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Allgemeiner und theoretischer Teil

1 Allgemeiner und theoretischer Teil
1.1 Bienen und ihre Rolle als Bestauber

Weltweit werden derzeit tGber 80% aller Wild- und Kulturpflanzen von Insekten bestaubt
(Reddy et al. 2012; Bartomeus et al. 2014). Damit leisten Insekten nicht nur einen unersetzlichen
Beitrag zur Aufrechterhaltung der Okosysteme, sondern sorgen auch fiir die Sicherstellung der
Nahrungsmittelversorgung des Menschen (Klein et al. 2007). Ohne den Beitrag von Bestéubern
in der Nahrungsmittelherstellung wére das Angebot von Lebensmitteln deutlich reduziert, viele
Frichte, wie Stein- und Kernobst, Beeren, Gemuse oder Kaffee und Tee wurden fir den
menschlichen Verzehr nicht mehr verfligbar sein (Steffan-Dewenter et al. 2005). Nicht nur der
Mensch profitiert von der Bestdubung der Pflanzen und den daraus resultierenden Lebensmit-
teln, sondern auch Bestduber und Pollen produzierende Pflanzen leben in einer gegenseitig pro-

fitierenden Wechselwirkung (Darwin 1859).

Neben Kéfern, Schmetterlingen und Ameisen, tragen Bienen den groRten Anteil zur Bestau-
bung von Pflanzen bei (McGregor 1976). Die westliche Honigbiene (Apis mellifera) zahlt zu den
héaufigsten Blutenbesuchern in nattrlichen Lebensrdumen weltweit (Hung et al. 2018), denn sie
wird als Nutztier zur Honigproduktion eingesetzt. Ein tber 100 Millionen Jahre alter fossiler
Fund einer mannlichen Biene (Melittopshex brumensis) mit Pollenkérnern an den Beinen be-
weist, dass eine evolutiondre Verknupfung von Angiospermen (bedecktsamigen Pflanzen) und
Bestaubern schon seit Millionen Jahren besteht und Bienen schon damals zur Bestaubung bei-

getragen haben (Poinar und Danforth 2006; Cardinal and Danforth 2013).

Honigbienen (Apis mellifera) leben in hochsozial organisierten Insektenstaaten mit mehr als
30.000 Bienen (van der Steen 2015). Die Aufgaben der Arbeiterinnen werden nach ihrem Le-
bensalter bestimmt. In den ersten drei Tagen nach dem Schlupfen sind die Jungbienen fir das
Saubern der Zellen verantwortlich, danach folgt die Versorgung der Larven, die Bildung von

Wachs und der Bau von Waben. Ab dem 21. Tag beginnen Honigbienen mit dem Ausfliegen
8



Allgemeiner und theoretischer Teil

aus dem Stock, um Nektar, Pollen, Propolis und Wasser zu sammeln (Ohe 2006). Der Nektar
von bliihenden Pflanzen dient als Energiequelle der Honigbienen und wird zur Produktion von
Honig gesammelt. Die Hauptproteinquelle der Bienen ist Blitenpollen, der zur Versorgung der
Brut und Produktion von Futterdriisensaft verwendet wird (Winston 1987; Seeley 1997). Pflanzen
die durch Tiere bestadubt werden, bieten diesen meist neben Pollen auch Nektar an, so werden
mehrere Blutenbesuche der gleichen Pflanzenspezies und die Verteilung des produzierten Pol-

lens sichergestellt (Free 1963).

Honigbienen sind blutenstetig und fliegen bei ihren Sammelfliigen meist nur Bliten von Pflan-
zen der gleichen Art an, dabei bleiben die Pollenkdrner am Haarkleid der Bienen hangen und
werden von Bllte zu Blute getragen (Kevan und Baker 1983). Im Gegensatz zu nacktsamigen
Pflanzen (Gymnospermae), die hauptsachlich windbestaubt werden, sind bedecktsamige Pflan-
zen (Angiospermae) abhangig von der Bestdubung durch Insekten (entomophil) (s. Abbildung

1).

Stamen
Anther
Filarment
Pistil
Stigma
Style
Ovary (Encloses the ovules.
After fertilization, each ovule
develops into a seed.)

Abbildung 1: Entomophile Pflanzen, die durch Bliitenbesuche bestaubt werden (Lawrence 2015).
9



Allgemeiner und theoretischer Teil

Im Flug streifen die Bienen mit den Biirsten an ihren Beinpaaren die Pollen zum hinteren Bein-
paar (Willmer 2011). Durch Zugabe von Speichelsekret und Nektar werden kleine Klimpchen
geformt und am hinteren Beinpaar befestigt (Winston 1987). Als sogenanntes Pollenhdschen (ca.
10 mg), das aus mehreren Milliarden einzelner Pollenkdrner besteht, transportieren Honigbie-
nen die Pollen am hinteren Beinpaar in den Stock (Winston 1987; Ohe 2004). Unter weiterer
Zugabe von Bienenspeichel werden die Pollen in Waben eingelagert und zu sogenanntem Bie-
nenbrot fermentiert (Nagai et al. 2005). Das Bienenbrot wird von Jungbienen und den Arbeite-
rinnen im Stock genutzt, um Larvenfuttersaft zur Aufzucht der Brut zu produzieren (Lindauer
1952). Ein Bienenvolk benétigt im Durchschnitt 20 kg Pollen pro Jahr, der vollstandig zur Ver-

sorgung der Brut genutzt wird (Crailsheim et al. 1992).

Um die Versorgung des Bienenstocks mit Futter iber das gesamte Bienenjahr gewéhrleisten zu
kdnnen, beginnen Bienen zu Beginn des Frihjahres (Marz) meist mit dem Sammeln von Wei-
denpollen (Salix sp.), sobald die Konigin mit dem Legen von Eiern (stiften) beginnt (Winston
1987; Harz M. 2014). Beendet wird das Sammeln von Pollen erst im Herbst (September/Okto-
ber), sobald das Trachtangebot nachlasst und die Konigin das Stiften reduziert (Throp 2000). Je
nach Trachtangebot und -attraktivitat kann der Sammelradius von Honigbienen zwischen 1.500
m und 10.000 m betragen (Beekman und Ratnieks 2000; Steffan-Dewenter und Kuhn 2003). Attrak-
tive Pflanzen fir Honigbienen kdnnen Wildpflanzen wie Kréauter oder Wildblumen, als auch

kultivierte Pflanzen wie Raps oder Obstbdume sein (McGregor 1976).

1.2 Pollen

Pollenkdrner oder auch Blutenstaub genannt, sind die mannlichen Keimzellen (Mikrosporen)
der Blitenpflanze (Cruden 1999). Sie besitzen eine doppelte AulRenschicht (Sporoderm), die

durch eine innere Zelluloseschicht (Intine) und eine widerstandsféhige duRere Schicht (Exine)
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mit einer artspezifischen Oberflachenstruktur, gekennzeichnet ist (Piffanelli et al. 1998). Die
Vielfalt der Pollenkorntypen ist vor allem bei Bedecktsamern durch Anpassung an die Tier-
Bestaubung sehr ausgepragt und systematisch bedeutungsvoll (Piffanelli et al. 1998). Eine unre-
gelmaRige Oberflachenstruktur der Pollen beglinstigt das Anhaften im Haarkleid von Insekten
und die Bestaubung anderer Pflanzen (Piffanelli et al. 1998). Die Grol3e der Pollenkdrner kann je
nach Pflanzengattung zwischen 5 - 200 um variieren, dabei sind Form und Oberflachenstruktur
sind sehr vielfaltig (Ohe und Ohe 2007) (s. Abbildung 2). Eine Identifizierung und Unterschei-
dung der Pollenkdrner verschiedener Pflanzengattungen ist bislang unter dem Mikroskop mit-

tels palynologischer Analyse moglich (s. Kapitel 1.5.1).

a) Fichte (Picea abies) Birke (Befula pendula) b)  Steinobst i;anus spp.) Lowenzahn (Taraxacumi officinale)
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Abbildung 2: Pollenkdrner von a) nacktsamigen und b) bedecktsamigen Pflanzen

1.3 Pollen als Lebensmittel

Pollen haben einen hohen erndhrungsphysiologischen Wert, denn sie enthalten einen grof3en
Anteil an Proteinen zwischen 11 und 35% (Haydak 1970). Neben Proteinen sind auch weitere
erndhrungsrelevante Nahrstoffe wie essentielle Aminosduren, Fettséduren, Vitamine, Mineral-
stoffe und Enzyme in Pollen zu finden (Basim et al. 2006; Morais et al. 2011; Feés et al. 2012; Avni
et al. 2014; Pascoal et al. 2014; Kosti¢ et al. 2015; Thakur und Nanda 2020; Campos et al. 2010) (5.

Tabelle 1).
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Tabelle 1: Inhaltsstoffe in Butenpollen.

Inhaltsstoffe Anteil in Blutenpollen
Wasser 20-30%
Proteine (essentielle Aminosduren) 11 - 35%
Fette/Fettsauren 1-22%
Kohlenhydrate 20 - 48%
Mineralstoffe 1-8%
Vitamine: Provitamine A, By, B>, Bg, C, D, E, H, K, Biotin, Folsadure

Enzyme, antibiotische Stoffe, Aroma und Farbstoffe

Die unterschiedlichen Nahrstoffe des Pollens sind nicht nur fiir Bienen essenziell, sondern auch
fur den menschlichen Verzehr interessant (Carpenter 2003). In der Imkerei werden deshalb neben
Honig auch andere Bienenprodukte wie der sogenannte ,,Blitenpollen® gewonnen, der seit Jahr-
tausenden von Menschen verzehrt wird (Campos et al. 1997). Eine tdgliche Menge von bis zu 15
g Blutenpollen, deckt den taglichen Bedarf an Aminosduren, die ein Mensch bendtigt (Peris
1984). Der Begriff ,,Blltenpollen* bezeichnet die Pollenhdschen der Sammlerbienen, die vor
dem Transport in den Stock vom Imker abgesammelt werden. Mit Hilfe von sogenannten Pol-
lenfallen kdnnen zwischen 10 - 40% der transportierten Pollenhdschen der Sammlerinnen ab-
gefangen werden (Keller et al. 2005). Ein integriertes Gitter sorgt dafir, dass die Pollenhdschen
abgestreift werden und aus einer darunter liegenden Schublade geerntet werden kénnen. Die
Effektivitat der Pollenfallen ist abh&ngig von der Maschenweite des Gitters, die optimal bei 4 -
6 mm liegt (Seeley 1997). Es gibt unterschiedliche Arten von Pollenfallen, solche die vor das
Flugloch installiert werden (s. Abbildung 2) und welche die im Beutenboden integriert werden,
sie sind nicht standardisiert und variieren je nach Beutentyp in Form und Material (Detroy et al.

1976) .
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Abbildung 3: Aufbau einer installierten Pollenfalle vor dem Flugloch eines Bienenstocks

Die Sammelperiode von Blitenpollen ist abhéngig von der Region und des Standortes der Bie-
nenbeuten (Keller et al. 2005). In Deutschland wird Blitenpollen tblicherweise zwischen Marz
und September gesammelt (Keller et al. 2005). Das tagliche Leeren und Reinigen der Falle ist
dabei unerlésslich, um ein mogliches mikrobielles Wachstum zu verhindern (De-Melo et al.
2016). Die Tagesernte aus der Pollenfalle kann je nach Wetter und Trachtangebot variieren und
muss zur Gewahrleistung der Haltbarkeit anschlieRend verarbeitet werden (Gonzalez et al. 2005).
Jahrlich kann von einem Bienenvolk zwischen 1,2 — 50,65 kg Pollen geerntet werden (Keller et
al. 2005; Campos et al. 2010), jedoch sollte das Sammeln von Blutenpollen regelmaRig pausiert
werden, um die Gesundheit des Bienenvolkes Uber das Jahr gewéhrleisten zu kénnen (Wilde

1991).

1.4 Qualitat von Pollen
1.4.1 Einfluss von Pflanzenschutzmitteln
AuBere Einfliisse kénnen die Qualitit des Bliitenpollens maRgeblich beeinflussen (De-Melo et

al. 2015; RoRberg und Harzer 2015). Der Einsatz von Pflanzenschutzmitteln (PSM) in der
13



Allgemeiner und theoretischer Teil

Landwirtschaft, kann zu Rickstandsbelastungen in der Umwelt, sowie in Trinkwasser und Nah-
rungsmitteln fuhren (Mdller et al. 2002; Codling et al. 2016; Tadeo 2019). PSM kdnnen gezielt in
blihende Kulturen eingesetzt werden, um gegen Krankheiten und Schadlinge wie beispiels-
weise Schorf und Mehltau im Obstbau oder den Rapsglanzkéfer und Rapsschwérze im Raps
(Alternaria brassicae) zu bekampfen (LTZ 2021a, 2021b). Folglich kénnen PSM durch direkte
Spritzmalinahmen oder Behandlung von Unterwuchs in die Umwelt abdriften (Aktar et al. 2009).
Demnach kénnen PSM mit Nicht-Ziel-Organismen wie Insekten in Kontakt kommen (Koch und
WeiRer 1997). Die Bienenschutzverordnung regelt, wie mit bienengeféhrlichen Stoffen umge-
gangen wird. Demnach diirfen Wirkstoffe, die nach Bienenschutzverordnung als bienengefahr-
lich (B1) eingestuft sind, nicht in blihende Kulturen ausgebracht und Wirkstoffe die minder
bienengefahrlich (B2) eingestuft sind erst nach Beflug der Blite (nachts) eingesetzt werden
(BienSchV 1992). Doch auch durch den Einsatz von Wirkstoffen in nicht blihende Kulturen
konnen Bienen und andere Insekten durch Abdrift, beispielsweise durch blihenden Unterwuchs
bzw. Nachbarkulturen, von Sprihapplikationen getroffen werden (Pimentel 1995; Botias et al.

2016).

In Deutschland sind derzeit mehr als 1780 PSM mit verschiedenen Handelsnamen und tber 280
unterschiedlichen Wirkstoffen zur Anwendung zugelassen (BVL 2021b). Der Inlandsabsatz lag
2019 bei 27.000 Tonnen Wirkstoff, die Gruppe der Herbizide machte mit 50,6% den groRten
Anteil der abgegebenen PSM aus (Umweltbundesamt 2020). Neben Herbiziden kommen auch
Fungizide und Insektizide sowohl in der Landwirtschaft, als auch zur Nutzung in Haus und
Kleingérten zum Einsatz (BVL 2021b). Gerade B1 und B2 eingestufte Insektizide, die zur Be-
k&mpfung von Schadlingen in der Landwirtschaft eingesetzt werden, kdnnen bei Fehlbehand-
lungen flr Bestduber gravierende Folgen haben (Czoppelt 1991; Tapparo et al. 2012). Bisherige
Studien haben gezeigt, dass Honigbienen durch das Sammeln von Nektar und Pollen in bewirt-

schafteten Regionen unterschiedlichen PSM mit durchaus hohen Konzentrationen ausgesetzt

14



Allgemeiner und theoretischer Teil

sind (Mullin et al. 2010; Stoner und Eitzer 2013; Bohme et al. 2018). Dabei wurden Auswirkungen
von unterschiedlichen Wirkstoffen auf Honigbienen untersucht, die zeigen, dass die Entwick-
lung, die Orientierung, das Wachstum und die Uberlebensfahigkeit stark beeintrachtigt werden
kdnnen (Czoppelt 1991; Belién et al. 2009). Auch additive oder synergetische Effekte durch die
Kombination von Insektiziden aus der Gruppe der Pyrethroiden und Neonicotinoiden mit Azol-
fungiziden in Tankmischungen wurden belegt (Pilling et al. 1995; Gill et al. 2012; Thompson et al.
2014; Wernecke et al. 2019). Mdgliche Gefahren, die durch PSM Ruickstande in belasteten Pollen
fur Honigbienen entstehen, wurden in einzelnen Studien durch einen sogenannten Pollen Ha-
zard Quotient (PHQ) berechnet (Stoner und Eitzer 2013; Béhme et al. 2018). Die Ergebnisse wur-
den allerdings auf Grundlage von wdchentlichen oder monatlichen Mischproben in bewirt-
schafteten Regionen und Naturrdumen kalkuliert. Fundiertes Wissen Uber die tagliche Belas-
tung von Pollen konnte bisher nicht erlangt werden. Ferner ist unklar, welche Wirkstoffkon-
zentrationen in taglich gesammelten Pollenproben aus intensiv bewirtschafteten Regionen er-
wartet werden kann, bzw. wie lange PSM nach der Applikation in Pollenproben detektierbar

sind und welche Gefahr belastete Tagesproben fur Honigbienen darstellen.

1.4.2 Einfluss von Mikroorganismen

Einen weiteren maRgeblichen Einfluss auf die Qualitat von Blitenpollen haben Mikroorganis-
men (MO) (Dinkov 2018; Disayathanoowat et al. 2020). Durch einen relativ hohen Wasser- und
Proteingehalt (s. Tabelle 1) bieten Blitenpollen als Rohprodukt Mikroorganismen viele An-
griffspunkte (Feés et al. 2012). Mikroorganismen sind ubiquitér in der Umwelt, in der Luft, sowie
im Wasser und im Boden zu finden (Stotzky 1972; Zalar et al. 2007). Folglich sind bestimmte MO
auch in Pflanzen und in deren Nektar und Pollen présent (Fridman et al. 2012). Honigbienen sind
ebenfalls Tréger unterschiedlicher Darmbakterien, die durch Speichelaustausch oder -zufuhr

beim Sammeln auf Pollen transferiert werden konnen (Kwong und Moran 2016). Frisch
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gesammelter Pollen enthalt demnach eine Vielzahl an unterschiedlichen MO, die in der Umwelt
prasent sind oder durch Honigbienen Ubertragen werden kénnen. Die Zusammensetzung der
MO in Blitenpollen héngt stark von der geografischen und botanischen Herkunft sowie von
Klimabedingungen, dem Sammelzeitraum und der Verarbeitung nach dem Ernten ab (Hani et
al. 2012; Nogueira et al. 2012; De-Melo et al. 2016). Folgt keine Verarbeitung wie Trocknung oder
Kihlung des Pollens, kénnen sich lebensmittelverderbende oder Toxin-bildende MO vermeh-
ren (Hani et al. 2012; De-Melo et al. 2015). Einige Studien haben bereits gezeigt, dass bei fehlender
Verarbeitung MO wachsen, die beispielsweise Mykotoxine bilden (Gonzalez et al. 2005; Fatr-
cova-Sramkova et al. 2016). Zusatzlich wurde die Zusammensetzung von frischen, getrockneten
und gefrorenen Blutenpollen basierend auf kultivierungsabhangigen Methoden sowie auf kul-
tivierungsunabhéngigen Methoden wie der 16S-rRNA Amplikonsequenzierung untersucht
(Feds et al. 2012; De-Melo et al. 2016; Dinkov 2018). Die Veranderung der Mikroorganismenzu-
sammensetzung wurde bisher nur bei Bienenbrot, dass 72 Stunden im Bienenstock gelagert
wurde, untersucht (Disayathanoowat et al. 2020). Informationen Uber die Veranderung der Zu-
sammensetzung von Mikroorganismen in Blitenpollen, der aulerhalb des Bienenstocks gela-

gert wird, fehlen jedoch bislang.

1.4.3 Einfluss von Pyrrolizidinalkaloiden

Neben &ulleren Einfliissen wie Pestiziden und Mikroorganismen kénnen natdrliche Inhalts-
stoffe der Pollen einen enormen Einfluss auf die Qualitat des Endprodukts ausiiben (BfR 2013).
Sekundare Pflanzenmetabolite wie Pyrrolizidinalkaliode (PA) werden von der Pflanze zum
Schutz vor Verbiss durch Fressfeinde produziert (EFSA 2011, 2017). Sie bestehen aus einem 1-
Azabicyclo-[3.3.0]-octan (Pyrrolizidin) Grundgerist mit einer Hydroxymethyl-Gruppe an der
C1-Position, sowie einem Hydroxyl-Substituenten an der C7-Position. Die resultierende

Grundstruktur ist eine Necinbase (7-Hydroxy-1-hydroxymethylpyrrolizidine), welche in
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Abhangigkeit von der Veresterung als Monoester, Diester oder zyklische Ester auftreten kon-

nen. Bei korrespondierenden N-Oxiden (PANO) liegt der Stickstoff im Molekil oxidiert vor.

Derzeit sind Gber 600 verschiedene Strukturen von PA bekannt, welche in ca. 3% aller blthen-
den Pflanzen weltweit auftreten konnen (EFSA 2011). Als Hauptquellen gelten hauptsachlich
Pflanzen der Familien Asteraceae (Senecioeae und Eupatorieae), Boraginaceae und Fabaceae
(Hartmann und Toppel 1987). In Deutschland ist bereits bekannt, dass Pflanzen wie Echium sp.
(Natternkopf), Borago sp. (Borretsch), Senecio sp. (Kreuzkrduter) und Eupatorium sp. (Was-
serdost) PA enthalten (Ohe 2018). PA, die eine 1,2-Doppelbindung enthalten, entwickeln nach
der Aufnahme in Tier und Mensch toxische Wirkungen (EFSA 2011). Schon geringe Gehalte an
PA konnen chronische Erkrankungen, sowie Leberschadigungen auslosen (Kakar et al. 2010;
Colegate et al. 2012). Einige Studien mit Tierversuchen belegen ebenfalls die Karzinogenitét
einzelner Stoffe (NCI 1978; Chan et al. 2003). In Nahrungsmitteln mit botanischem Hintergrund
wie Kréauter und Tees konnten bereits bedeutende Mengen an PA gefunden werden (Bodi et al.
2014). Auch Bienenprodukte wie Honig und Blitenpollen weisen in Untersuchungen Gehalte
an PA auf (Boppré et al. 2005; Gottschalk et al. 2018). Bislang wurden kommerziell erhéltliche
Pollenprodukte aus EU- und Nicht-EU Landern, sowie wochentlich am Bienenvolk gesammelte
Pollenproben aus der Schweiz untersucht (Diibecke et al. 2011; Kempf et al. 2011; Kast et al. 2018).
Die Ergebnisse zeigen, dass vorwiegend PA die in Pflanzen wie Natternkopf (Echium sp.) und
Wasserdost (Eupatorium sp.) vorkommen, nachgewiesen werden kdnnen. Kommerzielle Pro-
ben aus Deutschland sind bereits untersucht worden (Kempf et al. 2010a), jedoch ist bislang we-

nig tUber PA Gehalte in saisonal gesammelten Blutenpollen zu definierten Bliihzeiten bekannt.
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1.5 Analytik von Pollen
1.5.1 Mikroskopie

Pollenkdrner kdnnen mittels palynologischer Analyse unter dem Mikroskop bestimmt werden
(Klumpp 2013). Mittels dieser Analyse kann sowohl die botanische als auch die geographische
Herkunft von Pollenkdrnern bestimmt und dadurch Rickschliisse gezogen werden, welche Blu-
ten die Bienen angeflogen und wo sie Pollen gesammelt haben (Klumpp 2013; Disayathanoowat
et al. 2020). Dazu wird der gesammelte Blitenpollen beispielsweise durch die Verwendung ei-
nes Morsers homogenisiert und anschlief3end eine definierte Menge (beispielsweise 100 mg) in
ein Probengefal eingewogen. Durch Zugabe von Wasser und eines Tropfens Spilmittels, der
dafiir sorgt, dass sich Fetttropfchen von den Pollenkdrnen 16sen, werden die Pollenkdrner geldst
und durch Schitteln weiter homogenisiert. Eine definierte Menge (Bsp. 200 pL) wird auf einen
Objekttrégerglas gegeben und mit Glycerin-Gelatine und einem Deckglas bedeckt, sobald der
Wassertropfen getrocknet ist. Unter dem Mikroskop (10x40 VergroRerung) wird dann eine de-
finierte Anzahl an Pollenkérnern (zwischen 300 und 500) ausgezahlt und bestimmten Pflanzen

zugeordnet (Friedle et al. 2021b; Friedle et al. 2021a).

Die Pollenkdrner einiger Pflanzengenera/-arten weisen eine sehr spezifische Form und Grof3e
auf und sind folglich unverwechselbar, andere zeigen sowohl in der Form als auch in der GroRe
Ahnlichkeiten zu Pollen andere Pflanzenarten auf und lassen sich dadurch nur in Gruppen zu-

sammenfassen (Ohe und Ohe 2007) (s. Abbildung 2b Steinobst).

