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• Background and Aims Dipteran insects are known pollinators of many angiosperms, but knowledge on how 
flies affect floral evolution is relatively scarce. Some plants pollinated by fungus gnats share a unique set of floral 
characters (dark red display, flat shape and short stamens), which differs from any known pollination syndromes. 
We tested whether this set of floral characters is a pollination syndrome associated with pollination by fungus 
gnats, using the genus Euonymus as a model.
• Methods The pollinator and floral colour, morphology and scent profile were investigated for ten Euonymus 
species and Tripterygium regelii as an outgroup. The flower colour was evaluated using bee and fly colour vi-
sion models. The evolutionary association between fungus gnat pollination and each plant character was tested 
using a phylogenetically independent contrast. The ancestral state reconstruction was performed on flower 
colour, which is associated with fungus gnat pollination, to infer the evolution of pollination in the genus 
Euonymus.
• Key Results The red-flowered Euonymus species were pollinated predominantly by fungus gnats, whereas the 
white-flowered species were pollinated by bees, beetles and brachyceran flies. The colour vision analysis sug-
gested that red and white flowers are perceived as different colours by both bees and flies. The floral scents of the 
fungus gnat-pollinated species were characterized by acetoin, which made up >90 % of the total scent in three 
species. Phylogenetically independent contrast showed that the evolution of fungus gnat pollination is associated 
with acquisition of red flowers, short stamens and acetoin emission.
• Conclusions Our results suggest that the observed combination of floral characters is a pollination syndrome 
associated with the parallel evolution of pollination by fungus gnats. Although the role of the red floral display and 
acetoin in pollinator attraction remains to be elucidated, our finding underscores the importance of fungus gnats as 
potential contributors to floral diversification.

Key words: Acetoin, Celastraceae, Euonymus, phylogeny, pollination by fungus gnat, pollination syndrome, pol-
linator shift, red flower.

INTRODUCTION

The observation that distantly related plants sharing the same 
pollinators exhibit a set of similar floral characteristics has led 
to the idea of the pollination syndrome, suggesting that the 
shared floral traits are the result of convergent adaptation to-
wards particular pollinators (Delpino, 1873–1874; Vogel, 1954; 
van der Pijl, 1960; Fenster et al., 2004; Ashworth et al., 2015; 
Johnson and Wester, 2017). Pollinating vectors include various 
animal groups that differ in morphology, behaviour and sen-
sory properties. Traditionally, distinct pollination syndromes 
have been proposed for pollination by bees, birds, bats, (hawk)
moths, non-flying mammals, butterflies, beetles, flies, carrion 
flies, long-tongued flies and wasps (Fægri and van der Pijl, 
1979; Proctor et al., 1996; Willmer, 2011). Because this cat-
egorization assumes that each set of floral traits is shaped by 

pollinator-mediated selection, a phylogenetic test on the evo-
lutionary association between pollinator types and floral traits 
provides support for the pollination syndrome hypothesis 
(Ollerton et al., 2009). However, evidence is largely limited to 
systems involving large pollinators, such as bees, birds and bats 
(i.e. Whittall and Hodges, 2007; Smith et al., 2008; Tripp and 
Manos, 2008; Martén-Rodríguez et al., 2009; Lagomarsino et 
al., 2017). Comparatively, little effort has been made in the ana-
lysis of floral traits in other pollination systems, especially those 
involving small insects and small flowers (Dellinger, 2020).

The true flies, Diptera, are among those insects whose evo-
lutionary relationship with floral traits remains unexplored. 
Dipteran insects are known to transfer the pollen of a sig-
nificant fraction of plant species, particularly in alpine areas 
(Lefebvre et al., 2014; Orford et al., 2015) and agricultural 
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environments (Warren et al., 1988; Elberling and Olesen, 1999; 
Ssymank et al., 2008), and act as the fundamental pollinators of 
certain plant lineages, such as Araceae (Chartier et al., 2014). 
Pollination by dipteran insects, or myiophily (myophily), has 
often been grouped into three types (Fægri and van der Pijl, 
1979; Rosas-Guerrero et al., 2014; Ashworth et al., 2015). 
One is the generalized pollination system in which a single 
plant is pollinated by flies of diverse families, such as blow 
flies and hoverflies. The plants normally have yellow or white, 
bowl- to open-shaped and nectar-producing flowers (Zych et 
al., 2014; Garcia et al., 2022), which are sometimes specif-
ically called myiophilous flowers (Willmer, 2011). Second is 
sapromyiophily, in which the plants are pollinated by a fly guild 
including house flies, dung flies and blow flies that use animal 
dung and/or carrion for feeding and reproduction. The plants 
possess dull, dark-purplish flowers emitting floral scent that 
resembles animal dung or carrion (Chen et al., 2015). Lastly, 
plants pollinated by long-tongued Nemestrinidae flies share 
purple- to cerise-coloured, narrow-tubed flowers (Manning and 
Goldblatt, 1996), although the geographical occurrence is re-
stricted to southern Africa.

Recent meta-analyses of pollination syndrome show that 
the floral traits of these Diptera-pollinated plants are good pre-
dictors of the associated pollinators (Rosas-Guerrero et al., 
2014; Ashworth et al., 2015). Nevertheless, such classical cat-
egorization has often been questioned. This is because pollin-
ation by Diptera involves >70 fly families (Larson et al., 2001), 
and they are diverse in both adult and larval habitats, collect-
ively utilizing the broadest range of insect niches (Marshall, 
2012). Consequently, the selective pressure imposed on plants 
might be much more diverse than currently categorized (Larson 
et al., 2001; Inouye et al., 2015). For example, the genera 
Ceropegia (Apocynaceae) and Aristolochia (Aristolochiaceae) 
independently evolved kleptomyiophily, in which the plants 
lure kleptoparasitic flies of Milichiidae and Chloropidae using 
an odour mimicking freshly killed insect bodies (Oelschlägel et 
al., 2014; Heiduk et al., 2016). Likewise, some fly-pollinated 
plants often exploit female flies by mimicking oviposition sites 
(Stökl et al., 2011). As such, the floral adaptations in plants 
pollinated by different groups of dipteran insects are likely to 
differ from one another (Johnson and Schiestl, 2016), but we 
lack evidence on whether different dipteran insect groups have 
driven the evolution of distinct floral characteristics.

Plants pollinated by fungus gnats are putative examples ex-
hibiting convergence in floral traits (Okuyama et al., 2008; 
Mochizuki and Kawakita, 2018). Fungus gnats are small dip-
teran insects belonging to several families in the superfamily 
Scialoidea in the suborder Nematocera, such as Mycetophilidae 
and Sciaridae. Many species inhabit forests, where their larvae 
feed on fungal materials, decomposing plant matter or bryo-
phytes (Jakovlev, 2011; Okuyama et al., 2018). Pollination by 
fungus gnats has generally received little attention but is now 
known in 12 plant families (Mochizuki and Kawakita, 2018; 
Guo et al., 2019). Examples include trap pollination in the 
genus Arisaema (Vogel and Martens, 2000; Matsumoto et al., 
2021) or Pterostylis orchids that exploit copulatory behaviour 
of male fungus gnats (Reiter et al., 2019). Yet, many fungus 
gnat-pollinated plants offer nectar as a reward (Okuyama et al., 
2004). In our previous study, we found that seven plant species 
belonging to five families in Japan are pollinated predominantly 

by fungus gnats and reward them with nectar (Mochizuki and 
Kawakita, 2018). The flowers of the seven species and the pre-
viously known fungus gnat-pollinated Mitella are strikingly 
similar to each other, in that they share a dark red floral display, 
short stamens, flat-shaped flowers and exposed nectaries. The 
observation that distantly related plants that share fungus gnat 
pollinators possess a set of similar floral characters fits the con-
cept of a pollination syndrome (Fenster et al., 2004).

In this study, we tested whether adaptation to fungus gnat 
pollination has driven the evolution of convergent floral char-
acters in the spindle tree genus Euonymus (Celastraceae). This 
test requires information on the phylogenetic relationship and 
pollinator data of closely related plant species with variable 
floral characters (e.g. Whittall and Hodges, 2007; Okuyama et 
al., 2008; Smith et al., 2008; Lagomarsino et al., 2017). The 
genus Euonymus contains 129 species of shrubs or shrublets 
distributed mainly in the Northern Hemisphere, with a centre 
of diversity in East Asia (Ma, 2001). The flowers of Euonymus 
species are typically pale green or yellowish white (henceforth 
‘white’), but roughly one-quarter of the species have flowers 
with dull red or dark red colour (henceforth ‘red’) (Ma, 2001). 
The known fungus gnat-pollinated Euonymus lanceolatus, E. 
melananthus and E. tricarpus possess dark red flowers and 
occur in dark forest floor habitats or along forest streams, 
which are common habitats of fungus gnat-pollinated plants 
(Mochizuki and Kawakita, 2018). The overall floral morph-
ology is similar among species, in that flowers are open and 
flat in shape, with an exposed nectary disc. In contrast, filament 
length varies among species, ranging from almost sessile to as 
long as the petal length (Ma, 2001). Floral scent is normally de-
tectable to the human nose and is also variable among species, 
with fungus gnat-pollinated species typically having a distinct 
fermented scent (K. Mochizuki, pers. obs.). Such variations in 
flower colour, stamen length and floral scent within the genus 
allow us to test the hypotheses of floral evolution associated 
with pollination systems.

We investigated the pollinators and floral characters (colour, 
stamen length and floral scent) of five red-flowered Euonymus 
species distributed in East Asia and North America (pollin-
ator information of three species is derived from the paper by 
Mochizuki and Kawakita, 2018), five white-flowered Euonymus 
species in Japan and Tripterygium regelii, which served as an 
outgroup. The flower colour was evaluated using insect colour 
vision models to account for the perception of flower colour by 
insect vision (Chittka, 1992; Troje, 1993). The obtained pol-
linator data and floral characters were mapped to a molecular 
phylogeny to test the evolutionary association between fungus 
gnat pollination and each plant trait. We then reconstructed the 
ancestral state of flower colour, which is strongly associated 
with fungus gnat pollination, to infer the evolutionary scenario 
of fungus gnat pollination in the genus Euonymus.

MATERIALS AND METHODS

Observations of pollinators

To explore the relationship between floral traits and pollin-
ators, we investigated the pollinators of plant species with dif-
ferent morphology and/or colour relative to species pollinated 
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by fungus gnats. In Japan, 18 Euonymus species are native: 
14 have white or yellowish flowers and four possess dark 
red flowers (Fig. 1). For the species with white flowers, we 
studied the pollinator assemblages and floral characters of 
Euonymus alatus, E. oxyphyllus and E. planipes with short 
stamens, and E. japonicus and E. sieboldianus with long sta-
mens. As the outgroup reference, T. regelii, which is distrib-
uted in the cool-temperate area of Japan and possesses white 
flowers with long stamens, was studied. Furthermore, we con-
ducted observations on red-flowered species distributed out-
side Japan: E. laxiflorus distributed in Taiwan and East Asian 
countries and E. atropurpureus endemic to North America. 

