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Einleitung

1  Einleitung

1.1 Varroose als Hauptursache von Voélkerverlusten bei Apis mellifera

Der Befall eines Honigbienenvolkes mit ektoparasitischen Milben der Gattung
Varroa wird allgemein als Varroose bezeichnet. Die bedeutendste Art ist dabei
Varroa destructor (Ubersetzt: destruct = zerstoren), welche Anfang des 20.
Jahrhunderts erfolgreich den Wirt gewechselt hat und von der Ostlichen
Honigbiene Apis cerana auf die westliche Honigbiene Apis mellifera
Ubergegangen ist. Durch einen intensiven Handel von Bienenvélkern der
westlichen Honigbiene hat sich die Varroamilbe binnen kurzer Zeit auf der
ganzen Welt verbreitet und gilt seither als einer der Hauptgriinde fir die
hohen Winterverluste von Bienenvolkern von bis zu 30% (Genersch et al.
2010; Le Conte et al. 2010; Noél et al. 2020). Der Verlust von Bienenvoélkern
fuhrt auch zu einem Rickgang der Bestaubungsleistung und damit zu
geringeren Ertrdgen bei Nutzpflanzen, vor allem von Obst, Gemise und
Speisedl (Gallai et al. 2009). Der wirtschaftliche Wert der Bestaubungsleistung
wurde 2005 auf 153 Milliarden Euro geschatzt, was etwa 9,5% des
Gesamtwerts der weltweiten Nahrungsmittelproduktion entspricht (Gallai et al.
2009). Inzwischen geht man von einer noch héheren Summe von 235-577
Milliarden US-Dollar aus (Lautenbach et al. 2012; Potts et al. 2016). Ein
Riickgang der Bienenvolker kénnte folglich zu hohen ErtragseinbuBen in der

Landwirtschaft fuhren (Gallai et al. 2009; Potts et al. 2010).

Im Laufe der Zeit haben sich Varroamilben sehr stark an ihren Wirt, die

Honigbiene, angepasst und man findet sie ausschlieBlich im Bienenvolk.
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AuBerhalb des Volkes und getrennt vom Wirt kénnen Varroamilben nicht
Uberleben. Ihr Lebenszyklus lasst sich in eine Verbreitungs- und eine
Reproduktionsphase unterteilen (Traynor et al. 2020). Wahrend der
Verbreitungsphase sitzen die Milben bevorzugt zwischen den Tergiten der
Ammenbienen und erndhren sich von ihrem Fettkérper und der umgebenden
Hamolymphe (Han et al. 2024; Ramsey et al. 2019). In dieser Phase kann es
auch zur Ubertragung der Milben auf benachbarte Vélker kommen, wenn sich
zum Beispiel eine befallene Biene verfliegt oder ein stark von Varroamilben

infiziertes und schwaches Volk von anderen Honigbienen ausgeraubert wird.

Die zweite Phase, welche als reproduktive Phase bezeichnet wird, findet
ausschlieBlich in den Brutzellen der Honigbienen statt. Hierbei werden die
Varroamilben, welche bevorzugt auf brutpflegenden Ammenbienen sitzen,
direkt zu verdeckelungsreifen Zellen, in denen sich eine Larve im fiinften
Larvenstadium befindet, transportiert. Da die Drohnenbrut haufiger von
Ammenbienen gepflegt wird und die Zeit bis zur Verdeckelung der Zelle
langer ist, ist Drohnenbrut 8 — 10 mal hdufiger mit Milben befallen als
Arbeiterinnenbrut (Fuchs 1990, 1992). Bereits wenige Stunden nach dem
Eindringen in die Zelle beginnt die Milbe mit der Parasitierung der Larve und
saugt kontinuierlich Hamolymphe, zunachst von der Bienenlarve und spater
von den Puppenstadien. Dadurch wird die Eireifung in der Muttermilbe
aktiviert und 60 — 70h nach der Zellinvasion wird das erste, unbefruchtete Ei
gelegt, welches sich zu einem Mannchen entwickelt. Danach folgen alle 30h
weitere befruchtete Eier, welche sich zu weiblichen Milben entwickeln. Noch in
der Brutzelle findet eine Bruder-Schwester Paarung statt, sobald die

Geschlechtsreife der Tochtermilben erreicht ist. Mit dem Schlupf der
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Honigbiene verlassen auch die Muttermilbe und ihre durchschnittlich 1,3 -
1,45 Tochtermilben die Zelle (Martin 1994; Rosenkranz et al. 2010). Durch die
langere Entwicklungszeit der Drohnenbrut, kommt es hier zu einem erhdhten
Reproduktionserfolg der Milben, wodurch im Mittel 2,2 — 2,6 Tochtermilben

die Zelle verlassen (Martin 1995).

Die Schadwirkung der Varroamilben wird bereits allein durch die Parasitierung
der Bienenbrut und dem Hamolymphverlust deutlich: eine Jungbiene die
wahrend ihrer Entwicklung von einer Milbe parasitiert wurde, zeigt ein
geringeres Schlupfgewicht (Bowen-Walker und Gunn 2001), ein schlechteres
Orientierungs- und Heimfindeverhalten (Kralj und Fuchs 2006) und hat eine
verkirzte Lebensdauer (van Dooremalen et al. 2012). Des Weiteren Ubertragt
die Varroamilbe etliche Bienenviren, was zur nachhaltigen Schwéchung der
Bienen flihrt (Francis et al. 2013; Traynor et al. 2020). Hier ist vor allem das
Flugeldeformationsvirus (DWV) zu nennen, das erst durch die Varroa-
Parasitierung zu einem tddlichen Pathogen wurde und als Hauptverursacher
fur den Zusammenbruch ganzer Bienenvélker gilt (Dainat et al. 2012; Genersch

et al. 2010)

Da die westliche Honigbiene als neuer Wirt in der evolutiondr betrachtet
kurzen Zeit von 70 Jahren kaum Abwehrmechanismen entwickelt hat und es
bislang nur wenige durch natirliche Selektion entstandene resistente
Populationen gibt (Rosenkranz 1999; Seeley 2017), kann sich die Varroamilbe
meist ungehemmt vermehren. Trotz der zahlreichen Zucht- und
Selektionsansatze flr varroaresistente Bienenvolker (Bichler et al. 2010;

Rinderer et al. 2010) gibt es bis heute keinen Beleg dafiir, dass eine durch
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selektive  Zichtung etablierte  Bienenpopulation langerfristig ohne
Bekampfung lberleben kann. Nach wie vor gilt, dass es ohne Intervention des
Imkers fast immer zu einem exponentiellen Anstieg der Milbenpopulation im
Volk kommt. Gerade im Spatsommer und zu Beginn des Herbstes, wenn die
fir die Uberwinterung notwendigen langlebigen Winterbienen aufgezogen
werden, erreicht die Milbenpopulation ihr Maximum (Abb. 1). Die
Winterbienen und damit das gesamte Volk werden zunehmend geschwacht
und ein hoher Varroa-Befall fiihrt schlussendlich zum Verlust des Volkes, meist
wahrend der Uberwinterungsphase (Genersch et al. 2010; Seitz et al. 2015;

Stahlmann-Brown et al. 2022).

Varroa-Milben

Populationsdichte

Bienen

Winterbienen

Winter-
bienenbrut

I I
Friihjahr Sommer Herbst Winter

Abbildung 1: Varroa-Milben Population im Jahresverlauf. Aus "Die Varroa-Milbe" des
Bee Care Centers, Bayer AG, 2019.
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1.2  In Deutschland verfiigbare Varroa-Behandlungsmittel (Varroazide)

Um Volkerverluste durch die Varroamilbe zu verhindern, ist eine Behandlung
mit Varroaziden unerlasslich. In Deutschland gibt es dazu verschiedene
Préparate mit unterschiedlichen Wirkstoffen und Wirkmechanismen die zur
Behandlung der Varroamilbe bei Honigbienenvélkern eingesetzt werden
kénnen (Tab. 1). Zur Gruppe der organischen Sauren gehoren die Milchsaure,
Oxalsdure und Ameisensdure. Diese Sauren sind natirliche Bestandteile des
Honigs, was den Vorteil hat, dass bei der Zulassung zumeist keine
Ruckstandshdchstmengen fir Bienenprodukte festgelegt werden miissen und
die Akzeptanz beim Verbraucher hoher ist. Zudem sind diese Wirkstoffe auch
fur Bio-zertifizierte Imkereien zugelassen. Dennoch sollte eine Behandlung erst
nach der Honigernte durchgefiihrt werden und im Falle der Oxalsaure darf z.B.
erst im Folgejahr nach der Behandlung wieder Honig geerntet werden. Milch-
und Oxalsdure wirken zudem nur auf die Milben in der Verbreitungsphase,
wenn sie relativ ungeschiitzt auf den adulten Bienen sitzen. Daher eignen sich
diese Behandlungsmittel auch nur fir Volker im brutfreien Zustand (Ableger,
Schwérme, zur Winterbehandlung). Bei korrekter Anwendung kdénnen dann
Wirksamkeiten von Uber 90% erreicht werden (Rosenkranz et al. 2010). Fir die
Behandlung von britenden Vélkern im Sommer verwenden viele Imker daher
Ameisensdure, da es der einzige derzeit verfligbare Wirkstoff ist, welcher den
Zelldeckel der Bienenbrut durchdringt und somit auch auf die
reproduzierenden Milben wirkt (Emmerich 2018). Die Applikation erfolgt tGber

ein Verdunstungssystem in einer extra Zarge Gber dem Bienensitz und muss
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zwei Mal im Abstand von 2 Wochen angewendet werden, um

Milbenmortalitaten von lGber 90% zu erreichen (Satta et al. 2005).

Allerdings hat die Behandlung mit organischen Sauren auch Nachteile.
Einerseits muss Schutzkleidung getragen werden, um Hautveratzungen zu
vermeiden. Andererseits hangt die Wirksamkeit und der damit verbundene
Behandlungserfolg stark von &uBeren Faktoren ab. Zum Beispiel beeinflusst
die Temperatur die Verdunstungsraten der Ameisensdure wahrend einer
Sommerbehandlung. Bei niedrigen Temperaturen ist die Wirksamkeit zu
gering und bei hohen Temperaturen kann es zu Veratzungen und Verlusten
an Bienen und Brut kommen (Steube et al. 2021). Im Winterbienenvolk hdngt
der Behandlungserfolg stark von der korrekten und gleichméaBigen Verteilung
des Wirkstoffs (Oxal- oder Milchsdure) ab. Dieser muss in die Wabengassen
getraufelt oder mit einer Sprihflasche auf jede Wabe gespriht werden, um
alle Bienen und aufsitzenden Milben zu erreichen. Um eine optimale Wirkung
der organischen Sauren zu erzielen, missen daher die klimatischen
Bedingungen und die Bedingungen im Bienenstock bei der Anwendung
beriicksichtigt werden. Die Behandlungen lassen sich somit kaum langerfristig
planen, was gerade fiir Berufsimker mit mehreren hundert Vélkern, aber auch

fur Hobbyimker, ein groBes Problem darstellt.

Als weitere Varroa-Behandlungsmittel sind synthetische Akarizide mit
Wirkstoffen aus der Gruppe der Triazapentadiene (Amitraz) oder Pyrethroide
(Flumethrin) zugelassen (Tab. 1). Meist werden mit dem Wirkstoff
impragnierten Kunststoffstreifen direkt zwischen die Wabengassen ins

Bienenvolk gehangt und wirken durch Kontakt auf die auf den Bienen

10
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sitzenden Milben. Dadurch sind sie wetterunabhangig und kénnen bei
Dauerbehandlung Uber einen oder mehrere Brutzyklen (= 21 Tage) auch in
Voélkern mit Brut angewendet werden. Um Milbenmortalitdten von tber 90%

zu erreichen, missen die Streifen je nach Préparat zwischen 4 und 10 Wochen

im Volk verbleiben. Diese lange Anwendungszeit und die lipophile Eigenschaft
der Wirkstoffe fihren jedoch zu Ruckstdnden im Bienenwachs, in dem sich die
Wirkstoffe nach wiederholter Anwendung akkumulieren kénnen und dann
auch den Honig und andere Bienenprodukte negativ beeinflussen (Bogdanov
et al. 1998; Wallner 1999; Albero et al. 2023). Varroazid-Riickstdnde sind nicht
nur ein Problem fur die Vermarktung des ,Naturproduktes Honig”, sondern
kdnnen auch zur Resistenzbildung bei den Milben fiihren, wodurch die
Praparate an Wirksamkeit verlieren und der gewiinschte Behandlungserfolg

ausbleibt (Higes et al. 2020; Martin 2004; Mitton et al. 2022).

11



Einleitung

Tabelle 1: Verfigbare Varroazide fir Honigbienen in Deutschland mit ihren Vor- und

Nachteilen.

Wirkstoff

Praparat

Vorteile

Nachteile

Organische Sauren

- Natirlicherweise im

Allgemein Honig enthalten -> Schutzkleidung notwendig
Behandlung von . L .
Milchsaure Milchsaure 15% Ablegern und Wirkt nlc_ht n Brytzellen,
M aufwendige Spriihanwendung
Schwérme o<
Oxalséaure =
Dihydrat-L6sung Wirkt nicht in Brutzellen; Honig o3
Oxalséure 3,55 (m/V) Gute Wirksamkeit bei darf erst im Folgejahr geerntet 3
Oxuvar® 3,5% Traufelanwendung im werden; o
(m/V) Winter Schéaden an Bienen bei wdh. =
Oxuvar® 5,7% Anwendung
Oxybee®
Ameisensaure Wirkung ist Temperatur
60% . abhangig;
) N Formivar® 60% Wirkt augh auf ) Schaden an der offenen
Ameisensaure - reproduzierende Milben X . .
Formic Pro® . Bienenbrut + Jungbienen;
X - in der Brut
Ameisensaure Verdunstungssystem und extra
68,29 Zarge notwendig
Ganzjahrig anwendbar,
Ameisensaure VarroMed® gebrauchsfertig, keine Erhohte Bienenmortalitat bei
+ Oxalsaure Wartezeit bis wdh. Anwendung
Honigernte
Pyrethroide
<
® g
B I
e%yf/g?rsomp Geringe Anwendungszeit: 3
Flumethrin ' Bienenmortalitat; 4-9 Wochen; 5
Unabhangig vom Rucksténde; Resistenzbildung; =
PolyVar® Yellow | Wetter Schutzhandschuhe -
Triazapentadiene
Apitraz® 500mg ; Anwendungszeit:
Geringe )
) Bienenmortalitat; 6-10 W.c.>che.n, ) ) )
Amitraz a Rickstédnde; Resistenzbildung;
Unabhéngig vom MRL 200ua/ka:
. Wetter von HOxg;
Apivar® 500mg Schutzhandschuhe;

12
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Atherische Ole
i 0,

Thymol Apiguar® 25% ) o

Thymovar® 15g o ] Verzogerter Wirkeintritt;
Thymol Natirlicher Bestandteil anwendbar zw. 20-30°C;
Camphér im Wachs + Honig persistenter Thymolgeruch;
Eukalyptu’s Apilife Var® Ruickstande
Levomenthol

Neben den oben aufgeflihrten Tierarzneimitteln gibt es noch weitere
biotechnische und biologische Verfahren, die die Milbenpopulation reduzieren
konnen. Allerdings erzielen sie alleine keinen zufriedenstellenden
Behandlungserfolg und sind mit groBem Mehraufwand verbunden. Eine
weitere Problematik ist, dass sich durch die immer kiirzer werdenden
Kalteperioden im Winter auch die brutfreien Phasen im Bienenvolk verkirzen,
in denen die Koénigin ihre Legetatigkeit einstellt. Dadurch kann sich die Milbe
bei vorhandener Brut nahezu ganzjahrig vermehren und eine einzige
MaBnahme im Jahr reicht nicht mehr aus, um die Milbenpopulation unter der

Schadschwelle zu halten und das Uberleben des Bienenvolkes zu sichern.

Daher wurde von Bienenforschern, staatlicher Fachberatung und
Imkerverbdnden in Baden-Wirttemberg ein Behandlungskonzept entwickelt,
welches aus drei MaBnahmen an drei Stichtagen im Jahr besteht. Dieses
Konzept kombiniert biotechnische MaBnahmen im Frihjahr mit einer
Ameisensaurebehandlung im Sommer und einer Oxalsdure-Behandlung im
Winter. Das Ziel dieser Kombinationen ist es, die Milbenpopulation im Volk
Uber das ganze Jahr hinweg unterhalb der Schadschwelle zu halten und

riickstandsfrei und resistenzvermeidend zu bekampfen.

13
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Trotz dieser arbeitsaufwendigen und kostenintensiven Bemiihungen kommt es
immer wieder zu hohen Volkerverlusten - zumeist wahrend der
Uberwinterungsphase — die auf den Befall mit Varroamilben und den damit
verbundenen Erkrankungen durch Bienenviren zuriickzufiihren sind. Der
Bedarf nach sicheren, wetterunabhangigen und einfach anwendbaren
Behandlungsmitteln, die hoch effektiv gegen die Milben wirken und einfach

anzuwenden sind, ist daher nach wie vor enorm.

13 Lithiumchlorid als neues Varroazid

Bei der Suche nach neuen Bekampfungsansatzen wurde auch die Verwendung
von RNA Interferenzen (RNAi) zur Deaktivierung von lebenswichtigen
Milbengenen, als eine neue Méglichkeit zur Kontrolle der Varroamilbe
diskutiert und in ersten Versuchen getestet (Garbian et al. 2012). Hierbei wird
doppelstrangige RNA (dsRNA) in Zuckersirup gelést und an die Bienen
verfuttert. Die an der Biene parasitierende Milbe nimmt diese durch das
Fressen auf, die dsRNA lagert sich an die zu transkribierende mRNA an und
die Milbe stirbt an den Folgen der Genstilllegung. In Versuchen mit
Kleinvélkern konnte hierbei die Varroapopulation auf adulten Bienen um 61%
im Vergleich zur unbehandelten Kontrolle reduziert werden (Garbian et al.

2012).

Experimente an der Landesanstalt fiir Bienenkunde in Hohenheim, mit dem
Ziel, die Effektivitat der RNAi im Vergleich zu Garbian et al. (2012) zu erhdhen,
brachten jedoch eine Uberraschende Wendung: Nicht die RNAi sondern das

Lithiumchlorid (LiCl), welches in hohen Konzentrationen zur Herstellung der

14
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doppelstrangigen RNA verwendet wurde, fihrte in Kafigversuchen zu einer
hohen Milbenmortalitdat (Ziegelmann et al. 2018). Weitere Versuche
bestdtigten diesen Zufallsfund und belegten die toxische Wirkung von

Lithiumchlorid auf Varroamilben.

Lithiumchlorid ist ein allgegenwartiges Salz, das natirlicherweise im Wasser
und Boden und regional in sehr unterschiedlichen Konzentrationen vorkommt
(Kavanagh et al. 2018). In der Albertquelle in Bad Mergentheim wurden
Lithium-Gehalte von bis zu 13 mg/l gemessen und auch im Honig ist es
bereits in Konzentrationen von 2,5 bis 15,6 mg/kg vorhanden (Abdulkhaliq
und Swaileh 2017; Bogdanov 2006; Bogdanov et al. 2008; Tariba Lovakovi¢ et
al. 2018). Um den Tagesbedarf an Lithium zu decken, wird empfohlen, dass
eine 70 kg schwere Person tdglich 1 mg Lithium zu sich nimmt (Aral und
Vecchio-Sadus 2008). Dies wird meistens schon durch die natirlich
vorkommenden Lithiumgehalte in Trinkwasser (1,7 — 1725 pg/l), Gemise (0,5-
3,4 mg Li/kg), Milchprodukte (0,5 mg Li/kg) und Fleisch (0,012 mg Li/kg)
erreicht (Schrauzer 2002; Seidel et al. 2019) und muss daher nicht

supplementiert werden.

Im humanmedizinischen Bereich ist die Lithium-Therapie, entwickelt von John
Cade im Jahr 1949, bei der Behandlung von Depressionen und bipolaren
Stérungen von groBer Bedeutung (Cade 1949; Luu und Rodway 2018; Malhi et
al. 2012; Schou 1968). Die Dosierung variiert je nach Indikation und
Blutkonzentration. Typischerweise liegt die Tagesdosis zwischen 675 und 1125
mg, um eine Serumkonzentration von 5,6 — 8,4 mg/| zu erreichen (Aral und

Vecchio-Sadus 2008). Obwohl der Wirkmechanismus noch nicht vollstandig

15
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verstanden ist, konnte nachgewiesen werden, dass Lithium die Konzentration
einiger Neurotransmitter wie Glutamat, Dopamin und GABA (Gamma-
Aminobuttersdure) beeinflusst und daher als Stimmungsstabilisator und -
aufheller beim Menschen fungiert (Maggi und Enna 1980; Malhi et al. 2012).
AuBerdem wird die Glykogen Synthase Kinase-3 inhibiert, welche an einer
Vielzahl von Signaltransduktionswegen beteiligt ist (Snitow et al. 2021;
Williams und Harwood 2000). Die sorgfiltige Uberwachung der Lithium-
Behandlung ist allerdings aufgrund des schmalen therapeutischen Fensters
besonders wichtig, insbesondere bei Schwangeren, da die Einnahme das
Risiko von Herzfehlbildungen erhdht (Patorno et al. 2017). Studien an
Modellorganismen wie Zebrafisch und Krallenfrosch haben gezeigt, dass
Lithium negative Auswirkungen auf die Embryonalentwicklung und
Zelldifferenzierung haben kann, indem es Signalkaskaden hemmt (Kao et al.

1986; Stachel et al. 1993).

Umso Uberraschender war es, als 2018 die Futterung von Honigbienen mit
LiCI-Sirup zu einer hohen Sterblichkeit der aufsitzenden Milben fiihrte. Nach
Uber 30 Jahren Varroaforschung wurde damit ein neuer Wirkstoff zur
Behandlung der Varroamilbe entdeckt, der einen vdllig neuen
Wirkmechanismus und damit vielversprechende Vorteile gegenlber den
bisher zugelassenen Arzneimitteln aufweist. Im Gegensatz zu organischen
Sauren und synthetischen Substanzen, die die Milbe durch Kontakt abtoten,
wirkt LiCl systemisch. Das heifit, LiCl wird Uber die Nahrung in die Biene
aufgenommen, verteilt sich im Korper und die auf der Biene sitzende Milbe

nimmt das LiCl wahrend der Parasitierung auf und stirbt (Abb. 2).

16
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A
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Abbildung 2: Systemischer Wirkmechanismus von Lithiumchlorid auf V. destructor. LiCl
wird in Zuckersirup gel6st, an die Biene verfittert und verteilt sich im Kérper der Biene.
Eine parasitierende Milbe nimmt durch das Fressen an der Biene LiCl auf und fallt kurze

Zeit spater tot von der Biene. (Grafik wurde in biorender.com erstellt).

Eine Varroa-Behandlung wiirde sich dadurch enorm vereinfachen und konnte
mit der Einfutterung der Bienen nach der Honigernte im Spatsommer
kombiniert werden. Es bestiinde somit kein zusatzlicher Materialaufwand
(Verdunstungssystem bzw. Schutzkleidung) und die Anwendung waére sicher
fur die Imkernden, da nicht mit gefahrlichen Sauren hantiert werden musste.
Die systemische Wirkungsweise ermdglicht zudem eine
witterungsunabhdngige Applikation, was den Behandlungserfolg beglinstigt.
Durch ihre soziale Lebensweise stehen die Honigbienen in stdndigem
Futteraustauch (= Trophallaxis) (LeBoeuf 2017) und man erhofft sich, dass die
Bienen nicht nur das Futter, sondern auch das darin enthaltene LiCl schnell im
ganzen Volk verteilen, so dass alle Bienen und die darauf sitzenden Milben
erreicht werden und somit ein hoher Behandlungserflog erzielt wird.
AuBerdem wédre das Risiko von Riickstdnden in den Bienenprodukten

begrenzt, da LiCl ein wasserldsliches Salz ist, das sich nicht am Wachs anlagert

17
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und natirlicherweise im Honig vorkommt. Auf der Basis dieser Befunde wurde
von der Universitdt Hohenheim und dem Kooperationspartner siTOOLs in
Miinchen die Verwendung von Lithiumsalzen zur Bekdmpfung der Varroose

patentrechtlich geschitzt (WO2017/042240 A1).

Die vielversprechenden Aspekte von Lithium haben nicht nur das Interesse der
Imkernden, in der Hoffnung auf ein neues Behandlungsmittel, geweckt,
sondern motivierten auch andere Wissenschaftler zur Untersuchung weiterer
Forschungsfragen. In den Studien wurde gezeigt, dass LiCl auch lber einen
Kontaktmechanismus die Milben totet (Kolics et al. 2020) und eine LiCl-
Traufelbehandlung zu einer hohen Milbenmortalitét fiihrt, die sogar die
gangige Oxalsdurebehandlung Ubertrifft (Kolics et al. 2021b; Kolics et al.
2022a). Darlber hinaus wurde auch die Effektivitat anderer Lithiumsalze, wie
z.B. Lithiumcitrat, untersucht und auch hier zeigten sich, sowohl in
Kafigversuchen als auch in Feldversuchen, hohe Milbenmortalitdten von 93 —
100% (Jovanovic et al. 2022; Stanimirovic et al. 2022; Ziegelmann et al. 2018).
In den durchgefiihrten Studien wurden nach einer Behandlung bislang keine
Lithium-Ruckstande im Wachs festgestellt (Kolics et al. 2021a). Die Lithium-
Konzentrationen waren sogar geringer, als in der Negativkontrolle von
kommerziellen Wachsmittelwdnden (Stanimirovic et al. 2022). Da Lithium
natirlicherweise im Honig vorkommt (Abdulkhalig und Swaileh 2017,
Bogdanov et al. 2008; Tariba Lovakovi¢ et al. 2018), wird bei einer
Varroabehandlung auch kein synthetischer oder honigunspezifischer Stoff
eingebracht. Es muss jedoch sichergestellt werden, dass der Lithiumgehalt des
im Folgejahr geernteten Honigs durch die Behandlung nicht beeinflusst wird,

was bisher noch nicht untersucht wurde.
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1.4  Zulassungsprozess eines neuen Tierarzneimittels

Da die Honigbiene als ein ,Lebensmittel produzierendes Nutztier” gilt und
Honig und andere Bienenprodukte erzeugt, welche in den Verkehr gebracht
und vom Menschen verzehrt werden, bestehen hohe rechtliche Hirden fir
den Einsatz von Tierarzneimitteln. Das Tierarzneimittelgesetz greift, sobald ein
Stoff ,zur Heilung oder Verhiitung von Tierkrankheiten bestimmt” ist (Artikel
4, TAMVO). Da dies auch auf LiCl zur Behandlung der Varroamilbe zutreffen
wirde, muss ein Unternehmen oder eine andere juristische Person zunachst
die Zulassung als neues Varroazid beantragen. Im Rahmen des
Zulassungsverfahrens ~ werden  dann  Qualitdt, =~ Wirksamkeit  und
Unbedenklichkeit des Mittels geprift und sichergestellt. AuBerdem muss die
Sicherheit fir Anwender, Umwelt und Verbraucher gewahrleistet sein. Dartber
hinaus mussen alle pharmakologisch wirksamen Stoffe, zu denen auch LiCl
gehort, auf Rickstdnde in tierischen Produkten untersucht und
Rickstandshéchstmengen (MRL = Maximum Residue Level) festgelegt
werden. Erst nach erfolgter Zulassung dirfen Varroazide legal eingesetzt
werden und zwar ausschlieBlich mit dem Verfahren, mit dem sie im

Zulassungsprozess erfolgreich geprift wurden.

Fir die Zulassung von Arzneimitteln zur Behandlung der Varroamilbe in
Bienenvolkern sind laut Europaischer Arzneimittelagentur (EMA 2021)

folgenden 3 Studien erforderlich:
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1. Dosisfindungsstudien im Kafig: zur Ermittlung der minimalen Dosis,
die gegen die Milben wirksam ist und der maximal vertraglichen
Dosis, die von den Bienen toleriert wird.

2. Klinische Vorversuche: Feldversuche an Bienenvolkern in kleinerem
MaBstab, um Behandlungsdetails zu kldren. Dabei soll die Anzahl der
Behandlungen, die Behandlungsdauer und ggf. der
Behandlungsabstand bei mehrmaliger Anwendung festgelegt
werden.

3. Klinische Studien: standardisierte Feldversuche unter verschiedenen
klimatischen Bedingungen mit dem Produkt, fir das eine
Markteinfihrung angestrebt wird. Dadurch werden die Wirksamkeit

und Vertraglichkeit des Produktes nachgewiesen.

