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Summary 24 

   Zoophilous flowers often transmit olfactory signals to attract pollinators. In plants 25 

with unisexual flowers, such signals are usually similar between the sexes because 26 

attraction of the same animal to both male and female flowers is essential for 27 

conspecific pollen transfer. Here, we present a remarkable example of sexual 28 

dimorphism in floral signal observed in reproductively highly specialized clades of the 29 

tribe Phyllantheae (Phyllanthaceae). These plants are pollinated by species-specific, 30 

seed-parasitic Epicephala moths (Gracillariidae) that actively collect pollen on male 31 

flowers and pollinate the female flowers in which they oviposit; by doing so, they 32 

ensure seeds for their offspring. We found that Epicephala-pollinated Phyllanthaceae 33 

plants consistently exhibit major qualitative differences in scent between male and 34 

female flowers, often involving compounds derived from different biosynthetic 35 

pathways. In a choice test, mated female Epicephala moths preferred the scent of male 36 

flowers over that of female flowers, suggesting that male floral scent elicits 37 

pollen-collecting behavior. Epicephala pollination evolved multiple times in 38 

Phyllantheae, at least thrice accompanied by transition from sexual monomorphism to 39 

dimorphism in floral scent. This is the first example in which sexually dimorphic floral 40 

scent has evolved to signal an alternative reward provided by each sex, provoking the 41 

pollinator’s legitimate altruistic behavior. 42 

 43 

Keywords: Epicephala; floral scent; obligate pollination mutualism; Phyllanthaceae; 44 

sexual dimorphism 45 
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1. Introduction 48 

   Phenotypic differences in ornamentation, morphology, and behavior between males 49 

and females, so-called sexual dimorphism, is widespread in animals and has generated 50 

much interest since the days of Darwin [1]. In contrast, sexual dimorphism in plants has 51 

attracted much less attention and only recently have studies begun to explore the 52 

significance of sexual dimorphism in a range of plant traits [2, 3]. In angiosperms, 53 

unisexual flowers have evolved repeatedly from hermaphroditic flowers, with roughly 54 

30% of angiosperm species producing at least some unisexual flowers [4]. These 55 

unisexual flowers sometimes exhibit secondary sex characteristics in size or 56 

morphology, and exploring the ecological cause of such dimorphism will help to better 57 

understand floral evolution in angiosperms [5]. 58 

   Male and female flowers by definition differ in their primary functional 59 

characteristics (i.e., production of stamens in males and pistils in females). In addition 60 

to such differences, most wind- and water-pollinated plants show extensive secondary 61 

sex characteristics in their floral and inflorescence characters, which facilitate pollen 62 

release in males and pollen reception in females [6]. However, in animal-pollinated 63 

species, sexual divergence in floral signals is weak, and traits that specifically serve to 64 

attract pollinators (perianth shape, color, or floral scent) rarely differ between the sexes. 65 

This is because plants must attract the same animal to both male and female flowers to 66 

secure conspecific pollen transfer [7] and thus are selected to produce similar floral 67 

signals in the flowers of both sexes. Selection for male and female flowers to resemble 68 

each other is particularly strong when one sex, often the females, produces little or no 69 

reward and effectively mimics flowers of the other sex [5, 8]. 70 

   Underlying the fact that male and female flowers of animal-pollinated plants 71 
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resemble each other is that pollinators seek similar rewards (e.g., floral nectar) from 72 

flowers of both sexes. Conversely, if pollinator animals tightly associated with a plant 73 

species seek different rewards (e.g., pollen and ovule) on male and female flowers, 74 

floral characters may diverge between the sexes to signal alternative rewards. Although 75 

rare, plants that offer different rewards to species-specific pollinators on male and 76 

female flowers are known to possess sexually dimorphic flowers [9].  77 

   The tribe Phyllantheae (Phyllanthaceae) contains ca. 1200 species of monoecious or 78 

dioecious herbs/shrubs/trees, and nearly half of the species are pollinated only by 79 

female moths of the genus Epicephala (Gracillariidae) [10, 11]. At night, Epicephala 80 

females visit male flowers and actively collect pollen grains using their modified 81 

proboscises (figure 1a). They then carry pollen grains to female flowers and deliberately 82 

deposit them on the stigma (figure 1a), after which they lay eggs into the flowers that 83 

have just been pollinated [10]. The larvae are seed consumers and develop by eating a 84 

subset of the maturing seeds within a single fruit [11]. Thus, active pollination by 85 

