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Abstract We assessed plausible linkages between floral variation and pollination-system 
diversity in the genus Asarum (sect. Heterotropa) by investigating the floral-visitor and floral-scent 
profiles of Asarum asaroides (C.Morren et Decne.) Makino, a large-flowered species endemic to 
western Japan. Using time-lapse photography and field collections of insects, we confirmed that 
multiple dipteran families visited A. asaroides. The fungus gnat Cordyla murina Winnertz, 1863 
(Mycetophilidae), is likely the primary pollinator, since we observed repeated visits by this species 
at three spatially distinct sites. We also reassessed the previously posited primary pollinator of 
A. tamaense Makino and found that C. murina is in fact the likely primary pollinator of this spe-
cies. The floral-scent profile of A. asaroides typically contains ethyl 3-methylcrotonate, 
3-octanone, 3-octanol, safrole, and caryophyllene, and is strikingly different from that of 
A. tamaense, implying that different mechanisms underlie the attraction of C. murina to these 
closely related species.

Key words : brood-site mimicry, floral volatile compound, fungus gnat, mushroom mimicry, polli-
nation.

Introduction

Floral variation is a prominent feature of 
angiosperm diversity and is hypothesized to be 
related to pollination-system diversity. Plant lin-
eages that contain wide floral diversity are there-
fore useful for assessing linkages between floral 
diversity and pollination systems. The genus 
Asarum (sect. Heterotropa) is one such lineage, 
comprising 62 species with remarkably varied 
floral traits, including color, shape, and scent; it 
is endemic to a narrow geographic area in Japan 
and Taiwan (Okuyama et al., 2020). Sect. Het-

erotropa is also noted for its presumed deceptive 
pollination strategy, which offers no reward to 
pollinators, and the varied traits observed within 
this taxon may be related to a diversity of decep-
tion strategies (Sinn et al., 2015; Okuyama et al., 
2020). However, because visual observations of 
pollinator visits to concealed floral organs are 
logistically difficult and therefore rare in the lit-
erature, few sources have assessed the pollina-
tion biology of Heterotropa, excluding the rela-
tively well-studied pollination system of Asarum 
tamaense, which is mediated by fungus gnats 
(Sugawara, 1988; Kakishima and Okuyama, 
2020). We aimed to more fully elucidate the pol-
lination systems and floral-scent profiles within © 2021 National Museum of Nature and Science

DOI: 10.50826/bnmnsbot.47.4_227
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this genus using Asarum asaroides, which is 
endemic to western Honshu and northern 
Kyushu, Japan. A. asaroides is a showy species 
with flowers up to 4 cm in diameter (Fig. 1) and a 
chamber-like space located above the column of 
the calyx tube. Given its unique floral structure, 
A. asaroides is an ideal species with which to 
assess pollinator attraction in the context of floral 
traits and pollination systems in Heterotropa.

Materials and Methods

Collection and time-lapse photography of floral 
visitors

Floral visitors to A. asaroides were collected 
from a native population located in Mine, Yama-
guchi Prefecture, Japan (N34°10′, E131°12′), on 
April 22, 2018, and from potted plants located in 

the Tsukuba Botanical Garden in Ibaraki Prefec-
ture (N36°06′, E140°07′) on April 22–23, 2021. 
The potted plants were grown in a greenhouse 
with open windows. We used an insect aspirator 
to collect insects that had entered the calyx. 
Specimens were stored dry to allow inspection 
for pollen on their bodies, and used for morpho-
logical and DNA barcoding identification, as 
described below.

