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Abstract

:

Simple Summary


Tephritidae fruit flies sense odorants mainly through antennal olfactory sensilla with nanopores. Therefore, theoretically, the development of nanopore-targeted pest control technologies is an important direction in the future. Here, we report naturally occurring abnormal antennal trichoid and basiconic olfactory sensilla phenotypes consisting of abnormal bulges and reduced nanopore numbers in a long-term laboratory rearing colony of the guava fruit fly Bactrocera correcta, and further find that the reduction of nanopore numbers in these sensilla led to an olfactory deficit. Our findings provide a basis for developing nanopore-targeted pest control technologies in the future.




Abstract


The guava fruit fly, Bactrocera correcta, is one of the most destructive pests in the genus Bactrocera and detects environmental odorants mainly through antennal olfactory sensilla phenotypes with nanopores. However, it is unclear whether there are naturally occurring abnormal antennal olfactory sensilla phenotypes that affect olfaction. Here, we found that there were abnormal bulges besides nanopores on the surface of trichoid and basiconic olfactory sensilla in the antennal flagellum of long-term laboratory rearing colony (LTC), and that nanopore number in these olfactory sensilla was also remarkably reduced. Notably, the electroantennogram (EAG) responses of LTC insects to methyl eugenol or β-caryophyllene were inhibited, and their behavioral responses elicited by the same odorants were also impaired. These results revealed naturally occurring abnormal antennal olfactory sensilla phenotypes which were involved in olfactory deficit in B. correcta, providing a platform to further study nanopore-targeted pest control technologies in the future.
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1. Introduction


The guava fruit fly, Bactrocera correcta (Bezzi) (Diptera: Tephritidae), is one of the most destructive pests in the genus Bactrocera [1,2], which is known to infest over 70 species of fruits and vegetables in 35 plant families [3,4,5]. The pest occurs throughout South and Southeast Asia including Nepal, Pakistan, Sri Lanka, India and Thailand [1,3,6], and is now invasively spreading to Burma, Vietnam and China [1,7]. Thus, it is considered to be highly invasive and listed as a quarantine pest species by countries [7].



It is well-known that normal insect olfactory sensilla phenotypes have numerous nanopores distributing on their surfaces [8,9]. Insects such as Tephritidae fruit flies sense volatile odorants originating from food sources and oviposition sites through nanopores in the cuticle wall of the olfactory sensilla [9,10,11,12,13]. Odorant molecules diffuse into the lumen of cuticular sensilla through nanopores and then bind to olfactory receptors expressed on olfactory sensory neurons [10,14]. Olfactory sensilla with numerous nanopores are vital for insect olfactory perception. Therefore, theoretically, regulation of olfactory sensilla phenotypes is an important potential direction for the development of pest control technologies in the future. However, discovering naturally occurring abnormal phenotypes in Tephritidae fruit flies is required for the study.



Existing studies from Tephritidae fruit flies focus on ultrastructure and morphology of antennal sensilla and olfactory receptors [13,15,16,17,18,19]. Although a 1994 report of the oriental fruit fly Bactrocera dorsalis (described as “Dacus dorsalis”) simply described an abnormal antennal trichoid olfactory sensilla phenotype consisting of bulges (described as “nobules”, probably “nodules”) and unclear nanopores, no explanation was provided [15]. Furthermore, whether and how these structural changes affected olfaction function were unclear [15].



In the present study, using advanced high-resolution field emission scanning electron microscopy, we reported abnormal antennal olfactory sensilla phenotypes and their features in a long-term laboratory rearing colony (LTC) of the guava fruit fly. We further examined whether and how the abnormal antennal olfactory sensilla phenotypes affected electroantennogram (EAG) responses and olfactory behavior.