Epicephala females is an adaptation that has evolved to secure larval food (seeds) for 86 

their offspring. Specificity of the plant–moth association is high, with each Phyllantheae 87 

host usually pollinated exclusively by a single Epicephala species. The plants emit a 88 

unique blend of floral volatiles at night that matches the olfactory preference of the 89 

nocturnally active Epicephala species with which they are associated [12, 13]. Thus, 90 

floral scent signals are essential for host location in these moths. A phylogenetic study 91 

suggests that specialization to Epicephala pollination occurred independently at least 92 

five times in Phyllantheae from more generalized pollination systems [14]. 93 

   In generalized pollination systems, pollination is usually a by-product that arises as 94 

the animal visitor moves between flowers to gain constant floral rewards [15]. In 95 
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contrast, pollination by Epicephala is active, which involves collection of pollen on 96 

male flowers and pollen deposition and oviposition on female flowers. Because the 97 

ability of Epicephala to distinguish male and female flowers is crucial for successful 98 

reproduction of both the moths and the plants, selection may favor divergence in floral 99 

scent between the male and female flowers of Epicephala-pollinated Phyllantheae 100 

plants. We tested this prediction by analyzing sexual differences in floral scent of 101 

Epicephala-pollinated species and comparing them in a phylogenetic context with those 102 

of other members of Phyllantheae having general pollination systems. We also 103 

conducted a behavioral test to determine whether Epicephala moths can distinguish 104 

sexual differences, if any, in floral scent of the host species. 105 

 106 

2. Materials and Methods 107 

a) Collection and analysis of floral scent 108 

   Floral scent samples were collected from 11 Phyllantheae species (117 individuals 109 

in total) using the headspace adsorption technique [12]. Of the 11 species, seven are 110 

pollinated nocturnally by Epicephala, while the remaining four are pollinated diurnally 111 

by various bees and flies [14]. The details of the study sites and dates are given in Table 112 

S1 and sample sizes are given in Table S2. Fifty female flowers and 30 male flowers per 113 

tree were removed from the plants and separately put into 5-ml glass vials. Floral 114 

volatiles were pumped from the glass vials at 200 ml/min for 3 h and adsorbed on 115 

Tenax-TA (60 mg; mesh 80–100; GL Sciences, Tokyo, Japan). Collection was done at 116 

ambient temperature (25–28C) either in the field or indoors.  117 

   We used gas chromatography–mass spectrometry (GC-MS) to analyze headspace 118 

samples using a GCMS-QP2010 system (Shimadzu, Tokyo, Japan) consisting of a 119 
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model GC-2010 gas chromatograph coupled with a QP2010 electron-impact (EI, 70 eV) 120 

mass spectrometer (Shimadzu). Before the analysis, we eluted volatile compounds from 121 

the adsorbent with 2 ml of diethyl ether and added 1 µl each of n-hexadecane (1 122 

mg/ml) and n-eicosane (1 mg/ml) as internal standards. The eluate was carefully 123 

concentrated by N2 flow to 25 µl and topped up with 25 µl of hexane. An aliquot (1 µl) 124 

of each sample was injected in splitless mode for 1 min with an injector temperature of 125 

250C. For GC, we used an Rtx-5SilMS capillary column (30 m 0.25 mm; film 126 

thickness, 250 µm; Restek, Bellefonte, PA, USA) and helium as the carrier gas. The 127 

oven temperature was programmed at 40C for 5 min, followed by an increase of 128 

4C/min to 200C and 10C/min to 280C, where it was held for 5 min. For a 129 

preliminary identification of the compounds, we compared the fragments to those 130 

contained in the NIST 05 and NIST 05s libraries. We also calculated retention indices 131 

for all compounds by using n-alkane (C9–C20) standards and compared them with 132 

those reported in the NIST Chemistry WebBook (http://webbook.nist.gov/chemistry) 133 

