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Summary

Phytosterols are primary plant metabolites that have fundamental structural and
regulatory functions. They are also essential nutrients for phytophagous insects,
including pollinators, that cannot synthesize sterols. Despite the well-described
composition and diversity in vegetative plant tissues, few studies have examined

phytosterol diversity in pollen.

We quantified 25 pollen phytosterols in 122 plant species (105 genera, 51 families)
to determine their composition and diversity across plant taxa. We searched
literature and databases for plant phylogeny, environmental conditions, and

pollinator guilds of the species to examine the relationships with pollen sterols.

24-methylenecholesterol, sitosterol and isofucosterol were the most common and
abundant pollen sterols. We found phylogenetic clustering of twelve individual
sterols, total sterol content and sterol diversity, and of sterol groupings that reflect
their underlying biosynthesis pathway (24 carbon alkylation, ring B desaturation).
Plants originating in tropical-like climates (higher mean annual temperature, lower
temperature seasonality, higher precipitation in wettest quarter) were more likely
to record higher pollen sterol content. However, pollen sterol composition and

content showed no clear relationship with pollinator guilds.

Our study is the first to show that pollen sterol diversity is phylogenetically

clustered and that pollen sterol content may adapt to environmental conditions.
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Introduction

Phytosterols are a class of lipids with key metabolic and ecological functions for plants
(Nes & McKean, 1977; Vanderplanck et al., 2020a). For example, they regulate
membrane fluidity and permeability (Grunwald, 1971; Schuler et al., 1991; Hartmann,
1998), and act as precursors for metabolic signals such as brassinosteroid growth
hormones (Grove et al., 1979; Chung et al., 2010) that promote cell division, and
mediate reproduction in plants and protect them against environmental stresses
(Khripach et al., 2000). Phytosterols may also modulate plant defence against
bacterial pathogens (Posé et al., 2009; Wang et al., 2012; Ferrer et al., 2017) and
pollen sterols accelerate germination and tube growth and protect against desiccation
(Kumar et al., 2015; Rotsch et al., 2017).

Phytosterols show considerable diversity with more than 250 structures reported (Nes,
2011) with notable variation at the methine substitution (double bond) in ring B and
methyl or ethyl substitutions at C-24 (Fig. 1). The structural variation and composition
of sterols in plant tissues is important for phytophagous insects since they cannot
synthesize sterols de novo, and therefore depend upon specific plants to obtain the
required sterols from their diet to sustain their development (Behmer & Elias, 1999,
2000; Lang et al., 2012). This may be especially important for pollen feeding insects
that require specific sterols. Honeybees, for example, require 24-methylenecholesterol
(Herbert et al. 1980; Chakrabati et al., 2020) so must collect pollen from plant species
that produce this sterol to rear brood. Bee sterols are similar to those occurring in the
pollen on which they feed (Vanderplanck et al., 2020a) but differ across bee taxa
suggesting bees are what they eat with respect to sterols. Wild pollinators range from
pollen generalists to specialists (Rasmussen et al., 2020) and for some species, this
specialism may be mediated by pollen sterols. Therefore, a landscape of flowers that
does not provide the sterols required for a specific bee may be nutritionally deficient
for that species. In general, however, the relationships between pollen sterols and the

nutritional needs of pollination insects has not yet been evaluated.

Conversely, plant sterol composition may evolve with antagonists as well as mutualists
since the pathways for the synthesis of sterols overlap with that for some defence
compounds against herbivores (Qi et al., 2006). A range of naturally occurring insect
toxins occur in pollen (Arnold et al., 2014; Rivest & Forrest, 2019) with the likely role

of protecting the male gamete and since some sterols can also act as defensive
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compounds against arthropod herbivores (Jing & Behmer, 2020). They could also be

toxic to pollen feeding insects to reduce damage to or excessive loss of pollen grains.

Abiotic conditions may affect phytosterol structural variations at different levels. At
plant individual level, a 24-ethyl substitution (e.g., sitosterol and stigmasterol), for
example, reinforces membrane cohesion (Piironen, 2000; Dufourc, 2008), and
therefore sterol structures may be altered in response to temperature variations. At
population level, from limited heritability studies on phytosterols in plant seeds (Amar
et al., 2008, Velasco et al., 2013), environmental factors also contribute to sterol
phenotypic variation, although much less compared to the contribution from genetic
factors (heritabilities above 0.8 were documented). At species level, pollen sterol

composition seems to be highly variable between different species (Villette et al.,

2015; Vanderplanck et al., 2020a) and can differ from vegetative tissues (Nes, 1990;

Nes et al., 1993). However, no study has investigated whether pollen sterol variations
at species level can be the consequences of evolutionary adaptation to environmental

conditions.

Moreover, due to the limited number of studies on pollen sterol profiles, we lack a
comprehensive and fundamental understanding of the patterns of pollen sterol
diversity across plant taxa. It is still controversial whether pollen phytosterols are
phylogenetically structured. For example, Standifer et al. (1968) suggested a lack of
phylogenetic constraints of pollen sterol composition based on the evidence of large
variation in three Salicaceae species. Vanderplanck et al. (2020a), in contrast, found
similar pollen sterol composition within the genus Salix and our interpretation of the
data published by Villette et al. (2015) suggested the occurrence of some pollen
sterols was phylogenetically constrained. Since most studies focused on a few plant
species, they were insufficient to reach a general overview of the patterns of pollen

sterol diversity across plant taxa and their drivers.

In this study, we analysed pollen sterols including saturated stanols in 122
angiosperms representing 51 plant families and 25 plant orders. We further compiled
data from literature and databases on plant phylogeny, pollinators, and environmental
conditions within native geographic regions for each plant species to examine
relationships between these factors and pollen sterol composition and diversity.

Specifically, we ask 1) Are pollen sterols phylogenetically clustered? 2) Are pollen
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sterols correlated with abiotic environments? 3) Are pollen sterols associated with

pollinator guilds?

Materials and methods
Pollen collection

From March to November 2018, we collected pollen from fresh flowers growing in the
Royal Botanic Gardens (RBG), Kew, UK and nearby areas (see Table S1 for details
of collection dates and locations for each species). RBG Kew supports a diverse
collection of living plant species from across the world. Prior to pollen collection, we
used a fine-meshed bag to cover flower buds whenever possible to prevent potential
contamination or removal due to pollinator visitation. When flowers were fully open,
we gently shook the flower and collected pollen into a weighed 2 mL microcentrifuge
tube (Eppendorf®, Safe-Lock™). For species for which pollen was more difficult to
harvest, such as in the cases of Lamium purpureum L. and Ulex europaeus L., we
used small forceps to help push the pollen out or trigger pollen ejection, respectively.
Pilot studies carried out in our laboratory (with Helleborus foetidus, Prunus avium,
Prunus spinosa, Salix cinerea and Symphytum officinale) showed a conserved pattern
of pollen sterol composition: within species variation was significantly lower than
between species variation (all p-values < 0.001 under multi-variate distribution tests
e.g., Hotelling test, Pillai test, and Wilks’ lambda distribution test), consistent with
findings on within vs. between species variation of other pollen metabolites (Palmer-
Young et al., 2019). Therefore, we collected 2 to 5 replicates per species (details see
Table S1) and used the average quantities across replicates of each species for
analyses. In total, we collected 308 samples from 122 species, representing 105
genera, 51 families and 25 orders across the major groups of seed plants
(Gymnosperms, Nymphaeales, Monocots, Ranunculids, Caryophyllales, Asterids and
Rosids; Table S1). Our selection of species was guided by a combination of practical
considerations (feasibility to collect sufficient pollen for analysis, availability of species
at Kew) while attempting to maximize phylogenetic and ecological diversity of plants
(pollinator guilds, ecological niches). Pollen weight (to 0.1 mg accuracy) and collection
date were recorded for each sample. Pollen samples were stored in a freezer (-20°C)

before extracting sterols.
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Sterol content analysis

To extract sterols and stanols (from here referred to as phytosterols or pollen sterols)
from the pollen, we added 500 uyl 10% KOH in MeOH to the microcentrifuge tubes
containing a weighed pollen sample. Then, an internal standard (20 pl of 0.5 mg ml’
epicoprostanol) was added prior to incubating the tube for 2 h at 80°C for
saponification. Phytosterols were then recovered into 1 mL hexane. After complete
evaporation of hexane, phytosterols remained in the tube. We derivatized these with
20 pl Tri-Sil (Sigma, Gillingham, Dorset UK) and then briefly vortexed and injected
directly into an Agilent Technologies (Palo Alto, CA, USA) 7890A gas chromatograph
connected to an Agilent Technologies 5975C MSD mass spectrometer (GC-MS) and
eluted over an Agilent DB5 column using a splitless injection at 250°C with a standard
GC program at 170°C for 1 minute ramped to 280°C at 20°C per minute and monitoring
between 50 and 550 amu.

All 25 phytosterols were identified by comparison of their retention time relative to
cholesterol and mass spectra from authentic standards (David W Nes collection,
details see Fig. S4 for mass spectra of each sterol) either directly through co-analysis
or using existing data and confirmed where data was available with the NIST (National
Institute of Standards and Technology) mass spectral library (Guo et al., 1995; Heupel
and Nes, 1984; Nes et al., 1977; Xu et al., 1988; Zhou et al., 2009; Nes et al., 2003).

To quantify the amount of each phytosterol, we used its relative peak area by
calculating the ratio of the peak area of the targeted sterol to that of the internal
standard. Then, by multiplying the ratio with the mass of the internal standard, we
obtained the mass of each sterol in the sample. Compound identification (using target
ion) and quantification were carried out with ChemStation Enhanced Data Analysis
(Version E.01.00). In total, we identified 25 phytosterols in pollen (Table S1).

