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The effect of honeybee-specific Lactic Acid Bacteria on American
foulbrood disease of honeybees

Abstract

The honeybee, Apis mellifera, is one of the most economically important pollinators and
highly valued for its honey and wax production. Managed honeybees occupy an
increasingly critical role in agricultural productivity and food security. American
foulbrood (AFB) is a highly contagious and destructive bacterial honeybee brood disease
caused by Paenibacillus larvae that affects beekeeping worldwide. However, only a
minority of bacteria associated with honeybees are harmful. Honeybee-specific Lactic
Acid Bacteria (hbs-LAB), a defined group of beneficial bacteria inhabiting the honey
crop, have strong antimicrobial properties important for honey production and honeybee
health that could be exploited for combating diseases such as AFB.

The aim of this thesis was to investigate the effect of hbs-LAB on P. larvae and AFB,
both in culture, in individual larval bioassays, and at colony level.

First we showed that the laboratory cultivation of the 13 distinct hbs-LAB was
significantly improved by the addition of L-cysteine and fructose to the medium and
optimized a culture-independent molecular technique for the detection and identification
of the individual hbs-LAB species. Secondly the effect of the cell free supernatant, the
secretome, from a culture mix of the 13 hbs-LAB species was investigated on P. larvae
growth and associated larval mortality. The results showed that this secretome strongly
inhibited the multiplication of P. larvae vegetative cells but that spore germination
appeared to be unaffected, and that it decreased the mortality of P. larvae infected larvae.
Finally it was shown that oral administration of hbs-LAB supplement to honeybee
colonies had no influence on colony-level P. larvae spore levels or colony strength.
Furthermore, the results showed that although the antibiotic tylosin decreased AFB
symptoms in colonies, it had no effect on P. larvae spore levels.

In conclusion, the colony-level results do not contradict the antagonistic effects
observed in individual larvae in laboratory studies, but rather suggest that supplementary
administration of live bacteria may not be the most effective way to harness such effects
in a useful application.
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Honungsbispecifika mjolksyrabakterier och deras effekt pa
bakterien Paenibacillus larvae, en sjukdomsalstrare hos
honungsbin

Sammanfattning

Honungsbiet, Apis mellifera, &r en av de ekonomiskt mest viktiga pollinatérerna och
ocksa hogt vdrderat som producenter av honung och vax. Odlade honungsbin intar &dven
en allt viktigare roll i jordbruksproduktion och livsmedelssikerhet. Sjukdomen
amerikansk yngelréta, AY, orsakad av bakterien Paenibacillus larvae ér ett exempel pa
en mycket smittsam och allvarlig sjukdom som péverkar biodlingen virlden dver. Aven
om vissa mikroorganismer hos honungsbin orsakar sjukdom ér langt ifrdn alla skadliga.
Honungsbispecifika mjolksyrabakterier, hbs-LAB, som lever i binas honungsmage
besitter starkt antimikrobiella egenskaper som &r viktiga for honungsproduktion och
bihilsa och som kan utnyttjas for att bekdmpa sjukdomar som amerikansk yngelrota.

Syftet med arbetet som presenteras i den hér avhandlingen har varit att undersoka de
honungsbispecifika mjolksyrabakteriernas effekt pad bakterien P. larvae i bakteriell
odling, i individuella honungsbilarver och i bisamhéllen.

Forst visades att hbs-LAB behover specifika ndringsdmnen som L-cystein och fruktos
for en optimal tillvéxt pd artificiella medier i laboratoriet och en molekylér teknik for
detektion och identifiering av de 13 hbs-LAB optimerades. Vidare undersoktes vilken
péaverkan den cellfria supernatanten, “sekretomet”, producerat frdn en blandkultur av de
13 arterna av hbs-LAB hade pa tillvixten av P. larvae och den resulterande
larvdodligheten. Resultaten visade att sekretomet starkt himmar uppforokningen av P.
larvae utan paverkan pd sporernas germinering, och att det minskar dddligheten hos
infekterade bilarver. Slutligen visade det sig att tillskott av hbs-LAB i bifoder inte hade
ndgon paverkan pa vare sig sporméingder av P. larvae, symptom av AY eller bistyrkan i
bisamhillet. Dessutom visade resultaten att &ven om antibiotikumet tylosin minskar
symptom pa AY, har det ingen effekt pd méngden sporer i bisamhallet.

Sammanfattningsvis kan man séga att den uteblivna effekten av att fodra bisamhillen
med hbs-LAB inte motsdger de effekter som utan tvivel kan ses i enskilda
honungsbilarver. Det visar snarare att det behévs mer forskning och utveckling for att
kunna utnyttja sddana effekter i anvéndbara applikationer inom biodlingen.

Nyckelord: ~ Amerikansk  yngelrdta, antimikrobiell effekt, Apis  mellifera,
Bifidobacterium, honungsbin, honungsbispecifika mjoélksyrabakterier, Lactobacillus,
Paenibacillus larvae.

Forfattarens adress: Sepideh Lamei, SLU, Department of Ecology, Box 7044, 750 07
Uppsala, Sweden/ Department of Translational Medicine, Lund University, Malmo,
Sweden.
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Flight Mass Spectrometry
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1 Honeybees

The Western honeybee, Apis mellifera, is the most economically valuable insect
pollinator globally. An estimated 35 % of human food consumption depends on
insect pollination and over 90 % of those crops rely on honeybee pollination
services (Klein et al., 2007). Even though the honeybee is economically valuated
for its services and products used by humans, the honeybee’s role in sustaining
natural plant biodiversity as an ecosystem service provider is immeasurable
(Potts et al., 2010).

Honeybees are eusocial insects living in perennial colonies with overlapping
generations, cooperative brood care and a reproductive division of labor. The
colony consists of three castes: female worker bees which can number between
15000-50000 depending on the time of year with a peak in the summer and a
dearth in the winter; a few hundred male drones usually present in the spring;
and one reproducing female queen bee (Winston, 1991).

The honeybee nest cavity maintains a relatively constant temperature and
humidity providing an ideal environment for parasites and pathogens. Due to the
close contact of individuals via casual contacts or trophallaxis, numerous and
diverse opportunities for pathogen transmission are possible. Honeybee parasites
and pathogens need to be successful at multiple levels within the honeybee
colonies in order to reproduce and disperse to new hosts. The first step requires
successfully infecting an individual at which point the pathogen must then be
able to infect additional individuals to assure a sufficient parasite load within the
colony. Finally, the pathogen must successfully gain access and infect new
colonies (Forfert et al., 2015).

Studies show that the genes involved in the innate immunity of honey bees,
compared to other insects, are reduced to one third (Evans et al., 2006;
Weinstock et al., 2006). Instead, honeybees rely largely on colony level adaptive
pathogen resistance mechanisms for disease defense, e.g. social immunity
(Cremer et al., 2007). The cooperation of individuals within the colony results
in a social immunity mitigating disease transmission. This type of defense can
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consist of behavioral, physiological and organizational adaptations to prevent
the entrance, establishment, and spread of disease within the colony. Since there
is often a difference between individual and colony level virulence of honeybee
pathogens, interactions at both levels needs to be considered. An inverse
relationship between the individual- and colony level virulence for the two
principal genotypes of P. larvae has been observed. The more virulent genotype
at the individual level (ERIC-II) kills the larvae before they are capped, such that
they can be easily detected and removed by the bees resulting in a reduced
virulence at the colony level. The reverse is true for P. larvae of ERIC-I
genotype. The lower virulence at the individual level allows infected larvae to
be capped, escaping early detection and removal by the bees. Therefore,
infection with P. larvae of ERIC-1 genotype has a longer time for spore
production, contributing to the higher colony level virulence (Genersch et al.,
2005; Poppinga and Genersch, 2015). Recently researchers focused on the role
of beneficial microorganism and their role as an additional defense in honeybees.
The results presented in Paper II and Paper III show that any promising results
of the effects of hbs-LAB on pathogens at the individual level in controlled
laboratory experiments do not necessarily translate directly into an effective
treatment for honeybee colonies.

