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54 Abstract 
 

55 Many insects metamorphose from antagonistic larvae into mutualistic adult 
 

56 pollinators, with reciprocal adaptation leading to specialized insect-plant associations. 
 

57 It remains unknown how such interactions are established at molecular level. Here we 
 

58 assembled high-quality genomes of a fig species, Ficus pumila var. pumila, and its 
 

59 specific pollinating wasp, Wiebesia pumilae. We combined multi-omics with 
 

60 validation experiments to reveal molecular mechanisms underlying this specialized 
 

61 interaction. In the plant, we identified the specific compound attracting pollinators and 
 

62 validated the function of several key genes regulating its biosynthesis. In the 
 

63 pollinator, we found a highly reduced number of odorant-binding protein (OBP) genes 
 

64 and an OBP mainly binding the attractant. During antagonistic interaction, we found 
 

65 similar chemical profiles and turnovers throughout the development of galled ovules 
 

66 and seeds, and a significant contraction of detoxification-related gene families in the 
 

67 pollinator. Our study detects some key genes bridging coevolved mutualists, 
 

68 establishing expectations for more diffuse insect-pollinator systems. 
 

69 
 

70 Keywords 
 

71 Multi-omics, plant-pollinator mutualism, insect-host identification, pollinator 
 

72 adaptation to host plant, gene for gene coadaptation 
 

73 
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74 Introduction 

 
75 Evolutionary adaptation fuels the genetic diversification of living organisms, 

 
76 driving speciation and emergent biodiversity1,2. However, in contrast to adaptation to 

 

77 abiotic conditions3-5, it remains unclear how species adapt to reciprocally evolving 
 

78 biotic factors at the molecular level. This reflects the difficulty of identifying the traits 
 

79 linking interspecific interactions in a dynamic selective landscape. The high diversity 
 

80 of phytophagous insects and angiosperms is believed to be the result of coevolution, 
 

81 in part driven by ongoing insect-plant arms races6,7. Many herbivorous insects are also 
 

82 responsible for mediating gene flow between plant populations, often occurring as 
 

83 both antagonistic (i.e., herbivorous) larvae and mutualistic pollinating adults8. 
 

84 Selection by multiple agents associated with herbivorous/pollinating insects acts on 
 

85 floral traits to both deter herbivores and attract pollinators9, making it difficult to 
 

86 separate mechanistic processes in many plant-pollinator systems. Tightly co-evolved 
 

87 species often have more apparent interacting traits, which provide an excellent testing 
 

88 ground for exploring coadaptation. 
 

89 The obligate mutualisms comprising ~800 species from the genus Ficus 
 

90 (Moraceae) and their host specific pollinating wasps (fig wasps; Hymenoptera, 
 

91 Agaonidae) form a classical example of coevolution and contribute greatly to 
 

92 ecosystem functioning, biodiversity and agriculture10,11. Both mutualists have evolved 
 

93 strict correspondence in morphological, metabolic and life history traits10,12. The 
 

94 plants reward the larvae of pollinating wasps with nutrition and protection, and each 
 

95 mutualist wasp species is both pollinator and herbivore12. Each individual wasp 
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96 spends the majority of its lifespan at the larval stage (from three weeks up to nine 

 
97 months) and develops inside a single galled ovule of a female floret located inside the 

 

98 enclosed inflorescences characteristic of the genus (figs or ‘syconia’)13-15 (Fig. 1a). 
 

99 There are two predominant types of breeding systems in Ficus species, monoecy and 
 

100 dioecy16. In monoecious figs, each fig produces female florets that can be either 
 
101 pollinated or galled by pollinator larvae. In dioecious species, only the female florets 

 
102 (feeder florets) in figs of functional male trees support the development of pollinator 

 
103 offspring; figs growing on female trees attract pollinators to fertilize the female florets 

 
104 (seed florets) that do not support wasp development (Fig. 1a). Upon locating host figs, 

 
105 adult female wasps must crawl through a narrow passage usually lined by bracts (the 

 
106 ostiole), into a dark central lumen where they typically remain trapped following 

 
107 oviposition and/or pollination. Short lived (usually shorter than three days) adult 

 
108 wasps do not feed10. 

 
109 Central to mediating these species-specific interactions are plant-emitted volatile 

 
110 organic compounds (VOCs), which guide adult female wasps to precisely identify and 

 
111 locate host figs13,14,17-21. Moreover, the high-quality genomes of a Ficus species and its 

 
112 pollinating wasp (Ficus microcarpa and Eupristina verticillata) have been recently 

 
113 reported11, which create a basis for exploring how these pollinators identify host figs 

 
114 at the molecular level. However, to date the key attractive VOCs have only been 

 
115 explicitly identified in a small number of fig-pollinator mutualisms17,18, and the 

 
116 underlying molecular mechanisms determining host-specific signaling and insect 

 
117 attraction remain unknown. 
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118 Once the problem of host identification has been overcome, pollinator larvae 

 
119 must also survive and develop under a set of unique conditions inside galled ovules 

 
120 that support their development (Fig. 1a). While figs can defend against herbivores 

 
121 from a wide range of taxa22, it is unclear how pollinator larvae cope with plant 

 
122 defensive chemicals inside the galled ovules during this antagonistic phase of 

 
123 mutualism. One possible explanation is that galling behavior may activate the plant 

 
124 reproductive program in galled tissues, so that galling insects can avoid the strong 

 
125 chemical defenses induced by stress reaction when they utilize plant nutrients23-25. To 

 
126 test whether the reproductive program is activated in galled ovules, it is necessary to 

 
127 compare between the chemical profiles of galled ovules and seeds. We also expect 

 
128 that such adaptation to a specialized environment must leave molecular footprints in 

 
129 pollinator genome, for example contracted detoxification-related gene families26,27. 

 
130 Here we focused on a fig-pollinator mutualism comprising a dioecious Ficus 

 
131 species Ficus pumila var. pumila28 and its specific pollinator Wiebesia pumilae29 (Fig. 

 
132 1a). We used multi-omics in combination with validation experiments to unravel the 

 
133 key molecular mechanisms contributing to the antagonistic and the mutualistic 

 
134 interactions in this system. We determined the specific attractive VOC and several key 

 
135 genes relevant to its biosynthesis. We identified the corresponding responses in the 

 
136 odorant-binding protein (OBP) genes in the pollinator genome and an OBP mainly 

 
137 binding the attractant. During the antagonistic phase, we found a similar turnover of 

 
138 secondary metabolites when female florets developed into either galled ovules or 

 
139 seeds, and almost identical chemical profiles between these two tissues. It implies that 
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140 the galled ovules may develop like seeds. A contraction of detoxification-related gene 

 
141 families was found in the pollinator genome, providing insights into the fig-pollinator 

 
142 coadaptation during antagonistic interaction. 

 
 
 
143 Results 

 
144 Assembly of genomes and evolution 

 
145 To provide high-quality reference genomes for transcriptomic and proteomic 

 
146 analyses, we assembled genomes of F. pumila var. pumila and W. pumilae using a 

 
147 combination of Illumina and PacBio sequencing technologies (Supplementary Table 1; 

 
148 see Methods). The assembled genomes were 315.7 Mb (contig N50 of 2.3 Mb) for the 

 
149 plant and 318.2 Mb (contig N50 of 10.9 Mb) for the pollinator (Table 1 and 

 
150 Supplementary Table 2). Using the uniquely mapped reads produced by the 

 
151 high-throughput chromatin conformation capture (Hi-C) technique (Supplementary 

 
152 Tables 1, 2), we generated Hi-C-based physical maps composed of 13 and 6 

 
153 pseudo-chromosomes, with 96.6% (305 Mb) and 99.8% (318 Mb) of the assembled 

 
154 genomes anchored to the pseudo-chromosomes (Table 1 and Supplementary Fig. 1). 

 
155 The scaffold N50 of the assembled genomes were 22.4 Mb and 59.4 Mb, and the 

 
156 pseudo-chromosomes included 97.1% (27,378) and 99.8% (12,292) of protein-coding 

 
157 genes (Table 1). Genome annotation results showed that the structures and functions 

 
158 of 25,905 and 12,305 protein-coding genes were annotated in the two genomes 

 
159 (Supplementary Figs. 2 and Supplementary Tables 3-5). BUSCO quality analysis of 

 
160 annotation showed that 92.4% of 1375 conserved plant genes and 91.3% of 4,415 
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161 Hymenoptera genes have complete coverage (Supplementary Table 3). 

