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Abstract
Main conclusion  One of seven Solanum taxa studied displayed associations between pollen presence and floral scent 
composition and volume, suggesting buzz-pollinated plants rarely use scent as an honest cue for foraging pollinators.

Abstract  Floral scent influences the recruitment, learning, and behaviour of floral visitors. Variation in floral scent can 
provide information on the amount of reward available or whether a flower has been visited recently and may be particularly 
important in species with visually concealed rewards. In many buzz-pollinated flowers, tubular anthers opening via small 
apical pores (poricidal anthers) visually conceal pollen and appear similar regardless of pollen quantity within the anther. 
We investigated whether pollen removal changes floral scent composition and emission rate in seven taxa of buzz-pollinated 
Solanum (Solanaceae). We found that pollen removal reduced both the overall emission of floral scent and the emission of 
specific compounds (linalool and farnesol) in S. lumholtzianum. Our findings suggest that in six out of seven buzz-pollinated 
taxa studied here, floral scent could not be used as a signal by visitors as it does not contain information on pollen availability.

Keywords  Chemical ecology · Concealed reward · Floral scent · Linalool · Plant–pollinator signalling · Plant ecology · 
Pollination · Poricidal flower · Volatile organic compound

Abbreviation
VOC	� Volatile organic compound

Introduction

Scent is a key floral trait that can influence plant reproduc-
tive success by attracting pollinators or manipulating their 
behaviour and learning (Wright and Schiestl 2009; Russell 
et al. 2018). Floral scents comprise a mixture of volatile 
organic compounds (VOC), of which > 2000 have been iden-
tified, and may have broad or specific activity (Knudsen et al. 
2006; El-Sayed 2019; Gfrerer et al. 2021). Pollinators can 
detect the presence and determine the relative abundance of 
VOC, allowing them to discriminate between complex scent 
blends when making foraging decisions (Byers et al. 2014; 
Zhao et al. 2022). Therefore, the diversity and abundance of 
VOC allows flowers to attract specific pollinators and elicit 
specialized behaviours, such as copulation in sexual mim-
icry (Schiestl et al. 2003), or vibrations in buzz-pollination 
(Russell et al. 2018).

Recent advances in floral chemical ecology demonstrate 
that scent is a dynamic trait that varies across space and 
time, allowing plants to modulate where and when signals 
are emitted (Burdon et al. 2015, 2020; García et al. 2021). 
Spatio-temporal analyses of floral VOC have revealed func-
tions beyond pollination, such as defence against predators 
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(Scala et al. 2013), parasites (Morinaga et al. 2009), and 
pathogens (Huang et al. 2012). Temporal variation in flo-
ral scent is found in many pollination systems and includes 
daily cycles, where peak emission of VOC coincides with 
key pollinator foraging activity (Raguso and Willis 2005; 
Morinaga et al. 2009). Longer term changes include commu-
nity scale effects caused by drought (Jaworski et al. 2022) or 
where plants flowering early in the season, when pollinators 
are rarer, produce stronger scents than those flowering when 
pollinators are in abundance (Filella et al. 2013). Permanent 
floral scent changes occur in response to herbivory (Kessler 
et al. 2011) and florivory (Vega-Polanco et al. 2020), as well 
as post-pollination to protect seeds from predation (Theis 
and Raguso 2005; Burdon et al. 2015), thus impacting repro-
ductive success. Experimental studies have also shown that 
floral scent attracts pollinators across spatial scales: airborne 
scent plumes act at long range (Dobson 1994), scent guides 
on petals orient bees at medium range (Dötterl and Jürgens 
2005), and scented rewards act at close range (e.g. nectar or 
pollen; Dobson et al. 1999; Burdon et al. 2020).