Um die Wirksamkeit im Falle eines Varroabehandlungsmittels zu bewerten,
muss der Milbentotenfall vor, wahrend und nach der Behandlung in
Intervallen von 1-2 Tagen erfasst werden. Eine Nachbehandlung mit einem
bereits zugelassenen Prédparat, das eine Wirkung von mindestens 95%
aufweist, gibt dann Aufschluss Uber die restlichen im Volk befindlichen Milben.
Die Wirksamkeit des Produktes sollte mindestens 90% fir nicht synthetische
Wirkstoffe und mindestens 95% fir synthetische Wirkstoffe betragen und wird
am Ende der Behandlung wie folgt berechnet (EMA 2021):

% Wirksamkeit =

Anzahl getoteter Milben durch Testbehandlung x 100
Anzahl getoteter Milben durch Testbehandlung + Anzahl getéteter Milben durch Nachbehandlung
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Zusatzlich sollte eine Placebogruppe einbezogen werden, die zeitgleich mit
der Testgruppe die gleiche Nachbehandlung erhélt, jedoch keine Behandlung
mit dem Testprodukt. Um aussagekraftige Ergebnisse zu erzielen, sollten jedes
Volk, das in der klinischen Studie bewertet wird, zwischen 300 und 3.000
Milben haben. Schwache Vélker sollten bereits vor Studienbeginn

ausgeschlossen werden.

Die Vertraglichkeit fir Bienenvolker wird untersucht, indem die Auswirkungen
der Behandlung auf die Bienenpopulation analysiert wird. Dazu werden
Schatzungen der Volksstarke sowie der GroBe der Brutflache vor, wahrend und
nach der Behandlung durchgefiihrt. Zudem kann die Brutentwicklung auch im
Detail beobachtet werden, wenn Schaden an den Larven oder Puppen zu
erwarten sind. Die Beobachtung der Flugaktivitdit der Bienen sowie des
Bienentotenfalls dient als Indikator fur die Gesundheit und Vitalitdt der
Bienenvolker und soll vor, wahrend und nach der Behandlung erfasst werden.
Der Bienentotenfall wird in gleichen 1-2 Tagesintervallen wie der
Milbentotenfall erfasst. Langzeitbeobachtungen, wie beispielsweise die
Erfassung des Uberwinterungserfolgs und der Honigproduktion im
darauffolgenden Jahr, geben Aufschluss Uber die langfristigen Effekte des

Produkts auf die Volksstarke und Vitalitat der Bienenvolker.

Da die klinischen Studien mit standardisierten Bienenvdlkern unter
verschiedenen klimatischen Bedingungen und in ausreichend groB3en
Stichproben durchgefiihrt werden missen, ist der zeitliche und finanzielle
Aufwand enorm. Es wird geschatzt, dass fur ein solches umfassendes

Zulassungsverfahren 2 bis 3 Millionen Euro erforderlich sind und die
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Markteinfihrung etwa finf Jahre dauern wirde. Zur Finanzierung eines
solchen Zulassungsverfahrens ist daher die finanzielle Unterstiitzung von
Investoren oder anderen Geldgebern notwendig. Diese missen von der
Notwendigkeit eines neuen Behandlungsmittels und dem Potenzial von LiCl
als Problemldser Uberzeugt werden, wofiir bisher noch belastbare Daten -

insbesondere unter praxisnahen Bedingungen — fehlten.

1.5 Ziele der Arbeit

Die vorliegende Dissertation wurde innerhalb des ,EAsy-Life”-Projektes,
gefordert durch das Bundesministerium fir Erndhrung und Landwirtschaft
(BMEL), bearbeitet. Das Akronym steht fiur die ,Entwicklung eines
Applikationsverfahrens ~ zur ~ systemischen  Varroabekdmpfung mit
Lithiumchlorid ~ fir  Bienenvélker”.  Das  Ziel des  dreijahrigen
Kooperationsprojektes in Zusammenarbeit mit siTOOLs Biotech GmbH war es,
eine geeignete Applikationsform von LiCl fir die Behandlung von
Bienenvdlkern zu entwickeln. Diese Daten sollten auch dazu dienen die
Chancen und Risiken fiir ein Zulassungsverfahren besser beurteilen zu kdnnen
und erfolgsversprechende Strategien fir die Zulassung zu entwickeln. Dazu
wurden Feld- und Laborexperimente mit folgenden konkreten Fragstellungen

durchgefihrt:

1. Fiihrt eine LiCl-Behandlung zu Schiaden und Verlusten an der

Bienenbrut und lassen sich diese Nebenwirkungen quantifizieren?
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Wie schnell wirkt LiCl nach einer Applikation und wie kann eine
praxistaugliche LiCl-Applikation in Vélkern mit und ohne Brut
aussehen, wenn die fiir eine Zulassung notwendigen

Wirkungsgrade von iiber 95% erreicht werden sollen?

Wie verteilt sich Lithium nach einer Applikation von LiCl im

Korper der Biene und innerhalb eines Volkes?

Kommt es nach einer LiCl-Behandlung im Wirtschaftsvolk zu

Riickstanden im Honig des Folgejahres?
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2.2  Angaben zum Eigenanteil

Im Rahmen der vorliegenden Arbeit wurden drei Manuskripte mit mehreren
Autoren erstellt und in internationalen ,peer-review” Journalen veroffentlicht.
Welchen Beitrag die jeweiligen Autoren geleistet haben, wird im Folgenden

genauer erlautert.

Verdffentlichung 1

Carolin Rein hat zusammen mit Peter Rosenkranz die Versuche im Freiland
geplant. Sie fiihrte die Brutprotokolle mit verschiedenen LiCl-Konzentrationen
durch und betreute die Versuche von Julia Renz. Alle Daten wurden von ihr
ausgewertet und statistisch analysiert. Ebenfalls erstellte sie alle im Manuskript
vorkommenden Abbildungen und Tabellen. Das Manuskript wurde von ihr

entworfen, eingereicht und wahrend des peer-review Prozesses liberarbeitet.

Marisa Makosch flihrte im Rahmen ihrer Masterarbeit die Versuche zur in-

vitro Larvenaufzucht durch.

Julia Renz erhob im Rahmen ihrer Bachelorarbeit die Daten der
Brutprotokolle mit unterschiedlichen Futterungsperioden. Sie nahm dariber
hinaus die Proben der unterschiedlich alten Larven fiir die spateren Analysen

der Lithium-Konzentrationen.

Peter Rosenkranz betreute und war an der Planung aller Experimente
beteiligt. Er war an der Gliederung des Manuskripts beteiligt und hat das

Manuskript korrigiert und Uberarbeitet.
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Verdffentlichung 2

Carolin Rein hat zusammen mit Peter Rosenkranz die Experimente geplant.
Sie bereitete und flhrte die Versuche durch und wertete die erhobenen Daten
aus. Alle im Manuskript enthaltenen Abbildungen und Tabellen wurden von
ihr erstellt und statistisch ausgewertet. Sie entwarf das Manuskript und

Uberarbeitete es wahrend des peer-review Prozesses.
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Peter Rosenkranz war an der Planung der Experimente beteiligt. Zudem
Uberarbeitete und finalisierte er das Manuskript sowohl im Erstentwurf als

auch im peer-review Prozess.
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2.3 Lithium chloride leads to concentration dependent brood
damages in honey bee hives (Apis mellifera) during control of the

mite Varroa destructor

Publiziert in Apidologie
Abstract

Lithium chloride (LiCl) has a high efficacy against Varroa destructor and a good
tolerability for adult bees but the effect of LiCl on the honey bee brood has
not been taken into consideration yet. We quantified the mortality of larvae
fed with different concentrations of LiCl. For artificially reared larvae already, a
concentration of 1T mM had significant toxic effects while under colony
conditions, 10 mM was well tolerated. However, a chronic application of the
effective concentration of 25 mM elicited brood mortalities between 60 and
90%. Shorter feeding periods of 2 or 4 days reduced the brood damages
significantly. Measurements of the lithium concentrations in larvae and pupae
during a chronic exposure with 10, 17.5 and 25 mM LiCl revealed respective
lithium levels in 5th instar larvae of 7, 13 and 15 mg/kg. No lithium was
detectable in 2-day old larvae indicating that pure worker jelly from the
hypopharyngeal gland is not contaminated with LiCl. Based on these results,

applications of LiCl in colonies with brood should be avoided.
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to concentration dependent brood damages in honey bee hives (Apis
mellifera) during control of the mite Varroa destructor. Apidologie, 53(4), 38.
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Abstract — Lithium chloride (LiCl) has a high efficacy against Varroa destructor and a good tolerability for
adult bees but the effect of LiCl on the honey bee brood has not been taken into consideration yet. We quanti-
fied the mortality of larvae fed with different concentrations of LiCl. For artificially reared larvae already, a
concentration of 1 mM had significant toxic effects while under colony conditions, 10 mM was well tolerated.
However, a chronic application of the effective concentration of 25 mM elicited brood mortalities between 60
and 90%. Shorter feeding periods of 2 or 4 days reduced the brood damages significantly. Measurements of the
lithium concentrations in larvae and pupae during a chronic exposure with 10, 17.5 and 25 mM LiCl revealed
respective lithium levels in Sth instar larvae of 7, 13 and 15 mg/kg. No lithium was detectable in 2-day old larvae
indicating that pure worker jelly from the hypopharyngeal gland is not contaminated with LiCl. Based on these
results, applications of LiCl in colonies with brood should be avoided.

lithium chloride / varroa destructor / mite control / brood damages

1. INTRODUCTION Rosenkranz et al. 2010; Underwood and Currie
2003). But none of these veterinary products fulfils

The survival of a honey bee colony essentially  all requirements of the beekeeper such as a good
depends on the success of treatments against the  efficacy independent from environmental condi-
parasitic mite Varroa destructor. In combination  tions (Underwood and Currie 2003), no measurable
with virus infections, varroosis is still the crucial — contaminations of honey bee products (Bogdanov
factor for winter losses of managed colonies result- ~ 2006; Thrasyvoulou and Pappas 1988), low risk
ing in enormous economic damages for the beekeep-  of mite resistances (Milani 1999; Sammataro et al.
ing business (Cook et al. 2007; Francis et al. 2013;  2005) and no severe side effects to bees and brood
Gisder and Genersch 2020; Le Conte et al. 2010;  (Rosenkranz et al. 2010). Despite the overall unsat-
Traynor et al. 2020; van Dooremalen et al. 2012).  isfactory performance of the currently available
There are numerous products registered for Varroa  products, new acaricidal compounds have not been
treatment, ranging from organic acids and essen-  registered during the past decades. Still, registered
tial oils to synthetic acaricides (Emmerich 2018;  products for the treatments of V. destructor are nearly
exclusively based on a limited number of active sub-

WRHU» stances such as oxalic acid, formic acid, lactic acid,
carolin.rein @uni-hohenheim.de thymol and the synthetic agents tau-fluvalinate, flu-
Manuscript editor: Yves Le Conte methrin, coumaphos and amitraz (Emmerich 2018;
Mutinelli 2016). Recently, lithium chloride (LiCl)
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has been discovered as a new compound with prom-
ising varroacidal properties (Ziegelmann et al. 2018).
Lithium chloride is a hydro-soluble and ubiquitous
distributed salt and furthermore, a natural compo-
nent of honey (Tutun et al. 2019). In contrast to the
acaricides listed above, LiCl has a systemic mode of
action which means that it could easily been applied
by adding it to the honey bee food. Ziegelmann et al.
(2018) showed that even small concentrations of
25 mM LiCl can lead to mite mortalities of nearly
100% when fed to caged bees. Even under field con-
ditions, a short-term feeding of LiCl killed about
90% of the mites in brood-less colonies, such as arti-
ficial swarms (Ziegelmann et al. 2018). Meanwhile,
the extraordinary efficacy of LiCl has been con-
firmed by other working groups in first field experi-
ments during summer (Stanimirovic et al. 2021)
or as winter treatment (Kolics et al. 2020b) and it
has been shown to be also effective in killing mites
by a contact mode of action (Kolics et al. 2020a).
Also, first analyses on the residues of lithium in the
honey bee products have been performed, revealing
amoderate concentration in honey which returns to
control level 16 days after treatment and low con-
taminations in bee bread (Kolics et al. 2021; Pre§ern
et al. 2020). Moreover, no measurable residues were
found in bees wax (Kolics et al. 2021). The so far
measured lithium levels in honey are in the range of
certain commercialized honeys (Kolics et al. 2021)
and should, therefore, not be an insuperable barrier
for aregistration of LiCl as a veterinary product.

An equally important requirement for the suit-
ability of LiCl as a new varroacidal compound
is its tolerability for bees and brood. For adult
bees, the available data indicate no or only mod-
erate side effects even after overdose treatments
of colonies or cage bees with LiCl (PreSern et al.
2020; Stanimirovic et al. 2021; Ziegelmann et al.
2018). In contrast, no published data exist on the
effect of LiCl on the development of the honey
bee brood. However, first measurements of lith-
ium concentrations in larval tissue after respec-
tive treatments revealed similar levels to that in
adult bees and might, therefore, pose a risk for
the brood (Presern et al. 2020).

In this study, we quantified the effect of dif-
ferent concentrations of LiCl on the mortal-
ity of defined larval stages using both, feeding

INRAZ/ ﬁDlB @Springer

Reinetal.

of artificially reared larvae and field-realistic
applications in free flying colonies. In both
approaches, a chronic exposure of the larvae
throughout the complete feeding period from
the Ist to the 5th instar was simulated and larval
mortality was recorded in short-term intervals
over the whole period of preimaginal develop-
ment. We hypothesize that the level of brood
damage depends on the duration of the treatment
and the applied LiCl concentration. Parallel to
this, we analysed the accumulation of lithinm
in larvae of different age by an ICP-MS method
in order to define stage-specific thresholds for
larval damages. Here, we expect higher lithinm
concentrations in particular in older larval instars
that receive nectar and pollen in addition to the
worker jelly (Bohme et al. 2019; Jung-Hoffmann
1966).

2. MATERIALS AND METHODS

2.1. Feeding of lithinm chloride to
artificially reared larvae

To investigate the impact of LiCl on the devel-
opment of the honey bee brood, 96 larvae were
reared in the laboratory and fed for a period of
6 days with in total 160 ul (Table I) of artificial
food, containing different concentrations of LiCl
(>99.9%, p.a., ultra-quality, Roth®): (1 mM,
1.5 mM and 2 mM). The artificial larval food
consists of royal jelly, fructose, glucose, yeast
extract, purified water, as described by Aupinel
et al. (2005) and the respective amount of LiCl.
First, the fructose, glucose and yeast extract were
weighed and dissolved in either purified water
or LiCl solution and afterwards mixed with the
respective amount of royal jelly.

The larvae originated from two colonies of the
Apicultural State Institute of Hohenheim, Stutt-
gart which were equal in colony strength and
headed by sister queens. To generate a sufficient
number of larvae of the same age, the queen of
each hive was caged on one brood frame for at
least 24 h in early summer 2017. Two to three
days later, the newly hatched 1st instar larvae
were transferred to plastic queen cups on top of
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Table I Amount of food consumed per day for each larva reared in vitro
Rearing day 1 2 3 4 5 6 Total
Consumed food per larva (ul) 10 10 20 30 40 50 160

dental rolls in a 48-well tissue culture plate. Each
dental roll was of 5 mm in diameter and wet-
ted with potassium sulphate (K,SO,) solution to
maintain a relative air humidity of about 95%.

For the artificial feeding, we followed the
description of Aupinel et al. (2005) and there-
fore kept the well in an incubator (Memmert
IPP500) at 34 °C for 6 days. The larvae were
only removed from the incubator for daily arti-
ficial feeding and checking on mortality. Dur-
ing the feeding, the well was placed on a heating
plate of 35 °C to keep the larvae warm. As soon
as the larvae started to defecate and building a
cocoon, they were transferred into a new 48-well
plate, where the dental rolls were now wetted
with sodium chloride (NaCl) to reduce the rela-
tive air humidity to 80%, and then placed back in
the incubator for another week. All successfully
pupated larvae were then kept in small plastic
cages, each containing a piece of wax till the
time of hatching. Also, a small amount of honey
was provided for the newly hatched bees. The
mortality of the larvae and pupae was recorded
in daily intervals until day 21 of larval develop-
ment, briefly before adult hatching took place.
Dead larvae/pupae were identified by spiracular
movements and whether or not they react to a
slight touch with a forceps.

After evaluating the first artificial rearing
experiment, we conducted a second approach
where the larvae were only fed for a period of
3 days with a diet containing 2 mM LiCl to
investigate if a shorter feeding period results
in lower mortalities and if there is a difference
between young and old larvae. For this purpose,
the larval phase was divided into two periods
which corresponded to young larvae from 1st to
3rd larval instar (L1-1.3) and old larvae from the
end of the 3rd to the 5th larval instar (1.3-1L35),
respectively (Rembold et al. 1980). The L1-L3
group was fed with LiCl-diet for the first 3 days

of rearing and afterwards replaced by lithium-
free food. The L3-L5 group was fed the other
way around receiving control diet for the first
3 days followed by a change to LiCl-diet for the
rearing day 4 to 6. The survival probability was
evaluated the same way as described above.

2.2. Assessment of brood development in
free flying colonies

Twelve colonies of A. mellifera headed
by sister queens were established in polysty-
rene mini-hives (“Mini Plus”) in June 2020 at
the campus of the Apicultural State Institute,
Hohenheim. Each hive consisted of approx.
7000 worker bees and one sister queen on 18
to 24 small combs (size 16 cm X 25.2 cm) and
only small amounts of food reserves. The colo-
nies were fed with dough made from icing sugar
(Siidzucker Group) and honey produced from
summer nectar of the same region in the ratio
2:1. Four different batches were produced, one
untreated control and three batches where differ-
ent concentrations of lithium chloride (> 99.9%,
p.a., ultra-quality, Roth®) were added: 10 mM,
17.5 mM and 25 mM (each n=3). The respective
concentrations were verified by ICP-MS analysis
(see below) of the different batches. The colo-
nies were randomly divided into 4 groups (three
colonies each for control, 10, 17.5 and 25 mM
LiCl) and at day O all colonies received 2 kg of
the respective food. Over a period of 8 days, the
amount of remaining food was weighted and
recorded on daily intervals, in order to make sure
that over the entire period of larval development,
the nurse bees consumed lithium-contaminated
food. After 8 days of feeding and the sealing of
the assessed brood cells, the remaining food was
weighted and removed.
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To quantify the impact of LiCl on the develop-
ment of individual honey bee larvae within these
colonies, we conducted a brood development
assessment according to the method described
by Schur et al. (2003), starting on the first day of
feeding. Briefly, the position of at least 250 eggs
per colony in each hive was marked on a trans-
parent sheet (=brood area fixing day (BFD)) and
the development of the brood was assessed every
48 h. During each inspection, the labelled cells
with viable larvae as well as brood cells that have
been cleared out were marked on a new trans-
parent sheet. These data were used to calculate
the survival probability for each monitoring day.
The monitoring of the brood was terminated on
day16 after BFD before a possible hatching of
the eldest brood cells.

For the second brood assessment in the year
2021, we only used the 25 mM LiCl concentra-
tion and evaluated the impact of the duration of
the feeding on the survival rate of the brood. To
realize this, the feeding with LiCl-contaminated
food started either in the 1st, 3rd or 5th larval
instar resulting in appr. 6, 4 or less than 2 days of
exposure to contaminated food. For this purpose,
we marked 48-86 individuals of different larval
instars (L1, L3 and L5; (Rembold et al. 1980)) on
abrood comb on a transparent sheet. The feeding
of the colonies and the inspections every 48 h
were performed as above.

2.3. Analysis of lithium concentration in
food and different larval instars

From the 2020 experiment, samples of the
applied food (control, 10 mM, 17.5 mM, 25 mM)
were analysed. Samples of 5th instar larvae shortly
before brood cell sealing were collected 7 days
after the application of the lithium-contaminated
food. From each experimental hive (n=3 per
group), 20 larvae were pooled, homogenized and
then analysed with ICP-MS.

In the 2021 experiments, we analysed the
course of lithium concentration over the differ-
ent developmental larval stages and in relation
to the duration of the feeding. For this purpose,
we took samples on the 5th, 7th, 10th, 11th, 14th
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and 18th day post-treatment, which corresponds
to the days after egg-laying. For instance, on the
Sth day, we sampled 2-day old larvae considering
the 3 days for egg development. This should pro-
vide first information on how the lithium accu-
mulates in young larvae and gets metabolized
during metamorphosis. Five to 10 larvae/pupae
per sample were pooled and each hive (n=3 per
group) was sampled 3 times per sampling date.
The content of lithium was determined
with the ICP-MS device NexION 300X from
Perkin-Elmer. For this purpose, the obtained
samples (applied food, larvae) of 0.05 g were
completely dissolved with 2 ml of HNO, in
a microwave digestion using an Ultra Clave
IIT from MLS (900 watts at 100 bar pressure;
heated from 80 to 200 °C in 5 steps) and the
digestion solution was then filled up to 10 ml.
For the ICP-MS measurement, the sample solu-
tion was again diluted tenfold and CertiPUR
Rhodium ICP Standard Solution 1000 mg/l
Rh, Merck Company was added as an inter-
nal standard. The dilutor of a microLAB 600
series was used for dilution. For calibration, a
Merck VI standard solution (ICP multi-element
standard solution) was diluted to the follow-
ing concentrations: 0.1 ug/l, 0.2 pg/l, 1 pg/l,
10 pg/l, 20 ug/l. The calibration solutions were
prepared with ultrapure H,O and HNO, (ROTH
ROTIPURAN Supra quality 69% from Roth
Company) and also diluted with the dilutor. A
calibration straight line was prepared on the
basis of the solutions. This straight line was
the basis for quantifying the lithium content in
the digestion solutions (LOQ < 0.025 mg/kg).

2.4, Statistical analysis

Statistical analysis was carried out using
IBM SPSS Statistics version 27. The survival
probability of the in vitro reared larvae was
analysed using a Kaplan—-Meier test with log-
rank. The survival probabilities of the brood
assessments were first tested on normal dis-
tribution with Shapiro—Wilk test and conse-
quently analysed using Mann—Whitney-U test
for two variables or Kruskal-Wallis test for
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more than two variables, Food uptake data were
first judged on variance homogeneity followed
by ANOVA for 2020 and i-test for 2021. The
concentration analyses were evaluated using
the post hoc Tukey HSD test.

3. RESULTS

3.1. Feeding of lithium chloride to
artificially reared larvae

The artificial rearing of larvae allowed an
exact application of a defined quantity and con-
centration of lithium-contaminated food. The
survival of the treated larvae was recorded
throughout the complete period of the preim-
aginal development (21 days). The survival of
those larvae exposed to lithium-contaminated
food was significantly reduced {(p<0.001;
log-rank test) compared to the control lar-
vae for all concentrations (Figure 1). Higher
concentrations of LiCl lead (o lower survival
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probabilities of the larvae with most of the
deaths occurring during the prepupal and pupal
stages (after day 10). While there was no signif-
icant difference between the 1 mM and 1.5 mM
treatment group (p=0.166; log-rank test), the
2 mM treatment revealed a highly significant
difference to all other groups (p <0.001; log-
rank test). The 2 mM treatment obviously rep-
resents an absolute damage threshold for lar-
vae, because only 3% of the larvae survived
till day 21.

In the second approach, the larvae were fed
only for a period of 3 days with food contain-
ing 2 mM LiCl, either from the start of larval
development till 3rd larval instar or from the 3rd
larval instar till the end of the feeding period in
the 5thinstar. Relative o the control group, both
treated groups showed significant reduced sur-
vival rates (Figure 2). However, younger larvae
(group L1-L3) were significantly more suscep-
tible to LiCl compared o those larvae treated
only in the second phase of larval development
(L3-L35) (p<0.001, log-rank test, Figure 2).

Treatment

~Control
171 mM
~11.5 mM
<12 mM

(==

12 14 16 18 20 22

larval age after oviposition [d]

Figure 1. Kuaplan—Meier survival curve ol artificially reared Tarvae exposed Lo dilTerent concentrations ol LiClin lar-

val food compared (o the control group. 1st instar larvae

(day 4 alter egg laying) were translerred into artificial cells

and fed daily with the corresponding diet (# =4 well plates/treatment, =24 larvas/well plate). Lines not sharing any
index letter ure siatistically dilTerent al p<0.001 (Kaplan-Meier test; log rark (Mertel-Cox)).
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Figure 2. Kaplan-Meier survival curve of artificially reared larvae exposed to a diet containing 2 mM of LiCl either
from the start of larval development 1o 3rd larval instar {(L1-L3) or from 3rd larval instar (o 5th instar (L3-15) (1=3
well platesfirealment, 71 =24 larvae/well plate). Lines not sharing any index letter are statistically different at p<0.03

(Kaplan-Meier test; log rank (Mantel-Cox}).

3.2. Assessment ol brood development in
free fying colonies

Our field experiments on the brood assessment

total number of sclecied cggs for the assessment
ranged from 741 to 797 per trealment group.
We provided LiCl-contaminated foed ad libi-
tum resulting in a continuous [ood uptake dur-

clearly showed that LiCl has harmful cffects also
on larvac in free flying colonies (Figure 3), The

O Control

100%
3 80%
H L
= 60%
=

2 0%

% s

20%

0%
BFD

@ 10mM LiCl

BFD+8

ing the cntire larval feeding period of abowt
8 days. There were no differences in food uptake

@17.5mM LiCI  @25mM LiCl

BFD+16

observation period

Figure 3. Lffect of a chronic feeding of LiCl (10 mM, 17.5 mM and 25 mM} in free flying colonies on the survival
of the honcy bee brood starting on the BED (brood arca fixing day) till BID +16 compared to the untreated con-
trol (x=3). The total number of selected eggs on BFD were 797 (control), 748 (10 mM), 741 (17.5 mM) and 748
{25 mM). The 25 mM treatment elicited high brood mortalitics: however, there were no significant differences between
the treatment groups {(p =0.516, p=0.123, Kruskal-Wallis test).
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Table I Total food vptake in g of dough with differ-
ent LiCT concentrations during the brood assessments
in [ree (lying colonies in the study years 2020 and 2021
(r=>3rcaument). There were no significant dillerences
between the treatment groups (2020: I'(3.8)=0.339,
p=0798: 2021 (1(4)=1.706. p=0.163)

LiCl concentration
Control ThmM 17.5mM 25 mM
2020 15184305 1643861 1221660 1,2621+432
2021 17334232 1484+ 28

between the control and the LiCl-treated colenies
(F(3,8)=0.339, p=0.798); the consumption of
food with higher concentrations of LiCl, however,
was reduced by approximately 20% (Table IT).

The brood survival rates on BFD +8, shortly
before the sealing of the brood cell, reveal only
small differences between the LiCl-treated groups
and the untreated control hives, which were not
significant different (p=10.516, Kruskal-Wallis
test). However, these differences in brood sur-
vival rates increased on BFD + 16, particularly in
the highest concentration of 25 mM, where only
39% of the hrood survived.

These differences performed during the sea-
son ol 2020 were nol statistically significant due

O Control

*
100% -
80% A
60% -
40% 1

% survival £SD

20% A
0%
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to a high variation among individual colonies;
however, the repetition of the 25 mM applica-
tion in 2021 clearly revealed a significant effect
of this lithinm concentration (see Figure 4). We
could also confirm the finding from the labora-
tory experiments (Figure 1), that most of the
damages occur during the prepupal or pupal
stages when the cells are sealed (BFD + 16)
rather than in larval stages (until BFD+8).

3.2.1. Brood assessment with different
treatment periods

We can clearly show that the level of brood
damages depends on the duration of the applica-
tion of lithium-contaminated food. A short-term
feeding of a period of Iess than 2 days dircetly
belore the scaling ol the brood cell had only a
slight, but not significant cffcct on the contin-
ued survival of the Sth instar larvae (Figure 4},
However, longer feeding periods of 4 days or
even over the complete larval development
(appr. 6 days) increased the brood mortality rates
significantly compared to the respective control
group (p=0.01, Mann-Whitney-I' test, Figure 4).
In detail, only 26% of the larvae survived a LiCl
application over 4 days and only 7% of the larvae
survived the 6-day-treatment. The food uptake in

O Lithium
e n.s.

1. L

iL1-sealing
6d

ii L3 - sealing iii L5 - sealing
4d <2d

treatment period with 25 mM LiCl

Figure 4. Brood survival rate in free flying colonies after feeding of 25 mM LiCl during distinet periads of the larval
development: i 1st instar larvac till sealing of the brood cell (appr. 6 days), §i 3rd instar larvac till sealing of the brood
cell (appr. 4 days) and iii Sth instar larvae till sealing of the brood cell (<2 days). Data given as mean + standard devia-
tion of survived broed on day 19 of larval development. The total number of recorded larvae ranged from 1 =272 10
=360 per group. Compared to the control, there were significant differences in the survival rates of the colonies fed
over 6 and 4 days (Mann—Whitney-{/ test, p=0.01, p=0.009, respeetively) but not in the colonics fod for < 2 days.
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120 mfood mlarvae
80
60

40

lithium [mg/kg]

20

Control 10mM 17.5mM

treatment

25mM

Figure 5. Concentration of lithium in the applied food and in the 5th instar larvae 7 days post-treatment with different
LiCl concentrations. Data of larvae were each given as mean + standard deviation (»=3). The food was only measured
once in the three stock solutions. Control larvae samples were below the limit of quantification (LOQ=0.025 mg/kg).

colonies fed with 25 mM LiCl was not signifi-
cantly different from the food uptake in the con-
trol colonies (t(4)=1.706, p=0.163, Table II).

