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Summary 11 

1. When females mate with multiple partners, the risk of sperm competition 12 

depends on female mating history. To maximize fitness, males should adjust 13 

their mating investment according to this risk. In polyandrous butterflies males 14 

transfer a large, nutritious ejaculate at mating. Larger ejaculates delay female 15 

remating and confer an advantage in sperm competition. However, large 16 

ejaculates are costly, potentially selecting for male adjustment of ejaculate 17 

size to the risk of sperm competition.  18 

2. Here, we test if male ejaculate size in the butterfly Pieris napi (Lepidoptera) 19 

varies with female mating history and thus sperm competition, and whether 20 

males assess sperm competition intensity using the male-transferred anti-21 

aphrodisiac Methyl salicylate (MeS) as a cue.  22 

3. First we examined the olfactory ability to detect MeS and if physiological 23 

responses differed between the sexes. Both sexes responded to MeS in a 24 

dose-dependent manner. However, males were more sensitive to MeS and 25 

responded to a ten times lower concentration than females.  26 

4. Ejaculates transferred by males mating with previously mated females were 27 

on average 26% larger than ejaculates transferred by males mating with virgin 28 

females, which conforms to sperm competition theory and indicates that male 29 

P. napi tailored their reproductive investment in response to sperm 30 

competition. Furthermore, we show that MeS was used by males to assess 31 

sperm competition; ejaculates transferred by males mating with virgin females 32 

with artificially added MeS were also 26% larger than ejaculates transferred to 33 

control virgin females.  34 
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5. In conclusion, the study shows how the male-transferred anti-aphrodisiac 35 

pheromone not only functions as a male deterrent, but also carries information 36 

on female mating history and thus allows males to assess sperm competition 37 

intensity. 38 

 39 

Key words 40 

Pieris napi, Anti-aphrodisiac, Pheromone, Olfaction, Mating investment, Nuptial gift, 41 

Sexual conflict, Spermatophore size 42 
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Introduction 44 

Sperm competition has been recognized as a particularly powerful force that can lead 45 

to adaptations in male behavior, morphology and physiology that contribute to 46 

competitive fertilization success (Parker 1970, Birkhead & Møller 1998, Simmons 47 

2001). Game theory has been used to develop predictions how male ejaculation 48 

strategies should be influenced by variation in sperm competition intensity and sperm 49 

competition risk, i.e. the probability that females will mate with more than one male - 50 

so that sperm will compete for fertilizations (Parker 1990a, b, 1997, 1998, Ball & 51 

Parker 1996, 1997, Parker et al. 1997, Parker & Ball 2005). Sperm competition 52 

games assume that ejaculates are costly - meaning that expenditure on any 53 

fertilization must be traded against that of gaining future fertilizations; and also 54 

assume that fertilization success is proportional to the amount of sperm transferred to 55 

females at mating (Parker 1998). The models predict that increasing risk and 56 

intensity of sperm competition from zero to one previous mating should favor the 57 

evolution of increased expenditure on ejaculates and there is now evidence 58 

suggesting such an effect (Gage & Baker 1991; Gage 1991, 1994; Harcourt, Purvis & 59 

Lilies 1995; Hosken 1997, Stockley et al. 1997; Byrne, Roberts & Simmons 2002; 60 

Pitcher, Dunn & Whittingham 2005, Simmons, Emlen & Tomkins 2007, Larsdotter-61 

Mellström & Wiklund 2009). Although this phenomenon is widespread in insects and 62 

other taxa, the mechanisms that allow males to assess sperm competition risk has 63 

only recently been investigated. Several studies have shown that intraspecific 64 

chemical signals, pheromones, play a vital role for assessing sperm competition risk 65 

and intensity, e.g. in the beetle Tenebrio molitor (Carazo, Font & Alfthan 2007), the 66 

fruit fly Drosophila melanogaster (Friberg 2006), the cricket Teleogryllus oceanicus 67 

(Thomas & Simmons 2009), the meadow vole Microtus pennsylvanicus (delBarco-68 
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Trillo & Ferkin 2004, 2007) and the butterfly Pieris napi (Larsdotter-Mellström & 69 

Wiklund 2009).  70 

 71 

Butterfly males produce a complex ejaculate during copulation that can contain both 72 

eupyrene (fertilizing) sperm, apyrene (non-fertilizing) sperm (e.g. Silberglied, 73 

Shepherd & Dickinson 1984), volatile anti-aphrodisiacs (Andersson, Borg-Karlsson & 74 

Wiklund 2000) and accessory gland nutrients that function as paternal investment 75 

and/or male mating effort (Oberhauser 1989). For example, the amount of nitrogen 76 

transferred in these "nuptial gifts" is equivalent to that in 70 eggs and male-77 

transferred materials increase both female longevity (Karlsson 1998) and fecundity 78 

(Wiklund & Kaitala 1995) in the polyandrous butterfly P.  napi. That male ejaculates 79 

are costly is shown by the fact that copulation durations were longer and ejaculates 80 

smaller (Svärd & Wiklund 1986, Oberhauser 1988) and contain lower amounts of 81 

nutrients (Wedell & Karlsson 2003) in matings involving recently mated males. In 82 

polyandrous butterflies larger males enjoy higher paternity (Bissoondath & Wiklund 83 

1997, Wedell & Cook 1998, Solensky & Oberhauser 2009), as they can transfer 84 

larger ejaculates that delay female remating for a longer time compared to small 85 

ejaculates (Oberhauser 1989, 1992, Wiklund et al. 1993, Kaitala & Wiklund 1994, 86 

Wiklund & Kaitala 1995, Bissoondath & Wiklund 1997). Larger ejaculates can also 87 

contain more sperm (Svärd & Wiklund 1989; but see Cook & Wedell 1996) favouring 88 

larger spematophores under sperm competition. These results all lend support to the 89 

hypothesis that sperm competition has played a major role in the evolution of 90 

ejaculate size (Bissoondath & Wiklund 1997) and the prerequisites for the game 91 

theory (Parker 1998) are thus met, making a polyandrous butterfly a good model for 92 
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studying the relationship between sperm competition intensity and mating 93 

investment.  94 

 95 

In the butterfly P. napi (Lepidoptera: Pieridae) females control mating (Bergström & 96 

