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Simple Summary: In this paper, we used scanning electron microscopy (SEM) to describe the
morphological types, number of sensilla, and their distributions on the antennae and mouthparts of
both sexes of the bean weevil, Megabruchidius dorsalis (Coleoptera: Bruchinae). The results showed
twelve subtypes on antennal sensilla and five types of sensilla on maxillary and labial palps. No
sexual dimorphism in sensilla type was observed, but there were variations between male and female
in the numbers and distribution along with the antennae. In addition, we discussed potential function
related to structure, through comparisons with previous studies of bruchids and other insects. This
information will support further studies of semiochemicals as effective biological controls of this pest.

Abstract: Megabruchidius dorsalis (Féhraeus, 1839) (Coleoptera: Bruchinae) is an important pest that
damages the seeds of Gleditsia L. (Fabaceae: Caesalpinioideae). This beetle searches for host plants
with its sensory system. To further explore the mechanisms of host location and to understand the
ultrastructure of M. dorsalis, we examined the morphology and distribution of its sensilla on the
antennae and mouthparts of male and female adults, using scanning electron microscopy (SEM).
Both male and female antennae are serrated and can be divided into scape, pedicel, and flagellum.
There were seven types and eight subtypes of antennal sensilla, including B6hm bristles (BB), two
subtypes of sensilla trichoid (ST1, ST2), two subtypes of sensilla chaetica (SC1, SC2), four subtypes
of sensilla basiconic (SB1, SB2, SB3, SB4), sensilla cavity (SCa), sensilla auricillica (SA), and sensilla
gemmiformium (SG). Five types of maxillary and labial palp sensilla in the mouthparts were observed:
sensilla chaetica (SC), sensilla trichoidea (ST), sensilla styloconica (SSt), sensilla coeloconica (SCo),
and sensilla digitiform (SD). No sexual dimorphism in sensilla type was observed, but there were
variations between males and females in the numbers and distribution along the antennae. There
were more SA in males than in females, while the number of ST sensilla in the maxillary palps were
lower in males than in females. ST1 were most abundant in both sexes. We discussed potential
function related to structure via comparisons with previous investigations of bruchids and other
insects. Our results provide a theoretical basis for further studies on sensory physiological function,
using semiochemicals as effective biological controls of M. dorsalis.

Keywords: Bruchinae; Gleditsia; storage pest; chemoreceptors; mechanoreceptors; scanning
electron microscopy

1. Introduction

Gleditsia Lam., the genus in the family Fabaceae (Caesalpinioideae) is well known for
significant medicinal uses and biological activities, including antimicrobial, anti-oxidant,
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and antischistosomal activities [1]. Megabruchidius dorsalis (Fahraeus, 1839) (Coleoptera:
Bruchinae) is a seed pest. It is an oligophagous insect, and its known host plants are most
of the species within Gleditsia [2]. It is distributed in India, Japan, Papua New Guinea, and
China, and was recently introduced into Europe [3]. In the introduced areas, most of the
seeds of Gleditsia L. are infested by M. dorsalis on the tree [4]. The females oviposit on the
surface of seeds, and the larvae burrow into the seeds until emergence, making it difficult
for chemicals to enter the beans to kill the pest [5].

As the chemical ecology of insects has developed, some insect behaviors have been
found to be associated with their microanatomical features. Those behaviors include
feeding, selecting mates [6], oviposition [7], and inter- and intra-species communication.
These phenomena are triggered by chemical and physical stimuli from the surrounding
environment and recognized by an insect’s major sensory structures (sensilla) [8]. The
cephalosome of an insect, and especially the antennae, maxillary palps, and labial palps,
have various sensory structures with function that include mechanoreception, gustation,
olfaction, hygroreception, and thermoreception [9-11].

The morphological characterization and distribution of sensilla on the antennae and
mouthparts reveal associated sensory modalities of the sensilla, and provide valuable infor-
mation about ther behavioral responses of sensilla and the chemical ecology of insects [12].
Hu et al. [13] found that the sensilla of B6hm bristles (BB) of Echinothrips americanus Mor-
gan (Thysanoptera: Thripidae), sensilla trichoid and sensilla chaetica, these were common
sensilla, the external morphology of which conforms to the overall characteristics of me-
chanical sensilla [14]. Crook et al. [15] observed that cross-sections of sensilla chaetica have
a non-perforated walls and a single sensory neuron, with the dendrite terminating in the
form of a tubular body, which suggested that these sensilla are typical tactile mechanorecep-
tors. Fukuda et al. [16] found that sensilla trichoid could also sense chemical stimulation
(pheromone receptors) by electrophysiological methods; sensilla trichoid were assumed to
have a sex pheromone receptive function in Mamestra suasa (Lepidoptera: Noctuidae) [17].
Hu et al. [13] found that the anatomical characteristics of sensilla chaetica proved that it is
also contacting the chemoreceptor. Faucheux et al. [18] proposed that sensilla chaetica have
a gustatory function to recognize mates by receptor contact sex pheromones. Thus, sensilla
trichoid and sensilla chaetica are dual-function receptors. Fukuda et al. [16] inferred that
the most probable function of the sensilla cavity in relation to Callosobruchus rhodesianus
(Coleoptera: Chrysomelidae: Bruchinae) are chemo-, thermo-, or hygro-reception. Sensilla
basiconic often have numerous wall pores, which indicates an olfactory function [8]. Sen-
silla basiconica were found to respond to host plant odors, and each of the subtypes can
be specialized for a particular set of host and non-host volatiles in Adelphocoris lineolatus,
Goeze (Hemiptera: Miridae) [19] and Chlorophorus caragana Xie & Wang (Coleoptera: Cer-
ambycidae) [20]. Faucheux et al. [21] stated that characteristic ultiparous double-walled
sensilla basiconica respond to short-chain n-acids and amines (odors). Except for the
sensilla that were reported in the mentioned species, the external morphology of antennae
and mouthparts, including the types, abundance, and distribution of the sensilla, have
been well-studied recently in Callosobruchus spp. and Acanthoscelides obtectus [13,16,22-24].
However, no descriptions of the ultrastructure of M. dorsalis antennal and mouthparts
sensilla have yet been reported.

In this paper, we used scanning electron microscopy (SEM) to describe the morpholog-
ical types and number of sensilla and their distributions on the antennae and mouthparts
(the maxillary and labial palps) in both males and females of adult M. dorsalis. In addition,
we discussed potential function related to structure via comparisons with previous studies
of bruchids and other insects. This information will support further research on mating
and host-finding mechanisms, electrophysiology, and behavioral ecology, as well as on
semiochemicals as effective biological controls for this beetle pest.
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2. Materials and Methods
2.1. Insects

Adults of M. dorsalis were collected in October 2020 from Gleditsia sinensis Lam. in the
vicinity of Zhijin County, Guizhou Province, China (106°03"~106°04" E, 26°32"~26°33" N)
and reared on seeds of G. sinensis (from the vicinity of Zhijin County) in plastic boxes
(225 x 155 x 80 mm) in a rearing incubator (RXZ-380A-LED, Ningbo Instrument Factory)
at Forest Conservation Laboratory in college of Forestry, Guizhou University. The incubator
was maintained at 28 + 1 °C, 65 £ 5% RH, with a 14 h dark-10 h light photoperiod. After
adults emerged, the beetles were separated by sex for further testing according to the
morphological characteristics described by Li et al. [25].

