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Abstract

An essential adaptive strategy in insects is the evolution of olfactory receptors (ORS) to
recognize important volatile environmental chemical cues. Our model species, Ceratosolen
fusciceps, a specialist wasp pollinator of Ficus racemosa, likely possesses an OR repertoire that
allows it to distinguish fig-specific volatiles in highly variable environments. Using a newly
assembled genome-guided transcriptome, we annotated 63 ORs in the species and reconstructed
the phylogeny of Ceratosolen ORs in conjunction with other hymenopteran species. Expression
analysis showed that though ORs were mainly expressed in the antennae, 20 percent were also
expressed in non-antennal tissues such as the head, thorax, abdomen, legs, wings, and ovipositor.
Specific upregulated expression was observed in OR30C in the head and OR60C in the wings.
We identified OR expression from all major body parts of C. fusciceps, suggesting novel roles of
ORs throughout the body. Further examination of OR expression of C. fusciceps in widely
separated geographical locations, i.e., south (urban) and northeast (rural) India, revealed distinct
OR expression levels in different locations. This discrepancy likely parallels the observed
variation in fig volatiles between these regions and provides new insights into the evolution of

insect ORs and their expression across geographical locations and tissues.

Keywords: Fig wasp, RNA-Seq, Genome guided-transcriptome assembly, Olfactory receptors,

Ectopic expression, Evolution, Non-antennal tissues, Ovipositor.
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I ntroduction

Chemical interactions between plant volatiles and insect olfactory receptors (ORSs) are essential
processes for the survival and reproduction of insects. In insects, ORs are expressed in the
dendritic membrane of olfactory sensory neurons (OSNs). Insect ORs are 7-transmembrane
domain proteins with an intracellular N-terminus and an extracellular C-terminus (Benton et al.
2006; Smart et al. 2008; Missbach et al. 2014). Functional insect ORs consist of heterodimeric
complexes with a highly divergent ligand-specific OR and a highly conserved co-receptor (Orco)
(Larsson et al. 2004; Sato et al. 2008; Wicher et al. 2008; Butterwick et al. 2018). During the
evolution of insects, ORs became a massively diverse gene family as a result of adaptation to
complex and changeable chemical environments (McBride 2007; Linz et al. 2013; Schmidt and
Benton 2020; Wicher and Miazzi 2021). In the case of specialist insect pollinators, it is

reasonable to expect adaptation to the detection of signature host plant chemical signals.

The fig and fig wasp interaction has emerged as an important model in chemical ecology because
of its highly specific mutualism (e.g., Bain et al., 2016; Borges et al., 2008; Borges, 2015, 2021,
Borges et al., 2011, 2013; Ghara et al., 2011; Hou et al., 2020; Proffit et al., 2007; Ranganathan
& Borges, 2009; Wei et al., 2021; Xin et al., 2020; Yadav & Borges, 2017). This interplay also
presents these wasps as an attractive model for the study of olfactory adaptations. Agaonid
female wasps enter the enclosed globular fig inflorescence called the syconium, oviposit
concurrently with pollination, and later die within the syconium. Female wasps get only
one chance to enter an oviposition/pollination chamber since they lose their wings and
part of their antennae in the process of entering the syconium. Therefore, female fig

wasps are selected for high specificity towards the pollination scent composed of volatile
3
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organic compounds (VOCs) emitted by the pollen-receptive host fig. Male wasps eclose in
the enclosed syconium, where they die after mating with eclosed females and thus do not have to
find a mate over a long distance. Probably due to this highly specialized lifestyle, pheromones
and their receptors are unknown in fig wasps. Finding a pollen-receptive fig syconium is the key
for the female pollinator for oviposition and reproduction. We used the widely distributed Ficus
racemosa and its wasp pollinator Ceratosolen fusciceps for the molecular characterization of
ORs in northeastern and southern India since this particular fig and wasp species pair has
received considerable attention regarding chemical signaling (Bain et al. 2016; Xiao et al. 2021).
When insects are highly specialized on their host, the rate of OR gene function loss is 9-
to-10 times greater than in generalists as seen in highly specialized compared to
generalized drosophilid flies (McBride 2007). The extreme reduction of OR gene
numbers in Ceratosolen solmsi, an obligate and host-specific pollinator of Ficus hispida
(Just 56 compared to about ~100-300 in other solitary parasitic or predatory Apoid wasps)
is likely due to its obligate plant host specificity (Obiero et al. 2021), and we expected a

similar reduction in C. fusciceps.

It was initially hypothesized that ORs were exclusively expressed in olfactory tissues
such as antennae and mouth parts. However, Culex mosquitoes (Leal et al. 2013), leaf
beetles (Wang et al. 2016), green plant bugs (An et al. 2016), and butterflies (van
Schooten et al. 2020) showed expression of some ORs in a variety of tissues other than
the antenna, viz. legs, wings, head, thorax, and abdomen. In the tobacco budworm,
Heliothis virescens, lower levels of pheromone-detecting receptors were expressed in

tissues such as the proboscis, abdomen, leg, wing, and thorax (Krieger et al. 2004).
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84 Widmayer et al. (2009) showed expression of pheromone receptors in ovipositor sensilla
85 of female H. virescens. The ovipositor of the noctuid moth (Koutroumpa et al. 2021),
86 grass moth (Xia et al. 2015), and tobacco hornworm (Klinner et al. 2016) also expresses
87 ORs. In Spodoptera littoralis chemosensory receptors were identified from mouthparts,
88 legs, and ovipositors (Koutroumpa et al. 2021). The olfactory repertoire of another
89 extreme specialist marine insect, Clunio marinus, revealed the possibility of OR
90 expression in legs, genitalia and larval body (Missbach et al. 2020). The expression of
91 ORs outside of antenna and palps is always paralleled by the presence of sensilla
92 (Koutroumpa et al. 2021). Furthermore, Yadav and Borges (2017) showed experimentally
93 that sensilla on fig wasp ovipositors fire in response to fig volatiles, and the ovipositor
94 deflects in response to carbon dioxide puffs, showing clearly that the ovipositor possesses
95 chemosensory abilities. Broad expression of ORs in tissues other than antennae,
96 maxillary palps, and ovipositors hints towards general functional significance in chemical
97 sensing over the insect body. However, there are very few studies on potential functional
98 significance of olfactory detection in other tissues, like the proboscis of Manduca sexta
99 in flower humidity perception and nectar foraging (Goyret and Raguso 2006; Havercamp
100 et al. 2016).
101
102 Furthermore, intraspecific variation in signal recognition may also be influenced by the
103 complexity of changing environments (Renou and Anton 2020), and floral scents can vary
104 geographically (Skogen et al. 2022). However, variation in OR expression across
105 geographical locations is rarely studied. To understand OR gene expression variation,

106 most comparative transcriptome analyses in insects have been performed between closely
5
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107 related genera or species (Elgar et al. 2018; Guo et al. 2021) or between genders (Athrey
108 et al. 2021; Xu et al. 2021). Examination of intra-specific OR variation is especially

109 important given changing scenarios of signal content, local volatile environments, and
110 ambient conditions.

111

112 Here we compare the host-specific variation of OR expression of pollinating fig wasp.
113 We performed a comparative OR gene expression analysis of C. fusciceps tissues across
114 two distinct geographical sites (south India and northeast India bordering China)

115 separated by 3000 km (Fig 1). We expected OR variation between these sites as previous
116 work (Kobmoo et al. 2010; Bain et al. 2016) showed that C. fusciceps and its host plant
117 F.racemosa form a genetically homogeneous population across south-east Asia

118 (including southern China and Thailand), while populations in south India form separate
119 genetic clusters. We identified 63 ORs in which most ORs were expressed in the

120 antennae, while 20% were also expressed in other olfactory tissues. Upon comparison of
121 ORs from the south and northeast Indian wasps, we observed a few ORs that were

122 exclusively expressed in the antennae of wasps in one region. Other ORs showed

123 significant variation in expression levels between regions which might correspond to
124  variation in fig volatile profiles between these regions (Nongbri and Borges, unpub.

125 data). This inter-population variability in OR expression was also found among ORs

126 expressed outside the antennae.
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Figure 1. Locations of the study sites in northeastern and southern India. Note that the
northeastern site is approximately at the same latitude as the site in Yunnan, China,

where earlier data on F. racemosa VOCs, plant, and pollinator genetics was established.

Results

Total RNA Sequencing and Genome-Guided Transcriptome Assembly

We performed transcriptome sequencing of 14 samples of 7 tissues (antennae, head, abdomen,
thorax, legs, wings, and ovipositor) of the fig pollinator wasps collected from 2 different regions
(south and northeast India). An average of 23.9 (south India) and 21.2 million (northeast India)
preprocessed reads corresponding to an average of 88% of high-quality data of each tissue

sample was retained for the assembly (Additional file: Fig. S1). To get the best quality
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assembly, we assembled the transcriptome sequences by a genome-guided method. For
this purpose, we used our newly sequenced and assembled draft genome of C. fusciceps
(Additional file 1: Table S1). The whole genome of the pollinator wasp was sequenced to
get total coverage of 160X using lllumina (100X), Mate pair (40X), and Nanopore (20X)
sequencing. We then performed hybrid assembly using MASURCA (Maryland Super-Read
Celera Assembler). As a result, a high-quality genome with a scaffold length of 238 Mb,
N50 values of contig 2.2 Mb, and a Scaffold of 4.1 Mb were obtained (Krishnan and
Borges, unpublished data). Finally, a good quality transcriptome assembly using Trinity v
2.8.5. was achieved with 58076 transcripts that contained 17746 predicted proteins and 14417
transcripts with known protein domains. BUSCO analysis with Hymenoptera (4415 BUSCOs)
and Insecta (1658 BUSCOs) datasets identified 78.2% (3452) and 86.5% (1435) of BUSCOs in
our transcriptome assembly (Additional file 1: Table. S2). Based on these results the assembly

was considered for further gene annotation.

Annotation of olfactory receptorsin C. fusciceps

From the genome-guided transcriptome assembly, we found 74 putative OR transcripts
(Additional file 2) using hmmscan against the Pfam database. These results were validated using
the InsectOR web server (Karpe et al. 2021); further manual curation resulted in 63 ORs. Among
these 63 ORs, 48 sequences encoded for proteins of more than 300 amino acids and were
annotated as ‘complete’. Of the remaining sequences 15 transcripts encoded for OR proteins, 8
with missing N-terminus, 3 with missing C-terminus, and 4 captured only the middle fragment of
the OR protein sequence. Of the 63 OR protein sequences discovered from the curated

transcriptome, 56 had more than 200 amino acid sequence lengths. These were further used for
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162 phylogenetic reconstruction of the ORs from two Ceratosolen species (C. solmsi and C.

163 fusciceps) along with a few other hymenopteran species (Methods). OR sequences containing
164 more than 200 amino acids are generally preferred for phylogenetic analysis (An et al. 2016; Wu
165 etal. 2019; Al-Jalely and Xu 2021; Xu et al. 2021). The inclusion of a diversity of ORs from
166 Hymenoptera also ensured the correct rooting of the tree and its clades. Most of the known

167 hymenopteran OR subfamilies/clades were well-supported in the current reconstruction (Fig 2A,
168 Additional file 1: Table. S3). The ORs of both Ceratosolen species had smaller OR repertoires
169 compared to the other hymenopteran species including the two specialized parasitoid wasps,
170 Microplitis demolitor (Zhou et al. 2015) and Nasonia vitripennis (Robertson et al. 2010). The
171  two Ceratosolen species also had the most similar repertoire distribution across OR subfamilies
172 compared to the others.

173

174  Though C. fusciceps ORs were well distributed among hymenopteran clades, striking features
175 were observed for a few OR clades (Fig. 2B, Additional file 1: Table. S3).