The field observations were performed during both daytime 
(0900–1800 h) and night-time (1800–2200 h) during 2015–
2019. Each species was observed in one to three popula-
tions (for the details of field observations, see Supplementary 
Data Table S1). The insect visitors were captured whenever 
possible and identified to genus level for fungus gnats and 
family level for other arthropods. We assigned sciarid flies as 
Sciaridae spp. owing to the difficulty of distinguishing genera 
and species. For the specimens collected from E. lanceolatus, 
E. melananthus and E. tricarpus, which were used for the 
previous study (Mochizuki and Kawakita, 2018), identifica-
tion was performed again with the specimens collected in this 
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Fig. 1. Phylogenetic relationship of 38 Euonymus species with outgroups, based on sequences of two nuclear (ITS and ETS) regions, with images of flowers and 
selected floral visitors of the studied plants. Numbers beside the nodes indicate Bayesian inference posterior probability (percentage) support. The four squares be-
side the tip of the branches indicate, from left to right, flower colour, contribution of fungus gnats relative to the whole pollination, stamen length and the presence 
of acetoin in floral scent. For flower colour, the species with fly-UV (p+y+) are red-flowered species, and the species with fly-Green (p−y−) and Fly-Blue (p−y+) 

are white-flowered species (see Results and Fig. 2).
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study. For family-level identification of Diptera, we followed 
Marshall (2012). The pollinator importance index (PII) was 
calculated for each functional pollinator group following the 
method described by Mochizuki and Kawakita (2018). Data 
on flower visitors for multiple populations were merged be-
cause geographical variation was not very apparent. For the 
functional pollinator group, ‘Bee’ and ‘Other long-proboscid 
arthropods’ were added here. Note that the field observa-
tions of E. planipes and E. tricarpus were conducted in a 
co-flowering population on Rishiri Island located at the north-
ernmost part of Hokkaido, Japan. Although there is a possi-
bility of over- or under-estimation of the PII value for some 
shared visitors, we consider that the overall conclusion on the 
most important pollinator is largely unaffected, because such 
visitors were not the most frequent.

Analysis of flower colour using an insect colour vision model

Spectral reflectance across the 300–700 nm range was deter-
mined using an Ocean Optics USB4000 spectrometer (Ocean 
Insight, Orlando, FL, USA) and a reflection probe (R-600-7-
SR-125F) held at 45° to the petal surface. As a light source we 
used a DH-2000-BAL deuterium tungsten halogen light (Ocean 
Insight) with a ~200–2000 nm spectral range. An Ocean Optics 
WS-1 diffuse reflectance standard (Ocean Insight) was used 
for calibration. For each individual, measurements were made 
for the petals of five flowers, and the average reflectance was 
obtained. Replicates were taken for five to nine individuals 
for each species, except for E. planipes, in which data were 
obtained from one individual. Data for E. atropurpureus were 
not available. The raw floral reflectance spectra were processed 
to generate data at 1 nm intervals and visualized using the 
package pavo (Maia et al., 2019) in R v.3.3.3 (R Core Team, 
2017).

Flower colour is the primary cue to attract pollinators, but 
the flowers might be perceived differently by human vision and 
that of pollinating animals because the visual systems are dif-
ferent among animals (Chittka and Menzel, 1992; Chittka et al., 
1994; Osorio and Vorobyev, 2008; Lunau et al., 2011; Bischoff 
et al., 2013; Shrestha et al., 2019). Therefore, we investigated 
the flower colours seen through the insect eyes using the spec-
tral reflectance data from the above analysis and the colour 
vision model for bees (Chittka, 1992) and flies (Troje, 1993). 
Bees have trichromatic vision, with receptors most sensitive to 
ultraviolet (UV), blue and green (Chittka, 1992). Dipteran in-
sects are known to recognize colours in four categories using 
two types of ommatidia, the p- and y-type receptors, which are 
composed of pairs of retinula cells R7p and R8p, and R7y and 
R8y, respectively (Troje, 1993; Lunau, 2014). The ommatidium 
produces either plus or minus signal based on the relative ex-
citation of the two retinula cells. Consequently, four combin-
ations of signals from the two types of ommatidia (p+y+, p+y−, 
p−y+ and p−y−) allow the assignment of four colour categories. 
This visual system seems to be conservative in the suborder 
Brachycera, because Musca domestica (Hardie and Kirschfeld, 
1983), Calliphora erythrocephala (Hardie, 1985), Eristalis 
tenax (Bishop, 1974; Horridge et al., 1975) and Drosophila 
melanogaster (Yamaguchi et al., 2010) share the same system. 
The detailed visual systems of the suborder Nematocera have 
never been investigated. Thus, we instead used the colour 

vision model of the blowfly Lucilia (Troje, 1993). Analysis was 
performed using the package pavo (Maia et al., 2019), and the 
spectral reflectance of one leaf for each species was measured 
and used for calculation of colour loci.

Floral scent analysis

The chemical composition of floral scent was investigated 
for the plant species whose pollinators were investigated. The 
collection of floral scent was performed using solid phase 
microextraction (SPME; Supelco, 50 μm/30 μm DVB/CAR/
PDMS; Sigma-Aldrich, Inc., Saint Louis, MO, USA) for 
most of the species and Tenax-TA (60 mg; mesh 80–100; GL 
Sciences, Tokyo, Japan) for additional samples of E. oxyphyllus, 
E. lanceolatus and E. melananthus. For E. atropupureus, sam-
pling was performed only by Tenax.

The collection was performed using potted trees or plants 
growing in the populations where pollinator observations were 
conducted during the time when the pollinator activity was high 
for each plant species. One to nine individuals were used for 
sampling.

Before sampling using SPME, one to ten flowers were en-
closed in a 15 or 30 mL glass vial, and the vial’s neck was 
covered using aluminium foil. Subsequently, the fibre assem-
blies were exposed to floral headspace for 15–60 min. The 
flowers used for each sampling originated from a single indi-
vidual, and the number of flowers and sampling duration were 
adjusted depending on the strength of floral scent to the human 
nose and the quality of the obtained data. For the control, the 
same number of pedicels as the number of flowers in the floral 
sample was cut and placed inside another vial. Every vial was 
washed with 2 mL of acetone and 6 mL of hexane and dried 
before the experiments.

For volatile collection using Tenax-TA, the headspace air of 
a single intact inflorescence or leaf-bearing branch enclosed 
with a polyester oven bag was collected. We allowed the air, 
after cleaning by activated charcoal, to go through the Tenax-
TA-filled glass tube inserted into the bag with an air pump (MP-
2N; SIBATA, Tokyo, Japan) at a rate of 100 mL min−1 for 2–3 h. 
The glass tubes containing captured floral volatiles were stored 
at −30 °C until analysis. The volatiles captured by Tenax-TA 
were eluted from the adsorbent with 2 mL of acetone. The li-
quid was then concentrated to 10 μL with a N2 flow, and an 
aliquot (1 μL) of each sample was used for the analysis with 10 
ng of eicosane as an internal standard.

Scent samples were analysed using gas chromatography–
mass spectrometry (GC-MS) of GC-17A coupled with 
QP5050A, GCMS-QP2010 or GCMS-QP2010 SE systems 
(Shimadzu, Kyoto, Japan). For GC, we used a DB-5 capil-
lary non-polar column (30 m × 0.25 mm; film thickness, 0.25 
µm; Agilent Technologies, CA, USA) or Rtx-5SilMS ca-
pillary column (30 m × 0.25 mm; film thickness, 0.25 μm; 
Restek, Bellefonte, PA, USA). The injector was set to the 
splitless mode at 250 °C for 1 min. The oven temperature 
was programmed at 40 °C for 5 min, followed by an increase 
by 8 °C min−1 to 280 °C, where it was held for 10 min. For 
samples of E. laxiflorus, the program was set at 40 °C for 5 
min, followed by an increase by 5 °C min−1 to 200 °C and 
10 °C min−1 to 280 °C, where it was held for 5 min. We also 
ran n-alkane ladders (C7 to C33) for each piece of equipment, 
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column and oven temperature program, to be used for calcu-
lation of the retention index (RI) for each compound in floral 
scent samples.

For identification of the compounds, we compared the frag-
ments of each floral volatile peak with those of the references 
contained in the NIST 05s or 21 spectral mass library, and the 
RI was calculated based on the retention time of each com-
pound and the authentic standards composed of n-alkanes and 
compared with those reported in NIST Chemical WebBook 
(https://webbook.nist.gov/chemistry/). For the compound 
acetoin, which was revealed to characterize the scent of fungus 
gnat-pollinated plants, identification was performed by com-
paring the GC retention time and mass spectra of the samples 
with those of an authentic standard (CAS No. 513-86-0; Tokyo 
Chemical Industry, Tokyo, Japan).

By comparing the volatiles emitted from flowers and 
controls, volatiles emitted only from flowers were considered 
as floral volatiles. In contrast to Tenax-TA, the SPME fibres 
have higher sensitivity but have a bias in the collection of com-
pounds, thus the peak mass area does not reflect the true quan-
tity of the compounds (Povolo and Contarini, 2003). SPME 
captured more chemicals that are detected in trace amounts 
by the Tenax method, such as sesquiterpenes (see Results). 
Nonetheless, we used the data generated from both collection 
methods because the major compound was not different be-
tween the sampling method, and the subsequent analysis gave 
the same conclusion even when Tenax samples were omitted 
(see Results). Similarities of compositions were visualized by 
non-parametric multidimensional scaling (NMDS) analysis, 
using the metaMDS function embedded in the package vegan 
(Oksanen et al., 2018) in R v.3.3.3 (R Core Team, 2017). The 
floral scent compositions of white- and red-flowered species 
were compared by permutational multivariate analysis of vari-
ance (PERMANOVA; Anderson, 2017) based on Bray–Curtis 
dissimilarities, using the adonis2 function. The compositions 
of E. laxiflorus were compared with other red-flowered species 
and white-flowered species based on Tukey’s honest significant 
differences between groups, using the function TukeyHSD and 
betadisper, because E. laxiflorus did not share the primary com-
pound with other red-flowered species. We then investigated the 
contribution of each chemical compound to the difference of 
floral scent composition between red- and white-flowered spe-
cies using the simper function in the package vegan (Oksanen 
et al., 2018).

Phylogenetic reconstruction

For the purpose of phylogenetic analysis, we downloaded 
DNA sequence data on regions used by Simmons et al. (2012) 
and Li et al. (2014) for 32 Euonymus species and outgroups 
including T. regelii from NCBI (https://www.ncbi.nlm.nih.
gov/). We sampled the leaves and extracted DNA of species that 
were not included in the previous reports (E. atropurpureus, 
E. japonicus, E. lanceolatus, E. melananthus, E. planipes and 
E. tricarpus), following a modified cetyltrimethylammonium 
bromide protocol (Okuyama and Kawakita, 2012). The voucher 
specimens were deposited in the Herbarium of the University 
of Tokyo (TI), and the accession numbers are provided in the 
Supplementary Data (Table S2).

Two nuclear regions (ITS and ETS) and three chloroplast 
DNA intergenic spacers (rp136-infA-rps8, trnC-ycf6 and psbA-
trnH) were used in the previous papers. However, a preliminary 
analysis using the incongruence length difference test (Farris et 
al., 1994), as implemented in the partition homogeneity test in 
PAUP (Swofford, 2003), suggested a significant incongruence 
between nuclear and chloroplast genes (P = 0.04). Furthermore, 
the phylogeny created using chloroplast genes yielded a tree 
with very low resolution, hence we decided to use nuclear re-
gions for phylogenetic reconstruction.

ITS and ETS regions were sequenced on an ABI 3130 Genetic 
Analyzer (Applied Biosystems, Foster City, CA, USA). We used 
the primers described by Li et al. (2014). Obvious sequence 
errors were corrected manually using MEGA v.7 (Kumar et al., 
2016) and the obtained sequences were aligned using MAFFT 
v.6.901 (Katoh and Toh, 2008) under the default settings. The 
obtained sequences were deposited in NCBI, and the GenBank 
accession numbers are provided in the Supplementary Data 
(Table S2).

