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We contrast microbial matches across different sites in Turkey, showing new country 

recordings of Lake Sinai virus, two Spiroplasma bacterium species, symbionts 

Candidatus Schmidhempelia bombi, Frischella perrara, Snodgrassella alvi, 

Gilliamella apicola, Lactobacillus spp.), neogregarines, and a trypanosome species. 

By using metagenomic analysis, this study also reveals deep molecular evidence for 

the presence of bacterial pathogens (Melissococcus plutonius, Paenibacillus larvae), 

Varroa destructor-1 virus, Sacbrood virus, Apis filamentous virus and fungi. Despite 

this effort we did not detect KBV, SBPV, Tobacco ringspot virus, VdMLV (Varroa 

Macula like virus), Acarapis spp., Tropilaeleps spp. and Apocephalus (phorid fly). 

We discuss possible impacts of management practices and honey bee subspecies on 

microbial retinues. The described workflow and curated microbial database will be 

generally useful for microbial surveys of healthy and declining honey bees. 

Additionally we addressed the immune defence reactions, locomotor activity 

differences of five honey bee subspecies upon N. ceranae infection and confirmed 

the phylogenetic relationship between these subspecies. It was observed that honey 

bee immune system quickly activated defence mechanisms for all of five the 

subspecies after infection with N .ceranae, which includes the increase in the 

expression of genes encoding antimicrobial peptides. 
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Bazē arē bakēm-yºnetim uygulamalarē arē ērklarēnēn i­erdiĵi mikrop t¿rleri ¿zerindeki 

etkileri de tartēĸēlmēĸtēr. ¢alēĸmada a­ēklanan iĸ planē ve mikrobiyal datalar, saĵlēklē 

veya koloni kaybē yaĸayan arēlarēn mikrobiyal haritalamasēnēn oluĸturulmasē i­in 

faydalē olacaktēr. Ayrēca bu calēĸmaya ek olarak, 5 arē ērkēnēn N. ceranae enfeksiyonu 

sonrasē baĵēĸēklēk cevaplarē, lokomotor aktivitelerindeki farklar ve filogenetik 

iliĸkileri belirlenmiĸtir. T¿m arē ērklarēnēn N .ceranae enfeksiyonundan sonra 

baĵēĸēklēk sistemlerinin hēzlē bir ĸekilde aktive olduĵu ve antimikrobiyal peptitleri 

kodlayan genlerinin ekspresyonlarēnda  artēĸ ger­ekleĸtiĵi gºzlenmiĸtir. 

 

 

Anahtar kelimeler: Apis mellifera, polinasyon, koloni ­ºk¿ĸ sendromu, RNA 

sekanslama, bioinformatik, bal arēsē vir¿sleri, tripanazom 
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Central Iran and Caspian coast to Black Sea area, Caucasian Alpine region and 

Anatolia harbours seven Middle Eastern subspecies; A. m. adami, A. m. anatoliaca, 

A. m. armeniaca, A. m. caucasica, A. m. meda, A. m. cypria, and A. m. syriaca 

according to the morphometric analysis (Ruttner, 1988). A. m. carnica, A. m. 

anatoliaca, A. m. caucasica, A. m. syriaca, and A. m. meda are the five subspecies of 

A. mellifera; has been found in Turkey (Kandemir et al., 2000; Tunca, 2009). Most 

of the geographical regions of Turkey is constituted by A. m. anatoliaca, involving 

European Turkey, except for the northeastern part where A. m. caucasica is observed 

and A. m. meda exists in the southeastern part of the country. Thrace region of 

European Turkey is occupied by A. m. carnica (Palmer et al., 2000; Tunca, 2009; 

Tunca and Kence, 2011), while A. m. syriaca take part in south regions near Hatay 

(Kandemir et al., 2006). 

The Carniolan honey bee (Apis mellifera carnica, Pollmann) is distributed from 

Turkey to southern Austria, Slovenia parts of Croatia, Bosnia and Herzegovina, 

Serbia, Hungary, Romania, and Bulgaria. Thrace region includes Carnica honeybees 

in Turkey (Kandemir et al., 2000). They share the same size with the Italian bee but 

they differ from them by the short haired and dusky brown-grey colored bodies with 

lighter brown stripes and 6.5 to 6.7 mm long tongue which is well adjusted for 

clover.  Lighter colored or brown colored rings and dots can be found on their dark 

chitin. After the Italian bee, Carniolan honey bee is the second most popular 

subspecies among beekeepers for several reasons, such as resistance to some disease 

and parasites, gentle behaviours, ability to adjust the worker bee population to nectar 

availability, good spring and summer honey production 

(http://www.melitabees.com/carniolan.html). 

A. mellifera  anatoliaca  inhabits across Anatolia from north to south and east to west 

with locally adapted ecotypes like Muĵla, Giresun and Yēĵēlca (Bouga, 2011). Their 

bodies are generally yellow colored but soiled orange or brown rings can be seen on 

their abdomen. Broader abdomens and tarsi, short legs and wings and yellow bodies 

with soiled orange or brown rings are the morphologic characteristics of this 

subspecies. They have poor ability to collect nectar but they show high adaptation to 

various extreme climatic conditions with high power of reproduction (Ruttner, 1988).  
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A. mellifera caucasica originates from Central Caucasus, Georgia and also 

distributed in Turkey, Armenia and Azerbaijan. In Turkey, this subspecies can be 

found in northeastern Anatolia, near the Georgian border, especially in Ardahan and 

Artvin (Kandemir et al., 2000). Chitin is dark involving brown spots and leading to 

grey hair. Their size and shape is the same with A.m. carnica. They have the longest 

proboscis (up to 7.2 mm) among all A. mellifera species (Ruttner, 1988).  

A. mellifera syriaca is distributed in southeastern Anatolia, Israel, Lebanon, Jordan 

and Syria. They are found in Hatay in Turkey (Kandemir et al., 2000). They are the 

smallest honey bee subspecies in Middle East by a pointed, slender, short-haired 

abdomen and yellow coloration of the first three dorsal segments and a bright yellow 

scutellum. Although their nectar collection is very good, management of these 

colonies of bees is difficult owing to their high defensiveness (Ruttner, 1988). It is 

much better adapted to survive extreme summer temperatures in dry-hot regions 

without any honey flow (Al Ghzawi et al., 2001a).  

Mugla and Yigilca bees are ecotypes that are less well identified and need additional 

investigation. Mugla bee is an ecotype of A. m. anatoliaca with some different traits. 

Because it is adapted to foraging on the scale insect Marchalleina hellenica on pine 

trees, it persists to produce brood to build up a large population in the autumn while 

Anatolian bees in other regions halt producing brood to prepare for winter 

(Doĵaroĵlu, 2009). Yēgēlca bees are also considered to be ecotypes of A. m. 

anatoliaca, with a larger size.  
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 Figure 1 The provinces and the distribution of honey bee subspecies in this study 

(Tozkar et al., 2015) 

1.2. Nosemosis 

Nosemosis has been reported as an important honeybee disease that is common in 

most of the countries with beekeeping activities (Bailey and Ball, 1991).  The 

phylum Microsporidia; are highly specialized fungi with 160 genera that consists of 

1,300 species including Nosema spp. (Becnel and Andreadis, 1999; Weber et al. 

1994). Nosema apis and Nosema ceranae are the parasites that belong to genus of 

Nosema and are known as causative agents of Nosemosis. Nosema apis Zander 

which was firstly found in Apis mellifera L. (Zander, 1909) was accepted as the main 

agent of Nosemosis. Recent studies indicated that N. ceranae, a species of Nosema 

originally found in the Eastern honey bees, Apis cerana (Fries et al., 1996), is now 

highly pathogenic to European honey bees with higher prevalence and replacing N. 

apis worldwide (Paxton et al., 2007; Higes et al. 2006; 2007; Klee et al 2007).  

Nosema spores are transmitted via contaminated food and water or during cleaning 

up fecal material from infected bees or contaminated combs. These parasites exist 

outside the host cell only as metabolically inactive spores and disperse between hosts 

as spores that germinate within the midgut.  
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High number of spores can invade the midgut of a honeybee and multiply in a small 

time period after initial infection (Franzen, 2005; Bailey and Ball, 1991). Dysentery, 

reduction in colony size and life span and decrease in crop products and honey 

collection are the negative effects of Nosema on honey bees (Malone, Giacon and 

Newton, 1995). 

 Declines in population size, honey production, life-span and higher autumn/winter 

colony loss are signs of N. ceranae infection in honeybee colonies (Fries et al., 

2006). The impacts of N. ceranae are different from N. apis related with pathology. 

N. apis was observed in midgut epithelium (Fries, 1988) and N. ceranae was 

detected in tissues such as malpighian tubules and hypopharyngeal glands but not 

seen in the muscles and fat tissues of infected bees (Chen et al., 2009a).  

When honeybee health and survival of the colonies are considered, there are 

conflicting reports about the effects of N. ceranae infections. In Spain, Nosema 

causes colony collapse and Spanish N. ceranae isolates were higly virulent in 

laboratory infection experiments (Higes et al., 2008a).  

The studies of Mayack and Naug (2009) and Paxton et al. (2007) did not support this 

extreme virulence. Many studies about the prevalence of N.ceranae did not result in 

collapse of the colonies while having the symptoms of nosemosis (Higes et al. 2006; 

Klee et al., 2007; Chauzat et al., 2007; Williams et al., 2008; Chen et al., 2008; 

Invernizzi et al., 2009; Cox-Foster et al., 2007; Paxton et al., 2007; Tapaszti et al. 

