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Abstract
The small hive beetle (SHB), as one of the six major pathogens of honeybee, has invaded China in recent years and caused serious harm to the apiculture
industry of China. In order to explore the feeding mechanism of Aethina tumida, we used scanning electron microscopy for the �rst time to conduct a detailed
study on the morphology and structure of antennae and mouthparts, including the distribution and abundance of sensilla. The results showed that its clavate
antennae and chewing mouthparts are similar to those of other nitidulid on the structure and types of sensilla. There are 5 types of sensilla were identi�ed on
antennae: 3 subtypes of sensilla chaetica (SC), 1 type of sensilla trichodea (SP), 6 subtypes of sensilla basiconica (SB), 2 subtypes of sensilla styloconica
(SS) and 1 type of Böhm bristles (BB); 8 types of sensilla on mourthparts: 1 type of SC, 8 subtypes of SB, 2 subtypes of SP, 2 subtypes of SS, 1 type of SM, 1
type of sensilla coelocinica (Sco), 2 subtypes of campaniformia (Scam) and 1 type of BB. We also compared the differences of sensilla with the only reported
nitiduline species Omosita colon and inferred their sensory function.

1. Background
Antennae and mouthparts are important appendages with numerous sensory structures for external stimuli. Antennae are the main olfactory and tactile
organs that can sense chemical and mechanical actions for foraging, mating, gathering and �nding spawning groups (Na et al. 2008; Li and Chen 2010; Du et
al. 2015) Mouthparts are feeding structures for detection of feeding and host plants (Li et al. 2013). The complexity and diversity of the structure of insect
mouthparts and antennae are the result of evolution (Wang et al. 2019), therefore, exploring the morphology and sensilla, as well as analysing their function
and differences among species are important for the understanding of insect feeding habits and their evolution, also for providing more accurate control
strategies to agricultural pests (Yin and Fu 2011). So far, a great deal of researches have been done on morphology and sensilla in the antennae and
mouthparts of Coleoptera on Cerambycidae (Yin and Jiang 1995; Hu et al. 2001; Zhuge et al. 2009; Zhang et al. 2011), Carabidae (Kin and Yamasaki 1996; Liu
and Tian 2008; Giulioa et al. 2012), Scolytidae (Chen and Tang, 2006; Yang et al. 2010), Elateridae (Merivee 1992), Scarabaeidae (Merivee et al. 1992; Fei et al.
2012), Curculionidae (Yin et al. 2011; Smith et al. 1976; Kang et al. 2012), but few reports on Nitidulidae (Ortloff et al. 2014; Cao and Huang 2016).

The family Nitidulidae is a polyphagous insect with a wide distribution. They feed on stored crops, �owers, fungi and decayed plant and animal tissues. The
nitiduline species A. tumida Murrary, 1867, usually called as small hive beetle (SHB), is regarded as a serious invasive pest which is a free-living predator,
parasite and scavenger of honey bees (Arbogast et al. 2012; Pirk 2017). Females of A.tumida usually lay eggs in the small cracks, crevices and even under the
cell cappings of sealed hives (Pirk 2013). The larval stage of A. tumida, as the main stage of damage to bee colonies, mainly feed on honey, pollen, honeybee
eggs and brood, causing the death of the brood, honey fermentation and comb destruction, eventually resulting in the colony weakens and complete structural
collapse of the nest (Pirk 2017; Lounsberry et al. 2010; Zhao et al. 2019).

A. tumida is native to sub-Saharan Africa and regarded as a minor pest. In 1996, it was �rst discovered in the United States and then spread rapidly in America
and caused serious damage to the beekeeping industry (Neumann and Elzen 2019; Spiewok et al. 2007). Later, it gradually spread to Australia, America, Asia
and other countries, causing different degrees of colony damage and economic loss (Zhao et al. 2019; Evans et al. 2003; Lee et al. 2017; Toufailia et al. 2017).
In 2017, A. tumida �rstly invaded into the coastal areas of China, and broken out in Hainan, Guangdong and Guangxi provinces in 2018. It can infect both Apis
cerana cerana Fabricius and Apis mellifera ligustica Spinola and has caused serious damage to local bee colonies (Zhong et al. 2020). At present, many
countries have listed A. tumida as quarantine objects and restricted the entry of bee products, species and equipment from the epidemic area. If the spread of
A. tumida cannot be controlled in time, it will seriously affect the international trade of bee products and the healthy development of the bee industry in China
(Zhao et al. 2019). 

Previous paper about A. tumida mainly focused on traditional morphology, biology and pest control (Bernier et al. 2014; Halcroft et al 2011; Torto et al. 2010),
but there is a lack of the ultrastructure morphology and sensilla studies on the important sensory organs. This study is devoted to the detailed study on the
�ne structure of mouthparts and antennae and the position of different types of sensilla on them by scanning electron microscope (SEM), and the possible
functions of these sensilla are discussed to provide more data for further researches on the relationship between sensilla with behavior and co-evolution of
insects and feeding objects.