Phylogenetic reconstruction was performed with the 
Bayesian inference method, using MrBayes (Ronquist and 
Huelsenbeck, 2003), following the method described by Ito et 
al. (2017). The GTR+G model was selected as the most ap-
propriate evolutionary model based on Bayesian inference cri-
terion implemented in Kakusan4 (Tanabe, 2011). Based on the 
model selected, we performed two separate runs of Metropolis-
coupled Markov chain Monte Carlo (MCMCMC) analyses, 
each with a random starting tree and four chains (one cold and 
three hot). The MCMCMC was 10 million generations long, 
and the chain was sampled every 1000 generations from the 
cold chain. After checking that the value of the average s.d. of 
split frequency was <0.01, the first 2500 sample trees (25 % 
of 10 000 sample trees) were discarded as burn-in. The 50 % 
majority-rule consensus tree of all post-burn-in trees was gen-
erated using FigTree v.1.3.1 (Rambaut, 2009).

Phylogenetic correlation among pollinator type and floral 
characters

Correlated evolution of pollination type and three floral 
characters (flower colour, flower morphology and the floral 
scent) was tested using independent contrasts, as implemented 
in the PDAP module (Midford et al., 2010) of Mesquite v.3.2 
(Maddison and Maddison, 2017). The phylogeny reconstructed 
using nuclear regions was used for the following analysis. 
Pollinator types were coded as continuous data using the PII 
of fungus gnats. The flower colours were coded as 1 or 0 for 
fly-UV (p+y+) and others, including fly-Blue (p−y+) and fly-
Green (p−y−), respectively, that correspond to red and white 
flowers seen in human vision (see Results). Given that short 
stamens are suggested to be important in effective pollen de-
position in some fungus gnat-pollination systems (Mochizuki 
and Kawakita, 2018), the average length of the stamen (fila-
ment + anther) was also subjected to the analysis as a morpho-
logical character.

The flowers were collected in the field and preserved in 70 % 
ethanol. The flowers were photographed under a stereomicro-
scope with a scale, and the stamen length was measured using 
the software ImageJ v.1.48 (Schneider et al., 2012). For each 
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species, measurement was conducted on five to seven individ-
uals, and two to five flower replicates were taken for each indi-
vidual. For the floral scent data, we focused on the compound 
acetoin, because the scent analysis revealed the dominance 
of acetoin in four fungus gnat-pollinated species, which was 
mostly absent in non-fungus gnat-pollinated species. The pres-
ence or absence of acetoin in floral scent was coded as 1 or 0 
for each species because of the uncertainty of quantification by 
the SPME method.

Ancestral state reconstruction

Given that the phylogenetically independent contrast sug-
gested a strong association between red flower colour and pol-
lination by fungus gnat, the transition of flower colour should 
provide information on the transition of pollination system 
and floral traits in the genus Euonymus and related genera. 
Therefore, we used flower colour as a proxy for a pollination 
system and investigated how the flower colour has shifted by 
reconstructing the ancestral state of the flower colour on the 
phylogeny reconstructed above.

The flower colour of species included in the phylogeny was 
categorized as either red or white, based on the description by 
Ma (2001), because the colour vision analysis suggested that 
dipteran pollinators are likely to discriminate between red and 
white flowers. The species whose floral colour is referred to 
as chocolate, dark purple, dark red, purplish or red(-ish) were 
assigned to red (1), whereas species whose floral colour is de-
scribed as white(-ish), yellow(-ish), green(-ish) or cream were 
assigned as white (0). Some species, such as E. oxyphyllus, E. 
bockii and E. carnosus, have flowers with red-coloured veins on 
white petals, but their colour was assigned as white because the 
overall display is not red.

The analyses were conducted using a parsimony and a max-
imum likelihood approach using Mesquite v.3.2 (Maddison and 
Maddison, 2017) and a reversible jump Markov chain Monte 
Carlo (RJMCMC) approach using the MultiState module as 
implemented in BayesTraits v.3.0.2 (Pagel and Meade, 2006). 
Each RJMCMC analysis was run for 1 000 000 generations, 
and parameters and ancestral states were sampled every 1000 
generations with an exponential hyper-prior, with a mean on 
a uniform interval from 0 to 100. The first 100 000 iterations 
were discarded as burn-in. The reconstructed ancestral states 
were plotted onto the nuclear gene tree derived from MrBayes. 
We then compared the likelihood of the model between ances-
tral states by setting the focal nodes to take an alternative char-
acter using the fossil command. To access the evidence level, 
Bayes factors were calculated as 2 × [log(marginal likelihood 
of model 1) − log(marginal likelihood of model 2)]. Bayes fac-
tors higher than two indicate positive evidence, and Bayes fac-
tors higher than five indicate strong evidence of support for the 
best model (Pagel et al., 2004).

RESULTS

Pollinators of Euonymus species

The pollination systems of many studied species involved many 
insect taxa, with particular functional pollinator groups making 

major contributions to pollination, and there was a clear-cut dif-
ference in pollinators between red- and white-flowered species 
(Table 1; Fig. 1). In red-flowered E. atropurpureus, ten individ-
uals of two species of the Neoempheria (Mycetophilidae) and 
four uncaptured and unidentified mycetophilid fungus gnats 
were observed during the 19 h observation during the daytime. 
In Euonymus laxiflorus, a total of 115 individuals of 47 spe-
cies of 24 insect families from seven pollinator groups were 
observed during the 36 h observation. Around dusk, the fungus 
gnats Proceroplatus sp. (Keroplatidae), Neoempheria spp. 
(Mycetophilidae) and Sciaridae spp. were observed frequently 
visiting flowers. Both E. atropurpureus and E. laxiflorus depend 
on fungus gnats for pollination (PII = 1.00 and 0.958, respect-
ively). Fungus gnats were observed contacting anthers with their 
coxa when they fed on nectar secreted from the nectary disc 
surrounding the base of the pistil and stamens (Supplementary 
Data Fig. S1). White-flowered species were not pollinated by 
fungus gnats but predominantly by bees, brachyceran flies or 
coleopteran insects (Table 1). In comparison to red-flowered 
species, pollen-feeding insects, such as bees, hoverflies and 
coleopteran insects, were more frequently observed during the 
daytime, whereas nocturnal visitors were scarce. In total, 684 
individuals of 209 species belonging to 59 families were re-
corded (Supplementary Data Table S3). Visitors were observed 
to contact anthers and stigmas when they fed on pollen or nectar. 
In species with longer stamens, pollen grains were carried on 
the lateral thorax or the entire body of the pollinators, whereas 
in species with sessile stamens, pollen grains were carried on 
the head and the ventral sides of the thorax and abdomen of pol-
linators. Among long-stamened species, the primary and sec-
ondary pollinators were different among species: beetles and 
bees in E. japonicus; hoverfly and non-syrphid Brachycera in 
E. sieboldianus; and bees and hoverflies in T. regelii, respect-
ively (Table 1). In short-stamened species, the primary and 
secondary pollinators were bees and other Hymenoptera in 
E. alatus, beetles and fungus gnats in E. oxyphyllus, and bees 
and other Nematoceran flies in E. planipes, respectively (Table 
1). Within each functional group, the pollinator taxa were dif-
ferent; the bee pollinators were small-sized halictid and apid 
species in E. alatus, small-sized andrenid and halictid bees 
in E. planipes, and bumblebees in T. regelii; the coleopteran 
insects were small-sized Cerambycidae in E. oxyphyllus and 
large-sized Scarabaeidae in E. japonicus (Supplementary Data 
Table S3).

Spectral reflectance and colour vision analysis

The white flowers generally had higher reflection than red 
flowers, with many species having reflection patterns with 
peaks at ~550 nm (Fig. 2A). In comparison to the white flowers, 
the red flowers mostly absorbed the light and reflected light at 
wavelengths of >650 nm, where flies and bees are not sensitive 
(Fig. 2B). The flowers of E. laxiflorus, which look brighter to 
human eyes than other red flowers, reflected UV with a peak 
at ~350 nm. Red flowers fell into the p+y+ region (fly-UV) in 
fly colour vision and into the UV–blue region in bee colour vi-
sion, whereas white flowers generally fell into the p−y− region 
(fly-Green) in fly colour vision and into the blue–green region 
in bee colour vision (Fig. 2C, D); thereby, the red flowers and 
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white flowers were perceived as different colours both by flies 
and bees.

Floral scent

A total of 78 compounds were detected from the 39 samples of 
ten Euonymus species and T. regelii (Supplementary Data Table 
S4). In the red-flowered E. atropurpureus, E. lanceolatus, E. 
melananthus and E. tricarpus, acetoin (3-hydroxy-2-butanone) 
was always observed and accounted for 29–99 % of the total 
peak area of compounds within individual samples. There was 
little overlap in compounds between species except for acetoin, 
but the ketones 2-heptanone, 2-nonanone and 2-undecanone 
were repeatedly detected in E. lanceolatus and E. melananthus, 
and some sesquiterpenes, such as copaene, β-caryophyllene, 
germacrene D and δ-cadinene, were repeatedly observed in E. 
lanceolatus, E. melananthus and E. tricarpus. The floral scent 
of E. laxiflorus did not contain acetoin; instead, 2-heptanone, 
2-heptanol, 1-mthoxynaphthalene and one unidentified ali-
phatic (m/z = 265, 41, 84, 55, 68, 97, 161) were consistently 
observed across the samples. In the white-flowered species, 
monoterpenes, such as α-pinene, sabinene, m-cymene and lim-
onene, were the major compounds in E. japonicus, E. planipes, 
E. sieboldianus and T. regelii. In E. alatus and E. oxyphyllus, 
sesquiterpenes, including β-caryophyllene and α-farnesene, 
were the major compounds. Acetoin was almost unique to red-
flowered species, except for E. oxyphyllus, in which a small 
amount of acetoin was detected.

The floral scent composition was significantly different 
between red- and white- flowered species (PERMANOVA, 
F = 8.75, R2 = 0.19, P = 0.001). Pairwise comparison found no 
difference between the floral scents of E. laxiflorus and other 
red-flowered species (adjusted P = 0.458), whereas the scents 
of white-flowered species differed from those of E. laxiflorus 
(adjusted P = 0.004) and other red-flowered species (adjusted 
P < 0.001). Acetoin was the primary explanatory compound 
(SIMPER contribution 27.2 %) to the difference in floral 
scent between white- and red-flowered species, followed by 
α-pinene, β-caryophyllene, 2-heptanone and α-farnesene, 
which composed 49.8 % of the total explanatory variables (Fig. 
3). When Tenax samples were omitted from the above analysis, 
the SIMPER analysis became slightly different: the contri-
bution of acetoin dropped to 14.8 %, and the fifth compound 
become m-cymene; however, the overall results of other stat-
istics, including NMDS and PERMANOVA, were not changed 
(Supplementary Data Fig. S2).

Phylogenetic correlation between pollinator types and floral traits 
and ancestral character reconstruction

The red-flowered E. lanceolatus and E. melananthus, both 
endemic to Japan, were recovered as the basal-most lineage 
of the genus Euonymus (Fig. 1). The studied, red-flowered 
species did not form a clade and instead were distributed in 
multiple lineages across the genus (Fig. 1). Phylogenetically 
independent contrasts showed that the PII of fungus gnats, 
red flower colour and the presence of acetoin in floral scent 
were mostly exhibited positively correlations with each other, 
whereas stamen length was negatively correlated with PII of 
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fungus gnats and other floral characters (Table 2). The associ-
ation between colour and acetoin emission was not statistically 
supported.