Variation in floral scent composition may occur based 
on floral reward availability and may lead to compound 
concentrations rising or falling as rewards are depleted 
and replenished (Wright and Schiestl 2009; Burdon et al. 
2015, 2020). We would expect pollinators to prefer scents 
associated with rewards, because this facilitates more effi-
cient foraging by avoiding depleted flowers. In fact, fossil 
evidence suggests that olfactory and visual signals associ-
ated with rewards were likely present in the most primitive 
flower–pollinator interactions (Crepet 1983). That flowers 
typically produce signals from non-rewarding tissues sug-
gests that scented reward production is either not beneficial 
or unfeasible (Raguso 2004; Leonard et al. 2011). This may 
be due to relatively small quantities of reward being unable 
to emit sufficiently large signals to attract pollinators or that 
adding secondary metabolites to rewards may render them 
distasteful or toxic (Stevenson et al. 2017; Jacquemart et al. 
2019). Alternatively, rewards may be contained within floral 
structures for protection (e.g. from environmental damage or 
detrimental floral visitors), which restrict or prevent signal 
transmission in one or more senses, e.g. nectar of bilabiate 
flowers, pollen in poricidal flowers, or both in keel flowers 
(Buchmann et al. 1983; Westerkamp 1997; Westerkamp and 
Claßen-Bockhoff 2007).

Poricidal flowers occur in approximately 22,000 species 
across at least 65 families, including some crops (e.g. tomato 
and kiwi). In contrast with typically longitudinally dehis-
cent flowers, poricidal flowers release pollen through pores 
or slits in response to vigorous vibrations: buzz-pollination 
(De Luca and Vallejo-Marín 2013). This adaptation effec-
tively restricts pollen access to approximately 74 bee genera, 
containing ca. 58% of bee species, reported to be capable 
of buzz-pollination (Cardinal et al. 2018). The enclosing 

structures of poricidal flowers conceal pollen and always 
appear full, yet bees visit rewarding flowers preferentially 
where scent stimulates buzzing (Buchmann and Cane 1989; 
Russell et al. 2017). As floral scent can change quickly 
(Farré-Armengol et al. 2014) and bees may use this trait 
to discriminate between rewarding and unrewarding flow-
ers, avoiding inconsistent or unrewarding flowers (Austin 
et al. 2019; van der Kooi et al. 2023), we hypothesise that 
the scent of poricidal flowers varies with pollen availability.

Using Solanum, a large genus of nectarless flowers that 
conceal their pollen inside poricidally dehiscent anthers, we 
asked whether floral scent changes depending upon reward 
availability. Floral scent would be expected to fluctuate with 
the presence of reward in the buzz-pollinated flowers of 
Solanum to provide information on reward availability which 
bees could use when foraging. We also assessed whether the 
same scent compounds fluctuate in relation to reward avail-
ability across the taxa studied. Analysis of floral scent in 
seven closely related Solanum taxa revealed specific changes 
in the emission and composition of VOC associated with 
pollen presence in only one taxon and suggest that floral 
scent acts as a signal of reward availability in plants with 
concealed floral rewards only rarely.

Materials and methods

Study system

Solanum is a large genus (c. 1350 species) used as a model 
system for investigating buzz-pollination (Särkinen et al. 
2013; Russell et al. 2016). Solanum flowers are nectar-
less, often hermaphrodites (Knapp 2002), releasing pollen 
from small distal anther pores via vibrating insects (King 
and Buchmann 1996). Here, we studied Solanum section 
Androceras, a small clade of self-compatible, annual or 
perennial herbs native to Mexico and the USA (Stern et al. 
2010). We selected seven taxa for analyses of floral scent 
composition, which have been previously used in detailed 
analyses of floral variation and mating system (Vallejo-
Marín et al. 2014; Kemp and Vallejo-Marín 2021), and the 
response of floral scent to florivory (Vega-Polanco et al. 
2020). Solanum rostratum (Dunal) and S. citrullifolium 
(A. Braun) produce large floral displays consisting of many 
flowers open simultaneously, with strong heteranthery pre-
sent in each flower where one anther is clearly larger than 
others (Fig. 1) (Stern et al. 2010; Vallejo-Marín et al. 2014). 
Solanum fructu-tecto (Cav.) and S. heterodoxum (Dunal) 
produce small displays consisting of few small flowers open 
simultaneously across the plant, rarely more than one flower 
open per inflorescence at any time with shorter anthers and 
less pronounced heteranthery (Fig. 1). The display size of 
S. grayi is dependent on the presence of the large-displaying 
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S. lumholtzianum (Bartlett): in allopatric regions, S. grayi 
produces large displays (S. grayi subspecies grandiflorum), 
but in sympatric locations, S. grayi produces small displays 
only (S. grayi ssp. grayi).