2.2. Sample Preparation for Scanning Electron Microscopy (SEM)

We anesthetized adult M. dorsalis (six males and six females) at —18 °C, and then
removed the heads) and antennae of three males and three females using scalpels under
a stereomicroscope (XT2, Beijing Tech Instrument Co. Ltd., Beijing, China), and washed
them for 3 min in 70% ethanol (Sinaopharm Group Chemical Reagent Co. Ltd., Shanghai,
China) using an ultrasonic cleaner [26]. The samples were immediately fixed in 2.5%
glutaraldehyde (Servicebio) for 12 h at 4 °C, then rinsed with 0.01 M phosphate-buffered
saline (PBS) three times, each time for 15 min. The samples were then transferred into 1%
Os0O4 (Ted Pella Inc.) in a 0.1 M phosphate buffer (PB) (pH 7.4) (Servicebio) for 1-2 h at
room temperature. After that, we washed each sample in 0.1 M PB (pH 7.4) three times
for 15 min, then dehydrated each of them in a graded alcohol series (30, 50, 70, 80, 90, 95,
and twice at 100%) for 15 min, and then in isoamyl acetate (Sinaopharm Group Chemical
Reagent Co. Ltd., Shanghai, China) for 15 min. Subsequently, dried samples were processed
with a critical point dryer (K850, Quorum), and the specimens were attached to metallic
stubs using carbon stickers, then sputter-coated (HITACHI MC1000, High Technologies,
Tokyo, Japan) with gold for 30-120 s. The examination was carried out using an SU8100
scanning electron microscope (HITACHI High Technologies, Tokyo, Japan) at 3.0 kV.

2.3. Statistical Analyses

The morphology, number, and distribution of sensilla on the antennae, maxillary palps,
and labial palps of male and female M. dorsalis were identified, measured, and counted.
We placed the antennae on a horizontal plane similar to that shown in Figure 1a, and
counted the total number of sensors on both sides (Figures 1a and 2a, rotated 180°). The
same approach was followed for mouthparts, as shown in Figure 3a. The morphological
terminology and classification of the sensilla used here followed that of Zacharuk [8]
and Schneider [11], which determined the type and subtypes of sensilla based on sensilla
morphology, size, and distribution. In addition, the SEM pictures were compared with
previous reports to determine the type and subtypes of sensilla. The number of each type
of sensilla was determined manually (counted and discriminated by one person to reduce
the personal equation), and images were processed with Adobe Photoshop CC (Adobe
Systems Software Ireland Ltd., San Jose, CA, USA). The width and length of each antenna
segment (there were 11 segments per antenna) and the length of the sensilla were measured.
When the number of sensillum on an antenna was more than 10, the 10-length data for this
type of sensilla were selected randomly, or otherwise measured along the length of all such
sensilla (three adults per sex) using AutoCAD2014 software (Autodesk, San Rafael, CA,
USA) (Figure 1). The production of data analyses was performed using SPSS 26.0 software
(International Business Machines Corporation, IBM, Armonk, NY, USA). The differences
in the length and number of sensilla were analyzed by a nonparametric test (the Kruskal-
Wallis test), and comparisons between the sexes were made using independent-samples
t-test. Before analyses, the data were normally distributed by the Kolmogorov-smirnov
test. Data were reported as having means of + S.E. or medians (min—-max). The level of
significance in all tests was set at 0.05.
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Figure 1. The width and length of each antenna segment (a) and the length of the sensilla (b) were measured by 2014

AutoCAD software.

3. Results
3.1. Antennae
3.1.1. General Antennal Morphology

Both female and male antennae of M. dorsalis consisted of 11 serrated segments,
including a scape, a pedicel, and flagella (F1-F9) composed of the funicle (there are seven
funicular antenomers and a final distal mass) (Figure 2). The average total lengths of the
male and female antennae were 2116.6 £ 67.4 um and 2127.1 £+ 57.3 um, respectively,
with the female antennae slightly longer than the male antennae. However, the antennae
length and each section’s length were not significantly different between the sexes (df = 4,
t=—0.14, p = 0.895) (Table 1). The widths of flagella 1 and 8 were significantly greater in
females than that in males (in 1 flagellum 1, df =4, t = —3.871, p = 0.019; in flagellum 8§,
df =4,t=—3.248, p = 0.031) (Table 1).

3.1.2. Types and Distributions of Antennal Sensilla

Sensilla size and shape were determined from serial SEM images, following the guid-
ance of earlier research [13,16,22-24]. Twelve subtypes of sensilla on the antennae of
M. dorsalis were observed in both sexes, including B6hm bristles (BB), two types of sensilla
trichoid (ST1, ST2), two types of sensilla chaetica (SC1, SC2), four types of sensilla basiconic
(SB1, SB2, SB3, SB4), sensilla cavity (S5Ca), sensilla auricillica (SA), and sensilla gemmi-
formium (SG). Most types of sensilla were located on the flagellum. Except for the first
and second flagellum, other flagella had acute-angled, wedge-shaped extensions, where
great numbers of the sensilla were located. The length, average counts, and distribution of
the different types of sensilla on antennae were shown in Tables 1-3. The length, average
counts, distribution, and morphological features of the maxillary and labial palps are
shown in Table 4.
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e  B6hm bristles (BB)

B6hm bristles (BB) are triangular nail-like structures with a smooth cuticle that grad-
ually tapers to a blunt tip, standing almost perpendicular to the antennal surface with a
pitted basal socket (Figure 2b,c). They are located at the intersegmental membrane on the
basal sclerite connected to the scape and between the scape and pedicel (Table 2). BB mean
length in males and females was 7.5 & 0.4 um and 9.2 £ 0.7 um, respectively. The average
length of BB in females was significantly longer than in males (df = 58, t = —2.028, p = 0.048)
(Table 3).

F7

F6
T

1000pm

Figure 2. (a) Morphology of female Megabruchidius dorsalis antenna; Sc, scape; Pe, pedicel; F, flagel-
lomereum. SEM structure of antennal sensilla of M. dorsalis. (b,c) B6hm bristles (BB); (d,e) Sensilla
trichoid (ST2), sensilla basiconic (SB3), sensilla auricillica (SA); (f) sensilla basiconic (SB2, SB4), sen-
silla gemmiformium (SG); (g) sensilla trichoid (ST1), sensilla chaetica (SC1, SC2), sensilla cavity (SCa);
(h) sensilla basiconic (SB1,5B2,SB3).
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Table 1. Mean lengths of antennal segments of Megabruchidius dorsalis in both sexes.
Length (um) Width (um)
Antennal Segment
Male Female Mean Male Female Mean