 
162 The protein-coding genes of F. pumila var. pumila and W. pumilae were clustered 

 
163 into 15,631 and 7,969 gene families (Supplementary Fig. 3 and Supplementary Table 

 
164 6). Analysis of comparative genomics using the genomes of 13 Angiosperm species 

 
165 including F. pumila var. pumila and three congeneric species (Ficus hispida11, Ficus 

 

166 microcarpa11 and Ficus carica16) showed that in the common ancestors of the four 
 
167 Ficus species, 1,473 gene families had contracted and 888 gene families had 

 
168 expanded. Phylogenetic reconstruction revealed that F. hispida is more closely related 

 
169 to F. pumila var. pumila than the other two Ficus species (Supplementary Fig. 4a). In 

 
170 the analysis of comparative genomics using the genomes of 11 arthropod species 

 
171 containing W. pumilae and two other pollinator wasp species (Ceratosolen solmsi11 

 
172 and Eupristina verticillata27), we found 48 expanded and 1261 contracted gene 

 
173 families in the common ancestors of three pollinating wasp species. We recovered a 

 
174 group containing and E. verticillata and W. pumilae with C. solmsi as its sibling 

 
175 (Supplementary Fig. 4b). There was no evidence for recent whole-genome duplication 

 
176 in the plant, and only a few small segments (total length of 1.3 Mb) were found to be 

 
177 duplicated in the pollinator genome (Supplementary Fig. 5). 

 
 
 
178 Attractive compound forming fig-pollinator identification 

 
179 At the receptive stage, figs release VOCs containing critical compound(s) 

 
180 attracting their pollinating wasps (Fig. 1a). To determine the attractive compound(s), 

 
181 we collected VOCs from functional male and female figs of F. pumila var. pumila at 
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182 the pre-repetitive and the receptive stages using the dynamic headspace sampling 

 
183 (DHS) approach, and identified a total of 70 compounds (Fig. 1a and Supplementary 

 
184 Tables 7, 8). Only three (linalool, nonanal and decanal) of these compounds were 

 
185 found to elicit physiological responses of adult females of W. pumilae (Fig. 1b, c), of 

 
186 which only decanal was emitted exclusively at the receptive stage (Supplementary 

 
187 Table 8). We then conducted behavioral preference tests among the three compounds 

 
188 using 50 female pollinating wasps in each testing group. The wasps showed a 

 
189 significantly greater preference for decanal than the control and a significantly 

 
190 reduced preference for nonanal than the control, with a similar preference between 

 
191 decanal and a nonanal-decanal blend (Fig. 1d and Supplementary Table 9). These 

 
192 results demonstrate that the VOC compound decanal, emitted by F. pumila var. pumila 

 
193 figs at the receptive stage, functions to attract the pollinating wasp W. pumilae. 

 
194 

 
195 Molecular mechanisms of specific host identification 

 
196 To identify the molecular mechanisms underlying the behavioral responses of W. 

 
197 pumilae to the VOCs emitted by its host figs, we annotated the four gene families 

 
198 involved in insect olfaction30. Across these gene families, W. pumilae, E. verticillata 

 
199 and C. solmsi consistently have lower numbers of genes, and, in particular, the 

 
200 number of odorant-binding protein (OBP) genes is significantly lower than less 

 
201 host-specific insects (Fig. 2a). Phylogenetic and synteny analysis including genomes 

 
202 of the three pollinating wasp species and the distantly related Nasonia vitripennis 

 
203 showed that most OBP genes in the pollinating wasp species displayed strong 
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204 homology and that the small number of OBP genes resulted from gene loss and 

 
205 infrequent tandem duplication (Supplementary Figs. 6a, 7a). There were apparent 

 
206 differences in motif structure among OBPs in six of the ten syntenic blocks 

 
207 (Supplementary Fig. 6b). The general contraction in OBP genes and frequent changes 

 
208 in motif structure of homologous OBPs among pollinating wasp species may be 

 
209 expected given their high host specificity and different VOC cues used for detecting 

 
210 host figs. 

 
211 Among the 12 OBP genes of W. pumilae, transcriptome and proteome evidence 

 
212 showed that all genes were transcribed but only seven are translated into detectable 

 
213 proteins in adult females (Fig. 2b, Supplementary Fig. 8 and Supplementary Table 7). 

 
214 There were no proteins with significant differences in quantity (PSDs) and 

 
215 differentially expressed genes (DEGs) between the control and the VOCs-contacting 

 
216 treatment (Supplementary Table 10). 

 
217 To explore functions of W. pumilae OBPs, we predicted motif structures of OBPs 

 

218 and compared them with the OBPs in Adelphocoris lineolatus31 and Culex 
 
219 quinquefasciatus32, known to have decanal or nonanal binding activity. Among the 

 
220 seven OBPs with detectable protein products, WpumOBP2 shows similar structure to 

 
221 the known decanal-binding protein and WpumOBP11 is similar to the known 

 
222 nonanal-binding protein (Fig. 2c and Supplementary Fig. 9). To validate the functions 

 
223 of WpumOBP2 and WpumOBP11, we produced the recombinant proteins for these 

 
224 two OBPs and measured their binding affinity to decanal and nonanal using surface 

 
225 plasmon resonance (SPR) experiments. Consistent with the prediction, the 
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226 experiments revealed considerably lower KD (representing much higher binding 

 
227 affinity) of WpumOPB2 to decanal than to nonanal and far lower KD of WpumOBP11 

 
228 to nonanal than to decanal, and thus demonstrate the high binding affinity of these two 

 
229 OBPs to the corresponding compounds (Fig 2d, Supplementary Fig. 10 and 

 
230 Supplementary Table 11). Therefore, these results provide solid evidence that 

 
231 WpumOBP2 is the main binding protein to the attractant, and pollination of F. pumila 

 
232 var. pumila by W. pumilae is initiated by the binding of decanal with WpumOPB2. 

 
233 

 
234 Regulation of gene expression in attractant biosynthesis 

 
235 To identify the tissue for attractant emission within figs, we measured the 

 
236 concentration of decanal emitted by ostiolar tissues and female florets at the receptive 

 
237 stage from both sexes of F. pumila var. pumila (Fig. 1a) using DHS, as previous 

 
238 studies from other species suggested VOCs are mainly released from these tissues13,20. 

 
239 The concentration of collected decanal in ostiolar tissues was 3.13 ± 1.11 pg/g, which 

 
240 was 9.1 times as that in female florets (0.34 ± 0.05 pg/g) (Pairwise T Test: df=9, 

 
241 t=6.02, p=0.002). Thus, the results revealed that decanal was predominantly emitted 

 
242 by ostiolar tissues at a similar concentration between sexes (T Test: df=4, t=0.20, 

 
243 p=0.858 in ostiolar tissues; df=4, t=0.24, p=0.826 in female florets). 

 
244 To identify key genes involved in the biosynthesis of decanal, we conducted 

 
245 transcriptome and proteome analysis on ostiolar tissues collected at the pre-receptive 

 
246 and the receptive stages (Supplementary Table 7). The biosynthesis of decanal and 

 
247 nonanal is involved in the pathways of fatty acid biosynthesis (ko00061), elongation 
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248 (ko00062) and metabolism (ko00071 and ko00592) (Fig. 3a)33,34. Genes in these 

 
249 pathways showed similar patterns of expression between transcriptome and proteome 

 
250 data (Supplementary Fig. 11 and Supplementary Table 12). Comparing the receptive 

 
251 with the pre-receptive stage, we detected a total of eight PSDs (Fig. 3b), likely 

 
252 facilitating the biosynthesis of decanal and suppressing the biosynthesis of nonanal at 

 
253 the receptive stage (Fig. 3a). Down-regulated PSDs included two ACSLs (long-chain 

 
254 acyl-CoA synthetase) and one HACD (very-long-chain (3R)-3-hydroxyacyl-CoA 

 
255 dehydratase), while up-regulated PSDs comprised an ALDH (acetaldehyde 

 
256 dehydrogenase), an ADH (alcohol dehydrogenase), two LOX2Ss (lipoxygenase) and 

 
257 one HPL (hydroperoxide lyase) (Fig. 3b). To validate the function of key genes (the 

 
258 two ACSLs, the ALDH and the ADH) in decanal biosynthesis, we produced the 

 
259 recombinant proteins of these genes and conducted in vitro enzyme activity assay (see 

 
260 Methods). The final products of the in vitro reactions identified by LC–MS or GC– 

 
261 MS are consistent with the standards (Fig. 3 c-e). These results validate the enzyme 

 
262 activity of the two ASCLs in synthesizing hexadecanoyl-CoA as well as the ALDH 

 
263 and the ADH in synthesizing decanal and decanol. 

