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Sie legen Tranentau der Narzisse
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Summary

Summary

Social insects like dneybeesApis melliferg andstingless bees (Apida&eliponini) face a
relatively high risk to be attacked by pests and pathodendecrease the risk of infection, in
addition to an innate immune system, these spéaesevolved various cooperatidefense
mechanisms such as hygierbehavioror allo-grooming, which contribute to theoverall
health of the colonies and are therefore also referred to as social imnitweityollection and
use of plant resin is another important stratefgocial immunity. Resin is a sticky, often
aromatic substance with antimicrobial and deterrent propergeseted by plants for
protection ofthe vegetative tissuddowever,honeybees and stingless béase managed to
take advantageof these properties by using resiior nest constructiorfoften mixturesof
resin and wax called “propolis” or “cerumentd generate a sterile nest atmosphared as
defense against pests and pathogBrentresins thus play a crucial role for the ecology of
these speciegnd arean important resource for theieverthelesshow beesxploit available
resin sources ant resincollectioncan protectolonies from diseas@sceived comparatively
little attention in the pasiherefoe the aim of this thesis to provide new insights into the
plant origin (chapter II') and significance(chapter I11) as well as the influencef resin

resource diversitychapter IV) onbeecolony health

Resource use and availabilityrm fundamental prerequisites, havidgcisive influence on
the viability of individuals and maintenance of populatiolmgormation on theresources
required bya speciess thusimportant to effectively promote and preseitvd-or honeybees
in temperate regionsprecise informationabout vhich resin sources they use largely
lacking Thereforethe seconahapter focusesnthe resin collection behavioof the Western
honeybeesA. melliferalL.). By chemical compang beecollected resia and tree resins, |
traced backhe resin sources u$dy individual beesResultsshowthat honeybeesollect
distinct resin types thatrerelated to different tree speciesccordingly, bees in the study
area collect resin from trees$ several poplar specieBdpulus balsamiferaP. xcanadens)s
birch Betulaalba), hasechestnut Aesculushippocastanury and coniferous treedVith this
study | providedthe first evidencethat A. melliferain temperate regions use variety of
different tree species as resin soureesl moreover, showpreferences fospecific resin

sources

Maintenance of colony health is probably one of ii&or purposes ofresin collection

Neverthelessstudiesnvestigatingthe benefits ofesirs at the colony levedrerareand there



Summary

areonly fewevidences on the effects i@w propolis (unlike commonly used ethanol extracts
on colony health For this reason] conducted an experimental field study in which |
investigated whether propolis, as it is naturally deposited in the nests, cast poteypee
colonies against some of the most important pathogens (the ectoparasiticvanites
destructor and the Deformed Wing Virus, DWY. While propolis hadno effecton V.
destructorsurvival and infestationl could show thatjn relation tomite load viral titers
increased sigficantly less inpropolistich colonies than in colonies without propolighe
resuts of this studyhowed that propolis in (sehRatural conditions can increase the disease

resistance of honeybee colonies, underscoring the importance of resins for hdreajthee

Resin collectionby stingless bees is comparatively well studsedl it is known that these
speciescommonly forage oma variety ofdifferent plant specied o increase knowledge on
whetherand how beesnay profit from a diversity of resinresources, tested how the
protective function of aesin variel among different sarces(and their mixturesand various
potential aggressor@redators, parasites and pathogemgp results of this study revealed
that resinsfrom different trees vary in their effectivity against different targetwoigms
Moreover,resin blends werenore effective than some of the individual resins, suggesting

that bees can benefit from a variety of resin resources.

In summary, honeybees in temperate regions, similar to tropical stinglessubeea variety

of different tree spcies as resin sources. Becares#ns from different tree species varied in
their protective function, this indicates that bemms profit from a variety of different
resins/resin sources by improving the defense against diverse pests and ngathoge
Converselythe lackof resin had a negative impact ¢ime disease resistance of colonies.
Consequently, availability as well as the variety of suitable resin source$ ggeat
importance for the health of bees. In addition to nectar and pollen, resin, as a further
importantresource, should therefore find more attention in beekeepgin collection as

the natural disease defense of bees should find more respect in beekeeping prEhasildnd

be more strongly included fture consideration on how to promdbeecolony health.
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Zusammenfassung

Soziale Insekten wie Honigbienempis melliferg und stachellose Bienen (Apidae:
Meliponini) haben eimrelativ groResRisiko von Schadlingen und Krankheitserregern befallen
zu werden. Um dasinfektionsrisiko zu verringernhaben diese Arten verschiedene
kooperative Abwehrmechanismefz. b. Hygieneverhaltenoder gegenseitiges Putjen
entwickelt die zur allgemeinen Gesundheit der Kolonien beitragen und daher agolziale
Immunitat bezeichnaetverden Das Sammelmund die Verwendung von Pflanzenharz ist eine
weitere wichtige Strategiader sozialen ImmunitatHarz ist eine klebrige, ofaromatische
Substanz mit antimikrobiellen urabwehrenderkEigenschaften, welcheon Pflanzen zum
Schutz des vegetativen Gewebes abgesondiedt Honigbienen und stachelloseieBen
haben es jedoch geschafifese Eigenschaften zunutze zu machen, indem sie Harze flr den
Nestbauoft alsMischungen aus Harz und Wachgnannt "Propolis” oder "Cerumerswie

fur die Abwehr von Schadlingen und &mkheitserregemerwendenPflanzenharist folglich
eine essentiellRessource fur dge Bienen. Wie Bienen verfigbare Harzquellen nutzeh
welchemoglichenKonsequenzesich daraus fur die Gesundheit der Koloaigebenerhielt

in der Vergangenheit jedoch vergleichsweise weugmerksamkeit Ziel dieser Arbeitvar

es daher, neue Erkenntnisse uber den pflanzlichen Ursprapit€l 11) und dieBedeutung
(Kapitel 11I'), sowie den Einfluss der Harzressourcenvielfaagitel V) auf die
Koloniegesundheit von Honigbienen und stachellosen Bienerlangen

Ressourcennutzung uneverfigbarkeit bilden grundlegende Vassetzungendie einen
entscheidenden Einfluss auf die Lebensfahigkeit von Individuen und den Erhalt von
Populationen haberKenntnisseliber die von einer Art bendtigten Ressourkénnendaher
wichtig sein um diese effektiv zu férderand erhalterzu kdnnen Genaue Informatiosn
daruber,welche Harzquellen von Honigbienen in gemgé#h Regionen verwendet werden
fehlenbisherweitgehend. Dahast das erste Kapitel dieser ArbeiemHarzsammelverhalten

der Westliche Honigbien@. melliferalL.) gewidmet Mittels chemischer Velgichedervon
Bienengesammelten Harzen umgbn Baumharzen hab&h die Harzessourcennutzung
einzelner Bienerzurickverfolgt und konnteachweisendass Hoigbienen unterschiedliche
Harzchemotypen sammeln, die verschiedenen Baumarggeordnet werderkénnen.
Demnach sammelBienen im Untersuchungsgebiet Harze von Baumen verschiedener
Pappelarten Ropulus balsamifera, P. xcanadensi®irken Betula albg, Rosskastanien
(Aesculus hippocastanynmund Nadelbaumen. Mit dieser Studiebe ich den ersten
eindeutigenNachweiserbracht dassA. melliferain gemalligten Regionen eine Vielzahl
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verschiedener Baumarten als Harzquellen verwendetdartiber hinaus Praferenzen fir

bestimmte Harzquellen zeigt.

Einer der Hauptgrinde firlas Sammeln von Harz ist sehr wabheinlich die Reduktion
pathogener Erreger in der Nestumgebung und damit der Erhalt der Kolonie Gesundheit
Dennoch gibt esnur wenige Studien die den Nutzen von Harzen auf Kolonieebene
untersuchenund dartber hinauguchfast keineNachweise dartbewie sich Propolisin

seiner naturlichen Fornim Gegensa zu héaufig verwendeten Ethartektrakter) auf die
Gesundheit vorKolonien auswirkt.In einerexperimentelle Feldstudie hab&h daher den
Harzeintragvon Honigbienendlkern manipuliertum zuuntesuchen ob Propolis - savie es
naturlicherweisein den Nestern abgelagert wird Schutz vor einigen der wichtigsten
Krankheitserregerdie ektoparasitarmilbe, Varroa destructorunddenvon ihr Gbertragemne
Deformed Wing Virus DWV) bietet WahrendPropolis keinen Einfluss auf datberleben

und den Befalgad von V. destructorhatte, konnte ich zeigendass die Virustiter im
Vergleich zur Milbebelastung in Propoliseichen Kolonien signifikant weniger zunahmen

als in Kolonien ohne PropoliDie Ergbnisse dieser Studie haben gezeigt, dass Propolis
unter natirlichen Bedingungen die Krankheitsresistenz von Honigbienenvolkern erhdhen
kann, was die Bedeutung von Harzen fir die Gesundheit von Honigbienenvélkern

unterstreicht.

Fur stachellosdBienen istdasSammeln vorHarzen vergleickweise gut untersuchind es ist
bekannt, dass diese Arten haudige Vielzahl von verschiedenen Pflanzenarterizen. Um

zu untersuchemb undinwiefern Bienen von einer Vielfalt von Harzressourcen profitieren
kénnen,habe ich geestetwie die Schutzfunktiorvon Harz zwischen verschiedendgpuellen

(und deren Mischungen) unghterschiedlicherpotentiellenSchadorganismen (Pradatoren,
Parasiten und Pathogenergriiert. Die Ergebnisse dieser Studie haben gezeigt, sielss
Harz von verschiedenen Baumen iseiner Wirksamkeit gegen unterschiedliche
ZielorganismernunterscheidetDariiber hinaus waren Harzmischungen wirksamer als einige
der einzelnen Harze, was nahelegt, dass Bienen von einer Vielfalt von Harazessour

profitierenkénnen.

Zusammenfassenldisst sich sage, dddonigbienen in gemaRigten Regionen, ahnlich wie
tropische stachellose Bienen, eine Vielzahl von verschiedenen Baumartdarzadgiellen
nutzen Da Harze verschiedener Baumarten in ihrer Schutzfunktioiernen, weist dies
darauf hin, dass Bienen von einer Vielzahl unterschiedlicher- Hadarzquellen profitieren

konnen indem sie die Abwehr gegen verschiedene Schadlinge und Krankheitserreger
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verbessern. Umgekehrt hatte das Fehlen von Harz einen negd&iwduss auf die
Krankheitsresistenz der Koloniefolglich ist die Verfugbarkeitebenso wiedie Vielfalt
geeigneter Harzquellen von groRer Bedeutung fir die Gesundheit von Bienen. Nelan Nekt
und Pollen sollte Harz, als weitere wichtige Ressoudaher mehr Beachtung in der
Bienenhaltung findenDartber hinaus sollte die Nutzung von Harz dls naturliche
Krankheitsabwehr der Bienen starker in  Uberlegungen zur Forderunder
Honigbienengesundheit einbezogearden



Pro-polis —“in front of the city”

“When the hive has been delivered to them [honey bees] clean and
empty, they build their waxen cells, bringing in the juice of all kinds of
flowers and the “tears” or exuding sap of trees, such as willows and elms
and such others as are particularly given to the exudation of gum. With
this material they besmear the groundwork, to provide against attacks of
other creatures; the beekeepers call this stuff “stop-wax”. They also with
the same material narrow by side-building the entrances to the hive if
they are too wide.”

Aristotle aboutthe use ofropolisby beesn his bookHistoria Animaliumfrom the4th century
BC Chr. (book IX; translatedri: Smith and Ross 1910

“The instinct, highly developed in the majority of breeds, to smear the whole
interior of the hivewith propolis is one of the most unpleasant, ugly qualities of
the bee. This completelynnecessary operation also makes the work of the
beekeeper considerably more difficult.”

Bruder Adam(a Benedictine monk and founder of thedgfast bees breeding lin@poutthe use

of propolis by beesin his lecture on moderrbee breeding(published in: Deutsche
Bienenwirtschaft 1953
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Chapter |

Generalintroduction

1. Background

Plants and insectfiave coexistedover several hundrednillions of years andtherefore
evolved diversenteractionsA large proportion of these interactioredy on the provision of
food sources (e.g. foliage or nectar and pollen) and have formed diverse relationshipg, rang
from antagonistic (e.g. herbivory) to mutually beneficial interactions (e.g. pbdm)
Besidesnutritional purposesplants or plant partsan also servensects as resourder e.g.
nesting omestconstruction(e.g. leave cutting beefillikens and Steiner 20Q4Cane et al.
2007) and/or defensive purposes (e.g. secondary plant compdbimsisida 2002, plant
resins(Chapuisat et al. 200) To deferd themselvesgainstdiverse pestand pathogens
plants producea rang of secondary compoundsith often toxic or deterrenproperties
(Schoonhoven et al. 20P5However some insects such as several Lepidoptera species
(Nishida 2002, managed to take advantage of these substances by irdigestd
accumulatingoxic compounds which provide them protection against antaggresiswed

e.g. in Mello and Silvdrilno 2002 Nishida 2014. Collection ofantimicrobialplant resinfor

nest construction ands defense against pests and pathogensnother strategy whicis
known from e.g. someant (Chapuisat et al. 20QCastella et al. 2008aand beespecies
(Roubik 1989 Cane 1996Simone-Finstrom and Spivak 2010).

Highly eusocial bees such as honeybeépig mellifera and stingless bees (Apidae:
Meliponini) collect partly considerable amounts of resins which feavienportant meaning
for colonylevel disease defens@Roubik 1989 Lehmberg et al. 20Q8Leonhardt and
Bluthgen 2009 SimoneFinstrom and Spivak 201@orba et al. 2015Borba and Spivak
2017 Drescher et al. 20)7Beesare among the mosmnportant pollinator speciess ahey
play a vital role forthe reproduction of many wildand crop plantperform key ecosystem
functions and directly contribute to human wélking Klein et al. 2007 Potts et al201Q da
Silva et al. 2017Meléndez Ramirez et al. 20181 Europe about 85% of the cultivated crops
depend at least to some extend on biotic pollination (Williams 1884 35% of the global
food production results from pollinator depended crops (Klein et al. 2007). Sendevénsity

and abundance of many wild pollinator species decreases (Kluser and R8f7z#{osior et
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al. 2007; Goulson et al. 2008; Goulson et al. 2015) and there is a growing demand for
pollinator dependent agricultural products (Aizen and Harder 2009kystematic use of
managed bees such lagneybeesApis melliferd, become increasingly important to secure
sufficient yields. However, especially the Western honeyBees (melliferal..) suffers from

the growing pressureesulting fromtheir commercal use on the one hand asdveral
environmental impactée.qg.limited floral resources, pesticides and an increasing number of
pests and parasites (see reviewMofitz et al. 2010Goulson et al. 200)%on the other hand

and their increased susceptibility to diseases dsaweéhe observed loss of managed colonies
in several regions in Europe and the US, raises concerns worldilie et al. 2010
Neumann and Carreck 201Goulson et al. 2015 In this context improving bee’s natural
defenses such as hygiene behavior or-glmming isone strategy to enhance the disease
resistance of colonieg¢Spivak and Reuter 2001brahim et al. 200/ However, resin
collection, anothercrucial defensemechanismrarely received any attention until Simene
Finstrom et al. (2010) angsearch on this only increased recently. Therefore this dissertation
focuses on the collection and use of plant resins as an important butegfteated resource

for honeybees and stingless bees.

1.1 Generaland nestingbiology of honeybeesand stingless bees

Honeybees Apidae: Apini) and the tropicalstingless(honey) bees(Apidae: Meliponini)
representwo closely relatedgroupswithin the monophyletic group othe corbiculate bees
(Apinae) Michener 1997 Michener 200Y. Among beesthey are the onlhighly eusocial
speciesandthereforshare severaimilarities(Michener 200Y. Both, honeybees and stingless
beesbuild large perennial colonies characterized dyigh degreeof social organization
They can be thought of as multigenerational family aggregations organizéwisipn of
labor and diversesocial behaviors such asooperativebrood care, communication or
coqperative defense@Mlichener 200Y. Colonies typically consist of one reproducing queen
and a few dozen to several thousands of-mepmoductive worker bee@Ninston 1987
Roubik 1989 Seeley 199b New colonies are established collaboratively by groups or
swarmsafter a new geen is raised (Roubik 198Seeley 1995).

Because of their permanent food demand and to prevent supply gaps e.gwdlotengor
rainy seasonshoneybees and stingless bees build up largéockof nectar and pollen and

hence arg¢he only honey-producing bees (Michener 2007).
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The Western honeybegApis mellifera Linnaeus,is probably he mostprominent honeybee
speciesWith up to 30,000and morebees theybuild largecolonies Seeley 199bthat nesin
various kinds ohollow spaces€.g. hollow tree trunksavities in rocks or human buildings)
large enough for their complex nest strucsu8eeley and Morse 19Y.6Neststypically
consist of verticahangingcomb structure with the food combs surrounding the brood combs
(Seeley 199 A. melliferaarekeptand intensively managed by humanstfoe provision of
valuableproductssuwch as honey and wasince millennia and, more reently, alsofor the
provision ofpollination servicelvanEngelsdorp aniMeixner 2010. While originally rative
to large partsof Europe, Africaand the Middle EasfRuttner 1988 Han et al. 201p A.
mellifera havebeen distributed all over the world by human activities and tasldgrgely
maintained in maaged populationsichener 20d; Moritz et al. 2007).

Stingless bees (Apidae: Meliponini) in contrast to honeybeeare a large monophyletic
group comprising of 61 described genera witat least 600different specieghoneybees
comprise less than 12 specigdiat occur exclusivelyin tropical or subtropical areas
(Michener 200Y. Colonies usually consisif a few dozenupto several thousandorker bees
(Roubik 1989 Michener 200Y. Nests are built in the spiburrowsof other animals as&ll as
cavitiesandcrevicesin tree trunks, rocks or artificial buildingRoubik 1989 Siqueira et al.
2012 Layek and Karmakar 20).8n contrastto A. melliferanests of stingless bees represent
considerableproportions of additive compounds such raed and/orclay, feces(Roubik
2006 Michener 200Y. While the nest construction can largely vary among speatiesnner
part commonly displays &ircle shaped structuravith the inner brood cells surrounded by
food storage pods and the whole nest coated by a thick layer of bat@sianigyer surfacing
the nest(Roubik 2006. In contrast tA. melliferathese speciegreless omotat allmanaged
and usually native to their environmemt many tropical areadyleliponini are the most
common bees and are thus considered crucial pollinators for diverse (fantsk 1989
Corlett 2004 Slaa etal. 2006).

1.2 Resources usbéy honeybees and stingless bees

The main resources collected by honeybees and stingless bees are nectar mufBigdlée

b) (Roubik 1989 Seeley 199b In addition, theyalsocollect a variety of no#floral resources
such as water, honeydew, oils, mud or soil, rottend, urine, feces, blood, gupand plant
resinsthat can serve various purpogegy.nutrition or nestconstructionfig.1b - d) (Roubik
1989). Nectar serves primarily for provision of energiyt is also used to stick pollen grains
together and form pellets that canditached to the hind legs fthre transport Roubik 1989

9
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Harano etal. 2014. Pollen is the main source of protejrisut also provideslipids, vitamins
and mineralgo bees and isssential especiallfpr larval rearingand development of young
bees(Haydak 1970Roulston and Cane 200Brodschneider and Crailsheim 2Q16orager
bees argpermanenbr temporarilyspecialized to either nectarpllen or resin(Sommeijer et
al. 1983 Seeley 199bandcan have flight rangeof up to 3km (honeybees 10kamd moré,
depending on their body sizZ&oubik 1989 Seeley 1995 Abou-Shaara 2014 Colonies
usually show a huge food demand (honeybees collect up to 20 kg Pollen und 120 kg Nectar
per yeay (Seeley 199b which requires arefficient use of available resourceRecruiing
strategies, thus theommunicating profitabldoraging sites (e.g.the “waggle dance” of
honeyleeg, allowsbeesto rapidly find and efficiently exploivailable resourcelson Frisch
1965 Seeley 1986Wenner et al. 199Nieh 2004 Barth et al. 2008).

Figure 1. Ressource use by honeybees and stinglessAmssnelliferagathering a) pollen; |

nectar; c) Resin forager bee ofetragonula carbconariecollecting resin from a tree
Eucalyptus racemogsasts;d) Apis melliferacollecting water

10
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As generalistshey are further known to exploit a wide variety of plant species to meet their
nutritional needgEngel and DingemarBakels 1980 Sommeijer et al. 19§3and generally
profit from diverse environments due to a spatial and temporal abundant supply of floral
resourcegVisscher and Seeley 198/lichener 2007 Alaux et al. 201pRequier et al2015
Donkersley et al. 203 Kaluza et al. 2017 Moreover, nectar (Pacini et al. 2003) and @oll
(Roulston and Cane 2000) can vary in their nutritional composainang different plant

species and can also contaompoundsgoxic to beegJohnson 2015).

Therefore thavailability (Haydak 1970Donkersley et al. 20146mart et al. 2016as well as
quality Di Pasqualeet al. 2013 Frias et al. 201@&nd diversity (Alaux et al. 2010; Di
Pasquale et al. 2013; Donkersley et al. 2@fhese resources play anportantrole fora
balancediiet and thus of colony health.

1.3 Plant resin- compositionand ecological role

Resin is a sticky often aromatic secretion which is produced by plaat®minantlyfor
protection of vegetative par{dangenheim 2003 Resin production occurs mostly among
conifers and tropical angiosperms (mostly Dipterocarpaceag Burseraceag and
Leguminosag(Langenheim 1969 .angenheim 2003 In temperate regiadiversity of resin
producing plants is less diverse and is knamainly from severakree speciesf a few genera
(e.g. Salicaceae, Betulacea&apindaceae (Langenheim 2003 To separate resin from
variousother plant exudates Langenhgi2®03)gave a definitiorwherefore “..plant resin is
defined operationally gsrimarily a lipid soluble mixture of volatile and nonvolatile terpenoid
and/or phenolic secondary compounbdat are (1) usually secreted in specialized structures
located either internally or on the surface of the plant and (2) of potential sigodica
ecological interactions.” Internal resins are usually secreted in resjpangey and serves as
awound sealanto prevent ingress of moisture or pathogéisrimpton and Whitney 1968
Langenheim 2003 In comparison, constitutive (surface) resins, retplemating surfaces of
delicate plant parts (e.g. sprouts, leaves or tree buds) agpretectionagainstdetrimental
impactsandvarious antagonists such as herbivores, pathogedalso likely environmental
impacs such as drought and UV lighsee Langenheim 20R3For example Populus
deltoides accumulatesesin within bug in late summerwhich is secreted over expanding
leaves in the following spring farotect them fronteaf beetles(Curtis and Lersten 19F74nd
gypsy mothgMeyer and Montgomery 198Zangenheim 2003 Functional propertiegoxic,
deterrent, antibacteriahnd fungicide) of resin derive from a complex and highly variable

mixture of various volatile and nexolatile substances, including terpenes or terpenoids
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(terpenes with a hydroxyl, carbonyl or carboxyl function) as wellvasous phenolic
compounds (e.g. flavonoids, aromatic acialsd their esters\Volatiles, mainly mone and
some sesquiterpenas well as some phenolic components, are largely responsible for plants
fragrance(Maffei 2010 and can benvolved in direct and indirect defenses by e.g. repelling
herbivores $mith 196), inhibiting fungal growth Shrimpton and Whitney 19§8and/or
attracting enemies of herbivar§essler and Baldwin 2001Furthermorethey contribute to
thefluidity of resinand thereby facilitating e.g. the transport of higher molecular weight, non
volatile compounds such asaind triterpenes or phenolic compounds which are more viscous
and harden fastdt.angenheim 2003 Nonwolatile compound$aveoftentoxic or deterrent
propertiesand thus play a role.g. for defense agaihsherbivores(Reichardt et al. 1994
andbr interfere with the growth of bacteria and furfghmed et al. 201,0Mokoka et al.
2013).Chemical blends can vary amospgecies, individuals, plant pafisangenheim 2003

and in response to herbivoryBryant and Kuropat 1980Rousi et al. 1989 Chemical
diversity as well as variability (qualitative and quantitative) of bioldgacdive compounds
provides plantdlexibility to react effectivelyto the various and constantly evolvipgsts and
pathogens. Witham 1983 Delorme and Lieutier 1990Langenheim 2003 Moreover
variability in the defense of host populatiommkes adaptatiohy pests and pathogens more
difficult (Witham 1983).