2. Materials And Methods
2.1. Insects

Adults of A. tumida were collected from Guangzhou Province in August 2018, and preserved in 95% alcohol and stored at -20℃.

2.2. Scanning electron microscopy

Removed head from body with a dissecting needle and tweezer under a Leica M205A microscope, then dehydrated with 100% ethanol twice for 30 min each.
Change different grades of tert-butanol and alcohol solutions (tert-butanol: alcohol was 3:1, 1:1, 1:3) for 15 min each time, and �nally use 100% tert-butanol
for 30 min. The dissected head was pasted on the sample table with double-side copper sticky tape after drying, then sputtered with gold/palladium (40/60)
using a high resolution sputter coater (MSP-1S SHINKKU VD, Tokyo, Japan), lastly observed with a T-3400 SEM (Hitachi, Tokyo, Japan) operated at 15 kV or
Nova Nano SEM-450 (FEI, Hillsboro, OR, USA) at 5–10 kV.

2.3. Data analysis

Photographs were observed and retouched with Adobe Photoshop CS6 (Adobe Systems, San Jose, CA, USA). Statistical analysis was performed using SPSS
19.0 (SPSS, Chicago, IL, USA). Measurements were made using Image J (win64).
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2.4. Terminology

In this paper, the terminology mainly followed Schneider (1964) and also referred the published articles on Coleoptera (Merivee et al. 2001; Bartlet et al. 1999).

3. Results
3.1. Antennae

3.1.1. Gross morphology of the antennae

The antennae of A. tumida compose of 11 segments, including scape, pedicel and 9 �agellums (Figure 1). Antenna usually places in the antennal groove on
the ventral surface during resting. Scape connects with head through antennifer, and with outer margin obtuse. Pedicel is cylindrical and constricted basally.
Flagellums 1–6 gradually become shorter and wider, and �agellum 6 is almost disc-like. The last three segments of �agellums are swollen and gradually
narrower, collectively known as uncompact antennal club. The lengths of the male and females are 975.6 ±15.0μm and 972.9±8.0μm, respectively (Table 1),
and there are no signi�cant sexual differences in the length of each segment (P > 0.05). Antennal club has the most abundant types and quantity of sensilla,
especially on the apex of terminal segment, followed by the scape and pedicel, �agellums 1–6 are least.  

3.1.2. Sensilla on antennae

5 types and 13 subtypes of sensilla were identi�ed on antennae: 3 subtypes of sen-silla chaetica (SC), 6 subtypes of sensilla basiconica (SB), 1 type of
sensilla trichodea (ST), 2 subtypes of sensilla styloconica (SS) and 1 type of Böhm bristles (BB). The division standards of antennal sensilla are presented in
Table S1. The number and types of sensilla on the dorsal side of the antenna are more than those on the ventral side, and the antennae club has the most
abundant types and numbers of sensilla.

Sensilla chaetica (SC) are long setae or spines, usually perpendicular to the cuticula and higher than other sensilla. They are divided into three subtypes (SC1,
SC2 and SC3) ac-cording to the length and surface grooves.

Sensilla chaetica 1 (SC1) are the longest and most numerous long setae. They have sharp tips, longitudinal grooved walls and scattered into wide sockets,
measure 96.86±6.24μm in length and 6.98±0.4μm in basal diameter. They are normally straight on the lateral margin of �agellum, especially the lateral and
anterior margins of antennal club and curved on the outer margin of scape (Figures 2–A, C; Figure 3–A, D).

Table 1

Length and width of antennal segments of male and female A. tumida

Sex   Scape

(μm)

Pedicel Flagellum (μm) Total (μ

  (μm) 1 2 3 4 5 6 7 8 9

Male length 213.9±0.6 116.2±1.9 102.7±0.4 54.6±1.5 49.4±1.8 40.4±0.8 43.4 ±1.9 42.7 ±1.9 81.9±0.5 76.4 ±3.0 154.1±2

Female  length 162.1±1.9 119.5±0.8 102.3±0.8 55.5±0.3 57.2±0.6 49.5±0.5 52.5 ±2.5 49.7 ±0.5 84.8
±3.7

84.3±0.6 155.5±1

Sensilla chaetica 2 (SC2) are long straight setae. They have sharp tips, smooth walls and scattered into tight sockets, measure 65.1±3.6μm in length and
6.5±0.3μm in basal diameter. They are inserted on pedicel and scape (Figure 3–A and D).

 Sensilla chaetica 3 (SC3) are the shortest spines, located at pedicel, �agellum 9 and basal of scape. They have blunt point tips and V-shape grooved walls,
and no obvious socket at base, measure 24.0±1.6μm in length and 4.6±0.3μm in basal diameter (Figure 3–A and E).