176  The highest number of ORs, 8 each, were observed in clade XV (Subfamily E), clade Il

177  (Subfamily V), and clade VI (Subfamily T). The next highest number of ORs 6, 5, and 4 were
178 found in clade XI (subfamily 9-exon), clade XVI (subfamily Z), and clade XII (subfamily F)
179 respectively. Equal distribution was present in clade XXII (subfamily D), clade XXXI

180 (subfamily), clade IV (subfamily U), clade X (subfamily L), and clade X rest (clade X includes
181 Xa and Xb subclades and the remaining ORs that do not form a single clade is named as X rest).
182 The remaining 9 clades had only one OR and 21 clades had no C. fusciceps ORs, whereas these
183 clades contained ORs from the other hymenopteran species studied here (Fig. 2B, Additional file

184 1. Table. S3).
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186 Figure 2. A. Phylogenetic analysis of hymenopteran ORs. The branches were color-coded as per
187 species. The subfamilies are shown by colored stripes. B. Distribution of C. fusciceps (CfusOr)

188 and C. solmsi (CsolOr) ORs in different clades and subfamilies.
10
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189 The phylogenetic reconstruction of ORs from the two Ceratosolen species (Additional file 1: Fig
190 S2) and the analysis of best-bidirectional BLAST hits demonstrated that although their OR

191 repertoires were similar in size, not all ORs were in a perfect orthologous relationship with C.
192 solms ORs. Considering both approaches, only 19 OR sequences (ORco, OR-5, 6, 7, 8, 12, 15,
193 16, 18, 26, 30, 35, 36, 38, 39, 41, 42, 52, 56) had perfect orthologs across the two species and
194  they belong to 6 different OR clades. There were rare species-specific OR expansions, however,
195 and multiple instances of 1:2 or 1:3 protein homologies were found between the two species of
196 Ceratosolen.

197

198 OR expresson analyssand qPCR validation

199 A heatmap was generated (Fig 3) from the expression matrix containing transcripts per million
200 (TPM) values (Additional file 3). An OR with TPM > = 1 cutoff was considered for its

201 expression and based on this, of the 63 ORs, 54 were expressed in antennae of south Indian

202 wasps and 9 were not expressed; They are OR28 1, 30C, 51, 54, 55N, 60C, 62, 68, 74F. In

203 northeast Indian wasps, 53 were expressed in antennae and 10 were not expressed. These were
204 OR28 2, 30C, 36, 40F, 54 like_1, 55 like_1F, 60C, 65, 66, 73C. Among the 9 ORs which were
205 not expressed in the antennal tissue from south India, except for OR30C and OR60C, all other 7
206 ORs were expressed in the antennae of northeast India. Similarly, among the 10 ORs which were
207  not expressed in the antennal tissue from northeast India, except for OR30C and OR60C, all

208 other 8 ORs were expressed in the antennae of south India. Therefore, OR antennal expression in
209 one site did not parallel antennal expression in the other site. In addition, 20% of the antennal
210 ORs from each region showed ectopic tissue expression.

211
11
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Figure 3. OR expression pattern in C. fusciceps tissues across Bangalore (south India) and the
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northeast Indian region. Heatmap was plotted using heatmap 2 by taking log2 (TPM value +1)
and data scaling was done for rows. OR genes indicated in boxes were selected for qPCR

analysis and the selection criteria are given in the Methods section.

To confirm the transcription variation observed in the heatmap, we selected a subset of 18 ORs

for gPCR analysis (see the justification for selection in Methods, (Fig. 4). They were OR3C, 7C,

12
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220 8,12, 17F, 32, 40F, 41, 46, 52, 57, 60C, 62, 64C, 66. These had antennal or non-antennal

221 expressions (Fig. 4).
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222

223 Figure4. gPCR analysis of C. fusciceps ORs from 7 different tissues from south India

224  (Bangalore) and northeast India. Fold-change values in log base 2 values from 5 biological
225 replicates of each tissue were compared across sites by t-tests. P values are provided in

226  Supplemental Table S7. The differential expression of OR genes shown here reproduces the

227  results from the heatmap in Figure 3.

228

229 The results of the gPCR analysis showed that OR32 had significantly higher expression in south
230 India than in northeast India, whereas OR52 showed lower expression in south India. OR64C
231 had basal level expression in both regions. In the case of the antennae, OR62 showed a

232 significant increase in expression in northeast samples as compared to south India, whereas OR8
233 showed the opposite expression pattern. OR17F showed equal expressions in both regions.

234  Similarly, OR7C from the head, OR32 from the legs, OR40F and OR64C from the ovipositor,

13
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235 OR32 and OR52 from the thorax, and OR46, and OR60C from the wings showed significant

236 differences in expression between the two regions. Thus, the gPCR results were in good

237 correspondence with the heatmap derived from TPM values. Therefore, we used the heatmap for
238 further comparison of OR gene expression in different tissues across regions.

239

240 OR expressonswere specific to antennal and non-antennal ectopic tissues

241  For variation across south and northeast India, we depicted the heatmap results as tissue-specific
242  to further analyze OR expression in non-antennal tissues. OR expression is depicted in UpSet

243 plots for south and northeast India (Fig. 5) and these regions combined (Fig. 6).

14
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246 Figure5. UpSet plots showing tissue-specific OR expression from south and northeast India. A.

247 OR expression profile of south Indian wasps B. OR expression profile of northeast India.
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251 Figure 6. Combined upset plots showing tissue- and region-specific OR expression from south
252 and northeast India.

253

254 In the case of south Indian wasps, among 54 antennal OR expressions, 17 ORs were expressed

255 only in the antennae. A total of 10 ORs in the abdomen and legs, 7 ORs in the head, 17 ORs in
16
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256 the thorax, 22 ORs in the wings; 28 ORs in the ovipositor showed expression. Among all these
257 non-antennal ORs, OR30C (XXVII_X subfamily) and OR60C (9 exon subfamily), were

258 expressed specifically in the head and wings respectively. The remaining ORs were expressed in
259 > 2 tissues. OR46, which belongs to the XXIII_N subfamily, and OR54 like_1, which belongs to
260 OR subfamily IV_U, were expressed in all tissues of south Indian wasps (Fig 3, Fig. 5A).

261

262 In the case of northeast Indian wasps, among 53 antennal OR expressions, 21 ORs were

263 expressed only in antennae. A total of 8 ORs in the abdomen and thorax, 27 ORs in the head, 11
264  ORs in the legs, 15 ORs in the wings, and 9 ORs in the ovipositor showed expression. Like the
265 south Indian wasps, OR30C and OR60C were expressed specifically in the head and wings

266  respectively. The remaining ORs were expressed in > 2 tissues. OR46, which belongs to the

267  XXII1_N subfamily, and OR52, which belongs to XV _E, were expressed in all tissues of

268 northeast Indian wasps (Fig 3, Fig. 5B).

269

270 Wasp OR expressionswer e variable across the region

271  Among 63 ORs, 46 ORs showed antennal expressions in both south and northeast India; 15 ORs
272  were expressed in only one region; 2 ORs (OR30C and 60C) were not expressed in antennae
273 from any region (Fig 3, Fig 6). Among the 46 antennal OR expressions, 15 ORs showed nearly
274 equal expression levels across regions, whereas the remaining 31 ORs showed moderate to

275 highly variable expressions (Fig 3). This kind of expression variation was also observed in non-
276 antennal tissues such as the abdomen, head, legs, ovipositor, thorax, and wings (Fig 3, Fig. 6). In

277 the abdomen, among the 5 ORs expressed in both regions, 3 ORs showed variable expression. In

17
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278 the head, among 4 ORs expressed in both regions, 2 were variable across regions. In the legs, 5
279 ORs were expressed in both regions in which 3 ORs were variable. In the ovipositor, 5 ORs were
280 expressed in both the regions in which 4 ORs were variable. In the case of the thorax, 3 ORs
281 were expressed in both regions, and 1 OR was variable in its expression across regions. In the
282 wings, 31 ORs were expressed in both regions and 25 showed variable expressions across

283  regions. OR 46 was expressed in all tissues from both regions.

284

285 In both regions, the highest percentage (37% in south India and 43% in northeast India) of ORs
286  were expressed in the antennae (Fig 7). In south India, the next highest level of OR expression
287  was observed from the ovipositor (19%) followed by wings (16%), thorax (12%), legs (6%); the
288 abdomen and head showed the least (5%) OR expression. In northeast India, the next highest
289 level of OR expression was observed from the head (20%) followed by the wings (12%), legs

290 (8%), and abdomen (6%); the thorax, and ovipositor showed the least (5%) OR expression.

A South India B Northeast India

B Antennae
m Abdomen
M Head

Legs
® Ovipositor
B Thorax
B Wings
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292 Figure7. Distribution of OR genes expressed in different fig wasp tissues. A. South India B.
293 Northeast India. The values within the colored sectors are the percentage of ORs expressed in the
294  tissues.

295

296 Discussion

297 Investigation of OR expression in non-model organisms has unique challenges as well as
298 opportunities. In the present study, we annotated 63 ORs using the newly assembled

299 genome of the non-model organism C. fusciceps in India (Krishnan and Borges,

300 unpublished data) and examined differential expression patterns in most tissues of this
301 pollinating wasp. We also compared intraspecific non-chemosensory tissue OR

302 expression patterns across widely separated geographic areas, i.e., south and northeast
303 India. Meanwhile, Xiao et al. (2021) annotated 60 OR transcripts, using the C. fusciceps

304 genome of Chinese fig wasp populations that had a scaffold length of 235 Mb, and

305 scaffold N50 of 7.1Mb. The number of genes annotated was also comparable (this study:
306 12,363; Xiao et al. (2021): 12,171). We were unable to compare the OR sequences from
307 this study with that of the Chinese wasp population because annotated OR sequences for
308 C. fusciceps were not provided in Xiao et al. (2021).

309

310 The total number of ORs found was comparable to a closely related fig wasp species C. solms
311 with 56 ORs (Xiao et al. 2013; Zhou et al. 2015). Within the Hymenoptera, the bees and ants
312 investigated for their ORs were mostly generalists; the number of reported ORs is more than 100
313 for bees (Smith et al. 2011; Karpe et al. 2016, 2017) and more than 200 for ants (Nygaard et al.

314 2011; Kocher et al. 2015). In wasps, generalist parasitoid wasps such as N. vitripennis
19
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315 (Robertson et al. 2010), Aenasius bambawale (Nie et al. 2017), M. demolitor, and Cotesia

316 vestalishave more than 100 ORs. In specialist fig wasps, less than 100 ORs were recorded (Zhou
317 etal. 2015; Xiao et al. 2021) (Additional file 1: Table S4). This OR reduction may be attributed
318 to the obligate plant host specificity of these wasp species. This hypothesis is further

319 strengthened by the finding that Drosophila sechellia, a plant host specialist, is losing ORs 10
320 times faster than its generalist sibling D. simulans (McBride 2007).

