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Abstract

The GOBP2 protein has a unique function in the yellow peach moth, Conogethes punctiferalis. Several general odorant binding

proteins (GOBPs) have been identified in various lepidopteran species, but the functional difference between GOBP1 and

GOBP2 in recognition of host plant odorants is still unknown. The functions of GOBP1 and GOBP2 in the yellow peach

moth were evaluated in this study using the CRISPR-Cas9 system. The results revealed the importance of GOBP2 in the

olfaction mechanism in the yellow peach moth. The GOBP1 knocked out larvae’s perception towards feeding decreased but did

not reach a significant level, while knocking out the GOBP2 and GOBP1/2 genes resulted in huge differences. On the other

hand, electroantennograms (EAG) and wind tunnel tests showed that the GOBP2 knocked out adult’s sensitivity to odorants

decreased more than GOBP1 knocked out individuals. The STRING database text mining results grabbed our attention in the

protein-protein interaction studies. In this research, we firstly proved the existence of physical interactions between GOBPs

and chemosensory proteins (CSP) through the surface plasmon resonance (SPR) and isothermal titration calorimetry (ITC)

methods. Interestingly, the GOBP1 and GOBP2 could not interact with each other, but they can interact with CSPs. The

interaction result indicates that GOBP2 could physically interact with CSP15, CSP5, and OBP17, whereas GOBP1 could bind

only with CSP5 and CSP10, and the association constant (ka) is also more substantial than GOBP1. These results strongly

suggest the importance of GOBP2 function in the perception of host plants odorants in the yellow peach moth.

1. Introduction

The general odorant binding proteins (GOBPs), a group of odorant binding proteins (OBPs), play essential
roles in host volatiles perception of lepidopteran insects by binding and transporting hydrophobic ligand
across the aqueous sensilla lymph to the odorant receptors (ORs) on the dendritic membrane of olfactory
neurons (Vogt and Riddiford, 1981; Krieger et al., 2004). GOBP1 and GOBP2 were subsequently defined
as conserved non-sex-biased antennal OBPs from lepidopteran GOBPs by sequence comparison (Vogt et al.,
1991). While the pheromone binding proteins (PBPs) as another subfamily of OBP has conserved sex-biased
antennal OBPs, which bind and transport pheromone molecules to the cognate pheromone receptors (PRs)
on the dendritic membrane of olfactory neurons (Liu et al., 2011; Zhang et al., 2016). Phylogenetic analyses
show that GOBPs/PBPs from lepidoptera are a unique subfamily, having evolved independently within the
order of lepidoptera (Vogt et al., 2015; Zhang et al., 2013; Yasukochi et al., 2018). Besides, the difference
between the GOBPs/PBPs form distribution pattern antennae is distinct (Steinbrecht et al., 1995; Nardi et
al., 2003). However, evolutionary facts are explained that the GOBPs might be evolved from PBP by gene
duplication. This fact was reported in Manduca sexta , PBP and GOBP2 have a close relationship and play
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a crucial role in coordinated olfactory behaviors (Merritt et al., 1988; Vogt et al., 2002). More interestingly,
GOBPs were reported could bind sex pheromones and are possibly responsible for their transportation by
some searches, like in Spodoptera exigua ,Chilo suppressalis , Bombyx mori (Liu et al., 2015; Khuhro et
al., 2017; Zhou et al., 2009; Nardi et al., 2003). While this function of GOBPs may remain controversial,
and in vivofunctional studies will provide more convincing evidence. Furthermore, OBPs and chemosensory
proteins (CSPs) as two different classes of polypeptides have been identified in the lymph of chemosensilla
may have some connection. A significant amount of structural information has been accumulated on OBPs
and CSPs in the attempt to elucidate their function, but so far, physiological studies have been scant and
no convincing models for their action (Pelosi et al., 2006). The gradual application of CRISPR/Cas9 gene
editing technique provides a new and more convincing perspective insight for functional verification of the
above issues in lepidopteran insects (Wang et al., 2018; Zhang and Reed, 2016).

The yellow peach moth,Conogethes punctiferalis(Guenée), is a highly destructive fruit borer can attack more
than 100 essential plant species, including peach, durian, chestnut, citrus, papaya, cardamom, ginger (Wan
et al., 2016; Lu et al., 2010). Over the past decade, it has become a serious maize pest in China, causing
more significant damage than Ostrinia furnacalis (Guenée) in some summer corn regions of China (Wang
et al., 2006). Previously, our study reported that the GOBP1 of the yellow peach moth plays a crucial role
in sex pheromones and plant volatiles recognition based on binding assay (Jing et al., 2019). In the present
study, GOBPs (GOBP1 and GOBP2) were further evaluated for testing, using the CRISPR/Cas9 technique
along with electrophysiological and behavioral assays. The results provide new insights into the functional
role of GOBPs, as well as an essential reference for developing GOBP based behavioral interference control
strategies for the yellow peach moth.

