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Abstract

Functional morphology of sensillae on the antennae and mouthparts of two co-generic aphidophagous ladybird species, viz.
Coccinella septempunctata and Coccinella transversalis (Coleoptera: Coccinellidae) were studied using scanning electron
microscopy to determine their structure, functions and sex-specific variations. Their mouthparts comprise of mandible,
maxilla, maxillary palps, labrum, labium and labial palps. Sensillae were present on different mouthparts, viz. maxillary
palp, labial palps, and the clypeus. Maxillary palps were the main prey-holding apparatus with three distinct regions, viz.
proximal, middle, and distal segments. Labial palps provide initial gripping of the prey with three similar regions as that
of maxillary palps. Six different types of sensillae were identified on the mouthparts of C. septempunctata, viz. chaetica,
trichoidea, coeloconica, placoidea, basiconica, and styloconica, while those on C. transversalis had seven different sensillae
with the inclusion of sensilla campaniformia. The female antennae were greater in length than the male ones in both species.
The scape and pedicel segments of the male antennae were greater in length, while flagellomeres were shorter in length than
those of the female antennae of the two species. Six types of sensillae, viz. chaetica, trichoidea, basiconica, coeloconica,
ampullacea, and campaniformia were identified on C. septempunctata antennae, while those of C. transversalis had eight
with the addition of sensillae sporangia, and styloconica. These sensillae on mouthparts and antennae of both the ladybird
species have crucial functional roles in foraging, prey-location, and prey capture.
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Introduction

Predatory ladybirds (Coleoptera: Coccinellidae) are biocon-
trol agents of numerous phytophagous insects and acarine
pests (Hodek et al. 2012; Pervez et al. 2020a). These lady-
birds locate, recognize, capture, and consume prey that is
primarily modulated by chemoreception (Pettersson et al.
2008; Omkar and Pervez 2016). A wide range of sensillae
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distributed all over the body (Hallberg and Hansson 1999),
including antennae and mouthparts, facilitate them in for-
aging and mate-search (Park et al. 2001; Omkar and Pervez
2008; Pervez et al. 2020b). Insect mouthparts are diversely
evolved into different forms and functions (Krenn and
Aspock 2012), and have evolved according to the prey-type
(Samways et al. 1997; Hao et al. 2019a). Aphidophagous
ladybirds possess mandibulate mouthparts that comprise of
labrum, mandible, maxillae, labium, and hypopharynx (Hao
et al. 2016, 2019a, b) and they use maxillary palpi and labial
palpi for contact receptions (Seo and Youn 2000), while only
the latter for chewing prey (Wang et al. 1999). Diverse forms
of sensillae on their mouthparts provide chemo- and thigmo-
receptions thereby evolving them as better predators (Ma
et al. 2013; Hao et al. 2016).

Seven spot ladybird, Coccinella septempunctata Linnaeus
is a eurytopic, cosmopolitan aphidophagous ladybird with
a wide prey range (Omkar and Pervez 2004). It preferably
preyed upon aphid, Lipaphis erysimi (Kaltenbach) (Omkar

@ Springer


http://orcid.org/0000-0003-3224-4782
http://orcid.org/0000-0002-8249-8222
http://orcid.org/0000-0002-6836-4383
http://crossmark.crossref.org/dialog/?doi=10.1007/s42690-022-00780-z&domain=pdf

International Journal of Tropical Insect Science

and Srivastava 2003), and is considered as a potential bio-
control agent (Pervez and Omkar 2005). Despite its wide
occurrence and biocontrol potential, little is known on the
morphology of its mouthparts and sensillae associated with
them for prey capture. Baoyu et al. (2000) noted two sensil-
lae, viz. trichodea and basiconica on its antennae. Srivastava
and Omkar (2003) found female antenna to be greater in
length than that of male with the presence of eight types of
antennal sensillae. Thornham et al. (2007) studied its sen-
sory structures on the palpi and tarsi and found two types of
sensilla basiconica (for mechano- and chemo-reception) and
sensilla campaniformia on the labial palpi.

Coccinella transversalis Fabricius is also a major aphi-
dophagous ladybird species of the Oriental region with a
wide prey range (Omkar and Pervez 2004). It predates upon
aphid, Aphis gossypii (Glover) (Omkar and James 2004)
and could be a potential candidate for this aphid biocontrol
(Pervez and Omkar 2005). It is a highly potential biocontrol
agent in terms of foraging and feeding efficiency (Omkar and
James 2003). Despite it being an important biocontrol agent
of aphids, there is a dearth of information available on the
structure of antennae, mouthparts and feeding habits of C.
transversalis. However, its co-generic species, Coccinella
transversoguttata Faldermann contains four chemo-sensitive
sensillae, viz. sensilla chaetica, sensilla basiconica, sensilla
styloconica and sensilla placoidea on the mouthparts, which
are directly associated with prey-recognition and capturing
(Hao et al. 2019a). Similarly, the seven sensillae on mouth-
parts of a ladybird, Hippodamia variegata (Goeze) provide
ease in prey-location and prey-handling (Hao et al. 2019b).
Such information on the functional morphology of mouth-
parts and antennal sensillae may provide an insight into the
foraging and feeding mechanisms of the two co-generic Coc-
cinella species.

Rogers and Simpson (1997) found that insects feeding on
synthetic diets had a lesser number of sensillae than those
feeding on natural foods, suggesting that sensillae had a
major role in the foraging insects in terms of food location
and identification. Thus, the aggregation and types of sensil-
lae on the mouthparts are directly associated with feeding
habits. Information regarding their arrangement on various
mouthparts and antennae may provide a better understanding
of their functions and utility in locating-prey and habitats
along with their role in mate-location and reproduction. Such
information on their functional morphology may provide
an insight into the foraging and feeding mechanisms of C.
septempunctata and C. transversalis, which will further be
helpful in their utilization in biological control programme.
Given this, we performed the scanning electron microscopy
of mouthparts and antennae of males and females of both
the above two co-generic Coccinella species, to identify
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sex-dependent functional morphology of their mouthparts
and antennal sensillae.

Materials and methods
Stock culture

Adults of C. septempunctata and C. transversalis were
collected from Kashipur, Uttarakhand, India (29°2104°N,
78°9619°E) preying on aphid, L. erysimi infested on mus-
tard (Brassica campestris) crops and aphid, Aphis craccivora
(Koch) infested on cowpea (Lablab purpureus (L.) Sweet),
respectively, and brought to the laboratory. The adults of the
two co-generic species were sexually identified based on
genitalia under the Stereoscopic Trinocular (Lyzer) at 40X
and 100X magnifications connected to a personal computer
(DELL). Thereafter, the adult male and female of each spe-
cies were paired in Petri dishes (9.0 cm diameter X 2.0 cm
height) consisting of a sufficient quantity of aphids (prey and
host plant as above), which were placed in the Environmen-
tal Test Chamber (REMI, Remi Instruments) under constant
abiotic conditions (27 +2 °C; 65+5% RH; 14L: 10D). Adults
mated and females laid eggs in clusters that were collected
and reared from egg-hatch till adult emergence (space and
food as above). The emerging F, adults were isolated in Petri
dishes and reared on the above food for the next 20 days to
attain sexual maturity, and were used for the scanning elec-
tron microphotography of mouthparts and antennae.

