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Abstract: Gustatory receptors (GRs) are crucial in the peripheral coding of the non-volatile
compounds in insects, and thus play important roles in multiple behaviors including feeding,
mating, and oviposition. However, little research has been done on GRs in lepidopteran pests. In the
current work with Spodoptera litura, an important worldwide crop’s pest, a candidate fructose GR gene
(SlitGR8) was cloned in full length, and its spatial and temporal expression profiles were determined
by quantitative real-time PCR (qPCR). It revealed that SIitGRS was highly expressed in antennae of
both male and female adults, as well as in larva of first, fifth and sixth instar. Functional analyses were
further conducted using the Xenopus oocyte system. SlitGR8 responded specifically to D-fructose
among 12 tested sugar compounds. In addition, the behavioral assay demonstrated that both female
and male moths could respond with proboscis extension behavior to D-fructose applied onto the
antenna, but females showed higher sensitivity than males. The results provide an important base for
further elucidation of molecular mechanisms of gustation, and a potential target for development of
feeding interfering technique in S. litura.
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1. Introduction

Insect acclimatization to their chemical environments and survival are mainly dependent on their
complex and specialized chemosensory system, particularly in the moth species. Male moths use
their olfaction to perceive female sex pheromones and to locate mates, while female moths use both
the olfaction and gustation in searching for egg-laying sites. Caterpillars use the system for locating,
identifying, and evaluating potential foods by discriminating nutritious chemicals from harmful or
toxic compounds [1]. Gustatory sensilla in insects are broadly distributed on the mouthparts, antennae,
wings, legs, and ovipositor [2—4].

The origin of the gustatory receptor (GR) genes potentially dates back to the non-insect
arthropods [5,6]. GR proteins have the signature seven-transmembrane domain topology [7,8].
The general process of insect gustation at the peripheral level has been suggested to include several
major steps [9]. First, soluble chemicals enter into the sensilla cavity through the pore and begin
contacting the dendrite of the gustatory receptor neurons (GRNs). Then, GRs on the dendrite are
activated by the chemical molecules, leading to generation of electrical signals. After that, electrical
signals are transmitted to the central nervous system through nerve axons in the form of pulses.
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GRs can function independently as monomers, such as the sugar receptor [10,11], or form
obligatory heteromers of two receptors as the CO, receptor [12,13] or sugar receptor [14], unlike
odorant receptors (ORs) that are functional only in the form of heteromers with the odorant receptor
coreceptor (Orco) [7,15]. In contrast to the large number of ORs that are functionally characterized,
only few GRs have been functionally documented. In Drosophila melanogaster, GR43a [11] and GR64f
combination with GR5a [14] responded specifically to D-fructose and trehalose, respectively, while
GR64f concert with GR64a responded to multiple sugar components [16,17]. In Bombyx mori, GR8
responded to myo-inositol and epi-inositol [8] and GR10 had same response [18]. GR9 in B. mori [10] and
GR4 in Helicoverpa armigera [19] are orthologs and were characterized as specific receptors of D-fructose,
while GR9 in H. armigera responded to D-galactose and D-maltose, in addition to D-fructose [20],
indicating a functional divergence with its paralog of H. armigera GR4. To clarify the evolution and
functional divergence, characterizations of D-fructose receptors in more moths are needed.

The tobacco cutworm Spodoptera litura (Lepidoptera, Noctuidae), a polyphagous and serious
agricultural pest worldwide, causes huge crop losses each year [21]. D-fructose receptors play
important roles in food evaluation and feeding for both larval and adult S. litura. However, no study
has addressed this topic to date. Here, we reported the characterization of a D-fructose specific
sugar receptor, SIitGRS, in S. litura. The cDNA sequence was cloned and analyzed in relation to
GR genes from other representative insect species, the spatial and temporal expression profiles were
determined by the quantitative real-time PCR (qPCR), and finally, the function was elucidated by the
heterologous expression system of Xenopus oocyte with two-electrode voltage-clamp physiological
recordings. The results are helpful for understanding the gustatory mechanisms and for developing
GR-based feeding interfering techniques in adult and larval S. litura.

2. Materials and Methods

2.1. Insect Rearing and Tissue Collection

The S. litura larvae were fed an artificial diet in the laboratory in 14 L:10 D at 26 + 1 °C
and 65 + 5% relative humidity [22]. Pupae were separated by sex and placed in separate cages
(20 cm x 20 cm X 30 cm). After the pupae emerged, the moths were fed with 10% honey solution.

To determine the gene expressions at different developmental stages, 300 eggs, 300 fist, 300 second,
150 third, 90 fourth, 60 fifth, and 60 sixth instar larvae, 60 male and 60 female pupae, 60 male and
60 female adults were collected, respectively. To determine the gene expressions at different adult
tissues, the tissues (90 pairs of antennae, 90 probosces, 90 pairs of labial palpi, 60 heads, 30 thoraxes,
30 abdomens, 240 legs, and 60 pairs of wings) were collected. The numbers represent three replicates
of each developmental stage or tissue were collected. The collected tissues were immediately frozen in
liquid nitrogen and stored at —80 °C until use for RNA extraction.