1.5.2 Pestizidanalytik

Durch den Einsatz von Pflanzenschutzmitteln in der Umwelt, sind Pestizide in vielen Nahrungs-
mitteln zu finden (Hamilton et al. 2004; Balinova et al. 2006; Meira et al. 2017; Codling et al. 2018;
Craddock et al. 2019; EFSA et al. 2021; Liang et al. 2021). Aufgrund der verschiedenen Matrices

von Lebensmitteln, wurde von Anastassiades et al. (2003) das einfache und schnelle
18



Allgemeiner und theoretischer Teil

Aufarbeitungsverfahren QUEChERS (Qu = quick, E = easy, Ch = cheap, E = efficient, R =
rugged, S = safe) entwickelt, welches die Isolierung von Pestiziden aus unterschiedlichen Pro-
benmatrices ermdglicht. QUEChERS wird mittlerweile weltweit standardisiert zur Aufarbei-
tung von Pestiziden verwendet und kann ja nach Probenmatrix individuell angepasst werden
(Lehotay et al. 2010; Wilkowska und Biziuk 2011; Koesukwiwat et al. 2014; David et al. 2015; Alvarez-
Ruiz et al. 2021; Mekonnen et al. 2021). Die Grundlage bildet eine fliissig-flissig Extraktion, bei
der die Pestizide aus der wéssrigen Phase in eine Acetonitril-Phase Gberfiihrt werden. Anschlie-
Rend werden die beiden Phasen durch die Zugabe von Salzen getrennt und die Acetonitril-Phase
weiter aufbereitet (Anastassiades et al. 2003). Die Probenlésung mit den extrahierten Wirkstoffen
aus der Pollenmatrix kann folglich je nach Eigenschaft der Wirkstoffe mittels einer Multime-
thode mit GC-MS/MS (Gaschromatographie mit gekoppelter Massenspektrometie) und bzw.
oder HPLC-MS/MS (High Performance Liquid Chromatographie / Hochleistungsfliissig-chro-
matographie mit gekoppelter Massenspektrometie) vermessen werden (Kamel 2010; Béhme et

al. 2018; Moreno-Gonzalez et al. 2018; Alvarez-Ruiz et al. 2021).

1.5.3 Mikrobielle Untersuchung

Mikroorganismen in Blltenpollen wurden bislang meist mit kultivierungsbasierten Methoden
durch Auszahlen von Bakterien- und Pilzkolonien auf Agarplatten bestimmt (Bonvehi und Jorda
1997; Gonzalez et al. 2005; Estevinho et al. 2012; Feas et al. 2012; Barbara et al. 2015; De-Melo et al.
2015; Dinkov 2018). In einigen Studien wurden zuséatzlich kultivierungsunabhéngige Methoden
wie die 16S-rRNA Sequenzierung durchgefihrt, um die bakterielle Zusammensetzung in fri-
schen und gefrorenen Pollen zu bestimmen (Anderson et al. 2014a; Corby-Harris et al. 2014; Mauri-
ello et al. 2017). Dabei wird nach Extraktion der Bakterien-DNA (Desoxyribonukleinsdure) aus
den Pollenproben eine bestimmte Region (V3-V4) der 16S-rRNA Bereiche des Bakterieniso-

lates mit PCR (Polymerase-Kettenreaktion) amplifiziert und anschlielend sequenziert und
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ausgewertet. Eine neue Studie beschreibt die Isolierung und Bestimmung von Bakterien und
Pilzen bzw. Hefen in Blitenpollen (Disayathanoowat et al. 2020). Nach Extraktion der Mikroor-
ganismen-DNA aus den Pollenproben, wurden sowohl Amplikons der VV3-V4 Region des bak-
teriellen 16S-rRNA Gens als auch Amplikons der ITS1 Region im 18S-rRNA fugalen Gen des
mit geeigneten Primern sequenziert. Mit Hilfe dieser Methode kann die genaue Zusammenset-
zung der Bakterien und Pilze bzw. Hefen in Pollenproben bestimmt werden (Disayathanoowat et

al. 2020) .

1.5.4 Pyrrolizidinalkaloid-Analytik

PA wurden bislang in unterschiedlichen Lebensmittelmatrices wie Krauter und Tees, als auch
in Honig und Blitenpollen untersucht (Roeder 1995; Boppré et al. 2005; Kempf et al. 2010b; Bodi
et al. 2014; Kast et al. 2018; Kaltner et al. 2020). Die PA werden mittels Festphasenextraktion aus
der Probenmatrix herausgeldst und anschlieend analysiert. Derzeit gibt es zwei verschiedene
Madglichkeiten PA zu analysieren: der Nachweis von einzelnen PA mittels LC-MS (Kast et al.
2018) oder die Uberfiihrung der 1,2-ungeséttigten in einen gemeinsamen Summenparameter mit
anschlieender GC-MS Detektion (Kempf et al. 2008). Ein empfindlicheres Detektionslimit (bis
zu 1 ppb) kann durch die Analyse mit LC-MS/MS erreicht werden, bei der sowohl freie PA als
auch die entsprechenden PANO einzeln analysiert werden kénnen (Kast et al. 2018). Starke Prob-
leme der Einzel-Analyse stellt jedoch die geringe Verfligbarkeit von Standardreferenzen dar.
Es gibt bislang nur wenige PA oder PANO die als Referenz vorliegen und somit auch genau
bestimmt werden kdnnen (Dubecke et al. 2011; Gottschalk et al. 2018; Kast et al. 2018). PA bei
denen keine entsprechende Referenz vorliegt, kdnnen mit einer sogenannten ,,Ersatz-PA* quan-

tifiziert werden oder werden wahrend der Analyse nicht mitbestimmt (Betteridge et al. 2005).
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2 Ziele der Arbeit

Blitenpollen aus EU- und Nicht-EU Landern wurden bisher in zahlreichen Studien hinsichtlich
maoglicher Riickstandsgehalte von Pflanzenschutzmitteln untersucht (DeBiMo 2017-2020; Drum-
mond et al. 2018; Favaro et al. 2019). Die Studien analysierten vorwiegend Mischproben, die wo-
chentlich oder Uber eine ganze Saison gesammelt wurden. Einzelne Studien analysierten auch
Tagesproben, die stichprobenartig in einer Sammelperiode wdchentlich bzw. monatlich ausge-
wahlt wurden (Béhme et al. 2018). Es ist jedoch wenig tber den Eintrag von Pestizidriickstdnden
in taglich gesammelten Proben bekannt. Mit der Hypothese, dass in Pollenproben aus intensiv
bewirtschafteten Regionen Pestizidriickstdnde ber eine gesamte Sammelsaison von April bis
Juli detektiert werden, war das Ziel der vorliegenden Arbeit, die Verteilung und Entwicklung
von Pestizidkontaminationen in tdglich gesammelten Blitenpollen wéhrend einer gesamten Ve-
getationsperiode zu untersuchen. Als Grundlage dafur wurden mit Hilfe von Pollenfallen wah-
rend einer Sammelsaison von April bis Ende Juli 2018 taglich Pollenproben in einer intensiv
bewirtschafteten Region in Baden-Wirttemberg gesammelt. Die Proben wurden auf Wirk-
stoffe, die derzeit in Deutschland als Pestizide verwendet werden dirfen, analysiert. Damit sol-
len erste Erkenntnisse Uber die Anzahl der verschiedenen Pestizide, ihre Haufigkeit und maxi-
male Konzentrationen in Pollen am Beispiel eines Standortes in einer intensiv bewirtschafteten

Region erlangt werden.

Weitere Umweltfaktoren wie die mikrobielle Zusammensetzung von Blitenpollen kdnnen die
Qualitat des Produkts maRgeblich beeinflussen (Dinkov 2016, 2018). Bislang wurde die mikro-
bielle Zusammensetzung sowohl von frisch gesammelten Pollenproben als auch von gelagerten
Pollen im Bienenstock in Form von Bienenbrot untersucht (Disayathanoowat et al. 2020). Dabei
fehlen vor allem Informationen tber die Verdnderung von Bakterien- und Pilzgemeinschaften
wéhrend definierter Lagerbedingungen auRerhalb des Bienenstocks. Mit der Hypothese, dass

Lagerbedingungen die Zusammensetzung der Mikroorganismen beeinflussen und zum Verderb
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fuhren kdnnen, war ein weiteres Ziel dieser Arbeit, qualitative Verdnderungen mikrobieller
Pollengemeinschaften auRRerhalb des Bienenstocks zu bewerten. Dazu wurde frisch gesammel-
ter Bltenpollen unter definierten Bedingungen gelagert, um einen méglichen Verderb des Bli-
tenpollens durch Wachstum von lebensmittelverderbenden Mikroorganismen zu simulieren.
Die erlangten Ergebnisse sollen dazu beitragen, die entscheidende Bedeutung der Verarbeitung

von Blitenpollen durch Kiihlung oder Gefrieren nach der Ernte, darzulegen.

Doch nicht nur &ul3ere Einflisse kénnen die Qualitat von Blitenpollen beeinflussen, sondern
auch Inhaltsstoffe, die von Pflanzen selbst produziert werden, stellen gewisse Risiken dar (BfR
2013). Bislang ist bekannt, dass ca. 3% aller blihenden Pflanzen weltweit sekundére Pflanzen-
metabolite wie PA produzieren, um sich vor Fressfeinden zu schiitzen (Smith und Culvenor
1981). Einige Untersuchungen zeigen bereits, dass sowohl in Lebensmitteln mit direktem
pflanzlichem Hintergrund wie Krauter und Tees, aber auch in Bienenprodukten wie Honig und
Blitenpollen PA zu finden sind (Roeder 1995; Bodi et al. 2014; Gottschalk et al. 2018). Seither
wurden einige kommerzielle Pollenproben aus EU- und Nicht-EU Lé&ndern untersucht (Kempf
et al. 2010a). Kontaminationen von PA in saisonal gesammelten Pollenproben zeigte bislang nur
eine Studie aus der Schweiz (Kast et al. 2018). Detaillierte Informationen tber PAs in Pollenpro-
ben von heimischen Pflanzen in Deutschland sind nur vereinzelt zu finden. Mit der Hypothese,
dass PA sich auf PA-produzierende Pflanzen zuriickfuhren lassen, war weiteres Ziel dieser Ar-
beit ein ausflhrliches Wissen Uber die PA Kontaminationen in saisonalem Blitenpollen aus
Suddeutschland zu erlangen. Dazu wurden Mischproben von Blitenpollen im Juli 2019 an 57
Standorten in Baden-Wirttemberg gesammelt. Die Proben wurden mittels palynologischer
Analyse auf deren Pollenzusammensetzung untersucht, sowie die Gehalte an PA analysiert. Mit
Hilfe der Ergebnisse sollen Pflanzen identifiziert werden, die fur hohe PA Gehalte in den Pro-
ben verantwortlich sind und eine Risikobewertung der gefundenen PA Gehalte durchgefiihrt

werden.
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Die Untersuchungen sollen dabei helfen, weitere Erkenntnisse sowohl tiber die Belastung durch
PSM als auch Uber die Zusammensetzung heimischer Blitenpollen und die Verwendbarkeit

hinsichtlich der Nutzung als Lebensmittel zu erlangen.
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Abstract

Insect-pollinated plants are essential for honey bees to feed their brood. In agricultural land-
scapes, honey bees and other pollinators are often exposed to pesticides used for cultivation. In
order to gain more insight to the fluctuation of pesticide loads, 102 daily pollen samples were
collected between April and July 2018 in a fruit-growing area in Southern Germany. Samples
were analyzed with respect to more than 260 pesticides using a multi-residue pesticide analysis
method. Almost 90% of the analyzed pollen samples featured between one and thirteen differ-
ent pesticides. In total, 29 pesticides were detected at maximum concentrations of up to 4500
ng/g pollen. Maximum residual concentrations of most pesticides were observed during April
and the first half of May, as well as during second half of June. In most cases, serial data of
pesticide residuals were detected for approximately 10 subsequent days with two or three max-
imum values, which were several folds higher than concentrations on the days before and there-
after. The pollen hazard quotient (PHQ) was calculated to estimate the risk of the detected pes-

ticides to honey bees and wild pollinators.
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Abstract

Insect-pollinated plants are essential for honey bees to feed their brood. In agricultural landscapes, honey bees and other
pollinators are often exposed to pesticides used for cultivation. In order to gain more insight into the fluctuation of pesticide
loads, 102 daily pollen samples were collected between April and July 2018 in a fruit-growing arca in Southem Germany.
Samples were analyzed with respect to more than 260 pesticides using a multi-residue pesticide analysis method. Almost 90% of
the analyzed pollen samples featured between one and thirteen different pesticides. In total, 29 pesticides were detected at
maximum concentrations of up to 4500 ng/g pollen. Maximum residual concentrations of most pesticides were observed during
April and the first half of May, as well as during the second half of June. In most cases, serial data of pesticide residuals were
detected for approximately 10 subsequent days with two or three maximum values, which were several folds higher than
concentrations on the days before and thereafter. The pollen hazard quotient (PHQ) was calculated to estimate the risk of the

detected pesticides to honey bees and wild pollinators.

Keywords Bee pollen - Pesticide residues - Pollen hazard quotient - QuEChERS - LC-MS/MS - Germany

Introduction

Apart from nectar, pollen from plants is essential to honey
bees (Apis mellifera) for feeding their brood. From early
spring on, bees start collecting pollen from blooming crops,
e.g., willows, fruits, vegetables, and flowers, and transporting
it in the pollen baskets known as corbicula via their legs to the
hive (Kevan and Baker 1983; Willmer 201 1), After the addi-
tion of nectar and bee secretion, pollen is stored in comb cells
(Nagai et al. 2005; DeGrandi-Hoffman ¢t al. 2013 ). The stored
pollen, called bee bread, can be stored over months, but bees
prefer to consume freshly stored pollen within 2 to 4 days
(Anderson et al. 2014; Carroll et al. 2017). Bee bread is then
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used by nurse bees to produce larval food (Lindauer 1952;
Cridge et al. 2015). However, bee bread and bee pollen were
shown to be frequently contaminated by pesticides (Lindauer
1952; Chaugzat et al. 2006; Botias et al. 2015; Traynor et al.
2016; Codling et al. 2018; Béhme et al. 2018, 2019; German
Bee Monitoring 2014-2019). This is due to the fact that honey
bees are collecting nectar and pollen not only from wild plants
but mainly from crops or plants used in agricultural industry
(McGregor 1976).

Residues of agncultural pesticides in pollen can originate
from the application of systemic compounds before the
blooming period, from contamination of water and soil as well
as from spray application to the blooming plants (Aktar et al.
2009; The Scottish Government 2018). To protect orchards
and oilseed against pests and fungal growth, spray applica-
tions of “pesticide cocktails™ are recommended in Germany
with spraying regimes of up to 15 different applications from
early spring to late summer (Wallner 2012; RolBberg and
Harzer 2015). The contamination status of bee pollen can be
monitored by means of a pollen trap installed at the front of a
hive entrance which samples up to 40% of the daily amount of
pollen brought to the hive by foraging bees (Keller et al.
2005). Most studies to date have been performed on pooled

samples, typically collected from weekly trappings, at single
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timepoint from multiple colonies in the same apiary, or mul-
tiple collections are pooled over an entire season (Drummond
et al. 2018; Tosi et al. 2018). Little is known about the pesti-
cide load in daily samples of bee pollen. Bohme ct al. (2018)
analvzed in between 9 and 39 of daily bee pollen samples
collected from March to August over a time course of 5 years,
at three different agricultural sites (“meadow™ with about 605
permanent grassland, “grain” with high percentages of grains,
and “fruit” with 30% permanent crops) in Southern Germany.
Random analysis of at least one sample each week indicated
highest pesticide concentrations at the “fruit™ site with
7200 ng/g pollen. These concentrations were much lower than
those reported in two studies from the USA where pesticide
concentrations in weekly pollen samples mounted up to
99,000 ng/g pollen (Mullin et al. 2010; Stoner and Eitzer
2013). Likewise, the pesticide load in bee pollen could be
traced back to pesticide spraying in different cultivation areas.
Nevertheless, detailed knowledge about the development of
pesticide concentrations in pollen samples during a spring
collecting season is still lacking. Furthermore, frequency and
time course of remaining pollen contamination was vastly
unknown for the time period after occurrence of the maximum
contamination level.

The goal of this project was to study the distribution and
progression of pesticide contamination in daily bee pollen
samples throughout an entire growing season {(April to
July 2018) at a representative bee hive located within a fruit
cultivation area in Southern Germany. For this purpose, daily
samples were collected from a single hive by means of a
pollen trap from April to July 2018, Samples were analyzed
for over 260 pesticides by LC-MS/MS, including almost all as
generally used in Germany. The data collected was used to
elucidate number of different pesticides, their frequency, and
maximum concentrations in pollen, as well as record their
repccurrence during the entire growing season to understand
pesticide fluctuations in an agricultural landscape.

Materials and methods

Site description and collection One individual bee colony
was used for sampling. Since a colony usually consists of
meore than 30,000 bees, typically ~20% of the workers are
engaged in foraging pollen on a given day (Klein et al.
20119). This scenario seemed to be appropriate in order to
get first impressions about the amount of pesticides honey
bees become daily exposed to over an entire season. An
apiary on personal grounds was selected for this study
(exact coordinates of the apiary will not be shown and
no permits were needed for this study); it is located in
an intensive fruit cultivation area nearby Friedrichshafen
(Baden-Wuerttemberg, Southern Germany) (Fig. 1). The
area around the hive within the mean foraging distance of
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foraging bees of around 1500 m (Steffan-Dewenter and
Kuhn 2003) is characterized by a low population density
{population 325/km”) (Statistical Service Office Baden-
Wuerttemberg 2020) and cultivation of different crops.
Apples, sweet and sour cherries, and plums with over
0.25 km” agricultural area (Info Service of Agricultural -
Nutrition and Rural Areas 2018; Statistical Service Office
Baden-Wuerttemberg 2017) are cultivated in this area.
Bee pollen traps were installed to collect pollen loads
from returning honey bees {(Apis mellifera) (Detroy and
Harp 1976) (Figure S1). From April (starts at April 12
with numeric 1) until July 31 {D102), 2018, daily pollen
samples were collected on 102 out of 111 consecutive
davs (except nine ramy days without foraging activities)
by a volunteer beekeeper. Daily bee pollen samples (20 to
55 g) were homogenized, and aliquots of 20 g were re-
moved and stored at — 20 °C in polyethene sample bags
until sample preparation.

Chemicals Acctonitrile (for LC-MS, = 99.95%), nonane ( for
synthesis, = 99%), and fine magnesium sulfate (=99%) were
from Carl Roth (Karlsruhe, Germany), The sorbent Sepra C, ¢~
E (50 um, 65 A) and Sepra PSA (51 um, 73 A); the “1oQ
QuECHERS Kit” with 4.0 g magnesium sulfate, 1.0 g sodium
chlonde, 1.0 g sodium citrate tribasic dihydrate, and 0.5 g
sodium citrate dibasic sesquihydrate; and Sepra graphitized
carbon black (laboratory use) were from Phenomenex
(Karlsruhe, Germany ). The internal standard solution was pre-
pared in-house at the Agricultural Research Development
Institute (LUFA Spever Germany) with triphenyl phosphate
and o ;-chlorpyrifos (20 ng/pl acetonitrile each) (HPC,
Bohnsdorf, Germany). Also, the pesticide standard solution
with all 262 analytes (HPC, Bohnsdorf, Germany, and
Sigma-Aldrich, Darmstadt, Germany) at concentration | ng/
ul. acetonitrile (Table 51) was prepared at the Agricultural
Research Development Institute (LUFA, Spever).

Sample preparation for pesticides analysis Pollen samples
were brought up to room temperature, mechanically homog-
enized in a mortar, and subsequently dried for 8 hat30°Cina
heating cabinet (Binder, Tulthngen, Germany). An aliquot of
5 g+ 0.001 g pollen sample was weighed into a 50-mL tube
{Buddeberg, Mannheim, Germany), and the following
QuUECHERS method (Anastassiades et al. 2003) (§64 LFGB,
BVL L 00.00-115/1:2015-03) with individual modifications
was used. Ten milliliter demineralized water, 10 mL acetoni-
trile, and 10 uL internal standard solution were added, and the
mixture was mechanically shaken for 20 min at 400 rpm on a
Heidolph Instruments Promax 2020 (Schwabach, Germany).
After centrifugation (10 min at 2750 x G), the supernatant was
transferred into a new 50-mL tube, which contained 4.0 g
magnesium sulfate, 1.0 g sodium chloride, 1.0 g sodium cit-
rate tribasic dihydrate, and 0.5 g sodium citrate dibasic
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Fig. 1 Location area of sampling
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sesquihydrate (roQ) QuEChERS Kit). The sample solution
was shaken for 2 min followed by centrifugation for 10 min
at 2750 x G. The supematant was placed in a 15-mL tube
(Buddeberg, Mannheim, Germany) which already contained
0.5 g fine MgS0,. The sample was shaken for 1 min and
centrifuged (10 min at 2750 x G). Then, 5 mL of the superna-
tant was transferred into a glass wbe and supplemented with
50 pL nonane solution (10 g nonane/50 mL acetone).
Afterwards, the sample solution was evaporated to near dry-
ness in a heating block maintained at 40 °C under nitrogen
flow. The residue was resuspended in 2.5 mL acetonitrile and
swiveled for 30 s in an ultrasonic bath. The solution was then
transferred into a new 15-mL tube containing 0.49 g cleaning
mixture (0.31 g magnesium sulfate, 0,06 g Sepra Cy-E, 0.11 g
Sepra PSA, and 0,01 g graphitized carbon black). The sample
was shaken for 1 min and centrifuged for 10 min at 2750 x G.
A 1 mL aliquot from the supernatant was transferred into a
1.5 mL LC vial (Macherey-Nagel, Diiren, Germany) and
stored at — 20 °C until analysis.

100 km

Palynological analysis A palynological analysis of four select-
ed samples D9-D13 (April 22-26) was prepared as follows.
An aliquot of 100 mg homogenized pollen was weighed into a
50-mL tube containing 10 mL demmeralized water and a drop
of dish soap. The mixture was shaken for 1 min, and a drop
was transferred to an object carmier, dried, and covered with
Kaser's glycerol gelatin for microscopy (Merck, Darmstadt,
Germany).

High performance liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis of pesticides LC-MS/MS
analyses were performed with an APT 400 system (AB Sciex,
Darmstadt, Germany) at Agricultural Research and
Development Institute (LUFA, Spever, Germany). Analytes
were separated on a Gemini NX Cyg column (100 mm length
# 3 mm inner diameter, 3 pm particle size; Phenomenex,
Karlsruhe, Germany) at 30 °C. Each 10 pL of sample was
injected to the column equilibrated with 5 mmol/L ammonium
acetate and 0.1% formic acid in water (A) at a flow rate of

&) Springer
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300 pL/min. A linear gradient, within 3 min, of 30 to 70% (B)
(methanol, 5 mmol/L. ammonium acetate) in A was run,
followed by an increase to 100% (B) within 10 min. After
2 min at 100% (B), the ratio was turned back to 70% and held
for another 5 min. MS/MS measurements were performed in
multiple reaction monitoring (MREM) mode using electrospray
tonization ( ESI) in the positive mode with an ion spray voltage
of 5500V and a desolvation temperature of 400 *C. A total of
262 analytes (pesticides and related compounds) were subject-
ed to this analytical method (Table S1).

Quality control One sample fortified with analytes was run per
batch of 25 samples in a following manner: blank pollen (5 g
pollen sample without detectable residues, as checked previ-
ously) was mixed with 10 mL demineralized water and
9.75 mL acetonitrile, spiked with 250 pL pesticide standard
solution and 10 pL internal standard solution (absolute con-
centration 200 ng triphenyl phosphate and d;-chlorpyrifos
each), and prepared as explained above in “Sample prepara-
tion for pesticides analysis”, All samples were prepared within
1 week, one bateh (25 samples + 1 blank pollen) per day. The
recovery was calculated using a defined final volume of
2.5 mL (after evaporation) by comparison with the absolute
internal standard. Recovery rates were caleulated for four
quality control samples in total, revealing a range between
29 and 160% per substance (except spirodiclofen, exhibiting
a significant low recovery rate of 4%). The mean standard
deviation between replicates was 14% (Table S2).

Toxicological evaluation In order to assess the hazard to honey
bees of pesticide residues in the pollen samples, the pollen
hazard quotient (PHQ) was used following the method of
Stoner and Eitzer (2013). The PHQmax is calculated by di-
viding the maximum concentration (ng/g) of each pesticide
detected in the samples by the known LDy, value (honey
bee oral, pg/bee) as listed in the University of Hertfordshire
pesticides properties database (Pesticide Properties DataBase -
PPDB 2020). The total PHQ per day (1IPHQday) was caleulat-
ed as the sum of all PHQs of pesticides in the representative
day sample. Based on a daily consumption of up to 9.5 mg bee
bread by a nurse bee (Rortais et al. 2005), a PHQ of = 50 was
considered “relevant” for bee health according to Biéhme et al.
(2018}, With a PHQ of 100, 0.1% of the LDy would be
ingested in 1 day, or 1% of the LDsy in a 10-day nursing
period (Stoner and Eitzer 2013).