Sensilla trichodea (ST) are long and curved hairs, gradually narrower towards apex. They have sharp tips, longitudinal grooved walls and wide sockets. They
are numerous and mainly distributed on antennal club, measure 17.2±0.3μm in length and 3.6±0.1μm at basal diameter (Figure 2–B and D).

Sensilla basiconica (SB) are short and cone-shaped with the most abundance on the antennae. According to the external morphological characteristics, they
can be divided into 7 subtypes (Figure 2–3). 

Sensilla basiconica 1 (SB1) are long-rod shaped and have the most length among all subtypes, measure 12.1±0.5μm in length and 2.6±0.1μm at basal
diameter. They are straight, thin and inserted into wide sockets with tips blunt pointed and walls smooth basally and rough apically. They are only distributed
in the �agellum 9 (Figure 2–B and E).

Sensilla basiconica 2 (SB2) are short and straight. They are characterized by tips sharped, walls smooth at half base and longitudinal grooved apically and
sockets tight. They only distributed at terminal segment of antennal club (Figure 2–B and F).

Sensilla basiconica 3 (SB3) are corn shaped, straight or curved. They have blunt tips and alternating grooved walls, usually inserted in tight sockets. The
length is 3.7±1.6μm and the basal width is 1.6±0.3μm, and only distributed on antennal club (Figure 2–B and G).

Sensilla basiconica 4 (SB4) are typical of cuticular �nger-like protuberances extending tapered from base to apex. The tips are blunt point and walls are
alternating grooved. They are the least antennal sensilla which inserted in wide sockets on antennal club, measure 2.1±0.1μm in length and 1.4±0.03μm at
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basal diameter (Figure 2–B and I).

Sensilla basiconica 5 (SB5) are ear shaped and looking like �atted SB3. They are straight or slightly curved, and inserted in wide sockets. They are 4.1±0.3μm
in length and 1.99±0.08μm in basal width and all located in �agellum 9 (Figure 2–A and J).

Sensilla basiconica 6 (SB6) are upright with smooth walls and bifurcate tips. They are inserted in wide sockets on anrennifer, measured 4.3±1.6μm in length
and 2.7±0.2μm in basal diameter (Figure3–B, C and F).

Sensilla styloconica (SS) are cone shaped on raised cuticle. They are divided into 2 sub-types according to their lengths.

Sensilla styloconica 1 (SS1) are short-cone shaped. They are straight with blunt point tips and smooth walls. They are inserted in wide sockets and measure
1.7±0.1μm in length and 3.8±0.1μm in basal width, and only located in middle of antennal club (Figure 2–H).

Sensilla styloconica 2 (SS2) are �gure-like, they are straight or slightly curved with blunt tips and alternating grooved walls. They are inserted in wide sockets
and measure 6.0±0.2μm in length and 4.3±0.1μm in basal width, and located in the anterior margin of �agellum 7 and 8 (Figure 2–A and K).

Böhm bristles (BB) are straight and short spines, clustered at anternnifer. They have sharp tips and smooth walls, and scattered into wide sockets, measure
3.9±0.2μm in length and 2.6±0.1μm at basal diameter (Figure 3–A and C).

3.2. Mouthparts

3.2.1. Gross morphology of the mouthparts

A. tumida has typical chewing mouthparts same as other insects of Coleoptera, consisting of �ve parts (Figure 4–B). Labrum consists of an ossi�ed outer lip
(Figure 4–A) and a soft hairy epipharynx (Figure 7–B). It forms the upper cover of the mouthpiece to prevent food from failing off, and the anterior margin of
labrum is emarginated to help feeding from the edge of food. A pair of mandibles (Figure 4–C) located behind labrum, consist of apical incisor lobes for
cutting and tearing food, and basal molar lobes for grinding food. A pair of maxillae located behind mandibles, consist of cardo, stipes, galea, lacinia and
maxillary palpus (Figure 5–A and B). Labium is used as the posterior wall of mouthparts to hold food and consists of postmentum, prementum, paraglossa,
glossa and labial palpus. Postmentum is located at base of labium and consists of submentum and mentum. Paraglossa and glossa are collectively called
lingual (Figure 6–B). Hypopharynx is located in the center of preoral cavity, helping to transport and swallow food.

3.2.2. Sensilla on mouthparts

8 types of sensilla were identi�ed on mouthparts, including sensilla chaetica (SC), 8 subtypes of sensilla basiconica (SB), 2 subtypes of sensilla placodeum
(SP), 2 type of sensilla styloconica (SS), sensilla multicobular (SM), 1 type of sensilla coelocinica (Sco), 2 subtypes of campaniformia (Scam) and 1 type of
Böhm bristles (BB). The division standards of sensilla on mouthparts are presented in Table S2.