12



2 Beneficial microorganisms

The unpredictable nature and complex biosynthetic capabilities of beneficial
microorganisms have made them interesting candidates for resolving
particularly difficult problems in life sciences. The various ways in which
microorganisms have been used over the past years to advance medical
technology, human and animal health (Rashid and Sultana, 2016), food
processing, food safety and quality (Bernardeau et al, 2006;
Rattanachaikunsopon and Phumkhachorn, 2010), genetic engineering,
environmental protection, agricultural biotechnology (Zhou et al., 2009) provide
a most impressive record of achievements.

Lactic Acid Bacteria (LAB) are Gram-positive, non-spore forming beneficial
bacteria that have been key components of microbiology research and practice
since the 19™ century. They were first described as milk-souring organisms due
to the sour milk that arose from their production of lactic acid (Stiles and
Holzapfel, 1997). Lactic acid bacteria belong to a biologically defined group
rather than a taxonomically identified group including the genera Aerococcus,
Carnobacterium, Enterococcus, Lactobacillus, Lactococcus, Leuconostoc,
Pediococcus, and Streptococcus. Properties such as nutritional, environmental
and adhesive adaptations have provided LAB with the ability to adapt to
different environments. They are found in food matrices such as dairy products,
meat, vegetables, sourdough bread and wine but also in human mucosal surfaces
such as the oral cavity, the vagina and the gastrointestinal tract (Dicks and Botes,
2010; Florou-Paneri et al., 2013; Fraga et al., 2008; Gobbetti and Corsetti, 1997).

LAB are closely associated with food and feed processing and production,
and have a Generally Recognized As Safe (GRAS) status, which define them as
safe to use as probiotics for human and animal consumption (Florou-Paneri et
al., 2013; Rashid and Sultana, 2016). Probiotics are defined as “live
microorganisms which, when administered in sufficient quantities, have a
demonstrable positive effect on the host/recipient, and their administration is not

13



associated with negative effects on organisms or the environment” (FAO/WHO,
2002).

In this thesis Bifidobacteria have been included in the LAB definition due to
their similar origin, their production of organic acids and common use by the
food and biotech industries (Makarova and Koonin, 2007). However,
Bifidobacteria are quite diverse compared to other LAB members, since their
genomes have a much higher GC content (GC DNA content 42-67%, other LAB
members: GC DNA content <53%), belong to the phylum Actinobacteria and
use a different metabolic pathway called the “bifid shunt” (Felis and Dellaglio,
2007; Yin et al., 2005).

2.1 The honeybee microbiome

Social insects such as honeybees provide unique resources for the bacterial
microbiome, thanks to e.g. the high number of individuals within a colony, the
food sharing and the close relationship between colony members. Not
surprisingly, some bacterial species associated with honeybees, such as P.
larvae, are clearly pathogenic, but most species have never been associated with
any disease symptoms and their impact on the honeybee is largely unknown
(Rokop et al., 2015). Gut bacteria are transmitted and shared by the colony
members through oral-fecal transmission, oral trophallactic interaction,
consumption of stored pollen or bee bread, interactions with older bees within
the hive and contact with hive material during the early adult stage (Kwong and
Moran, 2016; Martinson et al., 2012; Powell et al., 2014).

The adult honeybee gastrointestinal tract is divided into three major organs
(crop, midgut and hindgut) (Figure 1), providing different functions in the
catabolism and absorption of food and different environment for bacterial
symbionts.

The honey crop is an enlargement of the esophagus which is not involved in
digestion but is a storage bag for transporting nectar from the flower to the hive
and to share liquid nutrition with other nest mates (Crailsheim, 1988). Although
the temperature of the honey crop is fairly constant and it is rich of sugars, the
conditions favoring microbial growth (e.g. pH, osmotic conditions, the
availability of proteins and micronutrients) may fluctuate widely. The honey
crop is therefore not an optimal niche for microbial growth but likely acts as a
selective filter allowing relatively few bacteria, such as species within
Lactobacillaceae  and  Bifidobacteriaceae, ~ Entrobacteriaceae  and
Acetobacteraceae to flourish (Corby-Harris et al., 2014a, 2014b; Killer et al.,
2014; Olofsson and Vasquez, 2008). Lactic acid bacteria have peculiar
characteristics like the ability to tolerate and multiply in acidic pH, to produce
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organic acids like lactic and acetic acid, and to metabolize sugars (Olofsson et
al., 2014a; Stoyanova et al., 2012). Such features explain the effectiveness of
these bacteria in colonizing the honey crop. The research presented in this thesis
focus on 13 hbs-LAB species; nine Lactobacilli and four Bifidobacteria
(Olofsson et al., 2014a; Olofsson and Vasquez, 2008).

Three major bacterial phyla dominate the honeybee gut microbiome;
Proteobacteria (including Gilliamella, Frischella, and Parasaccharibacter),
Firmicutes (e.g., Lactobacillus sp. Firm-4 and Firm-5), and Actinobacteria (such
as Bifidobacterium). The hindgut is colonized by a large microbial community
including Gilliamella apicola, Snodgrassella alvi, Frischella perrara,
Lactobacillus Firm-4 and Lactobacillus Firm-5 and Bifidobacterium asteroides
(Kwong and Moran, 2016). Although other bacteria may occasionally be
present, the mentioned phyla represent bacterial families that seem specifically
adapted to life within the honeybee host.

The maintenance of this stable and distinct microbial community depends on
the nutrition, the hive environment (Anderson et al., 2013; Zhao et al., 2018),
the social interactions (Mattila et al., 2012) and age (Hroncova et al., 2015;
Martinson et al., 2012) of honeybees. This microbial community is a highly
dynamic and adaptive system whose composition is subject to seasonal trends
(Corby-Harris et al., 2014a; Hroncova et al., 2015; Ludvigsen et al., 2015).
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mouth

Rectum [leum Midgut Crop

Figure 1. Honeybee digestive tract. © Sepideh Lamei

2.2 Honeybee-specific lactic acid bacteria

Honeybee-specific lactic acid bacteria (Table 1) have been isolated from the
honey crop (Figure 2) (Killer et al., 2014; Olofsson et al., 2014a; Olofsson and
Vasquez, 2008). However, other researchers also isolated these bacteria from the
gut of A. mellifera (Corby-Harris et al., 2014a; Hroncova et al., 2015; Killer et
al., 2014), pollen and bee bread (Martinson et al., 2012; Vasquez and Olofsson,
2009), royal jelly (Asama et al., 2015), flowers and hive environment (Neveling
etal.,2012; Tajabadi et al., 2013), floral nectar (Anderson et al., 2013) and grape
juice (Edwards et al., 1998).
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Figure 2. The arrow shows the honey crop of a honeybee. © Sepideh Lamei

All hbs-LAB species are Gram-positive, non-spore forming and non-motile
facultative anaerobic bacteria that produce lactic acid. Most of them also lack
catalase, except B. coryneforme Bma6N and B. asteroides Bin2N. The hbs-LAB
can grow at a wide range of temperatures, (15-50 °C) and acidity (pH 3-12).
These robust traits may be due to their tough membrane which contains a thick
peptidoglycan layer (Olofsson et al., 2014a). The bacteria are found in other sub-
species of Apis as well as in stingless bees (Meliponini) in both Europe and
America (Vasquez et al., 2009).

The abundance of hbs-LAB species varies depending on season, honeybee
health and floral resources. It was observed that L. kunkeei, the most dominant
species across all Apis sub-species, is abundant during spring and summer in the
honey crop, honey, pollen and bee bread but nearly absent during winter (Corby-
Harris et al., 2014a; Olofsson and Vasquez, 2008; Vasquez et al., 2012).
Previously, L. kunkeei was described as a fructophilic LAB which needs external
electron acceptors such as fructose, pyruvate and oxygen for glucose metabolism
(Endo, 2012; Endo et al., 2012). The isolation of this species from the bee hive
environment (Neveling et al., 2012), fermented wine (Edwards et al., 1998) and
flowers indicates its niche adaptation (Vasquez et al., 2012). Moreover, the niche
adaptation characteristic has been confirmed by a study showing that L. kunkeei
has lost some genes and protein families resulting in a relatively small genome
compared to other closely related species. From 268 lost protein families with
assigned functions, 15% have affected the carbohydrate metabolism and
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transport indicating that they may have evolved to deal with shifts from
nutritionally poor to rich environments (Tamarit et al., 2015).