Scape
Pedicel
F1
F2
F3
F4
Flagellum F5
Fo6
F7
F8
F9
Total

198.1 + 8.8 192.1 £ 6.5 1951 £5.1 111.1 £ 2.1 130.8 + 13.0 1210+ 73
1559 +73 157.6 £4.3 156.7 £ 3.8 793 +£1.6 89.2 £10.9 842 +£54
1731 £ 39 1863 £ 7.5 179.7 £4.8 788 £1.6 947 £3.9* 86.7 £4.0
158.7 £ 9.8 177.7 £ 9.0 168.2 + 7.3 89.6 + 4.4 112.3 +13.8 101.0 = 8.2
209.0 £5.3 199.7 £5.3 2044 £ 3.9 1393 £3.2 164.7 £10.3 1520+ 74
1893 £75 1859 £4.0 187.6 £3.9 186.8 £ 3.0 203.1 £8.9 195.0 £5.6
1955 £ 11.3 186.9 = 5.0 191.2 £ 5.8 2075 £ 6.7 2284 £ 6.2 2179 £ 6.2
190.7 £ 4.9 184.7 £ 2.6 1877 £28 2223 +76 246.6 £5.8 2344+ 6.9
188.3 £8.7 184.5 £33 186.4 £ 4.2 238.7 4.8 253.8 £4.0 246.2 £ 4.4
179.2 £ 11.2 180.2 £ 2.0 179.7 £ 5.1 235.6 £ 4.1 2540 £39* 2448 £ 4.8
279.0 £5.2 2914 £11.5 2852 £ 6.3 203.7 £ 0.7 209.1£7.3 206.4 + 3.6
2116.6 £ 674 21271 £57.3 2121.8 £33.7 - - -

Data are the mean =+ S.E. In each row, data in the female columns, followed by an asterisk (*), indicate a significant difference between the
sexes (independent-samples t-test; p = 0.05). N = 3 per sex.

e  Sensilla trichoid (ST)

ST1 had sharp-tipped and strong longitudinal grooves on the cuticular surfaces, which
curved toward the antennal shaft, surrounded by a shallow cuticular socket (Figure 2g). ST1
sensilla were the most common and abundant type of sensilla on the antennae, distributed
mostly on flagella F4 and F9. They had a mean length of 34.9 & 0.9 pm. The females’ were
slightly longer than the males’, but the difference was not significant (df =58, t = —0.81,
p = 0.421) (Table 3).

In another subtype of sensilla trichoid, ST2, the bottom became thinner toward the
top. ST2 possessed longitudinal ridges with a detectable depression socket, and were less
curved than in ST1 (Figure 2d). For flagellum segments F1 to F9, the number of sensilla
gradually ascended in both sexes of M. dorsalis (Figure 2). The number of ST2 were second
only to the number of ST1 on the antennae and did not differ between the sexes (df =4,
t =1.705, p = 0.163); however, the length of ST2 was 50.1 & 1.4 pm, which is longer than
the length of ST1.

e  Sensilla chaetica (SC)

SC1 were straight and arose from a scalelike socket to a slightly sharper tip, and the
shaft surfaces had a series of longitudinal ridges (Figure 2g). For a relatively large number
of SC1 sensilla, except for ST1 and ST2 (Table 3), the SC1 of flagellum segments F6 and
F9 were more numerous (Table 2). The average length of SC1 was 28.7 &= 0.8 pm, with no
significant difference in the sexes of M. dorsalis (df =58, t = —1.133, p = 0.262) (Table 3).

Unlike SC1, SC2 had a blunt tip and straight hairs, almost perpendicular to the
antennal surface axis of M. dorsalis. The surface of the shafts had longitudinal grooves with
a hollow basal socket (Figure 2g). The number of SC2 was less than the number of ST1, ST2,
and SC1 (Table 3), and SC2 was evenly distributed at the antenna segments. The length of
SC2 was 55.5 £ 0.7 um, the longest of all the sensilla types (df = 11, p < 0.05) (Table 3).

e  Sensilla basiconic (SB)

SB1 had an upright, blunt tip, with a smooth cuticle cone and a raised basal socket.
The majority were situated on the lateral side of the base above the flagellum sections
and at the front side of the flagellum segments (Figure 2h). They had a mean length of
9.9 £ 0.2 um. The differences in length of SB1 were not statistically significantly between
the sexes (df =58, t = —0.345, p = 0.731) (Table 3).

The average length of SB2 was 12.8 &= 0.2 um, which was not significantly different
from that of SB1 (df = 11, p = 0.481). The mean length of SB2 for males and females was
13.4 £ 0.3 um and 12.2 & 0.2 pm, respectively, and this difference was significant (df = 58,
t=3.204, p = 0.002) (Table 3). The shape of SB2 was similar to that of SB1, i.e., a tower-
shaped sensilla with a thin blunt tip (Figure 2f,h). The distribution of SB2 was analogous
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to SB1, being seated mainly in the lateral side of the base of the flagellum sections. SB3 was
19.3 £ 0.3 um in length, the longest of all SB sensilla, and the male SB3 were significantly
longer than those of the females (df = 58, t = 2.981, p = 0.04) (Table 3). The number of SB3
averaged 353.0 & 68.7, the highest of all SB sensilla (Table 3).

e  Sensilla cavity (SCa)

The SCa was 2.3 + 0.1 um in the diameter; the mean diameters of the males and
females were 2.1 £ 0.1 um and 2.2 £ 0.1um, respectively, and this was statistically signif-
icantly different (df = 58, t = —2.466, p = 0.017) (Table 3). The mean number of SCa was
61.3 & 6.6 um, e distributed across all segments (Table 3) (Figure 2g).

e Sensilla auricillica (SA)

The mean SA count for males, 427.3 4+ 13.3, was more than that for females (230.0 + 44.1;
df =4, t=4.281, p = 0.013) (Table 3). SA were located only on flagella F3 to 9F (Table 2).
The SA shape resembled grass leaves, and had ear-shaped grooves and wall pores. These
were thicker and shorter than the ST sensilla, obtuse at the end, and seated on a cylindrical
protruding socket (Figure 2d,e). They had a mean length of 10.8 £ 0.2 um, and the length
in males (11.3 & 0.2 um) was significantly longer than in females (10.3 £ 0.3 pm; df = 58,
t=2.813, p = 0.007) (Table 3).

e  Sensilla gemmiformium (SG)

The shape of SG had a likeness to the bud of a plant seed, being short and straight,
with a smooth surface and a blunt tip. SG was short, measuring 1.3 &+ 0.1 pm in length
(Table 3); there was no significant difference between the sexes. SG was only distributed in
flagellum F9 (df = 18, t = —0.246, p = 0.809) (Table 2).

3.1.3. Density of Antennal Sensilla

Among all sensilla types, ST1 was the most abundant on the antennae of both sexes of
M. dorsalis, followed by ST2 and SC1. There were significant differences in the number of all
types of sensilla in Table 3 (df = 11, p < 0.05). The number of SA in males was significantly
higher than in females, with no significant differences between the sexes of residual types
of sensilla. ST, SC, and SCa were the most widely distributed of all antenna segments; BB
was located only on the base of the scape and pedicel; SB, SA, and SG were distributed on
flagella F3 to F9 (Table 2).

3.2. The Maxillary and Labial Palps

The mouthparts of each adult M. dorsalis consisted of the labrum, a pair of unjointed
mandibles, a pair of maxillae, the lower lip, and a hypopharynx (Figure 3a). The maxillary
palps had four segments and the labial palp had three segments (Figure 3a).

