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Abstract

:

The invasive pest, Spodoptera frugiperda, commonly known as the fall armyworm (FAW), is a serious threat to food security in multiple countries worldwide. Insects’ antennal sensilla play a crucial role in perceiving plant odors and communication between male and female insects. This study aimed to examine the antennal morphology and sensilla variations on the antennae of FAW larvae and adults through scanning electron microscope analysis. The results revealed that third and fifth instar larval antennae possessed smell pores, sensilla pegs, and five types of antennal sensilla, namely sensilla trichodea, sensilla basiconica, sensilla chaetica, sensilla campaniform, and sensilla styloconicum, and the smell pores were first observed in Lepidoptera larvae. Furthermore, the size of sensilla in fifth instar larvae was significantly greater than those in third instar. On the adult antennae, there were smell pores and 12 types of sensilla identified: sensilla trichodea, sensilla basicaonica, sensilla auricillica, sensilla cavity, sensilla placodea, sensilla ligulate, Böhm’s bristles, sensilla chaetica, sensilla squamous, sensilla coeloconica, sensilla styloconicum, and sensilla uniporous peg. Notably, the sensilla cavity, sensilla placodea, sensilla ligulate, sensilla uniporous peg, and smell pores were first discovered in FAW adults. Compared with larvae, FAW adults have more types and amounts of sensilla. Additionally, we also discussed the possible functions of these antennal sensilla. This study provides valuable information for a comprehensive understanding of the type and function of antennal sensilla in FAW and assists in the development of novel pest control strategies, such as pest behavior control technology, for the prevention of this invasive pest.
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1. Introduction


The fall armyworm (FAW), Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae), is a migratory pest with strong fecundity, high-migration ability, and a wide range of hosts, making it difficult to control [1]. FAW comprises rice- and corn-preferring strains, with the latter favoring corn or sorghum as its host [2]. In January 2019, FAW was first detected in Yunnan Province in China, and has since spread to 27 provinces [3]. It was reported that the invasive FAW strain in China belongs to the corn strain, and adults possibly disperse northward via seasonal monsoons during spring and summer to reach major crop production areas along the Yangtze River Basin, the Yellow River Basin, and northeast China [4]. Moreover, prior studies show that FAW poses significant threats of economic loss to other crops such as cotton, wheat, soybean, cabbage, etc. [5,6]. Due to varying levels of resistance among FAW populations towards different pesticides and genetically modified corn strains, there is an urgent need for studying new sustainable prevention and control technologies against this pest insect [7,8,9].



The role of the olfactory system in insects for host location is widely recognized, with the antenna being the most crucial organ for detecting odors. Insect antennae are equipped with various sensilla that serve important functions in different behaviors such as foraging, courtship, and oviposition [10,11]. Numerous studies describe the antennal sensilla of multiple insect species, including Coleoptera [12,13], Hymenoptera [14], and Hemiptera [15]. However, research on the antennal sensilla of Lepidoptera larvae is limited compared to that of adults. This may be due to the fact that population reproduction is mainly carried out by adults [16,17,18,19,20]. Nevertheless, studying the antennal sensilla of insect larvae is also of great significance for us to understand their feeding behavior and escape from of natural enemies.



As the FAW is an invasive pest, different researchers have reported varying numbers of antennal sensilla types for FAW. Malo et al. [21] identified seven types of sensilla on FAW antennae, while Tian et al. [22] reported eleven types of sensilla on adult FAW antennae. More recently, Gargi et al. [23] found that male and female FAW antennae possess eight types of sensilla. These conflicting results could confound understanding of FAW sensilla and impede subsequent studies on sensilla function. To address this issue, we used optical and scanning electron microscopy to observe the antennal sensilla present in third and fifth instar larvae as well as adults in detail. We discussed the potential roles these sensilla may play in host location and host acceptance behavior. This work provides valuable information for fully understanding the types and functions of antennal sensilla in FAW larvae and adults. It could also aid development of new pest control strategies, such as pest behavior control technology for preventing this invasive pest.




