














We contrast microbial matches across different sites in Turkey, showing new country
recordings of Lake Sinai virus, tw8piroplasmabacterium species, symbionts
Candidatus Schmidhempelia bombirrischella perrara Snodgrassella alyi
Gilliamella apicolg Lactobacillus spp, neogregarines, and a trypanosome species.
By using metagenomic analysis, this study also reveals deep molecular evidence for
the presence of bacterial pathogeMegl{ssococcus plutoniy®aenibacillus larvag
Varroa destructofl virus,Sacbrood virusApisfilamentous virus and fungi. Despite

this effort we did not detect KBV, SBPV, Tobacco ringspot virus, VAMLV (Varroa
Macula like virus),Acarapis spp Tropilaeleps sppand Apocephalugphorid fly).

We discuss possible impacts mBnagement 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 treas, locomotor activity
differences of five honey bee subspecies uNorteranaeinfection and confirmed

the phylogenetic relationship between these subspdtwas observed that honey

bee immune system quickly activated defence mechanisms for dleofthe
subspecies after infection witN .ceranae which includes the increase in the

expression of genes encoding antimicrobial peptides.

Key Words: Apis mellifera pollination, Colony Collapse Disorder, RNA

Sequencing, bioinformatics, honey bee s@s, trypanosomes
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Central Iran and Caspian coast to Black Sea area, Caucasian Alpine region and
Anatolia harbours seven Middle Eastern subspegies). adami, A. m. anatoliaca,
A. m. armeniaca, A. m. caucasica, A. m. meda, Acypria, and A. m. syriaca
according to the morphometric analygRuttner, 1988).A. m. carnica, A. m.
anatoliaca, A. m. caucasica, A. syriaca,andA. m.medaare thefive subspecies of
A. mellifera;has been found in Turkgkandemir et al., 20Q0Tunca, 2009 Most
of the geographical regions of Turkey is constitutedAbyn. anatoliacainvolving
European Turkey, except for the northeastern part whene caucasic# observed
and A. m. medaexists in the southeastern part of the counfiiyrace region of
European Turkeys occupied byA. m. carnica(Palmer et al., 20Q0Tunca, 2009;
Tunca and Kence, 20},lwhile A. m. syriacaake part in south regionmgearHatay
(Kandemir et al., 2006).

The Carniolan honey beé\gis mellifera carnica,Pollmann)is distributed from
Turkey to southern Austria, Slovenia parts of Croatia, Bosnia and Herzegovina,
Serbia, Hungary, Romania, and Bulgafiraceregion includes Carnica honeybees

in Turkey (Kandemir et al., 2000). They share the same size with the Italian bee but
theydiffer from themby the short haired and dusky brogrey colored bodies with
lighter brown stripes an®.5 to 6.7 mm long tonguehich is well adjusted for
clover. Lighter colored or brown colored ringsid 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 reamaisagesistance to some disease
and parasites, gentle behaviours, ability to adjust the worker bee population to nectar
availability, gad 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 | ocally adapted ecotypes | ike Mujl a, Gi
bodes 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. Tlyehave poor ability to collect nectar but they show high adaptation to

various extreme climatic conditions with high power of reproduction (Ruttner, 1988).



A. mellifera caucasicaoriginates from Central Caucasus, Georgia and also
distributed in Turkey, Anenia and Azerbaijan. In Turkey, this subspecas 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 anghapes the same wittA.m. carnica They have the longest
proboscis (up to 7.2 mm) among Allmelliferaspecies (Ruttner, 1988).

A. mellifera syriacas distributed in southeastern Anatolia, Israel, Lebanon, Jordan
and Syria. They are found in HatayTarkey (Kandemir et al., 2000). They are the
smallest honey bee subspecies in Middle East by a pointed, slendeihastentt
abdomen and yellow coloration of the first three dorsal segments and a bright yellow
scutellum. Although their nectar collectios very good, management of these
colonies of bees is difficult owing to their high defensiveness (Ruttner, 1988). It is
much better adapted to survivetrexne summetemperatures in dritot regions

without any honey flow (Al Ghzawatal., 200h).

Mugla and Yigilca bees are ecotypes that are less well identified and need additional
investigation. Mugla bee is an ecotypefofm. anatoliacavith some different traits.
Becausat is adapted to foraging on the scale inddetrchalleina hellenicaon pine

trees it persists to produce brood to build up a large population in the autumn while
Anatolian bees in other regions halt producibgpod to prepare for winter
(Dojlamwpo] 2009) . Yégélca bees ar eA. ml so
anatoliacag with a larger size.
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Figure 1 Theprovincesand the distribution of honey beedspeciesn this study
(Tozkar et al., 2015)

1.2 Nosemosis

Nosemosis has been repori@sl an important honeybekseasethat is common in
most of the countries with beekeeping activities (Bailey and Ball, 1991)e
phylum Microsporidig are highly specialized fungi with 160 genera that consists of
1,300 species includinlosemaspp (Becnel and Andreadis, 1999; Weber et al.
1994).Nosema apisand Nosema ceranaare the parasites that belonggenus of
Nosemaand are known as causative agents of Nosembisema a@ Zander
which was firstly found imApis melliferalL. (Zander, 190pwas accepted as the main
agent of Nosemosifkecent studies indicated thdt ceranae a species oNosema
originally found in the Eastern honey beégjs cerana(Fries et al., 1996), is now
highly pathogenic to European honey b&ath higher prevalereandreplacingN.
apisworldwide (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 cofrfiisseparasitesexist
outside the host cell only as metabolically inactive sporesiespeérse between hosts

as spores thaerminate within the midgut.



High number of spores can invade the midgut of a honeybee and multiply in a small
time period after initial infectiofFranzen, 2005Bailey and Ball, 19911 Dysentery,
reduction in colony size and life span and decrease in crop products and honey
collection are the negative effects Mbsemaon honey bees (Malone, Giacon and
Newton, 1995).

Declines in population sizénoney production, lifesspan and higher autumn/winter
colony loss are signs dfl. ceranaeinfection in honeybee colonies (Fries et al.,
2006).The impacts oN. ceranaeare different fromN. apisrelated with pathology.

N. apis was observed in midgut epithelium (Fries, 1988) #&hdceranaewas
detected in tissues such as malpighian tubules and hypopharyngeal glands but not

seen in the muscles and fat tissues of infected (e et al., 200%).

When honeybee health and sualivof the colonies are considered, there are
conflicting reports about the effects Bl ceranaeinfections. In SpainNosema
causes colony collapse and Spanish ceranaeisolates were higly virulent in

laboratory infection experiments (Higes et al., 2008

The studies of Mayack and Naug (2009) and Paxton et al. (2007) did not support this
extreme virulence. Many studies about the prevalendéadranaedid not result in
collapse dthe colonies while having thr®ymptoms 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; Cekoster et al., 2007; Paxton et al., 2007; Tapaszti et al.
2009, Fries et al., 2006).

1.3 Origin and current distribution of Nosema cerana

The earlier detectiof N. ceranaewas reportedin its original host, the Asian
honeybeeApis ceranaat China in 1994 byFries et al. (1996).Despite its
pathogenecityfor A. melliferg it was believed that geographic distribution Nf
ceranaewas limited to Asia where ighe naturalallocation of A. cerana(Fries,
1997). Before 1994, t her e wa svidénte fomts existenceout of Asia
(Paxtonet al 2007, Klee et al., 200)( It has bem taking placein USA since 1995
(Chen et al., 200&ndin Europe such as in Finlasthce 1998 (Paxton et al., 2007).