Plant material

Experimental plants were grown at the University of Stir-
ling. Seeds were collected from wild populations in Mexico 
between 2007 and 2010, except S. citrullifolium which was 
obtained from Radboud University’s Experimental Garden 
and GeneBank Solanaceae collection, Nijmegen, The Neth-
erlands (Table 1) (Vallejo-Marín et al. 2014). Germination 

was stimulated by soaking seeds for 24 h at room tempera-
ture in 1000 ppm aqueous gibberellic acid solution (GA3; 
Sigma-Aldrich, Dorset, UK) in February 2019. Seeds 
were then drained and planted individually in seed trays 
(2 × 2 × 5cm) containing Modular Seed Growing Medium 
Compost (William Sinclair Horticulture PLC, Lincoln, UK) 
and placed in a growth chamber with 16–24 °C temperature 
cycle and 75% relative humidity. Plants were illuminated at 
4.8–9.5 klx in an 18:6 h light:dark cycle. After 2–4 weeks, 
s.0eedlings were transferred to individual 1.5 L pots (15 
cm diameter) containing a 4:1 mix of All Purpose Grow-
ing Medium and Perlite Standard (William Sinclair Horti-
culture PLC) in a pollinator proof glasshouse. Plants were 

Fig. 1   Boxplot of volatile 
organic compound (VOC) emis-
sion rate of Solanum section 
Androceras flowers with and 
without pollen. Mean VOC 
emission of Solanum lumholtzi-
anum flowers was significantly 
greater than that of all other 
taxa. The VOC emission rate 
of flowers containing pollen 
was significantly higher than in 
those without pollen in S. lum-
holtzianum. Asterisks signify 
within-species significant differ-
ences (*P < 0.05, ***P < 0.001) 
and letters denote between-
species differences (P < 0.05). 
Sample size: n = 4 per treatment 
per species, except S. lumholtzi-
anum where n = 3

Table 1   Seed source locations for Solanum section Androceras studied

Taxon Accession Location Latitude (N) Longitude (E) Elevation (m) Herbarium specimen

S. citrullifolium 199-7-1
199-7-7
199-7-9

Nijmegen, Solanaceae 
Collection

NA NA NA NIJ: 894750197

S. heterodoxum 11-PTEM-14
11-PTEM-15

Teotihuacan Archaeologi-
cal Site, Mexico State

19.685
19.685

– 98.843
– 98.843

2284
2284

RBGE: E01009043; 
E01009044; E01009045

S. rostratum 10-s-77
10-s-79
10-s-81

San Miguel, Queretaro 
State

20.901 – 100.705 2033 RBGE: E01009047; 
E01009048

S. fructu-tecto 10-AH-9
11-CU-4

Atitalaquia, Hidalgo State
Ciudad University, 

Mexico City

20.066
19.394

– 99.216
– 99.192

2090
2311

ECOTAP: HET1905

S. grayi ssp. grayi 07-s-19-4b
07-s-19-5b
07-s-19-6b

Guamúchil, Sinaloa State 25.340 – 107.951 93 IBUNAM: MEXU1229199

S. grayi ssp. grandiflorum 08-s-78
08-s-79

Tejupilco, Mexico State 18.852 100.131 1375 RBGE: E01009041; 
E01009042

S. lumholtzianum 07-s-57
07-s-59

Guamúchil, Sinaloa State 25.340 – 107.951 93 NA
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fertilised weekly with Tomorite Concentrated Tomato Food 
(Tomorite, Levington, Surrey, UK), watered as needed 3 
times a week, maintained between 16 and 25 °C and illu-
minated for ≥ 16 h per day by sunlight supplemented with 
compact-fluorescent lights. Flowering started when plants 
were approximately 75 cm tall and was sustained by remov-
ing any seed pods, arising from selfing, with sharp scissors 
every Friday, at least 72 h before headspace was sampled. 
Anthesis in Solanaceae often lasts multiple days (Silva-Neto 
et al. 2016) and lasted for approximately 5 days in the taxa 
studied if flowers remain unfertilised and plants unstressed 
(personal observation).