For each plant species, we calculated each phytosterol amount (ug per mg sampled
pollen), total sterol content (ug per mg sampled pollen), and the percentage of each
sterol in total phytosterol content. In addition, we calculated the chemical diversity
index using Shannon entropy: where S is the total number of phytosterols, pi is the
percentage of the i!" phytosterol. Note that we used the total phytosterol number S as
the base of log (instead of the natural base e) to scale the range of diversity index
values to [0, 1] with 1 indicating the highest diversity. This equates to calculating

Shannon’s equitability. Finally, for each phytosterol, we calculated its commonness
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and abundance across all plant species. Commonness is given by the proportion of
plant species that contained that specific phytosterol (i.e., present/absent). Relative

abundance was given by the average proportion of a specific sterol across all species.

Additionally, to understand how different phytosterol in pollen co-varied, we performed
a factor analysis using the R package stats (R Core Team, 2020) on the data for the
absolute weight of phytosterols measured in pollen across the entire data set. We set
a criterion of eigenvalue > 1 for inclusion of extracted factors. A varimax rotation was

used to adjust the fit of the factor analysis to variance in the data.

Moreover, based on biosynthetic reasoning as discussed by Benveniste (2004), we
arranged these phytosterols identified in our pollen samples into alternate hypothetical

biosynthetic pathways to cholesterol and 24-alkyl phytosterols.
Phylogenetic tree construction and analyses

We used the R package rot/ (Michonneau et al., 2016) to download the induced
subtree of only our focal taxa from the Open Tree of Life (OTL) synthetic tree (Hinchliff
etal., 2015; Rees et al., 2017). If only the genus was known, OTL used the root of the
genus for the subtree wherever possible. Name synonyms and corrections suggested
by OTL for genus and species were adopted in our analyses (see Table S2). Taxa
with subspecies or other epithets beyond species level were reduced to genus and
species only (Amaryllis belladonna L., Campanula fragilis Cirillo, Campanula isophylla
Moretti, Euphorbia milii Des Moul., Hieracium umbellatum L.). Only one terminal was
retained to represent the two differently coloured varieties of Hymenocallis littoralis
(Jacq.) Salisb.

We estimated divergence times with penalised likelihood using nine secondary
calibration points. Using the R package ape (Paradis et al., 2004), we randomly
resolved polytomies and computed branch lengths using Grafen’s method. We looked
up the inferred ages of seven clades from the large phylogeny of spermatophytes by
Zanne et al., (2014): Angiospermae (243 million years ago [myal]), Monocotyledoneae
(171 mya), Eudicotyledoneae (137 mya), Superrosidae (118 mya), Rosidae (117
mya), Superasteridae (117 mya), and Asteridae (108 mya). The age of Nymphaea
(78.07 mya) was obtained from DatelLife (Sanchez-Reyes, 2019), and we took the
estimated origin of Spermatophyta at 327 mya (Smith et al., 2010) to calibrate the root

age. We used those times as minimal age constraints for a penalized likelihood
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analysis using chronopl in ape (Paradis et al., 2004). Monophyly of families was
checked using MonoPhy (Schwery & O’Meara, 2016).

To determine whether there is phylogenetic structure in the pollen sterol data, we used
the function phyloSignal from the R package phylosignal (Keck et al., 2016) to
calculate Pagel’s A (Pagel, 1999) and Blomberg’s K (Blomberg et al., 2003), each with
999 iterations for p-value estimation. Phylogenetic signal was estimated this way for
each of the individual sterol compounds (based on their percentage value), for sums
of compounds belonging to each C-24 substitution (C0O, C1, C2 indicating substitution
with no carbon, a methyl and an ethyl), and position of the olefinic or methine moiety
in ring B (A% A°, A7, A®), for the sterol diversity index H, and for the total phytosterol
content (absolute sterol amount per mg pollen). The output of these analyses was
visualized using the R packages phytools (Revell 2012) and picante (Kembel et al.
2010).

Plant occurrence records and abiotic environmental data

To investigate whether species-level variations in pollen sterols are partially the
consequences of evolutionary adaptation to environmental conditions, we retrieved
environmental information of the native geographic ranges of each species. Note that
here we focused on "long-term” prevailing abiotic conditions (e.g., climate) capable of
shaping evolutionary changes of sterol composition at species level, as opposed to
"short-term” abiotic variables (e.g., stresses, weather) affecting traits via phenotypic
plasticity at the individual level. For each species, we extracted geographic occurrence
records from several global and continental databases: GBIF (Global Biodiversity
Information Facility; https://www.gbif.org/) using the rgbif package in R, BIEN
(Botanical Information and Ecology Network; http://bien.nceas.ucsb.edu/bien/) using
the BIEN R package, BioTIME (Dornelas et al., 2018) and Rainbio (Dauby et al.,
2016). Because raw occurrence data from these databases contain taxonomic, spatial
and temporal inconsistencies (Meyer et al., 2016), we applied different cleaning filters
using the CoordinateCleaner package in R (Zizka et al., 2019). We discarded non-
georeferenced records, records with latitude and longitude given as zero and having
equal longitude and latitude, points recorded before 1950, as well as fossil data,
records corresponding to centroids of countries, capitals, known botanical institutions
and GBIF headquarters, occurrences falling in the sea, cultivated records, and points

indicated as having high coordinate uncertainty (>20 km). For each species, we used
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the World Geographical Scheme for Recording Plant Distribution (WGSRPD)
database (Brummitt, 2001), developed by the International Working Group on
Taxonomic Databases for Plant Sciences (TDWG), to only retain occurrence records
located inside its native range defined at subcontinental scale (level-2 of TDWG).
Finally, we removed duplicates and thinned each species’ occurrence dataset by
keeping only one record by 10x10 arc-min grid cell to limit spatial autocorrelation.
Finally, we discarded records from species introduced ranges not intersecting native
regions at the level-2 of the World Geographical Scheme for Recording Plant
Distribution (regional or sub-continental level) (Brummitt, 2001) from the World
Checklist of Vascular Plants (WCVP, 2020). In total, 355,912 occurrence records were

retrieved across all species (Table S1).

We quantified species environmental niches based on a set of 13 climate, soil, and
topography variables. Eight of them were bioclimatic variables (BIO1, BIO4, BIO10,
BIO11, BIO12, BIO15, BIO16 and BIO17) extracted from the CHELSA database
(Karger et al., 2017), representing annual mean, seasonality, minimum and maximum
temperature and precipitation (full list of variables and descriptions see Table S3).
Four soil variables were extracted from the SoilGrids database (ISRIC, 2013;
http://www.data.isric.org) and averaged across a 0-60 cm depth gradient: depth to
bedrock, mean soil organic carbon stock, pH and water capacity. Land slope was
calculated using the Slope function in the Spatial Analyst toolbox of ARC/INFO GIS
based on the Global Multi-resolution Terrain Elevation Database (GMTED) (Danielson
et al., 2011). To match the resolution of the occurrence records, all environmental
variables were upscaled to 10 arc-min (ca. 20 km) using the resample function of the

raster package in R.

We extracted each of the 13 environmental variables at each occurrence point of each
species using the extract function of the raster package in R. Mean environmental
conditions were then calculated for each of the 13 variables across all occurrences of
each species (i.e., environmental niche position along individual environmental
gradients). We also created an environmental space summarizing the variation in the
13 environmental variables across the world using a Principal Component Analysis
(PCA) and the function princomp in the stats package in R. We kept the first three
component axes that explained 74% of the variation in the 13 variables: PC1 being

mainly positively correlated with mean temperatures and negatively correlated with
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temperature seasonality and soil carbon content, PC2 being positively correlated with
soil pH and negatively with precipitation, and PC3 being positively correlated with soil
depth to bedrock and negatively with land slope (see Table S3 for variable
contributions to PCA axes). To quantify the niche breadth of each species, we first
drew three-dimensional alpha shapes around each set of occurrence points of each
species in the environmental space defined by the PCA with an alpha value of two
using the ashape3d function in the alphashape3d package in R (Capinha & Pateiro-
Lopez, 2014). The alpha-shape is a profile technique used to compute species
environmental niche envelopes using a flexible envelope fitting procedure that does
not make any assumption about the shape of the niche (Capinha & Pateiro-Lépez,
2014). We then calculated the volume of each species’ alpha shape as a measure of
their environmental niche breadth using the volume_ashape3d function from the latter
package. We also calculated the mean position of each species’ alpha shape on the
three retained main axes of the PCA (i.e., niche position, individual variable
contributions see Table S3). Because three-dimensional alpha shapes require at least
five occurrence points to be drawn, species with fewer records were discarded. We
also discarded those species lacking sufficient and reliable geographic data or
taxonomic uncertainty (i.e., we did not extract occurrence records for genera,
subspecies and hybrids). In the end, we quantified niche breadth for 90 species, while
32 taxa were discarded, and niche position for 100 species (22 taxa discarded; details
see Table S1).

Pollinator data collection

To study whether there is a relationship between plants’ pollen sterols and their
pollinators, we categorized plants in two different ways. Firstly, based on pollinator
guilds, as 1) Bee, 2) Fly, 3) Lepidoptera, 4) Thrips, 5) Generalist insect, 6) Bird, or 7)
Wind pollinated. Secondly, we grouped plants by whether or not pollen acts as a
reward for bee pollinators. On the one hand, bees depend on pollen as larval food and
require pollen sterols as essential nutrients. Plants could therefore hypothetically
attract bee pollinators with pollen sterol profiles of high nutritional quality to them. On
the other hand, if pollen does not play a role as bee reward (i.e., in non-bee pollinated
plants, and/or where nectar is the sole reward), sterol profiles could be expected that
are of low quality or even toxic to bees to prevent pollen robbery (as shown for some

other chemical compounds in pollen, Rivest & Forrest 2019).
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To classify plant pollinator guilds and groups, we conducted literature searches for
each plant species on Google Scholar, using the scientific name (including common
synonyms) and “pollinat*, OR “pollen”, OR “flower” as search terms. We examined
relevant cited or citing references of publications found in this way for additional
records, and consulted Knuth (1908, 1909) and Westrich (2018), or personal
observations. If no sources on pollination and flower visitation were available, the
pollinator guild was classified as “unknown” (10 species in data set). We included
plant species in the “pollen as bee reward” group that both receive pollination services
by bees (including some plants in the “generalist insect pollination” category) and have
records of bees collecting pollen. Plants were classified as not producing pollen as
bee reward if they were either not pollinated by bees, or, in case of bee pollination,
had clear evidence of pollen not being collected by bees (e.g., pollen contained in
pollinia of bee-pollinated orchids). Plants for which data on pollinator guild and
collection of pollen by bees was missing were classified as “unknown” (34 species in
data set). A full list of relevant references and the assigned pollinator guilds is provided
in Table S1.

