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1 | INTRODUCTION

The presence of toxic secondary metabolites in floral rewards—
nectar and pollen—and their potential effects on pollinators remain
a major enigma in pollination ecology (Irwin, Cook, Richardson,
Manson, & Gardner, 2014; Stevenson, Nicolson, & Wright, 2017).
While numerous studies have examined the ecological significance of
nectar toxins, less is known on pollen secondary compounds (Rivest
& Forrest, 2020). Yet pollen, in contrast to nectar, often contains
high levels of secondary compounds (Palmer-Young et al., 2019),
with concentrations that are comparable to or even higher than
those in vegetative tissues (Gosselin et al.,, 2013). Consequently,
these compounds may strongly impact the interactions between
plants and pollinators.

From the plant perspective, three main hypotheses have re-
cently been developed to account for the presence of toxic second-
ary compounds in pollen (Rivest & Forrest, 2020). The pleiotropy
(or ‘non-adaptive’) hypothesis suggests that the presence of toxic
compounds in the pollen is explained by physiological spillover (or
passive leakage: see Manson, Rasmann, Halitschke, Thomson, &
Agrawal, 2012) from nearby tissues or vascular fluids. According
to this hypothesis, toxic compounds are found in floral rewards as
an indirect consequence of the accumulation of these compounds
(or their precursors: see Hartmann, 1999) in other plant tissues
such as the developing flower buds. Second, the defence-against-
pollen-collection hypothesis points to an adaptive role of these
compounds against pollen-collecting visitors which do not, or only
poorly, contribute to pollen transfer. Third, pollen secondary com-
pounds may function as antimicrobials against pollen-colonizing
micro-organisms (Rivest & Forrest, 2020). Empirical evidence for
these hypotheses is so far limited. Dissimilarities in the secondary
compound composition among floral tissues (e.g. Cook, Manson,
Gardner, Welch, & Irwin, 2013) and lack of correlation between
the amounts of compounds detected in pollen and in other floral
tissues (Heiling, Cook, Lee, & Irwin, 2019) suggest that pleiotropy is
not generally a sufficient explanation to account for the presence of
defence compounds in the pollen (Rivest & Forrest, 2020). However,
a comprehensive test of the pleiotropy hypothesis within a phyloge-
netic framework is so far lacking for pollen compounds (see Manson
et al., 2012 for nectar secondary compounds). Similarly, numerous
studies have suggested that pollen secondary compounds may
protect pollen against pollen thieves (e.g. Bukovinszky et al., 2017,
Haider, Dorn, & Miiller, 2013; Haider, Miiller, & Dorn, 2014; Praz,

selection acts to lower pollen toxin levels in plants where pollen, in addition to

nectar, serves as a reward to bees.
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Miuiller, & Dorn, 2008a; Sedivy, Miiller, & Dorn, 2011), but conclusive
evidence is so far lacking (Sedivy, Piskorski, Muller, & Dorn, 2012).
Recently, Wang, Tang, Wu, Wu, and Huang (2019) provided evidence
that high levels of chemical defences in the pollen impacted the be-
haviour of pollinators, thereby enhancing pollen transfer, but the
universality of this phenomenon remains to be investigated.

From the pollinator's perspective, the impact of realistic levels
of pollen secondary compounds on the behaviour and reproduction
success of pollen-feeding pollinators remains poorly explored. At
realistic concentrations, pollen secondary compounds have been
shown to impact larval development in bumblebees (Arnold, Idrovo,
Arias, Belmain, & Stevenson, 2014) and in honeybees (Lucchetti,
Kilchenmann, Glauser, Praz, & Kast, 2018), and to modulate forag-
ing preferences of bumblebees (Wang et al., 2019). All these studies
have been performed using eusocial bees, which develop in colonies,
are largely generalist in their pollen choices, mix various sources of
pollen as larval food, and, in the case of honeybees, consume pollen
mostly in the adult stage and feed their larvae with nursing secre-
tions. By contrast, incidence of floral specialization is high in solitary
bees (Danforth, Minckley, & Neff, 2019), which often forage on a
restricted source of pollen (oligolectic bees). The impact of pollen
secondary compounds on solitary bees is largely unknown (Sedivy
et al., 2012). If these compounds, at realistic concentrations, have
the potential to hamper larval development, they may impose phys-
iological constraints on host-plant choices in bees. Moreover, under
this scenario solitary bees would need to evolve specific counter-
adaptations to deal with pollen toxins, and this could result in
the phylogenetic conservatism observed in host-plant use by bees
(Sedivy, Praz, Miller, Widmer, & Dorn, 2008) or in the high incidence
of specialization in solitary bees. For instance, flowers of the genus
Aconitum bear particularly high amounts of alkaloids in the pollen
(Gosselin et al., 2013) and are the exclusive pollen hosts of the only
two known specialist bumblebees, Bombus consobrinus and Bombus
gerstaeckeri (Goulson, 2003). Bees may also specialize on plants
producing toxic pollen to reduce their pathogen or cleptoparasite
loads (LoCascio, Aguirre, Irwin, & Adler, 2019; Spear, Silverman, &
Forrest, 2016). These hypotheses remain largely untested in solitary
bees.