Types and Distributions of the Maxillary and Labial Palp Sensilla on the Mouthpart

We found five types of sensilla on the maxillary and labial palps of M. dorsalis: sen-
silla chaetica (SC) (Figure 3c), sensilla trichoidea (ST) (Figure 3b,c), sensilla styloconica
(SSt) (Figure 3b,d e), sensilla coeloconica (SCo) (Figure 3e), and sensilla digitiform (SD)
(Figure 3f); all sensilla types had a smooth shaft. The number and distributions of each
sensillum on the maxillary and labial palps of M. dorsalis were shown in Table 4.

SC and ST were mainly distributed on the final palp segment and the SCo was situated
only on the final palp segment. Sensilla digitiform (SD) was observed in the final maxillary
palp. The amount of ST sensillum in the maxillary palps in males was significantly less
than in females (df = 10, t = —3.83, p = 0.009), while the number of SC sensillum in the
labial palps in males was significantly greater than in females (df = 10, t = 2.236, p = 0.049)
(Table 4). The numbers of ST and SSt in the maxillary palps were significantly higher than
in the labial palps (ST: df = 22, t =2.819, p = 0.01; SSt: df =22, t =12.644, p < 0.05) (Table 4).
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Table 2. The distribution of sensilla on the antennae of Megabruchidius dorsalis adults.
Antennal Segment BB ST1 ST2 SC1 SC2 SB1 SB2 SB3 SB4 SCa SA SG

Base 39.7+£76 - - - - - - - - - - -
Scape - 1243 + 8.1 353 +64 10 £2.8 22403 - - - - 3+08 - -
Sc-Pe 173+ 4 - - - - - - - - - -
Pedicel - 977 £6.9 36+79 93423 27+04 - - - - 4+0 - -
F1 - 115 £10.7 347 £8.7 127 +£3 3+£03 - - - - 2.7+03 - -
F2 - 1383+ 9.4 56.3 £13.9 16.3 +£2.8 3£0 - - - - 3+1 - -
F3 - 219.6 £17.2 93 +£12 533 £39 45+03 2+1 5+3 13£0 - 5+17 19+54 -
F4 - 260.3 £ 34.1 93 +8.8 88.7 £18.9 58+03 48+12 25+09 126 +74 - 47 £0.6 304 £6.6 -
Flagellum F5 - 246 +37.2 111 £ 20 99 +8.9 55£0.2 4+£06 43+ 1.6 257 £73 - 6.7 £0.7 48 £94 -
F6 - 216.3 +46.4 127 £16.5 151 £18.8 57+07 7+21 55+24 68.7 £12.1 - 9.2+0.7 58 + 6.6 -
F7 - 230.6 £ 45.2 128 £ 21 122 £11.5 6+03 84+19 5+13 67.7 £12.1 - 102+09 57.7£10.2 -
F8 - 238.6 £+ 48.2 120.3 20 1406 +17.7  57+£03 105+36 144+64 7611172 - 103 +£1.3 60 £74 -

F9 - 260 + 59.3 130.3 £19.7  184.3 £20.7 77 £06 48+14 13.7 £ 8.1 101.8+£215 12+14 9.8 £0.7 67 £ 8.1 103 £ 0.6

Data are the mean =+ S.E. Data compare means. N = 3 per sex. -, not found; Sc-Pe, the intersegmental membrane between the scape and pedicel.
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Table 3. The type, size, and shape of antennal sensilla identified in male and female Megabruchidius dorsalis.
Type of Subtype Length (um) . Number |
Sensilla Samplfe Size Male Female Mean (I\z/ilﬁiill\/algx) Male Female Mean (l\zlilsilli/all;:x)
B6hm bristles BB 60 75+04 92+07* 84+04 (2.78§1C(61.9) 46.0 £9.0 68.0 = 10.0 57.0+78 (536213;5
tssgsl.;lllg ST1 60 342+14 356+ 14 349409 (23.5;?;;3) 2072.7 £533.5 2221.34+198.0 2147.0 £ 256.6 (1238331892)
ST2 60 491+21 512+ 18 50.1 = 1.4 (32%57;87;4) 1161.3 £2109  786.7 £61.7 974.0 +129.2 (65:-812111)60)
fﬁ:::ilg SC1 60 27.8+12 29.7+1.2 287 +0.8 (14?8'4212.5) 1005.3 £ 93.4 769.3 £ 38.7 887.3 £69.5 (69821_9161120)
SC2 60 56.6 + 0.9 545+ 1.1 555+ 0.7 (44?2;96%.6) 523+41 51.0+1.0 51.7+19 5((31231635;1
Sonilla SB1 60 9.8+0.3 99+03 99+02 (6.1792—.51;C2C.6) 233+73 40.0 + 8.0 31.7+6.1 3?;%%1
basiconic SB2 60 13.4£0.3 122 £0.2* 12.8 £0.2 (9.6—i6.4) 60.0 £ 16.5 223+ 64 411+ 11.6 (1'2_90)
SB3 60 20.3+0.3 183 £0.6* 193 £0.3 (122%_1;;4) 367.3 +147.3 338.7 £41.0 353.0 + 68.7 (gif;l;;)
SB4 34 51+03 63+01* 57+02 (2?69_(;(35) 113 £24 127 £ 1.8 120+ 14 (613152)
Sensilla cavity SCa 59 21+01 22+£01* 23+0.1 (1.25'_1;9) 65.7 £12.6 57.0 £ 6.6 613 + 6.6 6&2?58)(1
aii?csiililiia SA 61 113 £0.2 103 £0.3* 10.8 £0.2 (1;1‘10;5) 4273 +£13.3 230.0 +44.1* 328.7 +48.7 (138601_1135%)
S;?Féggigfg_ SG 20 1.3+0.2 14401 1.3+0.1 (023_3?2) 113 £0.7 93+07 103 £0.6 (81—0fd2)

Data are the mean + S.E. In each row, data in the female columns followed by an asterisk (*) indicate a significant difference between the sexes (independent-samples t-test; p = 0.05). In the length columns, the
lengths of sensilla trichoid, sensilla chaetica, and sensilla basiconic subtypes, marked with different lowercase letters in the same column of the same sensilla type, are significantly different (Kruskal-Wallis test;
p = 0.05). In the number columns, the numbers of sensilla marked with different lowercase letters in the same column are significantly different (Kruskal-Wallis test; p = 0.05). N = 36 per sex.
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Table 4. The type, numbers of maxillary, and labial palp sensilla identified in male and female Megabruchidius dorsalis.

. . Count . Sensillum
Type of Sensilla Location Male Female Mean Shape Tip Surface
. . . Maxillary palps 382+22 472 +£0.7* 427+ 1.8A Curved Blunt Smooth
Sensilla trichoid Labial palps 33.0+48 345+27 338+26B Curved Blunt  Smooth
. , Maxillary palps 58 +0.3 47+04* 53+0.3 Straight ~ Sharp Smooth
Sensilla chaetica Labial palps 65404  48+07 57405  Straight Sharp  Smooth
Sensilla styloconica Maxillary palps 205+ 1.6 20.7+15 206+ 11A  Straight  Blunt Top hole
Labial palps 7.0£04 6.2+ 05 6.6 = 0.3B Straight  Blunt Top hole
. . Maxillary palps 6.0+1.1 35+03 48+07 Straight ~ Sharp Smooth
Sensilla coeloconica Labial palps 53403 50406  52+03  Straight Sharp  Smooth

Data are the mean + S.E. In each row, count values in the female and male columns followed by the asterisks (*) indicate a significant
difference in number of sensilla between the sexes (independent-samples t-test at p = 0.05). N = 6 per sex. In the mean column, counts of
the same sensilla type in different locations, marked with different capital letters, are significantly different (independent-samples t-test at
p =0.05). N = 6 per sex.