Wiklund 2005). Hence, as males cannot enforce copulations on females, one 97 

possibility for a male to enhance his chances of paternity under competition is to 98 

manipulate the female into delaying her next mating. Another, non-exclusive, option 99 

is to increase the amount of sperm transferred to a female at mating to increase 100 

fertilization success under sperm competition. Both of these options can be mediated 101 

by a large ejaculate. Yet another advantage of transferring a larger ejaculate, and 102 

consequently more anti-aphrodisiacs, under high population densities is that females 103 

living under high densities spend the male-transferred anti-aphrodisiacs faster 104 

(Andersson, Borg-Karlsson & Wiklund 2004), making it favourable for males to 105 

compensate for this. In contrast, under low or no sperm competition males should 106 

benefit from saving resources which can be allocated to the next mating; so tailoring 107 

mating effort to sperm competition will be selected for. It has previously been shown 108 

that males of both P. napi and its sister species P. rapae can adjust mating 109 

investment based on sperm competition risk (Larsdotter-Mellström & Wiklund 2009). 110 

Wedell & Cook (1999a,b) have shown that mated Pieris rapae males provide a larger 111 

spermatophore and more sperm to previously mated females, when compared to 112 

virgin females. This indicates that males can tailor their ejaculates in relation to 113 

female mating history and sperm competition intensity. If males can distinguish 114 

between mated and virgin females they should increase their ejaculate expenditure 115 

when mating with non-virgin females (Parker et al. 1997). We thus hypothesize that 116 
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male P. napi mating with previously mated females will invest more than males 117 

mating with virgin females, as sperm competition intensity is higher.  118 

 119 

So, what cues could males use to determine female mating history? In several 120 

insects species olfactory cues have been shown to affect male investment in the 121 

ejaculate (Friberg 2006, Carazo, Font & Alfthan 2007, Larsdotter-Mellström & 122 

Wiklund 2009, Thomas & Simmons 2009). Male P. napi emit a sex pheromone, citral, 123 

which makes females acquiesce and accept to mate with a courting male 124 

(Andersson, Borg-Karlsson & Wiklund 2007). Male P. napi use the concentration of 125 

citral in the air to assess the density of males close-by and thus sperm competition 126 

risk. Hence, it is conceivable that they also use information from the male-transferred 127 

anti-aphrodisiac pheromone to tailor spermatophores to sperm competition intensity 128 

and female mating history.  129 

 130 

Anti-aphrodisiac pheromones have been identified and described in, among others, 131 

P. napi, and the closely related Pieris brassicae and Pieris rapae (Andersson, Borg-132 

Karlsson & Wiklund 2003). An anti-aphrodisiac can initially be beneficial for both 133 

males and females (Andersson, Borg-Karlsson & Wiklund 2000). Males benefit from 134 

deterring other males from mating with the female, and the female will benefit from 135 

less mating harassment that might interfere with egg laying or feeding. However, the 136 

cooperation will with time turn into conflict, as the male would benefit from the female 137 

only mating with him whereas the female will benefit from the nutrients from new 138 

spermatophores (Wiklund & Forsberg 1986, Parker 1998, Andersson, Borg-Karlsson 139 

& Wiklund 2000). The anti-aphrodisiac in P. napi is the volatile, phenolic ester methyl 140 

salicylate (MeS). MeS is a multifunctional compound which has been found to be 141 
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active in a number of biological systems e.g. bees and aphids (Williams & Whitten 142 

1983, Pettersson et al. 1994). In P. napi MeS is transferred by males at mating and is 143 

subsequently emitted by the female as she is courted by additional males, deterring 144 

them from attempting to mate with her (Andersson, Borg-Karlsson & Wiklund 2000). 145 

According to the same study, males will initially abstain from courting a female even if 146 

she is a virgin, if MeS has been artificially added to her abdomen. Males also behave 147 

differently when courting virgin and recently mated females; virgin females are 148 

courted for eight times as long (Andersson, Borg-Karlsson & Wiklund 2000).  149 

If males can use information from the anti-aphrodisiac, males mating with virgin 150 

females with artificially added MeS will invest more than males mating with virgin 151 

control females, as this indicates that the female is previously mated. This further 152 

means that male P. napi should have an olfactory ability to assess differences in 153 

concentrations of female emitted MeS. 154 

 155 

In this study we investigate the reproductive allocation of male P. napi under different 156 

female mating history and thus presence and absence of male-transferred anti-157 

aphrodisiac to test if males (i) tailor their ejaculate expenditure to female mating 158 

history and thus sperm competition and (ii) use the male-transferred pheromone MeS 159 

as a cue when assessing sperm competition, predicting that males mating to either 160 

mated females or virgin females with added MeS will transfer larger ejaculates. 161 

Furthermore, we investigate the physiological olfactory sensitivity to MeS and 162 

whether ability differs between the sexes. Due to the need in males to accurately 163 

evaluate the mating status of the females, we hypothesize that males should have a 164 

higher sensitivity to MeS than females.  165 

 166 
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Material and methods 167 

 168 

Study species 169 

The green-veined white butterfly, P. napi is a polyandrous temperate butterfly 170 

species that is generally bivoltine and the second annual generation enters diapause 171 

in the pupal stage (Tolman & Lewington 1997). Larvae feed on a variety of crucifers, 172 

from the Brassicaceae family. Females control mating (Bergström & Wiklund 2005) 173 

and female fitness increases with number of matings (Wiklund et al. 1993, Karlsson 174 

1998). In the wild females mate between 1 and 5 times during their lifetime, with an 175 

average of 2.67 times (Bergström, Wiklund & Kaitala 2002, but see Larsdotter 176 

Mellström & Wiklund 2010). Females usually remate after an average of five days 177 

(Kaitala &Wiklund 1994). The male ejaculate, on average, corresponds to around 10-178 