Scanning electron microscopy

We selected healthy 20-day-old adult males and females of
the two co-generic ladybird species and anesthetized them by
keeping cotton swabbed in 90% alcohol in their Petri dishes.
Thereafter, the mouthparts and antennae were excised care-
fully using a microblade and microneedle while observ-
ing them under a Stereomicroscope (Lieca S8APO). We
immersed the mouthparts and antennae in 10% KOH for an
hour to clear the unwanted tissues from them. Thereafter, the
mouthparts and antennae were dehydrated by treating them
in the alcohol grades of 30%, 50%, 70%, 90%, and 100%
concentration for 10 min. The processed body-parts were
air-dried for 30 min at 30 °C and coated with a thin layer
of gold by Polaron SC 502 sputter coater. Thereafter, each
mouthpart/ antenna was mounted on a stub consisting of dou-
ble-sided sticky tapes and coated with the gold—palladium.
We inserted the mouthpart/ antenna containing stub in the
scanning electron microscope (Jeol JSM 5600) and, viewed
and clicked microphotographs at different magnifications at
15 kV. We replicated this experiment six times (n=06).
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Statistical analyses

The morphometric analysis of the body lengths and widths
of various mouthpart components, viz. labrum, maxillary
palp, labium, clypeus along with antenna and flagellomeres
of both the sexes of the two co-generic ladybird species
were determined (in pm) using the scale mentioned on each
scanning electron microphotograph. The lengths of certain
sensillae were also measured using the scales mentioned
in scanning electron microphotographs. The morphometric
data of the two sexes of the ladybird species were compared
by a two-sampled ‘t’ test and the means were compared
using Tukey’s HSD test using statistical software, MINITAB
13.0 on the personal computer (DELL). The maxillary palp
and labial palps were compared at three distinct levels of
their body lengths, viz. proximal, middle and distal using
Three-way ANOVA using “sex”, “palp” and “distribution”
as independent variables and ‘body lengths’ as a dependent
variable using a statistical software SAS 9.0 (2002). The
means were compared using Bonferroni (Dunn) Tests on
SAS 9.0 (2002).

Fig. 1 Scanning Electron
Microphotographs of the heads
consisting of mouthparts of
male and female C. septem-
punctata. (A) Dorsal view of
Male; (B) Ventral view of Male;
(C) Dorsal view of Female;
(D) Ventral view of Female
ladybird. CE- Compound eye;
CLP — clypeus; AN — antenna;
LR- labrum; MD — Mandible;
MX- maxilla; MP- maxillary
palp; LB- labium; LP- labial
palp; (The circles show chem-
osensory field in the maxillary

palp)

Results

Mouthparts and concomitant sensillae of the two
co-generic ladybird species

Mouthparts of males and females of C. septempunctata
(Fig. 1) and C. transversalis (Fig. 2) consisted of clypeus
(CLP), mandible (MD), maxilla (MX), maxillary palp
(MP), labium (LB), labial palp (LP) and labrum (LM). The
body length (t=-15.42; P<0.0001, d. f.=9) and width
(t=-3.15; P=0.012, d. f.=9) of labrum of C. septempunc-
tata were significantly greater in the adult female than the
male (Table 1). Similarly, its maxillary palp at proximal
(t=-3.25; P<0.001, d. f.=7), middle (t=-2.24; P <0.05,
d. f.=6) and distal (t=-22.67; P <0.0001, d. f.=6) ends,
and the labial palp at the proximal (t=-4.34; P<0.01, d.
f.=9) and middle (t=-2.80; P <0.023, d. f.=8) regions
were significantly longer in the female. On the contrary,
clypeus of adult male C. septempunctata was significantly
greater in length than that of the adult female (t=3.10;
P=0.015, d. f.=8).

KIRIKKALE
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Fig.2 Scanning Electron
Microphotographs of the heads
consisting of mouthparts of
male and female C. transver-
salis. (A) Dorsal view of Male;
(B) Ventral view of Male; (C)
Ventral view; (D) Magnified
ventral View. CE- Compound
eye; CLP — clypeus; AN —
antenna; LR- labrum; MD

— Mandible; MX- maxilla; MP-
maxillary palp; LB- labium; LP-
labial palp; Sc-sensilla chaetica;
Tr-sensilla trichoidea (The
circles show chemosensory field

in the maxillary palp) i
X78 288nm

The body lengths of clypeus (t=-8.99; P<0.001; d.
f.=7), labrum (t=-24.39; P <0.0001; d. f.=7), maxillary
palp at the proximal end (t=-12.65; P<0.0001; d. f.=8)
along with its sensory field of adult male, C. transversa-
lis were significantly lesser than those of its conspecific
female (Table 2). Similarly, the width labrum (t=-11.23;
P <0.0001; d. f.=8) and clypeus (t=-16.76; P<0.0001; d.
f.=8) of adult male, C. transversalis were also significantly
shorter than those of its conspecific female. On the con-
trary, middle part of maxillary palp (t=9.82; P <0.0001; d.
f.=7) along with proximal (t=2.51; P<0.05; d. f.=8), mid-
dle (t=10.72; P<0.0001; d. f.=9) and the distal (t=4.57;
P <0.01; d. f.=6) parts of labial palp of adult male, C. trans-
versalis were significantly greater in length than that of the
adult female.

The clypeus in males of C. septempunctata (Fig. 1) and
C. transversalis (Fig. 2) had fewer sensilla chaetica at the
distal region than that of females. Sensilla chaetica were
the longest sensilla with thick wall and located mainly on
the entire surface of labrum, maxillae and labium of both
ladybird species (Figs. 3 and 4). Trichoidea (Tr) with slen-
der and pointed tips were the second-longest sensilla in
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both species. The proximal and middle segments of maxil-
lary palps of the two species possessed both chaetica and
trichoidea (Tr; 25-38 pm), while their distal segment has
trichoidea in abundance with fewer chaetica. The chem-
osensory field of maxillary palp of C. transversalis had
aggregation of sensilla basiconica (Ba) with blunt-tips and
stout pegs. Sensilla styloconica (St) and placoidea (P1) were
found on the chemosensory region of the labial palps of both
species. St appeared cylindrical and had blunt tips (Figs. 3
and 5). The labial palps of both species had sensillae, viz.
chaetica (Sc), coeloconica (Co), campaniformia (Ca), pla-
coidea (P1), basiconica (Ba) and styloconica (St) (Figs. 2, 4,
5 and 6). At the periphery of the chemosensory field of labial
palps of both species, there were sensillae placoidea (PI)
arranged in the form of a ring and an aggregation of sensil-
lae basiconica (Ba; 1-2 pm) and styloconica (St; 2—4 pm)
at the middle. Sensilla placoidea (P1) appeared as sunken-
plate like structures with a diameter of 1-3 pm (Figs. 4 and
6). The distal segments of labial palps of both species also
had scattered sensilla campaniformia (Ca) and coeloconica
(Co). Sensilla campaniformia appeared as dome shaped
structures in a socket while sensilla coeloconica appeared as
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Fig.3 Scanning Electron
Microphotographs of the heads
exhibiting maxillary palps

and chemosensory fields of

(A) male and (B) female C.
septempunctata. Labial palps
and chemosensory fields of (C)
male and (D) female C. septem-
punctata

Fig.4 Diagrammatic repre-
sentation of various sensilla,
viz. (a) Am =ampullacea, ;
(b) Co=coeloconica, (c¢) g
Ca=campaniformia, (d) \ o i
Pl=placoidea, (e) St=Stylo-
conica, (f) Bal =basiconica
1, (g) Ba2 =basiconica 2,

(h) Tr=trichoidea, and (i)
Sc=chaetica

b) Co ¢) Ca
e) St
\
h) Tr

g) Ba2

KIRIKKALE
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Fig.5 Scanning Electron
Microphotographs showing

(A) different types of sensilla,
viz. Pl=Placoidea, St=Stylo-
conica, Bal & Ba2=Basiconica
1 & 2, and Co=Coeloconica

on the labial palp of male C.
septempunctata, (B) labial palp
of male C. septempunctata
showing P1 and St, and (C)
labial palp of male C. septem-
punctata showing Co, (D) labial
and maxillary palps of male C.
transversalis showing sen-

silla St, Ba, Sc =chaetica and
Tr=trichoidea

small pit-like structures resembling pores. Sensilla Tr were
found only in labial palps of C. transversalis. A few chaetica
(Scl; 41-45 pm) were observed in the middle segment and
some sensillae chaetica (Sc2; 19-25 pm) and trichoidea (Tr;
7-11 pm) in the distal segment of C. transversalis.

