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Abstract Growing evidence suggests that the freely acces-
sible pollen of some plants is chemically protected against
pollen-feeding flower visitors. For example, a diet of pollen
from buttercup plants (Ranunculus) recently was shown to
have a deleterious effect on developing larvae of several bee
species not specialized on Ranunculus. Numerous Ranun-
culus species contain ranunculin, the glucosyl hydrate form
of the highly reactive and toxic lactone protoanemonin, that
causes the toxicity of these plants. We tested whether the
presence of ranunculin is responsible for the lethal effects of
R. acris pollen on the larvae of two bee species that are not
Ranunculus specialists. To investigate the effect on bee
larval development, we added ranunculin to the pollen pro-
visions of the Campanula specialist bee Chelostoma rapun-
culi and the Asteraceae specialist bee Heriades truncorum,
and allowed the larvae to feed on these provisions. We
quantified ranunculin in pollen of R. acris and in brood cell
provisions collected by the Ranunculus specialist bee Che-
lostoma florisomne. We demonstrated that although ranun-
culin was lethal to both tested bee species in high
concentrations, the concentration in the pollen of R. acris
was at least fourfold lower than that tolerated by the larvae
of C. rapunculi and H. truncorum in the feeding experi-
ments. Ranunculin concentration in the brood cells of C.

florisomne was on average even twentyfold lower than that
in Ranunculus pollen, suggesting that a mechanism different
from ranunculin intoxication accounts for the larval mortal-
ity reported for bees not specialized on Ranunculus pollen.
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Introduction

Bees, including solitary native species, provide important eco-
system services as pollinators of flowering plants (Kremen et al.,
2007). However, they exact considerable costs on plants, be-
cause they require enormous quantities of pollen to feed their
broods (Müller et al., 2006). Flowers are expected to balance the
need to attract bees for pollination with the need to restrict
extensive pollen losses (Praz et al., 2008a; Sedivy et al., 2011).
Various mechanisms have evolved that limit pollen loss by
narrowing the spectrum of pollen-collecting flower visitors
(Westerkamp, 1997; Westerkamp and Classen-Bockhoff,
2007) or by reducing the pollen quantity withdrawn by polli-
nators per flower visit. Examples of these mechanisms include
specialized anthers, pollen-concealing flower structures, and
portioned pollen release over extended time periods (Vogel,
1993; Harder and Barclay, 1994; Müller, 1996; Castellanos et
al., 2006).

Growing evidence suggests that some plants that possess
freely accessible pollen might also chemically protect the
pollen. For example, the pollen of Stryphnodendron polyphyl-
lum (Mimosoideae) is poisonous to the larvae of the honeybee
(De Carvalho and Message, 2004). Similarly, the pollen of
Ranunculus (Ranunculaceae) did not support larval develop-
ment of three strict pollen-specialist bees specialized on
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Campanula, Echium, and Asteraceae, respectively, as well
as one highly pollen-generalist bee (Praz et al., 2008a;
Sedivy et al., 2011). The larval mortality pattern in these four
species was characterized by rapid death upon onset of feed-
ing, suggesting that Ranunculus pollen may contain second-
ary metabolites that are toxic to bee larvae. Ranunculus pollen
also is known to be toxic to adult honeybees, which suffer
high rates of mortality when feeding primarily on Ranunculus
pollen, a phenomenon known as “Bettlacher May sickness”
(Morgenthaler and Maurizio, 1941).