 
264 To understand the transcriptional regulation of decanal biosynthesis, we 

 
265 conducted co-expression network analysis and found one module containing two key 

 
266 genes (FpumACSL10 and FpumALDH1) and four potential regulating transcription 

 
267 factors (two HD-ZIPs, one bHLH and one bZIP) (Fig. 3f and Supplementary Table 

 
268 13). Cis-element detection analysis revealed one G-box motif upstream of 

 
269 FpumACSL10 and six G-box and one HD-Zip motifs upstream of FpumALDH1 
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270 (Supplementary Table 14). As G-box binds to transcription factor families of bZIPs 

 
271 and bHLHs and HD-Zip binds to HD-ZIPs35,36, we hypothesized that expression of 

 
272 FpumACSL10 is regulated by the bHLH and the bZIP and all above four transcription 

 
273 factors regulate the expression of FpumALDH1. To test this hypothesis, we obtained 

 
274 qualified polyclonal antibodies for the four transcription factors and performed 

 
275 ChIP-qPCR experiments. High % input and fold enrichment values showed that the 

 
276 bHLH and the bZIP could bind to the promoter region of FpumACSL10 and all the 

 
277 four transcription factors could bind to the promoter region of FpumALDH1 (Fig. 3g, 

 
278 h), providing evidence for our hypothesis. 

 
279 

 
280 Metabolic and genomic signature of antagonistic interaction 

 
281 To understand the mechanisms of antagonistic interaction between figs of F. 

 
282 pumila var. pumila and larvae of W. pumilae, we analyzed chemical profiles of 

 
283 different tissue types of female and functional male figs at the receptive and the 

 
284 post-receptive stage using metabolomic data (Supplementary Table 7; see Methods). 

 
285 We focused on the secondary metabolites associated with plant chemical defenses 

 
286 (SMCDs)22,37-39, comprising some terpenoids (triterpenes and sesquiterpenes) and 

 
287 phenylpropanoids (including their precursors and their derivatives) (Supplementary 

 
288 Fig. 12). Metabolomic analysis revealed 736 SMCDs (108 terpenoids and 628 

 
289 phenylpropanoids) (Supplementary Table 15). While we found significant differences 

 
290 in chemical profiles between two types of tissues and between different fig 

 
291 development stages, there were few differences between female and functional male 
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292 figs (Fig. 4a). No secondary metabolites with significant difference in quantity 

 
293 (SMSDs) were found between feeder and seed florets at the receptive stage, and there 

 
294 were only three SMSDs between galled ovules and seeds at the post-receptive stage 

 
295 (Fig. 4b). Remarkably, we found similar changes of SMSDs in both the feeder 

 
296 floret-galled ovule and the seed floret-seed transitions (Fig. 4c and Supplementary Fig. 

 
297 13a). Besides SMCDs, galled ovules and seeds shared similar overall chemical 

 
298 profiles (Supplementary Fig. 14). These results showed similar chemical changes and 

 
299 profiles in the development of female florets no matter they were parasitized by 

 
300 pollinator larvae (becoming galled ovules) or not (developing into seeds). 

 
301 As might be expected from organisms that spend most their lives in a specific 

 
302 environment, contraction of three gene families crucial to the detoxification of plant 

 
303 defensive chemicals40 (CYP450s, glutathione s-transferases (GSTs) and 

 
304 carboxylesterases (CCEs) gene families) was found in the genomes of W. pumilae, E. 

 
305 verticillata and C. solmsi (Fig. 4d and Supplementary Fig. 15). Such contraction was 

 
306 mainly caused by gene loss and infrequent tandem duplication (Supplementary Fig. 

 
307 7b-d), and most of the detoxification-related genes in the three pollinating wasp 

 
308 species were in the same monophyletic groups (Supplementary Fig. 16). Ten out of 

 
309 the 56 detoxification-related genes in W. pumilae was at a high level (read counts > 

 
310 200) and was significantly upregulated at the larval stage compared to the adult stage 

 
311 (Supplementary Fig. 17 and Supplementary Table 16). These metabolic and genomic 

 
312 signatures provide a molecular basis for further exploring the mechanisms of 

 
313 fig-pollinator coadaptation during their antagonistic interaction. 
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314 Discussion 

 
315 Reciprocal selection on signaling and defense traits has shaped the molecular 

 
316 constraints governing how antagonistic larvae develop into mutualistic adult 

 
317 pollinators8,41. In this study, our novel combination of classic electrophysiological 

 
318 experiments and multi-omics approaches has illuminated some key mechanisms 

 
319 forming the coadaptation in a pair of fig-pollinator mutualists. We identified the 

 
320 attractive VOC, detected that host identification by the specific pollinators may be 

 
321 linked to their reduced number of OBP genes, and validated an OPB mainly binding 

 
322 the attractant. We identified the key genes involved in the regulation of both attractant 

 
323 and repellent biosynthesis in the plant: from facilitating the synthesis of the repellent 

 
324 to favoring the production of the attractant. Surprisingly, matched changes in SMCDs 

 
325 occurred across the transitions from i) floret to galled ovule and ii) floret to seed, and 

 
326 almost identical profiles of SMCDs were found in galled ovules and seeds. As for the 

 
327 pollinator, we detected a contraction of detoxification-related gene families. 

 
328 Previous studies have mainly focused on the dominant components or the 

 
329 bouquet of components in the VOCs emitted by figs14,17. In contrast our results 

 
330 showed that only one VOC of relative low concentration attracts the focal pollinating 

 
331 wasp species, addressing the importance of detailing the complete spectrum of VOCs. 

 
332 Moreover, the attractive VOC (an aldehyde) in our focal species is distinct from the 

 
333 attractants found in other Ficus species (usually terpenes)11,13,14,17,18. Such a dramatic 

 
334 difference indicates deep divergence among congeners in the recognition of VOC 

 
335 attractants42,43, providing the basis for adaptive radiations in both Ficus and their 
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336 pollinating wasps44. In addition, similar concentration of the attractant emitted by 

 
337 different sexes of figs supports the intersexual mimicry hypothesis in Ficus species21, 

 
338 which argues that any changes in biosynthesis of attractant VOCs in female figs may 

 

339 cause loss of sexual reproduction21. 
 
340 Similar chemical changes in the development of galled ovules and seeds and 

 
341 almost identical SMCD profiles in these tissues showed that the occupancy of 

 
342 pollinator larvae activates the reproductive program of galled ovules. This suggests 

 
343 that galling strategy may help pollinator larvae avoid the potential chemical sanctions 

 
344 when they exploit nutrients of host plants. This is likely to result from either pollinator 

 
345 larvae manipulating plant physiology or changes triggered by host figs once the feeder 

 
346 florets are galled. Chemical mimicry of fruits and seeds has been reported in other 

 
347 galling insects24,25, while many studies also suggest that figs have evolved to 

 
348 accommodate pollinator larvae10,15. Other possibilities, such as pollination before 

 
349 oviposition combined with minimal initial interference of pollinator larvae can be 

 
350 largely excluded, because most galled ovules were not pollinated (Wang R., personal 

 
351 observations). Furthermore, we collected figs at the middle (four weeks after the 

 
352 entrance of pollinator foundresses) of the post-receptive stage (generally lasting 8-10 

 
353 weeks). Future research should perform bioassays to determine the chemicals 

 
354 inducing the development of galled ovules and the specific secondary metabolites 

 
355 defending against pollinator larvae. This will reveal how pollinator larvae activate the 

 
356 reproductive programs of host plants and why they can only utilize feeder florets. 

 
357 The pollinating wasp species have evolved specializations in OBP and 
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358 detoxification-related genes, probably because they are host specific and spend most 

 
359 of their lives inside galled ovules (though some detoxification-related genes are not 

 
360 only involved in detoxification but also important for the general life cycle of insets). 

 
361 Such specializations facilitate the maintenance of host-specificity, but conservation of 

 
362 some OBP genes among pollinating wasps (Supplementary Figs. 6, 7) and their fast 

 
363 rates of evolution due to short generation time also offer opportunities for host shift, 

 
364 which is considered as a frequently occurred event throughout the evolutionary 

 
365 history of fig-pollinator mutualism19,45,46. Moreover, selection to maximize pollinator 

 
366 fitness may drive rapid adaptive changes in fig traits like floral scents, and such 

 
367 reciprocal selection has occurred in some generalized plant-pollinator systems47. 