Analyses on relationships between phytosterols and (a)biotic factors

To assess the association of sterol composition with environmental variables and
pollinator guilds, we first calculated a Bray-Curtis distance matrix for sterol profiles of
pairwise plant species comparisons, using absolute weights (ug) of each sterol per mg
pollen. Then we related this distance matrix to environmental factors and pollinator
guild to study their relationships. Specifically, for abiotic environmental factors
(continuous values), we ran MRM (multiple regression on distance matrices) analyses
(Lichstein, 2007) using an additive linear model with the Bray-Curtis distance matrix
of pollen sterol composition dissimilarity as response, and environmental niche
distance matrices for PC1, PC2, PC3 (see “abiotic environmental data” above,
calculated from pairwise Euclidean distances for all plants for their position on each of
the PCs) and a phylogenetic distance matrix (pairwise phylogenetic distance in mya,
phylogeny see above) as independent variables. We used Pearson correlations with
10000 permutations to test for significant associations. Calculations of distance
matrices and MRM analyses were done with the R package ecodist (Goslee & Urban,
2007). For pollinator modes (categorical variables), we conducted ANOSIMs

(analyses of similarities; Clarke, 1993) to test for significant differences of pollen sterol
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profiles between different pollinator groups (excluding pollinator groups with only one
representative, i.e. wind, thrips, and fly) or between plant groups where pollen is used
as reward by bees or not. ANOSIMs were conducted in PAST 4.03 (Hammer et al.,
2001) with 10000 permutations. We illustrated the relationship of these factors to sterol
profile similarity with 2D non-metric multidimensional scaling (NMDS) ordination plots
in PAST 4.03 based on Bray-Curtis dissimilarities.

We furthermore examined associations of environmental variables and niche breadth
with total sterol content and diversity. We calculated phylogenetic independent
contrasts (Felsenstein, 1985; implemented in R package ape (Paradis et al., 2004))
with the phylogeny outlined above for sterol contents, Shannon diversity H, positions
on environmental principal component axes (PC1, PC2, PC3), and environmental
niche breadth. Associations between contrasts of sterol content or diversity (as
dependent variable) with contrasts of environmental principal components, niche
breadth, or the 13 separate environmental factors were then individually evaluated by

linear models in R (fitting the regression through the origin).

Finally, as 24-methylenecholesterol is a key sterol nutrient for honey bee development
(Svoboda et al., 1980; Herbert et al., 1980), and could therefore have been selected
for as an attracting reward in bee pollinated plants, we tested for differences in 24-
methylenecholesterol content for plants that offer pollen as reward for bees or not (or
for which this interaction was unknown) with a phylogenetic ANOVA (Garland et al.,
1993), implemented in the R package phytools (Revell, 2012), with 1000 simulations,
and “Holm” post-hoc testing. The same test was also conducted for total sterol content.
Only species with phylogenetic information were included (pollen as bee reward: n =

54; pollen not bee reward: n = 22; unknown: n = 24).

Results

Pollen sterol composition and diversity across taxa

We profiled 25 phytosterols in pollen of 122 plant species from 51 families including
representatives of Gymnosperms, Nymphaeales, Monocots, Ranunculids,
Caryophyllales, Asterids and Rosids (Fig. 2, Table S1). These phytosterols can be
arranged into biosynthetic pathways with three main distinct branches (i.e., 24C-0,

24C-methyl and 24C-ethyl groups, Fig 3. See Fig. 1 for structure-illustration of the
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groups). Pollen phytosterols varied qualitatively and quantitatively across taxa with

each species exhibiting a distinctive sterol profile (Fig. 2).

Across all the sampled species, the most common pollen sterols (labelled
‘commonness®, Fig. 2) were sitosterol (recorded in 97.5% sampled species),
campesterol (88.5%), isofucosterol (82.0%), cholesterol (82.0%), cycloartenol
(81.1%), 24-methylenecholesterol (ostreasterol) (73.0%) and stigmasterol (59.0%).
The most abundant sterol dominating pollen sterol profiles (labelled “abundance”, Fig.
2) was 24-methylenecholesterol (on average accounting for 23% of total sterol
content), followed by isofucosterol (21.5%), sitosterol (20.7%), and cycloartenol
(17.7%). The first three are all A® sterols, of which 24-methylenecholesterol belongs to
the 24C-methyl group, whereas sitosterol and isofucosterol belong to the 24C-ethyl
group. Cholesterol, the primary sterol in animals, only represented a small portion

(<1%) of pollen sterol content, despite being common.

The pollen sterol diversity of plants varied dramatically with a mean of 9.98 + 4.46
(mean + s.d.) different phytosterols. For example, the carnivorous plant Drosera regia
Stephens had almost exclusively 24-methylenecholesterol in pollen, whereas pollen
from ivy (Hedera helix L.) contained 23 different sterols, tea pollen (Camellia sinensis
L.) had 22 sterols, and pollen from the bellflowers Campanula fragilis Cirillo and
Campanula isophylla Moretti had 23 and 19 sterols respectively. However, in all these
species, only one to two sterol compounds were typically major components
(contributing >50% of total sterol content). The variation in the total weights of sterols
led to a Shannon diversity index for pollen sterol composition ranging from 0 in Drosera
regia to 0.64 in Hedera helix (Fig. 2, Table S1), with a mean of 0.34 (note that we
standardized the maximum value of the Shannon diversity index to be 1.0, details see
method).

Covariance of pollen sterols

The factor analysis reduced the data to 12 independent latent factors that explained
73% of sterol variation (Table 1). Overall, phytosterols that have close positions in their
biosynthetic pathways (Fig. 3) or use the same enzyme (e.g., reductase) for production
tend to align together with the same factors. For example, iso-obtusifoliol is the
precursor of 24-methylenelophenol, then it branches to either epifungisterol or

avenasterol via episterol (Fig. 3). These four sterol compounds (not including
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episterol) largely aligned together with factor 1 which accounted for ~9% of the
variance (Table 1). Similar patterns also applied to factor 3 and factor 4 whose main
contributing sterols represented the early cyclopropyl pathway intermediates. Factor
5 represented a strong positive correlation among the stanols (saturated in ring B),
campestanol and sitostanol. Factors 6 and 7 represent products of A-24 reduction. In
addition, we found one inverse relationship between four of the most common
phytosterols (in factor 2, accounting for 8% of the variance), where 24-
methylenecholesterol was aligned in the opposite direction as the presence of three

other phytosterols: sitosterol, campesterol and stigmasterol.
Phylogenetic patterns

We found significant phylogenetic signal in 12 out of 25 phytosterols (percentages of
individual compounds), of which 7 were significant for both Pagel’s A and Blomberg’s
K, and 5 for only one of the tests (Fig.2, Table 2). When grouping phytosterols based
on the substitution at C-24 (24C-methyl-, 24C-ethyl-, or 24C-0) or based on the
position of methine in ring B (A°, A5, A7, A8), we found a significant phylogenetic signal
(both Pagel’s A and Blomberg'’s K) for all groups except the A8 sterols (Fig.2, Table 2).
Additionally, we found a significant signal for the Shannon diversity index and total
sterol content (ug sterol per mg pollen; Fig.2, Table 2). These results remain largely
consistent when excluding all taxa which are only identified to genus level. Note that
A and K are largely agreeing on which phytosterols showed significant signal (Table
2), although the significant estimates for A are relatively high (0.585 to 1, mean = 0.847
for individual compounds; 0.668 to 0.906, mean = 0.79 for categories), whereas those
for K are comparatively low (0.183 to 0.505, mean = 0.332 for individual compounds;
0.158 to 0.201, mean = 0.182 for categories). Some phylogenetic clustering of plants
by overall sterol compositional similarity was also apparent in the NMDS plot, with for
example plants in the Asteraceae, Asparagaceae, or Cactaceae sharing similar sterol
profiles (Fig. S1).

Sterols and abiotic environmental factors

How similar pollen sterol profiles are between plants was neither significantly
associated with the similarity between native environmental niches (represented by

environmental principal component axes PC1-PC3) nor with phylogenetic distances
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(r> = 0.013, p = 0.17 for additive model in MRM analysis, for individual factors see
Table 3).

Total pollen sterol content of plant species was positively correlated with some of the
environmental variables in their native range, but in general the explained variance
(r?) was low (Fig. 4, Table S4). Specifically, total sterol content correlated with
environmental PC1 (associated with high mean temperatures, low temperature
seasonality and low soil carbon content; p = 0.015, r?> = 0.060; Fig. 4). For linear
models of individual environmental variables, species with higher total pollen sterol
content tended to occur in locations with higher annual mean temperature, higher
temperatures in the coldest quarter, higher precipitation in the wettest quarter, and
lower temperature seasonality (p-values < 0.05 for linear models of phylogenetic
independent contrasts, r? between 0.05 to 0.08, Table S4), as is the case in tropical
conditions. For Shannon’s H diversity of pollen sterol profiles, the only significant
association with environmental variables was a weak negative correlation with
temperature seasonality (p = 0.014; r> = 0.06) (Table S4). None of the other
environmental variables or principal components were significantly correlated with
sterol content or diversity, nor was the total environmental niche breadth (Fig. 4, Table
S4).

Sterols and pollinator guilds

We found overall pollen sterol profiles were largely overlapping between plant groups
with different pollinator guilds (bee, Lepidoptera, generalist insect, bird, unknown; Fig.
5a; ANOSIM: among group R = -0.0069, p = 0.57; no significant difference for any
pairwise group comparison), and between plants with or without pollen as reward for
bee pollinators (Fig. 5b; ANOSIM: R = 0.033, p = 0.15). This suggests that pollinator
guilds or the use of pollen as reward by bees do not explain differences in pollen sterol

composition. We note that wind pollinated Angiosperms were not part of this dataset.