Huanget al. (2008) s uggested that there areMot any tr
ceranaebetweenA. melliferaandA. ceranaby sequencingrRNA spacer regions in

N. ceranaesamples from both dney bee host species amdoul dn 6t find any
differences between sampl&hortly afterHiges et al.(2006) reported Nosema

ceranaeas the predominant causef Nosemosis in Spairthe occurenceof this

microsporidiumwas also confirmed inmany parts ofEurope, America and Asia

(Klee et al, 2007 Invernizzi et al., 2009Chauzat et al2007;Williams et al, 2008;

Chen et al 2008; Huang et al., 2007Fries et al 2006; CoxFoster et al., 2007,

Paxton et al 2007).

It seemsthat N. ceranaehas become aarising pathogen that habkroadenedts
distribution rangevia transferfrom Asian honey beed#\pis ceranato European
honey beedy replacingN. apis(Klee et al, 2007).This gradualreplacement process
was showed by investigations of historic samples of bees infected with
microsporidian spores (Paxtat al.,2007).No pure infections ofN. ceranae but
only mixed infections (17%) and puM: apisinfections (83%) wer@bservedwith
specific moleculadetection techijuesin a national survey study in Swed@fries
and Forsgren, 2008

Higher percentage df.. apisinfection thanN. ceranadnfectionwas also observed
among the bee samples from Austrd{aersch et al., 2009) his result might be a
unique case foNosemarevalence or result from a recent introductiodNateranae

in Australia compared to the other regions in the worklttiety of climate conditions
in different geographical regiomeight cause differences in distribution [dbsema

(Giersch et al.2009).

1.4 Natural and experimental infections byNosema

In cage experimentsN. ceranaehas increased virulencavhen injected into
European honey bee individugHdiges et al., 2007)and hgher pathogenecity d.
ceranaecauses reductions in honey yield and rismgrtality in winter in field
conditiors as well (Higes et al 2006. Starting from 1999 to 2005.a higher
prevalence andosss during the seasowere found to be two characteristics of
Nosemosis that were linked kb ceranaan Spain (Ma r -tH2emr n 8 n d,2007). et al



Paxton et al. (2007) also suggested a higher virulencd.foeranagn comparison

to N. apisin cage experiments.

Generallya positve link existsamong parasite reproductidmgh levels ofvirulence
and increased transmissi¢Ebert, 1998)But fitness of the parasite may be reduced
with high virulencein some circumstances reducedransmissiorcauses mortality.
Experimentakvidence using microsporidia infections demonsti#tes complicated
tradeoff between transmisson and virulencevivo (Berenos et al., 2009Despite
many studies from Spairclaimed that N. ceranaelead to collapse of colonies
(Martin- Hernandez et gl2007; Higes et al., 2088 cage experiments indicatéuat
the parasitehad no competing advantage inside the honeybee individiNds.
correlation was observetletween individual level virulenceand colony level

virulencein honey bee pathogefBries and Camazine, 2001).

Minor differenceswere seenin dose necessary for infectiorand duplication rates
betweernN. ceranaeandN. apis Individual bee mortality caused . ceranaewas
not higher than the results bl apis When spores were givesimultaneouslyno
competitive advantag®r N. ceranaewas observedavithin hostin mixed infections
in the study of Forsgreand Fries (2010).The high virulence oN. ceranaehas not
beendefinedin some other partef the worlddue to some factors. One of them
might be that N. ceranaehas effectsin assaiation with different virusesand
secondlydifferent strains ofN. ceranaamight differ in virulence and show variation
among regionsk-or examplefwo haplotypeswith differentlevels of virulence were
foundin samples fronNorth America, Europe and Asia (Williams et al., 20@3e
race, the pathogen exposurime, climatic or regional discrepanciesght be the

othercauseshatinfluencethevirulence ofN. ceranaglInvernizzi 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 ofN. ceranaen comparison withN. apis(Paxton et al., 2007) needs

to be proved in field colonies.



1.5. Colony oollapse disorder (CCD) or honeybee colony depopulatioryadrome
(CDS)

Recently,there has beesudden and excessiless of honeybee colonies Apis
mellifera spp), firstly reportedin Europeand theninfluencing other countries In
America, his situationhas been named Colony Collapse Disorder (CCD) and Honey
Bee Colony Depopulation Syndrong€DS) in Europe. Depopulation syndrome or
honeybee colony collapses manyeconomical and ecological impacts all over the
world and many studieshave tried to find outhe reason for the incident in which
strong coloniesabruptly become powerlessid seldomlydie (Faucoret al, 2002;
Stokstad, 2007).Reduced colony vigourgdecrased honeyproduction, severe
mortality in winterwithout anyobservablesigns sudden lossof adult beespoor
brood attentiorare he outcomes of this syndrom€olony breakdowrns the final
phasewithout anynoticeablandication of a disaséNosema ceranakave colonized
Apis melliferain bothstrongandunhealthyhoney bee coloniest the samextent of
time that thisincidencehas ben reportedworldwide and rapid dispersion dN.
ceranaemight be related witlthese problemé Ma rHte2rm 8 n d,&2@07;@ok- a |
Foster et al., 2007).

Higher virulence ofN.ceranaewas experimentally proved when injectedo A.
mellifera (Higes et al., 2007; Paxton et al., 2007), and natural infeshomwedsix
times higher risk of gradualdepopulationsyndromewith consequences afying
coloniesin autumn or water andreduced yield of honey Ma rHe2rmm 8 ndez et
2007, Higes et 3l1.200&). In the study of Paxton et al. (200N, ceranaeand N.
apis reached to the sanmefjual numberst individual levell4 days afterinfection
andthe decreasing lifesparmf N. ceranaanoculatedworkers washot asstriking as
the resultseported byHiges et al. (2006) but in the lattsiudy no compason was

done withN. apisinfected bees.

It hasbeenreportedthat N. ceranaemay havegreater developmentvithin its host
thanN. apisat different temperatures in the environm@vartin-Hernande et al.,
2009) and additionalyN. ceranaeplaces extrastresson beesrelated to nutrition
(Mayack and Naug, 2009; Naug and Gibbs, 2009), wiialy causealying forages
beesdistantfrom the hivebecause of risky foraging activitieShortage of resources
(pollen and nectar) may worsdmese effects di. ceranagNaug, 2009)pffering a

mechaistic model for CCDwith habitat loss.
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Researchers has natacled to an agreemeratbout themain causesf CCD or CDS
but it is believed that pathogehave a basic pam this situation(Higes et al 2006;
2008a; Mar-Henn 8 nde 2007 Manya dther reasonslike altered in
agricultural landpracticegWilliams, 2010 Naug, 2009)¢changes in the envinonent
such as lack of food and application of pesticidesve beemeportedas potential
effectsof thehoney bee colony lossedse firstreport about this emergent invasive
diseasdndicated N. ceranaen EuropearmA. melliferaas the main cause dfeavy
winter (20042005 colony collapsein Spain (Higes et al 2006).N. ceranaewas
suggested as a colony level virulent parasite leadmgcolony collapsein
professional apiaries i8painin 18 months otime period( Ma rHte2rmmand ®z et
2007; Higes et al., 2008

But N. ceranaewas recognied 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. melliferain the USA althoughN.ceranaewvas overrepresented in the collapsing
colonies (Cox-Foster et al., 2007)A similar opinion was also confirmedby
vanEngelsdorp et al2009) and Johnson et gR009). According to Chen et al.
(2008),N. ceranaéhave been present for mdken a decade in the UBurthermore,

no clear causal link vgafound between the arrival ™. ceranaeand increased

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

1.6.Biology of Nosema

Nosemadisease affects the digestive tract in hohegs.Spores ofN. ceranaewvere

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

using electron microscopy, it was seen that ceranaeconsisted ofstructural
charact e NaseamAi cgse nafs ¢ Ch e@nSpadas ofldosemaare2 0 0 9
tranderedto the adult beerally andas soon as they come to the fgidt, theygrasp

the gut cells with their uncoiled potfament and the nucleus of the spg@esinto

the cell. While living as parasites in the epithelial cells that line the interior of the
mid-gut, multiplication occurs rapidly resulting in more sporéke epithelial cells

enable the bee to digest the pollen in its dedtis by ppducingdigestive enzymes.