 
368 Ongoing global changes are causing rapid evolution and phenotypic changes in 

 
369 many plants, leading to mismatches between key traits bridging plants and their 

 
370 pollinators4,48. Erosion of these links can result in the collapse of long-evolved 

 
371 mutualisms and a loss of biodiversity, but may also lead to the rewiring of host 

 
372 association networks4,49,50. Limitations to our knowledge of molecular determination 

 
373 in plant-pollinator interactions have made predictions about future changes in 

 
374 biodiversity and ecosystem functioning largely speculative. Our findings offer an 

 
375 example of gene for gene coadaptation that extends beyond the existing 

 
376 phenotype-based models of mutualism persistence51 and place trait-based multi-omics 

 
377 at the center of the ecological and evolutionary research concerning interacting 

 
378 species in more diffuse systems. 

 
379 
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402 The data that support the findings of this study have been deposited in the CNSA 

 
403 (https://db.cngb.org/cnsa/) of CNGBdb with accession code CNP0000674. 

 
404 

 
405 Methods 

 
406 Genome assembly and annotation. Genomic DNA was extracted from leaves of a 

 
407 female F. pumila var. pumila individual nearby Zhejiang Tiantong Forest Ecosystem 

 
408 National Observation and Research Station (TINAS) (E 121°47’, N 29°48’), Ningbo, 

 
409 China, and from c. 500 adult female pollinators of W. pumilae emerged from five figs 

 
410 on a functional male tree in South China Botanic Garden (SCBG) (E 113°11’, N 

 
411 23°11’), Guangzhou, China. Six pair-end and mate-pair libraries were prepared with 

 
412 varying insert sizes (Supplementary Table 1) for sequencing on an Illumina Hiseq 

 
413 4000 platform. We also carried out PacBio single-molecule real-time sequencing of 

 
414 20kb SMRTbell libraries using a PacBio Sequel platform. Based on the Illumina 

 
415 pair-end sequencing data, the genome sizes of both species were estimated by 

 
416 counting k-mer frequency using Jellyfish version 2.1.352. 

 
417 De novo genome assembly was conducted using MECAT version 1.253. The 

 
418 initial contig was polished twice based on raw PacBio data and then corrected twice 

 

419 using Illumina paired-end reads with pilon version 1.2254. Redundans version 0.13c55 
 
420 was used to exclude redundant contigs, and we removed contaminative sequences by 

 
421 searching against the NCBI nucleotide sequences database 

 
422 (ftp://ftp.ncbi.nlm.nih.gov/blast/db/ FASTA/) using megablast56 with e-value ≤ 1e-5. 

 

423 Gap filling was implemented with PBJelly57 after scaffolding based on Illumina 
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424 mate-pair reads using BESST version 2.2.758. 

 
425 To further improve the quality of genome assembly of both species, we used 

 
426 high-throughput chromatin conformation capture (Hi-C) technique to scaffold contigs 

 
427 into pseudo-chromosomes. We constructed Hi-C libraries using the protocol described 

 

428 by Belton et al.59. Fresh leaves sampled from the same F. pumila var. pumila 
 
429 individual used in above sequencing and adult female pollinators from SCBG were 

 
430 cross-linked by 4% formaldehyde solution, followed by an overnight digestion with a 

 
431 4-cutter restriction enzyme MboI (400 units) at 37°C, preparation DNA ends with 

 
432 biotin-14-dCTP and blunt-end ligation of the cross-linked fragments. Then, the 

 
433 proximal chromatin DNA was re-ligated by ligation enzyme, and the nuclear 

 
434 complexes were reverse cross-linked by proteinase K. After that, we extracted and 

 
435 purified DNA and removed biotin from non-ligated fragment ends using T4 DNA 

 
436 polymerase. The following steps including end reparation, enrichment of 

 
437 biotin-labeled Hi-C samples, and ligation by Illumina paired-end (PE) sequencing 

 
438 adapters, and then the Hi-C library (insert size of 350 bp) was amplified by PCR and 

 
439 sequenced on an Illumina NovaSeq 6000 platform. High quality data checked by 

 
440 HiC-Pro60 were mapped to genome using BWA, with extraction of uniquely mapped 

 
441 reads for pseudo-chromosome clustering and assembly using Juicer61 and 3D-DNA62. 

 
442 Following genome assembly, we assessed completeness using BUSCO version 

 
443 3.0.363 and Iso-Seq full-length transcripts. The high-quality full-length transcripts 

 
444 were mapped to genome assemblies using GMAP version 2014-12-2164, setting a 

 
445 cutoff of aligned coverage at 0.85 and aligned identity at 0.9. The quality of genome 
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446 assembly was further tested by mapping Illumina paired-end reads to the genome 

 
447 assemblies using BWA with the depth of coverage calculated using BamDeal version 

 
448 0.19 (https://github.com/BGI-shenzhen/BamDeal/). For each species, Iso-Seq 

 
449 sequencing was performed using a PacBio Sequel platform, based on two SMRTbell 

 
450 libraries with insert sizes of 0 - 5kb and 4.5kb - 10kb established by full-length 

 
451 complementary DNA (cDNA). We used fresh leaves, young stems from fertile and 

 
452 sterile branchlets and figs at different developmental stages for the plant, and adult 

 
453 males and females for the pollinator. 

 
454 Genome annotation includes repeat identification (including tandem repeats (TRs) 

 
455 and transposable elements (TEs)), annotation of non-coding RNAs (ncRNA) and gene 

 
456 prediction and annotation. When annotating repeat sequences, TRs were identified 

 
457 using Tandem Repeats Finder (TRF) version 4.0765, and TEs were searched against 

 
458 Repbase 21.0166 and the transposable element protein database using RepeatMasker 

 
459 version 4.0.6 (http://www.repeatmasker.org/) and RepeatProteinMask in 

 
460 RepeatMasker. LTR_Finder67, PILER68 and RepeatScout69 were used to create a de 

 
461 novo TE library, and the combined non-redundant library was classified by running 

 
462 RepeatMasker again. 

 
463 To annotate ncRNAs, tRNAscan-SE version 1.3.170 was used to identify tRNA 

 
464 and their secondary structures. While small nuclear RNA (snRNA) and microRNAs 

 
465 (miRNAs) were searched for using INFERNAL version 1.1.171 in the Rfam database 

 
466 version 12.072, followed by the detection of rRNAs by aligning with plant or 

 
467 invertebrate rRNA sequences using BLASTN (E-value ≤ 1e-5). 
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468 Gene model prediction was conducted using the MAKER pipeline version 

 
469 2.31.1073. The Iso-Seq full-length transcripts, RNA-seq transcripts (assembled using 

 
470 Hisat2 version 2.0.174 and StringTie version 1.3.375), the protein sequences of related 

 
471 species and protein sequences from Swiss-Prot database (https://www.uniprot.org) 

 
472 were included in the analysis. Ab-initio gene prediction was performed with the gene 

 

473 predictors SNAP76 and AUGUSTUS77. The MAKER pipeline was run for two (for the 
 
474 plant) and three (for the pollinator) iterations for training and the final trained hidden 

 

475 Markov model (HMM) was used for annotation. JBrowse version 1.12.378 was used to 
 
476 examine the gene models following each iteration. The gene models with the presence 

 
477 of a PFAM domain or with AED ≤ 0.6 for W. pumilae and AED＜1 for F. pumila var. 

 
478 pumila were retained. BUSCO was used to evaluate the completeness of gene 

 
479 annotation for both genomes. 

 
480 After determining gene models, functions of protein-coding genes were annotated 

 

481 using DIAMOND version 0.8.2379 by aligning them to NCBI NR database, 
 
482 Swiss-Prot80 and KEGG81 databases. Motifs and domains in protein sequences were 

 

483 annotated using InterProScan version 5.16-55.082 via searching public databases. 
 
484 Gene Ontology terms for each gene were assigned using Blast2GO version 3.383. 

 
 
485 Comparative genomics. To analyze the evolutionary characters of our studied 

 
486 genomes, we first carried out gene family clustering. The genome and annotation data 

 
487 of 13 other angiosperm species and 11 other arthropod species were downloaded 

 
488 (Supplementary Table 6). The gene models with open reading frames shorter than 
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489 90bp were removed, and only the longest transcript was chosen to represent each gene. 

 

490 Gene family clustering was performed using OrthoMCL version 10-14884 for the plant 
 

491 and TreeFam pipeline version 0.5.185 for the pollinator. 
 
