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Abstract.  The Drosophila parasitoid Asobara japonica has highly toxic venom that 15 

kills host larvae if its injection is not followed by injection of lateral oviduct 16 

components along with egg-laying. In this study, the venom of seven other Drosophila 17 

parasitoids (Asobara rossica, A. rufescens, A. pleuralis, Leptopilina heterotoma, L. 18 

japonica, L. ryukyuensis, and L. victoriae) are tested against three kinds of Drosophila 19 

species (i.e. Drosophila species that are suitable as host for focal parasitoids, those that 20 

are resistant to the parasitoids, and a cosmopolitan species, D. simulans). Venom of the 21 

three Asobara species are not toxic to any of Drosophila species, whereas those of the 22 

four Leptopilina species are toxic to some Drosophila species. Toxicity of venom vary 23 

among Leptopilina species, and susceptibility to venom also vary among host 24 

Drosophila species. Furthermore, toxicity and paralytic effects of venom are not 25 

correlated. Because toxicity of venom is not adaptive for parasitoids, it may be an 26 

inevitable side effect of some components that play an essential role in parasitism.  27 

 28 
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30 
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Introduction 31 

 32 

In oviposition, parasitoid females not only lay eggs in hosts but also inject them with 33 

venom that are complex mixtures of proteins and low molecular weight compounds 34 

having various functions such as induction of paralysis or regulation of host 35 

development and immune responses. Some components of venom act alone, while some 36 

act in combination with other factors provided from the mother’s organs, parasitoid 37 

embryo or teratocytes (Moreau & Guillot 2005; Asgari & Rivers, 2011; Poirié et al., 38 

2014). An interesting example of cooperative action of venom and oviduct products has 39 

been reported for Asobara japonica Belokobylskij, a parasitoid of Drosophila species. 40 

During parasitization of Drosophila hosts, A. japonica females inject venom into the 41 

host immediately after the insertion of the ovipositor (Furihata & Kimura, 2009). A few 42 

seconds later, parasitoid females vibrate their ovipositors for a few seconds and then 43 

withdraw them. Thus, vibration of the ovipositor is an indication of egg laying (Vet & 44 

Bakker, 1985; van Lenteren et al., 1998; Dubuffet et al., 2006). In parasitism 45 

experiments using A. japonica and some host species such as Drosophila melanogaster 46 

Meigen and D. simulans Sturtevant, interruption of oviposition after injection of venom 47 

but before egg laying kills host larvae (Furihata & Kimura, 2009; 48 

Mabiala-Moundoungou et al., 2010; Furihata et al., 2013). However, this toxic action of 49 

the venom is suppressed by lateral oviduct components that are injected to the host by 50 

the parasitoid female along with egg (Mabiala-Moundoungou et al., 2010; Furihata et al. 51 

2013). Additional studies showed that the venom of A. japonica is much less toxic to 52 

certain Drosophila species that kill A. japonica embryos or larvae at high rates, such as 53 

D. bipectinata Duda and D. ficusphila Kikkawa & Peng (Furihata & Kimura 2009; 54 

Furihata et al., 2013). These “resistant” Drosophila species may have evolved some 55 
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mechanisms to detoxify lethal components of A. japonica venom along with the 56 

acquisition of capacity to kill A. japonica embryos and/or larvae in the course of their 57 

coevolutionary interactions. On the other end of the spectrum is A. rossica 58 

Belokobylskij, whose venom is not known to be toxic to any Drosopila species 59 

(Furihata et al., 2013). Thus, effects and functions of venom vary among different 60 

parasitoid species. However, the toxicity of venom of several other Drosophila 61 

parasitoids has not been investigated (Moreau & Guillot 2005; Asgari & Rivers, 2011; 62 

Poirié et al. 2014).  63 

In this paper, toxicity and paralytic effects of venoms of seven Drosophila 64 

parasitoids including three Asobara (Braconidae) species (A. rossica, A. rufescens 65 