We here address the evolutionary origin of toxic pollen and
examine its impact on bee-flower interactions using the plant
family Boraginaceae as a model system. Boraginaceae represents
an important source of pollen and nectar for specialist and gen-
eralist bees (Miiller, 2019; Sedivy, Dorn, Widmer, & Miiller, 2013;
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Westrich, 1989), and exhibit three main floral morphological types,
which reflect divergent pollination modes (Sedivy et al., 2013): the
Pulmonaria-, Echium- and Borago-types (Figure 1; see Table S1 for a
detailed review of the morphology and pollination biology of these
three floral types). Current evidence based on the frequency, be-
haviour and efficiency of floral visitors suggests that the primary
reward in species of the Pulmonaria- and Echium-types is nectar (see
in particular Ferrero, Castro, Sanchez, & Navarro, 2011). In contrast,
the Borago-type species display enlarged anthers that are united
medially to form a pollen-dispensing cone, similar to the structure
observed in solanoid flowers (‘scatter cone flowers’; Faegri, 1986;
Vogel, 1996). Species of the Borago-type have pendulous flowers,
which are hardly visited by non-bee visitors such as Diptera or
Lepidoptera. Female bees collect both pollen and nectar from such
flowers, and often sonicate the flower to gather the pollen (Sedivy
et al.,, 2013; Teppner, 2011). Pollen is thus considered to constitute a
reward in addition to nectar in Borago-type flowers. Current phylo-

genetic hypotheses for Boraginaceae suggest multiple independent

FIGURE 1 Variability of floral
morphology in the three floral types of
Boraginaceae. (a-c) Pulmonaria-type, with
narrow, erect corolla and hidden anthers;
(a) Anchusa officinalis; (b) Heliotropium sp.
with the oligolectic bee Haetosmia vechti;
(c) Pulmonaria officinalis; in Anchusa (a),
access to the anthers is further restricted
by the presence of hairy scales. (d-f)
Borago-type, with pendulous flowers

and enlarged anthers joined medially to
form a scatter cone; the three presented
genera represent three phylogenetically
independent origins of this floral
morphology; (d) Podonosma orientalis;

(e) Trichodesma africana; (f) Borago
officinalis. (g) Echium-type, with
zygomorphic corolla that opens laterally
and exposed anthers and style; the figure
presents Echium vulgare visited by the
oligolectic bee Hoplitis adunca. Credits:
W. Obermayer (a), G. Pisanty (b),

E. Balocchi, Wikimedia Commons (c),

D. Bénon and V. Trunz (d), A. Mdiller (e, g),
Paasikivi, Wikimedia Commons (f)

origins of the pollen-dispensing morphology observed in the Borago-
type (Cohen, 2014).

Plants in the Boraginaceae family contain toxic pyrrolizidine
alkaloids (hereafter called PAs) in the roots, the leaves and often
also in the floral parts (EI-Shazly & Wink, 2014) including in pol-
len and nectar (Lucchetti et al., 2016). While most of the liter-
ature on PA toxicity has focused on their role against leaf and
root feeders (Hartmann, 1999; Macel, 2011), previous work has
suggested that PAs can also be toxic to pollen feeders (Lucchetti
et al., 2018). Provisions of pollen and nectar of Echium vulgare
were shown to be unsuitable for larvae of several wild bee spe-
cies not specialized on this plant genus (Praz et al., 2008a; Sedivy
et al., 2011). Echium vulgare pollen contains high levels of amino
acids (Somerville & Nicol, 2006), but also particularly high levels
of PAs (Lucchetti et al., 2016), suggesting that PAs, and not lack
of nutrients, underlie the observed mortality of the larvae, al-

though the direct toxicity of PAs for solitary bees has not been

tested so far.
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We quantified PAs in the pollen and in the corolla of selected
members of Boraginaceae. Levels of PAs in the corollas were used as
a proxy for the average amount of PAs present in the inflorescence.
By supplementing pollen provisions with realistic amounts of PAs
isolated from one exemplary Boraginaceae species, we next exam-
ined the effects of PAs on the development of solitary bee larvae.
Specifically, we asked the following questions: (a) Is there a correla-
tion between the concentrations of PAs in the corolla and in pollen
across species? (b) At realistic concentrations, do pollen PAs have
the potential to induce fitness costs in solitary bees by hampering
their pre-imaginal development? (c) Is there a difference in pollen PA
concentration between plants rewarding their pollinators with pol-
len and those primarily rewarding pollinators with nectar only? And
(d) is there a difference in pollen PA concentration between plants
hosting pollen-specialist bees and those primarily hosting general-
ists? We predict that: (a) pollen PAs positively correlate with PAs
in the corolla, suggesting that the presence of PAs in pollen is at
least partly due to physiological spillover from other floral tissues
(hypothesis 1); (b) PAs of E. vulgare are toxic to solitary bee larvae
not specialized on this plant genus when supplemented to their host
pollen provisions (hypothesis 2); (c) Boraginaceae species rewarding
their pollinators with both pollen and nectar (Borago-type) exhibit
lower PA contents in pollen than those rewarding pollinators pri-
marily with nectar (Pulmonaria- and Echium-types; hypothesis 3); (d)
There will be a positive association between PA levels in the pollen
of a given plant taxon and the number of specialist bee species on
this taxon (hypothesis 4).

2 | MATERIALS AND METHODS
2.1 | Plant species selection

To address our hypotheses, we selected 26 species of Boraginaceae
present in temperate Europe and in the Mediterranean region, rep-
resenting 16 genera (Table 1; Table S1). Our sampling specifically
included several species within species-rich genera, representing
the three floral morphological types outlined in the introduction
(twelve, nine and five species for the Pulmonaria-, Borago- and
Echium-types respectively). Our species selection includes five
phylogenetically independent origins of the Borago-type morphol-
ogy (Cohen, 2014).

2.2 | Floral visitors and pollination biology

We compiled the information available on the pollination biology of
the 26 investigated species, including the total spectrum of visitors
(specifically the importance of bees compared to all visitors), obser-
vations on nectar- or pollen-collecting behaviours, as well as a list of
specialist bees (Table S1). With respect to visits by bees, distinction
has rarely been made between nectar visits and pollen visits (but
see for example Corbet, 1978; Miiller, 1995; Teppner, 2011). To test

the hypothesis that pollen constitutes a reward in Borago-type spe-
cies, but not in Echium, we compared the ratio of nectar-to-pollen
visits by bumblebees in large, co-occurring populations of three spe-
cies, Cerinthe minor, Borago officinalis (both of the Borago-type) and
Echium vulgare, at the Botanical Garden of Neuchatel, Switzerland.
Visitors to the three plant species were surveyed in 1-m plots in
10-min sessions, on three different days; sessions alternated be-
tween the three plant species (see Supporting Information for de-
tails). While we acknowledge that the survey of three species in one
unique locality provides limited evidence to be generalizable across
all Boraginaceae, this survey complements previous work done on
other species, and especially allows simultaneous comparisons of
the behaviour of floral visitors on exemplary Boraginaceae species
having distinct floral morphologies.