2. Materials and Methods


2.1. Insects


Bactrocera correcta larvae were originally collected from fallen mango fruits in Yuanjiang County, Yunnan Province, China. Emerged adult flies were reared in cages under laboratory conditions with 25 ± 1 °C, 50–70% relative humidity and a L12:D12 photoperiod, fed with a mixture of sugar and yeast (3:1) and supplied water using soaked cotton wool. Guava fruits were provided for female oviposition and larval development. The long-term laboratory rearing colony (LTC) was the 20th to 24th generations from the wild collections. The short-term laboratory rearing colony was the second to fourth generations from the wild collections, and referred to as a wild colony (WC). Before the experiments, whether the main structures (e.g., wings and antennae) on the head, thorax and abdomen of the adult guava fruit fly were intact was grossly examined using a SZX16 stereoscopic microscope (Olympus, Tokyo, Japan). To examine whether abnormal antennal olfactory sensilla phenotypes affected olfactory behavior in a Y-tube olfactometer assay, specific and potent insect lures were needed. So far, only male lures of B. correcta have been found [20,21]. Thus, the male flies during 10–15 days after eclosion were used.




2.2. Chemicals


All chemicals were purchased from Sigma-Aldrich Chemicals (St. Louis, MO, USA). Pure preparation of methyl eugenol (≥99.8% purity) and β-caryophyllene (≥98% purity) were respectively diluted with paraffin oil to 1 μg/μL for electrophysiological and behavioral experiments.




2.3. Scanning Electron Microscopy


To eliminate nanoparticle dirt covering the surface of individual sensillum, the sample preparation protocol was optimized based on previous methods [13,22]. The isolated male antenna was individually placed in a solution of hexane and sonicated three times for 5 min each to remove surface wax and other dirty particles. The antenna was fixed in 2% glutaraldehyde for 2 h and then washed three times for 5 min each in a 0.1 M phosphate buffer. An antenna was dehydrated in 70, 80, 90 and 100% ethanol for 5 min each. Afterward, a sample was air dried for 5 min at room temperature and mounted on a specimen stub with sticky tapes. The sample was coated with gold film using a sputtering device (Hitachi E-1010, Tokyo, Japan) for 5 min. An advanced low-voltage field emission scanning electron microscope (FESEM, Nova NanoSEM 450, 10 kV, FEI Company, Brno, Czech) was used to obtain high-resolution imaging of an antenna. Sixteen insects from WC or LTC were respectively used to observe the morphological difference of right antennae between WC and LTC groups. Among them, six antennae from each group were used to further examine the differences in number and ultrastructure of olfactory sensilla between WC and LTC groups. The external and medial surfaces of the antennal flagellum were selected as sampling areas of olfactory sensilla. The flagellum length and width, sensillum types and the length and middle width and nanopore diameter of each type of olfactory sensillum were obtained. The number of each type of olfactory sensillum in the flagellum, and the number of nanopores on the visible surface area of each type of olfactory sensillum were calculated.




2.4. Electrophysiological Recordings


A custom electroantennogram (EAG) system was used to examine the responses of antennal sensory neurons to odorants [23]. Each antenna preparation with the tip cut open was mounted between the glass reference electrode and the glass recording electrode containing insect Ringer’s solution [24]. A purified and humidified air flow (speed 15 mL/s) was constantly blown over the antenna via a glass tube placed approximately 1 cm from the antenna. The tip of a Pasteur pipette containing a piece of filter paper (0.5 cm × 2 cm, Whatman qualitative, grade #1) loaded with 1 μL of liquid sample was inserted into a small hole in the glass tube. Odor stimulus was administered by injecting a puff of purified air (1 s at 5 mL/s airflow) at intervals of 30 s through the pipette using the stimulus delivery controller. One antenna from each individual was tested in turn by paraffin oil and odorant stimulus. Signals were amplified by a custom-made high sensitivity amplifier (Syntech, Buchenbach, Germany) and output into a HP34465A digital multimeter (Keysight, Penang, Malaysia) controlled by BenchVue software (Keysight, Penang, Malaysia). The resulting field potential EAG amplitude was computed as the difference between the EAG value of paraffin oil control and the EAG value of a stimulant. Since methyl eugenol and β-caryophyllene had been demonstrated to be specific and potent lures for males of B. correcta [20,21], these two odorants were chosen in electrophysiological and behavioral experiments. Fifteen insects from WC or LTC were respectively used for EAG experiments with each odorant.