Fresh plants of the genus Ranunculus are known for their
toxic effect on livestock (Kingsbury, 1964). This effect
arises from high concentrations of the glucoside ranunculin,
the precursor of the toxic protoanemonin, present in the
plant tissue (Fig. 1) (Benn and Yelland, 1968). The content
of ranunculin in Ranunculus species normally oscillates
around 10 mg per g dry weight (d.w.) (Ruijgrok, 1966), but
can reach nearly 200 mg/g d.w. in R. cymbalaria (Bai et al.,
1996). Upon infliction of mechanical damage to plant tissue,
the non-toxic ranunculin is hydrolyzed by endogenous β-
glucosidase, an enzyme stored in the vacuole (Mauch and
Staehelin, 1989), to yield the highly reactive anhydroaglycone
protoanemonin (2,3-dihydro-5-methylidenefuran-2-one), a
volatile lactone (Hill and Van Heyningen, 1951). When
ingested, protoanemonin can cause gastric distress in livestock
(Kingsbury, 1964). Applied to human skin, protoanemonin
may produce erythema and blistering (Benn and Yelland,
1968). In addition, protoanemonin has antimicrobial properties
(Campbell et al., 1979; Mares, 1987; Martin et al., 1990)
and exhibits insecticidal effects on fly larvae of Drosophila
melanogaster (Drosophildae), adult beetles of Tribolium
castaneum (Tenebrionidae), and ant workers of Pheidole
pallidula (Formicidae) (Bhattacharya et al., 1993; Varitimidis
et al., 2006).

Some herbivorous insects are able to cope with high
concentrations of ranunculin in their diet. Larvae of several
leaf and stem mining species of agromyzid flies of the genus
Phytomyza are specialized on Ranunculus and other
ranunculin-containing genera of the Ranunculaceae, e.g.,
Anemone, Clematis, and Helleborus (Spencer, 1990). Lar-
vae of P. ranunculi and P. ranunculivora often are found in
leaves of R. acris (Pitkin et al., 2010), where they can be
exposed to ranunculin concentrations of about 28 mg/g d.w.
(Bai et al., 1996). The physiological basis of the ability of
these herbivorous insects to tolerate ranunculin and/or pro-
toanemonin remains unknown.

While stems, leaves, and the androecium of Ranunculus
contain ranunculin in considerable amounts (Ruijgrok, 1966;
Bonora et al., 1988; Bai et al., 1996), no attempt has been
made to quantify ranunculin in Ranunculus pollen. The high
relative amounts of protoanemonin released from pollen and
anthers of some Ranunculus species (Bergström et al., 1995)
as well as the high concentration of protoanemonin in the
androeceum of R. ficaria, which was found to be twice as
high as the concentration measured in the whole plant (Bonora
et al., 1988), may indicate the presence of substantial quanti-
ties of ranunculin in the pollen of Ranunculus. Furthermore,
by thermal desorption of anthers of several Ranunculaceae,
Jürgens and Dötterl (2004) detected high relative amounts of
protoanemonin in three Ranunculus species, and protoanemo-
nin from Ranunculus pollen seems to be used in host-plant
recognition by the Ranunculus specialist bee Chelostoma
florisomne (Dobson and Peng, 1997).

We hypothesized that protoanemonin released from the
secondary metabolite ranunculin is responsible for the tox-
icity of R. acris pollen to the larvae of bee species that are
not Ranunculus specialists. To investigate the effect of
ranunculin on larval development, we selected two solitary
bee species specialized on pollen of plants other than Ra-
nunculus. We tested larval performance of Chelostoma
rapunculi, a Campanula pollen specialist, and Heriades
truncorum, an Asteraceae pollen specialist, on diets consist-
ing of pollen from their natural host plants mixed with
ranunculin in various concentrations. In addition, we quan-
tified ranunculin in pollen and flower buds of R. acris as
well as in brood cell provisions of Chelostoma florisomne,
which is a pollen-specialist species that collects pollen ex-
clusively from Ranunculus flowers (Sedivy et al., 2008).