2009, Fries et al., 2006).  

1.3. Origin and current distribution of Nosema ceranae 

The earlier detection of N. ceranae was reported in its original host, the Asian 

honeybee Apis cerana at China in 1994 by Fries et al. (1996). Despite its 

pathogenecity for A. mellifera, it was believed that geographic distribution of N. 

ceranae was limited to Asia where is the natural allocation of A. cerana (Fries, 

1997). Before 1994,  there wasnôt much evidence for its existence out of Asia 

(Paxton et al, 2007, Klee et al., 2007). It has been taking place in  USA since 1995 

(Chen et al., 2008) and in Europe such as in Finland since 1998 (Paxton et al., 2007).  
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Huang et al. (2008) suggested that there arenôt any transmission barriers for N. 

ceranae between A. mellifera and A. cerana by sequencing  rRNA spacer regions in 

N. ceranae samples from both honey bee host species and couldnôt find any 

differences between samples. Shortly after Higes et al. (2006) reported  Nosema 

ceranae as the predominant cause of Nosemosis in Spain; the occurence of this 

microsporidium was also confirmed in many parts of Europe, America and Asia 

(Klee et al., 2007; Invernizzi et al., 2009; Chauzat et al., 2007; Williams et al., 2008; 

Chen et al., 2008; Huang et al., 2007; Fries et al., 2006; Cox-Foster et al., 2007; 

Paxton et al., 2007).  

 It seems that N. ceranae has become an arising pathogen that has broadened its 

distribution range via transfer from Asian honey bees, Apis cerana, to European 

honey bees by replacing N. apis (Klee et al., 2007). This gradual replacement process 

was showed by investigations of historic samples of bees infected with 

microsporidian spores (Paxton et al., 2007). No pure infections of N. ceranae, but 

only mixed infections (17%) and pure N. apis infections (83%) were observed with 

specific molecular detection techniques in a national survey study in Sweden (Fries 

and Forsgren,  2008). 

 Higher percentage of N. apis infection than N. ceranae infection was also observed 

among the bee samples from Australia (Giersch et al., 2009). This result might be a 

unique case for Nosema prevalence or result from a recent introduction of N .ceranae 

in Australia compared to the other regions in the world. Variety of climate conditions 

in different geographical regions might cause differences in distribution of Nosema 

(Giersch et al., 2009).  

1.4. Natural and experimental infections by Nosema 

In cage experiments, N. ceranae has increased virulence when  injected into 

European honey bee individuals (Higes et al., 2007), and higher pathogenecity of N. 

ceranae causes reductions in honey yield and rising mortality in winter in field 

conditions as well (Higes et al., 2006). Starting from 1999 to 2005, a higher  

prevalence and losses during the season were found to be two characteristics of 

Nosemosis that were linked to N. ceranae in Spain  (Mart²n- Hern§ndez et al., 2007).  
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Paxton et al. (2007) also suggested a higher virulence for N. ceranae in comparison 

to N. apis in cage experiments.  

Generally a positive link exists among parasite reproduction, high levels of virulence 

and increased transmission (Ebert, 1998). But fitness of the parasite  may be reduced 

with high virulence in some circumstances if reduced transmission causes mortality. 

Experimental evidence using microsporidia infections demonstrated this complicated 

trade-off between transmisson and virulence  in vivo (Berenos et al., 2009). Despite 

many studies from Spain claimed that N. ceranae lead to collapse of colonies 

(Martin- Hernandez et al., 2007; Higes et al., 2008a), cage experiments indicated that 

the parasite had no competing advantage inside the honeybee individuals. No 

correlation was observed between individual level virulence and colony level 

virulence in honey bee pathogens (Fries and Camazine, 2001). 

Minor differences were seen in doses necessary for infections and duplication rates 

between N. ceranae and N. apis. Individual bee mortality caused by N. ceranae was 

not higher than the results of N. apis. When spores were given simultaneously, no 

competitive advantage for N. ceranae was observed within host in mixed infections  

in the study of Forsgren and Fries (2010). The high virulence of N. ceranae has not 

been defined in some other parts of the world due to some factors. One of them 

might be that N. ceranae has effects in association with different viruses and 

secondly different strains of N. ceranae might differ in virulence and show variation 

among regions. For example, two haplotypes with different levels of virulence were 

found in samples from North America, Europe and Asia (Williams et al., 2008). Bee 

race,  the  pathogen exposure time, climatic or regional discrepancies might be the 

other causes that influence the virulence of N. ceranae (Invernizzi et al., 2009). 

Varying results and artificial conditions in cage experiments make them unsuitable to 

study the effects of infection on longevity. The finding about the higher individual 

level virulence of N. ceranae in comparison with N. apis (Paxton et al., 2007) needs 

to be proved in field colonies. 

 

  



 

 

8 

 

1.5. Colony collapse disorder (CCD) or honeybee colony depopulation syndrome 

(CDS) 

Recently, there has been sudden and excessive loss of honey bee colonies (Apis 

mellifera spp.),  firstly reported in Europe and then influencing other countries. In 

America, this situation has been named Colony Collapse Disorder (CCD) and Honey 

Bee Colony Depopulation Syndrome (CDS) in Europe. Depopulation syndrome or 

honeybee colony collapse has many economical and ecological impacts all over the 

world and many studies have tried to find out the reason for the incident in which 

strong colonies abruptly become powerless and seldomly die (Faucon et al., 2002; 

Stokstad, 2007). Reduced colony vigour, decreased honey production, severe 

mortality in winter without any observable signs, sudden loss  of adult bees, poor 

brood attention are the outcomes of this syndrome. Colony breakdown is the final 

phase without any noticeable indication of a disase. Nosema ceranae have colonized 

Apis mellifera in both strong and unhealthy honey bee colonies at the same extent of 

time that this incidence has been reported worldwide and rapid dispersion of N. 

ceranae might be related with these problems (Mart²n-Hern§ndez et al., 2007; Cox-

Foster et al., 2007).  

 Higher virulence of N.ceranae was  experimentally proved when injected into A. 

mellifera (Higes et al., 2007; Paxton et al., 2007), and natural infection showed six 

times higher risk of  gradual depopulation syndrome with consequences of dying 

colonies in autumn or winter and reduced yield of  honey (Mart²n-Hern§ndez et al., 

2007, Higes et al., 2008a). In the study of Paxton et al. (2007), N. ceranae and N. 

apis reached to the same equal numbers at individual level 14 days after infection 

and the decreasing lifespan  of N. ceranae inoculated workers was not as striking  as 

the  results reported by Higes et al. (2006) but in the latter study no comparison was 

done with N. apis infected bees.  

It has been reported that N. ceranae may have greater development  within its host 

than N. apis at different temperatures in the environment (Martin-Hernandez et al., 

2009) and additionaly N. ceranae places extra stress on bees related to nutrition 

(Mayack and Naug, 2009; Naug and Gibbs, 2009), which may cause dying foragers 

bees distant from the hive because of risky foraging activities. Shortage of resources 

(pollen and nectar) may worsen these effects of N. ceranae (Naug, 2009), offering  a 

mechanistic model for CCD with habitat loss. 
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Researchers has not reached  to an agreement about the main causes of CCD or CDS 

but it is believed that pathogens have a basic part in this situation (Higes et al., 2006; 

2008a;  Mart²n-Hern§ndez et al., 2007). Many other reasons like altered in 

agricultural land practices (Williams, 2010; Naug, 2009), changes in the environment 

such as lack of food and application of pesticides) have been reported as potential 

effects of the honey bee colony lossess. The first report about this emergent invasive 

disease indicated  N. ceranae in European A. mellifera as the main cause of  heavy 

winter (2004-2005) colony collapse in Spain  (Higes et al., 2006). N. ceranae was 

suggested as a colony level virulent parasite leading to colony collapse in 

professional apiaries in Spain in 18 months of time period (Mart²n-Hernand®z et al., 

2007; Higes et al., 2008a).  

But N. ceranae was recognized as a potential causative agent of CCD, not as the 

primary agent responsible for it in the metagenomic survey of CCD affected colonies 

of A. mellifera in the USA, although N.ceranae was overrepresented in the collapsing 

colonies (Cox-Foster et al., 2007). A similar opinion was also confirmed by 

vanEngelsdorp et al. (2009) and Johnson et al. (2009). According to Chen et al. 

(2008), N. ceranae have been present for more than a decade in the US. Furthermore, 

no clear causal link was found between the arrival of N. ceranae and increased 

colony losses in Uruguay and Germany (Invernizzi et al., 2009, Siede et al., 2008).  

1.6. Biology of Nosema  

Nosema disease affects the digestive tract in honey bees. Spores of N. ceranae were 

oval in shape and showing uniformity under the light microscope (Figure 2). By 

using electron microscopy, it was seen that N. ceranae consisted of structural 

characteristics of óNosemaô genus (Chen et al., 2009a). Spores of Nosema are 

transfered to the adult bee orally and as soon as they come to the mid-gut, they grasp 

the gut cells with their uncoiled polar-filament and the nucleus of the spore goes into 

the cell. While living as parasites in the epithelial cells that line the interior of the 

mid-gut, multiplication occurs rapidly resulting in more spores. The epithelial cells 

enable the bee to digest the pollen in its diet cell is by producing digestive enzymes. 