Our chemical analyses suggest high variation in the levels of PAs
in the pollen of different species of the genus Echium (see Section 3).
To explore the relationship between pollen toxicity and the spectrum
of visitors and bee behaviour in this genus, we surveyed visitors in one
species with low PA levels, E. wildpretii on the Island of Tenerife (Teide
National Parc), and one species with high PA levels, E. vulgare in a nat-
ural habitat in southern Switzerland (see Supporting Information for
details on these surveys). Visitors to both plant species were surveyed
in 10-min sessions, each on two different days; for the large-sized
E. wildpretii, one focal plant was surveyed during each session, and a
new plant was selected for subsequent sessions, for a total of approx-
imately 40 plant individuals. For the smaller E. vulgare, which often
grows in tangled patches of several individuals, observations were
made in two 1-m plots (one different plot per day) containing numer-
ous flowers corresponding to several plant individuals (approximately
two to five). While it would be desirable to expand these observations
to other species of the diverse genus Echium, we only found small
populations of the other species investigated here and their visitors

could therefore not be surveyed.

2.3 | PA profiling in pollen and corollas

For each of the 26 species studied, we hand-collected a minimum
of 1 mg of pollen using tweezers; the pollen was lyophilized and
stored in microcentrifuge tubes at -80°C until chromatographic
analyses. For all species (with the exception of two missing val-
ues), we also sampled a minimum of 5 mg of corolla, which were
placed into an open vial, dried in the field using silica gel and
stored at -80°C. Details on the chemical analyses (following
Lucchetti et al., 2016) are given in the Supporting Information.
Pollen was sampled from numerous plant individuals (up to several
dozens for minute flowers) to obtain enough pollen for analysis.
Whenever possible, we sampled three times 1 mg of pollen either
from three different plant populations or from three plant patches
from the same population; corollas were sampled from one ran-
domly selected plant from the same patches. For rare species,
only one pollen sample could be collected (Table 1; Table S2). We

summed all PAs found in each plant tissue and did not explore the
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TABLE 1 The 26 species of Boraginaceae sampled in this study, classified into three floral morphological types, with their geographic
range, the levels of PAs measured in the pollen and corollas (in pg/mg), and the number of specialist bee species on each genus (except for
Anchusa; see text). Missing values are indicated by ‘NA’

Type

Pulmonaria-
type

Borago-type

Echium-type

Name

Anchusa azurea

Anchusa officinalis

Buglossoides
purpurocaeruleum

Cynoglossum
montanum

Cynoglossum
officinale

Glandora oleifolia

Heliotropium
arbainense

Lithodora fruticosa

Moltkia suffruticosa
Myosotis sylvatica

Nonea erecta

Pulmonaria obscura

Borago officinalis

Cerinthe glabra
Cerinthe major
Cerinthe minor
Onosma helvetica

Onosma sericea

Podonosma
orientalis

Symphytum
officinale

Trichodesma
africana

Echium aculeatum
Echium bonnetii
Echium virescens
Echium vulgare

Echium wildpretii

Distribution

Mediterranean region

Mediterranean region,
temperate Europe

Southern and central
Europe

Eastern Mediterranean
region

Temperate Eurasia

Western Mediterranean
region

Saharo-Arabian region

Western Mediterranean
region

Mediterranean region
Temperate Europe

Eastern Mediterranean
region

Temperate Europe

Temperate Europe
(originally presumably
Northern African)

Temperate Europe

Mediterranean region
Mediterranean region
Mediterranean region

Eastern Mediterranean
region

Eastern Mediterranean
region

Temperate Europe

Saharo-Arabian region

Canary Islands
Canary Islands
Canary Islands
Temperate Europe

Canary Islands

No. of
samples

3
2

B, WL RN

w W L P W

qualitative differences in PA composition among species or tissues

because of the difficulties in precisely characterizing the differ-

ent compounds, their reduced form and possible isomers (note

that, by contrast, the identification of PAs as such was always

straight forward). Moreover, previous research has shown that

each plant tissue may have a distinctive bouquet of PAs, which is

PA concentrations
in the pollen

3.168
1.799

0.004

0.136

2.251

0.990

4.976

0.702

0.339
3.281
0.059

0.003
0.027

0.905
0.350
0.129
0.185
0.018

0.185

0.003

0.019

0.023
2.143
0.393
4.678
0.121

PA concentrations
in corollas

17.962
0.498

0.296

41.673

64.758

4.301

72.519

1.443

8.844
2.773
NA

0.085
0.019

5.128
13.989
4.454
6.481
NA

1.964

0.155

1.708

10.218
18.199
2.849

29.140
26.947

No. of specialist bee
species (one value
per genus except for
Anchusa)

0
3

12

often composed of structurally close molecules (Hartmann, 1999;

Lucchetti et al., 2016) and which has been suggested to be de-

rived from a common alkaloid intermediate (Hartmann, 1999).