Material and Methods

Bee Species To assess the effect of ranunculin on larval
development of solitary bees, we selected two species be-
longing to the same taxonomic group (Osmiini; Megachili-
dae) as the Ranunculus specialist Chelostoma florisomne.
These species, Chelostoma rapunculi and Heriades

Fig. 1 The transformation of the glucoside ranunculin to the unstable
and toxic lactone protoanemonin in plant tissue and spontaneous
transformation to anemonin. Modified after Benn and Yelland (1968)
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truncorum, are specialized on Campanula (Campanulaceae)
and on Asteraceae, respectively (Westrich, 1989; Praz et al.,
2008b; Sedivy et al., 2008). Neither can develop on a
Ranunculus pollen diet (Praz et al., 2008a). All these species
nest in pre-existing cavities such as insect-bored holes in
dead wood and hollow stems, and they can easily be reared
in hollow bamboo stalks. Once provisioning of the brood
cells with pollen and nectar is complete, an egg is deposited
onto the pollen diet, and the female bee closes the cell with a
thin wall of clay or resin. Successful larval development
ends with spinning a cocoon, in which the bee enters meta-
morphosis to the adult stage. For the experiments, we used
eggs and brood cell provisions from bees in nesting stands
on the campus of ETH Zurich.

Bee Larval Performance The larvae of C. rapunculi and H.
truncorum were experimentally reared on a Campanula and
Asteraceae pollen diet, respectively, obtained from conspe-
cific nests and mixed with ranunculin in five increasing
concentrations: 0 (control), 10, 20, 50, and 100 mg per g
pollen dry weight (d.w.), henceforth referred to as the con-
trol treatment, 10, 20, 50, and 100 mg/g treatment. These
concentrations are in line with natural ranunculin concen-
trations reported for Ranunculus plants (Ruijgrok, 1966;
Bonora et al., 1988; Bai et al., 1996). Pollen dry weight of
the brood cell provisions averages approximately 27% in C.
rapunculi and 33% in H. truncorum (A. Bühler and A.
Müller, unpublished). Ranunculin (>99% pure) originating
from extractions of Ranunculus plants was obtained from
Michael H. Benn (University of Calgary, Canada). To pre-
pare the experimental pollen diet, ranunculin was ground to
fine powder and thoroughly mixed with the brood cell
provisions in a mortar. The mixing process was conducted
in a careful and gentle way to prevent destruction of the
pollen grains and, thus, to prevent the release of β-
glucosidase followed by hydrolysis of ranunculin.

Rearing of bee larvae was conducted in individual artifi-
cial brood cells (for details see Sedivy et al., 2011). Freshly
completed bee nests were collected daily from the nesting
stands. Each egg was detached with a thin spatula from the
brood cell provision and transferred onto 60 mg of the
experimental pollen diet previously placed into the artificial
cell. Larvae hatched and started feeding between 1 and 3 d
after transfer onto the experimental pollen diet. Each larva
was allowed to feed individually in a single artificial cell to
mimic natural conditions. For each species and treatment,
24–31 eggs were transferred. Development took place in a
climate chamber (E7 ⁄ 2; Conviron, Winnipeg, Canada) in
darkness at 25±0.5 °C for 16 h followed by a 4 h gradual
decrease to 10±0.5 °C, followed by a 4 h gradual increase
back to 25±0.5 °C, at a constant 70±0.5 % relative humid-
ity. Egg hatching, initiation of larval feeding, cocoon com-
pletion, and incidences of death were recorded every second

day. Survival time was considered the time between onset of
feeding and either death or completion of the cocoon. Un-
hatched eggs were removed from statistical analyses.

Statistical Analysis Kaplan–Meier survival statistics was
used to compare larval survival among the different treat-
ments following Lee and Wang (2003). The number of days
between hatching and completion of the cocoon was con-
sidered as ‘censored data’; individuals that died before the
completion of the cocoon represented the exact observations
for which the event (death) occurred, while those that com-
pleted the cocoon were the censored observations. The latter
were considered survivors and were withdrawn from sur-
vival calculations. To test for differences among survival
distributions, the log-rank test was applied with Bonferroni
correction using the option ‘pairwise for each stratum’
implemented in the software when comparing two groups.
For each species, we tested for differences in survival
according to pollen-diet treatment, and larval survival of
the two species was compared for each ranunculin concen-
tration. For statistical analyses, SPSS 19.0.0 for Macintosh
OS X (SPSS Inc., Chicago, IL, USA) was used.