2. Materials and Methods


In July 2019, we collected approximately 10 FAW egg masses from a maize field located in Yangling, Shaanxi Province, China. The egg masses were then incubated at a temperature of 25 °C. We raised around 100 neonate larvae individually in plastic boxes (4 × 3 × 3 cm) containing maize leaves in an artificial climate greenhouse with controlled conditions of 26 ± 1 °C, 60 ± 5% relative humidity, and a photoperiod of 14 L:10 D. We purchased maize seeds (Shaandan 636) from Yangling Nongcheng Seed Supplement Company in Yangling, China and grew them in plastic pots (10 × 15 cm) using a mixture of commercial peat moss (Pindstrup Mosebrug A/S, Ryomgaard, Denmark), perlite, and vermiculite within the same climate room. After the maize seedlings reached an age of 14 days old, we used them to rear FAW larvae.



We collected third instar (L3) and fifth instar (L5) larvae, as well as female and male adult FAW specimens that were within two days old. These specimens were anesthetized by freezing for 5–10 s at −20 °C using a cryogenic refrigerator (BCD-601WDPR, Qingdao Haier Co., Ltd., Qingdao, China). Next, we removed the antennae from their heads under a stereoscope (SZM45, Ningbo Sunny Instruments Co., Ltd., Ningbo, China) and cleaned them in an ultrasonic bath for 30 s. We then immersed the antennae in a fixative containing 2.5% glutaraldehyde (Beijing Leagene Biotechnology Co., Ltd., Beijing, China) for 24 h at 4 °C. After rinsing three times with 0.1 M PBS (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) we dehydrated them over a graded ethanol series of 10%, 30%, 50%, 70%, 80%, 90%, and finally twice with 100% ethanol (20–30 min each). Next, we treated them with tert-butanol (25%, 50%, and 75% for15 min each), followed by twice with 100% tert-butanol (30–40 min each) before freeze-drying the antennae for three hours. Using double-sided adhesive tape, we anchored the treated antennae on the platform dorsally before coating them with gold to observe them under a scanning electron microscope (S-3400N, Hitachi, Japan) with an accelerating voltage of 5–15 KV. We recorded images onto a computer and used SEM particle size statistics software to measure the length and basal width of each sensillum. We also measured the length and basal width of the entire antenna using an optical electron microscope (JT-H3, Shenzhen Jingchengtuoyou Technology Co., Ltd., Shenzhen, China). The antennae and sensillum samples were observed and measured in a frontal view angle to ensure no curling or folding. The length referred to the measurement from base to tip, the height of pegs was measured similarly, and the width referred to the diameter across the outer edges. A total of 15 antennae of larvae or adults were used for measurement. The identification of sensilla was based on available morphological characteristics and scientific reports published [18,21,22,23,24,25,26].



We conducted a t-test to analyze the differences in antennae length or width between female and male adults, as well as the size of antennal sensilla between third and fifth instar larvae of FAW. The experimental data were analyzed using SPSS Statistics 28.0 package (IBM, Endicott, NY, USA).




3. Results


3.1. The Morphological Characteristics of Antennae in Spodoptera frugiperda Larvae


The antennae of L3 and L5 were found to be short and situated in sunken antennal fossae, which consisted of the scape, pedicel, and flagellum (Figure 1). The scape was located at the base of the antenna and had a thick, short shape (Figure 1A) with some scapes being covered by the antennal fossa (Figure 1B). Our analysis revealed that both the scape length (t = 12.609, df = 28, p < 0.0001) and basal diameter (t = 28.888, df = 28, p < 0.0001) of L5 were significantly greater than those of L3 (Table 1). The cylindrical pedicel was connected to the scape (Figure 1A,B), with our results showing that both the pedicel length (t = 27.467, df = 28, p < 0.0001) and basal diameter (t = 14.468, df = 28, p < 0.0001) of L5 were significantly greater than those of L3 (Table 1). Finally, we observed that the shorter flagellum was connected to the pedicel (Figure 1B), with our analysis indicating that the flagellum length of L5 was significantly greater than that of L3 (t = 8.475, df = 28, p < 0.0001) (Table 1).