We restricted our analyses to PAs and did not include other sec-

ondary metabolites, which have been reported in the pollen and

nectar of some Boraginaceae (e.g. spermidines and flavonoids;
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Palmer-Young et al., 2019); unlike PAs some of these metabolites
are involved in primary plant functions such as pollen germina-
tion or pollen tube formation (Aloisi, Cai, Serafini-Fracassini, & Del
Duca, 2016), or were suggested to act as antioxidants or protec-
tive compounds against UV radiation (Taylor & Grotewold, 2005),
rather than as defence compounds against herbivores. Finally, we
would like to emphasize that our sampling protocol favoured a
high number of species over replication within species. While the
low level of replication within species is a limitation of our study,
itis often unavoidable when performing species-level comparative
studies. In addition, the pooling of pollen samples over different
plant individuals was necessary to obtain sufficient quantities of
pollen. Similar pooling was not achieved for the samples of co-
rollas, which could result in higher variance for corollas than for
pollen. Overall, our results suggest limited variation within plant
species in those for which more than one sample was analysed
(Table S2), especially for key taxa such as Echium vulgare, E. wild-

pretii and Pulmonaria obscura.

2.4 | Effect of pollen PAs on bee larval development

To address the potential toxicity of PAs on bees, we isolated the
three main PAs found in the pollen of Echium vulgare (echimidine,
echivulgarine and acetylechimidine; Lucchetti et al., 2016) from
1,550 g of inflorescence of this plant as described in Lucchetti
et al. (2018). We then specifically tested whether pollen PAs in
E. vulgare account for the previously documented failure of two
solitary bee species (Chelostoma rapunculi and Osmia bicornis; Praz
et al., 2008a; Sedivy et al., 2011) to complete larval development
on pure Echium pollen and nectar provisions. We also included a
third species closely related to O. bicornis, O. cornuta, which was
shown to be able to develop on pure Echium provisions (Sedivy
et al., 2011). It is noteworthy that none of these three osmiine
species regularly collect pollen from Echium. We supplemented
natural pollen and nectar provisions of these three bee species
with realistic levels of PAs found in pure Echium pollen provision,
as quantified from three cells from nests of the Echium special-
ist Hoplitis adunca. We used artificial cells made of drilled wood,
following Sedivy et al. (2011; see Supporting Information for ad-
ditional details). Larvae were checked every 3-4 days during larval
development; we registered whether larvae were alive, dead and
whether cocoon spinning was initiated. After overwintering (see
Supporting Information), cocoons were opened to assess whether
the imago was fully developed and alive, in which case adults were

sexed and weighed.

2.5 | Statistical analyses

Fourth-root transformation was applied to PA values to correct
for non-normality for all statistical tests (after transformation,

p > 0.05 for all groups tested; Shapiro-Wilk normality tests). To

examine the correlation between corolla and pollen PAs (hypoth-
esis 1), we first inferred a phylogenetic tree based on published
sequences (Cohen, 2014) using maximum likelihood in RAxML
(Stamatakis, 2014). Next, we performed a regression analysis be-
tween the average values of PAs in corolla and pollen for each
species, while taking into account the phylogenetic relationship
among species using a Brownian motion model for trait evolution
(Phylogenetic Generalized Least Square, or PGLS; pgls function in
the package caper; Orme et al., 2013) in r (R Core Team, 2017). The
A parameter, which predicts the pattern of covariance among spe-
cies for a given trait, was estimated by maximum likelihood (ML)
to avoid inflating type | errors. Phylogenetic signal was estimated
using kappa statistics as implemented in the package pHyTOOLS
(Revell, 2012).

Larval survival across PA treatments (hypothesis 2) was es-
timated using Kaplan-Meier statistics and the proportion of liv-
ing adults using chi-squared tests (package survivaL; Therneau
& Lumley, 2019). To investigate whether the levels of PAs in the
pollen differ with plant pollination biology (hypothesis 3), we
compared PA levels in pollen and in corollas across two groups
of plant species, those rewarding pollinators with pollen and nec-
tar (Borago-type) versus those where nectar is postulated to be
the main reward (Echium- and Pulmonaria-types), using PGLS. As
above, the 1 parameter was estimated by ML. As an additional
piece of evidence for evaluating the extent to which selection was
acting on PA levels, we also compared continuous trait evolution
models under Brownian motion (BM) or Ornstein-Uhlenbeck (OU)
processes for PA levels in corollas and in pollen. A BM process
suggests that a continuous trait evolves randomly across the phy-
logeny (pure drift model), while OU incorporates both drift and
selection (Butler & King, 2004). In addition, multiple evolutionary
optima (OUM models) may be incorporated into OU models if se-
lection is hypothesized to act differently in two or more groups
(Butler & King, 2004); groups were the same as those examined in
PGLS analyses (Borago-type species vs. other types) and the same
phylogenetic tree was used. We used the package MvMORPH
(Clavel, Escarguel, & Merceron, 2015) to evaluate these models
in R and selected among alternative hypotheses using corrected
Akaike information criterion values (hereafter AlCc) and, for nested
models, the likelihood ratio test implemented in MvMORPH.

Lastly, to examine the link between PA concentrations in pol-
len and floral specialization in bees (hypothesis 4), we reduced our
dataset to 16 Boraginaceae genera by averaging PA levels within
each genus, since bees typically specialize at the genus level. An
exception was made for both species of Anchusa, which were kept
as two species, since the known oligolectic bees on A. officinalis do
not appear to visit A. azurea (Westrich, 1989; personal observations).
We first examined whether PA levels in pollen and in corollas differ
between groups (plants hosting specialist bees vs. the others) using
PGLS analyses; we then also examined whether there was a rela-
tionship between PA concentrations in the pollen and the number of
specialist bee species per plant genus using PGLS analyses. The phy-

logenetic tree used was obtained by pruning the tree reconstructed



TRUNZ ET AL.

Functional Ecology 1351

above. For the PGLS analysis with groups, the 4 parameter could not
be estimated using ML; we thus successively fixed it to 0.1 and 1.0.
The number of specialist bee species per Boraginaceae taxa was
log-transformed (1 was added to avoid zero values) to correct for

non-normality.