15 % of male body mass (e.g. Svärd & Wiklund 1989). 179 

 180 

The butterflies used in the study were F1 and F2 directly developing offspring of >25 181 

wild-caught P. napi from southern Sweden. In the laboratory, eggs were laid and 182 

larvae reared on the natural host plant Armoracia rusticana (Brassicaceae). Larvae 183 

were reared in a climate cabinet (Termaks KB 8000L) under conditions securing 184 

direct development (23:1h light:dark at 23 °C) and were allowed to feed ad libitum 185 

throughout larval development until pupation. On the day of eclosion, after releasing 186 

the meconium, butterflies were weighed to the nearest mg on a Sauter AR 1014 187 

electrobalance, individually marked and transferred to a cold room (8°C) for a 188 

maximum of 7 days, until sufficient numbers of adult butterflies had emerged for an 189 

experiment to start.  190 

 191 
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Functional imaging of olfactory responses to MeS  192 

To investigate the sensitivity to MeS in the butterflies we performed functional Ca2+ 193 

imaging of the primary olfactory centre in the brain, the antennal lobes. The antennal 194 

lobes consists of a number of spherical neuropils called glomeruli. Each glomerulus 195 

receives converging olfactory receptor neurons (ORN) housing a specific receptor. 196 

Optophysiological measurements of odour-evoked activity in the AL will show activity 197 

in all accessible glomeruli (and thus ORNs) responding to a specific volatile, in this 198 

case MeS. 199 

 200 

First of all we conducted immunohistochemical stainings of the brain to investigate 201 

the glomerular structure of the antennal lobes (Carlsson et al. 2011, 2013). In brief: 202 

brains of male and female butterflies were dissected in 0.1 M sodium phosphate 203 

buffer (PB) and fixed overnight at 4°C in 4% paraformaldehyde in PB. After careful 204 

rinsing in PB the brains were preincubated overnight in 5% normal goat serum in 205 

phosphate-buffered saline with 0.25% Triton-X (PBS-Tx). Brain tissue was incubated 206 

for 72 hours in mouse monoclonal anti-synapsin (anti- SYNORF1, 1:20; 207 

Developmental Studies Hybridoma Bank, Iowa City, IA.). For detection of antiserum 208 

we used an Alexa 546-tagged secondary antibody (1:1000; Invitrogen). The brains 209 

were mounted in 80% glycerol and subsequently scanned with a Zeiss LSM 780 210 

META (Zeiss, Jena, Germany) confocal laser scanning microscope and images were 211 

obtained with a 10x air objective. 212 

 213 

Animal preparation for imaging was similar to previous studies in other butterfly 214 

species (Carlsson et al 2011). Briefly, animals were placed in a 1000 µl pipette tip 215 

with the tip cut open to fit the head. The protruding head at the narrow end was fixed 216 
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in this position with dental wax. Mouthparts were removed to reduce movements 217 

during the experiments. A window was cut in the head capsule between the 218 

compound eyes and the tissue covering the brain was removed to uncover the 219 

antennal lobes. The membrane-permeant fluorescent calcium dye (Calcium Green-1 220 

AM, Molecular Probes) was dissolved in physiological saline (Christensen & 221 

Hildebrand 1987) with 20% Pluronic F-127 (Molecular Probes) to a final 222 

concentration of 30 µM. A drop of this dye solution was bath applied to the exposed 223 

brain and the preparation was incubated for about 60 min at 4°C. The brain was 224 

subsequently rinsed several times with physiological saline to remove excessive dye. 225 

Bath application with Calcium Green-1 AM potentially stains different types of cells in 226 

the antennal lobe. However, odour-evoked responses are supposed to originate 227 

mainly from input neurons (Galizia et al 1998, Sachse & Galizia 2003). 228 

 229 

The imaging set-up consisted of an air-cooled 12-bit slow-scan CCD camera 230 

(Olympus U-CMAD3) mounted to an upright microscope (Olympus BX51WI) 231 

equipped with a water immersion objective (Olympus, 20x/0.95). Calcium green-1 232 

AM was excited at 475 nm (500 nm SP; xenon arc lamp, Polychrome V, Till 233 

Photonics) and fluorescence was detected at 490/515 nm (DCLP/LP). The set-up 234 

was controlled by the software Tillvision 4.0 (Till Photonics). Four-fold symmetrical 235 

binning resulted in image sizes of 344×260 pixels with one pixel corresponding to an 236 

area of 1.25 µm×1.25 µm. 237 

 238 

Ten µl of MeS, (Sigma Aldrich CAS-#: 119-36-8) diluted in hexane or 10 µl of hexane 239 

(control) were applied onto a rectangular piece of filter paper (20x5 mm). MeS was 240 

diluted in decadic steps from 1:10-1:100 000. Filter papers were inserted into glass 241 
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Pasteur pipettes and were renewed every day. A humidified and charcoal-filtered 242 

continuous air stream (1 l/min) was ventilating the antenna ipsilateral to the recorded 243 

antennal lobe through a glass tube (5 mm inside diameter). The glass tube ended 244 

~10 mm from the distal part of the antenna. An empty Pasteur pipette was inserted 245 

through a small hole in the glass tube, blowing an air stream of 0.1 l/min. Another air 246 

stream (0.1 l/min) was blown through the odour-laden pipette by a computer-247 

triggered puffer device (Syntech, Hilversum, The Netherlands) during 2 s (starting at 248 

frame 12) into the continuous stream of air. During stimulation, the air stream was 249 

switched from the empty pipette to the odour-laden one in order to minimize the 250 

influence of added air volume. One odorant stimulation experiment lasted 12.5 s and 251 

was recorded with a sampling rate of 4 Hz corresponding to 50 frames. The time 252 

course was as follows: 3 s clean airstream (frame 1–12), 2 s stimulus airstream 253 