Results
General observations

Between April and July 2018, 102 daily pollen samples were
collected and analyzed for 262 active substances (75
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fungicides, 95 herbicides, 8% insecticides, and 3 plant regula-
tors). Altogether 29 pesticides were detected, 15 fungicides,
12 insecticides, and 2 herbicides (Table 1), while the other 258
compounds for which we screened were not detected in any
sample. Only 13 daily pollen samples contained no detectable
pesticide residues, whereas 89 pollen samples contained be-
tween one and thirteen residues per sample (Table 53). The
median number of detected residues was five per daily sam-
ple. More detected residues, between seven and thirteen per
sample, were found from D8 to D17 (Aprl 21-30). Of the 29
individual pesticides detected, these were found in daily pol-
len samples anywhere on 3 to 64 oceasions. The median fre-
quency of detection was 14. The greatest frequency of detec-
tion of 64 (dy in days) was observed for the fungicide
trifloxystrobin (Figure 82). The maximum concentrations of
the 29 positive detected pesticides ranged between 6 and
4530 ng'g pollen, while tebuconazole showed the greatest
concentration of all pesticides with 4330 ng/g pollen in one
sample (Table 1). Furthermore, the highest total pesticide con-
centrations per day sample, between 3300 and 8800 ng/g pol-
len, oceurred in samples between D10 and D12 (Table S3).
The day-to-day progression of individual pesticide concentra-
tions in pollen samples is discussed in the following subchap-
ters. Pesticides were divided into their classes of fungicides,
herbicides, and insecticides.

Fungicides

A total of 15 fungicides were detected in all pollen samples.
The two highest concentrations measured in this study showed
tebuconazole and fluopyram with concentrations above
4000 ng/g pollen.

Tebuconazole (dy 17). The greatest single day concentra-
tion of 4530 ng/g pollen was observed on D10 (April 23,
2018) (Fig. 2a). This triazole fungicide, normally used against
various foliar diseases such as powdery mildew and black spot
in fruit and vegetable cultivation and in crop seed (Federal
Office of Consumer Protection and Food Safety 2020)
(Table 1), was detected in 17 daily pollen samples. The
highest values were observed on 10 subsequent days between
D7 and D16. Initially detected on moderate concentrations
between D7 and D&, tebuconazole concentrations slightly in-
creased on D9 to 230 ng/g pollen. On the following day, a
maximum concentration of 4330 ng/g was measured. After 2
consecutive days at a high level, tebuconazole concentrations
fell sharply until it was no longer detectable on D17, At the
end of May (D41), tebuconazole was detected on a second
oceasion at 160 ng'g pollen in just one daily pollen sample.

Fluapyram (d; 27) 15 a succinate dehydrogenase inhibitor
used in fruit and vegetable cultivation and viticulture (Table 1)
and was detected in 27 daily pollen samples. It is noted that the
greatest concentration of 4030 ng/g pollen was recorded on
the same day as the maximum observed with tebuconazole
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Fig. 2 Line chart with a day-to- 1800
day progression of fungicides a
with maximum concentrations (4] 1600
= 4000 ng'g bee pollen and (b)
between 100 and 700 ng/g bee 1400
pollen
1200
1000

ano

o
o1

00

GOg

pesticide concentration [ng/g bee pollen]
- B
e

500

400

(D10}, This observation and the very similar progress over the
same period (Fig. 2a, Figure S3) suggested that both fungi-
cides were possibly applied together. Specifically of note in
this context, there 15 at least one formulation used in Germany
for fruit cultivation (Federal Office of Consumer Protection
and Food Safety 2020) containing fluopyram and
tebuconazole, both with coneentrations of 200 g/L. A palyno-
logical sample analysis of pollen for days with highest load of
fluopyram and tebuconazole (D10 and D11) confirmed high
proportions of Prusus sp. type (£ 77% stone fruit) and Pyrus
sp. type (+ 18% pome fruit) along with scattered contributions
of Acer sp. (maple) and Picea sp. (spruce) pollen (Table S4).
Hence, there exists strong evidence that both pesticides were
also distributed and collected at similar ratio during fruit cul-
tivation. In the beginning of May, fluopyram was detected
again on 10 subsequent days (D22 to D31). However, the
maximum concentration of 190 ng/g pollen was much lower
(Fig. 2a), suggesting either the sprayving of a lower amount of
fluopyram or a lower share of pollen from the treated field in
the daily collection of the hive. The absence of tebuconazole
in these samples pointed towards the use of a different pesti-
cide formulation. Within this period, the highest concentration
was reached on the seventh day.
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Trifloxcystrobin (dy64) is mainly used in fruit and vegetable
cultivation and crop seed (Table 1) and was found most fre-
quently of all pesticides, showing a frequency of detection of
64 out of 102 days with a maximum concentration of 710 ng/g
pollen. It was detected consistently between DT and D49 with
only one exception. Within this period, the concentrations
increased and dropped again (concentration up to 260 ng/g
pollen). Between D22 and D29, tnifloxystrobin showed simi-
lar concentrations as floopyram (in its second period). While
the resulting constant ration of both fungicides could be acci-
dental, it could also mean that they were applied together.
Formulations containing fluopyram together with
trifloxystrobin are used in fruit cultivation in Germany (both
with concentrations of 250 g/L (Federal Office of Consumer
Protection and Food Safety 2020)). The long period and the
differing composition provide evidence for application of this
fungicide on several days at different locations. In addition, a
second period with higher trifloxystrobin levels was observed
between D60 and D70, with maximum concentration of
710 ng/g pollen in one sample. It required 9 subsequent days
for the concentration to fall below LOGQ (Fig. 2b).

Myclobutanil (d; 39} is frequently applied as a demethyla-
tion inhibitor in fruit and vegetable cultivation and viticulture,
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It was first observed in this investigation in the samples be-
tween D2 and D18, Within these 17 days, the concentrations
were usually low, except on D2 (230 ng/g pollen) and D8
(maximum level of 330 ng/g pollen) (Fig, 2b). Again, subse-
quent detections suggested repeated applications either on the
same field or on other local areas. Fenhexamid (d; 10, which
also had a low recovery of 44%, was detected between May
and July at moderate and lower concentrations. The highest
concentrations were measured between D59 and D66, includ-
ing 4 days showing up to 270 ng/g pollen. Detection of
boscalid (d; 36) started at a low level in April with up to
200 ng/g pollen on D17, followed by a concentration drop.
Cyvprodinil (de 9) displayed a low recovery rate of only 29%.
Nevertheless, this aminopynmidine fungicide peaked at
190 ng'g pollen on D28 and was detected at moderate con-
centrations between D23 and D27 (Fig. 2b).

Further eight fungicides with concentrations < 100 ng/g
pollen could be detected in the samples. The majority of these
substances {thiophanate-meihy! (dy 7), difenoconazole (dy 1),
pyraclostrobin (dy6), pyrimethanil (dy 9), azoxystrobin {dy 6),
kresoxim-methy! (dy 3), and dimoxystrabin {dy 2)) showed
highest concentrations between D2 and D28, Penconazole
fdy 14) was detected between D58 and D62 and again between
D75 and D78 at lower concentrations (Figure Sda).

Herbicides

Only the following two herbicides were detected with maxi-
mum concentrations between 120 and 1810 ng/g pollen in the
analyzed pollen samples.

Pendimethalin (dy 17) is commonly used in vegetable cul-
tivation and crop seed conditioning. It was detected in 17
samples. The analytical recovery of pendimethalin was com-
parably low (55%, standard deviation 9.46%) (Table 1,
Table 52). Since these results could not be reliably confirmed,
the actual pendimethalin concentrations may have been
underestimated by almost a factor of two. After four subse-
quent positive findings in early June (D43 to D46) with up to
150 ng/g pollen, pendimethalin was detected again with high
abundance on D65 and D66 at 1810 and 950 ng/g pollen.
Afier a gap of 4 days, pendimethalin was detected again be-
tween D71 and D81 (maximum concentration of 330 ng/g
pollen} (Fig. 3a). Dimethenamid (dy 11) was detected in five
unconnected daily pollen samples exhibiting lower concentra-
tions in May, followed by two daily samples from June (D63
and D66) showing a maximum concentration of 120 ng/g
pollen.

Insecticides
In total, 12 insecticides were detected in all analyzed samples.

Seven insecticides were observed with maximum concentra-
tions between 100 and 415 ng/g pollen.

Tebufenozide (dy 18) was detected in 18 daily pollen sam-
ples, The first period lasted from D7 to D18 (maximum con-
centration of 410 ng/g pollen on D8). Two days later,
tebulenozide was detected again but at much lower concen-
trations between D21 and D27, except one sample (Fig. 3b).
Also, in this case, the period of persistence lasted for about 10
days.

The inhibitor of lipid biosynthesis spirodiclofen (d29) is
mainly used as an acaricide and insecticide in fruit cultivation
along with vegetable cultivation and crop seed treatment and
is classified as hazardous to bees (Table 1) In contrast to a
reported recovery rate of 70% in potatoes (Attallah et al.
2012), this study showed a calculated recovery rate of only
4% in pollen samples (61% standard deviation). These mea-
sured spirodiclofen concentrations were not considered reli-
able for a detailed evaluation, and only those periods in which
spirodiclofen was detected were reported. Spirodiclofen was
detected between D40 and D47 and then again between D49
and D63 and after one negative sample, with highest concen-
tration measured between D63 and Do6. Between D74 and
D78, spirodiclofen was detected at lower level on 5 days (Fig.
3b).

Fenoxyearh (dy 14) was detected in 14 inconsecutive day
samples between D43 until DRI its concentrations were typ-
ically low, except for a maximum concentration of 370 ng/g
pollen at D53. Fenoxycarb is an insect growth regulator used
to control scale insects on fruits or other plants and is not
approved for application to blooming crops in Germany
(Pesticide Properties DataBase - PPDB 2020), because it is
classified hazardous to bees and can have negative effects on
bee brood (Czoppelt 1991 Aupinel et al. 2007). It could con-
taminate pollen by drifting onto flowers and herbs in the prox-
imity of application on non-flowering crops.

Chloraniraniliprole (dy 25) was detected between D43
and D61 at moderate to low concentrations (e.g., 110 ng/g
pollen at D50} except for 1 day. Similarly, the second
period lasted from D74 to D81 and featured one daily
pollen sample with a maximum value of 310 ng/g pollen
on D75 (Fig. 3b, Table 1). The neonicotinoid thiacloprid
fdy 47} was one of the most frequently detected pesticides,
Apart from one sample, it was continuously present m
daily pollen samples from D1 to D49, Only for 2 days
in April (D2 and D8). thiacloprid concentrations
exceeded 200 ng/g pollen. The chitin synthesis inhibitor
diffubenzuron (dy 2) is not approved for application to
blooming crops in Germany and was detected in two daily
samples from D7 to DS, displaying widely varying con-
centrations of 120 and 10 ng/g pollen, respectively.
Finally, picaridin (d; 15) which 15 generally used as an
insect repellent by humans and not as an agricultural pes-
ticide was detected at low levels between D40 and D46,
The maximum concentration of 120 ng/g pollen picaridin
was determined during the last days of the study, referring

&) Springer

31



Veroffentlichungen

Environ Sci Pollut Res

Fig. 3 Line chart with a day-to- 1800 ) )
day progression of ia) herbicides S — Dimsthenarid
wilh maximum concentrations —— Pendimethaln
and (b) insecticides with 1400 |
mAximum concentrations 1200
between 100 and 400 ng/g bee |
pollen 1000 11}
8OO |
GO0 |
5 a0 |
B |iI
E 2 | II
o 0 et
s = - s - - o o - =
g 58 :i5BgBzizizrEsEeiaics
5
' 430 b ——— Chiorantraniprole:
£ 400 —— Diflubarzuron
2 —— Fenoxycarh
Pacanicen
g =0 —— Spirodiclofen
7] e T ufEnOZi R
g W Thiscloprid
E 250
o
150 |
w || f A
|
50 |Kn|| \ i \
o L Al 1O
= - @ s = - = - ® = -
58 FE5BaBzisEeErER8BEE

to the period from D93 to D102 (Table S3). The beekeep-
er who collected the daily pollen samples could have been
the unintended source of the picaridin contamination in
the pollen samples, because he confirmed utilization of a
potentially relevant insect repellent during summer.

Further five insecticides were detected with comparable
low concentrations of < 100 ng/g pollen. Fenpyroximate (d,
13), flonicamid (dy 19), acetamiprid (dy 11}, and methiocarh
{dy 16} showed their highest concentrations between D2 and
D28, while pirimicarb {d, 3) was detected between D58 and
D62 and again between D75 and D78 but only at lower con-
centrations (Figure S4b, Table S3).

It remained unclear whether the individual components
were interrelated. An exemplary hierarchical cluster anal-
ysis (JMP® pro 15.0) was performed in order to show a
possible connection between the presented insecticides
(and further fungicides with concentrations < 100 ng/g
pollen). Only one single day-to-day progression of the
insecticides fenpyroximate and flonicamid is shown be-
tween D1-17, D53-58, and D101, There is no formula-
tion used in Germany in which these two pesticides are
applied together. For all other substances, no similar
course between the day-to-day progressions could be
established (Figure S5),
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Pollen hazard quotients at maximum concentrations

This study clearly demonstrates that pesticide levels in daily
pollen samples varied strongly. Within a typical period of 10
days. concentrations peaked on 1 or 2 days and then leveled
out. It was aimed to estimate the measured highest threat pre-
sented by the pesticide at maximum concentration (PHQmax).
PHOmax values of the 29 detected pesticides ranged from
0.09 to 170 (Table 1). The peak value of 170 could be allo-
cated to the insecticide methiocarb, although its corresponding
maximum concentration was only 14 ng/g pollen. However,
LDsq of methiocarb was determined comesponding to a very
low level of 0.08 ug/bee (Table 1). Tebuconazole also showed
a high PHOmax of 55, linked to the highest individual pesti-
cide concentration determined in any of the samples. The
tPHQday (calculated as the sum of all PHQs per sample and
day) represents the total pesticide load per day. Altogether
four samples revealed a tPHQday value between 100 and
180 (D6 to DE; D41), and 15 daily samples exceeded a value
over 30 (Table 2). Thiacloprid was the most frequently traf-
ficked pesticide in these samples but had comparably low
PHQ values below 10 m all reported samples. In addition,
methiocarb, myclobutanil, trifloxystrobin, boscalid,
flonicamid, and fluopyram showed resulting PHQ values in
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more than 10 pollen samples within these days (Table S5).
Methiocarb often had the highest PHQ values despite lower
concentrations which thus contributed mainly to the high
IPHQday values.

Discussion

To our knowledge, we present for the first time a full range
pesticide analysis of daily pollen samples, collected over an en-
tire season in one of the largest contiguous fruit-growing regions
in Germany. Evaluation of the collected data from 102 consecu-
tive days has resulted in some general conclusions, Almost 905
of the analyzed daily pollen samples in our study showed detect-
able concentrations of pesticide residues ranging from one to
thirteen pesticides per day sample. The 29 detected pesticides
were dominated by 51% fungicides and then 41% insecticides
and less than 109 herbicides. This trend is comoborated by re-
sults shown in studies by Drummond et al, (2018) and Bohme
et al. (2018), although they observed comparatively lower insec-
ticide levels (10-25%) in their samples. Our observation can be
further supported by the results of another German study exam-
ining pesticide use over several seasons at different farms in
Germany (Biirger et al. 2012). They could show diverse pesticide
utilization on every individual farm, even during the same spe-
cific season. However, all farms showed a continuous usage of
minimum two fungicide and one herbicide treatments per season.
Some farms also use one to three insecticides, depending on the
type of cultivation. Most maximum concentrations in our study
were measured during Apnl (DI to D17) and the first half of
May (D18 to D32) as well as duning the second part of June (D59
to D66) (Figs. 2 a and b and 3 a and b). Fungicides and insecti-
cides were detected throughout the whole study from D1 to
D102 (April to July), while the two detected herbicides
(pendimethalin and dimethenamid) were present only from
D43 to D81, The repeated occumence of active substances duning
the study could be due to applications to different fields, changes
in pollen availability in the landscape, and bees visiting other
places that have pesticide exposure such as home gardens or
madside maintenance. Due to incorrect use or diift, pesticides
can also find their way mto other matrices as well. Another
Crerman study detected pesticide residues in surface water in an
area where 41% of the landscape is used for crop cultivation,
They detected pesticide residues in water samples over an entire
year, with seasonal differences in pesticide concentrations be-
tween 0,05 and 14 pg/L (Miller et al. 2002). These results con-
firmn that pesticides cannot only be found in pollen-producing
plants during a flowering season, but, moreover they become
spread across the environment and thus present a permanent risk,
Three pesticides (diflubenzuron, fenoxycarb, and spirodiclofen)
were classified as hazardous to bees, while at the same time
diflubenzuron and fenoxycarb are not approved for the usage
to blooming crops in Germany (Federal Office of Consumer
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Protection and Food Safety 2020). Especially fenoxycarb is
known to have negative effects on the bee brood; already a
concentration of 30 ng/larva has been shown to induce signifi-
cant damage (Czoppelt 1991: Aupinel et al. 2007). With a max-
imum value of 370 ng/g pollen fenoxvearb in our analyzed sam-
ples and a daily consumption of 9.5 mg bee bread per day by a
nurse bee, the potential damage imposed on larvae may be low
but should not be underestimated (Rortais et al. 2005), In come-
parison to this, Bihme et al. (201 8) detected far lower concen-
trations of 6 ng fenoxycarb per pollen in their samples. The
contamination with these pesticides could have been caused by
accidental drift from other plants or another field or as a conse-
quence of incorrect application (Pimentel 1995; de Jong et al.
2008; Lee et al. 2011). Frequently, pesticides were detected for
time periods of around 10 consecutive days, exhibiting two or
three maxima values, each of which several times higher com-
pared to the previous highest concentration, This particular
course was further verified by the simultaneous detection of
tebuconazole and fluopyram, reaching their highest concentra-
tions at 4500 ng/g pollen (Fig. 2). Comparatively lower pesticide
concentrations were found in pollen samples from France at their
maximum of 2020 ng tau-fluvalinate per g pollen (Chauzat et al.
2006). However, in our daily collected samples, maximum con-
centrations approached about 60% of the fenhexamid maximum
level, as seen from the literature reporting a respective maximum
at 7200 ng/g pollen. This was detected in a fruit-growing area in
Southern Germany (Bihme et al. 2018) and was only about 5%
compared 1o the maximum concentrations of up to 99,000 ng
chlorothalonil per g pollen measured in the USA (Mullin et al.
2010; Stoner and Eitzer 2013). Typically, the maximum values
in our present study were measured within the first 5 days of
detection.

With respect to specific data, the data here does not indicate
the occurrence acute toxic concentrations to honey bees for
any of the detected pesticides. However, a general risk assess-
ment should also include sublethal and synergistic effects of
“pesticide cocktails”™ (Wade et al. 2019; Wemnecke et al.
2019). The PHQmax values ranged between 0.09 and 170
within all observations. Fungicides and herbicides tend to
show low PHOQmax values between 0.08 and 35, whereas
insccticides caleulated higher PHQmax values to a maximum
of 170 in 1-day sample. The tPHQday exceeded the relevant
threshold of 50 in fifteen samples, A PHQ) value of thiacloprid
could be caleulated in all of these samples, but with PHQ
values below 10. Methiocarb showed the highest PHOQ) values
up to 170 and, despite low pesticide concentrations, made the
greatest contribution to the high PHQ values. Between D6 and
D8, bees were consccutively exposed to tPHQday scores
above 100 on each day, so they consumed over 500 tPHQ
during this 4-day window, This is equivalent to 0.5% of the
bees LDsy, during a short 4-day window, with potentially se-
rigus implications for bee health. In companson to the total
pesticide concentrations in each daily sample, a connection

between the total pesticide concentrations and the tPHQday
vilues can only be shown in a few cases. It is notable that
between D6 and D8, high tPHQday levels between 140 and
180 can be calculated. whereas the absolute pesticide concen-
trations only peak on days D9 to D11. However, the tPHQday
values in this range are also above the relevant threshold of 50.
In contrast, on D41 only a low total pesticide concentration of
270 ng/g could be measured, but the tPHQday value is over
165, With regard to which class contributes to the absolute
pesticide concentration per day, it can be clearly seen that
mainly fungicides followed by herbicides which are responsi-
ble for the highest pesticide concentrations. Insecticides only
show a small contribution to the overall pesticide concentra-
tion (Fig. 4a). On the other hand, the class composition in the
PHQ) values clearly shows that insecticides in particular con-
tribute to the high PHQ values in daily samples. In this par-
ticular case, we conclude that insecticides have a high influ-
ence on the tPHQday value, even if present at relatively low
concentrations (Bohme et al. 2018; Favaro et al. 2019) (Fig.
4b, Table 2). The PHQ values presented in this study appeared
lower compared to previously reported 500 to 4000 (McArt
et al. 2017; Bohme et al. 201 8) and even higher than 40,000,
as reported mainly in other studies undertaken in the USA,
where more stringent plant protection management Is com-
monly executed (Stoner and Eitzer 2013; Favaro et al.
2019), Not included in general risk assessments of pesticide
residues are other pollinators, especially wild bees. These pol-
linators have a small foraging range and often a short foraging
period of only several days. Such insect pollinators are (i) less
likely to escape from a treated field and (ii) their brood is
predominantly reared directly on stored pollen contaminated
by a localized pesticide mixture. This particular condition may
provoke a significantly negative impact on the diversity of
native pollinators (Tuell and Isaacs 2010; Mallinger et al.
2015; Park et al, 2015).

The oceurrence of highest pesticide concentrations in only
a few individual daily pellen samples may be rationalized by
the assumption that m pooled pollen samples, maximum con-
centrations were being mitigated by dilution. For instance,
fluopyram and tebuconazole which were detected together
from D7 to D16 would have been expected at 1000 ng/g
pollen in a respective 10-day sample pool but were only show-
ing at 400 ng/g pollen in a pooled monthly sample (Fig. 5,
Table S6). The specific dilution effect we have shown here is
likely to be of general significance with respect to the evalu-
ation of pesticide concentrations in all pooled samples. Hence,
pooled pollen samples may contribute to a general underesti-
mation of the threat to which honey bees are exposed during
particular single day by a factor of between fourfold up to
tenfold. This kind of potentially erroneous data evaluation
turns out to be particularly important because specific maxi-
mum concentrations were found to be comparably low within
the immediate surroundings of the hive. In various other
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situations, pesticide loads detected in daily pollen samples
may also lead to the underestimation of corresponding threats
to honey bees and other insects. Further extensive analytical
investigations are required, across different agricultural re-
gions, with a focus on the real daily exposure of honey bees
and other pollinators to the wide range of various applied
pesticide cocktails (Ostiguy et al. 2019).
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3.2 Changes of microorganism composition in fresh and stored bee pollen
from Southern Germany

Publiziert in Environmental Science and Pollution Research:
Abstract

Analysis of plant pollen can provide valuable insights into the existing spectrum of microor-
ganisms in the environment. When harvesting bee-collected pollen as a dietary supplement for
human consumption, timely preservation of the freshly collected pollen is fundamental for
product quality. Environmental microorganisms contained in freshly collected pollen can lead
to spoilage by degradation of pollen components. In this study, freshly collected bee pollen was
sampled at different locations and stored under various storage conditions to examine the hy-
pothesis, that storage conditions may have an effect on the composition of microorganisms in
pollen samples. The samples were analyzed using 16S and 18S amplicon sequencing and char-
acterized by palynological analysis. Interestingly, the bacterial communities between pollen
samples from different locations varied only slightly, whereas for fungal community composi-
tions this effect was substantially increased. Further, we noticed that fungal communities in
pollen are particularly sensitive to storage conditions. The fungal genera proportion
Cladosporium and Mycosphaerella decreased, while Zygosaccharomyces and Aspergillus in-
creased during storage. Aspergillus and Zygosaccharomyces fractions increased during storage

at 30 °C, which could negatively impact the pollen quality if it is used as a dietary supplement.
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Abstract

Analysis of plant pollen can provide valuable insights into the existing spectrum of microorganisms in the environment. When
harvesting bee-collected pollen as a dietary supplement for human consumption, timely preservation of the freshly collected
pollen 1s fundamental for product quality. Environmental microorganisms contained in freshly collected pollen can lead to
spoilage by degradation of pollen components. In this study, freshly collected bee pollen was sampled at different locations
and stored under various storage conditions to examine the hypothesis that storage conditions may have an effect on the
composition of microorganisms in pollen samples. The samples were analyzed using 165 and 185 amplicon sequencing and
characterized by palynological analysis. Interestingly, the bacterial communities between pollen samples from different locations
varied only slightly, whereas for fungal community compositions, this effect was substantially increased. Further, we noticed that
fungal communities in pollen are particularly sensitive to storage conditions, The fungal genera proportion Cladosporium and
Mycosphaerella decreased, while Zyvgosaccharomyces and Aspergillus increased during storage. Aspergillus and
Zygosaccharomyces fractions increased during storage at 30 °C, which could negatively impact the pollen quality if it is used
as a dietary supplement.