Floral visitors were monitored using time-
lapse photography (camera models WG-4 and 
WG-50, RICOH, Tokyo, Japan) at the Mine loca-
tion on April 22–23, 2018, and at an additional 
population in Abu, Yamaguchi Prefecture 
(N34°30′, E131°34′) on April 23–24, 2018. Over-
all, 2 and 20 flowering individuals were moni-
tored at Mine and Abu, respectively (Table 1). 
Cameras were placed at least 5 cm from each of 

Fig. 1. Photographs of Asarum asaroides and associated flower visitors. A) A wild individual of A. asaroides. B 
and C) Cordyla murina collected from flowers at Mine (B) and Tsukuba (C) showing pollen grains on the 
body surface. D) Drosophilidae sp. E) Sphaeroceridae sp. F) Sciaridae sp.
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the target flowers and the time interval between 
photos was set to 2 min at Mine and 1 min at 
Abu. Any insect visitor that made contact with 
the upper surface of the calyx or entered it was 
considered a single visit and subsequent photos 
of the same individual were not counted. All tar-
get flowers were collected following the observa-
tion period and brought back to the laboratory to 
assess the presence of oviposited eggs inside the 
calyx tube.

Identification of floral visitors
Collected floral visitors were identified based 

on both morphology and DNA barcoding. First, 
insects were examined using a binocular micro-
scope (SZ, Olympus, Tokyo, Japan). The genita-
lia of male fungus gnats were removed with 
sharpened tweezers, treated with a 10% potas-
sium hydroxide solution at room temperature 
overnight, and then observed under a stereo-
scopic microscope in 99.5% ethanol. The genita-
lia were preserved in glycerin within plastic 
microvials pinned under the body remains. Then 
the legs of the specimens were removed and used 

for DNA extraction. The vouchers were depos-
ited in National Museum of Nature and Science, 
Tsukuba.

Given the challenges of morphological identi-
fication of female fungus gnats, we used DNA 
barcoding based on mitochondrial cytochrome 
oxidase subunit I (COI) sequences using the 
primers LCO1490 and HCO2198 (Folmer et al., 
1994), with the nucleotide sequences of the mor-
phologically identified male fungus gnats as the 
reference. DNA extraction and sequencing were 
performed as described in Kakishima and 
Okuyama (2018b) and Kakishima et al. (2020). 
Nucleotide sequences were deposited in the DNA 
Data Bank of Japan under accession numbers 
LC649054–LC649063. COI sequences of closely 
related species were obtained from GenBank or 
the Barcode of Life Data System (BOLD) 
(Ratnasingham and Hebert, 2007). We used a 4% 
uncorrected genetic distance as the threshold for 
differentiating species using DNA barcoding 
(Okuyama et al., 2018). A phylogenetic analysis 
was conducted using RAxML version 8 (Stamat-
akis, 2014), using a maximum likelihood (ML) 

Table 1. The detailed information of the time-lapse photography

Plant 
ID Location Number of  

flowers Date Time Interval 
(min)

Number of  
photos

1 Mine 2 22–23 Apr. 2018 16:25–18:31 2 784
2 Mine 1 22–23 Apr. 2018 16:17–18:37 2 791
3 Abu 1 23–24 Apr. 2018 10:03–2:43 1 1001
4 Abu 1 23–24 Apr. 2018 10:04–2:49 1 1006
5 Abu 1 23–24 Apr. 2018 10:17–0:36 1 860
6 Abu 1 23–24 Apr. 2018 10:12–1:31 1 920
7 Abu 1 23–24 Apr. 2018 10:23–3:02 1 1000
8 Abu 1 23–24 Apr. 2018 11:04–1:57 1 894
9 Abu 1 23–24 Apr. 2018 11:25–1:40 1 856

10 Abu 2 23–24 Apr. 2018 11:07–1:27 1 861
11 Abu 1 23–24 Apr. 2018 10:57–2:19 1 923
12 Abu 2 23–24 Apr. 2018 10:44–0:30 1 827
13 Abu 1 23–24 Apr. 2018 10:34–0:40 1 847
14 Abu 1 23 Apr. 2018 10:41–23:59 1 799
15 Abu 2 23 Apr. 2018 10:41–22:49 1 729
16 Abu 1 23–24 Apr. 2018 11:13–0:47 1 815
17 Abu 1 23–24 Apr. 2018 10:51–1:18 1 868
18 Abu 1 23 Apr. 2018 10:46–23:14 1 749
19 Abu 2 23–24 Apr. 2018 11:23–0:08 1 765
20 Abu 1 23 Apr. 2018 11:34–23:59 1 746
21 Abu 1 23–24 Apr. 2018 9:44–2:24 1 1001
22 Abu 2 23–24 Apr. 2018 10:11–2:51 1 1002

Total 19044
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method with a GTR＋G likelihood model for 
nucleotide substitutions. The ML tree and boot-
strap branch supports were obtained by running a 
rapid bootstrapping algorithm with 1,000 repli-
cates, followed by a search for the ML tree. 
Finally, we assessed correspondence between the 
barcoding results and those obtained from mor-
phological identification.