Despiteits toxic and deterrent properties some angialve managed to take advantage of
resins by using them for their own purposiésr exampldarvae of the sawflyjNeodiprion
sertifer were found to sequester resin dPinus sylvestrigo deter predators Eisner et al.
1974) whereaspecies of pemphredonine waspse pine resin teeal their nesttMudd and
Corbet 197% Wood ants Eormica paralugubri} collect resins frontoniferous treg that are
incorporated into their nesend partly mixed with endogenous chemisab preventgrowth

of bacteria and fungf{Christe et al. 20Q3Chapuisat et al2007 Britsch et al. 20J)7and
serves as prophylaxéisat decreases the inducible part of the immune sy&asiella et al.
2008a Castella et al. 2008b

1.4 Resin collection and use

Bees collect resins from wounded tteenks Roubik 1989 Leonhardt and Blithgen 2009
buds,young sproutsand leavegAlfonsus 1933 Drescher et al. 20)%s well as from a few
tropical flowers (Armbruster 1984Kumazawa et al. 2003and seed capsul@Vvallace and
Lee 2010 of various plant species depending on the geograploicatibn Tropical stingless
beesare known taexploit a wide variety of resin sourc@sonhardt et al. 200Wallace and
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Lee 2010, whereashoneybees temperate regiongre thought t@ollect resins mainly from
budsand young sproutsf severalree specietsee chapter IWhile it is widely accepted that
bees in Europe and North America collect resins fdififierentspecies opoplar Greenaway
et al.199Q Bankova et al. 20Q0Vilson et al. 2013Drescher et al. 20}9aspenbirch, alder,
horseehestnutpine, elm, oak, andillow are further suggesins for potential resisources
in the temperate zone of the Northern Hemispli@étasalberti 1979Popravko and Sokolov
198Q Konig 1985 Greenaway et al. 198Bankova et al. 1992).

- a S B o
Figure 2. Resin collection of honeybees and stingless bedégpig)melliferacollecting resit
from a tree bud gbopulusspp; b) Tetragonula carbonarigathering resin from a tree wc
of Syncarpia glomeruliferday attaching resin droplets to the hindlegs; c) Resinous tree
Betula alba a potential resin sources in temperate regions; d) Unloading process of a r
resin forager beey( melliferg.

For stingless bees it was shown that species collect partly large amotggsisfLeonhardt
and Bluthgen 2009 Collection of resin usually accounts for 2B0% of all foragers and
often several species can be observed simultaneously at a sin{fRositek 206, Leonhardt
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and Bluthgen 2009 In contrast, in honeybee colonies only a relatively small proportion
(approximately 1% ) of foragers gather res{hmkamura and Seeley 200&hich is also
likely one reason why this activity is seldom seen in honeybees. Conversghgtess bees

in tropical regions, honeybees collect resin usually during saimmer (June October)
(Huber 1814 Meyer and Ulrich 1956 when trees start to prepare young buds for winter
dormancy by building a protective resin coat (Curtis and Lerster; 18ngenheim 2003).

Foraging for resin is conducted daeminantly duringvarm dayg>18°C) Meyer and Ulrich
1956 Drescher et al. 20)9vhen resin is softer and therefor likedgsierto handle for bees.
Due to its sticky charactistic the collection of resin is a challenging and relatively time
consuming taskMeyer and Ulrich 1956Nakamura and Seeley 200@ees bite dfsmall
pieces of resin (or extract resin by fragmenting leaves) with their masdibhich are then
chewed until forming small droplets that can be transferred to the hind legs {B)igt2zber
1814 Alfonsus 1933Roubik 1989. Similar to pollen, resin is transported at the corbicula of
the hind legs(Huber 1814 Roubik 1989. Once back in the nest, resin foragers need the
assistance of one or two other bees to remove the sticky resin load from théifitegd),
which can take 15 to 30 minutes more (Nakamura and Seeley 2006-ollowing the
collection, resins are deposited within the nest (Fig.3a) where thesparetimes mixed with
wax (then called “propolis” in honeybees or “cerumen” in stingless l{€ds3alberti 1979
Roubik 2006).

Propolisor pure resin is used asuilding material for nest construction e.g. to strengthen the
comb structure, line cell rims (Fig.3d) or to seal small holes and cracks aedytipeevent

air flow and the ingress of moisturéHuber 1814 Seeley and Morse9¥6) From feral
colonies under natural conditions it is further known that they use resin to ceatiteenest
interior with a thin antimicrobial layer (also referred to as “propolis lep&s). Propolis
envelope is used to cover and smoothen the inner nest walls, which often consist of rotten
wood, and thereby prevent pathogen growth and limit the loss of water to maintaentonst
humidity inside the nes(Seeley and Morse 197&GimoneFinstrom and Spivak 20)0
Stingless bees use resin generally in a similar way, whereby these bees eftanges
amounts of resins that are also attached to the outer surface of nest entranceqiFig8d

for construction of thesometimeslong nest entrance tubéRoubik 2006 Leonhardt and
Bluthgen 2009 Besides its functional properties for nest construction, resiesennarily

as defense barrier against various péstdmberg et al. 2008 parasitegGreco et al. 2010
Drescher et al. 20)4and pathogengSimoneFinstrom et al. 2009SimoneFinstrom and
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Spivak 2012Borba and Spivak 201 Drescher et al. 20)and thus plays an important role
for colony health. Moreover, attacks from predatfireonhardt and Bluthgen 200%nd
pathogens (SimonEinstrom and Spivak 20)2an cause an increase iollection of resin,
indicating thatresin serves not onlyas prophylaxes buprobably also for selfmedicating

purposes.

Figure 3. Use of resin for nest construction by honeybégis(melliferg and stinless bees.
Worker bee processing resin deposits within the hive; b) Beehive with a thifayesinoatin
the inner hivewallsApis melliferaworker bee with resin load; c) Hive entraceTefragonule
carbonariacolony sourounded by a redayer; d) Wax comb of honeybees with each cel
showing a thin propolis film; parasitic mi&rroa destructomvithout its host.
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1.5 Bee decline- main drivers and factors affecting bee health

Both, wild and managed bees suffer from impacts of multiple and partly imerattessors,
suchas the use of pesticides, nutritional deficien@ed a growing number of pathogens
(including viruses, bacteria, etc.) and parasites (Moritz et al. 2010; vanEngelsabrp a
Meixner 2010; Mutinelli 2011; Smith et al. 2013; Gisder and Genersch 2015; Moritz and
Erler 2016; Traynor et al. 2016Pesticides usean have lethal and sdéthal effectsand

cause substantiailarm to bees (Goulson et al. 2015).

Chronical exposure to cocktails of pesticides, neonicotinoides and fungicides can increase
toxicity of single pesticidedue to synergistic and cumulative effe@sd affect bees by e.g.
reducing learningcapacity foraging behavior or homing abilitygGoulson et al. 2015
Furthermore,nutritional stress resulting from reduced availability or monotonous floral
resources can affect individual bee health and colony fitness by reducing longavity a
immune function of bees and thdiscreasing resistance or tolerancpdsts and pathogens.

1.6 Honeybee health- pests and diseases

The Western honeybed\.( melliferal.) has to deal witha growing number opests and
pathogensfacilitated by the worldwidérade of bees and bee produ@Hien and Ball 1996
Ellis and Munn 2005Klee et al. 2007Genersch, Elke et al. 201Blutinelli 2011, Mondet et
al. 2014. There are at leas23 described viruseshat can affect honeybed&isder and
Genersch 2015 Moreover, lacteria,such asPaenibacillus larvagthe causative agent of
American Foulbroodfungi such asAscosphaera apigcausing Chalkbroodand parasites
such afNosemaspec. and/arroa destructoare further important pathoge(Genersch, Elke
et al. 2010. Among these\arroa destructorfAnderson and Truemandn ectoparasitimite
that feeds on the hemolymph of emerging and mature (b&gs4a) and functionas vector
for various pathogem is considered one of the most challenging thrg@&all and Allen
1988 Chen et al. 20Q6Yang and Coxroster 2007Le Conte et al. 201(Rosenkranz et al.
201Q Dainat et al. 201R V. destructorwas introduced through thé&rade of beesfter it
switched from its natural hostApis cerana to the less resistaipis mellifera(Oldroyd
1999). While A. ceranahave effective strategies to reduce mite infestatitre Western
honeyeeis not (yet)successful in fighting this parasi(Boecking and Spivak 199®Idroyd
1999 Le Conteet al. 2007 Le Conte et al. 20)0Damagedo beesresulting mostly from
mites’ detrimental interaction witla virus called Deformed Wingimis (DWV) (Yang and

Cox+Foster 2005 Nazzi et al. 201p By functioning as vectory. destructorplays an
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important role for viral transmissiofBowenWalker et al. 1999 Moreover, feedingn the
hemolymphcanharm bees byeducingtheir body weidit and suppressgy immune function
(Yang and Coxroster 2005 Yang and Coxoster 200Y, which likely encourages viral
replication and thus causes symptomatic disease outb(blkzzi et al. 201p
Correspondingly, DWV viral titers typically increase relayve mite infestation from early
summer to autum(lrentcheva et al. 200Di Prisco et al. 20)1DWV (mostly in association

with varroa)can provokedeformation of wings (Fig.4b) truncded abdomen and reducectlif
span of beeand thereby causes lasting impairment to colonies often leading to their collapse

(reviewed in Le Conte et al. 2018hd Rosenkranz et al. 2010).

ConsequentlyyV. destructorin correlation with DWVis considereda major driverfor the
partly unsustainable higlvinter lossesobserved in temperate regions, while othieggested
pathognssuch aghe Nosemaspec. andPaenibacillus larvagand several viruses were found

to be less relevariGenersch, E. et al. 201Reumann and Carreck 2010).

—_ %
Figure 4. Honeybee Apis mellifera parasites and pathogens. a) Parasitic M#eroa
destructorattacking an adul®. melliferaworker bee; b) Adult bee showing typical dise
symptoms (e.g. deformity of wings) of infection with the DeformeddMmus (DWV).
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1.7 Resin collectionand ocial immunity

Cooperative living in social Insecpsovides several benefits sucheaghanced brood care or
higher efficiency in foraging but also holds an increased dtkliseases. High numbers of
closely related individuals on a relatively small spatial room and a fairly hsiatEo
environment are chacteristic traits that favor the spread of diseases and makes them
attractive to pests and pathogdéreviewed in Cremer et al. 2007To counter this increased
risk, besides amnateimmune systemcpmprising humoral and cellulanmuneresponses)
(Evans et al. 2006 honeybees have further developsutial defensegEvans and Spivak
2010) such as hygienic behaviors, atfloooming, undertaking, or so called “social fever”,
(whereby many bees simultaneously raise their body temperature tkilhdxtcterig
(Boecking and Spivak 199%tarks et al. 20Q(5pivak and Reuter 200teviewed in Evans
and Spivak 201)) that contribute to overaltiealth of colonies and therefaaieealso referred to as

“social immunity” (Cremer et al. 2007).

Because, bneybeedaveevolved arelatively low individual immune response compared to
other dipteran species (el@rosophila melanogasteAnopheles gambid€Evans et al. 2006)
social immunityplays anvital role for colony healti{Cremer et al. 20Q7Evans and Spivak
2010). Thecollectionand useof antimicrobialplant resings anothersocial defense strategy
of honeybeesSince thecollectionof resinsis arathercostly undertaking that bees follow up
besidedoragingfor nutritionalresourcesit can be assumed to haae importat meaning for
them In fact it was shownthat paintingthe inner walls ofbee hives withresinpropolis
ethanolextract lowes bacterial loadsindinvestment in individual immune functig§imone-
Finstrom et al. 2009 Propolis ethanol extraawvere further shown to beeffective against
Paenibacillus larvagBastos et al. 20Q8Vilson et al. 201} Varroa destructor(Garedew et
al. 2002 Damiani et al. 2010in-vitro andagainst Ascosphaera agSimoneFinstrom and
Spivak 2012 and Paenibacillus larvg@ntunez et al. 2008under field conditiondHowever,
effects of ethnol extracs do not reflect howesirs act under natural conditian Therefore
more recent works have started to investigate the effectivity of naturatteallresis and
could show that larger amounts of resin deposits within the nest atmosphere can support bee
against Plarvae(Borba and Spivak 20} and the interactioamongV. destructoand DWV
(Drescher et al. 2037
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2 Research scopand main research questions

Resin collection is an important part of the natural defenserdybeegApis melliferg and
stingless beegApidae: Meliponini) wherefore it can be assumed that thailability of
appropriateresinsources has erucialinfluence onthe resilienceand healthof colones (Fig.
5). Investigatinghe resinresource usand the significanceof resinsfor colony healthmay

thus provide important information to better promote and preserve these bees.

From gingless bees it is known that they exploit a wide varietgifférent resin sources
However, vhich plant speciesare used by honeybees in temperate regions and how they
exploit available resources was hitherto largely unknanah research on this topicreased
only recently (see chaptél). Moreover, it is unknown ibeesmight profit from a wider
variety of resin sources l®/g.collecting more different resinsontaining a wider variety of

bio-active compoundand thereby enhancing protective fuoiot

Resin/propoliss known asa natural remedy since ancient times and numerous studies have
demonstrated wide range of antimicrobial, datigicide, antiviraland immune enhancing
propertieswith regard to human heal{iMarcucci 1995 Banskota et al. 20Q05forcin 2007
Schnitzler et al. 201@os Santos et al. 20l How resin/propolisenefitsbees themselves is,
however les well studied and research on thepic increased only recenthyherefore the
general goal of this thesis was to provide new insight into the resiurce useand
significance as well as the influence of resin diversity omrgolhealth of honeybees and

stingless bees, wherefdrbave concentrated on the following questions:

x Chapter Il :
Resin resource use obheybes (Apis mellifera
- Which tree speciesloes the WesterhoneybeegApis melliferal.) in temperate
regionsuse as resin sources
- How do they exploit available resources?
x Chapter II'l:
Benefit of resins to honeybéealth
- Which influence has the availability of resin sources on the health of Golony
- Can resin protect coloniém parasites and pathogéns
x Chapter IV:
Influence ofresinsources diversity
- Do bees profit from a diversity of resin sources?
- Does a greater diversity of resin resources/ resifmncegrotective functiog?
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Figure 5. Resin collection as parof the natural defenseof highly social bees

Both, wild and managed bees suffer from impacts of multiple and partly interatsgoss. Sub
lethal effects fromchronical exposure to cocktails of agrochemicaswell asnutritional stress
resulting from limited or monotonous flor&sources affecting bees by decreasing health of individuals
and fitness of colonies, leading to an increased susceptibility to diseddimnally, bees are affected

by increasing numbers gfarasitesand pathogens, whose single and combined effectsaizse
sustainable harm to the health of colonies. In managed honeybees, beekeepers sgpport bee
conducting pest control. However, commercial use and beekeeping practice alate$acbid spread

of pests and pathogen and interferes with adaptation to local pathbggmatect themselves from
various pests and pathogens highly social beeshlikeybeesApis melliferd and stingless bee
(Apidae: Meliponini) evolved several levels of defan (a) Individual defensegb) group level
defenses (inclling allogrooming, task differentiation and controlling entry of infectious agentécand
colony leveldefenses such as tlgellection of antimicrobial plant resirigure of defense levels
adapted according to Evans and Spivak 2089 reducing pathogen loadsthe nestindincreasing
individual immunity, resirfunctionsas social immune barrier and playsital role for the health of
colonies Similar to nectar and pollen bees use various resin sourcesréted iexcess to appropriate
sourcesnight impact colony healttiKnowledge on the sources udedresin collectioras well as the
importance of resin resource diversity can tipusvide irformation,important toenhancehe natural
defenses of colonies and thereby help theemémuntethe increasingnvironmental pressure.
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3 Thesisoutline

Resinresource use ahe Western honeyde (Ais melliferal.)
in European temperate regions

To study resin resources wukby the Western honeybeeA( melliferal.), 1 conducted field
observations on the resin intake of colonies and took additional samples for idemtifafat
the botanical origin of collected resins. Field observation and santplrkgplace between
June and October of 2012 and 2013 in Lower Saxony, in northwestern Gefroadgntify
the plant originof beecollectedresin | collectedresin load of returning resin foragerand
compared it tasamples collectedfrom different tee speciesrom the surroundingof the
apiary. Samples were chemically analyzed by GC/MS (gas chromatograpHgdceuith
mass spectrometeand manually evaluatedo further investigate how bees exploit available
resourcesl| observed resin intake of 28. melliferacolonies at seven different study sites.
Different resin types collected by bees were categomedrding to theicolor. To assess
site-specific differences in the spectra of resins gatherdatidgolonies Ifurther recorded the
number of resin foragers carrying a particular color type within 15 mimaéeimtervals.

| found that honeybees within the study area co#ldcseverdistinct resinstypes that are
related to tree specied poplar Populus balsaméra, P. xcanadens)s birch Betulaalba),

horse chestnutAesculushippocastanum and coniferougrees (eithelPiceaabiesor Pinus
sylvestri3. Bees usé multiple resin sourcesrrespectivelyfrom the study site whereas
relaive proportionsof different resins varied among sites. Moreoveess showed clear

preferences for three of the sevesintypes

Benefit ofresinforopolisto honeybee colony health

To examine the effect of naturally collected resinshoneybee colony health | conducted an
experimental field studpetween June and September 2018awer Saxony, Germany
manipulatingresin intake of ten colonies by either adding or removing freshly gathesied re

| investigated whetheesin as naturally deposited in the nests, can protect honeybees against
the ectoparasitic miteyarroa destructorand associated virus&herefor Iperiodically (once

per month) estimaed mite infestation rates of colonieas well ascolony strength
Additionally, | took samplesof bees from each colortg analyz viral titers offour different
viruses(Black Queen €ll Virus, Deformed Wing VWfus, Israeli Acute Paralysis ixus and

Sacbrood Yfus) using reverse transcripti@mdquantitative PCR
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| further ®nducteda laboratory assay to test possible effecteesinpropolis volatiles orV.
destructormite survival.Therefor | exposedO to 14 mites to 6g of grounded propoasd

observed their survival over a time period of 36h.

In this study | foundcho effects ofraw propolis orlV. destructomite survival andnfestation
levels. However, in relation t¥. destructoy titers of the Deformed Wing Wus increased

significantly less in colonies with addegkinthan in colonies wére resirwas removed

Influence of resin resouradiversity

To investigatewhetherand how bees may benefit from a diversity of different redins
performed several behavioral and microbiologiealsaysthat were conducted between
February and April 2013n Southern Queensland, Australia used resin extract from
different tree specig@ll of which are known to be frequently udgylstingless bees native to
this region)to testhow the protective function of resin vasiamong different sources and
various target organisms (predators, parasitasd pathogens)lo further estimate possible
synergistic effects, | compared the effectivity of resins from diffeplant genera against a
mixture of single resins. | usedar well diffusions techniqui testfor potentialvariancesn
bioactivity of the different resins against three categories of microorgarfisvo gam
positive bacterigthree grammegative bacterjand one fungi Further | conducted behavioral
assays withthree potentialpredatory species two ants(greenrhead antsRhytidoponera
metallicg and meat antdridomyrmex purpureysand one beetle the small hive beetle,
Aethina tumidy acommon parasite of honeybees and stingless

With this study ! could demonstratehat resinsfrom different treescan vary in their
effectivity againstdifferent target organism#loreover,mixturesfrom different resinsvere
more effective than some of the single resoigifferent plant speciesanact synergistically

when combined.

22



General discussion

4 General discussion

The results of this thesis provide new insights into the resin resource ube dYestern
honeybee Apis melliferaL.) andbenefitsof resinfesin diversity for honeybee and stingless
bee health. With an experimental field studyt could show thatnatural collected resin
interferes with the destructive dynamic betw&érdestructomites and DWV virusfurther
highlighting the great importancef resin/propolidor honeybee colonfiealth By following
relatively new approaches | was able to prove for the first time that heeeyb European
temperate regions use various trees from several genera as resin ddoreeser, resin
from different plant genera varieoh their protective function gainst different target
organisms, suggesting that bees can profit from a greatersithvexf resin sources by
collecting a broader range of resins and theezihancing the resilience against variety of

different pests and pathogens.

4.1 Resin resourceuse and influenceof resin diversity (Chapter Il. and 1V)

Beesplay akey role within most terrestriabcosystem@&ndthe currentdecline in diversity

and abundance of these spectasisesmajor conceris. Alteration of landscapes dut®
intensive agriculture and urbanization @hdresultinglossof biodiversity includingessential
resources such appropriatdood plants and nesting space, are among the major drivers for
this trend(Kremen et al. 2002Winfree et al. 2009Le Feon et al. 201@oulson et al. 2015
Papanikolaou et al. 20L7Resource use and availability determine some aspects crucial for
survival of individuals andhe maintenance of populations. Understanding which resources
are required by a species and how available resources are exmartethusprovide
important information to effectively promote and preseatvAs generalists dneybeesApis
melliferg) and stingess bees (ApidaeVeliponini) are known to exploit a wide variety of
plant specieso meet their nutritional needsmdthusgenerally profit from a diversity of floral
resourcegEngel and DingemarBakels 1980Michener 2007 Alaux et al. 2010QRequier et

al. 2015 Donkersley et al. 201 Kaluza et al. 2017)

How honeybees and stingless bees exploit available resin sources and whetheofthey pr
from a diversity of resin producing plants, however comparatively less studied and
received attention only recentljjo better understand resiesairce useandpossible benefits
arising from adiversity of resinproducing plantsl conducted two different studiek the

first study (Chapterll) | focused orthe resin resourcase of the Westerhoneybee Apis
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melliferaL.) and in the secon@ChapterlV) | investigatedhow different resinsas well as
their mixtures vary in their effectivitggainstseverapotentialantagonists.

4.1.1 Resin resource use of honeybees (Chaptdyj |

By trackingresincollection behavior oindividual A. melliferaforager | could show that this
species usea variety of different tree specias resin sourcebut prefer some sources over
others. Besfrom the study hiveslid not necessarily collect resifiiom the closesresin
source but gathererksins withspecific chemical patter and chose even among closely
related tree speciemdicating ahighly selective forage strategReasons for the preferences
of specific resin typeareso farunknown.Wilson et al. (213 and Borba (201)5could show
that resinfrom different source plantgaried in vitro in their efficacyagainstPaenibacillus
larvae (Wilson et al.2013 Borba 201% and Aspergillus apis(Borba 2015% but found no
evidance that bees forage specifically for those resins with highesteffec@ihoicefor a
specific resinmay, at least partly, be related teolatile components (e.g. morend
sesquiterpenedhat are relevant to fimdg appropriate sourcesuch as it is known from
stingless beefl_eonhardt 201D In fact, resin types frequently collected by bees contained
striking amounts of the volatile benzoic adgknzoic acid occurred in resin of some poplar
trees, but was l&ing in other individuals of the same or closely related species, which could

suggest that this substance play a role for choosing resin.

To the best of my knowleddatherto there are only two furgh studiefrom north America
(Wilson et al. 2013Borba 2015% thatanalyzed resirollection of honeybeesising chemical
analysis to track collection behavior of individual resin foragkhg results largely agreed
with those ofWilson et al.(2013)and Borba(2015) However, in contrast to Wilson et al.
(2013), whostatethat bees collectesins fromPopulus balsamifereandP. deltoidesbut not
from the numerous hybridsfound thatbees collectesin fromPopulushybridsas well This

is in accordance with the ebrvations made by Borba (201Because, the landscape within
the study area is strongly altered by human activitiesnight be related to lacking of nen
hybrid and/or nativ€opulusspeciesFor example occurrence of the native poplar speBies,
nigra havebecome rare due to habitat Id€agelli and Lefevre 199%mulders et al. 2008

and werelikely not availablego bees witin the study region.

Moreovermatches between beellected resin and tree resivealedthat beesisenot only
populous butalso severafurther tree speciess resin sourceHowever,for one frequently
collected resin typéocher)l found no concordance to any of the sampted specieand the

source of this type remained unknown. Similar observations were made by Borba (2@l5), w
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found evidencethat bees in North America collect resnom severalPopulusspecies and
from three furthertree specieshat she could not identify Interestingly | found almost no

exact matches between baalected resin and tree resin but only significant similarities.

By observing resin intake of different colonies | found ttie spectrum ofresin types
collected by single colonies ranged from three to six different typegestiigg that bees
profit from the availabilityof different resin source®esides, chemical analysis revealed a
striking compositional chemical diversity within and among different resin typdisating
that beesnaynot onlyprofit from a diversity of resin producing plargpeciesbut also from

a chemical diversity.