The maxillary palps of the two ladybird species were
larger than labial palps with three distribution segments, viz.
proximal, middle and distal. In C. septempunctata, the three-
way ANOVA revealed significant main effects of “palp”
(F=14,806.3; P<0.0001; d.f.=1) and its “distribution”
(F=8322.68; P<0.0001; d. f.=2) on the body lengths. The

Fig.6 Sensilla on the palps of
female C. transversalis. (A)
Labial palp; (B) Labial and
maxillary palps (The circle
shows the chemosensory field in
the labial palp)

@ Springer

WEBE 1

main effect of “sex”, however, was not significant (F=0.38;
P=0.53; d. f.=1). The interactions between “sex” X “palp”
(F=3.94; P<0.05; d. f.=1), “sex” x “distribution”
(F=598.02; P<0.0001; d. f.=2), “distribution” X “palp”
(F=3681.25; P<0.0001; d. f.=2) and “sex” X “palp” X “dis-
tribution” (F=634.90; P <0.0001; d. f.=2) were also found
to be statistically significant. In C. transversalis, the three-
way ANOVA revealed significant main effects of “sex”
(F=36.69; P<0.0001; d.f.=1), “palp” (F=40,879.7,
P<0.0001; d.f.=1) and its “distribution” (F=10,430.3;
P <0.0001; d.f.=2) on the body lengths. The interactions
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Main Effects Plot - Data Means for LENGTH
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Fig.7 Plot showing the main effects of sex, palp and distribution on the lengths of maxillary and labial palps of male and female, C. transversa-

lis

between “sex” X “palp” (F=14.65; P <0.0003; d.f.=1),
“sex” x “distribution” (F=53.64; P<0.0001; d.f.=2),
“distribution” X “palp” (F=5517.25; P<0.0001; d.f.=2)
and “sex” X “palp” X “distribution” (F=108.60; P <0.0001;
d.f.=2) were also found to be statistically significant. These
differences can be easily observed in the Main Effects Plot
(Fig. 7). Within the ‘distribution’, the distal segment of the
maxillary ‘palp’ of both the sexes of the two Coccinella
species appeared more receptive as it contained aggrega-
tion of sensillae in the form of a chemosensory field at the
terminal part.

Fig.8 Diagrammatic repre-
sentation of a typical antenna
of Coccinella showing various
segments, viz. SC=Scape,

PE =Pedicel, FL =Flagellum,
and F1—F9 =nine flagellar
segments

Antennae and the concomitant sensillae of the two
co-generic ladybird species

A pair of antennae, each comprised of a scape (SC), pedi-
cel (PE) and nine segmented flagellum (FL) were found
anterior to the compound eyes of both Coccinella species
(Fig. 8). The scape (t=16.66; P <0.0001; d. f.=9) and pedi-
cel (t=9.74; P<0.0001; d. f.=9) of adult male, C. septem-
punctata were significantly greater in length than those of
female (Table 3). The flagellomeres F1 to F8 of male, C.
septempunctata were significantly shorter (P <0.0001) and
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F9 was significantly greater (t=7.38; P<0.001; d. f.=8) in
length than those of its conspecific female. In C. transver-
salis, the scape (t=-14.49; P <0.0001; d. f.=9) and pedi-
cel (t=-12.68; P<0.0001; d. f.=7) in the antenna of adult
male was significantly shorter in length than that of female
(Table 2). The proximal and distal regions of the scape and
pedicel were broader in the female (Table 4). All the flagel-
lomeres on the antenna of the male ladybird were signifi-
cantly (t=-20.43; P<0.0001; d. f.=5) shorter in length than
those of the adult female. Thus, antennal lengths of adult
males of C. septempunctata (t=-3.80; P<0.01; d. f.=9)
and C. transversalis (t=-19.77; P<0.0001; d. f.=5) were
significantly shorter than those of their conspecific adult
females (Fig. 9).

Six and eight types of sensillae were found on the anten-
nae of C. septempunctata and C. transversalis, respectively,
viz. sensillae chaetica (Sc), trichoidea (Tr), basiconica (Ba),
campaniformia (Ca), coeloconica (Co) and ampullacea (Am)
in both species, while additional sensilla styloconica (St) and
sporangia (Sp) in C. transversalis. Based on their lengths,
various sensillae can be arranged in descending order as:
Sc>Tr>Ba> St>Sp>Ca. Fewer Sc and Ca were found
on the scapes of males and females of C. septempunctata
(Fig. 10A, B) and C. transversalis (Fig. 10C, D). Two sub-
types of chaetica, viz. Scl (63.64 pm) and Sc3 (21.28 pm)
were present on the antennae of C. transversalis. It also
contained 3—4 sensillae campaniformia. However, pedicel
had only Sc2 (29.1 pm) and Sc3 (23.64 pm) (Fig. 10). The
female antenna had numerous sensillae chaetica (Sc) and

Fig. 9 Morphology of antennae
of adults of (A) Male and (B)
Female, C. septempunctata, and
(C) Male and (D) Female Coc-
cinella transversalis
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two campaniformia (Ca) on the scape. Three subtypes of
chaetica were observed on scape, viz. Scl (156.67 pm), Sc3
(33.33 pm) and Sc4 (13.33 um). Sc4 were present as a group
in the most proximal region of scape. However, the pedicel
only had Sc2 (46.67 pm) and Sc3 (34.28 pm) (Fig. 10). The
sensillae on F8 and F9 were in abundance more in number
and diversity in both the species. Four and five types of sen-
sillae were identified in the F8-F9 flagellomeres male and
female, C. septempunctata respectively, while five and eight
types of sensillae in those of male and female, C. transver-
salis, respectively.

1. Sensilla chaetica (Sc): These were the longest sensilla
present on the entire antennae and the mouthparts of
both ladybird species (Figs. 3 and 11). They possessed
longitudinally arranged furrows and were of different
sizes at the lateral and middle parts of each flagellomere.
The lateral side of flagellomeres contain Sc of lengths
67.95+0.9 and 86.61 +2.87 pm on male and female
antennae of C. septempunctata, respectively (t=-13.86;
P <0.0001; d. f.=5). Their centre portions contain Sc
of length 39.10+0.90 and 61.61 +0.89 pm on male and
female antennae, respectively (t=-39.53; P<0.0001; d.
f.=9). The antenna of the adult male, C. transversalis
contained 10-12 Sc, primarily Sc1 (65-90 pm) and Sc2
(27-45 pm) on F9 (Fig. 7). Similarly, antenna of adult
females of C. transversalis contained both Sc1 (90—
95 pm) and Sc2 (37- 47 pm) (Fig. 8). Scl and Sc2 were

zeky X1Z8 188mm
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Fig. 10 Sensilla on scape and
pedicel of (A) Male and (B)
Female, C. septempunctata,
and (C) Male and (D) Female,
C. transversalis; Sc- sensilla
chaetica; Ca-sensilla campani-
formia

present in fewer numbers on F9 than the other sensillae
but these are in high numbers on F1 to F8 (Fig. 12).
2. Sensilla Trichoidea (Tr)
Trichoidea was the second-longest sensilla located on
F9 flagellomere in round concave sockets. They were
slender hair-like structures, tapered from base to top, and
were slightly longer and thinner than basiconica. Tr were

Fig. 11 Sensilla on F8-F9
flagellomeres of male (A)

and female (B) Coccinella
septempunctata.Sc- chaetica;
Tr- trichoidea; Ba- basiconica;
Co- coeloconicum; Am —
ampullacea; The circle shows
the congregation of sensilla at
the F8-F9 junction

188k

whirled at the circumference of the terminal surface of
F9 (Fig. 11) and on the distal region of maxillary palp
(Fig. 5) of both the sexes in C. septempunctata. The
lengths of Tr were of 13.78 +1.72 and 23.21 +3.26 pm
on male and female antennae, respectively (t= -5.75;
P<0.001; d. f.=7). In males of C. transversalis, three
types of Tr were identified, i.e. Trl (30-33 pm), Tr2

T K IR IKKAL
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Fig. 12 Sensilla on distal flagel-
lomeres of male (A) and female
(B) C. transversalis. Sc- sensilla
chaetica; Tr- sensilla trichoidea;
Ba- sensilla basiconica; Co-sen-
silla coeloconicum; St-sensilla
styloconicum; Ca-sensilla
campaniformia; Am-sensilla
ampullacea (The circle shows
the congregation of sensilla at
the F8-F9 junction)