321

322 Phylogenetic reconstruction shines a light on the differences in OR evolution across the

323 hymenopteran ORs that were compared: i.e., two pollinator fig wasp species (C. fusciceps and C.
324 solmg), two parasitoid wasps (N. vitripennisand M. demolitor), a generalist and eusocial

325 honeybee (Apis mellifera), a solitary bee that forages specifically (Dufourea novaeangliae) and
326 an ant species which is primitively eusocial (Harpegnathos saltator) (Fig 2A, Additional file 1:
327 Table S3). Clade XXX (Subfamily Zb) contained expanded ORs from only the two parasitoid
328 wasps and could be important for these two species. Clade XXIII (subfamily N) and clade XXIV
329 (subfamily O) contained one or few ORs per wasp species but none for the other bees and the
330 ant, indicating a probable involvement in a crucial function for the four wasp species but not for
331 the others. Clade IX (subfamily K) was uniquely absent only in the two Ceratosolen species but
332 present in low numbers (1 or 2) in the others. Clade XI (subfamily 9-exon) has several cuticular
333 hydrocarbon (CHC)-sensing ORs in the ant species (however, it is not the only CHC sensing OR
334 subfamily) and this was heavily expanded in almost all ant species. Given the CHC-based nest-
335 mate recognition observed in ants (Lorenzi and D’Ettorre 2020), it was predicted that the few
336 ORs from other species belonging to this clade might also recognize CHCs. It was interesting to

337 note that these ORs were expanded to a greater extent in other species compared to the two
20
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338 Ceratosolen species. If indeed these receptors are important for CHC detection in all the species,
339 their reduction in Ceratosolen could be attributed to the specialization of the two Ceratosolen
340 species to specific fig species and the closed chemical environment within which CHC

341 recognition for processes such as mating occurs within the fig syconium. The clades VI

342  (subfamily M) and VI (subfamily P) were absent in any fig wasp ORs. Subgroup a of clade X
343  (subfamily L) contains the 9-ODA receptor, a receptor for one of the major components of

344 honeybee queen mandibular pheromone (Wanner et al. 2007) and previously identified to be
345 expanded in two eusocial honeybees while almost absent in two solitary bees (Karpe et al. 2017).
346 Therefore, the other ORs from these clades are likely involved in the recognition of the other
347 major components of the honeybee queen mandibular pheromone. As expected, the two

348 Ceratosolen species did not display any representative ORs belonging to subgroups Xa and Xb.
349

350 Our phylogenetic analysis of ORs from C. fuscicepsand C. solms showed that only 19 OR

351 sequences had perfect orthologs across the two species. This was unlike another example of two
352 evolutionarily closely related hymenopteran species of Apis, which showed that around 70% of
353 the ORs from the two species had perfect bidirectional best Blast hits as well as phylogenetic
354 clustering (Karpe et al. 2016). Some differences could be associated with the difference in the
355 approach used between this study and Xiao et al. (2013) to annotate the ORs across the two
356 Ceratosolen species (from transcriptome vs genome). However, as our transcriptome curation
357 was guided by a high-quality draft genome assembly (Additional file 1: Table S1) and 98% of
358 the transcripts were aligned to the genome, this is an unlikely possibility. The observations of
359 subtle differences in OR evolution across the two species could result from the difference in the

360 volatile profile of their host (Ficus racemosa vs Ficus hispida) or other environmental forces.
21
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361

362 Understanding variation in the insect olfactory system based on variation in the ecologically
363 relevant chemical environment via OR tuning and changes in antennal morphology are already
364  well-established fields. However, possible variation in non-antennal ectopic OR expression and
365 its functional significance is an emerging field of research. OR expression in non-antennal

366 tissues was observed in other insects, e.g. 13 ORs showed expression in non-antennal tissues of
367 the hemipteran Apolygus lucorumwith 8 ORs exhibiting high expression in heads, legs, and

368 wings (An et al. 2016). OR22 was highly expressed in non-antennal tissues in the coleopteran
369 Holotrichia oblita (Li et al. 2017). Expression of the OR2 gene in ectopic tissues of female fig
370 wasps associated with F. hispida including the pollinator, C. solmsg, strongly indicates the

371 presence of cryptic olfactory or other sensory inputs in these tissues (Lu et al. 2009). In previous
372 studies, ORs showing high expression in non-antennal tissues were expressed in antennae as well
373 (Leal et al. 2013; van Schooten et al. 2020). An et al. (2016) identified highly expressed OR
374  genes in A. lucorum non-antennal tissues, in which AlucOR20 showed high expression in wings
375 and AlucOR27 in the abdomen, while expression of these two ORs in antennae was not detected.
376  Similarly, Koutroumpa (2021) showed that 5 SlitORs were expressed only in the leg/palp of S
377 littoralis. We observed that OR30C expression from the head and OR60C from the wings was
378 highly tissue-specific and this was not expressed in the antennae. OR60C is within the 9-exon
379 subfamily that generally detects cuticular hydrocarbons (Pask et al. 2017), and we speculate
380 that it performs a similar function in C. fusciceps.

381

382 The expression of ORs in non-antennal tissues implies that fig wasps may expand their

383 chemosensory system for precise identification of their specific host fig species. Though ORs in
22
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384 the antennae act primarily in olfaction, the ORs in non-antennal tissues may have an additional
385 role in chemical sensing. Alternatively, since the Drosophila wing was known to be a taste
386 organ for many years (He et al. 2019) and during the evolution of flying insects from
387 terrestrial organisms, the OR family evolved from the gustatory receptor (GR) family
388 (Robertson et al. 2003; Wicher and Miazzi 2021), the remnants of GR sensing may be the
389 manifestation of OR expression in non-antennal tissues. Later there may have been a great

390 expansion of OR genes (Missbach et al. 2014; Brand et al. 2018; Thoma et al. 2019). He et al.
391 (2019) reported that in Drosophila a candidate ionotropic pheromone receptor (IR52a) is
392 expressed in the chemosensory sensilla of the wing. They also found that the sensilla on
393 the wing margin express many genes including ionotropic receptors (IRs), GRs, and
394 olfactory binding proteins (OBPs) associated with pheromone and general odor

395 perception. Non-antennal IRs were found in the labella, pharynx, legs, and wings of
396 Drosophila (Joseph and Carlson 2015; Sanchez-Alcaifiiz et al. 2018).

397 Considering the extremely short life span of the fig wasp (1-2 days), the extra-antennal
398 expression of OR receptors might help the tiny fig wasp to detect host-specific odors
399 quickly while flying in highly variable odorscapes.

400

401 Antennal morphology is a result of various selection pressure (Elgar et al. 2018), where the size
402 and structure of the antennae often correlates with increased sensitivity to olfactory stimuli.
403  Antennal morphology may also reflect constraints imposed by the physical environment

404 (Hansson and Stensmyr 2011). In the case of the fig pollinator, an increase in the size of the
405 antennae would affect the entry of the wasp into the fig microcosm through the tiny ostiole;

406 antennae break off and get damaged during this entry process. Hence, to compensate for the tiny
23
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407 size of the fig pollinator antennae, non-antennal tissues may extend their role in the precise

408 sensing of the scents. Consequently, non-antennal tissues such as the abdomen or

409 ovipositor may guide the wasps towards appropriate egg-laying or pollination sites within
410 the dark fig microcosm interior even in the absence of antennae. Also, due to the tiny size
411 of the wasp, non-antennal tissue expression may expand the surface area of tissues

412 bearing ORs to increase olfactory sensitivity both at long and short distances.

413

414  Upon comparison of south and northeast Indian wasps regarding OR expression patterns, we
415 observed a significant variation between these regions, not only in antennal ORs but also in all
416 non-antennal ORs. In parallel with the OR variation, we observed variation in the volatile profile
417 of the corresponding F. racemosa samples between south and northeast India during the pollen
418 receptive phase (Additional file 1: Table S5) (Nongbri and Borges, unpublished data). A total of
419 65 compounds under three main groups of volatile chemicals were identified out of which 34
420 were found to be in common between the two regions (Nongbri and Borges, unpublished data).
421  Around 15 volatiles were specific to south India and 16 were specific to the northeast region.
422  This region-specific variation in the volatile profile (Additional file 1: Table S4) could be the
423 reason for region-specific variation in OR gene expression. This question can be definitively
424 answered only by deorphanizing the ORs.

425

426 Insects show high variation in their chemosensory genes to support rapid adaptation of odorant
427 detection capacities (Andersson et al. 2015). Plants may also modify their VOC profiles

428 according to the biotic and abiotic changes of the habitat (Holopainen and Gershenzon 2010;
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429 Ninkovic et al. 2020; Picazo-Aragonés et al. 2020). These joint forces may explain region-

430 specific variation in VOC profiles and OR expression within plant—insect interactions

431

432  Advances in multi-omics approaches provide a better understanding of how gene expression is
433 regulated in response to different environmental conditions, both over short-term and long

434  evolutionary timescales. Our results illustrate that OR evolution may lead to prominent

435 differences in olfactory sensing at the population level within species. Persistent changes in gene
436 expression occurring at short evolutionary scales can support cellular adaptation to

437 environmental changes and might also trigger longer-term adaptations (L6pez-Maury et al.

438 2008). These kinds of studies will also help in important future research focused on

439 unraveling the role of insect olfactory plasticity in response to changing odorscapes since
440 insects also show good plasticity in terms of adjusting to the rapid changes in the

441  environment through learning (Conchou et al. 2019). Investigations with non-model

442 insects will give insight into unexplored modes of plasticity in their olfactory receptor
443 systems and physiological responses. Our study has also provided evidence of non-

444  antennal expression of ORs and adds to the burgeoning data on such ectopic expressions
445 whose function is not yet deciphered.

446

447 Materialsand Methods:

448 Fig pollinator collection and dissection

449 Ficus racemosa trees located in and around the Indian Institute of Science campus,

450 Bangalore, south India, and Shillong, northeast India, were used to collect pollinator
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451 wasps. The fig bunches were enclosed with nylon mesh bags in their pre-pollination

452 phase to prevent unregulated oviposition by fig wasps. Pollinating fig wasps, Ceratosolen
453 fusciceps were introduced singly into figs during the pollen receptive stage of the

454  syconium. The figs were allowed to mature, and the female pollinator offspring from a
455 single foundress female were collected and immediately placed in RNA-later solution and
456 stored at —20°C. The fig wasps stored in RNA-later were dissected to separate their

457  tissues such as the head, thorax, abdomen, antennae, ovipositor, legs, and wings. The
458 dissections were carried out under the microscope for the precise separation of tissues in
459 the presence of RNA-later. A total of 14 samples of 7 tissues each for south and northeast
460 India were taken for RNA extraction.

461

462 Total RNA extraction

463 RNA-later was removed from the dissected tissues and the tissues were quickly washed
464 with 1X PBS. The washed tissues were frozen under liquid nitrogen, mixed with cold
465 TRIzol (Life Technologies), and homogenized using a TissueLyser Il (Qiagen). The

466 lysate was then purified using the DirectZol kit (Zymoresearch) following the

467 manufacturer’s protocol. Additional on-column DNAsel treatment was given to remove
468 any traces of genomic DNA according to the manufacturer’s guidelines. Total RNA

469 bound to the membrane was eluted in RNase-free water. The quality and quantity of

470 isolated RNA were analyzed using a nanophotometer (IMPLEN). The integrity of total
471 RNA was assessed in a bio-analyzer (Agilent 2000, Agilent Technologies, USA) using an

472 RNA 6000 Nano Lab Chip (Agilent Technologies, USA). The RNA integrity (RIN) was
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473 calculated by considering 18s and 28s ribosomal RNA ratios and baseline correction

474  factors. The samples with >7 RIN values were considered for further analysis.
475
476 cDNA library prep

477 Good quality RNA at the required concentration was used to synthesize a cDNA library
478 using NEB Next Ultra Directional RNA library prep. RNA (1 nug) was taken for mRNA
479 isolation, fragmentation, and priming. The fragmented and primed mRNA was further
480 subjected to first-strand synthesis in the presence of Actinomycin D (Gibco, Life

481 Technologies, CA, USA) followed by second-strand synthesis. The double-stranded
482 cDNA was purified using HighPrep magnetic beads (Magbio Genomics Inc, USA). The
483 purified cDNA was end-repaired, adenylated, and ligated to Illumina multiplex barcode
484 adapters according to the NEB Next Ultra Directional RNA Library Prep Kit protocol.