2.2. Sugar Compounds

The 12 tested sugars (epi-inositol, D-arabinose, D-raffinose, D-galactose, myo-inositol, D-maltose,
D-glucose, D-sucrose, D-fructose, D-mannose, D-trehalose, and D-cellobiose) were all purchased from
J&K scientific (purity > 96%), Beijing, China. Stock solutions (1 M) were prepared using ND96 buffer
(100 mM NaCl, 2 mM KCI, 1.8 mM CaCl,, 1 mM MgCl,, 5 mM HEPES, pH 7.6). Prior to experiments,
the stock solutions were diluted into ND96 buffer to obtain the testing concentrations. All compounds
were freshly prepared for the experiments.

2.3. RNA Isolation and cDNA Synthesis

Total RNA was extracted using Trizol Reagent (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions. The quality of RNAs was checked with NanoDrop-2000 (Thermo Scientific,
Waltham, MA, USA) following the standards of 260/280 = 1.8-2.0, and 260/230 = 2.0-2.5. The first
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single strand cDNAs were synthesized from 1ug total RNA using HiScript® III RT SuperMix for qPCR
(+gDNA wiper) (Vazyme, Nanjing, China) according to the provided protocol.

2.4. Gene Cloning and RACE Amplification

There were two reported full length SIitGR8s, with one in NCBI (XM_022976219.1) and another by
the paper [23]. The two SlitGR8s were 1425 bp and 1413 bp, encoding 474 and 470 amino acid residues,
respectively. These two SlitGR8s, which share high identity with D-fructose receptors in other moth
species (Table 1), were regarded as the potential D-fructose receptors in S. litura. End-to-end PCRs were
firstly conducted to verify these two SIitGR8s, but failed to yield any of the two SlitGRSs. Then, PCRs
were conducted to clone the partial sequence using primers based on the consensus part of the two
SlitGR8s, and 5’ RACE was further conducted to obtain the full-length SlitGRS sequence. All primers
were designed by Primer Premier 5.0 (PREMIER Biosoft International, CA, USA) (Table S1). The PCR
reaction was performed in 25 pL containing 12.5 uL of 2x Phanta Max Master Mix, 9.5 uL of ddH,0O,
1 uL of cDNA template, and 1 pL of each primer (10 pM). The PCR conditions were 95 °C for 3 min;
34 cycles of 95 °C for 15 s, 55 °C for 15 s, 72 °C for 90 s; 72 °C for 5 min. PCR products were run on a
1.2% agarose gel, and the band was recovered and purified by AxyPrep™ DNA Gel Extraction Kit
(Axygen, Suzhou, Jiangsu, China). Purified PCR produces were cloned into the vector pEASY-Blunt T3
(TransGen Biotech, Beijing, China), and positive clones were sequenced by the company (Tongyong,
Anhui, China).

Table 1. Comparison of the amino acid identity of SlitGR8 and other functionally characterized fructose
gustatory receptor (GR) genes reported from different insects.

SlitGRS8 HarmGR4 HarmGR9 BmorGR9 DmelGR43a
NCBI-SlitGR8 - 93.3% 94.5% 60.1% 23.9%
Paper-SlitGR8 - 91.9% 95.1% 61.1% 24.4%
SlitGR8 - 87.3% 89.8% 57.6% 23.3%
HarmGR4 - 95.0% 59.2% 23.7%
HarmGR9 - 62.2% 24.5%
BmorGR9 - 24.0%

DmelGR43a -

Insect species and GenBank IDs of the GR genes are: Spodoptera litura (SlitGRS), this study; Bombyx mori (BmorGR9),
XP_012551875.1; Helicoverpa armigera (HarmGR4), AGK90011.1; (HarmGR9), AGA04648.1; Drosophila melanogaster
(DmelGR43a), NP_001036531.1. “NCBI-SlitGR8” and “Paper-SlitGR8” represent the SlitGR8 sequence from NCBI
and the paper (Cheng et al., 2017), respectively.

The 5’ RACEs were conducted to obtain the full-length sequence, using the SMART™ RACE cDNA
Amplification Kit (Clontech, Mountain View, CA, USA) according to the manufacturer’s instructions.
All parameters were same as those in the manufacturer’s instructions. The full-length SIitGR8 sequence
was determined by assembling the cDNA fragments from the 5 RACEs and confirmed by the
end-to-end PCR.