But the parasites expldite contents othesecellsand reduceghe gub s e f fini ci enc

thefood digestion and absorption and weaktenbee.



The cycle continues as the céllows up and producdbke new spores into the mid
gut and accumulate in rectum lpassing through small intestin8pores pass to
other workers whe they are shed invorker excreta8-20 eggs are laid by the
females and ittakes 912 days for the parasite to complete its life cy@ldheavily
infested worker be&es v e n ¢am ¢owtainl 3@ million spores(Bailey, 1981)
and spores pass to other b ee darkers are t a | cont
unable to take cleansing flights.gewinter) and are forced to defecate onto the
comb. The spores can stay viable in honey fe4 8onths and in dried feces on
combs for moe than a yearHiges and colleagues (2008imdicatedan inceased
viability of N. ceranaespores for at least 18 dayhl.ceranaespores viability
decreasedsignificantly by freezing but were resistant to high temperature and

desiccationKenoy et al., 2009
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Figure 2 The ovalshapedNosemaspores with bright with dark smooth edges under
phasecontrast light microscope

The samadntracellulargrowth in the ventricular cellsre observed foN. ceranae
andN. apis( Higeset al., 2007; Fries et al., 1996But Chen et.al (20Gf) detected

the presence oN. ceranaein other tissues such dg/popharyngeal andabvary
glands, fat bodies anmhalpighian 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 detediorcerfinaein

these glands could indicate the irontal transmission of the parasite via feeding and
fecal contaminationThe head, thorax, abdomeand ovary tissuefom naturally

infected queenesarried low levels oN. ceranagTraver and Fell2012).
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Although fat bodies are one of the main tiss@i@s Nosemainfection causing
whitish and bloated gut and indicating impaired fat metabolism in some other insects,
PCR signals oN. ceranaenere weak in the fat bodie®N. ceranaevas not detected
in the muscle tissues which might result in the absehceawlingbehavior in bees

infected withN. ceranagSokolova et al. 2006).

Somemetabolic changeare known to be triggered Byoseman the host (Bailey,
1981 such aschangedfatty acid structurein the hemolymphdecreasedrotein
levels causinga reduced hypopharengeal glandang and Moeller, 197Malone
and Gatehouse, 199&ndutilization of carbohydrates from the epithelial cells of the
gut lining Higes et al., 2007 It hasreportedthatN. apisstimulatesa high metabolic
need and behavioralchangeslike increasedage polyethism deviationsin task
distribution among honeybe¢®/ang and Moeller, 197QValone and Gatehouse,
1998. Behavior and physiology of honey beesmay have shifts because di.
ceranae(Goblirsch et al. 20L3Dussaubat et al. 20L3N. ceranaeinfections lead to
low levels ofcarbohydraten the hemolymphof foragers. AdditionallyN. ceranae
cause®nergetic stress, which accelaratestibegerwith an importantmpacton the
feeding behavior of beas the colony andalterstheir survivalby being morgrone

to forage undeunfavourableconditions(Mayack and Naug, 2009Within-nestbees
which were infected byN .ceranaewere more reactiveto sucrose and had less
eagerness to share tto®d with other bees, suggesting that they éschlating levels
of hunger(Naug and Gibbs, 2009\.ceranaeactivates oxidative stress and changes

hormonesynthesidy raisingethyl oleate content (Dussaubat et al. 2010, 2012).

The similar effect of Nosema sp. andV. destructoron flight behaviorsuch that
infectedforagers danot return to the colony, can leealuatecas a general response
of honey bees to diseagesnhance the colony surviviay decreasing pathogen load
within the colonies (Kralj and-uchs,2010). Additionally, there is a relation between
empty hivesacute paralysis virufABPV) andinfection with both Nosemaspecies
(Cox- Fosteret al., 2007).
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1.7. Diagnosisof Nosema

Early spring or late winter is suitable fodosemadetection. 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 diseask.is more proper to use aliveees for diagngs, but dead ones

can also be examinediagnosis ofNosemaequires light microscopy, or molecular
methodsMicroscopic detection can be made by using the midgut ingridients or feces
of the infected bees to diagnosethe presence of spores

(https://www.@untryrubes.com

Heavily infected bees mayavewhitish and bloatedventriculus(Figure 3) but there

are no visible symptoms ofN. apisinfected beegFries, 1997) andN. ceranaeas

well. It is difficult to differentiate the two species under a light microscope although
the spores olN. apis are a little biggerthan in N. ceranae The species can be
seperated by using trasnmission electron microscopy based on the information that
N. ceranaealways have fewer polar filament coils comparedi@pis(Fries et al.,

1996; Chen et gl2009. There aremany PCR based molecular protocols for the

diagnosis and identification of. apisandN. ceranae.

Figure 3 A healthy midgut which is brownish yellow in colour ahtbsemanfected
midgut which is white in colour as a result of the accumulation of spores (Obtained
from www.countryrubes.coim

The pathological consequences NMf ceranaein A. mellifera are different in
comparison withN. apisand are not known welthus the virulence oN. ceranae
causing colony depupulation should be describeBuropean races @&. mellifera
(Higes et al., 2006).
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1.8 Transmission and infectionof Nosema

There are seeral factors for the rapid and long distance occurende. @eranae.
Transportation of the infected bees by beekeepers (Klee et al., 200farsfdr of
sporesvia hive structures are the main factors (Van der Zee, 200@hin the hive

the infections are sprednly defecationof diseased bee€omb exchange between
hivesand apiary sitesfeeding bees with contaminated honey, splitting and uniting

contaminated hivesnabls theextentof Nosemarom hive to hive.

Corbicular pollen and commercial royal jelly can also trandWniteranaespores
(Cox-Foxteret al.,2007).Theimpactof time on the viability oN. ceranaesporesn
the hive needs to be investigatedlthough N. ceranaeviability was reduced
significantly by freezingviable sporesverefound inpellets which were thrown up
by the bee eating birtMerops apiastexhich showed the viability of spores of this
parasite over long distances by flying behaviours ofdsers (Higes et al2008b;
Valera et al.2011).

The otherfactors contributing spore transmission ase/arming robbing, drifting,
cleaning up the crushed bees wilosemaduring housekeeping activitiesifected
package queen wittvorker companions.Nosemaspores can exist imectors like
beekeeping equipment, honey, xyatc. and spread quicklguring normal hive /

colony manipulations( Edinburgh andMidlothian Beekeepe&s\ssociation 2009).