3.2. The Antennal Sensilla Types and Distribution of Spodoptera frugiperda Larvae


The antennae of FAW larvae were observed to have five distinct types of sensilla, namely sensilla trichodea (with two subtypes), sensilla basiconica (with two subtypes), sensilla styloconicum, sensilla chaetica, and sensilla campaniform. Notably, we found no presence of sensilla on the scape (Figure 2A). Moving further along the antenna structure, the top of pedicel was observed to contain one each of the following: sensilla trichodea I, sensilla trichodea II, sensilla campaniform, sensilla chaetica, and two sensilla basiconica I (Figure 2C). Additionally, our investigation revealed that L3 and L5 had sensilla pegs distributed on their respective pedicels (Figure 2A). Lastly, the flagellum was observed to possess one each of the following: a single sensilla styloconicum, a single sensilla basiconica I and II each, one single sensilla chaetica, as well as at least one smell pore feature (Figure 2B).



3.2.1. Sensilla Trichodea (ST)


The structure of sensilla trichodea was observed to resemble a slender hair. These sensory units were found to be inserted into the antennal socket with their diameter gradually reducing towards the tip, possessing a smooth surface throughout (Figure 2C). We also identified two subtypes of ST: sensilla trichodea I (ST I) and sensilla trichodea II (ST II). Comparing these subtypes, we noted that ST I appeared blunter and more curved than ST II. In terms of length, our measurements revealed that both ST I (t = 29.421, df = 28, p < 0.0001) and ST II (t = 11.915, df = 28, p < 0.0001) units were significantly longer in L5 as compared to L3 (Table 1).




3.2.2. Sensilla Basiconica (SB)


Sensilla basiconica were observed to be positioned on the top surface of the antennae. Its bases were broader, and apices blunter. The SB outer walls exhibited longitudinal lines (Figure 2F) and smell pores (Figure 2B,E). We identified two subtypes of SB, namely sensilla basiconica I (SB I) and sensilla basiconica II (SB II). Our observations revealed that pedicel had two SB I (Figure 2C), whereas the flagellum possessed one SB I and one SB II (Figure 2B). In terms of length comparison, we noted that the length of SB I in L5 was significantly greater than that in L3 (t = 3.976, df = 28, p = 0.0004), while no significant difference was found in length for SB II between L5 and L3 (t = 1.643, df = 28, p = 0.1114) (Table 1).




3.2.3. Sensilla Chaetica (SCh)


Two sensilla chaetica, SCh, were found on the upper surface of the antenna. Unlike SBs, SCh had a thicker base without a basal socket. The tip of SCh was sharper than that of SB II (Figure 2B,D). Our analysis revealed that the length of SCh in L5 was significantly greater than that in L3 (t = 2.859, df = 28, p = 0.0079) (Table 1).




3.2.4. Sensilla Styloconicum (SSt)


The FAW larvae had a single SSt on their antennae, which had a smooth surface. The SSt was thicker at the base and erected on the top surface of the antenna with a sharper and slightly curved tip (Figure 2B,E). Our measurements indicated that both the basal column height (t = 2.062, df = 28, p = 0.0486) and peg height (t = 3.009, df = 28, p = 0.0055) of SSt were significantly longer in L5 than in L3 (Table 1).




3.2.5. Sensilla Campaniform (SCam)


The center of SCam had a mound-like bulge with longitudinal lines on its surface (Figure 2A,F). Our measurements revealed that the diameter of SCam was significantly larger in L5 than in L3 (t = 17.065, df = 28, p < 0.0001) (Table 1).





3.3. General Description of Antennae of FAW Adults


Both male and female adults had thread-like antennae, which consisted of the scape, pedicel, and flagellum (Figure 3A). The scape was short and thick, while the pedicel was thinner and shorter than the scape (Figure 3B). The flagellum, on the other hand, was long and thin, comprised of 69–73 subsegments (Figure 3B,C). Although males had slightly longer antennae than females, this difference was not significant (t = 1.069, df = 28, p = 0.2940) (Table 2). The dorsal surface of the antennae was covered with imbricate scales, while two rows of scales could be observed covering the subsegments of the flagellum (Figure 3C,D).




3.4. The Antennal Sensilla Type and Distribution of Spodoptera frugiperda Adults


The antennae of FAW adults were observed to have smell pores and 12 types of sensilla, including sensilla trichodea, sensilla basicaonica, sensilla auricillica, sensilla cavity, sensilla placodea, sensilla ligulate, Böhm bristles, sensilla chaetica, sensilla squamous, sensilla coeloconica, sensilla styloconicum, and a single type of uniporous peg. The majority of these sensilla were found on the ventral surface of the antenna with only SCh and sensilla squamous present on the dorsal scale (Figure 3D). Furthermore, it was observed that the end of the flagellum had a greater amount of SCh while there was one specialized SSt present at the tip (Figure 3E,F).