485 The adapters used in the study were the Illumina Universal Adapter:

486 5’AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

487 GATCT-3’ and Index Adapter:

488 5’-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC[INDEX]

489 ATCTCGTATGCCGTCTTCTGCTTG-3’.

490 The adapter-ligated cDNA was purified using HighPrep beads and was subjected to 15
491 cycles of Indexing-PCR (37°C for 15 mins followed by denaturation at 98°C for 30 secs),
492 and cycling (98°C for 10 sec, 65°C for 75 sec and 65°C for 5 mins) to enrich the adapter-
493 ligated fragments. The final PCR product (sequencing library) was purified with
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494 HighPrep beads, followed by a library-quality control check. The Illumina-compatible
495 sequencing library was initially quantified by Qubit fluorometer (Thermo Fisher
496 Scientific, MA, USA) and its fragment size distribution was analyzed on Agilent 2200

497 TapeStation.

498 RNA-Sequencing and preprocessing

499 The cDNA library fragment size ranged from 300 bp to 700 bp. As the combined adapter
500 size is approximately 120 bp, the effective insert size is 180 bp to 580 bp. Thus, the

501 resultant cDNA library had enough concentration and was suitable for paired-end (150*2)
502 sequencing using an Illumina HiSeq 4000 platform to get the desired amount of

503 sequencing data. The raw sequencing data were checked for quality using FastQC

504 (Andrews 2010) and were pre-processed, which included removing adapter sequences and
505 low-quality bases. Raw reads were processed by “Cut Adapt” for adapters (Martin 2011)
506 and low-quality bases trimming towards 3'-end using Trimmomatic from Trinity. An

507 average of 23.87 (South India) and 21.23 million (Northeast India) preprocessed reads were
508 used for downstream analysis.

509

510 Genome-guided transcriptome assembly

511 Pre-processed RNA-seq reads from seven fig wasp tissues across two regions were mapped

512 separately to the C. fusciceps genome with mapping rates of 73% (south India) and 60%

513 (northeast India) for the pooled tissues of each region. STAR (2.7.0a) (Dobin et al. 2013). These
514  two mapping files were used to assemble genome-guided Trinity assemblies (Haas et al. 2013)

515 for the two regions (v 2.8.5) The initial number of transcripts obtained were 262904 and 255260
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516 for south and northeast India with contig N50 of 1323 and 1227 base pairs, respectively. These
517 two sets of transcripts were combined and the transcripts with 100% sequence identity were
518 removed which resulted in 334449 transcripts with contig N50 of 1420 base pairs. To avoid the
519 removal of highly similar paralogs, as these were often found in olfactory receptors, a lower
520 redundancy cutoff was not chosen. Instead, further filtering was done based on the alignment of
521 these transcripts to the high-quality genome and the annotation of these transcripts. Mainly

522 longer, protein-coding and known protein-domain containing transcripts were prioritized over
523 other transcripts. ‘Transdecoder’ (Gotoh 2000) was used to translate the predicted transcripts and
524  hmmscan (Mistry et al. 2013) was used to detect the presence of any known protein domains
525 from the Pfam protein family database (Sonnhammer et al. 1997; Finn et al. 2015). All these
526  3,34,449 transcripts were aligned to the C. fusciceps draft genome (Supplemental Table S1).
527 using SPLAN 2.3.2a (lwata and Gotoh 2012). This aligner predicts approximate ‘gene’

528 regions/clusters where multiple transcripts align. Each such ‘gene’ region was examined

529 individually, and preference was given to the longest transcripts and the remaining transcripts
530 were compared with the longer transcript. The following criteria were used to select one or few
531 representative transcripts per gene cluster: If one transcript was found nested within another
532 transcript (according to the alignment boundaries taken from the alignments with the genome),
533 the shorter one was removed if the alignment score was lower and or no protein domain was
534  found within. In the case of partial overlap amongst transcripts with a minimum of 50% overlap
535 to the longest transcript, the one without the protein domain was removed. In case both or neither
536 of the partially overlapping transcripts coded for a valid protein domain, then the one with the
537 lesser alignment score was removed. In this way, few alternatively spliced transcripts that were

538 sufficiently different from the longest transcripts per gene were also retained. The number of
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539 finally retained transcripts was 58,076. Out of these 17,746 were protein-coding and 14,417
540 contained known protein domains. RSEM with Bowtie2 (Langmead and Salzberg 2012) was
541 used for mapping reads to the transcriptome assembly and further quantification of expression.
542  Around one thousand transcripts without any read mapping were removed. The mapping was
543 used to create an expression matrix for all 14 tissues from 2 different regions containing

544 FPKM/TPM values. On average South Indian reads had 62.2% mapping and Northeast Indian
545  reads had 52.1% mapping. Approximately an average of 10% of reads were not mapped per
546 tissue per location.

547

548 Gene Annotation

549 UniProt (Bateman et al. 2020) and KAAS (Moriya et al. 2007) were used for functional
550 annotation of the transcripts. Clustered transcripts were annotated using the homology
551 approach to assign functional annotation using BLAST (Camacho et al. 2009) against
552 “Insecta” data from the Uniprot database containing 2,883,368 protein sequences.

553 Transcripts were assigned with a homolog protein from other organisms if the match was
554  found at an e-value less than e-5 and a minimum identity of greater than 30%.

955

556 OR annotation

557  The putative OR transcripts with the 7tm_6 domain were identified as potential Olfactory

558 Receptors with the help of hmmscan against the Pfam database. This resulted in 74 putative OR
559 transcripts. To corroborate the results, the InsectOR web server was used on the combined
560 transcriptome containing 3,34,449 unique transcripts. InsectOR performs OR gene prediction

561 directly from the genome/transcriptome without prior prediction of proteins from another tool
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562 and is more sensitive than a few other genome annotation tools (Karpe et al. 2021). This resulted
563 in the identification of 514 protein sequences with the 7tm_6 domain. These were further filtered
564  based on the presence of the identified transcripts in the final non-redundant transcript assembly
565 containing the 58K chosen transcripts. This resulted in 74 ORs as before. These 74 transcripts
566 were manually studied, 3 transcripts were found to produce identical amino acid sequences to
567 another sequence and a few others were found to be arising from the same genomic location with
568 minor differences. Finally, 63 manually curated high-quality OR transcripts were used for further
569 studies (Additional file 2).

570

571 Phylogenetic analysis

572 Well-curated OR protein sequences from C. fusciceps (this study), C. solmsi (Zhou et al.

573 2015), M. demolitor (Zhou et al. 2015), N. vitripennis (Robertson et al. 2010), A. mellifera
574  (Robertson and Wanner 2006), D. novaeanglie (Robertson and Wanner 2006) and H.

575 saltator (McKenzie et al. 2014) were collected and partial sequences (<200 amino acids) were
576 removed. Chosen sequences were aligned using MAFFT (v7.123b, E-INS-i strategy, JTT200
577 matrix, 1000 iterations). The alignment was trimmed using trimAl (‘automated1’ option). A
578 maximum likelihood (ML) based phylogenetic tree was reconstructed using RAXML (v7.4.2,
579 PROTCATJTTF matrix, 100 rapid bootstraps, seven olfactory receptor-coreceptor

580 (Orco) sequences as outgroup). This tree was used as a guide for the second iteration of the
581 alignment by MAFFT (Katoh et al. 2002; Katoh and Standley 2013). The second alignment
582 was trimmed using the trimAl option ‘gappyout’ (Capella-Gutierrez et al. 2009). The refined
583 phylogenetic tree was reconstructed again with RAXML (Stamatakis 2006) with similar

584 parameters. (iTOL) v3 (Letunic and Bork 2007, 2016) was used for tree visualization. The

AL


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

585 tree was annotated and divided into subfamilies /clades with the help of an existing

586 hymenopteran OR tree.

587 OR expression matrix generation

588 To find the expression profile of 63 ORs, RNA-seq reads were mapped to the transcriptome

589 using Bowtie2 (Langmead and Salzberg 2012) and RSEM (Li and Dewey 2011). An average of
590 62.2% and 52.1% mapping rates were obtained for two regions because the transcriptome was
591 assembled with 60-70% of the total reads that mapped to the genome. Also, an average of 10%
592 of reads was not mapped per tissue per region. The mapped transcripts were used to create an OR
593 expression matrix for all 14 tissues from the 2 regions containing TPM (transcripts per million)
594  values (Additional file 3) and plotted in the form of a heatmap for easy comparison.

595

596 gPCR Analysis

597 RNA was isolated as explained previously. According to the manufacturer's protocol, the total
598 RNA was converted into cDNA using Prime Script RT Reagents (Takara). In brief,

599 approximately 500 ng of RNA from each sample was taken for cDNA synthesis and the first

600 strand of cDNA was synthesized using universal oligo dT primers. The synthesized cDNA was
601 stored at -20°C. The primers were designed (Additional file 1: Table S6) for selected genes using
602 Primer 3 Plus online primer design software considering the exon and coding regions of the

603 transcripts. The designed primers were analyzed for their specificity by In-Silico PCR in UCSC
604 In-silico PCR online bioinformatics tool and the primer characteristics were analyzed in a

605 multiple primer analyzer (Thermo Scientific, USA) for the possibility of primer dimer formation.

606 The primer sequences that passed all the quality criteria were processed for synthesis on a 10 nm
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607 scale and purified by HPLC. The final set of primer sequences is listed in (Additional file 1:

608 Table S6). The synthesized primers were validated for their specificity using pooled cDNA from
609 all the tissues of the south and northeast regions. In brief, the 1l quantities of cDNA from each
610 sample were pooled and diluted to the final concentration of 10 ng™- and 1 pL was used for each
611 gPCR reaction with picomols (pM) of primer concentration. The primers which showed a good
612 amplification curve with a single melt curve and desired specific product size on agarose gel

613 were used for further relative quantification by qPCR. The expression levels of selected genes
614 were analyzed using SYBR Green chemistry (Brilliant Il SYBR Green gPCR master mix

615 (Agilent Technologies, USA) in the Stratagene mx3005P instrument (Agilent Technologies,

616 USA). The amplification cycling conditions were as follows: initial denaturation for 95°C for
617 10min followed by 40 cycles of 95°C for 30 sec, 60°C for 30 sec. The dissociation curve analysis
618 was performed after amplification for primer specificity; the conditions were as follows: 95°C
619 for 1min, 55°C, for 30 sec, and 0.2°C/sec increment up to 95°C (continuous fluorescence

620 collection from 55-95°C). The mean Ct value of technical replicates was used to calculate the
621 relative expression level of genes. The relative quantification of genes was analyzed using

622 standard 27**“' as described by Pfaffl (2001). Fold-change values in log base 2 values from 5

623 biological replicates of each tissue were compared across sites by t-tests. P values are provided in
624  Additional file 1: Table S7. Beta-actin was used as a reference gene to normalize the gPCR

625 experiment after comparing it with RPS18. The subsets of OR genes for gPCR analysis were

626 selected in such a way that each selected OR showed upregulated expression in one region (south
627 or northeast India) and downregulated expression in another region (south or northeast India). In
628 addition, ORs were selected that showed equal levels of expression. Accordingly, the following

629 ORs were selected (showing opposite patterns of expression at the two sites): OR32 and the
33
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630 OR52 from the abdomen, OR8 and OR62 from the antenna, OR3C, OR40F, and OR64C from
631 the ovipositor, OR46 and OR60C from wings, OR7C from the head, OR32 and OR40F from
632 legs, OR32 and OR52 from the thorax, and the following showing nearly equal expression at the
633 two sites: OR64C from the abdomen, OR17F from antennae and wings, OR66 from the head.
634

635 Declaration

636 Ethicsapproval and consent to participate.

637 Ethics approvals are not applicable to this study.

638

639 Competing interests

640 The authors declare no competing interests.

641

642 Data Availability

643 The data generated and analyzed in this study are included within the manuscript and

644 supplementary data. All raw sequencing data generated in this study have been submitted to the
645 NCBI SRA (https://submit.ncbi.nlm.nih.gov/subs/sra/SUB11600929).

