except apidaecin1 and defensin1, which were previously studied as induced gene expression after nosemosis, are regulated differently by the microbiome of honeybees since the microbiome of honeybees are influenced by nosemosis and not discovered in previous nosemosis studies (Huang et al., 2018). The cause of gene expressions of immunoproteins can result from changes in the microbiome, however, either way, it is undoubtedly clear that nosemosis affects guts and immune systems of honeybees.

      Results presented on expression differences of nonimmune genes implied that N. ceranae alters the gut cell system to help spore survival inside honeybee gut cells. Expression of genes related to many digestive systems was decreased and expression of genes that provide nutrition to cells was increased. Considering N. ceranae is a parasite-like microsporidian, the spores may promote honeybee guts to be changed as a suitable environment for them, by inducing the provision of nutrition they need and reducing the loss of nutrition they can use (Paris et al., 2018). The observed alterations in gene expression within the heads of the bees could suggest a close relationship between the environment in which N. ceranae thrives and these specific genes. This is further supported by the fact that gene expression within the head of bee either remained stable or exhibited only minor changes.

      It is important to note that the transcription rates of GB42410 and GB50026 were changed. Although their function is still unknown, we expect GB42410 is to contribute to the immune system, and GB50026 is to contribute to the metabolic pathway. Keeping up with the descriptions above, the expression of GB42410 has changed in both the head and gut of honeybees, which means GB42410 may be closely related to the immune system. On the other hand, the transcription level of GB50026 increased almost six times in the midgut of honeybees, and it is similar to the tendency of nonimmune genes above. Also, great changes in the expression of GB50026 could mean that it is an important target gene for N. ceranae. Those unknown genes should be studied further for an improved understanding of honeybee infection. Also, as an extension of these findings, changes in transcription level caused by nosemosis using honeybees from egg to their late stage will be studied, since nosemosis can occur in any stage of honeybees. It will provide us more understanding of epigenetic changes in immune systems and it may even provide a breakthrough in nosemosis by determining possible treatment stages for the complete cure. Along with epigenetic studies, the proteins mentioned above will be treated in honeybees in further studies to determine whether the addition of extra genes may help prevent or also cure N. ceranae infection.
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