Keywords Microorganism composition - Bee pollen - Pollen quality - Pollen spoilage

Introduction 2014; Kosti¢ et al. 2015). Bee-collected pollen consists of

pollen grains from flowering plants (including bushes and

The existing spectrum of microorganisms in the environment
can be revealed in pollen samples from plants (Anderson et al.
201 3; Manirajan et al. 2019). Pollen, the male gametophyte of
gymnosperms and angiosperms, represents the main protein
and lipid source for honey bees (Apis mellifera). It provides a
full spectrum of not only nutrients, mainly amino acids and
lipids, but also carbohydrates, minerals, vitamins, and en-
zymes (Feds et al. 2012; Pascoal et al. 2014; Avni et al.
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trees), as well as nectar and salivary secretion from the bees,
It is collected by foraging honey bees and transported to the
hive in the pollen baskets known as corbicula on their hind
legs (Kevan and Baker 1983; Willmer 2011), After storage
and microbe-mediated maturation in honeycomb cells, pollen
is called “bee bread™ and is consumed by nurse bees to pro-
duce protein-rich larval food supported by secretions of spe-
cialized glands (Lindauver 1952; Cridge et al. 2015). Bee pol-
len is perceived as a useful dietary supplement for humans, as
it provides many necessary nutrients, especially a high amount
of protein (+ 20%) including essential amino acids like leu-
cine, isoleucine, and valine, depending on the botanical origin
(Paramas et al. 2005; Carpes et al. 2009; Martins et al. 201 1;
Feds etal. 2012; Nicolson and Human 2013; Tahaetal, 2019).

The nutrient composition and microbiological guality of
bee pollen depend strongly on its geographic and botanical
origin, the weather at the time of collection, as well as on
the post-harvest processing procedure by the bee keeper
{Hami et al. 2012; Noguerra et al. 2012; Corby-Harnis et al.
2014; De-Melo et al. 2015, 2016; Dinkov 2016;
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Disayathanoowat et al. 2020). When gathering of the pollen is
not followed by drying or another processing step, growth of
microorganisims can compromise pollen quality, leading to
negative side effects like fermentation or mycotoxin produc-
tion (Gonzalez et al. 2005; Hani et al. 2012; Fatrcova-
Sramkova et al. 2016). The taxonomical identity of the iden-
tified microorganisms in fresh bee pollen suggests that the
initial microbial community composition is rather arbitrary
and may change in composition to more opportunistic micro-
organisms with unwanted characteristics that grow well under
warm storage conditions (Gonzilez et al. 2005; Hani et al.
2012). Following the hypothesis that storage conditions may
impact the composition of microorganisms, resulting in the
spoilage of pollen, we measured the differences in the micro-
organism composition of freshly harvested bee pollen and
compared it with the same pollen after storage under different
temperature treatments. This experimental approach aimed to
identify the most relevant microorganisms that cause spoilage
and identify the most favorable storage condition for preserv-
ing pollen quality during and after the harvest.

Previous studies have used cultivation-dependent methods,
e.g., bacterial and fungal colony counts on agar plates
(Bonvehi and Jorda 1997; Gonzalez et al. 2005, Estevinho
et al. 2012: Feas et al. 2012 Birbara et al. 2015; De-Melo
et al. 2015; Dinkov 2018), and cultivation-independent
methods, such as 165-rRNA amplicon sequencing to charac-
terize the microbial composition in fresh, dried of frozen bee
pollen to evaluate the risk of microbial hazards (Anderson
et al. 2014; Corby-Hamis et al. 2014; Mauriello et al. 2017;
Moreno Andrade et al. 2018),

Recently, Disayathanoowat et al. (2020) analyzed the
abundances of bacterial and fungal communities in fresh hee
pollen and in “bee bread™ that was stored for 72 h within the
hive using amplicon sequencing and plate counting. They
showed that abundance of bacteria was declining, while the
fungal population remained at stable numbers during in-hive
storage. However, to our knowledge, there is no information
available about changes i bacterial and fungal communities
in pollen being stored outside of the hive under defined con-
ditions. Furthermore, taxonomic information about changes in
the microbial communities of stored pollen are missing.
Consequently, the present study was designed to assess the
qualitative changes by next-generation sequencing of 16S and
188 PCR-amplicons in the microbial communities of pollen.
Samples were stored under different conditions, to simulate
how the compaosition of the microorganisms can be affected
by wrong processing or non-harvesting of pellen.

Materials and methods

Sampling Bee pollen was collected on 1 day in the month of
June in 2 consecutive years at three different locations: Baden-
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Wuerttemberg, Southern Germany (Hohenheim in 2018 (H),
Forbach in 2019 (F), and Nuertingen in 2019 (N)) (Figure S1).
To minimize the presence of any potential microorganism on
the pollen traps before, the traps were cleaned intensively with
T0% ethanol and mstalled i front of one hive per site to
collect pollen loads from returning honey bees (Apis
mellifera) (Detroy and Harp 1976). The freshly collected pol-
len was divided at the same day of collection and allocated to
four different groups “fresh,” “cold,” “room temperature,” and
“warm.” Condition “cold” simulated a storage in the refriger-
ator and “room temperature” a storage without refrigeration
after harvesting. The condition “warm™ simulated unharvested
pollen in the trap or pollen was left on environmental condi-
tions of a hot summer day. The samples representing each
group were further divided into triplicate samples of 3 g and
filled into 2 mL tubes (VWR International, Bruchsal,
Germany), Group “fresh” was stored immediately at — 80 °C
until extraction, while the other groups were incubated at dif-
ferent temperatures for 7 days (168 h) and thereafter stored at
= 80 °C until extraction. Group “cold” was incubated at cold
temperatures (4 °C), group “room temperature” was incubated
at 25 °C, and group “warm™ was incubated at 30 °C and 75%
humidity (humidity was adjusted with a saturated sodium
chloride solution). All samples were incubated with open lids
in humidity chambers (Figure 52) and samples of the groups
“warm' and “room temperature” were further incubated in a
warming cabinet (Binder, Tuttlingen, Germany) and samples
of group “cold” were placed in a refrigerator (Siemens,
Munich, Germany ).

Pollen samples in Hohenheim were collected directly by
the authors; samples from Forbach and Nuertingen were col-
lected with the help of voluntary beekeepers. All samples were
received from privately owned bee colonies, so no exact grid
references are given, and no permits were needed for this
study.

Palynological analysis A palynological analysis of all pooled
samples of each location was performed. All pollen samples
were mechanically homogenized by using a mortar, followed
by weighing 100 mg homogenized pollen in a 50-mL tube
{Buddeberg, Mannheim, Germany) containing 10 mL
demineralized water and a drop of dish soap (Friedle et al.
2021). For each sample, 500 pollen grains were determined.
Pollen morphology was identified using a light microscope
(100 = 40; VWR International, Bruchsal, Germany).

DNA extraction To analyze the microbial community, DNA
was extracted from all 36 bee pollen samples using a TRIzol
protocol (I Alvise et al. 2018; Sechurger et al. 2020). An
aliquot of 50 mg pollen was weighted in to a 2 mL lysis tube
with 50 pL 0.1 mn glass/zirconia beads and 500 pl TRIzol
(Invitrogen, ThermoFisher Scientific, Schwerte, Germany).
The samples were homogenized in a bead beater (FastPrep-
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Table 1 Classification of pollen
diversity in the samples

Classification Hohenheim 2018 Forbach 2019 Nuertingen 2019
Aceracese_Acer - 425 -
Bovaginaceae Phacelia 19% - -
Brassicaceae_Sinapis-T 10 - -
Malvacese Tilia B - &%
(Neaceae_Ligusimum 0.2% 165
Plantaginaceae Plantago 4% 3% 5%
Ranunculaceae - 125 -
Rasaceae_Arunciis divicus 4% 42%
Rosaceae Filipendula 10% - 2%
Sapirdacaea Aesculus 4% 1% -
Others 38% 3% 28%

24, MP Biomedicals, Eschwege, Germany) at 5.5 ms ' for
50 s and mmcubated for 5 mun al room temperature (RT).
Adter adding 100 pL chloroform, shaking for 15 s, and further
incubation for 5 min at RT, two phases were separated by
15 min centrifugation at 12,000=g and 4 °C. The agueous
phase was transferred to another tube for RNA extraction,
which can be used for further experiments. To the other phase,
250 pL back extraction buffer (4 M guanidine thio-cyanate,
50 mM sodium citrate, 1 M TRIS) were added and extracted
by shaking for 15 s, After 10 min incubation at RT and cen-
trifugation (as before), the aqueous supernatant was frans-
ferred to a new tube and precipitated by mixing with 200 pL
isopropanol, followed by centrifugation (as before). The su-
pernatant was discarded, and 500 pL 75% ethanol were added
to wash the sediment. After short centrifugation (5 min;
2000 g 4 °C), the supernatant was removed and the sediment
dried for 10 min at RT. Analiquot of 50 uL 8 mM NaOH were
added to redissolve the sediment and the solution was centri-
fuged for 10 min at 12,000=g at RT to remove membrane
lipids. The supermnatant was transferred to 2 new tube and
mixed with .25 uL 0.1 M HEPES and 0.5 pL RNAse A
(10 mg ml™" Amresco). The DNA extracts were then incubat-
ed for 1 h at 37 °C and stored at —20 *C until analysis. The
DNA concentrations were determined using Qubit fluorome-
ter (Thermo Fisher Scientific, Schwerte, Germany) and
showed concentrations < | ng/pL. Some of the DNA extracts

requiring additional purification were thereafter precipitated
with absolute ethanol; pH was adjusted to 5.5 with 5 uL
3 M sodium acetate solution, then the sample was mixed with
125 puL cold ethanol (absolute). After incubation (15 min at 4
°C) and centnfugation (20 min; 17,000:=g; 4 “C), the super-
natant was removed, the sediment was dried for 5 min at RT
and dissolved in 20 pL nuclease-free water.

PCR and amplicon sequencing Amplicons (using a volume of
10 pL in a 20 ng template) of the V3-V4 region in the bacte-
rial 165-rRNA-gene and amplicons of the 1TS1 region in the
fungal 18S-rRNA-gene were generated and [llumina-
sequenced in 2018 by Eurofins Genomics (Ebersberg,
Germany) (“Dataset 17}, The PCR conditions followed by
library preparation and sequencing were described previously
(D"Alvise et al. 2018). Primers for the V3-V4 region of the
16S-rRNA gene were S-TACGGGAGGCAGCAG (F) and
S-CCAGGGTATCTAATCC (R) (Turner et al. 1999;
Kisand and Wikner 2003). Primers for the fungal ITS1 region
were 5-GGAAGTAAAAGTCGTAACAAGG (F) and 5'-
GCTGCGTTCTTCATCGATGC (R) (White et al. 1990),
Amplicons from samples in 2019 were [lumina-sequenced
by StarSEQ) (Mainz, Germany) (“Dataset 27). Primers for
the WV3-V4 region of the 16S-rRNA gene were 5-CCTA
CGOGAGGCAGCAG (F) and 3'-GGACTACNNGGGTA
TCTAAT (R) (Klindworth et al. 2013). Primers for the fungal

Table 2 Sequences and OTUs
within the raw data and after
filtering with IMNGS and

Drataset 1 2008 (Hpy Drataset 2 2019 (F, N}

QIIME2 Bacteria Fungi Bacteria Fungi
Raw data Sequences 164,508 LO13.947 10,399 2,893,070

OTUs 453 1093 2215 5763

IMNGS/QIIME2 OTUs 56 131 33 1998

Mean OTUs/sample 40.2 232 218 3577
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Table 3 Bacterial phyla composition with bacterial genera caleulated

with total reads in all samples (Dataset 2)

Actinobacteria (3%) Arthrobacier

Bactervidetes (4%) Apibacter
Bacteroides

Chryseobacterium
Epilithanimanas
Flavobacterium
Fedobacter
Cyanobactena (0.1%) Cryanohitm
Firmicutes (44%) Fuesicatetibacter
Lactobacillus
Lacioeocous
Suphlococcus
Acinetabacter
Actibacterium

Proteabacteria (48% )

Arsenophonis
Batronella
Bradvrhizobium
Cartinanas
Citrabacter
Dganella
Erwinia
Escherichia
Frischella
Gilliamella
Crlwconacetobucter
Halotalea
Massilia
Neokomagatuea
Fantoea
Pectobacterium
Phaseolibacter
Pseudomaonas
Ricketeia
Rosenbergiella
Saccharibacier
Servatia
Snodgrassella
Sphingomonas

ITS1 region were 3-CTTGGTCATTTAGAGGAAGTAA
(F) and 5 -GCTGCGTTCTTCATCGATGC (R) (White
et al. 1990; Gardes and Bruns 1993), an obviously modified
and improved set compared to the one from Eurofins
Genomics. For all primer sets, efficacies were reported to be
high and evaluated by the standardized procedures of the
companies.

The clean sequencing reads from the bacterial 16-rRNA-
gene, as provided afler quality control and tnimming by the
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sequencing company, were analyzed on the IMNGS server
plattorm (Lagkouvardos et al. 2016). Quality filtering showed
G6Q30 values of about 90% of the expected amplicon sizes.
Analyses were performed without further inmming using a
total abundance threshold of 0.1%, and the reads were binned
on a 1% difference criterium (Edgar 2013; Lagkouvardos et al.
2016). Sequences from the fungal 18S-rRNA-gene were ana-
Ivzed by StarSEC) using the QIIMEZ2 platform. The taxonomic
classification of the representative OTU sequences were con-
trolled and refined by BLAST-searches against reference ma-
terial in the NCBI database (https://blast.ncbinlm.nh.gov).

Statistical analysis Differences in the relative abundances of
bacterial and fungal OTUs between locations and treatments
were analyzed using an ANOVA-type generalized linear
model (GLM). Since the analyzed relative abundances are
bounded between zero and one, the data are generated by beta
distribution (Ferrari and Cribari-Neto 2004). The model was
estimated using the betareg package (Cribari-Neto and Zeileis
201, To identify significant differences in the microbial
communities between the different locations and storage con-
ditions, a single-step multiple companison test (Tukey’s test)
was performed. The reported p-values were corrected for mul-
tiple testing. All statistical analyses were performed using R
version 3.6.2. with a significance level of p = 0.05.

Results
Characterization of pollen diversity

The palynological analysis showed, as expected, differences
in pollen diversity at each location sites. At location H, pollen
composition showed a high variety with 19% Phacelia sp.,
14% Plantago sp., 10%% Filipendula sp. and Sinapsis-type.
Location N predominantly showed pollen of 42% Aruncus
sp.oand 16% Ligustrum sp., followed by 8% Tilia sp.
Location F was dominated by 42% Acer sp. followed by
12% pollen from Ranuncwlacaea and 10% Aesculus sp.
{Table 1, Table S17.

Quantitative data of amplicon sequencing

The total bacterial and fungal sequences and the total number
of operational taxonomic units (OTUs) from 168 (bacteria)
and 188 (fungi) before and after IMNGS/QIIME2 analyzing
are shown in Table 2. Afier filtering (= 0.1%5) and binning, 38
different bacteria genera and 33 different fungal genera were
obtained, and their relative abundances were calculated
{Table 82 and Table 53). A cut-off of 10% was performed
for statistical analysis to obtain the most abundant bacteria and
fungi (Table 54 and Table S5).
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the composition of bacterial (a) 1

on minimum of 10% average) in
fresh and stored bee pollen

)
and fungal (b} communities of 00% .
Dataset 2 (F and ™ 2019} (filtered a0%

80% ||

mOthers  Rosenbergiella w Acinefobacter » Pseudomonas w Lactobacillus

70% [ -
60%
50%
40%
30%
20%
10%
0% — | — —

fresh (F) cold (F)

room  warm (F)

fresh (N} cold (N} room  warm (N)

temp. (F) temp. (N}
(b) uOthers » Aspergillus n Zygosaccharomyces
100% = Mycosphaerella Podosphaera u Cladosporium

90%

80% I

0%

60%

50%

40%

30%

20%

10% I I

0% .

frash (F) cold (F)

Differences between Dataset 1 and Dataset 2

Given the fact that for technical reasons the samples of 2018
(Dataset 1, H) and of 2019 (Dataset 2, F and N) were proc-
essed by different companies, a stringent comparison between
both is not recommended. In particular, we noticed a high
deviation in the fungal composition between Dataset 1 and
Dataset 2 (Table 2), because primers with different binding
specifications were used by the sequencing companies for the
fungal ITS1 region. Analyses from Dataset 1 provided only
data from Ascomycota. likely as a result of using non-fungi-
specific primers (see “PCR and amplicon sequencing”).
Consequently, the fungal composition from Dataset | consists
of only three different genera in the samples and probably the
full spectrum of fungal diversity in the pollen samples was not
revealed in Dataset 1. Therefore, results from Dataset 1 were
removed and all subsequent statistical analysis was performed
only with Dataset 2. For the sake of completeness, the results

room  warm (F)
temp. (F)

fresh (M) cold (M) room warm (N)

temp. (N)

of Dataset | are listed additionally in the supplemental mate-
rial (Table S6, Table S7, and Figure S3).

Microbial diversity in fresh and stored bee pollen

The most abundant bacterial phyla in all samples were
Proteobacteria (48%) and Firmicutes (449), followed by
Bacteroidetes (4%), Actinobacteria (3%), and Cyanobacteria
{0.19%) in each of which between one and 26 different bacterial
genera have been identified (Table 3). The main bacterial genera
in Dataset 2 were Lactobacillus (2-76%), Pseudomonas (5—
429%), and Acinetobacter (1-25%) (Fig. la) (Table S4). The
percentage of Acinetohacter was higher in pollen after warm
storage than in fresh pollen, while Psendomonas and
Rosenbergiella were less abundant after warm storage than in
fresh pollen (Fig. 2). However, only a significant difference be-
tween storage conditions “room temperature — warm” could be
found for Lactobacillus (GLM; p = 0.039; Tukey; p = 0.043). In

&) Springer

45



Veroffentlichungen

Environ Sci Pollut Res

— cold £ fresh £ room temp 1 wam
Lactebacillus Peaudomonas Acinetobacter
s 50
75 — n
= 40
F3 1T & b £
£ == £ < L
g ' s g l—
g0 v - £ r
5 5 5
® A % 1
t 2 H =
Eﬁ E —_— i 310
0 i =i
= ﬁl = e
a _ 0 ! [
F L] F N F H
Location Leatian Lacafion
Rosenbargiells Qthars
“ |
= ] H_
_ _40
=
£
fm éao
H 3 -
il = n
= 90 1 = —
== = 10 —
- | =
o
F H F N
Location Lecation
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contrast, the source location of the pollen samples was associated
with a significant difference in relative abundance of all bactenal
genera (GLM: p < 0.001), except Rosenbergiella (GLM; p =
0.264) (Table S6). Location F was characterized by a high pro-
portion of Laciobacillus (60-76%) and low proportion of
FPseudomonas (5-12%), while location N showed low proportion
of Lactobacillus (2-4%) and high proportion of Preudomonas
(29-42%) (Fig. la).

The fungal phyla from Dataset 2 are composed of 71%
Ascomyeota, 21% Basidiomycota, 0.15% Motiellellomycora,
and unclassified (3.19%) (Table 4). The phylum Ascomycora
consisted of 32 different fungal genera that were found in all
samples. The main representatives of the Ascomyeota genera
in all analyzed samples were Cladosporium (10-45%),
Podosphaera (1-30%), Mycosphaerella (5-20%), and
Zygosaccharomyeces (0-50%) (Fig. 1b) (Table 85).
Significant differences between the storage conditions could
be shown for fungal communities (GLM: pr < 0.001), except
for Podosphaera (GLM; p = 0.084) (Table S8).
Zvgosaccharomyces and Aspergillus showed significant dif-
ferences between “fresh — warm,” “cold — warm,” and “room
temperature — warm” conditions (Tukey: p < 0.001)
(Table S9), while Cladosporium showed significant differ-
ences between “fresh — warm”™ and “room temperature —
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warm” conditions (Tukey: p < 0.001). The proportion of
Cladosporiwm under “fresh” and “room temperature” storage
conditions was significantly higher than under “warm™ condi-
tions (location W), while proportions of Zygosaccharomyces
and Aspergillus significantly increased under warm storage
conditions in all samples (Fig. 3). Furthermore, all locations
showed also significant differences for every fungal genus
(GLM: p < 0.001).

Discussion

The microorganism composition in bee pollen is affected by
plant source, geographical origin, and bee keeper activities
(Nogueira et al. 2012; De-Melo et al. 2016). In this study,
we analyzed the botanical origin of the collected bee pollen
samples. The pollen composition differed in all pollen sam-
ples; therefore, the influence of the botanical origin on the
microorganism composition can be supported by the results
of this study. We showed as well that the location has a sig-
nificant influence on the bacterial and fungal communities
associated with fresh, bee-collected pollen (GLM; p <
0.001). In addition, the composition and the changes of com-
position of microorganisms are influenced by the
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Table 4 Fungal phyla composition with fungal genera calculated with
total reads in all samples (Dataset 2)

Ascomyeota (71%) Alpinaria
Alternaria
Aspergillus
Anreohasidium
Bettsia
Blumeric
Cladosporiim
Debaryomyees
Dhidvinella
Epicoccum
Erpsiphe
Fusaritim
Geostithia
Leptosphaeria
Metsehnilbowia
Manilinia
Momodictys
Mycasphaerelia
Neadevriesia
Neasetophon
Penicillium
Periconia
Phacotheca
Podosphaera
FPrewdpophiobolus
Pyreropliond
Ramudaria
Septovia
Taphring
Tetracladitm
Trichomeriwm
Zygosaccharamyces
Basidiomycota (21 %)

Motiellellomycota (0. 15%)

Unclassified (3.1%)

geographical onigin of the pollen samples. However, we only
included two different location sites for analysis. In order to
support this statement, future studies have to be done with a
larger number of samples. Major changes of microorganism
composition in bee pollen oceurred during storage under sim-
ulated “warm” conditions. Therefore, this study confirms our
hypothesis that different storage conditions have a significant
effect on the composition of microorganisms in pollen. The
results demonstrate clearly that pollen has to be removed from
the trap and processed immediately to prevent unwanted mi-
croorganism growing, instead of leaving pollen in the trap
during hot environmental conditions. The results of this study
are based on the abundances of sequences: culture-based

experiments should also be followed in further studies to sup-
port the statements of this study.

Interestingly, the effect of the storage conditions on the
microbial communities seems to be different for bacteria and
fungi. With regard to the bacterial composition, a significant
difference between storage conditions could only be identified
for Lactobacillis (GLM: p = 0.039). Lactobacillus, represent-
ed by the species Lactobacillus kunkeii, is a core gut bacteri-
um that has been found in all of the analyzed samples and
could be detected in earlier studies. It is also present in corbic-
ula pollen, “becbread,” and in floral nectar (Anderson et al.
2013; Kwong and Moran 2016). The proportion of
Lactobacillus changes significantly between room tempera-
ture and warm conditions ( Tukey; p = 0.043). Nevertheless,
differences between storage conditions could also be deter-
mined for other bacteria. Acinefobacier is a bacterium needing
acrobic growth condition and has been found not only in dif-
ferent environments, mainly in nectar of plants, but also in
corbicula pollen, beebread, and in the intestinal tract of honey
bees (Apis mellifera) (Fridman et al. 2012; Kim et al. 2014;
Diomkersley et al. 201 8; Disayathanoowat et al. 2020). A small
increase of Acinetobacter was observed during storage in
warm conditions. Other studies also showed an increase of
Acinetohacter in in-hive stored “bee bread” because it prefers
a sugar-rich habitat (Fridman et al. 2012; Disayathanoowat
et al. 2020). Two bacterial genera that are commonly found
in plant material like nectar are Prendomonas and
Rosenbergiella (Fridman et al. 2012; Halpem et al. 2013). In
contrast to fresh pollen, both tended to show a slight decrease
during storage under warm conditions. Based on these results,
it 1s reasonable to assume that beside changes in temperature,
other factors that might influence the growth of bacteria have
to be considered. Previous studies showed that the bacterial
population tends to decrease under long-term storage in-hive,
related to the low pH value in the hive (Anderson et al. 2014;
Disayathanoowat et al. 2020). Environments with a low pH
value show a high concentration of hydrogen ions, which
tends to reduce bacterial growth, whereas the growth of fungi
is increased (Rousk et al. 2009).