492 We then determined the phylogenetic relationships among the plants and among 

 
493 the insects in the species pools used in gene family clustering. Corresponding coding 

 
494 sequences (CDSs) were aligned based on the protein sequences of all single-copy 

 
495 orthologs using MUSCLE version 3.8.3186, and codon position 2 of aligned CDSs 

 
496 were concatenated into a super gene using an in-house Perl script with a filtration of 

 
497 ambiguously aligned positions using trimAI version 1.4.187. After that, phylogenetic 

 
498 trees were reconstructed using PhyML version 3.088 using a GTR substitution model 

 
499 with a gamma distribution and 100 bootstrap replicates. PAML version 4.989 was used 

 
500 to estimate divergence time, setting 10,000 MCMC generations with a sampling 

 
501 frequency of 5,000 and a burn-in of 5,000,000 iterations. Overall substitution rate was 

 
502 assessed using BASEML setting a REV substitution model. 

 
503 Gene family expansion and contraction was analyzed using CAFE version 2.190, 

 
504 which employed a stochastic birth-and-death process to model the evolution of gene 

 
505 family sizes over a phylogeny. The birth-and-death parameter (λ) was estimated using 

 
506 10,000 Monte Carlo random samples. We then used family-wise method to 

 
507 statistically test if a gene family experienced significant expansion/contraction, and 

 
508 gene families with conditional P-values less than 0.05 were considered to have 

 
509 accelerated rates of gains and losses. 

 
510 We then tested whether the genomes of F. pumila var. pumila experienced whole 
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511 genome duplication (WGD). Syntenic blocks were identified using MCscan version 

 
512 0.891, and the rate of transversions on fourfold degenerate synonymous sites (4DTv) 

 
513 was calculated using the HKY substitution model to uncover potential speciation or 

 
514 WGD events occurring in evolutionary history of the plant. For W. pumilae, we tested 

 
515 for genomic segmental duplications (SDs). The self-alignment was performed using 

 
516 BLASTZ version 1.0292, and a non-redundant set of SDs was obtained using WGAC 

 

517 version 1.393. 
 
 
518 Annotation of specific gene families and analysis of their evolution. To test 

 
519 whether the contraction specific gene families in W. pumilae, E. verticillata and C. 

 
520 solmsi contributes to the wasps’ host-specificity and detoxification ability, we 

 
521 conducted a detailed annotation in chemosensory gene families (OBPs, CSPs, ORs 

 
522 and IRs) and detoxification gene families including CYP450s, GSTs and CCEs. The 

 
523 homologous genes of N. vitripennis, Apis mellifera and Drosophila melanogaster 

 
524 were used as queries to search the genome assembly of W. pumilae using TBLASTN 

 

525 at a criterion of E-value ≤ 1e-5, and gene structures of identified genes were predicted 
 
526 using GeneWise version 2.4.194 with pseudogenes masked. We repeated this process 

 
527 iteratively until no more genes were detected. Additional genes from the MAKER 

 
528 annotation were also included if they included corresponding InterPro domains. All 

 
529 gene structures were manually checked and corrected if necessary, on the basis of 

 
530 full-length transcripts, RNA-seq transcripts and homologous proteins in JBrowse. We 

 
531 used Binomial Distribution One-tailed test to examine gene family 
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532 expansion/contraction among the compared species without considering their 

 
533 evolutionary relationships. 

 
534 To reveal the evolutionary history of OBP, CYP450, CCE and GST gene families, 

 
535 syntenic blocks were identified across the genomes of the three pollinating wasp 

 
536 species and N. vitripennis using MCscan (https://github.com/tanghaibao/jcvi/wiki 

 
537 /MCscan-(Python-version)). We then constructed neighbor-joining phylogenetic trees 

 
538 to verify homologous genes among these insect species, using TreeBeST version 

 
539 1.9.295 using a JTT model and 1000 bootstraps. 

 
 
540 VOC collection and component analysis. To reveal the composition of volatile 

 
541 organic compounds (VOCs) emitted by figs of F. pumila var. pumila at different 

 
542 developmental stages, we collected VOCs from figs at both pre-receptive and 

 
543 receptive stages (Fig. 1a) in spring 2018 using dynamic headspace sampling (DHS) 

 
544 techniques96. After a careful search, we chose ten mature F. pumila var. pumila trees 

 
545 comprising five females and five functional males (Supplementary Table 8) nearby 

 
546 TINAS, within the natural range of the plant. Three figs were labeled on each selected 

 
547 individual. At either fig developmental stage (from early to middle April for 

 
548 pre-receptive stage and late April for receptive stage), we extracted the VOCs emitted 

 
549 by each labeled fig into an activated porapak adsorption tube (150 mg) during 

 
550 8:00-11:00 am, using a protocol identical to Tholl et al. (2006)96. Each adsorption tube 

 
551 was then eluted three times using 300 µl n-hexane and stored at -20  . 

 
552 VOCs emitted by figs were then separated and identified using a coupled Gas 
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553 Chromatography-Mass Spectrometry (GC–MS) system (HP 7890A-5975C, Agilent, 

 
554 US)97. For each sample, 1.8 μl of eluate VOC extract, concentrated using nitrogen, 

 
555 was injected in split mode with a split ratio of 10 : 1 at 250  . Helium (1 mL/min) 

 
556 was used as carrier gas in a HP-5ms (30 m × 250 μm × 0.25 μm, Agilent, US) GC 

 
557 column. We set the oven ramp at 40°C for 1 min, and then 3 °C/min to 140 °C for 1 

 
558 min, followed by 5 °C/min to 230 °C for 3 mins. Ionization was conducted by 

 
559 electron impact (70 eV, source temperature 230  ). The MS quadrupole was heated to 

 
560 150 °C, with the scanned mass range setting as from 40 to 550 m/z. Compound 

 
561 identification was implemented by matching the mass spectra with NIST 08 MS 

 
562 libraries. We then calculated the relative proportions of all compounds emitted by figs 

 
563 at each developmental stage. 

 
564 To evaluate the difference in the concentration of decanal between ostiolar tissues 

 
565 and female florets, we sampled figs at receptive stages from three female and three 

 
566 functional male individuals and identified the composition of VOCs emitted from 

 
567 these two types of tissues using the same approach mentioned above. The decanal 

 
568 concentration in each type of tissues in a plant individual was quantified by 

 
569 comparing its peak area with the internal standard (decyl acetate). 

 
 
 
570 Electrophysiological responses of pollinating wasps. To narrow the range of 

 
571 candidate VOCs attracting W. pumilae, we tested the electrophysiological responses of 

 
572 the pollinators to the collected VOCs, using gas chromatography-electroantennogram 

 

573 detection (GC–EAD). We used a system coupling a custom-made EAG98 with a GC 
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574 (Trace GC 2000, Themo Finnigan, US). We injected 1.8 μl of concentrated VOC 

 
575 extract eluate into the GC to separate different compounds. The GC conditions were 

 
576 identical to those used for the GC–MS component analysis, except that the oven ramp 

 
577 was set to 50 °C for 2 mins, and then to 10 °C/min up to 280 °C for 1 min. After GC– 

 
578 FID (flame ionization detector) quantification, outflow from the GC column was 

 
579 delivered to the EAG as the stimulus through a custom, 40 cm long heated (at 250 °C) 

 
580 transfer line with a clean, wet, and static-free airflow. The stimulus was then puffed to 

 
581 the antenna of an adult female pollinator (collected from figs in TINAS) fixed onto 

 
582 the EAG with both ends of the antennae connected with prepared glass electrodes 

 
583 linking the probes of EAG to the potentiometric amplifiers. 

 
584 This experiment was repeated 5 times (i.e. antennae of 5 adult female pollinators), 

 
585 and the EAD signal was recorded using a HP 34465A digital multimeter (Keysight, 

 
586 US). Both EAD and FID signal data were aligned to verify the tentative compounds 

 
587 stimulating the adult female pollinator, using the software IO Libraries Suite 16 

 
588 (Agilent, US) and BenchVue (Keysight, US). These tentative effective compounds 

 
589 were identified by matching the chromatographs with the results of component 

 
590 analysis using GC–MS. 

 
591 We further tested the electrophysiological response of adult female pollinators 

 
592 (collected from figs in SCBG) to the synthesized standard of each tentative compound 

 
593 (TIC, JPN; TRC, CAN; Sigma-Aldrich, US), following the same procedures as above. 

 
594 A compound was determined as truly effective only when it was confirmed by the 

 
595 experiments using both eluate of VOC extracts and synthesized standard. 
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596 Behavioral preference of pollinating wasps. To test the behavioral preference of W. 