Neither 24-methylenecholesterol nor total sterol content differed between plants
with/without pollen as reward for bees (phylogenetic ANOVA: p = 0.46 and 0.66
respectively; Fig. S2, S3).
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Discussion

Phytosterols are primary metabolites in plants and are also essential nutrients for
phytophagous insects, making them an important functional trait that provides a
mechanistic link between plants and insects. Our study focused on the pollen sterol
patterns across plant taxa, aiming to provide a more comprehensive overview of pollen
sterol diversity and its relationship with plant phylogeny, abiotic environmental
conditions, and pollinator guilds. We analysed 25 phytosterols in the pollen of more
than 120 angiosperms representing 51 plant families and identified covariance
patterns these phytosterols. Our data are the first to show significant phylogenetic
signal for pollen phytosterols. Although environmental factors and pollinator guilds
showed either weak or no relationships with pollen sterol content, future studies with
more stratified sampling based on more finely defined pollinator species and
environmental conditions could bring more insights about the drivers and importance

of pollen sterol diversity.

Phylogenetic structure of pollen sterols

Similar pollen sterol profiles in related taxa are ultimately due to shared evolutionary
history and proximately due to shared genes for the enzymes involved in their
biosynthesis. Indeed, we show that phylogenetic patterns in pollen sterols in part
reflect their relations in the underlying biosynthesis pathway. For example, we
observed significant phylogenetic clustering of plant species whose pollen sterol
profiles are dominated by 24-methyl (C1-group), 24-ethyl (C2-group) or non-
substituted (CO-group) phytosterols (Fig. 2, Table 2), reflecting the bifurcation of
biosynthesis pathways (Fig. 3). Key enzymes (SMTs, sterol methyltransferases) that
bifurcate the phytosterol pathways are SMT1, which methylates CO sterol cycloartenol
to 24-methylenecycloartanol, and SMT2, the key and effective enzyme to methylate
24-methyl to 24-ethyl sterols (Akihisa et al., 1991; Nes, 2000; Schaeffer et al., 2001;
Neelakandan et al.,, 2009). Based on our findings, it would seem likely that the
expression of these enzymes follows phylogenetically conserved patterns in different
clades. Similarly, phylogenetic clusters of the main sterol groups based on the
presence or absence of and position of the double bond in ring B (e.g., A%, A7, or
saturated ring B) suggest conserved expressions of specific desaturases (e.g. STE1

or A7 and A®%-sterol-C5-desaturases which convert saturated carbon bonds to

Manuscript submitted to New Phytologist for review

16

Page 16 of 44



Page 17 of 44

491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506

507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522

methines) and reductase (e.g. DWF5, sterol- A’ and A®-reductase which reduce
methines to saturated bonds) (Benveniste, 2004; Villette et al., 2015).

Our factor analysis (Table 1) further revealed an inverse relationship between the
abundance of the major A?4?® sterol (24-methylenecholesterol) and the C24,28-
saturated sterols: campesterol, sitosterol and stigmasterol. This suggests an overall
trade-off of these two groups, the balance of which may be governed by DWF1 (sterol-
A?*-reductase) activity. Data from previous studies (Villette et al., 2015; Vanderplanck
et al., 2020a) suggests a similar inverse correlation between 24-methylenecholesterol
and the 24C-ethyl sterols, although this has not been explicitly stated. A high ratio of
24-methylenecholesterol to C24,28-saturated sterols is evident in Cactaceae,
Droseraceae, Rosaceae, Onagraceae and Paeoniaceae. Conversely, C24,28-
saturated sterols are more abundant than 24-methylenecholesterol in Ericaceae,
Primulaceae, Salicaceae and Amaryllidaceae. These families are not closely related,
suggesting convergent evolution of sterol composition. Overall, this indicates an
interplay of environmental selection pressures for particular structural groups and

phylogenetic constraints of sterol biosynthesis enzyme expression.

The composition of phytosterols appears to be tissue-dependent (Nes, 1990; Nes et
al., 1993). For example, 24-methylenecholesterol has been identified as the main
pollen sterol in many Cactaceae (Fig. 2, Table S1) but is not abundant in their
photosynthetic tissue (Lusby et al., 1993; Standifer et al., 1968; Salt et al., 1987; Li
1996). The unique functional roles in pollen development when compared to the
sporophyte may contribute to the distinct sterol profiles in pollen. We observed strong
correlations among early, cyclopropyl sterol intermediates of the sterol pathway,
particularly 9b,19-cyclopropyl sterols (Table 1). Cycloartenol, 31-norcycloartenol and
24-methylenecycloartanol are correlated with each other: 31-norcycloartenol and 24-
methylenecycloartanol are both  derived from  cycloartenol. 24,25-
Dehydropollinastanol and 31-norcycloartanol also show high correlation and both are
derived from 31-norcycloartenol. Co-occurrence of cyclopropyl sterols suggests a
reduction in CPI1 (cyclopropyl isomerase) activity and truncation of the sterol pathway,
either within the pollen grain or in the surrounding tapetum cells from which pollen coat
sterols are derived. 9b,19-Cyclopropyl sterols have been identified as key components

of the pollen coat in Brassica napus (Villette et al., 2015; Wu et al., 1999). In addition,
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cycloeuclanol is the main sterol synthesised in the growing pollen tube of Nicotiana
tabacum (Villette et al., 2015; Rotsch et al., 2017).

Correlations of phytosterols with abiotic factors

The presence of different phytosterols could be evolutionary adaptations to
environmental conditions. We detected a positive relationship between sterol content
and temperature (particularly mean annual temperature and mean temperature of the
coldest quarter), and a negative correlation with temperature seasonality, even though
the overall association strength was low (Table S4). This indicates that plants found
in cool and temperate climatic conditions were likely to have less pollen sterol than
those found in areas of the world with warm climates with little seasonal fluctuations
(e.g., tropical climates). The association between warmer climates and higher total
amounts of pollen sterols may have evolved as protection against membrane heat
stress, since the role of phytosterols in adaptation to high temperature stress is
established (Dufourc, 2008, Narayanan et al. 2016). Phytosterols including
campesterol, sitosterol and avenasterol degrade in stored grain more rapidly at higher
temperatures (Wawrzyniak et al., 2019), so higher sterol content in warmer climates
may avert the risk of their rapid breakdown and limited availability. Besides this, other
pollen sterol characteristics (e.g., sterol diversity and the overall pollen sterol
composition) were not notably associated with abiotic factors. Our sampling, however,
was biased towards plants of temperate regions (the predominant species available
to us for sampling). Limited sampling towards extremes of the environmental gradients
may have reduced our scope to detect associations between abiotic factors and pollen
sterol characteristics. Future work should therefore be targeted at sampling additional
plant species of more extreme environments to fill this gap. Note that our species were
sampled at glasshouses (e.g., tropical glasshouse, alpine glasshouse) or outdoors at
Royal Botanic Gardens Kew and nearby areas (sampling details see Table S1) to get
a first estimate of pollen sterol diversity across a broad range of species. Future in-
depth studies on how abiotic conditions affect pollen sterol variation within-species
deserve further attention to build a more complete overview of pollen sterol diversity

at different taxonomic levels.

Impact of sterol diversity on pollinators

Manuscript submitted to New Phytologist for review

18

Page 18 of 44



Page 19 of 44

554
555
556
557
558
559
560
561
562
563
564

565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586

Pollen sterol amount and composition did not differ significantly between bee
pollinated and non-bee pollinated plant species. This could indicate that pollen sterols
have generally not been under selection by bee pollinators although we acknowledge
that our analysis combined all bee pollinated plants into one group. Therefore, it
remains possible that pollen sterols play a role in finer scale interactions between
different bee species of varying levels of pollen specialization and their host plants.
We also note that, although we based our assessment of pollinator guilds on the best
available literature data, the quality of evidence for the effective pollinators of the
plants in our data set varied. This calls for further in-depth studies of the relationships
between pollen sterols and pollinators, also including wind-pollinated Angiosperm taxa

missing in this work as points of comparison to animal pollinated plants.

A major knowledge gap exists in understanding how important specific phytosterols
are for bees, particularly wild bee species, since many of them are pollen specialists.
Plants adapt nectar chemistry to suit the specific needs of pollinators (Vandelook et
al., 2019) and could similarly alter nutritional chemistry of pollen to optimize its
nutritional suitability for flower visitors. Bee pollinators require a dietary source of
sterols (Wright et al., 2018) and for this they must use the phytosterols found in pollen.
Therefore, determining how lipid components of pollen vary qualitatively and
quantitatively across different plant taxa is important in understanding how nutritionally
limiting landscapes might be for bees, especially where they are not botanically
diverse. For example, honeybee colony growth benefits from 24-methylenecholesterol
(Herbert et al., 1980). Thus, honeybees may be nutritionally limited in landscapes
where floral resources do not provision 24-methylenecholesterol. Our data suggested
that many Asteraceae (e.g., Achillea ptarmica L., Tanacetum vulgare L. Achillea
millefolium L., Jacobaea vulgaris Gaertn., Centaurea nigra L. and Cirsium vulgare
(Savi.) Ten) are rich in A’-sterols (Fig. 2, Table S1) and lack the common honeybee-
favourable A®-sterols (e.g., 24-methylenecholesterol). A’-sterols are known to be toxic
to non-specialist herbivores and can only be utilized by some insect species (Behmer
& Nes, 2003; Lang et al., 2012). Thus, plant species that produce unusual phytosterols
in pollen may produce these as defence against pollen herbivory, but some specialist
bee species may have developed mechanisms overcoming this defense. Indeed,
pollen foraging bees on Asteraceae plants are mostly specialized oligolectic bees,

while polylectic bee species avoid the pollen despite the ubiquitous distribution of
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Asteraceae species and their substantial amount of pollen provision (known as the
Asteraceae paradox, Muller & Kuhlmann, 2008). While the reasons for this Asteraceae
paradox remain unresolved, the abundance of A’-sterols we found in the pollen of
Asteraceae species could provide a potential explanation (see also Vanderplanck et
al., 2018, 2020b).