646 The raw RNA-seq reads data generated in this study have been submitted to the NCBI Bio

647 Project (PRINA853513) database under accession number SUB11600929.

648

649

650

34


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

651 References

652 Al-Jalely BH, Xu W. 2021. Olfactory sensilla and olfactory genes in the parasitoid wasp

653 Trichogramma pretiosum Riley (Hymenoptera: Trichogrammatidae). Insects 12: 998.
654 d0i:10.3390/insects12110998.

655 An X-K, Sun L, Liu H-W, Liu D-F, Ding Y-X, Li L-M, Zhang Y-J, Guo Y-Y. 2016.

656 Identification and expression analysis of an olfactory receptor gene family in green plant
657 bug Apolygus lucorum (Meyer-Dir). Sci Rep 6: 37870. doi:10.1038/srep37870.

658 Andersson MN, Lofstedt C, Newcomb RD. 2015. Insect olfaction and the evolution of receptor
659 tuning. Front Ecol Evol 3: 53. doi:10.3389/fev0.2015.00053.

660 Athrey G, Popkin-Hall ZR, Takken W, Slotman MA. 2021. The expression of chemosensory
661 genes in male maxillary palps of Anopheles coluzzi (Diptera: Culicidae) and An.

662 quadriannulatus. J Med Entomol 58: 1012-1020. doi:10.1093/jme/tjaa290.

663 Bain A, Borges RM, Chevallier MH, Vignes H, Kobmoo N, Peng YQ, Cruaud A, Rasplus JY,

664 Kjellberg F, Hossaert-Mckey M. 2016. Geographic structuring into vicariant species-pairs
665 in a wide-ranging, high-dispersal plant-insect mutualism: the case of Ficus racemosa and its
666 pollinating wasps. Evol Ecol 30: 663-684. doi:10.1007/s10682-016-9836-5.

667 Bateman A, Martin M-J, Orchard S, Magrane M, Agivetova R, Ahmad S, Alpi E, Bowler-
668 Barnett EH, Britto R, Bursteinas B, et al. 2020. Uniprot: The universal protein

669 knowledgebase in 2021. Nucleic Acids Res 49: D480-D489. doi:10.1093/nar/gkaal100.
670 Benton R, Sachse S, Michnick SW, Vosshall LB. 2006. Atypical membrane topology and
671 heteromeric function of drosophila odorant receptors in vivo. PLoS Biol 4: e20.

672 doi:10.1371/journal.pbio.0040020.

35


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

673 Borges RM. 2015. How to be a fig wasp parasite on the fig-fig wasp mutualism. Curr Opin

674 Insect Sci 8: 34-40. doi:10.1016/j.cois.2015.01.011.

675 Borges RM. 2021. Interactions between figs and gall-inducing fig wasps: Adaptations,

676 constraints, and unanswered questions. Front Ecol Evol 9: 685542.

677 d0i:10.3389/fev0.2021.685542.

678 Borges RM, Bessiére J-M, Hossaert-McKey M. 2008. The chemical ecology of seed dispersal in
679 monoecious and dioecious figs. Funct Ecol 22: 484-493. doi:10.1111/j.1365-

680 2435.2008.01383.x.

681 Borges RM, Bessiére J-M, Ranganathan Y. 2013. Diel variation in fig volatiles across syconium
682 development: Making sense of scents. J Chem Ecol 39: 630-642. doi:10.1007/s10886-013-
683 0280-5.

684 Borges RM, Ranganathan Y, Krishnan A, Ghara M, Pramanik G. 2011. When should fig fruit
685 produce volatiles? A pattern in a ripening process. Acta Oecologica 37: 611-618.

686 doi:10.1016/j.acta0.2011.06.003.

687 Brand P, Robertson HM, Lin W, Pothula R, Klingeman WE, Jurat-Fuentes JL, Johnson BR.
688 2018. The origin of the odorant receptor gene family in insects. eLife 7: e38340. doi:

689 10.7554/eL.ife.38340.

690 Butterwick JA, del Marmol J, Kim KH, Kahlson MA, Rogow JA, Walz T, Ruta V. 2018. Cryo-
691 EM structure of the insect olfactory receptor Orco. Nature 560: 447-452.

692 d0i:10.1038/s41586-018-0420-8.

693 Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Kevin B, Madden TL. 2009.

694 BLAST+: Architecture and applications. BMC Bioinformatics 10: 421. doi:10.1186/1471-

695 2105-10-421.
36


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

696 Capella-Gutierrez S, Silla-Martinez JM, Gabaldon T. 2009. TrimAl: A tool for automated

697 alignment trimming in large-scale phylogenetic analyses. Bioinformatics 25: 1972-1973.
698 doi:10.1093/bioinformatics/btp348.

699 Conchou L, Lucas P, Meslin C, Proffit M, Staudt M, Renou M. 2019. Insect odorscapes: from
700 plant volatiles to natural olfactory scenes. Front Physiol 10: 972.

701 doi:10.3389/fphys.2019.00972.

702 Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras
703 TR. 2013. STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29: 15-21.

704 doi:10.1093/bioinformatics/bts635.

705 Elgar MA, Zhang D, Wang Q, Wittwer B, Thi Pham H, Johnson TL, Freelance CB, Coquilleau
706 M. 2018. Insect antennal morphology: The evolution of diverse solutions to odorant

707 perception. Yale J Biol Med 91: 457-4609.

708 Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry J, Mitchell AL, Potter SC, Punta M,

709 Qureshi M, Sangrador-Vegas A, et al. 2015. The Pfam protein families database: towards a
710 more sustainable future. Nucleic Acids Res 44: D279-D285. doi:10.1093/nar/gkv1344.

711 Ghara M, Kundanati L, Borges RM. 2011. Nature’s swiss army knives: Ovipositor structure

712 mirrors ecology in a multitrophic fig wasp community. PLoS One 6: €23642.

713 doi:10.1371/journal.pone.0023642.

714 Gotoh O. 2000. Homology-based gene structure prediction: simplified matching algorithm using
715 a translated codon (Tron) and improved accuracy by allowing for long gaps. Bioinformatics
716 16: 190-202. doi:10.1093/BIOINFORMATICS/16.3.190.

717 Guo B, Hao E, Qiao H, Wang J, Wu W, Zhou J, Lu P. 2021. Antennal transcriptome analysis of

718 olfactory genes and characterizations of odorant binding proteins in two woodwasps, Sirex
37


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

719 noctilio and Srex nitobei (Hymenoptera: Siricidae). BMC Genomics 22: 172.
720 d0i:10.1186/s12864-021-07452-1.

721 Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, Bowden J, Couger MB, Eccles D,

722 Li B, Lieber M, et al. 2013. De-novo transcript sequence reconstruction from RNA-seq
723 using the trinity platform for reference generation and analysis. Nat Protoc 8: 1494-1512.
724 doi:10.1038/nprot.2013.084.

725 Hansson BS, Stensmyr MC. 2011. Evolution of insect olfaction. Neuron 72: 698-711.

726 doi:10.1016/j.neuron.2011.11.003.

727 He Z, LuoY, Shang X, Sun JS, Carlson JR. 2019. Chemosensory sensilla of the Drosophila

728 wing express a candidate ionotropic pheromone receptor. PLOSBiol 17: e2006619.

729 doi:10.1371/journal.pbio.2006619.

730 Holopainen JK, Gershenzon J. 2010. Multiple stress factors and the emission of plant VOCs.
731 Trends Plant Sci 15: 176-184. doi:10.1016/j.tplants.2010.01.006.

732 Hou HX, Guo MY, Geng J, Wei XQ, Huang DW, Xiao JH. 2020. Genome-wide analysis of

733 peptidoglycan recognition protein genes in fig wasps (Hymenoptera, Chalcidoidea). Insects
734 11: 597. doi:10.3390/insects11090597.

735 Iwata H, Gotoh O. 2012. Benchmarking spliced alignment programs including Spaln2, an

736 extended version of Spaln that incorporates additional species-specific features. Nucleic
737 Acids Res 40: e161. doi:10.1093/NAR/GKS708.

738 Joseph RM, Carlson JR. 2015. Drosophila chemoreceptors: A molecular interface between the
739 chemical world and the brain. Trends Genet 31: 683-695. doi:10.1016/j.tig.2015.09.005.
740 Karpe SD, Dhingra S, Brockmann A, Sowdhamini R. 2017. Computational genome-wide survey

741 of odorant receptors from two solitary bees Dufourea novaeangliae (Hymenoptera:
38


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

742 Halictidae) and Habropoda laboriosa (Hymenoptera: Apidae). Sci Rep 7: 10823.

743 d0i:10.1038/s41598-017-11098-z.

744  Karpe SD, Jain R, Brockmann A, Sowdhamini R. 2016. Identification of complete repertoire of
745 Apisflorea odorant receptors reveals complex orthologous relationships with Apis mellifera.
746 Genome Biol Evol 8: 2879-2895. doi:10.1093/gbe/evw202.

747  Karpe SD, Tiwari V, Sowdhamini R. 2021. InsectOR-webserver for sensitive identification of
748 insect olfactory receptor genes from non-model genomes. PL0S One 16: e0245324.

749 d0i:10.1371/JOURNAL.PONE.0245324.

750 Katoh K, Misawa K, Kuma K, Miyata T. 2002. MAFFT: A novel method for rapid multiple
751 sequence alignment based on fast fourier transform. Nucleic Acids Res 30: 3059-3066.
752 doi:10.1093/nar/gkf436.

753 Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment software version 7:

754 improvements in performance and usability. Mol Biol Evol 30: 772-80.

755 d0i:10.1093/molbev/mst010.

756  Klinner CF, Konig C, Missbach C, Werckenthin A, Daly KC, Bisch-Knaden S, Stengl M,

757 Hansson BS, Grol3e-Wilde E. 2016. Functional olfactory sensory neurons housed in
758 olfactory sensilla on the ovipositor of the hawkmoth Manduca sexta. Front Ecol Evol 4:
759 130. doi:10.3389/fevo.2016.00130.

760 Kobmoo N, Hossaert-Mckey M, Rasplus JY, Kjellberg F. 2010. Ficus racemosa is pollinated by
761 a single population of a single agaonid wasp species in continental south-east Asia. Mol
762 Ecol 19: 2700-2712. doi:10.1111/j.1365-294x.2010.04654.x.

763 Kocher SD, Li C, Yang W, Tan H, Yi SV, Yang X, Hoekstra HE, Zhang G, Pierce NE, Yu

764 DW. 2015. Erratum to: The draft genome of a socially polymorphic halictid bee,
39


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

765 Lasioglossum albipes. Genome Biol 16: 34. doi:10.1186/s13059-014-0574-0.

766  Koutroumpa FA, Monsempes C, Francois M-C, Severac D, Montagné N, Meslin C, Jacquin-Joly
767 E. 2021. Description of chemosensory genes in unexplored tissues of the moth Spodoptera
768 littoralis. Front Ecol Evol 9: 678277. doi:10.3389/fev0.2021.678277.

769 Kirieger J, Grosse-Wilde E, Gohl T, Dewer YME, Raming K, Breer H. 2004. Genes encoding
770 candidate pheromone receptors in a moth (Heliothis virescens). Proc Natl Acad Sci USA
771 101: 11845-11850. doi:10.1073/pnas.0403052101.

772 Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bowtie 2. Nat Methods 9:
773 357-359. d0i:10.1038/nmeth.1923.