It is noteworthy that the brood survival rate of the
control larvae (using 1st instar larvae at the BFD)
was considerably lower (Figure 4, left column; 64%)
compared to the survival rate in the respective con-
trol of the previous year (Figure 3; 90%).

3.3. Analysis of lithium concentration in
food and different larval instars

First of all, we could confirm the desired con-
centration of our applied food with 44.3 mg/
kg lithium for the 10 mM, 89.9 mg/kg for the

25

lithium [mg/kg]

17.5 mM and 115 mg/kg for the 25 mM LiCl
concentration. The concentration of lithium in
the larvae increased with (i) higher concentra-
tions of LiCl in the food (Figure 5) and (ii) with
the time of exposure (Figure 6). In the last instar
larvae (LS) from hives treated with 10 mM LiCl,
we measured lithium concentrations of 7.0 mg/
kg, whereas in the larvae treated with 17.5 mM,
the lithium concentration was almost doubled
(13.1 mg/kg). The 25 mM treatment leads to the
highest concentration of 15.2 mg/kg. Compared
to the concentrations of lithium in our applied
food, we measured a sixfold lower concentration
in the respective larvae (Figure 5).

0+ T Y T T T T T T T 1

1 3 5 7 9 11 13 15 17 19 21

larval age in days

Figure 6. Concentration of lithium in larvae from colonies chronically treated with 25 mM LiCl. Sampling of brood
stages was performed on the 5th, 7th, 10th, 11th, 14th and 18th day after egg laying, which corresponds to different
developmental stages. Data are given as mean +standard deviation (»=9). Plotted values not sharing any index letter
are statistically different at p <0.05 (post hoc Tukey HSD test).
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To analyse the course of the lithium concentra-
tion in larvae, we analysed different larval instars
during a chronical application of 25 mM LiCl.
The lithium concentration differed significantly
depending on age of larvae/pupae (F(542)=71.89,
p<0.00; Figure 6). In 2-day-old larvae (L2/L3)
sampled 5 days after the start of lithium treatment,
we only found traces of lithium (0.59+0.35 mg/
kg; Figure 6). The concentration of lithium signifi-
cantly increases already 2 days later (L4) to values
of 16.3 +2.9 mg/kg. In the pre-pupal stage briefly
after sealing of the brood cell, the lithium concen-
tration reaches a maximum of 18.9+1.5 mg/kg and
thereafter decreases slightly towards 13.2+1.2 mg/
kg during the pupal phase (Figure 6).

During the sampling of larvae and pupae for
the residue analysis, we frequently observed that
the pupae were malformed with an incomplete
development of head, thorax and abdomen while
most of the larval instars seemed normally devel-
oped. This might indicate that lithium disturbed
the metamorphosis of the honey bee larva which
is supported by the high mortality and brood
removal rates of pre-pupal and pupal stages as
shown in Figures 1 and 4.

4. DISCUSSION

Lithium chloride (LiCl) is one of the very few
new active compounds with a promising poten-
tial to become an effective veterinary product for
the control of the mite Varroa destructor. This
potential is based on the (i) contact and systemic
mode of action (“easy to apply”), (ii) high effi-
cacy under broodless conditions, (iii) good tol-
erability to adult bees and (iv) no identifiable
risk for the user and consumer. Despite these
advantages of the new compound, a number of
details on the mode of action and, in particular,
on side-effects on the honey bee brood still need
to be clarified. Here, we analysed for the first
time the impact of LiCl on the development of
honey bee larvae and pupae using both, in vitro
reared larvae and larvae reared within the colony.

For the in vitro assay, we used larval diets with
very low concentrations of LiCl of 1 to 2 mM
which is considerably below the effective treatment
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concentration of 25 to 50 mM (Stanimirovic et al.
2021; Ziegelmann et al. 2018) and close to the
range of concentrations naturally occurring in
certain honeys (Bogdanov et al. 2008). However,
even the larval diet with the lowest concentration
of 1 mM LiCl led to a survival probability of only
46%. This is significantly lower compared to the
untreated control colonies with nearly 80% sur-
vived larvae on day 21. Higher LiCl concentra-
tions of 1.5 mM and 2 mM reduced the survival
rate even stronger with only three of 96 larvae that
survived the 2 mM diet until day 21. This clearly
demonstrates the high sensitivity of the honey bee
brood to LiCl, particularly when compared to cage
experiments with adult worker bees where a contin-
uous feeding of LiCl concentrations of 2 to 25 mM
over up to 7 days did hardly reveal any toxic effects
(Stanimirovic et al. 2021; Ziegelmann et al. 2018).
We could also show that the extent of brood dam-
ages depends on the duration of the LiCl applica-
tion: the survival of larvae receiving the 2 mM diet
increased substantially when applied only during
the first or during the second phase of larval devel-
opment. It is not surprising that the younger larvae
(L1-L3) are significantly more susceptible to LiCl
compared to the older ones (L4, L5). It is noticeable
that brood mortality not only occurred during the
period when the larvae actively consumed the con-
taminated food but also even to a higher extent dur-
ing the non-feeding prepupal and pupal phase. This
indicates long-term effects of LiCl on the develop-
mental processes during the metamorphosis.

The field experiments confirmed the low tol-
erability of the honey bee brood to LiCl. How-
ever, a substantial increase of larval mortality
was only recorded when the colonies received
food containing 25 mM LiCl over the entire
larval developmental period resulting in a more
than 50% lower brood survival rate compared to
the control colonies. Lower concentrations of
10 mM and 17.5 mM LiCl elicited only a low
reduction in brood survival rates of 20% and
28%, respectively. In the second experiment
— performed in the following season — the
25 mM application led to even lower survival
probabilities of only 7% compared to 64% in the
untreated control (Figure 4). This is surprising
because the experiments in the two consecutive
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years (2020 and 2021) were performed with the
same experimental setup and at the same api-
ary. This reveals a general problem of the brood
assessment as a standard field method for toxic-
ity test of larvae (Medrzycki et al. 2013). Numer-
ous studies have criticized high variations in the
brood removal rates even among control colo-
nies or in repetitions with identical treatments
(Pistorius et al. 2011). One general reason for
these variations is that the brood removal rates
in free flying colonies depend on many factors,
such as colony strength, the availability of food,
the total amount of brood or simply the time of
the year (Bigio et al. 2013). Also covert brood
diseases and the genotype can lead to different
pronounced hygienic behaviour (Panasiuk et al.
2008). At the beginning of our experiments we,
therefore, standardized the numbers of bees and
brood cells and the amount of stored food as far
as possible. However, a particular problem is
most likely the fact that we could not quantify
which proportion of the applied LiCl has been
transferred by the nurse bees to the diet of indi-
vidual larvae. Though, the food uptake was not
significantly different between the LiCl-contam-
inated food and the LiCl-free control food. Lar-
val food is a mixture of hypopharyngeal gland
secretion of the nurse bees with pollen and nec-
tar or honey. The precise composition depends
on the age and caste of the larvae that has to
be fed (Haydak 1970). So far, it is not clear to
what proportion the nurse bees use freshly col-
lected nectar, applied food or stored food for the
feeding of the larvae (Babendreier et al. 2004;
Brodschneider and Crailsheim 2010; DeGrandi-
Hoffman and Hagler 2000). In any case, high
foraging activities of our experimental colonies
could dilute the concentration of LiCl in the lar-
val diet when freshly collected nectar is preferred
over the applied lithium-contaminated dough.
An influence of the foraging activity of the bees
on the composition of larval food has also been
confirmed by Bohme et al. (2019) who identified
freshly collected pollen in worker jelly.
Different foraging activities might therefore
be responsible for the different brood removal
rates in the years 2020 and 2021. Both experi-
mental seasons were rather different concerning
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nectar and pollen availability with perfect condi-
tions in the year 2020 in contrast to an unusual
cold and rainy summer with an extremely poor
nectar flow in the following year. In the 2021
experiments, these unfavourable conditions
might have increased (i) the general removal
rate of the brood even in the control colonies
and (ii) the exposure of larvae to LiCl because
the applied LiCl was not diluted with nectar col-
lected from outside. An obvious positive effect of
the reduced foraging activity in 2021 is the lower
variation within the different treatment groups.

At least, the results of both years show
impressively that a long-term application of
LiCl in colonies with brood should absolutely
been avoided due to high brood damages which
are not in accordance with a good beekeeping
practice. The application of lower concentrations
of 10 mM or less might reduce the brood dam-
ages to an acceptable level, but for an effective
treatment against V. destructor, a concentration
of 25 to 50 mM LiCl (Stanimirovic et al. 2021;
Ziegelmann et al. 2018) is required.

However, our experiment with different treat-
ment periods demonstrates clearly that not only
the concentration of the applied food but also the
duration of the LiCl application has a significant
impact on the larval development. The survival
probability of the brood after a short-term con-
tact with LiCl for a maximum of 2 days was not
significantly different to the control group. It
has to be analysed in further field experiments
whether repeated short-term treatments (“block
treatments™) with small amounts of 25 mM LiCl
are suitable to minimize the brood damages dur-
ing a treatment while maintaining a high efficacy.
But the therapeutic window for such an approach
seems to be small since already a feeding period
of 4 days had a clear toxic effect in our experi-
ments. And even in case of no measurable brood
damages, the vitality of the bees hatching from
treated brood has to be investigated in additional
experiments.

So far, we do not know how lithium disturbs
the larval and pupal development. Interestingly, it
seems that in both, in the in vitro and in the field
experiments, most of the damage occurs during
prepupal and pupal stage when the metamorphosis
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takes place rather than after the moults of the dif-
ferent larval instars. This was supported by yet
not quantified observations during the removal of
pupae from the brood cells for chemical analysis
where most of the pupae showed malformations
while most of the larval instars in unsealed brood
cells seemed normally developed. Nonetheless,
specific susceptibilities of different larval instars
under natural conditions and possible long-term
effects need to be examined.

There are some evidence that lithium can also
alter the development of other organisms than
honey bees through inhibition of glycogen synthase
kinase-38, which plays a role in cell fate determi-
nation (Klein and Melton 1996; Phiel and Klein
2001). In embryos of the clawed frog Xenopus lae-
vis, the exposure to lithium caused an expansion
and duplication of dorsal and anterior structures
(Kao et al. 1986) and inhibited the morphogenesis
of the nervous system (Breckenridge et al. 1987).
Among insects, in the genetic model organism
Drosophila melanogaster, 12 genes were identi-
fied with a significant response to lithium exposure
(Kasuya et al. 2009). These genes were subdivided
into four groups according to their biological func-
tion: (i) amino acid transport and metabolism, (ii)
detoxication, stress response or self-defense reac-
tions, (iii) psychiatric or neurological disorders,
and (iv) others (Kasuya et al. 2009). Especially, the
genes of the group (i) could be of interest for a com-
parative gene expression analysis as an application
of lithium seems to influence also the metabolism
in honey bee larvae.

Such experiments are a prerequisite to better
understand the negative effects of lithium on the
physiological processes during larval develop-
ment. Until then, our ICP-MS analyses of the
lithium concentration in differently treated larvae
provide a first hint on the threshold concentration
that is still tolerable for a successful preimaginal
development. As honey bee larvae do not def-
ecate before the end of Sth larval instar, we can
exactly determine the concentration of lithium
that has accumulated in the in vitro reared lar-
vae by calculating the concentration of lithium in
the consumed food. During the artificial rearing,
we fed a total of 160 ul of LiCl contaminated
food to each larva. For the 1 mM application,
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this corresponds to a consumption of 6.8 ug LiCl
or 1.1 pg pure lithium per larva. Considering a
body weight of the larvae at the end of the feed-
ing phase (5th larval instar before defecation)
of about 160 mg (Rembold et al. 1980), we can
calculate a lithium concentration in these larvae
of 6.9 mg/kg reared on the 1 mM diet. This value
is exactly equal to the concentration of lithium
measured in larvae from hives treated with a ten-
fold higher concentration (10 mM) of LiCl dur-
ing the complete period of larval development
(7.0 mg/kg). It should be considered that during
the larval feeding phase, lithium might enter the
larval body not only by feeding but also through
the cuticle. It has been proven that LiCl is effec-
tive on mites by topical application (Kolics et al.
2020a). The honey bee larvae have continuously
contact to the liquid food which is applied in fre-
quent intervals. Whether a trans-cuticular uptake
is relevant for the observed side effects has to be
proven in additional approaches.

After the feeding of higher LiCl concentra-
tions within the colony, we found a correspond-
ing increase of lithium levels in the respective
larvae. In detail, the 2.5-fold increase of LiCl in
the applied food (10 to 25 mM) resulted in a 2.2-
fold increase of lithium within the larvae (7 to
15.3 mg/kg). It is remarkable that the concentra-
tion of lithium in the larvae is always considerably
lower compared to the concentration in the applied
food (Figure 5) and confirms the above-mentioned
statement that under natural brood rearing condi-
tions, only a small part of the lithium from the
applied food ends up in the larval diet. The reasons
for these differences are most likely (i) dilution of
the LiCl food by nectar, (ii) metabolization of LiCl
including defaecation by the hive bees and (iii) no
or little accumulation of LiCl in the hypopharyn-
geal glands of the nurse bees and, therefore, in the
worker jelly. The latter assumption is supported
by the extremely low lithium concentrations in
the 5-day-old larvae (egg laying as starting point)
which according to Rembold et al. (1980) corre-
sponds to the beginning of the 3rd larval instar. Up
to this age, the larvae exclusively receive worker
jelly from the hypopharyngeal gland (Babendreier
et al. 2004; Haydak 1970) which obviously was
largely uncontaminated by lithium.
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Albeit our in vitro experiment with stage-specific
applications of LiCl revealed a significant higher
susceptibility of the younger larvae compared to the
older ones, these first larval instars are likely not
exposed to lithium-contaminated food under natural
conditions. This means that an application of LiCl
will not contaminate the worker jelly neither the
royal jelly. This can be regarded as positive because
a treatment with LiCl is neither a risk for worker
larvae of the 1st and 2nd instar nor the queen, which
is fed with royal jelly throughout the lifetime (Jung-
Hoffmann 1966). The latter is supported by Kolics
etal. (2021) who did not detect any lithium residues
in queens 28 days after applying 11of 25 mM LiCl
syrup within the hive.

From days 5 to 7 of larval development, the
concentration of lithium increases rapidly to the
maximum value. This concentration remains at
the same level during metamorphosis and the
beginning of the pupal followed by an only slight
reduction during the pupal phase. Finally, the
low standard deviations of the different residue
analyses, each based on 9 brood samples, clearly
indicate an even distribution of the lithium within
the entire brood nest of the treated hives.

5. CONCLUSION

Lithium is not only highly effective in the
treatment of bipolar disorders (Schou 2001) but
has also become a promising substance to com-
bat the parasitic mite Varroa destructor. Here, we
clearly show that a concentration of 25 mM LiCl,
which is required to effectively kill the mites on
adult bees, leads to severe brood damages when
applied over the whole larval developmental
period. But our results also indicate that lithium
is not or only in traces incorporated in the worker
or royal jelly synthesized in the hypopharyngeal
glands of the nurse bees. Although this should yet
be confirmed by direct measurements of the lith-
ium concentration in hypopharyngeal glands and
in larval food, young worker larvae and queen
larvae in general seem to be less endangered by
a LiCl application. The preliminary consequence
for a possible application is that a LiCl treatment
should be performed exclusively in brood-free
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colonies, at least in colonies without elder brood
stages, whether a repeated short-term application
of LiCl could be a conceivable solution for colo-
nies with brood has to be analysed in additional
field experiments.

ACKNOWLEDGEMENTS

‘We would like to explicitly thank Barbara Horn and Dr.
Monika Bach (core facility, University of Hohenheim)
for the chemical analyses of the lithium content in larval
samples.

AUTHOR CONTRIBUTION

CR and PR developed the design of the study. CR con-
ducted the field experiments, analysed the data and
drafted the manuscript. MM performed the in vitro
experiments. JR conducted the brood assessment stud-
ies in 2021. PR supervised the experiments and finalized
the manuscript. All authors read and approved the final
manuscript.

FUNDING

Open Access funding enabled and organized by Pro-
jekt DEAL. The project (281C301A19) is supported by
funds of the Federal Ministry of Food and Agriculture
(BMEL) based on a decision of the Parliament of the
Federal Republic of Germany via the Federal Office for
Agriculture and Food (BLE) under the innovation sup-
port programme.

AVAILABILITY OF DATA AND
MATERIAL

The datasets generated during and/or analysed during the
current study are available from the corresponding author
on reasonable request.

CODE AVAILABILITY

Not applicable.

DECLARATIONS

Ethics approval Not applicable.
Consent to participate Not applicable.

Consent for publication Not applicable.

42




Veroffentlichungen

Lithium chloride leads to concentration dependent brood...

Conflict of interest The authors declare no competing in-
terests.

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and repro-
duction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third
party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in
acredit line to the material. If material is not included in
the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly
from the copyright holder. To view acopy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

Aupinel P, Fortini D, Dufour H, Tasei J-N, Pham-
Delégue M-H (2005) Improvement of articial
feeding in a standard in vitro method for rearing
Apis melliferalarvae. Bull Insectol 58(2):107-111

Babendreier D, Kalberer N, Romeis J, Fluri P, Bigler F
(2004) Pollen consumption in honey bee larvae: a
step forward in the risk assessment of transgenic
plants. Apidologie 35(3):293-300. https://doi.org/
10.1051/apido:2004016

Bigio G, Schiirch R, Ratnieks FLW (2013) Hygienic
behavior in honey bees (Hymenoptera: Apidae):
effects of brood, food, and time of the year. ] Econ
Entomol 106(6):2280-2285. https://doi.org/10.
1603/ec13076

Bogdanov S (2006) Contaminants of bee products.
Apidologie 37(1):1-18. https://doi.org/10.1051/
apido:2005043

Bogdanov S, Jurendic T, Sieber R, Gallmann P (2008)
Honey for nutrition and health: a review. ] Am
Coll Nutr 27(6):677-689. https://doi.org/10.1080/
07315724.2008.10719745

Bohme F, Bischoff G, Zebitz CPW, Rosenkranz P, Wallner
K (2019) From field to food II — will pesticide-
contaminated pollen diet lead to a contamination
of worker jelly? J Apic Res 58(4):542-549. https://
doi.org/10.1080/00218839.2019.1614727

Breckenridge LT, Warren RL, Warner AE (1987) Lith-
ium inhibits morphogenesis of the nervous system
but not neuronal differentiation in Xenopus laevis.
Development 99(3):353-370. https://doi.org/10.
1242/dev.99.3.353

Brodschneider R, Crailsheim K (2010) Nutrition and
health in honey bees. Apidologie 41(3):278-294.
https://doi.org/10.1051/apido/2010012

Cook DC, Thomas MB, Cunningham SA, Anderson
DL, de Barro PJ (2007) Predicting the economic

Page 13 of 14 38

impact of an invasive species on an ecosystem ser-
vice. Ecological Applications: a Publication of the
Ecological Society of America 17(6):1832-1840.
https://doi.org/10.1890/06-1632.1

DeGrandi-Hoffman G, Hagler J (2000) The flow of
incoming nectar through a honey bee (Apis mel-
lifera L.) colony as revealed by a protein marker.
Insectes Soc 47(4):302-306. https://doi.org/10.
1007/PL00001720

Emmerich JU (2018) Zugelassene Arzneimittel fiir
Honigbienen (Apis mellifera) in Deutschland. Berl
Munch Tierarztl Wochenschr (131)

Francis RM, Nielsen SL, Kryger P (2013) Varroa-virus
interaction in collapsing honey bee colonies. PLoS
ONE 8(3):e57540. https://doi.org/10.1371/journal.
pone.0057540

Gisder S, Genersch E (2020) Direct evidence for infection
of Varroa destructor mites with the bee-pathogenic
deformed wing virus variant B - but not variant A
- via fluorescence-in situ-hybridization analysis. J
Virol 95(5). https://doi.org/10.1128/JV1.01786-20

Haydak MH (1970) Honey bee nutrition. Annu Rev
Entomol 15(1):143-156

Jung-Hoffmann I (1966) Die Determination von Koni-
gin und Arbeiterin der Honigbiene. Zeitung Fiir
Bienenforschung 8:296-322

Kao KR, Masui Y, Elinson RP (1986) Lithium-induced
respecification of pattern in Xenopus laevis
embryos. Nature 322(6077):371-373

Kasuya J, Kaas G, Kitamoto T (2009) Effects of lithium
chloride on the gene expression profiles in Dros-
ophila heads. Neurosci Res 64(4):413-420. https:/
doi.org/10.1016/j.neures.2009.04.015

Klein PS, Melton DA (1996) A molecular mechanism
for the effect of lithium on development. Proc Natl
Acad Sci USA 93(16):8455-8459. https://doi.org/
10.1073/pnas.93.16.8455

Kolics E, Matyas K, Taller J, Specziar A, Kolics B
(2020a) Contact effect contribution to the high effi-
ciency of lithium chloride against the mite parasite
of the honey bee. Insects 11(6). https://doi.org/10.
3390/insects 11060333

Kolics E, Specziar A, Taller J, Métyas KK, Kolics B
(2020b) Lithium chloride outperformed oxalic acid
sublimation in a preliminary experiment for Varroa
mite control in pre-wintering honey bee colonies.
Acta Vet Hung 68(4):370-373. https://doi.org/10.
1556/004.2020.00060

Kolics E, Sajtos Z, Matyas K, Szepesi K, Solti I, Németh
G, Taller J, Baranyai E, Specziar A, Kolics B
(2021) Changes in lithium levels in bees and their
products following anti-Varroa treatment. Insects
12(7). https://doi.org/10.3390/insects12070579

Le Conte Y, Ellis M, Ritter W (2010) Varroa mites and
honey bee health: can Varroa explain part of the
colony losses? Apidologie 41(3):353-363. https://
doi.org/10.1051/apido/2010017

Medrzycki P, Giffard H, Aupinel P, Belzunces LP, Chauzat
M-P et al (2013) Standard methods for toxicology

INRAZ £JDIB ) Springer

43




Veroffentlichungen

38 Page 14 of 14

research in Apis mellifera. J Apic Res 52(4):1-60.
https://doi.org/10.3896/IBRA.1.52.4.14

Milani N (1999) The resistance of Varroa jacobsoni Oud.
to acaricides. Apidologie 30(2-3):229-234. https://
doi.org/10.1051/apido:19990211

Mutinelli F (2016) Veterinary medicinal products to
control Varroa destructor in honey bee colonies
(Apis mellifera ) and related EU legislation — an
update. J Apic Res 55(1):78-88. https://doi.org/
10.1080/00218839.2016.1172694

Panasiuk B, Skowronek W, Bienkowska M (2008) Influ-
ence of genotype and method of brood killing on
brood removal rate in honey bee. J Apic Res 52(2)

Phiel CJ, Klein PS (2001) Molecular targets of lithium
action. Annu Rev Pharmacol Toxicol 41(1):789-813

Pistorius J, Becker R, Liickmann J, Schur A, Barth
M, Jeker L, Schmitzer S, Von der Ohe W (2011)
Effectiveness of method improvements to reduce
variability of brood termination rate in honey bee
brood studies under semi-field conditions. In Pro-
ceedings of thellth International Symposium of
the ICP-BR Bee Protection Group, Wageningen,
November 2—4. https://doi.org/10.5073/JKA.2012.
437.000

Presern J, Kur U, Bubnié I, Sala M (2020) Lithium
contamination of honeybee products and its accu-
mulation in brood as a consequence of anti-varroa
treatment. Food Chem 330:127334. https://doi.org/
10.1016/j.foodchem.2020.127334

Rembold H, Kremer J-P, Ulrich GM (1980) Characteri-
zation of postembryonic developmental stages of
the female castes of the honey bee. Apis Mellifera
1 Apidologie 11(1):29-38. https://doi.org/10.1051/
apido:19800104

Rosenkranz P, Aumeier P, Ziegelmann B (2010) Biol-
ogy and control of Varroa destructor. J Invertebr
Pathol 103(Suppl 1):96-119. https://doi.org/10.
1016/j.jip.2009.07.016

Sammataro D, Untalan P, Guerrero F, Finley J (2005)
The resistance of varroa mites (Acari: Varroidae)
to acaricides and the presence of esterase. Int J
Acarology 31(1):67-74. https://doi.org/10.1080/
01647950508684419

Schou M (2001) Lithium treatment at 52. J Affect Dis-
ord 67:21-32

Schur A, Tornier I, Brasse D, Muhlen W, von der Ohe
‘W, Wallner K, Wehling M (2003) Honey bee brood

INRAZ $D|B @Sprﬁnger

Reinetal.

ring-test in 2002: method for the assessment of
side effects of plant protection products on the
honey bee brood under semi-field conditions. Bull
Insectol 56(1):91-96

Stanimirovic Z, Glavinic U, Jovanovic NM, Ristanic
M, Milojkovi¢-Opsenica D, Mutic J, Stevanovic J
(2021) Preliminary trials on effects of lithium salts
on Varroa destructor, honey and wax matrices. J
Apic Res. https://doi.org/10.1080/00218839.2021.
1988277

Thrasyvoulou AT, Pappas N (1988) Contamination of
honey and wax with malathion and coumaphos used
against the varroa mite. J Apic Res 27(1):55-61.
https://doi.org/10.1080/00218839.1988.11100782

Traynor KS, Mondet F, de Miranda JR, Techer M, Kowallik
V, Oddie MAY, Chantawannakul P, McAfee A (2020)
Varroa destructor: acomplex parasite, crippling honey
bees worldwide. Trends Parasitol 36(7):592-606.
https://doi.org/10.1016/j.pt.2020.04.004

Tutun H, Kahraman HA, Aluc Y, Avei T, Ekici H
(2019) Investigation of some metals in honey
samples from West Mediterranean region of Tur-
key. Veterinary Research Forum: an International
Quarterly Journal 10(3):181-186. https://doi.org/
10.30466/vrf.2019.96726.2312

Underwood RM, Currie RW (2003) The effects of tem-
perature and dose of formic acid on treatment effi-
cacy against Varroa destructor (Acari: Varroidae),
a parasite of Apis mellifera (Hymenoptera: Api-
dae). Exp Appl Acarol 29(3—4):303-313. https://
doi.org/10.1023/A:1025892906393

van Dooremalen C, Gerritsen L, Cornelissen B, van
der Steen JIM, van Langevelde F, Blacquiére T
(2012) Winter survival of individual honey bees
and honey bee colonies depends on level of Varroa
destructor infestation. PLoS ONE 7(4):e36285.
https://doi.org/10.1371/journal.pone.0036285

Ziegelmann B, Abele E, Hannus S, Beitzinger M, Berg
S, Rosenkranz P (2018) Lithium chloride effec-
tively kills the honey bee parasite Varroa destruc-
tor by a systemic mode of action. Sci Rep 8(1):683.
https://doi.org/10.1038/s41598-017-19137-5

Publisher’s Note Springer Nature remains neutral
with regard to jurisdictional claims in published maps
and institutional affiliations.

44




Veroffentlichungen

2.4  Lithium chloride treatments in free flying honey bee colonies:

efficacy, brood survival, and within colony distribution
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Abstract

The efficacy of various lithium chloride (LiCl) applications in eradicating the
parasitic mite Varroa destructor in honey bee colonies was investigated, with a
specific focus on its impact on brood development. In broodless colonies (3
weeks post queen caging), the highest efficacy of 98% was achieved with a 9-
day treatment of 2.5 kg of candy spiked with 50 mM LiCl. A shorter 5-day
treatment with 2 kg of 50 mM LiCl candy resulted in an efficacy of 78%. In
colonies with brood, a repeated short-term application of 4x0.5 kg 50 mM LiCl
candy yielded an efficacy of 88%. LiCl treatment led to a removal of the first
batch of brood reared after release of the queen. However, no long-term
effects on colony growth were observed, and the colonies successfully
overwintered. Additionally, the study demonstrated that lithium is rapidly
distributed among the bees of a colony within 2 days, yet only low
concentrations were detected in stored food samples. This suggests that the
bees efficiently absorb and distribute lithium within the colony. The harvested
honey in the following spring revealed a lithium concentration of 0.1 — 0.2
mg/kg, which is below naturally occurring lithium levels in honey. Based on
these findings, LiCl can be considered an effective and easy-to-apply acaricide
in broodless colonies, and even in colonies with brood, it had good efficacy

and no long-term effects on colony survival. Further research may be
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necessary to determine the optimal treatment period for achieving an efficacy

over 95%.