Acknowledgements

We thank Wenxu Zhou for his guidance in analysing sterols, Amy Kendal-Smith,
Richard Moore and James Woodward for their help with pollen collection, Geoffrey
Kite for support with the GC-MS, Ellen Baker for helping revise the manuscript. We
also thank the Horticultural staff of the Royal Botanic Gardens, Kew for maintenance
of the outstanding living collections used to provide pollen for this study. The project
was funded by a BBSRC grant to GAW (BB/P007449/1) and PCS (BB/P005276/1)
and a Peter Sowerby Grant to PCS and HK. PZ was supported to work with DN at
Texas Tech on a BBSRC International Travel Award Scheme grant (BB/S004653/1)
to PCS.

Author contributions

PZ, HK, and PCS designed the research. PZ collected the pollen and extracted and
analysed sterols. DN, IWF and DIF helped with sterol identification and
quantification. OS collected phylogenetic information on studied species and
conducted phylogenetic analyses. SP, CP, and |10 collected species geographic and
environmental information and performed abiotic niche analyses. HK and PZ
collected pollinator records on studied species, and HK conducted analyses with
environmental factors and pollinator guilds. EM and GW conducted factor analysis.
WDN generated sterol biosynthesis pathways. PZ and PCS drafted the manuscript.
HK, OS, SP, GAW and all other authors contributed in writing and revising the

manuscript.

References

Manuscript submitted to New Phytologist for review

20



Page 21 of 44

617
618
619

620

621
622
623

624

625
626
627

628

629
630
631

632

633
634
635

636

637
638

639

640
641

642

643
644

645

Akihisa T, Kokke WCMC, Tamura T. 1991. Naturally occurring sterols and related
compounds from plants. In Physiology and Biochemistry of Sterols (Ed. G. W.
Patterson and W. D. Nes). AOCS press, Champaign, pp 172-228.

Amar, S., Becker, H. C., & Mollers, C. 2008. Genetic variation and genotypex
environment interactions of phytosterol content in three doubled haploid populations

of winter rapeseed. Crop science 48(3): 1000-1006.

Arnold SEJ, Peralta Idrovo ME, Lomas Arias LJ, Belmain SR, Stevenson PC 2014.
Herbivore Defence Compounds Occur in Pollen and Reduce Bumblebee Colony Fitness.

Journal of Chemical Ecology 40: 878—881.

Behmer ST, Elias DO. 1999. The nutritional significance of sterol metabolic
constraints in the generalist grasshopper Schistocerca americana. Journal of Insect
Physiology 45: 339-348.

Behmer ST, Elias DO. 2000. Sterol metabolic constraints as a factor contributing to
the maintenance of diet mixing in grasshoppers (Orthoptera: Acrididae).

Physiological and Biochemical Zoology 73: 219-230.

Behmer ST, Nes WD. 2003. Insect Sterol Nutrition and Physiology: A global

overview. Advances in Insect Physiology 31: 1-72.

Benveniste P. 2004. Biosynthesis and accumulation of sterols. Ann. Rev. Plant Biol
55: 429-457.

Blomberg SP, Garland Jr. T, Ives AR, Crespi B. 2003. Testing for phylogenetic
signal in comparative data: behavioral traits are more labile. Evolution 57: 717-745.

Manuscript submitted to New Phytologist for review

21



646
647
648

649

650
651

652

653

654

655

656
657
658
659

660

661
662

663

664
665
666

667

668
669
670
671

672

673
674

Brummitt RK. 2001. World Geographical Scheme for Recording Plant Distributions,
Edition 2. Biodiversity Information Standards (TDWG)
http://www.tdwg.org/standards/109

Capinha C, Pateiro-Lépez B. 2014. Predicting species distributions in new areas or

time periods with alpha-shapes. Ecological Informatics 24: 231-237.

Clarke KR. 1993. Non-parametric multivariate analyses of changes in community

structure. Australian Journal of Ecology 18: 117—143.

Chung HY, Fujioka S, Choe S, Lee S, Lee YH, Baek NI, Chung IS. 2010.
Simultaneous suppression of three genes related to brassinosteroid (BR)
biosynthesis altered campesterol and BR contents, and led to a dwarf phenotype in
Arabidopsis thaliana. Plant Cell Reports 29: 397-402

Danielson JJ, Gesch DB. 2011. Global multi-resolution terrain elevation data 2010
(gmted2010). Technical report, US Geological Survey

Dauby G, Zaiss R, Blach-Overgaard A, Catarino L, Damen T, Deblauwe V,
Dessein S, Dransfield J, Droissart V, Duarte MC. et al. 2016. Rainbio: a mega-

database of tropical African vascular plants distributions. PhytoKeys 74: 1-18.

Dornelas M, Antao LH, Moyes F, Bates AE, Magurran AE, Adam D,
Akhmetzhanova, AA, Appeltans W, Arcos JM, Arnold H, et al. 2018. Biotime: A
database of biodiversity time series for the anthropocene. Global Ecology and
Biogeography 27: 760—-786

Dufourc EJ. 2008. The role of phytosterols in plant adaptation to temperature.
Plant Signalling & Behavior 3: 133-134.

Manuscript submitted to New Phytologist for review

22

Page 22 of 44



Page 23 of 44

675

676
677

678

679
680

681

682
683

684

685
686

687

688
689
690

691

692
693
694
695
696
697

698
699

700

701
702
703

Felsenstein J. 1985. Phylogenies and the comparative method. The American
Naturalist 125: 1-15.

Ferrer A, Altabella T, Arr'o M, Boronat A. 2017. Emerging roles for conjugated
sterols in plants. Progress In Lipid Research 67: 27-37.

Garland T, Dickerman AW, Janis CM, Jones JA. 1993. Phylogenetic analysis of

covariance by computer simulation. Systematic Biology 42: 265-292.

Goslee SC, Urban DL. 2007. The ecodist package for dissimilarity-based analysis of

ecological data. Journal of Statistical Software 22: 1-19.

Grove MD, Spencer, GF, Rohwedder WK, Mandava N, Worley JF, Warthen JD,
Steffens GL, Flippen-Anderson JL, Cook JC. 1979. Brassinolide, a plant growth-

promoting steroid isolated from Brassica napus pollen. Nature 281: 216-217.

Grunwald C. 1971. Effects of free sterols, steryl ester, and steryl glycoside on

membrane permeability. Plant Physiology 48: 653—655.

Guo D, Venkatramesh, M, Nes WD. 1995. Developmental Regulation of Sterol
Biosynthesis in Zea mays. Lipids 30: 203-219.

Hammer @, Harper DAT, Ryan PD 2001. PAST: Paleontological statistics software

package for education and data analysis. Palaeontologia Electronica 4: 9pp.

Hartmann M-A. 1998. Plant sterols and the membrane environment. Trends in Plant
Science 3: 170-175.

Manuscript submitted to New Phytologist for review

23



Page 24 of 44

704  Heupel, R. C. and Nes, W. D. 1994. Evidences for Differences in Sterol
705  Biosynthesis and Derivatization in Sorghum. J. Nat. Prod. 47, 292-299

706

707  Herbert EW, Svoboda JA, Thompson MJ, Shimanuki H. 1980. Sterol utilization in
708  honey bees fed a synthetic diet: Effects on brood rearing. Journal of Insect
709  Physiology 26: 287-289.

710

711  Hinchliff CE, Smith SA, Allman JF, Burleigh JG, Chaudhary R, Coghill LM,

712 Crandall KA, Deng J, Drew BT, Gazis R, et al. 2015. Synthesis of phylogeny and
713 taxonomy into a comprehensive tree of life. Proceedings of the National Academy of
714 Sciences 112: 12764—-127609.

715
716  ISRIC. 2013. Soilgrids: an automated system for global soil mapping
717

718 Jing X, Behmer ST. 2020. Insect sterol nutrition: physiological mechanisms,

719  ecology, and applications. Annual Review of Entomology 65: 251-271.
720

721  Karger DN, Conrad O, Bohner J, Kawohl T, Kreft H, Soria-Auza RW,
722  Zimmermann NE, Linder HP, Kessler M 2017. Climatologies at high resolution for
723  the earths land surface areas. Scientific Data 4: 170122.

724

725  Keck F, Rimet F, Bouchez A, Franc A. 2016. phylosignal: an r package to
726  measure, test, and explore the phylogenetic signal. Ecology and Evolution 6: 2774—
727  2780.

728

729  Kembel S, Cowan P, Helmus M, Cornwell W, Morlon H, Ackerly D, Blomberg S,
730  Webb C 2010. Picante: R tools for integrating phylogenies and ecology.
731  Bioinformatics, 26, 1463—-1464.

732

Manuscript submitted to New Phytologist for review

24



Page 25 of 44

733
734
735

736

737
738

739

740
741

742

743
744

745

746
747
748
749

750

751
752

753

754
755

756

757
758

759

760
761

Khripach V, Zhabinsk V, de Groot A. 2000. Twenty Years of Brassinosteroids:
Steroidal Plant Hormones Warrant Better Crops for the XXI Century. Annals of
Botany 86: 441-447.

Knuth P. 1908. Handbook of Flower Pollination. Volume 2. Oxford, At the Clarendon
Press, UK.

Knuth P. 1909. Handbook of Flower Pollination. Volume 3. Oxford, At the Clarendon
Press, UK.

Kumar MS, Ali K, Dahuja A, Tyagi A. 2015. Role of phytosterols in drought stress
tolerance in rice. Plant Physiology and Biochemistry 96: 83-89.

Lang M, Murat S, Clark AG, Gouppil G, Blais C, Matzkin LM, Guittard E,
Yoshiyama-Yanagawa T, Kataoka H, Niwa R, et al. 2012. Mutations in the
neverland gene turned Drosophila pachea into an obligate specialist species.
Science 337: 1658—-1661.

Li, Y. 1996. Stereochemical Studies on the Metabolism of Sterols by
Saccharomyces cerevisiae strain GL7. PhD thesis, Texas Tech University, TX, USA.