774  Larsson MC, Domingos Al, Jones WD, Chiappe ME, Amrein H, Vosshall LB. 2004. Or83b
775 encodes a broadly expressed odorant receptor essential for Drosophila olfaction. Neuron 43:
776 703-714. d0i:10.1016/j.neuron.2004.08.019.

777 Leal WS, Choo Y-M, Xu P, da Silva CSB, Ueira-Vieira C. 2013. Differential expression of

778 olfactory genes in the southern house mosquito and insights into unique odorant receptor
779 gene isoforms. Proc Natl Acad Sci USA 110: 18704-18709. doi:10.1073/pnas.1316059110.
780 Letunic I, Bork P. 2007. Interactive Tree Of Life (iTOL): an online tool for phylogenetic tree
781 display and annotation. Bioinformatics 23: 127-128.

782 doi:10.1093/BIOINFORMATICS/BTL529.

783 Letunic I, Bork P. 2016. Interactive tree of life (iTOL) v3: An online tool for the display and
784 annotation of phylogenetics and other trees. Nucleic Acids Res 44: W242-\W245,

785 doi:10.1093/nar/gkw290.

786 Li B, Dewey CN. 2011. RSEM: Accurate transcript quantification from RNA-Seq data with or

787 without a reference genome. BMC Bioinformatics 12: 323. doi:10.1186/1471-2105-12-323.
40


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

788 Li K, Wei H, Shu C, Zhang S, Cao Y, Luo C, Yin J. 2017. Identification and comparison of

789 candidate odorant receptor genes in the olfactory and non-olfactory organs of Holotrichia
790 oblita Faldermann by transcriptome analysis. Comparative Biochemistry and Physiology
791 Part D: Genomics and Proteomics, 24: 1-11.

792 Linz J, Baschwitz A, Strutz A, Dweck HKM, Sachse S, Hansson BS, Stensmyr MC. 2013. Host
793 plant-driven sensory specialization in Drosophila erecta. Proc R Soc B Biol Sci 280:

794 20130626. doi:10.1098/rspb.2013.0626.

795 Lopez-Maury L, Marguerat S, Bahler J. 2008. Tuning gene expression to changing

796 environments: From rapid responses to evolutionary adaptation. Nat Rev Genet 9: 583-593.
797 doi:10.1038/nrg2398.

798 Lorenzi MC, D’Ettorre P. 2020. Nestmate recognition in social insects: what does it mean to be
799 chemically insignificant? Front Ecol Evol 7: 488. doi:10.3389/fev0.2019.00488.

800 LuB,Wang N, Xiao J, Xu'Y, Murphy RW, Huang D. 2009. Expression and evolutionary

801 divergence of the non-conventional olfactory receptor in four species of fig wasp associated
802 with one species of fig. BMC Evol Biol 9: 43. d0i:10.1186/1471-2148-9-43.

803 McBride CS. 2007. Rapid evolution of smell and taste receptor genes during host specialization
804 in Drosophila sechellia. Proc Natl Acad Sci USA 104: 4996-5001.

805 doi:10.1073/pnas.0608424104.

806 McKenzie SK, Oxley PR, Kronauer DJC. 2014. Comparative genomics and transcriptomics in
807 ants provide new insights into the evolution and function of odorant binding and

808 chemosensory proteins. BMC Genomics 15: 718. doi:10.1186/1471-2164-15-718.

809 Missbach C, Dweck HKM, Vogel H, Vilcinskas A, Stensmyr MC, Hansson BS, Grosse-Wilde E.

810 2014. Evolution of insect olfactory receptors. elLife 3: €02115. doi:10.7554/eLife.02115.
41


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

811 Missbach C, Vogel H, Hansson BS, Grol3e-Wilde E, Vilcinskas A, Kaiser TS. 2020.

812 Developmental and sexual divergence in the olfactory system of the marine insect Clunio
813 marinus. Sci Rep 10: 2125. doi:10.1038/s41598-020-59063-7.

814 Mistry J, Finn RD, Eddy SR, Bateman A, Punta M. 2013. Challenges in homology search:

815 HMMER3 and convergent evolution of coiled-coil regions. Nucleic Acids Res 41: e121.
816 doi:10.1093/nar/gkt263.

817 Moriya Y, Itoh M, Okuda S, Yoshizawa AC, Kanehisa M. 2007. KAAS: An automatic genome
818 annotation and pathway reconstruction server. Nucleic Acids Res 35: W182-\W185.

819 doi:10.1093/NAR/GKM321.

820 Nie XP, Li QL, Xu C, Li DZ, Zhang Z, Wang M-Q, Zhou AM, Li SQ. 2017. Antennal

821 transcriptome and odorant binding protein expression profiles of an invasive mealybug and
822 its parasitoid. J Appl Entomol 142: 149-161. doi:10.1111/jen.12417.

823 Ninkovic V, Markovic D, Rensing M. 2020. Plant volatiles as cues and signals in plant

824 communication. Plant Cell Environ 44: 1030-1043. doi:10.1111/pce.13910.

825 Nygaard S, Zhang G, Schigtt M, Li C, Wurm Y, Hu H, Zhou J, Ji L, Qiu F, Rasmussen M, et al.

826 2011. The genome of the leaf-cutting ant Acromyrmex echinatior suggests key adaptations
827 to advanced social life and fungus farming. Genome Res 21: 1339-1348.
828 d0i:10.1101/gr.121392.111.

829 Obiero GF, Pauli T, Geuverink E, Veenendaal R, Niehuis O, GroRRe-Wilde E. 2021.

830 Chemoreceptor diversity in Apoid wasps and its reduction during the evolution of the
831 pollen-collecting lifestyle of bees (Hymenoptera: Apoidea). Genome Biol Evol 13: evaa269.
832 doi:10.1093/gbe/evaa269.

833 Pask GM, Slone JD, Millar JG, Das P, Moreira JA, Zhou X, Bello J, Berger SL, Bonasio R,
42


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

834 Desplan C, et al. 2017. Specialized odorant receptors in social insects that detect cuticular
835 hydrocarbon cues and candidate pheromones. Nat Commun 8: 297. doi:10.1038/s41467-
836 017-00099-1.

837 Picazo-Aragonés J, Terrab A, Balao F. 2020. Plant volatile organic compounds evolution:

838 Transcriptional regulation, epigenetics and polyploidy. Int J Mol Sci 21: 8956.

839 doi:10.3390/ijms21238956.

840 Proffit M, Schatz B, Borges RM, Hossaert-Mckey M. 2007. Chemical mediation and niche

841 partitioning in non-pollinating fig-wasp communities. J Anim Ecol 76: 296-303.

842 doi:10.1111/5.1365-2656.2007.01213.x.

843 Ranganathan Y, Borges RM. 2009. Predatory and trophobiont-tending ants respond differently to
844 fig and fig wasp volatiles. Anim Behav 77: 1539-1545. doi:10.1016/j.anbehav.2009.03.010.
845 Renou M, Anton S. 2020. Insect olfactory communication in a complex and changing world.
846 Curr Opin Insect Sci 42: 1-7. doi:10.1016/j.c0is.2020.04.004.

847 Robertson HM, Warr CG, Carlson JR. 2003. Molecular evolution of the insect chemoreceptor
848 gene superfamily in Drosophila melanogaster. Proc Natl Acad Sci USA 100: 14537-42,
849 doi:10.1073/pnas.2335847100.

850 Robertson HM, Gadau J, Wanner KW. 2010. The insect chemoreceptor superfamily of the

851 parasitoid jewel wasp Nasonia vitripennis. Insect Mol Biol 19: 121-136.

852 doi:10.1111/j.1365-2583.2009.00979.x.

853 Robertson HM, Wanner KW. 2006. The chemoreceptor superfamily in the honey bee, Apis

854 mellifera: Expansion of the odorant, but not gustatory, receptor family. Genome Res 16:
855 1395-1403. doi:10.1101/gr.5057506.

856 Sanchez-Alcafiiz JA, Silbering AF, Croset V, Zappia G, Sivasubramaniam AK, Abuin L, Sahai
43


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

857 SY, Minch D, Steck K, Auer TO, et al. 2018. An expression atlas of variant ionotropic
858 glutamate receptors identifies a molecular basis of carbonation sensing. Nat Commun 9:
859 4252. doi:10.1038/s41467-018-06453-1.

860 Sato K, Pellegrino M, Nakagawa T, Nakagawa T, Vosshall LB, Touhara K. 2008. Insect

861 olfactory receptors are heteromeric ligand-gated ion channels. Nature 452: 1002—-1006.
862 doi:10.1038/nature06850.

863 Schmidt HR, Benton R. 2020. Molecular mechanisms of olfactory detection in insects: beyond
864 receptors. Open Biol 10: 200252. doi:10.1098/rsob.200252.

865 Skogen KA, Jogesh T, Hilpman ET, Todd SL, Raguso RA. 2022. Extensive population-level

866 sampling reveals clinal variation in (R)-(-)-linalool produced by the flowers of an endemic
867 evening primrose, Oenothera harringtonii. Phytochemistry 200: 113185.
868 doi:10.1016/j.phytochem.2022.113185.

869 Smart R, Kiely A, Beale M, Vargas E, Carraher C, Kralicek A V, Christie DL, Chen C,

870 Newcomb RD, Warr CG. 2008. Drosophila odorant receptors are novel seven
871 transmembrane domain proteins that can signal independently of heterotrimeric G proteins.
872 Insect Biochem Mol Biol 38: 770-780. doi:10.1016/j.ibmb.2008.05.002.

873 Smith CD, Zimin A, Holt C, Abouheif E, Benton R, Cash E, Croset V, Currie CR, Elhaik E,

874 Elsik CG, et al. 2011. Draft genome of the globally widespread and invasive Argentine ant
875 (Linepithema humile). Proc Natl Acad Sci U SA 108: 5673-5678.
876 d0i:10.1073/pnas.1008617108.

877 Sonnhammer ELL, Eddy SR, Durbin R. 1997. Pfam: A comprehensive database of protein
878 domain families based on seed alignments. Proteins Sruct Funct Genet 28: 405-420.

879 d0i:10.1002/(SICI1)1097-0134(199707)28:3<405::AID-PROT10>3.0.CO;2-L.
44


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

880 Stamatakis A. 2006. RAXML-VI-HPC: Maximum likelihood-based phylogenetic analyses with
881 thousands of taxa and mixed models. Bioinformatics 22: 2688-90.

882 doi:10.1093/bioinformatics/btl446.

883 Thoma M, Missbach C, Jordan MD, Grosse-Wilde E, Newcomb RD, Hansson BS. 2019.

884 Transcriptome surveys in silverfish suggest a multistep origin of the insect odorant receptor
885 gene family. Front Ecol Evol 7: 281. doi:10.3389/fev0.2019.00281.

886 Van Schooten B, Meléndez-Rosa J, Belleghem SM Van, Jiggins CD, Tan JD, McMillan WO,
887 Papa R. 2020. Divergence of chemosensing during the early stages of speciation. Proc Natl
888 Acad Sci USA 117: 16438-16447. doi:10.1073/pnas.1921318117.

889 Wang Y, Chen Q, Zhao H, Ren B. 2016. Identification and comparison of candidate olfactory

890 genes in the olfactory and non-olfactory organs of elm pest Ambrostoma quadriimpressum
891 (Coleoptera: Chrysomelidae) based on transcriptome analysis. PLoSOne 11: e0147144.
892 doi:10.1371/journal.pone.0147144.

893 Wanner KW, Nichols AS, Walden KKO, Brockmann A, Luetje CW, Robertson HM. 2007. A
894 honey bee odorant receptor for the queen substance 9-oxo-2-decanoic acid. Proc Natl Acad
895 Sci USA 104: 14383-14388. doi:10.1073/pnas.0705459104.