3.4.1. Böhm’s Bristles (BB)


Böhm’s bristles occurred bilaterally on the scape and pedicel base (Figure 4A). These BBs had a spiny texture with a smooth, non-porous surface, and a thicker base that tapered towards the tip. Two subtypes of BB were distinguished based on their length and basal socket: BB I and BB II (Figure 4B). In females, the long and thick BB I inserted slightly above the antennal cuticle had significantly greater length compared to male adults (t = −2.762, df = 28, p < 0.0001). No significant difference in basal diameter was observed between female and male adults (t = −1.611, df = 28, p = 0.1183). Numerous BB II clustered around BB I, comprising short and thin bristles without a socket at the base. There was no significant difference in length of BB II between female and male adults (t = 0.076, df = 28, p = 0.9399) (Table 3).




3.4.2. Sensilla Trichodea (ST)


The morphological characteristics of sensilla trichodea of adults were similar to those of larvae, but ST of adults had spiral lines and shallow pores on the surface (Figure 4C–E). No significant difference was observed in either length (t = −0.399, df = 28, p = 0.6931) or basal diameter (t = −1.576, df = 28, p = 0.1262) of ST between female and male adults (Table 3).




3.4.3. Sensilla Basiconica (SB)


The morphological characteristics of sensilla basiconica of adults were similar to those of larvae (Figure 4F). No significant difference in length was observed between female and male adults for SB (t = −0.503, df = 28, p = 0.619). However, the diameter of the circular socket in males was significantly larger than that of females (t = 2.643, df = 28, p = 0.0133) (Table 3).




3.4.4. Sensilla Chaetica (SCh)


The SCh was characterized by a straight shape with a spine-like tip, longitudinal lines on the surface, and a socket at the base. Both males and females had six evenly distributed SCh surrounding each flagellum subsegment (Figure 4H and Figure 5A), with the end subsegment of the flagellum having twelve SCh (possibly due to two fused subsegments) (Figure 3E). The angle between SCh and the antennal surface was greater than that of other sensilla (Figure 4G). Males had significantly longer SCh compared to females (t = −4.103, df = 28, p < 0.0003) (Table 3).




3.4.5. Sensilla Coeloconica (SCo)


The SCo had a daisy-like shape, and each subsegment of the flagellum contained 2–6 SCo (Figure 5A). It was a shallow circular cavity created by the antennal surface’s inward depression. The center of the cavity featured a vertical sensory cone with a blunt round tip that protruded out of the epidermal depression. Around the cavity, there were 11–13 petal-shaped marginal pegs that formed a semilunar shape by bending toward the central pegs. Both marginal pegs and sensory cones had longitudinal lines on their surfaces (Figure 4I). There was no significant difference in the sensilla cavity diameters between females and males (t = −0.817, df = 28, p = 0.4208) (Table 3).




3.4.6. Sensilla Styloconicum (SSt)


Sensilla styloconicum, also known as the cylinder sensilla, were distributed on the edge of the end subsegment of the flagellum, extending from the former to the latter (Figure 5A). The tip of the end subsegment had a single SSt (Figure 3E,F), which resembled a thumb in shape. The base was cylindrical and featured raised pleated mesh-like structures, while the tip was thick with a small cavity at the top and one to three small papillary bulges within it. A constriction existed on the middle surface of SSt (Figure 5B,C). Males had significantly larger sensilla heights than females (t = −4.619, df = 28, p < 0.0001) (Table 3).




3.4.7. Sensilla Cavity (SCa)


The distribution of Sensilla cavity on the flagellum was less frequent, and its surface was sunken to create a cavity. The base of SCa was mound-shaped, and the middle surface had lines (Figure 5D). There was no significant difference in sensilla diameter between females and males (t = −0.188, df = 28, p = 0.8522) (Table 3).