The occurrence dflosemadiseasevariesthroughoutthe year.The level of infection
increases rapidly in early spring and decreases gradually in late dpnsgitable
weather conditions restrict the flights of bees, thessclean fecesrom the combs
at the beginning of the spring when brood rearing sthrfisctions start to decrease
in the late spring, because infected bees begin to fly and excrete outsady
emerged, noserdaee bees replace the old ones which die dffie combs become
cleaner andhe infection is not observed summerbut there is ahays a risk of
reappearance asome infectionwithin an untreatedcolony 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 oNosemaliseaseDigestive tracinjury of the bee leads tdysentery and
makes the bee weakeminimizes the fruitful life of the worker, and lesseits
performanceo produce broodood and digest foodAs a result, colony growth and
productionof brood is influenced in earliseasor(Figure4). By usingthe epithelial

cell and its enzymes to reprodudbe parasitaleprives the bee of protein from
digested pollenThe development of the hypopharyngeal glaadd production of
brood food is inhibited by the lack of the protein. Ateduction n the fat bodies of
winter beesand reduction in the amino acid content of the haemolymph lea to

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 hivReducedegg production and life span of

infected queens result in supersedure.

The rapid replacement of infected queemsy be theesult ofN. ceranaedisease
that affectghe phy#ological activitiesand modifiegpheromonesynthesisof queens
(Alaux et al., 2011).

Figure 4 Dysentery symptoms on a comb causedbgemgleft). A colony
infected withNosemancluding a few number of adult bees (right). (Photos obtained
from www.countryrubes.com).

Diseased colonies usualave increasd winter lossesaman 6t i ncr ease

of the populationn spring withdecreased ey production.
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Sick bees crawling with their wings spread out omass of dead beasay be
observedon the groundn front of the hive inspring. Same characteristicsigns of
Nosemasuch ascrawling beesand dysenterynay not be observed b .ceranae
infections (Higes et al.,, 2008a).More usually, reduced longevity,gradual
depopulation (rather than fastcting, shordurationsyndrome)esshoneyyield and
increasing wintemutumnlosses arsigns ofN. ceranagFries et al., 206).

1.9.Managementof Nosema

Numerous control methods exist fr apisin western honey bees, including heat
treatment (Cantwell and Shimanuki, 1969), fumigation (Baile§957), and
replacement of aged equipmeg(iiries, 1988).Treatment andnanagement of the
disease\. ceranaeds the same as that described farapis Management includes
the steps of hive examination, monitoring, controlling and apiary housekeeping.
Examination of hive amponents and debris is importagspecially inspring to
check for theabnormalitiesin the colony.Monitoring of the apiaries and colonies
should be done regularly amckamination of the deadbloniesshould be madéo
prevent robbig and spread of any disease presérdnsfering the infected colony
on to clean comb and disinfection of comb and hive partsatisfactory.Comb
exchange betweenolonies without disease check amdroducing equipment or
colonies withoutknowing theirorigin and disease status should be avoideetic
acid can be used for sterilization of contaminated equipmenttf@dantibiotic
Fumi d (dicyclgh&glammonium fumagillincan be usetbr preventingNosema

in early spring and autumto inhibit reproduction of spore in bee gut but it is not
effective to kill the sporedf overwintering beeseceive antibioticthe occurenceof

Nosemacan become less the following spring(www. capabees.org/).

Fumagillin is effective in controllingN. ceranaenfections (Williams et al., 2008).

In someregionsof the world,N. ceranaediseasas treatedby the major commercial
medication fumagillin but in most parts of Eurogecept Spainusage of antibiotics

are bannedFries, 2010).Treatment of fumagillirhelp the colonies to survivend

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

N. ceranaanfections (Higes &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 methodNfoapis
treatment in Canada and United Statesrgalaand Gochnauer1969). LowerN.
apisintensities were dected after medication with fumagillin during the following
spring but there were no differences in survival profile with different concentrations
of fumagillin (Szabo and Heikel, 198Y In the bumble be&ombusoccidentalis
fumagillin was not effectiveagainst the closely related speciebl. bombi
(Whittington and Winston, 2003).

After giving 190 mg fumagillin (recommended dosage Norapig per colony for
eachN .ceranadreatment, no variation was observed among beekeepargtamns
(Williams et al.,2008 Williams et al., 201D

Brood comb should be replaced on a regular and plannedébasis 6 f r ame change:q
techniques can be used in heavily infected coloassoon as the colony grows

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

removed from the cells by the beesThe best method of controllingtep is

prevention bysustaininghealthy and strong colonies witletterhygienictendencis.

Placing hives at sunnyd®s instead of wet and damp areath well-ventilation

preventing excess moisture within the hive duringwirger, establishment of newly

emerging bees that aNbsemaree supplying adequate amount of horaad pollen

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

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

of NosemaFumigation with 6680% acetic acid vapour can be used to disinfect the

combs fromNosemaspores which camsurvive more than one year. Heating the
contaminated honey to 60UC f Queen8€n mi nutes
become infected withNosemathus queen replacement should be considerechfro

healthy and disease resistantonies(https://www.countryrubs.com).

Thymol and resveratrousageis an alternative way ta@ontrol Nosemadisease

without beingharmful to honeyDespite the fadthattoxic effects can be observed in
honeybees witligh concetrations of thyme essential oilebs which were fed by
thymol and resveratrol candiésd reducedNosemainfectiors and had prolonged

life with resveratrol prepared candpplication(Maistrello et al., 2008).
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It was also reported thatymol supplywas not toxido adulthoneyees (Ebert et al.,
2007) andnayrestrainNosemadisease in honelyee colonies (Yucel and Dogaroglu,
2005 Rice, 200}

1.10 Antimicrobial p eptidesin honeybee defense athanism

Insects use behavioral, physiological, physical and immune defenses to get rid of the
pathogens (Evans dnSpivak, 2010).Cuticles and the membranes covering the
digestive tract and changes in gut chemicals and@xdilsheim and Riessberger
Galle, 2001)re the first mechanical barriers to prevent infectious agents to enter and

invade.

Cellular and humoralmmunity occupy the second defence step (Boman, ;2003
Lavine and Strand, 2002Lellular immunity includes encapsulation, phagocytosis
and melanization (Osta et al., 200Fhird way of innate immune response is the
activation of prophenoloxidase (proPQ) & serine protease cascade resulting in the
synthesis of melanin and quinones (Cerenius e2@08).Eater is the main receptor
which recognizes and phagocytes bacteri@rosophila( Koc ks et a- . ,
Hasdemir and Silverman, 2005). Humoral iomity 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 wislgectrum of microorganismasteels 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 aatnbating withoxidative

stress has beaerlated toVg that isproducedin the fattissueof the abdomen and
transported to the ovaries and other tissues through haemolymph (Amdam and
Omholt, 2003; Nelsomet al.,2007, Coronat al.,2007).

Antimicrobial peptides are ongf the evolutionary ancient protector mechanisms of
invertabratesFour antimicrobial peptide gene families with different functions in the
innate immune system werdescribed inA. mellifera Apidaecin is the most
conspicuous component against invading pathogens with strong antimicrobial
activity to gramnegative bacteria by inhibiting enzymatic activities necessary for

parasite replication.
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Unlike defensin, abaecin and hymenoptaecin genesl @ e s n 6t need
experimental infections to be activated transcriptionally and it can be overproduced
with its unique structure (Casteelesson et al., 1994). Abaecin is another main
antimicrobial peptide which is active against graegative and gra-positive
bacteria Although it is weaker than apidaecin, abaecin can function as a backup and
can affect some bacterithat hasapidaecinresistance(Casteels et al.1990).
Hymenoptaecin prevents fungi, gramagative and grarpositive bacteria and acts
complementary to apidaecin by constraining the development of certain gram
negative bacteria that has apidaecin resisté@esteels et al., 1993). The defensin
peptide is slightly producednd have a significant functiom the later stages of
infectionsspecifically targeting and lysing gram positive baetelirectly. Apidaecin
andhymenoptaecin genes with thiesance of abaecend defensin werlound inA.
mellifera adults under slight exposure of pathoganthe wild. The important roles

of apidaecin and hymeptaecin peptides in suppressorgilling varying pathogens

in the innaé immune system of the honeybees was proved with this finding
(Casteelslosson et al., 1994).