Floral headspace sampling

Floral headspace samples were collected between May and 
September 2019. Headspace was continuously sampled from 
all flowers per plant for 6 h to optimise VOC capture as 
pilot work by the University of Greenwich indicated low 
VOC levels were collected over shorter periods from some 
taxa. Sampling began between 06:00 and 08:00 to cover the 
period of peak pollinator visitation to wild plants (Solís-
Montero et al. 2015) which we hypothesised to coincide 
with peak attractant VOC emissions (following Muhlemann 
et al. 2014). Samples were collected by enclosing all flower-
ing inflorescences from a single plant within an odourless 
3.2 L PET bag (Multi-Purpose Cooking Bag Sainsbury’s 
Supermarkets Ltd., London, UK; see Stewart-Jones and 
Poppy 2006). As flowers in this clade grow on indetermi-
nate inflorescences, stems and unopen flower buds were 
also enclosed, but leaves were excluded. A mains-operated 
vacuum-pump (FB65540, Fisher Scientific, Hampton, NH, 
USA) pulled air through a charcoal filter into the bag to 
remove contaminants and extracted air through a collection 
filter at a rate of 2,000 cm3 min−1. To maintain environmen-
tal consistency and so reduce the chance of plant heat stress, 
samples were collected in a shaded area of the glasshouse 
plants were grown in. Combined with constant airflow, this 
precaution prevented condensation forming inside sampling 
bags, which could interfere with floral scent sampling. Wilt-
ing of plant tissue and formation of condensation was never 
observed. Filters consisted of a 4mm i.d. Pasteur pipette 
containing Porapak Q (200 mg, 50–80 mesh; Waters, Mil-
ford, MA, USA) held between plugs of silanized glass wool. 
All filters were handled and stored together. On the day of 
VOC collection, control filters were randomly selected and 
placed on a sheet of aluminium foil beside the experimental 
setup for the duration of headspace sampling, but no air was 
drawn through them. After sampling was complete, all fil-
ters were wrapped in clean aluminium foil and transported 
to the Natural Resources Institute, Chatham Maritime, UK, 
for analysis.

Floral headspace sampling experimental treatments

Headspace samples were collected from unmanipulated vir-
gin flowers, and flowers from which pollen was removed. 
Both treatments were always sampled concurrently from dif-
ferent plants of the same taxon and accession. On the day of 
headspace collection, pairs of plants with abundant flowers 
were selected and randomly allocated to either treatment. 
Pollen was mechanically removed from all flowers of the 
appropriate plant by vibrating all of a flower’s anthers within 
a 2ml Eppendorf tube using an electric toothbrush (Braun 
Oral-B Type 3756; Oral-B, Redwood City, CA, USA) oper-
ating at approximately 1000 Hz for 30 s or until pollen 
expulsion ceased, whichever took longer. Care was taken 
to ensure that stigmas were excluded from the Eppendorf 
to avoid pollination which can cause floral VOC changes 
(Theis and Raguso 2005). Headspace was sampled con-
tinuously for 6 h, starting no more than 20 min after pollen 
removal. Both treatments were simultaneously sampled from 
separate plants of the same accession. Four samples were 
collected per treatment per species, except S. lumholtzianum, 
which was only sampled three times per treatment due to 
difficulty getting sufficient plants to flower. Individual plants 
were used only once.

Pollen scent sampling

We hypothesised that pollen was a source of floral VOC, so 
pollen of S. citrullifolium, S. rostratum, and S. lumholtzi-
anum was extracted as outlined above. Pollen was extracted 
from all open flowers on a plant, but individual plants were 
not used elsewhere in this study. VOC was not assessed from 
flowers of other taxa as a useable amount of pollen could not 
be collected, because plants produced either too few flow-
ers or flowers contained too little pollen, or both. To ensure 
sufficient pollen was collected for VOC extraction, pollen 
from 40 individual flowers was collected and was pooled by 
species. As very small quantities of pollen were collected 
(S.  citrullifolium = 227 mg, S.  rostratum = 306 mg, and 
S. lumholtzianum = 173 mg), it was decided that headspace 
sampling may not collect sufficient quantities of volatiles for 
analysis. Therefore, solvent extraction was used as it likely 
extracts more volatiles (Kessler and Halitschke 2009) ensur-
ing that we were able to distinguish the volatile chemistry of 
the pollen from the floral scent and quantify it. After collec-
tion, pollen was stored in 2 ml Eppendorf tubes at − 18 °C 
until scent sampling. To extract pollen VOC, pollen was 
mixed with 1 ml hexane, left for 1 h, and then centrifuged 
for 1 min at 2000 g. The supernatant was pipetted into clean 
2.5 ml glass vials and transferred to the Natural Resources 
Institute for analysis. No VOC were detected in the solvent 
extracts from pollen of S. citrullifolium, S. rostratum, and 
S. lumholtzianum.
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Volatile analysis