Floral-scent analyses
Floral-scent profiles of A. asaroides flowers were 

examined using 13 samples from six individuals. 
All individuals were assessed during the daytime. 
Three individuals (TBG160978, TBG160979, 
TBG160980) were sampled a second time during 
the day using different flowers, and two individu-
als (TBG160978, TBG160979) were sampled at 
night using different flowers. The scents from the 
cut leaves of two individuals (TBG160978, 
TBG160979) were also assessed to identify the 
volatile compounds unique to flowers. For sam-
pling, one or two flowers (0–7 days after open-
ing), or one leaf, were collected from each indi-
vidual and placed in a 50- or 100-mL glass vial 
and sealed with aluminum foil. Volatile com-
pounds were collected for 30 min using head-
space-solid phase microextraction with 100-μm 
fibers of divinylbenzene/carboxen/polydimethyl-
siloxane (Supelco, Bellefonte, PA, USA). To dis-
tinguish the volatile compounds of flowers from 
those of the ambient air, volatiles from an empty 
vial were used as a control.

All samples were subjected to gas chromatog-
raphy mass spectrometry with settings equivalent 
to those reported in Okamoto et al. (2015) and 
Kakishima and Okuyama (2018a). We used a 
GCMS-QP2010SE system (Shimadzu, Kyoto, 
Japan) equipped with an Rtx-5SilMS capillary 
column (30 m×0.25 mm; film thickness, 250 μm; 
Restek, Bellefonte, PA, USA). Helium was used 
as the carrier gas at a velocity of 48.1 cm s－1, and 
the injector temperature was 250°C. The injector 
was operated in splitless mode for 1 min. Elec-
tron ionization mass spectra were obtained at a 
source temperature of 250°C. The oven tempera-
ture was programmed to the following sequence: 

40°C for 5 min, an increase of 5°C/min to 210°C, 
an increase of 10°C/min to 280°C, and then hold-
ing at 280°C for 5 min. The relative peak area in 
the total ion chromatogram (TIC) was used as a 
rough estimate of the relative content of each 
compound in each sample.

For all volatile compounds, retention indices 
were calculated using n-alkane (C6–C20) stan-
dards (Wako, Tokyo, Japan). Tentative identifica-
tion was made by comparing the mass spectra 
with those in libraries (NIST14 and NIST14s, 
National Institute of Standards and Technology, 
USA) using a cutoff of 94% similarity. The mass 
spectra, as well as the retention indices for the 
compounds, were compared with authentic stan-
dards. When authentic standards could not be 
obtained, the retention indices were compared 
with those reported in the National Institute of 
Standards and Technology Chemistry WebBook 
(Linstrom and Mallard, 2012).

Results

Floral visitors of A. asaroides
We collected two and seven dipteran flower 

visitors from A. asaroides flowers at Mine and 
the Tsukuba Botanical Garden, respectively. All 
individuals excluding one had 1–40 pollen grains 
on their bodies (Fig. 1B, C). All individuals were 
identified as Cordyla sp. (Mycetophilidae) based 
on morphology. Both individuals from Mine and 
five of the seven individuals from Tsukuba were 
male. We identified one male from each sampling 
location as Cordyla murina based on the genita-
lia. DNA barcoding results indicated that all col-
lected individuals were of the same species, i.e., 
Cordyla murina. DNA barcoding also implied 
that the Cordyla sp. collected from A. tamaense 
in our previous study (Kakishima and Okuyama, 
2020) was C. murina (Fig. 2). We therefore 
examined the genitalia of one male Cordyla sp. 
collected from A. tamaense, and confirmed the 
individual’s identity as C. murina. We found no 
evidence of eggs inside any of the collected flow-
ers of A. asaroides.