With this studyl generatedhew information orwhich plant speciefioneybee’sise as resin
sourcesand how they exploit availablesourcesHowever,there are still several unexplained
facts such as thkiacking of concordance betwedwo of beecollected resin type (‘ocher”
and “yellow”) and any of thesamped tree speciespr the compositional discrepancies
between beeollected resin and tree resirlJnderstanding of which botanical sources are
used and preferrdaly beescould be important to choose @eateenvironments that promote
healthof these anirals by supporting resin collectiofherefore @iture studies should focus
on the causes underlying the choices and the observed variability in resin intake.

4.1.2 Influence of resource diversity Chapter IV)

With the second studlycould show that, based on their chemistry, resins of different plant
generavary in their efficacy againstifferent potential aggressorqpredators, pestsand
pathogensandcanact synergistically when combine@hisindicatesthat mixing resins from
different sourcesnay benefit bees by enhancing the protective function of propolis/batumen
against multipleantagonists.

Both, gingless beeandhoneybeesollect resins from a variety of different plant species and
mix them within their nestf_eonhardt and Blithgen 200&idorov et al. 2016Kaluza et al.
2017 Drescher et al. 20)9As both strongly rely on therotective functiorof resirs (Seeley
and Morse 1976Roubik 1989 Lehmberg et al. 20Q8.eonhardt et al. 2021Borba et al.
2015 Borba and Spivak 201 Drescher et al. 20)7availability ofa variety of different resin

sourcesnaybe esential forthem

For stingless bees it was shown, that diversity of resin intake increaldse® diversity and
abundance suggesting that bees maximize resource diversity intake in halihatggtvi

diversity (Kaluza et al. 201)7 However, due to their commercial use for pollination of crop
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plants, honeybees and stingless bees are frequently placatthenunfavorable landscapes
(e.g. large monocultures). Compared to natural or -satural habitats, landscapes
intensively managed for agricultural use often compaédower plant species richness
(Hostetler and Mcintyre 20Q0IMcKinney 2008 Decourtye et al. 2030and thususually
provide less diverse resourcdecausefunctional propertieof resourceqe.g. nutritional
content of pollen or protective functions of resin) can vary among different s¢Rmalstan
and Cane 20Q0Pacini et al. 2003Drescher et al. 20)4the diversity @Alaux et al. 2010
Donkersley et al. 20)7and abundancérodschneider and Crailsheim 2010 Pasquale et
al. 2013 of resources can critically influendees healthConsequently beemay not only
suffer from lack of nutrition but alsofrom appropriateresin sources whebrought to
intensivdy managed agricultural landsloneybeessimilar to stingless beesere shown to
be selective in their choice of resins and use only specific tree sgee@shardt and
Bluthgen 2009Leonhardt et al. 203 Wilson et al. 2013Drescher et al. 20)9Compared to
stingless bees, honeybees collect resins mainly from buds or young sp@oatsgbaratively
low numberof tree speciegWilson et al. 2013 Drescher et al2019) Thus, the strategy
honeybees in temperate regions follow for resin collection might differ fhatnaf tropical
stingless beesConsequently,honeybees maybe especially susceptibleo a rediced
availability of preferred resin resourcasid the availability of appropriate resin sources

should thus find more attention imfomercial) bedeeping praxis.

4.2 Benefitsof resin to colony health(Chapter III)

Honeybee Apis mellifera health became avidely discussed topic in recent yearss
importantpollinator of many wild and crop planta. melliferaperform avitally important
ecosystem functioand play acrucialrole for human food securityMuch research effort has
been conducted to identify parasites and pests to improve the health of honeybess. In thi
context, the parasitic miteVarroa destructorin association with viruses ha®ceived
particularattention due to its substantial role for high colony losses especially over.winte
The detrimental interaction amony. destructorand the Deformed wing virus (DWV) is
consicered as one of the major cause for the observed I{Gbesalberti 1979Genersch, E.

et al. 2010 Dainat et al. 201;1Dainat et al. 2012 Thereforl conducted m experimental field

study to analyzé resin collection as the natural defense of honeyh@as protectolonies

from the impacbf V. destructomitesin combination witrDWV.

The resultsof this studyshowedthatDWYV viral titers were lower in relation td. destructor

mite loads, when colonies had large amounts of resin deposits (propolis), indicatimgithat r
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collection can interfere withthe destructive dynamic between these two pathog@yns
affecting developmenof healthy winter beeswhich playa critical role for colony winter
survivalin temperate region¥/. destructorin combination with DWV can cause substantial
damage that (without human intervention) often leads to a total collapse ofesoloni
(Genersch, E. et al. 201Dainat et al. 20L1Dainat et al. 2012 In my study coloniewiral
titers of DWV were not reduced due to the treatment, but increased significasglynl
relation toV. destructoy when colonies were equipped with large amounts of prgpolis
suggesting that it can support bees to overcome infecfldns could be due to the known
antiviral propertief propolis(Amoros et al. 1992Gekker et al. 20055chnitzler et al. 2000
but probably also due to its immune enhancifogction (reviewed inMarcucci 1995
Burdock 1998 However,| found no evidence that natural propolis can interfere With
destructorsurvival or colony infestain, which stands in contrast to the findings of previous
studies that state lethal and narcotic effects resulting from propolis ethdracts(Garedew

et al. 2002 Damiani et al. 2010 To the best of my knowledge, so far, thare only two
other studiegBorba et al. 2015 and 201&halyzingcolony leveleffects of natural propolis

In both aslightly different methodvas usedwherehalf of the coloniesvere provided with
propdis traps in order toencouragehemto build a proplis envelope.Using this method
Borba Borba et al. 2016could showa lower investment in immune function, indicating a
reduced neetb activate thehysiologically costly production of humoral immuresponses.
FurtherBorba and Spivak2017) foundthat thepresence of naturalpropolis envelopeas
effective inreducinginfection with Paenibacillus larvae(causative agent of AFB), but,
however, does not completely prevent clinical symptoms of AFB.

The results of this study are comparable with my findings in so far ag grws that even
though natural resin deposits cannot prevent occurrence of diseases, litles|pps overcome
pahogenic challenges. By enhancing individual immune competence on the one hand
(Simone-Finstrom et al. 200Borba et al. 2015) araffectingpathogenic growtlon the other
(SimoneFinstrom and Spivak 201Borba and Spivak 201 Drescher et al. 20)}/resin has

a high potential to interfere with the destructive dynamesulting from interactions of

multiple stressoreemphasizing itsrucialrole forthe health and resilience of colonies

With this study | could shovior the first timethat naturally collected resrcan enhance
disease resistance of colonies by interfering with the damaging interacioedn two
pathogenic stressor¥, destructorandDWYV virus. Therebymy findings shed light on some
new aspects regding to the functional properties of resin as a colony level defense, further
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highlighting its substantial role for honeybee health. However, further studies under field
conditions are necessary to better understand the functional role of resinl ass wied
mechanisms involved in their collection and udereover, discrepancies between results of

field and laboratory assays underline the necessity of studies under migte reahditions.

4.3 Conclusion

Plant resins serve honeybees and stingless baewyaftous purposes, including nest
construction and sealing as well as the defense against pests and pgthegieysand Morse
1976 Roubik 2006 SimoneFinstrom et al. 20Q9Leonhardt et al. 201Morba and Spivak
2017 Drescher et al. 20)7Despiteits remarkable and diverse functiores well asits
significance for colony healtithe use ofresin receivescomparativelylittle attention in
beekeeping practicén contrast (honeybeepeekeeper often dislikibe collectionanduse of
resinpropolis as it stickse.g.the hive frames together antiusmakes handling of beesore
difficult and time intensiveAccordingly,it wasalong time(andis probablystill) regardedas
an “unpleasant, ugly” qualitysee page 7, breeding instructions (Bruder Adam )93
breedingof resinfree honeybees as well as missing of appropriate resin sources due to human
alteration of landscapesopuld have negativelynpacted the resilience of colonidoth, wild
and managed bees suffer from single aodhbined effects of multiple stressssch as
nutritional deficienciespests and parasites and pestici@legiewed in Goulson et al. 20115
Thereby, multiple interacting stressors can lead to the impairment of immucteorfuand
detoxification mechanisms and increase susceptibility to disé@@sasristiani et al. 203,2Di
Prisco et al. 203,3DeGrandiHoffman and Chen 2015McMenamin et al. 2016 By
enhancingndividual immunity of honeybees on the orentd (Simond-instrom et al. 2009
Mao et al. 2013Borba et al. 201band improvingdisease resistance of colona@sthe other
(SimoneFinstrom and Spivak 2012Borba and Spivak 2017Drescher et al. 20}y
resin/propdis functions as a kind axternalimmune defensand thuglay an important role

in this context Fig. 5).

Consequentlyresin is an essential resource fameybees and stingless baasl promoting

resin collection as th& natural defense could be a sustainable way to improve disease
resistance anthe resilienceof the colonies.However, further research is needed to better
understand the mechanisms and targets underlying resin collection and find appwarsate

that support resin intake and encourage the use of resins within bee hives.
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Abstract

Honeybees Apis melliferg are threatened by numerous pathogens and parasites. To
prevent infections they apply cooperative behavioral defenses,asuategrooming

and hygiene, or they use antimicrobial plant resin. Resin israicdllyy complex and
highly variable mixture of mny bioactive compounds. Bees collect the sticky material
from different plant species and use it for nest construction and protdagspite its
importance for colony health, comparatively little is known about thegererigins and
variability in resn spectra collected by honeybees. To identify the botanical resin
sources ofA. melliferain Western Europe we chemically compared resin loads of
individual foragers and tree resins. We further examined the resin irfitakecolonies

from five differentapiaries to assess the effect of location on variation in the spectra of
collected resin. Across all colonies and apiaries, seven distinct rgms tyere
categorized according to their color and chemical composition. btatoktween bee
collected resinrad tree resin indicated that bees used poplap\flus balsamifera, P. x
canadensis birch Betula alb3d, horse chestnutAgsculus hippocastanymand
coniferous trees (eith&icea abiesr Pinus sylvestrisas resin sources. Our data reveal
that honeybes collect a comparatively broad and variable spectrum of resin sources,
thus assuring protection against a variety of antagonists sensitiiferent resins
and/or compounds. We further unravel distinct preferences foffisgesins and resin
chemotys, indicating that honeybees selectively search for bieaetsin compounds.
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Introduction

Honeybees Apis melliferg are threatenety
numerouspests and pathoger{Moritz et al.
2010 vanEngelsdorp andMeixner 2010
Gisder and Genersch 2015 hey further have
to deal with multipleenvironmental stressors
caused by agricultural intensificatiosuch as
pesticices, alteration of foraging landscapes,
reduced resource diversity and rapidly
spreading new pests and pathogg@ise et al.
2007 Alaux et al. 201pJohnson et al. 2010
Jose OranteBermejo et al. 203,0DeGrandh
Hoffman and Chen 2015Donkersley et al.
2017) Impacts of single or combined stressors
can have devastating omsequence for
honeybee health arghn even lead to the total
collapse of colonies as seen e.g. in the high
winter losses in Europe and North America
200% To

increasethe resilience of coloniesnstead of

(reviewed in (Goulson et al.

only addressing the symptoms,sastainable
strategy is to promet the bees’ natural

defenses(Spivak 1996 Spivak and Reuter
2002, Ibrahim et al. 2007Nifio and Cameron
2015).

collaborative behaviorsuch asllo-grooming,

Honeybees perform several
nest hygieneor the collection and use of
antimicrobial plant resinswvhich are referred

to associalor externalimmunity andplay an
essential role for colony heali{Breed et al.
2004 Cremer et al. 20Q7Evans and Spivak
201Q Otti et al. 2013 While much attention
has been paid to hygienic behaviors, the use
and role of plant resins has been largely
neglected until recentlySimoneFinstrom et

al. 2009 Simone-Finstrom et al. 2017).
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Plant resin is a sticky, water insoluble
substancewhich plants secrete primarily to
protect injured tissueyoung sproutsor leaf
buds from herbivore aor pathogenattack
(Langenheim 2003 Resin

chemicaly complex mixtureof often more

comprises a
than 300 substances (mostly phenolic
compounds such as flavonoids, aromatic
carboxylic acids, and benzopyranesnd
terpenoids), many of which shoantimicrobial
andor repelent propertiesl@angenheim 2003
The chemicaktompositionof resin is typically
plant speciespecific, butcan vary greatly-
both qualitatively and quantitatively - within
and betweerplant familiesand &en among
closely related plant speciefLangenheim

2003).

Apis mellifera as well as some tromt
stingless beefApidae: Meliponini) use resins
for ness construction and as defense against
2006
Duangphakdee et al. 2009.eonhardt and
Blithgen 2009 SimoneFinstrom et al. 2009

Resin is often mixed with various amounts of

pests and pathogens (Roubik

wax, resulting in a tough, sticky matter which
is called propolis or bee gluéGhisalberti
1979)

honeybees coat their entire nederior with a

Non-managed, feral colonies of
thin propolis layerreferred to as “propolis
envelope” Geeley and Morse 19)Y.6Sucha
“propolis envelope” can reduce the load
microbes anddecreae theexpression of(at
least two) immunerelated genge (Simone-
Finstrom et al. 2009 Moreover several
studies demonstratdtiat propolis reduced the
growth of importantmicrobial bee pathogens

i.e. Paenibacillus larvagthe causative agent of



American Foulbrood (Bastos et al. 2008
Wilson et al. 2015Borba and Spivak 20}/
and Ascophaera apisa fungal parasite that
causes cHiebrood (Simond-=instrom and
2012 Wilson et al. 201p

Resin/propolis furtherenhanced themmure

Spivak

activity of individual bees, which enabled them
to more effectively fighpathogenic challenges
(SimoneFinstrom et al. 200Nicodemo et al.
2013 Borba et al. 2015Drescher et al. 2017
SimoneFinstrom 201). Consequently, asin
plays a crucial role forcolony healthand

represergan essetml resource fohoneybees.

Despite its obvious importancee still know
relatively little about resin collection in
honeybeesWhile tropical stintess bees were
shown to collect resins from a wide range of
plant speciegLeonhardt and Blithgen 2009
Wallace and Lee 20)0preciseinformation on
the plant sources used Byis melliferais still
scarce and

largely restricted to sporadic

observations (e.g. of foragers ohybrid
1814, and

coniferous trees, North AmericéAlfonsus

Populus spp, France (Huber
1933)), few chemical comparisons (e.dor
Baccharis dracunculifoliaBrasil (Teixeira et
al. 2003, deltoides P.
balsamiferaand hybrid Populus spp, North
America(Wilson et al. 2013Borba 201%) and

inferences from major chemical compounds of

and Populus

propolis Bankova et al. 20Q(Bankova et al.
2008 Isidorov et al. 2016 However,propolis

is typically produced by mixing different resins
(and wax), which renders inferences on single
original resin sources or on variation among
different resin sources difficylt as some

compounds (e.g. campheradpha and beta
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pinene, limonene and myrcereccur in resins

of numerousplant taxa (Langenheim 2003
Moreover, identifying botanical sources based
on observations is challenging, because the
actual foraging process is difficult to observe
as it is usually performed by a relatively low
numberof bees(SimoneFinstrom and Spivak
2012)and as it can occuhigh up in the trees
(Crane 1988).

Based on the above listed studiesplpr
species(hybrid Populusspp), horse chestnut
(Aesculushippocastanury alder Alnus spp.),
birch Betula spp), willow (Salix spp.) and
some othersare currently considerethe main
resin sourcesfor honeybees in temperate
regions Ghisalberti 1979 Greenaway et al.
1990 Bankova et al. 2006 However, most
plant species have not yet been confirmed as
actual resin source through thorough chemical
comparison (but se@Vilson et al. 2018, and
information on possible preferences as well as
variation in the collection of different resin

sources over space and time is largely missing.

Such information can only be inferred by
tracing the collection behavior of singleesin
foragers e.g. by collecting and chemically
analyzing resin loads from hind legs of
To the best obur

knowledge, there are only two studies from

returning foragers.

North America that chemically analyzed loads
from individual resin forager (Wilson et al.
2013 Borba 201% However, both studies
investigated resin collection of bees for only
one apiary/site and do therefore not provide
information on variation between sites and

over time.



Following up on the pioneering results of
(Wilson et al. 2018 our study aimed to
identify botanical sources of resins collected
by Apis melliferain Western Europe through
comparative chemical analysis at the level of
individual foragersWe further examined the
resin intake of 28 different colonies from seven
different apiaries placed at locations differing
in the surrounding landscape structure and thu
composition and/or relative abundance of tree
species to assess the effect of location on

variation in the collected resin spectra.

Material & methods

Study sites and honeybee colonies
Observatios of resin collection behavior and
sampling of resin frombees and trees were
conductedat sevendifferent sites in Lower
Saxony, in northwestern Germanybetween
June and October20122013. Distances
betweerall sitesranged from minimund.3km

to maximum 38km and, for sites included in
the analysis of site specific differences, from
4.6 km to 29.5 km, respectively (S1 Fighe
habitat surrounding apiaries was characterized
by either an agricultural landscape with
croplands (dominated byorn maize, rapeseed
amd potato), pastures and mixed forests
(N=5sites) or an urban landscape with parks,
small gardens or allotments and roadside trees
(N=2sites; Table 1)In general, is region is
dominated by a continental climate with
typical forest assemblagesomprising oak
(Quercus robur /petraga beech Fagus
sylvaticg, pine @inus sylvestri and spruce
(Picea abies Other common occurring
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deciduous tree specid®elong to the genera
birch (Betuld, poplar Populug, alder @Alnusg,

maple Acen, ash Fraxinug and
(Tilia).

several tree species assumed to be resin

linden

Our study region thus comprised

sources ofApis mellifera i.e. Betula spp.
Aesculus hippocastanum, Alnus sppand
several species within the genBepulus(i.e.
several unknown hybrids d?. xcanadensiof
the sectionAigeiros P. balsamifera of the
section Tacamahaca,and P. tremula of the
sectionPopulug. Individuals from all species
were available withirthe flight rangeof each
P. balsamifera which
site and A.

apiary, except for

occurred only at two

hippocastanumvhich was missing at one site.

Observation of resin intake

Resin intake of 28 A. mellifera colonies of
seven different apiaries wasobserved by
opening each bee colony and searching for
resin foragerson the top of the framefor 15
minutes. Because unloading of resin loads
frequently occurs on the top of the frames with
the help of one or two other bees (personal
observation) here, resin foragers can be easily
identified and captured. Different resins
collected by bees were categorized according
to their color(Kaluza et al. 201)7 resulting in
seven distinct resigolor types i.e. “orange’,
“red’, “ocher”, “greenbrown”, “light cleaf,
“yellow” and “whitish” (all also including
varieties of the respective color, e.g. light
ocher or darlorange,seeFig 1). Categories
were then confirmed chemically (see below).
Data from all 28 colonies was ustx capture
the whole spectrum of resins collected by bees
in the study area. Allresin color types were



further sampledfor chemical analysisas
describedbelow. To avoid multiple cous of
the same bee individuatesin foragers were
eitherkept in plastic tubeantil the end of the
observation ortheir resin loads wer taken
before releasing them agaiolonies were
observed three to eight times (16 colonies) or,
due to time constrains, only one to two times
(a2

differences in the spectra and diversity of

colonies). To assess sitgpecific

resins gathereby colonieswe furtherrecorded

the number ofeturningresinforagerscarrying
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a particular color typsvithin time intervals of

15 minutes. Analysis of sitespecific
differences was restricted to colonies that were
observed at three or more different days (Table
1). Each of these 160lonies was observed at
6 £3 (meant standard deviation (SD)) days
between 12 and 6 pmTédble 3. Finally,
temperature was recorded for each observation
interval to assess possibiefluences on the

resin intake



Table 1. Overview of the study sites and honeybee colonies.

a) Different sites are described by abbreviations (i.e. “Bb” Bieiiel, “Et” Ebstorf, “Ez” Eitzen, “Gr”
Grunewald, “Lg” Lineburg, “MI” Melbeck, “Ol'Oldershausen). b) Total number of resin collecting bees
observed per colony. c) Apiaries were located either in agtiaultor urban environments. The
surrounding environment differed between apiaries (described in bra¢t@t®ach colony (colony ID)
number (N) of observation days, total number (N) of observed resirefsragd whether (x) or not (no
entry) propolis samples were taken is given. In total, resakeéntvas observed in 28 Apis mellifera
colonies of seven different apiaries between 126aoah.

Site" COIIIIC)my obsel\:vcgtions lf\lo:)a]:grsrssip F;g)r?glli: Environment®
Bb 1 1 5 agricultural (mixed forest, pastures)
Bb 2 2 18 agricultural (mixed forest, pastures)
Bb 3 1 3 agricultural (mixed forest, pastures)
Bb 4 1 5 agricultural (mixed forest, pastures)
Bb 5 2 19 agricultural (mixed forest, pastures)
Et 1 1 5 agricultural (coniferous forest)
Et 5 1 5 agricultural (coniferous forest)
Ez 1 1 7 X agricultural (mixed forest, pastures)
Ez 2 1 19 agricultural(mixed forest, pastures)
Gr 1 2 4 agricultural (cropland, patches of mixed
forest)
Gr 2 3 27 agricultural (cropland, patches of mixec
forest)
Gr 3 6 49 agricultural (cropland, patches of mixed
forest)
Gr 5 3 11 agricultural (cropland, patches of mixec
forest)
Gr 7 6 48 X agricultural (cropland, patches of mixed
forest)
Gr 9 2 29 X agricultural (cropland, patches of mixec
forest)
Lg 4 8 15 urban (gardens, small forest)
Lg 5 11 43 urban (gardens, smdfrest)
Lg 6 12 36 urban (gardens, small forest)
Lg 11 10 24 X urban (gardens, small forest)
Lg 12 9 22 X urban (gardens, small forest)
M 2 4 34 X urban (gardens, small forest)
Ml 4 3 23 urban (gardens, small forest)
ol 1 4 21 agricultural(pastures, groves)
ol 2 5 25 agricultural (pastures, groves)
ol 3 2 17 agricultural (pastures, groves)
ol 7 5 24 agricultural (pastures, groves)
ol 8 6 18 agricultural (pastures, groves)
Ol 9 8 88 agricultural (pastures, groves)

47



Chapter I - Sources and factors driving resin intake

Fig 1. Resin foragers carrying different resin types on their hind legs.
Different resin (colo) types (AF) were used for visual determination of different resiresyph)
“ocher”, B-C) "orange”, D) “clear”, E) “yellow”, F) “brown”.

our study apiaries by gently scrapimgtural
Identification of resin sources— sampling of

resin retions of r, in )
bees and trees esin secretions of buds or, caseRifea

: : . abis and Pinus sylvestris from fresh wounds.
To identify the plant sources of resins collected y 3

by bees we compared the chemical Samples of three buds or multiple sprouts were

composition of resin loads of individual pooledper tre¢ and if possible, aninimumof

. : three individuals petreespecies were sampled
foragers with resin collectedfrom locally P P P

. . . and analyzedo account for variation between
occurring tree species. Bsin loads were

: . individuals. We collected resis from eight
sampled from returning foragers legpturing

) ) . . different treespecies Aesculus hippocastanum
them in a plastic tube with a grid attached at P PP

one side (as commonly used to mark honeybee (3 samplesftreesinus glutinosa(3), Betula

queens) andcarefully removing resin loads alba (4), Populus balsamifera(1), Populus

from the corbicula ofthar hind leg using tremula (3), Populusx canadensig9), Picea

. abis (2) andPinussylvestrig(3).
forceps. Tree resins were collectedrom 2) y )
individual trees within theclose surrounding

(approximately 0.5 2 km flight distance)f
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Overall 37 amples of bees arZB samples of
treeswere collectedat seven different apiaries
to account forpossiblevariation betweemsites.
All samples 6f bees and trees) were
immediatelyimmersedn hexane andooled {

18 C°)until chemical analysidVe additionally
took samples of popolis from two individual
colonies per site. Propolis was obtained by
placing commercial plastic grids on top of the
framesfrom June to Septembeand collected
once in SeptembeFor chemical analysis 0

of grourd propolis from each grid were

extracted in hexane.