 
597 pumilae to different tentative effective VOCs, we used a Y-tube olfactometer (stem 8 

 
598 cm, arms 9 cm, at an angle of 55°, internal diameter of 1.5 cm) following the methods 

 

599 described by Wang et al.19. We placed the synthesized standard of each tentative 
 
600 effective VOC in the glass container, connecting one arm of the olfactometer to this 

 
601 treatment of n-hexane and blends of putative stimuli compounds and the other arm to 

 
602 the controls (only n-hexane) (Supplementary Table 9). VOCs were passed from both 

 
603 arms to the stem through equal flow rates of cleaned and humidified airflow created 

 
604 by an air pump system with an activated charcoal filter and distilled water. To avoid 

 
605 visual distractions to the pollinators, we placed the olfactometer in the center of a 

 
606 white table illuminated using three 40-W cool white fluorescent tubes above the arms. 

 
607 Each healthy adult female pollinator (collected from figs in SCBG) was tested 

 
608 independently with an observation for 5 mins in the olfactometer, and its behavior was 

 
609 assigned to one of the three choices: (1) towards the treatment (the insect went 1 cm 

 
610 past the Y junction (decision line) and stayed there more than 1 min); (2) towards the 

 
611 control; and (3) no choice (the insect did not reach the decision line within 5 mins). 

 
612 For each treatment-control combination, we repeated this experiment 50 times (i.e. 50 

 
613 adult female pollinators) and compared the proportions of different choices (towards 

 
614 the treatment and towards the control) using GLMs assuming binomial distribution of 

 
615 residuals to examine the preference of W. pumilae. 

 
 
 
616 Sample collection for comparative transcriptome, proteome and metabolome. To 
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617 reveal the molecular mechanisms forming the specific pollinator-host identification 

 
618 based on both transcriptomic and proteomic data, in spring 2017 and 2018, after 

 
619 collecting several pre-receptive and receptive figs from the ten mature individuals of 

 
620 the plants used in VOCs collection (Supplementary Table 7), we dissected each 

 
621 sampled fig to gather ostiolar tissues with bracts and female florets. The total sample 

 
622 size therefore was 40 for the plant (a type of tissues collected from a single tree at 

 
623 each fig developmental stage is one sample, with 20 samples for each type of tissues). 

 
624 In spring 2018, we sampled at least 5 figs at the mature stage from each of the five 

 
625 functional male mature individuals used for VOC collection (Supplementary Table 7). 

 
626 Each sampled mature fig was dissected into halves in a Teflon bag, and then each half 

 
627 was rapidly moved into a Teflon bag containing only clean air filtered by activated 

 
628 charcoal (as a control) or clean air and a receptive fig (as a treatment), to test whether 

 
629 differential expression occurred in some chemosensory genes when adult females 

 
630 were exposed to attractive VOCs. We then collected all adult females of W. pumilae 

 
631 emerging from the sampled figs according to the identity of functional male trees (a 

 
632 total of 10 samples with at least 100 adult female wasps in each sample). All sampled 

 
633 fig tissues and adult female pollinators were first stored in liquid nitrogen for 72 hours 

 
634 and then moved into a refrigerator at -80  . 

 
635 To unravel how pollinator larvae adapt to the environments inside galled ovules 

 
636 using metabolomes, we sampled several receptive and post-receptive figs from the ten 

 
637 plant individuals (Supplementary Table 7) and collected ostiolar tissues (20 samples), 

 
638 female florets (10 samples), galled ovules (5 samples) and seeds (5 samples) in spring 
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639 2020. For clearly distinguishing galled ovules and seeds from the female florets that 

 
640 were neither pollinated nor utilized by pollinators, the post-receptive figs were 

 
641 sampled four weeks after the entrance of adult female pollinators. 

 
 
 
642 RNA-seq for F. pumila var. pumila and W. pumilae. After generating PCR-based 

 
643 libraries and sequencing on a BGISEQ500 platform (BGI, CHN), low quality reads 

 
644 were filtered using SOAPnuke version 1.5.699. The acquired clean reads were then 

 
645 mapped to the genome assemblies of our studied species using Bowtie version 2.2.5100 

 

646 and gene expression were quantified by RSEM version 1.2.12101. 
 
 
647 Quantitative proteomes for F. pumila var. pumila and W. pumilae. We identified 

 
648 and quantified proteins for ostiolar tissues (sampled in 2017) using iTRAQ (isobaric 

 
649 tags for relative and absolute quantitation)-based method. The strategy of quantifying 

 

650 proteomes was conducted according to the methods described by Tian et al. (2013)102. 
 
651 After total protein extraction, peptide labeling was performed using an iTRAQ 

 
652 Reagent 8-plex Kit according to the manufacturer's protocol. Extraction was followed 

 
653 by peptide fractionation, and the peptides separated from LC-20AD nano-HPLC 

 
654 (Shimadzu, JPN) were transferred into the tandem mass spectrometry Q EXACTIVE 

 
655 (MS/MS) (Thermo Fisher Scientific, US) for data-dependent acquisition (DDA) 

 
656 detection. After converting the raw MS/MS data into MGF format using Proteome 

 
657 Discoverer version 1.2 (Thermo Fisher Scientific, US), the exported data in MGF 

 
658 format were searched using Mascot version 2.3 (Matrix Science, US) against the 

 
659 protein-coding sequences from our gene prediction. Quantification of proteins was 
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660 achieved using IQuant103, which uses the Mascot Percolator algorithm104 to improve 

 
661 the results of peptide identification and the principle of parsimony to assemble 

 
662 proteomes. All the proteins with a false discovery rate (FDR)105 of less than 1% were 

 
663 retained for further analyses. 

 
664 We used a DIA (data independent acquisition) approach to identify and quantify 

 
665 proteins in female florets and adult female pollinators (collected in 2018). Procedures 

 
666 identical to iTRAQ were first performed on the total protein extraction, peptide 

 
667 fractionation and peptides separation. Then, to create reference spectra for DIA, we 

 
668 first conducted DDA on a Q-EXACTIVE HF mass spectrometer (Thermo Fisher 

 
669 Scientific, US) coupled with an Ultimate 3000 RSLCnano system (Thermo Fisher 

 
670 Scientific, US) after a further peptide separation on an in-house packed nano-LC 

 
671 column (150 μm × 30 cm, 1.8 μm, 100 Å). Then, using the same instruments, DIA 

 
672 was performed following a brief procedure that consisted of a survey scan at 120,000 

 
673 resolution from 400 to 1,250 m/z (MIT 50 ms), followed by scanning in DIA isolation 

 
674 windows setting17 m/z with loop count 50 at 30,000 resolution (automatic gain 

 
675 control target 3×e6 and auto MIT). The DDA spectra were identified by searching 

 
676 against the database of protein-coding sequences using the MaxQuant version 1.5.3.30 

 

677 106(Cox and Mann, 2008) at the FDR level of 1% with the minimum peptide length of 
 
678 7. Based on the spectrogram database of DDA spectra, peptides and proteins in DIA 

 
679 data were identified and quantified using Spectronaut107, employing the mProphet 

 
680 approach and setting iRT for retention time prediction. A target-decoy model was used 

 
681 to verify the quantification results at an FDR level of 1%. 
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682 Measurement of metabolomes of different types of tissues. Chromatographic 

 
683 separation of metabolites was performed using an Ultra-Performance Liquid 

 
684 Chromatography (UPLC) System (Waters, UK), with an ACQUITY UPLC HSS T3 

 
685 column (100mm*2.1mm, 1.8μm) (Waters, UK) being used for the reversed phase 

 
686 separation and setting oven temperature at 50°C and flow rate of 0.4 ml/min. After 

 
687 separation, gradient elution was conducted as following procedure: 0～2 min, 100% 

 
688 mobile phase A (water + 0.1% formic acid); 2~11 min, 0% to 100% mobile phase B 

 
689 (acetonitrile + 0.1% formic acid); 11~13 min, 100% B; 13~15 min, 0% to 100% A. 