(Förster) and A. pleuralis (Ashmead),) and four Leptopilina (Figitidae) species (L. 66 

heterotoma (Thompson), L. japonica Novković & Kimura, L. ryukyuensis Novković & 67 

Kimura and L. victoriae Nordlander) on three kinds of Drosophila species (suitable host, 68 

resistant species and D. simulans) are investigated to understand how the function of 69 

venom has evolved. A. rossica, A. rufescens, L. heterotoma and L. japonica are mainly 70 

distributed in the temperate regions of Asia and/or Europe, whereas the other three are 71 

distributed in subtropical and tropical regions of Asia and/or Africa (Allemand et al. 72 

2002; Novković et al. 2011; Nomano et al. 2015). They show species-specific host use, 73 

and therefore some Drosophila species are suitable as host for some parasitoid species 74 

but some are resistant (Novković et al. 2012; Kimura & Suwito 2012, 2014; Kimura & 75 

Novković 2015; Kimura unpublished data). Little is known about the virulence strategy 76 

of these parasitoids, except for L. heterotoma and L victoriae that show active 77 

suppression of the host immune systems (Rizki & Rizki 1984; Morales et al., 2005). 78 

 79 

Materials and methods 80 
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 81 

Laboratory strains 82 

 83 

Laboratory strains of A. rossica, A. rufescens and L. heterotoma were collected from 84 

Sapporo (43.0 °N, 141.2 °E), northern Japan in August 2012, that of L. japonica from 85 

Tokyo (35.7 °N, 139.8 °E), central Japan in June 2010, that of L. ryukyuensis from 86 

Iriomote-jima (24.2 °N, 123.8 °E) in March 2006, southern Japan, and those of A. 87 

pleuralis and L. victoriae from Kota-Kinabalu (5.3 °N, 117.4 °E), Malaysia in March 88 

2008 (Table 1). Clumps of banana were placed in the field to allow drosophilid flies to 89 

oviposit in banana and parasitoid individuals to oviposit in drosophilid larvae in banana. 90 

Usually after a week, the bananas were brought back to the laboratory and placed in 91 

plastic containers. When drosophilid pupae were formed, they were collected in plastic 92 

Petri dishes, and examined for emergence of flies or parasitoids. When parasitoid 93 

individuals emerged, they were reared on appropriate hosts.  94 

At the same time of parasitoid collection, a number of Drosophila species were 95 

collected from each locality. Suitability of these Drosophila species as host for 96 

sympatric populations of parasitoids was examined in our previous studies (Novković et 97 

al. 2012; Kimura & Suwito 2012, 2014; Kimura & Novković 2015; Kimura 98 

unpublished data). From Drosophila species collected in each locality, two species were 99 

chosen for the present experiments; one was a suitable host that allows focal parasitoid 100 

to develop successfully and another was a resistant species that kills embryos or larvae 101 

of focal parasitoid at high rates. In the experiments on A. pleuralis (from Kota 102 

Kinabalu), however, D. parabipectinata and D. pseudoananassae strains that were 103 

collected from Deramakot located approximately 200 km east of Kota Kinabalu in 104 
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March 2005 were used. In addition to Drosophila strains from the same or nearby 105 

localities, a D. simulans strain collected from Tokyo in June 2007 was used. 106 

These parasitoid and Drosophila strains originated from few to several field 107 

collected females. The Drosophila strains were maintained with Drosophila medium. 108 

For the maintenance of parasitoid strains, D. simulans was used as host with the 109 

exception of A. rossica and A. rufescens strains which were maintained on D. auraria 110 

Peng (because D. simulans was highly resistant to these parasitoids). Rearing and 111 

experiments were performed at 23 °C under an LD 15:9 h photocycle, and experiments. 112 

 113 

Parasitism experiments 114 

 115 

Female parasitoids used in the experiments were maintained for two to five 116 

days in vials containing Drosophila medium with host larvae after emergence, i.e., they 117 

were fed, mated and had experience of oviposition. Drosophila larvae used in the 118 

experiments were 2-3 day old (mostly second-instar). Parasitoid females were placed 119 

with Drosophila larvae in Petri dishes (3 cm in diameter) with small amounts of food 120 

medium, and were observed for oviposition behaviour under a stereoscopic microscope. 121 