There are many activation meclens 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 absorbedargarasms can trigger the
AMPs synthesis by attaching to the adipocytes (Glupov, 2001). Four immune
pathwaysi the Tollpathway, the IMDBpathway, then JNKoathway and the
JAK/STAT-pathway have been described in themelliferagenome (Evans et al.,
2006) and respond ttNosemai nf ect i on ( Ant Yanez et al
fungi and gram positive bacteria is mediated by Toll pathway and protection against
gram negtive bacteria is provided by IMpathway (Hoffman,2003; Evans and
Spivak2003)
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1.11 Locamotor activity rhythms in h oneybees

Circadian locomotor activity rhythmef individuals make contributionso the
colony organization of dneybeegFuchikawa and Shimizu, 20078himizu et al.,
200). In the first 2 to 3 weeks of adulthoodurse beegive regularcare for the
brood and pvide other tasks in the hivarhythmically and then switchego
foraging for pollenandnectarout of the hive for the remaining four to sewsaek

adult life with awell establishednternal circadian clockStrong zitgebers such as
daily fluctuaions in light and temperature are encountered by foragers than nurse
bees lecause foragersonsume more time owff the thermoregulateand dark hive
(Bloch, 2001).Increased levels f 6 ¢ | operkmBNAgretimeebrainof foragers
were detected and the bahaviour of foragers werdamic. Additionally, low levels

of per mMRNA were recorded for young bedmth with and without circadian
rhythms of locomotoactivity in the laboratory (Bloch, 2001Arrhythmic behavior

of foragerswhich shifted to brood camgere observed under field conditiof@&och

and Robinson, 2001), but Bloch (200ibdicated thatthey were prone to have
augmenteger mRNA levelsin the brain. There isimultaneous occurrenbetween

daily floral rhythmsand bee behaviorforaging behavior of horyees occur
wherever pollen and nectar levels are highdmey have prefeenceto stay in the

hive atremainingtimes tosaveenergylevelsand not to beveakenedn nonfruitful
foraging flights.They place thengdves to rest in private locations of the haxgay

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 labdhat influence their physiology, behavior and
regulate their circadian rhythms in young beestilty 6 ar ethen o c k 6
associated to brood care aper mMRNA expressions in the brain differ in foragers
but not in nurse bees along the dBRhytmic befaviors in isolated individual bees
hawe been measured with differgmiotocols both in natural and artificial conditions
(Shemesh et al., 2007).
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1.12 Honeybee pathogens and other associated microorganisms

The honey beeApis melliferal.) 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 ngath colonies have been noted on
many continents. Several causes of these {srgke losses have been reported,
including honey bee parasite¥afroa destructor Acarapis woodi pathogens
(Nosemaspp and bee viruses); pesticides, contaminated waterpfuaatibiotics,

poor nutrition, and migratory beekeeping practices (Bacandritsos et al., 2010; Higes
et al., 2008; Naug, 2009; vanEngelsdorp and Meixner, 2010; vanEngelsdorp et al.,
2009; Kevan et al., 2007). The high density of individuals and the egelairfood
amongA. melliferacolony 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 wimeul

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 althouglest 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; Sacbroodugr(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 bé&giopspu
pollination services, and honey production on several contirf@&tlen and Ball,

1996; Nordstrom et al., 1999; Ellis and Munn, 2005, de Miranda et al., 2D10Y

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 mplicated in adult bee mortality or morbidity (Anderson and Gibbs, 1989).
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Two species of MicrosporidiaNosema apisnd Nosema ceranaeare widespread

parasites of adult honey beds. apisis a longstanding infection agent of the
European honey bed,. mellifera, (Zander, 1909) that causes nosemosis, a disease

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

Apis ceranaFries et al., 1996) although this species is now widespread throughout

the range ofA. mellifera(Fries et al., 20061996; Paxton et al., 2007) arguably

thanks to worldwide trade in bees (Klee et al.,, 2007) and perhaps pollen
supplements. Honey bees can banfected with botiNosemaspecies (Fries, 2010).
Additionally, N. ceranaeseems to be replaciny. apis worldwide (Klee et al.,

2007). In association witNosema nf ect i on s, sever abBectvi ruse

the apparent virulence dfosemgBailey and Ball, 1991).

Trypanosomes are a varied group of parasites that infeetts (Merzlyak et al.,
2001). Crithidia bombj 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 amd hindgut of their hosts
(Lange and Lord, 2012) and can be widespread (Langridge and McGhee, 1967,
SchmidHempel and Tognazzo, 2010). The current role of trypanosomes in honey
bee health is not clear (Schwarz and Evans, 2013), although they have been
recognized apossible 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 speci€sithidia mellificaedescribed by Langridge and
McGhee (1967), and hascently been named astmaria passimSchwarzet al.,

2015).

Spiroplasmasare particularly virulent pathogens that are found in various
environments and implicated as pathogens of plants, vertebrates and insects. They
have a seasonal occurrence assodiateh the nectarines and surfaces of flowers
(Markham and Townsend, 1981; Williamson et al., 1989). Adult honey bees are
parasitizd by two species of bacteriapiroplasma apigMouches et al., 1983) and
Spiroplasma melliferuniClark et al., 1985). Upomvading 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 mesistagainst
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 residelpécteria (Moran et al., 2012). These species include
the betgproteobacteriunsnodgrassella alifamily Neisseriaceaeand the gamma
proteobacteriumGilliamella apicola (family Orbacea¢, the dominant Gram
negative members of the gut community, with ee@imprising up to 3B9% of the

microbiota (Moran et al., 2012).

1.13 Metatranscriptomics analyses of Turkish honeybee subspecies

The surveillance and discovery of novel pathogens via-thighughput sequencing

can provide a relatively unbiased view of lpagens and microbes associated with
insects and other arthropods (VaysSiaussat et al., 2013; Bishdly et al., 2010;

Ma et al., 2011). Recent efforts based on these technologies have uncovered novel
and unexpected taxa associated with honey begs (€oxFoster et al.,, 2007,
Runckel et al., 2011; Cornman et al., 2013;) and have provided estimates of normal
mi crobi al | evels versus those of diseased
most important centers of apiculture, with managed and wijpulptions of 5
subspecies ofApis mellifera L. including A.m caucasica A.m syriaca A.m
anatoliacg A.m medand an ecotype in Thrace belonging to the carnica subspecies
group which is distinctly different from the subspecies found in Anatolia (Figurel)
(Kandemir et al., 2000; Bodur et al., 2Q00anca, 2009; Tunca and Kence, 211
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 migtary 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 unexpemtedre 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 onfirmation of select virus and pathogen loads was confirmed by
quantitative RTPCR. 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 represemtioney 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 suggesigheh viral prevalence, and
increased losses, in migratory beekeeping operatidyss mellifera is an
economically and ecologically important model organism and identification of
pathogens and other microbes can have extensive implications for curieidegra

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. ceranaeinoculum 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 f@05%ninutes. Then supernatant was

removed andnly 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. ceranaespore @unt

The spore count was done with a Neubauer hemacytometer counting chamber
(Figure 6). The spore spension 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 coveed 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 because the rulegdurface is 0.10 mm below the cover glass

(https://wwwmannlakeltd.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
t hat were on the | ower or |l eft side wer

counted to maintain a good average

2.5. N. ceranaeinfection experiments

Plastic hoarohg cages with 25 cc volum@lastic pasteur pipettes to feed the bees

with sugar solution10 and2 0 Ol pi pettes to feed each |
with/without N. ceranaespores, wrtex for mixing the sugar solution witl.cerenae

spores prior toinfection trials andrnicubabr t hat was adj usted tc

materials used in the infection experiments.

