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Synopsis Plan t–pollina tor in teractions ar e fr equently a ffected by microbes that grow on flower s. Bact er ia and ye ast com- 
mon ly g row within flora l ne c tar, w hich is a sugar-rich floral r ewar d often sought out by pollinat or s. Ne ctar is a lso co mmo nly 
con tamina ted with prot ein-ric h po llen. M icrobes can induce this pollen to germinate or burst wit hin t h e n ec tar, w hich poten- 
t ia l ly resu lts in pol len nut rients being made available to nectar forag ing pol linat or s. Yet wh eth er p ollen–microb e interactions 
in ne ctar imp act pol lin ator beh avior rem ains unknown. We ther efor e invest igate d how a co mmo n nect ar ye ast ( Metsch n ikowia 
reukaufii ) and bacteria ( Acin e toba cter n ectaris ) a ffe cte d pol len germinat ion and burst ing within art ificia l ne cta r a nd effects on 

bumble bee ( Bombus imp ati ens ) foraging be havior. We foun d that both bacteria and yeast re duce d the p ropo rtio n o f intact 
pollen in nect ar, wit h bacter ia inducing the most germination and bursting . A lthough microbes may thus potent ia l ly increase 
the qu alit y of the necta r rewa rd v i a increased access to pollen n utrien ts, we did not observe effects on bee flower pr efer ence. 
Simi larly, be es did not show increased constancy (i .e ., fidelity t o one flo wer type across flo wer visi ts) to nectar co n tamina ted 

with pollen and microbes. In contrast, bees were much more likely to rej e ct flowers wit h nect ar cont aminated wit h pollen and 

yeast alo ne o r togeth er, re lative t o flower s that offered uncon tamina te d ne ctar . Altogether , our work s ugges ts pollen–micro be in- 
teractio ns wi t hin nect ar m ay h av e relativ ely mino r influences o n pollinato r fo raging behavio r. We di scu s s pos sib le exp lanations 
and im plica tio ns o f these resul ts fo r pla nt a nd pol linator e cology. 
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ntroduction 

ollinato r fo raging decisio ns ar e fr equently influenced
y the co mposi tio n o f flo ral r ewar ds (e.g., necta r a nd
ollen) ( Fenster 1991 ; Leonard et al. 2011 ; Fowler et al.
016 ; Nicolso n 2022 ). Fo r instan ce, n e ctar is compose d
r imar ily of sugars, as well as micro nu trients and mi-
 or m etabo lites ( Nico lson 2022 ), and bees often prefer
 ectar supplem ented with amin o acids ( Alm et al. 1990 ;
endriksma et al. 2014 ). Floral nectar also provides an

deal environment for t he growt h of yeast and bacteria
 B rysch-Herzber g 2004 ; Fridman et al. 2011 ), which are
o mmo n and abundant members of nectar microbial
o mmuni ties ( Herrera et al. 2008 , 2009b ). These mi-
r obes ar e high ly sensit ive to the con ten t of floral nec-
 ar, wit h sugars, amino acids, and ant imicrobia l com-
oun ds in th e n e ctar sig nificantly affe ct ing microbia l
 dvance A ccess publicatio n Ap ril 24, 2025 
C Th e Auth or(s) 2025. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
rowth ( B rysch-Herzber g 2004 ; Herrera et al. 2009a ;
iev en s et a l. 2015 ; C hristensen et a l. 2021 ; Schmitt et a l.
021 ). In turn, microbial communities in flower nectar
an influence pollinator foraging beh avior, a s ch an g es
n nectar chemist ry me diate d by yeast and bacteria of-
 en alt er the s ens ory cues availab le to po llinat or s, suc h
s nectar scent and t aste ( Rer ing et a l. 2017 ; Russel l and
 shman 2019 ). I n addi tio n t o microbes, nectar c hem-

stry might also be a ffected by pollen, which frequently
a l ls into the nectar as a result of wind or pollinator
ctiv it y ( Jon es an d Jon es 2001 ; Herrera 2017 ). Un li ke
e ctar, pol len contains primarily pr oteins, star ch es, an d

i p ids ( Stanley and Lin sken s 1974 ; Thakur and Nanda
020 ), and thus pollen present in ne ctar cou ld a lter
 he nutr ients available to both necta r-f oraging polli-
at or s an d n e ctar microbes ( C hristensen et al. 2021 ).
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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Regard less, how pol len–microbe interact ions in ne ctar
subsequently a ffect pollinator f orag ing de ci sions h ave
yet to be examined. 