Collection filters were extracted in 1ml of dichlorometh-
ane. Decyl acetate (5µg) was added to each sample as an 
internal calibration standard. VOC samples were analysed 
with flame ionization detection (FID) using an Agilent 
7890 GC (Agilent Technologies Inc., Santa Clara, CA, 
USA), with a split/splitless inlet using helium as the carrier 
gas (2.4ml min−1 flow rate). The column (Agilent DBWax 
30 m × 0.32 mm × 250 µm) was held at 60 °C for 2 min 
before ramping to 240 °C by 6 °C min−1. Data were cap-
tured and analysed with EZChrom Elite (Agilent). Results 
were calibrated against pure synthetic standards of the com-
pounds. Peak identities were further confirmed by analysing 
samples by gas chromatography/mass spectrometry, using a 
Varian GC (Varian Medical Systems, Palo Alto, CA, USA) 
coupled to a Varian 2000 ion trap and a DBWax column 
(Agilent, 30 m × 0.25 mm × 250 µm).

Analysis

To account for variation in the number of flowers sampled 
and collection duration (Supplementary Information S1), 
we standardised data by calculating volatile emission per 
minute per flower (VOC emission ng−1 min−1) and used this 
in all analyses. To determine variation in total floral VOC 
emission rate between plant taxa and in response to pol-
len presence, we analysed the per flower total VOC emis-
sions (ng min−1) with two-way ANOVA (aov function, stats 
package) using emission as the dependent variable with 
plant taxa and pollen presence as the explanatory variables 
(emission ~ taxa × pollen presence). Type III corrections 
were applied (Anova function, car package) to account for 
an unbalanced design, as one fewer VOC collection was 
made for S. lumholtzianum in each treatment than all other 
species. Between-species comparisons were explored with 
Tukey’s honestly significant difference test (Tukey’s HSD: 
TukeyHSD function, stats package). The effect of pollen 
presence on total VOC emission within species was ana-
lysed using Student t tests as these are logical, a priori pairs. 
To assess whether floral scent composition differed within 
taxon in response to pollen presence and if floral scent dif-
fered between taxa, we used a two-way MANOVA (manova 
function, stats package), analysing emission of the 5 detected 
VOC per flower (ng min−1) as dependant variables with pol-
len presence and plant taxa as explanatory variables. We 
further investigated the MANOVA results with two-way 
ANOVA with Bonferroni corrections (summary.aov func-
tion, stats package, Alpha = 0.008). R version 4.2.1 (R Core 
Team 2022) was used for all analyses and figures were gen-
erated in R ggplot2 package (Wickham 2016). Assumptions 
of homogeneity of variance and normally distributed residu-
als were met for ANOVA and t-test analyses (respectively, 

Levene’s and Shapiro–Wilk’s tests P > 0.05; leveneTest and 
shapiro.test, stats package) and the multivariate equivalent 
assumptions were also met for MANOVA (assumptions_
manova, micompr package).

Linalool has two naturally occurring stereoisomers with 
different biological properties (Raguso and Pichersky 1999), 
while farnesol has four geometric isomers (Yu et al. 2005). 
Unfortunately, due to methodological limitations, we were 
unable to distinguish the isomers in this study. (Z)-3-hexe-
nol, methyl phenylacetate, and geraniol were identified in 
control and experimental filters and were hence considered 
contaminants and excluded from all analyses (Supplemen-
tary Information S2). Butylated hydroxytoluene was also 
considered a contaminant and excluded from analysis as it 
is not a known natural product from plants (DF, personal 
observation), though produced by algae (Babu and Wu 
2008), it is an antioxidant found in PVC tubing as used in 
this study (Hill et al. 2003).