Ranunculin Recovery To test whether the ranunculin con-
centration in the experimental pollen provisions remained
stable during feeding experiments, we added 10 mg/g of
ranunculin to brood cell provisions of Heriades truncorum
and quantified the ranunculin content by LC-MS analysis
(see below) immediately after mixing, after 8 d and after
22 d (N05 for each time interval). For this experiment, we
used the same methodological procedure including climate
chamber conditions as for the bee larval performance
experiments.

Plant Material Ranunculin was quantified in pollen and
flower buds of Ranunculus acris as well as in the brood cell
provisions of the Ranunculus specialist Chelostoma flori-
somne. At each of 8 different locations in Switzerland,
which spanned a geographic range of approximately
130 km (comprising locations around Neuchâtel, Solothurn,
Aarau, and Zurich), 250 freshly opened flowers of R. acris
were collected in April 2011. Flowers were bundled and
fixed in an upside-down position over a parchment paper
cone large enough to collect released pollen. After 24 h, the
pollen that accumulated at the bottom of the cone was
sieved through a 90 μm-pore sieve and stored at −80°C
until extraction and analysis. Our pollen collection proce-
dure closely matched the pollen collecting behavior of bees,
which harvest pollen from dehisced anthers before they
deposit it in the brood cells. At each of the 8 locations, a
single flower bud (close to blooming) was collected from
each of 5 different plants, was immediately frozen in liquid
nitrogen, and stored at −80°C until extraction and analysis.
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At a large nesting site of C. florisomne in the surroundings
of Neuchâtel (Gletterens), where R. acris was the near
exclusive pollen source for this species, we collected 11
freshly completed nests. From each nest, the provision of
the outermost (i.e., the most recently completed) brood cell
was removed and immediately stored at −80°C until extrac-
tion and analysis.

Extractions of Plant Material For extraction of ranunculin
we basically followed the method described by Bai et al.
(1996). All samples, i.e., pollen, flower buds, and brood cell
provisions, were freeze-dried and individually extracted
with methanol (3×15 ml) by repeatedly and thoroughly
grinding in a mortar. To ensure that the mechanical damage
inflicted on the plant material did not lead to a significant
loss of ranunculin due to the action of β-glucosidase, the
grinding was conducted in methanol. To test whether the
hard pollen exine was successfully disrupted in order to
extract the complete contents of the pollen grains, the
ground pollen was examined microscopically. Extracts were
filtered through a cotton plug, evaporated to dryness, and
stored at −60 °C until LC-MS analysis.

LC-MS Analysis For the LC-MS analysis, the total dried
extract was quantitatively dissolved in the mobile phase,
and if necessary, an aliquot of the solution was further
diluted. High-performance liquid chromatography (HPLC)
was performed on an Agilent 1200 HPLC system (Agilent
Ltd., Santa Clara, CA, USA) equipped with a binary solvent
pump. Separation was performed on a reversed-phase 4.6-
mm×250-mm, 5 μm, Phenomenex ODS Aqua column
(Phenomenex, Torrance, CA, USA). An isocratic mode with
MeOH/H2O (0.05% ammonium acetate) (6:4) at a flow rate
of 1 ml/min (total run time, 5 min) was employed. The
sample injection volume was 5 μl.

Mass spectrometry (MS) was performed on an electro-
spray ionization-quadrupole-time of flight (ESI-Q-TOF) MS
system (maXis, Bruker Daltonics, Bexhill-on-Sea, UK). The
instrument was operated in a wide-pass quadrupole mode,
and the TOF data was collected for m/z 50–1300 with low-
collision energy of 8 eV. The optimized ion source and mass
analyzer conditions were as follows: drying gas, N2

(99.99%) at 8.0 l/h and temperature of 200 °C; nebulizer
pressure 1.6 bar; capillary and endplate voltages 500 V and
4,500 V, respectively; TOF tube voltage 9,880 V; reflection
voltage 2,004 V; pusher voltage 1,640 V; MCP detector
voltage 2,927 V. The system was mass calibrated in the
positive-ion mode using a methanol solution of sodium
formate on the enhanced quadratic algorithmic mode.