Sensilla chaetica (SC) are straight spine with sharp tips and inserted in wide sockets, with longitudinal grooved walls and measured 41.0±4.6 in length and
3.3±0.3 in basal diameter. They are distributed on lateral margin of cardo, sripes, mandile and labium (Figures 4–A, C; 5–B, F and 6–B).

Sensilla basiconica 1 (SB1) are short and upright cone-shaped. They have sharp tips and smooth walls; they are inserted in wide and deep sockets, measured
4.1±0.1μm at length and 1.5±0.2μm at basal diameter. They are only distributed on maxillary palpus (Figure 5–B, H and I).

Sensilla basiconica 2 (SB2) are �nger-liked. They are straight with walls smooth; tips blunt with a small pore apically. They are 3.3±0.5μm in length and
1.9±0.7μm in basal diameter, and only distributed on sensilla region of terminal segment of maxilla and labium palpus (Figures 5–G and 6–A, C).

Sensilla basiconica 3 (SB3) are straight with smooth walls and bifurcate tips. They are measured 4.7±0.2μm in length and 1.8±0.1μm in basal diameter. They
are inserted in wide sockets, and only symmetrically distribute in both sides of inner margin of epipharynx (Figure 7–A, F and I).

Sensilla basiconica 4 (SB4) are small and short cone-shaped. They are straight with smooth walls and a pore at top of blunt tips. They are inserted in wide
sockets and measured in 2.1±2.0μm in length and 2.5±0.2μm at basal diameter. They are distributed on the epipharynx (Figure 7–E and K).

Sensilla basiconica 5 (SB5) are hemispherical with smooth walls and a pore at top of blunt tips. They are inserted in wide and deep sockets and measured
2.7±0.1 in length and 2.9±0.1 in basal diameter. They are distributed on the epipharynx (Figure 7–B and D).

Sensilla basiconica 6 (SB6) are hemispherical. Tips blunt with a pore, walls smooth and inserted in wide sockets. They are measured in 1.9±0.1μm in length
and 2.0±0.03μm in basal diameter, and only distributed on the epipharynx (Figure 7–J, K).

Sensilla basiconica 7 (SB7) are hemispherical and straight. Tips blunt with double pores, walls smooth and inserted in wide sockets. They are measured in
1.6±0.1μm in length and 2.7±0.04μm in basal diameter, and only distributed besides SB6 (Figure 7–J, K).

Sensilla basiconica 8 (SB8) are short cylindrical with constricted apex. They are inserted in a deep socket and measured 3.3±0.1 in length and 2.1±0.2 in basal
diameter. They are distributed in pairs on the lateral margin of epipharynx (Figure 7–B, C).

Sesnsilla placeodeum (SP) are long stripes that grow inside tight depressions of cuticle. They are straight with smooth walls, and are divided into two
subtypes according to their lengths. Sensilla placodeum 1 (SP1) are measured 25.3±0.5μm in length and gathered symmetrically at the base of the lateral
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margin of the terminal segment of maxilla palpus (Figure 5–B, D). Sensilla placodeum 2 (SP2) are measured 12.9μm in length and distributed singly at the
lateral margin of the terminal segment of maxilla palpus (Figure 5–B, E).

Sensilla styloconica (SS) are sensory cones and inserted in elevations of the cuticle. They are medium-sized, thick and straight with smooth walls and
surrounding with Sco. There are two subtypes according to the length and shape of tips. 

Sensilla stylocoica 1 (SS1) are blunt at tips and measured 2.8±0.2 in length and 2.4±0.1μm in basal diameter, and concentrated in the sensilla �eld at tip of
terminal segment of maxillary palpus (Figrue 5–G). 

Sensilla stylocoica 2 (SS2) are �ower-like at tips and measured 7.6±0.3μm in length and 7.6±0.3 in basal diameter, and concentrated in the sensilla �eld at tip
of terminal segment of labium palpus (Figrue 6–A, C).

Sensilla multicobular (SM) are �ower-like or bract-shaped and appear to consist of many cones that curve from base to top. They have rugose walls and no
obvious sockets, measured 1.3±0.6μm in length and 2.4±0.6μm at basal diameter. They are clustered and only distributed at the end of the sensilla �elds at
the top of terminal labium palpus (Figures 6–A, D).

Sensilla coelocinica (SCo) are nipple-like. They are short and thick with smooth walls, tips blunt with a pore. They are 2.7±0.1μm in length and 2.9±0.9μm in
basal diameter. They are inserted in the pit formed by raised cuticle, distributed along the margins of sensilla �elds at the top of the terminal segment of
labium and maxillary palpus, and symmetrically arranged along the middle of glossa (Figures 5–G; 6–A, B, C, E).

Sensilla campaniformia 1 (SCam1) are hemispherical concave cuticle, with small projections medially. They are symmetrically located at base of
epippharynx. They are measured 3.3±0.2μm in width (Figure 7–B, G).

