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1  | INTRODUC TION

As one of significant traits for visitors, floral scents in many flowering 
plants play an important role attracting pollinators and/or detract-
ing herbivores (Custódio, Serra, Nogueira, Gonçalves, & Romano, 
2006; Dötterl, Glück, Jürgens, Woodring, & Aas, 2014; Miyazawa 
et al., 2016; Tsuji & Sota, 2013). Floral scent signatures are compos-
ites of volatile chemicals at specific stoichiometric concentrations 
(Knudsen, Tollsten, & Bergstrom, 1993; Wright & Schiestl, 2009) 
that are produced by floral tissues (Dudareva & Pichersky, 2006). 
The types and concentrations of floral scents affect the interaction 
between plants and visitors (Ayasse et al., 2000; Wright, Thomson, 
& Smith, 2005). Several thousands of compounds from various 
floral scents have been identified (Knudsen et al., 1993; Ohloff, 

1994). Typically, these compounds are “fatty acid derivatives, ben-
zenoids, phenylpropanoids, isoprenoids, and nitrogen-  and/or sulfur- 
containing compounds” (Knudsen et al., 1993), with characteristics 
of “low polarity, and slight water solubility, as well as high vapor 
pressure and lipophilicity” (Schade, Legge, & Thompson, 2001).

The evolution of flowering plants from combined sexes (her-
maphroditism) to separate sexes (dioecy) is often accompanied by 
sexual dimorphism in floral scent (Ashman, 2009). Previous studies 
have shown that floral scents can differ qualitatively and quanti-
tatively among various sexual flowers (Dötterl & Jürgens, 2005; 
Miyazawa et al., 2016) and flower parts (Dötterl & Jürgens, 2005) 
or same flowers at different flowering stages (Custódio et al., 2006; 
Kumano & Ymaoka, 2006; Schade et al., 2001). Moreover, environ-
mental conditions (e.g., temperature, humidity, light, and time of the 
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Abstract
In many flowering plants, floral scents are a significant trait for visitors, playing an 
important role in attracting pollinators and/or detracting herbivores. The evolution 
of flowering plants from hermaphroditism to dioecy is often accompanied by sexual 
dimorphism in floral scent. In this study, floral scents emitted by different sexual 
morphs of the subdioecious shrub Eurya japonica Thunb. were collected using a dy-
namic headspace method, and sexual and temporal variations were evaluated by gas 
chromatography–mass spectrometry (GC–MS). Two volatiles, α- pinene and linalool, 
were identified as the major components of floral scents in females, hermaphrodites, 
and males. The males emit higher amounts of floral scents, particularly α- pinene, 
compared to females or hermaphrodites. Floral scents emitted by males generally 
decrease as flowers enter senescence, whereas those from females or hermaphro-
dites do not significantly differ. Intraspecific variations in floral scents of subdioec-
ious species provided by this study would contribute to better understanding of 
sexual dimorphism in floral scent.

K E Y W O R D S

dynamic headspace method, floral scent, GC–MS, sexual dimorphism, subdioecious shrub

www.ecolevol.org
http://orcid.org/0000-0003-2197-7075
http://orcid.org/0000-0001-6381-8262
http://creativecommons.org/licenses/by/4.0/
mailto:zhengpm@hotmail.com


     |  8267WANG et Al.

day) may determine the quality and quantity of floral scents (Azuma, 
Toyota, & Asakawa, 2001; Custódio et al., 2006; Kumano & Ymaoka, 
2006).

The majority of previous investigations have focused on dioe-
cious species and compared the differences in floral scents between 
females and males (Dötterl et al., 2014; Dufa, Hossaert- McKey, & 
Anstett, 2004; Milet- Pinheiro et al., 2015; Tollsten & Knudsen, 
1992; Tsuji & Sota, 2010). Ashman, Bradburn, Cole, Blaney, and 
Raguso (2005) investigated emission rates and floral scent composi-
tion in a gynodioecious plant (Fragaria virginiana) in females and her-
maphrodites. In this study, floral scent differences in a subdioecious 
sexual system (females, hermaphrodites, and males) were investi-
gated. Resource reallocation favors the evolution of sexual dimor-
phism (Charlesworth, 1999). The sexual selection theory (Bateman, 
1948; Dötterl et al., 2014) predicts that “males are limited in their 
reproductive success by access to mates, whereas females are more 
limited by resources” (Waelti, Page, Widmer, & Schiestl, 2009). Thus, 
males in the majority of species emit more scents per flower than 
females to attract visitors (reviewed in Ashman, 2009). Therefore, it 
is of much interest to investigate whether the profile and the tem-
poral pattern of floral scents of hermaphrodites are similar to that 
in males or females in subdioecious species. This will improve our 
understanding of the patterns of sexual dimorphism in floral scent.