In contrast to the bacteria, we observed a consistently high
influence of the storage conditions on the changes in fungal
genus composition (GLM; p < 0.001). The fungus
Cladosporivm was the most abundant fungus in the freshly
collected samples. It is ubiquitously found in indeor and out-
door environments such as air and soil (Zalar et al. 2007), In
this study, we showed that the relative fraction of
Cladosporinm decreases during storage, especially under
warm conditions. The fungal genera Podosphaera and
Mycosphaerella can be isolated from plant environments
and are both known to be plant pathogens (Crous et al,
2006; Baiswar et al. 2010 Garibaldi et al. 2012). Both were
identified in freshly collected pollen as well as in stored pol-
len, but their proportion generally decreased during storage.
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Fig. 3 Box plots chart (created with R 3.6.2), showing that the empirical distribution of fungal genera differs between locations and storage conditions,
The estimated interquartile range is represented as a box and a line spans from the ohserved minimum w the observed maximum

However, several groups of fungi have been identified that
grown more strongly under warm and humid storage condi-
tions, especially Zyvgosaccharomyces and Aspergillus.
Previous studies have also shown that fungal composition
changes during storage of bee bread (Sinpoo et al. 2017
Detry et al. 2020; Disayathanoowat et al. 2020). Sinpoo
et al. (2017) demonstrated that the high diversity of fungal
communities in bee bread decreased significantly during stor-
age time. The most dominated fungal species in corbicular
pollen were Cladosporium and Aspergilius, whereas also
Zygosaccharomyces dominated in stored bee bread. Detry
et al. (2020) also showed that the high abundance of yeast
decreased within increasing storage time. However, also the
yeast Zvgosaccharomyces dominated clearly in aged bee
bread. The yeast genus Zygosaccharomyces is very
osmotolerant yeast species and has a high tolerance for differ-
ent sugars. Therefore, it is known as notorious spoilage organ-
ism of sugar-rich foods and beverages such as candy, fruit
juices, sugar syrups, and wine (Martorell et al. 2007;
Zuehlke et al. 2013; Aneja et al. 2014; Marvig et al. 2014).
Zyvgosaccharomyces spp. are also normal members of the fun-
gal gut communities of honey bees (Yun et al. 2018); conse-
quently, they can be transmitted from the bee saliva to the

@ Springer

pollen. In this study, Zvegesaccharomyvees spp. was identified
as the most prolifically growing microorganisms in bee pollen
stored under warm temperatures. Therefore, it seems likely
that Zygosaccharomyees can spoil bee pollen in warmm and
humid storage conditions, as they producing ethanol or carbon
dioxide from sugar. Pollen, used as food supplement for hu-
man, should not contain any spoilage yeast, otherwise the
aroma and sensory can be influenced by fermentation
(Sperber and Doyle 2009). However, since the yeast is prob-
ably already being transferred from the bees to the pollen, it 1s
very important to prevent their reproduction and growth. The
growth of such yeasts can be prevented by freezing or cooling.
In our study, we did not observe any increase in the
Zvgosaccharomyees proportion at 4 *C. Other studies showed
as well that Zygosaccharomyces growth is clearly reduced
even at 8 °C (Marvig et al. 2014). Also, an increase in the
Aspergillus proportion in the samples stored under warm con-
ditions has to be observed with regard to human nutrition.
Aspergillus is extremely halo- and osmotolerant (Stratford
et al. 2019) and the genus contains a number of highly
mycotoxigenic species (Gonzalez et al. 2005). Some species
of this fungal genus have been identified as pathogens in in-
sects, animals, and humans (Foley et al. 2014: Dagenais and
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Keller 2009). In food, Aspergillus spp. can spoil as visible
growth of black mold, discoloration, or in producing myco-
toxins. The effects of mycotoxins on human health are com-
plex and can cause cancerogenic effects or central nervous
system damage (Sperber and Doyle 2009). Since the growth
of Aspergillus can cause major effects on human health, it is
particularly important to prevent the growing in pollen sam-
ples. Another study reported findings of mycotoxin-producing
Aspergillus spp. in “ready-to-eat” pollen samples from Spain
(Gonzalez et al. 2005). The fungal contamination in the study
from Gonzilez et al. indicated that the post-harvest pollen
processed negatively impacted pollen quality. Incorrect stor-
age or drying conditions as well as non-daily harvest were
pointed out as reasons for the contamination.

In conclusion, pollen stored under warm conditions
showed the clearest changes in fungal composition, compared
to the freshly collected pollen (Tukey: p < 0.001). Growth of
fungi from the genera Zyvgosaccharemyces or Aspergillus was
likely the cause of spoilage. Therefore, during processing of
freshly harvested bee pollen, it is important to prevent growth
of these spoilage microorganisms. This 15 most conveniently
achieved by harvesting daily, followed by processing the pol-
len directly to refrigeration or, even better, freezing,
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3.3 High abundance of pyrrolizidine alkaloids in bee pollen collected in
July 2019 from Southern Germany

Publiziert in: Environmental Monitoring and Assessment

Abstract

Pyrrolizidine alkaloids (PA) are secondary plant defense compounds and known pre-toxins
when containing a 1,2-double bound. They are commonly produced by various plants and may
thus be present in bee pollen which may be consumed by humans as food supplements. In this
study, PA were determined in bee pollen samples from 57 locations in Southern Germany sam-
pled by means of pollen traps in July 2019. Samples were analyzed by using palynological
methodology and solid phase (SPE)-extraction followed by LC-MS/MS. In total, 52 pollen
samples featured total pyrrolizidine alkaloids (XPA) with concentrations up to 48,000 ng/g bee
pollen, while the N-oxides (NO) echinatine-NO and rinderine-NO clearly dominated. In con-
trast, the palynological analysis only detected 33 samples with pollen from PA producing
plants. Accordingly, the results showed that palynological analysis is not sufficient to determine
PA in pollen. In addition, a risk assessment was followed to estimate the risk of the detected

PA concentrations to humans.

Friedle, C., Kapp, T., Wallner, K., Alkattea, R., Vetter, W. (2022): High abundance of pyrrol-
izidine alkaloids in bee pollen collected in July 2019 from Southern Germany. In: Environ
Moni and Ass. DOI: 10.1007/s10661-022-09907-8.
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ary plant defense compounds and known pre-toxins
when containing a 1,2-double bond. They are com-
monly produced by various plants and may thus be
present in bee pollen which may be consumed by
humans as food supplements. In this study, PA were
determined in hee pollen samples from 57 locations
in Southern Germany sampled by means of pol-
len traps in July 20190 Samples were analyzed by
using palynological methodology and solid-phase
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pollen from PA-producing plants, Accordingly, the
results showed that palynological analysis is not suf-
ficient to determine PA in pollen. In addition, a risk
assessment was followed to estimate the risk of the
detected PA concentrations to humans.

Keywords Pyrrolizidine alkaloids - Bee-collected
pollen - Palynological analysis - LC-MS/MS - Risk

management

Introduction

From early spring to late summer, honey bees {Apis
mellifera) are collecting pollen from various plants.
Being rich in protein, fatty acids, and vitamins, bee
pollen is the primary nutritional source for bees (Avni
et al., 2014; Margioan et al., 2014; Taha et al., 2019).
Due to these valuable ingredients, bee pollen is also
an attractive food supplement in human nutrition
(Feis et al., 2012). For this purpose, bee pollen can
be collected by the installation of pollen traps at the
hive from early spring {(usually April to June) to late
summer. However, a thorough control of samples is
important because bee pollen may be contaminated
with both residues of pesticides applied in agriculture
mainly during spring (April to June) (Bohme et al,,
2018; Drummond et al, 2018; Friedle et al., 2021;
Traynor et al., 2016} and also harmful natural con-
taminants produced by plants during summer (June to
Aungust) (BIR, 2013).
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One class of potential natural contaminants of bee
pollen is pyrrolizidine alkaloids (PA) (EFSA, 2011,
2017). PA are a group of secondary plant defense
compounds whose common structural element 1s a
l-azabicyclo[3.3.0Joctane (pyrrolizidine) backbone
which usually carries an additional 1,2-double bond
(present in all toxic variants) along with a hydroxy-
methyl substituent in the I-position and a hydroxyl
group in the 7-position, respectively (Fig. la).
The resulting PA core is the so-called necine base
which is either esterified once (monoesters) or twice
(diesters or cyclic diesters) with acyl moieties vary-
ing in structure and stereochemistry (Fig. 1b). Like-
wise, the stereocenter in 7-position (*) can be both
R- or S-configurated (Fig. la). Last but not least, vir-
tually all PA exist in two distinet forms, e.g., tertiary

heterocyclic amines and the corresponding N-oxide
form (PANO) (Fig. le). These structural variations
give rise to more than 600 structurally different PA
(EFSA, 2011). In the following, the designation “PA”
is also used as summarizing term for PA and PANO,
Assumedly, around 3% of all flowering plants may
produce PA (Smith & Culvenor, 1981). Most of these
plants belong to the families of Asteraceae (e.g.,
Senecioneae (Senecio spp.) and Eupatorieae (Eupa-
torium spp.)). Boraginaceae (e.g., Borago spp. and
Echium spp.), and Fabaceae (e.g., Crotalaria spp.)
(EFSA, 2011; Hartmann & Toppel, 1987).

Harmful PA are hepatotoxic to both animals and
humans and can cause acute poisoning and chronic
effects (Colegate et al., 2012; EFSA, 2011; Kakar
et al,, 20010). Chronic exposure to low PA amounts

Fig. 1 a Structures of
necine base. b Examples
of PA with different kinds
of esterification. ¢ A PA
structure (rinderine) with
the corresponding N-oxide
(PANO}

rinderine

O rinderine-N-oxide
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can result in diseases such as liver cirrhosis or pos-
sibly cause cancer as metabolic activation produces
genotoxic and cancerogenic metabolites (Edgar et al.,
2011). As a consequence, the US Food and Drug
Administration (FDA) decreed to ban PA-containing
products from the market (Food & Drug Administra-
tion, 2001). By contrast, maximum levels of PA are
currently not in force for food in the European Union
(EU). A novel EU regulation defining maximum PA
levels for pollen and pollen-based food supplements
among other foods such as (herbal) teas, herbs, and
spices will be effective by July 2022, Then, for pollen
and related food supplements a maximum PA level of
500 pg/kg must not be exceeded (European Commis-
sion, 2020). Furthermore, 2 maximum intake of 1 pg
PA per day was established in pharmaceutical prod-
ucts (Federal Institute for Pharmaceuticals and Medi-
cal Products, 2016). Likewise, the European Food
Safety Authority (EFSA) has introduced a benchmark
dose lower confidence limit 10% (BMDL,;) amount
of 237 pg riddelliine per kg body weight (BW) in
rats as a reference point for the assessment of carci-
nogenic risks, assuming similar carcinogenic potency
for different PA (EFSA, 2017). Considering a tolera-
ble margin of exposure (MOE) of 10,000 for humans,
this corresponds with & maximum intake of 0.024 pg
PA per kg BW per day (BfR, 2020). This in turn cor-
responds with a maximum daily intake of 1.8 pg PA
per day for adults (75 kg BW) and~1 pg for juveniles
(40 kg BW, 10 years) (GBE, 2017).

Next to foods with a direct botanical background
such as teas and herbals, PA were also exemplarily
studied in honey and bee pollen (Bodi et al., 2014,
Boppré et al., 2005; Dilbecke et al.. 2011; Gonuschalk
et al., 2018; Kaltner et al.. 2020; Kast et al., 2018,
2019; Kempf et al,, 2010, 2011; Martinello et al.,
2014; Orantes-Bermejo et al., 2013; Roeder, 1995).
In one study, 17 of 55 commercial pollen products,
mainly from Spain, Romania, Italy, and France, were
contaminated with toxic PA of up to 16,400 ngfg pol-
len (Kempf et al., 20010). Similarly, Dibecke et al.
(2011) detected PA in 60% of 119 bee pollen sam-
ples from various countries with £PA contents of up
to 37,900 ng/g pollen. Recently, Kast et al. (2018)
presented two complementary methods: a high-
performance liquid chromatography coupled to tan-
dem mass spectrometry (LC-MS/MS) method which
allowed studying 18 PA and PANO in commercial
bee pollen products as well as daily collected hee

pollen samples, and a LC-HRMS method compar-
ing daily collected pollen samples to flower heads,
by detecting of all PA types, including saturated,
non-cancerogenic PA. To achieve higher confidence
for identification of the plant source, nearly all PA-
containing plants occurring in Switzerland were
also analyzed by LC-HRMS. Bee-collecied pollen
indicated the presence of highest PA concentrations
in “Echium-type PA” samples collected in June and
“Eupatorium-lype PA” samples (assigned as inter-
medine and lycopsamine (-N-oxides)) mainly from
mid-July and August (Kast et al., 2018). However, no
reliable information existed about PA levels in bee-
collected pollen from Germany.

Given the geographic neighborhood of Switzer-
land (the observation site Basel of Kast et al, (2018)
is directly at the border to Germany) and Southern
Germany, we aimed o carry out a thorough study by
collecting bee pollen by means of traps in 57 loca-
tions in Baden-Wuerttemberg (Southern Germany).
Knowing the fact that pollen samples in spring (from
April to June) could be highly contaminated with pes-
ticides in Southern Germany (Friedle et al., 2021),
the aim was to determine whether the pollen samples
were otherwise contaminated in a later period. In
the end of July 2019 (July 15-August 1), bee pollen
was daily collected on each site on 14 consecutive
days, and then pooled. The pooled site samples were
analyzed palynologically using a microscope (o gel
insights into the botanical background of the samples.
Chemical analysis was carried out with an optimized
LC-MS/MS method which allowed determining 42
PA simultaneously. The results were used to evalu-
ate whether bee pollen from Baden-Wuerttemberg
(Southern Germany) can be safely consumed.

Materials and methods
Chemical reagents

PA standards used for analysis were 7-acetylintermedine,
T-acetylintermedine-N-oxide,  T-acetyllycopsamine,  7-
acetyllycopsamine-N-oxide,  echinatine,  echinatine-
N-oxide, heliosupine, heliosupine-N-oxide, heliotrine,
heliotrine-N-oxide, indicine hydrochloride, indicine-N-
oxide, integerrimine, integerrimine-N-oxide, intermedine,
Iycopsamine, lycopsamine-N-oxide, retrorsine, riddel-
line, riddelliine-N-oxide, rinderine, rinderine-M-oxide,
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senecionine,  senecionine-N-oxide,  seneciphylline,
and senkirkine, from PhytoPlan (Heidelberg, Ger-
many). Echimidine, echimidine-N-oxide, erucifoline,
erucifoline-N-oxide, europine hydrochloride, europine-
N-oxide, intermedine-N-oxide, jacobine, jacobine-N-
oxide, lasiocarpine, monocrotaline-N-oxide, retrorsine-
N-oxide, seneciphylline-N-oxide, senecivernine, and
senecivernine-N-oxide were from PhytoLab (Vesten-
bergsgreuth, Germany). Lasiocarpine-N-oxide was from
Cim Oskar Tropitzsch {Markwredwitz, Germany). Mono-
crotaline was from Carl Roth (Karlsruhe, Germany)
and trichodesmine from Latoxan (Valence, France).
For the palynological analysis and sample preparation,
the following reagents were used: demineralized water,
ultrapure water, dish soap, Kaiser's glycerol gelatin, dry
ice, 0,05 M sulfuric acid, ammonia solution, and metha-
nol. For sample analysis, 5 mM ammonium formate and
0.1% (wiv) formie acid in methanol were used.

Sample collection

Bee pollen traps were installed on apiaries at 57 loca-
tions in Baden-Wuerttemberg, Southern Germany, to
collect pollen loads from returning honey bees (Apis
mellifera) (Fig. S1). All traps were installed on pri-
vately owned bee colonies of voluntary beekeepers,
so no exact coordinates will be given and no permits
were needed for this study. The collecting time (July
15-August 1} was adapted 1o the flowering phase of
Borago sp., Echium sp., Eupatorium sp., and Senecio
sp. at the end of July 2019. Pollen samples were col-
lected danly within 14 consecutive days (ramy days
uncounted) and mixed to one pooled sample per site.
An aliquot of 45 g pooled pollen per site was taken
and stored at—20 °C until preparation.

Sample preparation

Bee pollen samples were prepared following a vali-
dated solid-phase extraction (SPE) protocol originally
developed by the BfR (2014). In brief, samples were
brought up to room temperature and homogenized
with dry ice in a mill (Retsch, Haan, Germany). An
aliguot of 2.0 g+0.1 g bee pollen was weighted
into a tube (Sarstedt, Nimbrecht, Germany), mixed
with 20 mL 0.05 M sulfuric acid and extracted lor
15 min in an ultrasonic bath. The samples were cen-
trifuged (5 min, 3000xg) and the supernatant was
transferred to another tube. The pellet was used for a

@ Springer

second extraction using 20 mL 0.05 M sulfuric acid
and was re-extracted for 15 min in an ultrasonic bath.
After centrifugation (5 min, 3000 g) the superna-
tant was translerred o the first extract and adjusted 1o
pH 6-7 with an ammonia solution. SPE was carried
out with DSC-C18 SPE cartridges (500 mg. 6 mL,
Supeleo Merck, Darmstadt, Germany) in a vacuum
chamber as follows. Conditioning was performed
using 5 mL methanol, followed by 5 mL ultrapure
waler. The sample extract was loaded onto the car-
tridge (2x 5 mL), followed by washing with 2 x5 ml.
ultrapure water and 5 min drying under vacuum con-
ditions. The sample was eluted with 5 ml methanol
and evaporated to | mL in a heating block main-
tained at 55 °C under nitrogen flow. After addition of
ultrapure water to a total volume of 10 mL, an aliquot
was filled into an LC vial for analysis.

LC-MS/MS analysis of pyrrolizidine alkaloids

PA single component analysis on 42 PA/PANO was
performed with a 6490 tandem mass spectrometer
(Agilent Technologies, Waldbronn, Germany) cou-
pled to a 1290 ultra-high-performance liquid chro-
matography (UHPLC) system (Agilent Technolo-
gies, Waldbronn, Germany) at the Chemical and
Veterinary Analysis Agency (CVUA Stuttgart, Ger-
many), Chromatographic separation was carried out
on a 150 mmx2.1 mm id., 1.7 pm particle-sized
Acquity CSH CI18 UPLC column (Waters, Esch-
born, Germany), using aqueous 5 mM ammonium
formate solution with 0.1% (v/v) Tormic acid as elu-
ent A and 5 mM formate solution with 0.1% (v/v)
formic acid in methanol as eluent B, Gradient elu-
tion started at 2.5% eluent B (1.0 min), linearly
increased to 10% eluent B at 15.5 min, and then
increased further to 23% eluent B at 20.5 min and
in the next step to 36% eluent B at 25.0 min before
being ramped to 100% B at 28.0 min (1.5 min). At
29.6 min, initial conditions were restored and kept
until the final run time of 31.5 min. Flow rate was
set at 0.35 mL min~" at a controlled column tem-
perature of 30 “C. The injection volume was 2 pL
for all runs,

The Jet Stream electrospray ion source was oper-
ated in positive mode at a capillary voltage of 3500 V.
The nebulizer pressure was set to 25 psi with a gas
flow of 13 L min™" at a temperature of 250 °C. Sheath
gas flow rate was set to 12 L. min~ ata temperature of

56



Veroffentlichungen

Environ Monit Assess (2022) 194:250

Page 50f 20 250

360 °C. High- and low-pressure ion funnel RFs were
set to 150 V and 60 V, respectively. For each analyte,
three transitions were recorded in dynamic multi-
ple reaction monitoring (AMEM) mode (Table 1). In
dMRM mode, an acquisition window of 6 min was
set around the retention time of each PA and the cycle
lime was fixed at 500 ms. To increase signal inten-
sity, a AEMV setting of +200 V was employed. To
avoid matrix effects, an external matrix-matched cali-
bration employing 7-point calibration curves was per-
formed and resulted in limits of detection (LOD) and
limits of quantification (LOQ) as shown in Table 1.
LOD and LOGQ were determined according to DIN
32,645 by calculating the process standard devia-
tion s, of the linear calibration curve, whereas the
LOD was defined as the 3.6-fold value of s, and the
LOQ as the 10.8-fold value of s, respectively (DIN
32654, 2008). Values below the LOQ) are given as not
detectable. The validated linear working range of the
method was between (.1 and 40 ng/mL. Sample solu-
lions exceeding this calibration range were diluted
accordingly. For method validation, recovery values
were determined at low and high spiking levels by
spiking a blank fennel matrix with known amounts
of each analyzed PA(NO) at levels of 8 and 80 pg/kg
plant material in quintuplicate, respectively. For veri-
fication purposes of this pollen study, recovery values
were determined by spiking a blank pollen matrix
with known amounts of each analyzed PA(NO) at a
medium to low PA level of 200 pg/kg pollen (Table 1).
Throughout the study, sample results were not cor-
rected for recovery.

Palynological analysis

The samples were brought up to room temperature,
homogenized with a mortar. An aliguot of 100 mg
homogenized hee pollen was weighed into a 50-ml
tube (Buddeberg, Mannheim, Germany) and mixed
with 10 mL demineralized water. After adding a
drop of dish soap, the mixture was shaken by hand
for 1 min. An aliquot of 10 pL was transferred to an
object carrier, dried for 30 min, and covered with
Kaiser's glycerol gelatin for microscopy (Merck,
Darmstadt, Germany). Three hundred pollen grains
per sample were manually counted under a light
microscope (10>40; VWR International, Darmstadt,
Germany) which is considered representative for a
pollen sample (Barth et al., 2012; Carpes et al., 2013;

Morais et al., 2011). Due to the sample size of 537 pol-
len samples. 17,100 pollen grains were studied and
subdivided into pollen from known PA producers and
other plant families. Ten comparative samples were
used to classify the pollen of PA-producing plants,
The Asteraceae family includes many pollen types
and each of them represents different plant species.
However, pollen shape and size differ slightly from
species to species within this family. For instance, the
size of pollen was used to distinguish Solidage from
Senecio pollen. Specifically, pollen sizes between
20 and 25 pm were assigned to pollen grains of the
Solidago-type, which means all plants of Asteraceae
which share similar shape and size of Solidage pollen
cannol be differentiated. Therefore, Eupatoritm sp.
pollen were assigned to the group of Solidago-type.
Pollen sizes>30 pm (within the Asteraceae family)
were considered to be of the Senecio-type. Using this
classification scheme, Perasites and Adenostyles pol-
len belong to the Senecio-type. However, according
to the literature, where measurements of six Bidens
species and 20 Semecio species are listed, some
Bidens species have similar pollen sizes as Senecio
and vice versa (Beug, 2015). Hence, these two spe-
cies could not be precisely distinguished by means of
pollen sizes.

Results and discussion
Pyrrolizidine alkaloids detected by LC-MS/MS

In total, 52 of the 57 analyzed samples were detected
with positive PA findings. Except for three samples
without detectable PA and two samples with levels
below LOQ, ZPA concentrations ranged from .48 to
48,400 ngfg bee pollen (Table 2; Fig. 2). Extraordi-
narily high ZPA concentrations in a few samples had
a strong impact on the mean values. This can be seen
from the fact that median and mean £PA concentra-
tions of 44 and 2160 ng/g bee pollen in all samples,
respectively, varied by two orders of magnitude. The
median and mean EPA concentrations in the posi-
tive samples showed only minimally higher values
(Table 2).

Furthermore, 24 of the 42 analyzed PA/PANO
were detected in the 57 samples (Table S3). This
variety included 13 basic structures which were pre-
dominantly present as PANO (96%) along with minor
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Table 1 (continued)
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101%

23

2 076

24

308.2

3534.2

12.90

Trichodesmine

2221

354.2

35

1211

354.2

contributions (4%) of all but two also as (free) PA
(jacobine, retrorsine) and two of them as 7-acetyl-
PA. As can be seen from Table 3, lycopsamine and
intermedine are characteristic for planis ol groups 2,
3, and 4, respectively, whereas plants of group 2 fea-
tured besides echimidine only lycopsamine and inter-
medine of the 42 PA included in the study.

However, commercial bee pollen samples mostly
consist of one pool sample collected over the whole
collection season (April w0 August), while our sam-
ples were pooled within a short period of ~ 14 days
(rainy days excluded) in the end of July. Compared
to our short sampling period during the blooming
time of PA producers, the longer collection periods
over 5 months in the literature study may have caused
a dilution effect by the inclusion of daily bee pollen
samples free of PA. Although palynological analysis
only indicated 33 samples with PA-containing pollen
(Fig. 82), chemical LC-MS/MS analysis verified PA
in 52 of 57 pollen samples (91%) (Fig. 3; Table 53).
This could be partly due to a high number of screened
PA as well as low LOD values of ~0.1-3.5 ng/g bee
pollen. For instance, six out of 39 bee pollen samples
containing echinatine featured this alkaloid at lev-
els< 1 ng/g bee pollen (Table S3).