To obtain host larvae in which venom was injected but egg was not laid, host larvae 122 

were drawn apart from parasitoid females using forceps before the females started to 123 

vibrate their ovipositors (‘interrupted’ group). In another group, parasitoids were 124 

allowed to complete oviposition without interruption (‘un-interrupted’ group). 125 

Immediately after injection of venom or completion of oviposition, Drosophila larvae 126 

were transferred to new vials with food and examined for emergence of adult 127 

parasitoids or flies. Usually 50 Drosophila larvae were used for each treatment and 128 

more than five parasitoid females were used to obtain 50 treated-larvae. 129 
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 In parasitism experiments, Drosophila larvae showed various degrees of 130 

paralysis, strong paralysis, weak paralysis and no sign of paralysis. However, it was not 131 

easy to determine the boundary between weak and no paralysis, because weakly 132 

paralyzed larvae were able to move more or less. On the other hand, strong paralysis 133 

was distinctive; i.e., larvae did not move at all even if stimulated by forceps. In addition, 134 

the occurrence of strong paralysis did not vary within strain; i.e. all larvae of a strain 135 

showed the same response. Thus, Drosophila larvae subjected to the above experiments 136 

were checked for the occurrence of strong paralysis when transferred from Petri dishes 137 

to new vials. 138 

 139 

Statistical analysis 140 

 141 

The frequency of individuals from which no insect (i.e., neither parasitoid nor fly) 142 

emerged was compared between the ‘un-interrupted group’ and ‘interrupted group’ by a 143 

generalized liner model (GLM) with binomial error distribution and logit-link function 144 

using R 3.2.1 (R Core Team 2015). The significance of the explanatory variable of the 145 

model was tested with likelihood ratio test. 146 

 147 

Results 148 

 149 

Figure 1 shows the results of the experiments using previously reported data for A. 150 

japonica (Furihara & Kimura, 2009) as a reference. For the Asobara species (A. rossica, 151 

A. rufescens and A. pleuralis), the frequency of individuals from which no insect (i.e., 152 

neither parasitoid nor fly) emerged did not exceed 40%, even if oviposition was 153 

interrupted before egg-laying. However, the frequency was significantly different 154 
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between the ‘interrupted’ and ‘un-interrupted’ groups for suitable hosts in the 155 

experiments on A. rossica and A. rufescens and for D. simulans in the experiment on A. 156 

pleuralis (GLM with likelihood ratio test, P < 0.05).  157 

In Leptopilina species, the frequency of individuals from which no insect 158 

emerged was always higher in the ‘interrupted’ group than in the ‘un-interrupted group, 159 

and the difference was significant in all comparisons (GLM with likelihood ratio test, P 160 

< 0.05), except for D. simulans in the experiment on L. japonica and for suitable-host 161 

and resistant species in the experiment on L. victoriae. 162 

 Larvae of D. simulans always showed strong paralysis when parasitized by any 163 

of the seven parasitoids (data not shown). In addition, both suitable-host (D. auraria) 164 

and resistant species (D. bifasciata) showed strong paralysis when parasitized by A. 165 

rossica (Table 1). Furthermore, a resistant species (D. biauraria) showed strong 166 

paralysis when parasitized by A. rufescens, and a suitable-host species (D. 167 

nigromaculata) showed strong paralysis when parasitized by L. heterotoma (Table 1). 168 

The other parasitoids did not induce strong paralysis in suitable-host or resistant species. 169 