2.5. Behavioral Bioassay


The behavioral responses to the two odorants were performed using a glass Y-tube olfactometer (internal diameter 2 cm, main stem 13 cm long, two arms each 13 cm long) previously described [25,26]. A piece of filter paper (0.5 cm × 2 cm) loaded with 5 μL of an odorant was placed at the end of one arm of the Y-tube. Another piece of filter paper of the same size, loaded with 5 μL of paraffin oil solvent, was placed to the end of the control arm. The speed of the purified and humidified inflow was 100 mL/min. To avoid bias, placement of the stimulant and the control was alternated between two arms for each run, and six replications were made for each odorant. In each replication, 20 healthy adults, which were starved for 12 h, were released at the main stem of the Y-tube and their distribution between two arms was recorded after 3 min. To avoid cross-contamination, a clean Y-tube was used for each odorant. The response rate was characterized as follows: total response rate = (T + C)/SUM [27] and right response rate = T/SUM, where T represents the number of flies in the treatment tube, C indicates the number of flies in the control tube and SUM is the number of flies tested.




2.6. Statistical Analysis


All data were presented as means ± standard error of the mean (S.E.M.). A threshold level of statistical significance was set at p < 0.05. An independent sample t-test was used to analyze the difference in antennal flagellum size, sensillum size, sensillum number, pore number, total response rate, right response rate and EAG amplitude (mv) to one odor between WC and LTC groups. One-way analysis of variance (ANOVA) followed by a Fisher test was used to analyze the difference in morphological characteristics of the antennal olfactory sensilla within LTC or WC groups.





3. Results


3.1. Antennal Sensilla of LTC and WC


Each antenna from the LTC and WC groups of B. correcta consisted of three segments (Figure 1A,B): scape, pedicel and an elongated flagellum. The flagellum had a long arista arising from the dorsoproximate region and a sensory pit located on the externo-lateral surface. The scape and the pedicel had dense microtrichia. There were rows of chaetic sensilla at the distal margin of these two segments and on the evagination of the pedicel at the flagellum. The flagellum was covered by dense, curved microtrichia (Figure 1A–D). There was no significant difference in the flagellum size (length: t = 1.156, df = 30, p = 0.256; width: t = 0.221, df = 30, p = 0.826, n = 16 antennae for each group, Figure 2A) between the LTC and WC groups. Our observation showed that LTC and WC had similar antennal morphology.



Based on FESEM images of olfactory sensilla (Figure 1E–P) and morphological data (Table 1), five morphological types of olfactory sensilla, grooved (Gr), trichoid Ⅰ (Tr Ⅰ), trichoid Ⅱ (Tr Ⅱ), basiconic Ⅰ (Ba Ⅰ) and basiconic Ⅱ (Ba Ⅱ) sensilla, were identified. These five types of olfactory sensilla were distributed on the flagellum of the LTC and WC groups. Moreover, as shown in Table 1, there was no significant difference in the size of grooved, trichoid Ⅰ, trichoid Ⅱ, basiconic Ⅰ or basiconic Ⅱ sensilla between the LTC and WC groups (Gr: length, t = 0.382, df = 38, p = 0.704; middle width, t = 0.061, df = 38, p = 0.952. Tr Ⅰ: length, t = 1.032, df = 38, p = 0.308; middle width, t = 0, df = 38, p = 1. Tr Ⅱ: length, t = 0.139, df = 38, p = 0.890; middle width, t = 0.206, df = 38, p = 0.838. Ba Ⅰ: length, t = 0.286, df = 38, p = 0.776; middle width, t = 0.236, df = 38, p = 0.815. Ba Ⅱ: length, t = 0.678, df = 38, p = 0.502; middle width, t = 0.165, df = 38, p = 0.870. n = 20 for each type of sensilla). There was no significant difference in the number of grooved, trichoid type (Ⅰ, Ⅱ), basiconic (Ⅰ, Ⅱ) olfactory sensilla between the LTC and WC groups (Gr: t = 0.365, df = 10, p = 0.722; Tr Ⅰ: t = 0.257, df = 10, p = 0.802; Tr Ⅱ: t = 1.023, df = 10, p = 0.330; Ba Ⅰ: t = 0.779, df = 10, p = 0.454; Ba Ⅱ: t = 1.175, df = 10, p = 0.267; n = 6 antennae for each group, Figure 2B). These results suggested that the LTC and WC groups had similar characteristics in these aspects.