3.4.8. Sensilla Squamous (SSq)


Sensilla squamous was present throughout the antennae, resembling scales but thinner and longer with a socket at the base (Figure 5E). The surface of SSq had five to seven parallel longitudinal ridges, with evenly distributed discontinuities on each ridge. The length (t = −1.417, df = 28, p = 0.1675) and basal diameter (t = 1.388, df = 28, p = 0.1760) of SSq did not significantly differ between females and males (Table 3). Additionally, smell pores were distributed around the SSq (Figure 5E).




3.4.9. Sensilla Auricillica (SA)


Sensilla auricillica was found dispersed throughout the middle and posterior subsegments of the flagellum, near the inner scale site, with an average of 1–2 SA per subsegment (Figure 5A). The shape of SA resembled an outward curling scale with a base inserted in a socket-shaped nest and an end shaped like a bell mouth (Figure 5F). There was no significant difference in sensilla length between females and males (t = −1.840, df = 28, p = 0.0763) (Table 3).




3.4.10. Sensilla Ligulate (SL)


Sensilla ligulate were found on the ventral surface of the antennae, curving towards the antenna surface (Figure 5G). The SL had small pores and grooves on their surfaces. The SL were embedded in a socket, tapering apically to a blunt end. Females had significantly larger sensilla length than males (t = 2.319, df = 28, p = 0.0279), while there was no significant difference in basal diameters between females and males (t = 1.495, df = 28, p = 0.1461) (Table 3).




3.4.11. Sensilla Uniporous Peg (SU)


The sensilla uniporous peg was found exclusively on the subsegments of the female flagellum, with two to six SU present on each subsegment. These papillate SU were embedded in deep sockets and had an enlarged base with a small hole at the end, along with longitudinal notches surrounding the hole (Figure 5H). This smallest type of sensilla in FAW is listed as the SU peg in Table 3.




3.4.12. Sensilla Placodea (SPl)


Sensilla placodea was situated within sensilla fossae, which was an elongated oval shape with longitudinal lines and small holes. The width of SPl remained consistent from base to end, ending in a blunt round tip (Figure 5I). The length (t = −1.948, df = 28, p = 0.0615), basal diameter (t = 0.503, df = 28, p = 0.6186), and width (t = −1.226, df = 28, p = 0.2304) of SPl showed no significant differences between males and females (Table 3).






4. Discussion


Antennal sensilla play a crucial role in insect behavior and perception of environmental changes [27]. In comparison to previous studies by Malo et al. [21], Tian et al. [22], and Gargi et al. [23], our study revealed that FAW larvae possess sensilla pegs, smell pores, and five types of sensilla, including the first reported instances of smell pores in Lepidoptera larvae. FAW adults had smell pores and 12 types of sensilla, with sensilla cavity, sensilla uniporous peg, sensilla ligulate, sensilla placodea, and smell pores being discovered for the first time in this species. These findings suggest that FAW possesses a diverse array of antennal sensilla, which may contribute to its rapid dispersal ability and adaptation to various environments.



Lepidopteran larvae primarily use their head sensilla to identify host plants and facilitate feeding activities [28]. Our study showed that the sensilla of FAW larvae were primarily located on the pedicel and flagellum of their antennae, with the most commonly observed types being sensilla trichodea, sensilla chaetica, and sensilla basiconica. These findings are consistent with studies conducted on Spodoptera litura larvae by Zhang et al. [29] and Ectropis grisescens larvae by Qin et al. [30]. Additionally, we discovered smell pores on FAW larval antennae, marking the first report of these structures in Lepidoptera larvae. While chemosensory functions were observed in Hymenoptera [31], the role of smell pores in Lepidoptera insects remains unclear. Lepidopteran larvae rely on their mandibles and maxillae’s sensilla trichodea to detect mechanical stimuli and determine food type and nature [16]. Sensilla styloconicum found on maxillary palps of Cossidae larvae function as gustatory receptors [28]. Albert [32] documented that sensilla basiconica on Choristoneura fumiferana larvae’s maxillary palp could be used to detect odor substances. In Antheraea assamensis larvae, multiporous sensilla chaetica located on their mandibles can perceive chemical stimuli [33]. Sensilla campaniform of Antheraea proylei larvae probably govern the preferred feeding posture of the silk moth larvae [34]. Sensilla campaniform on the integument of the first instar larvae of Dermatobia hominis, suggesting that it has importance in establishing the parasitic phase of the life cycle of this insect [35]. These studies suggest that the function of sensilla of insect larvae may vary depending on the species of insect. Therefore, further research is necessary to explore these specific functions of sensilla in FAW larvae. In addition, our results found the types and numbers of antennal sensilla of FAW larvae did not change, but the size of sensilla of fifth instar larvae was significantly larger than that of third instar larvae. It is well known that the elderly larvae of FAW (over third instar) have the characteristic of cannibalism, and their food intake accounts for over 98% of the entire larval stage [36]. Therefore, we speculate that the larger sensilla of older larvae of FAW might help them perceive complex environmental information more quickly and make behavioral responses that are beneficial to themselves.