The signal of the extracted ion chromatogram at m/z
299.1 ([M+Na]+) was employed for the quantification of
ranunculin as sodium adduct. Quantification was performed
using a five-point calibration curve obtained with pure

ranunculin using the Data Analysis 4.0 and Quant Analysis
2.0 software (Bruker Daltonics, Bexhill-on-Sea, UK).

Results

Bee Larval Performance All larvae of Chelostoma rapun-
culi died within 4−10 d (median, 6 d) when feeding on the
50 mg/g and the 100 mg/g ranunculin treatment (Fig. 2a),
while 29 % of the larvae survived on the 20 mg/g treatment
(Table 1). Larval survival did not differ significantly be-
tween the control and the 10 mg/g and 20 mg/g treatments,
respectively (log-rank test, χ205.688, P00.17 and χ20
3.682, P00.55 after Bonferroni correction), but differed
significantly between the 10 mg/g and the 20 mg/g treat-
ment (log-rank test, χ2017.998, P<0.001). The larvae feed-
ing on the control treatment required 20–34 d (median, 28 d)
until completion of the cocoons compared to 34–56 d (me-
dian, 42 d) on the 10 mg/g treatment and 32–50 d (median,
44 d) on the 20 mg/g treatment.

Fig. 2 Cumulative survival of larvae of bees specialized on plants
other than Ranunculus when reared on their host pollen diet admixed
with different quantities of ranunculin. Crosses indicate the days after
hatching at which at least one individual reached the cocoon stage
(censored data). a the Campanula specialist Chelostoma rapunculi,
and b the Asteraceae specialist Heriades truncorum
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All larvae of Heriades truncorum died within 4–12 d (medi-
an, 6 d) when feeding on the 50 mg/g and 100 mg/g ranunculin
treatment (Fig. 2b). Larval survival neither differed significantly
between the control and the 10 mg/g and 20 mg/g treatments,
respectively (log-rank test, χ200.294, P00.59 and χ200.118,
P00.73 after Bonferroni correction), nor between the 10 mg/g
and 20 mg/g treatment (log-rank test, χ200.549, P00.459;
Table 1). Larvae feeding on the control treatment required 30–
42 d (median, 34 d) until completion of the cocoons compared
to 36–44 d (median, 38 d) on the 10mg/g treatment and 36–54 d
(median, 42 d) on the 20 mg/g treatment.

A comparison between the two bee species tested
revealed largely parallel performances across treatments;
no significant differences were observed between the sur-
vival of the two species in the control, the 10 mg/g, the
50 mg/g, or the 100 mg/g treatments (log-rank test, χ20
1.48, P00.224; χ200.995, P00895; χ203.833, P00.050;
χ203.032, P00.082). In the 20 mg/g treatment, survival of
H. truncorum larvae was greater than that of C. rapunculi
larvae (log-rank test, χ2011.347, P<0.001).

Ranunculin Recovery Recovery rate of ranunculin amounted
to 62.5–71.0% (mean, 66.0%, N05) immediately after its
addition to the experimental pollen provision, to 55.4–
70.5% (mean, 60.8%, N05) after 8 d, and to 56.5–72.5%
(mean, 63.2%, N05) after 22 d. These results indicate that
the concentration of ranunculin mixed to the pollen provi-
sions remained constant over a substantial period of time,
and that about 60% of the added 10 mg/g ranunculin was
biologically available.

Ranunculin Content To quantify the range of ranunculin in
the field-collected samples, we assessed its concentration in
pollen, flower buds, and brood cells (Table 2). Ranunculin
concentration in the pollen of Ranunculus acris (mean,

0.55 mg/g) was almost forty times lower than that in the
flower buds (mean, 19.45 mg/g), but almost twenty times
greater than that in the brood cell provisions of Chelostoma
florisomne (mean, 0.03 mg/g). The maximum concentration
of ranunculin found in the pollen of R. acris was 1.34 mg/g
(Table 2). Neither protoanemonin, the ranunculin anhydroa-
glycone, nor anemonin, the product of spontaneous dimeriza-
tion of protoanemonin, were detected in any of the samples.