3 | RESULTS
3.1 | Pollination biology of the three floral types

The spectrum of visitors and the pollination biology of each species
examined are detailed in Table S1. Bees regularly gather both pol-
len and nectar from all three types of Boraginaceae, and species of
solitary bees may specialize on Boraginaceae genera from all three
types. Echium was the genus that was associated with the highest
number of specialized bees (12 species), followed by Heliotropium
and Onosma (five species) and Anchusa officinalis (three species;
Table 1).

In the site where Echium vulgare, Cerinthe minor and Borago
officinalis co-occurred, our survey of visitors indicated that 77.8%
of the bumblebee visits on E. vulgare were for nectar only, while
C. minor and B. officinalis (both in the Borago-type) were mostly vis-
ited for pollen (80.9 and 97.6% of visits respectively; Table S3).
The Echium species with low PA levels in the pollen, E. wildpretii,
was predominantly visited by bees (99.3%); among bees 30.0%
of the visits were by the only native bumblebee species (Bombus
terrestris canariensis) and 70.0% by solitary bees; bumblebees visited
E. wildpretii more frequently for nectar only (72.6% of all bumble-
bee visits) than for pollen, while the majority of the solitary bee
visits were for pollen (86.3%). In total, 68.7% of all visits were for
pollen in E. wildpretii (Table S4). In contrast, Echium vulgare (with
high PA levels in the pollen) was visited by bees (76.5% of all visits)
and Lepidoptera (23.5%). Among bees, bumblebee workers were
the most abundant visitors (51.9% of the total visitors, 67.9% of
the bees), followed by solitary bees (males and females together:
24.6% of all visitors, 32.1% of the bees). Bumblebee workers mostly
visited E. vulgare for nectar only (73.1%), while solitary bees visited
E. vulgare mostly for pollen (70.3%); and pollen-collecting bees con-
stituted 31.3% of all visits (Table S4).

3.2 | Tests of the hypotheses
3.2.1 | Correlation between corolla and pollen PAs

In total, we detected 52 different PAs in the pollen of the species in-
vestigated (Table S2). Total PA concentrations in pollen of species of
the Echium-type varied between 0.023 and 4.68 pg/mg (Table 1); be-
tween 0.003 and 4.98 pg/mg for the Pulmonaria-type; and between
0.0034 pg/mg and 0.91 for the Borago-type. PA concentrations in
corollas ranged from 0.02 to 72.52 pg/mg (Table 1). PGLS analyses

showed that there was a significant positive correlation between
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FIGURE 2 Relationship between the levels of PAs in the pollen
and those in the corolla (fourth root transformed values in pg/mg)
for 24 taxa of the Boraginaceae. Borago-type species in blue,
Echium- and Pulmonaria-types in red

the levels of PAs in the pollen and those in the corolla (Figure 2;
Fy2,=727,p=0.013, 1 = 0.837).

3.2.2 | Toxicity of pollen PAs to solitary bee larvae

The three main PAs (N-oxide and tertiary forms together) found in
H. adunca provisions were echimidine (0.139 ug/mg, SD = 0.037),
acetylvulgarine (0.018 pg/mg, SD = 0.03) and echivulgarine
(0.361 pg/mg, SD = 0.031); the ratios of the N-oxide forms rela-
tive to the tertiary forms were 24.0%, 90.2% and 36.53%, respec-
tively, for these three alkaloids (Table S5). Total PA values in the
provisions (on average 0.561 ug/mg, SD = 0.055) were approxi-
mately six times lower than the concentrations measured in pure
pollen, likely because of the high quantities of nectar found in
natural provisions of H. adunca (Cane, Gardner, & Harrison, 2011,
Westrich, 1989). Total PA levels in the control provisions were close
to O (average 0.005 pg/mg, SD = 0.005), indicating that little pollen
from PA-producing plants was included among the natural pollen
hosts of the bees investigated. PA levels in PA-supplemented provi-
sions (average across the three species investigated 0.399 ug/mg,
SD = 0.116) were comparable to the levels found in the provisions
of H. adunca; levels of PAs in the provisions remained stable over
all experiments from the onset of larval development to cocoon
spinning (Table S5).

Of 15 larvae of C. rapunculi developing on treatment diets, 11
were able to spin a cocoon, compared to all 15 larvae in the control
group (Table 2). Larval survival from egg hatching to cocoon spin-
ning was not significantly different between treatment and control
(Kaplan-Meier statistics, ;(2 = 3.3, df = 1, p = 0.07). However, after
cocoon spinning none of the larvae in the treatment successfully
pupated (Table 2), while all 15 control individuals pupated and de-
veloped into adults (chi-squared test,;(2 =30.0,df =1, p < 0.001). Of
the 15 larvae of O. bicornis developing on the PA-treatment diets,
14 reached the cocoon stage versus 15 in the control diet (Kaplan-

Meier statistics,;(2 =1,df =1, p = 0.32). None of the larvae feeding
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TABLE 2 Comparison of larval survival and survival to adult in three solitary bee species on control (natural provisions) and on provisions
supplemented with amounts of pyrrolizidine alkaloids (PA) corresponding to those estimated in pure pollen and nectar provisions of Echium
vulgare. Larval survival was tested with Kaplan-Meier statistics, the proportion of surviving adults with chi-squared tests (see text for