[16] and The Pherobase (http://www.pherobase.com) [17]. The identification of a subset 134 

of the compounds was further verified by using the retention indices and MS fragments 135 

of authentic compounds whenever possible. The proportion of each volatile compound 136 

was calculated as the percentage of its peak area to the total peak area on gas 137 

chromatograms.  138 

   To discriminate the two enantiomers of linalool, (R)-()-linalool and (S)-(+)-linalool, 139 

we performed an additional analysis by GC (GC-2010) equipped with a chiral column 140 

(InertCap CHIRAMIX capillary column; 30 m  0.25 mm; film thickness 250 µm; GL 141 

Sciences, Tokyo, Japan). Helium was used as the carrier gas. The injector was operated 142 
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in the splitless mode for 1 min. The oven temperature was programmed at 30C for 5 143 

min, followed by an increase of 1C/min to 180C, where it was held for 30 min. Before 144 

analyzing the floral samples, we analyzed authentic racemic linalool, (R)-()-linalool 145 

and (S)-(+)-linalool, with the n-hexadecane standard. Identification of enantiomers was 146 

then conducted by comparing the retention time (standardized with n-hexadecane) of 147 

floral linalool with that of authentic compounds. 148 

 149 

b) Data analysis 150 

   We first calculated dissimilarity indices among individual samples using the 151 

Bray–Curtis dissimilarity index [18] based on the relative amount of each compound 152 

obtained from the GC analysis. We then used NMDS to visualize the overlap between 153 

male and female floral odor within each species. To further evaluate the extent of sexual 154 

differences in floral scent within species, we established a dimorphism index (D), which 155 

is a positive value that approaches 0 as the floral scents become more sexually 156 

dimorphic and approaches 1 as the male and female floral scents become more similar. 157 

D was obtained by dividing the average of Bray–Curtis dissimilarity indices among all 158 

intra-sex pairwise comparisons by the average of Bray–Curtis dissimilarity indices 159 

among all intersex pairwise comparisons. Thus, when male and female floral scents are 160 

similar, D is close to 1 but may slightly exceed 1 depending on how samples are 161 

distributed in multivariate space. 162 

   We tested for correlated evolution of pollinator type (Epicephala or 163 

non-Epicephala) and floral scent sexual dimorphism using independent contrasts [19] as 164 

implemented in the PDAP module of Mesquite [20]. Pollinator type was coded as 165 

discrete characters, and D was used to represent the degree of floral scent sexual 166 
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dimorphism for each species. Phylogenetic relationships and branch length information 167 

were based on the maximum-likelihood tree produced in a previous study (figure 1b) 168 

[14], which investigated the relationships among 46 Phyllantheae species, including all 169 

the species sampled in this study except Antidesma japonicum. Because A. japonicum 170 

belongs to another tribe apart from Phyllantheae and is distantly related to all the other 171 

species sampled in this study, we used Antidesma alexiteria, which was included in the 172 

above phylogenetic analysis, as a substitute of A. japonicum to approximate its 173 

phylogenetic position. 174 

 175 

c) Behavioral test 176 

To test whether female pollinators have the ability to distinguish male and female 177 

flowers by olfactory cues, we conducted a two-choice Y-tube test using female E. 178 

bipollenella reared from wild fruits of Glochidion zeylanicum, which were randomly 179 

collected from seven trees in June 2013 in Amami-Oshima Island. Fruits were kept in 180 

plastic containers under laboratory conditions (temperature 25–28C, humidity 181 

60–80%) until larvae exited the fruits, pupated and emerged as adults. Because we 182 

reasoned that female moths must first mate to become motivated to visit flowers and lay 183 

eggs, all behavioral tests were done using mated females. To obtain mated female moths, 184 

we kept pairs of male and female moths individually in 50 ml centrifuge tubes with 185 

tissue paper immersed in 1% sugar water, and kept them in an environment-controlled 186 

room under LD cycle of 15.5h light and 8.5h dark for approximately 48 h prior to the 187 

experiment. Each female moth was used for Y-tube assay only once, after which they 188 

were dissected and checked for copulated status based on the presence of a 189 

spermatophore in the bursa copulatrix. 190 
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Previous studies have shown that Epicephala moths are attracted to the floral 191 

scent of their host, both when scents of male and female flowers have been combined as 192 

stimulus [12] or tested separately [13], but it is not known whether these moths prefer 193 