Altogether, 16 bee pollen samples exceeded LPA
concentration of > 1000 ng/g bee pollen. Similarly,
seven individual PANO and one PA (echinatine/
rinderine, both  co-eluted)  individually  contrib-
uted = 1000 ng/g bee pollen o ZPA (Fig. 83). Tt is
noteworthy that for the highest contaminated sample,
echinatine-NO (23,900 ng/g bee pollen) and rinderine-
NO (19,000 ng/g bee pollen) dominated the sample
with free echinatine/rinderine at~ 1000 ng/g bee pol-
len (Fig. 2). Hence. free echinatine/rinderine repre-
sented only~2% of the PANO level. Also, in other
samples, free echinatine/rinderine reached only 1-7%
of the corresponding PANO level (sum of echinatine-
NO and rinderine-NO) (Table 4; Table 53). This fur-
ther illustrated the predominant role of PANO com-
pared to PA. Apart from this group, lycopsamine-NO,
intermedine-NO. echimidine-NO, retrorsine-NO, and
also senecivernine-NO exceeded the 1000 nglg bee
pollen level in one or tweo samples (Fig, 53),

Echinatine-NO (n=218) and rinderine-NO (n=7)
not only show the highest frequency of > 1000 ng/g
ZPA concentrations, but both were usually detected
with a very constant echinatine-NO/rinderine-NO
(E/R) ratio of close to 1 (Fig. 4). This included
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Table 2 Main results of pyrrolizidine alkaloids (PA) analysis in pollen samples from 37 locations in Southern Germany sampled in

July 2019

Positive samples Minimum ¥PA  Maximum ¥ PA  Mean ¥ PA cone Median ¥ PA
in pos. samples

conc (ng/gi*® cone (ngfgh

(ng/g)

Mean FPA conc  Median 3 PA conc
COnC in pos, in all samples in all samples
samples (ng/g)  (nglg) (ngfe)

52 0.48 48,400 2370

93.5 2160 44

“Seven samples (9%) were < LOD

all samples at ZPA = 500 ng/g bee pollen that lea-
tured a high content of rinderine-NO compared to
echinatine-NO. This produced strong evidence that
both PA were co-occurring in the contaminated
pollen and therefore originated from the same plant
source. [nterestingly, 70% of the samples featured
both echinatine-NO and rinderine-NO on a similar
level {except 6 samples; Table 3). These samples
featured pollen of Solidago-/Bidens-/Eupatorium-
type. As mentioned before, these genera could not
be distinguished by palynological analysis (see
“Materials and methods™). Despite the equivocal
palynological wverification, coincidence of Eupa-
torinm  sp—type PA and potential Ewpatorium
sp—type pollen was striking.

50000 n=31 n=52
[ ]
[ ]
T A
“g»znn’ .
< .
Ju
§ .
c — .
10000
S . *
.
& e

Sum echinatine-NO ZPA
and rinderine-NO

Fig. 2 Boxplot chart (created with JMP®E pro 15.0) showing
the distribution of the sum of echinatine-NO and rinderine-NO
next o the EPA concentrations (ngfg)

Hence, we propose that echinatine-NO and rinderine-
NO, present in about the same ratio, are suitable markers
for Eupatorium-type PA (Table 3, group 4). This classic
distribution was modified by assigning echinatine-NO
when predominant {absence of rinderine-NO) to group
2 (Echium-type) (Table 3). Likewise, both lycopsamine-
NO and intermedine-NO are also belonging to groups 2,
3, and 4,

Co-occurrence of echinatine-NO and rinderine-NO
(Eupatorium-type) was the common case (Fig. 4). Only
sample #25 was highly contaminated with echimidine-
NO (2290 ng ZPAJg bee pollen), without remarkable
amounts of rinderine-NO and other PANO character-
istics for Eupatorium-type pollen (Fig. S4a, b). This
pointed 1o the presence of Echium-type PA in sample
#25, which was verified by palynological analysis. This
was one of the few samples in which Echim sp. pol-
len was palynologically detected and also the one with
the highest number of pollen of this kind (53 of 300
counts). However, high abundance of echimidine-NO in
sample #25 also indicated contamination by Borago sp.
pollen (3 counts) (Tables 3 and 4). One further sample
#31, two Echium sp. counts) featured echimidine-NO
at 70 ng/g bee pollen. Extrapolation of the level in sam-
ple #31 from two to 53 pollen counts (70 ng/g multi-
plied by factor 26.5) would resull in an echimidine-NO
level of ~ 1860 ng/g bee pollen, which was very similar
to the amount in sample #25. However, other samples
with Echium sp. counts (244, #31, #29, #55) were low
in or did not feature echimidine(-NO). Apparently, this
PA was unsuited as a reliable marker for Echitem sp. and
concentrations were comparably low (echivulgarine
(-NO) was shown to be the main alkaloid for Echium
sp. pollen (Diibecke et al., 2011}).

All our data supports that Eupatorinm sp. {group
4) and not Echium sp. (group 2) was the predomi-
nant reason for high PA concentrations in the pre-
sent samples, due to sample collection period end
of July. However, as already discussed, the palyno-
logical detection of Eupatorium sp. was equivocal
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Table 3 PA grouped o
their hotanical origin

" Ewpatarium sp. pollen
is determined within the

Group Pyrrolizidine alkaloid Mecine base Esterification
Group | (Senecio-type) Jacobine Retronecine Cyelic
Retrorsine Retronecine Cyclic
Seneciphylline Retronecine Cyclic
Senccivernine Retronecine Cyelic
Senccionine Retronecine Cyelic
Erucifoline Retronecine Cyclic
Integerrimine Retronecine Cyelic
Group 2 (Echiim-type) Echimidine Retronecine i
Lycopsamine Retronecine Mono
Intermedine Retronecine Mono
Group 3 (Borage-type) Lycopsamine Retronecine Mono
Intermedine Retronecine Mono
Group 4 (Ewpatorium-type)® Lycopsamine Retronecine Mono
Intermedine Retronecine Mono
Echinatine with rinderine Heliotridine Mono

group of Solidago-(Bidens-

type pollen

but mostly corresponding pollen was present when
LC-MS/MS data indicated its presence. Based
on this approach, 12 of the bee pollen samples
with high PA content were assigned to group 4
(Fig. 4). Furthermore, most of these samples also
featured lycopsamine-NO at around 10% of the

concentration of rinderine-NO (Fig. S4a). For this
reason, two samples also exceeded lycopsamine-NO
levels of 1000 ng/g bee pollen ZPA (Fig. 2).

As discussed above, most highly contaminated
samples showed an E/R ratio close 1o 1 (Fig. 4).
However, sample #12 formed an exception because
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Fig. 3 LC-MS/MS
chromatogram (excerpt) |m| @
showing the elution order = o
of diastereomeric PA and B = .
PANO. Overlay of a pol- 1. E E 1'16'
len matrix sample spiked z $ IR
with PA calibration mix = g'g
containing 42 PA{NO) and 0.8 o 25
a standard solution contain- : r?_ —I 1=
ing rinderine. indicine. and E o
their N-oxides P f_
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0.4 ]
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0
1
Fi 7.5

@ Springer

8.5 2] 95 10 105 11 115

Retention time (min)

64



Veroffentlichungen

250

Page 13 of 20

(2022) 194:250

Monit Assess

nviron

E

I ! aec 0g ! ¥ 0ot 0 [
0LE 09C 0F 0y CEL S 0 it
! (9 e cl £l 09z 0 i &r
Ll 09 0zt £t 0g CeE 0 0 £l
cl £ 0E0T 09C [ £11 0Lg 0 [T
z I ! [ 0Ll 0l 0z O£ 0 e 6L
T 00T 06E 34 €€ nog 0L [ £
I (3 09E = 0z 8L 0 081
6 el (3 S0l 0t 098 9 0 9
23 £ 00ET 0 0 £ 0 06T [T
91 T 0EaT OLL e a1 0081 0 (L5 |
! orle DLl sl 0L 0811 0 I tr
1 0aTE coh 0zT1 0zt EIL 0 OFsl  IF
£ T 0ale DETI 046l 0al [ 0 [
L4 08 il 113 6t £ ogsz €l
I ¥l 96E D061 08T B DEEE 0 6 tF
9 0ERR DELE 0L1 <0E 000< 0 1] !
9 (LR DOFS £Ch 069 0esry ! LI 24
o1 0z 00F 61 (gth 0EDT 0TTI 0006 0 £ 0
LE L6 00" 8% nooel 0Zal 0TrT 006'+T 0 (L]0 B
adiy
~uinpeogdng N {0N-) (N}
-ewaprg ooy cdsopauag cds wnppeg ds edmiog [380] vaT QN-oULepury  QN-awpauoRu] -aunwesdood  auneuryor  awpnunpg adi-opausg
uagiod pammosy {3/8u) g vonenuasuo I

spunoa uajjod o pamdiwos g7 §/8u g < sapdwes vajjod o waned v pajqe

@ Springer

65



Veroffentlichungen

250 Page 14 of 20

Environ Monit Assess (2022) 194:250

Fig. 4 Point chart showing
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it was richer in echinatine-NO (E/E ~4) and did not
feature Echiwm sp. pollen. Instead, the Senecio-type
PA (including senecivernine-NO and retrorsine-NO)
were detected at much higher abundance and con-
tributed the most with 2880 ng/g bee pollen to the
considerably high load of PA (ZPA 3390 ng/z bee
pollen). However, pollen of Senecio sp. could not be
detected either in this sample (Table 4). Also, both
PA did not play any noticeable role in other pollen
samples (Table S4). Furthermore, one sample (#41)
showed an E/R ratio close to 1 but also high abun-
dance of Senecio-type PA (including senecionine-NO
and seneciphylline-NO) with 1530 ngig bee pollen
(Table 54). In this sample, Senecio sp. pollen was
counted once. Also sample #29 showed 50% content
of Senecio-type PA, but only one Senecio sp. pollen
was counted (Table 4). In further six samples (#47,
#30, #43, #45, #15, #14), Senecio sp. pollen were
counted, but the Senecio-type PA content was com-
parably low (< 13%) as compared to ZPA (Table 4).

@ Springer

Sample number

Accordingly, no connection could be made
between frequency of pollen counts and concentra-
tions of individual PA or ZPA in the samples. As
already discussed, the percentage of pollen from
known PA-producing plants was only 3% in the
samples (Fig. 52) while PA concentrations could be
extremely high. Therefore, in agreement with the
literature (Kast et al., 2019), palynological analysis
was not suited to identify samples with high PA load.
However, the high ZPA levels in several samples
were alarming. For this reason, a risk assessment was
performed.

LC-MS/MS characteristics

The analyte spectrum (42 PA and PANO, see “Mate-
rials and methods™) comprised a number of isobaric
substances not only showing the same nominal mass
but also exhibiting high structural similarities and
thus sometimes even identical or at least very similar
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MS/MS fragmentation patterns (Wuilloud et al.,
2004). Therefore, chromatographic separation was
granted special attention during method develop-
ment o minimize possible co-elutions which bear
the risk of erroneous peak identification. The use of
a preferably long separation column in combination
with a small particle size and a slow gradient elution
profile (see “Materials and methods™) enabled chro-
matographic separation or at least partial separation
of problematic compound groups such as the dias-
tereomeric PA intermedine, lycopsamine, echinatine,
rinderine, and indicine, as well as their N-oxides
(Fig. 3). Because of potential interferences with
Iycopsamine and intermedine-NO, indicine(-NO)
was not routinely included in the calibration stand-
ards. Likewise, echinatine was chosen over rinder-
ine to be included in the calibration set as both PA
were only partially resolved. In contrast, the method
allowed both rinderine-NO and echinatine-NO to be
quantitated simultaneously. Thus, samples contain-
ing rinderine had their rinderine levels determined as
echinatine.

The presented LC-MS/MS method has to be
understood as a target analysis technique. Therefore,
individual PA(NO} that were not included in the cali-
bration set may go undetected by this method. This
especially applies to PA that were not yet commer-
cially available as standards, unless they happen to
be isobaric to analytes that were already part of the
target method. To overcome this issue, non-target
analysis, e.g.. employing high-resolution mass spec-
trometry (LC-HRMS), could be performed il the
corresponding more expensive instrumentation was
on hand. In non-target mode, detection is not limited
to a certain set of reference standards and therefore
potentially covers all PA, regardless of their avail-
ability. However, an important advantage of target
analysis using LC-MS/MS is its outstanding sensitiv-
ity which is often superior to the sensitivity achieved
with LC-HRMS systems. As the safe determination
even of low PA(NO) levels was considered crucial
for the intended purpose, minor drawbacks of the tar-
gel analysis technigue were thus deemed acceptable.
Furthermore, regarding the separation problem of
diastereomeric analytes, even HRMS would not have
presented an improvement as interfering compounds
are typically isobaric and thus pose the same problem
regardless of the mass spectrometric resolving power.

Palynological composition

Eighty-nine genera from 43 different plant families
were identified by means of palynological inspection
{Table S1), but only 3% (537 out of 17,100} of the
inspected bee pollen grains could be traced back to
PA-producing plants (Table 4; Fig. 52). Alogether,
33 samples (60%) contained pollen grains from
known PA producers.

Pollen from Echium sp. were only present in seven
of the present samples in this study (0.3% of all
inspected pollen grains: Fig. S2). In addition, pollen
of Senecio sp. were detected in 14 samples (1%) and
Bovago sp. in five samples (0.1%) (Fig. 52; Table 52).
The highest share (1.7%) of PA-producing plants
originated from Solidago-type and Bidens-type pollen
(containing Eupatorium sp.) (23 samples) (Table 82).

Result comparison to previous studies

The results of palynological analysis in this study
showed a clear dominance of Expatorinm sp. pollen in
the samples from the end of July (Fig. $2) while a sim-
ilar study from Switzerland reported a clear dominance
of Echium sp. among PA producers in pollen collected
in June and a dominance of Eupatorium sp. from mid-
July to August (Kast et al., 2018). The detected Eupa-
torium sp. pollen and the collection time by the end of
July can be compared between the samples from Ger-
many and Switzerland (Kast et al_, 2018).
Predominance of PANO over free bases (96%
vs. 4%; Table S3) agreed with other studies of PA-
contaminated plant pollen {Bodi et al.,, 2014; Boppré
et al., 2005; Diibecke et al., 2011). Also, the maxi-
mum EPA concentration of 48,400 ngle bee pollen
(#47) was only slightly higher than the top concen-
tration reported before in commercial pollen samples
(38,000 ng ZPASg bee pollen, Ditbecke et al. (2011)).
However, the detection frequency of PA (91% posi-
tive findings) in the present samples was higher
compared to 30-60% positive findings in previous
commercial bee pollen investigations. This could be
partly due to a higher number of screened PA than
in other studies (Diibecke et al., 2011; Kempf et al,,
2010) as well as slightly lower LOD values obtained
in the present study. Typical LOD of individual PA
in other studies were 1-10 ng/g bee pollen (Diibecke
et al.. 2011; Kast et al., 2018; Kempt et al., 2010)
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compared to~0.1-3.5 ng/g bee pollen in the present
study.

Kast et al. (2018) analyzed one daily bee pollen
sample on most ol the weeks throughout the summers
of 2002-2014 in Switzerland (one daily sample per
week between April and September and flower heads
from the neighborhood). This time series also indi-
cated highest EPA concentrations in “Eupatorium-
type PA” pollen samples collected at the end of July
and the beginning of August (Kast et al., 2018). How-
ever, there was one remarkable difference between
the results of Kast et al. (2018) and the present study.
Although EPA concentrations were comparable
between both studies, the PA pattern of Eupatorium-
type pollen reported by Kast et al. (2018) was domi-
nated by intermedine-NO and lycopsamine-NO. By
contrast, both PANO were low concentrated in our
samples which in turn were dominated by echinatine-
NO and rinderine-NQ (Tahle 4). Although all four
PANO are known to occur in pollen of Eupaiorium
sp. plants {Roeder, 1995), the strikingly different
PA patterns in the two studies from closely related
regions were surprising. Since all four compounds
were quantified in our samples by means of authentic
reference standards (see “Materials and methods™),
erroneous peak assignments could be excluded n
our study. Compared to that, only a few PANO and
none of the four crucial PANO were available to Kast
et al. (2018) as reference standards. At this point, it
is important to note that LC-MS/MS separation of
intermedine-NO, rinderine-NO, echinatine-NO, and
lycopsamine-NO was reported to be challenging
(Colegate et al., 2012). Given the fact that rinderine-
NO and echinatine-NO were not available as refer-
ence standards and a very short column (50> 2.1 mm)
was used by Kast et al. (2018), we concluded that
the colleagues actually quantified these two PANO
but wrongly labeled them as intermedine-NO and
Iycopsamine-NO although co-elutions of stereoiso-
mers were discussed by the authors. Accordingly, a
better resolution by LC-MS/MS and, most impor-
tantly, the availability of more reference standards in
the present study enabled us to solve this discrepancy.
Under this prerequisite, the highest concentrations
of Eupatorinm-type PA of 12,600 ng/g bee pollen
reported by Kast et al. (2018) was on a similar level
as top concentrations of 24,000 ng/g echinatine-NO
of our samples.
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Risk assessment

To assess carcinogenic effects of PA, EFSA has estab-
lished a reference point (EFSA, 2017), which resulls
(by application of an MOE of 10,004)) in a maximum
recommended daily intake of 24 ng PA per kg BW
and day for humans (BIR, 2020). Exposures below
this dose are considered unlikely to cause deleterious
effects. Typically, 5-10 g bee pollen {1-2 teaspoons)
are consumed as food supplement per day. A general
mean body weight of 75 kg and a daily intake of 10 g
bee pollen result in a maximum recommended daily
intake of 1800 ng ZPA. Hence, all samples with ZPA
concentrations > 180 ng/g bee pollen exceeded the
current dietary recommendations for adults. Accord-
ingly, only 33 of the 57 bee pollen samples (58%)
showed ZPA concentrations below the target value.
Namely, five samples featured no PA measurable con-
centration, 16 samples featured ZPA levels between
0.5 and 10 ng/g, and 12 samples featured between 10
and 160 ng/g pollen. Two bee pollen samples of the
latter group would already exceed the maximum rec-
ommended daily intake for children (10-11 years) due
to the lower BW of 40 kg, resulting in a safe ZPA level
of only 100 ng/g bee pollen (Fig, 5) (GBE, 2017). By
contrast, 24 samples (42%) exceeded the EPA target
value of 180 ng/g pollen with eight samples between
170 and 1000 ngfg bee pollen. Remarkably, 13 sam-
ples were contaminated with 1000-10,000 ng ZPA/g
bee pollen and three samples even with> 10,000 ng
EPASg bee pollen which strongly exceeded the maxi-
mum recommended daily intake according to BIR
based on a normal portion size (Fig. 5). This share
was about twice as high as reported for commercial
hee pollen samples from Switzerland, where one-
third of commercial samples featured PA with seven
samples exceeding the BfR recommendations with up
to 1185 ngle ZPA (Kast et al.,, 2018). However, the
samples in our study were collected within 14 days in
July, i.e., during the most prominent flowering period
of PA-producing plants. In comparison, commercial
samples are frequently pools of pollen harvested dur-
ing several months, which may have a diluting effect
on the PA pollen load. Hence, our study presents a
worst-case scenario. However, this approach also
made it possible to determine less abundant PA in the
samples which might have been overlocked in other
periods of the year. Moreover, 21% of the samples of

68



Veroffentlichungen

Environ Monit Assess (2022) 194:250

Page 1Tof 200 250

100000
risk no risk
n=3
.
K 1
L ]
L n=13
%
(]
1000 -
3 -
2 n=10
‘g 180 ng/g adult
= [
= 100 ng/g child |®
8 \ n=10
[=]
= -
10 -
\ n=16
“»
“
.
»
n="5&
0

Fig. 5 Point chart showing the EPA concentrations (ng/g)
with a potential risk according to the BfR recommendations

the present study showed 10 to 270 times higher ZPA
concentrations than recommended (BfR, 2020). Also,
preliminary relative potency factors (REPs) are used
to assess the risk of PA exposure, the toxic effects,
and the potencies of various congeners. For open-
chain and cyclic diesters with 78 configuration (e.g.,
lasiocarpine), REP values of 1.0 were calculated,
and for monoesters with 75 configuration (e.g., echi-
natine) values of (1.3, while open-chain diesters with
7R configuration assigned values of 0.1 (e.g., echimi-
dine) and 7R monoesters 0001 {e.g., mtermedine)
(Merz & Schrenk, 2016). The values of the N-oxides
are related to the corresponding PA. Results of this
study showed especially high values of echinatine-
NO. rinderine-NO, and lycopsamine-NO where the
REP values are comparably low. PA with high REP
values could only be detected occasionally in high

concentrations. In summary, the consumption of
highly PA-contaminated bee pollen on a regular hasis
may pose an increased risk of cancer or liver disease
and is therefore discouraged. In general, PA exposure
should be kept as low as possible, especially since the
total exposure toward PA may be influenced by addi-
tional PA sources in human nutrition such as herbal
teas, spices, or honey.

Conclusions

Ninety-one percent of the 57 bee pollen samples from
different locations in Baden-Wuerttemberg featured
PA with maximum EZPA concentrations of 48,400 ng
EPAfg bee pollen. The vast majority (96%) origi-
nated from PANO. Echinatine-NO and rinderine-NO
showed highest concentrations of up to 23,900 ng/g
bee pollen and were the most frequently detected
PA in the samples collected at the end of July. About
every third sample (20 out of 57 samples) exhibited
EPA levels above the future legal maximum level of
500 ng/g pollen. In total, 24 pollen samples exceeded
the BfR recommendation of 180 ng/g PA. Palynologi-
cal analysis was found to be inappropriate to identify
samples with high PA contamination.

The results of our study clearly demonstrate that
almost half of the analyzed pollen samples from
Southern Germany in July contained concentrations
above the BfR recommendations. The occurrence of
such high ZPA concentrations could probably be min-
imized by stopping collecting bee pollen at the end of
June (Kast et al., 2018). Furthermore, beekeepers in
Southern Germany should avoid as much as possible
the presence of Eupatoriim sp. in the neighborhood
around their hives. Bee pollen samples from Swit-
zerland indicated no risk of contamination by pol-
len from Euwpatoviwm sp. in months before July (Kast
et al., 2018). Yet, further studies have to be conducted
to check if this scenario can be assumed for Southern
Germany as well. Also, commercial pollen samples
from Germany should be examined for PA as they
could consist pollen sampled in different months. At
this point, bee pollen samples collected in July and
before in Southern Germany should not be marketed
or consumed without previous examination by means
of LC-MS/MS analysis. The method applied in this
study is suggested for application in order to establish
a more robust assessment of PA content,
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4 Diskussion

In der hier dargestellten Arbeit wurden zum ersten Mal detaillierte Untersuchungen von Blu-
tenpollen aus Baden-Wirttemberg durchgefihrt. Erstmals wurden in tdglich gesammelten Pol-
lenproben einer Sammelsaison von April bis Ende Juli Pestizidriickstdnde untersucht. Insge-
samt 102 Tagesproben konnten in einer intensiv bewirtschafteten Region gesammelt werden.
Dabei lasst sich exemplarisch das Auftreten und die Bestandigkeit von Pestiziden in Tagespro-
ben darstellen. Zudem konnte das Wissen (ber die mikrobielle Zusammensetzung von Bliten-
pollen erweitert werden und erstmals Verdnderungen der mikrobiellen Zusammensetzung unter
bestimmten Lagerbedingungen aulRerhalb des Bienenstocks abgebildet werden. Neben Pesti-
zidriickstanden und mikrobiellen Einflissen wurden in dieser Studie auch Pflanzeninhaltsstoffe
wie PA untersucht, die den hohen Anteil von PA in saisonalem Blitenpollen, der im Juli ge-
sammelt wird verdeutlichte. Dabei wurden erstmals 57 Mischproben aus Stddeutschland ana-

lysiert.

4.1 Diskussion der Methoden
4.1.1 Organisation und Sammeln der Pollenproben

Zur Organisation der Pollenproben wurde zundchst ein Sammelplan erstellt, in dem festgelegt
wurde zu welchem Zeitpunkt und an welchen Standorten die Proben gesammelt werden sollten.
Eine groRe Herausforderung stellte das Sammeln der Pollenproben in unterschiedlichen Regi-
onen von Baden-Wirttemberg dar. Flr diese Aufgabe wurden interessierte Imker*innen rekru-
tiert, die ihre Volker fir diese Sammelversuche zur Verfiigung stellten. Alle freiwilligen Im-
ker*innen wurden mit kostenlosen Pollenfallen ausgestattet. Am Standort Oberteuringen, ndhe
Friedrichshafen, wurden die Daten der 102 tdglich gesammelten Pollenproben erhoben. Die

Ergebnisse wurden anhand eines Bienenvolkes an diesem Standort innerhalb einer

73



Diskussion

Sammelsaison im Jahr 2018 erfasst. Aufgrund der geringen Zahl von Vélkern (n = 1) kdnnen
die Ergebnisse nicht représentativ fur andere intensiv bewirtschaftete Regionen in Betracht ge-
zogen werden und mussen daher vorsichtig interpretiert werden (Chauzat et al. 2006; Drummond

et al. 2018; Favaro et al. 2019).