Sensilla campaniformia 2 (SCam2) are oval concave cuticle. They are symmetrically located at apex of epippharynx. They are measured 5.1±0.4μm in width
(Figure 7–B, H).

Böhm bristles (BB) are short, straight and cone shaped. They have sharp tips and smooth walls. These sensilla measured 6.9±0.3μm in length and 3.2±0.2μm
at basal diameter, all of them arranged along outer margin of lacinia (Figure 5–A, C).

Table 2

Comparison of the antennal sensilla of O. colon, M. (O.) chinensis and A. tumida.

Species Feed Habit Sex ST SC SB BB SS SCa SCo Total

O. colon

(in Cao and Huang (2016))

Saprophagy

(corpses of bovine)

Male

Female

3 2 3 1 1 1 \ 6 types

11 subtypes

M.(O.) chinensis

(in Li (2021))

Phytophagy

(Host plant:

Rubus idaeus

�owers)

Male 3 1 3 1 3 1 \ 6 types

12 subtypes

Female 3 2 3 1 3 1 1 7 types

14 subtypes

A. tumida

(in this study)

Saprophagy

(honey)

Male

Female

1 3 6 1 2 \ \ 5 types

13 subtypes

Table 3

Comparison of the sensilla on the mouthparts of O. colon, M. (O.) chinensis and A. tumida.

Species Feed Habit Sex ST SC SB BB SP SCo SCam SM SS Total

O. colon

(in Cao and Huang (2016))

Saprophagy

(corpses of bovine)

Male

Female

1 2 7 1 2 1 2 \ \ 7 types

16 subtypes

M.(O.) chinensis

(in Li (2021))

Phytophagy

(Host plant:

Rubus idaeus

�owers)

Male 2 2 7 1 2 2 1 \ \ 7 types

17 subtypes

Female 2 2 6 1 2 2 1 \ \ 7 types

16 subtypes

A. tumida

(in this study)

Saprophagy

(honey)

Male

Female

\ 1 8 1 2 1 2 1 2 8 types

18 subtypes
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4. Discussion
4.1 Comparison of the morphology of the antennae and mouthpart of O. colon, M. (O.) chinensis and A. tumida.

Antennae of A. tumida are obviously shorter than its head width, the antennae are 0.8 times the width of head, while antennae of O. colon are longer than its
head width, the antennae are 1.1 times the width of head, and antennae of M. (O.) chinensis are shorter than its head width, the antennae are 0.9 times the
width of head. A. tumida has semicircular scape, �agellum 1 longest, �agellum 2–6 showed little difference in length, but �agellum 4–6 gradually widened
and obviously discoid. O. colon has cylindrical scape, �agellum 1 longest, �agellum 1–3 obvious longer than �agellum 4–6, �agellum 4–6 not enlarged to
discoid. M. (O.) chinensis has semicircle-like scape, �agellum 1 longest, �agellum 1-3 obvious longer than �agellum 4-6, �agellum 5-6 gradually widened and
�agellum 6 obvious discoid. Antennal club of A. tumida is almost the same in length and width, O. colon with length 1.2 times as the width, and M. (O.)
chinensis with length 1.1 times as the width.

Both phytophagous (anthophagous) nitidulid and saprophagous nitidulid have an ossi�ed outer lip. The top of the epipharynx of A.tumida is partially
coalescent and the overall shape is similar to that of O.colon. The �mbria apicale are connected to the pectin laterals, with a small number of median bristle
on the middle part of the epipharynx. Bushy �mbria apicale and median bristle crest on the epipharynx of phytophagous nitidulid (M. (O.) chinensis), and there
are thick pectin laterals on the side bristle. The top of the epipharynx of O.colon is almost coalescent, the �mbria apicale is dense, the median bristle crest is
regressed, and pectin laterals on the side bristle are gathered in the middle to form a semi-ellipse.

The mandibles of the three species have the same structure, but differ in the num-ber of incisors and the degree of development of mandibles and molars. O.
colon and A. tumida have signi�cantly less robust mandibles, but lateral margins with developed sensory hairs. Incisors ossi�ed, shout and bifurcated apically
to form two teeth. Molars are strongly ossi�ed and extremely thriving, protruding medially with transverse notches. Flexile prostheca links incisor and molar to
coordinate their activities. M. (O.) chinensis have stout mandibles of similar length and width. Incisors strongly ossi�ed, with one sharped tooth. Molars same
as the former, but less developed. Prostheca are relatively developed.

The lacinia of O. colon and A. tumida are very developed with dense chaetae and similar in appearance, and the lacinia and the galea are coalescent. The
stipes ventralis of them are all trapezoids with wider bases, but A. tumida’s is more developed with more chaetae on the outside. The lacinia of M. (O.)
chinensis is less developed and the galea is developed with dense chaetae apically. The stipes ventralis are curved, concave inward on one side near the palpi
and convex on the other side. The maxillary palpus of all three species is composed of four segments, with the �rst three segments shorter and the last
segment longest.