Chemical analysis

Hexane extracts of propolis and resin samples
were analyzed by gas chromatography coupled
with mass spectrometry (GKIS) using a
Packard HP 6890 Series Gas
Chromatographic System coupled to a Hewlett
Pakard HP 5973 Mass Selective Detector
(Agilent Technologies, Boblingen, Germany)
and a Shimadzu QP2010 Ultra GC/MS
(Shimadzu,
following tree resin samples, iBOL1 (poplar
Px2), POL2 (poplar Px2), LG109 (spruce) and
bee collectedeasirs: LG111 (spruce), OL126
(orange), BB204 (whitish), OL131 (ocker),
OL128 (orange), BB206 (brown) were
analyzed by the Hewlett Packard HP 5973
(Agilent

Hewlett

Duisburg, Germany). The

Mass Selective Detector
Technologies, Boblingen, Germanyyhile all

other samples were analyzed lwiShimada

QP2010 Ultra GC/MS (Shimadzu, Duisburg,
Germany).The GCs were equipped with a J &
W, DB-5 fused silica capillary column (30
P1 PP ,' GlI P -

CA, USA). Temperature was programmed
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from 60°C to 300°C with a 5°C/min heating
rate and was held at 300°C for 10 min. Helium
was used as carrier gas witlt@nstant flow of

1 ml/min. Injection was carried out at 250°C in
the splittess mode for 1 min. Electron impact
mass spectra (EWIS) were recorded at an
ionization voltage of 70 eVand a source
temperature of 230°C. We used the Windows
version of the ChemStation software package
(Agilent Technologies, Boblingen, Germany)
and the GCMSsolution Vers. 2.7 for data
acquisition. Sample chromatograms were
analyzed manually by characterizing each peak
of a chromatograrand comparing them across
samples/chromatograms  Peaks were
characterized by their retention times and mass
spectra. A personal library was usedntatch
peaks of different chromatogramahere we
consideredeaks with the same retention times
and mass spectra the same substances
(including both identified and unidentified
substances). We then calculated relative peak
areas for each compound by dividing the
integrated area of each peak by the total area of
all peaks. We additimally ran gnthetic
alkanes (Sigma&ldrich, Munich, Germany) to
confirm identification and to calculate Kovats
indices. Tofinally identify different substance
classesand, where possible, substancesif
possible, we used three commercially available
mass spectra libraries (Wiley 275, NIST 98
and Adams EO library 2205) and

diagnostic ionsand Kovats indices to verify

our characterization.

JROVRP



Statistical analysis

To analyze the effect of the surrounding
habitat (site effects) on the spectrum of resin
collected by individual colonies we performed
permutation tests based on relative frequencies
of different resin color types (Adonis
command, R package veg#&®ksanen et al.
2017)) Differences in resin diversity were
assessed by comparing resin type richness
(pooled across colonigbetween apiaries/sites
using a Pearsots chi-test Kruskal-Wallis
ANOVA was used to investigate sigpecific
differences inthe proportion of single resin
types collected. Possible correlations between
the intake of different resin types and between
temperature and the total number of resin
foragers were analyzed using Kendall's rank
correlation tau teffR Core Team 2037 Prior

to analyses data was checked for normality and
homogeneity of variances usir@hapiraWilk

testand FlignetKilleen test.

To identify the botanical sources of bee
collected resinswe compaed the chemical
compositionof beecollected resins and tree
resirs. Prior to analysis trace compounds
accounting foless than 0.05% (resin samples)
or 0.1% (popolis samples) of the total peak
areahad been removed hresholds for resin
and propolis samples were different to account
for the higher concentration of propolis
samples compared to bee and tree resin
All (identified and

unknown) substances were displayed by their

samples. remaining
relative peak areas (see above), which were
used for all subsequent statistical analygés.
first investigated differences ithe chemical

composition of beeollected resinsbetween
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different color types. Second, we analyzed
inte- and intraspecific differences inthe
chemical composition of tremesirs. We then
analyzed similaritiesof beeeollected resins
and tree resinsAll compaisons ((1) resin
color types (2) treeresirs, (3) beecollected
resins/tree

resins) wereperformed by

permutation tests (Adonis command, R
packagevegan, 10000 runs) basemh Bray
Curtis distance between compoundsTwo-
dimensional NMDS (nometric dimemional
scaling) based on BreQurtis distances
(Oksanen et al. 20),7was used to generate
ordinationfigures. Additionally,differencesin

the chemical comosition of propolis samples
from different colonies and different sitegre
analyzed as described above but excluding all
alkanes and alkenes as potentially -beeax

All
performed in R statistical software version
3.4.1 R Core Team 2037 Due to multiple

testing the same data sets we only considered

derived compounds. anales were

p-values < 0.01 significant.

Results

Resin intake

Overall, we observed 661 returning resin
foragersfrom 28 colonies of seven apiaries
located at seven different sitebid 2). The
averagenumber of resin foragersdlculated as
the average totahumber of resin forages
observedacross allcolonies andsites foreach
month) was lowest in June (mean nuenbof
bees £ SD]: 4 £ 5, increasedn July 6 £5
and August 6 + 6 and decreased again in
September / Octobeb & 5).The btal number
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of resin foragers further increased with
increasing (Kendall's

correlation tau:z = 2.42 P < 0.015, tau =

temperature rank

“orange”), redbrown (type “red”), green
brown (type “brown”),“yellow”, “cleat and
“whitish”, with “ocher” (51% of all recorded

resin foragers and “orange” 32%) most

0.16). Across colonies and apiaries, we

types
color and chemical

categorized even distinct resin frequentlyobservedFig 2).

according to their

composition, i.e,,ocher”, orangebrown (type

A) 0% 47 » 1.3% B) 1.8% 12.3% /_()'0%
20.1% /hfl 7% v
26.3%
\134% e ’ \ 57.9%

o ocher

10.2%. 34% 10% 30,
orange

—___ 0.7%
M@brown
Wred
Bclear
B whitish

yellow

31.9%
51.3%

6.0% 1% 5.6% 6.1%

D) /'/_0.6% E) S 00%

gl 47.5%

Fig 2. Percentages of different resins types collected by resin foragers fr@aven
apiaries in Lower Saxony, Germany.

C) total of foragers (N=661), A) E) four exemplary sites (A) site Lg (N=149); B) site Ml (N=57);
D) site Gr (N=168) and E) site Ol (N=198)). For meaning of abbrerg@tod site descriptions see
Table 1. Different resins types wecharacterized by color (i.e. “ocher”, “orange”, “brown”, “red”,
“yellow” “whitish”, and “clear”) during field observations andbsequently verified by chemical
analysis (via gas chromatography and mass spectrometiy|S3C
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Fig 3. Variation in resin spectra collected by 16 colonies from four different

apiaries/sites.

Bees collected varying amounts of up to five different types aofi i¢scher”, “orange”, “brown”,

“red”, “clear”). Ordination figure (C) shows similarities amongotoés from diferent sites based on
Bray-Curtis dissimilarities between samples (stress value = 0.06). Sitespmesented by different
symbols: closed circle, “Lg”; closed diamond, “Ol"; closed squé&Br”; open circle, “MI” with each
symbol representing a single colony (for meaning of abbreviations se€elJ.ablecular charts (A-B)
and C- D) display proportions of resin types collected by four examplagnis from two different

sites (site “OI"; A) colony ID 8: N resin samplesl9, and B) ID 9: N 88; site'Lg”: D) ID 4: N = 14

and E) ID 6: N= 40).

Our study colonies collected varying amounts
of three to five different resin typesit of the
seven we observed in total (F8. The resin
spectra collected d#gfed only maginally
betweenstudy sites (AdonisR® = 0.47,P =
0.047) but varied strongly between some
(even neighboring) colonies (Fig). While
“ocher” resin was collected by all colonies
irrespective of the location (Krusk®allis
test: H = 3.62,P = 0.31, Fig 2.and A-E),
proportion of foragrs collecting “orange”
varied significantly between study sites
(KruskalWallis-test: type *“orange™ H =
17.82, P = <0.009) and was negatively
correlated with "brown” resin (Kendall's rank

correlation tau: z =3.05,P = 0.002, tau =
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0.23. Other resin types were collected at
comparatively low numbers and only at
specific sitesKig 3). Resin diversity (i.e. resin
type richness) did not differ between
apiaries/sites (Pearson's Glgjuared test =
1.12,P =0.77).

Chemical analysis- identification of resin
sources

Beecollected resins

Overall, resin samples from93bees and 28
individual treeof at least eight distinct species
from eight different sitesvere analyzed by

GC-MS, comprising overall 84 different

compounds, ofwhich 116 were identified



based ortheir retentiorandKovats indicegS1 varied qualitatively and/or quantitatively
and S2 Tables) within and between different apiaries/sites
(Table 3 Figs 1, 4B and ¢ Variability within

The chemicalanalysis of bee collected resins o
types was most pronounced within classes of

revealed seven distindypes (Adonis: RZ =
0.27,P = 0.001;Fig 4) correspondnt to the

visualy assignedcategoriesdescribed above

terpenes, particularly sesquiterpendsesin
types “ocher” and “orange” varied strongly

_ _ N . among samples of individual foragdrsm the
(Fig 4). The chemical composition of resin _ .
o same and different sites and showed partly

samples of the same type showed distinct _

_ . . _ little overlap among each other and with other
patterns in the relative proportions of different _ _

_ resin typesTable 3,Fig 4B).

substance classe$able 2,Fig 4A), but also

A) B)
¢ L]
¢ o
o] : .
O clear o A 4
® A
A -
‘;‘ AA rch * o
z A
£ orange # A % c
@) @ A
0O o
¢ brown
g Sals %* ‘ » ‘ ®s ®
whitish — yellow ¢ :. . oy
ocher
A

Dimension 1
Fig 4. Chemical similarity within bee-collected resin samples.
Chemical similarity of A) all resin samples collected by returnaginr foragers (n = 39), B) only
“ocher” samples (n = 14) and C) only “orange” and “redhgies (n = 15); ordination Figure from
nontmetrical threedimensional scaling (NMDS) based on Bfawrtis dissimilarities (stress value =
0.15). Different symbols represent different resin types (closetk,cibrown”; closed diamond,
“ocher”; closed triagle, “orange”; open triangle, “red”; star, “yellow”; open dcl'clear”; open
square, “whitish”) in A) and different sampling sites (closide, “Ez”; closed diamond, “Et”; closed
triangle, “Lg”; open triangle, “Gr”; open circle, “MI”; open sqeafOl”; for meaning of abbreviations
in B and C see Table 1).

Both types were characterized by a large *“ocher” and “orange”, bnzoic acid (m/z 77,
content of benzoic anghenolicacids as well 122; Kovatsindx: 1171) was the most
as diverse sesquiterpenes and phenolic abundant component, with type “ocher”

compounds(Table 2) In all samplesof type comprising 15.9-47.7 % (mean 32.1 % of the
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relative peak area) and type “orange” ©-8
23.3 % benzoic acid (mean: 12.1 % of the
relative peak area). “Ocher” and “orange” resin
further shared one flavonoid component
(retention time (RT) 39.0 min) and about six
(e.q.
alphguaiene

sesquiterpenes alphamulene, E

isoeugenol, and
caryophyllene/oxide). In contrast to “ocher”
and “orange” resin, variability in chemical
composition was relatively low among
“brown” resin samples from different sites (Fig
4, Table 3). They

sesquiterpenes drother terpenoids, only few

contained mainly

phenolic compounds and almost no benzoic or

phenolic acids (Table 2).

Three sesquiterpenes -fétafarnesene, and
two unidentified sesquiterpenes (retention time
21.58 min and 24.78 min) were most abundant
(comprising 33.3 54.5 %, mean: 46.4% of the
total peak area). They occurred exclusively in
all samples of type “brown” and were further
found in all propolis samples. Interestingly,
these sesquiterpenes where present only in
resins of B. alba tree species that were used by
bees but not in resins of species not collected
by bees (Fig 4).

Table 2. Prevalence of specific substance classes in different resin types.

Table shows mean [+ standard deviation] number of compounds froificspalostance classes and their
mean relative proportions in the different resin types. The Tabks tefall compounds, which have been
identified at least to substance class, i.e. 762 out of 846 compiouiedisl. For each type, the number of
compounds (INwithin a substance class was counted. The mean relative ppopdréach substance class
(%) in a specific resin type was calculated by summing up relatide greas of all compounds of a

specific substance class and dividing the sum by the numbsamples containing this substance class.

Substance class Orange Ocher Red Brown Clear Yellow Whitish
N % N % N % N % N % N % N %
Aliphatic acids/ester 8[3] 4[7] 8[6] <5 13[0]11[2] 2[2] <5 10[1] 5[0] 2 <5 3 O
Phenolic acids/ester 6[2] 2[1] 4[2] [ﬁ] 9[2] 8[1] 2[4 <5 3[1] <5 0 0 O0 O
Benzoic acid/ester 6[1] 13[9] 6[3] 41[9] 9[1] 39[5] 1[1] <5 0 0 O 0O 0 O
Phenolic compounds 5[1] <5 6[2] 5[4 5[2] <5 3[2] <5 7[1] <5 3 <5 4 <5
Flavone/Flavonoids 5[1] 10[4] 1 <5 6[4 8[4] 3[21 <5 1 0O 0O O 0 O
Terpenoids 7[1] 10[7] 2[1] O 3[1] <5 5[14] <5 6[0] 6[1] 0 O 5 5
Monoterpenes/terpenoids 1 0 1 <5 0 0 0 0 0 0 7 42 17 73
Sesquterpenes/terpenoid: 18 [6] [38] 17 [9] [fg] 6[1] <5 [fg] 7751 O 0O 2 9 3 o0
Diterpenes/terpenoids 1 0 0 0 3[0] <5 5[3] <5 2[0] <5 13 23 33 15
Triterpenes/terpenoids 0 0 2[1] 0 2[0] <5 2[1] <5 22[4] [ﬂ] 0O 0O 0 O
Alcohols/aldehyds/ketons 5[3] <5 3[2] <5 7[2] <5 4[2] <5 10[2] <5 1 0O 0 O
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Table 3. Compositional variability among samples of the same resin type

4 Number of samples of this typ®.Mean number [+ standard deviation] of total componéhidean
proportional area overlap of all compounds shared amorsamiples of this typé’ Proportional area
overlap [+ standard deviation] of compounds shared by all earpkhis type from a specific study site,
the number of study sites where thisetygcurred (N study sitedrea overlap basically corresponds to
compound overlap, but weighs more common compounds (large aresdhanofess common ones (small
area).? Number [+ standard deviation] of compounds shared with propafistfie same apig (matches
with propolis for two propolis samples per sifeh.a. = overlap was not calculated when there were less

than two samples to compare.

Chemotype N shared N Areé’;\ overlap Area_overlap [%0] N study Matchgs with
sampled components [%] per sitd sites propolis
Ocher 13 49 [20] 1.6 32.1[9.6] 5 16 [ 5]
Orange 8 71[17] 17.3 93.9 [4.6] 3 19[2]
Red 3 80 [10] 78.8 78.8 [n.a.]f 1 16 [ 3]
Brown 7 67 [7] 62.9 92.5[0.1] 4 15[ 2]
Clear 2 79 [4] 67.6 n.a. 2 12[ 2]
Whitish 1 74 n.a. n.a. 1 0
Yellow 1 38 n.a. n.a. 1 6[1]
Tree resins (Fig 5D). Resin samples oP.x canadensis

Tree resins were chemically highly diverse
with up to 300and moredifferent compounds
(including trace compounds) a single sample
(meannumber of compounds per sample [+
standard deviation] = 238 133 compounds
Highest diversity wasound for bud resinsof

P. x canadensis(Fig 5D). The chemical
composition varied between different tree
species (Adonis®? = 0.60,P = 0.009; Fig 6D).
Paoplar displayed the comparatively greatest
intraspecific variability (kgs 6 C, D, E and
Figs BA- D).

Chemical compositionfurther varied between
P. x canadensisindividuals from different
sites but alsobetweenneighboring treesHig
5D), displayingthree distinct P.x canadensis
(chemo)types(henceforth referred to aB.x
canadensigypel, type2 and type3) of which

two were similar to the resin type “orange”
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typel and type2 as well & balsamiferavere

charaterized by comparatively large amounts
of benzoic and phenolic acids (proportion of
the total peak area [+ standard deviation]
26.3+£143 % and
monoterpenes (proportiord. + 0.3) whereas

low quantities of

samples ofP.x canadensigype3 showed the

opposite trend (proportion of benzoic and
phenolic acids: 0.2 + 02; proportion of
monoterpenes: 391.3) For B.alba we
found two different resir{chemo)type (each
with two individualg at overall threedifferent

sites, with two neighboring individuals from

the same site belonging to different
(chemo)typesKig 6D).
The following beecollected resin types

chemically matched specific tree species: type
“orange” chemically matcheB. x canadensis

typel and type2, typébrown” matched B.



albatypel,type “red” matchedP. balsamifera

type “clear” matchedA. hippocastanunand

type “whitish” matched the two sampled
conifers Picea abis / Pinus sylvestri3. No

clear matches were found for types “ocher”
and “yellow” (Fig 9. Thus, honeybees
collected resins from tree buds ofP.x
canadensis P. balsamifera B.alba
A. hippocastanum and from wounds of
coniferous tree speciese.(. P.abis or

P. sylvestri3 (Fig 6. None of the bee collected

resins showedchemically similarity to resin
samples collected fromA\. glutinosg B.alba
type2 andP. x canadensisype3 (Fig 6) While
resin type “ocher” did not unambiguously
correspond to any tree resin, it contained up to
nine compoundthat wereexclusively found in
poplar resin samples. Likewise, resin type
“vellow” showed some overlap with type
“ocher”, but further comprised compounds
(e.g. Dlimonene and3-carend which were

primarily found in coniferous resins.
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Fig 5. Similarity in chemical composition of tree bud resin from poplatree species

and beecollected resins (“ocher”, “orange”,

red” and “yellow”).

Beecollected resins did not unambiguously correspond to any of the sdhwled tree species.
Ordination Fgure (D) is based on Brayurtis dissimilarities between samples (stress value = 0.18).
Different letters indicate different tree species: Ripulus balsamiferePt: Populus tremulaPx1-Px3:
three different chemotypes Bbpulusx canadensisDifferent symbols represent different resin types:
closed diamond: “ocher”; closed triangle: “orange”; open th@arfged”; star: “yellow”. A— C and E-

G) Exemplary chromatograms of hexane extracts from tree budsidfbeecollected resins (right

A) P.balsamiferaB) P. x canadensigchemotype Px1); (3. tremula(chemotype Px3); E) “red” bee
collected resin; F) “orange” b@gllected resin; G) “ocher” besllected resin; chromatograms display
retention times in minutes on thexis and massurrent (mc) on the-gixis; pictures in chromatograms
show examples of resin foragers carrying the respective resin tgipemo

56



A)

o
| G D)
' D
1 ¢ o Px
4 H‘ “ 1 * P ‘
o
bt . W .
3 B §1.<Cl ¢ PxA ..lg;
: B) 2 ac G
";, § a C pEx %A
Z = B] &2
< - A B
A 00
H H
A " L ‘ v v v v - II v
Dimension |
©)
(1]
Lk ...l.. ;l L ] P DY B VT JLLLLJ‘W-.L
Retention time (min.) Retention time (min.)

Fig 6. Similarity in chemical composition of tree bud resins and beeollected resins.
Tree bud resins (letters in ordinatiBigure; n = 30) and bemllected resins (symbols; n = 39) from 17
colonies at seven different apiaries/sites. Ordination Figure (Iysisd on Bragurtis dissimilarities
between samples (stress value = 0.20). Different letters indicéteedif tree species: C, conifers
(Picea abis / Pinus sylvestyisPb, Populus balsamiferaPx, Popults x canadensis Pt, Populus
tremulg B, Betula alba A, Alnus glutinosaH, Aesculus hippocastanurbifferent symbols represent
different resin types: closed circle: “brown”; closed diamondhéot; closed triangle: “orange”; open
triangle: “red”; star: “yellow”; open circle: “clear”; open square:hftish”. A) - F) Exemplary
chromatograms of hexane extracts from tree bud resins amdlEred resins: A) top: corbi@utesin
“whitish”, bottom: P. abis B) A. glutinosa C) B. alba; E) top: corbicula resin “brown”, bottoB:
alba; F) top: corbicula resin “clear”, bottorA: hippocastanugrchromatograms display retention times
in minutes on the -axis and mass current (Jnon the yaxis; pictures in chromatograms show
examples of resin foragers carrying the respective resin type.

Finally, propolis samples from 10 colonies of  the single resins type$if) 7). Moreover, we
five apiaries differed in their chemical found only relatively few compound matches
composition between colonies of both the same between beeollected resinsand propolis
site and different apiaries (Fi§. Compared to samples (Table 2).

single beecollected resins, propolis samples

were more similar to each other than to any of
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Fig 7. Similarity in chemical composition of propolissamples from 10 colonies of five
different apiaries/sites (A) and propolis samples in relation to beeollected resin types

(B).

Letters indicate different apiaries/sites (for meanings of salabi@ns see Table 1), numbers mark
different colonies. Ordation Figures are based on Bf@urtis dissimilarities between samples (stress
value = 0.07). Different symbols in B) represent different resinstyplesed circle: “brown”; closed
diamond: “ocher”; closed triangle: “orange”; open triangle: “red’erogricle: “clear”; open square:

“whitish”.

Discussion

Honeybees collect plant resins for various
purposes, such as defense against pests and
pathogens and for nesbnstruction and sealing
(Huber 1814 SimoneFinstrom and Spivak
2010) Despite its importance, very little is
known on precise resin sources as well as
variation in the spectra and diversity of resins

collected by honeybees.

Resin sources used by honeybees

We chemically compared resaollected from
resin foragers and resin sampled from tree
buds. Our resultseveal that bees from our
study coloniescollectedresin not only from
severalpoplar speciesR. balsamifera P. x

canadensis but also from birch B. albg,
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horse chestnut A. hppocastanun and
coniferous trees (eithé. abisor P. sylvestri3.
While the use of poplar resins had already been
confirmed by previous studig&reenaway et
al. 19909 Bankova et al. 2002Wilson et al.
2013) our study provides first evidence for the
exploitation of a broader spectrum of resin
sources, including poplar species, birch, horse

chestnut and conifers.

However, abspite clear compositional
similarity, we hardly foundclose matches
between beeollected resins and plant
samples, whicimay partly be explained by the
high variability within and among different
plant taxa.Intra-specific variability in resin

chemistry was particularly pronounced among
tree individuals of poplar and birch, both

known to build a large variety of hybrids



which are often difficult to distinguish based
traits (Johnsson 1945
Walters 1968 Gardiner and Pearce 1978
Smith and Sytsma 1990Atkinson 1992
Ceulemans et al. 199HMHowland et al. 1995
Eckenwalder 1996Cronk 2005 Migalina et
al. 2019 Thompson et al. 201Qindtke et al.
2013 Isidorov et al. 2014 but can strongly

on morphological

differ in resin chemical compositiol\ilson et
al. 2013 Isidorov et al. 2014).

Interestingly, we could not unambiguously
identify the precise plant source of the

type.
Although this type contained a few compounds

frequently collected “ocher” resin
(up to nine) also found iR. x canadesis and
P. tremularesins, its chemical compositiaid
not fully overlap with thatof the sampled
bud least 45

compounds (mostlgesquiterpenes) detectied

poplar resins.In fact, at
P. x canadensigesins were missing in the

“ocher” resin type.

Missing or incomplete matches between-bee
collected resins and bud resin samples of
potential source plants may indicate that bees
either collected from source trees or tree parts
(e.g. crown) whichwe did not sampleand
which were chemically different frorour tree
samples. Alternatively, honeybee resin
foragers may somehow alter resihsring the
collection process, e.g. by enzymatically
degrading specific compounds or changing the
composition of compounds typically produced

by the tree.

Moreover, bee-ctécted samplesf a specific
resin type (e.g. “orange” and “brownfrom

coloniesof different apiaries were occasionally
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very similar (48.3 - 62.9% area overlapsee
Table 3 andFigs 5 and 6),suggestingthat
bees select specifichemqtypes independent
of locationand recruit foragers to these plants
(Nakamura and Seeley 200& fact, keesdid

not necessarily collect resins from the closest
sourcesavailable, butwere highly selective
and mae distinct choices for specific
(chemo)typesvenamong closely relatednd
partly neighboring tree specieindividuals
which strongly differed in their bud resin
chemistry Likewise, honeybees in North
Americacollected resins frorR. deltoidesand
P. balsamifera but not from their numerous
hybrids which were shown to produce bud
resins with chemical profiles that were
intermediate to he distinct profiles of their

parental specig@Vilson et al. 2013).

A functional role of benzoic acid and
derivatives?