In total, 19,044 photographs were captured 
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Fig. 2. A maximum-likelihood phylogenetic tree of Cordyla spp. based on a 617-base-pair sequence of the mito-
chondrial COI region. Bootstrap supports are shown for nodes above the species level. Each operational taxo-
nomic unit (OTU) label represents the sample name followed by the database ID (BOLD or GenBank). For C. 
murina, specimen origins are indicated on the right.

Table 2. A list of the flower visitors photographed on each A. asaroides plant individual

Category of visitor

Plant ID

TotalMine Abu

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Coleoptera Carabidae 0 0 0 0 1 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 4
Curcurionidae 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1
Nitulidae* 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 1 0 4
Staphilinidae 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2

Diptera Drosophilidae 1 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 6
Empididae 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1
Mycetophilidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Psychodidae 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Sciaridae 0 0 0 1 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 4
Sphaeroceridae 0 1 0 0 1 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

Hemiptera 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1
Hymenoptera Formicidae 14 28 5 2 3 2 18 1 1 2 0 8 1 0 0 3 0 2 0 1 1 1 93
Orthoptera 0 0 0 1 0 1 0 1 1 0 1 1 1 0 0 2 0 0 0 0 1 0 10
Unidentified 

insects
0 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 4

Amphipoda 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2
Araneae 0 0 1 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 4
Collembola 3 1 1 0 0 3 18 1 3 5 6 8 3 7 6 9 2 5 0 2 1 14 98
Isopoda 2 0 0 1 0 1 0 0 4 2 0 1 0 0 1 3 0 0 0 0 0 0 15
Myriapoda 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 4
Opiliones 0 0 0 0 1 0 5 0 0 2 0 4 1 2 0 1 0 1 2 1 2 2 24

Total 21 35 7 8 6 10 44 5 9 12 11 24 6 10 9 21 2 8 4 4 6 21 283

* Tentative identification
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over the observation period (Table 1). We 
counted 0–93 floral visitors to each individual 
and a total of 283 floral visitors across the obser-
vation period (Table 2). Springtails (Collembola) 
and ants (Formicidae) were the most frequently 
observed insects (Table 2), but there was little 
evidence that they entered the calyx tubes, indi-
cating that they are not important pollinators of 
A. asaroides. Dipterans and coleopterans were 
the only winged insects recorded and at least 
some were photographed entering the calyx tube 
(Fig. 1D–F). Among dipterans, Drosophilidae, 
Empididae, Psychodidae, Sciaridae, and 
Sphaeroceridae were observed. No visitations by 
Cordyla spp. were photographed, but individuals 
were collected while visiting flowers at the Mine 
location.

Floral volatile compounds in A. asaroides
Overall, 81 floral volatile compounds were 

identified from the flowers of A. asaroides. We 
detected 14–48 volatile compounds in each indi-
vidual headspace sample (Table 3). These com-
pounds included 45 aliphatics, four benzenoids or 
phenylpropanoids, 13 monoterpenes, 16 sesquiter-
penes, two nitrogen-containing compounds, and 
one sulfur-containing compound. The volatile 
compounds common among all flower samples 
were ethyl 3-methylcrotonate (ethyl 3-methyl-
2-butenoate), 3-octanone, 3-octanol, safrole, and 
caryophyllene. Among these, safrole and caryoph-
yllene were also detected in the leaf samples. The 
volatile composition, represented by the TIC peak 
area ratios, was variable among flower samples 
and was dominated by ethyl 3-methylcrotonate 
(38.65–93.84%), methyl 3,3-dimethacrylate 
(methyl 3-methyl-2-butenoate, 0.00–54.00%), 
3-octanone (0.83–5.75%), and safrole (0.18–
25.53%). We found no obvious difference in vola-
tile compounds between samples taken during the 
day and at night.