Discussion

Results of the feeding experiments provide evidence that the
two tested solitary bee species not specialized on Ranuncu-
lus tolerated the 10 mg/g ranunculin treatment without any
measurable effects on larval survival. Based on the ranun-
culin recovery experiment, the 10 mg/g ranunculin treat-
ment corresponds to an approximate concentration of
biologically available ranunculin of at least 5.54 mg/g d.w.

Table 1 Larval survival of the
two bee species Chelostoma
rapunculi and Heriades
truncorum when reared on their
host pollen diet mixed with
ranunculin

aSurvival time gives the
Kaplan-Meier survival time in
days (mean±SEM) of the larvae
on each pollen diet. Group het-
erogeneity was tested with the
pairwise log-rank test between
all treatments. Diets sharing
the same letter did not differ
significantly at P<0.05 (post hoc
test: pairwise log-rank test using
Bonferroni corrections)

Bee species Ranunculin
concentration
(mg/g d.w.)

Hatched eggs
(unhatched)

Surviving larvae Group
heterogeneity

N N % Survival time
(days)a

P Groups

C. rapunculi 0 (control) 23 (1) 15 65.2 26.30±2.35 <0.001 a, b

10 28 (2) 22 78.6 49.17±2.59 a

20 31 (0) 9 29.0 26.71±2.99 b

50 28 (2) 0 0 5.21±0.30 c

100 30 (1) 0 0 6.07±0.32 c

H. truncorum 0 (control) 29 (1) 23 79.3 35.52±2.39 <0.001 a

10 25 (5) 21 84.0 39.37±2.34 a

20 29 (1) 22 75.9 43.93±3.43 a

50 24 (6) 0 0 6.17±0.34 b

100 28 (2) 0 0 6.86±0.32 b

Table 2 Content of ranunculin quantified by LC-MS in pollen and
flower buds of Ranunculus acris and in brood cell provisions of the
Ranunculus specialist bee Chelostoma florisomne

Source N Mean±SEM [mg/g] Range [mg/g]

Pollen 8 0.55±0.18 0.03–1.34

Flower buds 8 19.45±5.20 3.72–53.93

Brood cell provisionsa 11 0.03±0.01 0.003–0.12

a The Ranunculus pollen in the brood cell provisions was collected by
foraging C. florisomne females from R. acris, which was the nearly
exclusive pollen source for this species at the location where the brood
cells were collected. Ranunculin amounts were calculated for pollen
dry weight by subtracting average water and nectar contents in the
brood cells
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However, ranunculin in the pollen of R. acris quantified by
LC-MS analysis amounted to maximally 1.34 mg/g d.w., a
concentration that is at least fourfold lower than that toler-
ated by Chelostoma rapunculi and Heriades truncorum.
The maximum ranunculin concentration in the brood cell
provisions of the Ranunculus specialist Chelostoma flori-
somne was one order of magnitude lower (0.12 mg/g d.w.)
than in the freshly collected pollen of R. acris, although the
pollen in the analyzed brood cell provisions was derived from
this Ranunculus species. Ranunculin is lethal when added to
the natural pollen provisions of C. rapunculi and H. trunco-
rum at very high concentrations (50 mg/g and 100 mg/g
treatments). However, these concentrations greatly exceed
natural concentrations of ranunculin found in R. acris pollen.
Hence, the presence of ranunculin cannot explain the mortal-
ity of these bees when reared on a Ranunculus pollen diet,
contrary to hypotheses proposed previously (Praz et al.,
2008a; Sedivy et al., 2011).