 
690 The injection volume for each sample was 10 μl. Then, the eluted metabolites were 

 
691 identified in both positive and negative ion modes using a high-resolution tandem 

 
692 mass spectrometer Xevo G2 XS QTOF (Waters, UK). The capillary and sampling 

 
693 cone voltages were set at 3.0 kV and 40.0 V for positive ion mode and at 2.0 kV and 

 
694 40.0 V for negative ion mode. Mass spectrometry data were acquired in Centroid 

 
695 MSE mode, setting the TOF mass range from 50 to 1200 Da and the scan time of 0.2 s. 

 
696 For MS/MS detection, all precursors were fragmented at 20-40 eV with the scan time 

 
697 of 0.2 s. A quality control (QC) sample (pooling all samples together) was used after 

 
698 every 10 samples. Peak alignment, peak picking and quantitation of each metabolite 

 
699 were performed using Progenesis QI version 2.2, and the quality control based on 

 
700 LOESS signal correction108 was conducted using QC samples. 

 
 
701 Comparative transcriptome, proteome and metabolome analysis. We carried out 

 
702 differential expression/concentration analysis for transcriptomes, proteomes and 
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703 metabolomes. This allowed us to anchor the key genes contributing to the 

 
704 attractant-induced host specificity and adaptation of pollinator larvae to plant 

 
705 chemical defenses. 

 
706 For transcriptomes, differential expression were tested between ostiolar tissues 

 
707 and female florets (feeder and seed florets)/galled ovules/seeds at each of the three fig 

 
708 developmental stages (pre-receptive, receptive and post-receptive stages), and in 

 
709 either type of fig tissues between any two of these three stages and between sexes at 

 
710 each stage. For the pollinator, differential expression was conducted between 

 
711 contacting attractive VOC(s) vs. not contacting and between adults and larvae. We 

 
712 performed comparisons using DEseq2 version 1.4.5109 based on negative binomial 

 
713 distributions. P-values were corrected using a Benjamini-Hochberg (BH) method for 

 
714 multiple tests. The differentially expressed genes (DEGs) with a fold change ≥ 2 and 

 
715 an adjusted p-value ≤ 0.05 were considered as statistically significant. 

 
716 For proteomes, in ostiolar tissues, we tested the proteins with significant 

 
717 difference in quantity (PSDs) between the pre-receptive and the receptive stages and 

 
718 between sexes at each stage using IQuant, and PSDs were defined as fold changes in 

 
719 protein abundance ≥ 1.2 and Q-value ≤ 0.05. In female florets and adult female 

 
720 pollinators, PSDs were analyzed using MSstats110 at criterions of fold changes ≥ 2 and 

 
721 Q-value ≤ 0.05. 

 
722 For metabolomes, to examine whether there were significant differences in 

 
723 profile of secondary metabolites associated with chemical defenses (SMCDs) between 

 
724 different types of tissues and between the receptive and the post-receptive stages, we 
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725 first carried out enrichment analysis to enrich all relevant secondary metabolites into 

 
726 the pathways associated with plant chemical defenses and then clustered all samples 

 
727 into different categories using PLS-DA model in metaX111. Data were 

 
728 log2-transformed and scaled by Pareto scaling. Secondary metabolites with significant 

 
729 difference in quantity (SMSDs) were defined as VIP (variable importance for the 

 
730 projection calculated based on the first two axes from PLS-DA model) ≥1, fold 

 
731 change ≥ 1.2 or ≤ 0.83 and Q-value ≤ 0.05. In addition, we performed PLS-DA model 

 
732 to test the difference in the entire profile of secondary metabolites between different 

 
733 types of tissues and between different fig developmental stages. 

 
 
 
734 Motif analysis. We conducted motif analysis to check whether the OBPs in the same 

 
735 syntenic blocks among the three pollinating wasp species have similar motif structure 

 

736 using MEME Suite 5.0.4112. Motifs with E-value ≤ 0.05 were used for inter-specific 
 
737 comparisons. To predict the most likely OBPs related to the identification of specific 

 
738 attractant and repellent, we created a dataset consisting of all OBPs in W. pumilae and 

 
739 the specific OBPs that had been verified to bind to decanal and nonanal in 

 
740 Adelphocoris lineolatus33 and Culex quinquefasciatus34 as references, and performed 

 
741 motif analysis. 

 
 
 
742 In vitro functional characterization of key genes. The full-length of open reading 

 
743 frame (ORF) of the four key genes (for the plant) and of the two OBPs (for the 

 
744 pollinator) (Supplementary Table 17) was confirmed by RT–PCR and was then cloned 

 
745 into pET-28a (MilliporeSigma, US). After checking sequences by Sanger sequencing, 
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746 these genes were expressed in E. coli strains BL21 (DE3) and Rosetta (DE3). The 

 
747 recombinant proteins produced were purified (purity > 90%) using modified 

 
748 nickel-nitrilotriacetic acid agarose (Thermo Fisher Scientific, US). 

 
749 We measured the affinities of the two OBPs to different substrates using surface 

 
750 plasmon resonance (SPR) on a Biacore T200 system (GE Healthcare). OBPs were 

 
751 reconstituted in sterile PBS and were diluted in 10mM sodium acetate trihydrate (pH 

 
752 = 4.5) to the concentration of 20ug/ml. Then, each OBP was immobilized by the 

 
753 amine coupling method on a CM5 sensor chip according to the manufacturer’s 

 
754 protocol (GE Healthcare). Analytes (decanal and nonanal) were diluted in running 

 
755 buffer (5% DMSO-PBS-P) to the concentration ranging from 0 to 1000 μM and were 

 
756 injected through channels at a flow rate of 20 μl/min. Using BIAevaluation (GE 

 
757 Healthcare), both steady state affinity model and 1:1 binding model were performed 

 
758 to quantify the binding affinity (KD). 

 
759 For enzyme activity assays of the four key genes of the plant, we used the 

 
760 reaction system (500 μl) mainly composed of 50 mM Tris-HCl (pH 7.4), 0.4~1.0 mM 

 
761 substrate(s) (Supplementary Table 17), 2M dimethyl sulfoxide (for the ADH and the 

 
762 ALDH)/10% triton X-100 (for the two ASCLs), and 10 μl of purified protein (0.2 

 
763 mg/ml). After 60 min of incubation at room temperature, we collected the reaction 

 
764 products by headspace solid-phase microextraction for the ALDH and the ADH 

 
765 (which were analyzed by GC–MS) and by extraction using diethyl ether for the two 

 
766 ACSLs (which were analyzed by LC–MS). These experiments were repeated for three 

 
767 time. In addition, three replications of negative controls (only adding the subtrates and 
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768 bovine serum albumin) were conducted, and no reaction products were detected. 

 
 
 
769 Cis-element detection and co-expression network analysis. To test the regulatory 

 
770 mechanisms in the biosynthesis of attractant and repellent emitted by figs of F. pumila 

 
771 var. pumila, we first scanned the binding motifs present in the 2-kb promoter 

 
772 sequences upstream of key plant genes using PlantCARE116. Then, weighted 

 
773 undirected co-expression networks were conducted using the R package WGCNA113 

 
774 with a soft thresholding power of 8. Modules containing genes with correlated 

 
775 expression patterns were identified by gene clustering based on the topological 

 
776 overlap matrix114 and by cutting the resulting dendrogram using the cutreeDynamic 

 
777 approach in the R package The Dynamic Tree Cut115. Genes with kME values larger 

 
778 than 0.95 were selected as hub genes. We checked whether some modules containing 

 
779 both some key plant genes and the transcription factors predicted to bind to them. This 

 
780 allowed us to uncover the likely regulatory mechanisms. 

 
 
 
781 ChIP-qPCR. The open reading frame of each of the four transcription factors 

 
782 (FpumHD-ZIP1, FpumHD-ZIP2, FpumbZIP1 and FpumbHLH1 (Supplementary 

 
783 Table 13)) was cloned into the pET-28a to generate the fusion plasmid encoding the 6 

 
784 His-tagged fusion protein. This plasmid was transformed into E. coli strain Rosetta 

 
785 (DE3), which were cultured and induced by 0.8 mM isopropyl-β-D-thiogalactoside 

 
786 (IPTG) at 37 °C. The induced cells were then sonicated for supernatant collection, and 

 
787 the purified recombinant proteins were obtained using a His-tag Protein Purification 

 
788 Kit (Beyotime Biotechnology, CHN). The purified proteins were used to immunize 
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789 rabbits for 52 days to acquire polyclonal antibody (ABclonal Biotechnology, CHN). 

 
790 We successfully obtained the qualified antibodies for all the four transcription factors 

 
791 for ChIP-qPCR experiments. 