Rein, C., Blumenschein, M., Traynor, K, & Rosenkranz, P. (2024). Lithium
chloride treatments in free flying honey bee colonies: efficacy, brood survival,
and within-colony distribution. Parasitology Research, 123(1), 67. DOIL:
10.1007/s00436-023-08084-y
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Abstract

The efficacy of various lithium chloride (LiCl) applications in eradicating the parasitic mite Varroa destructor inhoney bee
colonies was investigated, with a specific focus on its impact on brood development. In broodless colonies (3 weeks post
queen caging), the highest efficacy of 98% was achieved with a 9-day treatment of 2.5 kg of candy spiked with 50 mM LiCl.
A shorter 5-day treatment with 2 kg of 50 mM LiCl candy resulted in an efficacy of 78%. In colonies with brood, a repeated
short-term application of 4 0.5 kg 50 mM LiCl candy yielded an efficacy of 88%. LiCl treatment led to a removal of the
first batch of brood reared after release of the queen. However, no long-term effects on colony growth were observed, and
the colonies successfully overwintered. Additionally, the study demonstrated that lithium is rapidly distributed among the
bees of a colony within 2 days, yet only low concentrations were detected in stored food samples. This suggests that the bees
efficiently absorb and distribute lithium within the colony. The harvested honey in the following spring revealed a lithium
concentration of 0.1-0.2 mg/kg, which is below naturally occurring lithium levels in honey. Based on these findings, LiCl
can be considered an effective and easy-to-apply acaricide in broodless colonies, and even in colonies with brood, it had good
efficacy and no long-term effects on colony survival. Further research may be necessary to determine the optimal treatment

period for achieving an efficacy over 95%.

Keywords Varroa destructor - Apis mellifera - Lithium chloride - Brood survival - Distribution

Introduction

The negative impacts from globalization are exemplified by
the worldwide spread of the honey bee mite Varroa destruc-
tor (Anderson and Trueman 2000), a striking example of
the redistribution of diseases and parasites in wildlife and
livestock (Travis et al. 2011). V. destructor is originally a
parasite of the Eastern honey bee Apis cerana (Fabricius
1793) in Asia. Intensive trade of managed Apis mellifera
(Linnaeus 1758) colonies during the last century enabled the
mite’s shift to this new host and promoted worldwide distri-
bution (Chantawannakul et al. 2016; Chapman et al. 2023).

V. destructor causes severe morbidity and mortality of
entire A. mellifera colonies by feeding on host tissues and
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transmitting viruses (Rosenkranz et al. 2010; Traynor et al.
2020). Regular Varroa treatments are indispensable because
without beekeeper intervention, colonies dwindle (Genersch
et al. 2010; Gray et al. 2019; Hernandez et al. 2022; Seitz
et al. 2015; Stahlmann-Brown et al. 2022). Colony losses
due to Varroa infestation continue to be high for two main
reasons: firstly, there has been limited success in breeding
viable Varroa-resistant honey bees (Biichler et al. 2010;
Mondet et al. 2020a, b) and secondly, the biology of V.
destructor with the reproductive phase inside the protected
brood cell hinders the effectiveness of treatments (Traynor
et al. 2020). When brood is present in the colonies, reproduc-
tive mites are located within the capped brood cells (Fuchs
1985, 1992; Ifantids 1988) and thus protected against nearly
all common acaricides, except formic acid (Rosenkranz et al.
2010). A further challenge to controlling V. destructor under
temperate climate conditions is that (i) chemical treatments
should be avoided during nectar flows when bees collect
nectar to make honey yet (ii) a treatment must be performed
in late summer before the bees rear their long-lived winter
bees, so that their longevity is not compromised through
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high levels of parasitization. High mite infestation levels in
late summer and the subsequent damage to winter bees, as
mite levels continue to be high in fall, are the main drivers of
winter colony losses (Genersch et al. 2010; Gray et al. 2019;
Seitz et al. 2015). The relatively small window of time for
late summer treatment increases the need for highly effec-
tive varroacides in mite management strategies. Several var-
roacides are registered; however, the majority are based on
only a few active compounds such as formic and oxalic acid,
thymol and a few synthetic substances from the group of
pyrethroids, formamidine, and organophosphate (Mutinelli
2016; Qadir et al. 2021; Vilarem et al. 2021). None of these
registered products fulfill all desired characteristics of an
“ideal” veterinary drug: (1) high and reliable efficacy, (2)
limited side effects, (3) no residues in bee products above
critical thresholds, (4) low risk of mite resistance, and (5)
easy-to-apply. The widely used organic acids are poorly tol-
erated by bees or brood with significant impacts on colony
size, especially in warm climates (Bubnic et al. 2021; Elzen
et al. 2004; Rademacher et al, 2017; Satta et al. 2005). In
particular, formic acid, a common agent used in late summer
as it penetrates into the brood nest, requires specific envi-
ronmental conditions and its efficacy is strongly influenced
by colony factors, such as colony size and amount of colony
thermoregulation (Pietropaoli and Formato 2019; Steube
et al. 2021; Underwood and Currie 2003). Repeated appli-
cations are necessary to achieve sufficient efficacy, which
makes the use of organic acids time-consuming and thus
costly, especially in large beekeeping operations (Berry et al.
2022). Synthetic varroacides often result in accumulating
levels of residues in beeswax, with potential impacts on later
larval survival and queen quality (Albero et al. 2023; Haar-
mann et al. 2002; Kast et al. 2021), and frequent reuse leads
to the development of mite resistance (Higes et al. 2020;
Mitton et al. 2022). Due to these shortcomings of the current
options for chemical control of Varroa, there is still urgent
demand for further varroacidal compounds.

The recently discovered lithium chloride (LiCl) meets
many of the above mentioned requirements of a varroacide
(Ziegelmann et al. 2018), and so we wanted to examine its
efficacy and distribution in free flying colonies. LiCl is a
widely distributed salt (Szklarska and Rzymski 2019),
a natural component of honey (Abdulkhaliq and Swaileh
2017; Bogdanov et al. 2008; Conti et al. 2018; Karabagias
et al. 2017; Tariba Lovakovié et al. 2018), and is used in
therapeutic treatments of bipolar disorders and depression
(Ferensztajn-Rochowiak et al. 2021; Gomes-da-Costa et al.
2022). LiCl is very effective at killing mites via contact and
displays a systemic mode of action, while being well-toler-
ated by adult honey bees (Kolics et al. 2020, 2021b; Ziegel-
mann et al. 2018). A limitation for a broad applicability of
LiCl is currently the low tolerability by honey bee brood
(Rein et al. 2022).

&1 Springer

Climate change alters the way beekeepers manage colo-
nies, as often colonies no longer have a natural brood break
which enables an effective winter treatment. In southern
Europe, it has therefore become common to cage queens
after the summer honey harvest and then treat the mites in
the dispersal phase on adult bees when colonies are brood-
less (Biichler et al. 2020; Lodesani et al. 2014). LiCl is an
ideal compound under these circumstances, due to its high
efficacy and good tolerability by adult bees (Stanimirovic
et al. 2022; Ziegelmann et al. 2018). Some field tests with
lithium salts have already been performed; however, most of
them used a repeated trickling method similar to the appli-
cation of oxalic acid (Jovanovic et al. 2022; Kolics et al.
2021b, 2022).

In our approach, we wanted to capitalize on the systemic
mode of action of LiCl, i.e. the administration of the active
substance via food to the colonies. This new application
method would enable a quick and “easy-to-apply” treatment.
We present the efficacy and distribution of LiCl using dif-
ferent food applications in broodless colonies under realistic
field conditions with a special focus on the subsequent devel-
opment of the brood. In the trial of 2022, we compared the
broodless application with repeated short-term treatments
in brood rearing colonies. We hypothesized that such short-
term treatments would reduce the exposure time and risk of
honey bee larvae to LiCl and therefore potentially reduce the
loss of brood as described in Rein et al. (2022).

Materials and methods
Experimental setup

Field trials were performed in two apiaries. The prelimi-
nary experiment in 2018 took place at the field station
Heidfeldhof of the University of Hohenheim (48°42'55.3"N
9°10'49.2"E), whereas the main experiments in 2021
and 2022 were performed in the local apiary of the State
Institute of Bee Research at the University of Hohenheim
(48°42'32.7"N 9°12'38.9"E). Each colony consisted of a
total of 20 frames in two Zander size brood boxes with simi-
lar colony strength—estimated by the number of combs cov-
ered with bees and the number of brood combs—and headed
by healthy sister queens. The queens originated from the
local “wildtype” stock managed by the State Institute of Bee
Research, University of Hohenheim, Stuttgart, Germany.
The experimental setups of the different trials are shown
in Table 1. Our main objective was to investigate different
applications of LiCl in broodless colonies during summer,
so to achieve broodless colonies we first had to cage the
queen. After the last honey harvest in summer, the queen
of the respective colony was placed in a small plastic cage
(Varroa control box, Rubee®) on a frame in the middle of
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Table 1 Specifications of the tested treatment methods with acronym, LiCl concentration used, treatment period, number of tested colonies, and

intervals of data collection for the prefiminary and main experiments

Treatment method LiClcon-  Treatment Na. af colo- Start of brond assess- Sampling
centration  period [days|  nies ment interval of
Preliminary experiment
Positive cantrol: 250 m farmic acid: Nassenheider® — 8 1 - -
Pl 7 Isyrup: 1 day after ROQ® 25 mM 8 4 - -
. 4.35kg candy; | day afler ROQ* 50 mM 8 5 - -
Experiment 1, 2021
Positive control: 250 ml formic acid: Nassenheider® - ¢ 9 - -
Al 2.5 kg candy: on the day of ROQ* 50 mM ¢ 6 5 days after application 4 days
Experiment L 2022
A2 2 kg candy: on the day of ROQ® S0 mM 5 10 3+ 19 days after applica- 2 days
tion
A 4%0.5 kg candy in 7 day imervals; 50 mM 4x2 10 0+ 16 days after 1st 2 days

sreeding colonies

application

*ROQ relcase of queen

the brood nest in the bottom hive body at the start of each
trial (Fig. 1). The cages are designed with queen-excluder
sized material, allowing worker bees to pass through while
confining the queen. Afier three weeks, when the last of
the brood emerged, the queen of the respective colony was
released and the treatment with LiCl started on the same day.

In the preliminary experiment, we tested two different LiC'l
applications with 25 mM LiCl syrup and 50 mM LiCl candy
and compared the efficacy to positive control colonies treated
with 250 ml formic acid (60%, Nassenheider® evaporator)
(Table 1). The concentrations were chosen based on previous
experiments by Ziegelmann et al. (2018) with artificial swarms.

In the main experiments, we used 50 mM LiCl candy, as it
was the more promising approach due to ease of application
combined with 4 slower, more consistent consumption of the
LiCl food. In 2021, we tested asingle application (A1) of 2.5 kg

Fig. 1 Queen is caged insice the Rubce® Varroa control bo inserted
into a brood frame, which prevents her from laying eggs and allows
the calony (0 echieve a broodless phase

50 mM LiCl candy {fed over a period of 9 days via a plastic
bowl protected by an empty honey chamber) and compared it
with the positive control group, treared with 250 ml formic acid
(607%, Nassenheider® evaporator) (Table 1), In 2022, we modi-
fied the LiCl application and fed 2 kg 50 mM LiCl candy via
small Ziplock plastic bags (1 1 Safel oc®, Toppits®) put dircctly
on top of the frames (A2) (Fig. 2), due 1o ease of application
and to provide ready access for the hees. We also shortened the
treatment period from 9 to 5 days 10 eliminate exposure of the
newly developed larvae with LiCl. A flipped top feeder (Nicot®@})
provided enough space for the bees to access the treatment food.

To test whether a repeated short-term application (A3)
can prevent brood removal with the same Varroa control
efficacy, we applied 0.5 kg 50 mM LiCl candy four times

Fig.2 Treelment application (A2) of 50 mM colored LiCl candy
in plastic bags on top bars of frames. Slits were cut into the bags 1o
allow access to the bees
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in 7-day intervals (in total 2 kg candy) without caging the
queen, meaning that all brood stages were present during the
treatment. The plastic bags containing 0.5 kg candy were
emptied within 2 days of application, therefore the treatment
period was defined as 4 x 2 days. Untreated colonies were
not used as a negative control to avoid mite reinfestation by
highly infested nearby colonies (Frey and Rosenkranz 2014),
which would result in inaccurate calculations of efficacy.

Data were collected on Varroa mite mortality, brood
development, and distribution of lithium in sampled bees
and stored food as described below.

LiCl food production

For the syrup, we used Apiinvert® (saccharose, fructose and
glucose, Suedzucker Group®) and mixed it with the respec-
tive amount of lithium chloride (> 99.9%, p.a., ultra-quality,
Roth®) to reach a 25 mM concentration (1.06 g LiCl-salt per
liter). We added food coloring (“Tannengriin”, Stidter®) to
the syrup, which dyed it green, so we could identify where
the syrup was stored in the combs. Such food coloring
has no negative impact on honey bees or honey bee brood
(Ehrenberg et al. 2019).

The candy was made from powdered sugar (Suedzucker
Group®) and honey harvested during summer nectar flows,
mixed in the ratio of 2:1. Additionally, a concentration of
50 mM LiCl and red food coloring (Allura Red AC, Sigma-
Aldrich®) was added into the mixture. To reach this con-
centration, we used 1.57 g LiCl-salt dissolved in water for
1 kg of candy. This was mixed until the food coloring was
evenly distributed using a commercial dough mixer (ITR50
2V “Evo”, Prismafood DE). To determine the exact amount
of LiCl used per colony, food consumption was measured
by weighing the remains of the applied food upon removal.

Varroa mite mortality and calculation of efficacy

The mite mortality was recorded by counting the mites every
two days on the sticky board inserted under the screened bot-
tom board of the hive, which was not accessible to bees. The
sticky board is a tray prepared with a single layer of kitchen
paper towel, moistened with oil, which prevents other insects
from removing the dead mites and which was renewed after
each mite mortality count. The natural mite drop was recorded
two weeks prior to the treatments. Dead mites found on the
sticky board during LiCl food application and the consecu-
tive 7 days were considered killed by LiCl. For the positive
control colonies treated with formic acid, we considered dead
mites on the sticky board from 1st to 20th day after treatment
administration. Formic acid penetrates the sealed brood cells
to kill mites inside capped cells, which is why we extended the
monitoring period to cover an entire brood cycle.

) Springer

Each colony received a follow-up treatment for four to six
weeks with either Bayvarol® (2018 and 2022) or Apivar®
(2021). We alternated the compound for the follow-up treat-
ments every year to avoid development of mite resistance. In
addition, the good efficacy of both, Bayvarol® and Apivar®
has been confirmed by field trials conducted on the Hohen-
heim campus in the previous years.

The efficacies of the treatments were calculated on the
basis of mite mortality in the test colonies. The following
formula was used according to standard guidelines for con-
trol of V. destructor (Dietemann et al. 2013; EMA 2021;
Pietropaoli and Formato 2019; Semkiw et al. 2013), where
the number of mites killed by the treatment is divided by the
total number of mites that fell including those killed by the
follow-up treatment:

no. of mites killed by treatment X 100

% effcacy =
e = o oF mites Hlled by treaiment + o of mites Hiled by follows ap reatmen

Honey bee brood survival

To evaluate the effects of the different LiCl treatments on
brood, we conducted a brood assessment of newly laid eggs
in the main experiment. We marked the position of eggs on
atransparent acetate sheet (=brood area fixing day (BFD)),
according to the method described by Schur et al (2003).
We inspected the viability of the brood every four days and
marked cells with viable larvae as well as cleared out cells
on anew transparent sheet. As eggs do not hatch for three
days, the exact age of the larvae varied between 1 and 72 h.
To keep the error rate low and to guarantee that empty cells
were cleared out and the bees had not emerged, we termi-
nated the assessment on day 16 (BFD +16). From these data,
we calculated the brood survival rate for each assessment.

After being caged for three weeks, the queen typically
requires a few days to start laying eggs again, therefore we
started the brood assessment in treatment group Al five days
after the release of the queen and the start of the treatment
application. In treatment group A2, we were already able
to find enough eggs three days after queen release. In 2022,
we not only examined the development of the first brood
cycle, but also a second brood cycle 16 days later to evaluate
possible long-term effects (Table 1) for both the A2 and A3
treatment groups.

Distribution of lithium among worker bees, stored
food, and residue in honey

An even distribution of the active component lithium among
the worker bees is important for a sufficient treatment
efficacy. In contrast, the chloride anion is not significant
(Ziegelmann et al. 2018). Thus, we utilized ICP-MS analysis
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to determine the concentration of lithium in the samples.
In 2021, we took bee samples (approx. 30 bees) from each
treated colony at regular intervals during and post treatment
(as shown in Online Resource 1). In 2022, we took bee sam-
ples from the central frames of the hives every other day for
three weeks in trial A2 and for four weeks in trial A3, as well
as collecting additional bees 39 days post-treatment from
both groups. Stored food samples were taken once a week
until day 39 post-treatment from four combs containing food
stores in the top hive body.

To investigate whether the LiCl treatments had an effect
on the lithium levels in food and honey of the following year,
we took a sample from the brood chamber of each colony
before installing the honey chamber on 19th of April 2023.
Three weeks later, we took samples from the honey cham-
ber of each colony that already collected nectar. On the 9th
of June, the honey was harvested for each treatment group
individually (A2 and A3) and samples were analyzed.

After sampling, the bees were frozen (— 20 °C) until dis-
section of the honey crop. Bees were thawed, and we gen-
tly pulled on the abdomen with forceps, which exposes the
crop. The crops of 20 bees per sample were pooled, homog-
enized, and analyzed with ICP-MS (Inductively Coupled
Mass Spectrometry) for the concentration of lithium. The
samples of stored food from the colony were also frozen
(=20 °C) until analysis.

For ICP-MS analysis, about 500 mg of honey or crop
samples, respectively, was weighed into glass tubes. 2 ml
of HNO; was added, and tubes were filled up with dou-
ble distilled water to a final volume of 10 ml and vortexed
to ensure sample homogeneity. Following this, microwave
digestion was done with an Ultra Clave III (MLS Mikrow-
ellen-Labor-Systeme GmbH, Leutkirch, Germany) where
temperature was gradually increased from 80 to 200 °C
at 900 W and 100 bar. Samples were cooled down and
diluted adequately for ICP-MS analysis (NexION 300 X,
PerkinElmer, Waltham, MA, USA). A ICP multi-element
standard solution (Merck KGaA, Darmstadt, Germany) was
used for calibration at concentrations of 0.1 ug/l, 0.2 ug/l,
1 ug/l, 10 pg/l, and 20 g/l prepared with double distilled
water and HNO,. A CertiPUR Rhodium ICP-standard solu-
tion (¢=1000 mg/l Rh, Merck KGaA, Darmstadt, Germany)
served as internal standard (LOQ <0.025 mg/kg).

Statistics

The data were statistically analyzed using JMP Pro 16. Data
on efficacy were checked with a Shapiro-Wilk test for nor-
mal distribution. Because of the non-parametric character-
istics of the data, we used the Kruskal-Wallis test and a post
hoc Dunn’s test including Bonferroni correction for multi-
ple comparisons. For comparison of the 1st and 2nd brood

assessments of each treatment we used the Wilcoxon Rank
Sum test (Mann—Whitney test).

Results
Efficacy of different treatments

In the preliminary experiment in 2018, the broodless
colonies treated with LiCl demonstrated an efficacy of
92.0 +4.5% for the syrup application (P1) where each col-
ony received 7 1 of 25 mM LiCl spiked Apiinvert®. For
the candy application (P2), we applied 4.5 kg 50 mM LiCl
which resulted in a mean food uptake of 2040 +786 g of
candy per colony in 8 days (additional data are given in
Online Resource 2) and an efficacy of 89.8 +5.6%, with no
significant difference between the treatments (Fig. 3, p=1,
Dunn’s test, Online Resource 3). Treatment with LiCl out-
performed the positive control treatment with formic acid,
where only 59.5 +8.5% of the mites were killed. The for-
mic acid treated colonies did not have caged queens, as the
treatment penetrates into the brood nest, and we wanted to
compare LiCl results with the most commonly used method
of Varroa control in Germany.

In the years 2021 and 2022, LiCl was exclusively applied
via candy (Fig. 4). For treatment A1 each colony received
2.5 kg 50 mM LiCl candy, which resulted in a mean food
uptake of 1,739 +167 g in 9 days and the highest efficacy
with 98.1+0.7%, followed by A3 with 87.9+10.5% and A2
with 77.5 +12.8%. For treatment A2 and A3 each colony
consumed a total of 2 kg of 50 mM LiCl candy, which incor-
porates 3.1 g LiCl-salt (additional data are given in Online
Resource 2). Positive control with formic acid was the least
effective (69.8 +25.2%) and showed the highest variation
between colonies, ranging in efficacy from 22.4% to 96.9%.
Due to higher variances in A2 and A3, they did not differ
significantly from the positive control (p=1 and p=0.6,
respectively, Dunn’s test, Online Resource 4) (Fig. 4).

The total number of counted mites in 2021 showed a
mean mite load per colony of 3,087 +915 for positive con-
trol colonies and 2,129 +967 for Al colonies. Each colony
had more than 1000 mites (Table 2). In 2022, the mean mite
loads were on average 1429 + 1155 mites for the A3 colonies
and substantially lower in the A2 colonies with on average
456 +296 mites. Here, the lowest number of total counted
mites per colony was 153 and 168, respectively.

The mean number of mites killed per colony by the follow-
up treatment was 933 in positive control colonies, 36.3 in
colonies treated with Al, 83.1 in those treated with A2, and
95.9 for those treated with A3 (Table 2). This information can
be used for assessing whether the LiCl treatments alone have
reduced the mite population below the economic threshold.
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Flg.3 Efficacy of different treatments in the preliminary trials 2018
shown as box plots and mean indicated by the x. Positive control col-
onies were treated with 250 ml 60% formic acid (n.= 4), P1 colonies
were treated with 7 1 of 25 mM LiCl syrup (n=4). P2 with 4.5 kg

==

P1 P2

. Significant differences are indicated by
different letters (3 <005, Dunn’s test; additional data are given in
Online Resource 3)

a b a ab
100% - — —
—— :
80% ’ & 3
x
Z 60% .
é I
° 40% {
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0% positive control Al A2 A3
2021 2022

Fig.-4 Efficacy of different LiCl administrations and positive control
shown as hox plots and mean by x. Positive control colanies (r=9)
were treated with 250 ml 60% formic acid. For Al (n=6) we applied
2.5 kg 50 mM LiCl candy over a period of 9 days: A2 colonies
(n=10p veceived 2 kg 30 mM LiCl candy in 5 days; fov A3 (n=10)

Honey bee brood survival

In total, we assessed 9463 brood cells from the freshly
laid egg stage in 6 colonies of AL, & colonies of A2 and 10
colonies for both brood assessments of A3, Due 1o absence
of ¢ in two colonies on the assessment day, we could
rmly examine the brood development for 8 of 10 colonics
in A2,
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we applied 0.5 M_ of 50 mM LiCl candy four times in seven-day
intervals {lotal of 2 kg candy) without cuging the queen. Box plols
‘with different letters are statistically different (Dunn’s test, p <0.05,
additional data are given in Online Resource 4)

Treatment Al with 9 days of LiCl trearment led to the
highest brood removal rates and only 4.7% of the hrood sur-
vived until BED + 16 (Fig. 5). The first assessment of A2
{A2-1) showed a high variability in the survival probability
of brood frem the 8 treated colonies with a mean brood sur-
vival rate of 45%. The 2nd assessment {A2-2), which started
19 days after the LiCl application, had the highest brood
survival rate with 82%, which was statistically different to
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Table2 Tolal mumber of dead mifes countec chiving the observation
period (main treatment and follow-up reatmert) for each weatment
croup are given together with the mean nites per colony +stand-
ard ceviation. Additionzlly, the range of mite courts per enlony anc.
the mean mites daring fllow-up trearment ere given. Positive con-

trol colomies were wested with 250 m) 60% fornic acid, Tor Al we
applied 2.5 kg 50 mM LiCl candy over period of 9 cays; A2: 2 ke
50 M LiCL candy in § davs: A% 1x0.5 £g 50 mM LiCL candy o
seven-day inwervals with no queen caging

Treamment Year Total mites No. of calonies. Mean mitesicalony Rarge of mite counts/ Mean mites
colony during lollow-
up Irealment
Positive control 2021 9 13054710 933
Al 2021 6 11543508 36.3
A2 022 10 2564296 1681100 EER]
Al 2021 10 14291135 153-3231 934
—_— —_—
100%
o B E
80%-+
K
S 60% .
=
@ x
° .
g 40%-
a8
20%- .
——
= x
0% — =
Al A2-1 A2-2 A3-1 A3-2
assessment

Flg.5 Broad survival rates in free Fying colonies during differ

i 0 mM LiCl candy, AL 2.5 kg of 50 mM LiCL
A2:2 kg of 30 mM LiCl candy over 3 days
2 A% 45 05 kg 50 mM LiCl candy in seven-day ivervals i
colonies without queer caging (1= 10, For veament A2 and A3, &

swhsecment broad assessivent was carried ons after completing the

the: first assessment (p=0.02, Wilcoxon Rank Sur est). The
mean brood survival rate ol the [irst assessment in A3 was
32% and thus similar to the frst assessment of AZ. How-
ever, in the 2nd brond assessment (A3-2), which staried
2 days after the 3rd LiCl application, the brood survival ratc
decreased te only 8%, which was sipnificantly lower than
A3-1 {(p=0.004, Wilcoxon Rank Sum test)

Colony winter survival

In winter 2021, we lost one colony trom the positive con-
ol group due to Nosema disease. The didgnosis was made
through microscopic examination of sampled hees. Tn the
20022 experiments, we found one colony dead in the follow-
ing spring prohably due to gueen loss in fall. In this colony,
the queen was still present during the lirst brood assessment

lirst one. Deta given as boxplols for survival rale on dey 16 post
the brood fixing day (BUD), mewn is given as an 3. Towl number
ol sclocted egys on BLD were 982 (AL). 2574 (A2-1). 1600 [A2-2
A9 (A1 ard 2238 (A3-2). Significan: o s herween Tst
and 2rd assesseeats ate indicated with an asterisk (Wilcoxon Ran
Sum fest)

{A2-1}; however, during the second assessment (A2-2), we
were not able 1o find All the other colonies overwin-
tered well.

Distribution and detection of lithium

In colonies treated over ¢ period of nine days (A1), we took
66 slored lood and 61 adull bee samples over a period of
21 days. The 1si sampling was conducied hefore LiCl appli-
cation, showing na lithium contamination in bees nor in foed
(Omline Resouree 5). Within five days of commencing the
treatment, the concentration of lithium in the honey crop of
bees sampled from the central area of the lower hive body
rose 10 6% mafkg lithiom and Joubled four days later 1o reach
the maximumiof 131 mg/kg. Alter the remaining LiCl lood
was removed on day 9, the lithium concentration guickly
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dropped through day 17; thereafier it increased slightly dur-
ing the last sampling 21 days post treatment. On no sampling
day was there a significant difference between the lithium
concentration from bees sampled Irom top or hotiom hive
body in our two brood chamber set-up. The imcrease in the
lithium concentration in the honey crop was mirrored by the
number of [allen mites. The mite drop reached a maximum
on the filth day, when a mean of 983 mites dropped, decreas-
ing thereafter as shown in the figure (Online Resource 5).

In the stored food samples, we (irst detected lithium in
uncapped cells on day 9 alter commencing the LiCl ireal-
ment (25 mg/kg), whereas the first detection in capped cells
was on day 13 (4.4 mg/kg). The lithium concentration was
always lower in samples taken from capped cells and was
significantly lower on day 17 with 5.2 mg/kg lithium com-
pared 10 36 me/kg in open cells (p=0.013, Tukey-Kramer
HSD} (Online Resource 5).

In 2022, when colenies were treated for five days (A2),
130 bee samples were taken from the trealed colonies.
From the colonies repeatedly trealed for 4 2 days (A3)
170 bee samples were taken. Lithium conceniration in the
honey crop of bees from the A2 (reatmen! displayed a sim-
ilar distribution as in A1 group with a peak of 104 mg/ke

Fig.6 Distribution of lithium
in the honey erop of sampled
hees and in stored food from
colonies (#=10] during the
five-day treatment (A2}, each
value given as the mean +SE in
the error bars. Adminisiration
of 2 kg of 50 mM LiCl candy
started 1 day afier the first sam-
pling and was terminated five
days later. The mean number
of fallen mites for every two
days is shown by the crange

Lithium [mg/kg)

lithium on day 3, decreasing after termination of treatment
(Fig. 6). Maximum lithium concentration in stored food
oceurred 13 days after the start of the treatment (18 mg/
ke).

For the repeated shorl-lerm treatments used in A3, we
detected several short peaks aller each application ol the
0.5 kg LiCl candy (Fig. 7). The highesi concentration in
the haney crop was found on day 16 alter the 3rd applica-
tion with 98 mg/kg Tithium. The concentration of lithium
in the sampled food reached a maximum on day 28 with
20 mg/kg. For bath treatments, A2 and A3, we took the
last samples 39 days alter the last application of LiCl and
measured 15.4 mg/ke lithium in the A2-treated colonies
and 13.2 mg/kg in the A3-treated colonies.