The labium all consists of �ve parts. All three species have developed pentagonal mentum. The whole paraglossa is nearly V-shaped, but paraglossa longest
in A. tumida and shortest in M. (O.) chinensis. The paraglossa of A. tumida and O. colon are obviously more developed than that of M. (O.) chinensis, and with
denser sensory hairs medially and apically. The labial palpus of all three species consists of three segments, but the last segment of A. tumida is sharply
tilted, O. colon is slightly tilted, and M. (O.) chinensis is �at.

The differentiation of food habits is the result of collective long-term natural selec-tion and evolution. Insects with similar food habits have relatively similar
mouthparts in morphology and structure, and vice versa. In conclusion, the mouthparts structures of the three species are similar, but O. colon and A.
tumida are more similar and M. (O.) chinensis have obvious differences on the mandibles. On the one hand, the reason for this difference may be that both O.
colon and A. tumida belong to the subfamily Nitidulinae and are more closely related, but M. (O.) chinensis belongs to the subfamily Meligethinae; on the other
hand, it should be related to their feeding habits. Both O. colon and A. tumida are saprophagous, while M. (O.) chinensis is phytophagous (anthophagous).
Saprophagous nitidulid (O. colon and A. tumida) mainly feed on bones, fermented pollen and honey, while M. (O.) chinensis is mainly feed on �owers of Rubus
idaeus. When the food is infected by microorganisms and becomes rotten or fermented, its texture becomes very soft, so saprophagous nitidulid have thinner
mandibles and less sharp incisors, because they don’t need a sturdy mandibles to help them cut food, but well-developed molars can help them grind food.

4.2 Comparison of the Sensilla on the Antennae and Mouthparts between Saprophagous and Phytophagous nitidulid

In this study, we reported the sensilla on the antennae and mouthparts of both males and females of the invasive pest A. tumida. Comparing with the sensilla
of the phytophagous (anthophagous) nitidulid (M. (O.) chinensis) reported by Li et al [54] and the saprophagous nitidulid (O. colon) reported by Cao and
Huang (2016), there are obvious differences on the antennae and mouthparts (Table 2 and 3).

For Nitidulidae, the sensory types of antennae and mouthpart are less studied. Compared with the only reported Nitidulinae species (O.colon, M. (O.)
chinensis), all of them have typical chewing mouthparts and clavate antennae and have no signi�cant difference in the length of antennae between male and
female. Due to the different feeding habits, there are differences in morphology of antennae and mouthparts, and also the differences in the type and number
of sensilla, but homologous sensilla have stable distribution sites.

Cao and Huang (2016) found six types of sensilla on the antennae of both males and females of O. colon, including sensilla trichodea (ST; three subtypes),
sensilla chaetica (SC; two subtypes), sensilla basiconica (SB; three subtypes), Böhm bristles (BB), sensilla styloconica (SS), and sensilla cavity (SCa). Li et al
(2021) found six types of sensilla on the antennae of males and seven types of sensilla on the antennae of females of M. (O.) chinensis, including sensilla
trichodea (ST; three subtypes), sensilla chaetica (SC; one subtype on males, two subtypes on females), sensilla basiconica (SB; three subtypes), Böhm bristles
(BB), sensilla styloconica (SS), sensilla cavity (SCa) and sensilla coeloconica (SCo) which is only present in females. In this study, we found that �ve other
sensilla types except sensilla cavity and sensilla coeloconica are also present in the antennae of males and females. There are also signi�cant differences in
the sensilla subtypes. In this study, we found the Böhm bristles-like sensilla (SB6) on the antennifer that have not previously been reported in Coleoptera until
now; the �nger-like sensilla basiconica (SB4) on an-tennal club; the corn shaped sensilla basiconica (SB3) on antennal club; and the ear shaped sensilla
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basiconica (SB5) which looks like �atted SB3 on the �agellum nine. Although the number of these newly described sensilla subtypes in Nitidulidae is very
small, the position of the same kind of sensilla subtypes is very concentrated.