S0pm

Figure 3. (a) Morphology of male Megabruchidius dorsalis mouthpart: Md, mandible; Lbr, labrum; Cly,
clypeus; La.p, labial palp; Mx.p, maxillary palp. SEM structure of maxillary and labial palps sensilla
of M. dorsalis: (b) sensilla trichoid (ST), sensilla styloconica (SSt); (c) sensilla trichoid (ST), sensilla
chaetica (SC); (d) sensilla styloconica (SSt); (e) sensilla coeloconica (SCo), sensilla styloconica (SSt);
(f) sensilla digitiform (SD).
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4. Discussion

In M. dorsalis, the scape, the pedicel, and the flagellomeres were similar in structure to
those reported for other seed beetle species, such as Acanthoscelides obtectus [23]. Moreover,
we identified 12 subtypes of sensilla on the antennae and five types on the maxillary and
labial palps of M. dorsalis. No significant sexual dimorphism was observed in sensilla
type or distribution. However, the sizes and numbers of different sensilla types differed
greatly between males and females. The various types of sensilla on the antennae, the
maxillary, and the labial palps of M. dorsalis were similar to those reported in other species
of Bruchinae bean beetles [13,16,22-24].

4.1. Antennal Sensilla

The external morphology and distribution of BB sensilla in our study conform with
those reported for many other bean weevils. In antennae, it is located at the interseg-
mental membrane between the scape and pedicel, and on the base of the scape, which
is connected to the head [23]. BB can sense the position of the antenna and control its
movement as a proprioceptor [14,27]. Here, the length of BB in male adults was greater
than in female adults, which may indicate that the flight ability of males is stronger than
that of females. In contrast, a sexual difference in BB abundance was not observed in
C. chinensis and C. maculatus [13]. This may be related to the insect’s host plant (herb or
tree), as beetles (28%), pupae (11%), and larvae of the fourth instar (61%) hibernate on
harvested Gleditsia lying on the soil from previous years, and males with greater flight
ability are more likely to mate [28]. The BB sensilla described in the present study were
common sensory organs, except in Coleoptera, which coincides with previous findings
of the sensilla on the antennae of the Aphidius gifuensis Ashmaed (Hymenoptera: Aphidi-
idae) [29], Erannis ankeraria Staudinger (Lepidoptera: Geometridae) [30], and probably in
all other species as well. Furthermore, we did not notice any pores on the grooved sensilla
trichoid, and previous studies have concluded that sensilla without pores are typically
related to mechanoreceptor, thermoreceptor, or hygroreceptor function [31]. The external
morphology of ST and SC conforms to the overall characteristics of mechanical sensilla, as
a proprioceptor that perceives antennal movements and orientation in Ips typographus L.
(Curculionidae: Scolytinae) [32]. In this study, the external morphology (varying in length,
hair, and the presence of a sharp or blunt apex) and the distribution (large in number, Sc-F9)
of ST on the antennae of M. dorsalis recorded are largely in conformity with earlier reports
for other bruchids [13,14,16,22,23]. We observed that shaft surfaces of SC1 had longitudinal
ridges without pores, were located on the antennae, and covered all antennae sections such
that the antennae were conducive to contact with external matter as a proprioceptor, similar
to the “tactile hairs” of Bagnalliella yuccae (Hinds) and Frankliniella tritici (Fitch) [14,33].

In our study, ST was the most abundant type of sensilla and had the widest dis-
tribution. ST1 was more abundant on the antennae and had sharp-tipped and strong
longitudinal grooves on the epidermis, which resembled “sensilla trichodea type I,” ”sen-
silla trichoid 2’7 and “sensilla trichodea type 2” on the antennae of I. typographus [32],
C. chinensis (L.), C. maculatus (F.) [13], and Callosobruchus rhodesianus (Pic) (Coleoptera:
Chrysomelidae) [16]. This might indicate that ST1 has an olfactory function. It is believed
to have a chemosensory function in Naupactus xanthographus Germar (Coleoptera: Cur-
culionidae) [34] and in some Hemiptera species [35], which are sensitive to the stimulus
of pheromones [23]. In M. dorsalis, ST may be used to sense pheromones (except for sex
pheromones, as there is no sex difference in the amount of ST). We observed that there
were more SC in the antenna of male adults than in those of female adults. This result
was contrary to the earlier result reported in C. chinensis and Diaphania angustalis Snellen
(Lepidoptera: Crambidae) by Zhang et al. [36], and was found also in C. maculatus. This
result and the slightly grooved blunt tip of SC2 could represent contact chemoreceptors
to perceive and recognize host stimuli [12,23,37,38]. We found SB1, SB2, and SA usu-
ally exhibited numerous pores on their surfaces, implicating them as having an olfactory
function [23,24,39]; SB3 were the longest and the most numerous of all SB sensilla; they
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lack an apical pore and wall pores and may be chemoreceptors that respond to odorant
stimuli [24,40]. The SB4 observed in this study matched the features in other Bruchinae
species (A. obtectus, Callosobruchus subinnotatus, C. chinensis, and C. maculatus); they have
a grooved surface with a bract-like end, which indicates that this sensillum is a chemorecep-
tor possessing an olfactory function [16,23,24,41,42]. Nevertheless, the sexual differences
in SB2, SB3, and SB4 length were not present in C. chinensis and C. maculatus, which may be
due to the strict requirements of the host plant (oligophagia); in combination with their
function analysis, they are likely to be able to identify the host stimulus. Until now, SA was
not found in C. maculatus, C. subinnotatus, or A. obtectus. Probably, from an evolutionary
perspective, SA was either ancestral, being subequently lost in C. maculatus, C. subinnotatus,
and A. obtectus or acquired independently in M. dorsalis, C. chinensis, and C. rhodesianus (i.e.,
convergence) due to a common selective force (such as similar sex pheromones). Moreover,
C. rhodesianus is more closely related to C. maculatus than to C. chinensis based on the
molecular phylogeny of the genus, and SA’s distribution resembles SCa’s in C. rhodesianus,
C. maculatus, and C. chinensis [43]. In contrast, we believe SA is due to the same evolution-
ary process. SA has a shape resembling grass leaves, wall pores, and abundant sexual
differences, which indicate that this sensillum has an olfactory function to detect female
pheromone in this species [16,24].

The morphology of SCa, like the sensilla cavity in C. chinensis (L.), and their distribu-
tion, were the same as the sensilla cavitae in C. rhodesianus (Pic), which may indicate that
this sensillum had chemo-, thermo-, or hygro-reception function [13,16]. The following
causes are possible for the similarity in SCa distribution in the two bruchid species: the habi-
tat and climate of M. dorsalis and C. rhodesianus are distributed in temperate/subtropical
zones with more seasonality, so SCa may have developed an ability to sense and accom-
modate ambient conditions in M. dorsalis. SG was only distributed in flagellum 9, and
resembled GP in C. chinensis (L.) and C. maculatus (E.). The likely function of these sensilla
is chemo- or thermo-reception [13,16]. SG and SB4 were only distributed in flagellum F9,
which imply that these were specific sensilla.