details)
Number of Surviving Kaplan-Meier Surviving Surviving Chi-squared
Bee species Diet replicates larvae probability pupae adults probability
Chelostoma rapunculi Control 15 15 0.06 15 15 <0.001
PA-supplemented 15 11 0 0
Osmia bicornis Control 15 15 0.32 14 14 <0.001
PA-supplemented 15 14 0 0
Osmia cornuta Control 15 15 NA 15 15 0.23
PA-supplemented 15 15 15 13
(a) (b) o FIGURE 3 Boxplots of PA levels
< ] | PGLS: p <0.05 ° PGLS: p=n.s. (fourth root transformed values in pg/mg)
s o« | in the pollen (a) and in the corolla (b) of
3 R % o the Boraginaceae species investigated
£ 4 £ o | and separated into two groups: Borago-
2 = = n W s — . .
= g ! type species (blue), and Pulmonaria- and
EB- “g @ | Echium-types (red)
2 ©
3 g n | 3 o _| :
- b |
1 I
31 : - ! 1
| 1 s |
o T T T T
Echium- and Borago- Echium- and Borago-
Pulmonaria-types type Pulmonaria-types type

on PA diet pupated, while 14 of 15 larvae pupated and developed
into adults in the control diet (chi-squared test, ;(2 =263, df = 1,
p < 0.001). In contrast, all 15 larvae of O. cornuta reached the pupal
stage on PA-supplemented provisions, and of these 15 pupae, 13
produced adults (15 of 15 in the control; chi-squared test, ;{2 =1.07,
df = 1, p = 0.23; Table 2). Adult weight was not significantly lower
in the treatment than in the control although there was a non-
significant trend (ANOVA,; treatment effect: F1,24 =3.4,p =0.08; sex
effect: Fy ,, = 213.4, p < 0.001).

3.2.3 | Difference in pollen PA concentration
between plant groups

Borago-type species had significantly lower PA levels in the pollen
than other species (Figure 3a; PGLS statistics, F, ,, = 4.89, p = 0.037,
4 = 0), but groups did not significantly differ for PA levels in the co-
rolla (Figure 3b; PGLS statistics, F1,22 = 1.176, p = 0.29, 2 = 0.93).
Phylogenetic signal was low and not significantly different from zero
for pollen PAs (kappa = 0.23, p = 0.16; Figure 4), while it was sig-
nificantly different from zero for corolla (kappa = 0.53, p = 0.002;
Figure 4). Since two values were missing for corollas, we repeated
the test for pollen PAs under exclusion of these two species, re-
sulting in a similar pattern: groups significantly differ in the levels
of pollen PAs (PGLS statistics, F1,22 =438, p = 0.048, 1 = 0) and

the phylogenetic signal was not significantly different from zero

(kappa = 0.21, p = 0.26). The phylogenetic relationship among the
species investigated is presented on Figure 4.

For pollen PAs, MvMORPH analyses strongly favoured an OU
model with one optimum over a BM model (AIC values 49.68 and
31.98 for BM and OU respectively; Table S6); an OU model with
two optima (OUM; one for species of the Borago-type and one for
the other species) was favoured over an OU model with one opti-
mum (AIC 29.80 for OUM; Table Sé6; likelihood ratio test, p = 0.027).
Results were similar when the two species with missing corolla val-
ues were excluded (AIC 48.09, 30.36 and 28.80 for BM, OU and
OUM respectively; likelihood ratio test for comparing OU and OUM,
p = 0.034). In contrast, a BM model was favoured over both OU and
OUM models for PA levels in the corollas (AIC 52.19, 57.20 and 52.76
for BM, OU and OUM respectively; Table Sé).

3.2.4 | PA concentrations in pollen and floral
specialization in bees

Boraginaceae taxa hosting at least one specialist bee (Table 1)
did not have higher PA concentrations in the pollen than taxa not
known to host specialist bees (PGLS statistics, F, ;5 =0.05 and 0.04,
p =0.82 and 0.84 for lambda values of 1.0 and 0.1 respectively). We
found no significant relationship between the number of special-
ist bees and PA levels in the pollen (PGLS statistics: F1,15 = 0.54,
p=0.48;1=0).
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FIGURE 4 Phylogenetic tree
showing the 26 species of Boraginaceae

PAs in PAs in
pollen  corollas
¥

investigated; the size of the circles to the
left of the species names is proportional
to the levels of PAs in the pollen and in the
corollas. Branches are coloured according
to two groups: Borago-type species in
blue, Echium- and Pulmonaria-types in red.
K and p values refer to kappa statistics
used to examine the phylogenetic signal of
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4 | DISCUSSION

Our study is the first to examine evolutionary trends of levels of
pollen secondary compound concentration in a plant clade and to
relate these levels to the plants’ pollination biology. While the sig-
nificant correlation between PA concentrations in the pollen and
in the corolla (Figure 2) suggests that baseline levels of toxins in
the pollen may be due to pleiotropy effects, our analyses of trait
evolution suggest that pollen toxin levels are under stronger selec-
tion than levels in the corollas (Figures 3 and 4; Table Sé). In con-
trast with previous hypotheses suggesting that selection increases
toxin levels in the pollen to deter pollen robbers, we propose that
in Boraginaceae selection by legitimate pollinators reduces base-
line levels of toxins in the pollen of pollen-rewarding species, as
has been suggested recently for the plant genus Lupinus (Heiling
etal., 2019).

4.1 | Correlation between PA concentrations in the
pollen and in the corolla

In agreement with our first prediction, levels of PAs in the corolla and
in the pollen were significantly correlated in the examined species
of Boraginaceae. This finding complements earlier studies demon-
strating a correlation between the levels of toxins in nectar or pollen
and those in other plant tissues, either among individuals in one spe-
cies (Adler, Wink, Distl, & Lentz, 2006; Kessler & Halitschke, 2009)
or in a plant clade using a phylogenetic framework (Adler, Seifert,
Wink, & Morse, 2012; Manson et al., 2012). These four studies as
well as our results suggest that the presence of toxic compounds in
floral rewards may at least in part be physiologically constrained. As
mentioned above, however, our evolutionary models clearly reject

pure pleiotropy effects; in addition the correlation, albeit significant,

Borago officinalis
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Nonea erecta
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Pulmonaria obscura

accounted for only 21% of total variance, implying that other evolu-

tionary forces also act on PA levels in the pollen.