2. Materials and methods

2.1 Insect

The yellow peach moth used in this study was reared under laboratory conditions. The larvae were reared
using artificial diet maintained at 27 ± 1 °C with a photoperiod of 16 h light: 8 h dark, and 65 ± 5% relative
humidity (RH). The pupae were segregated, male and female were kept in separate cages. After emergence,
moths were fed on 10% honey water (Braccini et al., 2015).

2.2 Intron detection and preparation of guide-RNAs

Due to the lack of genome database of the yellow peach moth, firstly we have to design primers based on
the cDNA sequence of GOBPs, using the DNA as a template for PCR then sequencing to determine its
intron sequence. According to some previous research (Zhang and Reed, 2016; Wang et al., 2020a), two Cas9
cut sites were designed for producing long deletions in GOBP1 and GOBP2 target loci. sgRNAs of GOBP1
and GOBP2 were designed by manually searching genomic regions for GGN18NGG or N20NGG protospacer
adjacent motif (PAM) sequences on the sense or antisense strands (Figure 1 and Supplementary Table S1).
sgRNA template was transcribed in vitrowith the specific oligonucleotide encoding T7 polymerase-binding
site and the sgRNA target sequences following the manufacturer’s instruction of GeneArtTM Precision gRNA
Synthesis Kit (Thermo Fisher Scientific, USA).

2.3 Embryo microinjection

Fertilized eggs were collected (within 2 hours after laying) and surface sterilized by soaking the eggs in
1% sodium hypochlorite solution for 1 minute and washed with distilled water for three times. The eggs
were arranged on double-sided adhesive tape on a microscope slide. Two sgRNAs of target loci of GOBP1
and GOBP2 with the TrueCutTMCas9 Protein v2 (Thermo Fisher, Shanghai, China) were mixed, using the
RNase-free water adjust the final concentration of sgRNA (200 ng/μL) with Cas9 protein (100 ng/μL). Each
embryo was injected with approximately 1 nL of the mix solution containing sgRNA and Cas9 protein. The
injected eggs were first placed on the ice maintained for 20 min then incubated at 27 ± 1 until hatching.

2.4 Mutation analysis and screening of homozygous mutation line

2
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Microinjected eggs were placed in incubator to hatch, the neonates we maintained in the artificial diet and
maintained until pupation. After the yellow peach moth emergence, one hind leg was removed to extract
DNA. Then the adults were individually placed in a small plastic box with code until to use, and 10%
honey water was provided. Genomic DNA was extracted using the GenoDirect PCR kit following the
manufacturer’s instruction (Herogen Biotech, Co. Ltd, China). According to the GOBP1 and GOBP2
sgRNA locations within each gene, the forward and reverse primers were designed to detect the deletion of
the gene, respectively (Figure 1). The gene deletion was ensured by using pair of primers and expected to
amplify a small fragment of GOBP1 and GOBP2 (about 350 bp and 600 bp). A pair of specific primers are
developed for each gene to determine if the gene deletion mutation is homozygous or heterozygous (Figure
1). Genotypes of the gene deletion mutation can be discriminated according to the banding pattern of PCR
amplified products, and all PCR primers showed in (Supplementary Table S1). The screened moths with the
same banding pattern, which small fragments of genomic we expected, was mixed and allowed to produce
homozygous mutants.

2.5 Larval growth and development parameters

One hundred newly hatched larvae were selected and monitored the growth and development for 5 gener-
ations. This step is performed to examine the gene knockout whether affect the growth or development of
larvae. Three biological replicates were used in the experiment.