Discussion

Our results represent a significant addition to 
the paucity of literature on the pollination sys-

tems of Heterotropa species, where mushroom 
mimicry has long been the posited pollinator 
attraction strategy (Vogel, 1978; Sugawara, 1988; 
Sinn et al., 2015b). Congruent with the hypothe-
sized mushroom mimicry, the flowers of A. asa-
roides attracted various potentially mycophagous 
dipterans (e.g., Drosophilidae and Mycetophili-
dae) and the scent profile consistently contained 
3-octanone and 3-octanol, which are typical of 
mushroom scent profiles (Policha et al., 2015; 
Kakishima et al., 2019). The flowers of A. asa-
roides also attracted some coleopterans, which 
might act as pollinators with moderate frequency, 
although they all consisted of less-mobile, 
ground-dwelling species of Carabidae that were 
too large to enter the calyx tube, Curcurionidae, 
Nitulidae, Staphylinidae, etc. Other floral visitors 
were primarily flightless and did not actively 
enter the calyx tube. Thus, we considered these 
non-dipteran species as reasonably unlikely to be 
major contributors to outcrossing in A. asaroides. 
The principal pollinators of A. asaroides are 
most likely dipterans, particularly Drosophilidae, 
Mycetophilidae, Sciaridae, and Sphaeroceridae, 
which were observed making repeated visits over 
the observation period.

Among these, the fungus gnat, C. murina, is 
likely a notable pollinator, given that we 
observed and collected this species making 
repeated floral visits in both wild and cultivated 
populations, although, probably by chance, it 
was not photographed. In addition, one of the 
authors (MS) reported C. murina to be a floral 
visitor of A. asaroides in a wild population in 
Hita, Oita Prefecture, Japan (Sueyoshi and 
Suetsugu, 2018). Therefore, A. asaroides appear 
to attract C. murina, with the attraction signal 
potentially involving an olfactory mechanism. 
Given that members of Cordyla pollinate the 
closely related A. tamaense, we reexamined 
specimens collected in Kakishima and Okuyama 
(2020) and identified these individuals as C. 
murina. However, we note that there are apparent 
differences in the pollination systems of A. 
tamense and A. asaroides. We found that C. 
murina attraction to A. asaroides appeared to be 
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male-biased (seven of nine individuals were 
male), whereas attraction to A. tamaense 
appeared to be female-biased (five of six individ-
uals were female) and eggs were typically laid 
within the flowers of the latter. Although it is 
possible that these two species attract different 
sexes of C. murina using different signals, the 
sample sizes obtained in these two studies were 
too low to allow decisive conclusions on this 
point. However, we speculate that this could 
explain the substantial differences in the floral 
scent profiles of these two species; ethyl 3-meth-
ylcrotonate was the dominant floral volatile com-
pound in A. asaroides (60.85% of the total on 
average) and was only marginally detected in A. 
tamaense (0.00–0.42% of the total; Kakishima 
and Okuyama, 2020), in which dimethyl disul-
fide was the dominant compound (42.1% of the 
total on average; Kakishima and Okuyama, 
2020). Conversely, dimethyl disulfide was rare in 
A. asaroides (0.00–0.06% of the total).

The two dominant floral volatile compounds 
of A. asaroides, ethyl 3-methylcrotonate and 
methyl 3,3-dimethacrylate, have been reported 
from a type of yeast as well as from the flowers 
and fruits of other plant species (Lugemwa et al., 
1989, Dobson et al., 1997; Mahidol et al., 2005, 
Wijaya et al., 2005, Grondin et al., 2017, Wang 
et al., 2017), although none of these are likely 
associated with C. murina. It is possible that 
C. murina may be attracted to fungal fruiting 
bodies that emit the same compounds, but such 
scent profiles have not yet been assessed. The 
genus Cordyla was recently highlighted for its 
role in pollination (e.g., Suetsugu and Sueyoshi, 
2018a, b; Matsumoto et al., 2021; Suetsugu et 
al., 2021) and there is evidence that another 
Heterotropa member, Asarum asperum, is visited 
by Cordyla pusilla (Sasakawa and Ishizaki, 
2003). Further surveys of the life-history strate-
gies of Cordyla are crucial to understanding the 
role of these insects as plant pollinators and the 
mechanisms that may be used within Heterotropa 
to attract them.
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