Both the “ocher” and “orange’resin type
contained notable amounts of benzoic acid (i.e.
32.1 +£9.6% in “ocher” andl2.1 * 8.2%in
“orange”), which was characteristic to all
samples of both types. Benzoic acalso
occurred in resins of some, but rat P. X
canadensis and P. tremula individuals
although in much lower concentrationse(
1.6 2.4 %). Benzoic acid is an aromatic
used for food

compound commonly

preservation by humans due to its
antimicrobial and antimycotic activity (del
Olmo et al. 201} In plants, benzoic acids and
their derivaties play a central role in attraug
bendicial insects e.g. pollinators and in
defense, e.gagainst herbivores or other pests

(Arimura et al. 2009 Maffei 201Q Widhalm



and Dudareva 20)}5For example, in woody
plants, increased production aérizoic acidn
fruits takes place when they are infected with a
fungus causing “tree cancer” Néctria
galligeng (Brown and Swinburne 1971
Consequently, benzoic acid has biological
properties that may be beneficial to bees.
Moreover, in contrast to most other chemical
thought to be

activity of

compounds commonly

responsible for the biological
(e.0.
terpenes), benzoic acid is wassiuble. It is

propolis phenolic compounds or
also regularly foundh honey(.DANRQLHQ j
Venshkutonis 2010) andkely contribuesto the
preservabilityof honey. Given its prevalence
in resin, benzoic acid in honey may actually be
(at leastpartly) derived from resin storages
(propolis).In fact, relative amounts of benzoic
acid were much lowen propolis samples than

in freshly gathered resin samples, suggesting
that it evaporates in bee colonies (and e.g. into
honey). Similarly, three other typical
constituentsof poplar bud resinpinobanksin,
pinobanksin Emethyl ether, and pinocembyin
which induce detoxifyingCYP9Q enzymes
were also found to be accumulated in honey
(Mao et al. 2018 Due to its volatility, benzoic
acid may further help honeybees to locate resin
sources and thus function as chemical.cue
Relatively large amounts ofnather benzoic
acid derivate, benzyl benzoate (Kovatsldx
1762), vere also foundin somebee collected
resirs of types “red” and “ocherds well as in

P. balsamifera (S2 Table) It is used as
pharmaceutical acaricide e.g. against scabis
and could thus protect bees against varroa

mites {/arroa destructoy.
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May honeybees induce secretion of

preferred resin types?

As defense responses in plants can generally
lead to an accumulation of defensive
compound such as benzoic aci@Firstenberg-
Hagg et al. 2013 the preferential collection of
distinct chemotypes (e.g. rich in benzoic acid)
by our study bees may even indicate that bees
particularly prefer resins produced dsfense
against stressars The plant's defensive
response may further increase overall resin
had

payearatively low amounts of bud resin within

secretion (e.g. in aspen which
the study region, personal observation), as
known for birch and poplawhen browsed by
al 1984
Reichardt et al. 1990Bryant et al. 199p

Besides

snowshoe hase (Reichardt et
mechanical woundingchemical
substances (e.g. enzymes) fromal secetions
and inseclssociated microbes can trigger
defenseaesponses and thus induce or maintain
their chemical
composition Delorme and Lieutier 1990
Halitschke et al. 20Q1Sugio et al. 2015

Unsicker et al. 2015 In fact, resin foragers

the secretion and/or alter

occasionally injure vegetative parts (e.g. buds
or leaves) of plant§Huber 1814 Teixeira et

al. 2005 which may inducel/increase resin
secretion. In doing so theynay transfer
microbial symbionts (associated with the bees’
salva) or pathogenic microbes (sé8ingh et
al. 2010 Anderson et al. 201 orbyHarris et
al. 2019) and thus potentially trigger the
production of preferred resin chemotypes. If
this hypothesis holds true, this may further
explain the missing overlap in chemical
similarity between our tree and beellected

samples.



Resin intake, variability and diversity

Our study honeybeeoloniesclearly preferred
two chemically distinct resin types, “oeti
(unknown source, likely poplar) and “orange”
(P. x canadensjs over all other sourcesA
strong preference for some resins over others
agreeswith previousstudies (Bankova et al.
2006 Wilson et al. 2018 However, most of
our colonies collected three or more different
resin types, indicating thatebs targeteca
variety of different resins.Collected resin
spectrain turn varied between apiaries/sites
and coloniesindicating colonyspecific site
independent collection targetsHowever,
propolis samples from our colonies were
chemically more similato each other than to
the beecollected resin types, suggesting that
colonies compile specific resin blends from a
variety of different resinsDifferent resins
show different functional propertieeg. repel
different antagonist{Drescher et al. 20)4
Compiling resin from different sources thus
increases the diversity of potentially faotive
compounds and may consequently better
protect colonies against a variety of enemies
(Drescher et al. 20}41In fact our chemical
analysis revealed a striking compositional
chemical diversity within and among different
Thus,

collecting resins from a comparatively broad

resin types/sources. in addition to
spectrum of different plant specidas also
shown for stingless bee@aluza et al. 201)7,
bees may further benefit from the large
chemical intraspecific variability as found in

resin from specific plargpecies.
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Conclusion

Our data shows that honeybees collect a
comparatively broadand highly variable
spectum of resin sources anchake distinct
choices byprefering some resins (e.g. specific
poplar speciesand chemotypgsover others.
This finding corresponds to observations made
for their tropical relatives (Apidae: Meliponini)
(Leonhardt and Blithgen 200@eonhardt et
al. 2010, and likely insures that bees can
combat a variety of antagonissensitive to
different resin sources and/or compoulfskse
20)% Notably, the

environment in our study area is shaped by

(Drescher et al.

intensive human impact, resulting in an altered
assemblage of available plant species. For
example, formerly occurring poplar species,
such asPopulusnigra, are now extremely rare
and most probably not available to any of our
apiaries.Instead, several planted and natural
occurring hybrids ofP. nigra and other poplar
speciesare available in our studggion. In an
unaltered intact environment, the bee’s
preferences may be shifted to other (or even to
more diverse) resources tompose the resin
blends that best meet their current needs.
However, the high chemical variabilifpund
among resin (chemo)typesollected by our
study bees may alternatively indicate that bees
target and benefit from chemical rather than

tree species biodiversity.

Future studies should attempt to unravel the
causes underlying the choices and variighih
resin intake observed in honeybees. Such
knowledge would not only provide new insight

into selfmedication and external immunity in



insects, but also provide important information

for apicultural praxis.
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Abstract

Social immunity is a key factor for honeybee health, including betshvitefense
strategies such as the collective use of antimicrobial plant rgsiopolis). While
laboratory data repeatedly show significant propelifects, field data are scarce,
especially at the colony level. Here, we investigated whether propsligaturally
deposited in the nests, can protect honeybees against ectoparagtic/aniba
destructor and associated viruses, which are currentlgsicered the most serious
biological threat to European honeybee subspecies,gliera, globally. Propolis
intake of ten field colonies was manipulated by either reducing or adicisgly
collected resin. Mite infestations, titers of Deformed wimys/iDWV) and Sacbrood
virus (SBV), resin intake as well as colony strength were recondethly from July to
September 2013. We additionally examined the effect of raw propdiisle®lon mite
survival in laboratory assays. Our results showed no isignif effects of adding or
removing propolis on mite survival and infestation levels. However,latiae to V.
destructor DWV titers increased significantly less in colonies with added protalis
in propolisremoved colonies, whereas SBV titers wsirailar. Colonies with added
propolis were also significantly stronger than propaisioved colonies. These findings
indicate that propolis may interfere with the dynamicsVofdestructottransmitted
viruses, thereby further emphasizing the importangeagolis for honeybee health.
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Introduction

Western honeybeedipis mellifera struggle

with  multiple  environmental  impacts,
including numerous pests and pathogens.
Particularly managed colonies of the European
derived subspecies continue to suffer high
(winter) losses, which is observed with
increasing attention and concefillis et al.
2010 Neumann and Carreck 2Q0l@Potts,
Simon G. et al. 2010VanEngelsdorp et al.
2011) Honeybees are effective pollinators of
various crops, and managed honeybees become
increasingly important in securing Yyields,
particularly with decreasing diversityand
abundance of many wild pollinator species
(Kosior et al. 2007 Potts, S. G. et al. 2010
and with increasing demand for agricultural

products (Klein et al. 20QAizen et al. 2008).

The
mortalities of managed honeybee colonies are
still subject to debatéMartin 20031 Frazieret

al. 2008 Le Conte et al. 2030Moritz et al.
201Q OrantesBermejo et al. 201,6mith et al.
2013 Pohorecka et al. 2014Honeybees have
been kept by humans for centuries, and it is
that

breeding), which focus primarily on traits such

reasons for the observed elevated

likely beekeeping practices (incl.
as bee handling and productivity, conflict with
the bees’ local adaptiorfdones 2004Meixner

et al. 2010 De la Rua et al. 20)3Moreover,
the commercial use and international trade of
bees and begroducts likely promotes the
dispersal of diseases and pefitdee et al.
2007 Mutinelli 2011, Smith et al. 2013

Neumann et al. 20)6 Consequently,
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honeybees worldwide suffer from various pests
and pathogens (Ellis and Munn 2005).

Among these, Varroa destructor an
ectoparasitienite that feeds on the hemolymph
of pupae and adult bees, is considered one of
the most challenging threatBall and Allen
1988 Yang and CoxFoster 2007Le Conte et

al. 2010 Rosenkranz et al. 201 0ainat et al.
2012) Since these mites have shifted their host
from the Eastern honeybek. ceranato A.
mellifera V. destructoris spreading rapidly on
almost every contient Ellis and Munn 2005
Neumann and Carreck 201Rosenkranz et al.
2010) It has become a ubiquitous pest which
commonly leads to colony collapsetiin 2-3
years, unless they are treated by beekeepers
(Fries et al. 2006Rosenkranz et al. 2010
becausé/. destructowectors several honeybee
viruses, which generate a fatal disease
epidemic within the colony(Martin 2001
Dainat et al. 2011 Neumann et al. 2012

Francis et al. 2013Nazzi et al. 2015).

At least seven viruses have been detected in
V. destructor mites (i.e. Acutebee paralysis
virus (ABPV), Kashmir bee virus (KBV),

Israeli acute bee paralysis virus (IAPV),

Chronic bee paralysis virus (CBPV), Sacbrood
virus (SBV), Deformed wing virus (DWV) and
Varroa destructorvirus-1 (VDV-1) (Ball and
Allen 1988 Ongus et al. 20Q4Tentcheva et al.
2004 Di Prisco et al. 201J)a supporting its
in virus transmission. A
link

destructor and DWV. Several

putative role
is known forV.
field and

laboratory experiments demonstrated a positive

particularly strong

correlation between mite infestations and virus



titers (BowenWalker et al. 1999Shen et al.
2005h Genersch et al. 20i0Dainat et al.
2011 Di Prisco et al. 2011bFrancis et al.
2013)

transmission, these mites likely play a crucial

Besides  promoting  horizontal
role in activating latent virus infection(Shen
et al. 2005b Yang and Coxoster 200p
While DWV is of generally low virulence and
causes rather asymptomatic infections, it
became one of thenost prevalent viruses in
apiaries and is highly pathogenic in association
with V. destructor(Martin 2001 Tentcheva et
al. 2004 Nazzi et & 2015. In contrast to
DWV, other V. destructorassociated viruses,
such as SBV, mostly occur less frequently and
in rather moderate amounts in mites
(Tentcheva et al. 200Mondet et al. 2014
Unlike DWV, SBV titers are not directly
correlated withV. destructorinfestations, but
are highest in spring and decrease towards late
summer(Tentcheva et al. 2004le Mirandaet

al. 2013. DWV loads typically increase
relative toV. destructolinfestation from spring

to late summerDainat et al. 2011 thereby
affecting the development of the lehgng
winter bees, which are essential for colony
survival in temperate regiongDainat et al.
2012, Dainat et al. 2012 Thus,V. destructor
and associated DWV can cause substantial
damage to colonies and most likely play a key
role for colony losses during wintéGenersch

et al. 2010 Moritz et al. 2010 Neumann et al.

2012).

Because dense aggregation of hosts in colonies
canfacilitate the spread of diseases, honeybees
and other eusocial insects have evolved social

immunity (Neumann and Hartel 2004&vans
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and Spivak 201)) including hygienic behavior
(i.e. nest hygiene and allogroomir{@oecking

and Spivak 1999 Spivak and Reuter 2001
2009 and social

analogues of immune functions, such as social

Duangphakdee et al.

fever (Starks et al. 2000 encapsulation
(Neumann et al. 200Jand apoptosi¢Page et
al. 201§ to combat pathogens. Honeybees
(SimoneFinstrom and Spivak 20)0stingless
bees(Roubik 2006 Leonhardt and Blithgen
2009) and some ant speci€€hapuisat et al.
2007 Castella et al. 2008also collect plant
resin, a sticky substrate secreted by plants to
protect young sprouts and leave buds
(Langenheim 2003 which is used for nest
construction and defense against pests and
pathogensréviewed in Simoné&instrom and

Spivak 2010).

Propolis, theapicultural term for a mixture
from various plant resins and wax, has long
been known for its antibiotic properties and
been used by humans in traditional medicine
for centuries (reviewed in Ghisalberti 1979
and Burdock 1998 Chemically, it

complex and highly variable mixture with up

is a

to 300 different substances, whose composition
depends on the available plant resources
1990Marcucci 1995

Bankova et al. 20Q0The functional properties

(Greenaway et al.

of propolis derive mainly from a variety of

water insoluble compounds, such as various
phenolic constitutions (flavonoids, aromatic
acids and benzopyranes) and
(Kujumgiev et al. 1993Bonvehi et al. 1994
Cushnie and Lamb 200%elliou et al. 2007
Popova et al. 20Q9Massaro et al. 20}5

terpenoids

Volatile substances generally represent only a



small fraction (1- 3%) of the entire bouquet,
but significantly contribute to typical propolis
characteristics, such as its distinctive aroma
and its biological activityBankova et al. 1994
Bankova et al. 2094 The biological activity
and pharmacological properties of propolis
have been intensively investigat@elarcucci
1995) with a wide range of antimicrobial
2008 Bonvehi
Gutierrez 201}, antifungal(Kujumgiev et al.
1999 Silici et al. 200%, antiviral (Kujumgiev
1999 Gekker 2005 and
immunomodulatory DRimov et al. 199}
while
the

pharmacological vaki of propolis for humans,

(vardarUnlu et al. and

et al et al.

properties  described.  However,

numerous studies examined
only few investigated how propolis benefits the

bees themselves. For example, Simone
Finstrom et al.(2009) showed that treating
hives with propolis extract can reduce overall
bacterial loads and immune activity in
individual bees. Propolis was further found to
be active against the causative agent of
American foulbrood Raenibacillus larvag
(Bastos et al. 200&Vilson et al. 2015)as well

as ofchalkbrood Ascosphaera apjgSimone-
Finstrom and Spivak 20)2Propolis extracts
can also have narcotic and lethal effectsvon
destructor depending on the dosage used
(Garedew et al. 2002Damiani et al. 2010a
Consequently, propolis appears to beivact
against a range of honeybee pests and
pathogens and can be considered a social
immune defense mechanism, which is likely to
be important for maintaining colony health
(SimoneFinstrom et al. 200Nicodemo, D. et

al. 2013 Nicodemo, Daniel et al. 201Borba
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et al. 201%. However, the majority of studies
which investigated the effect of propolis on
honeybee pests ube propolis ethanolic
extracts, and therefore do not inevitably reflect
the functional properties of propolis in its
natural (solid) form as placed in hives by bees.
Moreover, testing effects of propolis on certain
pathogens in laboratory assays may not

neessarily level effects

(Retschnig et al. 2015).

implicate colony

In this study, we therefore investigated the
effect of raw propolis on four common
honeybee viruses andn V. destructo mite
infestations. We manipulated the amount of
resin present within a hive by either removing
or adding resin deposited above the brood nest.
Due to the known antiviral properties of
propolis @moros et al. 1992Gekker et al.
2005 Shimizu et al. 2008Schnitzler et al.
2010) we hypothesized that viral titers would
be reduced in colonies treated with extra
propolis compared to
We

V. destructorinfestation would be reduced due

propolremovel

colonies. further  expected that

to the possible acaricide activity of propolis.

Material and methods

Bioassay to test for effects of propolis on
virus infections and mite loads

Experimental site and set-up

The experimental site was located in an
agricultural landscape close to Luneburg,

lower  Saxony, Germany, comprising

comparatively small arable fields with varying

crops (such as rapeseed, grain, sugar beet,



potato) and pastures as well as some scattered elsewhere within the hive. To remove as much

trees and mixed forest patches. The experiment

of the gathered resins as possible from the

was conducted between June and October 2013 “low” treatment group, propolis grids were

(local summer/early autumn). Ten honeybee
colonies with young, naturally mated queens
in May 2013

propolisfree wooden Dadant boxes consisting

were established iclean

of a single brood chamber. Experimental
colonies where maintained by splitting
colonies of a local stock oA. m. carnica
which were all reared in the same apiary and
provided with three brood frames a®livas
honey and pollen storage. Source colonies had
routinely been treated against ectoparasitic
mites V. destructorwith organic acids in the
previous winter (November 2012), and none of
them showed any obvious clinical disease

symptoms during visual inspections.

Experimental manipulations of propolis were
conducted between June, when bees initiated
substantial resin collection (noticed by the
deposits in propolis traps and/or inner hive
parts), and September 2013. All ten hives were
placed in pairs of tev neighboring colonies
(high and low propolis treatment) with a
distance of 0.251 and placed in a row with a
distance of 1.5n between the pairs. Five
colonies were provided with additional
propolis - in the following called “high”
(propolis) treatment that was removed from
the other half- “low” (propolis) treatment. A
commercial plastic propolis trap (Logar trade
d.o.0., Slovenia) was placed on the top of the
frames to stimulate resin deposition. We
assumed that bees deposit a considerable
amount of tle gathered resin into the grids, but

some resin was clearly also deposited
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removed from the low propolis colonies once
perweek in June and every three days between
July to September 2013. Grids were stored in a
freezer and propolis deposits on grids were
collected by flexing the frozen grids to break
off propolis. Propolis from frames and inner
hive walls was further removed by scratching
it off with an apiary chisel. Following the
collection, propolis was mixed, ground,
weighed and evenly distributed across the five
“high” propolis treatment colonies by placing
it on top of the hive frames the latest one day
after removal fron the “low” treatment
colonies. Each portion of grounded propolis
was compressed and gently pressed on the
frames to ensure that propolis remains on the
“high”

treatment colony received 16 g (+x SD 0.5) of

frames. Overall, each propolis

extra propolis, which represented between 9 %
and 70% (median 12%, + SD 26) of the
amount of propolis deposited in their own

propolis grids.

Data collection and sampling

Quantitative resin intake per colony was
guantified by weighing all grids each time
propolis was removed. As the amount of resin
collected by the bees varied between colonies
and often exceeded the amount of propolis
which was used for the *“high” propolis
treatment, we additionally tested for possible
correlations between pathogen loads and
propolis collection(see below). The status of

all colonies was controlled by estimating



colony strength (see below) and verifying

gqueenstate once per month between the end of
June and the beginning of September 2013.
Further, winter survival of all colonies was

controlledin March 2014.

Bee sampling and determination of mite
infestation levels

The sampling protocol for assessing vifde
Miranda et al. 2013 and mite infestation
(Dietemann, Vincent et al. 201 ®llowed the
COLOSS guidelinegor A. melliferapest and
pathogen researchOnce per month (July,
August, September), ~300 adult workers were
sampled from three brood free frames located
next to the brood of each cologe Miranda

et al. 2013 placed immediately on ice and
subsequently stored a80°C until analyses.
Phoretic mite infestation levels were
investigated for each colony by the dlob
washing method described in Dietemann et
al.(2013) and by counting dead mites which
had fallen on bottom boards (i.e. natural mite
fall). Therefore, bottom boards were placed
underneath each hive and covered with a thick
(0.3 cm) layer of aroma free petrolatum, to
prevent wind or predators (e.g. ants) from
removing mites and thus biasing mite
method”)

(Dietemann, V. et al. 2013Bimane-Finstrom

quantification  (“sticky  board
et al. 2017. For moderate infestation levels,
mite fall, i.e. natural mite mortality, is known
to be directly correlated with mite population
size in a colony gd can therefore be used as a
proxy for overall mite infestatio(Branco et al.
2006) Dead mites which had fallen on bottom
boards were counted every 24 hours over a

time period of 10 days each month. Total
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numkers of mites were divided by the total
number of days to calculate daily mite fall.
Daily mite fall was further divided by the
colony strength to estimate relative mite
infestation rates for each colony. Thus, mite
infestation is hitherto presented as stétion

per 1000 bees. Mite

calculated by both methods (alcohol washing

infestation rates as

and natural mite fall) were highly correlated
(Kendall's z= 3.05,

p =0.002), and we therefore used only natural

rank correlation:

mite mortality in the statistal analyses.

Parallel to bee sampling, colony strength was
recorded as the number of adult bees and brood
cells according to the “Liebefeldenethod”
(Delaplane et al. 20)3We recorded colony
size early (before sunrise) in the morning,
before flight activity started. For eadlide of
every frame within a hive, the proportion
occupied by bees was visually assessed.
Proportions were thersummed up for all
frames within a hive to obtain the total number
of frames occupied by bees. We finally
calculated the total number of bees for each
hive by multiplying the number of frames fully
occupied by bees with the number of bees,
which fit onto ae side of a frame (i.e&l400
bees per 1130 cfior Dadant hives).

Brood cells were quantified using a grid with
1.5 x 1 x 0.5 dhsquare fields to estimate the
total area of brood on each side of a frame. The
total brood area (in dfjn was thenconverted
into brood cells by multiplying brood area with
the average number of cells occupying 1*dm
(i.e. 400 cells for Dadant hives).



Determination of viral loads

Pooled samples of ~300 adult workers per
colony were used for the detection and
quantification of four common honeybee
viruses: 1) Black queen cell virus (BQCV), 2)
Deformed wing virus (DWV), 3) Israeli acute
paralysis virus (IAPV) and 4) Sacbrood virus
(SBV). Virus analyses were performed using
reverse transcription and quantitative PCR
following (de Miranda et al. 201Evans et al.
2013) In brief, each sample was homogenized
in TN buffer (10 mM Tris- 10 mM NacCl, pH
7.6) using MACS M tubes with a Dispomix®
Drive homogenizer (Medic tools). RNA was
then extracted using the RNA Il NucleoSpin
kit (Macherey Nagel, Germany) and eluted in
50 pl of RNAsefree water following the
manufacturer’s instructions. Reverse
trangription was performed using the-W
RT enzyme (Promega) with 1 ug of extracted
51%$ DQG
gl final volume following the manufacturer’s
recommendations. Viral loads were determined
by a relative quantification method usiras
standard curves, serial dilutions of purified
PCR products of known concentration. The
gPCR reaction for each sample was performed
in duplicate using Kapa SYBR® Fast Master
Mix (Kapa Biosystems). Individual reactions
contained 10 pl master mix, 3 pl cBN
template, 0.4 pl forward and reverse target
primers (10 mM; Table 1) and 6.2 l of Mili

Q water. Reactions were performed in an
EcoTM RealTime PCR System (lllumina)
The
conditions were used: 3 min at 95°C, followed

by 40cycles of 95°C for 3 sec and 55°C for 30

thermocycler. following  cycling
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sec, during which fluorescence measurements
were taken. A melting curve (95°C for 15 sec,
55°C for 15 sec and 95°C for 15 sec) was
performed at the end of each run to ascertain

the amplification of the target.

Bioassay to test for effect of propolis on
V. destructor mite survival

Whether raw propolis affected the survival of
adult V. destructor mites, was tested in a

laboratory assay, in June 2014 and again in
August 2014. Propolis for the assay was
obtained from wo honeybee colonies near

Lineburg, Lower Saxony, Germany between
June and August 2013, using a commercial
propolis grid (see above). In order to test for a
cofounding effect of a thymol based acaricide
treatment, one colony had previously been
treated wih thymol (propolis B), whereas the

one had not

other received any thymol

treatment (propolis A). Propolis collected from

0 RI UDQGRP KH[Ddath¥dorty@aPb grounded separately using an

electric coffee mill (Severin, typ3871) and
stored at-18° C. V. destructormites were

collected prior to the experiment from infested
brood of three colonies placed in the same

apiary.

Collection of V. destructor mites and

performance of bioassays

In order to obtain mites, sealed brood was

removed from brood combs and transferred to
the labor&ory where we opened the wax cap of

each brood cell, removed pupae and collected
attendant mites with forceps. Only the larger

female mites with dark color were used for the

assays, while those that appeared to have

recently malted (pale color) or did notove



were discarded. Prior to testing, mites were
kept in petri dishes together with a bee pupa as
described in Delaplane et §2013)to prevent

starvation.