4.2 | Effects of PAs on pre-imaginal development

While the impact of nectar toxins on pollinators has received much
attention, much less is known on the impact of pollen toxins, es-
pecially on solitary bees. Previous egg-transfer experiments dem-
onstrated that larvae of the solitary bees Chelostoma rapunculi and
Osmia bicornis could not develop on pure pollen and nectar pro-
visions of Echium vulgare, in contrast to larvae of O. cornuta (Praz
et al., 2008a; Sedivy et al., 2011). In our bioassays, larvae of the
same three species were reared on their host pollen provisions sup-
plemented with the amounts of PAs measured in pure provisions of
E. vulgare. In agreement with these previous studies, no adult was
producedin C.rapunculiand O. bicornis, while 13 of 15 individuals suc-
cessfully reached the adult stage in O. cornuta. These bioassays thus
verify our second hypothesis and demonstrate for the first time that
pollen secondary compounds can strongly impact the pre-imaginal
development of solitary bees, adding to previous evidence gathered
in eusocial bees (Arnold et al., 2014; Lucchetti et al., 2018). In our
experiments, mortality occurred comparatively late in development,
during or just before the pupal stage. As a result, larval survival (as
opposed to survival to adult) was not significantly different from the
controls, in contrast to previous studies (Praz et al., 2008a; Sedivy
et al., 2011). In our bioassays, bee larvae were developing on pol-
len and nectar provisions from their respective host plants and not
on non-host Echium provisions as in previous studies. Since multiple
factors likely influence the suitability of pollen provisions for bees
(Praz et al., 2008a; Vanderplanck et al., 2018), the impact of toxic
compounds is expected to be stronger on non-host pollen diets than

on host-pollen diets. In agreement, O. bicornis larvae were shown
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to suffer high mortality on Borago pollen (Bukovinszky et al., 2017),
although according to our study this pollen type only exhibits trace
amounts of PAs. To summarize, we observed that larval provisions
supplemented with realistic levels of pollen toxins had a negative
impact on the pre-imaginal development of non-specialized bee spe-
cies, supporting the idea that these compounds can strongly impact
the fitness of pollen-feeding visitors.

4.3 | Levels of PAs in the pollen

In agreement with our third prediction, species of the Borago-
type, which are nearly exclusively pollinated by bees and reward
them with both pollen and nectar, exhibited significantly lower
levels of PAs in the pollen than the other species, which are in
most cases pollinated by nectar foragers. Several evolutionary
processes may account for these patterns in Boraginaceae. In spe-
cies of the Pulmonaria-type, we hypothesize that baseline levels
of PAs in pollen are present due to physiological spillover from
other floral tissues, and not primarily because of interactions with
pollinators or bees. Consistent with this hypothesis, the highest
levels of PAs measured in our study, both in pollen and corollas,
were found in Heliotropium. In one species of this plant genus,
H. indicum, 70% of all PAs contained in the plant were found in the
inflorescence (El-Shazly & Wink, 2014) in contrast to most other
species of Boraginaceae, in which high PA levels are found in leaves
or in roots. The high levels of PAs in the pollen of Heliotropium are
unlikely driven by bee-flower interactions, since in this genus the
pollen is concealed in a particularly narrow floral tube and only
very few specialized bee species equipped with modified mouth-
parts can harvest it (Gotlieb et al., 2014). Based on our field ob-
servations, these bees represent a small fraction of the numerous
nectar-visiting insects and their impact on the reproduction of the
plant (either as pollinators or pollen robbers) is most likely limited.
However, one fact that contradicts the pleiotropy hypothesis in
Heliotropium is that several PAs found in the pollen were not found
in the corolla (Table S2). Further examination of the qualitative dif-
ferences in PAs across floral tissues, and not only of the quantita-
tive differences as done in our study, is needed to further test the
pleiotropy hypothesis. In addition, in Myosotis sylvatica (as well as
in Anchusa officinalis and, to some extent, in Borago officinalis) the
higher levels of PAs in the pollen than in the corollas (Table 1) con-
tradict pure pleiotropy effects. The floral morphology of Myosotis
is similar to that of Heliotropium, with a particularly narrow floral
tube concealing the anthers, and this plant genus has never been
reported to be visited by pollen-collecting insects (Table S1).
Future research should examine whether specific pollen PAs have
an antimicrobial function in these genera, or whether they origi-
nate from spillover from other floral tissues not investigated here.
These instances, especially the cases of Myosotis and Anchusa of-
ficinalis where toxin levels are considerably higher in the pollen
than in the corolla, suggest that selection may also act to increase

PA concentrations in pollen relative to baseline levels.

Not all members of the Pulmonaria-type exhibit high levels of PAs
in the pollen. Several genera, such as Pulmonaria, Glandora, Lithodora
and Buglossoides, had PA levels in pollen as low as species of the Borago-
type. Interestingly, these genera, although visited by a vast array of
nectar-foraging insects, host at times large populations of anthophorine
bees (Ferrero et al., 2011). Anthophorines often have modified mouth-
parts which allow them to extract the pollen from narrow corolla tubes
such as those observed in these genera. While pollination has been
suggested to occur predominantly during nectar visits of both bees and
other insects (Ferrero et al., 2011), it may still be an advantage for these
plants to support large populations of bees by rewarding them with
both toxin-free pollen and nectar. Under this scenario, selection may
act to lower baseline levels of secondary compounds in floral rewards
of these plant species (Heiling et al., 2019).