Results

Total emission of floral scent

The total amount of floral VOC emitted by the flowers var-
ied by two orders of magnitude between taxa, from 18.5 to 
767.9 ng min−1, with S. lumholtzianum emitting 3–42 times 
more VOC than other taxa (F6,40 = 17.1, P < 0.001; Tukey’s 
HSD P < 0.001) (Table 2, Fig. 1, Supplementary Information 
S3). Pollen containing flowers emitted 5–1039% (S. grayi 
ssp. grayi and S. lumholtzianum, respectively) more scent 
than those without pollen (F1,40 = 7.7, P < 0.01) (Fig. 1). The 
between-treatment difference was significant only in a single 
species, S. lumholtzianum (interaction: F1,40 = 9.5, P < 0.001; 
t test: t6 = 7.9, P < 0.05) (Supplementary Information S5), 
and not between or within any other taxa (Fig. 1).

Composition of floral scent

Five VOC detected in the floral headspace in Solanum 
section Androceras varied significantly between taxa 
(MANOVA: F4,40 = 4.03, P < 0.001) (Figs. 2, 3, Table 1, 
Supplementary Information S6). Two of these, linalool 
and farnesol, also reduced in response to pollen removal 
(P < 0.001), with significant differences in the response to 
pollen removal detected between taxa (interaction P < 0.001) 
(Fig. 3; Supplementary Information S3; Supplementary 
Information S4). Linalool was only detected in the head-
space of pollen-containing flowers of the three large-dis-
playing taxa, S. lumholtzianum, S. grayi ssp. grandiflorum, 
and S. citrullifolium, where it comprised 64.5%, 0.9%, and 
1.3% of the with-pollen floral scent, respectively (Table 2). 
Solanum lumholtzianum emitted significantly more linalool 
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than other taxa (taxon: F6,40 = 45.28, P < 0.001; Tukey’s 
Pairwise HSD: P < 0.001) (Fig. 2a), where linalool emis-
sions responded dramatically to pollen removal decreasing 
from 498.1 to 0 ng min−1 (treatment: F = 35.45, P < 0.001; 
Tukey’s pairwise HSD: P < 0.001), and was responsible for 
the significant interaction (F = 45.28, P < 0.001; Tukey’s 
Pairwise HSD: P < 0.001). Linalool was also detected only 
in pollen-containing flowers of S. grayi ssp. grandiflorum 
and S. citrullifolium (i.e. linalool was not detected in flowers 
without pollen), but emissions were low and the change was 
not statistically significant (Table 2). Farnesol was detected 
in all taxa and varied significantly with pollen presence 
(F6,40 = 7.182, P < 0.05) (Fig. 2b, Table 2), with the great-
est difference observed in S. lumholtzianum where pollen-
containing flowers emitted 36 times more farnesol than those 
without (171 ng min−1 and 5 ng min−1 respectively; Tukey’s 
Pairwise HSD, P < 0.05) (Figs. 2, 3). There were no other 
significant differences between or within species; however, 
the interaction was significant (F6,40 = 2.9202, P < 0.05).

Three further VOC showed significant differences 
between species but not associated with pollen presence. 
Hexenyl acetate was detected in all taxa except S. fructu-
tecto and varied significantly between taxa (F6,40 = 4.463, 
P < 0.005) (Fig. 2c, Table 2). Hexenyl acetate accounted 
for 24.6% of the floral scent in S. grayi ssp. grayi 
(55.9 ng−1 min−1), significantly more than in all other taxa 
(Tukey’s Pairwise HSD, P < 0.05) except S. citrullifolium 

(mean 23.3 ng−1 min−1). Farnesal was detected in all taxa 
with significant differences in emission between species: 
S. fructu-tecto produced 99.1 ng−1 min−1, 7.8 times more 
than S. rostratum (F6,40 = 2.409, P < 0.05) (Fig. 2d, Table 2). 
Caryophyllene was recorded in all taxa except S. rostratum 
and S. lumholtzianum and varied significantly between taxa 
(F6,40 = 2.390, P < 0.05) (Fig. 2e, Table 2) although no pair-
wise comparisons were significant (Tukey’s pairwise HSD 
P > 0.05).