Thus, there was no clear relation between the occurrence of strong paralysis and toxicity 170 

of venom or suitability as host. 171 

 172 

Discussion 173 

 174 

Asobara japonica has venom that exhibits a toxic effect to host species if its injection is 175 

not followed by an injection of lateral oviduct components (Mabiala-Moundoungou et 176 

al., 2010; Furihata et al., 2013). However, the venom of the other three Asobara species 177 

studied here does not have such toxic effects. Four Leptopilina species have venom that 178 

exhibits toxicity to some Drosophila species if egg laying is not followed; i.e., L. 179 
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heterotoma venom is toxic to a suitable-host species, L. japonica venom to both 180 

suitable-host and resistant species, and L. ryukyuensis and L. victoriae venom to D. 181 

simulans. However, the frequency of Drosophila larvae from which neither flies nor 182 

parasitoids emerge is always higher when oviposition is interrupted. In this study, 183 

interruption of oviposition is achieved by separating Drosophila larvae from ovipositing 184 

parasitoid females by forceps. Leptopilina species have an ovipositor clip by which they 185 

hold host larvae during oviposition (van Lenteren et al., 1998; Buffington, 2007), and 186 

Drosophila larvae are sometimes dragged by parasitoids when larvae and parasitoids are 187 

separated by forceps (Kohyama, personal observation). It is possible that the separation 188 

by forceps may injure Drosophila larvae and increase their mortality to some degree. In 189 

the above cases of Leptopilina, however, the frequency of Drosophila larvae from 190 

which no insect emerges is very high (> 84%), which suggests that their venom has at 191 

least some toxicity to some Drosophila species. For a further understanding of the 192 

toxicity of Leptopilina venom, artificial injection of venom is required. 193 

It is not known why A. japonica and the four Leptopilina species have toxic 194 

venom. In koinobiont larval parasitoids, such as Asobara and Leptopilina species, the 195 

toxicity of the venom is not adaptive because parasitoids are required to allow host 196 

individuals to survive and develop to the pupal stage after parasitization. The toxicity of 197 

their venom may be an inevitable side effect of some components that play an essential 198 

role in the regulation of host development or suppression of host immune responses. In 199 

this study, the toxicity of venom varies among the parasitoid species, and each 200 

parasitoid’s venom shows different toxicity to different Drosophila species. Toxicity is 201 

not related to the occurrence of strong paralysis. These results suggest that the 202 

parasitoid’s systems to regulate host development and immune responses are 203 

complicated and have species-specific components (Dupas et al., 2003, 2009; 204 
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Thompson, 2005; Kimura & Suwito, 2014). Biochemical and molecular biological 205 

studies would provide some insight into how the virulence mechanisms of the toxicity 206 

of venom has evolved and diversified. 207 

 Drosophila simulans is strongly paralysed by venom of all of the parasitoid 208 

species studied. Drosophila simulans is an invasive species originating in Africa 209 

(Lemeunier et al., 1986); therefore, it has a relatively short history of interaction with 210 

the Palearctic and Asian parasitoid species studied here and may not have had sufficient 211 

time to adapt to these parasitoid species. In this respect, it is interesting how D. 212 

simulans responds to parasitoids of the original locality of Africa. 213 

 In the experiments with suitable-host and resistant Drosophila species, strong 214 

paralysis is observed only in one case (i.e., D. nigromaculata oviposited by L. 215 

heterotoma) out of eight cases in which Leptopilina species were used, whereas in five 216 

cases out of eight cases in which Asobara species were used (including A. japonica: 217 

Furihata & Kimura 2009). Thus, Asobara venom induces strong paralysis in a larger 218 

number of Drosophila species. This characteristic may be related to the absence of the 219 

clip-on ovipositor in Asobara species. In our observation (Kohyama, personal 220 

observation), the third instar larvae of D. auraria can easily escape from the attack by A. 221 

rufescens because A. rufescens does not have an ovipositor clip nor the capacity to 222 

paralyse D. auraria larvae. Therefore, many Asobara species may have intensified the 223 

paralytic effects of venom in compensation to the absence of an ovipositor clip. 224 