To better understand the patterns of sexual dimorphism in floral 
scent, this study aimed to i) chemically characterize its floral scents, 
and to assess ii) qualitative and iii) temporal variations in floral scents 
in female, hermaphrodite, and male flowers.

2  | MATERIAL S AND METHODS

2.1 | Plant materials

Eurya japonica Thunb., an evergreen broadleaf understory tree be-
longing to the Pentaphylaceae family (approximately 0.5–3 m in 
height) (Tsuji & Sota, 2013; Wang, Matsushita, Tomaru, & Nakagawa, 
2016), was investigated in this study. As a subdioecious species, 
E. japonica consists of three sexual morphs: males with staminate 
flowers, females with pistillate flowers, and hermaphrodites with 
perfect flowers (i.e., flowers with both stamens and pistils) as well 
as staminate flowers and/or pistillate flowers (Motooka et al., 2015; 
Tsuji & Sota, 2013; Wang, Matsushita, Tomaru, & Nakagawa, 2015, 
2017; Wang et al., 2016). In Japan, flowers bloom from late February 
to early April, lasting for about 2 weeks (Kitamoto, Takasu, & Yagi, 
1992; Wang et al., 2015). Generally, the flowers of an individual open 
simultaneously. It bears a few to several hundred small flowers de-
pending on the age, height, and microhabitat conditions (Miyazawa 
et al., 2016). Flower diameter and length are approximately 2–5 mm 
and 3–5 mm, respectively. E. japonica is an insect- pollinated plant, its 
pollinators are mainly dipteran and thysanopteran insects (Kitamoto 
et al., 1992; Tsuji & Ohgushi, 2018), and its florivores are generally 
lepidopteran and dipteran larvae and hemipteran insects (Tsuji & 
Sota, 2013).

The plants of E. japonica used in this study are situated in the 
Higashiyama Campus of Nagoya University, Nagoya, Japan (35°10′N, 
136°58′E, 55–80 m a.s.l.). The experiments were conducted from 
early to the end of March 2016.

To investigate sexual and temporal variations in floral scents 
during flowering, seven female individuals, six hermaphrodites, and 
seven males were selected as targets. Before flowering, three flower 
branches (with leaves and flowers, approximately 30 cm in length) 
and three leaf branches (with only leaves, approximately 30 cm in 
length) in each individual were selected and bagged in nylon mesh 
bags to avoid visitation. The branches were successively harvested 
at three stages: stage 1 (initial stage, all flowers of the entire tree 
had bloomed), stage 2 (developing stage, 6 or 7 days after the ini-
tial stage), stage 3 (senescence stage, 11 or 12 days after the ini-
tial stage); and 1 flower branch and 1 leaf branch were harvested 
from each individual at each stage. Harvesting was conducted at 
9:00–11:00 a.m. The number of flowers in each flower branch was 
recorded: females, 72 ± 34 (mean ± SD, n = 21, i.e., 3 stages × 7 in-
dividuals); hermaphrodites, 67 ± 30 (n = 18, 3 × 6); males, 68 ± 34 
(n = 21, 3 × 7).

2.2 | Flower scents collection

Scents were collected in the laboratory with a pump extractor 
using a dynamic headspace method (Dötterl & Jürgens, 2005; 
Figure 1). To maintain freshness, the flower or leaf branches were 
harvested and immersed in water at room temperature (shown in 
Figure 1), immediately followed by scent collection. The branches 
were enclosed in a polyethylene oven bag (340 mm × 240 mm), 
and the emitted volatiles were trapped in an adsorbent tube using 
a membrane pump (SIBATA, Inc., Akashi, Japan). The flow rate 
was adjusted to 200 ml/min using a flow meter. Samples were 
 collected for 1 hr. An adsorbent tube was constructed using a 
PTFE tube (Φ3 × 5 mm, 100 mm) that was filled with 60 mg of 
Tenax- TA (60–80 mesh). The adsorbents were fixed in the tubes 

F IGURE  1 Schematic diagram of floral scent collection device 
using dynamic headspace method
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using glass wool. Room air was simultaneously collected and used 
as control.