Lepidoptera adults rely on olfactory and tactile sensilla to sense external stimuli, which play a crucial role in host plant selection and insect reproduction [26,37]. Insect sensilla can be classified into chemoreceptors, mechanoreceptors, thermo- and hygroreceptors based on their physiological functions. Chemoreceptors, such as olfactory and tactile sensilla, are essential for locating habitats and mates [38], with sensilla trichodea and sensilla basiconica potentially serving an olfactory function [39,40]. Sensilla auricillica were found to play a vital role in the host localization of female Scoliopteryx libatrix adults [26,41], while gustatory function was identified in Sensilla placodea located on the antennae of Coleophora obducta [42]. In our study, we observed the distribution of these sensilla types on FAW antennae. However, further research is needed to determine whether they play a similar role.



Mechanoreceptors play a critical role in providing accurate information to insects about host movement and body size [19,43]. Previous studies have identified Böhm’s bristles, sensilla chaetica, and sensilla squamous as structures that sense mechanical stimuli [44]. For instance, Böhm’s bristles are associated with the mechanical rotation of antennae in fir longhorn beetles [13], while Holcocerus hippophaecolus relies on these structures for flight control [45]. In FAW, we found that Böhm’s bristles were distributed at the base of the scape and pedicel, suggesting they may be involved in sensing position, velocity, and acceleration. Sensilla chaetica respond to mechanical shocks and play a crucial role in selecting suitable sites, behavioral environments, and courtship microenvironments [44]. However, it is worth noting that Jiang et al. [46] reported that sensilla chaetica is sensitive to D-fructose and has a gustatory function. In our study, we observed that sensilla chaetica of FAW were prominently located on both ventral and dorsal surfaces of antennae, suggesting they may be the first structures to encounter objects and could serve functions related to perceiving mechanical stimuli. Additionally, we found that the sensilla chaetica of male FAW were longer than those of females, which could aid in better perceiving female movement and status. Previous studies suggest that sensilla squamous may have mechanoreceptive functions [17,47]. Our investigation of FAW indicates that these structures are distributed on the scape, pedicel, and dorsal surface of the flagellum. This distribution suggests they may play a role in sensing mechanical stimulation and potentially reducing mechanical damage to the antenna.



The temperature and humidity sensing abilities of insects are linked to sensilla styloconicum, sensilla uniporous peg, and sensilla coeloconica. Sensilla styloconicum, typically non-porous, is known to sense temperature and humidity [48] and is widely distributed on the antennae of Lepidopteran like Copitarsia consueta [49] and Plutella xylostella [18]. Our research revealed that the sensilla styloconicum of FAW lacked pores, suggesting its function might be in sensing environmental changes. Sensilla uniporous peg is present on the antennae of Earias vittella and S. littoralis females, potentially sensing humidity or CO2 sensitivity [50]. While sensilla cavity was observed in Hymenoptera, its function remains unknown [51]. In our study, we found that sensilla uniporous peg were only located on the ventral surface of the flagellum in FAW females, which might be play role in detecting temperature and humidity changes within the host habitat. Sensilla coeloconica are frequently found on Lepidoptera antennae [40,52] and can be classified into subtypes in Sitotroga cerealella [53]. Shanbhag et al. [54] reported that sensilla coeloconica of Drosophila melanogaster lacks pore-like structures on its walls but senses temperature and humidity in the environment through its inner central sense cone. Our research shows that FAW has only one type of sensilla coeloconica with no pores on its walls. However, the surrounding annular microtrichia on the surface of the sensilla may protect the inner central sense cone from physical damage caused by external environmental factors.