The evolution of the red flower seemed to have multiple 
origins within the genus Euonymus (Fig. 4), although the re-
construction of ancestral states did not have strong support, 
except for several nodes close to the tip of the tree. The red 
flower was likely to have been acquired in the common an-
cestor of the genus Euonymus or that of the genera Euonymus, 
Paxistima and Canotia. The likely colour shifts supported by 
the Bayes factor were observed from red to white at the an-
cestor of E. oxyphyllus and E. sanguiaenus and from white to 
red in E. semenovii. Thus, the shift of flower colour might be 
bidirectional between red and white. Given that several clades 
formed by white-flowered species nested within the lineage 
containing red-flowered species, flower colour might have 

shifted from red to white at the ancestor located at the node 
from the basal-most node of Euonymus. Consequently, the red 
flower colour might have evolved independently in E. laxiflorus 
and E. atropurpureus from E. tricarpus, E. melananthus and 
E. lanceolatus. The overall result was not notably different be-
tween the Bayesian, maximum likelihood and parsimony re-
construction methods (Supplementary Data Fig. S3).

DISCUSSION

The observation that red-flowered Euonymus species, including 
Taiwanese E. laxiflorus and North American E. atropurpureus, 
were pollinated by fungus gnats, whereas white-flowered spe-
cies were not, confirmed the predictive power of red floral 
colour for fungus gnat pollination in the genus Euonymus 
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(Table 1). The red- and white-flowered species were different 
in floral display as perceived by flies and bees and in floral scent 
compositions (Figs 2 and 3). Importantly, using phylogenetic-
ally independent contrasts, we detected a significant associ-
ation of red floral display, short stamen and acetoin emission 
to pollination by fungus gnats (Table 2). Ancestral reconstruc-
tion suggested that red flowers might not have a single origin; 
thus, pollination by fungus gnat might have evolved repeatedly 
across the genus (Fig. 4). These results indicate that adaptation 
to pollination by fungus gnat has driven the repeated evolution 
of a suite of floral characters in Euonymus.

Evolution of floral characters in the genus Euonymus in 
relationship to pollination

The morphological fit between flowers and pollinating animals 
is essential to achieving effective and selective pollen trans-
portation by pollinators (Mayfield et al., 2001; Castellanos et 
al., 2004; Pauw, 2006; Shuttleworth et al., 2017). Pollinator 
shift is therefore expected to be associated with morpho-
logical changes in flowers (Muchhala, 2007). Our results sup-
port the hypothesis that the short stamens shared by some of 
the fungus gnat-pollinated plants are an adaptation to pollen 
transfer by fungus gnats (Mochizuki and Kawakita, 2018). 
In contrast, the exposed nectaries and flat flowers character-
istic of fungus gnat-pollinated plants (Okuyama et al., 2004; 
Mochizuki and Kawakita, 2018) were not tested, because 
they are already shared by many plants of the Celastraceae, 
including the genus Euonymus. In Mitella, the entire flower 
shape evolves to be flat when shifts in pollinator occur from 
non-fungus gnat insects to fungus gnats (Okuyama et al., 
2008). The parallel adaptation in flower morphology observed 

in the two genera Euonymus and Mitella suggests that con-
sistent selective pressure imposed by fungus gnats exists. 
However, the short stamen is a character not unique to fungus 
gnat-pollinated plants in the genus Euonymus, because bee-
pollinated E. alatus and E. planipes and beetle-pollinated E. 
oxyphyllus also possess short stamens (Fig. 1). In these spe-
cies, pollinating insects were relatively small compared with 
those visiting E. sieboldianus and E. japonicus with long sta-
mens and were observed to carry pollen mainly on the ventral 
side of the thorax and abdomen. This suggests that the short 
stamen is also functional in pollen deposition on small insects 
other than fungus gnats. Thus, although fungus gnat pollin-
ators select for short stamens, divergence from fungus gnat 
pollination to other pollination systems does not necessarily 
accompany a shift in floral morphology.

Pollinator observations and the phylogenetically inde-
pendent contrast suggested that the red flower colour is tied to 
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Table 2. Result of phylogenetically independent contrast

Pairwise contrasts of floral characters Pearson’s 
correlation

P-value

PII of fungus gnats vs. red flower colour 0.870 <0.001

PII of fungus gnats vs. stamen length −0.787 0.002

PII of fungus gnats vs. acetoin presence in 
floral scent

0.714 0.01

Red flower colour vs. stamen length −0.579 0.04

Red flower colour vs. acetoin presence in 
floral scent

0.536 0.11

Stamen length vs. acetoin presence in  
floral scent

−0.678 0.02
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pollination by fungus gnats (Tables 1 and 2). To our knowledge, 
this is the first study to exemplify the evolutionary association 
of red flower colour and dipteran insects by a rigorous test on 
phylogeny. The red flower display is generally associated with 
bird pollination and butterfly pollination systems (Rodríguez-
Gironés and Santamaría, 2004; Willmer, 2011), whereas the 
association with other pollinators has not been explored well 
(Woodcock et al., 2014; Mochizuki and Kawakita, 2018). One 
example of the relationship between red flower coloration and 
entomophilous pollination is the red bowl-shaped floral guild in 
Mediterranean flora, such as Anemone and Tulipa (Dafni et al., 
1990). The red coloration has been hypothesized to be an adap-
tation towards Amphicoma beetles, because other co-occurring 
plant species with flowers of a similar shape but different colour 
are pollinated by bees (Dafni et al., 1990; Martínez-Harms et 
al., 2012). The above examples of plants pollinated by birds, 
butterflies and beetles possess relatively bright red flowers that 
reflect 30–50 % of the light of 600–700 nm with/without UV 
reflection (Martínez-Harms et al., 2012; Shrestra et al., 2013; 
Butler and Johnson, 2020). Plants pollinated by sapropha-
gous dipterans via floral mimicry, such as Amorphophallus, 
Stapelia and Jaborosa, might represent another example of 

entomophilous reddish flowers, but the flowers are much darker 
in general (5–15 % reflection; Moré et al., 2013; Chen et al., 
2015; du Plessis et al., 2018). The flowers of fungus gnat-
pollinated Euonymus species reflected 15–40 % of the red light 
(Fig. 2B); therefore, they are darker than the flowers of plants 
pollinated by birds and butterflies, but brighter than those pol-
linated by saprophagous flies. The plants pollinated by other 
nematoceran flies, such as gall midges, possess flowers of 
similar colours to those of fungus gnat-pollinated plants; there-
fore, they might have acquired the red floral display in a similar 
manner to the fungus gnat-pollinated plants (Luo et al., 2017; 
Kawakita et al., 2022).

Although the phylogenetically independent contrast analysis 
indicates that a red floral display is evolutionarily associated 
with pollination by fungus gnats, this does not necessarily in-
dicate that red flower coloration attracts fungus gnats. So far, 
sciarid fungus gnats are reported to be attracted to a yellow 
colour (Cloyd and Dickinson, 2005), whereas such a colour 
preference has not been tested in other fungus gnats, including 
Mycetophilidae (see Mochizuki and Kawakita, 2018). Another 
possible explanation resulting from field observations is that 
the red coloration functions to filter out undesired visitors, such 
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as bees (Lunau et al., 2011). In the sympatric, co-flowering 
population of E. planipes and E. tricarpus on Rishiri Island, 
the fungus gnat-pollinated E. tricarpus was never visited by 
bees despite many of the visitors, including fungus gnats, 
being shared between the two species (Supplementary Data 
Table S3). Visitation by bees was also observed in other white-
flowered species but was almost never observed in red-flowered 
species. As discussed above, the spectral reflection pattern of 
the studied red flowers is similar to those of bird-pollinated 
plants that generally reflect light of long wavelengths, without 
UV reflection (Fig. 2B). Unlike the bee-pollinated red flowers 
that reflect UV, bird-pollinated red flowers mostly absorb UV 
light and are thus difficult for bees and many other insects to 
discriminate from the background foliage (Troje, 1993; Briscoe 
and Chittka, 2001; Lunau et al., 2011). These observations 
indicate that the red coloration might play a role in filtering 
out undesired visitors, such as bees (Lunau et al., 2011). Such 
an adaptation to avoid visitation by bees, which are major ex-
ploiters of pollen and nectar, is often used to interpret the pre-
dominance of red flowers in bird-pollinated plants (Raven, 
1972; Rodríguez-Gironés and Santamaría, 2004; Lunau et 
al., 2011). Yet, this hypothesis has never been applied to red-
coloured flowers of non-bird-pollinated plants and should be 
tested in future studies.

The floral scent compositions of white-flowered species are 
more diverse than those of red-flowered species (Supplementary 
Data Table S4), but because SPME fibres possess less 
quantitativity than Tenax, it is likely that the amount of acetoin 
could be underestimated (Povolo and Contarini, 2003). Another 
caution is that terpenoids did not appear frequently in samples 
using Tenax (Supplementary Data Table S4); therefore, in this 
study, the analysis of floral scent of E. atropurpureus using only 
Tenax might not be sufficient for a full exploration of the floral 
scent of this species. The abundance of monoterpenes in floral 
scents of white-flowered species suggests a generalist or food-
seeking bee pollination system (Dobson, 2006). In contrast, 
the similarity in floral scent of red-flowered species suggests a 
convergence in floral scent towards pollination by fungus gnats 
(Fig. 3). Acetoin seems to be a key compound, because other 
compounds were generally present in only trace amounts or 
were not detected constantly among the samples as indicated 
by a large s.d. (Table 2). The floral odour of E. laxiflorus was 
distinct from other red-flowered species, in that it did not pos-
sess acetoin. In concert with the UV reflection in E. laxiflorus 
flowers, the mechanism of attracting pollinators might be dif-
ferent from that of other red-flowered fungus gnat-pollinated 
species, but the reason is currently unclear.

Acetoin is a compound associated with the fermentation pro-
cess and is commonly found in fermented dairy products, such 
as yogurt (Xiao and Lu, 2014), and in rotting fruits (Stensmyr 
et al., 2003), or during the fermentation process of bacteria in 
soils in nature (Turinsky et al., 2000). Cases where acetoin is 
the dominant compound in floral scent are rare (Knudsen et al., 
2006). In systems where plants emit scent mimicking rotting 
fruit or yeast, acetoin is reported to account for 10–50 % of floral 
scent (Goodrich et al., 2006; Vlasáková et al., 2008; Goodrich 
and Raguso, 2009; Martos et al., 2015; Heiduk et al., 2017; 
Gottsberger et al., 2021). In these systems, floral scent usually 
contains other compounds indicative of fermentation, such as 
2- and 4-carbon aliphatic compounds (Stökl et al., 2010). The 

floral scent of E. melananthus contained butanediol isomers 
and 3-methyl-1-butanol, with 2-heptanone and several sesqui-
terpene compounds, which is similar to the scent of Asimina 
species using fermentation mimicry (Goodrich and Raguso, 
2009). However, as it is unknown whether fungus gnats are at-
tracted to fermenting materials, it is unclear whether the fungus 
gnat-pollinated Euonymus species use fermentation mimicry.

Pollination by fungus gnats is often believed to involve 
mushroom mimicry (Vogel and Martens, 2000; Willmer, 2011), 
and some species of the frequent pollinator genus Neoempheria 
are considered to feed on fungi or decaying plant materials 
(Jakovlev, 2011; Sueyoshi, 2014). However, the fungus gnat-
pollinated Euonymus species do not seem to use mushroom 
mimicry, because we did not find compounds suggestive of 
mushrooms, such as 1-octen-3-ol (Combet et al., 2006). This 
is also true in the other genera, such as Mitella, Arisaema and 
Corybas, where floral odour compounds include monoterpenes, 
such as linalool (Okamoto et al., 2015), the aliphatic aldehydes 
nonanal and decanal (Vogel and Martens, 2000), and heptanal, 
β-pinene, 1-octanol and l-α-terpineol (Han et al., 2022), 
respectively.