The sequencing of the hbs-LAB genomes has revealed the presence of
numerous phosphotransferase systems involved in the uptake of sugars,
particularly in L. apis, L. helsingborgensis, L. melliventris, L. kimbladii, L.
kullabergensis (Ellegaard et al., 2015). Moreover, hbs-LAB express large
putative cell-surface proteins of unknown function (Ellegaard et al., 2015;
Kwong et al., 2014). Many accessory genes related to carbohydrate transport and
storage have been detected in the genomes of L. kunkeei (Tamarit et al., 2015)
and some of the other hbs-LAB (Ellegaard et al., 2015). Considering the
carbohydrate-rich diet of honeybees (e.g. nectar, honey), it is not surprising that
the hbs-LAB have evolved to thrive on this resource and are all able to
metabolize glucose and fructose, the main constituents of nectar and honey
(Lamei et al., 2017; Olofsson et al., 2014a).

2.2.1 Hbs-LAB metabolism and metabolites

The symbiotic roles of gut bacteria are mostly based on metabolic interactions
with their host (Flint et al., 2017). Therefore, studying the metabolism of the gut
microbiota is the key to understanding how the microbiome’s effects on the host
are mediated.

Lactic acid bacteria are generally chemotrophic and need nutrient rich media
including carbohydrates and amino acids for growth. These bacteria have been
classified as homo-fermentative, obligate or facultative hetero-fermentative
(Génzle, 2015; Kandler, 1983). Environmental conditions affect bacterial
metabolism and the honey crop is both microaerophilic and carbohydrate rich
(Winston, 1991; Zhao et al., 2018). The metabolic pathways can therefore be
used to characterize the hbs-LAB functions.

Homo-fermentative LAB catabolize one mole of glucose in the glycolysis
(Embden-Meyerhof) pathway to yield two moles of pyruvate under conditions
of excess glucose and limited oxygen. This process yields two moles of ATP per
glucose consumed (Pot et al., 1994; Rattanachaikunsopon and Phumkhachorn,
2010). All of the lactobacilli used in this study except L. kunkeei and L. apinorum
are homo-fermentative bacteria (Table 1)(Olofsson et al., 2014a). Lactobacillus
helveticus, Streptococcus thermophilus, Lactobacillus acidophilus are some
examples of LAB of other species in this group (Génzle, 2015).

Hetero-fermentative LAB utilize glycolysis, but unlike homo-fermentative
microorganisms, these bacteria possess phosphoketolase pathways to ferment
hexoses. Theoretically, end products like CO», lactate and ethanol are produced
in equimolar quantities from the catabolism of one mole of glucose (Pot et al.,
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1994). Obligate hetero-fermenting bacteria (e.g., L. kunkeei and L. apinorum)
(Table 1) lack aldolase and must divert the flow of carbon through a different
series of reactions, the pentose phosphate or phosphoketolase pathway.
Facultative hetero-fermenting bacteria (e.g., Lactobacillus plantarum) utilize
hexoses through the homo-fermentative pathway, but they also possess an
inducible phosphoketolase with pentoses acting as inducers (Génzle, 2015; Pot
et al., 1994).

Bifidobacteria degrade hexose sugars through a particular metabolic
pathway, termed the ‘‘bifid shunt’’, where the fructose-6-phosphoketolase
enzyme, a taxonomic marker for the family of Bifidobacteriaceae, plays a key
role. Carbohydrate metabolic abilities may vary considerably between
bifidobacterial strains (Pokusaeva et al., 2011).

Organic acids such as acetic acid and lactic acid are the main end metabolites
produced by LAB during fermentation, and that is also the case for hbs-LAB.
The antimicrobial effect of the organic acids produced is due to the decrease in
pH, making the conditions acidic and unfavorable for many pH sensitive
pathogens. The high concentration of organic acids (succinate, acetate and
propionate) in the gut of bees colonized by LAB confirms that acid fermentation
is a major metabolic activity of the bee symbiotic bacteria, as was previously
inferred from functional genomic analyses (Zheng et al., 2017).

Lactobacillus kunkeei Fhon2, L. apinorum Fhonl3 and two Bifidobacteria
(Bin2N and Bin7N) produce free fatty acids. Lactobacillus apinorum Fhonl3,
Lactobacillus melliventris Hma8 and Lactobacillus kimbladii Hma?2 produce 2-
heptanone: a known honeybee alarm pheromone (Olofsson et al., 2014b). 2-
heptonone also acts as a local anesthetic that paralyses Varroa mites and wax
moth larvae when bitten by honeybees (Papachristoforou et al., 2012). Hydrogen
peroxide, which has a broad-spectrum inhibition against a variety of bacteria, is
another antimicrobial substance produced by five of hbs-LAB (L.
helsingborgensis Bma5, L. apis Hmall, L. melliventris Hma8, L. kimbladii
Hma2 and L. kullabergensis Biut2) (Olofsson et al., 2014b). It was also shown
that when hbs-LAB were subjected to molecules associated with Pathogen-
Associated Molecular Patterns (PAMPs), such as lipopolysaccharide,
lipoteichoic acid and peptidoglycans, they produce extracellular proteins,
including enzymes, DNA chaperones, lysozymes, putative bacteriocins and
proteins with completely unknown functions. Some of these proteins, such as
the putative bacteriocin and helveticin-J homolog produced by L.
helsinborgensis Bma$5, could contribute further to the antimicrobial properties
of these bacteria (Butler et al., 2013).
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Table 1. hbs-LAB used in this project.

Species Strain Originally isolated from Fermentation type

L. kunkeei Fhon2N Fermented grapes Obligate heterofermenter
L. apinorum Fhonl13N A. m. mellifera* Obligate heterofermenter
L. mellis Hon2N A. m. mellifera* Homofermenter

L. mellifer Bin4N A. m. mellifera* Homofermenter

L. apis HmalIN A. m. mellifera* Homofermenter

L. helsingborgensis Bma5SN A. m. mellifera* Homofermenter

L. melliventris Hma8N A. m. mellifera* Homofermenter

L. kimbladii Hma2N A. m. mellifera* Homofermenter

L. kullabergensis Biut2N A. m. mellifera* Homofermenter

B. asteroides Bin2N A. m. mellifera* F6PPK**

B. asteroides Bin7N A. m. mellifera* F6PPK**

B. asteroides Hma3N A. m. mellifera* FOPPK**

B. coryneforme Bma6N A. m. mellifera* F6PPK**

*Apis mellifera mellifera

**Fruktose 6 phosphate phosphoketolase pathway

2.2.2 Roles of hbs-LAB

It has been speculated that the hbs-LAB microbiota constitutes the first line of
defense against potential brood pathogens acquired from the floral environment
and that this plays an important role in the production of bee bread; a nutrient
source composed of bee pollen, nectar and secretions from the bee’s salivary
glands that honeybees use to feed their larvae (Vasquez and Olofsson, 2009).