Nanopores were found on the surface of trichoid (Ⅰ, Ⅱ) and basiconic (Ⅰ, Ⅱ) sensilla from the WC group (Figure 1G,H,K,M,O). However, a number of bulges besides nanopores appeared on the surface of these types of sensilla from the LTC group (Figure 1I,J,L,N,P). Similar bulges were also found on the antennal surface in LTC (Figure 1F,I,J,L,N,P). In addition, different collapse-like bulges appeared on the surface of basiconic sensilla (Figure S1). Moreover, there was significant difference in nanopore number of trichoid (Ⅰ, Ⅱ) and basiconic sensilla (Ⅰ, Ⅱ) between the LTC and WC groups (Tr Ⅰ: t = 6.103, df = 38, p < 0.001; Tr Ⅱ: t = 5.212, df = 38, p < 0.001; Ba Ⅰ: t = 7.788, df = 38, p < 0.001; Ba Ⅱ: t = 4.703, df = 38, p < 0.001, n = 20 for each type of sensilla, Figure 2C). These results revealed that LTC had abnormal antennal olfactory sensilla phenotypes consisting of bulges and reduced nanopore number.




3.2. The Abnormal Antennal Olfactory Sensilla Phenotypes Inhibited Antenna Function


We examined whether and how the abnormal antennal olfactory sensilla phenotypes affected antennal electrophysiological responses. There was significant difference in EAG amplitude between the LTC and WC groups when the antennal flagellum was respectively exposed to methyl eugenol (t = 6.353, df = 28, p < 0.001, n = 15 insects for each group, Figure 3A,B) or β-caryophyllene (t = 7.335, df = 28, p < 0.001, n = 15 insects for each group, Figure 3C,D). These results suggested that the abnormal antennal olfactory sensilla phenotypes inhibited the antenna function of the guava fruit fly.




3.3. The Abnormal Antennal Olfactory Sensilla Phenotypes Impaired Olfactory Behavior


To further determine whether and how the abnormal olfactory sensilla phenotypes affected olfactory behavior, we examined whether methyl eugenol or β-caryophyllene at a concentration of 1 µg/µL could still attract males of B. correcta using a Y-tube olfactometer. Compared with the WC group, the LTC group had a lower response rate to methyl eugenol (t = 7.758, df = 10, p < 0.001, n = 6 replications for each group, Figure 4A) or β-caryophyllene (t = 8.771, df = 10, p < 0.001, n = 6 replications for each group, Figure 4B). Furthermore, the LTC group had a lower right response rate to methyl eugenol (t = 13.416, df = 10, p < 0.001, n = 6 replications for each group, Figure 4C) or β-caryophyllene (t = 10.207, df = 10, p < 0.001, n = 6 replications for each group, Figure 4D). These results suggested that the abnormal antennal olfactory sensilla phenotypes led to an olfactory deficit of the guava fruit fly.





4. Discussion


The major findings of our study are that there are naturally occurring abnormal antennal trichoid (Ⅰ, Ⅱ) and basiconic (Ⅰ, Ⅱ) olfactory sensilla phenotypes with abnormal bulges and reduced nanopore number in a long-term laboratory rearing colony of B. correcta. Furthermore, the abnormal olfactory sensilla phenotypes are involved in decreased EAG responses and impaired olfaction.



In the present study, FESEM images in LTC of B. correcta clearly showed that there were bulges in the wall of the cuticular hair of antennal trichoid Ⅰ, trichoid Ⅱ, basiconic Ⅰ and basiconic Ⅱ olfactory sensilla. The present results in trichoid Ⅰ sensilla are similar to those from a 1994 report on B. dorsalis [15]. However, our results were inconsistent with those from numerous studies [8,9,13]. Furthermore, we have found decreased nanopore numbers on these olfactory sensilla in LTC. This is the first report on naturally occurring abnormal antennal olfactory sensilla phenotypes with bulges and reduced nanopore numbers.