(frame 13–20), and 7.5 s clean airstream (frame 21–50). We used at least 60 sec 254 

interstimulus periods to reduce adaptation. 255 

 256 

With the software Till-Vision we constructed false-colour coded images of relative 257 

changes of fluorescence intensity during the peak time of activity. By visual 258 

inspection of activity maps we drew a circular region of interest (ROI, 20 pixels 259 

diameter corresponding to 25 µm, which is roughly 50% of the diameter of an 260 

average glomerulus) round the centre of highest activity. An additional ROI was 261 

drawn in an area with minimal activity, which served as a control. In an earlier study 262 

in moths it was demonstrated that activity foci correspond to individual glomeruli 263 

(Carlsson & Hansson 2003). The mean pixel value within a ROI was calculated for 264 

each time-point (50 frames) in a sequence and exported to Microsoft Excel. In Excel 265 

we first made a temporal median filtering of data over three consecutive frames. 266 
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Secondly we calculated the relative fluorescence (dF/F) where F was defined as the 267 

mean value of frames 3-10. To correct for bleaching we subtracted the values of the 268 

control ROI from the values of activity ROI for each recording. A response was finally 269 

defined as the mean of frames 16-21 (peak of activity). All responses in an animal 270 

was normalised to the strongest response in that animal. Responses to MeS were 271 

then compared to responses to hexane. 272 

 273 

Mating allocaton experiment 274 

Male and female butterflies were randomly assigned to the treatments and 275 

treatments were randomly assigned to the mating cages in the laboratory room. The 276 

flight cages (0.7 x 0.7 x 0.5m) have solid plastic walls and one side covered by a 277 

mesh net. They were located in a room with large windows and 400W HQIL lamps 278 

over the cages to simulate daylight. In the cages Kalanchoe sp. plants with drops of 279 

20% sucrose solution on the flowers for feeding, were present. An A. rusticana leaf 280 

was also present to allow females from the mated treatment to lay eggs. The bottom 281 

of the cages was covered with paper soaked with water to maintain high humidity. 282 

The lamps were turned on between 0900 and 1700 hours and each experiment 283 

allowed to run for a maximum of 5 days.  284 

 285 

The 3 treatments (virgin females with MeS artificially added to their abdomen, mated 286 

females and virgin females) were designed to test the impact of female mating 287 

history and the presence of MeS, on male spermatophore investment. Mated females 288 

were acquired by releasing 20 males and 20 females into a cage, three days before 289 

an experiment started. When a copulation occurred, the mating butterflies were 290 

isolated from the rest in a jar covered by a net and replaced. When the butterflies 291 
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separated, the females were stored in an 8°C refrigerated room for a maximum of 292 

five days and minimum of 30 minutes, until they were needed for the experiment. 293 

Males were discarded from the experiment. 294 

 295 

At the start of an experiment 2 µl of the chosen treatment solution was applied, 5-15 296 

minutes before the experiment began, on the abdomen of the females with a 297 

micropipette (Andersson, Borg-Karlsson & Wiklund 2003). The MeS solution was 298 

acquired by diluting 99% pure MeS 1:100 in hexane (Andersson, Borg-Karlsson & 299 

Wiklund 2000).  2 µl of the solution will then yield 20 ng of MeS on the female, which 300 

was found to be the biologically relevant amount in Andersson, Borg-Karlsson & 301 

Wiklund (2000). Control virgin females were applied with 2 µl of hexane, as were 302 

mated females. Ten females were then released into a cage where 10 virgin males 303 

had been allowed 24 hours of prior acclimation, to be fully sexually mature. 304 

 305 

Each treatment was replicated in three or more cages. Male to female ratio in the 306 

mating cages was kept constant at 10M:10F. The cages were inspected continuously 307 

for mating pairs and on discovery pairs were isolated in a plastic jar covered by a net, 308 

in the cage, until separation. When a mating couple was removed, two new 309 

butterflies with the same treatment were added.   310 

 311 

When copulation occurred, the time was recorded, the mated butterflies were 312 

weighed, frozen within 15 minutes (-18°C) after separating and the females dissected 313 

to extract and weigh the ejaculate in their bursa; ejaculates (wet weight) were 314 

weighed to the nearest µg on a Cahn 28 Automatic electrobalance. Both 315 

spermatophores of previously mated females were weighed in order to separate the 316 
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spermatophores from the two copulations and get the weight of the spermatophore 317 

from the experiment copulation.  318 

 319 

Statistics  320 

All statistical tests were performed in R (Version 2.10.1, 2009) or Prism 6 (GraphPad 321 

Software Inc.).  322 

 323 

Results 324 

Physiological responses to MeS 325 

Immunohistochemical staining of the brains show that both sexes of P. napi have 326 

about 65 glomeruli in the antennal lobe (63-67, n=4 of each sex), which is 327 

comparable to the closely related species P. brassicacae (Rospars 1983). About 30 328 

of the glomeruli are clearly tractable for imaging recordings (Fig 1A). We successfully 329 

recorded MeS evoked activity from 7 males and 10 females. A response to MeS was 330 

seen as activity in a single focal region (Figs 1B-C) corresponding to an individual 331 

glomerulus (Carlsson & Hansson 2003).  332 

 333 

Both sexes responded to MeS in a dose-dependent manner (Fig 1D). When we 334 

analysed the sensitivity as the lowest dose that elicited a response that differed 335 

significantly from that of the solvent it became evident that males were more 336 

sensitive than females (ANOVA followed by Tukeys post hoc test). At the lowest 337 

dose tested (1:100 000), only males responded.  338 

 339 

 Mating allocaton experiment 340 
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A total of 46 males were mated in the three treatments (virgin n=23, virgin+MeS n=16 341 

and mated n=7). The time from the experiment started until mating occurred differed 342 

(Kruskal-Wallis Χ2= 12.33, df = 2, P = 0.002) between treatments (days±SD; virgin 343 

1.2±1.1, virgin+MeS 1.7±1.3, mated 3.3±1.0). Matings with mated females took 344 

longer than both virgin (pairwise Wilcoxon tests, Bonferroni correction; P=0.002) and 345 

virgin+MeS females (P=0.039). There was no difference between virgin and 346 

virgin+MeS females (P=0.596).  347 

 348 

For data on spermatophore investment we used a linear model (Spermatophore 349 

weight ~ male weight x treatment). As we predicted, there was a significant difference 350 