4.2. Maxillary and Labial Palps Sensilla

The maxillary and labial palps also have SC and ST. Similar to SC and ST located on
the antennae, they likely function as chemo- and mechano-receptors [23]. The number of
maxillary palps of ST sensilla in males was lower than in females, perhaps suggesting that
these sensilla support host recognition and selecting the position of ovipositing (eggs were
often laid on the surface of the seeds, the four walls, and top of the plastic box). The SSt in
our study were similar to those of A. obtectus and Melanotus villosus (Geoffroy) (Coleoptera:
Elateridae) [44], SCo in D. angustalis (Snellen), C. chinensis (L.), and A. obtectus. They may be
thermo- and hygro-sensitive and be combined thermo- and chemoreceptors [24,36,45-47].
SD was also observed in the labial and maxillary palp of C. chinensis (L.). They are probably
chemoreceptors and respond to vibratory stimulation in Coleoptera [48,49].

5. Conclusions

Using scanning electron microscopy, we described the morphological types and num-
bers of sensilla and their distributions on the antennae and mouthparts (the maxillary and
labial palps) in both males and females of adult M. dorsalis. We hypothesized that the
function of the sensilla relates to the structure of the sensilla and to insect behavior. BB
can sense the position of the antenna and control its movement as a proprioceptor. ST and
SC are dual-function receptors that combine mechanoreceptors and chemoreceptors. ST
may be used to sense pheromones; SC can sense contact pheromones and host (Gleditsia)
volatiles (SB also possessed the function). SA identified long-distance sex pheromones.
SCa and SCo had hermo- or hygro-reception function. These hypotheses need to be further
verified by single sensillum recording (SSR) and transmission electron microscopy (TEM).
Our research can be used as background information for follow-up chemical ecology stud-
ies, electrophysiology, and behavioral experiments, to better understand the function of
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different sensors and the mechanisms associated with information on chemistry-based pest
control strategies.

Author Contributions: Conceptualization and methodology, S.C. and C.W,; software, Y.L. and S.C.;
validation, C.W. and X.W.; formal analysis, S.C., Y.L. and C.W.,; investigation, S.C. and C.W.; resources,
M.Y.,, X.W. and EX.; data curation, S.C.; writing—original draft preparation, S.C.; writing—review and
editing, CW., X.W.,, M.Y,, EX. and Y.L.; visualization, S.C.; supervision, C.W.; project administration,
C.W.,, X.W. and M.Y,; funding acquisition, C.W. and X.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Forestry Science and Technology Research Project of
Guizhou Province, Grant/ Award Numbers: [2021] (06); the Introduction Talent Research Project of
Guizhou University, Grant/ Award Numbers: [2019] (563); and the Characteristic Forestry Industry
Scientific Research Project of Guizhou Province, Grant/ Award Numbers: GZMC-ZD20202098.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: We sincerely thank Qianfen Zhen (Guizhou University) for his valuable help in
taking scanning electron microscopy photos of M. dorsalis. We also thank Xiao Guo, Heping Li, Fei
Su, Jingjing Yang, Linjie Zhao for their efforts to collate data. We are also grateful for the invaluable
suggestions and pertinent comments from anonymous referees and journal editors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ragab, E.; Shaheen, U.; Bader, A.; Elokely, K.; Ghoneim, M. Computational study and biological evaluation of isolated saponins
from the fruits of Gleditsia aquatica and Gleditsia caspica. Rec. Nat. Prod. 2020, 15, 142-147. [CrossRef]

2. GyoRgy, Z.; Tuda, M. Host—Plant range expansion to Gymmnocladus dioica by an introduced seed predatory beetle
Megabruchidius dorsalis. Entomol. Sci. 2019, 23, 28-32. [CrossRef]

3.  Tuda, M.; Morimoto, K. A New Species Megabruchidius sophorae (Coleoptera, Bruchidae), feeding on seeds of Styphnolobium
(Fabaceae) new to bruchidae. Zool. Sci. 2004, 21, 105-110. [CrossRef]

4. Ruta, R; Jaloszynski, P.; Wanat, M. Megabruchidius dorsalis (Fahraeus, 1839)—An invasive seed beetle new to Poland (Coleoptera:
Chrysomelidae: Bruchinae). Wiadomosci Entomol. 2017, 36, 162-166.

5. Shimada, M.; Kurota, H.; Toquenaga, Y. Regular distribution of larvae and resource monopolization in the seed beetle Bruchidius
dorsalis infesting seeds of the Japanese honey locust Gleditsia japonica. Popul. Ecol. 2001, 43, 245-252. [CrossRef]

6. Shimomura, K.; Mimura, T.; Ishikawa, S.; Yajima, S.; Ohsawa, K. Variation in mate recognition specificities among four
Callosobruchus seed beetles. Entomol. Exp. Appl. 2010, 135, 315-322. [CrossRef]

7. Adhikary, P; Mukherjee, A.; Barik, A. Role of surface wax alkanes from Lathyrus sativus L. seeds for attraction of Callosobruchus
maculatus (F.) (Coleoptera: Bruchidae). J. Stored. Prod. Res. 2014, 59, 113-119. [CrossRef]

8.  Zacharuk, R.Y. Ultrastructure and function of insect chemosensilla. Annu. Rev. Entomol. 1980, 25, 27-47. [CrossRef]

9.  Bruyne, M.d.; Clyne, PJ.; Carlson, J.R. Odor coding in a model olfactory organ: The drosophila maxillary palp. J. Neurosci. 1999,
19, 4520-4532. [CrossRef] [PubMed]

10. Hallberg, E.; Hansson, B.S. Arthropod sensilla: Morphology and phylogenetic considerations. Micros. Res. Technol. 1999, 47,
428-439. [CrossRef]

11. Schneider, D. Insect antennae. Annu. Rev. Entomol. 1964, 9, 103-122. [CrossRef]

12. Roh, G.H; Lee, Y].; Park, C.G. Morphology and distribution of antennal sensilla in a parasitoid fly, Gymnosoma rotundatum
(Diptera: Tachinidae). Microsc. Res. Technol. 2020, 83, 589-596. [CrossRef]

13.  Hu, F; Zhang, G.N.; Wang, ].J. Scanning electron microscopy studies of antennal sensilla of bruchid beetles, Callosobruchus chinensis (L.)
and Callosobruchus maculatus (F.) (Coleoptera: Bruchidae). Micron 2009, 40, 320-326. [CrossRef] [PubMed]

14. Hu, Q.; Li, W,; Feng, ]. Morphology, distribution, ultrastructure, and possible function of the external sensilla on antennae and
mouthparts of Echinothrips americanus Morgan (Thysanoptera: Thripidae). J. Asia Pac. Entomol. 2020, 23, 599-605. [CrossRef]

15. Crook, D.J.; Kerr, L.M.; Mastro, V.C. Distribution and fine structure of antennal sensilla in emerald ash borer (Coleoptera:
Buprestidae). Ann. Entomol. Soc. Am. 2008, 101, 1103-1111. [CrossRef]