Cao and Huang (2016) found seven types of sensilla on the mouthparts of O. colon, including sensilla trichodea (ST), sensilla chaetica (SC; two subtypes),
sensilla basiconica (SB; seven subtypes), sensilla coeloconica (SCo), sensilla placodea (SP; two subtypes), Böhm bristles (BB), and sensilla campaniformia
(SCa; two subtypes). Li et al. (2021) found seven types of sensilla on the mouthparts of M. chinensis, including sensilla trichodea (ST; two subtypes), sensilla
chaetica (SC; two subtypes), sensilla basiconica (SB; seven subtypes on males, six subtypes on females), sensilla coeloconica (SCo; two subtypes), sensilla
placodea (SP; two subtypes), Böhm bristles (BB), and sensilla campaniformia (SCa). In this study, we found that the six types of sensilla on the mouthparts of
A. tumida are the same as those of O. colon and M. (O.) chinensis except sensilla trichodea, and there are two types of sensilla only present in A. tumida.
Among them, sensilla placodea and Böhm bristles have almost no difference in morphological characteristics in the three Nitidulidae, but there is no sensilla
trichodea on the mouthparts of A. tumida. Sensilla campaniformia found in M. (O.) chinensis are long, and the sockets are deeper than others. Sensilla
campaniformia of O. colon are located on a sunken area of the cuticula and are symmetrically distributed on the epipharynx, while Scam of A. tumida are
small projections located in hemispherical concave cuticle. The subtypes of sensilla basiconica and sensilla coeloconica are signi�cantly different in A.
tumida, M. (O.) chinensis and O. colon. For instance, the sensilla basiconica with one or two pores at the tops of blunt tips (SB5, SB6 and SB7) are found in
the A. tumida only, and the �ower-like or bract-shaped sensilla multicobular with rugose walls. SB5, SB6, SB7 and SM are not found in M. (O.) chinensis and O.
colon.

4.3 Sensory function and feeding behavior of A. tumida

Similar to other Coleoptera, BB was widely distributed at the base of antennifer (Merivee et al. 2001; Bartlet et al. 1999) and assumed to function as gravity
receptor allowing a response to gravity when insects experience mechanical stimulation (Schneider 1964). In addition, BB is also distributed on lacinia, and its
morphology is similar to that on antennae, so it can be inferred that it has a similar function of keeping the maxilla palp in a proper position when the insect
moves or changes position, which is also consistent with its ability to sense mechanical stimuli. However, on the antennifer of A. tumida, there are several BB-
like sensilla called SB6 in this study that have the same function as BB.

SC are signi�cantly higher than other sensilla, making them more sensitive to environmental changes. Barlet et al. (1999) found that sensilla chaetica could
respond to hostplant chemicals, so these sensilla might be regarded as gustatory sensors. SC2 have smooth walls and distribute on pedicel and scape, they
were surrounded by SC1, and so they might have the same function as SC1. SC3 are located on pedicel, �agellum 9 and basal of scape and they might have
the function of sensing the position of antennae relative to the head. On the mouthparts, SC are mainly distributed in anterior margin of labium, outer margin
of mandible, maxillary palp and labial palp. When foraging, SC may help them sense external mechanical stimuli and quickly locate food (Cao and Huang
2016).

SB have the most abundant sensory subtypes and rich in sensory nerve organs, which play an important role in host seeking and risk avoidance behavior
(Chen et al. 2013; Zhang et al. 2012). They are divided into two types based on whether there are pores in the top. The pore enables them to communicate with
the external environment for chemical signals and feel the smell of the host plant when searching for food, so as to stimulate the directional movement of
insects and determine whether food can be accepted under the stimulus of olfactory and gustatory. SB with a pore in Vanessa cardui and porous
in Homoeosoma nebulella, both are olfactory sensillum (Faucheux 1995). So on the mouthparts, SB2, SB4, SB5, SB6, SB8 with a pore and SB7 with two poles
apically may all olfactory sensillum, and different subtypes may be used to identify different chemicals. SB1 and SB3 without pore may be mechanical
sensillum.

SB on antennae are all without pores. SB1 are the most abundant and also found in other insects (Zhang et al. 2012; Ma and Du 2000). SB3 are similar to SB2
of Chrysolina aeruginosa (Zhang et al. 2013). SB1 and SB3 might have general functions as gustatory sensors (Bartlet et al. 1999; Ma and Du 2000). SB2 are
similar to Sco of Chrysolina aeruginosa and SB3 of Phyllotreta striolata (Zhang et al. 2013; Zhang et al. 2013), which generally regarded as sensors that
recognize changes in humidity and temperature (Bartlet et al. 1999). There are no reports about SB4 on the antenna in Coleoptera of previous study. They are
the least antenna sensilla, and their alternating grooved walls suggested that these sensilla might have the functions of olfactory. SB5 are similar to SB5
of Phyllotreta striolata, and their distributions suggest that these sensilla might be having a vital role in host plant detection for oviposition (Zhang et al.
1026). SB6 are similar to BB in this study and they distributed around BB in a small amount. There have been no reports about SB6 on the antenna in
Coleoptera of previous study. Based on their similarity with BB and their distributions, we believe that they might have the same function as BB.

Studies have shown that SS on the antennae are rich in nerve cells, which can sense temperature, humidity, olfaction and gustation (Ma and Du 2000). SS1 on
the antenna resemble the sensilla styloconica of Chrysolina aeruginosa and Psylliodes chrysocephala, whose functions are similar to SB2 on the antennae in
this study, both of which are identifying changes in the humidity and temperature (Bartlet et al. 1999). SS2 locate in the anterior margin of �agellum 7 and 8,
and have the same distribution position as SB3 of Dacne picta and SB1 of O. colon, sug-gesting that these sensillum may be gustatory or humidity receptor
(Cao and Huang 2016; Li et al. 2012). Many insects have SS on maxillary palp and labium palp (Zhang et al. 2013), so SS1 and SS2 on mouthparts may have
the same function, and the �ower-shaped tips help increasing the contact area for better gustatory function (Hallberg 1982).