Bee pollen is collected by foraging bees and is transported back to the hive
in the pollen baskets on the hind legs of the foragers (Herbert and Shimanuki,
1978). Nectar is also collected from flowers by foraging bees that transport it
back to the hive in their honey crop or honey stomach. The pollen is packed into
the brood comb cells and sealed with a drop of nectar that is regurgitated by the
bees and contains hbs-LAB from the honey crop (Vasquez and Olofsson, 2009).
After two weeks, the stored pollen is chemically changed through natural
fermentation by the different microorganisms. It has been proposed that
honeybees would be predicted to consume older stored pollen after a period of
maturation to obtain maximal nutritional benefits from the bacterial
fermentation. However, other studies suggest that bees preferentially consume
freshly deposited stored pollen in favor of older stored pollen (Anderson et al.,
2014; Carroll et al., 2017; Herbert and Shimanuki, 1978). Antifungal activity has
recently been suggested for L. kunkeei but not for L. helsingborgensis found in
stored pollen (Janashia et al., 2018).
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Inhibitory effects from hbs-LAB on honeybee bacterial pathogens have been
demonstrated convincingly, by multiple labs (Forsgren et al., 2010a; Killer et
al., 2014; Vasquez et al., 2012). Previous work in our group demonstrated that
the oral administration of hbs-LAB decreased the proportion of P. larvae
infected larvae in larval bioassay (Forsgren et al., 2010a). The same hbs-LAB
were orally administered to honeybee larvae challenged with Melissococcus
plutonius, the infective agent of European foulbrood, showing that the larval
mortality was significantly reduced in groups treated with the hbs-LAB mixture
under laboratory conditions (Vasquez et al., 2012). The mechanisms behind
these inhibitory effects were investigated further in Paper II of this thesis.
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3 Honeybee bacterial diseases

Like most insects and livestock, honeybees are subject to many diseases and
pests. Two firmicute bacteria, Paenibacillus larvae and Melissococcus
plutonius, are the primary causative agents of American foulbrood (AFB) and
European foulbrood (EFB) respectively, and these two are the sole formalized
bacterial diseases of honeybee larvae (Animal and plant health agency, 2017;
Genersch, 2010). American foulbrood is one of the major pathogenic threats to
beekeeping as it is highly contagious, capable of killing infected colonies
causing large economic losses worldwide. This thesis therefore focuses on the
effect of hbs-LAB on AFB and its causative agent.

3.1 American foulbrood disease

In 1906, an American microbiologist isolated and classified the etiological agent
of American foulbrood, AFB (White, 1906). The correct classification of the
causative agent of AFB was not trivial and it took several attempts until it was
eventually correctly classified as Paenibacillus larvae (Genersch et al., 2006), a
highly contagious and destructive bacterial honeybee brood pathogen affecting
beekeeping worldwide (Genersch, 2010).

American foulbrood only affects honeybee larvae while adult honeybees are
resistant to the infection. Young larvae ingest P. larvae spores with the food
provided by the nurse bees. The spores germinate in the midgut and the resulting
vegetative cells rapidly proliferate. Once an abundant threshold level of
vegetative cells accumulates within the larval midgut, proteases, collagenases,
chitinase, and toxins are believed to allow P. larvae to breach the midgut
epithelium via degradation of the Peritrophic Matrix (PM) of the larvae (Antinez
etal., 2011a, 2011b, 2009; Djukic et al., 2014; Genersch, 2010). When nutrients
become scarce, the P. larvae population undergoes sporulation.
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Paenibacillus larvae is a spore-forming (Figure 3), Gram-positive bacterium
(Genersch et al., 2006; Heyndrickx and Vos, 1996) for which 4 distinctly
different genotypes have been defined using repetitive element PCR (rep-PCR)
and Enterobacterial Repetitive Intergenic Consensus (ERIC) primers (Genersch
et al., 2006; Genersch and Otten, 2003). All four genotypes differ in several
phenotypic characteristics, most importantly in virulence which the difference
between individual level and colony level virulence and the role of social
immunity has in driving this difference. Epidemiological studies show that the
genotypes most frequently isolated from AFB diseased colonies are ERIC-I and
ERIC-II, while ERIC-III and ERIC-1V are historical isolates deposited to culture
collections in the 1950s and never yet been reported from bee colonies with
typical symptoms of AFB. ERIC-I and -1I are thus the most important genotypes
with respect to infection of honeybee larvae. The genotype-specific differences
in virulence between P. larvae ERIC-1 and -1I correspond to the time it takes to
kill infected larvae. Members of P. larvae ERIC-II kill larvae relatively quickly,
with a LT10o (the time it takes the pathogen to kill 100% of the infected hosts) of
approximately seven days while strains of P. larvae ERIC-I genotype kill larvae
relatively slowly (LTi00 approximately 12 days). The difference in virulence at
the individual larval level also influences the virulence at the colony level
(Genersch et al., 2006, 2005; Rauch et al., 2009). Virulence in individual larvae
is negatively correlated to virulence at the colony level due to the hygienic
behavior of the honeybees (Rauch et al., 2009). Paenibacillus larvae ERIC-11
genotype cause larval mortality before cell capping making it easier for the bees
to detect and clean out the larval corpse, while the bees have difficulties to detect
dead infected larvae with ERIC-I genotypes in capped cells, causing higher
mortality.

Figure 3. Paenibacillus larvae. (A); vegetative cells. (B): spore cells. © Ewa Bukowska-Faniband,
Sepideh Lamei
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3.1.1 AFB symptoms

Typical symptoms in colonies suffering from clinical AFB disease are irregular
brood capping with capped and uncapped cells scattered irregularly across the
brood frames. The caps are dark, sunken and often punctured (Figure 4), emitting
a foul odor. Larval remains can be drawn out to approximately one inch using a
matchstick, often referred to as the “ropiness” test (Figure 5). The ropy stage
dries down to a hard scale (foulbrood scale), tightly adhering to the lower cell
wall. These scales are highly infectious since they contain millions of spores
which drive disease transmission within and between colonies (Genersch, 2010).
It has been shown that some colonies can maintain large number of spores over
several seasons without any clinical symptoms of AFB being manifested (Fries
et al., 2006).

Figure 4. Dark, sunken and often punctured caps are the symptoms of American foulbrood. ©
Preben Kristiansen

3.1.2 AFB transmission

American foulbrood has been considered the paradigm of a highly virulent
honeybee disease which can be transmitted within colonies by nurse bees and
between colonies by robbing, drifting, beekeeper-mediated transmission through
the transfer of contaminated frames between colonies.

The spread of P. larvae within the honeybee colony occurs mainly through
nurse bees feeding the larvae contaminated feed. These bees not only feed the
larvae but they also clean out brood that died from AFB, thus contaminating the
larval food with bacterial spores from their mouth parts. Empty brood cells
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which have contained larvae that died of AFB can re-infect a new larva even if
the bees clean out the cells, through the spores remaining in the dried scale.

The natural spread of P. larvae between colonies occurs through drifting and
robbing bees carrying the bacterial spores. In addition to these “natural” routes
of transmission are the much more important common beekeeping practices like
the transport and reuse of contaminated hive material and brood frame
movement. All material that has been in contact with diseased colonies is
potentially infectious if it has not been properly sanitized. Honey and brood
frames are the pieces of equipment that are most frequently swapped between
hives and are therefore a major operational risk for the spread of the disease
within a beekeeping operation. Honey can contain large numbers of bacterial
spores and is a well-known source of infection (Fries et al., 2006; Fries and
Camazine, 2001; Genersch, 2010). The colony level distribution of P. larvae
spores differs significantly depending on the intra-colony origin of spores.
Furthermore, the bacterial spore loads in adult bees are closely linked to the
mortality of honeybee larvae while there is no significant relationship between
spore loads in honey and the larval mortality in the colony (Lindstrom et al.,
2008). Swarming bees from infected colonies also carry P. larvae spores but the
chances for developing disease symptoms is low if the bees are shaken onto
clean wax foundation (Fries et al., 2006).

3.1.3 AFB diagnosis methods

Detection of AFB in the field is based on the appearance and recognition of
clinical symptoms of the disease, the “ropiness” test of diseased larvae (Figure
5) and through commercial immune-chromatography-based test kits (Vita-
Europe). The diagnosis can be confirmed in the laboratory by the detection of P.
larvae spores from larval remains (de Graafet al., 2006; Hansen and Bredsgaard,
1999). To further verify the presence of P. larvae, material from suspected
larvae/pupae, adult bees, honey, wax and debris can be cultivated on artificial
bacteriological media and suspected bacterial colonies can be identified using
biochemical or molecular techniques such as PCR (Alippi et al., 2004; de Graaf
et al., 2006; Forsgren and Laugen, 2014; Lindstrém and Fries, 2005). It has been
shown that culture-based techniques are more accurate than PCR for detecting
P. larvae in clinically diseased colonies and that the prognostic value of bacterial
colony counts from bee samples is superior to colony counts from debris
(Forsgren and Laugen, 2014).