For bioassays, 6 g of grounded propolis were
placed in the lid of a plastic container (160 ml).
Between 10 and 14 mites were placed in the
bottom of each container with a small piece of
moist tissue. Propolis and mites were sepalrat

by a nylon net which prevented direct contact,
but allowed free evaporation of volatiles. A

container without any propolis was used as
control. We performed five repeats for each
propolis sample and the control. Fresh mites

were used for all tests. Alkontainers were
kept in an incubator at 34° C for 36 h.

Following the protocol of

Garedew et al.(2002) and Damani et al.
(2010b) mite suvival was monitored under a
microscope 12, 18, 24 and 36 h after the assay
had started. Mites were classified as “mobile”
when they were still active (i.e. able to move
extremities), “immobile” when they were
inactive, but still alive (as validated by eul
touching them with a needle) or “dead” when
after three

they showed no movement

subsequent needle stimulations.

Table 1 Primers sequences and references used for quantification of the honéyises Black queen
cell virus (BQCV), Deformed wing virus (DWV), Israeli acuteggsis virus (IAPV) and Sacbrood virus
(SBV). Target virus genes were quantified in relation to aragdated Apis mellifera(A. m.) reference

JH Q Hactin analyzed in parallel in each sample).

Assay Primers Sequence (5'3) Reference
BQCV-qF7893 AGTGGCGGAGATGTATGC

BQCV Lockeet al (2012
BQCV-gqB8150 GGAGGTGAAGTGGCTATATC
DWV-F8668 TTCATTAAAGCCACCTGGAACATC

DwWV Forsgreret al (2009
DWV-B8757 TTTCCTCATTAACTGTGTCGTTGA

IAPV
KIABPV-B6707 CTGAATAATACTGTGCGTATC (2010
SBV-qF3164 TTGGAACTACGCATTCTCTG

SBV Lockeet al (2012
SBV-qB3461 GCTCTAACCTCGCATCAAC

-actin Am-actin2gF CGTGCCGATAGTATTCTTG

Lockeet al (2012
(Am)  Am-actin2qB CTTCGTCACCAACATAGG
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The farget gene (Cq) was quantified in relation

factors in all models. We used backward

to a NnonUHJXODWHG UH I-HdtirH Q F Felimindat@i and maximum likelihood ratio

analyzed in parallel in each sample). We
calculated efficiency corrected ratio values
according to Pfaff to account for differences in
PCR efficiency(Pfaffl 2001J):

Trivopr?dUa¢e0adRo

4=PE Yupn 22 Oca0agRrR 3

with

Etarget real time PCR efficiency of target
Eref.= time PCR

efficiency of reference gene transcript and Cqg=

gene transcript, real

quantification cycles.

Statistical analyses

Generalized linear mixed effect models
(GLMM, glmer function in Ime4 package)
were used d analyze the effect of propolis
treatment on honeybee worker viral loads
(normalized fold ratios). Data of viral loads
were log2transformed to achieve normality.
For the SBV load, only data from August and
September were used, as SBV titers peaked
before or approximately with the beginning of
the experiment, which may interfere with
possible treatment effectBue to the known
positive correlation betweerV. destructor
infestation and the degree of viral infection as
described in Shen et gR005b) Dainat et al.
(2011)and Francis et a{2013) differences in

V. destructorinfestation between colonies may
have masked treatment effect¥herefore,
initial models for each virus included
“treatment”, V. destructor infestation rate”
and their interaction as explanatory vakésb
To account for possible colony specific
differences in initial viral loads and viral
fluctuations over the season, “colony” and

“sampling time” were included as random
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edimators to fit the most parsimonious model.
Models were ranked based on their Akaike's
(AIC) values

compared to the null model (including only the

information  criterion and
random variables colony and sampling time)
using likelihood ratio tests (anova command in
the Ime4 package). We additionally compared
the ratio of viral titers and mite infestation
(ratio = wvirus titer / V.destructor mite
infestation) between the two treatment groups
using Wilcoxon rank sum tests to confirm
GLMM results. Ratios were tailated for
each olony and each sampling pointVe
tested for

further a possible correlation

between quantitative resin collection and
pathogen loads M destructor mite, viral
infection) using Kendall's rank correlation
tests. Correlations were testeat &ll colonies
pooled as well as for each treatment group

separately.

We composed and compared additional
GLMMs to examine whetheV. destructor
infestation, virus loads, or colony size best
explained the amounof resin collected by
colonies Here, initial models included the
explanatory variables treatment and either
destructorinfestation rate, or viral load, or the
number of adult bees. Models were fitted as
described above with “colony” and “sampling
time” included as random factorsafl models,
and the variances explained by each model
were compared by marginal %R) and
conditional R (Rc) squared values following
Nakagawaand Schielzetlf2013)(Multi-model

inference, r.squaredGLMM function in MuMIn



package). A Wilcoxon rank sum test was
further used to compare quantitative resin

collection between the two treatment groups.

In order to assess the survival\6f destructor
mites exposed to propolisnd to test for
differences between propolis samples and the
control, the Kaplan Meier estimator (corrected
for multiple testing with Bonferroni) was used
(surv function in survival package). For
survival analyses, we combined data for the
categories “immobile” and “dead” as both
would lead to dropping of mites from bees and
thus prevent them from causing further harm to
bees. Therefore numbers of immobile and dead
mites were summed up and compared to the
number of mobile mites for each recowll
statisical analyses were performed in (R

Development Core Team 2014).

Results

Resin intake and colony strength

After bees initiated resin intake in June, it was
low for the first 20 days (mean amount of resin
0.5) and

increased from the second half of July to

+ SD: 0.9 g/colony and day =+

August (2.8 g/ colony and day £+ 1.9). Resin
intake decreased again from lategist (0.75

g/ colony and day + 0.2) to September (0.6 g/
colony and day = 0.3). The total amount of
resin collected over the experimental period
ranged from 28 g to 205 g (mean £ SD: 131.2
g * 71.3) per colony and was positively
correlated with colony strength (Kendall's rank
correlation:z = 3.52,r = 0.46,p < 0.001).

Colony strength was further higher in colonies
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which received additional propolis (Wilcoxon
rank sum testW = 63,p = 0.041, Fig. 1a).

Effects of propolis manipulation on
virus infections and mite loads

Varroa destructor infestation generally
increased from June to September 2013 in all
experimental colonies (Fig. 1b), but mite
infestation levels strongly varied among
colonies (Fig. 1b) and were higher in stronger
colonies (Kendall's rankorrelation:iz= 3.43 p

= 0.001). We found no significant effect of
propolis treatment mite  infestation
(Wilcoxon rank sum testV = 97,p = 0.534).

Of the four viruses assessed in the study, only

SBV and DWV were detected.

on

Viral titers differed betwen the colonies, but
increased (DWV, Fig. 1d) or
decreased (SBV, Fig. 1c) from July to August.

generally

Increase of DWV was interrupted after, at the
beginning of September, all colonies received
a thymol based acaricide treatment.

Overall, DWV titers were best explained by an
interaction between propolis treatment and
V. destructorinfestation (Table 2). In colonies
that received additional propolis, DWV titers
increased less in relation t¥. destructor
infestation than in propoli'emoved colonies,
and the ratio of DWV and/. destructorwas
significantly lower (Wilcoxon rank sum test/

= 141,p = 0.046, Fig. 2a). In contrast, none of
our variables explained a significant proportion
of the variance in SBV titers (Table 2), and the
ratio between SBV an¥®. destructordid not
differ between treatments (Wilcoxon rank sum
test: W = 56,p = 0.113, Fig. 2b). All colonies

survived the winter.
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Figure 1 (ad) Effects of the high (dark grey) and low (light grey) propolksatment on the
development of a) colony strength,\'grroa destructolinfestation rates (as assessed via natural mite

fall), c) Sacbroodirus titers (SBV) and d) Deformed wing virus titers (DWV) over therse of the
experiment from July to September 2013. Viral titers are expresdedZagransformed, efficiency
FRUUHFWHG 0&T YDOXHV &T TER[BWRWF Wi QDD MY (DFK
treatment groups (N= 5) per month with default ranges for boxes @t25sh percentile), whiskers

(+/- 1.5) and outliers (dots).
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Table 2 Results of different mixedffects models testing for effects of high and low propolis tredtme
(“Treatment”) andVv. destructoiinfestation (“Varroa”) with (Treatment x Varroa) and withoute@ment

+ Varroa) interactions included (= explanatory varigt titers of the Deformed wing virus (DWV) and
the Sacbrood virus (SBV) (= response variables) over three montinder of samples N = 30, 3 repeats
per colony). In all models, colony and month were included as rafadtons to take into account cojen
specific differences and repeatedly measuring the same coloiy.shalws degrees of freedom (df) and p
values (P) for comparing all models presented against the null (heda model including only colony
and sampling date as random factors). Sicanit pvalue is marked in bold.

Response variables Explanatory variables df P

DwWV Treatment x Varroa 7 0.027
Treatment + Varroa 6 0.108
Treatment 5 0.263
Varroa 5 0.282
SBV Treatment x Varroa 7 0.065
Treatment + Varroa 6 0.219
Treatment 5 0.086
Varroa 5 0.623
L I SBV
104 °
5
o 3
5 .
-10- . . ' .
15 )

T T T T T T
0 05 10 15 20 25 3.0 35

Varroa destructor infestation rate
(natural mite fall / colony strength)

(@) (b)

Figure 2 (a, b) Effect of the high (black) and low propolis (grey) treatroa the correlation between
viral loads and th&. destructomite infestations of a) Deformed wing virus (DWV) and b) Sacbrood
virus (SBV). Each dot represents data from one colony for one mdintis. titers andv. destructor
infestation were measured for each colony once per month fromtQeptember 2013. Lines
represent linear regressions between virus titers (log2 efficieorrected fol&hange relative to
housekeeping gene, Cq = quantification cycles)\andestructorinfestation rates (natural mite fall /
colony strength) for each treatment group.
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Correlation between resin intake and

pathogen loads

Resin intake was generally higher in colonies
with added propolis than in propelismoved
colonies (Wilcoxon rank sum tedd/= 58,p =
0.025),

destructor

and positively correlated withv.
(Kendall's
0.45, p < 0.001),
DWV titers (Kendall's rank correlatiorz =
1.95,r = 0.25,p = 0.026, Fig. 3a) and colony
strength (Kendall's rank correlatian= 2.34,r
= 0.30,p = 0.01), but not with SBV titers
(Kendall's rank correlatiorz= 0.70r = 0.09,p

infestation rank

correlation:z = 3.43,r =

= 0.243, Fig. 3b). However, variance in the
amount of resin collected by bees was best
explained by the interaction of DWV and

treatment (Bn= 32%, Hc = 72%, Fig. 3a,

(@

Table 3). The positive correlations between
resin collection and pathogen loads were
highly significant for colonies with additional
propolis (Kendall's
destructor z = 2.43,r = 0.47,p = 0.008;
DWV: z=2.58,r = 0.5,p = 0.005), but weaker
(Kendall's rank correlationV. destructor z =

1.89,r = 0.37,p = 0.029) or nb significant

rank correlation:V.

(Kendall's rank correlation: DWVz =1, r =
0.20,p = 0.16) for propolis removed colonies
(Fig. 3a). No significant correlations were
found for colony strength and resin collection,
when treatment groups were tested separately
(Kendall's rankcorrelation: low treatment =
0.90,r = 0.18,p = 0.190; high treatmeng =
1.49,r = 0.29,p = 0.069).

(b)

Figure 3 (a, b) Effect of viral infection with a) Deformed wing virus (DWshd b) Sacbrooslirus
(SBV) on the amount of resin (g) collected by bees. Each dot reprds¢atBom one colony for one
month. Lines represent linear regression between resin colleciibwirus titers (log efficiency corrected
fold-change relative to housekeeping gene) for each treatment grockp £blaigh propolis treatment”,
gray = “low propolis treatment”) with * indicating a significantrradation with p<0.05 and n.s. a nen

significant correlation.
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Table 3 Results of mixeetffects models testing for effects\éf destructoinfestation (“Varroa”), DWV
infection (DWV) and treatment (“Treatment”) as well as theirraatons (indicated with x) on the
quantity of resin collected by each colony over three nsofithmber of samples N = 30, 3 repeats per
colony). In all models, colony and month were included as rarfdotors to take into account coleny
specific differences and repeatedly measuring the same colony.shakle pvalues (P) and Rfalues
(i.e. perentage explained variance) for comparing all models presegdaetsethe null model (i.e. a model
including only colony and sampling date as random factorgrginal R squared values (R2m:
representing the explanatory power of the fixed effects only)canditional R squared values (R2c:
representing the explanatory power of the whole model, includinguidem effects). Significantyalue

is marked in bold.

Explanatory variables P R’m (%) R% (%)
Treatment x DWV 0.022 32 72
DWV 0.203 2 76
Treatment x Varroa 0.176 24 71
Varroa 0.706 0.5 68
;rrﬁtg:ﬁ”t x Colony 0475 18 72
Colony strength 0.127 <0.01 72
Treatment 0.886 17 71

Effect of propolis on V. destructor mite
survival

Survival of V. destructor mites differed
between propolis samples and the contfk(
103, p < 0.0001; Fig. 4). Mites that were
exposed to volatiles of propolis not treated
with thymol (propolisA) lived about as long as
the control group which had not been exposed
to propolis (survival test$= 1.5, p = 0.23;

propolis A: median survival time = SE = 36
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hours = 0.03, control: 36 hours + 0.02; Fig. 4).
In contrast, propolis obtained from colonies
treated with thymol significantly reduced mite
survival (24 hours *
with propolis A ($= 75.9,p < 0.0001) and the
control ($=59.2p < 0.000% Fig. 4). After 36

hours, on average, 96% of all mites had died

0.03) when compared

irrespective of the treatent.
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Figure 4 KaplanMeyer survival curves showing survival rates \tdrroa destructormites when
exposed to propolis obtained from colonies treated with thymol (Prdpctisiashed line N = 58), not
treated with thymol (Propolis A = gray line, N = 58) or not exposed to psoj@dntrol = black line, N =
58) under laboratory conditions. f&d lines mark 95 % confidence intervals.

Discussion

Our results show that natural propolis can

reduce DWV viral loads in relation to
infestations withV. destructoy which further
supports the key role of social immunity for
eusocial insect healttiCremer et al. 20Q7

Masri and Cremer 201Meunier 2015)

Effects of propolis on virus infections
and mite loads

Both viruses detected in our study, i.e. the

Deformed wing virus (DWV) and the
Sacbrood virus (SBV),
transmitted byV. destructor(Tentcheva et al.
2004 Shen et al. 2005abut only DWV is

known to be highly correlated with mite loads

are likely to be
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(Dainat et al. 20L1Francis et al. 20)3and
therefore usually increase from early summer
to autumn(Tentcheva et al. 200Di Prisco et
al. 2011h. Accordingly, DWV titers varied
proportionally withV. destructoiinfestation in
all of our colonies, whereas SBV titers

decreased continuously from June to
September, irrespective of mite infestation.
Such seasonal dynamics observed for SBV
confirm earlier studiege.g. Tentcheva et al.
2004). However in colonies provided with
additional propds, DWV titers increased
significantly less withv. destructorinfestation
compared to propoli;emoved colonies. This
finding suggests that the long known antiviral
effect of propolifAmoros et al. 1992Gekker

et al. 2005 Shimizu et al. 2008Schnitzler et
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al. 2010 may also account at the level of the
honeybee colony. However, the effect of added
propolison DWV titers was relatively low and
depended onV. destructor mite infestation.
Thus, alternatively, but not mutually exclusive,
bees in colonies with higher amounts of
propolis may better cope with DWV infections
due to a positive effect of propolis dheir
immune systemBorba et al. 2015 Such a
positive effect on colony health is foer
supported by significantly higher colony
strength in colonies with added propolis.
Nicodemo et al.(2013) found
increased brood viability and higher worker

Likewise,

longevity in Africanized honeybees that were
bred for high propolis production. Propolis
may thus benefit honeybee colonies by
increasinggeneral vitality(SimoneFinstrom et

al. 2009 SimoneFinstrom and Spivak 20)2
This increase in vitality may also explain why
colonies that were provided with multiple grids
to encourage formation of ‘@matural propolis
envelope” were more likely to survive winter
and were stronger in spring than colonies
without envelope in the study of Borba et al
(2015) Our own study did not see an effect of
propolis enrichment on survival over winter,
but this may be due to the smaller sample size
of six colonies (compared to twelve in Borba et
al. (2015). Unlike our study, Borba et al.
(2015) found no difference in DWV infection
between colonies with “natural propolis
This

discrepany may be explained by differences

envelope” and colonies without.
in overall propolis amounts and thus DWV
infection dynamics between studidoreover,

Borba et al(2015)did not actively manipulate
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propolis amounts, quantify resin intake of
colonies or analyze the interaction between
mites and DWV, which renders a direct

comparison between studies difficult.

In contrast to DWV, we found no significant
effect of propolis on SBV infection. This

finding may be explained by the fact that SBV
the
then

infection peaked approximately with

beginning of our experiment and
decreased in all colonies. Thus, differences in
SBV infection between treatments may have

been masked by the virus’ general demise.

Although antiviral activity of various propolis
extracts against envelope and +esvelope
viruses was demonstrated by several studies,
the exact mode of action is still not completely
understood Amoros et al. 1992Gekker et al.
2005) Reduction of viral replication tends to
be highest when extracts were applied prior to
or at the time of infection, suggesting that
propolis derived compounds interfere with the
binding or entering of viruses at host cells
(Amoros et al. 1992Schnitzler et al. 2000
However, propolis is a complex mixture of
various substances with a broad therapeutic
spectrum, including  immunomodulatory
activity resulting primarily from stimulation of
macrophage activity(Amoros et al. 1992
Schnitzler et al. 201@0tti et al. 2014 It was
further shown to enhance the recognition of
pathogens and support the initial steps of the
immune response by upgulating the
expression btwo toll-like receptorqOrsatti et
al. 2010.

mediated mainly by RNA interference (RNAI),

In honeybees, viral defense is

but also by immuneelated mechanisms (i.e.
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the pathogemassociated molecular
(PAMP) and induced toll pathway@rutscher

et al. 201%. Thus, resistance to viral infeati®

pattern

may be improved by propolis compounds
through enhancing the na@pecific immune

defense, while simultaneously reducing the
general investment in the cost intensive
activation of humoral immune responses. In
fact, the presence of propolis within bee Bive
was found to reduce the expression of immune
related genes without affecting levels of
pathogens and parasitéBorba et al. 2016

Other that
resin/propolis further reduced bacterial loads in

2008 Simone-

studies showed however
the nests (Castella et al.

Finstrom et al. 2009).

Constant removal of propolisnay in turn

increase physiological stress, which results in
increased immune activity and thus reduced
Such
weakening effects can play a critical role for

individual fitness. immune system
viral infections such as with DWYYang and
Cox-Foster 2005Di Prisco et al. 2011Hd.ocke

et al. 2012 While bees are generally abke t
combat DWV infections, physiological stress
through mite pressure can enhance virus
expansion and lead to a destabilized parasite
host relationshigfYang and CoxFoster 2007
Nazzi et al. 2016 In fact, Nazzi et al(2015)
found 19 immune related genes to be down
regulated inV. destructotinfested colonies,
indicating that mites not only function as
vector for viruses, but also enhance viral
infections by actively suppressing the immune
function of bees. This finding was further
confirmed by Ryabov et al(2014) who
that mite increased

revealed pressure
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replication of a virulent DWV strain, which

was itself not detected in mites.

Our results suggest that the immune

suppressive effect caused by mites may be
(partly) by the

supportive effect of propolis, which can have

compensated immune
important implications for colony health, as the
level of viral titers are known to be criticadrf
the development of clinical disease symptoms
(Yang and Coxoster 200p Contrary to our
expectations, our results showed no impact of
propolis onV. destructoritself, which agrees
with previous studies investigating the efficacy
of natural propolis(Genersch et al. 2010
Nicodemo, D. et al. 20)3Survival of mites,

in our study, was only reduced by raw propolis
obtained from colonies that have pmsly
been treated with thymol which is known to

accumulate in propoli@Viguel et al. 2013).

In contrast, other studies showed that direct
exposure of mites to ethanolic propolis extracts
can cause mortality and narcotic effects
(Garedew et al. 200Damiani et al. 2010b
suggesting that propolsan have a detrimental
influence on mites. However, lethal effects
were mainly observed for extracts with high
alcohol content (70%) and less (or not) for
extracts with lower alcohol content (40%),
which may be explained by a comparable
lower content of bioactive compounds
2002 Under

conditions, mites rarely get in direct contact

(Garedew et al. natural

with high @ncentrations of nowmolatile
propolis compounds as found in 70% alcohol
extracts (Garedew et al. 2002 but may ke

exposed to volatiles evaporating from propolis
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deposited in varying areas of the hive
(including cell rims). Our results thus indicate
that such propolis volatiles do not affect mite
survival (at least not for the samples from our

study area).

However, the chemical composition of
propolis is highly variable and depends largely
on the plant sources used by bé@&seenaway

et al. 1990 Teixeira et al. 2006 Bees may
actually learn or evolve to shift their resin
collection towards sources with acaricide
activity as suggested by the study of Popova et
al. (2014)who found a higher content of three
biologically active compouds in propolis
from V. destructor resistant coloniegfor a
review see Johnson et al. 201t fact, the
existence of severalV. destructor mite-
surviving A.mellifera populations indicates
that natural selection can lead to a stable
parasitehost relatimship, as e.g. seen in
African and Africanized honeybees which
occur in large wildv. destructomite resistant
populations Kepburn and Radloff 1998
Compared to the European subspecies, African
and Africanized honeybees generally collect
larger amounts opropolis and have a better
resistance against most of the common
honeybee diseasd®irk et al. 2013 which
further supports the beneficial role of propolis

for A. melliferacolony health.

Correlation between resin intake and

pathogen loads

Resin intake was comparatively higher in
colonies with added propolis which may be
explained by the observed differences in
colony size between the two treatment groups.

Interestingly, the quantity of resin collected by
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each colony was overall positivelprcelated
with levels of DWV infection, suggesting that
bees actively respond to viral pressure by
Such
medication” was also described by Simeone
Finstrom and Spivak2012) who showed that

increasing resin  collection. “self

colonies increased resin foraging rates after
having been challenged with the fungal
parasiteAscosphaera apifcausative agent of
chalkbrood).

However, we observed no such correlation
between resin collection and SBV titers. As the
collection of resins depends on its availability,
which increases towards the end of summer
(Langenheim 2003 the apparent lack of
response towards SBV infection may als®

related to the earlier peak of SBV infection.

Conclusions

In conclusion, our study provides new insights
into the functional properties of propols a
colony level defense mechanism and thereby
further supports its substantial role for
honeybee colony health. We have shown that
propolis can naturally benefit honeybee field
colonies by reducing DWV loads in relation to
V. destructoinfestation, sugesting that it may

be vital for bees to overcome this pathogen
challenge. However, future studies (ideally
with  more colonies) should verify this
interaction and follow colony strength, health
and viral titers over winter to better understand
whether and (if so) how reduced DWV loads
actually impact colony survival. Further
studies including additional health parameters
are also needed in order to better understand

the actual mode of action of propolis. Our
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result on the activity of propolis against negative implications for honeybee colonies.
destructor contradicts previous studies which Resin collection, as natural defense of
used ethanolic extracts and stresses the general honeybees, should therefore find more
need for more studies conducted under natural consideration in  practical beekeeping,
conditions at the colony level to obtain more  particularly as many bee keepers constantly
biologically relevant data(Retschnig et al. remove propolis from bee hives during routine
2015). We further suggest that missing resin  control.

sources or the removal of propolis may have
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Chapter IV- How bees benefit from different resin sources

Abstract

Biodiverse environments provide a variety of resources that can beiteckpby
consumers. While many studies revealed a positive correlatiwedrebiodiversity and
consumer biomass and richness, only few studies have investlyatedesource
diversity affects single consumers. To better understand whether a singlgmmn
species benefits from diverse resources, we tested how the peotectction of a
defensive plant resource (i.e., resin exploited by social beegdvamong different
sources anthrget organismgredators, parasites and pathogemne)assess synergistic
effects, resins from different plant genera were tested sepamatkly combination. We
found that resin diversity is beneficial for bees, with its funeligmoperties depenuy
on the target organisms, type and composition of resin. Different resined different
effects, and mixtures were more effective than some of the singls (&mctional
complementarity). We conclude that resins of different plant speciest @ifgrent
organisms and act synergistically where combined. Bees thatreésin for protection
benefit more when they have access to diverse resin sources. Loskvelisiky may in
turn destabilize consumer populations due to restrictedstwa vaety of resources
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Introduction

Biodiversity is crucial for the functioning and
stability of ecosystemgiodiversity ecosystem
functioning (BEF): Tilman 1999 oreau et al.
200% Balvanera et al. 2006. Biodiverse
ecosystems also provide a higher diversity of
resources compared to less diverse
environmentsresulting in more resources that
can be exploited and consumed by its
inhabitants Duffy et al. 2007. Whilst the
diversity of resources is beneficial to overall
consumer diversitfSieman 1998 De Deyn

et al. 2004 Gamfeldt et al. 20Q5Ives et al.
2005) few studies have investigated the effect
of resource diversity on single consumers
Moreover, the precise mechanisms by which
single consumers/organisms may benefit from
an increased diversity of resources in a
biodiverse environment have received little

attention.