Es sammeln ca. 20% der rund 30.000 Bienen aus einem Bienenvolk in einem Radius von bis
zu 10 km? Pollen (Beekman und Ratnieks 2000; Klein et al. 2007). Diese hohe Zahl an Pollensam-
melnden Bienen wurde als angemessen betrachtet, um erste Erkenntnisse tUber das generelle
Auftreten und die Besténdigkeit von Pestiziden in taglich gesammelten Pollenproben zu erlan-
gen. Dieses Szenario sollte exemplarisch zeigen, welchen Pestizidkonzentrationen Honigbie-
nen durch das Sammeln von Pollen téglich und Giber eine ganze Sammelsaison ausgesetzt sind.
Zudem wurde die Studie innerhalb eines Jahres durchgefiihrt. Aufgrund unterschiedlicher
Klimabedingungen variieren die Bluhzeiten von Pflanzen und das Auftreten von Schadorganis-
men j&hrlich (Sanchez-Pérez et al. 2014). Demnach variieren auch die Ausbringungszeiten der
Wirkstoffe und Mengen der SpritzmaRnahmen an landwirtschaftlichen Kulturpflanzen in un-
terschiedlichen Jahren (Porter et al. 1991). Auch Klimabedingungen haben einen Einfluss auf das
Flugverhalten der Bienen (Cobert et al. 1993). Wahrend der Sammelsaison von April bis Ende
Juli 2018 konnten nur wenige Regentage verzeichnet werden (DWD 2018), an denen die Bienen
nicht ausfliegen und demnach keinen Pollen sammeln konnten. Folgende Jahre zeigten mehr
Regentage in der Sammelsaison (DWD 2019, 2020), was die Flugmdglichkeiten und somit auch
das Sammelverhalten der Honigbienen beeinflusst. Demnach kdnnen die Rlckstande von Pes-
tiziden in den gesammelten Tagesproben ebenfalls variieren. Weitere Studien mit einer htheren
Anzahl an Volkern pro Standort in mehreren aufeinanderfolgenden Jahren mussen folglich
durchgefuhrt werden, um repréasentative Aussagen tber die Belastung von Pestizidriickstdnden

in intensiv bewirtschafteten Regionen zu treffen.
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Das gleiche Szenario findet sich bei der Untersuchung der mikrobiellen Zusammensetzung von
frischen und gelagerten Blitenpollen wieder. In diesem Versuch wurden in zwei aufeinander-
folgenden Jahren an insgesamt drei Standorten in Baden-Wirttemberg Pollen gesammelt, im
Juni 2018 an einem Standort in Hohenheim, im Juni 2019 in Forbach und Nirtingen. Die Pro-
ben wurden jeweils aus einem Volk an nur einem Tag im Juni frisch gesammelt und direkt ftr
den Lagerversuch (siehe Diskussion der Ergebnisse) weiterverarbeitet. Demnach zeigen die Er-
gebnisse nur exemplarisch, welche Mikroorganismen in Pollen zu finden sind. Trotzdem geben
die Ergebnisse nur erste Einblicke, weitere Studien sollten auch hier mit einer hdheren Anzahl
an Voélkern und Standorten folgen, um reprasentative und fundierte Aussagen treffen zu kénnen

(Disayathanoowat et al. 2020) .

Um einen besseren Vergleich der Sammelzeitrdume zu erlangen, wurden die Sammelperioden
an die Bllhzeiten bestimmter Pflanzen angepasst. Regionale Hohen- und daraus resultierende
Klimaunterschiede sorgen dafur, dass Pflanzen nicht exakt zu denselben Zeiten im Jahr bliihen
(Ladanyi et al. 2010). Zur Untersuchung von PA in saisonalen Pollenproben wurden Proben wah-
rend der Blutenzeit von bekannten PA produzierenden Pflanzen Echium sp. (Natternkopf), Bo-
ragp sp. (Borretsch), Eupatorium sp. (Wasserdost) und Senecio sp. (Kreuzkrautern) gesammelt.
Die Bllhzeiten variieren zwischen Mai und September (Kast et al. 2018; Kast et al. 2019). Der
Hauptteil der Blihzeit fallt in den Monat Juli. Deshalb wurden die Proben zur Untersuchung

von PA Gehalten an allen beteiligten Standorten Ende Juli genommen.

4.1.2 Analyse der Pollenproben

Zur Aufarbeitung von Pestizidriickstdnden in unterschiedlichen Matrices wurde das einfache
und schnelle QUEChERS-Verfahren modifiziert, dass international anerkannt ist und zur routi-

nemaRigen Aufarbeitung verschiedener Probenmatrices verwendet wird (Anastassiades et al.
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2003). Das QUEChERS-Verfahren wurde an die Labor- und Matrixbedingungen fiir die Aufar-
beitung von Pollenproben an der Landesanstalt fir Bienenkunde angepasst. Die Analyse von
insgesamt 262 Wirkstoffen wurde im akkreditierten Analyselabor der landwirtschaftlichen Un-
tersuchungs- und Forschungsanstalt in Speyer durchgefiihrt. Die Wiederfindungsrate aller

Wirkstoffe wurde Gberprift und mogliche Abweichungen diskutiert.

Die Analyse der Pollenproben zur Untersuchung der mikrobiellen Zusammensetzung stellte
eine groRere Herausforderung dar. Als Grundlage der Aufarbeitungsmethode wurde ein TRIzol
Protokoll verwendet, dass in vergangen Studien schon zur Aufarbeitung der DNA von MO im
Bienendarm verwendet wurde (D’Alvise et al. 2018; Seeburger et al. 2020). Verglichen mit den
Ergebnissen der Bienenstudien konnten nur geringe Konzentrationen < 1 ng/pL an Pollen DNA
extrahiert werden. Die extrahierten Proben wurden anschlieBend zur Analyse an spezialisierte
Sequenzierlaboratorien versendet. Die Proben aus Hohenheim (2018) wurden bei Eurofins Ge-
nomics (Ebersberg) analysiert und bereits 2018 ausgewertet. Die Auswertung der Datensatze
zeigte, dass die ITS1 Daten pilzunspezifisch préasentiert und die Pilze/Hefen lediglich in vier
unterschiedliche Genera unterteilt wurden. Die Proben aus Forbach und Nurtingen (2019) wur-
den daraufhin bei StarSEQ (Mainz) analysiert. Nach intensiver Recherche und einem Vergleich
der verwendeten Methoden wurde deutlich, dass Eurofins Genomics andere Primerpaare der
ITS1 Region verwendete als StarSEQ. Die Primerpaare von Eurofins Genomics waren nicht
pilzspezifisch, wohingegen StarSEQ pilzspezifische Primerpaare verwendete. Durch die finan-
zielle und materialtechnische Limitierung innerhalb des Projekts war eine Wiederholung der
Analysen aus dem Jahr 2018 nicht moglich. Daraus resultieren die unterschiedlichen und nicht
vergleichbare Ergebnisse der IST1 Region in den Proben. Folglich zeigen diese Ergebnisse
deutlich, dass eine einheitliche Analyse von Proben notwendig ist, um Daten représentativ ver-

gleichen zu kdnnen. In folgenden Studien sollte demnach exakt darauf geachtet werden, welche
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Primer wahrend der Analyse verwendet werden, um die Aussagekraft der erlangten Ergebnisse

zu garantieren.

Die Analyse der Proben, die auf PA untersucht wurden, erfolgte im Chemischen und Veterina-
runtersuchungsamt in Stuttgart. Verglichen mit vorangegangenen Studien wurden in der ver-
wendeten Methode erstmals 42 verschiedene PA und PANO (N-Oxide) untersucht. Dabei ist
die bemerkenswerte Trennleistung der Wirkstoffe zu beachten, die es ermdglicht hat, einzelne
PA exakt voneinander zu trennen und bestimmen zu kénnen. Die Bestimmung der einzelnen
Pollen erfolgte mittels eines Lichtmikroskops, jedoch zeigte die palynologische Analyse der
Pollenproben limitierende Faktoren: Einige Pollen unterschiedlicher Pflanzen weisen Ahnlich-
keiten in GroRe und Aussehen auf, deshalb konnten die Pollen, aufgrund ihres ahnlichen Aus-
sehens nicht immer exakt voneinander unterschieden werden. Beispielsweise die Pollen der
Eupatorium sp. wurden in der Solidago/Bidens-Gruppe mitbestimmt. Demnach konnten keine
exakten Angaben gemacht werden, wie hoch der Anteil der Eupatorium sp. Pollen in den Pro-

ben war.

4.2 Diskussion der Ergebnisse

Verschiedene Qualitatsmerkmale von heimischem Blitenpollen aus Baden-Wirttemberg wer-
den in der vorliegenden Arbeit erstmals in diesem Ausmal3 untersucht. Bienenprodukte erlan-
gen immer grofiere Bedeutung und ein stetig wachsendes Interesse in der Bevolkerung. Um der
Verwendbarkeit als natiirliches Nahrungserganzungsmittel gerecht zu werden, ist es wichtig,

dass Blitenpollen verschiedenen Qualitatsmerkmalen entsprechen.
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4.2.1 Pestizide in Blutenpollen

Pflanzenschutzmittel belasten Blitenpollen und kdnnen daher die Qualitat negativ beeinflus-
sen. In Deutschland wird mehr als die Halfte der Landflache landwirtschaftlich genutzt, rund
90% wird dabei konventionell bewirtschaftet (Statistisches Bundesamt (Destatis) 2019; BMEL
2021). Um einen wirtschaftlichen Ertrag zu garantieren, werden sowohl 6kologische als auch
konventionelle Pflanzenschutzmittel in Kulturpflanzen eingesetzt. Zum Schutz von Kultur-
pflanzen vor Schédlingsbefall und Pilzwachstum, werden in Deutschland Sprihapplikationen
von bis zu 15 verschiedenen Anwendungen in Obstgarten vom Friihling bis zum Spatsommer
empfohlen (Wallner 2012). Doch nicht nur Kulturpflanzen sind Zielorganismen von dem Einsatz
von PSM betroffen, bis zu 25% der ausgebrachten Mittel kénnen durch Abdrift in der Umwelt
verteilt werden und dabei in nicht zielgerichtete Vegetationen und Organismen gelangen (Aktar
et al. 2009). Da Bestauber wie Honigbienen und andere Insekten Nektar und Pollen nicht nur
von Wildpflanzen, sondern auch von Kulturpflanzen in der Landwirtschaft sammeln, sind sie
in einigen Regionen fortlaufend Spritzapplikationen oder Riickstdnden von Anwendungen aus-
gesetzt (David et al. 2016). Einige Studien zeigen bereits, dass vor allem von Honigbienen ge-
sammelter Pollen und folglich auch das Bienenbrot stark mit Pestiziden belastet ist (Botias et al.

2016; Traynor et al. 2016; Favaro et al. 2019; Béhme et al. 2018; Deutsches Bienenmonitoring 2014-

2019). Untersuchungen in den USA zeigen, dass Bienen in intensiv bewirtschafteten Regionen
durch das Sammeln von Pollen Pestizidkonzentrationen von bis zu 99000 ng/g Pollen ausge-
setzt sind (Mullin et al. 2010; Stoner und Eitzer 2013). Studien aus Deutschland konnten ebenfalls
zeigen, dass Honigbienen in landwirtschaftlich bewirtschafteten Regionen Pollen mit enormen
Konzentrationen von bis zu 7200 ng/g Pollen sammelten (Béhme et al. 2018). Bisher wurden
jedoch lediglich Pollenproben wdchentlich oder monatlich auf Pestizidriickstdnde untersucht.

Demnach fehlten detaillierte Informationen tiber die Entwicklung von Pestizidkonzentrationen
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wéhrend einer Sammelsaison. Daruber hinaus waren die Haufigkeit und der zeitliche Verlauf

von auftretenden Wirkstoffen weitgehend unbekannt.

Durch das tagliche Absammeln von Pollenhéschen vor dem Flugloch eines Bienenvolkes kon-
nen die fehlenden Erkenntnisse ber den Pestizideintrag in Pollen aus einer intensiv bewirt-
schafteten Region erworben werden (Veroffentlichung 1). Nach jetzigem Kenntnisstand ge-
lang es erstmalig, umfassend die Entwicklung von Pestizidkonzentrationen in Pollen im Ver-
laufe einer Sammelsaison von April bis Juli darzustellen. Insgesamt 102 Pollenproben konnten
fur diese Untersuchung analysiert werden. Die Daten der Studie zeigen, dass in nahezu 90%
aller analysierten Proben nachweisbare Konzentrationen von Pestizidriickstanden gefunden
werden konnten. Die aufgestellte Hypothese, dass in Pollenproben aus intensiv bewirtschafte-
ten Regionen Pestizidriickstande Uber eine gesamte Sammelsaison von April bis Juli detektiert
werden koénnen, wurde damit bestétigt. Innerhalb dieser Proben wurden zwischen ein bis drei-
zehn unterschiedliche Wirkstoffe je Probe detektiert. Von 29 nachgewiesenen Pestiziden wur-
den 51% als Fungizide, 41% als Insektizide und 8% als Herbizide identifiziert. Der haufigste
gefundene Wirkstoff war das Fungizid Trifloxystrobin mit 64 Detektionen in allen Proben. Die
hdchsten Konzentrationen konnten in Tagesproben von Ende April und Anfang Mai, sowie in
der zweiten Junihélfte detektiert werden. Die hochste detektierbare Konzentration wies aller-
dings das Fungizid Tebuconazol mit 4530 ng/g Pollen auf. Die maximale Gesamtkonzentration

an Pestiziden pro Probe konnte mit 8800 ng/g gemessen werden.

Auch wenn die gemessenen Konzentrationen hoch erscheinen, zeigten andere Studien weitaus
hohere Wirkstoffkonzentrationen. Jahrlich werden weltweit Giber 2,3 Millionen Tonnen an Pes-
tiziden in der Landwirtschaft eingesetzt, alleine der Pestizidverbrauch der USA betrégt 25%
(EPA 2007). Vorausgegangene Studien in den USA zeigen, dass Bestauber wie Honigbienen in
intensiv bewirtschafteten Regionen mit Extremwerten konfrontiert werden. Konzentrationen

von bis zu 99000 ng/g stellen eine grof3e Gefahr fir Bestduber und deren Brut dar. Es wurden
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signifikante Einflisse einiger Wirkstoffe zu einer akuten und subletalen Verringerung der Fit-
ness von Honigbienen vermutet (Mullin et al. 2010). Um die Gefdhrdung von Honigbienen durch
Pestizidriickstande in den Pollenproben zu bewerten, wurde ein sogenannter Pollen Hazard
Quotient (PHQ) kalkuliert (Stoner und Eitzer 2013). Der PHQ wird berechnet, indem die detek-
tierten Konzentrationen (ng/g) jedes nachgewiesenen Wirkstoffes durch den bekannten LDso-
Wert (Honigbiene oral; pg/Biene) dividiert wird (Pesticide Properties DataBase - PPDB 2010).
Basierend auf dem téglichen Verzehr von bis zu 9,5 mg Bienenbrot durch eine Ammenbiene,
wurde ein PHQ von > 50 als kritisch fiir die Bienengesundheit angesehen (Bohme et al. 2018).
In der vorgelegten Studie konnten PHQ Werte bis zu 170 in einzelnen Tagesproben kalkuliert
werden. Vor allem Insektizide, die einen niedrigen LDso-Wert nach Labortests aufweisen, zei-
gen schon bei geringen Pestizidkonzentrationen hohe PHQ Werte. In den USA wurden auf-
grund sehr hoher Wirkstoffkonzentrationen und niedriger LDso-Werte einiger Wirkstoffe, PHQ
Werte bis zu 40°000 kalkuliert (Stoner und Eitzer 2013). Diese auBerordentlich hohen Werte
konnten ein Grund fir die schwerwiegenden j&hrlichen Verluste von bewirtschafteten Honig-
bienenvolkern in den USA sein (van Engelsdorp et al. 2012). Vergleichbare Ereignisse konnten
in Deutschland bislang nicht beobachtet werden, trotzdem sind die Wirkstoffgehalte, vor allem

in Betracht auf detektierte Insektizide nicht zu vernachlassigen.

Drei der nachgewiesenen Wirkstoffe (Diflubenzuron, Fenoxycarb und Spirodiclofen) wurden
in dieser Studie als bienengefahrlich eingestuft. Diflubenzuron und Fenoxycarb sind nicht fiir
die Verwendung in blihende Pflanzen in Deutschland zugelassen (Bundesamt fiir Verbraucher-
schutz und Lebensmittelsicherheit 2020). Insbesondere Fenoxycarb, ist bekannt durch negative
Auswirkung auf die Bienenbrut (Czoppelt 1991; Aupinel et al. 2007). Mit einem detektierten Ma-
ximalwert von 370 ng Fenoxacarb / g Pollen in dieser Studie, wird der potentielle Schaden fiir
Larven als gering eingeschétzt, jedoch sollten die moglichen Folgen der Existenz dieser bie-

nengeféhrlichen Stoffe in den Proben nicht unterschétzt werden (Rortais et al. 2005).
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Die Untersuchungen der 102 taglich gesammelten Pollenproben verdeutlichen, dass in fast je-
der Tagesprobe Pestizidriickstande gefunden werden konnten. Der Standort in einer intensiv
bewirtschafteten Obstanbau Region wurde gewéhlt, um exemplarisch ein ,,worst-case“-Szena-
rio darzustellen. Der tagliche Verlauf der Wirkstoffkonzentrationen zeigt deutlich, dass viele
Wirkstoffe gemeinsam eingesetzt werden. Die Fungizide Tebuconazol und Fluopyram weisen
einen deutlichen Zusammenhang in der detektierten Konzentration innerhalb eines Zeitfensters
von 10 Tagen auf. Mindestens ein Spritzmittel (Luna Experience) ist dazu passend bekannt, das
in Deutschland vorwiegend im Obst- und Gemuseanbau verwendet wird (Bundesamt fiir Ver-
braucherschutz und Lebensmittelsicherheit 2020). Auch weitere Wirkstoffe konnen in bis zu 10

aufeinanderfolgenden Tagen in den Proben gefunden werden.

Die Ergebnisse der ersten Veroffentlichung wurden bislang hinsichtlich Gefahren und Risiken
fur Honigbienen bewertet. Betrachtet man Blitenpollen als Nahrungsmittel fir den menschli-
chen Verzehr, missen andere Hilfsmittel zur Einschatzung des Risikos hinzugezogen werden.
Nach Anderung der Verordnung VO (EG) 396/2005 Anhang 1 durch die Verordnung VO (EU)
2018/62 gelten flr Blutenpollen zunéchst keine Hochstmengengrenzen mehr. Ein allgemeiner
Wert von 0.05 mg/kg (kann in Einzelféllen auch abweichen) gilt lediglich verbindlich fir Honig
(VO (EU) 2018/ 62). Blutenpollen ist per Rechtsverordnung auch mit weitaus hoheren Pestizid-
rickstanden in der EU verkehrsfahig und dadurch auch zum Verzehr geeignet. Deshalb sollte
in Bezug auf mogliche resultierende Risiken eine toxikologische Bewertung der detektierten
PSM in den Pollenproben folgen. Die EFSA gibt anhand von Risikountersuchungen und -be-
wertungen und eines miteinberechneten Schutzfaktors den sogenannten ADI-Wert vor. Der
ADI- Wert (Acceptable Daily Intake) gibt die Menge eines Wirkstoffes an, die bei taglicher
Aufnahme pro kg Korpergewicht zu keinen riskanten Folgen fihrt. In den analysierten Pollen-
proben zeigt Tebuconazol mit einem ADI von 0.03 mg/kg Kdrpergewicht pro Tag Hochstkon-

zentrationen von bis zu 4530 ng/g Pollen (EFSA 2010). Geht man von einer taglichen Aufnahme
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von 1-2 Essloffeln Pollen, das heit maximal 10 g Pollen und einem durchschnittlichen Kor-
pergewicht von 75 kg aus, durften in den Pollenproben maximal 225000 ng/g Tebuconazol
enthalten sein. Der errechnete Wert liegt weit Giber dem analysierten Hochstwert in den Proben.
Aufgrund von Verdinnungseffekten durch Mischen der Tagesproben, kann davon ausgegangen
werden, dass die analysierten Hochstwerte zusatzlich verringert werden. Folglich stellen die
gefundenen Konzentrationen fur den Menschen kein Gesundheitsrisiko dar und die analysierten

Pollenproben kénnen vom Menschen verzehrt werden.

4.2.2 Mikroorganismen in Blitenpollen

Neben Pflanzenschutzmitteln kdnnen auch Mikroorganismen (MO) die Qualitdt von Lebens-
mitteln stark beeinflussen. MO sind in der Umwelt wie in der Luft, im Wasser, im Boden,
sowie in Pflanzen und Lebewesen zu finden (Zalar et al. 2007; Fridman et al. 2012). Sie kénnen
dabei sowohl nitzliche als auch schadliche Wirkungen haben. Viele MO sind fir unsere Ernéh-
rung unentbehrlich, denn sie werden zur Herstellung und Veredelung von Lebensmitteln ein-
gesetzt, beispielsweise bei der Joghurt- oder Kaseherstellung (Rehm 1980). Doch einige MO
kdnnen durch ihre Anwesenheit einen negativen Einfluss auf das Lebensmittel, sowie auf die
menschliche Gesundheit ausuben. Sie kdnnen zu dem Verderb von Lebensmitteln, sowie zu
Lebensmittelvergiftungen und Lebensmittelinfektionen fuhren (BVL 2021c). Die meisten Mik-
roorganismen, die Lebensmittel verderben kénnen benétigen Wasser, eine Energiequelle, sowie
eine Stickstoffquelle, Vitamine und Mineralstoffe zum Leben (Keweloh 2016). Folglich sind
rohe Lebensmittel mit einem hohen Wasser- und Proteingehalt wie beispielsweise Fleisch leicht
verderblich (BVL 2021a). Frisch gesammelter Blltenpollen enthdlt vergleichbar zu Fleisch ei-

nen hohen Anteil an Wasser und Proteinen. Demnach ist Blutenpollen ein leichtverderbliches

82



Diskussion

Lebensmittel und muss nach der Ernte sorgfaltig verarbeitet und gelagert werden, um ein

Wachstum von Lebensmittelverderbenden MO zu verhindern.

Durch eine Lagerung unter verschiedenen Bedingungen von frisch gesammeltem Blitenpollen
kann die Veranderung der prasenten Mikroorganismenzusammensetzung untersucht werden
(Verdffentlichung 2). Erstmals wurde ein Lagerversuch aul3erhalb des Bienenstocks angesetzt,
bei dem frisch gesammelter Blutenpollen unter kalten, moderaten und warm-feuchten Bedin-
gungen gelagert wurde. An drei Standorten in Baden-Wirttemberg wurde im Juni 2018 und
2019 Blutenpollen frisch gesammelt und Lagerbedingungen auf3erhalb des Bienenstocks simu-
liert. Der Versuch soll zeigen, dass wahrend einer warm-feuchten Lagerung von sieben Tagen
die Mikroorganismenzusammensetzung in den Pollenproben negativ beeinflusst wird und eine
Verarbeitung von Pollen nach der Ernte unabdingbar ist, um ein sicheres Lebensmittel zu er-
halten. Die frischen und gelagerten Pollenproben wurden mittels einer palynologischen Analyse
auf deren Pollenzusammensetzung untersucht, sowie mittels Amplikon-Sequenzierung auf Ba-
sis von DNA-Sequenzen der rRNA der V3-V4 Region und ITS1 Region die Zusammensetzung
der MO untersucht. Die Daten zeigen, dass sich die Pollenproben je Standort und Jahr sowohl
in deren Pollenzusammensetzung als auch in der MO-Zusammsetzung unterscheiden. Domi-
nante Bakterien in den Proben vom Datenset 2019 waren Lactobacillus, Pseudomonas, Rosen-
bergiella und Acinetobacter. Als dominante Pilze und Hefen konnten Cladosporium, Podos-
phaera, Mycosphaerella und Zygosaccharomyces in den Proben detektiert werden. Die statis-
tische Auswertung der Ergebnisse zeigt, dass der Standort sowohl bei der Bakterien- als auch
der Pilzzusammensetzung einen signifikanten Einfluss hat (GLM; p < 0.001). Die Lagerbedin-
gung zeigt nur bei Lactobacillus einen signifikanten Einfluss (Tukey; p = 0.04), wohingegen
bei allen untersuchten Pilzen und Hefen (auBer Podospaera) ein signifikanter Einfluss der La-
gerbedingungen nachgewiesen werden konnte. Zygosaccharomyces und Aspergillus zeigen sig-

nifikante Unterschiede zwischen frisch — warmen, kalt — warmen, und Zimmertemperatur —
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warmen Lagerbedingungen (Tukey, p < 0.001). Die grofite Zunahme an proportionalem Anteil

kann unter warmen Lagerbedingungen (30 °C, 75% Luftfeuchtigkeit) beobachtet werden.

Die Zusammensetzung der Bakterien zeigt unter definierten Lagerbedingungen nur geringe
Veranderungen. Die dominierenden Bakterien wie Pseudomonas und Rosenbergiella sind auf
einen pflanzlichen Ursprung zurtickzuftihren. Sie konnten bereits in pflanzlichem Material wie
Nektar gefunden werden (Fridman et al. 2012; Halpern et al. 2013). Das Bakterium Acinetobacter
findet sich in unterschiedlichen Medien, aber hauptséchlich ebenfalls in Pflanzen sowie im
Darmtrakt von Honigbienen wieder (Fridman et al. 2012; Donkersley et al. 2018). Auch das Bak-
terium Lactobacillus, beispielsweise die Spezies Lactobacillus kunkeii, kann durch den Spei-
chel von Honigbienen auf Blitenpollen (bertragen worden sein (Anderson et al. 2014b; Don-
kersley et al. 2018). Bisher ist keines der dominierenden Bakterien bekannt dafir, die Qualitét

von Blitenpollen hinsichtlich der Verzehrbarkeit negativ zu beeinflussen.