The volatiles trapped in the adsorbent tube were dissolved and 
washed with diethyl ether (5 ml × 3) and collected into a test tube. 
Docosane (0.1 g/L, 0.1 ml) was used as internal standard. The col-
lected liquid was concentrated to approximately 1.5 ml by N2 and 
stored at 4°C.

2.3 | Gas chromatography–mass spectrometry (GC–
MS)

The collected volatiles were measured using GC–MS (QP 2010, 
Shimadzu, Kyoto, Japan), which was equipped with a capillary col-
umn (Rxi–1 m, 30 m × 0.32 mm i.d. and a film thickness of 0.25 μm). 
GC–MS- operating conditions were as follows: injector tempera-
ture, 250°C; oven temperature program, 35°C held for 5 min, 
35°C→180°C (5°C/min), then 180°C→200°C (10°C/min), and then 
held for 10 min, and finally to 280°C (20°C/min) and then held for 
5 min; carrier gas, He; flow rate, 1.6 ml/min; interface temperature, 
250°C; and ion source temperature, 200°C. The quantity of each 
volatile compound was calculated by comparing the GC data with 
the internal standards.

F IGURE  2 Total ion chromatogram (TIC) of the collected 
volatiles from room air (a), leaf branch (b), and flower branch (c). The 
chemical structures of peaks 1 (α- pinene) and 2 (linalool) are shown. 
I.S., internal standard (docosane)

F IGURE  3 Amounts (μg·hr−1·branch−1) of major volatiles emitted 
by flower and leaf branches of different sexual morphs at the 
entire flowering stages. Maximum and minimum values for each 
sample are shown at the upper and lower ends of the vertical bars, 
respectively. The 75% and 25% points are given by the upper and 
lower ends of the box, respectively. The middle bar indicates the 
median (female: n = 21, 3 stages × 7 individuals; hermaphrodite: 
n = 18, 3 × 6; male: n = 21, 3 × 7). Different letters beside the 
bars indicate significant differences in the results of multiple 
comparisons in which family- wise errors were adjusted using 
Tukey’s method at p = 0.05
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2.4 | Statistical analysis

The Kruskal–Wallis test was used to assess differences in the amount 
of each volatile between the flower branch and leaf branch of fe-
males, hermaphrodites, and males. The generalized linear mixed 
models (GLMMs) were used to examine the effects of sexual morphs 
(female, hermaphrodite, and male) and flowering stages (stage 1, 
2, and 3) on the amount of floral scents (Bolker et al., 2009). In the 
models, the sexual morphs, flowering stages, and their interactions 
were set as fixed effects, and target individuals were set as random 
effects. To assess the statistical significance of each fixed factor, the 
changes in deviance when each factor was removed from the full 
model were compared with the F- test for Gaussian error distribu-
tions with Identity link functions (Bolker et al., 2009). The data on 
the amount of each volatile were log- transformed before statistical 
analysis. Post hoc comparisons were conducted by adjusting family- 
wise errors based on Tukey’s method at p = 0.05. Statistical analyses 
were performed using the R 3.4.3 software (R Development Core 
Team, 2017; nlme, lme4, Mass, and multcomp packages).

3  | RESULTS

3.1 | Identification of major floral scents

Figure 2 shows the total ion chromatograms (TICs) of the collected 
volatiles and room air (control). The peak assignments of the main 
compounds were based on the mass spectral data of previous stud-
ies (Adams, 2007; Motooka et al., 2015) and standard chemicals 
under consideration of the retention time (RT). The structures of 
peaks 1 and 2 are illustrated in Figure 2c.

Four compounds were detected in the flower branches of the 
three sexual morphs or flowering stages: α- pinene, linalool, dodec-
ane, and tridecane (Figure 2c). α- Pinene and linalool are terpenoids, 

whereas dodecane and tridecane are aliphatics. For the entire 
flowering period (stage 1, 2, and 3), the amount (μg·hr−1·branch−1) 
of α- pinene or linalool emitted by flower branches is significantly 
higher (p < 0.01) than that of dodecane or tridecane in all three 
sexual morphs (Figure 3). The predominant volatiles consist of ter-
penoids (α- pinene and linalool) with percentages of 85.8% ± 12.0% 
(n = 21, 3 stages × 7 individuals), 86.9% ± 12.0% (n = 18, 3 × 6), and 
94.3% ± 8.2% (n = 21, 3 × 7) in females, hermaphrodites, and males, 
respectively.

3.2 | Sexual variations in floral scent

The amount of floral scents (α- pinene and linalool) was significantly 
affected by the sexual morphs (female, hermaphrodite, and male), 
flowering stages (stage 1, 2, and 3), and their interaction (Table 1).