The stored feod sampled from brood chambers in
Spring 2023 revealed low concentrations of 3.4 +2.4 mg/
ke lithium in A2-reated colonies and an even lower con-
centration of 3.1 +£2.4 ma/kg in the A3 treatment group
{Table 3). In the freshly collected neclar from honey
chambers, we measuyred 0.8 +0.7 mg/kg lithium from A2
colonies, which was luriber reduced o 0.1 mg/kg in the
harvested honey. For A3, we measured 0.2 +0.2 mg/kg and
0.2 +0.2 mg/kg, respectively (Table 3).
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Fig.7 Distribution of lithium in 150
the honey crop of sampled bees

and stored food from colonies 100
(1 =10) during the repested -
short-term treatment (A3}, each
value given as the mean + SE in
the error bars. Administration of
each 0.5 kg 50 mM LiCl eandy
tock place on days 0, 7, 14, and
21. The mean number of fallen
mites for every 2 days is shown
as the orenge line. Follow-up
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Table3 Lithium concentration in spring 2023 of samples from stored
food of brood chambers, freshly collected nectar in honey chambers
and harvested honey from colonies treated in summer 2022. Each
given as meanx standard deviation for the treatment groups. Numbers
of analyzed samples are given in brackets

Lithium [mg/kg]

Treatment  Brood chamber  Honey chamber  Honey
method

A2 54£24(r=9)  08£07(r=6) 010 (n=4)
A3 3.1£24 (n=10) 0.2£0.2 (n=5) 0.2£0.2 (n=4)
Discussion

Our field experiment demonstrated high efficacy of LiCl in
colonies with and without brood when applied by feeding in
syrup or candy. In the preliminary experiments in the year
2018 with broodless colonies, we already reached a mean
efficacy of more than 90% with both the syrup and the candy
application. We then decided to continue with the candy
treatment, because of the slower consumption by the bees
which enables a continuous flow of LiCl into the colony for
more than one week through a single feeding. The field test
with broodless colonies in the year 2021 revealed an even
higher efficacy of 98%, which was significantly different
from colonies treated with the standard formic acid Var-
roa control in the same apiary. This confirmed that the high
efficacy of LiCl, which had previously been demonstrated by
Kolics et al. (2021b) with the trickling method, can also be
achieved using a single application of 2.5 kg candy spiked
with 50 mM LiCl. The next field test with broodless colonies
in the year 2022 had only a 78% efficacy. Two reasons could
potentially have caused this significantly lower efficacy com-
pared to the 2021 study. First, we reduced the duration of
the treatment from 9 to 5 days to reduce the impact on brood
loss in the first subsequent brood cycle seen in the 2021
experiment (see below). But this shortened period was obvi-
ously not sufficient to achieve a high efficacy. Second, the
mean mite load per colony was 456 mites compared to 2129
in the year before and some colonies had less than 200 mites.
In colonies with relatively low mite numbers, the reinvasion
of mites in late summer and early fall (Frey and Rosenkranz
2014), a common occurrence in apiaries in this part of Ger-
many, can have a greater impact on the calculation of the
efficacy. Our experimental apiaries were not in the direct
vicinity of colonies managed by other beekeepers, however
even over a distance of 1.5 km an invasion of more than 100
mites per colony is possible (Frey et al. 2011).

Our repeated short-term LiCl treatments of colonies
with brood revealed an efficacy of 88% and confirmed the
results of former field tests with lithium salts in brood rear-
ing colonies (Stanimirovic et al. 2022), however at the cost
of high brood removal rates (see below). The efficacy of a

treatment is not the only important value, rather it is crucial
whether the LiCl treatments reduce the absolute number of
mites in all colonies below the economic threshold. This
economic threshold can be estimated in various ways such
as the natural daily mite drop or the infestation in sampled
adult bees. Jack and Ellis (2021) defined an infestation rate
of the adult bees of 2-3% as a general accepted economic
threshold. In our follow-up treatments directly after the LiCl
applications we killed an average of only 36-96 mites per
colony. With an average number of about 15,000-20,000
bees in our colonies at the end of September, this number of
mites represents an infestation of considerably less than 1%.
Therefore, we consider LiCl applications in late summer as
sufficiently effective to reduce the Varroa infestation below
the economic threshold, providing beekeepers with a highly
effective alternative treatment option once it is approved for
use.

Our analysis of honey bee crops and stored food for traces
of lithium demonstrated an even distribution of the active
ingredient lithium within the colony, despite food uptake
differing somewhat between colonies. This low variance
between colonies in the distribution of the active ingredient
lithium and the efficacy of treatment results in high levels
of treatment success throughout an apiary, which cuts down
on varroa reinvasion and potential transfer of mites between
strong and weak colonies (Giacobino et al. 2023).

In contrast to currently available varroacides, our appli-
cation method of LiCl takes advantage of the social behav-
ior of food sharing in bees, called trophallaxis (LeBoeuf
2017). This leads to a rapid distribution of the treatment
food throughout the whole colony (Crailsheim 1998; Nixon
and Ribbands 1952) with sufficient amounts of lithium to
kill Varroa mites in sampled bees within 48 h of application,
as demonstrated by the spike in the mite drop within two
days of LiCl administration (see Fig. 6). We always detected
substantially lower levels of lithium in the food samples than
in the crop of the sampled bees. In 2021, when about 1.7 kg
of a 50 mM LiCl candy was applied per colony, the maxi-
mum lithium content found in open food cells was 36 mg/
kg, whereas in the crop it rose to 131 mg/kg. In 2022, when
the feeding period was reduced from 9 to 5 days, the maxi-
mum lithium levels were somewhat lower, with similarly
low levels in food compared to bee crops as seen in 2021.
To produce honey from nectar or from a beekeeper applied
food source like syrup or candy, honey bees rework the food
source multiple times, before permanently storing it in a
cell (Park 1925). During this food processing, the bee’s ven-
triculus removes contaminations and excess water. Honey
bees also have the capacity to remove heavy metals from
collected nectar in the process of producing honey (Bor-
suk et al. 2021), which could help explain why we always
detected substantially lower lithium concentrations in stored
food compared to crop samples.
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As shown in previous studies, exposure to LiCl during
larval development can result in high brood mortality (Rein
et al. 2022). We thus paid particular attention to the survival
of the first batch of brood reared after release of the queen.
In 2021, the long treatment period of 9 days resulted in low
brood survival, most likely due to an overlap of applied LiCl
food and the presence of the first larvae. To avoid this loss of
brood, we shortened the treatment period to 5 days in 2022,
reducing the exposure of the sensitive early larval stages
to LiCl. Brood survival increased, but with high variance
in survival rates among the colonies. We assessed a sec-
ond brood cycle, which showed that there are no long-term
effects to brood survival from LiCl as was also observed
in 2021. This is also supported by the fact that 34 colonies
treated with LiCl (from all experiments) overwintered well
and only one colony died due to queen loss in fall 2022.
Thus, although we see a short time frame of brood loss
immediately after treatment, the colony then successfully
rears brood and does not suffer any population loss from
this brief interruption.

Other studies tested different LiCl applications in brood-
less colonies with even higher concentrations, but failed
to evaluate the aftereffects on brood reared post treatment
(Kolics et al. 2022). Stanimirovic et al. (2022) carried out
lithium citrate treatments in colonies with brood and stated
that there were no side effects observed during the year,
however the authors did not analyze potential carryover
effects of lithium citrate on brood directly after the treat-
ment applications. OQur experiments with repeated short-
term treatments in colonies with a free-roaming queen and
brood (A3) clearly confirm the low tolerability of honey bee
larvae for LiCl. The goal with this new application method
was to limit the contact of larvae to LiCl for a maximum
of 1-2 days by feeding the treatment repeatedly in small
amounts. However, this did not provide the desired reduc-
tion in brood loss. Both the first and second brood assess-
ment during application resulted in low survival rates and
so clearly a treatment with LiCl in colonies with brood is
only possible at the cost of lost brood during the application
period. As seen in our studies, the side effects on brood only
occur during and shortly after the period of the treatment
when lithium contaminated food is still circulating among
the nurse bees.

From our comprehensive studies on LiCl, we can con-
clude the following regarding efficacy, distribution of the
compound within the colony and side effects on brood for
the treatment of broodless colonies:

1. Asingle feeding of 2 kg of 50 mM LiCl candy kills more
than 95% of Varroa mites under field conditions when
exposure lasts 9 days. It could potentially be shortened,
but 5 days was too short to achieve the required 90%
efficacy for Varroa mite control.
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2. Side effects on the honey bee brood occurred only in the
first brood cycle laid directly after the end of the applica-
tion. If queens were released one week after treatment
cessation, these side effects could largely be prevented.

3. Our data on the concentration and distribution of lithium
within the worker bees of a treated colony indicate that
within 48 h lithium levels reach their maximum level
within the bee’s crop and remain elevated for the dura-
tion of the treatment. Even some days after the end of
the application the lithinm concentrations within the
crops of the bees should still be high enough to kill the
parasitizing mites.

These results suggest that a promising strategy for future
applications would be to start the treatment via candy one week
before the release of the queen, when the colony only contains
capped brood. The lithium concentration in the bees at the
time of queen release should be sufficient to kill the few mites
emerging with the last brood cells, yet subside to a harmless
level by the time the first larvae hatch from queen laid eggs.

The long-term circulation of lithium in colonies post
treatment and thus the potential risk of residue accumulation
in the honey must be investigated before lithium-salts can be
authorized as a varroacide. Lithium occurs naturally in some
honeys (up to 15.6 mg/kg) (Abdulkhaliq and Swaileh 2017;
Bogdanov et al. 2008; Conti et al. 2018; Tariba Lovakovi¢
et al. 2018), mineral water (1.7-1725 ng/l) (Seidel et al.
2019), and even other beverages like wine and soft drinks
(Seidel et al. 2020). We even found lithium at a concentra-
tion of 0.27 mg/kg in the Apiinvert® syrup sold as bee feed
on the German market. It is thus hard to define an acceptable
residue level, though the naturally occurring range in honey
suggests a higher limit than with other varroacide residues
is warranted. What is considered acceptable is currently
debated; Kolics et al. (2021a) found an increase in lithium in
uncapped honey directly after application but claimed a “full
recovery” by day 22 with a concentration below 0.25 mg/
kg. Yet they found a concentration of 22.4 mg/kg in the
ripe honey on day 28. In contrast, Stanimirovic et al. (2022)
found a significant difference of lithium in honey taken from
honey chambers of untreated colonies (0.018 mg/kg) com-
pared to 0.034 mg/kg from lithium treated colonies, which
is still far below the naturally occurring concentrations of
lithium in honey.

Another study detected lithium concentrations seven days
post-treatment between 0.05 and 0.9 mg/kg (Prefern et al.
2020). Our residue analysis of honey and stored bee food
was conducted in the spring of the following year, which was
almost ten months post treatment. We found lithium at rates
of 3.1 to 5.4 mg/kg in the stored food of the brood chamber.
Colonies were fed an additional 15-20 kg of sugar syrup post
treatment to provide them with enough winter food stores,
which must have diluted the lithium concentrations. In freshly

56




Veroffentlichungen

Parasitology Research ~ (2024) 123:67

Page110f14 67

made spring honey we harvested, we only found 0.1-0.2 mg/
kg lithium which is far below the natural occurring concentra-
tions. Our treatment method of feeding LiCl in candy does not
lead to undesirable residues in honey.

LiCl provides many advantages compared to current var-
roacides on the market. The most frequently used non-syn-
thetic varroacides in Middle and Northern Europe are cur-
rently formic acid in the summer and oxalic acid in the winter,
both of which require specific environmental or colony con-
ditions for high efficacy and good tolerability (Adjlane et al.
2016; Steube et al. 2021). Our new application method, unlike
these organic acids, allows the beekeeper to be independent
of environmental factors. Even though caging the queen, in
order to create a broodless period requires additional effort
and time, especially in large beekeeping operations like in the
USA or Canada, such caging is becoming more standard as
a method of integrated Varroa control (Biichler et al. 2020;
Gregorc et al. 2017; van der Steen and Vejsnas 2021). A brood
interruption not only has the advantage that all mites are forced
to reside on the adult bees, which makes them vulnerable to
varroacides, it also interrupts the mite’s reproductive cycle
which slows down this parasite’s population growth (Gabel
et al. 2023; Jack and Ellis 2021; Rosenkranz et al. 2010). In the
colonies with the repeated treatments where we allowed bees
to keep rearing brood, three times as many mites fell (compare
A3 with brood to A2 without brood in Table 2), even though
the natural mite drop before the treatment was similar in both
groups. Giacomelli et al. (2016) showed that queen caging
alone resulted in a 40% reduction of Varroa populations, but
should always be used in combination with a varroacide to
achieve sufficient mite mortalities. As LiCl is a natural salt, the
combination of queen caging and LiCl application could be a
treatment option for organic beekeepers, too. A comparison of
the additional workload generated by different summer brood
interruption methods showed that queen caging was one of the
least labor-intensive ones with no negative impact on colony
strength between the different methods (Biichler et al. 2020).
Rather, Lodesani et al. (2014) demonstrated that in Italy treat-
ments that include a brood interruption approach yielded the
greatest colony survival rate compared to alternative treatment
methods. A broodless period during late summer allows bee-
keepers to remove old combs and replace them with new ones,
reducing pesticide residues in the lipophilic beeswax, which
has been shown to have a beneficial effect on the productivity
of the colony (Berry and Delaplane 2001; Taha et al. 2021).

Conclusion

‘When caging the queen is integrated into a varroa treatment
strategy, the application of LiCl via candy feeding represents
an effective and “easy to apply” treatment due to its rapid
action and even distribution within a colony, regardless of

external weather conditions. The systemic mode of action
makes LiCl an attractive new varroacide that deserves more
attention and a communal effort to bring this new Varroa con-
trol tool to the market, where it can aid beekeepers in treating
infested colonies sustainably and keeping their bees healthy.
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2.5 From consumption to excretion: Dynamics of lithium in honey
bees (Apis mellifera) after the application of lithium chloride and

the time-dependent effects on parasitizing Varroa destructor

Publiziert in Pest Management Science
Abstract

BACKGROUND: Owing to its systemic mode-of-action and ease of application,
lithium chloride (LiCl) is an ideal varroacide for the control of Varroa
destructor infestations in honey bee colonies. To better understand how LiCl
functions within a colony, we screened different parts of honey bee anatomy
for lithium accumulation. We wanted to elucidate the time-dependent effects
of LiCl on V. destructor and its metabolism within honey bees when they were
fed continuous LiCl treatments, as well as evaluate potential adverse effects
such as accumulation in the hypopharyngeal glands of nurse bees, which

could negatively impact queens and larvae.

RESULTS: Cage experiments reveal rapid acaricidal onset, with >95% mite
mortality within 48 h of treatment. Bee hemolymph analysis supports these
observations, showing a rapid increase in lithium concentration within 12 h of
treatment, followed by stabilization at a constant level. Lithium accumulates in
the rectum of caged bees (<475.5 mg kg-1 after 7 days of feeding 50 mM
LiCl), reflecting the bees' metabolic and excretion process. Despite concerns
about potential accumulation in hypopharyngeal glands, low lithium levels of
only 0.52 mg kg-1 suggest minimal risk to the queen and 15t - and 2"-instar

larvae. Cessation of LiCl treatment results in a rapid decline in mite mortality in
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the first 5 days, which increases again thereafter, resulting in mite mortality of

77-90% after 10 days.

CONCLUSION: These findings help optimize LiCl application in colonies to
achieve high Varroa mortality without unwanted adverse effects and provide

important baseline data for future registration.

Rein, C., Griinke, M., Traynor, K., & Rosenkranz, P. (2024). From consumption
to excretion: Lithium concentrations in honey bees (Apis mellifera) after
lithium chloride application and time-dependent effects on Varroa destructor.

Pest Management Science. DOI: 10.1002/ps.8311
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From consumption to excretion: Lithium
concentrations in honey bees (Apis mellifera)
after lithium chloride application and time-
dependent effects on Varroa destructor

Carolin Rein,” © Markus Griinke, Kirsten Traynor and Peter Rosenkranz

Abstract

BACKGROUND: Owing to its systemic mode-of-action and ease of application, lithium chloride (LiCl) is an ideal varroacide for
the control of Varroa destructor infestations in honey bee colonies. To better understand how LiCl functions within a colony,
we screened different parts of honey bee anatomy for lithium accumulation. We wanted to elucidate the time-dependent
effects of LiCl on V. destructor and its metabolism within honey bees when they were fed continuous LiCl treatments, as well
as evaluate potential adverse effects such as accumulation in the hypopharyngeal glands of nurse bees, which could negatively
impact queens and larvae.

RESULTS: Cage experiments reveal rapid acaricidal onset, with >95% mite mortality within 48 h of treatment. Bee hemolymph
analysis supports these observations, showing a rapid increase in lithium concentration within 12 h ol treatment, followed by
stabilization at a constant level. Lithium accumulates in the rectum of caged bees (<475.5 mg kg™ after 7 days of feeding

50 mm LiCl), reflecting the bees' metabolic and excrehon process. Despite about in
yngeal glands, low lithium levels of only 0.52 mg kg™" suggest minimal risk to the queen and 1**- and 2""instar larvae. Cessa-
tion of LiCl treatment results in a rapid decline in mite mortality in the first 5 days, which i again gin

mite mortality of 77-90% after 10 days.

CONCLUSION: These findings help optimize LiCl application in colonies to achieve high Varroa mortality without unwanted
adverse effects and provide important baseline data for future registration.
© 2024 The Autt Pest Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Keywords: lithium chloride; metabolism; hemolymph; hypopharyngeal gland; Varroa destructor

1 INTRODUCTION In 2018, Ziegelmann et al.'* discovered that lithium chloride
(LiCl) mixed into a sugar syrup (Apiinvert®) and fed to caged bees
killed >95% of the introduced mites within 1-3 days, depending
on the concentration used. The substantial novelty of the LiCl
treatment is its systemic mode-of-action (MoA|)."" Currently all
registered varroacides kill mites through a contact MoA, whereby
either the mite has to come in direct contact with the compound
or the chemical is distributed over the body of the bees to the
mite.'>'® By contrast, feeding LiCl syrup results in a systemic
MoA, where the chemical is distributed within the bee’s body
and transferred to the mite during feeding. Using the natural food
transmission between honey bees called trophallaxis,' *'® the LiCl
food is distributed throughout the whole colony'® and all of the
mites in the dispersal phase feeding on the bees, are easily and

Since the mite Varroa destructor (Anderson & Trueman) infested
the western honey bee Apis mellifera (Linneaus), beekeepers have
had to treat their colonies with acaricides several times a year to
keep them alive. Left untreated, colonies typically die within 1-
3 years."” Unfortunately, all of the currently registered treatment
agents have one or more of the following shortcomings. On the
one hand, the efficacy of natural products such as organic acids
varies substantially with environmental factors such as
temperature,” the presence of brood and the time of the season.
On the other, synthetic acaricides may promote mite resistance™”
and entail the risk of residues accumulating in bee products.”™
The efficacy of currently available options is often insufficient™'®
and most beekeepers have to treat multiple times
(e.g. Varromed®'") or combine mechanical and chemical controls
in an integrated pest management (IPM) strategy.'”'® Both
options increase the workload and costs of treatment. Owing to
these inherent limitations, there is considerable demand for new
treatment methods to combat the Varroa mite. State Institute of Bee Research, University of Hohenheim, Stuttgart, Germany

* Correspondence to: C Rein, State institute of Bee Research, University of Hohen-
heim, D-70599 Stuttgart, Germany. E-mail: carolin.rein@uni-hohenheim.de

© 2024 The Author(s). Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

This Is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no medifications or adaptations are made.
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quickly exposed. Even though several researchers have confirmed
the high acaricidal effect of lithium,''® ? adverse effects such as
brocd loss have alse been reported.'*2? Little is known about how
bees metabalize lithium or how guickly and where it accumulates
in the hest tissues. Understanding these dynamics is crucial 1o
developing LiCl as a viable varroacide with minimal adverse
effects on the honey bee brood.

In previous cage experiments, it has been shown that con-
centrations of 25-50 mmw LiCl are well-tolerated by the bees
yeU highly effective in killing mites'® and might represent a
sultable concentration for Varroa treatment in the field."® To
understand the rapid onset of efficacy, we recorded the com-
mencement of mite mortality once we started feeding a
50 min LICl syrup in cage experiments where individual bees
were paired with individual mites. In a second cage experi-
ment, we investigated the duration of mite martality once LiCl
treatment has halted, We also quantified the lithium cancen-
trations in the bee's hemolymph and the rectum after differ
ent feeding perinds with LiCl sugar syrup that ranged in
duration from 6 h to 7 days. Hemolymph serves as a crucial
transport medium for nutrients, hormenes and waste prod-
ucts throughout the honey bee's body.””* Studying the lith
ium concentration in the hemolymph provides valuable
insights into the movement and distribution from initial
uptake by the bee via sugar syrup and how it spreads through-
outits body for potential transfer to the mites. In combination
with the observed mite meortality, we can define the lithium
concentration needed in the hemolymph to kill parasitizing
Varrea mites. We also guantified the lithium concentrations
in the rectum, the last part of the digestive tract,”® to under-
stand the metabolism and excretion of lithium by the bees.
Following the analysis of hemolymph and rectum, we also
investigated whether lithium accumulates in the hypopharyn
geal glands of 7-day-old nurse bees reared in LiCl colonies.
The accumulation of lithium in the royal jelly secreted by
these glands could pose a danger to bath the queen and the
young larvae, similar Lo pesticide residues,””7 and could be
an explanation of the observed brood loss during a LiCl treat-
ment in colonies.'*??

(A) '

(B)

Figure 1. (A} Small cages (40 mL equipped with a 19-mL feeding syringe
containing one bes and ane mite, used for the ‘onset of aclive effect” trial,
(8} Large cages {600 mL) equipped with wax faundlation and a 10-mL feed-
ing syringe, used for the ‘duration’ and 'build-up rate’ trial

2 MATERIAL AND METHODS
2.1 Origin of bees and mites
Apis mellifera carnica colonies were located in the local apiary of
the State Institute of Bee Research at the University of Hohen-
heim, Stuttgart, Germany (48° 42 31.8 " N, 9° 12" 375" E), in the
vicinity of the botanic gardens. Queenright colonies, headed by
healthy sister queens from the local breeding stock managed
by the State Institute of Bee Research, University of Hohenheim,
Stutlgart, Germany, were housed in polystyrene mini-hives Mini-
Plus’ with six frames per box. Each colony consisted of two to
three boxes, which held =3000-4000 adull bees. According
to the needs of the experiments, adult bees were directly sampled
from brood combs of untreated donor colonies (n = 3} and putin
cages to measure the ‘onset of efficacy’ and the ‘build-up rate” in
our two trials. For the longer lasting ‘duration’ trial and the ‘hypo-
pharyngeal gland’ experiment, we used newly emerged bees, as
the age of the bee is important in these experiments. We took
frames of emerging brood from untreated donor colonies
(n = 3] and transferred them to an incubator overnight [, 30 °C,
600 relative humidity (RH); Memmert GmbH, Schwabach,
Germany] The next day, the newly emerged bees were either
placed directly into cages for the *duration’ trial, or marked with
@ queen marking pen and released back into the test colonies
(rr = 3 / treatment] for the *hypapharyngeal gland' trial. All exper-
iments were carried out in 2022. The 'hypopharyngeal gland” trial
was repeated in 2023

The sugar shake method?* was used 1o abtain viable female V.
destructor mites for the cage trials. Highly infested colonies out-
side of the experimental apiary, which had not received winter
treatment against Varroa, were used as mite donors. After the
sugar shake, the mites were washed with lukewarm water and
placed on a damp cloth. Only mites that showed normal move
ment upon being touched with a brush were used in the trials
and placed on bees in the cages. Upon introduction, all mites
immediately altached to the bees and were subsequently
observed on differant parts of the bees during the daily mortality
check, as they are free-moving. The subsequent mavements of
the mite on the bee were not recorded,

22 Cage trials
2.2.1  Onset of efficacy on mites

The onset of the active effect of LiCl on mites was evaluated in
cage trials consisting of 40-mL containers [Rotilabo®; Roth, Karls-
ruhe, Germany; Fig. 1(A4)]. A single bee was employed in each cage
to assess the direct effect of LI feeding on the mite. The con-
tainers were sealed with breathable pantyhase that was secured
with rubber bands instead of a plastic lid. A hole was drilled into
the containers and a 10-mL feeding syringe (Injekr®; Roth) was
inserted. The syringes were filled with Apiinvert® sugar syrup
(Suedzucker Group, Mannheim, Germany) spiked with 50 mi LiCI
(> 99.9%, p.a., ultra-quality; Roth). This concentration has been
shown to he effectiva for treating mites in brood-free colonies.’”
To reach Lhis cancentration, we mixed 2,12 g of LiCl-salt in 1 L of
syrup. Syringes of centrol cages were filled with pure Apiinvert®
syrup. We placed one hive bee taken directly from a MiniPlus
brood frame and one mite into each cage, which was then placed
into an incubator (. 26 °C, 60% RH; Memmert GmbHJ™ for the
observation period. The mortality of the mites was recorded after
12 h, 24 h and 48 h. After 48 h, the cages were frozen at —20 "C
and the bees were checked for mites to ensure that before freez-
ing, the mite was still alive and in the cage at the end of the
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expefiment. Cages in which the bee died or the mite was nat
found dead during the trial or was not found en the bee after
48 h were excluded from the analysis.

222 Duration of mite mortality

In order Lo assess the duration of the active effect of LiCl an miles
following a change in diet from lithium to control sugar syrup, we
used 600-mL plastic containers [Lock and Lock®. Framkfurt,
Germany; Fig. 1(Bj]. We attached a strip of pure beeswax founda-
tion (B cm x 3.5 cm) in the middle of the container. The cages
were sealed with pantyhose and equipped with 10-mL syringes
(Injekt*; Roth). Newly emerged bees (n = 35 + 1] were transferred
into cages and placed in an incubator (28 °C, 60% RH; Mem-
mert)* Baes were fed for 48 h with 50 mum LiCl syrup {212 g
LiCl-salt / litre), then the diet was changed to pure sugar syrup
(Apiinvert?). Female V. destructor mites {n = 11) were introduced
into the cage at different time intervals after switching from Licl
syrup to sugar syrup (Fig. 2). For each time interval {0 h, 24 h,
48 h, 72 h and 96 hi four cages were used. Bees in the control
group were fed with sugar syrup over the whale obsenvation
period. Mite mortality was documented daily after mite introduc-
tion and dead mites were removed. Additionally, the cages were
checked for the presence of any dead bees, which were not
counted. Upon removal, the bees were found to be free of mites,
The cages were frozen at —20 *C 10 days after mite introduction
and the remaining mites on bees were counted.

2.23  Build-up rate of ithium in hemolymph and rectum
This experiment aimed to understand the distribution of lithium
within the haney bee body and the pathway lithium could take
1o reach mites feeding on these bees. To assess the rate of diges-
tion and how quickly the lithium is excreted, we analyzed the con-
centration of lithium in both the hemolymph and the rectum. We
exdlusively measured the lithium levels in the samples since the
chloride anion has no effect on mite mortality.'*

Adulthoney bees (1 = 50 + 2) were keptin 600-mL cages [Fig. 1{B)]
in an incubator at 28 "C and fed ad libitum with 50 mu LICl syrup

Time until mite introduction

24 48 72 96 120 144
Feeding time until mite introduction ]

. Lic! syrup @ e inodustion

Figure 2. Feeding plan for caged bees and tme until mite intraduction.
Bees {n — 35 + 1) were fed with 50 mw LiCl for 48 h (n — 4 cages / group),
then the diet was changed to sugar syrup. Varren destructor mites {n = 11
Joage) were introduced into the cages either directly after LiCl feeding
czased (0 h} or at different time intervals during the sugar syrup feeding
(2496 h). The group names indicate the time intervals between the
switch to sugar syrup and the introduction of mites. After the mites were
introduced, feeding with sugar syrup continued until the end of the
10-clay observation period. The bees in the contral group were fed with
sugar syrup over the whole observation period, before and after mite
introduction

Sugar syup

until hemaolymph extraction and dissection of the rectum, with
samples taken for different feeding perieds (Table 1). Eight cages
were used for each feeding period, resulting in a total of
104 cages.

At the end of the defined feeding period, the bees were anaes-
thetized with CO; for 5 min. All dead bees were removed before
hand. Wings were removed and a slit was cut with a small scissor
into the 3* abdominal tergite of the bee into the dorsal sinus
[Fig. 3{AJ]. Then a 10-pL capillary pipette (ringcaps*; Hirschmann,
Eberstadl, Germany) was gently pressed against the abdamen
[Fig. 3(B)]. Owing to capillary farces, 5-6 pL hemolymph per bee
could easily be extracted. The hemolymph from 40 + 5 bees per
cage were pooled to reach a sample velume of 200 L. Fer the rec-
tum samples, another 5-10 bees per cage were used to gain a
sample volume of 200 pL. The rectumn can be easily exposed by
pulling the stinger with forceps [Fig. 3(CJ]. The concentration of
lithium in both hemolymph and rectum was analyzed using
inductively coupled plasma-mass spectrometry [ICP-hS).