Discussion

We set out to address whether floral scents vary depending 
upon the availability of visually concealed pollen, which 
could be used by foraging pollinators. Specifically, we asked 
whether seven poricidal taxa change their floral scent upon 
pollen removal. Species of Solanum section Androceras have 
long been known to be chemically distinct due to the evo-
lution of novel flavonoid biosynthetic pathways during the 
diversification of the group (Whalen 1978). It is therefore 
unsurprising that between-species differences were found in 
three chemicals detected in this study: linalool, hexenyl ace-
tate, and farnesal. Of far greater consequence was our finding 
that vibrational pollen removal causes significant changes in 
Solanum lumholtzianum VOC, with reductions in the emis-
sion of total floral scent and of individual chemicals, namely 

Fig. 2   Boxplot of five VOC emitted by Solanum section Androceras 
flowers with and without pollen. Linalool a was detected only in 
pollen-containing flowers of S. citrullifolium, S. rostratum and S. lum-
holtzianum. Solanum  lumholtzianum emitted more linalool than 
all other taxa which decreased significantly after removal of pol-
len. Farnesol emission b in S.  lumholtzianum was also significantly 

higher in pollen-containing flowers. Significant between-species dif-
ferences were detected in the floral emission of hexenyl acetate and 
farnesal (c and d, respectively) but not in caryophyllene (e). Asterisks 
denote within-species statistically significant differences (*P < 0.05, 
***P < 0.001) and letters denote between-species differences 
(P < 0.05)
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Fig. 3   Radar plots of floral scent composition for each of the seven 
studied taxa of Solanum section Androceras. Floral scent composi-
tion varied between taxa and changed after pollen was removed. Lin-
alool was emitted by pollen-containing flowers of S. lumholtzianum, 

S. grayi ssp. grandiflorum and S. citrullifolium but was not detected 
in the headspace of any flowers without pollen. Linalool and farnesol 
emission in S. lumholtzianum reduced significantly upon pollen 
removal
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linalool and farnesol. Indeed, linalool was only detected in 
the headspace of flowers containing pollen, present also in 
S. citrullifolium and S. grayi ssp. grandiflorum, but absent 
in flowers without pollen. Other authors have described 
correlations between floral traits and nectar (Knauer and 
Schiestl 2015; Gervasi and Schiestl 2017; Parachnowitsch 
et al. 2019), but this is the first demonstration of rewards and 
signals correlating in pollen rewarding plants. Yet, detecting 
reward-associated scent variation in one of seven taxa sug-
gests that this may be a rare trait, and that buzz-pollinated 
flowers more commonly conceal their reward status from 
pollinators not only visually but also through their scent.

Signals and cues which correlate with reward quality or 
quantity can be considered honest as they provide accurate 
information on the status of rewards (van der Kooi et al. 
2023). We demonstrated that VOC emission correlated with 
pollen presence in one species, S. lumholtzianum. Indeed, 
that linalool was emitted by pollen-containing flowers of 
two further taxa suggests a conserved mechanism for hon-
est signalling may exist in the group, but this needs further 
investigation. Honest reward signals are expected to evolve 
and persist where they are beneficial, by increasing plant 
export and receipt of pollen, and will be used where they 
improve the efficiency of pollinator learning, handling, and 
profitability (Dobson and Bergström, 2000; Raguso 2004). 
Honest signalling is expected to break down when these 
conditions are not met or are rendered irrelevant by plant 
transitions away from scent-oriented pollinators or zoo-
phily entirely (Gervasi and Schiestl 2017). Such changes 
in reproductive strategies have been suggested in section 
Androceras (Vallejo-Marín et al. 2014) which may explain 
why significant scent changes were not observed in response 
to pollen removal in all taxa examined. We would therefore 
not expect all species with pollen-only flowers to present 
honest scent signals, rather those which rely most heavily 
on scent-oriented pollinators such as bees.

Scented pollen is produced by many angiosperm taxa, 
contributing to flower scent and pollinator attraction (Dob-
son et al. 1999; Muth et al. 2016). Thus, we hypothesised 
that pollen is a source of some floral VOC in S. lumholtzi-
anum, the removal of which changes overall flower scent. 
Yet, we did not detect any pollen emitted VOC. Indeed, the 
contribution of pollen volatiles to floral scent is generally 
understudied and the few studies conducted on poricidal 
flowers have produced equivocal results. Pollen-associated 
VOC were reported in some Solanum species (Kessler and 
Halitschke 2009; Palmer-Young et al. 2019) but not in oth-
ers (this study; Solís-Montero et al. 2018). This could be 
due to pollen scent being a highly variable, species-specific 
trait, or due to methodological differences (e.g. solvent 
choice, extraction duration, sample size, or sampling tech-
niques). However, pollen of buzz-pollinated flowers may be 
unscented. In most angiosperms, pollen scent is emitted by 