But the parasites exploit the contents of these cells and reduce the gutôs efficiency in 

the food digestion and absorption and weaken the bee.  
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The cycle continues as the cell blows up and produces the new spores into the mid-

gut and accumulate in rectum by passing through small intestine. Spores pass to 

other workers when they are shed in worker excreta. 8-20 eggs are laid by the 

females, and it takes 9-12 days for the parasite to complete its life cycle. A heavily 

infested worker beeôs ventriculus can contain 30-50 million spores (Bailey, 1981) 

and spores pass to other beeôs rectal contents during periods when workers are 

unable to take cleansing flights (e.g. winter) and are forced to defecate onto the 

comb.  The spores can stay viable in honey for 3-4 months and in dried feces on 

combs for more than a year. Higes and colleagues (2008b) indicated an inceased 

viability of N. ceranae spores for at least 18 days. N.ceranae spores viability 

decreased significantly by freezing but were resistant to high temperature and 

desiccation (Fenoy et al., 2009) 

 

Figure 2 The oval-shaped Nosema spores with bright with dark smooth edges under 

phase-contrast light microscope  

 

The same intracellular growth in the ventricular cells are observed for N. ceranae 

and N. apis ( Higes et al., 2007; Fries et al., 1996;). But Chen et.al (2009a) detected 

the presence of N. ceranae in other tissues such as hypopharyngeal and salivary 

glands, fat bodies and malpighian tubules with PCR assay followed by sequencing. 

Royal jelly is secreted from hypopharyngeal glands and salivary glands of worker 

bees are the food sources of the queen and larvae. The detection of N. ceranae in 

these glands could indicate the horizontal transmission of the parasite via feeding and 

fecal contamination. The head, thorax, abdomen, and ovary tissues from naturally 

infected queens carried low levels of N. ceranae (Traver and Fell, 2012). 
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 Although fat bodies are one of the main tissues for Nosema infection causing 

whitish and bloated gut and indicating impaired fat metabolism in some other insects, 

PCR signals of N. ceranae were weak in the fat bodies.  N. ceranae was not detected 

in the muscle tissues which might result in the absence of crawling behavior in bees 

infected with N. ceranae (Sokolova et al. 2006). 

Some metabolic changes are known to be triggered by Nosema in the host (Bailey, 

1981) such as changed fatty acid structure in the hemolymph, decreased protein 

levels, causing a reduced hypopharengeal gland (Wang and Moeller, 1970, Malone 

and Gatehouse, 1998), and utilization of carbohydrates from the epithelial cells of the 

gut lining (Higes et al., 2007). It has reported that N. apis stimulates a high metabolic 

need and behavioral changes like increased age polyethism, deviations in task 

distribution among honeybees (Wang and Moeller, 1970b; Malone and Gatehouse, 

1998). Behavior and physiology of honey bees may have shifts because of N. 

ceranae (Goblirsch et al. 2013; Dussaubat et al. 2013). N. ceranae infections lead to 

low levels of carbohydrate in the hemolymph of foragers. Additionally, N. ceranae 

causes energetic stress, which accelarates the hunger with an important impact on the 

feeding behavior of bees in the colony and alters their survival by being more prone 

to forage under unfavourable conditions (Mayack and Naug, 2009). Within-nest bees 

which were infected by N .ceranae were more reactive to sucrose and had less 

eagerness to share the food with other bees, suggesting that they had escalating levels 

of hunger (Naug and Gibbs, 2009). N.ceranae activates oxidative stress and changes 

hormone synthesis by raising ethyl oleate content (Dussaubat et al. 2010, 2012). 

The similar effect of Nosema sp. and V. destructor on flight behavior such that 

infected foragers do not return to the colony, can be evaluated as a general response 

of honey bees to diseases to enhance the colony survival by decreasing pathogen load 

within the colonies (Kralj and Fuchs, 2010).  Additionally, there is a relation between 

empty hives, acute paralysis virus (ABPV) and infection with both Nosema species 

(Cox- Foster et al., 2007).  
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1.7. Diagnosis of Nosema 

Early spring or late winter is suitable for Nosema detection. Older bees are 

susceptible to infection, thus it is important to collect old bees (over 15 days old) for 

examination.  Newly emerged ones or bees that are not older than 15 days are less 

prone to the disease. It is more proper to use alive bees for diagnosis, but dead ones 

can also be examined.  Diagnosis of Nosema requires light microscopy, or molecular 

methods. Microscopic detection can be made by using the midgut ingridients or feces 

of the infected bees to diagnose the presence of spores 

(https://www.countryrubes.com). 

Heavily infected bees may have whitish and  bloated ventriculus (Figure 3) but there 

are no  visible symptoms of N. apis infected bees (Fries, 1997) and N. ceranae as 

well. It is difficult to differentiate the two species under a light microscope although 

the spores of N. apis are a little bigger than in N. ceranae. The species can be 

seperated by using trasnmission electron microscopy based on the information that 

N. ceranae always have fewer polar filament coils compared to N. apis (Fries et al., 

1996; Chen et al., 2009).  There are many PCR based molecular protocols for the 

diagnosis and identification of N. apis and N. ceranae. 

 

 

Figure 3 A healthy midgut which is brownish yellow in colour and  Nosema infected 

midgut which is white in colour as a result of the accumulation of spores (Obtained 

from www.countryrubes.com). 

 

The pathological consequences of N. ceranae in A. mellifera are different in 

comparison with N. apis and are not known well ,thus the virulence of N. ceranae 

causing colony depupulation should be described in European races of A. mellifera 

(Higes et al., 2006). 
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1.8. Transmission and infection of Nosema 

There are several factors for the rapid and long distance occurence of N. ceranae . 

Transportation of the infected bees by beekeepers (Klee et al., 2007) and transfer of 

spores via hive structures are the main factors (Van der Zee, 2009).  Within the hive, 

the infections are spread by defecation of diseased bees. Comb exchange between 

hives and apiary sites, feeding bees with contaminated honey, splitting and uniting 

contaminated hives enables the extent of Nosema from hive to hive.  

Corbicular pollen and commercial royal jelly can also transmit N. ceranae spores 

(Cox-Foxter et al., 2007). The impact of time on the viability of N. ceranae spores in 

the hive needs to be investigated. Although N. ceranae viability was reduced 

significantly by freezing, viable spores were found in pellets which were thrown up 

by the bee eating bird Merops apiaster which showed the viability of spores of this 

parasite over long distances by flying behaviours of bee-eaters (Higes et al., 2008b; 

Valera et al., 2011). 

The other factors contributing spore transmission are swarming, robbing, drifting, 

cleaning up the crushed bees with Nosema during housekeeping activities, infected 

package queen with worker companions.  Nosema spores can exist in vectors like 

beekeeping equipment, honey, wax, etc. and spread quickly during normal hive / 

colony manipulations. ( Edinburgh and Midlothian Beekeepersô Association, 2009). 

The occurrence of Nosema disease varies throughout the year. The level of infection 

increases rapidly in early spring and decreases gradually in late spring. Unsuitable 

weather conditions restrict the flights of bees, thus bees clean feces from the combs 

at the beginning of the spring when brood rearing starts. Infections start to decrease 

in the late spring, because infected bees begin to fly and excrete outside.  Newly 

emerged, nosema-free bees replace the old ones which die off.  The combs become 

cleaner and the infection is not observed in summer but there is always a risk of 

reappearance of some infection within an untreated colony in upcoming spring 

(https://www.countryrubes.com). 
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Defecation as yellow or yellowish brown signs inside the hive is one of the 

symptoms of Nosema disease. Digestive tract injury of the bee leads to dysentery and 

makes the bee weaker, minimizes the fruitful  life of the worker, and lessen its 

performance to produce brood food and digest food. As a result, colony growth and 

production of brood is influenced in earlier season (Figure 4). By using the epithelial 

cell and its enzymes to reproduce, the parasite deprives the bee of protein from 

digested pollen. The development of the hypopharyngeal glands and production of 

brood food is inhibited by the lack of the protein. Also reduction in the fat bodies of 

winter bees and reduction in the amino acid content of the haemolymph lead to a 

reduced life span of bees. 

 Infected bees may excrete in the hive unlike healthy workers because the can not fly 

or can only fly shortly outside the hive. Reduced egg production and life span of 

infected queens result in supersedure. 

 The rapid replacement of infected queens may be the result of N. ceranae disease 

that affects the physiological activities and modifies pheromone synthesis of queens 

(Alaux et al., 2011). 

 

 

Figure 4 Dysentery symptoms on a comb caused by Nosema (left). A colony 

infected with Nosema including a few number of adult bees (right). (Photos obtained 

from www.countryrubes.com). 

Diseased colonies usually have increased winter losses and canôt increase the number 

of the population in spring with decreased honey production.  
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Sick bees crawling with their wings spread out or a mass of dead bees may be 

observed on the ground in front of the hive in spring.  Some characteristic signs of 

Nosema such as crawling bees and dysentery may not be observed by N .ceranae 

infections (Higes et al., 2008a). More usually, reduced longevity, gradual 

depopulation (rather than fast-acting, short-duration syndrome) less honey yield and 

increasing winter-autumn losses are signs of N. ceranae (Fries et al., 2006). 

1.9. Management of Nosema 

Numerous control methods exist for N. apis in western honey bees, including heat 

treatment (Cantwell and Shimanuki, 1969), fumigation (Bailey, 1957), and 

replacement of aged equipment (Fries, 1988). Treatment and management of the 

disease N. ceranae is the same as that described for N. apis. Management includes 

the steps of hive examination, monitoring, controlling and apiary housekeeping. 