Lichstein JW. 2007. Multiple regression on distance matrices: a multivariate spatial
analysis tool. Plant Ecology 188: 117-131.

Lusby WR, Buchmann SL, Feldlaufer MF. 1993. Pollen sterols from three species
of Sonoran cacti. Lipids 28: 469-470.

Meyer C, Weigelt P, Kreft H. 2016. Multidimensional biases, gaps and

uncertainties in global plant occurrence information. Ecology Letters 19: 992—1006.

Manuscript submitted to New Phytologist for review

25



762

763
764

765

766
767
768
769

770

771
772
773

774

775
776
777

778

779
780
781
782

783

784
785
786
787
788
789
790

791

Page 26 of 44

Michonneau F, Brown JW, Winter DJ. 2016. rotl: an r package to interact with

the open tree of life data. Methods in Ecology and Evolution 7: 1476-1481.

Moreau RA, Nystrom L, Whitaker BD, Winkler-Moser JK, Baer DJ, Gebauer SK,
Hicks KB. 2018. Phytosterols and their derivatives: Structural diversity, distribution,
metabolism, analysis, and health-promoting uses. Progress in Lipid Research 80:
35-61.

Muller A, Kuhlmann M. 2008. Pollen hosts of western palaearctic bees of the
genus Colletes (Hymenoptera: Colletidae): the Asteraceae paradox. Biological
Journal of the Linnean Society 95: 719-733.

Narayanan S, Tamura PJ, Roth MR, Prasad PV, Welti R. 2016. \Wheat leaf lipids
during heat stress: I. High day and night temperatures result in major lipid
alterations. Plant, Cell & Environment 39: 787-803.

Neelakandan AK, Song Z, Wang J, Richards MH, Wu X, Valliyodan B, Nguyen
HT, Nes WD. 2009. Cloning, Functional Expression, and Phylogenetic Analysis of
Plant 24C-Methyltransferases Involved in Sitosterol

Biosynthesis. Phytochemistry 70: 1982—1998.

Nes WD. 2011. Biosynthesis of cholesterol and other sterols. Chemical Reviews
111: 6423-6451.

Nes WD, Zhou W, Ganapathy K, Liu J, Vatsyayan R, Chamala S, Hernandez K,
Miranda, M. 2009. Sterol 24-C-methyltransferase: An enzymatic target for the
disruption of ergosterol biosynthesis and homeostasis in Cryptococcus

neoformans. Archives of Biochemistry and Biophysics. 481: 210-218

Manuscript submitted to New Phytologist for review

26



Page 27 of 44

792
793
794

795

796
797

798

799
800

801
802
803

804
805
806

807
808

809
810
811
812
813

814

815
816

817

818
819
820

821

Nes WD, Song Z, Dennis AL, Zhou W, Nam J, Miller M. 2003. Biosynthesis of
Phytosterols: Kinetic mechanism for the Enzymatic C-Methylation of Sterols. Journal
of Biological Chemistry. 278: 34505-34516.

Nes WD. 2000. Sterol Methyl Transferase: Enzymology and Inhibition. Biochimica
Biophysica Acta. 1529: 63—88.

Nes WD, Parker SR, Crumley FG, Ross SA. 1993. Regulation of phytosterol biosynthesis. In Lipid
Metabolism in Plants. Ed. T. S. Moore. CRC Press, 1993. 389-426

Nes WD. 1990. Control of sterol biosynthesis and its importance to developmental

regulation and evolution. Recent Advances in Phytochemistry. 24: 283-327.

Nes WR, Nes WD, 1980. Lipids in evolution. Plenum Press, New York.

Pagel M. 1999. Inferring the historical patterns of biological evolution. Nature 401:
877-884.

Palmer-Young EC, Farrell IW, Adler,IW, Milano NJ, Egan PA, Junker RR,

Irwin RE, Stevenson PC. 2019. Chemistry of floral rewards: intra- and interspecific
variability of nectar and pollen secondary metabolites across taxa. Ecological
Monographs 89: e01335.

Paradis E, Claude J, Strimmer K. 2004. Ape: analyses of phylogenetics and

evolution in R language. Bioinformatics 20: 289-290.

Piironen V, Lindsay DG, Miettinen TA, Toivo J, Lampi AM. 2000. Plant sterols:
biosynthesis, biological function and their importance to human nutrition. Journal of
the Science of Food and Agriculture 80: 939-966.

Manuscript submitted to New Phytologist for review

27



822
823
824

825

826
827
828
829

830

831
832
833
834
835

836

837
838
839

840

841
842

843

844
845

846

847
848

849

Page 28 of 44

Poisot T, Kéfi S, Morand S, Stanko M, Marquet PA, Hochberg ME 2015. A
Continuum of Specialists and Generalists in Empirical Communities. PLoS ONE 10:
e0114674.

Posé D, Castanedo |, Borsani O, Nieto B. Rosado A, Taconnat L, Ferrer A,
Dolan L, Valpuesta V, Botella MA. 2009. Identification of the Arabidopsis
dry2/sqe1-5 mutant reveals a central role for sterols in drought tolerance and

regulation of reactive oxygen species. Plant Journal 59: 63—76.

Qi X, Bakht S, Qin B, Leggett M, Hemmings A, Mellon F, Eagles J, Werck-
Reichhart, D, Schaller H, Lesot A, et al. 2006. A different function for a member
of an ancient and highly conserved cytochrome p450 family: from essential sterols
to plant defense. Proceedings of the National Academy of Sciences 103: 18848—
18853,

R Core Team 2020. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-

project.org/

Rasmussen C, Engel MS, Vereecken NJ. 2020. A primer of host-plant

specialization in bees. Emerging Topics in Life Sciences 4: 7-17.

Rees JA, Cranston K. 2017. Automated assembly of a reference taxonomy for

phylogenetic data synthesis. Biodiversity Data Journal 5: e12581.

Revell LJ. 2012. Phytools: an R package for phylogenetic comparative biology (and
other things). Methods in Ecology and Evolution 3: 217-223.

Manuscript submitted to New Phytologist for review

28



Page 29 of 44

850
851
852

853

854
855
856

857

858
859

860

861
862

863

864
865
866

867

868
869
870
871

872

873
874

875

876
877
878

Rivest, S., Forrest, J. R. K. 2020. Defence compounds in pollen: why do they occur
and how do they affect the ecology and evolution of bees? New Phytologist, 225(3),
1053-1064.

Rotsch AH, Kopka J, Feussner |, Ischebeck T. 2017. Central metabolite and
sterol profiling divides tobacco male gametophyte development and pollen tube

growth into eight metabolic phases. The Plant Journal 92: 129-146.

Salt TA, Tocker JE, Adler JH. 1987. Dominance of A°-sterols in eight species of the
Cactaceae. Phytochemistry 26: 731-733.

Sanchez-Reyes LL, O’Meara BC. 2019. Datelife: leveraging databases and
analytical tools to reveal the dated Tree of Life. https://t.co/ovO81FhQOpn #bioRxiv

Schaeffer A, Bronner R, Benveniste P, Schaller H. 2001. The ratio of campesterol
to sitosterol that modulates growth in Arabidopsis is controlled by sterol
methyltransferase 2;1. Plant Journal 25: 605-615

Schuler I, Milon A, Nakatani Y, Ourisson G, Albrecht A-M, Benveniste P,
Hartman M-A. 1991. Differential effects of plant sterols on water permeability and on
acyl chain ordering of soybean phosphatidylcholine bilayers. Proceedings of the
National Academy of Sciences 88: 6926—6930.

Schwery O, O’Meara BC 2016. MonoPhy: a simple R package to find and visualize

monophyly issues. Peerd Computer Science 2:e56.

Smith SA, Beaulieu JM, Donoghue MJ. 2010. An uncorrelated relaxed-clock
analysis suggests an earlier origin for flowering plants. Proceedings of the National
Academy of Sciences 107: 5897-5902.

Manuscript submitted to New Phytologist for review

29



879

880
881

882

883
884
885

886

887
888
889

890

891
892
893

894

895

896

897

898

899

900

901

902

903
904

905

Standifer LN, Devys M, Barbier M. 1968. Pollen sterols—a mass spectrographic
survey. Phytochemistry 7: 1361-1365.

Svoboda JA, Thompson MJ, Herbert EW, Shimanuki H. 1980. Sterol utilization in
honey bees fed a synthetic diet: Analysis of prepupal sterols. Journal of Insect
Physiology 26: 287-2809.

Vandelook F, Janssens SB, Gijbels P, Fischer E, Van den Ende W, Honnay O,
Abrahamczyk S. 2019. Nectar traits differ between pollination syndromes in

Balsaminaceae. Annals of Botany 124: 269-279.

Vanderplanck M, Decleves S, Roger N, Decroo C, Caulier G, Glauser G, Michez
D. 2018. Is non-host pollen suitable for generalist bumblebees? Insect Science 25:
259-272.

Vanderplanck M, Zerck P-L, Lognay G, Michez D. 2020a. Generalized host-plant

feeding can hide sterol-specialized foraging behaviors in bee—plant interactions.

Ecology and Evolution 10: 150-162.

Velasco, L., Fernandez-Cuesta, A., Garcia-Ruiz, J. R., Fernandez-Martinez, J.

M., & Dominguez-Giménez, J. 2013. Genetic variation and genotypex environment

interactions for seed phytosterols in sunflower. Crop Science, 53(4): 1589-1593.

Vanderplanck M, Gilles H, Nonclercq D, Duez P, Gerbaux P. 2020b. Asteraceae

Paradox: Chemical and Mechanical Protection of Taraxacum Pollen. Insects 11: 304.

Manuscript submitted to New Phytologist for review

30

Page 30 of 44



Page 31 of 44

906
907

908

909
910
911

912

913
914
915

916

917
918

919
920
921

922
923

924

925
926
927

928
929
930
931
932
933
934
935

Villette C, Berna A, Compagnon V, Schaller H. 2015. Plant sterol diversity in
pollen from angiosperm. Lipids 50: 749-760.