2.3 Semi-field trials

2.3.1  Lithium in iypapharyngeal glands of nurse bees

In order to determine whether LiCl exposure causes lithium to
accumulate in the hypapharyngeal gland {HPG) of nurse bees,
we conducted semi-field trials in which yeung bees were reared
in different test calanies far 7 days 1o develop HPGs in the pres-
ence of brood. ™'

Alrame of newly emerging bees fram one of the donor colonies
was placed in an incubator overnight (30 *C, 60% RH; Memmert).
The next day, the newly emerged bees were marked en the thorax
with a queen marking pen {Posca) and then released into test col-
onies (n = 3/ treatment / year). The colonies were either fed with
2L control sugar syrup {Apiinvert®) or LiCl syrup {Apiinvert™
spiked with 25 mu LiCl, which refers to 1.06 g LiCl-salt L") which
was applied once on the day of bee release into colonies. This
lower concentration of 25 mu LiCl has been used in previous
experiments evaluating the effects of LiCl on brood develop-
ment.”? After 7 days, the marked bees were collected from the
colonies and stered in a freezer at —20 “C until dissection of
the HPGs.

For dissection, bees were defrosted, decapitated and the head
was pinned down in a wax petri dish filled with deionised water.
With a scalpel we cut between eyes and forehead and gently
pulled with forceps on the exoskeleton to expose the HPG
[Fig. 4(AJ]. The glands frem 10 bees were pooled into a 200-uL
tube for later analysis of lithium concentration with [CP-MS. In
total we dissected 120 honey bees from control colonies (n = &)
and 110 honey bees from LiCl colonies (n = &) in two consecutive
years (n = 3 colonies / treatment / year). In the 2" year, we addi
tionally dissected the haney stomach {crop} fram the same bees
for lithium analysis, to clarify whether they consumed LiCl-food.
To dissect the honey crop, the abdomen was gently pulled with
forceps while holding ento the thorax. This results in the crop
being exposed [Fig. 4{B)]. Here, in total 80 control bees and 60 LiCl
bees were dissecled, Again 10 bees were pooled per sample.

2.4 Lithium analysis with ICP-MS

The samples were first weighed and then put into glass tubes to
which nitric acid (HNOz: 2 mL) was added. The tubes were then
filled with double-distilled water to reach a final volume of
16 mL. The mixture was homogenized using a vortex. Microwave
digestion was performed using an Ultra Clave Il (MLS
Mikrowellen-Labor-Systeme GmbH, Leutkirch, Germany), with

Pest Manag Sei 2024

2024 The Author(s].

wileyonlinelibrary.com/journal/ps

Pest Management Science published by John Wiley & Sens Ltd on behalf of Society of Chemical Industry,

65




Veroffentlichungen

et
R

WWW.SOCLOTE

C Rein et al.

Table 1.
period)

Feeding period with LiCl until extraction

Feeding periads of caged bees {1 = 50 + 2) with 50 miw Licl syrup until extraction of hemalymph and recium (n = 8 cages / faeding

&0 h 72h 96 h 120h 144 h 168 h

Figure 3. txtraction of hemalymph and rectum: (A) cutting Into 3 terglla of the abdomen, (B} pressing capillary pipette against abdomen to extract

hemolymph and (G} exposing rectum by pulling the stinger with forc

.
!

Figure 4. Dissection of the hypopharyngeal gland (A1 and honey stomach (crap) (3 of a 7-day-old nurse bee.

the temperature gradually increasing from &0 *C to 200 °C at
900 W and 100 bar. The samples were analyzed using ICP-MS
(NexiON 300 X; PerkinElmer, Waltham, MA, USA) after being
coaled and diluted. Calibration was performed using a multi-
element standard selution (Merck KGaA, Darmstadt, Germany)
prepared with double-distilled water and HNO, at concentrations
of 0.1, 02,1, 10 and 20 ug L ', An internal standard of CertiPUR
Rhodium ICP standard solution (¢ = 1800 mg L™ Rh; Merck KGaA,
Darmstadt. Germany) was used [limit of guantification {LOQ)
<0025 mg kg 'L

2.5 Statistics

The collected data were statistically analyzed using the programs
JMP Pral 7 and IBM SPSS Statetics 27. For the ‘onset of efficacy” trial
we used a * test to compare the groups, The survival probability
of the mites in the ‘duration’ trial was analyzed using a Kaplan-
iMeier test with painvise log-rank and a Bonferreni correction for
multiple comparisons. To analyze the increase in lithium concen-
tration in hemelymph and rectum samples over time, we fitted

quadratic polynomial curves with least-squares and tested their
slope and curvature. We also compared the mean value per feed-
ing period with the mean value of the follawing feeding period to
analyze significant increases using an ANOVA with pairwise
Tukey's honestly significant difference {HSD) test and Bonferroni
carrection. We tested the lithium concentration in both the honey
crop and HPG fer normal distribution using the Shapiro-Wilk test.
As the data had nonparametric properties, we used the Mann—
Whitney U-test to compare the groups,

3 RESULTS

3.1 Onset of efficacy on mites

Within 12 h of feeding individual bees with 50 mm LiCl syrup, 38%
of the introduced mites were dead an the cage floar (Fig. 5). After
an additional 12 h, an additional 40% of the mites were killed.
Overall, 95% of the mites died within the first 48 h after com-
mencing the LiCl treatment, significantly higher mortality than
in the control group [f{]) = 14772, P< 0001]. In the control
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Killed V. destructor within

m0-12h 13-24h =26-48h malive after 48 h
Cantrol
ey e
50 mi LiCl
ey 7
% 20% 40% 0% B80% 100%

Figure 5. Timing of Varroa destructor mortality owing to the active effect of LiCl after application via feeding. Individual cages with one honey bee and
one mite were fed with 50 mu LiC] syrup. Bees in the control graup were fed with pure sugar syrup. Mite mortality was recorded after 12 h, 24 hand 48 h.
Remaining mites on bees after 48 h were identified as ‘alive’. Number of mites used per group are given in brackets. The »2 test revealed significantly
higher mortality in the treatment group compared to control [(3} = 142.72, P < 0.001]

graup only 16% of the mites died within the whele observation
period while 84% survived till the end of the cage trial. Two bees
from the LiCl graup were excluded from the analysis as they died
during the trial.

3.2 Duration of mite mortality
In this experiment, 24 cages containing a total of 820 bees and
254 miles were examined lo assess the duration of the active
effect of LiCl on the mites after the diet was changed to pure sugar
syrup.

iite mortality in the control group was the lowest at 3-4% per
day. resulting in a total survival probability of 77% at the end of
the experiment (Fig. ). Mites placed directly on the bees at the
end of LiCl feading (0 h) had the highest mortality rate with 88%
of the mites dying within the first day. In subseguent days, mites
continued to die in these cages, and within 5 days the maximum
mortality rate of 98% was reached, differing significantly from all
other LICI groups and the control group (P < 0.001, log-
rank; Fig. 6)

An interval of 24 h from the cessation of LICl feeding and the
introduction of the mites into the cages significantly reduced
the miticidal effect of LiCl. In this group only 36% of the mites died
during the first 5 days, thus significantly differing from the 0 h

group P < 0.001, log-rank until Day (D15] but nat from the control
group {P = 0.852, log-rank). However, during the following days,
the mite mortality of this 24 h group increased, resulting in an
overall mortality rate of 86% measured on D10, which was signif-
icantly higher than that of the control group (P < 0.007, log-rank).
A similar course of mite mortality was observed in the groups with
longer intervals from diet change to mite introduction of 48 h,
72 hand 96 h. Inall of these test groups, no significant difference
was observed compared to the control group up te DS, thereafter
the mite mortality increased and at the end of the 10-day obser-
vation period, all LiC| groups had a significant lower survival prob
ability than the contral group (P < 0.001, log-rank).

3.3 Build-up rate of lithium in hemolymph and rectum

The concentration of lithium in the extracted hemolymph
increased after the start of LiCl feeding, with a significant
difference between 6h {05+0.3 mgkg '} and 12h
{52 + 32 mg kg~') of feeding (P — 0.034, Tukey's HSD test; Fig. 7).
After 24 h and 48 h the lithium concentration was 7.1 = 1.7 and
84 +21mgkg™, i The lithium ion at 12 h
did not differ significantly from later time periods, indicating that
as of this time point there was no significant accumulation of lith-
iwm in the hemolymph (7 =1, Tukey's HSD lesl). The highest

10 ! Time until mite introduction
: _ ar ~MContral
~Moh
I—l—| 24h
0.8 ! 3 agh
E al n7an
2 o5 ; 96h
£ !
3 04 i
£ : -
0.2 ' b
i I
0.0 — ¢
0 1 2 3 4 5 6 7 8 9 10
Day

Figure &. Duration of active effect of LiCl on Varroa destructor after diet change (feeding plan in Fig. 2). Ghservation of mite martality started after the
introduction of the mites an Day 0. Bees (n = 35 + 1) were fed for 48 h with 50 mu LiCl syrup, then the diet was changed to sugar syrup. Mites
in = 11) were introduced into each cage after ime intervals of O b, 24 h, 48 h, 72 h and 96 h after diet change (n = 4 cages / group. Bees in the control
group received sugar syrup over the whale observation period, Mortalily of mites was documentesd daily, Kaplan-Meier survival analysis with pairwise
comparison showed significant differences between the groups, as indicated by different letters. Lag-rank test {w = 005) with Sonferrani correction
was canied out for the first 5 days and over the whole observation period of 10 days.
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Figure 7. Lithium concentration in hemolymph and reclum extracted after different feeding periods from 6 h 1o 168 b Filty bees were fed with 50 mmn

Licl in cages, n =8 cages per feeding periad, zach given as mean + 50. Asterisks indicate

nificant differences between two consecutive feeding

periods (¥, P < 0.05: %, £ < 001; **%, < 0001 (Tukey s H3D testl]. Polynamial fit revealed a significant effect of the feeding periad an lithium concentra-

tions for the reclum samples (7 < 0.001), which continued Lo accumulate higher ¢ Lrali

of lithium

the feeding experirient. Hemo-

Iymph samples increased significantly at 12 h, but then remained at steady-state. Note thal the y-axes are thus of different scales for rectum and

hemalymph samples.

lithium concentration was measured after 96h with 114
= 6.9 mg kg™ Palynamial fitting, used ta leok far significant differ-
ences over a factor such as time, did not reveal any significant effect
of the feeding period on lithium accumulation, indicating a steady
state of lithium in the hemolymph throughout all feeding periods.

In comparisan, we measured twice as much lithium in the rec-
tum samples within 12 h of commencing the feeding, a concen-
tration of 12.2=11.9mgkg . In the rectums, the lithium
accumulated continuously, with a significant effect of the feeding
period on the concentration (P < 0.001, polynomial fit]. There
were significant increases in lithium concentrations after 72 h,
120 h and 144 h of feeding (P < 0.001, Tukey's HSD test; Fig. 7).
The maximum concentration of 4755+ 1034 mgkg™' was
reached after 168 h of LiCl feeding.

3.4  Lithium in hypopharyngeal glands of nurse bees
within honey bee colonies

In this semi-field experiment, feeding LiCl syrup at a cancentra
tion of 25 mu Lo colonies resulted in an average lithium con-
centration of 0.52 + 0.3 mgkg ' in HPG of 7-day-old nurse
bees {Table 2. In the heney crop of these bees, we determined
an average lithium concentration of 58.1 = 11.8mgkg ',
which is =100-feld higher. In the control colonies, seven of
12 HPG samples from nurse bees reared without LiCl feeding
were below the LOQ {< 0.025 mg kg "), whereas in the other
five samples concentrations of 0.09-0.335 mgkg™' were
detected. The average concentration of lithium in sam ples
was 0.09 + 0.1 mg kg~ and thus significantly lower than the
LiCl group {P < 0,001, Mann-Whitney U-test, Table 2). A similar
pattern was seen in the honey crop of contrel bees, which had

an average lithium concentration of 4.07 + 1.3 mg kg™, signif.
icantly lower compared te LICI hees (P=0.0024, Mann-
Whitney U-test).

4 DISCUSSION

The acaricidal effect of lithium salts, specifically lithium chloride,
on V. destructor has been demonstrated by multiple independent
research groups“”'*** and has been confirmed even under
realistic field conditions with different concentrations and appli-
cations.'*”™* Unlike any other treatment currently available, LiCl
has a systemic MaA and can be mixed into sugar syrup and

Table 2. Lithium concentration in hypopharyngeal glands (HPG)
and honey crops of 7-day-old nurse bees from colonies fed with
25 my LICl syrup or contral colonies, fed with sugar syrup.

Lithium (mg kg™

Origin of nurse bees HPG 4= Crop*

Licl colonies 052+03{n=11)

009+01(n=12

5B+ 118 (=6

Control colonies 407+£13In=8)

Values are given as mean £ SD, number of analyzed samples are given
in brackets, Samples were analyzed with inductively coupled plasma-
mass spectrometry (ICP-MS), values below the limit of quantification
(0025 mag kg ™) were included in the calulation with a value of
2025 mg kg . Significant differences between Licl and control colo-
nies within the sample group are indicated aslerisks

(***P 2 0.001 and **7 = 0.0024, respectively: Mann-Whitney U-test).
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applied by feeding to bees. This simplifies the possible use as a
veterinary medicine and ensures the efficacy is independent from
environmental factors such as the weather. Because treatment of
V. destructor by a systemic MoA is a new approach for varroacides,
the details of how quickly it acts when fed as a syrup solution were
unknown. Two key questions must be answered to establish an
effective treatment plan: (i) How long does it take from commenc-
ing LiCl feeding of the bees to the death of the mites? And (i) How
long does the active effect last once the LiCl application is ceased?

In our first experiment, we determined the duration required to
achieve a lethal LiCl concentration for mites in the honey bee. We
specifically used individual bees paired with a single mite to
determine the onset of efficacy, as larger groups of individuals
could influence the dynamic of food distribution and transmis-
sion. These cage experiments showed a strikingly fast onset of LiCl
induced mortality on V. destructor mites via honey bee feeding.
Almost 40% of the mites were killed within 12 h, this mortality
reached 80% by 24 h and within 48 h over 95% of the mites were
dead. Both Ziegelmann et al.'"" and Stanimirovic et al?' showed
that in bigger cages with 50 bees and 25 mites it took >4 days
to reach a mite morality of >95%, however they used half the LiCl
concentration of our experiment.

Our hemolymph extracted from bees fed a 50 mm LiCl syrup
clearly demonstrates that the lithium concentration increases rap-
idly once feeding starts and then plateaus after 12 h to a steady
state, Despite continuous feeding of LiCl syrup, an equilibrium is
reached within the bee between the uptake and catabolism of
lithium in the hemolymph. Other studies with different sub-
stances have demonstrated that the metabolism of bees could
be even faster. For example, the toxins amygdalin and quinine
were detected in bee hemolymph extracted just 1 h after feeding
it to the bees.**

We measured the lithium concentration in the hemolymph of
the host bees, although Ramsey et al.** described the fat body
as the primary nutrient from their hosts for dispersing V. destruc-
tor mites. We chose hemolymph for several reasons. (i} The extent
to which hemolymph or fat body provides the crucial nutrition for
the parasitizing mites remains controversial. Recently, Piou et al.**
succeeded in rearing Varroa mites for long periods of time under
in vitro hemolymph feeding conditions and mentioned that ‘we
do not know whether the necessary nutrients come mostly from
lysed hemocytes or fat bady cells or directly from molecules circu-
lating in the hemolymph’. The authors suggested that Varroa
mites consume both hemolymph and fat body cells. Meanwhile,
Han et al.” showed through biostaining and proteomic analysis
that the life history stage affects the proportion of hemolymph
and fat body in the Varroa mite's diet. (ii) As mentioned in the
introduction, the hemolymph is the transport medium in
the honey bee's body and the intention of our experiments was
to follow the path from the uptake of lithium by the bee in the
gut to its transfer to the mites that feed on these bees. The fat
body is also bathed in hemolymph, which is important for the
secretion and absorption of molecules between the tissues and
the circulating fluid.*® (iii) We have established a method for sep-
arating the hemolymph and fat body of adult bees (Grinke M,
unpublished), but this method is extremely time-consuming and
not suitable for serial analysis and sampling in the quantities
required for the ICP-MS method. However, a first comparison of
the lithium concentration in fat body and hemolymph after
3 days of feeding 50 mwm LiCl to adult bees showed an almost
identical lithium concentration of ~11 mg kg™". Irrespective of
the proportion of hemolymph and fat body consumed by the

Varroa mite, the hemolymph data should be sitable to reflect
the miticidal threshold of lithium concentration in the bee body.

Owing to the rapid effect of the consumed lithium on the para-
sitizing mites — 38% mortality after 12 h and 95% after 48 h — we
could here for the first time quantify the threshold needed to
induce mortality. A concentration of 5-8 mg kg™ lithium in the
hemolymph is sufficient to kill mites that parasitize these bees.
This is an important parameter for the development of lithium
applications in full-sized colonies under field conditions. To
achieve a 95% acaricidal efficacy, the concentration, dosage and
composition of lithiated food should be designed so that the
majority of bees in a colony achieve a hemolymph concentration
of >5 mg kg™ for ~48 h.

Our bee rectum samples show that the concentration of lithium
in the rectum rises with the duration of feeding. In contrast to the
hemolymph, there is a continuous increase without a steady state.
After just 12 h, the concentration of lithium in the rectum at
122 mgkg™" is twice that in the hemolymph, and peaks
at 475 mg kg ™" at the end of the experiment on D7 of feeding.
As caged bees do not defecate, waste products, including lithium,
accumulate in the rectum over time. We cannot exclude that the
absence of defecation in cage trials may have slightly influenced
the lithium build-up in the hemolymph due to the absorption of
some water and salts through the rectal pads.>> However, the con-
tinuous increase in lithium concentration over the week suggests
that there is no particular absorption of LiCl from the rectum to
the hemolymph. More important, the accumulation of lithium in
the rectum is a useful result, as it means that the lithium is contin-
uously metabolised and then excreted outside the colony by the
bees, ensuring that it does not accumulate when applied to
free-flying colonies. A similar course was shown by Du Rand,*
who fed nicotine nectar to caged worker bees and measured
the concentration of nicotine and its metabolites in the hemo-
lymph, digestive tract and rectum over time. Nicotine concentra-
tion decreased in the crop, remained constant in the hemolymph
and increased in the rectum,*® mimicking what we saw with lith-
ium in our study.

Our knowledge of the lithium metabolism in insects is generally
poor. We can only speculate which physiological factors contrib-
ute to the here observed dynamic of uptake, degradation and
excretion of lithium. First, food is ingested and temporarily stored
in the honey stomach (crop). It then enters the midgut through
the proventriculus.”" It is likely that the epithelial cells located in
the midgut absorb lithium and carry it to the hemolymph, while
the Malpighian tubules clean the hemolymph by removing waste
metabolites and toxins.*® A similar working hypothesis of lithium
homeostasis has been described by Jans et al.* in the model
organism Drosophila melanogaster. In honey bees, the detoxifying
system consists of enzymes such as cytochrome P450 monooxy-
genases, which are responsible for the metabolism of toxins such
as drugs, pesticides or chemicals,""* and other xenobiotics
such as lithium. The constant exchange of the hemolymph with
the surrounding tissues, together with this enzymatic detoxifica-
tion activity might allow for the steady state of the lithium con-
centration in the hemolymph, but also the accumulation in the
rectum.

Oursecond cage experiment on the duration of the active effect
of LiCl on mites is consistent with this assumption of lithium
metabolism, showing that the active effect decreases rapidly
when LiClfeeding is halted. A 24-h interval between the cessation
of LiCl feeding and introduction of mites into the cages signifi-
cantly reduced and delayed mite mortality, whereas most of the
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mites placed directly on bees after the diet change (0 h group}
died within a day. This can be explained by (i) the dilution of lith-
ium in the hemolymph once bees can feed on pure sugar syrup
and (ii) the fast metabolism of the bees, as explained above. The
hemolymph data from the build-up trial illustrates that within
12-18 h the concentration of lithium remains widely stable with
ad libitum feeding. Nevertheless, switching to a lithium-free diet
results in a clear and rapid stop of mite mortality, at least for the
first 5 days after ceasing the lithium feeding. With this change in
diet, the concentration of lithium in the honey bee seems to be
reduced below the threshold of 5-8 mg kg™, as otherwise we
would see high levels of mite mortality (see above). However,
there must still be a small amount of lithium circulating in the
bee's body, sufficient to cause a kind of chronic effect on the mites
that feed on these bees for >5 days, as mite mortality increases
with longer observations. The caged bees did not have a chance
to defecate inside the cages, and therefore could not excrete
the accumulated lithium. To complement our build-up analysis,
it would be helpful to have clearance rates for lithium. This would
answer the question of how long lithium remains in crops, hemo-
lymph and rectums once LiCl syrup feeding is halted.

Our data demonstrate that to function as a rapidly working var-
roacide, LiCl needs to circulate through full-sized and free-flying
colonies for 248 h with the aim of establishing a steady-state con-
centration of >5 mg kg™" in the hemolymph, which should result
in 95% mortality of mites. However, it is important to remember
that this only applies to broodless colonies where only mites in
the dispersal phase are present, and that in colonies, unlike cage
trials, there are options for food storage and additional external
food sources, which are likely to dilute the LiCl food applied. Fur-
therfield experiments should therefore focus on how to distribute
LiCl food quickly and effectively in a large colony of >10 000 bees.
The social exchange of food, called trophallaxis, is crucial for the
rapid spread within a colony.'”"®

From a prior field experiment, we know that during a 5-day
treatment with 50 mw LiCl candy, lithium was detected in the
honey crop of pooled bees, sampled from the center of the col-
ony, as early as 1 day postapplication.'® However, this 5-day treat-
ment with 50 mw LiCl candy was only able to kill 77.5% of the
mites, whereas a prolonged treatment of 9 days with the same
concentration killed >98%.'? It is likely that under field conditions
a major part of the crop content will be stored in food combs and
only a small part will be consumed and digested by the bees. To
clarify this, field experiments on LiCl application should be com-
bined with hemolymph analysis from individual bees engaged
in different tasks and collected from different parts of the hive
over numerous time points during a LiCl treatment trial. Such
approaches would provide more insight into how widespread LiCl
treatments are shared within a colony, and allow adaptations of
treatment intervals to achieve a faster and better distribution
of lithium.

Another possible way to reach higher lithium concentrations in
a shorter timeframe in the treated bees is to increase the applied
LiCl concentration. Kolics et al.*? found that by trickling 40 mL of a
500 mm LiCl solution in brood-free colonies, mite mortality
reached 797% within 3 days; this increased to 97.3% with
repeated trickling. Although their colonies were broodless at the
time of treatment, subsequent brood viability was not assessed.
Rein et al.'® demonstrated that a 50 mm LiCl concentration
resulted in high removal of honey bee brood, probably because
LiCl food is temporarily stored in combs, then mixed with worker

and royal jelly and used for larval feeding. Therefore, it is question-
able whether a 10-fold greater concentration, such as 500 mw, is
safe for the bee brood. It is also unclear if the amount of LiCl used
during a trickling treatment is sufficiently low to prevent accumu-
lation in the bees or hives, which could potentially harm the bee
brood.

This study aimed to investigate whether lithium accumulates in
the HPG of nurse bees reared in colonies with LiCl treatment. The
accumulation of Lithium in HPG could pose a risk to young larvae
and the queen if the worker and royal jelly becomes contami-
nated. Our ICP-MS analyses showed that the HPG had the lowest
lithium concentration of all bee organs and fluids which we inves-
tigated, with 0.09 mg kg™ in bees from control colonies and
052mg kg~" in bees from LiCl-treated colonies. Analysis of the
crop samples from the same bees confirmed their LiCl consump-
tion. As we did not perform a wash of the extracted HPG before
analysis, the slightly higher lithium concentrations in the samples
could be a consequence of slight contamination with lithium from
the hemolymph or other parts of the head, where for example,
concentrations of <80 mg kg™ lithium have been found.™ still,
the lithium concentration in the HPG is very low and only 5% of
that found in the hemolymph. Additionally, we found low concen-
trations of lithium in the crop of bees from the control colonies,
which could be attributed to robbing, as the colonies were
located next to each other in the same apiary. Nevertheless, when
considering the data from Rein et al.> which shows only traces of
lithium in 2-day-old larvae, and Kolics et al.* which detected no
lithium in the queens, it can be assumed that a LiCl treatment
does not contaminate the worker or royal jelly to an extent that
could cause damage to either queens or young larvae which are
exclusively fed with jelly from the HPG. The use of stored LiCl food
incorporated into the brood food fed to older larvae could result
in brood loss during treatment in free-flying colonies,'® should
be prevented. Without strategies to minimize brood exposure,
the use of lithium in brood-rearing colonies cannot be
recommended.

5 CONCLUSION

LiCl has excellent potential as a new treatment for honey bee col-
onies infested with V. destructor. Our findings indicate that LiCl is
effectively consumed by the bees, reaching a miticidal concentra-
tion in the hemolymph within 12-24 h of commencing to feed
the treatment and resulting in the death of >95% of the mites
within 48 h. Low concentrations were detected in the analyzed
HPG, making such treatments presumably safe for the queen
and young larval stages, which are fed exclusively on the secreted
jelly. In addition, the metabolism of bees results in a rapid deple-
tion of lithium in their bodies, which minimises any potential
long-term effects.
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3  Diskussion

3.1 Diskussion der verwendeten Methoden

Fur die Beantwortung der Fragestellungen dieser Dissertation wurden sowohl
Kafigversuche, als auch Freilandversuche an Kleinvolkern (,Mini-Plus”) und
Wirtschaftsvolkern durchgefiihrt. Dabei kamen standardisierte Methoden zum
Einsatz, welche im internationalen ,Coloss Beebook” beschrieben sind
(Dietemann et al. 2013; Human et al. 2013; Williams et al. 2013). Diese Literatur
ermoglicht es Bienenforschern weltweit, Experimente nach denselben
etablierten und validierten Methoden zu planen. Dadurch k&nnen
reproduzierbare und valide Daten erhoben werden. Im Folgenden sollen kurz
die verwendeten Methoden kritisch diskutiert und ggf.

Verbesserungsvorschlage fiir weitere Experimente gemacht werden.

3.1.1 Kafigversuche

Die Ké&figversuche dienten in erster Linie dazu, Versuche unter standardisierten
Grundbedingungen durchzufiihren. Hierzu gehorten eine definierte Anzahl an
Bienen und Milben, welche in einen Kafig gesetzt und anschlieBend in einen
Brutschrank mit konstanter Temperatur gestellt wurden. Es war auch méglich,
die Konzentration und Dauer der LiCl-Fitterung einzustellen und je nach
Experiment anzupassen. Auf diese Weise konnten die direkten Effekte auf die
Varroamilben genau erfasst und klare Aussagen ber den Wirkeintritt und die
Wirkdauer von LiCl nach einer Fltterung an die Bienen getroffen werden.

Ebenfalls konnten die Bienen aus den Kafigversuchen nach unterschiedlichen
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FUtterungsperioden prapariert und analysiert werden, um Fragen zur

Verteilung und zum Metabolismus von Lithium in der Biene zu beantworten.