Die Veranderung der Pilzzusammensetzung zeigte jedoch auffallige Ergebnisse. Wéhrend der
Lagerung wiesen alle untersuchten Pilze und Hefen eine signifikante Anderung ihres Anteils in
der Probe auf. Cladosporium, ein Pilz, der ubiquitér in der Umwelt wie in der Luft und im
Boden vorhanden ist (Zalar et al. 2007), war in frisch gesammelten Pollenproben zu einem Anteil
von bis zu 45% zu finden. Wahrend der Lagerung von sieben Tagen nahm der Anteil allerdings
deutlich ab. Die Pilze Podoshaera und Mycosphaerella zahlen zu den Pflanzenpathogenen
(Crous et al. 2006; Baiswar et al. 2010), deren Anteil in den Proben ebenfalls einen Riickgang
wahrend der Lagerung im Vergleich zu den frisch gesammelten Pollenproben zeigt. Wahrend
ein prozentualer Riickgang der oben genannten Pilze zu beobachten war, konnte jedoch beson-
ders bei zwei Pilz- bzw. Hefegruppen ein deutlicher Zuwachs nach der warm-feuchten Lage-
rung vermerkt werden. Zygosaccharomyces, eine osmotolerante Hefe, dominierte deutlich in
den warm gelagerten Pollenproben. Die Gattung ist ein bekannter Organismus, der vor allem

in zuckerhaltigen Lebensmittel wie Fruchtséften und SaRigkeiten zum Verderb durch
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Fermentierung fuhren kann (Martorell et al. 2007). Die Hefe ist auch ein Mitglied der MO-Ge-
meinschaft im Darm von Honigbienen und kann daher durch die Zugabe von Bienenspeichel
auf Blutenpollen Gbertragen werden (Yun et al. 2018). Durch die Produktion von Ethanol und
Kohlendioxid aus Zucker kénnen sensorische Eigenschaften wie Aroma und Farbe des Pollens
durch die Fermentation negativ beeinflusst werden (Sperber und Doyle 2009). Um die Qualitét
von Aroma und Farbe des Pollens gewéhrleisten zu kdnnen, sollte das Wachstum von Hefen
wie Zygosaccharomyces durch Einfrieren oder Kihlen verhindert werden. Die Ergebnisse der
vorliegenden Studie zeigen, dass bei einer Lagerung unter 4°C nach sieben Tagen kein Wachs-

tum an Zygosaccharomyces zu beobachten ist.

Auch der Anstieg der Pilzgattung Aspergillus unter warmen Lagerbedingungen muss im Hin-
blick auf Qualitat von Blitenpollen und die menschliche Erndhrung beobachtet werden. Asper-
gillus ist eine extrem halo- und osmotolerante Pilzgattung und enthalt eine Reihe hoch mykoto-
xigener Arten (Gonzalez et al. 2005). In Lebensmitteln kann Aspergillus durch sichtbares Wachs-
tum von Schwarzschimmel zu Verfarbungen fiihren. Auch die Bildung von Mykotoxinen, die
krebserzeugende Wirkungen und Schadigungen am Zentralnervensystem zeigen, kdnnen er-
heblichen Einfluss auf die menschliche Gesundheit ausiiben (Sperber und Doyle 2009). Bereits
eine vorangegangene Studie zeigte, dass Mykotoxine in verzehrfertigen Pollenproben aus Spa-
nien gefunden werden kdnnen (Gonzalez et al. 2005). Falsche Verarbeitung beztiglich Trock-
nung und Lagerung sowie nicht tagliche Ernte der Pollen wurden hier als Grinde aufgefihrt.
Die Ergebnisse der vorliegenden Studie unterstreichen diese Annahmen. Die Hypothese, dass
Lagerbedingungen die Zusammensetzung der Mikroorganismen in Pollen beeinflussen, kann
durch die dargestellten Ergebnisse bestatigt werden. Diese zeigen einen deutlichen Anstieg an
Hefen und Pilzen, die mit groRer Wahrscheinlichkeit die Ursache fiir einen Verderb von Blu-
tenpollen verantwortlich sind. Daher ist es bei der Verarbeitung von frisch geerntetem Bliten-

pollen wichtig, das Wachstum von verderbenden MO zu verhindern.

85



Diskussion

4.2.3 Pyrrolizidinalkaloide in Blatenpollen

Auch wenn eine angemessene Verarbeitung erfolgt und Blitenpollen nach entsprechenden
Analysen hinsichtlich hygienischer Aspekte und Ruckstandsproblematik fur den menschlichen
Verzehr geeignet ist, konnen weitere Faktoren die Qualitat des Produkts beeinflussen. Vergif-
tungsfalle durch PA sind bereits seit langerem bekannt, da PA durch die Aufnahme in der Leber
zu hochreaktiven Pyrrolestern metabolisiert werden, die in der Lage sind, mit Nukleinséuren
und Proteinen zu reagieren und dadurch Leberschaden verursachen, aber auch kanzerogene
Auswirkungen haben kdnnen (Edgar et al. 2011). Lebensmittel pflanzlichen Ursprungs wie Tee,
Honig oder Blitenpollen gelten als Hauptquelle von PA und wurden deshalb schon in vielen
Studien untersucht (Roeder 1995; Boppré et al. 2005; Kempf et al. 2011; Dibecke et al. 2011; Gott-
schalk et al. 2018; Kaltner et al. 2018). Neuste Studien aus der Schweiz zeigen, dass sowohl kom-
merzieller Blutenpollen als auch frisch gesammelter Pollen von Bienenvodlkern enorme Mengen
an PA enthalten kdnnen (Kast et al. 2018; Kast et al. 2019). Informationen von saisonal gesam-

meltem Blutenpollen aus Deutschland fehlen bislang.

Durch die Analyse von regionalem Blitenpollen aus Stiddeutschland soll untersucht werden,
ob PA in bedenklichen Mengen zu finden sind und welche Pflanzen dafiir verantwortlich sein
konnten (Veroffentlichung 3). Dazu wurden erstmals im Juli 2019 insgesamt 57 Pollenproben
(14 Tagesproben zu einer Mischprobe vereint) von unterschiedlichen Standorten in Baden-
Waurttemberg gesammelt und auf deren Pollenzusammensetzung sowie auf PA Ruckstande un-
tersucht. Mit einer Aufarbeitungs- sowie Messmethode der CVUA konnten die Proben auf 42
verschiedene PA/PANO untersucht werden. Insgesamt 25 PA konnten in 52 Proben detektiert
werden, dabei konnten lediglich 5% der PA dem Senecio-typ zugeordnet werden, die anderen
95% der detektierten PA wurden von Pflanzen der Gattung Echium sp. und Eupatorium sp.
produziert. Eine palynologische Analyse der Proben wies allerdings nur 3% an PA produzie-

renden Pflanzenpollen in den Proben auf. Ein Zusammenhang zwischen der Anzahl an
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ausgezahlten Pollenkdrnern und der Hohe an detektieren PA Konzentrationen in den Proben
konnte nicht nachgewiesen werden. Demnach l&sst sich die Hypothese, dass sich PA Konzent-
rationen auf PA produzierende Pflanzen zurlckfihren lassen, nur bedingt bestétigen. Fast alle
detektierten PA (96%) lagen als PANO in den Proben vor. Hochstkonzentrationen von > 1000
ng/g an Summe der PAs (XPA) konnten in 16 Proben gefunden werden, dabei zeigte eine Probe
einen absoluten Hochstwert von 48400 ng/g ZPA an. Das PANO Echinatin-N-oxid konnte
dabei Hochstwerte von bis zu 23900 ng/g aufweisen. In vielen der Proben konnten allerdings
nur sehr geringe Konzentrationen an PA gemessen werden, weshalb der Median der Proben bei
lediglich 44 ng/g lag. Dessen ungeachtet sind die enorm hohen Konzentrationen an PA in den

auffalligen Proben besonders zu betrachten.

Derzeit sind von der Europdischen Union keine Hochstwerte fir PA in Lebensmitteln festge-
legt. Nach einer Risikobewertung der Europdischen Behorde fur Lebensmittelsicherheit
(EFSA) wurde als Referenzdosis eine Konzentration von 237 pg pro kg Korpergewicht nach
einem Tierversuch von Lasiocarpin und Riddelliin an Ratten abgeleitet (EFSA 2011). Unter der
Berlicksichtigung einer tolerierbaren Expositionsspanne von 10000 wurde fir Menschen eine
maximale Aufnahme von 0,024 ug PA pro kg Korpergewicht pro Tag berechnet (BfR 2020).
Wird wieder von einer Aufnahme von 1-2 Essléffeln Blitenpollen (10 g) pro Tag und einem
durchschnittlichen Korpergewicht von 75 kg ausgegangen, kann ein tolerierbarer Wert von 180
ng PA pro g Pollen berechnet werden (GBE 2017). Von den Proben der vorgelegten Studie zei-
gen insgesamt 33 Pollenproben Konzentrationen unterhalb des tolerierbaren Wertes, wohinge-
gen bei 24 Proben Konzentration weit tiber dem tolerierbaren Wert lagen. Unter Berticksichti-
gung der Angaben des Bundesamtes fir Risikobewertung stellen 42% der untersuchten Proben
ein erhdhtes Gesundheitsrisiko fiir den Menschen dar. Ferner zeigen 30% aller untersuchten
Proben Konzentrationen mit bis zu 30-mal héheren Werten an. Auch in anderen Studien konn-

ten solche Uberschreitungen gezeigt werden (Kast et al. 2018), wobei die gefundenen
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Konzentrationen in der vorliegenden Studie absolute Spitzenwerte darstellen und keine weitere
Studie bekannt ist, in der solche Mengen an PA in Bienenprodukten wie Honig und Pollen

gefunden werden konnten.

Die Ergebnisse dieser und vergangenen Studien zeigen deutlich, dass Pollenproben aus den
Sommermonaten Juni, Juli und August hoch mit PAs belastet sein kdnnen (Kast et al. 2018; Kast
et al. 2019). Auch wenn normalerweise Pollenproben iber eine ganze Sammelsaison von April
bis Juli gesammelt werden und demnach Verdinnungseffekte bei Mischung aller gesammelten
Pollen wirken koénnten, sind die gefundenen Konzentrationen an PA besorgniserregend. Es wird
nicht davon ausgegangen, dass an Standorten, bei denen allein in 14 Tagesproben im Juli Kon-
zentrationen von bis zu 48000 ng/g PA gefunden wurden, ein Verdiinnungseffekt ausreicht,
um Blutenpollen fur den menschlichen Verzehr als unbedenklich einstufen zu konnen. Folglich
sollten Pollenproben unbedingt hinsichtlich mdglicher PA Konzentrationen untersucht werden,
oder ferner das Sammeln von Pollen Ende Juni gestoppt werden, um die Qualitat von Bluten-
pollen und Unbedenklichkeit hinsichtlich mdglicher toxikologischer Risiken gewéhrleisten zu

kdnnen.
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5 Ausblick

Die vorliegende Arbeit konnte erste Einblicke in Untersuchungen hinsichtlich der Qualitat von
Blitenpollen in unterschiedlichen Regionen von Baden-Wirttemberg geben. Allerdings wurde

anhand dieser Studien nur ein oberfl&chlicher Eindruck gewonnen.

In den hier dargestellten Studien wurde mit einer geringen Anzahl an Bienenvolkern gearbeitet,
welche in weiteren Studien vergréRert werden muss, um aussagekréftige und stabile Ergebnisse
erlangen zu kdnnen. Bislang konnte der tagliche Pestizideintrag in Pollenproben exemplarisch
an einem intensiv bewirtschafteten Standort in einer Obstanbau-Region gezeigt werden. Infor-
mationen (ber den taglichen Pestizideintrag in anderen landwirtschaftlichen Regionen wie im
Acker- oder Weinbau, oder auch in Naturregionen, konnten bislang nicht erlangt werden. Un-
tersuchungen auch in diesen Regionen kénnten zeigen, ob in allen landwirtschaftlichen Gebie-
ten mit einem fast taglichen und hohen Eintrag an Pestizidkonzentrationen gerechnet werden
muss, oder ob es andernfalls Zeitpunkte gibt, in denen durch Sammelpausen, Pestizidriick-

stande minimiert oder vermieden werden konnten.

Weitere Untersuchungen sollten ebenfalls hinsichtlich der Lagerfahigkeit von Blutenpollen
durchgefuhrt werden. Aufgrund der geringen Anzahl an Proben muss die Aussagekraft der hier
dargelegten Ergebnisse in weiteren Wiederholungen Gberpruft werden. Zudem konnten die Pro-
bensets der Jahre 2018 und 2019 aufgrund unterschiedlicher Methoden der Sequenzierungsfir-
men nicht miteinander verglichen werden. Diese Erkenntnisse unterstreichen erneut, die Wich-
tigkeit der Vergleichbarkeit von Ergebnissen. Probensets sollten in folgenden Studien innerhalb
eines Sequenzierungslabors analysiert werden. Unbeantwortet bleiben Fragen dartiber, welche
Veranderungen der MO-Zusammensetzungen sich unter Lagerung von weniger als sieben Ta-

gen ergeben.
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Analysen der PA Gehalte in den Proben zeigten erstmals exemplarisch, mit welchen PA Kon-
zentrationen in Pollenproben aus dem Monat Juli in Baden-Wirttemberg zu rechnen ist. Infor-
mationen tber PA Gehalte in anderen Monaten konnten nicht gewonnen werden. Folgende Stu-
dien sollten demnach Pollenproben aus allen Monaten von April bis August untersuchen, um
geprufte Aussagen daruber treffen zu konnen, in welchen Monaten mit erhéhten Risiken durch

PAs in den Proben zu rechnen ist.

Standardisierte Untersuchungen von Blitenpollen kdnnen dazu beitragen, ein qualitativ hoch-
wertiges Bienenprodukt als Nahrungserganzung fiir den menschlichen Verzehr zu gewahrleis-

ten.
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6 Zusammenfassung

6.1 Zusammenfassung

Honigbienen (Apis mellifera) sammeln zur Versorgung ihrer Brut neben Nektar auch Pollen
von Pflanzen. Im Frihjahr sammeln Honigbienen Pollen von blihenden Pflanzen und Blumen
und transportieren diese als sogenannte Pollenhéschen an ihren Hinterbeinen in den Bienen-
stock. Unter Zugabe von Nektar und Bienenspeichel wird der Pollen in Waben eingelagert, das
Bienenbrot wird dann von Ammenbienen zur Herstellung von Larvenfuttersaft verwendet. Pol-
len liefern ein breites Spektrum an Né&hrstoffen, wie Proteine und Lipide, aber auch Kohlen-
hydrate, Vitamine und Enzyme. Aufgrund dieser Inhaltsstoffe ist Pollen auch fiir den Menschen

attraktiv und wird als Nahrungserganzungsmittel verwendet.

Honigbienen sammeln jedoch nicht nur Pollen von Wildpflanzen, sondern auch von bliihenden
Kulturen, die in der Landwirtschaft angebaut werden. Dementsprechend kénnen Kontaminati-
onen von Pflanzenschutzmitteln in Blltenpollen und Bienenbrot gefunden werden. Exemplari-
sche Analysen kdnnen jedoch nur eine grobe Einschéatzung tiber das Kontaminationsrisiko einer

gesamten Sammelsaison geben.

Um einen tieferen Einblick Gber das Auftreten und die Verteilung von Pestizidriickstanden
wéhrend einer ganzen Saison zu erhalten, wurden von April bis Juli 2018 insgesamt 102 taglich
gesammelte Pollenproben mit Hilfe von Pollenfallen in einem Obstanbaugebiet in Suiddeutsch-
land gesammelt (Veroffentlichung 1). Nahezu 90% der Pollenproben zeigten nachweisbare
Konzentrationen an Pestizidriickstdnden. Insgesamt konnten 29 Pestizide, mit mehr als die
Hélfte an Fungiziden, gefolgt von Insektiziden und Herbiziden in den Proben nachgewiesen
werden. Maximale Konzentrationen von bis zu 4500 ng/g konnten Ende April gemessen wer-
den. Auch Proben die Anfang Mai und Ende Juni gesammelt wurden, wiesen hohe Pestizidkon-
zentrationen auf. Ein allgemeines Risikomanagement wurde durchgefihrt, um das Risiko der

nachgewiesenen Pestizidkonzentrationen fir Honigbienen abzuschétzen.
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Die mikrobielle Qualitat von Blitenpollen hangt stark von der botanischen und geografischen
Herkunft, sowie den klimatischen Bedingungen und den Verarbeitungsschritten des Imkers
nach der Ernte ab. Folgen nach der Ernte keine Verarbeitungsschritte wie Einfrieren oder
Trocknung, kann das Wachstum von Mikroorganismen geférdert und die Pollenqualitéat durch
negative Nebenwirkungen wie Fermentation oder Produktion von Mykotoxinen beeinflusst
werden. Bakterien- und Pilzkolonien kénnen sowohl durch kultivierungsabhéngige Methoden
wie Koloniezéhlung auf Platten als auch durch kultivierungsunabhéangige Methoden wie der

16-rRNA-Amplikon Sequenzierung bestimmt werden.

Nach der Hypothese, dass Lagerbedingungen die Zusammensetzung von Mikroorganismen in
Blitenpollen beeinflussen, wurde frisch geernteter Blutenpollen im Juni 2018 und 2019 sieben
Tage lang unter definierten Bedingungen (kalt, Raumtemperatur, warm) gelagert und durch
Sequenzierung von 16S- und 18S-PCR-Amplikons analysiert (Verdoffentlichung 2). Die Bak-
teriengemeinschaft variierte geringfligig zwischen den untersuchten Standorten und zeigte kei-
nen signifikanten Unterschied zwischen den Lagerbedingungen. Die Pilzgemeinschaft zeigte
signifikante Unterschiede sowohl zwischen den untersuchten Standorten als auch zwischen den
verschiedenen Lagerbedingungen. Die dominierenden Pilzgattungen in den Pollenproben wa-
ren Cladosporium, Aspergillus und Zygosaccharomyces. Wahrend Cladosporium in frisch ge-
sammeltem Pollen am dominantesten zu finden war und der prozentuale Anteil wéhrend der
Lagerung abnahm, zeigten Aspergillus und Zygosaccharomyces eine signifikante Zunahme ins-
besondere unter warmen Lagerbedingungen. Die Zunahme dieser beiden Pilz- bzw. Hefegat-
tungen konnte die Qualitat von Pollen durch Fermentation oder Mykotoxinbildung negativ be-

einflussen.

Auch andere, natirlich von Pflanzen produzierte Kontaminationen kénnen negative Auswir-
kungen auf die menschliche Gesundheit haben. Pyrrolizidinalkaloide gehdren zu einer Gruppe

von sekundaren Pflanzenstoffen, von denen mehr als 600 Strukturen in rund 3% aller bliihenden
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Pflanzen weltweit bekannt sind. PA sind bekannt, sowohl akute Vergiftungen als auch chroni-
sche Schadigungen oder Krebs bei Tieren und Menschen ausldsen zu konnen. Lebensmittel
botanischer Herkunft wie Tees, Krduter, Honig und Blitenpollen kénnen hohe PA-Werte auf-

weisen und wurden deshalb in mehreren Landern intensiv untersucht.

Um das Wissen ber PA-Kontaminationen in Blutenpollen zu erweitern und das Risiko der
Konzentrationen abschétzen zu kdnnen, wurden im Juli 2019 an 57 Standorten in Baden-W(irt-
temberg Blutenpollen gesammelt und auf 42 verschiedene PA und deren N-Oxide untersucht
(Verdffentlichung 3). Insgesamt wurden in ber 90% aller untersuchten Proben 22 verschie-
dene PAs nachgewiesen. Nur 5% der PA wurden als PA von Pflanzen der Senecio sp. identifi-
ziert, wahrend 95% der PA mit botanischem Hintergrund von Echium sp. und Eupatorium sp.
identifiziert werden konnten. Die maximale Konzentration der Summe an PA pro Probe wurde
mit 48400 ng/g bestimmt, wahrend der Median nur einen Wert von 44 ng/g Pollen aufwies.
Dies resultierte aus der Tatsache, dass mehr als 60% der Proben Konzentrationen unter 500
ng/g aufwiesen. Nach den berechneten Risikowerten des BfR stellten jedoch immerhin 42%

der Proben ein erhohtes Risiko fiir die menschliche Gesundheit dar.

Die Studie zeigt deutlich, dass die Qualitat von Blitenpollen durch verschiedene Faktoren wie
Pestizidriickstande, mikrobielle Zusammensetzung und Pyrrolizidinalkaloide stark beeinflusst
werden kann. Die Ergebnisse verdeutlichen die Wichtigkeit der Untersuchung verschiedener
Einflussfaktoren sowie die Verwendung geeigneter Konservierungsmethoden, um ein Produkt

von hoher Qualitét zu erlangen.
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6.2 Summary

Besides nectar, honey bees (Apis mellifera) are collecting pollen from plants to feeding their
brood. From early spring on, pollen is collected by foraging honey bees from blooming crops
and flowers and transported in pollen baskets known as corbicula via their legs into the hive.
After adding nectar and secretion, pollen is stored in comb cells as bee bread and is used then
by nurse bees to produce larval food. Pollen provides a wide spectrum of nutrients, as proteins
and lipids, as well as carbohydrates, vitamins and enzymes. Due to these ingredients, bee pollen

is also attractive for human and is used as food supplement in human nutrition.

Honey bees are not only collecting pollen from wild plants, but also from blooming crops and
plants used in agricultural industry. Accordingly, bee bread and bee pollen were found to be
frequently contaminated with pesticides. Pesticide residues in bee pollen can be monitored by
using pollen traps installed in front of a hive which samples up to 40% of the daily amount from
foraging bees, followed by a pesticide residues analysis. However, random analysis of pesticide

residues can only provide an overview about the contamination risk over an entire season.

To get a deeper insight about the distribution and progression of pesticide contamination during
an entire season, 102 daily bee pollen samples were collected by means of traps from April to
July 2018 within a fruit-growing area in Southern Germany (publication 1). Almost 90% of
the pollen samples showed detectable concentrations of pesticide residues. In total 29 pesticides
were detected with half of them as fungicides, followed by insecticides and herbicides. Maxi-
mum concentrations measured up to 4500 ng/g pollen in April, while also in first half of May
and second half of June high amounts of residues could be detected. A general risk management

was proposed to estimate the risk of the detected pesticides concentrations to honey bees.

The microbiological quality of bee pollen strongly depends on the botanical and geographical
origin, the climatic conditions and on post-harvest processing steps by the bee keeper. When
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no processing like freezing or drying is followed after harvesting, growth of microorganisms
can influence the pollen quality by negative side effects as fermentation or mycotoxin produc-
tion. Bacterial and fungal colonies can be examined by cultivation-dependent methods, e.g.
colony counts on plates, or by cultivation-independent methods such as 16-rRNA amplicon

sequencing.

Due to the hypothesis, that storage conditions influence the composition of microorganisms,
freshly harvested bee pollen from June 2018 and 2019 was stored for seven days under defined
cold to warm conditions and analyzed by next-generation sequencing of 16S and 18S PCR-
amplicons (publication 2). Bacterial communities varied slightly between different locations
and showed no significant difference between storage conditions, whereas the fungal composi-
tion showed significant effects between location and storage conditions. Most dominant fungal
species in pollen were Cladosporium, Aspergillus and Zygosaccharomyces. While the fungus
Cladosporium was present in fresh collected bee pollen and decreased during storage, Asper-
gillus and Zygosaccharomyces proportion increased, especially under warm storage conditions.
The increase of these two fungus genera could negatively influence the pollen quality by fer-

mentation or mycotoxin production if it is used as a dietary supplement.

Also, other natural contaminates produced by plants can have negative effects on human health.
Pyrrolizidine alkaloids are a group of secondary plant defense compounds, which are known
for more than 600 structures in around 3% of all flowing plants worldwide. PAs are known as
hepatotoxins for animals and humans, as they can show acute poisoning or possible causing
cancer. Foods with botanical origin like teas, herbals or honey and bee pollen can show signif-

icant values of PAs and were studies from several countries worldwide.

To increase the knowledge of PA contamination and estimate the risk in bee collected pollen
from Germany, bee pollen was collected seasonal in July 2019 at 57 locations and analyzed for

42 different PAs and their N-oxides (publication 3). In total, 22 different PAs were detected in
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over 90% of all analyzed samples. Only 5% of the PAs were identified as PAs from Senecio
sp., while 95% of the PAs could be identified with botanical background from Echium sp. and
Eupatorium sp. Maximum XPA measured up to 48’400 ng/g pollen, while the median of ZPA
showed only a value of 44 ng/g pollen. This was due to the fact, that more than 60% of the
samples featured values below 500 ng/g pollen. According to the calculated risk values of BfR,

42% of the samples represented an increased risk for human health.

The study clearly demonstrates that the quality of bee pollen can be strongly influenced by
several factors, such as pesticide residues, microbial composition, and pyrrolizidine alkaloid
compounds. The results illustrate the importance of investigating various influencing factors

and the use of suitable preservation methods to obtain a product of high quality.
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