 
792 ChIP-qPCRs were then conducted for the two transcription factors with qualified 

 
793 antibodies to examine if it can bind the putative target genes by model prediction. The 

 
794 ChIP assay was performed based on the protocols described in Gendrel et al., 

 
795 (2005)117. Approximately 3.0 g ostiolar tissues from figs at receptive stages were 

 
796 treated using 1% formaldehyde to crosslink and fix the DNA-protein complexes. The 

 
797 cells of sampled tissues were lysed, and each antibody was used to immunoprecipitate 

 
798 the antigen transcription factor with its binding DNA fragments. The DNA in the ChIP 

 
799 products was applied in qPCR with primer pairs designed for the promoters of 

 
800 putative target genes in a QuantStudioTM 5 real-time PCR detection system (Thermo 

 
801 Fisher Scientific, US). Each qPCR reaction was performed in triplicates, and the cycle 

 
802 thresholds (Cts values) of ChIP products were compared with those of input samples 

 
803 and negative controls (only using IgG) for calculating % input and fold enrichment (% 

 
804 input (ChIP)/ % input (negative control)). We failed to obtain the Ct values for 

 
805 negative controls by the end of 35 qPCR cycles, and we therefore used the Ct value of 

 
806 35 for each negative control when calculating % input and fold enrichment. 

 
807 

 
808 Additional information 

 
809 All supplemental figures and tables are included in supplementary information. 

 
810 
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1093 Table 1 | Summary statistics for the assembly of F. pumila var. pumila and W. 
 
1094 pumilae genomes. 
 
1095  
 

Chromosome ID 
F. pumila var. pumila  W. pumilae 

 

     
 

No. of genes Length (bp) 
 

No. of genes Length (bp) 
 

  
 

      

Chr1 1,697 20,463,500 816 21,315,831 
 

Chr2 1,871 21,202,951 2,076 59,985,216 
 

Chr3 2,335 23,199,346 2,631 66,440,284 
 

Chr4 2,412 23,721,380 2,225 54,409,331 
 

Chr5 3,327 31,603,922 2,281 59,419,729 
 

Chr6 1,649 20,816,579 2,263 55,968,755 
 

Chr7 2,070 23,331,000    
 

Chr8 2,097 21,006,959    
 

Chr9 1,856 21,788,500    
 

Chr10 1,740 20,107,953    
 

Chr11 1,798 22,360,920    
 

Chr12 2,000 20,847,995    
 

Chr13 2,526 34,592,857    
 

Number of contigs 543  102  
 

Total length of contigs (Mb) 315.7  318.2  
 

Contig N50 (Mb) 2.3  10.9  
 

Anchored genome content (Mb) 304.8  317.5  
 

Anchored rate 96.6%  99.8%  
 

Scaffold N50 (Mb) 22.4  59.4  
 

Number of genes 28,187  12,316  
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1097 Figure legends 
 
1098 Fig. 1 | Fig-pollinator mutualism between F. pumila var. pumila and Wiebesia 
 
1099 pumilae and determination of the compound attracting W. pumilae. a, Life cycle 
 
1100 of W. pumilae based on four fig developmental stages (pre-receptive, receptive, 
 
1101 post-receptive and mature stages). This Ficus species is dioecious with figs on female 
 
1102 trees growing long-styled female florets (seed florets) that are not available for 
 
1103 pollinator oviposition. Therefore, female trees only produce seeds, while figs on 
 
1104 functional male trees contain both male florets and short-styled female florets (feeder 
 
1105 florets) that can be used by female pollinators for oviposition to support the larvae of 
 
1106 the pollinators. At the receptive stage, adult female pollinators are attracted by 
 
1107 host-specific VOCs and enter figs only through ostiole (lined with bracts), either 
 
1108 ovipositing into ovules of feeder florets in functional male figs or pollinating seed 
 
1109 florets inside female figs. Pollinator larvae develop in induced galled ovules and both 
 
1110 larvae and seeds grow during the post-receptive stage. At the mature stage, after 
 
1111 mating with adult males, adult female pollinators leave their natal figs carrying pollen 
 
1112 donated by mature male florets and search for receptive figs and complete the cycle. b, 
 
1113 Electrophysiological responses of adult females of W. pumilae to the VOCs extracted 
 
1114 from F. pumila var. pumila figs at receptive stage using GC–EAD. Each curve 
 
1115 represents the response of a single female pollinator. c, Electrophysiological 
 
1116 responses of adult female pollinators to the synthesized standard of each tentative 
 
1117 VOC compound (each electroantennogram curve represents five overlapped 
 
1118 replicates). d, Preference of adult female pollinators to different tentative compounds 
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1119 using Y-tube olfactometer tests (Supplementary Table 9). 
 
1120 
 
1121 Fig. 2 | Molecular mechanisms of the specific host identification of W. pumilae. a, 
 
1122 Numbers of genes in the four olfactory-related gene families (odorant-binding 
 
1123 proteins (OBPs), olfactory receptors (ORs), chemosensory proteins (CSPs) and 
 
1124 ionotropic receptor (IRs)) in different insect species. Significantly contracted families 
 

1125 (***: p<0.001) were shown for W. pumilae and C. solmsi, and species were ranked 
 
1126 according to their phylogeny (Supplementary Fig. 4b). b, Transcription and 
 
1127 translation of OBP genes of adult females of W. pumilae not contacting (as the control) 
 
1128 and contacting the VOCs emitted by F. pumila var. pumila figs at the receptive stage 
 
1129 (Supplementary Table 10). c, Motif analysis predicting the most likely W. pumilae 
 
1130 OBPs that can bind to decanal and nonanal (Supplementary Fig. 9). d, The binding 
 
1131 affinities (KD) of the predicted OBPs to decanal and nonanal using surface plasmon 
 
1132 resonance (SPR) experiments (Supplementary Fig. 10 and Supplementary Table 11). 
 
1133 Lower KD indicates higher binding affinity, and error bars represent standard errors 
 
1134 calculated by parameter estimation in steady state affinity model. 
 
1135 
 
1136 Fig. 3 | Regulation of gene expression in attractant biosynthesis in figs of F. 
 
1137 pumila var. pumila. a, Pathways associated with biosynthesis of decanal and nonanal 
 
1138 (fatty acid biosynthesis (ko00061), elongation (ko00062) and metabolism (ko00071 
 
1139 and ko00592)). b, Fold changes of all PSDs and their transcriptomic expression 
 
1140 between receptive and pre-receptive stages in ostiolar types in proteomes 
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1141 (Supplementary Table 12). NS: p>0.05, *: p<0.05, **: p<0.01, ***: p<0.001. c-e, Results 
 
1142 of in vitro functional characterization of the four key genes in the biosynthesis of 
 
1143 decanal and nonanal. The peaks of synthesized standards and reaction products 
 
1144 (treatments with enzyme added for three replicates) were shown for each key gene. 
 
1145 Because there are two steps in the catalytic reaction of the two ACSLs, we showed the 
 
1146 ion intensity of both the intermediate product (hexadecanoyl-AMP) and the final 
 
1147 product (hexadecanoyl-CoA) separated by LC–MS. The reaction products of the 
 
1148 ALDH and the ADH (decanal and decanol) were identified using GC–MS. f, 
 
1149 Transcriptomic expression of genes in the co-expression module including two key 
 
1150 genes and the transcription factors predicted to regulate the expression of these two 
 
1151 key genes (Supplementary Tables 13 and 14). g-h, Results of ChIP–qPCRs (% input 
 
1152 and fold enrichment) showing the evidence that the predicted transcription factors can 
 
1153 bind to the promoter regions of FpumACSL10 (FPUM_023966-RA) and 
 
1154 FpumALDH1 (see Supplementary Tables 12 and 13). Error bars represent standard 
 
1155 errors of experimental results. 
 
1156 
 
1157 Fig. 4 | Metabolic and genomic signature of antagonistic interaction between F. 
 
1158 pumila var. pumila and W. pumilae. a, Results of PLS-DA for terpenoids (triterpenes 
 
1159 and sesquiterpenes) and phenylpropanoids. Each oval indicates the 95% confidence 
 
1160 intervals of a sample group. b, Distribution of SMCDs across fates of female florets. 
 
1161 No SMSDs between feeder and seed florets and only three SMSDs (two 
 
1162 downregulated and one upregulated) between galled ovules and seeds were found in 
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1163 the pathways related to plant chemical defenses (Supplementary Fig. 12). c, Largely 
 
1164 matched turnover of SMSDs in feeder floret-galled ovule and seed floret-seed 
 
1165 transitions (using Spearman’s rank correlation tests). d, Numbers of genes in CYP450, 
 
1166 CCE and GST gene families in different insect species. Significantly contracted 
 

1167 families (***: p<0.001) were shown for W. pumilae and C. solmsi. 
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