Zaky
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Table 1 Morphometric analysis

Mouth parts Dimension Male Female t-value
of the mouthparts of male and
female, C. septempunctata. Labrum Length 2342479 311.00+7.9 t=-15.42; P<0.0001, d.f. =9
The data éﬁ;ﬁf;?fizvi‘gtsgn"’f Width 5440113 5650496  t=-3.15P=0012, d.f.=9
ie. 10°%m Maxillary Palp Proximal 100.0+11.9 133.5+6.32 t=-3.25;P<0.01,d.f.=7
Middle 153.7+3.5 162.8+8.5 t=-2.24; P<0.05,d.f.=6
Distal 524.7+5.1 675.0+14.5 t=-22.67, P<0.0001, d.f.=6
Labial Palp Proximal 357+1.6 41.0+2.2 t=-4.34;P<0.01, d.f.=9
Middle 96.2+6.1 104.5+4.1 t=-2.80; P<0.023, d.f.=8
Distal 162.2+3.9 162.3+8.8 t=-0.04; P=0.97,d.f.=6
Clypeus Length 900.2+10.4 877.3+14.8 t=3.10; P=0.015,d.f.=8
Width 777.2+18.9 777.8+15.9 t=-0.07; P=0.95,d.f.=9

Data is Mean+S.D

(9-12 pm) and Tr3 (5-7 pm) (Fig. 12). A whirl of Tr, 3.

particularly that of Tr2, was found at the circumference
of the terminal surface of F9 antennal segment of adult
male. Tr3 were found at the centre of the F9 along with
basiconica (Ba) and styloconica (St). The antenna of
adult female contained, three types of Tr on F9 flagel-
lomere. Sensilla Trl (32-35 pm) were present at the
periphery of F9, followed by Tr2 (15-17 pm) and Tr3
(5-10 pm) towards the centre (Fig. 12).

Sensilla Basiconica (Ba)

Sensilla basiconica appeared as stout peg-like struc-
ture that was broader and thicker than Tr and lied at
an angle of 50°—70° to the antennal axis. The sensillae
Ba were of 8.65+0.78 and 10.124+0.84 pm (t= -2.84;
P=0.019; d. f.=9) on male and female antennae of C.
septempunctata, respectively on the distal-most surface
of F9 (Fig. 11). These were also congregated at the lat-
eral juncture point of F8 and F8 in both sexes. In males

Table 2 Morphometric analysis

Mouth parts Dimension Male Female t-value
of the mouthparts of male and
female, C. transversalis. The Labrum Length 265.0+5.0 361.5+2.5 t=-24.39; P<0.0001, d.f.=7
Sz‘if‘og:igot; Sggemftifs‘)h?im Width 5630+17.0 6370485  t=-11.23;P<0.0001,df.=8
ie. 10°m Maxillary Palp Proximal 236.7+7.4 304.2+£9.6 t=-12.65; P<0.0001, d.f.=8
Middle 193.0+7.0 132.5+13.6 t=9.82; P<0.0001, d.f.=7
Distal 637.7+4.1 650.0+6.5 t=-2.51; P<0.05,d.f.=6
Sensory Field 493.8+0.8 530.8+8.3 t=-9.82; P<0.0001, d.f.=5
Labial Palp Proximal 41.2+2.0 37.0+2.3 t=2.51; P<0.05, d.f.=8
Middle 104.7+3.6 76.7+5.5 t=10.72; P<0.0001, d.f.=9
Distal 185.3+3.6 168.0+9.4 t=4.57,P<0.01,d.f.=6
Sensory Field 255+1.7 33.0+£0.8 t=-10.43; P<0.0001, d.f.=8
Clypeus Length 1142.5+24.6 1401.7 +£69.5 t=-8.99; P<0.001, d.f.=7
Width 802.7+12.3 957.5+14.4 t=-16.76 P<0.0001, d.f.=8

Data is Mean+S.D
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Table 3 Lengths and widths of various antennal segments of adult male and female of C. septempunctata. The data (Iength and width) of vari-
ous components is in um, i.e. 107 m

Male

T-test*

Length (um) Width (pm)

Length (pm) Width (um)

Proximal Distal Proximal Distal

Scape 199.8+3.53  105.31+2.36 89.2+3.20 157.7+4.42 1263+5.50 184.2+523 t=16.66;P<0.0001;d.f.=9
Pedicel 78.8+2.48 100.0+3.0 110.5+4.25 63.2+2.61 121.1+45 115.8+6.15 t=9.74;P<0.0001; d.f.=9
F1 105.2+6.47 526+1.76 68.4+325 115.7+5.28 473+2.14 7394250 t=-2.81;P<0.05;d.f.=9
F2 63.5+2.57 68.4+3.75 78.9+6.52 843+3.09 68.4+320 789+6.40 t=-11.60;P<0.0001;d.f.=9
F3 73.5+4.43 73.7+3.30 84.21+5.40 100.0+6.22 68.4+320 78.9+640 t=-7.76;P<0.0001; d.f.=9
F4 63.7+2.62 63.2+2.45 84.21+540 73.7+3.68 68.4+320 84.2+3.50 t=-4.95;P<0.001;d.f.=9
F5 57.8+1.07 68.4+1.80 84.21+540 73.7+3.69 63.1+2.15 84.2+545 t=-9.24;P<0.0001; d.f.=5
F6 57.3+1.37 63.2+2.45 1053+5.50 68.5+2.63 63.1+2.80 94.7+4.50 t=-8.41;P<0.0001;d.f.=9
F7 68.3+2.05 89.5+2.90 110.5+5.35 68.5+2.63 84.2+4.50 136.8+5.65 t=-0.12;P=0.905;d.f.=9
F8 57.8+1.67 136.8+5.25 1789+5.85 68.4+2.62 136.8+5.40 178.9+485 t=-7.65;P<0.0001;d.f.=8
F9 78.8+2.48 173.9+6.00 184.2+5.65 63.3+3.99 1789+6.25 189.5+6.30 t=7.38;P<0.001;d.f.=8
Flagellum length 626.0+9.95 716.2+10.02 t=-14.28; P<0.0001; d.f.=9
Total length of antenna 904.7+13.08 937.0+13.8 t=-3.80; P<0.01; d.f.=9

The data are Mean+S.D

*Only the lengths of various antennal components of adult male and female, C. septempunctata were subjected to t-test

of C. transversalis, three types of Ba were identified on
the distal-most surface of F9, viz. Bal (1.16 pm), Ba2
(2.33 pm) and Ba3 (5.81 pm). They lied at the centre of
the whirl formed by Tr and St at the terminal surface of
F9 (Fig. 12). The adult females of C. transversalis con-
tained numerous Bal (3—4 pm) and Ba2 (8—10 pm) at

the distal region of F9 distributed intermittently between
Tr (Fig. 12).
Sensilla Campaniformia (Ca)

Sensilla campaniformia appear as a knob-like, dome-
shaped structure at the centre with a circular depres-
sion. A few Ca were found on the scapes of adult male

Table4 Lengths and widths of various antennal segments of adult male and female of C. transversalis. The data (length and width) of various
components is in um, i.e. 107 m

Male Female

T-test*

Length (pnm) Width (pum)

Length (pnm) Width (um)