Examination of hive components and debris is important especially in spring to 

check for the abnormalities in the colony. Monitoring of the apiaries and colonies 

should be done regularly and examination of the dead colonies should be made to 

prevent robbing and spread of any disease present. Transferring the infected colony 

on to clean comb and disinfection of comb and hive parts is satisfactory. Comb 

exchange between colonies without disease check and introducing equipment or 

colonies without knowing their origin and disease status should be avoided. Acetic 

acid can be used for sterilization of contaminated equipment and the antibiotic 

Fumidil óBô (dicyclohexylammonium fumagillin) can be used for preventing Nosema 

in early spring and autumn to inhibit reproduction of spore in bee gut but it is not 

effective to kill the spores. If overwintering bees receive antibiotic, the occurence of 

Nosema can become less in the following spring. (www. capabees.org/). 

 Fumagillin is effective in controlling N. ceranae infections (Williams et al., 2008). 

In some regions of the world, N. ceranae disease is treated by the major commercial 

medication fumagillin but in most parts of Europe except Spain, usage of antibiotics 

are banned (Fries, 2010). Treatment of fumagillin help the colonies  to survive and 

all untreated colonies were dead within 15 months among ten colonies with endemic 

N. ceranae infections (Higes et al., 2008a). 
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 Usage of the antibiotic fumagillin with sugar syrup during fall feeding and 

additional spring application in spring is the most common method for N. apis 

treatment in Canada and United States (Furgala and Gochnauer, 1969). Lower N. 

apis intensities were detected after medication with fumagillin during the following 

spring but there were no differences in survival profile with different concentrations 

of fumagillin (Szabo and Heikel, 1987a). In the bumble bee Bombus occidentalis 

fumagillin was not effective against the closely related species N. bombi 

(Whittington and Winston, 2003). 

 After giving 190 mg fumagillin (recommended dosage for N. apis) per colony for 

each N .ceranae treatment, no variation was observed among beekeeping operations 

(Williams et al., 2008, Williams et al., 2010). 

 Brood comb should be replaced on a regular and planned basis and óframe changeô 

techniques can be used in heavily infected colonies. As soon as the colony grows 

stronger and returns to the normal state after the infection, dead brood will be 

removed from the cells by the bees.  The best method of controlling step is 

prevention by sustaining healthy and strong colonies with better hygienic tendencies. 

Placing hives at sunny sides instead of wet and damp areas with well-ventilation, 

preventing excess moisture within the hive during the winter, establishment of newly 

emerging bees that are Nosema-free, supplying adequate amount of honey and pollen 

during bad weather conditions and destroying the the bees and inner equipment with 

severe infection by burning are the precautions that should be held to prevent spread 

of Nosema. Fumigation with 60-80% acetic acid vapour can be used to disinfect the 

combs from Nosema spores which can survive more than one year. Heating the 

contaminated honey to 60ÜC for 30 minutes provides disinfection. Queens can 

become infected with Nosema thus queen replacement should be considered from 

healthy and disease resistant colonies (https://www.countryrubes.com). 

Thymol and resveratrol usage is an alternative way to control Nosema disease 

without being harmful to honey. Despite the fact that toxic effects can be observed in 

honeybees  with high concentrations of thyme essential oil, bees which were fed by 

thymol and resveratrol candies had reduced Nosema infections and had prolonged 

life with resveratrol prepared candy application (Maistrello et al., 2008).  
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It was also reported that thymol supply was not toxic to adult honeybees (Ebert et al., 

2007) and may restrain Nosema disease in honey bee colonies (Yucel and Dogaroglu, 

2005, Rice, 2001). 

1.10. Antimicrobial p eptides in honeybee defense mechanism 

Insects use behavioral, physiological, physical and immune defenses to get rid of the 

pathogens (Evans and Spivak, 2010). Cuticles and the membranes covering the 

digestive tract and changes in gut chemicals and pH (Crailsheim and Riessberger-

Galle, 2001) are the first mechanical barriers to prevent infectious agents to enter and 

invade.  

Cellular and humoral immunity occupy the second defence step (Boman, 2003; 

Lavine and Strand, 2002). Cellular immunity includes encapsulation, phagocytosis 

and melanization (Osta et al., 2004). Third way of innate immune response is the 

activation of prophenoloxidase (proPO) by a serine protease cascade resulting in the 

synthesis of melanin and quinones (Cerenius et al., 2008). Eater is the main receptor 

which recognizes and phagocytes bacteria in Drosophila (Kocks et al., 2005; Ert¿rk-

Hasdemir and Silverman, 2005). Humoral immunity involves the production of 

antimicrobial peptides (AMPs) synthesis in response to pathogens (Evans et al., 

2006). Four antimicrobial peptides; abaecin, apidaecin, defensin and hymenoptaecin 

are synthesized against a wide-spectrum of microorganisms (Casteels et al., 1989, 

1990, 1993). Honey bee vitellogenin (Vg) is a protein that regulates immune 

functions and lifespan of honey bees and has a function in reproduction (Amdam et 

al., 2004). Division of labour, foraging specialization and combating with oxidative 

stress has been related to Vg that is produced in the fat tissue of the abdomen and 

transported to the ovaries and other tissues through haemolymph (Amdam and 

Omholt, 2003; Nelson et al., 2007, Corona et al., 2007).  

Antimicrobial peptides are one of the evolutionary ancient protector mechanisms of 

invertabrates. Four antimicrobial peptide gene families with different functions in the 

innate immune system were described in A. mellifera. Apidaecin is the most 

conspicuous component against invading pathogens with strong antimicrobial 

activity to gram-negative bacteria by inhibiting enzymatic activities necessary for 

parasite replication.  
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Unlike defensin, abaecin and hymenoptaecin genes it doesnôt need sizable 

experimental infections to be activated transcriptionally and it can be overproduced 

with its unique structure (Casteels-Josson et al., 1994). Abaecin is another main 

antimicrobial peptide which is active against gram-negative and gram-positive 

bacteria. Although it is weaker than apidaecin, abaecin can function as a backup and 

can affect some bacteria that has apidaecin resistance (Casteels et al., 1990). 

Hymenoptaecin prevents fungi, gram-negative and gram-positive bacteria and acts 

complementary to apidaecin by constraining the development of certain gram-

negative bacteria that has apidaecin resistance (Casteels et al., 1993). The defensin 

peptide is slightly produced and have a significant function in the later stages of 

infections specifically targeting and lysing gram positive bacteria directly. Apidaecin 

and hymenoptaecin genes with the absence of abaecin end defensin were found in A. 

mellifera adults under slight exposure of pathogens in the wild. The important roles 

of apidaecin and hymenoptaecin peptides in suppressing or killing varying pathogens 

in the innate immune system of the honeybees was proved with this finding 

(Casteels-Josson et al., 1994). 

There are many activation mechanisms of AMP synthesis in gut epithelial cells, 

hemocytes and adipocytes.  Hemocyte mediators such as prostaglandins (Stanley-

Samuelson, 1994) or endocrine system mediators (Glupov, 2001) can activate 

adipocytes and hemocytes. Phagocytes with absorbed microorganisms can trigger the 

AMPs synthesis by attaching to the adipocytes (Glupov, 2001). Four immune 

pathways ï the Toll-pathway, the IMD-pathway, then JNK-pathway and the 

JAK/STAT-pathway have been described  in the A. mellifera genome (Evans et al., 

2006) and respond to Nosema infection (Ant¼nez et al., 2009). Protection against 

fungi and gram positive bacteria is mediated by Toll pathway and protection against 

gram negative bacteria is provided by IMD pathway (Hoffman, 2003; Evans and 

Spivak,2003)
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1.11. Locomotor activity rhythms in h oneybees 

Circadian locomotor activity rhythms of individuals make contributions to the 

colony organization of honeybees (Fuchikawa and Shimizu, 2007a, Shimizu et al., 

2001). In the first 2 to 3 weeks of adulthood, nurse bees give regular care for the 

brood and provide other tasks in the hive arhythmically and then switches to 

foraging for pollen and nectar out of the hive for the remaining four to seven week 

adult life with a well established internal circadian clock. Strong zeitgebers such as 

daily fluctuations in light and temperature are encountered by foragers than nurse 

bees because foragers consume more time out of the thermoregulated and dark hive 

(Bloch, 2001). Increased levels of óclockô gene per mRNA in the brain of foragers 

were detected and the bahaviour of foragers were rhythmic. Additionally, low levels 

of per mRNA were recorded for young bees both with and without circadian 

rhythms of locomotor activity in the laboratory (Bloch, 2001). Arrhythmic behavior 

of foragers which shifted to brood care were observed under field conditions (Bloch 

and Robinson, 2001), but Bloch (2001) indicated that they were prone to have 

augmented per mRNA levels in the brain. There is simultaneous occurrence between 

daily floral rhythms and bee behavior, foraging behavior of honeybees occur 

whenever pollen and nectar levels are higher. They have preference to stay in the 

hive at remaining times to save energy levels and not to be weakened on non-fruitful  

foraging flights. They place themselves to rest in private locations of the hive away 

from the active bees on the floor (Moore, 2001). According to the examinations 

inside the hive and the locomotor activity, activities of young bees are based on the 

social structure like division of labor that influence their physiology, behavior and 

regulate their circadian rhythms in young bees. Activity óaround-the-clockô is 

associated to brood care and per mRNA expressions in the brain differ in foragers 

but not in nurse bees along the day. Rhytmic behaviors in isolated individual bees 

have been measured with different protocols both in natural and artificial conditions 

(Shemesh et al., 2007). 
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1.12. Honeybee pathogens and other associated microorganisms 

The honey bee (Apis mellifera L.) has ecological importance as a natural pollinator 

of wild flora and crops. Moreover, managed honey bees have economical importance 

with hive products including honey, pollen, wax, propolis and royal jelly 

(Maheshwari, 2003). Recently, declines of managed colonies have been noted on 

many continents. Several causes of these large-scale losses have been reported, 

including honey bee parasites (Varroa destructor, Acarapis woodi); pathogens 

(Nosema spp. and bee viruses); pesticides, contaminated water, use of antibiotics, 

poor nutrition, and migratory beekeeping practices (Bacandritsos et al., 2010; Higes 

et al., 2008a; Naug, 2009; vanEngelsdorp and Meixner, 2010; vanEngelsdorp et al., 

2009; Kevan et al., 2007). The high density of individuals and the exchange of food 

among A. mellifera colony members create a favourable environment for bacterial, 

viral, fungal, and protist pathogens and several studies have noted an increase in 

diversity and infection rates of pathogens in failing bee colonies. Here we will focus 

on honey bee pathogens and parasites and the use of modern sequencing techniques 

to identify these agents in healthy and declining colonies. 