2.5. Sequence Analysis and Phylogenetic Tree Construction

Transmembrane domains of the GR’s amino acid sequences were predicted by TMHMM Server
Version 2.0 (http://www.cbs.dtu.dk/servicessTMHMM). The protein sequences data were aligned
and compared with DNAMAN 5.2.2 (Lynnon BioSoft.,, San Ramon, CA, USA). The secondary
structure predicted by TOPCONS (topcons.net) models [24]. For the phylogeny, SlitGRs were
clustered with GRs from 3 representative species were all reported to be functionally characterized of
D. melanogaster [5,6,11,14,17], B. mori [8,10,20,25], and H. armigera [18,26]. The protein sequences were
aligned with the MAFFT (v. 7.313, E-INS-I parameter). Phylogenetic trees were constructed using the
neighbor-joining method with 1000 bootstrap resampling by MEGAS.0 [27].


http://www.cbs.dtu.dk/services/TMHMM

Insects 2019, 10, 272 40f 11

2.6. Spatial and Temporal Expression Analysis

Total RNA was extracted, and cDNA templates were synthesized as mentioned above. The qPCR
specific primers (Table S1) were designed by Beacon Designer 8.0 (PRIMER Biosoft International,
CA, USA). The qPCR was performed on QuantStudio™ 6 Flex Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) with ChamQ™ Universal SYBR® qPCR Master Mix (Vazyme,
Nanjing, China). Each 20 pL reaction containing 10 puL of 2X ChamQ Universal SYBR qPCR Master Mix,
0.4 pL of each primer (10 uM), 2 puL of cDNA template and 7.2 pL of nuclease-free water. The cycling
parameters were: 95 °C for 30 s, 40 cycles of 95 °C for 5 s, and 60 °C for 34 s. The housekeeping genes
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and elongation factor 1« (EF1a) were used as
references to normalize the target gene expression. Each reaction was run in three technical replicates
and the means and standard errors were obtained from three independent biological replicates. Gene
expression levels were analyzed using the 27#4T method [28].

2.7. Vector Construction and cRNA Synthesis

Primers that containing homologous recombination sequence and restriction enzymes (EcoRI
and Xbal) were designed to amplify the ORFs of S/itGR8 (Table S1). The confirmed plasmid S/itGR8
and PGH19 expression vector plasmid were homologously recombined with ClonExpress One Step
Cloning Kit (Vazyme Biotech Co., Ltd.). The plasmids were extracted by miniprep method with
Plasmid Mini Kit I (Omega, Bio-Tek) and were purified with hydroxybenzene-chloroform-Isoamyl
alcohol. The purified plasmid was linearized by restriction enzyme (Ndel) at 37 °C overnight and used
as templates to synthesize cRNA using T7 polymerase of mMESSAGE mMACHINE T7 Kit (Invitrogen).
The reaction containing 2 puL. 10x Reaction Buffer, 10 uL 2x NTP/CAP, 1 yug linearized plasmid, 2 pL
Enzyme Mix, and Nuclease-free water up to 20 uL. was conducted at 37 °C for 2 h. The cRNA was
diluted with nuclease-free water at a concentration of 2000 ng/uL and stored at —80 °C until use.

2.8. Receptor Expression in Xenopus Oocytes and Electrophysiological Recordings

SlitGR8 was expressed in Xenopus oocytes, and detected for the ligand sensitivity using
two electrode voltage-clamp recordings, following reported protocols [29,30]. Xenopus laevis was
anesthetized by immersing it in ice for 2040 min. The oocytes were dissected freshly from Xenopus.
Mature healthy oocytes (stages V-VII) were treated with collagenase type 1A (2 mg mL™!) in Ca?*-free
buffer (100 mM NaCl, 2 mM KCl, 1 mM MgCl,, and 5 mM HEPES, pH 7.6) for 1-2 h at 18 °C. Each
oocyte was microinjected with 27.6 ng of GR8 cRNA. Then, the oocytes were incubated at 18 °C
for 3-5 days in ND96 solution, supplemented with dialyzed horse serum (5%) and 2.5 mM sodium
pyruvate for electrophysiological recording.

Electrophysiological responses were recorded from the injected Xenopus oocytes using a
two-electrode voltage-clamp setup on the Axoclamp 900 A Microelectrode Amplifier plate (AutoMate
Scientific Inc., San Jose, CA, USA) at a holding potential of —80 mV. Two micropipettes were prepared
from glass capillaries using the Flaming/Brown Micropipette Puller (P-97, Sutter Instrument, Novato,
CA, USA). Oocytes were exposed to sugar compounds, with an interval between exposures that
allowed the current to return to baseline. The current signals were digitized by the Axon Digidata
1440 A Data Acquisition System (AutoMate Scientific, Inc., Union City, CA, USA). CLAMP 10.4 software
(Axon Instruments Inc., Union City, CA, USA) was used to analyze the data. Dose-response data were
analyzed using GraphPad Prism 7 (GraphPad Software, Inc., San Diego, CA, USA).

2.9. Proboscis Extension Reflex (PER) Assay

The two-day-old female and male adults were fed with double distilled water until they stopped
feeding (as moths no longer extend proboscis to water provided), followed by starvation for 24 h.
To do the assay, a moth was restrained in a 1.5 mL EP tube, allowing the head exposed by cutting
the edge of the top. The swab tip with fructose or control solution was carefully touched onto the
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distal part of moth antennae, and proboscis extension reflex (PER) was recorded within 30 s of the
stimulation. Double distilled water was used as the control and solvent. Four concentrations (0.001 M,
0.01 M, 0.1 M, and 1 M) of fructose solution were used for the test. Twenty individual moths were
tested for each concentration. The assays were conducted in three replicates.