Proximal Distal Proximal Distal
Scape 103.2+324 62.1+1.65 86.2+3.20 137.5+4.19 93.1+£3.21 1552+4.25 t=-14.49;P<0.0001; d.f.=9
Pedicel 52.0+1.29 51.7+350 44.8+225 68.8+2.67 100.0+4.25 100.0+4.15 t=-12.68; P <0.0001; d.f.=7
F1 5434287 24.1+1.76 345+1.86 82.5+2.92 448+2.14  62.1+£2.50 t=-15.36; P<0.0001;d.f.=9
F2 41.8+2.54 345+2.55 4144242 59.4+3.00 58.6+2.20 62.1+2.40 t=-10.00; P<0.0001;d.f.=9
F3 4550+2.50 31.0+£2.30 41.4+340 60.1+3.05 5524275 69.0+2.75 t=-8.27;P<0.0001; d.f.=9
F4 3454243 31.0+145 38.0+£1.15 41.1+£2.28 62.0+£2.80 62.0+2.90 t=-4.63; P<0.0001;d.f.=9
F5 31.0£2.16 31.0+1.50 38.0+2.20 55.4+2.05 48.3+2.15 58.6+2.20 t=-18.27; P<0.0001;d.f.=9
F6 3724254 31.0+1.25 448+150 594+2.24 51.7£240 724+2.50 t=-14.70; P<0.0001; d.f.=9
F7 41.7+229 448+240 650+435 62.1+1.86 69.0+£3.15 100.0+2.50 t=-10.25; P <0.0001; d.f.=9
F8 41.3+229 62.0+2.52 82.8+2.85 554+1.70 103.5+4.40 131.0+4.90 t=-11.01; P<0.0001;d.f.=9
F9 41.3+094 82.8+3.00 82.8+2.75 552+241 131.0+4.25 131.0+2.50 t=-11.97; P<0.0001; d.f.=6
Total length of antenna 523.8 + 4.98 730.2 +22.0 t=-20.43; P<0.0001; d.f.=5
Flagellar Length 368.7+4.19 523.9+17.1 t=19.77; P <0.0001; d.f.=5

The data are Mean + S.D

“Only the lengths of various antennal components of adult male and female, C. transversalis were subjected to t-test
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and female, C. septempunctata (Fig. 10), while a single

Ca was found in the congregation of sensillae between

F8-F9 junction of adult female (Fig. 12), and one on F8

flagellomere of the adult male, C. transversalis (Fig. 12).
5. Sensilla Coeloconicum (Co)

Both male and female antennae had a single pore-like
tiny aperture-shaped sensillum coeloconicum (Co) on F8
of C. septempunctata (Fig. 11), and on F9 flagellomere
of C. transversalis (Figs. 12).

6. Sensilla ampullacea (Am)

Sensilla ampullacea appeared as large apertures. A
single Am (diameter 1-3 pm) was found on the termi-
nal portion of F9 of the adult female, C. septempunc-
tata (Fig. 11), while male lacks it. Two Am (diameter
1-3 pm), one each at the junction between F7-F8 and
F8-F9 were present only on the antenna of adult females
of C. transversalis (Fig. 12). However, no Am was found
on the antenna of the adult male.

7. Sensilla Styloconica (St)

The antenna of the adult female, C. transversalis con-
tained a few sensillae styloconica (3—6 pm) distributed
between Tr and Ba at the terminal region of F9 (Fig. 12).
However, the male antenna had only one St.

8. Sensilla Sporangia (Sp)

Sensilla sporangia appeared as pole-shaped with a bul-
bous top as in sporangium. Two Sp (1-3 pm) were present
at the F8-F9 junction on the antenna of the adult female,
C. transversalis while the adult male antenna had none
(Fig. 12).

Discussion

The results revealed that mouthparts of the two ladybird
species consisted of mandible, maxilla, maxillary palp,
labium, labial palp and labrum. Significant sexual dimor-
phism was evident comparing the morphometric analysis
of the mouthparts of both the species, as adult females
had bigger mouth parts, viz. labrum, clypeus, maxillary
palps along with their sensory fields. Generally, adult
females are bigger than males in body size (Yasuda and
Dixon 2002), therefore their labrum and labial palps are
bigger, which may ease foraging, prey-holding and captur-
ing. The females need abundant aphids to meet out energy
demands for reproduction. We found a dense aggregation
of sensilla chaetica particularly on the dorsal side of labrum
and clypeus of female C. septempunctata. Chaetica are pri-
marily mechanoreceptors, which enable prey-recognition
in insects, particularly ladybirds (Broeckling and Salom
2003), which suggests that adult females are more voracious
than males. This is probably due to greater food demand for
egg production and oviposition. Both the ladybird species
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had bifid tipped mandibles with two teeth at the distal inci-
sor region (Samways et al. 1997).

Significant main effects of “palp” and its “distribution”
in both the species on the body length revealed that both
maxillary and labial palps differed in size and distribution.
Maxillary palps had a major role in holding the prey than
the labial ones. They were significantly greater in length
than the labial palps making the latter to be secondary or
accessory palps. The distal region of the maxillary palps was
more than twice in length than proximal and middle regions
in both species. This enlargement of the distal region of the
maxillary palp provides a strong grip to hold the prey. The
distal region of labial palp, though much shorter than that
of the maxillary palp, was significantly greater in length
than the middle and the proximal regions of the labial palp.
This distal region of the labial palp provides initial support
to hold the prey, while consuming it. The prey was further
gripped by the distal regions of maxillary palps before it is
properly consumed. Yan et al. (1987) reported 1500 sensilla
basiconica on the inner lateral surface of the distal segment
of maxillary palp, and about half the number on the labial
palps of C. septempunctata. Basiconica seemed to be gus-
tatory in function and helped in food detection when adult
ladybirds encounter aphids or any artificial diet (Yan et al.
1987). However, the sensilla of both maxillary- and labial-
palps behave differently, as during feeding maxillary palps
are lifted aloft in the air, whereas labial palps directly con-
tact the food. Thus, maxillary palps seem to detect food,
while labial palps regulate the food intake during feeding.
The significant main effect of “sex” on the body length of
C. transversalis revealed that females were bigger than
males. The female had much larger maxillary and labial
palps making her more equipped to hold and consume prey.
This makes her a highly formidable aphid-predator and an
attacker of other heterospecific predators in intraguild com-
bat. We found more variety of sensillae, including basicon-
ica, on the distal ends of maxillary palps of the adult males
of both species. This indicates that either adult males may
better perceive the prey quality or these sensillae aid them
in mate-recognition and courtship during mating.

The distal region of maxillary palps in both ladybird spe-
cies possessed an abundance of trichoidea followed by chaet-
ica. Their sensillae are largely involved in thigmo-reception,
which provides basic identification of the prey-types. Strong
aggregation of various sensillae in the form of a chemosen-
sory field was found on the terminal end of the distal region
of both maxillary and labial fields, which seems highly sen-
sitive to different prey-types. This is similar to the chem-
osensory field of F9 flagellomere of the antenna. Trichoidea
seems to be more sensitive in perceiving the fine details
of the prey. A dense aggregation on the distal segment of
maxillary palp indicates that a predator, particularly an adult
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female further recognizes its prey while touching and hold-
ing it. This may enhance its foraging efficiency and prob-
ably help in prey specialization. Brozek and Chtond (2010)
proposed the mechano-sensory function of trichoidea. Con-
gregation of Harmonia axyridis (Pallas) is perhaps linked
with trichoidea mediated-pheromone reception (Chi et al.
2009). Six common types of sensillae, viz. Sc, Co, Ca, P1, Ba
and St, were found on labial palps of both the ladybird spe-
cies making these palps highly sensory for the final intake
of prey. These sensillae further assist in identifying food.
Sensillae styloconica at the terminal ends of labial palps are
associated with the olfactory and gustatory function (Lopes
et al. 2002). This quantitative and qualitative sensillae diver-
sity on the mouthparts enhances the predatory capabilities of
adult females, and perhaps polyphagy, as C. septempunctata
has a wide prey-range including a variety of aphids, scale-
insects, and mealybugs (Omkar and Pervez 2004). Wang
et al. (2020) also suggested that morphological disparity of
the mouthparts and sensillae in insects is directly associated
with the evolution of polyphagy and feeding specialization.

We found sexual dimorphism in terms of the length of the
antenna and its components, which were shorter in length in
male ladybirds than those on adult females. This agrees with
the previous findings on C. septempunctata (Srivastava and
Omkar 2003). However, the female antenna of Hippodamia
variegata (Goeze) was slightly shorter in length than that of
males (Hao et al. 2020). We found that both the scape and
pedicel of male ladybirds of C. septempunctata were greater
in length than those of females. This seemingly contradicts
previous findings on C. septempunctata (Srivastava and
Omkar 2003) and other ladybird species (Omkar and Pervez
2008; Chi et al. 2009), where male antennal segments were
shorter in size. The antennal morphology of the two ladybird
species resembles that of other coccinellid species in terms
of nine flagellomeres (Jourdan et al. 1995; Chi et al. 2009;
Ping et al. 2013; Hao et al. 2020), except for Cryptolaemus
montrouzieri Mulsant (8 flagellomeres) (Liu et al. 2013) and
Pseudoscymnus tsugae Sasaji and McClure (7 flagellomeres)
(Broeckling and Salom 2003).