Although pollen is often found within nectar
( Herrera 2017 ), pollen n utrien ts may not be acces-
sible to necta r-f o raging pollinato rs o r ne ctar-in hab i ting
microb es, b ecause the nutrients are encased within
th e extrem e l y durab le outer exine wa l l of the pol len
(co mposed o f the b iopo l ymer, sporopo l lenin; Rou lston
a nd Ca ne 2000 ; Wa ng a nd D obr its a 2018 ). Yet there
is grow ing ev iden ce that n ecta r microbes ca n break
down the pollen exine or tr ig g er pollen g ermination,
leading to the release of pollen’s n utrien t-ric h cyt oplas-
mic con ten ts ( Eiskowit c h et al . 1990 ; Christ ensen et
al. 2021 ; Crowle y and Russ ell 2021 ). Cons equently, we
expec t that w hen b oth p ollen and microb es co-o ccur
in ne ctar, pol linat or s m ay prefer thi s nectar due to
th e supplem en tary n utrien ts r eleased fr om the pollen,
and th at pollin at or s wou ld a lso be less li kely t o swit c h
to an alternate flower type lacking these n utrien ts.
Converse ly, in th e absen ce of n ectar microbes, we
s h ou ld expe ct pol linat or s t o s h ow n o pr efer ence for
nect ar cont aminated wit h pollen and t o swit c h more
fre quently among e quiva lent flower types, as s uming
tha t pollen n utrien ts are generally inaccessible in the
absence of nectar microbes. 

In addi tio n, nectar microbes often directly influ-
ence pollinator decisions ( Herrera et al . 2013 ; Sc haeffer
et al. 2017 ). For exa mple, necta r-inhab i ting bacteria
a nd yeasts ca n p rod uce volat i le compound s th at mod-
ify the att ract iveness of nectar to pollinat or s ( Vannett e
a nd Fuka mi 2016 ; Rering et al. 2017 ). Microbial ef-
fects on nectar pr efer ence can also differ among mi-
crob ial taxa. Fo r instance , bact eria in the g enus G lu-
c on oba cter de crease ne cta r suga r concen tra tion and al-
ter its pH, often reducing pollin ator vi sitation ( Vannette
et al. 2013 ). In contra st, yea sts like Metsch n ikowia
reukau fii o f ten fer ment suga rs a nd p rod uce volat i les
that som etim es faci litate pol lin ator vi sit ation ( Rer ing
et a l. 2017 ). Microbia l taxa may a lso differ in their
c apacit y to release pollen n utrien ts in to th e n ectar.
Fo r instance, so me bacteria are thought to germinate
pol len readi ly, wh ereas som e yeas t s u pp ress germina-
tio n ( Eiskowi t c h et al . 1990 ; Christ ensen et al . 2021 ).
Consequent ly, t he interaction between how microbes
a ffe ct ne ctar qua lity, an d th e re lease of pollen nutri-
en ts in to nectar by microbes could lead to complex
ou tco mes fo r pollinato r behavio r. Fo r instance, pol-
linat or s oft en rej e ct flowers with nectar that contain
bact eria (e .g., Vannett e et al. 2013 ; Go o d et al. 2014 ).
How ev er, wh en n ectar is con tamina ted with pollen
and bacter ia, t his nect ar might no lon g er be di sta ste-
ful and might even be pr eferr ed , due t o th e n ow read-
il y accessib le po llen n utrien ts. Similarly, if yeast do not
r eadily r elease pol len nut rien ts in to ne ctar, pol linat or s
may s h ow a pr efer en ce for yeast-in ocu late d ne ctar (e.g.,
Vannette et al. 2013 ; Rering et al. 2017 ), but no increased
pr efer ence for nectar that is also con tamina ted with
pollen. 

In this labo rato ry s tudy, we firs t as ses sed how read-
ily co mmo n ne ctar b acter ia and ye ast induce d pol len to
germinate or burst in art ificia l ne ct ar. We hypot hesized
th at consi stent wi th p rio r studies, bacteria ( Acin e toba c-
t er nect aris ) would induce pollen g ermination/burstin g
mor e r e adily t han ye ast ( Metsch n i kowia reu kaufii ), and
that most pollen would remain int act in ster i le ne ctar.
We next as ses sed how an eco logicall y realistic qu antit y
o f pollen o r ne ctar microbes a lo ne o r together in artifi-
cia l ne cta r a ffe cte d bumble bee ( Bombus imp ati ens ) for-
aging behavior. We hypothesized that due to the release
o f pollen nu trients by microb es, b ees w ould stron gly
pref er necta r conta minate d with pol len and microbes
togeth er an d have n o pr efer en ce for n ect ar cont ami-
nated wi th o nl y po llen. We also hypot hesized t hat bees
would s h ow g reater flora l constancy to art ificia l flowers
wit h nect ar cont aminated wit h p ollen and microb es to-
gether, due to the presumab l y higher qu alit y nectar. Fi-
na l ly, for the same reason, we pre dicte d that be es wou ld
be less likely to reject the nectar of art ificia l flowers con-
t aminated wit h p ollen and microb es together. 

Materials and methods 

Experimental subjects 

To study how p ollen–microb e interactions in nec-
ta r a ffe cte d bumble be e beh avior, we u sed 90 flower-
naïv e w o rkers fro m lab-r ear ed co mmo n e aster n bum-
ble bees ( Bo mb us imp ati ens ) from three commercia l ly
o btained colonies (P lant Pro ducts, C anton, MI, USA).
Fol lowing Russel l et a l . (2017) , eac h colony wa s m ain-
tained on 20% sucros e s ol u tio n by w/w f rom ar tifi-
cia l fe e der s within enc lose d forag ing aren a s (LWH:
82 × 60 × 60 cm) set to a 14 h:10 h light:dark cyc le .
Pu lverize d h on eybe e-col le cte d pol len (Ko p pert Biolog-
ical Systems) was deposite d dire ct ly wit hin t he colony
boxes for bees to forage on. 