Wang K, Senthil-Kumar M, Ryu C-M, Kang L, Mysore KS. 2012. Phytosterols Play
a Key Role in Plant Innate Immunity against Bacterial Pathogens by Regulating
Nutrient Efflux into the Apoplast. Plant Physiology 158: 1789-1802.

Wawrzyniak J, Gawrysiak-Witulska M, Rudzinska M. 2019. Dynamics of
phytosterol degradation in a bulk of rapeseed stored under different temperature and
humidity conditions. Journal of Stored Products Research 83: 292-304.

WCVP 2020. World Checklist of Vascular Plants, version 2.0. Facilitated by the

Royal Botanic Gardens, Kew. Published on the Internet; http://wcvp.science.kew.org/

Westrich P. 2018. Die Wildbienen Deutschlands. Germany: Verlag Eugen Ulmer.

Wright GA, Nicolson SW, Shafir S. 2018. Nutritional physiology and ecology of
honey bees. Annual Review of Enfomology 63: 327-344.

Wu SS, Moreau RA, Whitaker BD, Huang AH. 1999. Steryl esters in the elaioplasts
of the tapetum in developing Brassica anthers and their recovery on the pollen
surface. Lipids 34: 517-523.

Xu S, Norton RA, Crumley FG, Nes WD. 1988. Comparison of the
Chromatographic Properties of Sterols, Select Additional Steroids and

Triterpenoids: Gravity-flow Liquid Chromatography, Thin-layer Chromatography,
Gas-liquid Chromatography, and High Performance Liquid Chromatography. Journal
of Chromatography. 4 377-398.

Manuscript submitted to New Phytologist for review

31



936
937

938

939
940
941

942

943
944
945
946
947

Yeagle PL. 1985. Cholesterol and the cell membrane. Biochimica et Biophysica Acta
822: 267-287.

Zanne AE, Tank DC, Cornwell WK, Eastman JM, Smith SA, FitzJohn RG,
McGlinn DJ, O’Meara BC, Moles AT, Reich PB, et al. 2014. Three keys to the

radiation of angiosperms into freezing environments. Nature 506: 89-92.

Zizka A, Silvestro D, Andermann T, Azevedo J, Duarte Ritter C, Edler D, Farooq
H, Herdean A, Ariza M, Scharn R, et al. 2019. Coordinatecleaner: Standardized
cleaning of occurrence records from biological collection databases. Methods in
Ecology and Evolution 10: 744—-751.

Manuscript submitted to New Phytologist for review

32

Page 32 of 44



Page 33 of 44

948

949
950
951

952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972

973
974

975
976
977
978

Figure legends:

Fig. 1. Chemical structure of 24-methylenecholesterol as an illustration of
phytosterols showing a) carbon numbering; b) different substitutions in ring B; and c)
different substitutions at C-24.

Fig. 2. Pollen sterol profiles of plant species. Phylogenetic relationships are given on
the left, bold numbers indicate families. Relative contributions of individual sterols to
each species’ total sterol content are given in the centre; commonness (proportion of
plants containing an individual sterol) and relative abundance (average proportion of
individual sterol in each species) are given at the bottom; deeper reds indicate
values closer to 1. Shannon diversity index (H), 24th carbon groups, delta groups,
and total sterol content are given on the right; circle size represents sums of relative
sterol contents in the respective groups (0 to 1), and log of pg per mg pollen for total
sterol content. Sterol names and groups are coloured in the same fashion as
illustrated in Fig. 1. Families: 1 - Pinaceae, 2 - Nymphaeaceae, 3 - Colchicaceae, 4 -
Cannaceae, 5 - Strelitziaceae, 6 - Iridaceae, 7 - Asphodelaceae, 8 - Asparagaceae,
9 - Amaryllidaceae, 10 - Ranunculaceae, 11 - Papaveraceae, 12 - Paeoniaceae, 13 -
Geraniaceae, 14 - Myrtaceae, 15 - Onagraceae, 16 - Cistaceae, 17 - Malvaceae, 18
- Oxalidaceae, 19 - Salicaceae, 20 - Linaceae, 21 - Euphorbiaceae, 22 - Fagaceae,
23 - Cucurbitaceae, 24 - Rosaceae, 25 - Fabaceae, 26 - Droseraceae, 27 -
Caryophyllaceae, 28 - Nyctaginaceae, 29 - Cactaceae, 30 - Hydrangeaceae, 31 -
Polemoniaceae, 32 - Theaceae, 33 - Ericaceae, 34 - Primulaceae, 35 - Araliaceae,
36 - Apiaceae, 37 - Adoxaceae, 38 - Caprifoliaceae, 39 - Campanulaceae, 40 -
Menyanthaceae, 41 - Asteraceae, 42 - Apocynaceae, 43 - Convolvulaceae, 44 -
Solanaceae, 45 - Boraginaceae, 46 - Gesneriaceae, 47 - Scrophulariaceae, 48 -

Plantaginaceae, 49 - Bignoniaceae, 50 - Phrymaceae, 51 - Lamiaceae.

Fig. 3. Hypothetical biosynthetic pathways of phytosterols identified in this study
(pathways based on Benveniste, 2004).

Fig. 4. Correlation plots of phylogenetically independent contrasts (PICs) of positions
on the environmental principal component axes (PC1-PC3) and environmental niche
breadth against PICs of total pollen sterol amounts (top row) and sterol profile

Shannon diversities H (bottom row). Blue dashed lines indicate regression lines of
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linear models (with intercept set to zero); r> and p-values for linear models inserted in

the respective plot. PC loadings from each environmental variable see Table S3.

Fig. 5. 2D-NMDS plots of sterol profiles for plants (a) with different pollinator guilds,
and (b) with/without pollen as bee reward. Distances correspond to sterol profile

dissimilarity (Bray-Curtis distances). Stress of NMDS solution: 0.202.

Tables:

Table 1. Factor analysis identifying the covariance of 25 sterols measured across all
the plant species surveyed. The main contributor(s) for each component is

highlighted in grey.
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989

Component

Eigenvalue

Proportion of variance explained

Cumulative proportion of
variance explained

Cycloartenol
31-Norcycloartenol
24,25-Dehydropollinastanol
Pollinastanol

Lathosterol

Cholesterol
31-Norcycloartanol
14-Methylcholest-8-enol
Desmosterol
24-Methylenecholesterol
24-Methylenecycloartanol
Cycloeucalenol
Obtusifoliol
Iso-obtusifoliol
24-Methylenelophenol
Episterol

Epifungisterol
Campesterol
Campestanol
Avenasterol

Schottenol

Sitosterol

Sitostanol

Isofucosterol
Stigmasterol

2.146
0.086

0.086

-0.013
-0.234
0.019
0.112
-0.021
0.068
0.033
0.064
0.051
0.208
0.035
0.001
-0.022
-0.741
-0.823
0.014
-0.414
0.052
0.013
-0.752
-0.101
0.104
-0.030
0.162
-0.076

2.053
0.082

0.168

0.113
0.131
0.065
0.278
0.039
0.048
0.070
-0.018
0.077
0.531
-0.036
0.076
0.115
-0.138
0.085
0.072
-0.005
-0.756
-0.042
0.078
0.133
-0.746
0.059
-0.091
-0.653

1.874
0.075

0.243

0.054
-0.022
-0.919
0.139
-0.157
0.072
-0.924
-0.038
-0.082
0.256
0.035
0.037
0.067
-0.005
0.018
-0.002
-0.042
0.101
0.019
0.044
0.032
0.085
0.021
0.133
0.018

1.761
0.070

0.313

-0.683
-0.677
0.027
0.102
0.026
0.113
0.032
0.048
0.125
0.266
-0.794
-0.001
-0.003
-0.049
-0.079
0.058
-0.211
0.113
0.028
0.045
-0.031
0.028
0.031
0.121
0.031

1.581
0.063

0.376

-0.061
0.028
-0.022
-0.046
-0.004
-0.194
-0.021
-0.036
-0.069
-0.157
-0.035
-0.035
0.003
0.017
0.056
-0.043
0.041
-0.101
0.823
-0.066
0.250
0.143
0.838
-0.092
-0.099

1.460
0.058

0.434

0.042
-0.009
-0.028
-0.309
-0.018
0.670
-0.033
0.014
-0.086
-0.378
-0.066
-0.017
-0.082
-0.026
-0.049
-0.098
0.056
-0.131
-0.172
0.126
0.778
0.027
0.229
-0.072
-0.095

1.421
0.057

0.491

Factor loading

0.073
-0.199
-0.060
-0.415
0.114
0.090
0.024
-0.736
0.272
-0.036
0.009
-0.013
-0.143
-0.243
0.114
0.088
-0.641
0.079
0.048
-0.022
-0.143
-0.005
-0.029
-0.090
-0.110

1.356
0.054

0.545

0.163
-0.251
0.049
0.278
0.032
-0.150
0.067
-0.095
0.170
0.282
0.130
0.053
0.052
0.255
-0.036
-0.033
0.016
-0.024
-0.076
0.026
0.297
-0.263
0.155
-0.771
0.411

1.234
0.049

0.594

0.338
-0.168
-0.072
-0.168
0.086
-0.081
0.011
0.233
0.320
-0.350
-0.054
-0.057
0.801
-0.070
-0.086
0.013
-0.091
-0.121
0.046
0.250
-0.045
-0.036
-0.053
-0.086
-0.059

1.105
0.044

0.638

-0.131
-0.094
0.035
-0.286
-0.040
0.091
0.013
0.018
-0.110
0.215
0.128
-0.925
0.084
0.071
0.027
-0.009
-0.018
0.107
0.006
-0.090
-0.069
-0.024
0.038
0.084
0.085

1.098
0.044

0.682

0.107
-0.149
0.018
-0.143
-0.205
-0.222
-0.029
-0.001
-0.418
-0.027
-0.022
0.004
-0.014
-0.006
-0.062
0.842
-0.072
0.096
-0.064
0.090
0.077
-0.152
0.032
0.048
-0.068

1.069
0.043

0.725

-0.217
0.156
0.066
-0.027
-0.740
-0.080
-0.222
-0.009
0.571
-0.073
0.016
-0.005
-0.005
0.001
0.053
0.117
0.101
0.009
-0.056
-0.128
0.064
-0.044
0.044
-0.010
0.052
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Table 2. Identity of phytosterols in pollen of 122 plant species showing

those with phylogenetic signal across species. All values presented are based
on the percentage values of sterols except total sterols content (ug/mg sampled

pollen). A and C-24 value indicates structure of ring B and on the 24t" carbon (see

Fig. 1 for details). Pagel’s A and Blomberg'’s K are used for testing phylogenetic
signal. P-values for each test are given accordingly (p-A and p-K). Sterols with

significant phylogenetic signals are in bold.