Since different colonies express different degrees of hygienic behavior for
cleaning out diseased and dead larvae, some colonies can contain high levels of
P. larvae spores on bees or in the honey without showing any clinical symptoms
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(sub-clinical levels of infection). Sub-clinical occurrence of P. larvae can be
detected sensitively by culturing samples of adult bees both in individual
colonies and at the apiary level using composite samples of bees (Lindstrém and
Fries, 2005).

Figure 5. Ropiness test. Larval remains can be drawn out to approximately one inch using a
matchstick. © Preben Kristiansen

3.1.4 AFB control methods

American foulbrood is a statutory notifiable disease within the European Union
and disease incidence has to be reported to the competent authorities and control
measures carried out according to the laws of the country (Lodesani and Costa,
2015). Such control measures include the burning of infected colonies and hive
material. However, not all colonies are destroyed upon the detection of disease
symptoms. In some countries the legislation allows for the use of “the shook
swarm method”, where all the adult bees are shaken onto new wax foundation
and the brood frames are burned. It is very important that hive equipment from
diseased colonies is sterilized carefully considering that the spores of P. larvae
are extremely resilient and can stay infectious for decades (Genersch, 2010).
Current European legislation does not allow beekeepers to use antibiotics
since there is no maximum residue limit (MRL) set for the antibiotic substances
used to control AFB (tylosin, tetracycline, oxytetracycline and streptomycin).
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Antibiotics can therefore not be used legally, since there is a zero tolerance limit
to antibiotic residues in honey (Reybroeck et al., 2012). In countries outside the
European Union such as the USA, Canada and Argentina, antibiotics are used
routinely, and often prophylactically, as a strategy to control AFB. However,
several problems are associated with the extended use of antibiotics: (i)
antibiotics are not effective against the infectious bacterial spores. They
therefore only suppress clinical symptoms but do not cure AFB; (ii) chemical
residues can persist in honey affecting its quality and safety for human
consumption (Reybroeck et al., 2012); (iii) the use of antibiotics may lead to the
emergence of resistant P. larvae strains (Evans, 2003; Lodesani and Costa, 2015;
Murray and Aronstein, 2006).

Recent discoveries of the strong antagonistic effect of bacterial microbiota
on the infectivity and pathogenicity of P. larvae (Forsgren et al., 2010b; Janashia
and Alaux, 2016; Killer et al., 2014; Maggi et al., 2013; Sabaté et al., 2012),
breeding for disease resistant honeybees (Evans, 2004; Spivak and Reuter, 2001)
and treatment with natural antimicrobial substances like essential oils of various
plants (de Almeida Vaucher et al., 2015; Fuselli et al., 2009) have identified
possible new approaches for AFB control. In this thesis, we focused on the
antagonist effect of hbs-LAB on P. larvae and their potential as a health
promoting supplement for honeybee colonies.
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4 Aims

The overall goal of this thesis is to gain deeper understanding on the role of hbs-
LAB in honeybees and the effect of these bacteria on the honeybee pathogen
Paenibacillus larvae. The specific aims of this project are:

I. Improve identification methods for detection and identification of hbs-
LAB.

II. Determine the effect of hbs-LAB secretome on the growth of P. larvae
genotypes ERIC-1 and ERIC-II and the mortality of infected larvae.

1. Investigate the effect of oral administration of hbs-LAB supplement

and tylosin on spore levels of P. larvae, AFB symptoms and colony
strength.
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5 Methods

5.1 Culture-dependent techniques

Identification is the first step in establishing the bacterial etiology of a particular
disease. It includes the procedures and techniques used to correctly identify
bacteria. Traditional methods of bacterial identification rely on phenotypic
identification of the causative organism such as culturing on plates or in broth in
addition to biochemical methods.

5.1.1 Traditional culturing and growth conditions

A true understanding of the physiology of the hbs-LAB and the role they play in
their ecological niches and in honeybee health is based on an in-depth
understanding of their mode of action and/or their metabolism. Investigating
such properties requires artificial media for optimal bacterial growth. The
successful transition of bacteria from the in vivo to the in vitro environment
requires that nutritional and environmental growth requirements can be
adequately met (Hayek and Ibrahim, 2013).

In this thesis 13 hbs-LAB consisting of 9 Lactobacillus and 4
Bifidobacterium species specified in the introduction (Table 1) were grown in
Man, Rogosa & Sharpe (OXOID, England) broth (MRS) supplemented with 2%
fructose (Merck, Sollentuna, Sweden) and 0.1% L-cysteine (Sigma-Aldrich,
Stockholm, Sweden) (sSMRS) at 35°C. In Paper I, we used a turbidimetric assay
to follow the growth curves of the hbs-LAB in various supplemented media.
This study showed that hbs-LAB require supplements such as fructose and L-
cysteine rather than glucose for optimal growth under laboratory conditions
(Figure 6). The optimized growth conditions was also crucial for the downstream
identification of hbs-LAB by MALDI-TOF MS (Paper II) and for testing the
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antimicrobial activity of the bacteria in agar well diffusion assays (Paper II).
The agar well diffusion assay has been widely used for evaluation of
antimicrobial activity, especially for biologically derived compounds. In this
test, we tested antimicrobial activity of the Cell Free Supernatant (CFS) from a
mixture of the 13 hbs-LAB of incubated together for 18 h, i.e. the secretome of
a complex LAB community, containing both individual and cross-metabolized
bacterial products. The molecular weight and hydrophobicity of a substance may
affect its diffusion properties, and thus the outcome of an agar well diffusion test
(Valgas et al., 2007). Since the possible antimicrobial substances (and their
physico-chemical properties) in the CFS of the hbs-L AB mixture were unknown,
the agar well diffusion assays were complemented by “turbidimetric assays” to
investigate the inhibition activity of the CFS on the spore and vegetative cells of
P. larvae (Paper II). This technique provides information of the growth pattern
of P. larvae as well as any effect from antimicrobial compounds causing a
delayed lag phase or a reduced growth rate compared to controls.

Paenibacillus larvae genotypes ERIC-I (CCUG 48979) and ERIC-II (CCUG
48972) were cultured on MYPGP agar (Mueller-Hinton broth, Yeast extract,
Potassium phosphate, Glucose and Pyruvate) plates (Nordstrom and Fries, 1995)
and incubated at 35°C with 5% CO, for 72 h. To prepare spore suspensions with
defined concentrations, P. larvae genotypes ERIC-I and ERIC-II were cultured
on MYPGP agar and incubated at 35°C with 5% CO. for 3 weeks. Bacterial
colonies were suspended in sterile 0.9% saline and a total microscopic count of
the spores was made in a Helber Bacteria Counting Chamber (Hawksley) using
a phase-contrast light microscope (400x, Reichert, Austria) (Figure 3). To
prepare suspensions of vegetative cells, P. larvae spores were inoculated in
MYPGP broth and incubated at 35°C with 5% CO,. After 24-30 h incubation,
the samples were checked for P. larvae cells by phase contrast microscope
(Figure 3) (Forsgren et al., 2008).
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5.1.2 Matrix-Assisted Laser Desorption/ lonization-Time of Flight
(MALDI-TOF) Mass Spectrometry (MS)

Mass spectrometry is an analytical technique which offers the possibility of an
accurate, rapid, inexpensive identification of microorganisms, such as bacteria,
isolated in clinical microbiology laboratories without the need for morphological
phenotyping and laborious biochemical testing (Singhal et al., 2015).