We cu lture d two kinds of microbes co mmo nly iso-
late d from be es and flow ers ( B rysch-Herzber g 2004 ;
McFrederick et al . 2012 ; Po zo et al . 2012 ; McFrederic k
et al. 2018 ) and that have previously been found
t o int eract with pol len in ne ctar ( Eisi kowit c h et al.
1990 ; Christensen et al. 2021 ): a yeast, Metsch n ikowia
reuk aufii (iso lated fr om Epilo bi u m an gustifol i u m nec-
ta r), a nd a bacterium, Acin e toba cter n ectaris (iso lated
fro m Strep t anthus t o rtuos us nectar). To grow yeast we
use d steri le YM + 2% f r uctose (in 1 L water: 3 g each
yeast and malt extracts, 5 g pept one , 10 g glucose)
and to grow bacteria we used R-2A broth (Himedia
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abo rato ries, PA, USA). Both microbes were grown
n a shaker for 48 hours at 30 

◦C and 260 r pm, f rom
arent st oc k st or ed at −80 

◦C in 25% glycer ol. We
reate d a g rowth curve for each strain by counting
icrobes v i a h em ocytom eter at 400 × (AC CU-SC OPE

000-LED microscope , Commac k, NY, USA) at pro-
ressi vel y greater o p tical densities, measured v i a a spec-
ro pho t omet er (Thermo Spe ct ronic 20D + Spe ct ropho-
 omet er, Waltham, MA, USA). We used these growth
urves to determine how dil u te o r co ncen tra ted sam-
les ne e de d to be made to achieve e colog ica l ly rea list ic
el l densit ies of yeast and bacteria (up to 10 

5 yea st cell s
nd 10 

7 b acteria l cel ls per μL in floral necta r; Alva rez-
ere z et a l. 2019 ). St rain s w er e ther ea fter tra nsf erred
 o separat e 1.5 mL st eri le microcent r if uge tu bes an d
 ut thro ugh 2 ro unds of centr if uging (10,000 rpm for
 min) and ster ile s a line (8.5% NaC l) s ubs ti tu tio n and
limination to pur g e me dia. St rain s w er e stor ed at 4 

◦C
o r u p to 5 days for behaviora l t ria ls and reg rown we ekly
rom the parent st oc k. 

ollen germination and bursting experiment 

o as ses s wh eth er yeast an d/o r bacteria influenced
ol len germinat ion and burst in g, w e first pr epar ed thr ee
inds of sterile a rtificial necta r sol u tio ns (40% sucrose
ol u tio n by w/w) int o whic h we added a pproxima tely
16 li ve po l len g rains per μL (commercia l ly avai l-
ble cherry p ollen, Pr u nus avi u m ; Pol len Col le ct ion
n d Sales; Lem on Cove, CA, USA), th e m ean pollen
oncen tra tion across 91 flow erin g plant species (see
er rera 2017 ). Cher ry flowers p rod uce bot h nect a r a nd
ol len simu ltane ou sly, m a king pol len–microbe inter-
ctio ns wi t hin t h e n e ctar li kely. Addit iona l l y, bumb le
e es readi l y co l le ct cherry pol len ( Russel l et a l. 2017 )
nd thus nutrients from cherry pollen might also en-
an ce n e ctar qua lity. To the pol len–ne ctar sol u tio n s w e
hen added yeast (4 × 10 

4 yeast cells per μL), bacteria
1.2 × 10 

6 b acteria l cel ls per μL), or steri le ne ctar (as
 co ntrol), vo rtexed the sol u tio ns, an d in cu bated th em
t room temperature (15 replicates per sol u tio n type).
fter 60 min, 10 μL aliquots from each sol u tio n were

xamined at 400 × an d th e number of int act, ger mi-
at ed , and bur st pollen grains were counted v i a h em o-
yt omet er. We c hose this timeframe b ase d on findings
y Christensen et al . (2021) , whic h s h owed high pollen
ermina tion ra tes between 45 and 90 min. Pollen was
onsidered to have germinated if a pollen tube was
isib l y protruding from the exine; a pollen grain was
on sidered to hav e b urst if pro to pla sm wa s di sch ar g ed
rom the exine or if the exine was in pieces (following
hristensen et al. 2021 ). 
ehavioral experiment 

o iden tify a p pro priat e t es t s ubj e c ts and acc ustom bees
o f oraging f or necta r on a 6 × 5 ho rizo ntal array o f
 qua l numbers of sterile purple and blue plastic artificial
ow ers, w e co nd ucte d t raining t ria ls in which g roups
f bees w ere allow ed to forage on an array of 6 × 5
hite plastic flowers (each flower contained 10 μL of
0% sucrose in its nectary). We captured bees that for-
g ed, markin g them uniquely wi th no n-toxic o il mark-
r s (S harpie , CA, USA), an d return ed th em to th eir
olonies. 

