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ABSTRACT

PREVALENCE OF PATHOGENS AND OTHER ASSOCIATED
MICROORGANISMS IN TURKISH HONEYBEE SUBSPECIES AND
DIFFERENTIAL RESPONSES TO NOSEMA CERANAE INFECTION

Tozkar, Cansu Ozge
Ph.D., Department of Biology
Supervisor: Prof. Dr. Aykut Kence
Co-Supervisor: Assoc. Prof. Dr. Meral Kence
September 2015, 165 pages

Honey bees face numerous biotic threats from viruses to bacteria, fungi, protists, and
mites. Here we describe a thorough analysis of microbes harbored by worker honey
bees collected from field colonies in geographically distinct regions of Turkey.
Turkey is one of the World’s most important centers of apiculture, harboring 5
subspecies of Apis mellifera L., approximately 20% of the honey bee subspecies in
the world. We use deep ILLUMINA-based RNA sequencing to capture RNA species
for the honey bee and a sampling of all non-endogenous species carried by bees.
After trimming and mapping these reads to the honey bee genome, approximately
10% of the sequences (9-10 million reads per library) remained. These were then
mapped to a curated set of public sequences containing ca. 60 megabase-pairs of
sequence representing known microbial species associated with honey bees. Levels
of key honey bee pathogens were confirmed using quantitative PCR screens.



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, VAMLV (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.

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

Sequencing, bioinformatics, honey bee viruses, trypanosomes

Vi



0z

TURKIYE’ DEKI ARI IRKLARINDA PATOJEN VE iLGILI
MIKROORGANIZMALARIN YAYGINLIGI VE NOSEMA CERANAE
ENFEKSIYONUNA KARSI GOSTERDIKLERI FARKLI TEPKILER

Tozkar, Cansu Ozge
Doktora, Biyoloji Boliimii
Tez Yoneticisi: Prof. Dr. Aykut Kence
Ortak Tez Yoneticisi: Prof. Dr. Meral Kence
Eylil 2015, 165 sayfa

Bal arilar1 virus, mantar, bakteri, protista ve akar gibi pek cok biyolojik tehdit etkisi
altindadir. Bu calismada Tiirkiye’nin farkli bolgelerindeki kolonilere ait ig¢i ar1
orneklerinin patojen analizleri yapilmistir. Tiirkiye diinyanin en 6nemli aricilik
merkezlerinden biridir. Diinya’daki tiim ar1 wklarinin 20% sini olusturan Apis
mellifera L’nin 5 farkli alt tiirii Tiirkiye’de bulunmaktadir. Ar1 6rneklerinin tasidig
RNA tiirlerini saptamak i¢in RNA sekanslama teknigi kullanilmistir. Bu okumalar1
diizenleyip ar1 genomu lizerinde haritalandirdiktan sonra geriye sekansin 10%’u
kalmigtir. Kalanlar da 60 megabaz uzunlugundaki arilarla iligkili mikrop tiirlerini
olusturan datalar kullanilarak haritalandirlmistir. Ar1 patojen diizeyleri kantitatif
PCR ile dogrulanmistir. Sonu¢ olarak Tiirkiye’de ilk kez Lake Sinai viriisd,
Spiroplasma bakteri tiirleri,  Candidatus Schmidhempelia bombi simbiyontu,
Frischella, Snodgrassella alvi, Gilliamella apicola, Lactobacillus spp., neogregarin,
ve trypanasom turleri saptanmistir. Metagenomik analizle Melissococcus plutonius,
Paenibacillus larvae gibi bazi bakteriler, Varroa destructor-1 viriisii, Sacbrood
viriisti, Apis filamentous virlisii ve bazi mantar tiirleri de saptanmistir. Ancak KBV,
SBPV, Tobacco ringspot viriisii, VAMLV (Varroa Macula like virus), Acarapis spp.,

Tropilaeleps spp. and Apocephalus tiirlerine rastlanmamustir.
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Baz1 ar1 bakim-y6netim uygulamalari ar1 irklarinin igerdigi mikrop tiirleri tizerindeki
etkileri de tartisilmistir. Calismada agiklanan is plan1 ve mikrobiyal datalar, saglikli
veya koloni kaybi yasayan arilarin mikrobiyal haritalamasiin olusturulmasi igin
faydali olacaktir. Ayrica bu calismaya ek olarak, 5 ar1 irkinin N. ceranae enfeksiyonu
sonras1 bagisiklik cevaplari, lokomotor aktivitelerindeki farklar ve filogenetik
iliskileri belirlenmistir. Tim ar1 wklarmin N .ceranae enfeksiyonundan sonra
bagisiklik sistemlerinin hizli bir sekilde aktive oldugu ve antimikrobiyal peptitleri

kodlayan genlerinin ekspresyonlarinda artis gergeklestigi gdzlenmistir.

Anahtar kelimeler: Apis mellifera, polinasyon, koloni ¢okiis sendromu, RNA

sekanslama, bioinformatik, bal aris1 virtsleri, tripanazom
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CHAPTER 1

INTRODUCTION

1.1. Honey bee subspecies of Middle East

Natural distribution of A. mellifera L. includes Central Asia, Europe, Near East and
sub-Saharan Africa and also introduced to East and Southeast Asia, Australia and the
Americas (Ruttner, 1988). mtDNA variation provides important prehension into the
phylogeny and biogeography of honeybees because the same mitochondrial DNA
(mtDNA) are shared by the workers and drones as the queen in a colony on the basis
of the information that mitochondria are inherited only from the mother. At least 29
subspecies of A. mellifera have been recognized and divided into four major lineages
according to morphometric, genetic, ecological, physiological, and behavioral

characteristics (Han et al., 2012).

(1) mtDNA group A includes A. m. intermissa, A. m. scutellata , A. m. litorea, A. m.
sahariensis, A. m. monticola, and A. m. capensis, which are subspecies of African
populations north and south of the Sahara (2) group M involves basicly A. m.
mellifera and some A. m. iberiensis which are subspecies of western and northern
European populations (3) group C consists of Turkish A. m. anatoliaca, Turkish and
Georgian A. m. caucasica, A. m. ligustica and A. m. carnica, which are southeastern
European plus northern and eastern Mediterranean populations (4) subspecies from
Turkey and the Middle East composed of A. m. syriaca, and others belongs to the last
group, group O. Within each lineage, some of the subspecies indicates variation
(Ruttner et al., 1978; Ruttner, 1988; Franck et al., 2000; Arias and Sheppard, 1996).
The groups C and O couldn’t be categorized well and were named as C (Cornuet and
Garnery 1991; Garnery et al, 1992). Mitochondrial DNA (mtDNA) and

microsatellites analysis were used to confirm group O (Franck et al., 2000).



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 Mugla, Giresun and Yigilca (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).



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
(Dogaroglu, 2009). Yigilca 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.



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 wasn’t 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).



Huang et al. (2008) suggested that there aren’t 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 couldn’t 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 (Martin- Hernandez et al., 2007).



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.



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 ha