Among the honey bee pathogens, viruses are of special concern. Viruses are 

widespread in honey bees although most often without noticeable symptoms (Ball 

and Bailey, 1997). Multiple viral infections have been diagnosed in many bee 

colonies (Chen et al., 2004). At least 18 different viruses exist in honey bees (Bailey 

and Ball, 1991) with six of them; Sacbrood virus (SBV), Deformed wing virus 

(DWV), Acute bee paralysis virus (ABPV), Black queen cell virus (BQCV), Chronic 

bee paralysis virus (CBPV), and Kashmir bee virus (KBV) most commonly linked to 

bee disease. These viruses have strong impacts on managed bee populations, 

pollination services, and honey production on several continents (Allen and Ball, 

1996; Nordstrom et al., 1999; Ellis and Munn, 2005, de Miranda et al., 2010).  DWV 

and ABPV have been linked to parasitic mite loads, while Chronic bee paralysis 

virus (CBPV) and the related Lake Sinai viruses are also widespread and tied to 

significant losses in honey bee colonies (Runckel et al., 2011; Ravoet et al., 2013). 

Sacbrood virus is the only common virus of developing bees, and this virus is not 

generally implicated in adult bee mortality or morbidity (Anderson and Gibbs, l989). 
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Two species of Microsporidia, Nosema apis and Nosema ceranae, are widespread 

parasites of adult honey bees. N. apis is a long-standing infection agent of the 

European honey bee, A. mellifera, (Zander, 1909) that causes nosemosis, a disease 

with mild virulence. N. ceranae was first found as a parasite of the Asian honey bee, 

Apis cerana (Fries et al., 1996) although this species is now widespread throughout 

the range of A. mellifera (Fries et al., 2006, 1996; Paxton et al., 2007) arguably 

thanks to worldwide trade in bees (Klee et al., 2007) and perhaps pollen 

supplements. Honey bees can be co-infected with both Nosema species (Fries, 2010). 

Additionally, N. ceranae seems to be replacing N. apis worldwide (Klee et al., 

2007). In association with Nosema infections, several viruses can signiýcantly aǟect 

the apparent virulence of Nosema (Bailey and Ball, 1991). 

Trypanosomes are a varied group of parasites that infect insects (Merzlyak et al., 

2001). Crithidia bombi, a trypanosome that infects bumble bees, has effects on 

behaviour (Gegear et al., 2005) and longevity during stressful conditions (Brown et 

al., 2003). Trypanosomatid parasites parasitize the mid- and hindguts of their hosts 

(Lange and Lord, 2012) and can be widespread (Langridge and McGhee, 1967; 

Schmid-Hempel and Tognazzo, 2010). The current role of trypanosomes in honey 

bee health is not clear (Schwarz and Evans, 2013), although they have been 

recognized as possible correlates with bee declines in two field surveys (Runckel et 

al., 2011; Ravoet et al., 2013). The most common honey bee trypanosomatid 

currently is distinct from the species Crithidia mellificae described by Langridge and 

McGhee (1967), and has recently been named as Lotmaria passim (Schwarz et al., 

2015). 

Spiroplasmas are particularly virulent pathogens that are found in various 

environments and implicated as pathogens of plants, vertebrates and insects. They 

have a seasonal occurrence associated with the nectarines and surfaces of flowers 

(Markham and Townsend, 1981; Williamson et al., 1989). Adult honey bees are 

parasitized by two species of bacteria, Spiroplasma apis (Mouches et al., 1983) and 

Spiroplasma melliferum (Clark et al., 1985). Upon invading the hemolymph, these 

bacteria can cause a fatal disease called spiroplasmosis or May disease. Gut 

microbiota of animals living in social communities may influence their health with 

their functions related to nutrition, immune responses and resistance against 

pathogens (Dillon et al., 2004, Round et al., 2009). 
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 Surveys of 16S rDNA sequences from the honey bee indicate the presence of eight 

predominant species (defined as strains sharing >97% 16S rRNA identity) which 

account for 95% of the resident bacteria (Moran et al., 2012). These species include 

the beta-proteobacterium Snodgrassella alvi (family Neisseriaceae) and the gamma-

proteobacterium Gilliamella apicola (family Orbaceae), the dominant Gram-

negative members of the gut community, with each comprising up to 30ï39% of the 

microbiota (Moran et al., 2012). 

1.13. Metatranscriptomics analyses of Turkish honeybee subspecies 

The surveillance and discovery of novel pathogens via high-throughput sequencing 

can provide a relatively unbiased view of pathogens and microbes associated with 

insects and other arthropods (Vayssier-Taussat et al., 2013; Bishop-Lilly et al., 2010; 

Ma et al., 2011). Recent efforts based on these technologies have uncovered novel 

and unexpected taxa associated with honey bees (e.g., Cox-Foster et al., 2007; 

Runckel et al., 2011; Cornman et al., 2013;) and have provided estimates of normal 

microbial levels versus those of diseased colonies.  Turkey is one of the Worldôs 

most important centers of apiculture, with managed and wild populations of 5 

subspecies of Apis mellifera L. including A.m caucasica, A.m syriaca, A.m 

anatoliaca, A.m meda and an ecotype in Thrace belonging to the carnica subspecies 

group which is distinctly different from the subspecies found in Anatolia (Figure1) 

(Kandemir et al., 2000; Bodur et al., 2007; Tunca, 2009; Tunca and Kence, 2011). 

These subspecies cover approximately 20% of honey bee subspecies in the world. 

Our purpose here was to determine the regional prevalence of bacterial pathogens, 

viruses, fungi, parasites, protists, and symbionts and to compare their loads in areas 

where migratory and stationary beekeeping is practiced in Turkey. Monitoring 

viruses and other disease agents can help solve problems related to the health of 

stationary and migratory honey bee colonies and limit or avoid their spread. 

Although commercial migratory beekeeping practices are necessary for pollination 

and crop production, their effects on honey bee colony health and pathogen 

transmission should be addressed. We used transcriptome analyses to survey a wide 

range of pathogens and to detect unexpected or rare taxa.  
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RNA-seq technology allows the precise detection of rare transcripts by mapping 

reads against inclusive sequence databases, reducing the repetitive effort and 

possible biases of conventional molecular diagnostics (Minoche et al., 2011). 

Identification and confirmation of select virus and pathogen loads was confirmed by 

quantitative RT-PCR. Our survey was aligned with the European Honey bee colony 

loss network (www.COLOSS.org) survey, and was conducted to determine the 

colony losses in many regions representing honey bee diversity in Turkey. By using 

metagenomic analysis, our results provide new incidence records of the virome and 

microbiome in search of etiologically unexpected or previously unknown agents 

among 10 distinct provinces in Turkey and suggest a higher viral prevalence, and 

increased losses, in migratory beekeeping operations. Apis mellifera is an 

economically and ecologically important model organism and identification of 

pathogens and other microbes can have extensive implications for current practices 

in apiculture and agriculture. 
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Figure 5 Healthy capped brood (with some uncapped cells) with honey bees 

(Obtained from cookevillebeekeepers.com ) 

2.3. N. ceranae inoculum preparation 

The midguts of 20 heavily infected live bees were removed by using forceps. They 

were smashed in 1 ml of distilled water (or molecular grade water) in eppendorf 

tubes and centrifuged at 6000 or 10.000 rpm for 5-10 minutes. Then supernatant was 

removed and only the pellet was used. Pellet was dissolved in 1 ml water and the 

spores per microliter was counted by using light microscope.  

2.4. N. ceranae spore count  

The spore count was done with a Neubauer hemacytometer counting chamber 

(Figure 6). The spore suspension was added to the chamber and covered by a 

coverslip. Capillary action took place for the area under the coverslip to be filled. 

After waiting for the suspension to settle down, 40X objective was used to focus on 

the counting chamber. 

Rulings covered 9 square millimeters. The central square composed of  25 middle 

sized square groups including 16 small squares. Triple lines separated each group 

and the middle line was the boundary. The volume of each 16 small squares is 

0.00025  mm
3
 because the ruled surface is 0.10 mm below the cover glass 

(https://www.mannlakeltd.com). 
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Figure 6 Neubauer hemacytometer ruling (Obtained from www.mannlakeltd.com) 

All the spores were counted in the block bounded by the double lines. Also the 

spores were scored that cross the double lines on the upper or right side but the ones 

that were on the lower or left side werenôt counted. 5 blocks of 16 squares were 

counted to maintain a good average. 