We divided ma rk ed flow er-naïv e bees into two ex-
er iment a l g rou ps, each wi t h t hre e t reat ments; each
 reat ment had two sub-t reat ments ( Fig. 1 ). A maximum
f three colonies were represented per su b-treatm ent.
cross a l l t ria ls we set u p a 6 × 5 ho rizo ntal array
f e qua l number s of st erile b lue and purp le co lored
lastic flowers on the test arena floor. Each flower re-
eived a n a rtificial necta ry (a sterile 1.5 μL microcen-
r if uge ca p), in t o whic h 3 μL of art ificia l ne ctar so-
 u tio n was added into the center of the cap. For one
xper iment a l g roup, t he t hre e t reat ments differe d in
erms of wh eth er on e of the tw o flow er colors of-
ere d ne c tar inoc u late d with pol len, yeast, or pollen
lu s yea st; or in the other exp eriment: p ol len, b acte-
 ia, or bacter ia p lus po llen ( Fig. 1 ). Th e su b-t reat ments
iffered in terms of which flower color offered sterile
ec tar, w hic h was syst emat ica l ly a lt ernat e d among t ri-
ls ( Fig. 1 ). We used two flower colors in each hor-
zont al ar ray to facilit ate b ees b ein g a ble t o c hoose
etween th e n ectar sol u tio n types (i .e ., by associat-

n g a flow er colo r wi th a sp ecific typ e o f nectar sol u-
ion). 

To initiate a behavioral trial , flower s were set up
nd a single mar ked wor ker bee was gently captured
ro m the fo raging aren a u sing a 40 dram v i al (Bio-
uip, CA, USA) an d imm ediate ly re le ased in t he cen-
er of the test arena following Russell et al. (2017) .

e r ecor ded when the be e lande d on a flower (t ouc h-
n g the flow er wit h at le ast 3 o f i ts legs simul tane-
us ly) an d exten ded i ts p roboscis into th e n ectary
o r mo re than 1 se cond (“drin king”), an d wh en th e
e e lande d o n a flower and ei th er did n ot drink or
xtended its proboscis into the nectary only briefly
 << 1 se cond) (“rej e ct ions”). Imme diat ely aft er eac h
i sit th at invo l ve d drin king, we refil le d the art ificia l
ect ary wit h t he ap pro pr iate nect ar solution, such t hat
ow ers w ere nev er deplet ed . To ensure t ria ls were com-
ara ble, w e terminated a tr ial af ter t he bee re ached
0 visits to flowers or, rarely, if the bee did not ap-
roach any flower for a p erio d of 5 min, whichever
ame first. To terminate a t ria l, we turne d off the
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Fig. 1 Schematic of the two experiments. In the yeast experiment, bees w er e split into three treatments and an individual was allowed to 
forage on flowers that either had (pollen treatment) uncontaminated nectar or nectar contaminated with pollen; (yeast treatment) 
uncontaminated nectar or nectar contaminated with y east; (y east and pollen treatment) uncontaminated nectar or nectar contaminated 
with yeast and pollen. In the bacteria experiment, bees w er e split into thr ee tr eatments and an individual was allowed to forage on flowers 
that either had (pollen treatment) uncontaminated nectar or nectar contaminated with pollen; (bacteria treatment) uncontaminated 
nectar or nectar contaminated with bacteria; (bacteria and pollen treatment) uncontaminated nectar or nectar contaminated with bacteria 
and pollen. Sub-treatments differed in terms of which flower color offered which nectar type. 
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over h ead arena lights and captured the bee in a v i al.
After a bee completed its trial, it wa s euth anized to
p revent i t fro m returning co n tamina te d ne ctar to its
colony. Af ter e ach tr i al, artifici al nect ar ies were soaked
in 70% ethanol for at least 30 min and t hen r insed
repeate d ly in steri le water and a l lowe d to air dry before
being reused. 

Data analysis 

A ll d ata were ana lyze d using R v.4.4.0 ( R Deve lopm ent
Core Team 2024 ). We c hec ked m ode l as s umptio ns fo r
a l l fol lowing m ode l s u sing D HARMa (D HARMa pack-
age; Hart ig 2022 ). We a lso co nd ucted v isu al di a gnos tics
with s jP lot ( Lüdecke 2023 ). 

Do nectar bacteria and yeast induce 

germination/bursting of pollen? 

To verify that yeast and bacteria a ffe ct pol len germi-
nat ion and burst ing an d th er efor e co uld po tentially re-
lease pollen con ten ts tha t migh t influence bee p refer-
ence, we per for med an ANOVA in base R on the per-
centage of intact pollen grains across t he t hre e ne ctar
t reat ments (“pol len cont ro l,” “po llen + yeast contam-
inat ion,” and “pol len + b acter ia cont amination”). We
then ran Tukey’s post hoc test in base R to determine
whic h pair s were significant. 

Do microbes or pollen alone or to g ether in 

nectar affect bee pr efer ence? 