Further study is needed to draw a whole picture of adaptation 
in floral scent in fungus gnat-pollinated plants. Also, an effort is 
needed to clarify the life histories of the fungus gnats involved 
in the pollination of these plants, in order to understand how 
floral volatiles prompt these insects to visit flowers.

Fungus gnat pollination syndrome

Traditional pollination syndromes represent convergent 
floral adaptations associated with specific types of pollinators, 
which in turn provide predictions of pollinators based on floral 
traits (Fenster et al., 2004; Dellinger, 2020). The pollination 
syndrome hypothesis has been examined by investigating the 
association between pollinators and floral characteristics, with 
a focus on the specific plant lineage (Wilson et al., 2004; Smith 
et al., 2008; Martén-Rodríguez et al., 2009; Johnson, 2013; 
Abrahamczyk et al., 2017; Lagomarsino et al., 2017; Smith 
and Kriebel, 2018), the specific pollinator guild (Pauw, 2006; 
Quintero et al., 2017; Serrano-Serrano et al., 2017; Garcia et 
al., 2022; Pauw, 2022) or the pattern within regional commu-
nities (Momose et al., 1998; Hingston and McQuillan, 2000; 
Johnson, 2010; Danieli-Silva et al., 2012; Wang et al., 2020) 
and across communities (Ollerton et al., 2009; Rosas-Guerrero 
et al., 2014; Ashworth et al., 2015; Dellinger, 2020).

In our previous study, we determined that several unrelated 
plants sharing dark red, flat-shaped flowers with a short stamen 
and exposed nectary are pollinated by fungus gnats and hy-
pothesized that the shared floral characteristics are a syndrome 
associated with pollination by fungus gnats (for detailed in-
formation, see Mochizuki and Kawakita, 2018). The observed 
phylogenetic association between floral characters and pol-
lination by fungus gnats (Table 2) suggests that the red floral 
colour, short stamen and acetoin belong to a syndrome reflecting 
evolutionary specialization towards fungus gnat pollinators 
(Fenster et al., 2004; Rosas-Guerrero et al., 2014). However, 
the fungus gnat-pollinated plants in the genus Euonymus re-
ceived visits and pollination contributions by other insect 
taxa (Table 1). Such apparent generalization in pollination is 
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common in plants with traditional syndromes (Ollerton et al., 
2009). In concert with the recognition that the floral traits might 
evolve in response to selective pressure exerted by multiple pol-
linators and antagonists (Aigner, 2001), the idea of a pollination 
syndrome is considered to include not only specialization for 
primary pollinators but adaptive generalization towards other 
visitors (Dellinger et al., 2019; Gavrutenko et al., 2020; Ohashi 
et al., 2021). As discussed in the previous section, floral traits 
of fungus gnat-pollinated Euonymus plants might reflect ei-
ther adaptation to attract the primary pollinator fungus gnats 
and/or to discourage visitation by non-beneficial insects. To 
clarify whether the combination of floral traits associated with 
fungus gnats is an extended syndrome resulting from compre-
hensive adaptation to both pollinators and antagonists, it will 
be important to examine the ecological role of each floral trait 
(Fenster et al., 2004). We believe that entangling the function 
of each trait in the fungus gnat-pollination systems would pro-
vide a better understanding of the recent discussion about the 
pollination syndrome.

We should note that not all the plants pollinated by fungus 
gnats share a complete set of these floral traits (Mochizuki and 
Kawakita, 2018). This is presumably attributable to the diverse 
way in which plant species use fungus gnats as pollinators. For 
example, floral architecture should be different between plants 
using a pseudo-copulatory system and a rewarding system to 
locate pollen effectively to the pollinator body (e.g. Reiter et 
al., 2019). The requirement for the adaptation to fungus gnat 
pollination might also be different between nectar-rewarding 
Mitella and Euonymus: petal colour is green or red and acetoin 
does not appear in Mitella (Okuyama et al., 2008; Okamoto et 
al., 2015), although the precise reason for the difference in floral 
traits is unclear. We believe that the evolutionary pattern ob-
served in Euonymus can be observed in some systems in which 
plants reward fungus gnats with nectar. For example, Aucuba 
japonica (Garryaceae) and Micranthes fusca (Saxifragaceae) 
share similar floral traits to fungus gnat-pollinated Euonymus 
plants and have congeners that possess whitish flowers with 
long stamens (K. Mochizuki, pers. obs.).

Finally, despite the realization that dipteran insects are sig-
nificant pollinators of flowering plants (Ssymank et al., 2008; 
Orford et al., 2015), the lack of phylogenetic study hinders our 
understanding of the role of dipteran insects as a driver of floral 
evolution (but see Okuyama et al., 2008; Garcia et al., 2022). 
The current categorization of a pollination syndrome in plants 
pollinated by dipteran insects should be improved (Larson et al., 
2001; Labandeira, 2005). Even the classical sapromyiophilous 
pollination systems are now considered to include several dis-
tinct types based on floral scent; they are mimics of dung, urine 
and dead bodies (van der Niet et al., 2011; Jürgens et al., 2013; 
Johnson and Schiestl, 2016). Furthermore, given that plants 
exhibit distinct adaptation towards specific groups of dipteran 
insects, especially in floral scent such as kleptomyiophily re-
ported in Apocynaceae and Aristolochiaceae (Heiduk et al., 
2017), aphid mimicry in several orchid genera (Stökl et al., 
2011; Jiang et al., 2020) and fungus gnat pollination sys-
tems observed in five unrelated plant families (Mochizuki and 
Kawakita, 2018; this study), the order Diptera clearly includes 
several functional groups (Raguso, 2020). The ~70 families of 
dipteran insects involved in pollination have a diverse larval 

and adult life history, which might have different visual and 
olfactory preferences (Larson et al., 2001). Given the large di-
versity of pollinating Diptera and the fact that floral scent is 
of particular importance in the attraction of each pollinating 
Diptera, the diversity of floral scent in Diptera-pollinated plants 
might still be underestimated (Johnson and Schiestl, 2016). A 
close look at the groups of dipteran insects and a use of phyl-
ogeny in combination with floral scent analysis might help to 
shed light on the functional diversity of dipteran pollinators and 
their role in floral evolution.

SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online 
and consist of the following.

Figure S1: the images of the studied plant and their fungus 
gnat pollinators. Figure S2: result of floral scent analysis based 
on NMDS using only the data collected with SPME fibres. 
Figure S3: result of ancestral reconstruction on flower colour 
based on maximum parsimony and maximum likelihood using 
Mesquite. Table S1: summary of field observations conducted 
in this study. Table S2: list of plant materials, with collection 
locality, voucher information and GenBank accession numbers 
of the sequences obtained in this study. Table S3: the number of 
flower visitors observed at each plant species. Table S4: Floral 
scent profiles of Euonymus spp. and T. regelii. Values represent 
relative amounts (%) expressed as percent peak areas in gas 
chromatograms (mean ± standard deviation) and the hyphen in 
the column indicates the absence. Most of the samples were 
collected using SPME, and for those using Tenax are indicated 
in parentheses after the species name.

ACKNOWLEDGEMENTS

We are grateful to Eriko Kojima, Judy Pollock, Eileen Sutter 
and Derek Ziomber for help in the fieldwork, Rebecca Collings 
for permission to conduct field research in the Forest Preserves 
of Cook County, and Ryosuke Nakadai and Takuro Ito for as-
sisting the phylogenetic analysis. We also thank the horticul-
tural staff of the Koishikawa Botanical Garden for growing the 
plant materials. We would like to express our gratitude to the 
Handling Editor Professor Michele Dudash and anonymous re-
viewers for helpful comments and suggestions. K.M. and A.K. 
designed the research; K.M., K.-H.C., C.-N.W. and M.E. con-
ducted fieldwork; K.M. and T.O. performed chemical experi-
ments; K.M. processed and analysed all the data; K.M. created 
data figures and illustrations; K.M., T.O., K.-H.C, C.-N.W., 
M.E., A.T.K. and A.K. wrote and edited the manuscript. The au-
thors declare no conflicts of interest associated with this work.

FUNDING

This work is supported by a Grant-in-Aid for JSPS Fellows to 
K.M. [grant no. 15J01117], Grant-in-Aid for Research Activity 
Start-up to K.M. [grant no. 18H06075] and a Grant-in-Aid for 
Young Scientists to K.M. [grant no. 20K15859] and Grant-in-
Aid for Scientific Research (B) to A.K. [grant no. 15H04421].

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/132/2/319/7246019 by guest on 18 July 2024

http://academic.oup.com/aob/article-lookup/doi/10.1093/annbot/mcad081#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/annbot/mcad081#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/annbot/mcad081#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/annbot/mcad081#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/annbot/mcad081#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/annbot/mcad081#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/annbot/mcad081#supplementary-data


Mochizuki et al. — Fungus gnat pollination syndrome in Euonymus 331

DATA AVAILABILITY

The data is presented in the supplementary files and the 
DRYAD data repository (https://doi.org/10.5061/dryad.
msbcc2g46).

LITERATURE CITED

Abrahamczyk S, Lozada-gobilard S, Ackermann M, et al. 2017. A question 
of data quality—Testing pollination syndromes in Balsaminaceae. PLoS 
ONE 12: e0186125.

Aigner PA. 2001. Optimality modeling and fitness trade-offs: when 
should plants become pollinator specialists? Oikos 95: 177–184. 
doi:10.1034/j.1600-0706.2001.950121.x.

Anderson MJ. 2017. Permutational multivariate analysis of variance 
(PERMANOVA). In: Balakrishnan N, Colton T, Everitt B, Piegorsch 
W, Ruggeri F, Teugels JL, eds. Wiley StatsRef: Statistics Reference 
Online. Chichester: John Wiley and Sons.doi:10.1002/9781118445112.
stat07841.

Ashworth L, Aguilar R, Martén-Rodríguez S, et al. 2015. Pollination 
syndromes: a global pattern of convergent evolution driven by the 
most effective pollinator. In: Pontarotti P, ed. Evolutionary Biology. 
Biodiversification from Genotype to Phenotype. Cham: Springer, 203–224.

Bischoff M, Lord JM, Robertson AW, Dyer AG. 2013. Hymenopteran pollin-
ators as agents of selection on flower colour in the New Zealand mountains: 
salient chromatic signals enhance flower discrimination. New Zealand 
Journal of Botany 51: 181–193. doi:10.1080/0028825x.2013.806933.

Bishop LG. 1974. An ultraviolet photoreceptor in a dipteran compound 
eye. Journal of Comparative Physiology 91: 267–275. doi:10.1007/
bf00698058.

Briscoe AD, Chittka L. 2001. The evolution of color vision in insects. Annual 
Review of Entomology 46: 471–510.

Butler HC, Johnson SD. 2020. Butterfly-wing pollination in Scadoxus and 
other South African Amaryllidaceae. Botanical Journal of the Linnean 
Society 193: 363–374. doi:10.1093/botlinnean/boaa016.

Castellanos MC, Wilson P, Thomson JD. 2004. ‘Anti-bee’ and ‘pro-
bird’ changes during the evolution of hummingbird pollination in 
Penstemon flowers. Journal of Evolutionary Biology 17: 876–885. 
doi:10.1111/j.1420-9101.2004.00729.x.

Chartier M, Gibernau M, Renner SS. 2014. The evolution of pollinator–plant 
interaction types in the Araceae. Evolution 68: 1533–1543. doi:10.1111/
evo.12318.