MALDI-TOF MS can examine the profile of proteins detected directly from
intact bacteria. This technique, based on relative molecular masses, is a soft
ionization method allowing desorption of peptides and proteins from whole
cultured microorganisms. lons are separated and detected according to their
molecular mass and charge. This approach yields a reproducible spectrum for a
given bacterial strain within minutes, consisting of a series of peaks
corresponding to m/z ratios of ions released from bacterial proteins during laser
desorption (Wunschel et al., 2005).

A number of published studies have demonstrated the accuracy of MALDI-
TOF MS for the identification of a broad spectrum of bacteria including
Lactobacilli and Bifidobacteria (Anderson et al., 2014; Bunesova et al., 2014;
Foschi et al., 2017). Although there are culture independent applications for
samples consisting of blood, urine and cerebrospinal fluid (DeMarco and
Burnham, 2014; Murray, 2012; Segawa et al., 2014), the limiting factor of this
technique is still the requirement for culturing of isolates prior to testing.
Moreover, it is recommended that MALDI-TOF MS should be used in
combination with other molecular methods such as 16S rRNA sequencing to
differentiate closely related species (Carbonnelle et al., 2011; Clark et al., 2013).

The process of sample preparation for the identification of microbes by
MALDI-TOF MS depends upon the source from which it was isolated or on the
chemical nature of the constituents of its cell wall. Studies have shown that a
preparatory extraction of microbes with formic acid (FA) reportedly increases
the ability of MALDI-TOF MS to identify Gram-positive bacterial species
(Dubois et al., 2010; Mellmann et al., 2008) while this extra preparation is not
necessary for Gram-negative bacteria (Eddabra et al., 2012; Stephan et al.,
2011). Formic acid was used prior to the addition of the matrix on top of each
sample for the detection and identification of hbs-LAB (Paper II).

5.2 Culture-independent techniques

Culture-dependent bacterial identification approaches have shown limitations in
terms of recovery rate: the set of obtained isolates may not always truly reflect
the proportion of microbial composition of the sample that can be cultured.
Lactic acid bacterial species occurring at low frequencies are often out-competed
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in vitro by numerically more abundant microbial species, making isolation of
the less abundant bacterial species difficult. As a result, ecological studies
increasingly rely on culture-independent methods, usually based on DNA or
RNA sequences, for analyzing the composition of complex bacterial samples
(Temmerman et al., 2004).

5.2.1 16S rRNA lllumina Miseq sequencing

With the advent of the Sanger chain termination sequencing method in 1977,
scientists were able to sequence DNA in a reliable, reproducible manner (Sanger
et al.,, 1977). 16S ribosomal RNA (rRNA) sequencing is a commonly used
amplicon sequencing method to identify and compare the number of bacteria
present within a given sample (Chakravorty et al., 2007). Chain termination
sequencing has been largely replaced by synthesis-based sequencing methods,
which are better suited for automation, high throughput capacity, accuracy and
cost-effectiveness, with the Illumina platform currently considered the gold
standard in microbial diversity analysis. In principle, the concept behind
[lumina sequencing is similar to older sequencing methods by the incorporation
of fluorescently labeled nucleotides during DNA synthesis and fluorophore
excitation of millions of fragments in parallel (Degnan and Ochman, 2012;
Sinclair et al., 2015).

Until recently, a significant challenge of the Illumina sequencing of 16S
rRNA gene amplicon has been to accurately identify true biological sequence
variants while excluding amplicon sequencing errors (Callahan et al., 2015;
Edgar, 2013; Eren et al., 2015). A common way to study microbial communities
is to cluster similar amplicon reads. This masks most amplification errors but at
the same time removes some true biological variants (Edgar, 2013; Kozich et al.,
2013). In Paper I, we present how we successfully retrieved the 16S rRNA gene
sequences for the 13 hbs-LAB strains using [llumina amplicon sequencing and
the Divisive Amplicon De-noising Algorithm (DADA2), an open-source
software package, for modeling and correcting Illumina-sequenced amplicon
errors. Sample composition is inferred by dividing amplicon reads into partitions
consistent with the error model (Online Methods). DADA?2 is reference-free and
applicable to any genetic locus. The DADA2 R package implements the full
amplicon workflow: filtering, de-replication, sample inference, chimera
identification, and merging of paired-end reads. Researchers have compared
DADA2 to four other algorithms (Online Methods): UPARSE, an OTU-
construction algorithm with the best published false-positive results; MED, an
algorithm with the best published fine-scale resolution in Illumina amplicon
data; and the popular mothur (average linkage) and QIIME (uclust) OTU
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methods. These comparisons show that DADA?2 is more accurate than the other
methods for resolving fine-scale variation and outputs fewer incorrect sequences
than the best OTU method. The precision of DADA2 improves downstream
measures of diversity and dissimilarity and could potentially allow amplicon
methods to probe strain level variation (Callahan et al., 2015).

5.3 Hbs-LAB experimental design

We tested the effect of hbs-LAB on P. /larvae in individual honeybees (Paper
II) and at honeybee colony level (Paper I1I).

In Paper II, larval exposure bioassays were used to assess the inhibitory
activity of the hbs-LAB CFS on P. larvae pathogenesis in honeybee larvae. First
instar worker larvae from honeybee colonies located at the Swedish University
of Agricultural Sciences, Uppsala, Sweden were grafted with a Chinese grafting
tool (Bienenzuchtgerite, Graze, Weinstadt, Germany) into individual wells of
48-well tissue culture plates, each containing 10 puL of pre-warmed diet (Aupinel
et al.,, 2005). Each bioassay included technical controls for assessing the
background larval mortality. Bioassays with >15% background mortality were
excluded from the data. The experimental larvae were infected with 1x10* P.
larvae spores per larvae: an infectious dose that produces sufficient larval
mortality (about 70%) to observe the remedial effect of hbs-LAB treatment on
larval mortality (Forsgren et al., 2010b). Different experimental groups were fed
larval diet supplemented with either the CFS (3 pL of reconstituted CFS in 10
uL diet) or a mixture of live 13 hbs-LAB cell suspension (1x107 bacteria per 10
pL diet) for 6 consecutive days, with increasing amounts of daily diet (10 pL,
10 pL, 20 pL, 30 pL, 40 uL and 60 pL food/larva/day, respectively). Control
bioassays assessing any direct effect of live hbs-LAB on uninfected larvae were
all negative. The larvae were maintained in an incubator at 35°C with a relative
humidity of 96%. The larvae were checked daily for mortality before feeding.
Dead larvae were removed, the gut content streaked onto MYPGP agar for the
cultivation of P. larvae with the identity of the bacterial colonies confirmed by
PCR (Dobbelaere et al., 2001). Each bioassay was repeated three times for both
P. larvae genotypes (ERIC-I and II), with a total of 30 larvae per replicate,
except for the P. larvae-infected experimental group treated with live hbs-LAB
bacteria, which was replicated twice.