At stage 1 (Figure 4a), males emit significantly higher amounts 
of α- pinene (μg·hr−1·flower−1) compared to females or hermaphro-
dites in post hoc comparisons. In addition, males emitted marginally 

TABLE  1 Effect of sexual morphs (female, hermaphrodite, and 
male), flowering stages (stage 1, 2, and 3), and their interactions on 
the amount of α- pinene and linalool. To test the statistical 
significance of explanatory variables, the changes in deviance when 
each variable was removed from the full model were compared 
with F distributions for Gaussian distributions. Boldface indicates 
statistical significance

Response variables
Explanatory 
variables df F p

α- Pinene Sexual morphs 2 8.122 <0.01

Flowering stages 2 6.984 <0.01

Sexual 
morphs × flow-
ering stages

4 2.803 <0.05

Linalool Sexual morphs 2 1.834 0.190

Flowering stages 2 12.000 <0.001

Sexual 
morphs × flow-
ering stages

4 1.344 0.279

F IGURE  4 Amounts (μg hr−1 flower−1) of main volatiles of floral 
scents emitted by different sexual morphs or flowering stages 
(female: n = 7; hermaphrodite: n = 6; male: n = 7). Different letters 
beside the bars indicate significant differences in the results of 
multiple comparisons in which family- wise errors were adjusted 
using Tukey’s method at p = 0.05. F, female; H, hermaphrodite; M, 
male; S1, stage 1; S2, stage 2; and S3, stage 3
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higher amounts of linalool (0.13 ± 0.09) than females (0.05 ± 0.02) or 
hermaphrodites (0.05 ± 0.02), although this difference was not sta-
tistically significant (Figure 4b). However, no significant difference 
in the amount of α- pinene/linalool between females and hermaph-
rodites was observed. A similar situation was observed at stage 2 
(Figure 4).

At stage 3 (Figure 4a), males emitted marginally higher amounts 
of α- pinene (μg·hr−1·flower−1) (0.16 ± 0.07) than females (0.09 ± 0.02) 
or hermaphrodites (0.11 ± 0.08), whereas almost no difference be-
tween females and hermaphrodites was detected. No significant 
differences in the amount of linalool emitted by different sexual 
morphs were observed (Figure 4b).

3.3 | Temporal variations in floral scent

Figure 4 reveals that the amount of floral scents (α- pinene or linal-
ool) emitted by females or hermaphrodites does not significantly dif-
fer during flowering (from initial to senescence stages). Conversely, 
the amount of α- pinene emitted by males at stage 3 is significantly 
lower than that at stage 1 (Figure 4a). Similarly, the amount of lin-
alool emitted by males shows a decreasing trend from stages 1 to 3 
(0.13 ± 0.09 vs. 0.06 ± 0.05), although these variations are not sta-
tistically significant.

4  | DISCUSSION

4.1 | Identification of major floral scents

Floral scents are generally composed of dozens, even hundreds 
of volatile chemicals (Knudsen et al., 1993; Miyazawa et al., 2016; 
Motooka et al., 2015; Tollsten & Knudsen, 1992). Motooka et al. 
(2015) and Miyazawa et al. (2016) prepared extracts from the 
flowers, vegetative parts, or flower buds of E. japonica in organic 
solvents, which were then analyzed using GC–MS. More than 50 
compounds were detected in the essential oils. In the present 
study, only four major volatiles were detected. Differences in the 
results may be attributable to the use of various methods in these 
studies.

Under consideration of the results of the control (room air) and 
leaf branches (Figures 2 and 3), α- pinene and linalool are the major 
components of floral scents, whereas dodecane and tridecane are 
emitted from leaves and/or other vegetative parts in all of the three 
sexual morphs and flowering stages.

4.2 | Sexual variations in floral scent

The evolution from hermaphroditism to dioecy is coupled to sexual 
dimorphism in floral scent (Ashman, 2009). In this study, the floral 
scents of different sexual morphs show only quantitative (quantity 
of volatile compounds) differences and no qualitative (blend com-
position) differences (Figures 2–4). These findings indicate that the 
observed differences in floral scents between sexual morphs cannot 
be explained by the emission of additional pollen-  or stigma- specific 

compounds in flowers (Ashman et al., 2005; Mayo, Bogner, & Boyce, 
1997; Miyake & Yafuso, 2003; Vogel, 1990).