Chen G, Ma XK, Jürgens A, et al. 2015. Mimicking livor mortis: a well-
known but unsubstantiated color profile in sapromyiophily. Journal of 
Chemical Ecology 41: 808–815. doi:10.1007/s10886-015-0618-2.

Chittka L. 1992. The colour hexagon: a chromaticity diagram based on photo-
receptor excitations as a generalized representation of colour opponency. 
Journal of Comparative Physiology A 170: 533–543.

Chittka L, Menzel R. 1992. The evolutionary adaptation of flower colours and 
the insect pollinators’ colour vision. Journal of Comparative Physiology 
A 171: 171–181.

Chittka L, Shmida A, Troje N, Menzel R. 1994. Ultraviolet as a component 
of flower reflections, and the colour perception of Hymenoptera. Vision 
Research 34: 1489–1508. doi:10.1016/0042-6989(94)90151-1.

Cloyd RA, Dickinson A. 2005. Effects of growing media containing diatom-
aceous earth on the fungus gnat Bradysia sp. nr. coprophila (Lintner) 
(Diptera: Sciaridae). HortScience 40: 1806–1809. doi:10.21273/
hortsci.40.6.1806.

Combet E, Henderson J, Eastwood DC, Burton KS. 2006. Eight-carbon 
volatiles in mushrooms and fungi: properties, analysis, and biosynthesis. 
Mycoscience 47: 317–326.

Dafni A, Bernhardt P, Shmida A, et al. 1990. Red bowl-shaped flowers: con-
vergence for beetle pollination in the Mediterranean region. Israel Journal 
of Botany 39: 81–92.

Danieli-silva A, de Souza JMT, Donatti AJ, et al. 2012. Do pollination 
syndromes cause modularity and predict interactions in a pollin-
ation network in tropical high-altitude grasslands? Oikos 121: 35–43. 
doi:10.1111/j.1600-0706.2011.19089.x.

Dellinger AS. 2020. Pollination syndromes in the 21st century: where do 
we stand and where may we go? New Phytologist 228: 1193–1213. 
doi:10.1111/nph.16793.

Dellinger AS, Scheer LM, Artuso S, et al. 2019. Bimodal pollination sys-
tems in Andean Melastomataceae involving birds, bats, and rodents. The 
American Naturalist 194: 104–116. doi:10.1086/703517.

Delpino F. 1873–1874. Ulteriori osservazioni e considerazioni sulla Dicogamia 
nel regno vegetale. Atti della Società Italiana di Scienze Naturali 1617: 
151266–349407.

Dobson HEM. 2006. Relationship between floral fragrance composition and 
type of pollinator. In: Dudareva N, Pichersky E, eds. Biology of Floral 
Scent. Boca Raton: CRC Press, 147–198.

Elberling H, Olesen JM. 1999. The structure of a high latitude plant-flower 
visitor system: the dominance of flies. Ecography 22: 314–323.

Fægri K, van der Pijl L. 1979. The Principles of Pollination Ecology. Oxford: 
Pergamon Press.

Farris JS, Källersjö M, Kluge AG, Bult C. 1994. Testing significance of 
incongruence. Cladistics 10: 315–319. doi:10.1111/j.1096-0031.1994.
tb00181.x.

Fenster CB, Armbruster WS, Wilson P, Dudash MR, Thomson JD. 
2004. Pollination syndromes and floral specialization. Annual Review of 
Ecology, Evolution, and Systematics 35: 375–403. doi:10.1146/annurev.
ecolsys.34.011802.132347.

Garcia JE, Hannah L, Shrestha M, Burd M, Dyer AG. 2022. Fly pol-
lination drives convergence of flower coloration. New Phytologist 233: 
52–61.

Gavrutenko M, Reginato M, Kriebel R, Nicolas AN, Michelangeli FA. 
2020. Evolution of floral morphology and symmetry in the Miconieae 
(Melastomataceae): multiple generalization trends within a specialized 
family. International Journal of Plant Sciences 181: 732–747. 
doi:10.1086/708906.

Goodrich KR, Raguso RA. 2009. The olfactory component of floral display 
in Asimina and Deeringothamnus (Annonaceae). New Phytologist 183: 
457–469. doi:10.1111/j.1469-8137.2009.02868.x.

Goodrich KR, Zjhra ML, Ley CA, Raguso RA. 2006. When flowers smell 
fermented: the chemistry and ontogeny of yeasty floral scent in pawpaw 
(Asimina triloba: Annonaceae). International Journal of Plant Sciences 
167: 33–46. doi:10.1086/498351.

Gottsberger G, Gottsberger B, Silberbauer-Gottsberger I, Stanojlovic 
V, Cabrele C, Dötterl S. 2021. Imitation of fermenting fruits in beetle-
pollinated Calycanthus occidentalis (Calycanthaceae). Flora: Morphology, 
Distribution, Functional Ecology of Plants 274: 151732.

Guo X, Zhao Z, Mar SS, Zhang D, Saunders RMK. 2019. A symbiotic 
balancing act: arbuscular mycorrhizal specificity and specialist fungus 
gnat pollination in the mycoheterotrophic genus Thismia (Thismiaceae). 
Annals of Botany 124: 331–342. doi:10.1093/aob/mcz087.

Han ZD, Wu Y, Bernhardt P, Wang H, Ren ZX. 2022. Observations on 
the pollination and breeding systems of two Corybas species (Diurideae; 
Orchidaceae) by fungus gnats (Mycetophilidae) in southwestern Yunnan, 
China. BMC Plant Biology 22: 426. doi:10.1186/s12870-022-03816-1.

Hardie RC. 1985. Functional organization of the fly retina. In: Ottoson D, 
ed. Progress in Sensory Physiology, Vol. 5. Heidelberg, Berlin: Springer, 
1–79.

Hardie RC, Kirschfeld K. 1983. Ultraviolet sensitivity of fly photoreceptors 
R7 and R8: evidence for a sensitising function. Biophysics of Structure 
and Mechanism 9: 171–180. doi:10.1007/bf00537814.

Heiduk A, Brake I, von Tschirnhaus M, et al. 2016. Ceropegia sandersonii 
mimics attacked honeybees to attract kleptoparasitic flies for pollination. 
Current Biology 26: 2787–2793.

Heiduk A, Brake I, Haenni J, et al. 2017. Floral scent and pollinators of 
Ceropegia trap flowers. Flora 232: 169–182.

Hingston AB, McQuillan PB. 2000. Are pollination syndromes useful pre-
dictors of floral visitors in Tasmania? Austral Ecology 25: 600–609.

Horridge GA, Mimura K, Tsukahara Y. 1975. Fly photoreceptors II: spec-
tral and polarized sensitivity in the dronefly Eristalis. Proceedings of the 
Royal Society of London. Series B, Biological Sciences 190: 225–237.

Inouye DW, Larson BMH, Ssymank A, Kevan PG. 2015. Flies and flowers 
III: ecology of foraging and pollination. Journal of Pollination Ecology 
16: 115–133. doi:10.26786/1920-7603(2015)15.

Ito T, Yu CC, Nakamura K, et al. 2017. Unique parallel radiations of high-
mountainous species of the genus Sedum (Crassulaceae) on the contin-
ental island of Taiwan. Molecular Phylogenetics and Evolution 113: 9–22.

Jakovlev J. 2011. Fungus gnats (Diptera: Sciaroidea) associated with dead 
wood and wood growing fungi: new rearing data from Finland and 
Russian Karelia and general analysis of known larval microhabitats in 
Europe. Entomologica Fennica 22: 157–189.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/132/2/319/7246019 by guest on 18 July 2024

https://doi.org/10.5061/dryad.msbcc2g46
https://doi.org/10.5061/dryad.msbcc2g46
https://doi.org/10.1034/j.1600-0706.2001.950121.x
https://doi.org/10.1002/9781118445112.stat07841
https://doi.org/10.1002/9781118445112.stat07841
https://doi.org/10.1080/0028825x.2013.806933
https://doi.org/10.1007/bf00698058
https://doi.org/10.1007/bf00698058
https://doi.org/10.1093/botlinnean/boaa016
https://doi.org/10.1111/j.1420-9101.2004.00729.x
https://doi.org/10.1111/evo.12318
https://doi.org/10.1111/evo.12318
https://doi.org/10.1007/s10886-015-0618-2
https://doi.org/10.1016/0042-6989(94)90151-1
https://doi.org/10.21273/hortsci.40.6.1806
https://doi.org/10.21273/hortsci.40.6.1806
https://doi.org/10.1111/j.1600-0706.2011.19089.x
https://doi.org/10.1111/nph.16793
https://doi.org/10.1086/703517
https://doi.org/10.1111/j.1096-0031.1994.tb00181.x
https://doi.org/10.1111/j.1096-0031.1994.tb00181.x
https://doi.org/10.1146/annurev.ecolsys.34.011802.132347
https://doi.org/10.1146/annurev.ecolsys.34.011802.132347
https://doi.org/10.1086/708906
https://doi.org/10.1111/j.1469-8137.2009.02868.x
https://doi.org/10.1086/498351
https://doi.org/10.1093/aob/mcz087
https://doi.org/10.1186/s12870-022-03816-1
https://doi.org/10.1007/bf00537814
https://doi.org/10.26786/1920-7603(2015)15


Mochizuki et al. — Fungus gnat pollination syndrome in Euonymus332

Jiang H, Kong J, Chen H, et al. 2020. Cypripedium subtropicum 
(Orchidaceae) employs aphid colony mimicry to attract hoverfly 
(Syrphidae) pollinators. New Phytologist 227: 1213–1221. doi:10.1111/
nph.16623.

Johnson SD. 2010. The pollination niche and its role in the diversification and 
maintenance of the southern African flora. Philosophical Transactions of 
the Royal Society of London. Series B, Biological Sciences 365: 499–516. 
doi:10.1098/rstb.2009.0243.

Johnson KA. 2013. Are there pollination syndromes in the Australian epacrids 
(Ericaceae: Styphelioideae)? A novel statistical method to identify key 
floral traits per syndrome. Annals of Botany 112: 141–149. doi:10.1093/
aob/mct105.

Johnson SD, Schiestl FP. 2016. Floral Mimicry. Oxford: Oxford University 
Press.

Johnson SD, Wester P. 2017. Stefan Vogel’s analysis of floral syndromes 
in the South African flora: an appraisal based on 60 years of pollination 
studies. Flora 232: 200–206. doi:10.1016/j.flora.2017.02.005.

Jürgens A, Wee S, Shuttleworth A, Johnson SD. 2013. Chemical mimicry of 
insect oviposition sites: a global analysis of convergence in angiosperms. 
Ecology Letters 16: 1157–1167. doi:10.1111/ele.12152.

Katoh K, Toh H. 2008. Recent developments in the MAFFT multiple sequence 
alignment program. Briefings in Bioinformatics 9: 286–298. doi:10.1093/
bib/bbn013.

Kawakita A, Elsayed AK, Mochizuki K, Vandrot H. 2022. Pollination of 
Phyllanthus (Phyllanthaceae) by gall midges that use male flower buds as 
larval brood sites. Flora 293: 152115. doi:10.1016/j.flora.2022.152115.

Knudsen JT, Eriksson R, Gershenzon J, Ståhl B. 2006. Diversity 
and distribution of floral scent. The Botanical Review 72: 1. 
doi:10.1663/0006-8101(2006)72[1:dadofs]2.0.co;2.

Kumar S, Stecher G, Tamura K. 2016. MEGA7: molecular evolutionary gen-
etics analysis version 7.0. Molecular Biology and Evolution 33: 1870–
1874. doi:10.1093/molbev/msw054.