One day ol d flylaedesting, thasuwasl eagytto handle thef®ne dy

after eclosion, each of theney bees were inoculated wih O | of sucrose
containingN .ceranaesporeshy touching a micropipette to their mouthparts until the

entire droplet was consumed0.0® (10K) spores per bee which & standard
minimum dose (Fries et al., 2013) that has been shown to produsianf
(Forsgren and Fries, 2010u#annapong et al., 2011, Goblirsch et al., 2013) were

used for inoculationsThe bees that did moconsume the entire droplet were

discarded.
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Control bees consumed 5N.Geranaespores. Wderso s e s ol ut i
from 10 colonies (n = 20 for each colony) were placed in plastic hoarding cages

(Figure 7), which had a feeder (sterile pasteur pipeitel5 ml falcon tubgs

containing 1:1 ratio of sucrose solution. All cagesweréd ke n an i ncubator at
A Quith 55 % humidity.

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

2.6. Monitoring locomotor activity of N .ceranaeinfected honeybees

Drosophila activity monitoring (DAM) system was used to measure locomotor
activity of 5 different subspecies of the honey be&pis melliferaL. for 12 days
following the infection byN .ceranae Activity monitoring system (Figure) 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
accurde. 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 antity monitor can take measurements with 1 sec., 2sec, 3 sec, 4sec,
5sec, 6sec, 10sec, 12sec, 15sec, Q@@sec, 1 min, 2 min, 3 mid, min, 5 min, 6

min, 10 min, 2 min, 15 min, 20 min, 30 min anB0 minutes intervals. The
measurements were made witiminute 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 fevery bee. The data were recorded by the

Tri Kinetics I nc.6s DAM System v3.03 soft
monitors (vww.trikinetics.con).

£

Figure 8 Activity monitoring system

Other than the 4 activity monitoralso 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 experentwas done in the incubatarhich provided
identical conditions of the natural environment of the honey beesswith N with A C
55 %humidity in constant darknes8ny 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 froeach of 5 subspecieé.(n. caucasicaA.m. carnica A.m.
syriaca Mugla and Yigilca ecotypes of A.m. anatoliaca were includedin
monitoring eyeriments. ©ntrols andN. ceranaenfected bees were distributed into
monitors randomly. The bees were fed with a cahdy wasfilled in the cap of the

15 mifalcon tube and the candy was covered with a chelesie 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 circulatifter the monitoring
period, the whole data was analyzed statistically @itiPE ( SAS I nstitut e,
NC, USA, v.9).

Trikinetics DAM system, originally generated for measuring locomotor activity in
fruit flies and also facilitated higthroughput measuresnts of circadian rhythms in
different honey bee group3he commercial availability, costffectiveness, and
integrated nature of thiDrosophila activity monitoring (DAM) facilitates to
measure the locomotor activity and circadian rhythms that regytatesological

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, lowost and commercially available system for
measurements of circadian locomotor activity and this easily modified system has
been used in more thaéh0 0 publ i cations (KjbPrsgaard et
Peschel and HelfrichForster, 2011). A chamber with an infrared beam that
recognizes activityas the number of beam interruptions, an interphase that will
compile the data from thehamber and sentito a computer and data acquisition
software to convert the interphaga&ta into legible files, are the components that are

necessary for infrareddased 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 acigohenol RNA extraction metho80 intact beesvere placednto mesh
divided Bioreba bag (or any-duart ziploc bag)and15 ml (or 25 ml for 50 bees)
Lysis Bufferwere added. Then the ingredients wereasled with rolling pin until

bees fully brokenLiquid was massaged to mix fullya20 ul of the mixture was
drawn off and380 ul acid phenol (pH 4, Sigmajas addedyortexed andincubatel

at 95C for ten mins After cooling to room temperature200 ul chloroformwas
added. The mixturewas vortexéat 15 seconds and incubdtat room temperature

for 2 to 3 minutesThe samplesvere centrifugeét 10,000 Xg for 15 minutes at4 C

and upper aqueous phases collectednto fresh tube containing 500 ul isopropyl

alcoholandvortexed.
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(At this stage, the samples can be shipped at room temperature one \aeglesS

were incubateat RT for 10 minutes and centrifuyat 10,000X g for 10 minutes at

4 A The supernatamas removed antl ml 75% ethanolvas added to the pellet and

vortexed briefly. Samples wereemtrifuged at 7,000 Xgf or 5 mi nutes at
The liquid was poured off ancentrifugel 30 s andhe remaining EtOHwas pulled

off with pipette RNA pellet was aidried for 510 minutes and dissolvad 50 ul

RNasef r ee water by incubati(Bwnsttalr,b20130 mi nut

2.8. RNA isolationfor immune genes expression aalyses

For immune genes expression analyses, RNAs of 12 control and 12 infected bees for
each of the 5 subspecies were isolaRRiase-free bench, pipettesips, pestles and

1.5ml microcentrifuge tubeare needed before the extracti&NAse Zap (Ambion)

was ajplied to treat bnch tops and other glass and plastic surfacpset@nt RNAse
contamination RNasé free disposable tips, pestles, and microcentrifuge tudres
nucleasdree, cold 7580% ethanol and 100% isopropangtre made ready to use

prior to the exaction. TRIzol® (Invitrogen, Carlsbad, CAand other reagents needed
were at room temperature ane tisolation process was donearvented fume hood

It was important to work quickly withbee tissue to avoid RNA degradation

(http://www.coloss.org/beeb&hn

500ml of TRIzof was addedo frozen bee abdoens in 1.5 ml tube&hetissuewas
mashed with a sterile pestle until completely homogeniz&dother 500ml

TRIzolfF was addednd invered several times to mihe homogenized sample was
incubated at roomemperature for -5 minutes to allow complete dissociation of
nucleoprotein complexe00 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. @Bample was centrifuged at 10, 000 rpm for 10
minutes at 44C. Following centrifugation, the mixture was separated into a lower
red, phenol chloroform phase and a colorless upper aqueous phase. RNA remains in
the agueous phase. For the RNA precipitatamal 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 minutesdat AT@8e RNA precifiate 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 atBD0000 rpm

for five minutes. The supernatantasv poured off and the excess ethanol was
removed. RNA was dissolved in 50 ul of RNAfsee water ad stored at80A C

immediately(http://www.coloss.org/beebobk

RNAs were quantified by Nanodrop NB1OOO (Thermo  Fisher
Scientifiginc.Wilmington, Delaware, SA) . 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(Albpendix C and D).