Trivial Name
Cycloartenol

31-Norcycloartenol

24,25-Dehydropollinastanol

Pollinastanol

Lathosterol

Cholesterol
31-Norcycloartanol
14-Methylcholest-8-enol
Desmosterol
24-methylenecholesterol
24-Methylenecycloartanol
Cycloeucalenol
Obtusifoliol
Iso-obtusifoliol
24-Methylenelophenol
Episterol

Epifungisterol
Campesterol
Campestanol

Avenasterol

Schottenol

Sitosterol

Sitostanol
Isofucosterol
Stigmasterol

H-diversity

Grouped Sterols Grouping description

Sum_C0
Sum_C1
Sum_C2
Sum_DO0
Sum_D5
Sum_D7
Sum_D8

Total sterol

Semi-systematic Name

4,4,14-trimethyl 98,19-cyclo-cholest-

24-en-3b-ol
4,14-dimethyl 983,19-cyclo- cholest-

24-en-3b-ol

14-methyl 98,19-cyclo-cholest-24-en-

3b-ol
14-methyl 9B,19-cyclo-cholestan-3b-
ol

cholest-7-en-3b-ol

cholest-5-en-3b-ol

4,14-dimethyl 983,19-cyclo-cholestan-
3b-ol

14-methyl cholest-8-en-3b-ol

cholesta-5,24-dien-3b-ol

24-methyl cholesta-5,24(28)-dien-3b-
ol
4,4,14,24-tetramethyl 98,19-cyclo-
cholest-24(28)-en-3b-ol
4,14,24-trimethyl 9,19-cyclo-cholest-
24(28)-en-3b-ol
4,14,24-trimethyl cholesta-8,24(28)-
dien-3b-ol
4,14,24-trimethyl cholesta-7,24(28)-
dien-3b-ol
4,24-dimethyl cholesta-7, 24(28)-dien-
3b-ol
24-methyl cholesta-7,24(28)-dien-3b-
ol

240-methyl cholest-7-en-3b-ol
24a-methyl cholest-5-en-3b-ol

240-methyl cholestan-3b-ol

24-ethyl cholesta-7,24(28) trans-dien-
3b-ol

24a-ethyl cholest-7-en-3b-ol
24a-ethyl cholest-5-en-3b-ol

24a-ethyl cholestan-3b-ol

24-ethyl cholesta-5,24(28) trans-dien-
3b-ol
240-ethyl cholesta-5,22 trans-dien-3b-
ol

Shannon Index

No substitution at C-24
CHh substitution at C-24
C2Hn substitution at C-24

Phytostanols (Saturated ring B)
AS Sterols
A7 Sterols

A8 Sterols

a N o

o 0 © O

o o N N

o o ~N

a

Cco
Cco
Cco
Cco

Co
Co

Cco

Co
Co

C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C2
C2
C2
C2
C2

C2

<0.001
1.003
1.003
0.681
<0.001
0.076
1.003
<0.001
0.263
0.747
<0.001

<0.001
<0.001

0.973

<0.001
0.990
0.694
0.585
<0.001
<0.001
1.003
0.275
<0.001
0.634
<0.001

0.834

0.906
0.689
0.668
0.880
0.777
0.825
0.022
1.002

1.000
0.001
0.001
0.001

1.000
1.000
0.001
1.000
1.000
0.001
1.000

1.000
1.000

0.001

1.000
0.001
0.018
0.005
1.000
1.000
0.001
1.000
1.000
0.002
1.000

0.001

0.001
0.001
0.001
0.004
0.001
0.001
0.114
0.001

0.103
0.505
0.354
0.169

0.077
0.039

0.208

0.093
0.196

0.183
0.162
0.219
0.167
0.250
0.102
0.505
0.236
0.240
0.290
0.069
0.440

0.183
0.093

0.141
0.149

0.177

0.196
0.158
0.169
0.177
0.201
0.188
0.167
0.293

0.407
0.021
0.036
0.107

0.754
0.938

0.050
0.615
0.072
0.012
0.227
0.147
0.132
0.039
0.495
0.021
0.055
0.011
0.119
0.814
0.008

0.012
0.606

0.053
0.200

0.004

0.025
0.012
0.002
0.032
0.007
0.035
0.152
0.026
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Table 3. MRM (multiple regression on distance matrices) analysis results showing

regression coefficients and p-values for the multiple regression of pairwise distances

on the three first environmental principal components (PC1-PC3) and phylogenetic

distances against the sterol profile Bray-Curtis distance matrix.

Variable

Intercept
Phylogenetic distance
PC1

PC2

PC3

Regression coefficient

7.89E-01

2.27E-05

1.87E-02

-2.0 E-02

-1.07E-02

0.24

0.82

0.0587

0.0585

0.3635
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1004

1005

1006
1007

1008
1009

1010
1011

1012
1013

1014

1015

1016

1017
1018
1019

1020
1021
1022
1023

1024

1025
1026
1027
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Supplementary materials
Figures

Fig. S1. 2D-NMDS plot: Pollen sterol profile similarities between species of different

plant families.

Fig. S2. Boxplot: 24-MC content (ug/mg pollen) of plants with/without pollen as bee

reward.

Fig. S3. Boxplot: Sterol content (ug/mg pollen) of plants with/without pollen as bee

reward.

Fig. S4. GC-MS spectra of the 25 phytosterols identified in our study (after Tri-sil

derivatisation, extraction details see Materials and methods section).

Tables

Table S1. Data table (plant species, scores for different environmental
variables/principal components, pollinator guilds, sterol composition (relative &

absolute amounts)).

Table S2. Scientific name and family for all sampled species, along with suggested
OTL synonyms (which were subsequently used) and taxon IDs; species excluded
from the phylogeny are highlighted in grey; reason for exclusion due to issues in the

data and/or the OTL taxonomy are indicated.
Table S3. Variable contributions to axes of PCA of 13 environmental variables.

Table S4. Test results: Linear models of phylogenetic independent contrasts (PICs)
of total sterol amount/diversity against PICs of environmental variables and niche
breadth.
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a) 24-Methylenecholesterol 28

c) 24C-group:

Co C1 Cc2

-~ L i

24 24 24
le4\ 24

Fig. 1: Chemical structure of 24-methylenecholesterol as an illustration of phytosterols showing a)
carbon numbering; b) different substitutions in ring B; and c¢) different substitutions at C-24.
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Fig. 2: Pollen sterol profiles of plant species. Phylogenetic relationships are given on the left, bold
numbers indicate families. Relative contributions of individual sterols to each species’ total sterol
content are given in the centre; commonness (proportion of plants containing an individual sterol)
and relative abundance (average proportion of individual sterol in each species) are given at the
bottom; deeper reds indicate values closer to 1. Shannon diversity index (H), 24th carbon groups,
delta groups, and total sterol content are given on the right; circle size represents sums of relative
sterol contents in the respective groups (0 to 1), and log of g per mg pollen for total sterol
content. Sterol names and groups are coloured in the same fashion as illustrated in Fig. 1.
Families: 1 - Pinaceae, 2 - Nymphaeaceae, 3 - Colchicaceae, 4 - Cannaceae, 5 - Strelitziaceae, 6 -
Iridaceae, 7 - Asphodelaceae, 8 - Asparagaceae, 9 - Amaryllidaceae, 10 - Ranunculaceae, 11 -
Papaveraceae, 12 - Paeoniaceae, 13 - Geraniaceae, 14 - Myrtaceae, 15 - Onagraceae, 16 -
Cistaceae, 17 - Malvaceae, 18 - Oxalidaceae, 19 - Salicaceae, 20 - Linaceae, 21 - Euphorbiaceae, 22
- Fagaceae, 23 - Cucurbitaceae, 24 - Rosaceae, 25 - Fabaceae, 26 - Droseraceae, 27 -
Caryophyllaceae, 28 - Nyctaginaceae, 29 - Cactaceae, 30 - Hydrangeaceae, 31 - Polemoniaceae, 32
- Theaceae, 33 - Ericaceae, 34 - Primulaceae, 35 - Araliaceae, 36 - Apiaceae, 37 - Adoxaceae, 38 -
Caprifoliaceae, 39 - Campanulaceae, 40 - Menyanthaceae, 41 - Asteraceae, 42 - Apocynaceae, 43 -
Convolvulaceae, 44 - Solanaceae, 45 - Boraginaceae, 46 - Gesneriaceae, 47 - Scrophulariaceae, 48 -

Plantaginaceae, 49 - Bignoniaceae, 50 - Phrymaceae, 51 - Lamiaceae.
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Fig. 3: Hypothetical biosynthetic pathways of phytosterols identified in this study (pathways based

on Benveniste, 2004).
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Fig. 4: Correlation plots of phylogenetically independent contrasts (PICs) of positions on the
environmental principal component axes (PC1-PC3) and environmental niche breadth against PICs
of total pollen sterol amounts (top row) and sterol profile Shannon diversities H (bottom row). Blue
dashed lines indicate regression lines of linear models (with intercept set to zero); r2 and p-values
for linear models inserted in the respective plot. PC loadings from each environmental variable see
Table S3.
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Fig. 5: 2D-NMDS plots of sterol profiles for plants (a) with different pollinator guilds, and (b)
with/without pollen as bee reward. Distances correspond to sterol profile dissimilarity (Bray-Curtis
distances). Stress of NMDS solution: 0.202.
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