Labandeira CC, 2005. Fossil history and evolutionary ecology of Diptera and 
their associations with plants. In: Yeates DK, Wiegmann BM, eds. The 
Evolutionary Biology of Flies. New York: Columbia University Press, 
217–272.

Lagomarsino LP, Forrestel EJ, Muchhala N, Davis CC. 2017. Repeated evo-
lution of vertebrate pollination syndromes in a recently diverged Andean 
plant clade. Evolution 71: 1970–1985. doi:10.1111/evo.13297.

Larson B, Kevan P, Inouye D. 2001. Flies and flowers: taxonomic diversity 
of anthophiles and pollinators. The Canadian Entomologist 133: 439–465. 
doi:10.4039/ent133439-4.

Lefebvre V, Fontaine C, Villemant C, Daugeron C. 2014. Are empidine dance 
flies major flower visitors in alpine environments? A case study in the 
Alps, France. Biology Letters 10: 20140742. doi:10.1098/rsbl.2014.0742.

Li Y-N, Xie L, Li J-Y, Zhang Z-X. 2014. Phylogeny of Euonymus inferred 
from molecular and morphological data. Journal of Systematics and 
Evolution 52: 149–160. doi:10.1111/jse.12068.

Lunau K. 2014. Visual ecology of flies with particular reference to colour vi-
sion and colour preferences. Journal of Comparative Physiology A 200: 
497–512. doi:10.1007/s00359-014-0895-1.

Lunau K, Papiorek S, Eltz T, Sazima M. 2011. Avoidance of achromatic col-
ours by bees provides a private niche for hummingbirds. The Journal of 
Experimental Biology 214: 1607–1612. doi:10.1242/jeb.052688.

Luo S, Liu T, Cui F, et al. 2017. Coevolution with pollinating resin midges led 
to resin-filled nurseries in the androecia, gynoecia and tepals of Kadsura 
(Schisandraceae). Annals of Botany 120: 653–664. doi:10.1093/aob/
mcx024.

Ma SJ. 2001. A revision of Euonymus (Celastraceae). Thaiszia 11: 1–264.
Maddison WP, Maddison DR. 2017. Mesquite: a modular system for evo-

lutionary analysis. Version 3.31. http://mesquiteproject.org (1 October 
2016, date last accessed).

Maia R, Gruson H, Endler JA, White TE. 2019. pavo 2: new tools for the 
spectral and spatial analysis of colour in R. Methods in Ecology and 
Evolution 10: 1097–1107. doi:10.1111/2041-210x.13174.

Manning JC, Goldblatt P. 1996. The Prosoeca peringueyi (Diptera: 
Nemestrinidae) pollination guild in southern Africa: long-tongued flies 
and their tubular flowers. Annals of the Missouri Botanical Garden 83: 
67–86. doi:10.2307/2399969.

Marshall SA. 2012. Flies: the Natural History and Diversity of Diptera. New 
York: Firefly Books.

Martén-Rodríguez S, Almarales-Castro A, Fenster CB. 2009. Evaluation 
of pollination syndromes in Antillean Gesneriaceae: evidence for bat, 

hummingbird and generalized flowers. Journal of Ecology 97: 348–359. 
doi:10.1111/j.1365-2745.2008.01465.x.

Martínez-Harms J, Vorobyev M, Schorn J, et al. 2012. Evidence of red sensitive 
photoreceptors in Pygopleurus israelitus (Glaphyridae: Coleoptera) and its 
implications for beetle pollination in the southeast Mediterranean. Journal of 
Comparative Physiology A 198: 451–463. doi:10.1007/s00359-012-0722-5.

Martos F, Cariou M-L, Pailler T, Fournel J, Bytebier B, Johnson SD. 2015. 
Chemical and morphological filters in a specialized floral mimicry system. 
New Phytologist 207: 225–234. doi:10.1111/nph.13350.

Matsumoto TK, Hirobe M, Sueyoshi M, Miyazaki Y. 2021. Selective pollin-
ation by fungus gnats potentially functions as an alternative reproductive 
isolation among five Arisaema species. Annals of Botany 127: 633–644. 
doi:10.1093/aob/mcaa204.

Mayfield MM, Waser NM, Price MV. 2001. Exploring the ‘most effective 
pollinator principle’ with complex flowers: bumblebees and Ipomopsis 
aggregata. Annals of Botany 88: 591–596.

Midford PE, Garland T, Maddison WP. 2010. PDAP Package of Mesquite. 
Version 1.16. http://mesquiteproject.org/pdap_mesquite/ (1 October 
2016, date last accessed).

Mochizuki K, Kawakita A. 2018. Pollination by fungus gnats and associ-
ated floral characteristics in five families of the Japanese flora. Annals of 
Botany 121: 651–663. doi:10.1093/aob/mcx196.

Momose K, Yumoto T, Nagamitsu T, et al. 1998. Pollination biology in a 
lowland dipterocarp forest in Sarawak. American Journal of Botany 85: 
1477–1501.

Moré M, Cocucci AA, Raguso RA. 2013. The importance of oligosulfides 
in the attraction of fly pollinators to the brood-site deceptive species 
Jaborosa rotacea (Solanaceae). International Journal of Plant Sciences 
174: 863–876. doi:10.1086/670367.

Muchhala N. 2007. Adaptive trade-off in floral morphology mediates special-
ization for flowers pollinated by bats and hummingbirds. The American 
Naturalist 169: 494–504. doi:10.1086/512047.

van der Niet T, Hansen DM, Johnson SD. 2011. Carrion mimicry in a South 
African orchid: flowers attract a narrow subset of the fly assemblage 
on animal carcasses. Annals of Botany 107: 981–992. doi:10.1093/aob/
mcr048.

Oelschlägel B, Nuss M, von Tschirnhaus M, et al. 2014. The betrayed thief: 
the extraordinary strategy of Aristolochia rotunda to deceive its pollin-
ators. New Phytologist 206: 342–351.

Ohashi K, Jürgens A, Thomson JD. 2021. Trade-off mitigation: a concep-
tual framework for understanding floral adaptation in multispecies inter-
actions. Biological Reviews 96: 2258–2280. doi:10.1111/brv.12754.

Okamoto T, Okuyama Y, Goto R, Tokoro M, Kato M. 2015. Parallel chem-
ical switches underlying pollinator isolation in Asian Mitella. Journal of 
Evolutionary Biology 28: 590–600. doi:10.1111/jeb.12591.

Oksanen J, Blanchet FG, Kindt R, et al. 2018. vegan: community ecology 
package. R package version 2.5-3. http://CRAN.R-project.org/
package=vegan (1 April 2020, date last accessed).

Okuyama Y, Kawakita A. 2012. Protocol for DNA extraction from plant sam-
ples (modified CTAB method). Shuseibutsugaku Kenkyu 35: 274–276 [in 
Japanese].

Okuyama Y, Kato M, Murakami N. 2004. Pollination by fungus gnats in 
four species of the genus Mitella (Saxifragaceae). Botanical Journal of the 
Linnean Society 144: 449–460. doi:10.1111/j.1095-8339.2003.00259.x.

Okuyama Y, Pellmyr O, Kato M. 2008. Parallel floral adaptations to 
pollinations by fungus gnats within the genus Mitella (Saxifragaceae). 
Molecular Phylogenetics and Evolution 46: 560–575. doi:10.1016/j.
ympev.2007.09.020.

Okuyama Y, Okamoto T, Kjærandsen J, Kato M. 2018. Bryophytes facili-
tate outcrossing of Mitella by functioning as larval food for pollinating 
fungus gnats. Ecology 99: 1890–1893.

Ollerton J, Alarcón R, Waser NM, et al. 2009. A global test of the pollination 
syndrome hypothesis. Annals of Botany 103: 1471–1480. doi:10.1093/
aob/mcp031.

Orford KA, Vaughan IP, Memmott J. 2015. The forgotten flies: the im-
portance of non-syrphid Diptera as pollinators. Proceedings of the Royal 
Society B: Biological Sciences 282: 20142934.

Osorio D, Vorobyev M. 2008. A review of the evolution of animal colour vi-
sion and visual communication signals. Vision Research 48: 2042–2051. 
doi:10.1016/j.visres.2008.06.018.

Pagel M, Meade A. 2006. Bayesian analysis of correlated evolution of discrete 
characters by reversible-jump Markov chain Monte Carlo. The American 
Naturalist 167: 808–825. doi:10.1086/503444.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/132/2/319/7246019 by guest on 18 July 2024

https://doi.org/10.1111/nph.16623
https://doi.org/10.1111/nph.16623
https://doi.org/10.1098/rstb.2009.0243
https://doi.org/10.1093/aob/mct105
https://doi.org/10.1093/aob/mct105
https://doi.org/10.1016/j.flora.2017.02.005
https://doi.org/10.1111/ele.12152
https://doi.org/10.1093/bib/bbn013
https://doi.org/10.1093/bib/bbn013
https://doi.org/10.1016/j.flora.2022.152115
https://doi.org/10.1663/0006-8101(2006)72[1:dadofs]2.0.co;2
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1111/evo.13297
https://doi.org/10.4039/ent133439-4
https://doi.org/10.1098/rsbl.2014.0742
https://doi.org/10.1111/jse.12068
https://doi.org/10.1007/s00359-014-0895-1
https://doi.org/10.1242/jeb.052688
https://doi.org/10.1093/aob/mcx024
https://doi.org/10.1093/aob/mcx024
http://mesquiteproject.org
https://doi.org/10.1111/2041-210x.13174
https://doi.org/10.2307/2399969
https://doi.org/10.1111/j.1365-2745.2008.01465.x
https://doi.org/10.1007/s00359-012-0722-5
https://doi.org/10.1111/nph.13350
https://doi.org/10.1093/aob/mcaa204
http://mesquiteproject.org/pdap_mesquite/
https://doi.org/10.1093/aob/mcx196
https://doi.org/10.1086/670367
https://doi.org/10.1086/512047
https://doi.org/10.1093/aob/mcr048
https://doi.org/10.1093/aob/mcr048
https://doi.org/10.1111/brv.12754
https://doi.org/10.1111/jeb.12591
http://CRAN.R-project.org/package=vegan
http://CRAN.R-project.org/package=vegan
https://doi.org/10.1111/j.1095-8339.2003.00259.x
https://doi.org/10.1016/j.ympev.2007.09.020
https://doi.org/10.1016/j.ympev.2007.09.020
https://doi.org/10.1093/aob/mcp031
https://doi.org/10.1093/aob/mcp031
https://doi.org/10.1016/j.visres.2008.06.018
https://doi.org/10.1086/503444


Mochizuki et al. — Fungus gnat pollination syndrome in Euonymus 333

Pagel M, Meade A, Barker D. 2004. Bayesian estimation of ancestral 
character states on phylogenies. Systematic Biology 53: 673–684. 
doi:10.1080/10635150490522232.

Pauw A. 2006. Floral syndromes accurately predict pollination by a specialized 
oil-collecting bee (Rediviva peringueyi, Melittidae) in a guild of South 
African orchids (Coryciinae). American Journal of Botany 93: 917–926. 
doi:10.3732/ajb.93.6.917.

Pauw A. 2022. Pollination syndrome accurately predicts pollination by tangle-
veined flies (Nemestrinidae: Prosoeca s.s.) across multiple plant families. 
Plant Biology 24: 1010–1021. doi:10.1111/plb.13461.

van der Pijl L. 1960. Ecological aspects of flower evolution. I. Phyletic evolu-
tion. Evolution 14: 403–416. doi:10.2307/2405990.

du Plessis M, Johnson SD, Nicolson SW, Bruyns PV, Shuttleworth 
A. 2018. Pollination of the ‘carrion flowers’ of an African stapeliad 
(Ceropegia mixta: Apocynaceae): the importance of visual and scent 
traits for the attraction of flies. Plant Systematics and Evolution 304: 
357–372.