We identified six and eight types of antennal sensillae in
C. septempunctata and C. transversalis, respectively. Five
different sensillae had been reported in Semiadalia undec-
imnotata Schn. (Jourdan et al. 1995), followed by seven
in H. axyridis (Chi et al. 2009) and C. montrouzieri (Ping
et al. 2013), and eight in C. septempunctata (Srivastava and
Omkar 2003). The antennal sensillae, viz. Sc, Tr and Ba
were greater in lengths on female antenna exhibiting sen-
silla-dependent sexual dimorphism in C. septempunctata.
Chaetica was the longest antennal sensilla of C. septempunc-
tata, which was greater in length towards the lateral side of
flagellomere than towards centre and have mechanoreceptive
function, which is perhaps mate-recognition. It was found

that adult male P. dissecta (Omkar and Pervez 2005) and
H. axyridis (Obata 1987) examined their mates by touching
their body and antenna with their antennae. However, it is
also chemoreceptive in the case of cabbage stem flea bee-
tle, Psylliodes chrysocephala (L.) (Isidoro et al. 1998). It is
sometimes mistaken with sensilla trichoidea due to similar
morphology (Zhu et al. 2019). Trichoidea are the second-
largest sensilla in terms of length and is commonly found
in most ladybirds on the F9 flagellomere of the antenna
(Hamilton et al. 1999; Omkar and Pervez 2008; Chi et al.
2009). Young males examine the female partners by touch-
ing them with F9 (Obata 1987; Omkar and Pervez 2005).
The mechano-sensory function of Tr had been earlier pro-
posed (Brozek and Chtond 2010). Aggregative behaviour of
H. axyridis seems to be linked with Tr mediated-pheromone
reception (Chi et al. 2009). The ladybird, Hippodamia con-
vergens Guérin-Méneville failed to respond to odours after
the removal of sensilla trichoidea, which suggests their
potential role in long-distance olfactory reception. However,
they are perhaps responsible for mass aggregation in H. axy-
ridis (Chi et al. 2009).

Basiconica is conspicuous and the third-most abundant
sensilla on the antennae of adults of the two species, as
also reported in other ladybird species (Jourdan et al. 1995;
Srivastava and Omkar 2003; Chi et al. 2009; Ping et al.
2013). Ba is associated with chemoreception of female sex-
pheromones, thereby enabling long-distance mate search
and mate-recognition. Jourdan et al (1995) found a greater
number of Ba on the antenna of male S. undecimnotata. A
high number of Ba on the antenna of male, Leptura arcuata
Panzer and Leptura aethiops Poda (Coleoptera: Ceramby-
cidae) further supports its role in sex-pheromones recep-
tion during mate-search (Zhang et al. 2011). Ba was also
surmised to have thermo- and hygro-sensory-receptive
functions (Bartlet et al. 1999; Steinbrecht 1989). Rondoni
et al. (2021) raised the possibility of Ba associated with
CO, perception, and to enable ladybirds to locate both prey
and mate, as also by mosquitoes who are attracted towards
breathing mammals. Jourdan et al. (1995) found 40 Bohm
sensillae on scape and pedicel of S. undecimnotata, which
they assumed to be for proprioception. Similar observations
were also noted on H. axyridis (Chi et al. 2009). However,
we didn’t find Bohm sensilla on the antennae of the two
Coccinella species. These appear to be like miniaturized
chaetica, which are hair-like and are found opposite to the
intersegmental membrane and are often confused with chaet-
ica, trichoidea and basiconica. Ping et al. (2013) reported
perforated-cavity like sensilla auriciliica on the scape of a
ladybird, Cryptolaemus montrouzieri Mulsant. However,
Srivastava and Omkar (2003) found sensilla scolopalia on
F9 of C. septempunctata, which is similar to basiconica in
size but tapered from the base.

@ Springer



International Journal of Tropical Insect Science

A single coeloconicum on male and female antennae of
the two ladybird species is known for hygro- and thermo-
reception (Ruchty et al. 2009). Sensilla coeloconica may
also perceive water vapours, carbon-dioxide and tem-
perature changes (Hao et al. 2020). A single sensillum
campaniformia was found on F8 of antenna of males and
females of transversalis. Ca is responsible for proprio-
reception (Meng and Qin 2017) and a probable gustatory
function (Ochieng et al. 2000). The terminal portion of F9
had a single sensillum ampullacea on the female antenna
of both the species, which seemingly is associated with the
detection of CO, concentration (Kleineidam et al. 2000).
Sensilla sporangium was found only on female F9 flagel-
lomere, thereby showing sexual dimorphism, as it was not
found on the male antenna of transversalis.

The evolutionary significance of the diversity of sensil-
lae on ladybirds’ mouthparts and antennae, despite their
critical roles, has been poorly understood. However, it
is likely that larger body-parts including antennae may
support greater number and diversity of sensillae. Hence,
adult females of both Coccinella species, due to larger
body-size, were better predators in terms of perceiving
the odours and locating prey-habitats. This explains why
sensilla sporangium was found only on female antenna
and were lacking in males’ antennae. Furthermore, greater
number of styloconica were identified on female antenna
than that of male. The differences in antennal sensillae of
the two ladybird species may possibly be due to the cos-
mopolitan nature of C. septempunctata and localized dis-
tribution of C. transversalis in the Oriental region. This is
supported by the fact that C. septempunctata is a dominant
species in agroecosystems with a much wider prey-range
than C. transversalis (Omkar and Pervez 2004).

It is concluded that (i) sexual dimorphism was evident,
as female ladybirds had bigger mouth parts, viz. labrum,
clypeus, maxillary and labial palps along with their larger
sensory field, (ii) mandibles were present with a bifid tip,
(iii) females had larger maxillary and labial palps for bet-
ter gripping and consuming prey, (iv.) maxillary palps
were the main organs to hold the prey, (v) distal region
of maxillary palps provides a template for holding prey,
(vi.) there is a strong aggregation of various sensillae in
the form of a chemosensory field at the terminal end of
the distal region of both maxillary and labial fields, (vii)
male antennae of the two species had shorter antennal and
flagellar length than those of adult females, (viii) six and
eight types of sensillae were identified on the antennae of
C. septempunctata and C. transversalis, which are largely
involved in chemo-, thermo-, proprio-, mechano- and
thigmo-reception. However, more morphological investi-
gations are needed, to conclusively address the question of
the precise role of the sensillae present on the mouthparts
and antennae of the two ladybird species.

@ Springer

Acknowledgement AP is thankful to the Science and Engineering
Research Board, Department of Science and Technology, Government
of India for the financial assistance in the form of a Major Research
Project (EMR/2016/006296).

Declarations

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Conflict of interests The authors declare that they have no conflict of
interests.