In this study, the production of characteristic compounds of flo-
ral scents (particularly α- pinene) in males is generally higher than 
that in females or hermaphrodites (Figure 4). Previous researches 
have reported similar results in some dioecious species (Dötterl & 
Jürgens, 2005; Dötterl et al., 2014; Waelti et al., 2009). Sexual se-
lection theory predicts differential resource investment among dif-
ferent sexual morphs to attract pollinators (Bateman, 1948; Dötterl 
et al., 2014; Waelti et al., 2009). Accordingly, males should thus be 
selected to invest more resources in floral scents than females or 
hermaphrodites to enhance pollination success in subdioecious spe-
cies, E. japonica.

4.3 | Temporal variations in floral scent

Previous studies have revealed temporal variations in floral scents 
(e.g., Balao, Herrera, Talavera, & Dötterl, 2011; Dötterl, Jahreiss, 
Jhumur, & Jürgens, 2012; Kumano & Ymaoka, 2006; Miyake, 
Yamaoka, & Yahara, 1998). Kumano and Ymaoka (2006) showed 
that floral scent emissions in Homalomena propinqua increase from 
06:00 a.m. to 09:00 a.m. on the first and second days of opening. 
Schade et al. (2001) reported that the steady- state levels of 10 vola-
tiles emitted by carnation flowers independently change as flowers 
develop and enter senescence. These reports thus suggest that the 
synthesis of floral scents is developmentally regulated.

In this study, floral scents emitted by males generally decrease 
as flowers undergo senescence (Figure 4), which agrees with the 
findings of previous studies (Tollsten, 1993; Tollsten & Bergström, 
1989). The rapid decline in scent emission could thus be a mecha-
nism of resource reallocation (Ashman et al., 2005) or strategy to 
avoid/reduce attacks by detrimental herbivores after pollination 
(Muhlemann, Waelti, Widmer, & Schiestl, 2006; Wright & Schiestl, 
2009).

ACKNOWLEDG MENTS

The National Natural Science Foundation of China (Youth Fund 
Project, 31600313), the China Postdoctoral Science Foundation 
(2015M582077, 2016M592176), and the Postdoctoral Innovation 
Project of Shandong Province (201503012) supported this study. We 
thank Drs. Tomoko Okamoto (Gifu University) and Youko Inui (Osaka 
Kyoiku University) for providing assistance in floral scent collection 
and LetPub for linguistic assistance in preparing our manuscript.

CONFLIC T OF INTERE S T

None declared.

AUTHOR CONTRIBUTIONS

HW, PZ, TM, and MN conceptualized and designed the study; HW 
and PZ conducted floral scent collection; HW, PZ, DA, SY, YM, and 



     |  8271WANG et Al.

KF performed chemical analysis; and PZ, HW, TM, and MN wrote 
the manuscript. All authors have reviewed and approved the final 
manuscript.

DATA ACCE SSIBILIT Y

Data are available from the Dryad Digital Repository.

ORCID

Hui Wang  http://orcid.org/0000-0003-2197-7075 

Peiming Zheng  http://orcid.org/0000-0001-6381-8262 

R E FE R E N C E S

Adams, R. P. (2007). Identification of essential oil components by gas chro-
matography/mass spectrometry, 4th ed. Carol Stream, IL: Allured 
Books.

Ashman, T. L. (2009). Sniffing out patterns of sexual dimorphism 
in floral scent. Functional Ecology, 23, 852–862. https://doi.
org/10.1111/j.1365-2435.2009.01590.x

Ashman, T. L., Bradburn, M., Cole, D. H., Blaney, B. H., & Raguso, R. A. 
(2005). The scent of a male: The role of floral volatiles in pollination 
of a gender dimorphic plant. Ecology, 86, 2099–2105. https://doi.
org/10.1890/04-1161

Ayasse, M., Schiestl, F. P., Paulus, H. F., Lofstedt, C., Hansson, B., Ibarra, F., 
& Francke, W. (2000). Evolution of reproductive strategies in the sex-
ually deceptive orchid Ophrys sphegodes: How does flower- specific 
variation of odor signals influence reproductive success? Evolution, 
54, 1995–2006. https://doi.org/10.1111/j.0014-3820.2000.
tb01243.x

Azuma, H., Toyota, M., & Asakawa, Y. (2001). Intraspecific variation of flo-
ral scent chemistry in Magnolia kobus DC. (Magnoliaceae). Journal of 
Plant Research, 114, 411–422. https://doi.org/10.1007/PL00014006