Next, w e inv est igate d wh eth er bumble bees dem on-
st rate d a pr efer en ce for n ect ar cont aining microbes
alo ne o r in co mb inatio n wi th pollen by usin g g ener-
a lize d linear mixe d effe cts m ode ls (GLMMs) with a
b ino mia l dist ribut ion using the glmmTMB() function
(glmmTMB packag e; B rooks et a l. 2017 ), spe cifying
type II Wald c hi-squared ( χ2)-t ests via the Anova()
function (car package; Fox and Weisberg 2019 ). We
us ed a s epa rate GLMM f or e ach exper iment a l g roup
(“y e ast,” “bacter ia”). For e ach GLMM, t he response
varia ble was flow er landin g pr efer en ce (th e flower type
fo r flower visi ts that invo l ve d drin king: con tamina ted
vs uncon tamina ted) an d th e expla natory va ria bles w ere
t reat ment (“microbe contaminat ion,” “pol len contami-
nat ion,” “pol len + microbe con tamina tion”) and expe-
rience (“visit number”). We included “days since nectar
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Fig. 2 Effect of inoculation treatment (no inoculation “control,”
yeast “M. reukaufii ,” and bacteria “A. nectaris ”) on the percentage of 
intact pollen grains in artificial nectar (40% sucrose by w/w). 
N = 15 replicates assessed per treatment. Plotted as boxplots with 
the individual data points superimposed. Different letters above 
boxplots indicate significant differences among treatments at 
P < 0.05. 
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r epar ed” and “bee ID” as random fact or s, w ith “v isit
umber” as repeated measures within bee ID. Mod-
ls would not conv er g e with colony ID as a random
acto r. In cases o f significa nt effects, we ra n Tuk ey’s
 ost ho c test using th e emm e ans() f un ction (emm eans
ac kage; Lenth 2024 ) t o det ermine whic h pair s were
ignificant. 

o microbes or pollen alone or to g ether in 

ectar affect the frequency of flower switching?

o as ses s if th e presen ce o f microbes alo ne o r in co mb i-
atio n wi th pollen influen ced th e frequen cy with which
ees swit c h ed between th e tw o flow er types in each
 ria l describe d a bov e, w e again used two GLMMs, one
or e ach exper iment a l g roup (“y e ast,” “bacter ia”). For
ach GLMM, the respon se varia ble was flower swit c h-
ng (“swit c h” vs “no swit c h”: a swit c h was c la ssified a s
he bee shif ting t he flower type it drank from between
o nsecu tive visi ts) an d th e expla natory va ria bles w ere
t reat m ent” an d experien ce, as a bov e. We a lso spe cifie d
a ndom effects as a bov e. 

re bees more likely to reject flowers when 

ectar contains microbes or pollen alone or 
o g ether? 

ddi tio nally, we examin ed wh eth er n ect ar cont aining
icrobes alone or in combination with pollen a ffected

he p ropo rtio n o f rej e ct io ns o n each flower t ype (l and-
ng wi thou t drinking). We again used GLMMs as a bov e,
n d th e respon se varia ble for each GLMM (one for each
xper iment a l g rou p) was p ropo rtio n rej e ct io ns (fo r
 oth flower typ es for each b ehaviora l t ria l) an d th e ex-
la natory va ria bles w er e “tr ea tmen t” and “flower type”
eith er “un con tamina ted” or “con tamina ted”). Random
ffe cts were spe cifie d as “days sin ce n e ctar prep are d”
nd “bee ID” within “colony ID.” To meet model as-
umption s, w e added 0.01 t o eac h respon se varia ble and
quar e r oot tra nsf or med t hem. 

esults 

ectar bacteria and yeast induce 

ermination/bursting of pollen 

he percentage of pollen grains that were intact (no visi-
 le po llen tubes or broken exine) depende d sig nificantly
n wh eth er th e pol len was adde d t o st eri le ne ctar, ne c-
ar inocu late d wit h ye as t ( M. reu kau fii ), o r nectar in-
cu late d with b act eria ( A. ne c tari s ) ( Fig. 1 ; ANOVA:
 2,42 = 67.67, P < 0.001). While on av erag e most (74%)
ol len g rains adde d t o st eri le ne cta r rema ined intact,
nly 56% and 29% of pollen in nectar inocu late d with
east and b acteria, respe ct i vel y, remained intact ( Fig. 2 ).
icrobes or pollen alone or to g ether in nectar 
o not affect bee pr efer ence 

 iv en that intact pollen grains are less co mmo n in
e ast and bacter i a-inocul ated nectar and thus may
elease pollen con ten ts wit hin t h e n ecta r, we exa m-
n ed wh eth er bumble bees pr eferr ed pollen and mi-
robes together or alone in nectar versus uncontam-
nate d ne cta r. We f oun d n o significa nt pref erence f or
ect ar wit h p ollen and/or microb es (ye ast or bacter ia)
nd bees did not modify their pr efer ence with expe-
ience ( Fig. 3 A; GLMM: yeast con tamina tion experi-
ent: effect of trea tmen t: χ2 