(Ancova: F2,40 = 6.26, P=0.004) in ejaculate weight between treatments. The effect of 351 

male weight and the interaction male weight x treatment were non-significant 352 

(Ancova: male weight F1,40 = 3.66, P=0.063, male weight x treatment F2,40 = 0.18,  P= 353 

0.84). However, as male weight came very close to significantly affecting the result 354 

and as male weight in previous studies (e.g. Svärd & Wiklund 1989; Wiklund & 355 

Kaitala 1994; Bissoondath & Wiklund 1996; Wedell & Cook 1998) has been shown to 356 

affect spermatophore size, we chose to also use a relative investment term 357 

(spermatophore weight/male weight) to account for any differences in male weight 358 

between treatments. The allometric relationship between male weight and 359 

spermatophore size is discussed in e.g. Wiklund & Kaitala (1994) and Bissoondath & 360 

Wiklund (1996). Relative investment also differed between treatments (Anova; 361 

F2,43=6.41; P=0.004). Mating investment transferred to mated females 362 

(average±95%CI; 16.6±2.2%) and virgin females with MeS (16.6±2.3%) were 363 

significantly larger (Tukey, 95% confidence level) than investment in the control, 364 

virgin female, treatment (13.2±4.0%) (Fig 2). Thus, the relative investment increases 365 
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about 26% both when males mate with previously mated females and with virgin 366 

females with MeS compared to virgin control females. 367 

 368 

Discussion 369 

In this study we show that male P. napi have an ability to accurately determine the 370 

level of intra-sexual competition and adjust reproductive expenditure accordingly. We 371 

also show for the first time that the male-transferred anti-aphrodisiac MeS is used as 372 

a cue to allocate ejaculate investment according to female mating history. 373 

Furthermore, using Ca2+ imaging we conclude that both sexes can detect MeS and 374 

changes in concentrations, and that males are more sensitive than females.  375 

 376 

Both male and female butterflies responded physiologically to MeS, in that a short 377 

(2s) exposure to the volatile elicited a change in [Ca2+] in specific glomeruli in the AL. 378 

The higher sensitivity in males may reflect their need for an accurate evaluation of 379 

the female MeS emission. Interestingly, in a previous study it was shown that 380 

females are more sensitive than males to the male-emitted aphrodisiac pheromone 381 

citral (Andersson et al 2007). Thus, the actions of these two pheromones are 382 

mirrored in the respective receiver’s olfactory system. Sexual dimorphism in 383 

pheromone systems is very common in insects. However, as opposed to e.g. moths, 384 

where usually only males possess an enlarged subpopulation of glomeruli, the 385 

macroglomerular complex, receiving input from pheromone sensing neurons, no 386 

difference in AL size and glomerular number between the sexes in P. napi was 387 

observed. Lack of sexual dimorphism in the AL has also been observed in other 388 

species of butterflies (Rospars 1983, Carlsson et al 2013). The differences in 389 

sensitivity can have several explanations; the most plausible is that the number of 390 

Page 17 of 33 Functional Ecology



For Peer Review

 18 

receptor neurons housing a receptor sensitive to MeS is higher in males than 391 

females. The reason for female detection of MeS may be a need for auto-detection 392 

(Ref) or that MeS has another informative value for females. MeS is in fact also a 393 

common volatile compound emitted from several plant species (ref). For example, 394 

MeS is emitted from several host plants of the moth Manduca sexta, and females 395 

respond physiologically and behaviourally to the compound (Fraser et al 2003). 396 

 397 

A previous study (Forsberg & Wiklund 1989) has demonstrated that female P. napi 398 

are most unattractive to males directly after mating and that courtship duration 399 

increases with time elapsed since mating. The amount of MeS applied in this study 400 

(20 ng per female) was chosen to be ecologically relevant (Andersson, Borg-401 

Karlsson & Wiklund 2000). What we could not control was rate of evaporation. As 402 

indicated by the fact that virgin+MeS females mate sooner than mated females, 403 

artificially added MeS will most likely evaporate faster than male-transferred MeS 404 

(which is enclosed in the spermatophore and is secreted by the female after mating). 405 

It has previously been shown that females living under high densities spend the 406 

male-transferred anti-aphrodisiacs faster (Andersson, Borg-Karlsson & Wiklund 407 

2004), so the rate of anti-aphrodisiac loss is not constant in the wild either. However, 408 

as the male investment is similar between mated females and virgin+MeS females 409 

we contend that males do use MeS as a cue for ejaculate investment and that the 410 

time before mating seems less important.  411 

 412 

Our result that males delivered larger ejaculates in the presence of MeS, shows for 413 

the first time that the anti-aphrodisiac is used by males to assess sperm competition 414 

intensity and female mating history. The results are also interesting from the 415 
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perspective of how the anti-aphrodisiac has assumed dual functions – (1) deterring 416 

other males from mating with the female and (2) allowing males to assess sperm 417 

competition. This is mirroring the effect of male sex pheromone (citral) in this species 418 

whereby males judge sperm competition risk by “eavesdropping” on the sex 419 

pheromone release from other males nearby (Larsdotter-Mellström & Wiklund 2009).  420 

 421 

The fact that males use the presence of an anti-aphrodisiac pheromone to tailor 422 

ejaculates provide yet another mechanism that males could use to judge female 423 

mating history, besides previously suggested ones - e.g. physical contact with 424 

previous spermatophores at mating (Wedell & Cook 1999a). 425 

 426 

Thus, two different olfactory signals, MeS and citral (Larsdotter-Mellström & Wiklund 427 