In theory, hree mechanisms can explain how
resource diversity increases the wmsding,

and ultimately fitness of organisms. Firstly, a
that
resources are available throughout the year,

variety of resources implies more
and shortages in one resource are compensated
by others (functional reddancy; Rosenfeld
2002 Wohl et al. 200 For instance, when
one prey species declines in abundance, it can
be replaced by an alternative prey cps.
Likewise, if one pollinator goes extinct, a plant
can still be pollinated by another pollinator
(Bluthgen and Klein 20115econdly, a variety

of resources also implies that organisms can

optimize the composition of resources, and
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compensate for the effects of toxic compounds,
or the lack of nutrients or other important
compounds that are present in some resources
but not in othes (e.g., in insect nutrition,
Behmer 2009 Eckhardt et al. 2094 Mixing
resources can also ensuretthaveral functions
can be simultaneously fulfilled due to different
properties of its components. We referstech
benefits of a resource mixture as “functional
balance’ thereby coining a new term that has,
to our best knowledge, not been used in this
context before Thirdly, a variety of resources
can increase a specific functigffiunctional
complementarity; Hooper 1998 oreau and
Hector 2001 Petchey 2003Yachi and Loreau
2007 Finke and Snyder 2008i.e. mixed
resource diets can accelerate growth and/or
development or improve immune functiofas

e.g. shown in honeybees: Alaux et al. 2010
Hocherl et al. 2032 ckhardt et al. 2014).

To differentiate  between these three
mechanisms, we tested how resource diversity
can affect functional properties that are
beneficial for a specific consumer, using
stingless bees collecting different plant resins
as a model. Stingless bees are a grotip o
highly social

distribution Michener 200Y. Like honeybees

bees with a pdropical

(Apis melliferg, they collect pollen and nectar
to nourish their coloniesand are highly
important pollinators for their environments
(Roubik 1989. They also collect

amounts of plant resins which they use to

large

defend their colonies against predators and
parasitesand to build their nestfkoubik 1989
2006 Leonhardt and Blithgen 2009The

inclusion of foreign materialsuch as resinn
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the nest (material)is considereda key
innovation in the evolution and diversification
of beesin general(Litman et al. 201} It may
further have facilitated the evolution of
sociality in stingless bees as well as their
diversification in

ecosystemgéRoubik 1989).

successful tropical

Moreover, fingless beesalso use resin d
extract chemical compounds that are included
in the bees’ cuticular chemical profiles
(Leonhardt et al. 20Q%.eonhardt et al. 201)a
where they protect bees against predation
201} and affect

aggressive behavioyteonhardt et al. 2030

(Wenzel interspecific
Hence, for bees, resin represents a crucial
resourcethat has been largely neglected in
ecological studies, although is essential for
their colonies’ fithess (Simone et al. 20Q9
SimoneFinstrom and Spivak 201®licodemo

et al. 2013 and has shaped their evolutionary
phylogeny Leonhardt et al. 2033 While the
general importance of resin for bees has by
now received some attentigfsimone et al.
2009 SimoneFinstrom and Spivak 20)0
virtually nothing is known on the importance

of resin diversity.

To investigate whether and how stingless bees
benefit from a diversity of plant resins, we
compared the effectiveness of up to four
different single resins (obtained from different
plant genera) and their mixture to evaluate
their protective functions. Thefore, we tested
their effect in repelling predators (i.e., ants)
and a common parasite of bee colonies (i.e.,

the small hive beetlédethina tumida and in
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inhibiting the growth of four bacterial species

and a single cell fungus.

Resin is secreted by manplant families
following wounding (Langenheim 2003 or
produced in flowers or seeds to attract
pollinators or seed dispersef@rmbruster
1984 Wallace and Trueman 19p5Therefore,
various resins (except for those produced in
flowers and seeds) may be available all year in
ecosystems with a high plant diversity
(Leonhardt and Bluthgen 2009n contrast,n
agriculturally intensified landscapes with a
predominance of monocultures (e.g. pine
plantations), bees may have limited access to
diverse resin sources. Ifbees live in
environments with various resin plants, they
have permanent access to many resios\e of
which are similar in their functional properties
(e.g. resins from plants of the same genus) and
could replace each other (functional
redundancy)That is to say, resin of one plant
species which is collected and placed around
the entrancglLeonhardt and Blithgen 2009
could be as repellent to predatory ants as resin
of a different plant species. Bees could thus
collect either one or the other to repel ant
predators.However, not all resins collected
and accumulatedutside orwithin nests are
equally effective in protecting bees against
antagonists. Therefore we postulated that
resins from different plant genera differentially
affect different organismg~or instanceresin

of one plant species may have particularly
strong antimicrobial properties and thus inhibit
potential pathogens, but show little effect
against larger organisms, such as predatory ant

species. In contrast, the resin of a different
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plant species mastrongly repel ants, but show

no antimicrobial effect. Such differential
effects renderthe cdlection and mixture of
various resinsthe most efficient solutio
(functional balance). Finally, we hypothesized
that the effectiveness of resin mixtures is
higher than the effectiveness of most single
resins (functional complementarityJhat is to
say, mixing different resins may increase the
(e.0.
repellent effect) compared to single resins. We

effectiveness antimicrobial  and/or
finally tested whether the effeof mixtures
was additive (i.e., as strong as the sum of the
effects of single resins) or synergistic (i.e.,
stronger than the sum of the effects of single

resins).

Methods

Study site, species and resisampling
The study was conducted in Southern
Queensind, Australia, between February and
April 2013. Two genm of stingless bees are
found here, Austroplebeia and Tetragonula
(Dollin et al. 1997 Walker 2010. Tetragonula
carbonariaandAustroplebeia australiare the
most common species in our study area, both
of which collect resin from various plant
species (Leonhardét al, unpublished data;
Leonhardt and Wallace,

and personal

observations).

Resin for behavioural and microbiological
assays were obtainebin four different plant
species belonging to four different genera and
three different families, all of which are known
to bemajor resin sources (i.e., keup for 10

— 20 % of resin co#icted) of T. carbonaria
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(Wallace and Lee 20i0Leonhardt et al.
2011b; Lemhardt et al., unpublished data
Corymbia torelliana (Myrtaceae), Syncarpia
glomulifera (Myrtaceae), anon-hative pinus
hybrid (Pinus caribaea x Pinus elliotii,
and Araucaria

Pinaceae), cunninghamii

(Araucariaceae). Resin was collected by
wounding the trees’ trunks with a small knife
and attaching a clean clear plastic bag beneath
the wound to capture all resin secreted over a
period of 5 to 20 hours following wound
infliction. Bees also collect resin from wounds
of our study tree spa&s (all authors, personal
observation). Beause resin ofS.glomulifera
could only be sampled in small quantities
using this method, this resin was only used for
the

microbiological  assays. Corymbia

torelliana resin was obtained from resin
storages ofT. carbonaria colonies, because it

is produced in minute quantities in the trees’
seed capsules where it is collected by bees
(Wallace and Trueman 19P5As C. torelliana
trees were fruiting prior to and during the
study period, T. carbonaria colonies were
collecting and storing ample amounts of its
seed resin in their nests, which could be easily
recognized based on colour and smell. These
resin storages were shown tontain nearly
pureC. torellianacapsule raa (Massaro et al.

2014).

Extract preparation

Freshly collected resins were transferred to the
laboratory and kept in a freezed8°C) until
extract preparation. For extraction, resins were
weighed into clean 250 ml glass vials and
dissolved in either hexane (for behavioural

assays) or 70% ethanol (for microbial assays).
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We used the nepolar solvent hexane for the
behavioural assays to ensure agtion of
volatile compounds, such as terpenoids. In
doing so, some of the highly polar compounds
were not extracted, rendering a direct
comparison with the results of the microbial
assays (where ethanol was used) problematic.
The bottles with the solutisnwere covered
with tin foil (to protect them from light) and
storedin the fridge (~5°C) for extractionnder

periodical manual shaking for one week.

For behavioural assays, 20 g of each single
in 100 mi
(analytical gradeSigmaAldrich, Castle Hill,

resin was dissolved hexane
NSW, Australia) to achieve a stock solution of
20% (w/v). The extract was then transferred to
a clean vial to separate the extract from the
insoluble fraction. Different concentrations
were obtained by adding 3 and 5 ml hexane t
1 ml of the stock solution,
5% and 1.6%w/Y),

respectively. The resin mixture was prepared

resulting in

concentrations of

by combining equal amounts of the 20% single

resin stock solutions.

For microbiological assays, 6 g of each resin
was extracted in60 ml 70% ethanol (10%
wi/v). Extracts were filtered through filter paper
twice using two different filters (Whatman No
1001055, Millipore 0.45 Typ HNWP, Sigma
Aldrich, To

concentrations solvent

Australia). obtain  exact

the was rotary
evaporated in a watdrath at 37°C and the
resulting suspension was freehged at-80°C
for 24 hours. For stock solutions, 0.3 g of the
dry extract was resolved in 10 ml ethanol (3%

w/v). The mixture was prepared by combining
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equal amounts (0.075g) of each single dry
resin etract anddissolving it in 10 ml ethanol.
From each stock solution a serial dilution was
made by adding equal amounts of the solvent
(70% ethanol) to obtain a concentration range
of [A] 3%, [B] 1.5%, [C] 0.75% and [D]
0.375% wiv.

Behavioural assays with pedators and
parasites

Behavioural assays were conducted with two
Australian predatory ant species (gréerad
ants, Rhytidoponera metalligaand meat ants,
Iridomyrmex purpureysand the small hive
beetle (SHB, Aethina tumid® a common
parasite of honey® and stingless bee
colonies Greerhead ants are known to prey
on stingless bee@/Nenzel 201}, while meat
ants are commonly found in habitats of
stingless bees and prey on a large variety of

insects(Burwell 2007).

Ants were sampled from three different
colonies in Buderim (greelmead ants) and
Bundaberg (meat antBy picking up foragers
from the ground with forceps and transferring
them to a clean plastic bowl. Small hive
beetles were collected frorthree hives of
infested honeybee colonies located in
Buderim, Queensland, Australia, using an
insect aspirator. Ants and beetles were kept in
bowls for no longer tha@4 hoursbeforethey
were tested in the behavioural assays. When
the test animals were kept in bowls for more
than5 hours, they were supplied with a moist
tissue to prevent desiccation and with a sugar
solution for nutrition. Each animal was tested

only once where possible. However, as we did
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not always find sufficient numbers of ants and
beetles, they were occasionally tested more
than once, with at least 1 hour in between each

test.

Behavioural assays were conductednrnopen
arena ¢lean clear plasti@5 cm in diameter, 5
cm depth)which was large enough to allow for
free movement of individual ants/beetl@$he
bottom of the plastic arena was covered with a
filter paper that was divided into four equally
sized fields. A few drops (about 2 ml) resin
extract were equally distributed across each of
two opposing fields (extract fields), while the
other two fields we¥ covered with equal
amounts of hexane (control fields). Once the
solvent was evaporated, 10 ants or beetles
were placed in the centre of the arama thus
exposed to both volatile and nwgolatile resin
compounds in the extract fields. After 2 min of
halituation, the number of individuals in the
extract and control fields was recorded every
30 sec. The plate was gradually rotated during
the observation period to avoid a site bidse
trial was terminated after 6 minutes to ensure
that highly volatile réea compounds had not
yet completely evaporatedfter each trial, the
filter paper was replaced and the plastic arena

was cleaned with hexane.

If predators were repelled by resin compounds,
we expected them to avoid the extract fields of
the filter paperand instead spend substantially
more time in the control fields. If the animals
were not affected by the resin compounds, they
should show no difference in the time spent in

extract or control fields. If they were actually
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attracted by resin, they shouldesit more time

in extract than control fields.

First tests were performed using an extract
concentration of 5% resin. To test whether
behavioural responses were also found for
lower extract concentrations, we further tested
concentrations of 1.6% in meat ants and SHBs.
Because greehead ants positioned
themselves equally among extract and control
fields when the 5% concentration was used, we
additionally tested the stock concentration of
20% of the single resin extract to ensure that a
lack of response wasot due to too low resin
concentrations. The 5%. caribaeaP. elliotii
resin extract as well as the 5% extract mixture
were not tested in meat ants due to insufficient

amounts of extract.

We performed 6 trials per extract and
concentration, resulting ia total of 48 trials

and about 480 animals tested for SHBs and
greenhead ants, and a total of 36 trials and

about 360 animals tested in meat ants.

Microbiological assays

Antimicrobial assays were conducted using the
agar well diffusions technique on a 6ell
plate (27.9 x 27.9 x 1cm). To test for potential
differences in bioactivity of the different resins
against various pathogens, three categories of
microorganisms were selected and tested.
These included two typeulture strains of
Grampositive bactda, i.e. Staphylococcus
aureus (ATCC 25923) andBacillus ceeus
(ATCC 11788), three strains of Gramgative
bacteria, i.eEscherichia coliATCC 25922),
Salmonella typhimurium{ATCC 13311) and
Pseudosomonas aeroginogATCC 27853),
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and one laboratory stin of unicellular fungus,
i.e. Candida albicansWe chose to perform
our experiments with those standard laboratory
microbes, because, in contrast to honeybees,
no specific pathogenic microbes have been
described for stingless bees, which could have

been used in our microbiological assays.

All bacterial strains had been obtained from
the American Type Culture Collection (ATCC)
and had been preserved -20°C in nutrient
broth and 15% glycerol. Working culture of
the bacterial strains was prepared on tryptone
soy agar (TSA).Candida albicanswas a

laboratory strain isolated from a clinical case.

For susceptibility tests, 400 ml Mueller Hinton
agar (growth media) was inoculated with 4 ml
of microbial suspension. The inoculum was
prepared by suspending previously subcultured
microorganisms in phosphate buffd saline
(PBS, pH 7.2) and adjusting the solution to
McFarland standard no. 1 (cell density of 3 x
10 colonyforming units (CFU) per ml).
Molten agar was cooled to %45 and -
depending on the volume of agar used
bacterial suspension was added to givénal
concentration of approximately 3 x ‘0
CFU/ml. Agar with bacteria was poured onto
plates and let to solidify before punching 64
holes using a stainless steel cylinder (9 mm

diameter).

Wells were randomly filled to their upper
margin with 150 plof each extract of all
concentrations prepared plus controls (70%
ethanol). Consequently, for each extract the
effective amount of resin per well was [A] 4.5
mg, [B] 2.25 mg, [C] 1.125 mg and [D] 0.56
mg. Due to diminished extract solutions
towards the endf the experiment, the amount
of extract filled into wells was reduced to 100
pl, resulting in [A] 3.0 mg, [B] 1.75 mg, [C]
0.75 mg and [D] 0.375 mg resin per well in the
second repeat. Plates were then incubated at
36.5°C (¥5°C) for 20 hours. To quanyif
antimicrobial activity the diameter of growth
inhibition around each hole was measured in
two directions using a digital calliper. For
analyses, the mean value was calculated with
the hole diameter subtracted. All extracts plus
controls were tested in triplets on one plate and
experiments were repeated twice. Except for
the plate withS.aureus extracts (particularly
the 3.0 and 0.75 mg/well

concentration) tended to overflow and cause

those of

distorted inhibition zones in the second repeat,
which is whywe did not include these data

points in our analysis.

Statistical analyses

For each behavioural tria] we calculated a
single value I§(i)), the standardized mean
difference in the number of animals in the 6

min observation period:

numberof animalgn controlfields- numberof animaldan extractfields

b(i) =

101

totalnumberof animalstested
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We considered the extract attractant -if
1 "b(i) < 0 andb(i) was significantly different
from 0 (using a Studentstést), neutral ifo(i)
was not significantly different from Oand
O<b(i) "1 and b(i)

significantly different from 0. Differences

repellent if was
between the different extracts were compared
using ANOVA followed by Tukey’'s posthoc
tests.Likewise, for microbiological assaywe
compared the inhibition zones between
different extracts for each concentration and
microorganism using ANOVAs and Tukey's

posthoc tests.

To determine whether the effect of resin
mixtures was additive, less than additive or
synergistic, we summed upe values for all
single resins for the 1.6% concentration in the
behavioural assays with small hive beetles
(SHB), and for the 0.75 and 1.13 mg/well in
the microbiological assays, and compared this
value to the values for the 5% and 3.0 as well
45 mgvell

respectively, using-tests.We considered the

as mixture concentratio,
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mixture effecs in a purely statistical sense and
refer to“additive’ if the mixture values were
not significantly different from the summed
values of single resin$Jess than adtve” if
they were significantly lower arfgynergisti¢

if they were significantly higher. Our
definition of “additive” or “synergistic” is
the

definition typically used in microbial research

therefore much less complex than
(Chou 2010 where the entire response (e.g.
ranging from no response to maximum
response)is the subject of comparison to

determine additive or synergistic effects.

Where necessary, data was-log square root
transformed to meet the assumptions of

normality and homogeneity of variances. All

statistical analyses were performed in R
statistical sftware
(R Developmen€oreTeam 201 All

experimentscomply with the current laws of

Australia.
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Fig. 1 Attractant and repellent effect (b(i)) of extracts of single resingesid mixtures on (a) gredead
ants Rhytidoponera metalliaested against 5% extramincentrations, (b) meat antsdomyrmex purpureys
tested against 1.6% extract concentrations and small hive @festiéna tumidatested against (c) 5% and (d)
1.6% extract concentrations. The significance of attractant orempeffect (b(i)) ofesin extracts is indicated
as follows: ns: not significantly different from 0 (neutral), #B.05, ** P<0.01, *** P <0.001. Resin extracts
with different letters indicate significantly different b{@lues according to Tukey's HSD.

Results

Behavioural assays with predators and
parasites

The two predatory ant species responded
differently to the resin and mixed extracts (Fig.
1). While meat ants were equally repelled by
all single extracts and the extract mixture at
low concentrations (Fig. 1b), gre@ead ants
did not differentiate betweeA. cunninghamii
and P.caribaeaxP. elliotii resin, the resin
mixture and hexane, but were attracted by
C.torelliana resin (Fig. 1a).The exactsame
behaviour was shown when the 20% extract
concentration was used (data not shown). In
small

contrast, hive beetles were equally
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repelled by all single resin extracts and the
extract mixture when tested against the 5%
concentration (Fig. 1c). However, whehe

1.6%

mixed extract had the strongest repellent

extract concentration was used, the
effect, while P. caribaea<P. elliotii resin had
and
their

no effect and A.cunninghamii

C.torelliana were intermediate in

repellent effect (Fig. 1d).

Microbiological assays

The four resin extracts and the resin mixture
differently affected the growth of the
microorganisms tested (Fig. 2, Table 1).
Corymbia torellianaresin had the strongest

inhibitory effect of all resins and was generally
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more effective than the resmixture (Fig. 2,
Table 1). P.caribaeaP.elliotii and
A. cunninghamiiresin had a relatively low
inhibitory effect and did not inhibit the growth
of P.aeroginosaand S. typhimurium(Fig. 2,
Table 1). Neither single resins nor resin
mixtures inhibited the growth d&. coli within

the concentration range used.

Additive or synergistic effect?

We found both additive and less than additive,

but no synergistic effects of the resin mixture

compared to the sum of all single resin extracts
(Table 2). While the repellent effect against the
small hive beetle and the growth inhibitory
effect against  P.aeroginosa and
S. typhimurium were  additive, growth
inhibition of S.aureus B.cereus and
C. albicans was significantly lower for the
resin mixture than for the sum of all single

resins (Table 2).

Table 2. Additive, less than additive (less) and synergistic effects (mear %) and mean growth
inhibition range [mm] £ SD) of summed effects of single resins and n@giure on small hive beetles
(SHB), Bacillus cereus(Bc), Candida albicans(Ca), Pseudosomonas aeroginogRa), Salmonella
typhimurium (St) andStaphylococcus aurey$a). For microorganisms, effects were assessed for two
different concentration combinations (I: 3.0 and 0.75 mg/well, II: 4.5 at®l mhg/well). Significance
levels are as follows: ns: not significant, * P < 0.05, ** P < 0*61P < 0.001.

Study organism single resins resin mix t P Effect
SHB 0.82+0.34 0.84 £ 0.08 0.11 ns Additive
Bc | - 12.07 £ 1.01 - - -

Bc I 46.03 £ 0.04 13.02 £ 0.78 -73.5 ork Less
Cal - 3.15+£0.67 - - -
Call 750+ 1.15 4,15+ 0.22 -4.94 * Less
Pal - - - - -
Pall 3.18+£1.14 1.78 £ 0.25 -2.08 ns Additive
St - 2.62 £ 0.88 - - -
St 6.67 + 1.37 4,57 £ 1.58 -1.74 ns Additive
Sal 51.00 £ 1.13 12.60 £ 0.45 -37.51 ok Less
Sall - - - - -
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Fig. 2. Growth inhibitory effect of single resin and mixed extracts {@dpin up to eight different
concentrations [mg resin/well]) on Bxcillus cereusb) Candida albicansc) Pseudosomonas aerogingsa
d) Salmonella typhimuriurand e)Staphylococcus aureuthe control ethanol is not displayed as it did not
show any growth inhibition. Stars indicate significant differendetween the different extracts:
Significance levels are as follows: ns: not significant,<@®05, ** P<0.01, *** P <0.001. Note thay-
axis scales differ between graphs to allow for a better visual egpaion of the results.
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Table 1. Tukey posthoc test results of comparisons of growth inhibitifactsfbetween resin extracts fré@dorymbia torelliana(Ct), Araucaria

cunninghamii(Ac), Pinus caribex P. elliotii (Pce),Syncarpia glomeruliferdSg) and resin mixture (Mix) on five microorganisms; dashes itadica
concentrations that were not tested. SignificavélBes are marked in bold

Bacillus cerus

Candida albicans

Concentration  4.50 3.00 2.25 1.50 1.13 0.75 0.56 0.38 450 3.00 225 150 113 0.75 0.56
Ct-Ac <0.001 - 0.012 0.028 0.023 - 0.027 0.006 | <0.001 - 0.005 - 0.012 - 0.064
Mix-Ac 0.005 - 0.268 - 0.118 - 0.883 0.047| <0.001 - 0.047 - 0.063 - 0.097
PceAc 0.927 - 0.937 1.00 0.993 - 0.981 1.000| 0.797 - 1.000 - 0.976 - 1.000
SgAc <0.001 - 0.102  0.063 0.079 - 0.200 0.093| 0.969 - 1.000 - 0.587 - 0.995
Mix-Ct 0.576 - 0.311 - 0.791 - 0.113 0.336| 0.016 - 0.585 - 0.824 - 0.999
PceCt 0.002 - 0.039 0.083 0.077 - 0.012 0.024| <0.001 - 0.006 - 0.005 - 0.085
SgCt 0.876 - 0.651 0.780 0.909 - 0.695 0.163| <0.001 - 0.004 - 0.001 - 0.036
PceMix 0.017 - 0.639 - 0.313 - 0.610 0.146 | <0.001 - 0.055 - 0.026 - 0.127
Sg-Mix 0.178 - 0.959 - 0.998 - 0.610 0.971| <0.001 - 0.040 - 0.006 - 0.054
SgPce <0.001 - 0.302 0.171 0.226 - 0.090 0.247| 0.986 - 0.999 - 0.882 - 0.979
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Pseudosomonas aeroginosa

Salmonella typhimurium

Concentration  4.50 3.00 2.25 1.50 1.13 0.75 0.56 0.38 450 3.00 225 150 113 0.56

Ct-Ac <0.001 - <0.001 - 0.002 - 0.257 - <0.001 - <0.001 - <0.001 <0.001
Mix-Ac 0.001 - <0.001 - 0.009 - 1.000 - <0.001 - <0.001 - <0.001 0.118
PceAc 1.000 - 1.000 - 1.000 - 1.000 - 1.000 - 1.000 - 1.000 1.000
SgAc 0.008 - <0.001 - 0.003 - 0.006 - 0.016 - <0.001 - 0.001 0.040
Mix-Ct 0.920 - 0.848 - 0.853 - 0.257 - 0.004 - <0.001 - <0.001 0.003
PceCt <0.001 - <0.001 - 0.002 - 0.257 - <0.001 - <0.001 - <0.001 <0.001
SgCt 0.296 - 0.940 - 0.998 - 0.182 - <0.001 - <0.001 - <0.001 0.008
PceMix 0.001 - <0.001 - 0.009 - 1.000 - <0.001 - <0.001 - <0.001 0.118
Sg-Mix 0.713 - 0.999 - 0.948 - 0.006 - <0.001 - 0.044 - 0.202 0.951
SgPce 0.008 - <0.001 - 0.003 - 0.006 - 0.016 - <0.001 - 0.001 0.040
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Table 1.continued

Staphylococcus aureus

Concentration 4.50 3.00 2.25 1.50 1.13 0.75 0.56 0.38
Ct-Ac - <0.001 - 0.001 - 0.005 - 0.003
Mix-Ac - 0.153 - 0.908 - 0.213 - 0.781
PceAc - 1.000 - 0.995 - 0.023 - 1.000
SgAc - 0.002 - 0.031 - 0.099 - 0.028
Mix-Ct - 0.005 - 0.002 - <0.001 - 0.014
PceCt - <0.001 - <0.001 - <0.001 - 0.003
SgCt - 0.409 - 0.119 - 0.375 - 0.520
PceMix - 0.123 - 0.741 - 0.603 - 0.803
Sg-Mix - 0.077 - 0.114 - 0.003 - 0.163
SgPce - 0.001 - 0.017 - <0.001 - 0.030
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Discussion

Using single resins and their mixture as a
model and assessing the impact of resin
diversity on stingless bees, wshow that a
single consumer specibgnefits more when it
has access to diverse resources. Moreover,
resource diversity can differentially affect
functional (i.e., protective) properties. The
protective effect of eachresin tested in our
studydepended on the target organisms as well
as the type and amount of resource, a
characteristic of resource diversity that we
termed “functional balance” and that differs
from “functional complementarity” in that it
comprises more than one functional property
(e.g., repellence of antand inhibition of
microbial growth).