2.9. cDNA synthesis and eal time gPCR

RNA extracts were used to generate first and stfsonr and C¢cDNAO®GS using r
hexamer primers and the reverse transcripta
described in vanEngelsdorp et al., (2009). Pathogen loads were estimated using real

time quantitativePCR (qPCR) and a BiRad CFX9 6 E t hermocycl er
Compl ementary DNA (cDNA) was generated from
amplified in a separate FasOE SIYBRIE Geaetni o
reaction mix (BieRadE) f or each d iPablished primércfoNpr i mer pai
ceranag apidaecinabaecin, defensin, hymenoptaecin, eater and vitellogemesge

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

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

(Evans, 2006)Nosema ceranadFries et al.2013) andNosema apigSchwarz and

Evans, 2013)Spiroplasma apisnd Spiroplasma melliferuniSchwarz et al., 2014).
Honeybeeribosomal protein S5 (RPS5) arfglactin were used to normalize for

cDNA content and to filter samples for degradation or expetmhérsses.
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Table 1 Oligonucleotide primers and sequence identification fortiead
guantitative RTPCR

Locus F-Primer (5'-3") R- Primer (5'-3")
Gactin TTGTATGCCAACACTGTCCTTT| TGGCGCGATGATCTTAATTT
N. ceranae GTCGCTATGATCGCTIGC TATTGTAGAGAGGTGGGAGATT
Abaecin CAGCATTCGCATACGTACCA | GACCAGGAAACGTTGGAAAC
Apidaecin TAGTCGCGGTATTTGGGAAT | TTTCACGTGCTTCATATTCTTCA
Hymenoptaecin CTCTTCTGTGCCGTTGCATA GCGTCTCCTGTCATTCCATT
Defensinl TGCGCTGCTAACTGTCTCAG | AATGGCACTTAACCGAAACG
Eater CATTTGCCAACCTGTTTGT ATCCATTGGTGCAATTTGG
Vitellogenin AGTTCCGACCGACGACGA TTCCCTCCCACGGAGTCC

At her mal profile of SBACCfo6or538 anfiob0A
used.Steps two and three were repeated for a total of 50 cycles and ingladed

reads for florescence during eacf®&Gtep. Following the cycle program, products

were denatured for 10 s at 95A cC., rean
measured between 69A C and 95A C at an i
reaction fidelity (Evans, 2006). Positive and negative control reactions were run on

each 9ewv e | | pl at e. P a £ BTcontoh CTtage) Wese détepoped

as the difference between the CTagtinand t he CT of each targ:
from the mini manplesg@ans, 2004randsEsansaet dl., 2¥I&T

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 trypanosomé, passim and the bacteri&. apisand S. melliferum
These PCR products were purified using QIAquick PCR purification kit according to
protocd recommended by manufacturer, and then were sequenced commercially by
Macrogen (Rockville, MD, USA) DNA sequence similarity with trypanosonges,
apisandS. melliferumwas confirmed using the BLAST search tool (Altschul et al.,
1990) from the U.S. Natimal Institutes of Health and searches againsiNdwgonal

Center for Biotechnology InformatidiNCBI) nr database .
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PCR prification was doneby using QIAquick PCR Purification KitSpin-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 salDNA 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 bindingf single or doublestranded 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 prisnand 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 @aditentrifugation step.

Elution is most efficient under basic conditions and loW sancentrations 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 elatédt h 50 or
of the providedBdif er EB (10 mMWWww.quadeltdom) pH 8. 5)

5 volumes of Buffer PB was added to 1 vokurof the PCR sample and mixed.
Samples were applied to the QIAquick column (2 ml collectioe)taind centrifuged

for 30/ 60 s.Flow-through was discarded and the column pwkEsed back into the
same tubeTo wash,0.75 ml Buffer PE was added to the eoluand centrifuged for

30i 60 s.Again, the flowthrough was discarded and the column was placed back into

the same tube and thelwmn was centfuged for an additional 1 mifhe columns

are transferred in cleah.5 ml microcentrifuge tubes 0 Ol Buffer EB

TrisLkLCI , pH 8. B8)5) was added tb ¢he cerftgp bf the@ Quboy
membrane to elute DNA andhe ®lumn was centrifuged for 1 min

(www.quiagen.com)Additionally, DNAs were stored &2 0 A C.
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2.11.High throughput sequencing and data aalysis

High throughput sequencing was performed with the pooled samples from stationary
colonies of each region and all RNAngales were pooled before sequencing (n= 6
ILLUMINA RNA libraries). Libraries were run on paireehd 100cycle reactions

and flow cells using lllumina HEeq 2000 machines at the University of Maryland

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

the US National I nstitutes of Health NCB!
(PRINA52851).

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 atrdnscripts based on annotated reference genes (Fjyure
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 alyses, proportionbased 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 weightedy pe t es't statistic
(Bageerly et al., 2003). FDR (False Discovery Rate) correctedighues were
calculated according to the methods of Benjamini and Hochberg, (1995) to determine

the statistical significance of the pathogen load.

Real time gPCR data statistics were performedbys i ng JMPE ( SAS |
Cary, NC, USA, v.9). A orgay analysis of variance was used to test differences
between group means. The total variability in the response was divided into two
parts; withirgyroup variability and betwedroup variability. The ifferences

between the group means were considered to be significant if the b&jvoegn

variability was broader relative to the witlnoup variability. Multiple comparisons

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

Stu d e n-tesissveré 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
productmoment 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.

RNA

Field or

lab

sample

[solation

Differential gene
expression statistics,
sequence pool for
variants

Mapping against Honey |
bee gene set 3.2

Counts of known Mapping against
disease agents and Pathobiome
strain variation

Counts of gut microbes, Mapping against
mites, and hive symbionts and
associates eukaryotes

Figure 9 Flow chart showing analytical steps for mapping ILLUMINA RAq
reads against an annotated bee microbial dataset.

2.12. Statistical @tails ofJ MP E nalgsis

Statistical analysis of immune gene expression results were dodeMof E ( SA'S
Institute, Cary, NC, USA, v.9B5catterplots and some graphisreused to visualize

relationships between variables.
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Those relationships between variablesre analyzed and described numerically and
predictions about the average value of ongalde (Y) from the value of another
variable ) can be made by usingnaodel 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 agood prediction.

2.12.1.Leverageplot details

Effect leverageplots 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 obsations regarding all effects are hypothesized to be

zera

2.12.2.Construction details

Thehypothesif interestis supposea@s,

LB =0

The parameteassessmemestrictedby the hypothesisanbewritten
by = b—(X'X) L%

Hereb is theleastsquaresneasure

b= (X'X) Xy

and lambda which is 6 L a g r anmugli tainforl thee hypbthesis constraint,

calculatedby

% = (LOOO ™'LY L)

Therestrictedandhypothesigestrictedresidualsare,respectively,

r }r—Xh

r+ XOXX) LA

To
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x-axis valuecan be considered as which is the restricted residual minus the
unrestrictedesidualro - r, andy-axis valuevy which is the unrestricted residual plus
x-axis value The points includes coordinatesof x andy from the basisof the

leverageplot with therespons meanis 0 andslopeof thesolidline is 1,

-1
v, = X(X'X) LA an(ﬂy =Tr+v,

A dottedhorizontalis presentine at the meanof the response-l_/ in leverageplots.
The plottedpointsaregivenby (vx +¥ vy) (http://www.jmp.com/support/he)p

2.12.3.Superimposinga teston the leverageplot
The confidencelimits for the expectedvalue of the responsecan be plotted as a

functionof the predictorvariablex

xbh + tujzsﬁfx[}{'}{}_lx'
xbh - Eufzsqfx[}{'}'{}_lx'

wherex = [1 X] is the 2vector of predictors.