16. Fukuda, K.; Yanagawa, A.; Tuda, M.; Sakurai, G.; Kamitani, S.; Furuya, N. Sexual difference in antennal sensilla abundance,

density and size in Callosobruchus rhodesianus (Coleoptera: Chrysomelidae: Bruchinae). Appl. Entomol. Zool. 2016, 51, 641-651.
[CrossRef]


http://doi.org/10.25135/rnp.202.20.08.1764
http://doi.org/10.1111/ens.12393
http://doi.org/10.2108/0289-0003(2004)21[105:ANSMSC]2.0.CO;2
http://doi.org/10.1007/s10144-001-8188-2
http://doi.org/10.1111/j.1570-7458.2010.00994.x
http://doi.org/10.1016/j.jspr.2014.06.005
http://doi.org/10.1146/annurev.en.25.010180.000331
http://doi.org/10.1523/JNEUROSCI.19-11-04520.1999
http://www.ncbi.nlm.nih.gov/pubmed/10341252
http://doi.org/10.1002/(SICI)1097-0029(19991215)47:6&lt;428::AID-JEMT6&gt;3.0.CO;2-P
http://doi.org/10.1146/annurev.en.09.010164.000535
http://doi.org/10.1002/jemt.23449
http://doi.org/10.1016/j.micron.2008.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19101159
http://doi.org/10.1016/j.aspen.2020.04.003
http://doi.org/10.1603/0013-8746-101.6.1103
http://doi.org/10.1007/s13355-016-0441-4

Insects 2021, 12,1112 14 of 15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Toéath, M.; Szdacs, G.; Lofstedt, C.; Hansson, B.S.; Subcbev, M. Sex pheromone components of Mamestra suasa: Chemical analysis,
electrophysiological activity, wind tunnel activity and field tests in two European countries. Entomol. Exp. Appl. 1986, 42, 291-299.
[CrossRef]

Faucheux, M.].; Nemeth, T.; Hoffmannova, J.; Kundrata, R. Scanning electron microscopy reveals the antennal micromorphology
of Lamprodila (Palmar) festiva (Coleoptera: Buprestidae), an invasive pest of ornamental cupressaceae in western palaearctic.
Biology 2020, 9, 375. [CrossRef] [PubMed]

Sun, L.; Xiao, H.J.; Gu, S.H.; Zhou, ].].; Guo, Y.Y,; Liu, ZW.; Zhang, Y.J. The antenna-specific odorant-binding protein AlinOBP13
of the alfalfa plant bug Adelphocoris lineolatus is expressed specifically in basiconic sensilla and has high binding affinity to
terpenoids. Insect. Mol. Biol. 2014, 23, 417-434. [CrossRef]

Zhang, Y.; Ren, L.; Zhang, L.; Luo, Y. Ultrastructure of antennal and posterior abdominal sensilla in Chlorophorus caragana females.
Micron 2015, 75, 45-57. [CrossRef]

Faucheux, M.]J.; Nemeth, T.; Kundrata, R. Comparative antennal morphology of Agriotes (Coleoptera: Elateridae), with special
reference to the typology and possible functions of sensilla. Insects 2020, 11, 137. [CrossRef]

Mbata, G.N.; Chinta, S.; Ramaswamy, S.B. Morphology of sensory structures on the antennae, maxillary and labial palpi, tarsi,
and ovipositor of adult Callosobruchus maculatus and C. subinnotatus (Coleoptera: Bruchidae). Ann. Entomol. Soc. Am. 1997, 90,
462-469. [CrossRef]

Urbanek, A.; Luszczek, D.; Kapusta, M. Antennal and mouthpart sensilla of Acanthoscelides obtectus say (Coleoptera: Bruchidae).
Microsc. Res. Technol. 2016, 79, 1230-1235. [CrossRef] [PubMed]

Wang, H.; Zheng, H.; Zhang, Y.; Zhang, X. Morphology and distribution of antennal, maxillary palp and labial palp sensilla of the
adult bruchid beetles, Callosobruchus chinensis (L.) (Coleoptera: Bruchidae). Entomol. Res. 2018, 48, 466—479. [CrossRef]

Li, Y.; Zhang, R.; Guo, ]. Biological characteristics of Megabruchidius dorsalis. In Proceedings of the 50th anniversary of the
Chinese Society for Plant Protection and its annual conference, Bejing, China, 2426 October 2012.

Zhu, X.; Liu, S.; Xu, C.Q.; Guo, K.; Xu, R.; Qiao, H.L.; Chen, ]J. Morphology and distribution of sensilla on the antennae and
ovipositor of the Hymenopteran parasitoid Pseudotorymus jaapiellae Yang et Chen. Microsc. Res. Technol. 2021, 84, 1873-1886.
[CrossRef] [PubMed]

Krishnan, A.; Prabhakar, S.; Sudarsan, S.; Sane, S.P. The neural mechanisms of antennal positioning in flying moths. J. Exp. Biol.
2012, 215, 3096-3105. [CrossRef] [PubMed]

Lezhenina, I.P. On the Biology of the East Asian seed beetle, Megabruchidius dorsalis (Coleoptera, Chrysomelidae, Bruchinae), an
adventive species for Ukraine. Zoodiversity 2020, 54, 307-316. [CrossRef]

Wu, W,; Shen, S.; Wang, C.; Fan, X_; Zhang, Z.; Zhang, S. Sensilla on organs of female and male Aphidius gifuensis (Hymenoptera:
Aphidiidae). Microsc. Res. Technol. 2018, 81, 1513-1519. [CrossRef] [PubMed]

Liu, E; Li, F; Zhang, S.; Kong, X.; Zhang, Z. Ultrastructure of antennal sensilla of Erannis ankeraria Staudinger (Lepidoptera:
Geometridae). Microsc. Res. Technol. 2019, 82, 1903-1910. [CrossRef]

Ruchty, M.; Romani, R.; Kuebler, L.S.; Ruschioni, S.; Roces, F.; Isidoro, N.; Kleineidam, C.J. The thermo-sensitive sensilla
coeloconica of leaf-cutting ants (Atta vollenweideri). Arthropod. Struct. Dev. 2009, 38, 195-205. [CrossRef] [PubMed]

Shi, X.; Zhang, S.F,; Liu, E; Zhang, Z.; Xu, EY.; Yin, S.Y.; Kong, X.B. Sensilla on antennae and mouthparts of adult spruce bark
beetle Ips typographus (Coleoptera: Curculionidae). Microsc. Res. Technol. 2021, 84, 1484-1497. [CrossRef]

Slifer, E.H.; Sekhon, S.S. Sense organs on the antennae of two species of Thrips (Thysanoptera, Insecta). J. Morphol. 1974, 143,
445-455. [CrossRef]

Vera, W.; Bergmann, ]. Distribution and ultrastructure of the antennal sensilla of the grape weevil Naupactus xanthographus
(Coleoptera: Curculionidae). Microsc. Res. Technol. 2018, 81, 590-598. [CrossRef] [PubMed]