The effect of oral administration of hbs-LAB supplement and tylosin were
investigated further on P. larvae spore counts and clinical symptoms and to
explore the relationship between colony size and the disease determination on
honeybee colonies in USA (Paper III). Forty honeybee colonies headed by
queens of the same age from a single queen breeder were established in March
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2014 using 1.2 kg packages of honeybees in an isolated apiary in Beltsville, MD,
USA. The colonies were placed in an apiary with a history of AFB, and the
frames and boxes used came from colonies that were managed with AFB in
previous studies. All colonies in this apiary would have had some exposure to
AFB, but to insure exposure, all colonies were given a standard spore suspension
as described below. The colonies were fed three times with a 1:1 sucrose: water
solution to help establish the colonies and promote growth of adult bee
populations. The colonies were assessed and inspected on April 23" for the
presence of AFB and AFB severity rated as noted below. The colonies were
assigned to the treatment groups using a stratified random design, i.e. colonies
were ranked according to AFB severity, divided into groups of four down the
ranking, with subsequent random treatment assignment within each ranking
group, with each colony in each ranking group receiving one of the following
treatments, in a double-blinded fashion: (1) antibiotic (tylosin), (2) hbs-LAB
placebo, (3) hbs-LAB supplement, (4) no treatment. The supplement was
administered on two occasions, April 23-25™ and May 7-9" 2014, right after the
sampling in these months. All 40 colonies in the AFB apiary were inoculated on
May 1% 2014 with a suspension of P. larvae spores to boost the onset of AFB.
Colonies were sampled, assessed and inspected for AFB symptoms at 6
occasions between April and August 2014. Adult honeybees were sampled
monthly from each colony between April and August 2014. An additional
sampling was done in May, resulting in a total of six sampling occasions.
Approximately 200 adult honeybees per sample were collected from the brood
chamber in a small cardboard box. The honeybee samples were stored at -20°C
until further analysis. The level of AFB was determined by screening of each
frame and making a visual inspection of the brood (immature larval and pupal
honeybees) for evidence of infection. AFB is easy to identify in the field as the
signs of disease are diagnostic and include partially uncapped cells, foul odour
and the presence of abnormal looking brood within cells. Samples of diseased
cells were taken and laboratory test conducted for positive identification to
confirm the field diagnoses. Each frame with brood was rated for AFB infection
on a 0-3 scale. A zero was assigned if there were no visible signs of disease, a
one indicated fewer than 10 diseased cells, a two indicated 11-100 diseased
cells, and a three indicated more than 100 diseased cells. This rating system
creates a composite score that can increase with increasing severity or can be
divided by the number of frames of brood to give an average infection rating per
brood frame.
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6 Results and discussion

6.1 Detection and identification of hbs-LAB (Paper 1)

The access to adequate techniques is of key importance for the identification of
the honeybee microbiome and for answering research questions regarding their
role in honeybee health.

In Paper I, traditional culturing and 16S rRNA Illumina sequencing were
used as complementary techniques for the detection and identification of hbs-
LAB. In order to find a culture media optimal for the growth of the 13 hbs-LAB
species, we tried to mimic the hbs-LAB natural environment and growth
requirements. We investigated which supplements are essential for optimal
growth of hbs-LAB and confirmed that the addition of L-cysteine and fructose
is crucial for their growth (Butler et al., 2016, 2013; Lamei et al., 2017), likely
associated with their natural habitats being honey crops, honey (Olofsson and
Vasquez, 2008; Vasquez et al., 2012) and bee bread containing foraged nectar
and pollen (Vasquez and Olofsson, 2009) rich in amino acids and sugars. Nectar
consists mainly of sucrose and its mono-saccharides fructose and glucose but the
exact composition of sugars differs between continents, seasons and floral
sources (Nicolson and Thornburg, 2007). Consequently, hbs-LAB have had to
adapt to carbohydrate-rich diets. We observed however, that only two hbs-LAB
species (L. kunkeei and L. apinorum) need fructose for growing under laboratory
conditions. Interestingly, L. kunkeei has previously been classified as an obligate
fructophilic bacteria (Endo et al., 2012; Neveling et al., 2012).

16S rRNA Illumina sequencing was used in Paper I as a complementary,
molecular-based technique for hbs-LAB identification. The difficulty with 16S
rRNA gene sequencing for hbs-LAB identification is that these bacteria have
high sequence similarity and very high similarity scores, requiring very fine
resolution analyses to separate individual species. This is discussed in Paper I
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where it is concluded that differentiate the bacteria to the strain level using only
16S rRNA amplicon data is difficult. The high similarity in the 16S rRNA gene
has been observed in other honeybee gut bacteria such as Gilliamella apicola,
Snodgrasella alvi (Engel et al., 2014) and two Lactobacillus spp. strains, wkB8
and wkB10 (Kwong et al., 2014). It has been shown recently that deep
sequencing of short amplicons of 16S rRNA genes (the V4 region) is insufficient
to identify S. alvi at the strain level (Ellegaard et al., 2015). Using Illumina
sequencing and a new software to correct for sequencing errors, DADA2, we
were able to identify and separate all 13 hbs-LAB (Paper I, Figure 7). It has
been shown that DADA?2 is more accurate and has a higher resolution than the
other OUT constructing methods such as UPARSE (Callahan et al., 2015). We
observed multiple but highly similar sequence types in four of the Lactobacilli
strains (Biut2N, Hma2N, Hma8N, Fhon13N) likely due to multiple copies of
their 16S rRNA gene (Ellegaard et al., 2015). In Escherichia coli, the use of
multiple rRNA operons has been shown to facilitate shifts from poor to rich
growth conditions (Condon et al., 1995). Thus, possessing multiple copies of the
16S rRNA gene could indicate that hbs-LAB strains may have evolved under
selection for rapid growth following shifts from nutritionally poor to rich
environments.
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Figure 7. Phylogenetic tree based on multi-alignment and abundance distribution of hbs-LAB
16S rRNA sequences inferred in this study (Paper I). The dendrogram illustrates the
phylogenetic relationship of the 22 sequence types. Leaf labels marked with hbs-LAB strain names
indicate sequences identical to the reference 16S rRNA sequence. The relative abundance of
sequence types for each strain is shown in the heat map (each column represents one strain).
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6.2 The inhibitory activity of hbs-LAB on P. larvae growth
in artificial media and in honeybee larvae (Paper II)

The controlled and limited use of antibiotics in the EU and the emergence of
antibiotic-resistant P. larvae strains have stimulated the search for feasible
alternatives to antibiotics, including beneficial microorganisms, for treating or
preventing AFB disease. So far, the inhibitory effects against P. larvae of
bacteria such as Bacillus (Alippi and Reynaldi, 2006; Minnaard and Alippi,
2016), Lactobacillus (Forsgren et al., 2010a; Killer et al., 2014) and Enterococci
(Audisio et al., 2011) have been tested under laboratory conditions. Many
researchers have tried to identify and purify the active substances responsible for
the antimicrobial activity of these bacteria.

It has been shown that individual members of the hbs-LAB microbiota
produce metabolites with antimicrobial activity (Butler et al., 2013; Olofsson et
al., 2014b). One of the hypothesis of this thesis was that a combination of the 13
hbs-LAB species was most likely to be effective against P. larvae since all
species co-exist in the honey crop and possibly cross-metabolize secreted
compounds and produce a richer and more diverse set of metabolites and
antimicrobial peptides (McNally et al., 2014; Olofsson and Vasquez, 2008). The
antimicrobial activity of the secretome produced by a mixed culture of the 13
hbs-LAB was tested on P. larvae growth and infectivity in honeybee larvae
(Paper II). A strong inhibition by the CFS was noticed on the growth of P.
larvae genotypes ERIC-I and ERIC-II resulting in clear and sharp inhibition
zones in agar well diffusion assays. The results were confirmed by in vivo larval
exposure bioassays showing that CFS feed supplement decreased larval
mortality caused by P. larvae infection. The observed positive effect on larval
survival was even higher than when larval feed was supplemented with live hbs-
LAB (Figure 8). The results of this study clearly show that the hbs-LAB produce
end excrete antimicrobial substances which inhibit the multiplication of P.
larvae and have the ability to prevent infection and death in honeybee larvae.
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Figure 8. Inhibitory effect of hbs-LAB cell-free supernatant on P. larvae in larval bioassays
(Paper II). Probability of mortality for P. larvae-infected honeybee larvae treated with hbs-LAB
cell-free supernatant (CFS), relative to untreated (negative control) and live hbs-LAB-treated
(positive control) P. larvae-infected larvae. Symbols show predicted marginal means with CIs and
different lower case letters indicate significant differences (Tukey contrast; P<0.01).