3. Results

3.1. Gene Cloning and Phylogenetic Analysis

Sequence analysis showed that among all SlitGRs, the two SlitGR8s shared highest identity with
reported fructose GRs from H. armigera and B. mori (Table 1), suggesting the two SlitGRS8s being
potential fructose GRs in S. litura. These two SlitGR8s were different at 5’ terminus (Figure S1). To verify
the two SlitGRS sequences, PCRs were conducted using specific primers, but failed to obtain any
PCR product, indicating mistakes in the two sequences. Then, 5’ primer for the consensus part of the
two SlitGR8 was used, and a partial sequence was successfully obtained. With this partial sequence,
a full-length sequence was further obtained by 5 RACE and end-to-end confirmation, which consisted
of 1497 bp, encoding 498 amino acid residues. This sequence was hereafter named SI/itGR8 and used
for further study.

Like other insect GRs, SlitGR8 contains seven putative transmembrane domains (Figure 1). SIitGR8
shared high identity with fructose GRs from lepidopteran species H. armigera (HarmGR9, 89.8%) and
(HarmGR4, 87.3%), while low identity was shared with fructose GRs from D. melanogaster (DmelGR43a,
23.3%) in Diptera (Table 1). In agreement, phylogenetic tree showed that SIitGR8 clustered together
with fructose GRs of other lepidopteran insects and DmelGR43a of D. melanogaster (Figure 2).

HarmGR4
HarmGR9
BmorGR9

HarmGR4 118 5%
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Figure 1. Alignment of the amino acid sequences of four lepidopteran fructose GR genes, showing
positions of seven predicted transmembrane domains (TM1-TM?7). Identical amino acids are marked

with black shading. Insect species and GenBank IDs of the GR genes are same as in Table 1.
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Figure 2. Phylogenetic tree of the amino acid sequences of SlitGR8 and other GRs, including all
functionally characterized fructose GRs from other species of D. melanogaster, B. mori, and H. armigera.
The tree was constructed by neighbor joining method with a bootstrap of 1000. Fructose receptor clad
is marked in blue color. SlitGRS is in red color.

3.2. Spatial and Temporal Expression of SIitGRS

Analysis of expression at different developmental stages revealed that SIitGR8 was expressed at all
life stages and was higher in the first, fifth, sixth instar larvae and moths, but lower in eggs (Figure 3A).
Tissue expression profile showed that SlitGR8 were highly expressed in antennae without obvious sex
bias, while it was also expressed considerable levels in proboscises, abdomens, and legs (Figure 3B).

3.3. Functional Characterization of SIitGR8

Xenopus oocyte expression and the voltage clamp recording system was used to characterize
the function of SIitGRS. Twelve sugars at a concentration of 0.1 M was tested to determine the
ability in triggering the responses of SlitGRS. The results showed that SlitGR8 exclusively responded
to D-fructose (Figure 4A,B). Further dose-response study was conducted using a range of fructose
concentrations (0.005 M, 0.01 M, 0.025 M, 0.05 M, 0.1 M, 0.3 M, and 0.5 M). Results showed that
the oocytes displayed detectable responses to D-fructose at the initial concentration of 0.005 M
(24.25 + 4.78 nA), and the response reached plateau around 0.3 to 0.5 M (Figure 4C,D). The ECs( value
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of D-fructose was calculated to be 0.217 M. Oocytes injected with buffer alone (control) showed no

responses to any of the sugars.

Figure 3. Relative expression levels of SIitGRS mRNA at different development stages (A) and in
different tissues (B). (A) L1-L6: 1-6 instar larva; MP: Male pupae; FP: Female pupae; MM: Male
moths; FM: Female moths. (B) A: Antennae; P: Proboscis; La: Labial palpi; H: Heads; T: Thoraxes; Ab:
Abdomens; L: Legs; W: Wings. Different lowercase letters indicate significant differences (p < 0.05)
based on one-way ANOVA, followed by Tukey’s HSD test for multiple comparisons. Meansz+ standard
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Figure 4. Responses of Xenopus oocytes expressed with SlitGR8 to stimulation of sugar components.
(A) Inward currents of Xenopus oocytes injected with SIitGR8 cRNA (upper) and buffer (lower) to
sugar components (0.1 M). (B) Response profile of Xenopus oocytes expressed with SIitGRS. Error bars
indicate SEM (n = 5). (C) Response of SlitGR8 expressing Xenopus oocytes to D-fructose of different
concentrations. (D) Dose-response curve of SlitGR8 expressing Xenopus oocytes to D-fructose, with
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3.4. Proboscis Extension Reflex (PER) Induced by D-Fructose

To confirm the ability of antennae in detecting D-fructose, and further, in stimulating moth
feeding, PER test was conducted. By touching the distal part of antennae with D-fructose of range of
concentration (0.001 M, 0.01 M, 0.1 M, and 1 M), significant PER was observed in females for all tested
concentrations, while significant PER in males was only observed at the highest two concentrations
(Figure 5). The results indicated that both female and male adults can detect D-fructose by antennae to
elicit feeding behavior, but females are more sensitive than males.