Balao, F., Herrera, J., Talavera, S., & Dötterl, S. (2011). Spatial and temporal 
patterns of floral scent emission in Dianthus inoxianus and electroan-
tennographic responses of its hawkmoth pollinator. Phytochemistry, 
72, 601–609. https://doi.org/10.1016/j.phytochem.2011.02.001

Bateman, A. J. (1948). Intra- sexual selection in Drosophila. Heredity, 2, 
349–368. https://doi.org/10.1038/hdy.1948.21

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., 
Stevens, M. H. H., & White, J. S. S. (2009). Generalized linear mixed 
models: A practical guide for ecology and evolution. Trends in Ecology 
& Evolution, 24, 127–135. https://doi.org/10.1016/j.tree.2008.10.008

Charlesworth, D. (1999). Theories on the evolution of dioecy. In M. A. 
Geber, T. E. Dawson, & L. F. Delph (Eds.), Gender and sexual dimor-
phism in flowering plants (pp. 33–60). Berlin, Germany: Springer. 
https://doi.org/10.1007/978-3-662-03908-3

Custódio, L., Serra, H., Nogueira, J. M. F., Gonçalves, S., & Romano, A. 
(2006). Analysis of the volatiles emitted by whole flowers and iso-
lated flower organs of the carob tree using HS- SPME- GC/MS. 
Journal of Chemical Ecology, 32, 929–942. https://doi.org/10.1007/
s10886-006-9044-9

Dötterl, S., Glück, U., Jürgens, A., Woodring, J., & Aas, G. (2014). Floral 
reward, advertisement and attractiveness to honey bees in dioecious 
Salix caprea. PLoS ONE, 9, e93421. https://doi.org/10.1371/journal.
pone.0093421

Dötterl, S., Jahreiss, K., Jhumur, U. S., & Jürgens, A. (2012). Temporal vari-
ation of flower scent in Silene otites (Caryophyllaceae): A species with 
a mixed pollination system. Botanical Journal of the Linnean Society, 
169, 447–460. https://doi.org/10.1111/j.1095-8339.2012.01239.x

Dötterl, S., & Jürgens, A. (2005). Spatial fragrance patterns in flowers 
of Silene latifolia: Lilac compounds as olfactory nectar guides? Plant 
Systematics and Evolution, 255, 99–109. https://doi.org/10.1007/
s00606-005-0344-2

Dudareva, N., & Pichersky, E. (2006). Floral scent metabolic pathways: 
Their regulation and evolution. In N. A. P. Dudareva, & E. Pichersky 
(Eds.), Biology of floral scent (pp. 55–78). Boca Raton, FL: Taylor and 
Francis. https://doi.org/10.1201/9781420004007

Dufa, M., Hossaert-McKey, M., & Anstett, M. C. (2004). Temporal and 
sexual variation of leaf- produced pollinator- attracting odours in 
the dwarf palm. Oecologia, 139, 392–398. https://doi.org/10.1007/
s00442-004-1538-y

Kitamoto, T., Takasu, H., & Yagi, T. (1992). The insight into the dioecious 
of Eurya japonica. The 39nd annual meeting of the ecological society 
of Japan.

Knudsen, J. T., Tollsten, L., & Bergstrom, L. G. (1993). Floral 
scents—a checklist of volatile compounds isolated by head- 
space techniques. Phytochemistry, 33, 253–280. https://doi.
org/10.1016/0031-9422(93)85502-I

Kumano, Y., & Ymaoka, R. (2006). Synchronization between tem-
poral variation in heat generation, floral scents and pollinator 
arrival in the beetle- pollinated tropical Araceae Homalomena 
propinqua. Plant Species Biology, 21, 173–183. https://doi.
org/10.1111/j.1442-1984.2006.00163.x

Mayo, S. J., Bogner, J., & Boyce, P. C. (1997). The genera of Araceae. 
London, UK: Royal Botanical Gardens, Kew.

Milet-Pinheiro, P., Navarro, D. M. A. F., Dötterl, S., Carvalho, A. T., Pinto, 
C. E., Ayasse, M., & Schlindwein, C. (2015). Pollination biology in the 
dioecious orchid Catasetum uncatum: How does floral scent influence 
the behaviour of pollinators? Phytochemistry, 116, 149–161. https://
doi.org/10.1016/j.phytochem.2015.02.027

Miyake, T., & Yafuso, M. (2003). Floral scents affect reproductive success 
in fly- pollinated Alocasia odora (Araceae). American Journal of Botany, 
90, 370–376. https://doi.org/10.3732/ajb.90.3.370