All of our tested resins strongly repelled meat
ants, indicating that any of these resins can
protect bee colonies against this predator
species with none being superior over another
(functional redundancy)These ant repellent
properties observed in our laboratory trials
agree with observations in the field: ants
approaching a stingless bee colony are often
repelled by resin that is typically placed around
the colony’s nest entrand®uangphakdee et
al. 2005 2009 Leonhardt and Bluthgen 2009
The repellent effect of resin can bepkined

by the presence oterpenoids which are
frequently found in resir{lLangenheim 2003
and Dudareva 2p07and

particularly the more volatile moroand

Gershenzon

sesquiterpenes are knowrmant
(Junker and Bluthgen 2008unker € al.

repellents
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2011) In addition to being repellent, resian
be verysticky, whichdoesfurther deterants
(Seeley et al. 1982 However none of the
single resins testeith our studynor the resin
mixture repelled greehead ants, suggesting
that these ants mdye repelled by resins from
plants other than the ones we used.
Alternatively, greerhead ants may not be
repelled by resin at all. As they were attracted
by C.torelliana resin, they instead tended to
get stuck and die when this resin was offered
(Drescher, personal observation), thereby
representing a potentially different mode of

protection.

Unlike ants, small hive beetles (SHB) clearly
differentiated between different resins and the
resin mixture when they were offered at low
extract concentrations. Here, the resin mixture
showed the strongest effect (functional
complementarity). Corymnbia torelliana and

A. cunninghamiiresin were similar in their
repellent properties (functional redundancy)
resin had no
the

differential response towards different resins

and P. caribaexP. elliotii

repellent effect on SHBs. However,

disappeared when higher extract
concentrations were used, indicating that
functional  properties of resin  were

concentratiordependent.SHBs are vimally
mummified alive by a resinous coating when
they intrude into nests of stingless é@reco

et al. 2010 Halcroft et al. 201l Therepellent
effect of resin extracts showhere may further
suggest that the beetles avoid colonies that
have accumulated large resin deposits inside

and/or outside their nests.
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Different resins as well as the resin mixture
also differed in their inhibition of the growth
of several microorganisms.  Whereas
A. cunninghamii and P. caribaexP. elliotii
resin resulted in little to no microbial growth
inhibition, S.glomulifera and C. torelliana
were highly inhibitory (except foik. cdli).
Note that we recorded a relatively high
variation in growth inhibition between the first
and second repeat (see Fig. 2) likely due to the
different extract concentrations.

use of

However, microbespecific differences in
growth inhibition induced by &erent resin
extracts followed the same pattern across
repeats, rendering our results for the different
resins and the resin mixture comparabte.
contrast to honeybees, we know of no
pathogenic microbes that affect stingless bees.
We could therefore nouse bee pathogenic
microbes in our microbiological assays, and
our results cannot directly be linked to
stingless bee health or fitness. However, given
the consistently strong growth inhibitory effect
of some resins (e.gGorymbia torelliang, it is
possible that this resin also affects pathogenic

microbes associated with stingless bees.

In accordance with our hypothesis, the resin
mixture was more effective in repelling SHBs
(when applied in low concentrations) and in
inhibiting microbial growth comgred to some

the
complementarity). However, with regard to
growth the

of single resins (functional

inhibition, resin mixture was
generally less effective than an equally
concentrated extract d. torelliana resin. In
fact, we found the complementarity edt to

be either additive or even less than the
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summed effects of all single resins, suggesting
that, at least with regard to (resin) resource
diversity, diversity functions may be

predominantly additive and rarely, if at all,

synergistic. By contrast, synergistic effects of
biodiversity have been described for functions
other than those based on resource diversity,
e.g.,

Hattenschwiler et al. 2005microbial biomass

litter decomposition (reviewed by

production and respiration(Wardle and
Nicholson 199§ the biocontrol of herbivores
by natural enemiefCardinale et al. 2003 or

pollination success (Brittain et al. 2013).

The different activities observed for the
different resins in our assays most likely
correlate with diferences in their chemical
compositions. While coniferous resins (i.e.,

A. cunninghamii and P. caribaeaxP. ellioti)

are known to comprise mainly volatile
terpenoids, such as monoterpenes and
diterpenic  acids (Langenheim 2003

C. torelliana fruit resin comprises a variety of
phloroglucinols and flavonoiddassaro et al.
2014; Massaro CF, unpublished datimilar

to resin of other myrtaceous species including
S. glomerulifera (Leonhardt, unpublished
data). Flavonoids and phloroglucinols are well
their properties
(Ghisalberti 1996 2011) whereas terpenoids

(e.g. mone and sesquiterpenes found in floral

known for antimicrobial

scent bouquets) have been found to repel ants
and other arthropod¢Junker and Blithgen
2008 2010) Hence, based on their chemistry,
theresins ofthe different plant gneraused in

our study can target different organisms
(functional balance) and act synergistically

when combined (functionatomplementarity
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Having access to a variety of different resin
sources can thus be essential for animals
relying on resin for protection and other
functions (e.g. nest construction), such as
stingless bees or honeybeéssimilar benefit

of mixing resources has been observed in
herbivores(Hagele and RoweRahier 1999
Unsicker et al. 2008and even solitary bees
(Eckhardt et al. 2004and can be explained by
either the dilution of toxins or the congition

of a nutritionally more balanced di¢Behmer
2009 Simpson and Raubenheimer 2Rn12
However, given that a strong effect (e.g.,
(e.g.,
C.torelliana resin) can also be reduced by

antimicrobial) of one resource
mixing this esource with other resources (e.g.,
resins) that are inferior in this property and
thus diluting its effect, mixing resources can
also have negative consequences for animals,

at least for one particular property.

In honeybees, the use of resin is further
considered an important component of the
colony’s social immune system because
honeybees lack many of the immune system
related genes typically found in other insects
(reviewed by Simon&instrom and Spivak
2010) Instead, resin has become an important
protective agen{SimoneFinstrom andSpivak
2010) benefiting the bees’ immune system
(Simone et al. 20Q9 protecting them against
pests and pathogen$aredew et al. 2002
2004 Mihai et al 2012 and increasing colony
performance and healttfNicodemo et al.
2013) the

composed by honeybees (known as propolis) is

Chemically, resin  mixture
highly complex comprising various chemical

compounds and several substance classes
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(Bankova et al. 20Q0 Propolis samples from
various geographical locations that differ in

their showed

prafies
(Kujumgiev et al. 1999Popova et al. 2007

chemical composition

nevertheless similar biological
Damiani et al. 2010 indicaing redundant
effects of different chemical
(Mihai 2012 and

However, except for the ground breaking work

compounds
et al resin sources.
of Wilson and colleague®013) suiprisingly
little is known about the botanical sources
actually used by honeybees for resin collection
due to a lack of thorough chemical
comparisons between resin loads obtained
from corbiculae of returning foragers and resin

samples obtained from potert@ant sources.

Even less is known about the potential
properties of different resins and their
synergistic effects. Our results on the

functional role of resin diversity for stingless
bees most likely also apply to honeybees,
thereby stressing the imparice of not only

resin collection itself but also the availability
of various resin sources within the foraging
range of bee colonies, which is likely reduced
in the highly agricultural areas of many

industrialized countries.

Given the beneficial functiohgroperties of a
variety of resources, a general lack of resource
diversity (with regard to any resources), as
typically found in environments with reduced
biodiversity,

may destabilize consumer

populations due to reduced compensatory
and/or synergistic mechanisms. This effect on
consumer populations may further explain the
negative correlation between biodiversity loss

and reduced consumer diversity.
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Appendix— Supplement material

Supplement material

A) Sources and factors driving resin collection in honeybees

- Al Fig. Location of the study apiaries. (please note: Figure Al correspodsHig
referenced in chaptél

- Al Table. List of substance classes and the respective numbers of compounds (Total
N) identified from resin samples of tree buds, returning honeyime ihelliferg
foragers and from propolis samples (please note: Al Figure corresp@iig &ble
referenced in chapter I)

- A2 Fig. Exemplary chromatograms of resin hexane extracts (please note: Figure Al
corresponds t&2 Fig.referenced in chapter 1)

- A2 Table. List of compound classes and the mean values of relative amounts [%] of
components found in resin samples from tree buds, returning honéybse (
mellifera) resin foragers and propolis samples (please note: A 2 Table corresponds to
S1 Tablereferened in chapter I. Table Al is included only in the electronic version
(Supplement materidlableAl, page 116-128).

A1l Fig. Location of the study apiaries Study apiaries were located at seven different sites
in Lower Saxony, Germany. Distances among study sites are between 1.3 &nd(&r) and
38 km (Ol and Et).
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Al Table. List of substance classes and the respective numbers of compounds (Tbigidentified from resin samples of tree buds, retuting honeybee Apis
mellifera) foragers and from propolis samples.

Individual components amisplayed with their retention time (Ret. Time),Kovats retention ind&xafd occurrence in different tree species;dmected resins and
propolis samples (given are numbers (N) of bee and propolis samples ngrdampound). Tree species as folloRfs,Populus balsamiferePt, Populus tremulaPx1

- Px3, three different (chemo)types of unknd®apulus xcanadensig/brids; B— B2, two different(chemo)types of unknowBetula albahybrids; A,Alnus glutinosa
C, conifers Picea abid Pinus sylvests); H, Aesculus hippocastanum

Substance Classes Total N Constituentsidentified Ret. time Kl Tree species N bees N propolis
Acids and derivatives 167
- Aliphatic acids /ester Hexanoic acid 4.88 967 Px1 2 0
(total:97) Hexadecanoiecid 27.68 1927 Px3 5 0
methyl ester
Linoleic acid 31.47 2123 Px2 6 0
- Phenolic acids /ester Benzoic acid 9.69 1171 Px1;Px2; Pt 23 10
(total:70) Methyl salicylate 10.18 1190 Px1; Pb 7 1
benzyl benzoate 24.33 1762 Pb; Pt 21 10
2-Ethylhexylsalicylate 25.13 1807 B2 1 0
Benzyl salicylate 26.43 1864 Px2; Pb 15 9
Alcohols /aldehydes /
53
ketones
Benzyl alcohol 6.26 1026 Px1;Pb; Pt 17 1
Myristaldehyde
(Tetradecanal) 20.92 1611 H 3 0
Vanillin (4-Hydroxy-3
methoxybenzaldehyde) 15.59 1393 Pt 12 3
Other aliphatic
compounds 73
Phenolic compounds /
. 70
phenylpropanoids
Chrysin 40.25 2649 - 0 3
Coumaran (2 &lihydro- 10.85 1219 ) 1 7
Benzofuran)
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Compound Classes Total N Constituents identified Ret. time Kl Tree species N bees N propolis

Terpenes / terpenoids 308

- Monoterpenes an[d;rpenoids aIph&Pinene 4.24 932 Px1;Px3;C 2 0

(total:24) betaPinene 5.08 974 Px1;C 2 0

betaMyrcene 5.28 988 Px1;C 2 0
3-Carene 5.74 1008 Px3;C 2 0
D-Limonene 6.19 1031 C 2 0
beta-Phellandrene 6.23 1025 C 1 0
Eucalyptol 6.24 1033 Px3;C 1 0
transbetaOcimene 6.56 1044 Px3;C 0 0
gammarterpinene 6.87 1054 Px3;Pt;C 0 0
Terpinolene 7.54 1086 C 1 0
betaLinalool 7.90 1095 Px1 7 0
z:ggﬁ%ampho'e”e 8.51 1125 - 1 0
Sabinol 8.90 1137 C 1 0
trans-Verbenol 9.00 1140 C 1 0
Terpinen4-ol 9.99 1174 Px3 1 0
L-alphaTerpineol 10.23 1186 - 1 0
Estragole 10.43 1195 C 0 0
Bornyl acetate 12.78 1282 C 1 0
Geraniol 11.84 1249 Px1 0 0
Thymol 12.93 1289 - 1 5
Eugenol 14.51 1356 Px3 12 1
E-lsoeugenol 16.97 1447 Px2 15 2

- Sesquiterpenegérpenoids gammaElemene 14.04 1335 A 0 0

(total:176) alphaCubebene 14.42 1345 Px1;Pt;A 1 0

alphaYlangene 14.98 1373 Px1;Px3;Pt;B 2
Copaene 15.16 1376 Px1;Px2;Pt;B;A 5 0
betaBourbonene 15.25 1384 B;A;C 1 0
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Compound Classes Total N Constituents identified Ret. time Kl Tree species N bees N propolis
Caryophyllene 15.93 1408 B 1 0
Longifolene 16.03 1407 B 0 0
betaYlangene 16.15 1419 Px1;B;A 0 0
Caryophyllene <E> 16.27 1417 g?(é;PXZ;PXS;P“ 28 1
alpha-Bergamotene 16.03 1411 Px2 1 0
betaCopaene 16.53 1430 Px1;B;A 1 0
alphaGuaiene 16.65 1437 Px3 18 0
gzrr‘gg‘;f’:tgne 16.53 1432 Px2 2 0
Z-betaFarnesene 16.77 1443 B 10 5
alphaHumulene 17.17 1452 E?(é;PXZ;PXS;P“ 25 0
Allo -aromadendrene 17.29 1461 Px1;Pt;B 4 0
gammaMuurolene 17.66 1477 Px1;Px3;Pt;B;C 2 0
Ar-Curcumene 17.73 1479 Px2;C 2 0
Germacene D 17.79 1480 Px3;A;C 1 0
betaSelinene 18.09 1485 - 2 0
alphaSelinene 18.17 1498 Px1;Px2;Px3;Pb 18 0
alphaMuurolene 18.33 1500 Px1 5 0
alphaBulnesene 18.40 1505 - 8 0
alphaFarnesene 18.39 1508 Pb 4 0
betaBisabolene 18.38 1509 Px2 2 0
gammaCadinene 18.60 1513 Px1;Px2;Pb;B;A 7 0
trans-calamenene 18.84 1521 Px1;Px3 1 0
betaSesquiphellandrent 18.83 1521 Px2 2 0
delta-Cadinene 18.75 1522 PX1iPX2;Px3;B; 8 0

122

A;C



Al Table continued

Appendix— Supplement material

Compound Classes Total N Constituents identified Ret. time Kl Tree species N bees N propolis

alphaCopaenel 1-ol 19.12 1539 Px2;Px3 2 0

alphaCalacorene 19.27 1544 Px1;Px3 1 0

Selina3,7(11)diene 19.28 1545 Px3 0 0

Elemol 19.56 1548 Px3 0 0

Germacene Bt-ol 20.11 1574 B2;C 0 0

Caryophyllene oxide 20.24 1582 Px1;Px2;Px3;B;C 30 7

Gleenol 20.43 1586 Px1 0 0

gammaEudesmol 21.42 1630 Px2;Px3 4 1

alphaAcorenol 21.45 1632 Px2;Px3 6 0

Hinesol 21.58 1640 Px3 5 0

T-Cadinol 21.70 1638 Px1 4 1

deltaCadinol 21.74 1644 Px1 4 0

T-Muurolol 21.74 1640 Px1 4 0

alphaCadinol 21.94 1652 Px1;C 8 3

Eudesmol 22.01 1652 Px2;Px3 8 1

Bulnesol 22.17 1666 Px3 8 1

Geranyl linalool<(Z,E)> 27.21 1898 C 0 0

- Diterpenesterpenoids Rosab,15diene 27.73 1933 C 1 0
(total:94) Cembrene 28.06 1942 C 2 0
Kaur-15-ene 29.06 1997 C 1 0

f(eEraEr;f linalool 29.59 2026 C 0 0

13-Epi-Manool 30.12 2059 C 0 0

- Triterpenesterpenoidgtotal: 67)

- other terpenoidéotal: 37)
Unknown 85

Total number 846
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A2 Fig. Exemplary chromatograms

Ocher Orange
la) GR78.6.13 4a)GR96.5.13
1b) GR1-17.7.13 4b) GR9-8. 6.13
1c) GR316.8.13 4c) GR316.8.13
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1d) ET512.7.13

le) ET512.7.13

1f) LG6-16.7.13

4d) GR7-8.6.13

4e) ET212.7.13

4f) LG6-16.7.13
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A2 Fig. continued

Red Clear

2a) ML2-9.7.13 5a) ML4-2.10.13

2b) ML2-5.8.13 5b) GR1-3.10.13
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A2 Fig. continued

Brown Yellow

3a)GR38.6.13 6a) LG117.6.13

Whitish

3b) GR5-3.10.13 7a) BB23.9.12

3c) LG128.6.13
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A2 Fig. continued

Brown

3d) ET512.7.13

S2 Fig. Exemplary chromatograms of hexane extracts from different beeollected resins.Chromatograms 1a)7a) represent different resin color
types (orange, red, ocher, brown, yellow, clear, whitish) collected by sisgifosagers between June and October 201i8eatlifferent apiaries in Lower Saxony,
Germany. Each peak represents a specific substance, where the peak area refledtethmoelat of a substance in a given sample. Capital letters tgiveasie of
the apiary (i.e. “Bb” Bienenbuttel, “Et” Ebstorf, “Gr” Griinewald, “Lg” Lunepu“MI” Melbeck) with subsequent numbers reflecting colony IDs and saghgate.
1la)—f) resin type ocher (a) GRF.6.13, b) GR417.7.13, c) GRA6.8.1, d) ET5.2.7.1, e) ETH.2.7.13, f) LGE16.7.13); 2a)- b) type red (a) ML2D.7.13, b) ML2
5.8.13); 3a} d) type brown (a) GR8.6.13, b) GRE.10.13, c) LG12.6.13, d) ETEL2.7.13); 4a}-f) type orange (a) GR6.5.13, b) GRSB. 6.13, ¢) GR316.8.13, d)
GR7-8.6.13, e) ET412.7.13, f) LG616.7.13); 5a} b) type clear (a) ML£.10.13, b) GR3B.10.13); 6a) type yellow (a) LGI1.6.13); 7a) type hitish (a) BB23.9.12).
Resin samples were obtained by trapping returning resin foragers and getheiimesin load from the corbicula of theindhilegs with forceps. Hexane extracts of
resin samples were analyzed by gas chromatography coupled with massngisc{GCMS).
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A2 Table. List of substance classes and the mean values of relative amounts [%)] ofadheorts identified from resin samples of tree buds,
returning honeybeeApis melliferg foragers and propolis.

See separate file
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B) Impact of natural propolis on V. destructorand viruses

Table B1lVarroa destructorinfestation rate and resintake of colonies Numbers in "Colony" represel
colony identity (colonies 1 10); Propolis treatment: high = added propolis; low = propolis remdved;
destructorinfestation rate I: Data obtained by the natural mite fall method (countird) rdééas on the
bottom board Dhives); V. destructorinfestation rate Il: Data obtained by the alcohol washing me
(samples of 300 bees/colony were used to estimate colony infestation rate)inRé&rAmount of resin
collected by colonies. Resin quantity was measured by weigtriapolis grids which were subseque
removed in the "low propolis" treatment group; NA: Alcohol washing wagpedormed because coloni
received a thymol based acaricide treatment in the beginning of September.

Colony Mont Propolis  Natural V. destructor V. destructor Resinintake
h treatment mite infestation rate | infestation rate Il (9)
fall/day (daily mite (alcohol washing;
fall/colony mites/100 bees)
strength)

2 7/2013 high 4.20 0.14 1.00 61
3 7/2013 high 5.60 0.32 1.33 60
8 7/2013 high 0.60 0.05 0.00 21
9 7/2013 high 5.00 0.19 1.00 40
10 7/2013 high 0.00 0.01 0.00 8
1 7/2013 low 0.60 0.04 0.00 35
4 7/2013 low 0.40 0.02 0.00 7
5 7/2013 low 2.00 0.34 2.33 10
6 7/2013 low 0.40 0.03 0.00 10
7 7/2013 low 6.00 0.27 2.00 31
2 8/2013 high 51.88 1.98 0.33 81
3 8/2013 high 33.25 1.36 2.33 83
8 8/2013 high 1.38 0.06 0.00 17
9 8/2013 high 54.75 1.86 3.00 77
10 8/2013 high 0.20 0.01 0.00 9

8/2013 low 1.63 0.06 0.00 16

8/2013 low 0.38 0.02 4.67 8
9 8/2013 high 54.75 1.86 3.00 77
10 8/2013 high 0.20 0.01 0.00 9
1 8/2013 low 1.63 0.06 0.00 16
4 8/2013 low 0.38 0.02 4.67 8
5 8/2013 low 4.88 0.28 0.33 10
6 8/2013 low 4.75 0.20 0.00 14
7 8/2013 low 36.38 1.35 2.67 33
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Table B1 continued

Appendix— Supplement material

Colony Month Propolis Natural V. destructor V. destructor Resin
treatment mite infestation rate | infestation rate I collection (g)
fall/day (daily mite (alcohol washing;
fall/colony mites/100 bees)
strength)
2 9/2013 high 86.71 3.31 NA 36
3 9/2013 high 40.86 1.67 NA 44
8 9/2013 high 1.00 0.05 NA 21
9 9/2013 high 75.00 2.54 NA 20
10 9/2013 high 0.43 0.02 NA 6
1 9/2013 low 3.43 0.14 NA 6
4 9/2013 low 2.00 0.13 NA 15
5 9/2013 low 8.57 0.50 NA 15
6 9/2013 low 9.00 0.38 NA 14
7 9/2013 low 42.00 1.56 NA 47
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Eidesstattliche Erklarung

Eigenstandigkeitserklarung

Ich versichere, dass ich die eingereichte Dissertation mit dem, Rteaht resin an
underestimatd resource for bees: How hobegs Apis melliferal..) and stingless bees
(Apidae: Meliponini) benefit from a diversity of resources‘selbststandig und ohne
unerlaubte Hilfe verfasst habe. Anderer als der von mir angegebenen Hiifsmadt
Schriften habe ich mich nicht bedient. Alle wértlich oder sinngeméan anderernt&chrif
entnommenen Stellen habe ich kenntlich gemacht.

Ort, Datum Nora Ulrike Drescher
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