2 = 0.541, P = 0.763; effect
f experience: χ2 

1 = 0.015, P = 0.903; effect of treat-
ent × experience: χ2 

2 = 1.063, P = 0.589; Fig. 3 B;
LMM: bacteria con tamina tion experimen t: effect of

 reat ment: χ2 
2 = 0.187, P = 0.911; effect of experience:

2 
1 = 0.006, P = 0.941; effect of trea tmen t × experi-

nce: χ2 
2 = 2.714, P = 0.257). 

acteria and yeast did not affect the frequency 

f flower switching 

n n eith er experim ent did p ollen or microb es (yeast or
act eria) t ogether o r alo ne in ne ctar sig nificantly affe ct
h e frequen cy of flower swit c hing ( Fig. 4 ; GLMMs:
ffe ct of t reat ment; ye ast exper iment: χ2 

2 = 1.511,
 = 0.470; bacteria experiment: χ2 

2 = 2.726, P = 0.256).
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Fig. 3 Proportion of visits to flowers with uncontaminated nectar versus flowers whose nectar was contaminated with (A) pollen, yeast 
( M. reukaufii ), or with pollen and yeast together or (B) with pollen, bacteria ( A. nectaris ), or with pollen and bacteria together. For the yeast 
contamination experiment, N = 15 bees each for the pollen, yeast, and pollen with yeast treatments. For the bacteria contamination 
experiment, N = 13, 15, and 17 bees for the pollen, bacteria, and pollen with bacteria tr eatments, r espectiv ely. Plotted lines indicate 
estimated means and shaded regions indicate 95% confidence intervals. 

Fig. 4 The frequency of switching between flowers with uncontaminated nectar versus flowers whose nectar was contaminated with (A) 
pollen, yeast ( M. reukaufii ), or with pollen and yeast together or (B) with pollen, bacteria ( A. nectaris ), or with pollen and bacteria together 
(same dataset as in Fig. 3 , analyzed for different sampling behavior). For the yeast contamination experiment, N = 15 bees each for the 
pollen, yeast, and pollen with yeast treatments. For the bacteria contamination experiment, N = 13, 15, and 17 bees for the pollen, bacteria, 
and pollen with bacteria tr eatments, r espectiv ely. Plotted lines indicate estimated means and shaded regions indicate 95% confidence 
intervals. 
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Inst ead , bees in both experiments swit c hed among
flower types more frequently with experience ( Fig.
4 A; GLMMs: yeast experiment: effect of experience:
χ2 

1 = 10.134, P = 0.001; effect of trea tmen t × ex-
perience: χ2 

2 = 0.794, P = 0.672; bacteria experi-
ment: effect of experience: χ2 

1 = 4.046, P = 0.044;
effe ct of t reat ment × experience: χ2 

2 = 0.855,
P = 0.652). 
 

Bees reject contaminated nectar more 

frequently in the yeast contamination 

experiment than uncontaminated nectar 

In t he ye ast cont amination exper iment, be es rej e cte d
a gr eater pr oportion of flowers with pollen and/or
ye ast in t h e n ect ar t han t hey did flowers wit h uncon-
taminate d ne ctar (38% g reater) ( Fig. 5 ; GLMM: ef-
fect of flower type: χ2 

1 = 4.527, P = 0.033). How ev er,
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Fig. 5 The proportion of flowers rejected (landing without drinking) with uncontaminated nectar versus flowers whose nectar was 
contaminated with (A) pollen, yeast ( M. reukaufii ), or pollen and yeast together or (B) pollen, bacteria ( A. nectaris ), or pollen and bacteria 
together (same dataset as in Fig. 3 , anal yzed f or diff erent sampling behavior). Plotted as boxplots, r epr esenting the variance across bees. For 
the yeast contamination experiment, N = 15 bees each for the pollen, yeast, and pollen with yeast treatments. For the bacteria 
contamination experiment, N = 13, 15, and 17 bees for the pollen, bacteria, and pollen with bacteria tr eatments, r espectiv ely. 
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 eith er t reat m ent n or th e interact ion betwe en t reat-
 ent an d flower type significa ntly a ffe cte d how fre-

uently be es rej e cte d flowers (GLMM: effe ct of t reat-
ent: χ2 

2 = 0.759, P = 0.684; t reat ment × flower type
nteraction: χ2 

2 = 3.498, P = 0.174). In t he bacter ial
on tamina tion experimen t, the p ropo rtio n o f rej e cte d
owers did n ot depen d on t reat ment, flower type, or
heir interaction ( Fig. 5 ; GLMM: effect of trea tmen t: χ2 