Similarly, in species of the Borago-type, the low PA levels de-
tected are in agreement with their exclusive dependency on bees.
We postulate that toxic compounds in the pollen of Borago-type
species would lead to decreased visitation rates of their exclusive
pollinators, and consequently that selection has lowered their lev-
els in pollen (Figure 3a) and possibly indirectly also in the corolla
(Figure 3b). These toxic compounds in the pollen (or in floral tissues
such as corolla) may impact bee visitation rates, and thus pollen
transfer and plant reproduction success, in two ways. First, they
may deter pollen-collecting bees because of altered floral volatile
cues (Kessler & Halitschke, 2009) or pollen taste (Muth, Francis, &
Leonard, 2016). Second, pollen toxins may impact larval survival
and reduce bee reproductive success when incorporated into larval
diets. These two mechanisms may shape pollen host selection by
bees at different time-scales. Sensitivity to fine changes in floral
cues or pollen taste may modulate short-term choices by general-
ist bees, such as bumblebees, and guide them in selecting among
different possible host plant species and among plant individuals
within the same species (Wang et al., 2019). At a longer time-scale,
the presence of toxic compounds in the pollen may impact the in-
nate floral preferences of more specialized bees in order to minimize
larval exposure to toxins by triggering and maintaining associations
with host plants offering suitable pollen. This second mechanism
would be especially true for solitary bees, many of which show
innate preferences for a restricted spectrum of host plants (Praz,
Miuiller, & Dorn, 2008b).

In Echium, we found higher PA levels in the pollen of E. vulgare,
which was predominantly visited by nectar-foraging visitors in our
survey, than in that of E. wildpretii, which was mostly visited by pol-
len-collecting bees (Table S4). In contrast, PA levels in the corolla
were comparable in these two plant species (Table 1). Although
these results are tentative and based on limited observations on
just two species, we suggest that different pollinator communities
in the different habitats of these Echium species have selected for
different levels of PAs in the pollen. In the temperate habitats of
E. vulgare, bumblebees are abundant, and the bloom of E. vulgare in
early summer corresponds to a time of year where bumblebee colo-
nies produce large numbers of workers. The ratio of nectar-to-pollen

consumption is twice as high for bumblebees than for solitary bees
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(Cane et al., 2011). Consequently, the deterrent effect of pollen
PAs may not compromise pollination given the large pool of nectar
foragers. Moreover, if pollen-collecting bumblebees were less ef-
ficient pollinators than nectar foragers, for example because they
groom the pollen off their body between visits (Thomson, 1986),
selection may even maintain or increase pollen levels of PAs to
deter pollen collection (Wang et al., 2019). Pollinator communities
are very different in the arid Mediterranean habitats of E. wildpretii
on the Canary Islands, with fewer bumblebees and more solitary
bees compared to habitats in temperate Europe. Different pollinator
assemblages may have driven the need for E. wildpretii to mediate
relationships with pollen-collecting solitary bees by offering both
nectar and suitable pollen as rewards, and thus as in Borago-type
species, selection may have reduced the levels of toxic metabolites
in pollen. Future research is needed to elucidate the impact of PAs
in the pollen of members of the diverse genus Echium, for example
by experimentally comparing the behaviour, reproductive success
and pollination efficiency of different pollinators visiting Echium
species differing in PA levels in the pollen.

4.4 | PA level and specialization in bees

In contrast to our fourth prediction, we found no indication that
solitary bees specialize on plants that exhibit particularly high
levels of PAs in the pollen. Bees specialize on all three groups of
Boraginaceae, with no preference for species of the Pulmonaria
or Echium-types, which exhibit comparatively high PA levels,
over those of the Borago-type. Two genera hosting numerous
bee specialists had comparatively high levels of PAs in the pol-
len (Heliotropium, Echium); interestingly in both cases nearly all
specialist bees belong to two lineages (the genus Haetosmia on
Heliotropium and the osmiine subgenus Hoplitis on Echium), suggest-
ing that diversification has occurred in these bee clades after the
shift to these host plants took place. However, other plant genera
with similarly high levels do not host specialists, for example the
widespread plant genus Myosotis, with comparable floral morphol-
ogy to Heliotropium. We hypothesize that bees have a tendency
to specialize on Boraginaceae hosts that represent predictable
and abundant resources in regions where bee faunas are par-
ticularly numerous and diverse (Minckley, Cane, & Kervin, 2000).
Boraginaceae taxa that host more than three species of special-
ist bees (the genera Onosma, Heliotropium and Echium) all reach
their maximal diversity and abundance in Mediterranean (Onosma
and Echium) or xeric regions (Palaearctic species of Heliotropium).
Consequently, radiation of these plant taxa has likely taken place
in regions hosting diverse bee faunas with high incidence of oli-
golecty (Danforth et al.,, 2019). Boraginaceae genera such as
Cerinthe, Myosotis, Pulmonaria and Symphytum have their centres
of diversity in temperate or mountainous regions, which host less
diverse bee faunas with a higher proportion of floral generalists,
such as bumblebees. That there is no direct link between the pres-

ence of toxin in the pollen and specialization by bees is further

substantiated by the fact that several bee species specialized onto
Anchusa visit A. officinalis for pollen, but not A. azurea, which ex-
hibits higher PA levels than A. officinalis.

5 | CONCLUSIONS

Our results suggest that Boraginaceae primarily protect their pol-
len against pollen robbers using complex floral structures and not
through secondary chemistry. We propose that the presence of high
levels of toxic compounds in pollen is in most cases not linked to
plant-pollinator interactions in Boraginaceae. Rather, baseline levels
of pollen toxins may at least in part be due to physiological spillo-
ver from other floral tissues. The pattern observed suggests that
selection has led to decreased levels of PAs in the pollen of plant
taxa relying on pollen-collecting bees for their pollination (Heiling
et al., 2019). These hypotheses, together with the demonstration of
the potentially negative effects of pollen PAs on pollinator fitness,
contribute to the view that toxins in floral rewards can represent a
detrimental side effect of the plant's defence chemistry against her-
bivores or other antagonists, and thus bear ecological costs (Jones &
Agrawal, 2016; Kessler & Halitschke, 2009).
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