References

Baoyu H, Zongmao C, Mei W (2000) Sem investigation of chemical
sensilla of antennae of Coccinella septempunctata and Leis axy-
ridis. Entomol J East China 9:24-28

Bartlet E, Romani R, Williams IH, Isidoro N (1999) Functional anatomy
of sensory structures on the antennae of Psylliodes chrysocephala
L. (Coleoptera: Chrysomelidae). Int J Insect Morphol Embryol
28:291-300. https://doi.org/10.1016/S0020-7322(99)00032-X

Broeckling CD, Salom SM (2003) Antennal morphology of two special-
ist predators of Hemlock woolly adelgid, Adelges tsugae Annand
(Homoptera: Adelgidae). Ann Ent Soc Amer 96:153-160. https://
doi.org/10.1603/0013-8746(2003)096[0153: AMOTSP]2.0.CO;2

Brozek J, Chtond D (2010) Morphology, arrangement and classification
of sensilla on the apical segment of labium in Peiratinae (Hemip-
tera: Heteroptera: Reduviidae). Zootaxa 2476:39-52. https://doi.
org/10.11646/zootaxa.2476.1.5

Chi D, Wang GL, Liu JW, Wu QY, Zhu YP (2009) Antennal mor-
phology and sensilla of Asian multicolored ladybird beetles,
Harmonia axyridis Pallas (Coleoptera: Coccinellidae). Ent News
120:137-152. https://doi.org/10.3157/021.120.0203

Hallberg E, Hansson BS (1999) Arthropod sensilla: morphology and
phylogenetic considerations. Microscopy Res Tech 47:428-439.
https://doi.org/10.1002/(SICI)1097-0029(19991215)47:6%3c428:
AID-JEMT6%3e3.0.CO;2-P

Hamilton RM, Dogan EB, Schaalje GB, Booth GM (1999) Olfactory
Response of the lady beetle Hippodamia convergens (Coleoptera:
Coccinellidae) to prey related odors, including a scanning elec-
tron microscopy study of the antennal sensilla. Environ Entomol
28:812-822. https://doi.org/10.1093/ee/28.5.812

Hao Y, Dietrich CH, Dai W (2016) Structure and Sensilla of the Mouth-
parts of the Spotted Lanternfly Lycorma delicatula (Hemiptera:
Fulgoromorpha: Fulgoridae), a Polyphagous Invasive Planthop-
per. PLoS One 11(6):e0156640. https://doi.org/10.1371/journal.
pone.0156640

Hao YN, Sun YX, Liu CZ (2019a) Functional Morphology of the
mouth parts of lady beetle Coccinella tranversoguttata (Coccinel-
lidae, Coleoptera) with reference to their feeding mechanism. J
Morphol 280:701-711. https://doi.org/10.1002/jmor.20976

Hao YN, Sun YX, Liu CZ (2019b) Functional morphology of the
mouthparts of lady beetle Hippodamia variegata (Coleoptera:
Coccinellidae), with reference to their feeding mechanism. Zoo-
morphol. https://doi.org/10.1007/s00435-019-00474-0

Hao YN, Sun YX, Liu CZ (2020) Functional morphology of antennae
and sensilla of Hippodamia variegata (Coleoptera: Coccinellidae).
PLoS One 15(8):e0237452. https://doi.org/10.1371/journal.pone.
0237452


https://doi.org/10.1016/S0020-7322(99)00032-X
https://doi.org/10.1603/0013-8746(2003)096[0153:AMOTSP]2.0.CO;2
https://doi.org/10.1603/0013-8746(2003)096[0153:AMOTSP]2.0.CO;2
https://doi.org/10.11646/zootaxa.2476.1.5
https://doi.org/10.11646/zootaxa.2476.1.5
https://doi.org/10.3157/021.120.0203
https://doi.org/10.1002/(SICI)1097-0029(19991215)47:6%3c428:AID-JEMT6%3e3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-0029(19991215)47:6%3c428:AID-JEMT6%3e3.0.CO;2-P
https://doi.org/10.1093/ee/28.5.812
https://doi.org/10.1371/journal.pone.0156640
https://doi.org/10.1371/journal.pone.0156640
https://doi.org/10.1002/jmor.20976
https://doi.org/10.1007/s00435-019-00474-0
https://doi.org/10.1371/journal.pone.0237452
https://doi.org/10.1371/journal.pone.0237452

International Journal of Tropical Insect Science

Hodek I, van Emden HF, Honek A (2012) Ecology and behaviour of
ladybird beetles (Coccinellidae), Wiley-Blackwell, UK

Isidoro N, Bartlet E, Ziesmann J, Williams IH (1998) Antennal contact
chemosensilla in Psylliodes chrysocephala responding to crucifer-
ous allelochemicals. Physiol Entomol 23:131-138. https://doi.org/
10.1046/j.1365-3032.1998.232066.x

Jourdan H, Barbier R, Bernard J, Ferran A (1995) Antennal sensilla
and sexual dimorphism of the adult ladybird beetle Semiadalia
undecimnotata Schn. (Coleoptera: Coccinellidae). Int J Insect
Morphol Embryol 24:307-322. https://doi.org/10.1016/0020-
7322(95)98584-Z

Kleineidam C, Romani R, Tautz J, Isidoro N (2000) Ultrastructure and
physiology of the CO, sensillum ampullaceum in the leaf-cutting
ant Atta sexdens. Arthropod Struct Dev 29:43-55. https://doi.org/
10.1016/S1467-8039(00)00012-8

Krenn HW, Aspock H (2012) Form, function and evolution of the
mouthparts of blood-feeding Arthropod. Arthropod Struct Dev
41:101-118. https://doi.org/10.1016/S1467-8039(00)00012-8

Liu P, Zhang YH, Wu HS, X JQ, Deng CS, Pang H, (2013) Antennal
sensilla of Cryptolaemus montrouzieri Mulsant (Coleoptera: Coc-
cinellidae). J Environ Entomol 35(4):478—485. https://doi.org/10.
3969/j.issn.1674-0858,2013.04.11

Lopes O, Barata EN, Mustaparta H, Aratjo J (2002) Fine structure of
antennal sensilla basiconica and their detection of plant volatiles
in the eucalyptus woodborer, Phoracantha semipunctata Fabricius
(Coleoptera: Cerambycidae). Arthropod Struct Dev 31:1-13.
https://doi.org/10.1016/S1467-8039(02)00011-7

Ma N, Huang J, Hua B (2013) Functional morphology and sexual
dimorphism of mouthparts of the short-faced scorpionfly Pan-
orpodes kuandianensis (Mecoptera: Panorpodidae). PLoS One
8(3):¢60351. https://doi.org/10.1371/journal.pone.0060351

Meng Y, Qin D (2017) Structure and sensilla of the antennae and
mouthparts of Loxocephala perpunctata Jacobi (Hemiptera: Ful-
gomorpha: Eurybrachidae). Acta Zoologica 00:1-18. https://doi.
org/10.1111/az0.12239

Obata S (1987) Mating behavior and sperm transfer in the ladybird
beetle, Harmonia axyridis Pallas: Coleoptera: Coccinellidae. Appl
Entomol Zool 22:434-442

Ochieng SA, Park KC, Zhu JW, Baker TC (2000) Functional mor-
phology of antennal chemoreceptors of the parasitoid Microplitis
croceipes (Hymenoptera: Braconidae). Arthropod Struct Dev
29:231-240. https://doi.org/10.1016/S1467-8039(01)00008-1

Omkar, James BE (2003) Searching and feeding efficiency of a lady-
beetle, Coccinella transversalis Fabricius on aphid, Aphis gossypii
Glover. J Biol Cont 17:107-112

Omkar, James BE (2004) Influence of prey species on immature sur-
vival, development, predation and reproduction of Coccinella
transversalis Fabricius (Col., Coccinellidae). J Appl Ent 128:150—
157. https://doi.org/10.1111/j.1439-0418.2004.00826.x

Omkar, Pervez A (2004) Predaceous coccinellids in India: Predator-
prey catalogue. Orient Insects 38:27-61. https://doi.org/10.1080/
00305316.2004.10417373

Omkar, Pervez A (2005) Mating behavior of an aphidophagous lady-
bird beetle, Propylea dissecta (Mulsant). Insect Sci 12:37-44.
https://doi.org/10.1111/j.1672-9609.2005.00006.x

Omkar, Pervez A (2008) Antennal sensilla of an aphidophagous lady-
bird, Propylea dissecta. ] Appl Biosci 34:168-171

Omkar, Pervez A (2016) Ladybird beetles. In: Omkar (ed). Ecofriendly
pest management for food security, Academic Press, London, UK.
pp 281-310

Omkar, Srivastava S (2003) Influence of six aphid prey species on devel-
opment and reproduction of a ladybird beetle, Coccinella septem-
punctata. BioControl 4:379-393. https://doi.org/10.1111/j.1744-
7917.2003.tb00392.x

Park SJ, Oh HW, Youn YN, Park HY (2001) Structure of antennal
sensilla on the adult Asian ladybird, Harmonia axyridis Pallas
(Coleoptera: Coccinellidae). Korean J Elec Micro 31:91-99