2.5. N. ceranae infection experiments  

Plastic hoarding cages with 25 cc volume, plastic pasteur pipettes to feed the bees 

with sugar solution, 10 and 20 Õl pipettes to feed each bee with 5 Õl sugar solution 

with/without N. ceranae spores, vortex for mixing the sugar solution with N.cerenae 

spores prior to infection trials and incubator that was adjusted to 34 Ñ ÁC were the 

materials used in the infection experiments. 

One day old bees couldnôt fly and sting, thus it was easy to handle them. One day 

after eclosion, each of the honey bees were inoculated with 5 Õl of sucrose solution 

containing N .ceranae spores by touching a micropipette to their mouthparts until the 

entire droplet was consumed. 10.000 (10K) spores per bee which is a standard 

minimum dose (Fries et al., 2013) that has been shown to produce infection 

(Forsgren and Fries, 2010; Suwannapong et al., 2011, Goblirsch et al., 2013) were 

used for inoculations. The bees that did not consume the entire droplet were 

discarded. 
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 Control bees consumed 5 Õl of sucrose solution without N. ceranae spores. Workers 

from 10 colonies (n = 20 for each colony) were placed in plastic hoarding cages 

(Figure 7), which had a feeder (sterile pasteur pipette or 15 ml falcon tubes) 

containing 1:1 ratio of sucrose solution. All cages were kept in an incubator at 34 Ñ 1 

ÁC with 55 % humidity.  

 

 

Figure 7 The plastic containers where the honey bees were kept for the experiments 

2.6. Monitoring locomotor activity of N .ceranae infected honeybees 

Drosophila activity monitoring (DAM) system was used to measure locomotor 

activity of 5 different subspecies of the honey bee, Apis mellifera L. for 12 days 

following the infection by N .ceranae.  Activity monitoring system (Figure 8) is 

simple but experimentally operative and it has a high resolution. Each unit of the 

activity monitoring system has 32 independent activity channels which measure 

activity by using three infrared beams and sensors to guarantee that recordings are 

accurate.  Every single bee was placed into the activity monitor in a 15 ml falcon 

tube. The movements of the honey bees were sensed via the infrared irradiation 

source around the middle portion of the tube. These movements were recorded by the 

computer. The activity monitor can take measurements with 1 sec., 2sec, 3 sec, 4sec, 

5sec, 6sec, 10sec, 12sec, 15sec, 20sec, 30sec, 1 min, 2 min, 3 min, 4 min, 5 min, 6 

min, 10 min, 12 min, 15 min, 20 min, 30 min and 60 minutes intervals. The 

measurements were made with 1 minute intervals in the experiments. The times that 

the honey bees had passed through the middle part of the tube in every minute was 

recorded.  
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The monitoring period outlasted for 24 hours (1440 minutes). Thus everyday 1440 

movement data were recorded for every bee. The data were recorded by the 

TriKinetics Inc.ôs DAM System v3.03 software of the computer thatôs connected to 

monitors (www.trikinetics.com). 

 

 

Figure 8 Activity monitoring system 

 

Other than the 4 activity monitors, also an environment monitor is connected to the 

computer to control light, temperature and humidity in the incubator. Throughout the 

monitoring period, the temperature, humidity and the light amount were recorded in 

every minute. The monitoring experiment was done in the incubator which provided 

identical conditions of the natural environment of the honey bees with 34 Ñ 1 ÁC with 

55 % humidity in constant darkness. Any unusual change in experimental conditions 

could be determined by the environment monitor.  

The activity of a total of 120 honey bees, 60 of which were controls, were recorded 

for 12 days. 12 bees from each of 5 subspecies (A.m. caucasica, A.m. carnica, A.m. 

syriaca, Mugla and Yigilca ecotypes of A.m. anatoliaca) were included in 

monitoring experiments. Controls and N. ceranae infected bees were distributed into 

monitors randomly. The bees were fed with a candy that was filled in the cap of the 

15 ml falcon tube and the candy was covered with a cheese-cloth to ensure that only 

mouthparts of the bee would have access to the food, thus preventing the insect from 

getting stuck to the food.   
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Four holes were made on every tube to provide air circulation. After the monitoring 

period, the whole data was analyzed statistically with JMPÊ (SAS Institute, Cary, 

NC, USA, v.9). 

Trikinetics DAM system, originally generated for measuring locomotor activity in 

fruit flies and also facilitated high-throughput measurements of circadian rhythms in 

different honey bee groups. The commercial availability, cost-effectiveness, and 

integrated nature of this Drosophila activity monitoring (DAM) facilitates to 

measure the locomotor activity and circadian rhythms that regulates physiological 

and behavioral processes such as stages of sleep, spatiotemporal learning, sun-

mediated navigation, time perception, reproduction, mating, and division of labor 

(Moore and Rankin, 1985; Goodwin and Lewis, 1987; Bloch et al., 2001).  In 

Drosophila, genetics of thousands of mutant lines were screened by the existence of 

a simple, easily modified, low-cost and commercially available system for 

measurements of circadian locomotor activity and this easily modified system has 

been used in more than 600 publications (KjÞrsgaard et al., 2010; Hardin, 2011; 

Peschel and Helfrich- Forster, 2011). A chamber with an infrared beam that 

recognizes activity as the number of beam interruptions,  an interphase that will 

compile the data from the chamber and send it to a computer and  data acquisition 

software to convert the interphase data into legible files, are the  components that are 

necessary for infrared-based systems to measure locomotor activity (Guzman, 2014). 

2.7. RNA isolation for metatranscriptomics analyses of honeybee subpecies  

RNA was extracted from a pooled sample of 50 bees from each sampled colony, 

using an acid-phenol RNA extraction method. 50 intact bees were placed into mesh-

divided Bioreba bag (or any 1-quart zip-loc bag) and 15 ml (or 25 ml for 50 bees) 

Lysis Buffer were added. Then the ingredients were smashed with rolling pin until 

bees fully broken. Liquid was massaged to mix fully. 620 ul of the mixture was 

drawn off and 380 ul acid phenol (pH 4, Sigma) was added, vortexed and incubated 

at 95
o
C for ten mins. After cooling to room temperature, 200 ul chloroform was 

added. The mixturewas vortexed for 15 seconds and incubated at room temperature 

for 2 to 3 minutes. The samples were centrifuged at 10,000 X g for 15 minutes at 4ÁC 

and upper aqueous phase was collected into fresh tube containing 500 ul isopropyl 

alcohol and vortexed.  
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(At this stage, the samples can be shipped at room temperature one week). Samples 

were incubated at RT for 10 minutes and centrifuged at 10,000 X g for 10 minutes at 

4ÁC. The supernatant was removed and 1 ml 75% ethanol was added to the pellet and 

vortexed briefly. Samples were centrifuged at 7,000 X g for 5 minutes at 2 to 8ÁC. 

The liquid was poured off and centrifuged 30 s and the remaining EtOH was pulled 

off with pipette. RNA pellet was air-dried for 5-10 minutes and dissolved in 50 ul 

RNase-free water by incubating for 10 minutes at 55 to 60ÁC (Evans et al., 2013). 

2.8. RNA isolation for  immune genes expression analyses 

For immune genes expression analyses, RNAs of 12 control and 12 infected bees for 

each of the 5 subspecies were isolated. RNase-free bench, pipettes, tips, pestles and 

1.5 ml microcentrifuge tubes are needed before the extraction. RNAse Zap (Ambion) 

was applied to treat bench tops and other glass and plastic surfaces to prevent RNAse 

contamination. RNaseïfree disposable tips, pestles, and microcentrifuge tubes and 

nuclease-free, cold 75-80% ethanol and 100% isopropanol were made ready to use 

prior to the exraction. TRIzol
È
 (Invitrogen, Carlsbad, CA) and other reagents needed 

were at room temperature and the isolation process was done in a vented fume hood. 

It was important to work quickly with bee tissue to avoid RNA degradation 

(http://www.coloss.org/beebook). 

500ml of TRIzol
È
 was added to frozen bee abdomens in 1.5 ml tubes. The tissue was 

mashed with a sterile pestle until completely homogenized. Another 500ml 

TRIzol
È
 was added and inverted several times to mix. The homogenized sample was 

incubated at room temperature for 3-5 minutes to allow complete dissociation of 

nucleoprotein complexes. 200 ul chloroform was added into homogenized sample. 

Sample tube was capped securely and shaked by hand for 50 times and incubated at 

room temperature for 3 minutes. The sample was centrifuged at 10, 000 rpm for 10 

minutes at 4 ÁC. Following centrifugation, the mixture was separated into a lower 

red, phenol chloroform phase and a colorless upper aqueous phase. RNA remains in 

the aqueous phase. For the RNA precipitation and RNA wash steps, the aqueous 

phase was transferred to a fresh tube. 500 ul of isopropyl alcohol was added into the 

tube and the sample was incubated at room temperature for 10 minutes and 

centrifuged at 12, 000 rpm for 15 minutes at 4 ÁC. The RNA precipitate formed a 

pink pellet on the side and bottom of the tube.  
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The supernatant was poured off and the RNA pellet was washed with 1 ml of 75% 

ethanol. The sample was mixed by vortexing and centrifuged at 8000-10, 000 rpm 

for five minutes. The supernatant was poured off and the excess ethanol was 

removed. RNA was dissolved in 50 ul of RNAse-free water and stored at -80ÁC 

immediately (http://www.coloss.org/beebook). 