Povolo M, Contarini G. 2003. Comparison of solid-phase microextraction 
and purge-and-trap methods for the analysis of the volatile fraction 
of butter. Journal of Chromatography A 985: 117–125. doi:10.1016/
s0021-9673(02)01395-x.

Proctor M, Yeo P, Lack A. 1996. The Natural History of Pollination. London: 
Harper-Collins.

Quintero E, Genzoni E, Mann N, et al. 2017. Sunbird surprise: a test of the pre-
dictive power of the syndrome concept. Flora 232: 22–29. doi:10.1016/j.
flora.2016.11.015.

R Core Team. 2017. R: a language and environment for statistical computing. 
Vienna: R Foundation for Statistical Computing. https://www.R-project.
org/ (1 April 2019, date last accessed).

Raguso RA. 2020. Don’t forget the flies: dipteran diversity and its con-
sequences for floral ecology and evolution. Applied Entomology and 
Zoology 55: 1–7. doi:10.1007/s13355-020-00668-9.

Rambaut A. 2009. FigTree 1.3.1. http:// tree.bio.ed.ac.uk/software/figtree (1 
October 2016, date last accessed).

Raven PH. 1972. Why are bird-visited flowers predominantly red? Evolution 
26: 674. doi:10.1111/j.1558-5646.1972.tb01975.x.

Reiter N, Freestone M, Brown G, Peakall R. 2019. Pollination by sexual de-
ception of fungus gnats (Keroplatidae and Mycetophilidae) in two clades 
of Pterostylis (Orchidaceae). Botanical Journal of the Linnean Society 
190: 101–116. doi:10.1093/botlinnean/boz009.

Rodríguez-Gironés MA, Santamaría L. 2004. Why are so many bird flowers 
red? PLoS Biology 2: e350. doi:10.1371/journal.pbio.0020350.

Ronquist F, Huelsenbeck JP. 2003. MrBayes 3: Bayesian phylogenetic infer-
ence under mixed models. Bioinformatics 19: 1572–1574. doi:10.1093/
bioinformatics/btg180.

Rosas-Guerrero V, Aguilar R, Martén-Rodríguez S, et al. 2014. A quan-
titative review of pollination syndromes: do floral traits predict effective 
pollinators? Ecology Letters 17: 388–400. doi:10.1111/ele.12224.

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH image to ImageJ: 
25 years of image analysis. Nature Methods 9: 671–675. doi:10.1038/
nmeth.2089.

Serrano-serrano ML, Rolland J, Clark JL, et al. 2017. Hummingbird pol-
lination and the diversification of angiosperms: an old and successful 
association in Gesneriaceae. Proceeding of the Royal Society B 284: 
20162816.

Shrestha M, Dyer AG, Boyd-Gerny S, Wong BBM, Burd M. 2013. Shades 
of red: bird-pollinated flowers target the specific colour discrimination 
abilities of avian vision. New Phytologist 198: 301–310.

Shrestha M, Dyer AG, Garcia JE, Burd M. 2019. Floral colour structure in 
two Australian herbaceous communities: it depends on who is looking. 
Annals of Botany 124: 221–232. doi:10.1093/aob/mcz043.

Shuttleworth A, Johnson SD, Jürgens A. 2017. Entering through the 
narrow gate: a morphological filter explains specialized pollination 
of a carrion-scented stapeliad. Flora 232: 92–103. doi:10.1016/j.
flora.2016.09.003.

Simmons MP, McKenna MJ, Bacon CD, et al. 2012. Phylogeny of 
Celastraceae tribe Euonymeae inferred from morphological characters 
and nuclear and plastid genes. Molecular Phylogenetics and Evolution 62: 
9–20. doi:10.1016/j.ympev.2011.08.022.

Smith SDW, Ané C, Baum DA. 2008. The role of pollinator shifts in the 
floral diversification of Iochroma (Solanaceae). Evolution 62: 793–806. 
doi:10.1111/j.1558-5646.2008.00327.x.

Smith SD, Kriebel R. 2018. Convergent evolution of floral shape tied to 
pollinator shifts in Iochrominae (Solanaceae). Evolution 72: 688–697. 
doi:10.1111/evo.13416.

Ssymank A, Kearns CA, Pape T, Thompson FC. 2008. Pollinating flies 
(Diptera): a major contribution to plant diversity and agricultural produc-
tion. Biodiversity 9: 86–89. doi:10.1080/14888386.2008.9712892.

Stensmyr MC, Giordano E, Balloi A, Angioy A-M, Hansson BS. 2003. 
Novel natural ligands for Drosophila olfactory receptor neurons. The 
Journal of Experimental Biology 206: 715–724. doi:10.1242/jeb.00143.

Stökl J, Strutz A, Dafni A, et al. 2010. A deceptive pollination system targeting 
drosophilids through olfactory mimicry of yeast. Current Biology 20: 
1846–1852. doi:10.1016/j.cub.2010.09.033.

Stökl J, Brodmann J, Dafni A, Ayasse M, Hansson BS. 2011. Smells like 
aphids: orchid flowers mimic aphid alarm pheromones to attract hoverflies 
for pollination. Proceedings of the Royal Society B: Biological Sciences 
278: 1216–1222.

Sueyoshi M. 2014. Taxonomy of fungus gnats allied to Neoempheria 
ferruginea (Brunetti, 1912) (Diptera: Mycetophilidae), with descriptions 
of 11 new species from Japan and adjacent areas. Zootaxa 3790: 139–164. 
doi:10.11646/zootaxa.3790.1.6.

Swofford DL. 2003. Paup* phylogenetic analysis using parsimony (*and 
other methods). Version 4. Sunderland: Sinauer Associates. https://paup.
phylosolutions.com/ (1 April 2020, date last accessed).

Tanabe AS. 2011. Kakusan4 and Aminosan: two programs for comparing 
nonpartitioned, proportional and separate models for combined molecular 
phylogenetic analyses of multilocus sequence data. Molecular Ecology 
Resources 11: 914–921. doi:10.1111/j.1755-0998.2011.03021.x.

Tripp EA, Manos PS. 2008. Is floral specialization an evolutionary dead-end? 
Pollination system transitions in Ruellia (Acanthaceae). Evolution 62: 
1712–1737. doi:10.1111/j.1558-5646.2008.00398.x.

Troje N. 1993. Spectral categories in the learning behaviour of blowflies. 
Zeitschrift für Naturforschung 48c: 96–104.

Turinsky AJ, Moir-Blais TR, Grundy FJ, Henkin TM. 2000. Bacillus 
subtilis ccpA gene mutants specifically defective in activation of acetoin 
biosynthesis. Journal of Bacteriology 182: 5611–5614. doi:10.1128/
JB.182.19.5611-5614.2000.

Vlasáková B, Kalinová B, Gustafsson MHG, Teichert H. 2008. Cockroaches 
as pollinators of Clusia aff. sellowiana (Clusiaceae) on inselbergs in 
French Guiana. Annals of Botany 102: 295–304. doi:10.1093/aob/mcn092.

Vogel S. 1954. Blütenbiologische Typen als Elemente der Sippsengliederung: 
dargestellt anhand der Flora Südafrikas. Botanische Studien 1: 1–338.

Vogel S, Martens J. 2000. A survey of the function of the lethal kettle 
traps of Arisaema (Araceae), with records of pollinating fungus gnats 
from Nepal. Botanical Journal of the Linnean Society 133: 61–100. 
doi:10.1111/j.1095-8339.2000.tb01537.x.

Warren SD, Harper KT, Booth GM. 1988. Elevational distribution of in-
sect pollinators. The American Midland Naturalist 120: 325–330. 
doi:10.2307/2426004.

Wang X, Wen M, Qian X, et al. 2020. Plants are visited by more pollinator 
species than pollination syndromes predicted in an oceanic island com-
munity. Scientific Reports 10: 13918. doi:10.1038/s41598-020-70954-7.

Whittall JB, Hodges SA. 2007. Pollinator shifts drive increasingly long 
nectar spurs in columbine flowers. Nature 447: 706–709. doi:10.1038/
nature05857.

Willmer P. 2011. Pollination and Floral Ecology. Princeton: Princeton 
University Press.

Wilson P, Castellanos MC, Hogue JN, Thomson JD, Armbruster WS. 
2004. A multivariate search for pollination syndromes among penstemons. 
Oikos 104: 345–361. doi:10.1111/j.0030-1299.2004.12819.x.

Woodcock TS, Larson BMH, Kevan PG, Inouye DW, Lunau K. 2014. 
Flies and flowers II: floral attractants and rewards. Journal of Pollination 
Ecology 12: 63–94.

Xiao Z, Lu JR. 2014. Strategies for enhancing fermentative production of 
acetoin: a review. Biotechnology Advances 32: 492–503. doi:10.1016/j.
biotechadv.2014.01.002.

Yamaguchi S, Desplan C, Heisenberg M. 2010. Contribution of photoreceptor 
subtypes to spectral wavelength preference in Drosophila. Proceedings of 
the National Academy of Sciences of the United States of America 107: 
5634–5639.

Zych M, Michalska B, Krasicka-Korczyńska E. 2014. Myophily in the 
critically endangered umbelliferous plant Ostericum palustre Besser 
(Apiaceae). Plant Systematics and Evolution 300: 187–196.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/132/2/319/7246019 by guest on 18 July 2024

https://doi.org/10.1080/10635150490522232
https://doi.org/10.3732/ajb.93.6.917
https://doi.org/10.1111/plb.13461
https://doi.org/10.2307/2405990
https://doi.org/10.1016/s0021-9673(02)01395-x
https://doi.org/10.1016/s0021-9673(02)01395-x
https://doi.org/10.1016/j.flora.2016.11.015
https://doi.org/10.1016/j.flora.2016.11.015
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1007/s13355-020-00668-9
http:// tree.bio.ed.ac.uk/software/figtree
https://doi.org/10.1111/j.1558-5646.1972.tb01975.x
https://doi.org/10.1093/botlinnean/boz009
https://doi.org/10.1371/journal.pbio.0020350
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1111/ele.12224
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1093/aob/mcz043
https://doi.org/10.1016/j.flora.2016.09.003
https://doi.org/10.1016/j.flora.2016.09.003
https://doi.org/10.1016/j.ympev.2011.08.022
https://doi.org/10.1111/j.1558-5646.2008.00327.x
https://doi.org/10.1111/evo.13416
https://doi.org/10.1080/14888386.2008.9712892
https://doi.org/10.1242/jeb.00143
https://doi.org/10.1016/j.cub.2010.09.033
https://doi.org/10.11646/zootaxa.3790.1.6
https://paup.phylosolutions.com/
https://paup.phylosolutions.com/
https://doi.org/10.1111/j.1755-0998.2011.03021.x
https://doi.org/10.1111/j.1558-5646.2008.00398.x
https://doi.org/10.1128/JB.182.19.5611-5614.2000
https://doi.org/10.1128/JB.182.19.5611-5614.2000
https://doi.org/10.1093/aob/mcn092
https://doi.org/10.1111/j.1095-8339.2000.tb01537.x
https://doi.org/10.2307/2426004
https://doi.org/10.1038/s41598-020-70954-7
https://doi.org/10.1038/nature05857
https://doi.org/10.1038/nature05857
https://doi.org/10.1111/j.0030-1299.2004.12819.x
https://doi.org/10.1016/j.biotechadv.2014.01.002
https://doi.org/10.1016/j.biotechadv.2014.01.002