2 
 0.217, P = 0.897; effect of flower type: χ2 

1 = 2.575,
 = 0.109; t reat ment × flower type interaction: χ2 

2 =
.603, P = 0.449). 
iscussion 

ur study s h eds light on how p ollen–microb e inter-
ct ions in ne ctar may influence the behavio r o f nectar
orag ing be es. Consistent with C hristensen et a l. (2021) ,
e found that a bacteria ( A. nec tari s ) can rapidly induce
ol len germinat ion and burst ing within ne ctar. Addi-
 iona l ly, we found that a yeas t ( M. reu kaufii ) can also
nd uce germinatio n and burst ing, a lthough to a lesser
xtent. How ev er, although w e use d concent rat ions and
ypes of ye ast, bacter ia, an d pollen comm only foun d
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in nect ar ( Her r era 2017 ; Alvar ez-Per ez et al. 2019 ), we
observe d on ly modest effe cts on bumble be e behavior.
Mos t s urprisingly, des pite en hance d pol len germinat ion
and bursting in nectar inocu late d with microbes (re-
su lt in g in presuma b l y more n utrien t-rich ne ctar), be es
did not exhib i t a pr efer ence for this ne ctar. Simi larly,
although we expected bees to switch less when nectar
wa s presum ab l y of higher qu alit y (i .e ., con tamina ted
with microbes and pollen), thi s wa s not the case, and
be es actua l ly swit c h ed m or e fr equently amon g flow ers
wi th unco n tamina ted and con tamina te d ne ct ar as t hey
gain ed experien ce . Alt ogeth er, our results in dica te tha t
be es genera l ly as ses se d ne ct ar cont aminated wit h pollen
and microbes as e quiva len t to uncon tamina te d ne ctar
and s ugges t tha t pollen n utrien ts re leased by n ectar mi-
crobes may not have significantly enhan ced th e qu alit y
of the nectar r ewar d. 

As s umin g y e ast and bacter ia made pol len nut rients
(e.g., amino acids, proteins, and li p ids) fre ely avai lable
in nec tar, w hy were effec ts o n pollinato r behavio r so
limited? On e possi bility i s th a t n utrien t concen tra tions
were either too low or too high to elicit strong responses.
For instance, bumble bees can detect amino acid con-
cen tra tions in nectar and may respond neut ra l ly or aver-
si vel y depending on the concen tra tio n o f the p art icu-
la r a min o acid ( In ouye an d Wa l ler 1984 ; R ey n olds an d
Leo nard 2015 ). Al t hough we used t h e m ean con cen-
t rat io n o f p ollen rep o rted in the li terature fo r nectar
( Herrera 2017 ), it is possible that behavioral responses
are o nly p ro minen t a t lower o r higher co ncen tra tions
(which could vary among pollen types depending on
t heir nutr ients). Furt her more, t he microbes them selv es
m ay h ave re duce d the concen tra tio n o f pollen nu tri-
ents to below what bees t ypic ally respo nd to. Fo r ex-
ample , Christ ensen et al. (2021) found that bacteria re-
lea se and u se pr otein fr om pollen as a nitrogen source to
grow to high density in ne ctar, a lthough yeast did not.
Although we did not c haract erize microbia l g rowth or
pr otein r e lease in n ecta r, flower pref erence a nd swit c h-
ing behavior did not depend on whether pollen was in-
ocu late d with yeast or bacteria, perhaps s ugges ting that
both kinds of microbes re duce d fre ely avai lable pol len
n utrien ts. How ev er, w e also did not observe differences
in b ee b ehavio r co inciding wi t h time af ter nect ar was
inocu late d (data available in supplementary material),
s ugges ting tha t n utrien t re lease an d in crea sing u se by
micr obes alone wer e insufficient to influence p r efer ence
o r swi t c hing. 

O ur resu lts are perhaps les s s urp rising when pu t
in co ntext o f the ma ny studies exa mining pollinator
pr efer ence for en dogen ous n ectar amin o acids and
p roteins. Nectar unco n tamina te d with pol len n ear ly
ub iqui tously co nt ains t hese compounds at low concen-
t rat ion s ( Gottsber g er et al. 1984 ; Petanidou et al. 2006 ;
Göttlin g er and Loh au s 2023 ), bu t effects o n pollina-
to r behavio r app ear to b e highl y variab le . For instance ,
types of amino acids in nectar differ in wh eth er th ey at-
tract (e.g., Petanidou et al. 2006 ; Bertazzini et al. 2010 ),
det er (e .g., Petanidou et al . 2006 ; Bertazzini et al . 2010 ;
Hendriksma et al. 2014 ; Villagómez et al. 2024 ), or have
no effect o n pollinato r p r efer ence (e.g ., R oubi k et a l.
1995 ; Hendri ksma et a l. 2014 ). It i s thu s possible th at
t he re as on we did not obs erve effe cts of pol len–microbe
interactio ns o n pollinato r p r efer en ce was due to th e
p art icu l ar t ypes and/o r co ncen tra tio ns o f co mpounds
released into artificial nectar from the cherry pollen
th at we u se d. Addit iona l ly or a lternat i vel y, the influ-
ence of pollen compounds on pollinator behavior may
depen d on n ecta r suga r concen tra tion. F or exam ple, a t
m oderate n ecta r suga r concen tra tions, ph en olic acids
(w hich occ ur in nec ta r a nd in pol len) serve as att rac-
tants; how ev er, at low or high nectar sugar concentra-
tions, these acid s h ave a deterrent effect ( Liu et al. 2006 ).
Fu ture wo rk wi l l be re quire d t o det ermin e wh eth er
the effect of p ollen–microb e interactions on pollinator
b ehavior dep ends on nectar sugar concen tra tion and
p ollen typ e. Finally, even amino acids in nectar that do
not strongly influence init ia l pr efer ence can be le ar ned
associati vel y by pollinat or s (e .g., Kim and Smith 2000 ;
S imcoc k et a l. 2014 ; Bro ad head and Raguso 2021 ).
Thus, fut ure st udies s h ould examin e wh eth er pollen–
microbe interactions in nectar influence associative
le ar nin g, a pow er f u l me ch ani sm drivin g foragin g be-
havio r and flo ra l t rai t evol u tio n ( Schiestl and Johnso n
2013 ). 