5. Conclusions


Insects use their sensilla to detect a wide range of substances, including plant secondary compounds, salts, sugars, and amino acids. These abilities help them select suitable host plants. The FAW is a global agricultural pest that feeds on more than 350 host plant species. Our study comprehensively documented the antennal sensilla of FAW larvae, which include smell pores, sensilla pegs, and five types of sensilla. We also identified 12 types of sensilla on the antennae of adult FAW. While these antennal sensilla share similarities in morphology with other Lepidoptera species, there are differences in size and surface microstructure. However, the physiological function and role in host localization and receptive behavior of each sensillum in FAW have not been fully explored. Therefore, further research into these functions is crucial for developing new pest control strategies, such as behavioral control technology, to more effectively manage this invasive pest.
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Figure 1. The antennal morphological characteristics of Spodoptera frugiperda larvae. (A) Scape (S), pedicel (P), and flagellum (F) of 3rd-instar larvae; (B) Pedicel (P) and flagellum (F) of 5th-instar larvae. 
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Figure 2. The sensilla, smell pores, and sensilla pegs of Spodoptera frugiperda larvae. (A) Sensilla on the pedicel; (B) Sensilla on the flagellum; (C) Sensilla trichodea, sensilla basiconica I, and sensilla campaniform; (D) Sensilla chaetica, sensilla basiconica I and II; (E) Sensilla chaetica, sensilla styloconicum, sensilla basiconica I, and smell pores; (F) Sensilla basiconica I and sensilla campaniform. ST I: Sensilla trichodea I; ST II: Sensilla trichodea II; SB I: Sensilla basiconica I; SB II: Sensilla basiconica II; SCam: Sensilla campaniform; SSt: Sensilla styloconicum; SCh: Sensilla chaetica; SP: Smell pores; F: Flagellum. 
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Figure 3. The antennae morphological characteristics of Spodoptera frugiperda adults. (A) Overall appearance of adult antennae; (B) Scape, pedicel, and flagellum; (C) Dorsal side of the flagellum; (D) Ventral side of the flagellum; (E) The end of the flagellum; (F) The tip of the flagellum. ♀: Female; ♂: Male; S: Scape; P: Pedicel; F: Flagellum. 
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Figure 4. The sensilla morphology of Spodoptera frugiperda adults. (A) The distribution of Böhm bristles; (B) Böhm’s bristles; (C) Sensilla trichodea; (D) The tip of sensilla trichodea; (E) The thick wall of sensilla trichodea; (F) Sensilla basiconica; (G) Sensilla chaetica; (H) Sensilla chaetica and sensilla squamous on the dorsal flagellum; (I) Sensilla coeloconica. BB: Böhm’s bristles; BB I: Böhm’s bristles I; BB II: Böhm’s bristles II; ST: Sensilla trichodea; SB: Sensilla basiconica; SCh: Sensilla chaetica; SCo: Sensilla coeloconica; SSq: Sensilla squamous. 
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Figure 5. The sensilla and smell pores morphology of Spodoptera frugiperda adults. (A) Sensilla on the dorsal flagellum; (B,C) Sensilla styloconicum; (D) Sensilla cavity; (E) Sensilla squamous and smell pores; (F) Sensilla auricillica; (G) Sensilla ligulate; (H) Sensilla uniporous peg; (I) Sensilla placodea. SSt: Sensilla styloconicum; SSq: Sensilla squamous; SA: Sensilla auricillica; SL: Sensilla ligulate; SU: Sensilla uniporous peg; SPl: Sensilla placodea; SP: Smell pores; SCo: Sensilla coeloconica; ST: Sensilla trichodea; SCh: Sensilla chaetica; SCa: Sensilla cavity. 
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Table 1. The size of antennae and sensilla of Spodoptera frugiperda larvae.
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Type

	
Length (µm)

	
Basal Diameter (µm)

	
Basal Column Height (µm)

	
Peg Height (µm)

	
Top

	
Socket

	
Distribution




	
Third-Instar

	
Fifth-Instar

	
Third-Instar

	
Fifth-Instar

	
Third-Instar

	
Fifth-Instar

	
Third-Instar

	
Fifth-Instar






	
Scape

	
15.4 ± 0.6

	
41.6 ± 2.0 *

	
41.7 ± 1.6

	
100.4 ± 1.6 *

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Pedicel

	
47.7 ± 2.1

	
139.0 ± 2.6 *

	
40.5 ± 2.4

	
83.7 ± 1.8 *

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Flagellum

	
17.1 ± 0.5

	
26.6 ± 1.0 *

	
12.6 ± 0.2

	
23.5 ± 0.6 *

	
-

	
-

	
-

	
-

	
-

	
-

	