the scent of one sex over the other. Because a pollinating female Epicephala moth first 194 

visits a male flower to collect pollen and then visits female flowers to pollinate and lay 195 

eggs [10], we expect that she will be more attracted to male floral scent than to female 196 

floral scent at a first encounter if she is capable of distinguishing floral sex based on 197 

olfactory cues. We therefore presented the scents of male and female flowers to the 198 

above laboratory-mated females in a Y-tube assay to test this prediction. Procedures for 199 

the Y-tube test generally followed those in our previous study [13]. We used 10 l 200 

extract of either male or female G. zeylanicum floral headspace sample as test stimulus 201 

on each arm of the Y-tube. The solvent was allowed to evaporate for 3 min before the 202 

test started. The odor stimuli were applied to small scraps of filter paper (1cm 1cm) 203 

inserted into a plastic tube, which was connected to the arms of the Y-tube. During the 204 

experiment, filter papers were replaced every 20 min, and new stimulus added. The 205 

arms of the Y-tube were alternated to avoid position effects every five tests. Data on 206 

olfactory response were analyzed with a binomial test. 207 

 208 

3. Results 209 

   We detected a total of 85 volatile compounds from flowers of 11 Phyllantheae 210 

species. The floral scent profiles of male and female flowers of each species and their 211 

dimorphism indices are shown in Table S2. The difference between floral scents of 212 

Epicephala- and non-Epicephala-pollinated plants were difficult to characterize; only 213 

one compound, 6-methyl-5-hepten-2-one, was produced by all the 214 
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Epicephala-pollinated species and not detected in any of the species with 215 

non-Epicephala pollination. In general, Epicephala-pollinated species produced more 216 

volatile compounds (range, 17–35) than non-Epicephala pollinated species (range, 217 

6–18). Volatile samples of Epicephala-pollinated plants were closely spaced with each 218 

other on the nonmetric multidimensional scaling (NMDS) scatterplot (figure 2).  219 

The floral scent of Epicephala-pollinated species showed major qualitative 220 

differences between the sexes; on average, 36.5% of the volatiles found in each of the 221 

Epicephala-pollinated species were unique to one sex, while gender-specific volatiles 222 

were on average 8.9% of all volatiles found in each non-Epicephala-pollinated species 223 

(figure S1). NMDS plots showed clear dimorphism between male and female floral 224 

scents in Epicephala-pollinated plants, while the floral scents of the two sexes vastly 225 

overlapped in plants not pollinated by Epicephala (figure 2). D ranged from 0.14 to 0.64 226 

in Epicephala-pollinated plants and from 0.77 to 1.05 in non-Epicephala-pollinated 227 

species (Table S2). Correlation between pollinator type and the degree of dimorphism 228 

was significant after controlling for phylogenetic nonindependence (regression analysis, 229 

r = –0.648, d.f. = 9, P = 0.031; figure S2). 230 

 The Y-tube test indicated that mated E. bipollenella females show a 231 

preference to floral scent of male over female G. zeylanicum flowers. The test was 232 

conducted using 49 mated females, of which 11 were inactive. Of the remaining 38 233 

moths, 79% chose the male floral scent (binomial test, p<0.001). 234 

 235 

4. Discussion 236 

   Our results indicate that the male and female flowers of Epicephala-pollinated 237 

plants emit markedly different floral odors. Sexual dimorphism in floral scent was 238 
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found in multiple Phyllantheae lineages that have independently evolved Epicephala 239 

pollination, providing strong support that the observed dimorphism is associated with 240 

Epicephala pollination. For logistical reasons, only three of the five documented cases 241 

of transition to Epicephala pollination were analyzed here, but our results suggest that 242 

the same pattern would also be found in the remaining cases. The difference between 243 

male and female floral scents involves major qualitative differences in volatile blends. 244 

Within each species, roughly a third of the compounds were produced only by one sex, 245 

and some of these sex-specific compounds constituted the dominant component of the 246 

bouquet. In some cases, the dominant compounds were derived from different 247 

biosynthetic pathways; in Glochidion lanceolatum and G. zeylanicum, the major 248 

components of female floral scent were terpenoids synthesized by the 249 

2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, while those of male flowers were 250 

benzenoids synthesized by the shikimic acid pathway (Table S2). In other cases, male 251 

and female flowers used different enantiomers of the same compound as the major 252 

components. For example, in Glochidion obovatum and Glochidion rubrum, only one of 253 

the two linalool enantiomers was detected in each sex: R-(–)-linalool from the male and 254 