2009) affect the ejaculate size in P. napi. MeS signals female mating history and 428 

citral signals male density and thus competition. In both situations males would 429 

benefit from accurate detection of these signals and subsequent tailoring of their 430 

ejaculate. 431 

 432 

Future studies should adress this very interesting connection between the olfactory 433 

and reproductive systems. Information from OSNs activated by MeS or citral is 434 

processed in specific glomeruli just as information from food odours (Carlsson et al in 435 

prep). However, are projection neurons from glomeruli in the AL activated by MeS or 436 

citral projecting to other regions than projection neurons mediating information on 437 

e.g. food odours or oviposition cues? If so, how are these regions connected to the 438 

male reproductive system?  439 

 440 
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The results of this study, that males mating under sperm competition transfer larger 441 

ejaculates whereas males under no intra-sexual competition save their resources for 442 

future fertilizations, conform well to sperm competition game theory (Parker 1990a, b, 443 

1998, Parker et al. 1997, Parker & Ball 2005) and establish the P. napi model system 444 

as one very well suited to addressing these questions. It has been suggested by 445 

Wedell & Cook (1999a) that even though the sperm competition models were 446 

developed for a situation where males compete with ejaculates of two or more males 447 

(Ball & Parker 1996, 1997, Parker et al. 1997) the sperm competition situation might 448 

be more dependent on the number of sperm transferred than the number of matings. 449 

In view of our results that male P. napi can adjust ejaculate size to female mating 450 

history, using MeS, it would of course be interesting to see whether they also 451 

strategically change the composition of the ejaculate and transfer proportionately 452 

higher numbers of eupyrene sperm when mating competition is high, as has been 453 

suggested in P. rapae (Wedell & Cook 1999a). This question warrants further 454 

experiments.  455 
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Acknowledgements 457 

We thank Professor Christer Wiklund (Department of Zoology, Stockholm University) 458 

for his expertise and help in the lab. The project was supported by the Faculty of 459 

Science, Stockholm University (to N.J.), a research grant from Carl Tryggers Stiftelse 460 

(to M.A.C.) and grants from the Swedish Research Council (2012-3715) and the Knut 461 

& Alice Wallenberg Foundation (to S.N.). 462 

 463 

References 464 

Page 20 of 33Functional Ecology



For Peer Review

 21 

Andersson, J., Borg-Karlson, A.K. & Wiklund, C. (2000) Sexual cooperation and 465 

conflict in butterflies: a male-transferred anti-aphrodisiac reduces harassment of 466 

recently mated females. Proceedings of the Royal Society B: Biological Sciences, 467 

267, 1271-1275.  468 

Andersson, J, Borg-Karlson, A.K. & Wiklund, C. (2003) Antiaphrodisiacs in pierid 469 

butterflies: A theme with variation! Journal of Chemical Ecology, 29, 1489-1499. 470 

Andersson, J., Borg-Karlson, A.K. & Wiklund, C. (2004) Sexual conflict and anti-471 

aphrodisiac titre in a polyandrous butterfly: male ejaculate tailoring and absence of 472 

female control. Proceedings of the Royal Society B: Biological Sciences, 271, 1765-473 

1770. 474 

Andersson, J., Borg-Karlson, A.K., Vongvanich, N. & Wiklund, C. (2007) Male sex 475 

pheromone release and female mate choice in a butterfly. Journal of Experimental 476 

Biology, 210, 964-970.  477 

Ball, M.A. & Parker, G.A. (1996) Sperm competition games: external fertilization 478 

and "adaptive"' infertility. Journal of Theoretical Biology, 21, 141–150 479 

Ball, M.A. & Parker, G.A. (1997) Sperm competition games: inter- and intra-species 480 

results of a continuous external fertilization model. Journal of Theoretical Biology, 481 

21, 459–466. 482 

Bergström, J., Wiklund, C. & Kaitala, A. (2002) Natural variation in female mating 483 

frequency in a polyandrous butterfly: effects of size and age. Animal Behaviour, 64, 484 

49-54. 485 

Page 21 of 33 Functional Ecology



For Peer Review

 22 

Bergström, J. & Wiklund, C. (2005) No effect of male courtship intensity on female 486 

remating in the butterfly Pieris napi. Journal of Insect Behavior, 18, 479-489. 487 

Birkhead, T.R. & Møller, A.P. (1998) Sperm competition and sexual selection. 488 

London, UK: Academic Press. 489 

Bissoondath, C.J. & Wiklund, C. (1996) Effect of male mating history and body size 490 

on ejaculate size and quality in two polyandrous butterflies, Pieris napi and Pieris 491 

rapae (Lepidoptera: Pieridae). Functional Ecology, 10, 457-464. 492 

Bissoondath, C.J. & Wiklund, C. (1997) Effect of male body size on sperm 493 

precedence in the polyandrous butterfly Pieris napi L. (Lepidoptera: Pieridae). 494 

Behavioral Ecology, 8, 518-523. 495 

Byrne, P.G., Roberts, J.D. & Simmons, L.W. (2002) Sperm competition selects for 496 

increased testes mass in Australian frogs. Journal of Evolutionary Biology, 15, 347-497 

355. 498 

Carazo, P., Font, E. & Alfthan, B. (2007). Chemosensory assessment of sperm 499 

competition levels and the evolution of internal spermatophore guarding. 500 

Proceedings of the Royal Society B: Biological Sciences, 274, 261-267.  501 

Carlsson, M.A., Bisch-Knaden, S., Schäpers, A., Mozuraitis, R., Hansson, B.S. & 502 

Janz, N. (2011) Odour maps in the brain of butterflies with divergent host-plant 503 

preferences. PLoS ONE 6(8): e24025. doi:10.1371/journal.pone.0024025. 504 

Carlsson, M.A. & Hansson, B.S. (2003) Dose–response characteristics of 505 

glomerular activity in the moth antennal lobe. Chemical Senses, 28, 269-278 506 

Page 22 of 33Functional Ecology



For Peer Review

 23 

Carlsson, M.A., Schäpers, A., Nässel, D.R. & Janz, N. (2013) Organization of the 507 

olfactory system of Nymphalidae butterflies. Chemical Senses,  38, 355-367. 508 

Cook, P.A. & Wedell, N. (1996) Ejaculate dynamics in butterflies: A strategy for 509 

maximizing fertilization success? Proceedings of the Royal Society B: Biological 510 