 225 

Acknowledgements 226 

 227 



 11 

We thank to FY Nomano and B Novković for fruitful discussions. This study was partly 228 

supported by a Grant-in-Aid to MTK (No. 23370005) from the Japan Society for 229 

Promotions of Science (JSPS). 230 

 231 

References 232 

 233 

Allemand, R., Lemaître, C., Frey, F. et al. (2002) Phylogeny of six African Leptopilina 234 

species (Hymenoptera : Cynipoidea, Figitidae), parasitoids of Drosophila, with 235 

description of three new species. Annales de la Société Entomologique de France 236 

38, 319–332. 237 

Asgari, S., & Rivers, D.B. (2011) Venom proteins from endoparasitoid wasps and their 238 

role in host-parasite interactions. Annual Review of Entomology, 56, 313–335.  239 

Buffington, M.L. (2007) The occurrence and phylogenetic implications of the ovipositor 240 

clip within the Figitidae (Insecta: Hymenoptera: Cynipoidea). Journal of Natural 241 

History, 41, 2267–2282. 242 

Dubuffet, A., Álvarez, C.I.R., Drezen, J.-M. et al. (2006) Do parasitoid preferences for 243 

different host species match virulence? Physiological Entomology, 31, 170–177. 244 

Dupas, S., Carton, Y. & Poirié, M. (2003) Genetic dimension of the coevolution of 245 

virulence–resistance in Drosophila – parasitoid wasp relationships. Heredity, 90, 246 

84–89. 247 

Dupas, S., Dubuffet, A., Carton, Y. et al. (2009) Local, geographic and phylogenetic 248 

scales of coevolution in Drosophila-parasitoid interactions. Advance in 249 

Parasitology, 70, 281-295.  250 



 12 

Furihata, S.X. & Kimura, M.T. (2009) Effects of Asobara japonica venom on larval 251 

survival of host and nonhost Drosophila species. Physiological Entomology, 34, 252 

292–295. 253 

Furihata, S.X., Matsumoto, H., Kimura, M.T. et al. (2013) Venom components of 254 

Asobara japonica impair cellular immune responses of host Drosophila 255 

melanogaster. Archives of Insect Biochemistry and Physiology, 83, 86–100. 256 

Kimura, M.T. & Novković, B. (2015) Local adaptation and ecological fitting in host use 257 

of the Drosophila parasitoid Leptopilina japonica. Ecological Research, 30, 258 

499–505. 259 

Kimura, M.T. & Suwito, A. (2012) Diversity and abundance of frugivorous 260 

drosophilids and their parasitoids in Bogor, Indonesia. Journal of Natural History, 261 

46, 1947–1957. 262 

Kimura, M.T. & Suwito, A. (2014) What determines host acceptance and suitability in 263 

tropical Asian Drosophila parasitoids? Environmental Entomology, 43, 123–130. 264 

Lemeunier, F., David, J.R., Tsacas, L. et al. (1986) The melanogaster species group. 265 

The Genetics and Biology of Drosophila, Vol. 3e (ed. by M. Ashburner, H. L. 266 

Carson & J. N. Thompson Jr.), pp. 147–256. Academic Press, New York. 267 

Mabiala-Moundoungou, A.D.N., Doury, G., Eslin, P. et al. (2010) Deadly venom of 268 

Asobara japonica parasitoid needs ovarian antidote to regulate host physiology. 269 

Journal of Insect Physiology, 56, 35–41. 270 

Morales, J., Chiu, H., Oo, T. et al. (2005) Biogenesis, structure, and immune 271 

suppressive effects of virus-like particles of a Drosophila parasitoid, Leptopilina 272 

victoriae. Journal of Insect Physiology, 51, 181–195. 273 



 13 

Moreau, S.J.M. & Guillot, S. (2005) Advances and prospects on biosynthesis, structures 274 

and functions of venom proteins from parasitic wasps. Insect Biochemistry and 275 

Molecular Biology, 35, 1209–1223. 276 

Nomano, F.Y., Mitsui, H, & Kimura, M.T. (2015) Capacity of Japanese Asobara 277 

species (Hymenoptera; Braconidae) to parasitize a fruit pest Drosophila suzukii 278 