Survival of C. rapunculi larvae feeding on the still high
10 mg/g and 20 mg/g ranunculin treatments was not signifi-
cantly affected compared to the control treatment. However,
mean survival values at the 20 mg/g treatment were low, and
difference to the survival at the 10 mg/g treatment was signif-
icant, pointing to some adverse effects of the 20 mg/g treat-
ment on larval survival. A sublethal effect (Piskorski et al.,
2011a) of both the 20 mg/g and 10 mg/g treatments on C.
rapunculi was noted as development times of the larvae were
prolonged compared to the larvae in the control treatment.

Ranunculin admixed to the pollen provision at 10 mg/g
could be recovered at a range of approximately 60%, irre-
spective of whether the incubation period lasted 0, 8, or
22 d. This finding indicates that a minor proportion of the
ranunculin was deactivated during mixing, either through an
adsorption or a chemical degradation. This result further
indicates that the biologically available ranunculin concen-
tration remained constant over long periods after mixing,
thus underlining the validity of the conclusions drawn here.

Two previous studies described protoanemonin, the com-
pound derived from hydrolysis of ranunculin, as the most
prominent volatile in the headspace of pollen samples of R.
acris (Bergström et al., 1995) and after thermal desorption of
anthers of R. acris and other Ranunculaceae species (Jürgens
and Dötterl, 2004). In both cases, only relative amounts were
provided, and no information was given regarding absolute
quantities of this lactone present in a volatile profile poor in
other compounds. In another study, in which protoanemonin
in different organs of R. ficaria was quantified after steam
distillation, the androeceumwas found to emit almost twice as
much protoanemonin as the whole plant (Bonora et al., 1988).
In that study, however, ranunculin was not quantified in the
pollen itself. Thus, the high amounts of protoanemonin mea-
sured in the headspace of the androeceum of R. ficaria might
have been derived from a high concentration of ranunculin in

the anther filaments, or in the anther tissue surrounding the
pollen sacs prior to pollen release, rather than directly from the
pollen. The low concentrations of ranunculin found in the
pollen of R. acris in the current study is in line with the trace
amounts of protoanemonin recently reported from an analy-
sis of pollen volatiles of R. bulbosus (Piskorski et al. 2011b).
The ranunculin concentrations we measured in the flower
buds of R. acris, amounting to up to 54 mg/g d.w., corre-
sponds to published levels of ranunculin in other ranunculin-
containing Ranunculaceae species (Ruijgrok, 1966; Bai
et al., 1996), thus validating our extraction and quantification
methods.

Surprisingly, we found that the level of ranunculin in the
pollen provision collected by C. florisomne was on average
twentyfold lower than in pure pollen. Pollen in the cell
provisions is diluted with nectar admixed by the foraging
females at a ratio of approximately 1:1 (based on dry
weight; A. Bühler and A. Müller, unpublished), explaining
some but not all of the discrepancy noted between ranuncu-
lin concentrations in the flower pollen and in the bees’
brood cell provisions. One process that substantially reduces
ranunculin content in cut Ranunculus plants is drying,
which triggers β-glucosidase-mediated autolysis of ranun-
culin with release of protoanemonin, yielding hay that is
non-toxic to livestock (Majak, 2001). A similar process can
likely be ruled out in the pollen harvested by C. florisomne,
since the pollen is neither dried nor mechanically damaged
during pollen collection, deposition, and storage in the
brood cell. We hypothesize that the high sugar concentration
originating from the nectar surrounding the pollen grains in
the brood cell provisions may lead to an osmotic stress
that provokes the release of protoanemonin from its precur-
sor ranunculin, similar to the situation in drying Ranunculus
plants.

In summary, the pollen of R. acris contains the secondary
metabolite ranunculin in concentrations considerably below
the lethal threshold for the tested bee larvae. Thus, we found
no evidence that the incapability of several bee species to
develop on a Ranunculus pollen diet is caused by ranunculin
(Praz et al., 2008a; Sedivy et al., 2011). Hence, a different
mechanism likely causes larval mortality of bees not spe-
cialized on Ranunculus pollen, such as the presence of
another still unknown toxic pollen compound or the lack
of essential nutrients in the pollen, e.g. certain sterols or
amino acids.
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