1 Female
1 Male
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Figure 5. Proboscis extension reflex (PER) resulted from adult male and female antennae stimulation
by 0.001 M, 0.01 M, 0.1 M and 1 M fructose. Double distilled water (the solvent) was used as the
control. Bars represent standard error form three replications. Different letters (a—c) indicate significant
differences (p < 0.05) of male or female responses among different concentrations based on one-way
ANOVA followed by Tukey’s HSD test for multiple comparisons. * and ** mean significant differences
(p < 0.05 and <0.01, respectively), while NS indicates no significant difference between male and female
responses by T-test.

4. Discussion

Gustatory systems play a critical role in insect multiple behaviors, including feeding, mating,
and oviposition. In the present study, we functionally identified a D-fructose specific GR in the
polyphagous pest S. litura, providing an important base for understanding molecular mechanisms of
the gustation in moth species.

Two SlitGR8 cDNA sequences with complete ORF have been reported, with one in NCBI and
another in a paper [23]. Both SlitGR8s have a seven-transmembrane domain topology, which is in
accordance with the other insect GRs [7,25], and share high identity with the reported D-fructose
specific GRs in B. mori and H. armigera. Noticing the difference between the two sequences at the 5
end, we tried to confirm it by PCR amplification, but unfortunately, we failed to obtain each of the two
sequences. This suggests that the two reported sequences might be incorrect, possibly due to mistakes
in the sequence annotation. The SIitGRS8 cloned by the present study clarifies the SlitGR8 sequence,
allowing us to conduct functional study.

D-fructose is a main sugar component in floral nectars [31-33]. Our Xenopus oocyte
expression-based functional study showed that SlifGR8 specifically responded to D-fructose but
did not respond to 11 other sugar compounds. It is reasonable that major compounds are detected
by ligand specific GRs, although it may also be detected by GRs with a wide ligand range [19].
In addition, our results revealed that SIitGR8 functions alone, which is same as other insect GRs in the
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fructose clade, but is unlike mammalian sugar receptors that function in heterodimers [34] and insect
ORs that function always in combination with the odorant receptor coreceptor (Orco). Nevertheless,
some studies suggested that the co-expression of GRs is necessary for detection of sugars in insects.
For instance, Gr64f was required to combine with Gr5a for the behavioral response to trehalose,
and Gré64f was in concert with Gré64a to rescue the defects in the sensitivities to sucrose, maltose and
glucose in Drosophila [14]. This disagreement indicates insect GRs is more complex than ORs regarding
the functional combination of different receptors.

The moths swing their antennae actively not only to smell odorants, but also to detect sugars
and other compounds [35,36]. Our behavioral bioassay demonstrated that D-fructose can induce the
proboscis extension in both females and males when antennae are in contact with the sugar solution.
Similar results were also reported in female H. armigera [18]. The proboscis extension assay and
the high expression levels of SlitGR8 in antennae (ten-fold and more than in other tissues) clearly
suggest that antennae are a major tissue for detection of D-fructose in S. litura. Furthermore, female
moths showed higher sensitivity than males for D-fructose, which is consistent with the fact that
females feed more than males for ovary maturation and egg production and development. However,
the SIitGR8 expression levels are similar between female and male moths, suggesting that the difference
in D-fructose sensitivity may result from events in central nervous system. Besides of adult moths,
caterpillars also use sugars as major nutrients and often as phagostimulants [37]. Our qPCR analysis
using the whole larvae showed that SlitGR8 was also expressed in the larvae, particularly in first,
fifth, and sixth instar larvae. The neonates are generally more sensitive to environmental stimulation
including food signals, and thus have a high expression of SlitGRS. For the honeybee (Apis mellifera),
the high-instar larvae prefer the food containing more fructose than low-instar larvae [38], and similarly,
in the cotton bollworm H. armigera, high-instar larvae prefer to feeding on plant tissues containing
more sugar nutrients [39]. The high SIitGR8 expression in the fifth and sixth instar larvae suggests
that D-fructose plays important role in the feeding and food selection in the high instar larvae for
S. litura, which needs to be verified by further functional analysis. The overall high expression in
the larvae provides a preferable opportunity for development of the feeding interfering technique
targeting at SIitGRS.

In conclusion, we cloned a full-length SlitGRS gene by checking and correcting the two reported
SlitGR8 sequences. Further phylogenetic analysis and gene expression profile analysis revealed that
SlitGR8 was enriched in the antennae, and finally, a functional study demonstrated that SIitGRS
specifically tuned to D-fructose. In addition, proboscis extension reflex test confirmed the ability of
adult antennae in detecting D-fructose, and thus eliciting moth’s feeding behavior. These findings
will help us better understand the molecular mechanisms of sugar recognition and develop feeding
interfering technique in S. litura.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4450/10/9/272/s1,
Figure S1: Primers used in the study. Table S1: Alignment of the sequences of two reported SlitGR8s.