It is well-known that the surface of insect olfactory sensilla has only nanopores [8,9,10,14]. The presence of cuticular bulges on the surface of olfactory sensilla in LTC of B. correcta requires explanations. Due to a lack of development evidence during the pupal stage, it is difficult for us to clearly explain how the bulges form and what the relationship between bulges and nanopores is. Four possibilities may be advanced. The first possibility is that concave nanopores may have everted from inward to outward during the pupal stage and the bulges formed. The second possibility is that the auxiliary cell of the sensillum may secrete a substance through nanopores, and then the bulges form. The third possibility is that the formation of bulges and nanopores may be respectively independent. The fourth possibility is that bulge formation may be related to nanopore formation. It is believed that insect cuticles including walls of insect olfactory sensilla are organized in a layered structure consisting of an envelope, epicuticle and chitin-rich procuticle, which are secreted by epidermal cells in a stepwise manner during the pupal stage [12,28,29,30,31]. A study from Drosophila melanogaster (Meigen) (Diptera: Drosophilidae) further shows that cuticular nanopores originate from a curved thin film that is formed in the outermost envelope of the cuticle and secreted from specialized protrusions in the plasma membrane of epidermal cells (often described as trichogen cells) [12]. Here, in our study, different collapse-like cuticular bulges appear on the sensilla surface during the adult stage (Figure S1). The collapse-like feature seems to be similar to the curvature of the envelope fragments during the pupal stage of D. melanogaster [12]. The cuticular bulges may be first secreted by trichogen cells during the pupal stage and then nanopores originate from the collapse of the bulges. The collapse-like processes of some bulges may be interrupted during the pupal stage for some unknown reasons. Different collapse-like bulges and pits (nanopores) will coexist on the olfactory sensilla. Anyway, the formation of the two structures and their relationship remain elusive. Further studies will be needed to verify which is the case using transmission electron microscopy (TEM). Interestingly, similar bulges also appear on the surface of antennal cuticle in LTC. To our knowledge, no studies report them. Due to no information being available, we cannot explain how the bulges on the antennal surface are formed by epidermal cells, and whether the formation of the antennal bulges and the sensilla bulges is different. The formation of the structure needs be examined using TEM in the future.



Osiris gene families found in a number of insect genomes are highly conserved among insects [32,33,34]. Furthermore, Osiris genes are expressed mainly in cuticle-secreting epidermal cells at cuticle-secretion stages [12,34]. Previous studies have shown that the Osiris 23 gene, also known as gore-tex, may drive the formation of the porous structures of insects [12,35]. The function of the gore-tex gene is required to introduce curvature into the newly formed envelope fragments prior to nanopore formation [12]. Gore-tex protein mainly localizing to the endosomes of trichogen cells of olfactory sensilla may help to pattern the endocytosis of the olfactory trichogen cell membrane and the curvature of the envelope fragments [12]. Thus, we speculate that the mutation of Osiris gene families in LTC of B. correcta may be vital for the occurrence of abnormal olfactory sensillum phenotypes and may affect the endocytosis of the olfactory trichogen cell membrane. It will be required to examine the mutation in Osiris gene families of LTC using sequencing technologies and to study related gene functions using the CRISPR/Cas9 system in the future.



A recent study of D. melanogaster has demonstrated that the sensory function of olfactory sensilla in maxillary palps is lost without nanopores [12], suggesting that external odorant molecules diffuse into the lumen of olfactory sensilla through nanopores. Here, in our study, reduction of nanopore numbers in LTC of B. correcta will reduce the number of odorant molecules diffusing into sensillum lumen and decrease the activation of olfactory receptors on neurons, which lead to the decreased EAG responses and olfactory deficit in LTC. These results suggest that we can control olfactory behaviors of the guava fruit fly by regulating nanopore numbers.