(Diptera; Drosophilidae). Journal of Applied Entomology, 139, 105–113. 279 

Novković, B., Mitsui, H., Suwito, A et al. (2011) Taxonomy and phylogeny of 280 

Leptopilina species (Hymenoptera: Cynipoidea: Figitidae) attacking frugivorous 281 

drosophilid flies in Japan, with description of three new species. Entomological 282 

Science 14, 333–346. 283 

Novković, B., Oikawa, A., Murata, Y. et al. (2012) Abundance and host association of 284 

parasitoids attacking frugivorous drosophilids in Iriomote-jima, a subtropical 285 

island of Japan. European Journal of Entomology, 109, 517–526.  286 

Poirié, M., Colinet, D. & Gatti, J.-L. (2014) Insights into function and evolution of 287 

parasitoid wasp venoms. Current Opinion in Insect Science, 6, 52–60. 288 

R Core Team (2015) R: A language and environment for statistical computing. R 289 

Foundation for Statistical Computing, Vienna, Austria [WWW document]. URL 290 

http://www.R-project.org/ [accessed on 26 June 2015]. 291 

Rizki, T.M. & Rizki R.M. (1984) Selective destruction of a host blood cell type by a 292 

parasitoid wasp. Proceedings of National Academy of Science, USA, 81, 293 

6154-6158. 294 

Thompson, J.N. (2005) The Geographic Mosaic of Coevolution. University of Chicago 295 

Press, Chicago, Illinois. 296 

van Lenteren, J.C., Isidoro, N. & Bin, F. (1998) Functional anatomy of the ovipositor 297 

clip in the parasitoid Leptopilina heterotoma (Thompson) (Hymenoptera : 298 



 14 

Eucoilidae), a structure to grip escaping host larvae. International Journal of Insect 299 

Morphology and Embryology, 27, 263–268. 300 

Vet, L.E.M. & Bakker, K.E. (1985) A comparative functional approach to the host 301 

detection behaviour of parasitic wasps. 2. A quantitative study on eight eucoilid 302 

species. Oikos, 44, 487–498.  303 

304 



 15 

Figure Legends 305 

 306 

Fig. 1. Percentages of fly larvae from which flies (white), parasitoids (grey) or neither 307 

organism (black) emerged when D. simulans, suitable-host and resistant species were 308 

parasitized by Asobara (A–D) and Leptopilina species (E–H) or injected with their 309 

venom (I: oviposition of parasitoid females was interrupted after venom injection but 310 

before egg-laying, U: oviposition was not interrupted). Suitable-host and resistant 311 

species for each parasitoid species is given in Table 1. Numbers above bars indicate the 312 

number of individuals used in each experiment, and symbols above bars indicate results 313 

of statistical tests between ‘interrupted’ (I) and ‘un-interrupted’ (U) groups (GLM with 314 

likelihood ratio test, *P < 0.05, ** P < 0.01, *** P < 0.001). Data of A. japonica were 315 

from Furihata & Kimura (2009) 316 
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Table 317 

Table 1. Parasitoid and Drosophila species used in the experiments, and the original localities of the experimental strains. 
Species that showed strong paralysis when parasitized by parasitoids given in the left column was shown in bold. 

      Susceptible host species Resistant species Original locality 
A. japonica* D. auraria Peng* D. bipectinata Duda** Tokyo, Iriomote-jima 
A. rossica D. auraria D. bifasciata Pomini Sapporo 
A. rufescens D. auraria D. biauraria Bock & Wheeler Sapporo 
A. pleuralis D. parabipectinata Bock D. pseudoananassae Bock Kota Kinabalu 
L. heterotoma D. nigromaculata Kikkawa & Peng D. auraria Sapporo 
L. japonica D. rufa Kikkawa & Peng D. auraria Tokyo 
L. ryukyuensis D. ananassae Doleschall D. bipectinata Iriomote-jima 
L. victoriae D. malekotliana Parshad & Paika D. bipectinata Kota Kinabalu 
*From Tokyo,**from Iriomote-jima (Furihata and Kimura 2009). 
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