Author Contributions: X.-L.L., Q.Y. and S.-L.D. conceived and designed the experiments. X.-L.L., Y.-L.Y., W.H.
and C.-L.M. performed the experiments. X.-L.L., Q.Y., Y.-C.P. and S.-L.D. wrote and revised the paper. All authors
approved the final version.

Funding: This research was funded by the National Natural Science Foundation of China [31672350; 31601645;
31372264], National Key R&D Program of China [2017YFD0200900] and Postgraduate Research & Practice
Innovation Program of Jiangsu Province [KYCX18_0668], China.

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

References

1.  Hanson, EE.; Dethier, V.G. Réle of gustation and olfaction in food plant discrimination in the tobacco
hornworm, Manduca sexta. . Insect Physiol. 1973, 19, 1019-1031. [CrossRef]


http://www.mdpi.com/2075-4450/10/9/272/s1
http://dx.doi.org/10.1016/0022-1910(73)90028-0

Insects 2019, 10, 272 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Dethier, V.G. The importance of stimulus patterns for host-plant recognition and acceptance. In The Host-Plant
in Relation to Insect Behaviour and Reproduction; Jermy, T., Ed.; Springer: Boston, MA, USA, 1976; pp. 67-70.
ISBN 978-1-4613-4274-8.

Stocker, R.F. The organization of the chemosensory system in Drosophila melanogaster: A review. Cell Tissue Res.
1994, 275, 3-26. [CrossRef] [PubMed]

Dahanukar, A.; Hallem, E.A.; Carlson, J.R. Insect chemoreception. Curr. Opin. Neurobiol. 2005, 15, 423-430.
[CrossRef] [PubMed]

Robertson, H.M.; Warr, C.G.; Carlson, ].R. Molecular evolution of the insect chemoreceptor gene superfamily
in Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 2003, 100, 14537-14542. [CrossRef] [PubMed]

Vieira, EG.; Rozas, ]. Comparative genomics of the odorant-binding and chemosensory protein gene families
across the arthropoda: Origin and evolutionary history of the chemosensory system. Genome Biol. Evol. 2011,
3,476-490. [CrossRef] [PubMed]

Benton, R.; Sachse, S.; Michnick, S.W.; Vosshall, L.B. Atypical membrane topology and heteromeric function
of Drosophila odorant receptors in vivo. PLoS Biol. 2006, 4, e20. [CrossRef] [PubMed]

Zhang, H.-].; Anderson, A.R.; Trowell, S.C.; Luo, A.-R.; Xiang, Z.-H.; Xia, Q.-Y. Topological and functional
characterization of an insect gustatory receptor. PLoS ONE 2011, 6, e24111.

Schoonhoven, L.M.; Jermy, T.; van Loon, J.J.A. Insect-Plant Biology; Chapman & Hall: London, UK, 1998;
pp- 183-189.

Sato, K.; Tanaka, K.; Touhara, K. Sugar-regulated cation channel formed by an insect gustatory receptor.
Proc. Natl. Acad. Sci. USA 2011, 108, 11680-11685. [CrossRef] [PubMed]

Miyamoto, T.; Slone, J.; Song, X.; Amrein, H. A fructose receptor functions as a nutrient sensor in the
Drosophila Brain. Cell 2012, 151, 1113-1125. [CrossRef] [PubMed]

Kwon, ].Y,; Dahanukar, A.; Weiss, L.A.; Carlson, J.R. The molecular basis of CO, reception in Drosophila.
Proc. Natl. Acad. Sci. USA 2007, 104, 3574-3578. [CrossRef] [PubMed]

Erdelyan, C.N.G.; Mahood, T.H.; Bader, T.S.Y.; Whyard, S. Functional validation of the carbon dioxide
receptor genes in Aedes aegypti mosquitoes using RNA interference. Insect Mol. Biol. 2012, 21, 119-127.
[CrossRef] [PubMed]

Jiao, Y.; Moon, S.J.; Wang, X.; Ren, Q.; Montell, C. Gr64f is required in combination with other gustatory
receptors for sugar detection in Drosophila. Curr. Biol. 2008, 18, 1797-1801. [CrossRef] [PubMed]

Larsson, M.C.; Domingos, A.L; Jones, W.D.; Chiappe, M.E.; Amrein, H.; Vosshall, L.B. Or83b encodes a
broadly expressed odorant receptor essential for Drosophila olfaction. Neuron 2004, 43, 703-714. [CrossRef]
[PubMed]

Chyb, S.; Dahanukar, A.; Wickens, A.; Carlson, J.R. Drosophila Gr5a encodes a taste receptor tuned to
trehalose. Proc. Natl. Acad. Sci. USA 2003, 100, 14526-14530. [CrossRef] [PubMed]

Jiao, Y.; Moon, S.J.; Montell, C. A Drosophila gustatory receptor required for the responses to sucrose, glucose,
and maltose identified by mRNA tagging. Proc. Natl. Acad. Sci. USA 2007, 104, 14110-14115. [CrossRef]
[PubMed]