Wang, Q.K.; Zhang, M.; Li, K.; Zhang, D. Olfactory sensilla on antennae and maxillary palps of Fannia hirticeps (Stein, 1892)
(Diptera: Fanniidae). Microsc. Res. Technol. 2012, 75, 1313-1320. [CrossRef] [PubMed]

Zhang, Y.J.; Chen, D.Y; Chao, X.T.; Dong, Z.S.; Huang, Z.Y.; Zheng, X.L.; Lu, W. Morphological characterization and distribution of
antennal sensilla of Diaphania angustalis Snellen (Lepidoptera: Crambidae). Microsc. Res. Technol. 2019, 82, 1632-1641. [CrossRef]
Weseloe, R.M. Sense organs of the Hyperparasite Cheiloneurus noxius (Hymenoptera: Encyrtidae) Important in host selection
processes. Ann. Entomol. Soc. Am. 1972, 65, 41-46. [CrossRef]

Zhang, G.H.; Li, B.L.; Li, C.R. Morphology and distribution of antennal sensilla of female Phyllotreta striolata (Fabricius)
(Coleoptera: Chrysomelidae). Microsc. Res. Technol. 2016, 79, 219-226. [CrossRef] [PubMed]

Zhang, J.; Guan, L.; Ren, B. Fine structure and distribution of antennal sensilla of longicorn beetles Leptura arcuata and Leptura
aethiops (Coleoptera: Cerambycidae). Ann. Entomol. Soc. Am. 2011, 104, 778-787. [CrossRef]

Liu, H,; Liu, Z;; Jing, X.; Yang, M.; Liu, J.; Zhang, J. Scanning electron microscopy studies of antennal sensilla of Isoceras sibirica
Alpheraky (Lepidoptera, Cossidae). Ann. Soc. Entomol. 2014, 50, 350-357. [CrossRef]

Li, Q.; Chen, L.; Liu, M.; Wang, W.; Sabatelli, S.; Di Giulio, A.; Audisio, P. Scanning electron microscope study of antennae and
mouthparts in the pollen-beetle Meligethes (Odonthogethes) chinensis (Coleoptera: Nitidulidae: Meligethinae). Insects 2021, 12, 659.
[CrossRef]

Sukontason, K.; Methanitikorn, R.; Chaiwong, T.; Kurahashi, H.; Vogtsberger, R.C.; Sukontason, K.L. Sensilla of the antenna and
palp of Hydrotaea chalcogaster (Diptera: Muscidae). Micron 2007, 38, 218-223. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1570-7458.1986.tb01035.x
http://doi.org/10.3390/biology9110375
http://www.ncbi.nlm.nih.gov/pubmed/33158061
http://doi.org/10.1111/imb.12089
http://doi.org/10.1016/j.micron.2015.04.014
http://doi.org/10.3390/insects11020137
http://doi.org/10.1093/aesa/90.4.462
http://doi.org/10.1002/jemt.22783
http://www.ncbi.nlm.nih.gov/pubmed/27696563
http://doi.org/10.1111/1748-5967.12296
http://doi.org/10.1002/jemt.23744
http://www.ncbi.nlm.nih.gov/pubmed/33655696
http://doi.org/10.1242/jeb.071704
http://www.ncbi.nlm.nih.gov/pubmed/22660776
http://doi.org/10.15407/zoo2020.04.307
http://doi.org/10.1002/jemt.23158
http://www.ncbi.nlm.nih.gov/pubmed/30351532
http://doi.org/10.1002/jemt.23358
http://doi.org/10.1016/j.asd.2008.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19095080
http://doi.org/10.1002/jemt.23704
http://doi.org/10.1002/jmor.1051430407
http://doi.org/10.1002/jemt.23014
http://www.ncbi.nlm.nih.gov/pubmed/29527784
http://doi.org/10.1002/jemt.22066
http://www.ncbi.nlm.nih.gov/pubmed/22556028
http://doi.org/10.1002/jemt.23329
http://doi.org/10.1093/aesa/65.1.41
http://doi.org/10.1002/jemt.22621
http://www.ncbi.nlm.nih.gov/pubmed/26757062
http://doi.org/10.1603/AN10188
http://doi.org/10.1080/00379271.2014.981405
http://doi.org/10.3390/insects12070659
http://doi.org/10.1016/j.micron.2006.07.018
http://www.ncbi.nlm.nih.gov/pubmed/16978868

Insects 2021, 12,1112 15 of 15

43.

44.

45.

46.

47.

48.

49.

Tuda, M.; Ronn, J.; Buranapanichpan, S.; Wasano, N.; Arnqvist, G. Evolutionary diversification of the bean beetle genus
Callosobruchus (Coleoptera: Bruchidae): Traits associated with stored-product pest status. Mol. Ecol. 2006, 15, 3541-3551.
[CrossRef] [PubMed]

Merivee, E.; Rahi, M.; Bresciani, J.; Ravn, H.P; Luik, A. Antennal sensilla of the click beetle, Melanotus villosus (Geoffroy)
(Coleoptera: Elateridae). Int. ]. Insect Morphol. Embryol. 1998, 28, 41-51. [CrossRef]

Altner, H.; Routil, C.; Loftus, R.; Zoologie, I.; Regensburg, U.; Deutschland, B. Cell and tissue on the antenna of Locusta migratoria.
Cell. Tissue. Res. 1981, 215, 289-308.

Altner, H.; Loftus, R. Ultrastructure and function of insect thermo- and hygroreceptors. Annu. Rev. Entomol. 1985, 30, 273-295.
[CrossRef]

Merivee, E.; Must, A.; Luik, A.; Williams, I. Electrophysiological identification of hygroreceptor neurons from the antennal
dome-shaped sensilla in the ground beetle Pterostichus oblongopunctatus. J. Insect. Physiol. 2010, 56, 1671-1678. [CrossRef]
Farazmand, H.; Chaika, S.Y. Morphology and ultrastructure of chemosensory sensilla of labio-maxillary complex in the colorado
potato beetle, Leptinotarsa decemlineata (Col.: Chrysomelidae), larvae. J. Entomol. Soc. Iran 2008, 27, 1-11.

Ortloff, A.; Zanetti, N.; Centeno, N.; Silva, R.; Bustamante, F; Olave, A. Ultramorphological characteristics of mature larvae of
Nitidula carnaria (Schaller 1783) (Coleoptera: Nitidulidae), a beetle species of forensic importance. Forensic. Sci. Int. 2014, 239,
el-e9. [CrossRef]


http://doi.org/10.1111/j.1365-294X.2006.03030.x
http://www.ncbi.nlm.nih.gov/pubmed/17032256
http://doi.org/10.1016/S0020-7322(98)00032-4
http://doi.org/10.1146/annurev.en.30.010185.001421
http://doi.org/10.1016/j.jinsphys.2010.06.017
http://doi.org/10.1016/j.forsciint.2014.03.010

	Introduction 
	Materials and Methods 
	Insects 
	Sample Preparation for Scanning Electron Microscopy (SEM) 
	Statistical Analyses 

	Results 
	Antennae 
	General Antennal Morphology 
	Types and Distributions of Antennal Sensilla 
	Density of Antennal Sensilla 

	The Maxillary and Labial Palps 

	Discussion 
	Antennal Sensilla 
	Maxillary and Labial Palps Sensilla 

	Conclusions 
	References