Miyake, T., Yamaoka, R., & Yahara, T. (1998). Floral scents of hawkmoth- 
pollinated flowers in Japan. Journal of Plant Research, 111, 199–205. 
https://doi.org/10.1007/BF02512170

Miyazawa, M., Usami, A., Tanaka, T., Tsuji, K., Takehara, M., & Hori, Y. 
(2016). Sexual differences in chemical composition and aroma- active 
compounds of essential oil from flower buds of Eurya japonica. Journal 
of Oleo Science, 65, 357–361. https://doi.org/10.5650/jos.ess15295

Motooka, R., Usami, A., Nakahashi, H., Koutari, S., Nakaya, S., Shimizu, R., 
… Miyazawa, M. (2015). Characteristic odor components of essential 
oils from Eurya japonica. Journal of Oleo Science, 64, 577–584. https://
doi.org/10.5650/jos.ess14225

Muhlemann, J. K., Waelti, M. O., Widmer, A., & Schiestl, F. P. (2006). 
Postpollination changes in floral odor in Silene latifolia: Adaptive 
mechanisms for seed- predator avoidance? Journal of Chemical Ecology, 
32, 1855–1860. https://doi.org/10.1007/s10886-006-9113-0

Ohloff, G. (1994). Scent and fragrances. New York, NY: Springer. https://
doi.org/10.1007/978-3-642-78418-7

R Development Core Team (2017). R: A language and environment for sta-
tistical computing (version 3.4.3). Vienna, Austria: R Foundation for 
Statistical Computing. Retrieved from http://www.R-project.org/

Schade, F., Legge, R. L., & Thompson, J. E. (2001). Fragrance volatiles 
of developing and senescing carnation flowers. Phytochemistry, 56, 
703–710. https://doi.org/10.1016/S0031-9422(00)00483-0

Tollsten, L. (1993). A multivariate approach to post- pollination changes 
in the floral scent of Platanthera bifolia (Orchidaceae). Nordic Journal 
of Botany, 13, 495–499. https://doi.org/10.1111/j.1756-1051.1993.
tb00088.x

Tollsten, L., & Bergström, J. (1989). Variation and post- pollination 
changes in floral odors released by Platanthera bifolia 
(Orchidaceae). Nordic Journal of Botany, 9, 359–362. https://doi.
org/10.1111/j.1756-1051.1989.tb01011.x

http://orcid.org/0000-0003-2197-7075
http://orcid.org/0000-0003-2197-7075
http://orcid.org/0000-0001-6381-8262
http://orcid.org/0000-0001-6381-8262
https://doi.org/10.1111/j.1365-2435.2009.01590.x
https://doi.org/10.1111/j.1365-2435.2009.01590.x
https://doi.org/10.1890/04-1161
https://doi.org/10.1890/04-1161
https://doi.org/10.1111/j.0014-3820.2000.tb01243.x
https://doi.org/10.1111/j.0014-3820.2000.tb01243.x
https://doi.org/10.1007/PL00014006
https://doi.org/10.1016/j.phytochem.2011.02.001
https://doi.org/10.1038/hdy.1948.21
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1007/978-3-662-03908-3
https://doi.org/10.1007/s10886-006-9044-9
https://doi.org/10.1007/s10886-006-9044-9
https://doi.org/10.1371/journal.pone.0093421
https://doi.org/10.1371/journal.pone.0093421
https://doi.org/10.1111/j.1095-8339.2012.01239.x
https://doi.org/10.1007/s00606-005-0344-2
https://doi.org/10.1007/s00606-005-0344-2
https://doi.org/10.1201/9781420004007
https://doi.org/10.1007/s00442-004-1538-y
https://doi.org/10.1007/s00442-004-1538-y
https://doi.org/10.1016/0031-9422(93)85502-I
https://doi.org/10.1016/0031-9422(93)85502-I
https://doi.org/10.1111/j.1442-1984.2006.00163.x
https://doi.org/10.1111/j.1442-1984.2006.00163.x
https://doi.org/10.1016/j.phytochem.2015.02.027
https://doi.org/10.1016/j.phytochem.2015.02.027
https://doi.org/10.3732/ajb.90.3.370
https://doi.org/10.1007/BF02512170
https://doi.org/10.5650/jos.ess15295
https://doi.org/10.5650/jos.ess14225
https://doi.org/10.5650/jos.ess14225
https://doi.org/10.1007/s10886-006-9113-0
https://doi.org/10.1007/978-3-642-78418-7
https://doi.org/10.1007/978-3-642-78418-7
http://www.R-project.org/
https://doi.org/10.1016/S0031-9422(00)00483-0
https://doi.org/10.1111/j.1756-1051.1993.tb00088.x
https://doi.org/10.1111/j.1756-1051.1993.tb00088.x
https://doi.org/10.1111/j.1756-1051.1989.tb01011.x
https://doi.org/10.1111/j.1756-1051.1989.tb01011.x


8272  |     WANG et Al.