ST are numerous and mainly distributed in antennal club, and they are regarded as common olfactory sensors.

SP are similar to the “poreless sensilla” on I. typographus (Hallberg 1982), "sensilla aperture" on Apriona germari (Zhuge et al. 2009) and SP on Asias
halodendir (Xiao and Liu 2011) and O. colon (Cao and Huang 2016). Richerson found that SP have microporous structures and con�rmed that this type of
sensor is the olfactory sensor.
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Terminal segment of maxilla palp and labial palp have abundant sensilla, especially at the top, forming a sensor region surrounded with Sco along outer
margin. Sco similar to sensilla twig basiconica 6 in Cryptorrhynchus lapathi (Yang et al. 2019) and Sco in O. colon (Cao and Huang 2016). Sco are innervated
by four dendrites, which are morphologically similar to no-pore sensilla, suggesting that they are also the thermo- and hygro- receptors (Li et al. 2012).

Scam has relatively stable cuticle appearance, circular arch shape or bell shape, and is thought to be an ontological mechanoreceptor that senses and
responds to the tension created by the insect’s exoskeleton (Shields 2008).

5. Conclusion
This is the �rst detailed study of the morphology and sensilla of the mouthpart and antennae of A. tumida. The results showed that A. tumida have typical
chewing mouth-parts and clavate antennae similar to other Nitidulidae species. 5 types of 13 subtypes of sensilla on antennae and 8 types of 18 subtypes of
sensilla on mouthparts were found. The sensilla basiconica are the most abundant in subtypes and sensilla chaetica are the most abundant in numbers.
Compared with other structures of the mouthpart and an-tennae, antennal club, maxilla palp and labium palp have more abundant sensilla which function as
mechanorecepter and chemoreceptor playing an important role in searching food and selecting habita.
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Figures

Figure 1

Antenna of A. tumida. Fl, �agellum; Pe, pedicel; Sc, scape; An, anrennifer.
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Figure 2

Antennal sensilla in A. tumida. A. Antennal club; B. antennal club; C. sensilla chaetica 1 (SC1); D. sensilla trichodea 1 (ST1); E. sensilla basiconica 1 (SB1); F.
sensilla basiconica 2 (SB2); G. sensilla basiconica 3 (SB3); H. sensilla styloconica 1 (SS1); I. sensilla basiconica 4 (SB4); J. sensilla basiconica 5 (SB5); K.
sensilla styloconica 2 (SS2).
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Figure 3

Antennal sensilla in A. tumida. A. medial view of scape; B. lateral view of antennifer; C. sensilla basiconica 6 (SB6) and Bohm bristles (BB); D. sensilla chaetica
2 (SC2); E. sensilla chaetica 3 (SC3); F. sensilla basiconica 6 (SB6).

Figure 4

Head and mouthparts of A. tumida. A. dorsal view; B. ventral view; C. mandible, dorsal view. Lab, labrum; lin, lingual; lap, labrum palpu; man, mandible; map,
mandible pulp; men, mentum; sum, submentum; inc, incisor lobe; mol, molar lobe.
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Figure 5

Sensilla on the maxillae palp of A. tumida. A. ventral view; B. lateral view; C. Bohm bristles (BB); D. Sensilla placodea 1 (SP1); E. Sensilla placodea 2 (SP2); F.
sensilla chaetica (SC); G. sensilla coeloconica (Sco), sensilla styloconica 1 (SS1) and sensilla basiconica 2 (SB2) on the top of maxillary palps; H, I. sensillia
basiconica 1 (SB1). Map, maxillary palpus; gal, galea; lac, lacinia; car, cardo; sti, stipes.
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Figure 6

Sensilla on labium palp of A. tumida. A. terminal segmrnt of labium palp; B, glossa, ventral view; C. sensilla coelocinica (Sco), sensilla styloconica 2 (SS2),
sensilla basiconica 2 (SB2); D. sensilla multilobular (SM); E. sensilla coeloconica (Sco).
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Figure 7

Sensilla on the epipharynx of A. tumida. A. epipharynx, ventral view; B. sensilla basiconica 5 (SB5), sensilla basiconica 8 (SB8), sensilla campaniformia 1
(SCam1) and 2 (SCam2); C, sensilla basiconica 8 (SB8); D. sensilla basiconica 5 (SB5); E. sensilla basiconica 4 (SB4); F, I. sensilla basiconica 3 (SB3); G.
sensilla campaniformia 1 (Scam1); H. Sensilla campaniformia 2 (Scam2).