The next step was to assess which stages in P. larvae germination and growth
were affected (Paper II). The P. larvae growth curve is characterized by an
initial rapid vegetative growth resulting in sharp peak followed by a decline in
cell density as the bacterial culture enters the sporulation phase (Figure 9). The
generation times of ERIC-I and ERIC-II genotypes were about 48.4 min and
18.7 min, respectively. The growth peak of spore-initiated cultures was delayed
by ~32 h (ERIC-I) and ~24 h (ERIC-II) relative to vegetative cell-initiated
cultures, corresponding to the time the spore cells needed to germinate before
the vegetative cell growth starts. As a result of the addition of the hbs-LAB
secretome, growth peak initiated from either P. larvae spore or vegetative cell
is entirely absent and the growth curves reached far lower final cell densities.
The hbs-LAB secretome clearly impeded bacterial proliferation and perhaps also
the triggers for sporulation (Figure 9). This is likely to be the primary reason for
the enhanced survival of P. larvae-infected larvae treated with the hbs-LAB
secretome.
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Figure 9. Inhibitory effect of hbs-LAB CFS on P. larvae growth in broth. Growth curves (black
symbols and black lines) of P. larvae in MYPGP broth supplemented with hbs-LAB cell-free
supernatant (P. larvae + CFS) compared to controls (P. larvae). Bacterial growth was reflected by
increasing turbidity and measured by the optical density at 600 nm (ODeqoo). The growth curves
were initiated with either P. larvae ERIC-I spores (A), P. larvae ERIC-I vegetative cells (B), P.
larvae ERIC-1I spores (C), or P. larvae ERIC-II vegetative cells (D). In blue: Data right from the
vertical lines indicate the subset that was used to compare both genotypes (ERIC-I/II) and growth
stage (spores/cells) combination in the stationary phase. The symbols show predicted marginal
means + Cls (Cls are very small) and different lower case letters indicate significant differences
(Tukey contrast; P<0.01). In red: The strength of the growth increase of P. larvae was compared
among all four combinations. Circles show the original subset and lines indicate model predictions
with bootstrapped confidence limits. Different upper-case letters indicate significantly different
slopes (Tukey contrast; P<0.05).

Individual hbs-LAB secrete a wide variety of antimicrobial substances and each
species exudes its own unique set of metabolites (Olofsson et al., 2014b).
Organic acids are some of the main metabolites produced by LAB. The
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antagonistic effect of Lactobacillus johnsonii, L. brevis (Mudronova etal., 2011)
and L. johnsonii (Audisio et al., 2011) was mainly due to acidification, pH: 4.0
- 4.5, generated by organic acids (Audisio et al., 2011). Moreover, the spores of
Bacillus cereus were more resistant to organic acids than the vegetative cells,
with the resistance furthermore affected by pH (Wong and Chen, 1988). In our
study (Paper II) however, the pH of MYPGP broth inoculated with the hbs-
LAB secretome was in the pH range of 5-6. The hbs-LAB supernatant probably
contains antimicrobial substances other than organic acids such as proteins and
peptides contributing to the observed inhibitory effect. Alippi and Minnaard
recently isolated a bacteriocin-like compound secreted by B. cereus, which has
antimicrobial activity against P. larvae genotypes ERIC-I and ERIC-II
(Minnaard and Alippi, 2016). Other research groups isolated active
antimicrobial substances against P. larvae such as Iturin A, fatty acids (Benitez
et al., 2012), lipopeptides and surfactin (Sabaté et al., 2009). Future research
should investigate the effects of individual hbs-LAB against P. larvae and
fractionation studies of the secretome produced by the hbs-LAB species, both in
isolation and in co-culture, coupled with proteomic and metabolomic analyses,
to identify the active antimicrobial substances produced.

6.3 The effect of hbs-LAB on P. larvae spore counts, AFB
symptoms and honeybee colony strength (Paper Ill)

The final questions addressed in this project was whether applying hbs-LAB as
a feed supplement to honeybee colonies could prevent elevated P. larvae spore
levels and AFB symptoms or have a general positive effect on colony health
(Paper III).

The results showed that neither treatment with supplemental hbs-LAB, nor
the antibiotic, tylosin, had any effect on P. larvae spore levels (Figure 10). The
application of the hbs-LAB supplement had no effect on colony strength
measured as frames of bees and brood. However, treatment with the antibiotic
tylosin suppressed AFB symptoms (Paper III). This confirms that antibiotics
such as tylosin only affect the vegetative form of bacteria but not the spores.
Even if there are no reports of tylosin-resistant P. larvae isolates to date and the
antibiotic is still effective on vegetative bacteria, the spores remain unaffected
and infective for many years which may lead to reoccurrence of AFB in a colony,
apiary or a beekeeping practice (Genersch, 2010; Oldroyd et al., 1989).
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Figure 10. The effect of Tylosin and hbs-LAB on American foulbrood and colony strength.
Shown are American foulbrood spore counts (colony forming units per bee) from adult bees and
symptoms (probability of AFB score with respect to maximal score for each colony) depending on
the four treatments (Infection = American foulbrood infection; Antibiotics = Tylosin; LABc =
placebo of honey-bee-specific Lactic Acid Bacteria; LAB = honey-bee-specific Lactic Acid
Bacteria). Colony strength is represented by colony size (number of frame sides with bees) and
brood size (number of brood). Red circles, with the respective red scale on the right side if
necessary, show the original data from all 40 bee colonies on all six sampling occasions with respect
to treatment. The letters indicate significant differences between predicted marginal means with
confidence limits from the respective models that still included the treatment effect. Based upon
the results presented in Paper I1I we can conclude that any promising results of the effects of hbs-
LAB on pathogens at brood level in controlled laboratory experiments (Forsgren et al., 2010a)
(Paper II) do not necessarily translate directly into an effective treatment for honeybee colonies.
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7

7.1

Conclusions

Detection and identification of hbs-LAB

> It is imperative to use supplements such as fructose and L-cysteine to

successfully isolate and grow hbs-LAB.

» Illumina amplicon sequencing of the 16S rRNA genes is a successful

approach for the detection and identification of the 13 hbs-LAB to the
strain level.

» As aresult of the limitations in current culture-dependent and molecular-

based techniques, we recommend to use them as complementary
techniques for future investigations of hbs-LAB and other members of the
honeybee bacterial gut microbiome.

7.2 The inhibitory activity of hbs-LAB on P. larvae growth

in artificial media and in honeybee larvae

» Paenibacillus larvae ERIC-II genotype have a shorter germination time

(ERIC-I: ~32 h, ERIC-II: ~24 h), a shorter generation time (ERIC-I: ~
48.4 min, ERIC-II: 18.7 min) and a higher final cell density in MYPGP
broth than P. larvae of ERIC-I genotype. We observed a delayed/reduced
sporulation for ERIC-II (i.e. dominant vegetative stage) compared to
ERIC-I (i.e. dominant spore stage).

» Honeybee-specific lactic acid bacteria produce antimicrobial substances,

a secretome, which reduce larval mortality caused by P. larvae.

» After adding the hbs-LAB secretome, the P. larvae growth curve

increased only slightly and very slowly reaching far lower final cell
densities than in the non-supplemented media.

» The hbs-LAB secretome inhibits the vegetative growth of P. larvae but

have no effect, no inhibition or delay, on the spore germination.
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7.3 The effect of hbs-LAB on P. larvae spore counts,

AFB symptoms and honeybee colony strength

» Paenibacillus larvae spore levels in honeybee colonies did not change
after treatment with supplemental hbs-LAB.

» The application of the hbs-LAB supplement had no effect on colony
strength measured as frames of bees and brood.

» Symptoms of AFB were lower in colonies treated with tylosin.

» Tylosin did not decrease the spore levels of P. larvae.

In conclusion, honeybee colonies have multiple homeostatic mechanisms for

managing colony health and performance of which hbs-LAB are but a small
component. This thesis does not refute the beneficial nature of honey crop
bacteria as abundantly shown previously (Forsgren et al., 2010b; Killer et al.,
2014; Olofsson et al., 2014b; Vasquez et al., 2012), but it does show that
translating this knowledge into a useful application is not straightforward and
requires careful consideration of the social character and the natural homeostatic
mechanisms governing health, microbiome diversity and function in honeybee
colonies (Alberoni et al., 2016; Engel et al., 2016).
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