S-(+)-linalool from the female. 255 

   Floral scents of male and female flowers are usually similar, if not identical, in 256 

animal-pollinated plants, reflecting their need to attract the same animal to flowers of 257 

both sexes [8]. Contrary to this prevailing pattern, our results demonstrate a remarkable 258 

difference in floral scent between sexes of animal-pollinated plants. We raise two 259 

possible evolutionary processes that may be responsible for the observed sexual 260 

dimorphism: (1) sexual dimorphism in floral scent is an adaptive divergence that has 261 

evolved to promote floral discrimination by Epicephala, or (2) it is the result of a 262 
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random process under relaxed selective pressure to produce dissimilar floral signals in 263 

male and female flowers. Several lines of evidence indicate that the dimorphism is 264 

indeed adaptive. First, if the dimorphism is nonadaptive and simply the product of a 265 

random process, the extent of variation among samples of the same sex within a species 266 

should be greater in Epicephala-pollinated plants than in plants pollinated by other 267 

insects. However, intra-sex variation was smaller in Epicephala-pollinated species 268 

(figure 2), indicating that a comparable level of purifying selection is acting regardless 269 

of pollinator type. Second, because the specificity of Epicephala moths to their host 270 

plants is mediated by host-specific floral volatiles [12], any nonadaptive variation in 271 

floral odor is likely to disrupt species-specific encounters of the plants and the moths. 272 

Third, the plants emitting sex-specific odors are expected to receive better pollination 273 

service because the pollinator moths having perceived the signals would locate flowers 274 

of the correct sex and transport pollen more efficiently. In support of this idea, our 275 

behavioral data indicated that mated E. bipollenella females prefer male floral scent 276 

over that of the female at first encounter. Taken together, adaptive divergence remains as 277 

the most likely explanation for the remarkable floral scent sexual dimorphism found in 278 

Epicephala-pollinated Phyllanthaceae plants. 279 
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 357 

Figure Legends 358 

Figure 1. Evolution of floral scent sexual dimorphism in Phyllantheae. (a) A female 359 

Epicephala moth collecting pollen grains on a male flower (upper left) and pollinating a 360 

female flower (upper right) of Glochidion lanceolatum. Male flowers (lower left) and 361 

female flowers (lower right) of Flueggea suffruticosa, the latter of which is visited by a 362 

honeybee. (b) Phylogenetic relationships of the 11 Phyllanthaceae species sampled in 363 

this study. The phylogeny is based on the maximum-likelihood tree from a previous 364 

study [14]. Numbers in circles represent species numbers in figure 2. Green indicates 365 

Epicephala-pollinated species and yellow indicates non-Epicephala-pollinated species.  366 

 367 

Figure 2. Nonmetric multidimensional scaling (NMDS) scatterplot of volatile samples 368 

analyzed in this study. Species are represented by numbers as shown, and male and 369 

female volatile samples are indicated by blue and pink coloration, respectively. Samples 370 

of the same sex within each species are boxed and colored green for 371 

Epicephala-pollinated species and yellow for non-Epicephala species. Note a clear 372 

sexual dimorphism in the floral scents of Epicephala-pollinated plants, while a vast 373 

overlap can be seen between male and female floral scents in non-Epicephala-pollinated 374 

species.  375 

 376 

Figure S1. Gas chromatograms of Epicephala- and non-Epicephala-pollinated species. 377 

The X-axis indicates retention time on the GC column (10–37.5 min), the Y-axis 378 

indicates intensity of ion signal. Blue and pink circles indicate volatile compounds 379 

unique to male and female flowers, respectively, showing that a high proportion of the 380 
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compounds are sex specific in Epicephala-pollinated plants. 381 

 382 

Figure S2. Relationship between standardized independent contrasts in pollination mode 383 

and extent of sexual dimorphism in floral scent (dimorphism index, D). The numbers in 384 

the plot correspond to node numbers in the phylogenic tree of Phyllantheae. Contrasts 385 

were positivized on the X variable. 386 
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