RNAs were quantified by Nanodrop ND-1000 (Thermo Fisher 

Scientific,Inc.Wilmington, Delaware, USA) . By loading 2 ul of each sample, the 

absorbance ratios of A260/280 and A260/230 were measured and DNA 

concentrations were quantified in ng/ul (Appendix C and D). 

2.9. cDNA synthesis and real time qPCR 

RNA extracts were used to generate first and second-strand cDNAôs using random 

hexamer primers and the reverse transcriptase Superscript IIÈ (InvitrogenÊ), as 

described in vanEngelsdorp et al., (2009). Pathogen loads were estimated using real-

time quantitative-PCR (qPCR) and a Bio-Rad CFX-96Ê thermocycler. 

Complementary DNA (cDNA) was generated from 1 Õg RNA template and was 

amplified in a separate 20 Õl final reaction volume of Sso-FastÊ SYBRÈ Green 

reaction mix (Bio-RadÊ) for each diagnostic primer pair. Published primers for N. 

ceranae, apidaecin, abaecin, defensin, hymenoptaecin, eater and vitellogenin genes 

were used (Table 1). We also used published primers to survey for SBV, KBV, 

IAPV, DWV, ABPV, BQCV, trypanosomes (vanEngelsdorp, et al., 2009), AFB 

(Evans, 2006), Nosema ceranae  (Fries et al., 2013) and Nosema apis (Schwarz and 

Evans, 2013), Spiroplasma apis and Spiroplasma melliferum (Schwarz et al., 2014). 

Honeybee ribosomal protein S5 (RPS5) and Ç-actin were used to normalize for 

cDNA content and to filter samples for degradation or experimental losses. 
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Table 1 Oligonucleotide primers and sequence identification for real-time 

quantitative RT-PCR 

Locus F-Primer (5' -3') R- Primer (5' -3') 

Ç-actin TTGTATGCCAACACTGTCCTTT TGGCGCGATGATCTTAATTT 

N. ceranae GTCGCTATGATCGCTTGC TATTGTAGAGAGGTGGGAGATT 

Abaecin CAGCATTCGCATACGTACCA GACCAGGAAACGTTGGAAAC 

Apidaecin TAGTCGCGGTATTTGGGAAT TTTCACGTGCTTCATATTCTTCA 

Hymenoptaecin CTCTTCTGTGCCGTTGCATA GCGTCTCCTGTCATTCCATT 

Defensin-1 TGCGCTGCTAACTGTCTCAG AATGGCACTTAACCGAAACG 

Eater CATTTGCCAACCTGTTTGT ATCCATTGGTGCAATTTGG 

Vitellogenin AGTTCCGACCGACGACGA TTCCCTCCCACGGAGTCC 

 

A thermal profile of 95Á C for 30 s followed by 95Á C for 5 s and 60Á C for 30 s was 

used. Steps two and three were repeated for a total of 50 cycles and included plate 

reads for florescence during each 60
o
C step. Following the cycle program, products 

were denatured for 10 s at 95Á C., reannealed and then a dissociation profile was 

measured between 69Á C and 95Á C at an increment of 0.5Á C to provide evidence for 

reaction fidelity (Evans, 2006). Positive and negative control reactions were run on 

each 96-well plate. Pathogen loads (ȹȹCT = CTcontrol- CTtarget) were determined 

as the difference between the CT of actin and the CT of each target (ȹCT), scaled up 

from the minimal ȹCT across all samples (Evans, 2004 and Evans et al., 2006). CT 

values for both studies were provided in Appendix C and D.  

2.10. PCR Purification and sequencing 

RT- PCR products were selected for sequencing to confirm the identities of products 

indicating the trypanosome, L. passim, and the bacteria S. apis and S. melliferum. 

These PCR products were purified using QIAquick PCR purification kit according to 

protocol recommended by manufacturer, and then were sequenced commercially by 

Macrogen (Rockville, MD, USA) DNA sequence similarity with trypanosomes, S. 

apis and S. melliferum, was confirmed using the BLAST search tool (Altschul et al., 

1990) from the U.S. National Institutes of Health and searches against the National 

Center for Biotechnology Information (NCBI) nr database . 
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PCR purification was done by using QIAquick PCR Purification Kit. Spin-column 

technology with the selective binding properties of silica membrane and special 

buffers enables efficient recovery of DNA and removal of contaminants in each 

specific application. During purification process, in the presence of high 

concentrations of salt, DNA adsorbs to the silica membrane while contaminants pass 

through the column. Impurities are thoroughly washed away, and the pure DNA is 

eluted with Tris buffer or water. Buffer PB contains  hydrochloride and isopropanol 

and allows the efficient binding of single or double-stranded PCR products as small 

as 100 bp and removes (99.5%)of primers up to 40 nucleotides. The buffer PB 

contain a pH indicator, for easy determination of the optimal pH for DNA binding. 

During the DNA adsorption step, unwanted primers and impurities do not bind to the 

silica membrane but flow through the column. Buffer PE which contains ethanol 

wash away the salts. Any residuals of Buffer PE that has the risk of interfering with 

subsequent enzymatic reactions, is removed by an additional centrifugation step.  

Elution is most efficient under basic conditions and low salt concentrations and its 

efficiency dependent on the salt concentration and pH of the elution buffer with 

maximum efficiency between pH 7.0 and 8.5. Thus, DNA is eluted with 50 or 30 Õl 

of the provided Buffer EB (10 mM TrisĿCl, pH 8.5) (www.quiagen.com). 

5 volumes of Buffer PB was added to 1 volume of the PCR sample and mixed. 

Samples were applied to the QIAquick column (2 ml collection tube) and centrifuged 

for 30ï60 s. Flow-through was discarded and the column was placed back into the 

same tube. To wash, 0.75 ml Buffer PE was added to the column and centrifuged for 

30ï60 s. Again, the flow-through was discarded and the column was placed back into 

the same tube and the column was centrifuged for an additional 1 min. The columns 

are transferred in clean 1.5 ml microcentrifuge tubes. 50 Õl Buffer EB (10 mM 

TrisĿCl, pH 8.5) or water (pH 7.0ï8.5) was added to the center of the QIAquick 

membrane to elute DNA and the column was centrifuged for 1 min 

(www.quiagen.com). Additionally, DNAs were stored at ï20 ÁC. 
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2.11. High throughput sequencing and data analysis 

High throughput sequencing was performed with the pooled samples from stationary 

colonies of each region and all RNA samples were pooled before sequencing (n= 6 

ILLUMINA RNA libraries). Libraries were run on paired-end 100-cycle reactions 

and flow cells using Illumina Hi-Seq 2000 machines at the University of Maryland 

Institute of Genome Sciences. Sequences for all six libraries have been deposited at 

the US National Institutes of Health NCBI óHoney Bee Disease Databaseò Bioproject 

(PRJNA52851). 

After trimming and quality control of the generated sequences, transcriptomic 

analysis was done with the support of CLC Genomics Workbench 7.0.3 (CLC Bio, 

Aarhus, Denmark) by mapping sequencing reads and counting and distributing the 

reads across genes and transcripts based on annotated reference genes (Figure 9). 

During the alignment, 2 mismatches were allowed with deletion cost of 3, insertion 

cost of 3, length fraction of 0.8, similarity fraction of 0.8 and maximum 10 hits for a 

read.  For statistical analyses, proportions-based tests were used for the comparison 

of the counts by considering the proportions that they comprise of the total sum of 

counts in each sample.  

Multi -group comparison was done by weighted t-type test statistic Baggerlyôs test 

(Baggerly et al., 2003). FDR (False Discovery Rate) corrected p- values were 

calculated according to the methods of Benjamini and Hochberg, (1995) to determine 

the statistical significance of the pathogen load. 

Real time q-PCR data statistics were performed by using JMPÊ (SAS Institute, 

Cary, NC, USA, v.9). A oneȤway analysis of variance was used to test differences 

between group means. The total variability in the response was divided into two 

parts; withinȤgroup variability and betweenȤgroup variability. The differences 

between the group means were considered to be significant if the betweenȤgroup 

variability was broader relative to the withinȤgroup variability. Multiple comparisons 

of group means were done by using pooled variance estimates for these means. 

Studentôs t-tests were computed for each pair of group levels and individual pairwise 

comparisons. 
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 Matrix of correlation coefficients that summarized the strength of the linear 

relationships between each pair of response variables was calculated and Pearson 

product-moment correlations for each pair of variables were listed. Correlations and 

the significance probabilities were calculated by the pairwise deletion method and 

the count values differed if any pair had a missing value for either variable. 

 

 

Figure 9 Flow chart showing analytical steps for mapping ILLUMINA RNA-seq 

reads against an annotated bee microbial dataset. 

 

2.12. Statistical details of JMPÊ analysis  

Statistical analysis of immune gene expression results were done by JMPÊ (SAS 

Institute, Cary, NC, USA, v.9). Scatterplots and some graphs were used to visualize 

relationships between variables.  
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Those relationships between variables were analyzed and described numerically and 

predictions about the average value of one variable (Y) from the value of another 

variable (X) can be made by using a model. The RSq value is the measure of model 

accuracy and the percentage of variability and a value closer to 1 means a model is 

making a good prediction.  