896 Wei X, LiJ, Xiao J, Huang D. 2021. Gene duplication and subsequent functional diversification
897 of maltase in fig wasp (Chalcidoidea, Hymenoptera). Int J Biol Macromol 182: 482—-491.
898 doi:10.1016/j.ijbiomac.2021.04.031.

899 Wicher D, Miazzi F. 2021. Functional properties of insect olfactory receptors: ionotropic

900 receptors and odorant receptors. Cell Tissue Res 383: 7-19. d0i:10.1007/s00441-020-03363-
901 X.

902 Wicher D, Schéfer R, Bauernfeind R, Stensmyr MC, Heller R, Heinemann SH, Hansson BS.
45


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

903 2008. Drosophila odorant receptors are both ligand-gated and cyclic-nucleotide-activated
904 cation channels. Nature 452: 1007-1011. doi:10.1038/nature06861.

905 Widmayer P, Heifetz Y, Breer H. 2009. Expression of a pheromone receptor in ovipositor

906 sensilla of the female moth (Heliothis virescens). Insect Mol Biol 18: 541-547.

907 d0i:10.1111/j.1365-2583.2009.00894.x.

908 Wu Z, Kang C, Qu M, Chen J, Chen M, Bin S, Lin J. 2019. Candidates for chemosensory genes
909 identified in the Chinese citrus fly, Bactrocera minax, through transcriptomic analysis.
910 BMC Genomics 20: 646. doi:10.1186/s12864-019-6022-5.

911 Xia YH, Zhang YN, Hou XQ, Li F, Dong SL. 2015. Large number of putative chemoreception
912 and pheromone biosynthesis genes revealed by analyzing transcriptome from ovipositor-
913 pheromone glands of Chilo suppressalis. Sci Rep 5: 7888. doi:10.1038/srep07888.

914 Xiao J, Wei X, Zhou Y, Xin Z, Miao Y, Hou H, Li J, Zhao D, Liu J, Chen R, et al. 2021.

(@

915 Genomes of 12 fig wasps provide insights into the adaptation of pollinators to fig syconia.
916 Genet Genomics 48: 225-236. doi:10.1016/j.jgg.2021.02.010.

917 Xiao JH, Yue Z, Jia LY, Yang XH, Niu LH, Wang Z, Zhang P, Sun BF, He SM, Li Z, et al.
918 2013. Obligate mutualism within a host drives the extreme specialization of a fig wasp
919 genome. Genome Biol 14: R141. doi:10.1186/gb-2013-14-12-r141.

920 Xin Z, Huang D, Zhao D, Li J, Wei X, Xiao J. 2020. Genome-wide analysis of chemosensory
921 protein genes (CSPs) family in fig wasps (Hymenoptera, Chalcidoidea). Genes 11: 1149.
922 doi:10.3390/genes11101149.

923 Xu L, Tang KY, Chen XF, Tao Y, Jiang HB, Wang JJ. 2021. Comparative transcriptomic

924 analysis reveals female-biased olfactory genes potentially involved in plant volatile-

925 mediated oviposition behavior of Bactrocera dorsalis. BMC Genomics 22: 25.
46


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

926 d0i:10.1186/s12864-020-07325-z.
927 Yadav P, Borges RM. 2017. The insect ovipositor as a volatile sensor within a closed
928 microcosm. J Exp Biol 220: 1554-1557. doi:10.1242/jeb.152777.

929 Zhou X, Rokas A, Berger SL, Liebig J, Ray A, Zwiebel LJ. 2015. Chemoreceptor evolution in

930 Hymenoptera and its implications for the evolution of eusociality. Genome Biol Evol 7:
931 2407-16. doi:10.1093/gbe/evv149.
932

933 Acknowledgments

934  This work was funded by the Department of Biotechnology (DBT), under the project entitled,
935 “Chemical Ecology of the Northeast Region (NER) of India: A collaborative program linking
936 NER and Bangalore Researchers’ (DBT-NER/Agri/24/2013 dated 30/03/2013). We also

937 acknowledge support from the DBT-11Sc partnership program, and DST-FIST. Sushma Krishnan
938 s grateful for an EMBO Short-term fellowship that enabled the transcriptome work done at
939 Max-Plank Institute of Chemical Ecology, Jena. Snehal Karpe is grateful for CSIR Shyama
940 Prasad Mukherjee Fellowship and NCBS Bridging Postdoctoral Fellowship. We thank G.

941 Yathiraj for the fig collection from south India and Anusha Kumble for her great help in wasp
942 sample collection and dissection.

943

944 Funding

945 This work is supported by the Department of Biotechnology under the project titled “Chemical
946 Ecology of Northeast Region of India”- (DBT-NER/Agri/24/2013)

947

948

=TI


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

949  Authorscontribution

950 Conception, R.M.B., and S.K.; Sample collection, S.K. and L.B.N.; Dissection and RNA

951 isolation, S.K.; Transcriptomics, S.K. H.K and E.G.; Genome assembly, H.K.; Genome guided
952 transcriptome assembly, S.D.K.; OR annotation, Phylogeny, Expression analysis, S.K., S.D.K.
953 and E.G.; gPCR analysis, S.K.; Writing, S.K., S.D.K., E.G., B.S.H., and R.M.B.; Supervision,
954 S.R.,B.S.H., E.G. and R.M.B.. The authors read and approved the final manuscript.

955

956 Figure Legends

957 Figure 1. Locations of the study sites in northeastern and southern India. Note that the
958 northeastern site is approximately at the same latitude as the site in Yunnan, China,

959 where earlier data on F. racemosa VOCs, plant, and pollinator genetics was established.
960 Figure2. A. Phylogenetic analysis of hymenopteran ORs. The branches were color-coded as per
961 species. The subfamilies are shown by colored stripes. B. Distribution of C. fusciceps (CfusOr)
962 and C. solmsi (CsolOr) ORs in different clades and subfamilies.

963 Figure 3. OR expression pattern in C. fusciceps tissues across Bangalore (south India) and the
964 northeast Indian region. Heatmap was plotted using heatmap 2 by taking log2 (TPM value +1)
965 and data scaling was done for rows. OR genes indicated in boxes were selected for gPCR

966 analysis and the selection criteria are given in the Methods section.

967 Figure4. qPCR analysis of C. fusciceps ORs from 7 different tissues from south India
968 (Bangalore) and northeast India. Fold-change values in log base 2 values from 5 biological

969 replicates of each tissue were compared across sites by t-tests. P values are provided in
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970 Supplemental Table S7. The differential expression of OR genes shown here reproduces the

971 results from the heatmap in Figure 3.

972 Figureb5. UpSet plots showing tissue-specific OR expression from south and northeast India. A.

973 OR expression profile of south Indian wasps B. OR expression profile of northeast India.

974 Figure 6. Combined upset plots showing tissue- and region-specific OR expression from south
975 and northeast India.

976 Figure7. Distribution of OR genes expressed in different fig wasp tissues. A. South India B.

977 Northeast India. The values within the colored sectors are the percentage of ORs expressed in the
978  tissues.

979

980 Supplementary Information

981 Supplementary information is available in the additional file.

982 Additional Filel

983 Figure. S1. Bar chart indicating raw and processed reads obtained from fig wasp
984 transcriptome sequencing. lllumina Hi-Seq, 150 X 2 paired-end sequencing was used to
985 sequence 7 tissues each from South India (S) and Northeast India (NE).

986 Figure S2. Phylogenetic tree reconstruction with C. fuscicpesand C. solms olfactory receptors
987 The branches are color coded as per species - C. fusciceps - Blue, C. solmsi — Purple.

988 Table Sl. Genome Hybrid assembly statistics

989 Table S2. BUSCO analysis of transcriptome assembly

990 TableS3. Detailed information about the hymenopteran OR phylogenetic tree

991 Table 4. Number of annotated ORs in specialist and generalist Hymenoptera
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992 Table Sb. Proportional abundance (%) of VOC’s from receptive (B-phase) of Ficus
993 racemosa trees (Means + SD, n=19 for SI, n=17 for NE; RI=Retention Index) from North-east
994 (Meghalaya) and South India (Bangalore)
995 Table.S6.  Primer sequences for OR genes
996 TableSy. Statistical analysis of gPCR analysis of Cfus ORs
997
998 Additional File2
999 Annotation of C.fusciceps olfactory receptors
1000
1001 Additional File3
1002 Expression matrix containing transcripts per million (TPM) values for C.fusciceps olfactory
1003 receptors
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013

1014

vV


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1015 Additional Filel

Summary of transcriptome sequencing
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1020

1021  Figure S2. Phylogenetic tree reconstruction with C. fuscicpesand C. solmsi olfactory receptors
1022  The branches are color coded as per species - C. fusciceps - Blue, C. solmsi — Purple.

1023

1024 Table S1. Genome Hybrid assembly statistics

Scaffolds Contigs

Scaffolds Generated: 1286 Contigs Generated: 1497

Maximum Scaffold Length (bp):|1,11,87,473  |Maximum Contig Length (bp):|59,78,652

Minimum Scaffold Length (bp):|1001 Minimum Contig Length (bp): |165

Average Scaffold Length (bp): 185043 Average Contig Length (bp): |158841
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Median Scaffold Length (bp): 4129 Median Contig Length (bp): 1013

Total Scaffolds Length (bp): |23,79,66,267 |Total ContigsLength (bp): [23,77,85,791

Scaffolds >= 100 bp: 1286 Contigs >= 100 bp: 1497

Scaffolds >= 200 bp: 1286 Contigs >= 200 bp: 1496

Scaffolds >= 500 bp: 1286 Contigs >= 500 bp: 1492

Scaffolds >= 1 Kbp: 1286 Contigs >= 1 Kbp: 1490

Scaffolds >= 10 Kbp: 232 Contigs >= 10 Kbp: 346

Scaffolds >= 1 Mbp: 57 Contigs >= 1 Mbp: 72

N50 value: 41,21,315 N50 value: 22,03,451

Table S2. BUSCO analysis of transcriptome assembly
Hymenoptera I nsecta

Complete BUSCOs (C) 3002 1358

Complete and single-copy BUSCOs (S) | 2388 1068

Complete and duplicated BUSCOs (D) | 614 290

Fragmented BUSCOs (F) 450 77

Missing BUSCOs (M) 963 223

Total BUSCO groups searched (N) 4415 1658

Result Summary C:68.0% [S:54.1%, | C:81.9% [S:64.4%,
D:13.9%], F:10.2%, | D:17.5%], F:4.6%,
M:21.8%, N:4415 M:13.5%, n:1658
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1027 Table S3. Detailed information about the hymenopteran OR phylogenetic tree
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1030 Table S4. Number of annotated ORSs in specialist and generalist Hymenoptera
S. Name of the Species Number | Specialist/
NO. of ORs | Generalist
BEES
1 Apis cerana cerana 119 Generalist
2 Apisméellifera 177 Generalist
3 Apisflorea 180 Generalist
4 Dufourea novaeangliae | 112 Oligolege of

pickerel weed

5 Habropoda laboriosa 151 oligolectic

6 Megachile rotundata 254 Generalists

7 Bombus impatiens 159 Generalists

8 Bombusterrestris 228 Generalists
ANTS

9 Atta cephal otes 376 Generalists

10 | Acromyrmex echiniator | 385 Generalists

11 | Pogonomyrmex barbatus | 344 Generalists
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12 | Harpegnathos saltator 426 Generalists
13 | Linepithema humile 367 Generalists
14 | Solenopsisinvicta 400 Generalists
15 | Micropilitis demolitor 203 Generalists
16 | Cerapachysbiroi 369 Generalists
17 | Cardiocondyla 309 Generalists
obscurior
18 | Monomorium pharaonis | 240 Generalists
19 | Camponotusfloridanus | 352 Generalists
WASPS