In summary, our results first reported abnormal antennal olfactory sensillum phenotypes in a long-term laboratory rearing colony of B. correcta, and further revealed that the reduction in nanopore numbers of olfactory sensilla impaired olfaction. These results will provide a platform to further study bulge and nanopore formation and nanopore-targeted pest control technologies of Tephritidae fruit flies.
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Figure 1. Scanning electron microscopy of the right antenna of males of Bactrocera correcta. (A) Lateral view of a WC antenna, and (B) that of a LTC antenna, showing three segments: scape (s), pedicel (p), flagellum (f), chaetic sensilla (Ch, red long arrow), microtrichia (mt, blue long arrow) and sensory pit (sp, white long arrow). (C) A magnified image of a part (yellow dotted box) of the WC antenna and (D) that of the LTC antenna, showing arista (a), chaetic sensilla (Ch, red arrowhead) and microtrichia (mt, blue arrowhead). (E) A representative image of WC grooved sensilla, showing smooth surface with longitudinal slits (blue arrow). (F) A representative image of LTC grooved sensilla, showing smooth surface with longitudinal slits (blue arrow). Bulges (red arrow) appeared on the antennal surface. (G,H) Representative images of WC trichoid Ⅰ sensilla, showing smooth surface with nanopores (yellow arrow). (I,J) Representative images of LTC trichoid Ⅰ sensilla, showing rough surface with bulges (white arrow) and nanopores (yellow arrow). Similar bulges (red arrow) also appeared on the antennal surface. (K) A representative image of WC trichoid Ⅱ sensilla, and (L) that of LTC trichoid Ⅱ sensilla. (M) A representative image of WC basiconic Ⅰ sensilla, and (N) that of LTC basiconic Ⅰ sensilla. (O) A representative image of WC basiconic Ⅱ, and (P) that of LTC basiconic Ⅱ sensilla. D, dorsal side; V, ventral side. 
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Figure 2. Comparations of flagellum size, sensilla number and nanopore number between WC and LTC groups. (A) The size of the antennal flagellum in WC and LTC groups. See Table S1 for detailed data. (B) The number of five morphological types of antennal olfactory sensilla in the WC and LTC groups. See Table S2 for detailed data. (C) Nanopore number of four morphological types of olfactory sensilla in the WC and LTC groups. See Table S3 for detailed data. *** p < 0.001. 
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Figure 3. Inhibited EAG responses to methyl eugenol or β-caryophyllene in LTC. (A) Representative EAG responses of WC and LTC groups to methyl eugenol. (B) Reduced EAG amplitude to methyl eugenol in LTC. (C) Representative EAG responses of the WC and LTC groups to β-caryophyllene. (D) Reduced EAG amplitude to β-caryophyllene in LTC. See Table S4 for detailed data. *** p < 0.001. 
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Figure 4. Impaired behavioral responses to methyl eugenol or β-caryophyllene in LTC. (A) Reduced total response rate to methyl eugenol in the LTC group. (B) Reduced total response rate to β-caryophyllene in the LTC group. (C) Reduced right response rate to methyl eugenol in the LTC group. (D) Reduced right response rate to methyl eugenol in the LTC group. See Table S5 for detailed data. *** p < 0.001. 
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Table 1. Morphological characteristics of the antennal olfactory sensilla in the wild colony (WC) and long-term laboratory rearing colony (LTC) of Bactrocera correcta.
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Olfactory Sensilla

	
WC

	
LTC




	
Length (μm)

	
Middle Width (μm)

	
Wall Nanopore

	
Nanopore Diameter (nm)

	
Length (μm)

	
Middle Width (μm)

	
Wall Bulge

	
Wall Nanopore

	
Nanopore Diameter (nm)






	
Grooved

	
3.23 ± 0.07 e

	
0.50 ± 0.01 e

	
–

	
–

	
3.26 ± 0.06 e

	
0.50 ± 0.01 e

	
–

	
–

	
–




	
Trichoid Ⅰ

	
20.41 ± 0.22 a

	
1.19 ± 0.08 b

	
+

	
22.8 ± 0.3 b

	
20.70 ± 0.18 a

	
1.19 ± 0.01 b

	
+

	
+

	
22.6 ± 0.3 b




	
Trichoid Ⅱ

	
12.06 ± 0.15 b

	
1.01 ± 0.01 d

	
+

	
23.3 ± 0.2 b

	
12.09 ± 0.10 b

	
1.01 ± 0.01 d

	
+

	
+

	
23.3 ± 0.2 b




	
Basiconica Ⅰ

	
10.80 ± 0.22 c

	
1.31 ± 0.01 a

	
+

	
43.7 ± 0.2 a

	
10.87 ± 0.15 c

	
1.31 ± 0.01 a

	
+

	
+

	
43.9 ± 0.3 a




	
Basiconica Ⅱ

	
7.72 ± 0.19 d

	
1.09 ± 0.01 c

	
+

	
43.5 ± 0.1 a

	
7.87 ± 0.09 d

	
1.09 ± 0.01 c

	
+

	
+

	
43.7 ± 0.2 a








Values represent means ± standard error, values followed by the different letters on the same column are significantly different (p < 0.05). The symbols “–” indicated that nanopores or bulges were not present. The symbols “+” indicated that nanopores or bulges were present. Twenty sensilla of each type of sensilla were measured.
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