2.12.1. Leverage plot details 

Effect leverage plots were generalized to apply to any linear hypothesis by Sall 

(1990). According to a hypothesis that accepts an effect as zero, effect leverage plots 

shows observations when the other effects are in the model. The whole model 

leverage plot indicate the observations regarding all effects are hypothesized to be 

zero. 

2.12.2. Construction details 

The hypothesis of interest is supposed as, 

 

The parameter assessment restricted by the hypothesis can be written 

 

Here b is the least squares measure 

 

and lambda which is  óLagrangian multiplierô for the hypothesis constraint, 

calculated by 

 

The restricted and hypothesis-restricted residuals are, respectively, 
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x-axis value can be considered as vx which is the restricted residual minus the 

unrestricted residual, r0 - r, and y-axis value vy which is the unrestricted residual plus 

x-axis value. The points includes coordinates of x and y from the basis of the 

leverage plot with the response mean is 0 and slope of the solid line is 1,  

 and  

A dotted horizontal is present line at the mean of the response  in leverage plots. 

The plotted points are given by (vx + , vy) (http://www.jmp.com/support/help). 

2.12.3. Superimposing a test on the leverage plot 

The confidence limits for the expected value of the response can be plotted as a 

function of the predictor variable x 

Upper (x) =  

Lower (x) =  

where x = [1 x] is the 2-vector of predictors. 

The significance of the hypothesis test can be assessed visually with these confidence 

curves. The confidence curves cross the horizontal line at the response mean when 

the slope parameter is significantly different from zero. But if  there is no 

significance, they do not cross the horizontal line at the mean of response. The 

confidence curve does not reach the horizontal line at the mean response if  the t test 

for the slope parameter is situated right on the margin of significance. 

When a point on the x-axis is marked by z, and functions are defined as, 

Upper(z) =  

and 

Lower(z) =  
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F refers to F statistic for the hypothesis and  is the reference value for 

significance Ŭ. , where  represents  a row vector including 

suitable middle values for the predictors, such as their means. Upper(z) - Lower(z) is 

an accurate confidence interval for the predicted value at z. The confidence functions 

cross the x-axis when the F statistic is greater than the reference value. However they 

do not cross, if F statistic is less. The confidence functions have the x-axis as an 

asymptote in some cases as F statistic is equal to the reference value 

(http://www.jmp.com/support/help). 

 

The illustration of a Generic Leverage Plot  indicates how residuals are interpreted in 

the leverage plot (Figure 10). The residual for a model including the effect is 

represented by the distance from a point to the line of fit and the residual error 

without the effect in the model is the distance from the point to the horizontal line. 

This can be stated as the hypothesized value of the effect is restricted to zero and the 

model is represented by the mean line in the leverage plot. 

 

 

Figure 10 Illustration of a Generic Leverage Plot (Obtained from 

http://www.jmp.com) 

 

http://www.jmp.com/support/help/Row_Diagnostics.shtml#184226
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2.12.4. Correlation of estimates 

The correlation matrix is computed to estimate the presence of collinearity. For 

insight on the construction of this matrix, consider the typical least squares 

regression formulation. For the construction of the matrix, in the formula, the 

response (Y) is a linear function of predictors (xôs) plus error (Ů): 

 

The predictor values are considered to be fixed and the response value is considered 

to be a comprehension of a random variable for each observation. 

Thus, the coefficients , can be estimated for any set of Y values. The 

correlations of the parameter estimates based on the predictor values and a term 

symbolizing the intercept. The response values has no impact on the correlation 

between two parameter estimates (Belsley et al., 1980).  

In a data set with n observations and p - 1 predictors, X is the n by p matrix and its 

first column consists of 1s and the remaining p - 1 columns consist of the p - 

1 predictor values. The measure of the vector of the coefficient of regression is, 

 

where response values are represented by Y.  Under the standart assumptions, the 

covariance matrix of is 

 

where refers to the variance of the response (http://www.jmp.com/support/help). 

When each entry in the covariance matrix is divided  by the product of the square 

roots of the diagonal entries, the correlation matrix can be estimated. V is described 

to be the diagonal matrix having the entries as the square roots of the diagonal entries 

of the covariance matrix: 
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Then the correlation matrix is : 

 

 

2.12.5. Degrees of freedom 

The degrees of freedom are calculated using the Kenward and Roger correction for 

tests including only linear combinations of fixed effect parameters (Kenward and 

Roger (1997).  

2.12.6. Multiple  comparisons 

The aim of making multiple comparisons is to compare group means with an overall 

average mean (Analysis of Means) and with a mean of a control group. The 

Studentôs t Tests are conducted to make pairwise comparisons of the effect least 

squares means with confidence intervals by just controlling the error rate for an 

individual comparison. Least Squares Means estimates can be computed to make 

comparisons when the model consists of nominal and ordinal effects. The Least 

Square Means Studentôs t Test depends on the standard independent samples with 

specified significance level (http://www.jmp.com/support/help). 

2.12.7. LSMeans table 

By using the model for the levels of a categorical effect, least squares means are 

predicted while the other model factors are set to neutral values. Standard error of 

the least squares mean for each level are also computed with upper and lower 95% 

confidence limits. The neutral value is the sample mean for a continuous effect. The 

average of the coefficients for an effect is described as the neutral value for a 

nominal effect which is not included in the effect of interest. The first level (baseline 

or control level) of the effect in the value ordering can be defined as the neutral value 

for an uninvolved ordinal effect. Comparisons can be made among Least squares 

means which are also called adjusted means or population marginal means. They can 

differ from simple means (response sample mean) when the values for other effects 

in the model do not balance out across the effect. Least Square Means Plots are 

constructed to show least square means for nominal and ordinal main effects and 

their interactions (http://www.jmp.com/support). 
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2.12.8. One way analysis of variance 

Using the One way or Fit Y by X platform, you can explore how the distribution of a 

continuous Y variable differs across groups defined by a single categorical X 

variable. A one-way analysis of variance tests for differences between group means. 

The total variability in the response is composed of within-group variability and 

between-group variability. The differences between the group means are accepted to 

be significant, if  the between-group variability is large in comparison to the within-

group variability.  The response points for each X factor value and the comparison of 

the distribution of the response across the levels of the X factor are displayed by 

One-way plot (http://www.jmp.com/support/help). 

2.12.9. Rsquare and Adj  Rsquare 

R
2
 is calculated according to this equation, 

 

Adj is calculated with this formula, 

 

 (http://www.jmp.com/support/help). 
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Table 2 Variance analysis of N.ceranae expression by treatment (ó*ô significant). 

Source DF Sum of 

Squares 

Mean 

Square 

F Ratio Prob > 

F 

Treatment 1 38513.232 38513.2 1186.159 <.0001* 

Error  215 6980.804 32.5   

C. Total 216 45494.036    

 

 

 

Figure 12 One way analysis of N.ceranae expression by class (C = Control, I = 

Infected) (ó*ô significant) 

 

Table 3 Variance analysis of N.ceranae expression by class (ó*ô significant). 

Source DF Sum of 

Squares 

Mean 

Square 

F Ratio Prob > F 

Class 9 41898.486 4655.39 268.0161 <.0001* 

Error  207 3595.550 17.37   

C. 

Total 

216 45494.036    
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Table 4 Effect tests on N. ceranae expression (ó*ô significant). 

Source Nparm DF Sum of 

Squares 

F Ratio Prob > F 

Race 4 4 1320.979 19.0126 <.0001* 

Treatment 1 1 38581.776 2221.198 <.0001* 

Race*Treatment 4 4 2012.092 28.9596 <.0001* 

 

3.2. Vitellogenin expression 

Vitellogenin expression significantly increased as a result of exposure to N .ceranae 

for Carniolan race when comparisons were done by using Studentôs t- test (p = 

0.0005). It also increased for infected Syrian race when compared with control bees 

(non-significant). There was variation among subspecies for Vg expression (p < 

.0001) (Figure 13 and Table 5). The expression of Vg did not differ between the 

control and infected bees of Mugla ecotype and decreased a little for Caucasian and 

Yigilca honeybees. But these results were not statistically significant. Pairwise 

differences between the subspecies were analyzed by t- test. Two-way analysis of 

variance indicated the interaction between the race and treatment effects on 

vitellogenin response (SS = 86.1, F ratio = 3.2, p = 0.0132). Two-way ANOVA also 

showed a strong relation between the vitellogenin expression and race effect (SS = 

279.8, F ratio = 10.5, p < .0001) (Table 6). Vitellogenin transcripts of Carniolan 

subspecies (r =0.4296, p = 0.0029) and Syrian subspecies (r = 0.3408, p = 0.0205) 

showed correlations with N. ceranae.  
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Figure 13 One way analysis of vitellogenin expression by class (C = Control, I = 

Infected) (ó*ô significant). 

 

Table 5 Variance analysis of vitellogenin expression by class (ó*ô significant). 

Source DF Sum of 

Squares 

Mean 

Square 

F Ratio Prob > 

F 

Class 9 395.6631 43.9626 6.6259 <.0001* 

Error  203 1346.9002 6.6350   

C. Total 212 1742.5633    

  

Table 6 Effect tests on vitellogenin expression (ó*ô significant). 

Source Nparm DF Sum of Squares F Ratio Prob > 

F 

Race 4 4 279.75542 10.5409 <.0001* 

Treatment 1 1 18.63311 2.8083 0.0953 

Race*Treatment 4 4 86.11923 3.2449 0.0132* 
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