Nect ar ye ast and bacter ia ar e fr equently found
to a ffect the pref erence o f pollinato rs, incl uding o f
bumble bees (e.g., Herrera et al 2013 ; Junker et al.
2014 ; Lin d blom 2012 ; Rering et al 2017 ; Russell and
M cFrederick 2021 ). A ddi tio n ally, nectar i s colonized
by diverse bacteria and fung i, but ne ctar of indiv idu al
flower s is oft en dominat e d by relat i vel y few b acteria l
and funga l st rains (e.g., Herrera et a l. 2009a ; Álvare z-
Pére z et a l. 2024 ). Yet when yeast or b acteria were a lone
in nectar, we observed no effect on bee pr efer ence or
swit c hing behavio r. Al th ough be havio ral respo nses can
depend on the density of microbes in nectar ( Junker
et al. 2014 ), we used eco logicall y realistic concentra-
tio ns p revio usly fo und to elicit p ollinator resp onses
(e.g., Jun ker et a l. 2014 ; Rering et a l 2017 ; Yang et a l.
2019 ). Per haps, h ow ev er, pollinat or s respond differently
to nectar microbes depending on necta r suga r concen-
t rat io n. W hile sugar co ncent rat io n o f necta r va ries con-
siderab l y (5% to 70% for live flower s; Pattric k et al.
2024 ), sugar-r ich nect ars are preferred by bees ( Zhou et
al. 2024 ). Compared to p rio r studies, we used artificial
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ect ar wit h a higher sugar concen tra tion (40%), which,
hile wit hin t he natural ran g e for b ee-p ollinated flow-

rs ( Nicolson et al. 2007 ; Pammin g er et a l. 2018 ), wou ld
ave been more pr eferr ed and thus ma y ha ve masked
he effect of microbial con tamina tion to some deg re e.
o nsistent wi t h t his, alt ho ugh b umble bees were more

ikely to reject nect ar wit h ye as t and pollen (s ugges t-
ng they could detect the con tamina tion to some de-
 re e), their overa l l pref erence a nd swit c hing behavior
a s un a ffe cte d. Interest ingly, be es were not more likely

o rej e ct ne ct ar wit h bacter ia, in contrast to p rio r stud-
es s h owin g g enera l ly deterrent effe cts of ne ctar b acteria
 Go o d et a l. 2014 ; Jun ker et al. 2014 ; Rering et al 2017 ).

Our findings raise im portan t questions about
he e colog ica l imp act of pol len–microbe interac-
ions in nectar. Pollen and microbial con tamina tion
f flower nectar is extrem e ly comm on ( Herrera
t a l. 2013 ; Alvare z-Pere z et a l. 2019 ; Mart in et
 l. 2022 ) and conse quences of these interactions
 or pla nt he alt h and fitness have not been ex-
lored. Even as s uming th at pollin ator beh avior i s
enera l ly una ffe cte d (but se e earlier di scu ssio n o f po-
ent ia l context-depen den cy), acce lerating th e growth
f cert ain nect ar microbes could benefit the plant if
his re duce d the potent ia l for p athogenic microbes to
nvade th e n ectary (e.g ., v i a p rio ri t y effects; R ering et al.
023 ). In cont rast, faci litat ing ne ctar microbia l g rowth
ight harm the plant if this t ypic a l ly increase d rates

f flower s enes cence (e .g., Vannett e and Fukami 2018 ).
ike wis e, avai labi lity of pol len nut rients cou ld influ-
nce cross-fe e ding and microbia l co mmuni ty assemb l y
yn amics ( Dh ami et a l. 2016 ; Muel ler et a l. 2023 ),
hich in turn could influence cues used by pollinat or s

e.g., Russe ll an d As hm an 2019 ). Fin a l ly, ne ctar of live
ower s is muc h mo re nu tri tio nally co mplex than sim-
le sucros e s ol u tio n used in labo rato ry behavio ra l t ria ls
 Nicolso n 2022 ; Li u et al. 2006 ), a nd effe cts of ne ctar

icrobes on natural nectar are often complex and in-
o l ve the addi tio n and al teratio n o f nu trients ( Vannette
 nd Fuka mi 2018 ; Herrera a nd Alo nso 2025 ). Co nse-
uentl y, po l len–microbe interact ions in natura l ne ctar
ight be more likely to influence pollinator behavior

han our labo rato ry resul ts w ould sugg est. 
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