a pollen grain coating: pollenkitt (Pacini and Hesse 2005). 
Yet, as pollenkitt is adhesive, causing pollen grain clump-
ing, it is greatly reduced or absent in plants which rely on 
airborne pollen transfer as in wind- and buzz-pollination 
(Buchmann et al. 1983; Timerman and Barrett 2021). Fur-
thermore, the internal chambers and small anther pore aper-
tures of poricidal flowers (Buchmann and Cane 1989) could 
conceivably restrict scent emission and so reduce the advan-
tage of scented pollen. Indeed, the emission of scent from 
osmophores on the exterior of S. rostratum anthers conforms 
to this hypothesis (Solís-Montero et al. 2018). Therefore, if 
pollen is unscented and visually concealed within anthers, 
pollinators foraging on plants which provide honest signals, 
like S. lumholtzianum, must rely entirely on cues produced 
by other plant tissues. However, in other taxa where flower 
visual and olfactory signalling are constant, pollinators can 
only assess pollen presence by buzzing flowers. This could 
improve reproductive success by increasing visitation, thus 
raising the probability of pollen receipt and export. If this 
conveyed a large reproductive advantage it could partly 
explain the abundance, diversity, and convergent evolution 
of buzz-pollinated plants. Future work across multiple buzz-
pollinated flower families using a combination of standard-
ised collection methods (e.g. solvent extraction, solid-phase 
microextraction, and headspace collection) would help 
resolve whether scented pollen is common and identify other 
sources of floral scent. Ideally, such investigations would 
include species with scented pollen as a positive control.

Alternatively, scent emission may change in response 
to pollen removal by insect vibrations or experimental 
extraction and trigger changes in plant physiology. Plants 
respond to environmental stimuli and damage (e.g. her-
bivory) by producing secondary metabolites which alter 
plant physiology or signal to conspecifics and natural allies 
(Kessler et al. 2011; Atamian et al. 2016). Such responses 
can be localised or systemic. Physiological responses to 
herbivory can reduce pollinator attraction by upregulat-
ing repellent compounds and downregulating attractive 
ones (Kessler and Halitschke 2009; Kessler et al. 2011). 
Furthermore, florivory causes floral scent change in S. 
rostratum, reducing pollinator and herbivore attraction 
but not reproductive success (Vega-Polanco et al. 2020). 
Indeed, the removal of pollen, pollinaria, or nectar with-
out pollination may trigger flower senescence (Richard-
son and Stephenson 1989; Clayton and Aizen 1996; Huda 
and Wilcock 2012) similar to post-pollination responses 
(Theis and Raguso 2005; Herrera 2011). This suggests 
that plants may detect the removal of floral rewards by 
mechanisms other than damage which may explain the 
observed scent changes in S. lumholtzianum. Further 
investigation to disentangle the mechanism of VOC 
change, could compare scent of flowers from which pol-
len has been extracted by buzzing bees, by damaging and 
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non-damaging experimental methods (i.e. sound waves or 
indirect vibrations: Kemp and Vallejo-Marín 2021; Nunes 
et al. 2021) and by vibrating anthers without extracting 
pollen accompanied by a comprehensive investigation of 
whether pollen emits VOC directly. However, regardless 
of the mechanism which causes scent change, bees will use 
perceptible differences between flowers to inform foraging 
decisions (Rains et al. 2008; Clarke et al. 2013; Harrap 
et al. 2020). This might, therefore, represent an important 
but overlooked mode of plant–pollinator signalling in pori-
cidal flowers worthy of further investigation, especially in 
relation to pollinator foraging behaviour.

Our study suggests that floral scents associated with 
reward (i.e. pollen) could represent an example of hon-
est signalling used by flowers with concealed rewards 
and in pollen-only flowers. We showed that headspace 
of the pollen-only, poricidal flowers of S. lumholtzianum 
change in response to pollen removal, although more work 
is required to determine whether this is attributed to the 
loss of pollen emitted VOC. Emission of both linalool, 
a chemical with well-characterised pollinator attractive 
function, and farnesol positively correlated with pol-
len availability, and could be used by pollinators when 
making foraging decisions. Yet, the six other taxa stud-
ied exhibited no significant VOC change, suggesting that 
buzz-pollinated flowers commonly prevent remote reward 
assessment using scent as they do to sight.
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