Upper(x) =

Lower (x) =

Thesignificanceof the hypothesidestcanbe assessedisually with theseconfidence
curves.The confidencecurvescrossthe horizontalline at the responseneanwhen
the slope parameteris significantly different from zero. But if there is no
significance,they do not crossthe horizontal line at the mean of response.The
confidencecurvedoesnot reachthe horizontalline at the meanresponsef thet test

for the slopeparameters situatedright on the marginof significance

Whenapointonthex-axis is marked by, and functions are defined as,

22 - 2
Z+J5 t h+(F_/F)
Upperg) = WET e
and
22 - 7
Z— st . h+(F_/F)
Lower(@) = W® far2 o=
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F

F refers toF statistic for the hypothesis ar._“

is the reference value for

signiﬁcance(J.jTI = XIXIX}_IXI, where™ represents a row vector including
suitable middle values for the predictors, such as their melgperg) - Lower(2) is

an accurate confidence interval for the predicted valae Bte confidence functions
cross thex-axis when thé- statistic is greater than the reference value. However they
do not cross, ifF statistic is less. The confidence functions havextheis as an
asymptote in some cases dsstatistic is equal to thereference value

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

Theillustration of a GenericLeveragePlot indicates how residuals anmaterpreted in

the leverage plot (Figurda0). 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 hypothedizalue of the effect is restricted to zero and the

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

residual . .
residual constrained

by hypothesis

- |
Points at the extremes exert
greater leverage than points
near the middle exert.

Figure 10 Illustration of a Generic Leverage Plot (Obtained from
http://www.jmp.con)
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2.12.4 Correlation of estimates

The correlation matrix is computedto estimatethe presenceof collinearity. For
insight on the construction of this matrix, consider the typical least squares
regressionformulation. For the constructionof the matrix, in the formula, the

respons (Y) is a linear function of predictors @ s pl us error ( U) :
Y = By+Byxg +"'+ﬁPxP‘+E

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.

Bo- By- B

Thus,the coefficients P | canbe estimate for any setof Y values.The

correlationsof the parameterestimatesbasedon the predictor valuesand a term
symbolizing the intercept. The responsevalues has no impact on the correlation

betweerntwo parameteestimategBelsleyetal., 1980).

In a daa setwith n observations angd - 1 predictors,X is then by p matrix and its
first column consists disand the remaining - 1columns consist of the -

1 predictor valuesThe measuref the vectorof the coefficientof regressions,

0 1 _1 1

p=(XX) XY

whereresporse valuesare representedy Y. Under the standartassumptionsthe

covariancanatrix of B is

Cov(B) = G2(XX) "

2
where® refersto the varianceof the responséhttp://www.jmp.com/support/help).

When eachentry in the covariancematrix is divided by the productof the square
roots of the diagonalentries,the correlationmatrix canbe estimatedV is described
to be the diagonal matrix having the entries as the square roots of the diagonal entries

of the covariance matrix:

V = Sq?‘i‘{Diﬂg{CGU{g}]]
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Thenthecorrelationmatrixis :

Corr(B) = 62V (X'X) "V

2.12.5 Degreesof freedom

The degreesf freedomare calculatedusing the Kenwardand Rogercorrectionfor
testsincluding only linear combinationsof fixed effect parameter§Kenward and
Roger(1997).

2.12.6 Multiple comparisons

The aim of makingmultiple comparisonss to comparegroupmeanswith anoverall
averagemean (Analysis of Means) and with a mean of a control group. The

St u d eTedtsbase conducted to make pairwise comparisons of the effect least
squaresmeans with confidence intervals by just controlling the error rate for an
individual comparison. Least Squares Means estimates can be computed to make
comparisonswhen the model consistsof nominal and ordinal effects. The Least
SquareMeansSt u d ¢ Test ependson the standardindependensampleswith

specifiedsignificancdevel (http://www.jmp.com/support/he)p

2.12.7 LSMeans table

By using the model for the levels of a categoricaleffect, leastsquaresmeansare
predictedwhile the other model factorsare setto neutralvalues. 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 anfexdt 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 efféc Comparisons can be made amdmeast squares
meanswhich are also calleddjusted meangr population marginal mean3heycan

differ from simple means (response sample mean) when the values for other effects
in the model do not balance out across tHeckfLeast Square Means Plots are
constructed to show least square mefmmnsnominal and ordinal main effects and
their interactionghttp://www.jmp.com/suppojt
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2.12.8 One way analysis of variance

Usingthe Oneway or Fit Y by X platform,you canexplorehow the distributionof a
continuousY variable differs acrossgroups defined by a single categorical X
variable.A oneway analysisof variancetestsfor differencesbetweengroupmeans.
The total variability in the responseis composedof within-group variability and
betweergroupvariability. The differenceshetweenhe groupmeansareacceptedo
be significant,if the betweergroup variability is large in comparison to the within
group variability. Theresponsegointsfor eachX factorvalueand the comparisorof
the distribution of the responseacrossthe levels of the X factor are displayedby
Oneway plot (http://www.jmp.com/support/help).

2.12.9 Rsquareand Adj Rsquare
R?is calculated according to this equation,

Sum of Squares (Model)
Sum of Squares (C Total)

Adj is calculatedwith this formula,

1— Mean Square (Error)
Mean Square (C Total)

(http://www.jmp.com/support/help).
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Table 2 Variance analysis dfl.ceranaee x pr e ssi on

Source DF Sum of Mean F Ratio | Prob >
Squares Square F
Treatment 1 38513.232 38513.2 | 1186.159 <.0001*
Error 215 6980.804 32.5
C. Total 216 45494.036
20
== = . %

10 - =

M.ceranae

20

-0

Carniol-C ]|[|[' |
Cauc-C

Caue-|
bugla-C
ugla-l
Syrian -C
Syrian-|

Carniol-1
Yigilea -C
Yigilca -1

Class

Figure 12 One way analysis dfl.ceranaeexpression by class (C = Control, | =
|l nfected) (6*6 significant)

Table 3 Variance analysis dfl.ceranaee x pr essi on by <c¢l ass

Source | DF Sum of Mean F Ratio | Prob > F
Squares Square
Class 9 41898.486 4655.39 | 268.0161| <.0001*
Error 207 3595.550 17.37
C. 216 45494.036
Total
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Table 4 Effect tests oMN. ceranaee x pr essi on (06*6 signi fi
Source Nparm | DF Sum of F Ratio | Prob>F
Squares
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 exposiiederanae
for Carniolan race when compatrtessfons
0.0005). It also increased for infected Syrian race wioenpared with control bees
(nonsignificant). There was variation amp subspecies for Vg expressi¢m <
.000]) (Figure 13 and Table5). The expression of Vg did not differ between the
control and infected bees of Mugla ecotype and decreased #olitaucasian and
Yigilca honeybeesBut these results were not statistically significant. Pairwise
differences between the subspecies were analyzed tbgt. Tweway analysis of
variance indicated the interaction between the race and treatmewatsetin
vitellogenin responses@ = 86.1F ratio = 3.2,p = 0.0132). Tweway ANOVA also
showed a strong relation between the vitellogexxpression and race effe@§ =
279.8,F ratio = 10.5,p < .000) (Table 6). Vitellogenin transcripts of Carniolan
subspeciegr =0.4296,p = 0.0029) and Syriasubspeciesr(= 0.3408,p = 0.0205)

showed correlations witN. ceranae.
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Carnial-C
Carriol-1
Cauc-C
Cau-l
Mugla-C
Pugla-1
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Figure 13 0One way analysis of vitellogenin expression by class (C = Control, | =
|l nfected) (6*6 significant).

Table5Vari ance analysis of vitellogenin expres:
Source DF Sum of Mean F Ratio | Prob >
Squares Square F
Class 9 395.6631 43.9626 6.6259 | <.0001*
Error 203 1346.9002 6.6350
C.Total | 212 1742.5633

Table6Ef f ect tests on vitellogenin expression |
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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