Sciences, 263, 1047-1051. 511 

Christensen, T.A. & Hildebrand, J.G. (1987) Male-Specific, Sex Pheromone-512 

Selective Projection Neurons in the Antennal Lobes of the Moth Manduca sexta. 513 

Journal of Comparative Physiology a-Sensory Neural and Behavioral Physiology, 514 

160, 553-569. 515 

delBarco-Trillo, J. & Ferkin, M.H. (2004) Male mammals respond to a risk of sperm 516 

competition conveyed by odours of conspecific males. Nature, 431, 446-449.  517 

delBarco-Trillo, J. & Ferkin, M.H. (2007) Increased sperm numbers in the vas 518 

deferens of meadow voles, Microtus pennsylvanicus, in response to odors of 519 

conspecific males. Behavioral Ecology and Sociobiology, 61, 1759-1764.  520 

Forsberg, J. & Wiklund, C. (1989) Mating in the afternoon – Time-saving courtship 521 

and remating by females of a polyandrous butterfly Pieris napi L. Behavioral 522 

Ecology and Sociobiology, 25, 349-356.  523 

Fraser, A.M., Mechaber, W.L. & Hildebrand, J.G. (2003) Electroantennographic and 524 

behavioral responses of the sphinx moth Manduca sexta to host plant headspace 525 

volatiles. Journal of Chemical Ecology, 29, 1813–1833. 526 

Friberg, U. (2006) Male perception of female mating status: its effect on copulation 527 

duration, sperm defence and female fitness. Animal Behaviour, 72, 1259-1268.  528 

Page 23 of 33 Functional Ecology



For Peer Review

 24 

Gage, M.J.G. (1991) Risk of sperm competition directly affects ejaculate size in the 529 

Mediterranean fruit-fly. Animal Behaviour, 42, 1036-1037. 530 

Gage, M.J.G. (1994) Associations between body-size, mating pattern, testis size 531 

and sperm lengths across butterflies. Proceedings of the Royal Society B: 532 

Biological Sciences, 258, 247-254. 533 

Gage, M.J.G. & Baker, R.R. 1991. Ejaculate size varies with sociosexual situation 534 

in an insect. Ecological Entomology, 16, 331-337. 535 

Galizia, C.G., Nagler, K., Holldobler, B. & Menzel, R. (1998) Odour coding is 536 

bilaterally symmetrical in the antennal lobes of honeybees (Apis mellifera). 537 

European Journal of Neuroscience, 10, 2964-2974. 538 

Harcourt, A.H., Purvis, A. & Liles, L. (1995) Sperm competition – Mating system, 539 

net breeding-season, affects testes size of primates. Functional Ecology, 9, 468-540 

476. 541 

Hosken, D.J. (1997) Sperm competition in bats. Proceedings of the Royal Society 542 

B: Biological Sciences, 264, 385-392. 543 

Kaitala, A. & Wiklund, C. (1994) Polyandrous female butterflies forage for matings. 544 

Behavioral Ecology and Sociobiology, 35, 385-388. 545 

Karlsson, B. (1998) Nuptial gifts, resource budgets, and reproductive output in a 546 

polyandrous butterfly. Ecology, 79, 2931-2940. 547 

Page 24 of 33Functional Ecology



For Peer Review

 25 

Larsdotter-Mellström, H. & Wiklund, C. (2009) Males use sex pheromone 548 

assessment to tailor ejaculates to risk of sperm competition in a butterfly. Behavioral 549 

Ecology, 5, 1147-1151.  550 

Larsdotter-Mellström, H. & Wiklund, C. (2010) What affects mating rate?: Polyandry 551 

is higher in the directly developing generation of the butterfly Pieris napi. Animal 552 

Behaviour, 80, 413-418.  553 

Oberhauser, K.S. (1988) Male monarch butterfly spermatophore mass and mating 554 

strategies. Animal Behaviour, 36, 1384-1388.  555 

Oberhauser, K.S. (1989) Effects of spermatophores on male and female monarch 556 

butterfly reproductive success. Behav. Ecol. Sociobiol. 25:237-246.  557 

Oberhauser KS, 1992. Rate of ejaculate breakdown and intermating intervals in 558 

monarch butterflies. Behavioral Ecology and Sociobiology, 31, 367-373. 559 

Parker, G.A. (1970) Sperm competition and its evolutionary consequences in 560 

insects. Biological Reviews, 45, 525-568. 561 

Parker, G.A. (1990a) Sperm competition games – Raffles and roles. Proceedings of 562 

the Royal Society B: Biological Sciences, 242, 120-126. 563 

Parker, G.A. (1990b) Sperm competition games – Sneaks and extra-pair 564 

copulations. Proceedings of the Royal Society B: Biological Sciences, 242, 127-565 

133. 566 

Parker, G.A. (1997) Evolutionary sperm wars. Journal of Biological Education, 31, 567 

167-168 568 

Page 25 of 33 Functional Ecology



For Peer Review

 26 

Parker, G.A. (1998) Sperm competition and the evolution of ejaculates: towards a 569 

theory base. In: Birkhead TR, Møller AP, editors. Sperm competition and sexual 570 

selection. London, UK: Academic Press. p. 3-54. 571 

Parker, G.A., Ball, M.A., Stockley, P. & Gage, M.J.G. (1997) Sperm competition 572 

games: a prospective analysis of risk assessment. Proceedings of the Royal 573 

Society B: Biological Sciences, 264, 1793-1802. 574 

Parker, G.A. & Ball, M.A. (2005) Sperm competition, mating rate and the evolution 575 

of testis and ejaculate sizes: a population model. Biologial  Letters UK,  1, 235-238.  576 

Pettersson, J., Pickett, J.S., Pye, B.J., Quiroz, A., Smart, L.E., Wadhams, L.J. & 577 

Woodcock, C.M. (1994) Winter host component reduces colonization by bird-578 

cherry-oat aphid, Rhopalosiphum padi (L.) (Homoptera, Aphididae), and other 579 

aphids in cereal fields. Journal of Chemical Ecology, 20, 2565-2574. 580 

Pitcher, T.E., Dunn, P.O. & Whittingham, L.A. (2005) Sperm competition and the 581 

evolution of testes size in birds. Journal of Evolutionary Biology, 18, 557-567.  582 