Die in den Kafigversuch verwendeten Milben wurden mit der Puderzucker-
Methode nach Dietemann et al. (2013) aus stark befallenen Volkern
gewonnen. Mit dieser Methode werden nur die auf den Bienen sitzenden
Milben gewonnen, wodurch sich das Alter und der Status der Milben
unterscheiden kann. Es kann zum Beispiel nicht differenziert werden, ob die
Milbe gerade eine Biene parasitiert hat, frisch aus einer Brutzelle geschliipft ist
oder dabei war, einen neuen Reproduktionszyklus zu starten. Dadurch kdnnte
sich folglich der Ernahrungszustand der verwendeten Milben unterscheiden.
Besonders in den Kafigversuchen, bei denen die Mortalitat der Milben erfasst
wurde, kénnte dies dazu gefiihrt haben, dass Milben, die kurz zuvor Nahrung
aufgenommen hatten, erst spater mit der Parasitierung an der Biene
begonnen haben und somit die Aufnahme von Lithium und damit der
Wirkeintritt verzogert wurde. Die Aufnahme des LiCl-Futters konnte sich auch
bei den Bienen verzdgert haben, welche direkt von einer Wabe aus dem Volk
abgesammelt wurden und bei denen sich noch Futterreste in der Honigblase
befanden. Um dies besser zu standardisieren und einheitliche
Grundbedingungen zu schaffen, kdnnten die auf diese Weise gewonnenen
Bienen und Milben nach dem Absammeln flr eine kurze Zeit ohne Nahrung
gehalten werden, um somit den Wirkeintritt von LiCl noch klarer zu definieren.
Allerdings kénnen sowohl Bienen als auch Milben nur wenige Stunden
unbeschadet ohne Nahrung im Kafig gehalten werden, so dass eine absolute

Standardisierung der Test-Organismen bei Kafigversuchen nicht méglich ist.
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Aus diesem Grund wurden auch moglichst viele Wiederholungen pro
Versuchsansatz durchgefihrt. Eine weitere Erhdhung der Stichprobenanzahl
ist zwar fast immer wiinschenswert, jedoch war dies aufgrund der begrenzten
Verfligbarkeit der Ressourcen (Brutschrénke) und der ebenfalls nur begrenzt
verfigbaren Anzahl an Bienenvdlkern mit hohem Varroabefall und der
aufwendigen Puderzucker-Methode zur Gewinnung lebender Milben nur
bedingt moglich. Zudem ist der Zeitraum, in dem gréBere Versuche mit einer
groBen Anzahl an Milben durchgefithrt werden kdénnen, auf wenige
Sommermonate beschrankt. Milben koénnen erst ab Juli/August in
ausreichender Anzahl aus den Bienenvoélkern gewonnen werden, wenn der im
Verlauf der Saison zunehmende Milbenbefall hoch genug ist, um ausreichend

viele Milben in mit der 0.a. Methode zu sammeln (Traynor et al. 2020).
31.2 Feldversuche

Die Brutprotokolle zur Beobachtung der Entwicklung der Bienenbrut wéahrend
einer LiCl-Behandlung wurden in freifliegenden Kleinvélkern (,Mini-Plus”) mit
ca. 3.000 — 4.000 Bienen und einer Konigin je Volk durchgefiihrt. Diese
Kleinvolker ~ haben den Vortell, dass hier eine vergleichbare
Populationsdynamik wie in groBen Wirtschaftsvolkern besteht, sie jedoch
einfacher in der Vélkerfiihrung sind und man mehr Vélker pro Standort halten
kann. Durch den geringeren Arbeitsaufwand konnte somit auch die Anzahl der
Stichproben erhéht werden. Dadurch war es méglich, zum selben Zeitpunkt
drei verschiedene LiCl-Konzentrationen und eine Kontrollgruppe ohne LiCl zu
untersuchen. Die Kleinvélker erméglichten dariiber hinaus einen friihzeitigen

Beginn der Experimente im Jahr, da diese bereits in den Friihjahrsmonaten
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schnell wachsen. Ein grundsatzliches Problem beim Arbeiten mit Varroamilben
ist die Tatsache, dass die Milbenpopulation in den Bienenvélkern zu Beginn
der Bienensaison im Friihjahr noch sehr gering ist. Bis Mitte des Jahres nimmt
zudem die Bienenpopulation schneller zu als die Milbenpopulation, so dass
der relative Befall zunachst sogar abnimmt. Erst ab der Jahresmitte weisen die
Bienenvolker durch Zunahme der Milbenpopulation bei gleichzeitig
abnehmender Bienenpopulation Befallsraten auf, mit denen zum einen
genigend Varroamilben gesammelt und zum anderen belastbare

Wirksamkeitstests in Bienenvolkern durchgefiihrt werden kénnen.

Fur die Experimente zur Wirksamkeit und zur Bewertung verschiedener LiCl-
Behandlungen unter  realen Bedingungen  waren freifliegende
Wirtschaftsvélker mit 20.000 bis 30.000 Bienen und mit einer ausreichenden
Anzahl an natirlicherweise in den Voélkern vorkommenden Milben notwendig.
Diese Volker wurden nach der in Hohenheim etablierten guten imkerlichen
Praxis Uber das Jahr hinweg gefiihrt, wobei sich nur die Art der
Varroabekdmpfung im Spatsommer zwischen den Gruppen unterschied. Es
wurden verschiedene LiCl-Applikationen mit der im Behandlungskonzept
Baden-Wirttemberg ~ empfohlenen  standardmaBigen  Ameisensaure-
behandlung verglichen (s. 1.2). Dadurch konnte die Effektivitat, Nebenwirkung
und Verteilung von LiCl unter realen Feldbedingungen untersucht und mit der

Ublicherweise praktizierten Behandlung mit Ameisensaure verglichen werden.

Allerdings lassen sich bei solchen Freilandexperimenten (sowohl mit
Kleinvolkern als auch mit Wirtschaftsvolker) nicht alle Parameter

standardisieren. So kdnnen die Versuchsergebnisse sowohl durch &uBere
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Faktoren als auch durch bienenvolksspezifische Eigenschaften beeinflusst
werden. Sich andernde Witterungen wahrend des Behandlungszeitraums
kdnnen nicht nur die Legeleistung der Konigin beeintrdchtigen, sondern
haben auch Auswirkungen auf das Brutpflegeverhalten der Ammenbienen und
wirken sich somit auf die Mortalitat der Larven aus (Abou-Shaara et al. 2017).
Die in den Versuchen erfassten Ausraumraten der Brut lassen sich folglich
nicht immer ausschlieBlich auf die LiCl-Behandlung zuriickfihren.
Kontrollvolker am gleichen Standort sind daher zwingend notwendig, um den
Einfluss solcher duBeren Faktoren zu quantifizieren. Allerdings kénnen auch
genetische Komponenten des volksspezifischen Hygieneverhaltens, welches
ein Teil der sozialen Immunitat ist (Cremer et al. 2007), oder der Umfang des
Futtervorrates die Ausraumraten beeinflussen. Fir weitere Versuche kénnten
die Volker zu Versuchsbeginn noch starker standardisiert werden und z. B.
eine definierte Anzahl an Bienen zusammen mit Geschwisterkdniginnen auf
neues Wabenmaterial mit identischen Futtervorraten gesetzt werden. Es wére
hilfreich, in weiteren Versuchen den Brutentwicklungszyklus jedes Testvolkes
zunachst ohne Einfluss von LiCl zu dokumentieren und erst anschlieBend mit
der LiCl-Futterung zu beginnen. Dadurch kann das volkspezifische
Ausraumverhalten direkt mit dem Ausrdumverhalten unter LiCl-Einfluss

verglichen werden.

Allerdings lésst sich die Anzahl an Varroamilben in einem Wirtschaftsvolk nur
schwer standardisieren. Daher wurde zu Beginn des Versuchs der natirliche
Milbenfall der Volker erfasst und in niedrigen und hohen Milbenfall eingeteilt.
Die Volker wurden anschlieBend den verschiedenen Behandlungsgruppen

zugeteilt und es wurde darauf geachtet, dass sich sowohl Voélker mit
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niedrigem als auch hohem Befall in jeder Behandlungsgruppe befanden.
Allerdings ist der natlrliche Milbenfall nur eine Momentaufnahme und
spiegelt nicht exakt die tatsdchliche Anzahl an Milben in einem Volk wieder.
Dies hatte zur Folge, dass sich die Volker hinsichtlich ihrer Milbenlast
unterschieden, was aber auch unter imkerlichen Praxisbedingungen der Fall
ist. In weiteren Versuchen kénnte neben dem natirlichen Milbenfall auch der
Bieneninfektionswert (= Anzahl Milben auf adulten Bienen) oder die
Brutinfektionsrate (= Anzahl Milben in der Brut) hinzugezogen werden, um

den tatsachlichen Befallsgrad der Versuchsvolker sicherer zu quantifizieren.

Um den Wirkungsgrad von LiCl zu berechnen, wurde bei allen Vélkern eine
Restentmilbung mit einem bereits zugelassenen synthetischen Akarizid
durchgefiihrt. Damit sollten mdglichst alle ,Restmilben”, die nicht durch LiCl
abgetotet wurden, erfasst werden. Die Anwendungszeit betrug sechs Wochen.
Es ist nicht ausgeschlossen, dass in diesem Zeitraum trotz der Behandlung
einige Restmilben in Brutzellen eindringen und sich dort reproduzieren.
Dadurch kénnte die Berechnung des Wirkungsgrades verfalscht werden, da
die Nachkommen dieser Milben in die Berechnung mit einbezogen werden

und im Endeffekt der Wirkungsgrad unterschatzt wird.

Ein weiteres Problem ist die durch Rauberei ausgeldste Reinvasion von Milben
aus benachbarten Volkern (Frey et al. 2011; Frey und Rosenkranz 2014). Da
sich in der N&he der Versuchsvolker weitere Bienenvolkern befanden und auch
wahrend des Versuchzeitraumes bearbeitet wurden, konnte R&duberei nicht
vollstandig vermieden werden. Dadurch kénnten nachtraglich wéhrend der

Kontrollbehandlung weitere Milben ins Volk eingeschleppt worden sein.
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Gerade bei niedrigen Gesamtmilbenzahlen kann diese Reinvasion mit der
anschlieBenden Vermehrung der Milben einen messbaren Effekt auf die
Berechnung des Wirkungsgrades haben. Aber auch hier wirden die
tatsachlichen Wirkungsgrade durch die Reinvasion eher unterschétzt werden.
Da Bienen einen Aktionsradius von ca. 2 km um das Bienenvolk herum haben,
lasst sich Rauberei in unserer Region mit einer hohen Honigbienendichte nicht

vollstandig vermeiden!

In den Richtlinien der EMA (2021), an denen sich der Zulassungsprozess fur
Varroabehandlungsmittel orientiert, wird ein Befall von 300 - 3.000
Varroamilben pro Volk vorgeschlagen. Dadurch soll eine valide Beurteilung
der Wirkungsgrade in Bezug auf den Milbenbefall gewdhrleistet werden. In
den hier dargestellten Versuchen von 2021 und 2022 wurde dies auch in den
allermeisten Féllen erreicht. Diese Versuche waren auch noch nicht Teil eines
Zulassungsverfahrens; Ziel der Feldversuche mit den Wirtschaftsvolkern war
es, die Wirksamkeit verschiedener LiCl-Applikationen unter realen
Feldbedingungen als Grundlage fur das Zulassungsverfahren zu untersuchen.
Dieses Ziel wurde mit den hier beschriebenen Methoden erreicht. Fur klinische
Studien im Rahmen eines Zulassungsverfahrens sollten die o.a. Vorkehrungen
zur Standardisierung so umgesetzt werden, dass die geforderten Richtlinien in

allen Details erfillt werden.
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3.2  Diskussion der Ergebnisse

3.2.1 Nebenwirkungen auf die Bienenbrut

Kurz nach der Entdeckung der varroaziden Wirkung von LiCl im Jahr 2018
wurden bereits erste Versuche zur Vertrdglichkeit der Bienenbrut unter
Laborbedingungen  durchgefithrt. Wahrend der kinstlichen in-vitro
Larvenaufzucht konnte gezeigt werden, dass die Zugabe von LiCl zum
Larvenfutter zu einer Erhéhung der Larvenmortalitat flhrt. Ebenfalls reduzierte
sich die Verpuppungsrate und schon bei einer Konzentration von 1 mM LiCl,
das dem kiinstlichen Larvenfutter untergemischt wurde, zeigten nur 15% der
Larven eine erfolgreiche Entwicklung bis hin zur Adulthdutung der Biene
(Makosch 2018). Die kiinstliche Aufzucht hat gezeigt, dass Larven das Lithium
nicht so gut vertragen wie adulte Bienen, bei welchen bislang keine negativen
Auswirkungen bei Kurzzeitfitterungen gezeigt werden konnten (Ziegelmann
et al. 2018; Sprau 2019). Allerdings wurde bei der Larvenaufzucht lber den
gesamten  Entwicklungszeitraum  hinweg  LiCl  verabreicht,  ohne
Berilicksichtigung ~ der  stadienspezifischen =~ Zusammensetzung  des
verabreichten Larvenfutters. Ebenfalls fehlte eine weitere entscheidende
Komponente: die Dynamik des Bienenvolks und die damit verbundene
Verarbeitung des applizierten LiCl-Futters durch die Ammenbienen bis zur
Weitergabe an die Larven. Eine Applikation von LiCl im Volk kénnte daher zu

anderen Ergebnissen flhren.

Im Bienenvolk Gbernehmen die Ammenbienen die Fitterung der Larven und

passen die Zusammensetzung des Futters stadienspezifisch an das Alter der
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Arbeiterinnenlarven an (Haydak 1970; Patel et al. 1960). In den ersten drei
Larvenstadien L1-L3 erhdlt die junge Larve das reine Sekret aus der
Futtersaftdrise (Hypopharynxdriise) der Ammenbienen, auch Gelée Royale
genannt (Abb. 3). Etwa ab dem 6. Entwicklungstag, wenn die
Arbeiterinnenlarve das 4. Stadium erreicht hat, wird das Sekret der
Hypopharynxdriise durch die Zugabe von Pollen und Nektar erganzt.
(Brouwers et al. 1987; Haydak 1943). Die Koénigin wird dagegen Uber ihre

gesamte Lebensdauer, inklusive Larvalentwicklung, mit Gelée Royale gefittert.

Hypopharynx-

Driisensekret
Hypopharynx- + Pollen
Driisensekret + Nektar

Tag

Stadium Ei L2 1B L5

Abbildung 3: Entwicklung einer Arbeiterin mit stadienspezifischer Fitterung bis zur
Verdeckelung der Zelle am neunten Tag. Nach dem Schlupf aus dem Ei am vierten Tag
wird die Larve mit Hypopharynxdrisensekret (Gelée Royale) der Ammenbienen
gefittert. Ab dem sechsten Tag und dem Erreichen des vierten Larvenstadiums (L4) wird
das Futter umgestellt und durch eingelagerten Nektar und Pollen erganzt. (Grafik wurde

in biorender.com erstellt).
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Dieser Arbeiterinnenfuttersaft wird nicht nur durch frisch eingetragenen
Nektar erganzt, auch bereits eingelagertes Futter aus den umliegenden
Waben kann an die Larven verfittert werden. Wahrend einer LiCl-Behandlung
lasst sich nicht ausschlieBen, dass zeitweise LiCl-haltiges Futter in die Waben
eingelagert wird. Das LiCl-Futter kann dann von den Ammenbienen wieder
aufgenommen, weiterverarbeitet und zur Larvenaufzucht verwendet werden
und zu Schaden an den alteren Larven fiihren. Es war bislang aber fraglich ob
Uberhaupt und wenn ja, welche LiCl-Konzentration hier weiterverfuttert wird.
Im Rahmen der vorliegenden Dissertation wurde daher die Fragestellung
.Flihrt eine LiCl-Behandlung zu Schiden und Verlusten an der Bienenbrut
und lassen sich diese Nebenwirkungen quantifizieren?” untersucht. Dabei
wurde auch ein besonderes Augenmerk auf die Auswirkungen auf

unterschiedliche Larvenstadien gelegt.

Es konnte erstmals unter praxisnahen Freilandbedingungen gezeigt werden,
dass LiCl zu konzentrationsabhangigen Schaden und hohen Ausrdaumraten der
Bienenbrut fuhrt, welche zudem von der Dauer der Fitterung und dem
Larvenalter abhédngig sind (Veroffentlichung 1). Wahrend in der in-vitro
Larvenaufzucht bereits Konzentrationen von 1 mM zu einer erhdhten
Brutmortalitat fuhrten, zeigten sich bei der 10-fachen Konzentration im Volk
noch keine signifikanten Unterschiede zur unbehandelten Kontrolle und tber
80% der Brut Uberlebte. Die hochste Konzentration von 25 mM LiCl — was die
Mindestkonzentration flr eine ausreichende varroazide Wirkung darstellt —
fuhrte dagegen zu sehr hohen Ausrdumraten, wobei nur 39% der Larven den

hier beobachteten Entwicklungszyklus bis Tag 16 tUberlebten.
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Dariiber hinaus wurde gezeigt, dass auch das Larvenalter eine Rolle spielt. Das
Uberleben der Larven, die wahrend ihrer gesamten Larvalentwicklung dem
LiCl-Futter ausgesetzt waren (L1-L5), war im Vergleich zur Kontrolle signifikant
reduziert. Wenn die LiCl-Applikation jedoch erst begann, als die Larven bereits
das 5. Stadium erreicht hatten, unterschied sich die Mortalitdt nicht mehr
signifikant von der unbehandelten Kontrolle (Veroéffentlichung 1). Hier
scheint die fortgeschrittene Entwicklung der Larven und die kurze Zeit bis zur
Verdeckelung der Zelle dazu beigetragen zu haben, dass nur geringe Mengen

LiCl zu den Larven gelangten und es dadurch kaum Schadigungen gab.

Um die durch LiCl verursachten Brutschaden zu vermeiden, wurde im Rahmen
des Projekts beschlossen, zunachst ein Behandlungsverfahren fir Vélker ohne
Brut zu entwickeln. Bei den in Veroffentlichung 2 dargestellten
Experimenten, wurde die Konigin im Sommer fir 3 Wochen in einen Kafig
gesperrt, um sie an der Eiablage zu hindern und somit eine brutfreie Phase zu
erzeugen. Mit dem Schlupf der letzten Bienenbrut am 21. Tag begann die
Behandlung mit LiCl und die Kdnigin wurde zeitgleich freigelassen. Da die
K&nigin nach einer Brutpause erst nach 1-2 Tagen mit der Eiablage beginnt
und die Eier sowie die jungen Larvenstadien theoretisch nicht mit LiCl-Futter
in Kontakt kommen (Abb. 3), ergibt sich ein hypothetisches Zeitfenster von 7
Tagen. Wahrend dieses Zeitfensters sollte eine LiCl-Behandlung ohne

Schadigung der Bienenbrut mdglich sein.

Bei der ersten getesteten LiCl-Behandlung mit 2,5 kg 50 mM LiCl-Teig dauerte
die Behandlung allerdings 9 Tage, da sich die Futterabnahme aufgrund des

extra Futtertrogs und einer kurzfristig eingetretenen Kélteperiode verzogerte.
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Somit waren bereits &ltere Larven im Volk vorhanden, wahrend die
Behandlung noch lief und LiCl-Futter im Volk zirkulierte. Dies resultierte in
hohen Brutverlusten von ber 95% (Veréffentlichung 2). Im Folgejahr wurde
daher die Applikation optimiert und das LiCl-Futter direkt auf die Obertrager
der R&hmchen gelegt, um die Futterabnahme zu erleichtern. Zudem wurde die
Behandlung auf 5 Tage und 2 kg 50 mM LiCl Teig reduziert, um somit den
moglichen Kontakt der Larven mit LiCl zu verhindern. Hierbei konnten die
Brutverluste zwar reduziert, jedoch nicht komplett vermieden werden und es
wurde eine Uberlebensrate von 45% beim ersten Brutzyklus dokumentiert. Um
Langzeiteffekte auszuschlieBen wurde ein zweiter Brutzyklus protokolliert,
hierbei Uberlebten 82% der Brut, was den um diese Jahreszeit Ublichen

Brutliberlebensraten entspricht (Béhme et al. 2017).

Basierend auf den Ergebnissen aus Veréffentlichung 1, die zeigten, dass eine
Verkiirzung der Exposition der Larven mit LiCl auch die Schaden reduziert und
um den Aufwand fiir das Auffinden und Sperren der Konigin zu minimieren,
wurde ein weiteres Behandlungsverfahren fir Volker mit Brut untersucht. Bei
der Behandlung mit wiederholten Kurzzeitfiitterungen wurden nur kleine
Mengen von 0,5 kg 50 mM LiCl-Teig im Abstand von sieben Tagen an die
Volker verfuttert. So sollten die Larven immer nur fir kurze Zeit von 24-48
Stunden dem LiCl ausgesetzt sein und durch die wiederholte Anwendung
trotzdem auch diejenigen Milben erreicht und behandelt werden, die
kontinuierlich mit den Jungbienen aus den verdeckelten Brutzellen schlipfen.
Leider konnten dadurch aber die Brutverluste nicht verhindert werden (52%
Uberlebensrate) und es zeigten sich ldnger anhaltendende negative Effekte

(8% Uberlebensrate im 2. Brutzyklus, Veréffentlichung 2).
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Die hypothetischen Zeitfenster von 7 Tagen in brutfreien Voélkern und 1-2
Tagen in britenden Volkern, in denen eine LiCl-Behandlung ohne
Auswirkungen auf die Brut durchgefiihrt werden kénnte, konnten unter
Praxisbedingungen nicht bestatigt werden. Auch nach Ende der Behandlung,
wenn das applizierte LiCl-Futter aufgebraucht ist, scheint das LiCl-Futter noch
im Volk zu zirkulieren und kann somit an die Larven verfuttert werden. Dies
kann auf den sozialen Futteraustausch durch Trophallaxis zuriickgefiihrt
werden (s.u.). Eventuell konnte bereits ein friherer Beginn der LiCl-
Behandlung, z.B. 1 Woche vor dem Freilassen der Kénigin, helfen, den Kontakt

des LiCl-Futters mit den Larven zu vermeiden.

Warum es zum Absterben der Larven bzw. Puppen kommt, ist noch nicht
eindeutig geklart. Neben einem direkten toxischen bzw.
entwicklungshemmenden Effekt des Wirkstoffes kdnnten weitere mogliche
Erklarungen sein, dass sich das Brutpflegeverhalten der Ammenbienen andert
oder komplett eingestellt wird, die Futtersaftdriise verkimmert oder sich das
Lithium in der Futtersaftdriise anreichert, wodurch sich die Zusammensetzung
des Hypopharynxdriisensekrets verdndert und die Larvenentwicklung
beeintrachtigt wird. Da sich die meisten Larven bis Tag 8, also kurz vor der
Verdeckelung der Zelle, entwickelt haben und wir Lithium in den Larven am 7.
Tag der Entwicklung nachweisen konnten (Veréffentlichung 1), ist aber von
einer weitgehend normalen Fltterung durch die Ammenbienen auszugehen.
Wie in Veroffentlichung 3 beschrieben, wurden in weiteren Versuchen auch
die Futtersaftdrisen der Ammenbienen aus LiCl-Vélkern untersucht. Diese
unterschieden sich optisch nicht von den Drisen der Bienen aus

Kontrollvolkern, wodurch eine Verkiimmerung ausgeschlossen werden kann.
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Anhand der quantitativen ICP-OES Analysen konnte allerdings ein minimaler
Anstieg der Lithium-Konzentration in den Futtersaftdrisen nachgewiesen
werden. Im Vergleich zu den Konzentrationen die in den L4-Larven (16,3
mg/kg) gefunden wurden, sind die Lithium-Konzentrationen in den
Futtersaftdriisen von Ammenbienen (0,52 mg/kg) aus LiCl-Vélkern um
mehrere 10er-Potenzen geringer und unterscheiden sich kaum von
unbehandelten Kontrollvélkern, in denen vereinzelt auch Spuren von Lithium
nachgewiesen werden konnten (Veréffentlichung 3). Dies ist wichtig, um eine
klare  Aussage darliber treffen zu kénnen, ob das reine
Hypopharynxdrisensekret (Gelée Royale) tatsachlich nahezu frei von Lithium
bleibt und somit die jungen Larven in den ersten 2-3 Larvenstadien als auch
die Konigin, die ausschlieBlich mit Gelée Royale gefiittert wird, keinem Lithium
Uber das Futter ausgesetzt sind. Diese Annahme wird zum einen durch die
Lithium-Analysen der verschiedenen Larvenstadien bestétigt, bei denen im
Larvenstadium L2/L3 nur geringe Spuren von Lithium (0,59 mg/kg)
nachgewiesen werden konnten. Zum anderen zeigen auch die Ergebnisse von
Kolics et al. (2021a), dass in untersuchten Koniginnen nach einer LiCl-

Behandlung kein Lithium nachgewiesen werden konnte.

Die Ergebnisse und das bisherige Verstandnis der Wirkungsweise von Lithium
deuten eher darauf hin, dass Lithium bei den Honigbienen einen molekularen
Mechanismus wahrend der Entwicklung stort. Studien am Modellorganismus
der Fruchtfliege Drosophila melanogaster zeigten bereits 1923, dass die
Zugabe von Lithiumcarbonat zum Futter die Entwicklung der Fliegen verzdgert
(Mann 1923). Spater untersuchte King (1953) die Toxizitat verschiedener Salze,

darunter LiCl, auf die Entwicklung von D. melanogaster und bestatigte die
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entwicklungsverzogernde Wirkung. Er zeigte auch, dass bei einer
Konzentration von 20 mM LiCl das Geschlechterverhéltnis gestért war und
deutlich mehr Mannchen als Weibchen vorhanden waren (King 1953).
Mittlerweile ist bekannt, dass Lithium die Aktivitat der Kinase GSK-3 hemmt,
die an wachstumsvermittelnden Prozessen beteiligt ist (Snitow et al. 2021). Es
ist daher sehr wahrscheinlich, dass auch bei der Honigbiene das
Vorhandensein von Lithium wahrend der Larvalentwicklung zu einer
Hemmung der Kinase und damit zur Beeintrachtigung der Entwicklung fihrt,
wie bei D. melanogaster (Jans et al. 2021; King 1953; Klein und Melton 1996).
Genexpressionsanalysen von Bienenlarven und Puppen, die wahrend ihrer
Entwicklung einer LiCl-Fitterung ausgesetzt waren, konnten dazu eine
Antwort geben und sollten fiir weitere Forschungen in Betracht gezogen

werden.

Zusammenfassend lasst sich sagen, dass die Nebenwirkungen auf die Brut
auch unter Feldbedingungen erheblich sind und fiir eine Zulassung bzw. die
imkerliche Praxis derzeit nicht tolerabel sind. Aus diesem Grund empfiehlt es
sich, ein Zulassungsverfahren zunédchst ausschlieBlich fiir eine Applikation im
brutfreien Bienenvolk in Erwdgung zu ziehen. Es sollte dartber hinaus gepruft
werden, ob es weitere Applikationsformen gibt, bei denen ein Kontakt der

Brut mit dem Wirkstoff vermieden werden kann.

322 Wirksamkeit

Die zweite Forschungsfrage ,Wie schnell wirkt LiCl nach einer Applikation

und wie kann eine praxistaugliche LiCl-Applikation in Vélkern mit und
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ohne Brut aussehen, wenn die fiir eine Zulassung notwendigen
Wirkungsgrade von iiber 95% erreicht werden sollen?” wurde anhand von

Kafigversuchen unter Laborbedingungen und in Freilandversuchen untersucht.

In den Kafigversuchen mit je einer Biene und einer darauf parasitierenden
Milbe konnte der Eintritt der Wirkung von LiCl auf die Milbe in Bezug auf den
Beginn der LiCl-Futterung zeitlich exakt definiert werden: innerhalb von 12
Stunden starben bereits 38% der Milben und in den ndchsten 12 Stunden
starben weitere 40% (Verdffentlichung 3). Bei einer kontinuierlichen
Fltterung konnten innerhalb von 48 Stunden 95% der Milben getdtet werden.
Ein vergleichbar rascher Wirkeintritt konnte auch unter Freilandbedingungen
beobachtet werden. Hier stieg der Milbenfall aus den mit LiCl behandelten
Vélkern ebenfalls innerhalb eines Tages nach Start der Behandlung signifikant
an, erreichte aber erst nach 5 Tagen das Maximum (Veroffentlichung 2). In
diesen Feldversuchen konnte bestatigt werden, dass trotz der groBen Anzahl
von 20.000 bis 30.000 Bienen, die ein gutes Bienenvolk im August
Ublicherweise umfasst, das applizierte LiCl-Futter schnell aufgenommen,
relativ gleichmaBig verteilt und auf die Milben Ubertragen wird. Eine
durchschnittliche Milbenmortalitat von > 95% konnte im Volk innerhalb von
48 Stunden jedoch nicht erreicht werden. Dies lasst sich durch den
Verdiinnungseffekt des applizierten LiCl-Futters aufgrund des standigen
Futteraustausches Uber Trophallaxis erkldren. Die systemische Wirkungsweise
des LiCls hat zwar den Vorteil, dass theoretisch alle parasitierenden Milben
erreicht werden kdénnen, inklusive derjenigen, die sich zwischen den Tergiten

der Bienen verstecken und somit vor anderen organischen
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Behandlungsmitteln weitgehend geschiitzt sind. Diese 100 %-ige Verteilung
konnte aber in der Praxis und mit den hier verwendeten Applikationsweisen
des LiCls noch nicht in allen Fallen erreicht werden, weil offenbar durch die
Trophallaxis eine Komponente beteiligt ist, die im Vergleich zum Kafigversuch

die Wirkungsdynamik im Volk verandert (s. u.).