Kikuta, S.; Endo, H.; Tomita, N.; Takada, T.; Morita, C.; Asaoka, K.; Sato, R. Characterization of a ligand-gated
cation channel based on an inositol receptor in the silkworm, Bombyx mori. Insect Biochem. Mol. Biol. 2016, 74,
12-20. [CrossRef] [PubMed]

Jiang, X.J.; Ning, C.; Guo, H,; Jia, Y.Y,; Huang, L.Q.; Qu, M.].; Wang, C.Z. A gustatory receptor tuned to
D-fructose in antennal sensilla chaetica of Helicoverpa armigera. Insect Biochem. Mol. Biol. 2015, 60, 39—46.
[CrossRef] [PubMed]

Xu, W.; Zhang, H.]J.; Anderson, A. A sugar gustatory receptor identified from the foregut of cotton bollworm
Helicoverpa armigera. J. Chem. Ecol. 2012, 38, 1513-1520. [CrossRef] [PubMed]

Wei, H.; Huang, Y.; Du, J. Sex pheromones and reproductive behavior of Spodoptera litura (Fabricius) moths
reared from larvae treated with four insecticides. J. Chem. Ecol. 2004, 30, 1457-1466. [CrossRef] [PubMed]
Huang, C.; Zhu, L; Ni, J.; Chao, X. A method of rearing the beet armyworm Spodoptera exigua.
Kunchong Zhishi 2002, 39, 229-231.

Cheng, T.; Wu, J.; Wu, Y.; Chilukuri, R.V.;; Huang, L.; Yamamoto, K.; Feng, L.; Li, W.; Chen, Z.; Guo, H; et al.
Genomic adaptation to polyphagy and insecticides in a major East Asian noctuid pest. Nat. Ecol. Evol. 2017,
1,1747. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/BF00305372
http://www.ncbi.nlm.nih.gov/pubmed/8118845
http://dx.doi.org/10.1016/j.conb.2005.06.001
http://www.ncbi.nlm.nih.gov/pubmed/16006118
http://dx.doi.org/10.1073/pnas.2335847100
http://www.ncbi.nlm.nih.gov/pubmed/14608037
http://dx.doi.org/10.1093/gbe/evr033
http://www.ncbi.nlm.nih.gov/pubmed/21527792
http://dx.doi.org/10.1371/journal.pbio.0040020
http://www.ncbi.nlm.nih.gov/pubmed/16402857
http://dx.doi.org/10.1073/pnas.1019622108
http://www.ncbi.nlm.nih.gov/pubmed/21709218
http://dx.doi.org/10.1016/j.cell.2012.10.024
http://www.ncbi.nlm.nih.gov/pubmed/23178127
http://dx.doi.org/10.1073/pnas.0700079104
http://www.ncbi.nlm.nih.gov/pubmed/17360684
http://dx.doi.org/10.1111/j.1365-2583.2011.01120.x
http://www.ncbi.nlm.nih.gov/pubmed/22122783
http://dx.doi.org/10.1016/j.cub.2008.10.009
http://www.ncbi.nlm.nih.gov/pubmed/19026541
http://dx.doi.org/10.1016/j.neuron.2004.08.019
http://www.ncbi.nlm.nih.gov/pubmed/15339651
http://dx.doi.org/10.1073/pnas.2135339100
http://www.ncbi.nlm.nih.gov/pubmed/14523229
http://dx.doi.org/10.1073/pnas.0702421104
http://www.ncbi.nlm.nih.gov/pubmed/17715294
http://dx.doi.org/10.1016/j.ibmb.2016.04.010
http://www.ncbi.nlm.nih.gov/pubmed/27132146
http://dx.doi.org/10.1016/j.ibmb.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/25784630
http://dx.doi.org/10.1007/s10886-012-0221-8
http://www.ncbi.nlm.nih.gov/pubmed/23224441
http://dx.doi.org/10.1023/B:JOEC.0000037751.86203.10
http://www.ncbi.nlm.nih.gov/pubmed/15503531
http://dx.doi.org/10.1038/s41559-017-0314-4
http://www.ncbi.nlm.nih.gov/pubmed/28963452

Insects 2019, 10, 272 11 of 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Tsirigos, K.D.; Peters, C.; Shu, N.; Kill, L.; Elofsson, A. The TOPCONS web server for consensus prediction
of membrane protein topology and signal peptides. Nucleic Acids Res. 2015, 43, W401-W407. [CrossRef]
[PubMed]

Wanner, K.W.; Robertson, H.M. The gustatory receptor family in the silkworm moth Bombyx mori is
characterized by a large expansion of a single lineage of putative bitter receptors. Insect Mol. Biol. 2008, 17,
621-629. [CrossRef]

Liu, N.Y,; Xu, W.; Papanicolaou, A.; Dong, S.L.; Anderson, A. Identification and characterization of three
chemosensory receptor families in the cotton bollworm Helicoverpa armigera. BMC Genomics 2014, 15, 597.
[CrossRef] [PubMed]

Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGA5: Molecular evolutionary
genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods.
Mol. Biol. Evol. 2011, 28, 2731-2739. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods San Diego Calif 2001, 25, 402—408. [CrossRef]

Wang, G.; Carey, A.E,; Carlson, J.R.; Zwiebel, L.J. Molecular basis of odor coding in the malaria vector
mosquito Anopheles gambiae. Proc. Natl. Acad. Sci. USA 2010, 107, 4418-4423. [CrossRef] [PubMed]

Liu, X.L,; Sun, S.J.; Khuhro, S.A ; Elzaki, M.E.A.; Yan, Q.; Dong, S.L. Functional characterization of pheromone
receptors in the moth Athetis dissimilis (Lepidoptera: Noctuidae). Pestic. Biochem. Physiol. 2019, 158, 69-76.
[CrossRef] [PubMed]

Wykes, G.R. An investigation of the sugars present in the nectar of flowers of various species. New Phytol.
1952, 51, 210-215. [CrossRef]

Pate, ].S.; Peoples, M.B.; Storer, PJ.; Atkins, C.A. The extrafloral nectaries of cowpea (Vigna unguiculata (L.)
Walp.) II. Nectar composition, origin of nectar solutes, and nectary functioning. Planta 1985, 166, 28-38.
[CrossRef]

Heil, M. Nectar: Generation, regulation and ecological functions. Trends Plant Sci. 2011, 16, 191-200.
[CrossRef] [PubMed]

Nelson, G.; Hoon, M.A.; Chandrashekar, J.; Zhang, Y.; Ryba, N.J.P; Zuker, C.S. Mammalian sweet taste
receptors. Cell 2001, 106, 381-390. [CrossRef]

Nishino, H.; Nishikawa, M.; Yokohari, F.; Mizunami, M. Dual, multilayered somatosensory maps formed by
antennal tactile and contact chemosensory afferents in an insect brain. J. Comp. Neurol. 2005, 493, 291-308.
[CrossRef] [PubMed]

Popescu, A.; Couton, L.; Almaas, T.J.; Rospars, ].P.; Wright, G.A.; Marion-Poll, E; Anton, S. Function and
central projections of gustatory receptor neurons on the antenna of the noctuid moth Spodoptera littoralis.
J. Comp. Physiol. A 2013, 199, 403—416. [CrossRef] [PubMed]

Allsopp, P.G. Sugars, Amino Acids, and Ascorbic Acid as Phagostimulants for Larvae of Antitrogus parvulus
and Lepidiota negatoria (Coleoptera: Scarabaeidae). J. Econ. Entomol. 1992, 85, 106-111. [CrossRef]
Brouwers, E.-V.M. Glucose/fructose ratio in the food of honeybee larvae during caste differentiation.
J. Apic. Res. 1984, 23, 94-101. [CrossRef]

Qin, ].D; Li, L.Y.,; Wei, D.Y.; Wang, Z.D. Some characteristics in the food preference and nutrition of the
cotton bollworm. Acta Entomologica Sinica 1962, 11, 327-340.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/nar/gkv485
http://www.ncbi.nlm.nih.gov/pubmed/25969446
http://dx.doi.org/10.1111/j.1365-2583.2008.00836.x
http://dx.doi.org/10.1186/1471-2164-15-597
http://www.ncbi.nlm.nih.gov/pubmed/25027790
http://dx.doi.org/10.1093/molbev/msr121
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1073/pnas.0913392107
http://www.ncbi.nlm.nih.gov/pubmed/20160092
http://dx.doi.org/10.1016/j.pestbp.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31378363
http://dx.doi.org/10.1111/j.1469-8137.1952.tb06127.x
http://dx.doi.org/10.1007/BF00397382
http://dx.doi.org/10.1016/j.tplants.2011.01.003
http://www.ncbi.nlm.nih.gov/pubmed/21345715
http://dx.doi.org/10.1016/S0092-8674(01)00451-2
http://dx.doi.org/10.1002/cne.20757
http://www.ncbi.nlm.nih.gov/pubmed/16255033
http://dx.doi.org/10.1007/s00359-013-0803-0
http://www.ncbi.nlm.nih.gov/pubmed/23440349
http://dx.doi.org/10.1093/jee/85.1.106
http://dx.doi.org/10.1080/00218839.1984.11100616
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Insect Rearing and Tissue Collection 
	Sugar Compounds 
	RNA Isolation and cDNA Synthesis 
	Gene Cloning and RACE Amplification 
	Sequence Analysis and Phylogenetic Tree Construction 
	Spatial and Temporal Expression Analysis 
	Vector Construction and cRNA Synthesis 
	Receptor Expression in Xenopus Oocytes and Electrophysiological Recordings 
	Proboscis Extension Reflex (PER) Assay 

	Results 
	Gene Cloning and Phylogenetic Analysis 
	Spatial and Temporal Expression of SlitGR8 
	Functional Characterization of SlitGR8 
	Proboscis Extension Reflex (PER) Induced by D-Fructose 

	Discussion 
	References