R Development Core Team. (2009) R Version 2.10.1, R: A language and 583 

environment for statistical computing. R Foundation for Statistical Computing, 584 

Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org. 585 

Rospars, J.P. (1983) Invariance and Sex-Specific Variations of the Glomerular 586 

Organization in the Antennal Lobes of a Moth, Mamestra brassicae, and a Butterfly, 587 

Pieris brassicae. Journal of Comparative Neurology, 220, 80–96. 588 

Page 26 of 33Functional Ecology



For Peer Review

 27 

Sachse, S. & Galizia, C.G. (2003) The coding of odour-intensity in the honeybee 589 

antennal lobe: local computation optimizes odour representation. European Journal 590 

of Neuroscience, 18, 2119-2132. 591 

Silberglied, R.E., Shepherd, J.G. & Dickinson, J.L. (1984) Eunuchs- The role of 592 

apyrene sperm in Lepidoptera. The American Naturalist, 123, 255-265. 593 

Simmons, L.W. (2001) Sperm competition and its evolutionary consequences in the 594 

insects. Princeton, NJ: Princeton Univ. Press. 595 

Simmons, L.W., Emlen, D.J. & Tomkins, J.L. (2007) Sperm competition games 596 

between sneaks and guards: A comparative analysis using dimorphic male beetles. 597 

Evolution, 61, 2684-2692.  598 

Solensky, M.J. & Oberhauser, K.S. (2009) Sperm precedence in monarch 599 

butterflies, (Danaus plexippus). Behavioural Ecology, 20, 328-334. 600 

Stockley, P., Gage, M.J.G., Parker, G.A. & Möller, A.P. (1997) Sperm competition 601 

in fishes: The evolution of testis size and ejaculate characteristics. The American 602 

Naturalist, 149, 933-954. 603 

Svärd, L. & Wiklund, C. (1989) Mass and production-rate of ejaculates in relation to 604 

monandry polyandry in butterflies. Behavioral Ecology and Sociobiology, 24, 395-605 

402. 606 

Thomas, M.L. & Simmons, L.W. (2009) Male-derived cuticular hydrocarbons signal 607 

sperm competition intensity and affect ejaculate expenditure in crickets. 608 

Proceedings of the Royal Society B: Biological Sciences, 276, 383-388.  609 

Page 27 of 33 Functional Ecology



For Peer Review

 28 

Tolman, T. & Lewington, R. (1997) Butterflies of Britain and Europe. London, UK: 610 

Harper Collins Publishers. 611 

Wedell, N. & Cook, P.A. (1998) Determinants of paternity in a butterfly. 612 

Proceedings of the Royal Society B: Biological Sciences, 265, 625-630. 613 

Wedell, N. & Cook, P.A. (1999a) Butterflies tailor their ejaculate in response to 614 

sperm competition risk and intensity. Proceedings of the Royal Society B: Biological 615 

Sciences, 266, 1033-1039. 616 

Wedell, N. & Cook, P.A. (1999b) Strategic sperm allocation in the Small White 617 

butterfly Pieris rapae (Lepidoptera : Pieridae). Functional Ecology, 13, 85-93. 618 

Wedell, N. & Karlsson, B. (2003) Paternal investment directly affects female 619 

reproductive effort in an insect. Proceedings of the Royal Society B: Biological 620 

Sciences, 270, 2065-2071. 621 

Wiklund, C. & Forsberg, J. (1986) Courtship and male discrimination between virgin 622 

and mated females in the orange tip butterfly Anthocharis cardamines. Animal 623 

Behaviour, 34, 328–332. 624 

Wiklund, C. & Kaitala, A. (1995) Sexual selection for large male size in a 625 

polyandrous butterfly – The effect of body-size on male versus female reproductive 626 

success in Pieris napi. Behavioural Ecology, 6, 6-13. 627 

Wiklund, C., Kaitala, A., Lindfors, V. & Abenius, J. (1993) Polyandry and its effect 628 

on female reproduction in the green-veined white butterfly (Pieris napi L). 629 

Behavioral Ecology and Sociobiology, 33, 25-33. 630 

Page 28 of 33Functional Ecology



For Peer Review

 29 

Williams, N.H. & Whitten, W.M. (1983) Orchid floral fragrances and male 631 

euglossine bees: methods and advances in the last sesquidecade. Biological 632 

Bulletin, 164, 355-395. 633 

 634 

 635 

 636 

637 

Page 29 of 33 Functional Ecology



For Peer Review

 30 

 638 

 639 

Figure legends  640 

Figure 1. Methyl salicylate-activated responses in the AL of male and female P. napi. 641 

A The brain of a male P. napi with the ALs highlighted in red (projection of a stack of 642 

confocal images). Scale bar = 500 µm. B-C False-colour coded images of odour-643 

evoked activity to MeS (1:1000) and control (hexane solvent) superimposed on wide-644 

field images of the lobes (B male, C female). Each response is scaled to the upper 645 

50% of its intensity range. Focus of activity (corresponding to an individual 646 

glomerulus) is outlined. D, dorsal; M, medial. AN, antennal nerve; AL, antennal lobe. 647 

Scale bar = 100 µm. D Dose-response curves showing normalised responses to five 648 

doses of MeS and to the control. A box plot shows the median normalised response 649 

to an odorant (horizontal line), the 25th and 75th percentile (lower and upper margin 650 

of the box) together with the minimum and maximum values (whiskers). Red 651 

coloured bars indicate significant difference from the control (ANOVA followed by 652 

Tukeys post hoc test). 653 

 654 

 655 

Figure 2. Relative mating investment (mean ± 95% CI) when transferred to virgin 656 

females, virgin females with added MeS and previously mated females. Ejaculates 657 

transferred to mated females and virgin females with MeS were significantly larger 658 

than ejaculates in the control virgin female treatment. a b denote significant post hoc 659 

contrasts (Tukey, 95% confidence level) 660 

 661 
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