Im Zulassungsverfahren eines neuen Tierarzneimittels missen Wirkungsgrade
von mindestens 90% erzielt werden und es muss ein genaues
Behandlungsverfahren angegeben werden (EMA 2021). Im Rahmen der
Dissertation wurden verschiedene Applikationsformen getestet, um zu
evaluieren, welche Applikationsform im Volk praktikabel und effektiv ist.
Aufgrund der schadigenden Wirkung von LiCl auf die Bienenbrut (s. o.)
erschien es sinnvoll, sich zundchst auf eine Applikation im brutfreien
Bienenvolk zu konzentrieren. Daflir wurden die Volker durch das Sperren der
Konigin in einen brutfreien Zustand gebracht, wodurch der Kontakt der Larven
mit LiCl verhindert werden sollte. Zudem bietet es den weiteren Vorteil, dass
sich die Milben nicht mehr in der Brut verstecken und vermehren kénnen,
sondern alle Milben auf den Bienen sitzen und dadurch leichter und schneller
mit dem Behandlungsmittel zu erreichen sind. Mit der in Veréffentlichung 2
getesteten  Applikationsvarianten  konnten  Milbenmortalitdten  von
durchschnittlich 78 — 98% erzielt werden. Die beste Wirkung erzielte dabei die
9-tagige Behandlung brutfreier Volker mit 2,5 kg 50 mM LiCl-Teig, was bei
allen sechs untersuchten Volkern lber 95% der Milben totete. Allerdings war
diese Behandlung auch mit hohen Brutverlusten verbunden, die in der

imkerlichen Praxis nicht tolerierbar sind (s.0.).
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Daher wurden im folgenden Jahr zwei weitere Ansatze untersucht. In einem
Ansatz wurde die Behandlungsdauer auf fiinf Tage und die Dosis auf 2 kg 50
mM LiCl-Teig reduziert. Dadurch verringerten sich zwar die Schaden an der
Bienenbrut, allerdings nahm auch der Behandlungserfolg gegen die Milben ab
und betrug im Mittel nur noch 77,5% (Veréffentlichung 2). Es ist aber zu
beachten, dass die Gesamtmilbenzahl in diesem Jahr mit durchschnittlich 456
Milben pro Volk deutlich geringer war als im Vorjahr, in dem durchschnittlich
2.129 Milben pro Volk abgetdtet wurden. Dadurch kénnte wie in 3.1.2
beschrieben die Reinvasion von Milben wahrend der Restentmilbung einen

starkeren Effekt auf die Berechnung des Wirkungsgrades gehabt haben.

Im zweiten Ansatz wurden Volker mit Brut durch eine wiederholte
Kurzzeitfitterung von viermal 0,5 kg 50 mM LiCl-Teig im Abstand von sieben
Tagen behandelt. Dabei wurden hohere Milbenmortalitditen von
durchschnittlich 88% erzielt. Anhand des im 2-tdgigen Abstand erfassten
Milbenfalls war auBerdem zu erkennen, dass (ber den gesamten
Behandlungszeitraum von insgesamt 28 Tagen Milben starben und sich der
Behandlungserfolg im Wesentlichen erst nach der vierten LiCl-Applikation
einstellte. Im Vergleich zu den Behandlungen in brutfreien Volkern dauert es
mit dieser Applikation in Volkern mit Brut also weitaus langer, um einen
zufriedenstellenden Behandlungserfolg zu erzielen. Dies liegt vor allem daran,
dass sich die Milben in den Behandlungspausen immer wieder in der Brut
vermehren und wahrend dieser Reproduktionsphase auch vor der Behandlung
geschitzt sind. Trotzdem liegt der erreichte Wirkungsgrad von 88% nahe an

den im Zulassungsverfahren geforderten 90% und es dirfte mit wenigen
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Optimierungen moglich sein, diesen Wirkungsgrad innerhalb eines

Zulassungsverfahrens zu erreichen.

Nicht nur der Wirkeintritt, sondern auch die Wirkdauer des applizierten LiCl-
Futters sind essentiell fur die Entwicklung der besten Applikation. So kdnnen
Erkenntnisse zur Wirkdauer dabei helfen, die Dauer einer LiCl-Futterung zu
optimieren. In weiteren Kéfigversuchen wurde daher untersucht, wie lange die
Wirkung von LiCl auf die Milben anhalt, nachdem das Futter der Bienen von
LiCl-haltig auf LiCl-freien Sirup umgestellt wurde (Veréffentlichung 3). Die
Ergebnisse zeigten, dass die toxische Wirkung nach Futterumstellung rasch
nachlieB. Bereits eine Pause von 24 Stunden zwischen der letzten LiCl-
Fltterung und dem Einbringen der Milben auf die im Ka&fig befindlichen
Bienen reduzierte die Milbenmortalitat, wohingegen Milben, die direkt auf die
Bienen gesetzt wurden innerhalb von einem Tag tot waren (Veréffentlichung
3). Das bedeutet entweder, dass die Biene das Lithium schnell verstoffwechselt
und ausscheidet oder, dass die Lithium-Konzentration in der Biene durch das
Fressen von LiCl-freien Sirup verdiinnt wird und somit nicht mehr ausreicht,

um die Milbe direkt zu toten.

Weitere wissenschaftliche Studien beweisen, dass LiCl auch auf andere Milben
wie die rote Vogelmilbe Dermanyssus gallinae (Kolics et al. 2022b) oder die
gemeine Spinnmilbe Tetranychus urticae (Solti et al. 2022) todlich wirkt und
unter Laborbedingungen sogar Zecken (Dermacentor reticulatus) totet (Kolics
et al. 2023). Die Einsatzmdglichkeit von Lithium gegen Parasiten und anderen

Schadlingen scheint demnach weitaus gréBer zu sein, als zu Beginn erwartet.
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Festzuhalten bleibt, dass Lithium ein enormes akarizides Potential hat und bei
Einzelfitterung von Bienen im Kéfig innerhalb von 2-3 Tagen eine fast
hundertprozentige Wirkung erreicht werden konnte. Auf Bienenvolkebene
konnten diese hohen Mortalitdten nicht in derselben Zeitspanne erreicht
werden. Dies ist vermutlich auf die Trophallaxis zurtickzufiihren, welche zu
einer Verdiinnung der Lithium-Konzentration in der Biene fiihren konnte. Es ist
wichtig zu beachten, dass die Trophallaxis zwingend notwendig ist, um das
LiCl-Futter im ganzen Volk zu verteilen und damit méglichst alle Milben zu
erreichen. Aus den Experimenten zum Wirkeintritt und zur Wirkdauer lasst sich
fur die Freilandversuche daher folgendes schlieBen: Das Lithium sollte nach
einer LiCl-Applikation moglichst schnell im gesamten Volk verteilt werden
aber auch ausreichend lange im Volk zirkulieren, um in der Biene eine fir
Milben todliche Konzentration zu erreichen. Diese Konzentration sollte ca. 48
Stunden anhalten, um eine Milbenmortalitdt von Uber 95% zu erreichen
(Veroffentlichung 3). Weitere Versuche sollten sich darauf konzentrieren, wie
eine Optimierung der Verteilung des applizierten Lithiums im Bienenvolk
erreicht werden kann. Erfolgsversprechende Ansatzmdoglichkeiten hierfar
kdénnten Veranderungen bei der Zuckerkonzentration oder Zuséatze zum Futter
bieten (Farina und Nufiez 1995; Tezze und Farina 1999), jeweils mit dem Ziel,
das applizierte Lithium langer im Futterkreislauf der Bienen zu halten. Dies
dirfte die groBte Chance bieten, den Wirkungsgrad der Behandlung weiter zu

erhohen ohne Zunahme der Brutschaden.
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323 Verteilung von Lithium

Die dritte Forschungsfrage lautet: ,Wie verteilt sich Lithium nach einer
Applikation von LiCl im Koérper der Biene und innerhalb eines Volkes?".
Hiermit soll die Dynamik des Wirkstoffs sowohl im Bienenkorper als auch im
Bienenvolk verstanden und diejenige Konzentration in der Biene bestimmt
werden, die erforderlich ist, um eine Milbe zu téten. Zur Beantwortung wurden
Analysen mittels optischer Emissionsspektroskopie mit induktiv gekoppeltem
Plasma (ICP-OES) an der Core Facility der Universitdit Hohenheim
durchgefiihrt. Es wurde ausschlieBlich die Konzentration von Lithium
bestimmt, da dieses ausschlaggebend fiir die toxische Wirkung auf die Milben
ist, wohingegen das Chlorid-Anion nicht zur Milbenmortalitdt beitragt

(Ziegelmann et al. 2018).

Eine gute Wirksamkeit von LiCl wird nur erzielt, wenn der Wirkstoff
gleichmaBig im Volk verteilt wird und somit auf alle Milben wirken kann (siehe
3.2.2). Es war bisher unklar, in welchem Umfang und in welchem Zeitrahmen
das im Futter enthaltene Lithium durch die Trophallaxis weitergegeben wird
und ob tatsachlich alle Bienen eines Volkes in diesem sozialen Futteraustausch
eingebunden sind. Die Lithium-Analysen der herauspréparierten Honigblasen
von Bienen behandelter Bienenvdlkern zeigen, dass Lithium bereits einen Tag
nach Beginn der Behandlung in Konzentrationen von bis zu 93 mg/kg
nachweisbar ist. Somit konnten zunachst einmal der Konsum und die
Weitergabe des LiCl-Futters durch die Bienen unter Praxisbedingungen

bestatigt werden (Veréffentlichung 2). Hierbei wurden keine Unterschiede in
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den Lithium-Konzentrationen zwischen den Bienen aus verschiedenen
Bereichen des Bienenvolkes festgestellt. Dies lasst vermuten, dass sowohl das
applizierte Futter als auch der darin enthaltene Wirkstoff im gesamten Volk
weitgehend gleichmaBig verteilt werden. Diese gleichmaBige Verteilung wurde
auch durch den Milbenfall bestétigt, welcher mit den nachgewiesenen
Lithium-Konzentrationen in den Bienen korrelierte und im Falle der brutfreien
Behandlung am fiinften Tag sein Maximum erreichte — ein Tag nachdem die
hochste Lithium-Konzentration gemessen wurde. AuBerdem wurde gezeigt,
dass die Lithium-Konzentration in den Honigblasen nach Ende der
Behandlung zwar schnell abnimmt, jedoch 20 Tage spater immer noch bis zu
23 mg/kg Lithium nachgewiesen werden kodnnen. Zumindest ein Teil des
applizierten LiCl-Futters wird offenbar von den Bienen auch als Vorrat
eingelagert. Dieses mit LiCl kontaminierte Futter scheint demnach noch langer
im Volk zu zirkulieren und kdnnte somit auch noch nach Behandlungsende auf
die Milben wirken, bzw. auch die Brutschaden erklaren (s. o). Entscheidend fur
die Wirksamkeit gegen Milben ist jedoch nicht die Konzentration in der
Honigblase, sondern die Konzentration in der Hdmolymphe der Bienen, von

der sich die Milben erndhren (Han et al. 2024; Ramsey et al. 2019).

Um den Weg des Lithiums in der individuellen Biene nachzuvollziehen,
wurden erneut Kafigversuche durchgefiihrt und die Lithium-Konzentrationen
in der Hamolymphe und der Kotblase nach unterschiedlichen
Fltterungsperioden bestimmt. Trotz kontinuierlicher Fitterung der Bienen mit
50 mM LiCl erreichte die Lithium-Konzentration in der Bienen-Hamolymphe

bereits nach 12 Stunden ein Gleichgewicht von 5 - 8 mg/kg
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(Veréffentlichung 3). Da dies die maximale Konzentration im fir die Milbe
relevanten Bienenkompartiment ist, kann man diesen Wert auch als letale
Konzentration fir die Milbe annehmen. Zusammen mit den Experimenten zum
Wirkeintritt, die zeigen, dass bereits eine 12-stiindige Fiitterung zum Tod der
Milben fiihren kann (Veroffentlichung 3), lasst sich die Annahme bestéatigen,
dass diese Konzentration in der Biene ausreicht, um die Milben in kurzer Zeit

zu toten.

Die Analysen der Kotblase der Bienen hingegen zeigen, dass die Lithium-
Konzentration mit zunehmender Fitterungsdauer weiter ansteigt und die
hochste Konzentration von 475 mg/kg am siebten Tag erreicht wird
(Veroffentlichung 3). Da gekafigte Bienen nicht abkoten kdnnen, reichert sich
das Lithium in diesem Fall in der Kotblase an. Bei frei fliegenden Bienen wiirde
die Kotblase aber regelmaBig entleert werden und das Lithium somit Gber den
Kot ausgeschieden werden. Dies bedeutet, dass die Bienen das Lithium schnell
verstoffwechseln und ausscheiden, wodurch es sich nicht dauerhaft im Korper

der Biene anreichert.

Die Anforderungen fiir die Zulassung von Tierarzneimitteln fir ,Lebensmittel
produzierende Nutztiere” sind besonders hoch. Da die Honigbiene als Nutztier
gilt und Bienenprodukte fiir den menschlichen Verzehr bestimmt sind, miissen
bei der Verwendung von LiCl zur Behandlung der Varroamilben weitere
Aspekte beachtet werden. So spielen z. B. Riickstande in Wachs und Honig im
Zulassungsprozess eine wichtige Rolle, weshalb das Risiko von mdglichen
Riickstanden nach einer LiCl-Behandlung friihzeitig untersucht werden sollte.

In Studien anderer Forschergruppen konnte bisher keine erhdhte Lithium-
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Konzentration im Wachs nachgewiesen werden. Dies ist auch durch die
hygroskopischen Eigenschaften des Salzes erklarbar (Kolics et al. 2021a;
Punwani et al. 1968). Allerdings wurde in Futterproben direkt nach der
Behandlung Lithium nachgewiesen. Der Gehalt war dabei abhdngig von der
verwendeten Konzentration, Applikation und Behandlungsdauer (Kolics et al.
2021a; Presern et al. 2020; Stanimirovic et al. 2022). Es war bislang unklar, ob
sich dies auch im geernteten Honig des Folgejahres bemerkbar macht,
nachdem frischer Nektar eingetragen wurde. In der vorliegenden Dissertation
wurde daher auch die Frage untersucht: ,Kommt es nach einer LiCl-
Behandlung im Wirtschaftsvolk zu Riickstinden im Honig des

Folgejahres?”.

Die analysierten Futterproben, die wahrend der Behandlung aus den
Futterwaben entnommen wurden, wiesen bereits deutlich geringere Lithium-
Konzentrationen auf als die Honigblasen der untersuchten Bienenproben. In
den Futterproben konnte nur ein Fiinftel der Konzentration (ca. 20 mg/kg), die
in den Honigblasen gemessen wurden, nachgewiesen werden
(Veroffentlichung 2). Aus den Erkenntnissen zum Metabolismus des Lithiums
in Bienen von Veréffentlichung 3 lasst sich schlussfolgern, dass der GroBteil
des applizierten LiCl-Futters von den Bienen verstoffwechselt, ausgeschieden
und nur ein Bruchteil davon in den Waben eingelagert wird. Dieses
eingelagerte Futter wird vermutlich weiterverarbeitet und mit Winterfutter
verdiinnt, da in den Futterproben des darauffolgenden Jahres — ca. 8 Monate
nach der LiCl-Applikation — nur noch eine Konzentration von 3,1 — 5,4 mg/kg
Lithium nachgewiesen werden konnte. Entscheiden ist jedoch, ob sich diese

Rickstande auch im eingetragenen Nektar oder anschlieBend geernteten
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Honig nachweisen lassen. Der im Rahmen der Dissertation beprobte
Frihjahrshonig aus Volkern, die im Herbst des Vorjahres mit 50 mM LiCl
behandelt wurden, wies lediglich Konzentrationen von 0,1 — 0,2 mg/kg Lithium
auf (Veroffentlichung 2). Diese Werte liegen unterhalb der natirlich
vorkommenden Gehalte im Honig von teilweise bis zu 15,6 mg/kg Lithium
und sollten somit kein Problem fiir einen Zulassungsprozess darstellen

(Abdulkhaliq und Swaileh 2017; Bogdanov et al. 2008; Conti et al. 2018).
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4  Fazit und Ausblick

Im Rahmen der Dissertation wurden wesentliche Aspekte erarbeitet, die fiir ein
Zulassungsverfahren von LiCl als neues Behandlungsmittel zur Bekdmpfung
der Varroamilbe in Bienenvélkern relevant sind. Es wurden umfangreiche
Daten zur Wirksamkeit und Wirkstoffverteilung erhoben sowie die
Nebenwirkungen auf die Bienenbrut quantifiziert, sowohl unter Labor- als
auch praxisrelevanten Freilandbedingungen. Damit konnten die in der

Einleitung formulierten Ziele vollstandig erreicht werden.

LiCl besitzt ein enormes akarizides Potential und totet bei Aufnahme von
wenigen Milligramm Lithium pro Honigbiene parasitierende Varroamilben
innerhalb von Stunden bis wenigen Tagen zuverlassig ab (Manuskript 3), ohne
dabei die adulten Bienen signifikant zu beeintrachtigen. Unter
Feldbedingungen ist jedoch die schnelle und vollstandige Verteilung des
applizierten Wirkstoffs im Bienenvolk durch Trophallaxis entscheidend fur die
Wirksamkeit (Rein et al. 2024). Um Wirkungsgrade von 90 — 95 % zu erreichen,
besteht hier noch Optimierungsbedarf. Der Wirkstoff misste langer im Volk
zirkulieren, um (Uber einen langeren Zeitraum eine fir Milben tédliche
Konzentration in allen Bienen des Volkes zu erreichen. Die in den getesteten
Applikationen erstmals erfassten Rickstandsmessungen im Honig lassen
hingegen keine Probleme flr eine Zulassung erwarten, zumal Lithium auch ein
natlrlicher Bestandteil verschiedener Honige ist. Allerdings beschrankt die
sehr geringe Toleranz der Bienenbrut gegeniiber dem Wirkstoff (Rein et al.

2022) die Anwendung von Lithium derzeit auf brutfreie Volker. Fir briitende
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Volker mussen alternative Behandlungsmaoglichkeiten entwickelt werden, die

den Kontakt der Brut mit dem Wirkstoff vermeiden.

Fir die Imkerei wiirde ein Bekampfungsmittel auf Lithiumbasis eine effektive,
zuverlassige und vor allem einfach anzuwendende Methode zur Behandlung
der Varroamilbe darstellen. Die Unabhangigkeit der Wirkungsweise von
duBeren Faktoren erhéht zudem die Planbarkeit der Behandlung und damit
die Flexibilitat der Imker. Die Kombination einer brutfreien Phase (hier durch
Sperren der Konigin) mit der Varroabehandlung ist eine zunehmend
empfohlene Strategie zur nachhaltigen Kontrolle der Varroamilbe (Biichler et
al. 2020; Jack und Ellis 2021). Die Behandlung mit LiCl-Futter lasst sich dabei
problemlos und ohne Mehraufwand in die normale Betriebsweise der Imkerei
und der sowieso anstehenden Herbstfiitterung integrieren. Diese Faktoren
sind ein Alleinstellungsmerkmal im Vergleich zu allen anderen derzeit

verflgbaren Akariziden.

Fir ein mogliches Zulassungsverfahren stehen mit den vorliegenden
Ergebnissen umfangreiche Basisdaten zur Verfiigung. Diese kdnnen genutzt
werden, um die hier vorgestellten Behandlungsverfahren zu optimieren und
dann in klinischen Studien zu testen. Die fir das Zulassungsverfahren vom
Projektpartner gegriindete Firma ,Varolis GmbH" kann die Datengrundlage
zudem nutzen, um Investoren zu lberzeugen und den Zulassungsprozess zu
finanzieren. Der Finanzbedarf fiir eine Zulassung wird dabei auf ca. 3 Millionen

€ geschatzt.

Eine solche Finanzierung vorausgesetzt, konnte in wenigen Jahren ein neues

Préparat zur Behandlung der Varroamilbe in der Imkerei zur Verfligung
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stehen! Die neuartige systemische Wirkungsweise von Lithium wirde die
Bekampfung der ektoparasitischen Milbe erleichtern und konnte die

periodisch auftretenden Winterverluste von Bienenvélkern deutlich reduzieren.
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5 Zusammenfassung

Honigbienen sind unverzichtbare Bestiduber sowohl fiir unser Okosystem als
auch fur die Landwirtschaft. Die weltweit verbreitete ektoparasitische Milbe
Varroa destructor stellt seit Jahrzehnten das groBte Problem fir Honigbienen
und die Imkerei dar und gilt zweifellos als Hauptverursacher der periodischen
Vélkerverluste (Genersch et al. 2010; Le Conte et al. 2010). Derzeit gibt es kein
zufriedenstellendes Behandlungsverfahren, das alle Anforderungen der Imker
erfullt. Im Jahr 2018 wurde mit Lithiumchlorid (LiCl) ein neuer Wirkstoff mit
varroazider Wirkung entdeckt, welcher eine sehr gute Wirksamkeit auf
Varroamilben mit einer guten Vertraglichkeit fiir adulte Bienen verbindet
(Ziegelmann et al. 2018). Aufgrund der systemischen Wirkungsweise kann er
zudem sehr einfach angewendet werden und bietet dadurch groBes Potential
fur eine effektive Varroabehandlung. Im Rahmen der Dissertation wurden
verschiedene Applikationsformen von LiCl zur Behandlung von Bienenvolkern
getestet und Daten zur Wirksamkeit, Nebenwirkung und Verteilung des
Wirkstoffes erhoben. Die gesammelten Daten sollen dazu dienen, eine
fundierte Bewertung der Chancen und Risiken fir ein Zulassungsverfahren zu
ermoglichen und erfolgsversprechende Strategien fir die Zulassung zu
entwickeln. Zu diesem Zweck wurden verschiedene Feld- und

Laborexperimente durchgefiihrt.

Unter praxisnahen Freilandbedingungen fihrt die Applikation von LiCl zu
konzentrationsabhangigen Schaden und hohen Ausraumraten der Bienenbrut.
Diese Brutschaden sind von der Dauer der Fitterung und dem Larvenalter

abhdngig (Rein et al. 2022). Bei einer Fiitterung von 25 mM LiCl Uberleben nur
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knapp 40% der Bienenbrut. Analysen der Lithium-Konzentration verschiedener
Larvenstadien zeigen, dass in zwei Tage alten Larven noch kein Lithium
nachgewiesen werden kann. Die Analysen der Futtersaftdriisen haben
bestatigt, dass das Sekret der Ammenbienen, mit dem die K&nigin und die
jungen Larvenstadien gefittert werden, weitgehend frei von Lithium ist (Rein
et al. 2024). Daher sollte eine LiCl-Applikation kein Risiko fir die Kénigin, oder
die jungen Larven darstellen. In &lteren Larven steigt die Lithium-
Konzentration dagegen signifikant an (Rein et al. 2022). Dies ist auf die
stadienspezifische Futterumstellung von reinem Futtersaft auf gemischtes
Larvenfutter zurlckzufihren. Hierbei wird auch eingelagertes Futter aus den
umliegenden Waben beigemengt, wodurch auch zuvor eingelagertes Lithium

weitergegeben werden kann.

Aufgrund der schadigenden Wirkung von LiCl auf die Bienenbrut wurde eine
Applikation flr brutfreie Volker entwickelt und die Wirksamkeit unter
Feldbedingungen getestet. Die Kombination einer brutfreien Phase durch
Sperren der Konigin mit der LiCl-Behandlung erzielte durchschnittliche
Wirkungsgrade von 78 — 98% (Rein et al. 2024). Die héchsten Wirkungsgrade
wurden erst bei einer Fiutterungsdauer von > 5 Tagen erreicht, was zu
Schaden bei der neu angelegten Brut nach der Brutpause fihrte. In
Kafigversuchen, in denen jeweils eine Biene mit einer parasitierenden Milbe
mit LiCl gefuttert wurde, konnten dagegen bereits nach 48 Stunden
Milbenmortalitaten von Uber 95% erreicht werden (Rein et al. 2024). Offenbar
verzogerte sich im Volk der Wirkungseintritt aufgrund des sozialen
Futteraustauschs (Trophallaxis) und einem damit  verbundenen

Verdiinnungseffekt des Wirkstoffs. Jedoch ist dieser Futteraustausch
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notwendig, um den Wirkstoff gleichmaBig im Volk zu verteilen und alle Milben
zu erreichen. Es besteht daher weiterer Optimierungsbedarf, um die fur die
Zulassung notwendigen Wirkungsgrade von liber 90% zu erreichen, ohne die

Bienenbrut zu schadigen.

Anhand von quantitativen Lithium-Analysen Uber ICP-OES konnte bestétigt
werden, dass der Wirkstoff im Volk gleichmaBig verteilt wird. Bereits einen Tag
nach der LiCl-Applikation wurden im Schnitt 93 mg/kg Lithium in den
Honigblasen der Bienen nachgewiesen, unabhangig von ihrer Position im Volk
(Rein et al. 2024). Analysen der Bienen-Hamolymphe zeigen, dass bereits nach
einer 12-stiindigen Fltterung der Bienen im Kafig ein Gleichgewicht von 5 - 8
mg/kg Lithium erreicht wird, welches zum Tod der Milbe fiihrt (Rein et al.
2024). Das Lithium sollte daher nach einer LiCl-Applikation mdglichst schnell
im gesamten Volk verteilt werden und ausreichend lange im Volk zirkulieren,
um moglichst in allen Bienen die fir Milben toédliche Konzentration zu
erreichen. Diese Konzentration sollte fir etwa 48 Stunden aufrechterhalten

werden, um eine Milbenmortalitat von Gber 95% zu erreichen.

Die im Rahmen der vorliegenden Dissertation durchgefiihrten Versuche bieten
eine umfangreiche Basis fiir die Entwicklung einer zulassungsrelevanten
Applikation. Es konnte gezeigt werden, dass Lithium eine hohe akarizide
Wirkung besitzt und lediglich noch einige Optimierungen notwendig sind, um
eine bessere Verteilung des Wirkstoffes und damit stabile Wirkungsgrade von
Uber 90% bei brutfreien Volkern zu erreichen. Fir britende Voélker mussen
jedoch alternative Behandlungsmdglichkeiten entwickelt werden, um den

Kontakt der Brut mit dem Wirkstoff zu vermeiden.
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6 Summary

Honey bees are essential pollinators for our ecosystems as well as for our
agricultural crops. The ectoparasite, Varroa destructor, continues to be the
leading cause of colony losses worldwide (Genersch et al. 2010; Le Conte et al.
2010). Currently there are no perfect treatment options against this parasite. In
2018, Lithium Chloride (LiCl) was shown to have varroacidal effects, combining
a high efficacy against the mite with a high tolerability by adult bees. Due to
its systemic mode of action, it can be easily applied and thus offers excellent

potential as a highly effective varroacide.

In this dissertation, different application methods for treating honey bee
colonies with LiCl were investigated and data on the efficacy, side effects, and
the distribution of the active agent in colonies were collected. The collected
data should suffice for a well-grounded assessment of the opportunities and
risks of registering this new miticide. We provide promising strategies for
potential treatment methods aimed at eventual registration. In support of

registration, numerous field and laboratory experiments were conducted.

Under field relevant conditions, the application of LiCI can lead to
concentration dependent damage of developing larvae and high brood
cannibalization. These brood losses are due to the length of treatment
application and influenced by larval age (Rein et al. 2022). When colonies were
fed 25 mM LiCl, approximately 40% of the brood survived. Analysis of the
lithium concentration of different larval stages showed that lithium did not

accumulate in the first two instars. Analysis of hypopharyngeal glands, which
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nurse bees use to feed both the queen and young larvae, were almost entirely
free of lithium residues (Rein et al. 2024). Thus LiCl applications pose no risk to
the queen or young larvae. In older larval instars, the lithium concentration
increased significantly. This can be explained through the switch from pure
brood food in early larval development to a mixture with carbohydrates at
later stages of larval development. As the nurse bees mix stored nectar into
the brood food, residues from the lithium treatment stored near the brood

nest can be incorporated into the food of the developing offspring.

Due to the damaging effect on brood, we developed a treatment method for
broodless colonies to test its efficacy in the field. The combination of a
broodless period, achieved through queen caging, with a LiCl treatment
resulted in a mean efficacy of 78 — 98% (Rein et al. 2024). The highest
efficacies were achieved with feeding durations of > 5 days, which
unfortunately led to brood loss in the newly laid brood post caging. In cage
trials where individual bees infested with individual mites were fed LiCl, we
achieved over 95% mite mortality within 48 hours (Rein et al. 2024). This
effectiveness is apparently delayed in a colony due to the social food
exchange between bees known as trophallaxis and the thus ensuing dilution
of lithium. Yet this food exchange is needed to evenly spread the treatment
throughout the colony and treat all mites. We thus need to further optimize
the treatment method to reach the needed efficacy of 90% without producing

damaging effects on the brood.

Based on ICP-OES quantitative lithium analysis, we could confirm that the

lithium is evenly distributed in a colony. Within one day of LiCl application we
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found on average 93 mg/kg in the honey stomachs of bees, regardless of their
position in the colony (Rein et al. 2024). Analysis of the bees’ hemolymph
showed that within 12 hours of feeding bees in cages, we reached an
equilibrium of 5 — 8 mg/kg of lithium, which results in the death of mites (Rein
et al. 2024). The lithium must therefore be distributed throughout the colony
as quickly as possible after a LiCl application and circulate in the colony for
sufficient duration to achieve a concentration in the bees that are lethal to
mites. This concentration must be maintained for about 48 hours in order to

achieve a mite mortality rate of over 95%.

The experiments conducted as part of this dissertation offer a solid foundation
of data for the development of a treatment registration. We could show that
lithium has a high acaricidal effect. Only minor optimizations are needed to
achieve a better distribution of the active ingredient, resulting in a stable
treatment efficacy of over 90% in broodless colonies. To minimize the contact
of the brood with lithium, different treatment strategies must be developed

for colonies with brood.
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