	
Sensilla trichodeaI

	
180.6 ± 5.4

	
410.2 ± 5.6 *

	
3.8 ± 0.2

	
8.6 ± 0.2 *

	
-

	
-

	
-

	
-

	
Sharp

	
Yes

	
Pedicel




	
Sensilla trichodeaII

	
13.2 ± 0.4

	
34.8 ± 1.8 *

	
1.9 ± 0.1

	
3.2 ± 0.2 *

	
-

	
-

	
-

	
-

	
Sharp

	
Yes

	
Pedicel




	
Sensilla basiconicaI

	
25.0 ± 1.1

	
30.7 ± 0.9 *

	
8.8 ± 0.6

	
13.6 ± 0.6 *

	
-

	
-

	
-

	
-

	
Blunt

	
No

	
Pedicel and flagellum




	
Sensilla basiconicaII

	
6.3 ± 0.4

	
7.2 ± 0.3

	
3.0 ± 0.2

	
3.3 ± 0.3

	
-

	
-

	
-

	
-

	
Blunt

	
No

	
Flagellum




	
Sensilla chaetica

	
7.1 ± 0.3

	
9.1 ± 0.7

	
2.0 ± 0.1

	
2.2 ± 0.1 *

	
-

	
-

	
-

	
-

	
Sharp

	
No

	
Pedicel and flagellum




	
Sensilla styloconicum

	
-

	
-

	
5.0 ± 0.2

	
5.7 ± 0.1 *

	
5.9 ± 0.3

	
6.6 ± 0.2 *

	
10.7 ± 0.2

	
11.6 ± 0.2 *

	
Sharp

	
No

	
Flagellum




	
Sensilla cavity

	
-

	
-

	
8.7 ± 0.3

	
19.2 ± 0.6 *

	
-

	
-

	
-

	
-

	
-

	
Yes

	
Pedicel








The data are mean ± SE. * indicates a significant difference between third-instar and fifth-instar larvae (p < 0.05).
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Antennae

	
Morphological Parameters

	
Female (µm)

	
Male (µm)






	
Scape

	
Length (µm)

	
317.5 ± 9.1

	
313.3 ± 9.7




	
Basal diameter (µm)

	
291.2 ± 7.1

	
275.5 ± 6.9




	
Pedicel

	
Length (µm)

	
219.5 ± 4.5

	
207.9 ± 7.8




	
Basal diameter (µm)

	
242.0 ± 6.0

	
236.0 ± 5.7




	
Flagellum

	
Subsegment length (µm)

	
118.7 ± 3.3

	
114.7 ± 2.1




	
Subsegment basal diameter (µm)

	
140.6 ± 3.3

	
136.2 ± 3.0




	
Total

	
Antennal length (µm)

	
7666.7 ± 124.5

	
7487.3 ± 112.5








The data are mean ± SE.













 





Table 3. The size of antennae and sensilla of Spodoptera frugiperda adult.
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Type

	
Length (µm)

	
Basal Diameter (µm)

	
Width (µm)

	
Colum Diameter (µm)

	
Column Height (µm)

	
Peg Height (µm)

	
Top

	
Outer Wall

	
Socket

	
Distribution




	
Female

	
Male

	
Female

	
Male

	
Female

	
Male

	
Female

	
Male

	
Female

	
Male

	
Female

	
Male






	
Böhm

bristlesI

	
12.4 ± 0.3

	
13.5 ± 0.3 *

	
2.6 ± 0.2

	
3.0 ± 0.1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
Sharp

	
Smooth

	
Yes

	
Scape and pedicel




	
Böhm

bristlesII

	
2.9 ± 0.3

	
2.9 ± 0.2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
Sharp

	
Smooth

	
No

	
Scape and pedicel




	
Sensilla

trichodea

	
30.7 ± 1.3

	
31.5 ± 1.4

	
3.1 ± 0.2

	
3.6 ± 0.2