Tollsten, L., & Knudsen, J. T. (1992). Floral scent in dioecious Salix 
(Salicaceae)—a cue determining the pollination system. Plant 
Systematics and Evolution, 182, 229–237. https://doi.org/10.1007/
BF00939189

Tsuji, K., & Ohgushi, T. (2018). Florivory indirectly decreases the plant re-
productive output through changes in pollinator attraction. Ecology 
and Evolution, 8, 2993–3001. https://doi.org/10.1002/ece3.3921

Tsuji, K., & Sota, T. (2010). Sexual differences in flower defense and 
 correlated male- biased florivory in a plant- florivore system. Oikos, 
119, 1848–1853. https://doi.org/10.1111/j.1600-0706.2010.185 
85.x

Tsuji, K., & Sota, T. (2013). Florivores on the dioecious shrub Eurya ja-
ponica and the preferences and performances of two polyphagous 
geometrid moths on male and female plants. Entomological Science, 
16, 291–297. https://doi.org/10.1111/ens.12019

Vogel, S. (1990). The role of scent glands in pollination: On the structure 
and function of osmophores. Washington, DC: Smithonian Institution 
Libraries and National Science Foundation.

Waelti, M. O., Page, P. A., Widmer, A., & Schiestl, F. P. (2009). How to be 
an attractive male: Floral dimorphism and attractiveness to pollina-
tors in a dioecious plant. BMC Evolutionary Biology, 9, 190. https://doi.
org/10.1186/1471-2148-9-190

Wang, H., Matsushita, M., Tomaru, N., & Nakagawa, M. (2015). 
Differences in female reproductive success between female and 
hermaphrodite individuals in the subdioecious shrub Eurya japonica 

(Theaceae). Plant Biology, 17, 194–200. https://doi.org/10.1111/
plb.12189

Wang, H., Matsushita, M., Tomaru, N., & Nakagawa, M. (2016). High male 
fertility in males of a subdioecious shrub in hand-pollinated crosses. AoB 
Plants 8:plw067.

Wang, H., Matsushita, M., Tomaru, N., & Nakagawa, M. (2017). Sex 
change in the subdioecious shrub Eurya japonica (Pentaphylacaceae). 
Ecology and Evolution, 7, 2340–2345. https://doi.org/10.1002/
ece3.2745

Wright, G. A., & Schiestl, F. P. (2009). The evolution of floral scent: The 
influence of olfactory learning by insect pollinators on the honest 
signaling of floral rewards. Functional Ecology, 23, 841–851. https://
doi.org/10.1111/j.1365-2435.2009.01627.x

Wright, G. A., Thomson, M. G. A., & Smith, B. H. (2005). Odour concen-
tration affects odour identity in honeybees. Proceedings of the Royal 
Society of London Series B Biological Sciences, 272, 2417–2422. https://
doi.org/10.1098/rspb.2005.3252

How to cite this article: Wang H, Zheng P, Aoki D, et al. 
Sexual and temporal variations in floral scent in the 
subdioecious shrub Eurya japonica Thunb. Ecol Evol. 
2018;8:8266–8272. https://doi.org/10.1002/ece3.4378

https://doi.org/10.1007/BF00939189
https://doi.org/10.1007/BF00939189
https://doi.org/10.1002/ece3.3921
https://doi.org/10.1111/j.1600-0706.2010.18585.x
https://doi.org/10.1111/j.1600-0706.2010.18585.x
https://doi.org/10.1111/ens.12019
https://doi.org/10.1186/1471-2148-9-190
https://doi.org/10.1186/1471-2148-9-190
https://doi.org/10.1111/plb.12189
https://doi.org/10.1111/plb.12189
https://doi.org/10.1002/ece3.2745
https://doi.org/10.1002/ece3.2745
https://doi.org/10.1111/j.1365-2435.2009.01627.x
https://doi.org/10.1111/j.1365-2435.2009.01627.x
https://doi.org/10.1098/rspb.2005.3252
https://doi.org/10.1098/rspb.2005.3252
https://doi.org/10.1002/ece3.4378