Pervez A, Omkar (2005) Functional response of coccinellid predators:
An illustration of a logistic approach. J Insect Sci 5:1-6. https://
doi.org/10.1093/jis/5.1.5

Pervez A, Omkar, Harsur MM (2020a) Coccinellids on Crops:
Nature’s Gift for Farmers. In: Chakravarty AK (ed) Innovative
pest management approaches for the 21st Century: Harnessing
Automated Unmanned Technologies. Springer International
Publisher, Singapore, pp 429-460

Pervez A, Yadav M, Bozdogan H (2020b) Antennal morphology and
sensilla in predaceous ladybirds, Menochilus sexmaculatus and
Propylea dissecta. Eur J Environ Sci 10(2):124-132. https://doi.
org/10.14712/23361964.2020.14

Pettersson J, Ninkovic V, Glinwood R, Abassi SA, Birkett M, Pickett J,
Wadhams L (2008) Chemical stimuli supporting foraging behav-
iour of Coccinella septempunctata L. (Coleoptera: Coccinellidae):
volatiles and allelobiosis. Appl Ent Zool 43:315-321. https://doi.
org/10.1303/aez.2008.315

Ping L, Yu-Hong Z, Hong-Sheng W, Jia-Qin X, Cong-Shuang D,
Hong P (2013) Antennal sensilla of Cryptolaemus montrouzieri
Mulsant (Coleoptera: Coccinellidae). J Environ Ent 35:478-548

Rogers SM, Simpson SJ (1997) Experience-dependent changes in
the number of chemosensory sensilla on the mouthparts and
antennae of Locusta migratoria. J Exp Biol 200:2313-2321.
https://doi.org/10.1242/jeb.200.17.2313

Rondoni G, Roman A, Meslin C, Montagné N, Conti E, Jacquin-Joly
E (2021) Antennal transcriptome analysis and identification of
candidate chemosensory genes of the Harlequin ladybird beetle,
Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae). Insects
12:209. https://doi.org/10.3390/insects12030209

Ruchty M, Romani R, Kuebler LS, Ruschioni S, Roces F, Isidoro
N, Kleineidam CJ (2009) The thermo-sensitive sensilla coelo-
conica of leafcutting ants (Atta vollenweideri). Arthropod Struct
Dev 38:195-205. https://doi.org/10.1016/j.asd.2008.11.001

Samways MJ, Osborn R, Saunders TS (1997) Mandibles form rela-
tive to the main food type in ladybirds (Coleoptera: Coccinel-
lidae). Biocont Sci Technol 7:275-286. https://doi.org/10.1080/
09583159730974

SAS 9.0 (2002) SAS/Stat Version 9 SAS Institute Inc. Cary, NC, USA

Seo M, Youn YN (2000) The Asian ladybird, Harmonia axyridis, as
biological control agents: 1. Predacious behavior and feeding abil-
ity. Korean J Appl Entomol 39:59-71

Srivastava S, Omkar, (2003) Scanning Electron Microscopy of anten-
nae of Coccinella septempunctata (Coccinellidae: Coleoptera).
Insect Sci 10:271-279. https://doi.org/10.1111/j.1744-7917.2003.
tb00392.x

Steinbrecht RA (1989) The fine structure of thermo-/hygrosensitive
sensilla in the silkmoth Bombyx mori: Receptor membrane sub-
structure and sensory cell contacts. Cell Tissue Res 255:49-57

Thornham DG, Wakefield ME, Blackwell A, Evans KA, Walters KFA
(2007) Sexual dimorphism in the distribution and biometrics of
the palpal sensilla of Coccinella septempunctata, and a descrip-
tion of a new sensilla. Acta Entomol Sinica 50(7):667-674

Wang J, Wang Y, Sun S (1999) Functional responses of ladybirds (Coc-
cinella septempunctata L.) to the aphids: Aphis robiniae Mac-
chiati and A. citricola van der Goot. J Beijing Agric Coll 14:19-23

Wang Y, Brozek J, Dai W (2020) Morphological disparity of the
mouthparts in polyphagous species of Largidae (Heteroptera: Pen-
tatomomorpha: Pyrrhocoroidea) reveals feeding specialization.
Insects 11:145. https://doi.org/10.3390/insects11030145

Yan FS, Qin JD, Xiang XF (1987) The chemoreceptors on the maxil-
lary palps of the adult lady bird beetle Coccinella septempunctata.
Acta Entomol Sinica (in Chinese) 30:146

@ Springer


https://doi.org/10.1046/j.1365-3032.1998.232066.x
https://doi.org/10.1046/j.1365-3032.1998.232066.x
https://doi.org/10.1016/0020-7322(95)98584-Z
https://doi.org/10.1016/0020-7322(95)98584-Z
https://doi.org/10.1016/S1467-8039(00)00012-8
https://doi.org/10.1016/S1467-8039(00)00012-8
https://doi.org/10.1016/S1467-8039(00)00012-8
https://doi.org/10.3969/j.issn.1674-0858,2013.04.11
https://doi.org/10.3969/j.issn.1674-0858,2013.04.11
https://doi.org/10.1016/S1467-8039(02)00011-7
https://doi.org/10.1371/journal.pone.0060351
https://doi.org/10.1111/azo.12239
https://doi.org/10.1111/azo.12239
https://doi.org/10.1016/S1467-8039(01)00008-1
https://doi.org/10.1111/j.1439-0418.2004.00826.x
https://doi.org/10.1080/00305316.2004.10417373
https://doi.org/10.1080/00305316.2004.10417373
https://doi.org/10.1111/j.1672-9609.2005.00006.x
https://doi.org/10.1111/j.1744-7917.2003.tb00392.x
https://doi.org/10.1111/j.1744-7917.2003.tb00392.x
https://doi.org/10.1093/jis/5.1.5
https://doi.org/10.1093/jis/5.1.5
https://doi.org/10.14712/23361964.2020.14
https://doi.org/10.14712/23361964.2020.14
https://doi.org/10.1303/aez.2008.315
https://doi.org/10.1303/aez.2008.315
https://doi.org/10.1242/jeb.200.17.2313
https://doi.org/10.3390/insects12030209
https://doi.org/10.1016/j.asd.2008.11.001
https://doi.org/10.1080/09583159730974
https://doi.org/10.1080/09583159730974
https://doi.org/10.1111/j.1744-7917.2003.tb00392.x
https://doi.org/10.1111/j.1744-7917.2003.tb00392.x
https://doi.org/10.3390/insects11030145

International Journal of Tropical Insect Science

Yasuda H, Dixon AF (2002) Sexual size dimorphism in the two-spot
ladybird beetle Adalia bipunctata: developmental mechanism and
its consequences for mating. Ecol Entomol 27:493-498. https://
doi.org/10.1046/j.1365-2311.2002.00428.x

Zhang J, Guan L, Ren B (2011) Fine structure and distribution of
antennal sensilla of longicorn beetles Leptura arcuata and Leptura
aethiops (Coleoptera: Cerambycidae). Ann Entomol Soc Am
104:778-787. https://doi.org/10.1603/an10188

@ Springer

Zhu Q, Wu N, Brozek J, Dai W (2019) Antennal morphology and
sexual dimorphism of antennal sensilla in Callitettix versicolor
(Fabricius) (Hemiptera: Cercopidae). Insects 10:1-16. https://doi.
org/10.3390/insects 10020056

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1046/j.1365-2311.2002.00428.x
https://doi.org/10.1046/j.1365-2311.2002.00428.x
https://doi.org/10.1603/an10188
https://doi.org/10.3390/insects10020056
https://doi.org/10.3390/insects10020056

	Functional morphology of mouthparts and antennal sensillae of two co-generic aphidophagous ladybirds
	Abstract
	Introduction
	Materials and methods
	Stock culture
	Scanning electron microscopy
	Statistical analyses

	Results
	Mouthparts and concomitant sensillae of the two co-generic ladybird species
	Antennae and the concomitant sensillae of the two co-generic ladybird species

	Discussion
	Acknowledgement 
	References