20 | Aenasius bambawale 226 Solitary parasitoid /

Generalist
21 | Microplitis demoalitor 214 Parasitoid wasp
22 | Cotesia vestalis 158 Endoparasitic wasp
23 | Nasonia vitripennis 225 Parasitoid wasp
24 | Ceratosolen solms 56 Specialist
25 | Ceratosolen fusciceps 63 Specialist

1031

56


https://doi.org/10.1101/2023.03.03.530950

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.03.530950; this version posted March 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1032 Table S5. Proportional abundance (%) of VOC’s from receptive (B-phase) of Ficus racemosa

1033 trees (Means + SD, n=19 for SI, n=17 for NE; RI=Retention Index) from North-east
1034 (Meghalaya) and South India (Bangalore)

S.NO | Compounds R 1 | South India (SI) | Northeast India (NE)
I Fatty acid derivatives
1 (2)-3-hexen-1-ol 856 |2.53+1.41 0.05+0.20
2 Hexanol 868 | 0.19+0.20 -
3 1-octen-3-ol 978 | - 0.33+0.90
4 3-octanone 979 | - 0.22+0.92
5 octan-3-ol 997 |- 0.02+0.10
6 hexyl acetate 1007 | 0.59+0.97 0.23+0.85
7 (Z)-3-hexenyl acetate 1009 | 54.41+22.54 -
8 nonanal 1105 | 6.43+8.56 1.79+3.55
9 decanal 1204 | 0.28+0.54 0.19+0.76
10 (Z)-hex-2-en-1-yl benzoate 1573 | 0.11+0.21 -

Total 64.53+34.44 2.83+7.27
[ Aromatics (Shikimic acid pathway)
11 Benzaldehyde 953 | 0.57+1.66 1.96+2.35
12 benzyl alcohol 1034 | 2.47+4.33 3.35+4.74
13 2-phenylethanol 1111 | 0.08+0.24 -
14 benzyl acetate 1163 | 1.58+3.22 -
15 methyl salicylate 1195 | 0.20+0.87 -
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16 Indole 1289 | 0.16+0.47 1.28+2.60

Total 5.07+10.79 6.59+9.69
1 M onoter penes
17 a-thujene 920 | - 0.27£0.77
18 a-pinene 932 |0.21+0.41 0.39+0.95
19 sabinene 971 |- 0.50+0.78
20 B -pinene 974 | - 0.08+0.20
21 6-methyl-5-hepten-2-one 988 |1.22+1.78 2.09+6.26
22 myrcene 988 | - 0.58+1.12
23 6-methyl-5-hepten-2-ol 993 | 0.81+1.24 0.38+0.63
24 Limonene 1029 | 1.15+2.62 0.65+1.23
25 1,8-cineole 1031 | 0.03+0.12 2.97+3.90
26 (2)-p-ocimene 1040 | 0.50+0.61 0.80+1.05
27 (E)-p-ocimene 1049 | 20.52+20.98 14.98+20.51
28 NI 1 1056 | - 0.31+1.27
29 Linalool 1099 | 1.09+2.25 0.40+1.35
30 a-terpineol 1187 | 0.04+0.17 -

Total 25.57+30.19 24.63+40.85
1 Sesquiter penes
31 (E)-4,8-dimethyl-1,3,7-nonatriene | 1117 | 1.81+4.11 15.16+21.45
32 Geraniol 1256 | - 0.22+0.83
33 a-ylangene 1375 | 0.02+0.05 -
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34 a-copaene 1378 | 0.09+0.38 0.63+0.71
35 Daucene 1385 | 0.11+0.21 1.29+1.76
36 NI 2 1383 | - 0.91+1.44
37 a-duprezianene 1387 | 0.09+0.17 0.87£1.12
38 7-epi-a-cedrene 1407 | 0.02+0.05 1.08+0.89
39 cis-a-bergamotene 1408 | 0.03+0.09 0.31+0.40
40 B-funebrene 1418 | 0.16+0.32 2.61+1.89
41 B-ylangene 1420 | 0.34+0.69 9.32+6.13
42 B-duprezianene 1421 | - 0.57+1.37
43 [3-cedrene 1425 | 0.01+0.05 -

44 [3-copaene 1427 | 0.05+0.11 1.97+1.43
45 B-gurjunene 1436 | 0.02+0.08 1.36+2.22
46 NI 3 1438 | 0.07+0.17 -

47 a-guaiene 1440 | - 0.33+0.51
48 (2)-p-farnesene 1450 | 0.12+0.49 -

49 epi-prezizaene 1454 | 0.08+0.17 2.25+2.11
50 epi-zizaene 1456 | 0.21+0.50 8.15+7.06
51 (E)-p-farnesene 1458 | 0.14+0.49 -

52 a-acoradiene 1460 | 0.09+0.26 0.79+2.42
53 zizaene (= khusimene) 1466 | 0.93+2.05 13.95+12.63
54 NI 4 1468 | - 0.95+1.81
55 [-acoradiene 1467 | 0.03+0.13 -
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56 10-epi-p-acoradiene 1480 | 0.07+0.16 0.52+1.05

57 y-curcumene 1483 | 0.01+0.04 0.14+0.26

58 ar-curcumene 1486 | 0.00+0.02 0.08+0.13

59 (E,E)-a-farnesene 1496 | 0.03+0.14 -

60 (Z)-y-bisabolene 1510 | 0.24+0.71 -

61 a-alaskene 1511 | - 1.05+2.64

62 -curcumene 1516 | 0.03+0.13 0.29+0.38

63 -sesquiphellandrene 1529 | 0.03+0.10 0.73+0.88

64 (E)-nerolidol 1569 | - 0.04+0.10

65 zizanone 1679 | - 0.59+1.67
Total 4.83+11.87 65.95+74.45

Table. S6. Primer sequences for OR genes

S. | Name Sequence Start Strand Length | Primer | Amplicon

No Position Tm size

1 | Orco_L1 | GGCTGCGTACTCCTGCCATT 1239 forward | 20 59.92 | 150
Orco _R1 GCTCCGAGAACCGAGGCAAA 1369 reverse | 20 59.85

2 | 0r3C_L1 | TGGAAGACCAGCCAGAGCTT 170 forward | 20 58.1 144
Or3C_R1 | ACCAGCAGGAATCGCACAATG 293 reverse | 21 58.46

3 | Or7C_L1 | ACTTTCATGTGAGCACATTTAACAA 284 forward | 25 5458 | 182
Or7C_R1 | AACACTTGAACATAGTACAAGCATAC | 440 reverse | 26 54.28
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4 | 0r8_11 TGGCTTCGCTATTTGTGTGAGCA 804 forward | 23 59.83 | 144
Or8_R1 TGTAAGGTCACTTCGTTGCCGAAA 924 reverse | 24 59.49

5 Orl2_11 CGTTTGTCTTTGTAGCGTTGG 45 forward | 21 60.7 155
Or12 11 CATCAATGTCGCCCCAATA 205 reverse | 19 60.7

6 | Orl7F_L1 | TTGGCAGTGTTACTATTCTGAACAAGA | 24 forward | 27 57.04 | 112
Orl7F_R1 | AGCAGTAATAGTACCTTGTGCTAAACC | 109 reverse | 27 57.21

7 | 0r32_L1 | ACGCACTCACTTTCGGCTTGT 230 forward | 21 60 138
Or32_R1 | ACTTGGCTGCGATACTGCGT 348 reverse | 20 59.57

8 Ord0F_L1 | TCGTGCACGCATTCATTTGCT 110 forward | 21 59.01 138
Or40F_R1 | TGAGCTCAGACATTCGCTCCA 227 reverse | 21 58.37

9 | 0rd41_L1 | TCGGTCGCACTGAACCTCAC 409 forward | 20 59.51 | 130
Or41 R1 TGGACCAATGGACGGCTCCT 519 reverse | 20 60.35

10 | Ord6_L1 | ATGCGAGCCCATGCCAAGAT 361 forward | 20 59.63 | 128
Ord6_R1 | GGTCCCAATTGACGCTCGCT 469 reverse | 20 60.2

11 | Or52_L1 | TCGACTTTGCTAGCAGGATTGATAGT | 400 forward | 26 58.31 | 121
Or52_R1 | ACGTTGACCAGTACGTTGCATGT 498 reverse | 23 59.77

12 | Or57_L1 TGTGTGCTTCGCTGGATTTCA 816 forward | 21 57.71 159
Or57 R1 ACGTGGCTTGCAATGTCTTCA 954 reverse | 21 57.98

13 | Or60C_L1 | TCGTCTATATATTCGGTGGAATGGTT | 460 forward | 26 56.02 | 180
Or60C_R1 | ACCTATAAGTATCATTGCCAAAGACCA | 613 reverse | 27 56.45

14 | Or62_L1 | ATCGGCATCGGTTAGAAGAA 699 forward | 20 59.67 | 127
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Or62 R1 | TTCTGGTTGGTGATTGATGC 825 reverse | 20 59.5
15 | Or64C_L1 | TTACGCAAGTGAAGGGGTGT 510 forward | 20 60 187
Or64C_R1 | TTCTGGTTGGTGATTGATGC 696 reverse | 20 59
16 | Or66 L1 | ATGGTAGGCAATCACCGTTC 464 forward | 20 59 142
0Or66_R2 CGTAATGCGTTCACCTTTGA 605 reverse | 20 59
17 | ActinB_L1 | TCCAAGCAGGAGTACGACGAGT 231 forward | 22 59.81 | 123
ActinB_R2 | GCTGCGTCCGTCTGGTCTTT 334 reverse | 20 60.13
Table S7. Statistical analysis of gPCR analysis of Cfus ORs
S.No. | Tissue.OR t.value df p.value Ci
1 Antennae Or8 2.936263782 | 7.536281753 | 0.020094997 | 0.515800628
2 Antennae - 7.979369325 | 0.799852482 | -
Orl7F 0.262141839 1.548517024
3 Antennae Or62 | - 5.516060008 | 0.052403039 | -
2.463655031 9.545712287
4 Abdomen Or32 | 4.256625878 | 4.862871734 | 0.008552016 | 1.988323515
5 Abdomen Or52 | - 6.061498041 | 0.001714609 | -
5.334500758 5.410499235
6 Abdomen 1.048156743 | 5.495509708 | 0.338459597 | -
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Ore4C 1.573352984
7 Head Or7C 6.198296123 | 5.63145322 | 0.001032104 | 1.921208019
8 Head Or66 0.851910286 | 7.693376814 | 0.419990046 | -
2.854401539
9 Legs Or32 3.889037215 | 7.496063338 | 0.005236058 | 0.583257426
10 Legs Or40F . 4.427533078 | 0.995269025 | -
0.006271035 5.983315411
11 Thorax Or32 3.962965567 | 5.125021903 | 0.010195157 | 1.192154172
12 Thorax Or52 - 7.853484152 | 0.028673697 | -
2.673543157 4.122393316
13 Wings Orl7F 2.492512289 | 5.372349683 | 0.051643369 | -
0.015914636
14 Wings Or46 - 6.074505048 | 0.012229063 | -
3.522524439 3.913261564
15 Wings Or60C 3.030817998 | 7.93497619 | 0.016445407 | 0.713231669
16 Ovipositor Or3c | 8.935890391 | 7.821167467 | 2.25E-05 3.789005443
17 Ovipositor 10.17491556 | 5.90223613 | 5.82E-05 4.021812919
Or40F
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18 Ovipositor - 5.997559156 | 0.000135208 | -

Or64c 8.611515876 3.335637244
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