2.6 Electrophysiological assay

Electroantennograms (EAG) was used to determine the stimulus-dependent potential changes summed over
the whole antenna. The ends of an isolated antenna cut from 2- to 3-day-old virgin male and female moth
were connected by electroconductive gel (Signal gel, Parker laboratories inc, USA) to the two electrodes,
respectively. Odorants for EAG analyses were selected based on a literature review as well as on compounds
category. All components were dissolved in hexane to 100 ng/μL. A filter paper strip (2.5 cm × 1.0 cm)
containing 10 μL of a test solution was inserted into a Pasteur pipette to deliver the stimuli, and the strip was
left for 1 min to let the solvent evaporate before it was used for EAG measurement. The continuous airflow
(30 mL/s) and the odor stimulating flow (0.2 s at 10 mL/s) were produced and controlled by a stimulus
controller (CS-55, Syntech, Netherlands). At least 45 sec was allowed between two stimuli to provide time
for recovery of antennal responsiveness. The antennal signal was amplified tenfold and converted to a digital
signal by DC amplifier interface (IDAC, Syntech Inc., Netherlands). The signals were recorded with EAGPro
software (version 2.0, Syntech Inc., Netherlands). A standard de canal was tested in the beginning and at
the end of each recording to correct for the loss of sensitivity of the antennal preparation. Similarly, a control
paraffin oil stimulation was done at the beginning and at the end of each recording to subtract the blank
value from the antennal responses (Ren et al., 2017). For each compound, EAG responses of ten antennae
from different adult beetles of each sex were recorded.

2.7 Tendency test of larvae to artificial diet

The responsiveness of larvae to the odor of artificial diet was investigated, twenty individuals of the 3th

instar larvae which were allowed for starvation (24 h). After starvation, and the larvae were placed in a 20
cm diameter plastic Petri dish, which also contained diametrically opposite two points 11 cm hole, one with
some artificial diet, the other set empty for control. After 10 min, larvae crawl to opposite sides of the hole
(or in close proximity) were counted, as well as those which had not made any choice. Each experiment was
repeated 5 times with unexperienced larvae, results were averaged, and standard deviations were calculated.

2.8 Wind tunnel bioassays

A wind tunnel modified from Hee and Tan (Hee and Tan, 1998) was used to assess the ability of moth to
respond to olfactory stimuli. The wind tunnel was constructed of a transparent polyacetate sheet rolled into
a cylindrical tube (150 × 30 cm diameter) with ends forming the big plastic box for placing moths (50 × 50
× 50 cm). An electric fan was used to generate a continuous laminar airflow at a speed of 20 cm/s. Apple
and sex pheromones mix solution (E10-16:Ald and Z10-16:Ald base on the ratio 9:1 were dissolved in hexane

3
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to 100 ng/μL) (Yasuhiko et al., 1982) were alternately placed at the point (at the downwind end) in the
wind tunnel for attracting the moths. When the dark period started 2 h, thirty male/female virgin moths
were chosen and placed in the plastic box for testing in dark period. After 1 h, a moth in the tunnel reach
or close to the apple or sex pheromones was counted, and each bouquet of female moth or male moth test
repeat 5 times.

2.9 Interaction predicted analysis and gene selection

Interaction analysis of GOBP1 and GOBP2 was based on the STRING database (https://string-db.org/),
including known and predicted protein-protein interactions. GOBP2 ofBombyx mori as a reference template
to construct a network interaction map. Based on the results of the interaction, we selected the proteins
that might interact with GOBPs and constructed a phylogenetic tree based on the predicted interactions
between Bombyx mori protein and the identified genes of the yellow peach moth.

2.10 Analysis of protein-protein interaction

Proteins are selected prokaryotic expression in vitro and the method as described previously (Jing et al.,
2019) (Supplementary Table 2 and Supplementary Figure 1). GOBPs proteins were titrated with Tris-HCl
buffer solution by using isothermal titration calorimetry (ITC) (MicroCal ITC200, GE Healthcare, UK). All
solutions were thoroughly degassed prior to the titrations to avoid the formation of bubbles in calorimeter
cell. The sample cell and reference cell were filled by GOBPs and Tris-HCl buffer of pH=7.4, respectively.
Measurements were carried out at 25.0 ± 0.1 °C with a continuous string (600 rpm), a maximum number of
injections of 2 μL volume were 20. Control experiments were performed by titrating the Tris-HCl buffer with
buffer and subtracted it from the respective GOBPs- Tris-HCl titration before data fitting. The analysis of
ITC data was performed using Microcal Origin 7.0 software following the instrument’s manufacturer. The
data were best fitted for one set of binding sites, and values enthalpy (ΔH), dissociation constant (KD),
entropy (ΔS), and stoichiometry (n) were obtained. The affinity ([?]G) was calculated from the Gibbs
equation (Haman et al., 2019).

All the solutions involved in the reaction are desalted and then can be used for surface plasmon resonance
(SPR) testing. The mixture of 400 mM EDC with100 mM NHS was injected over series S sensor chip
CM5 (BR-1005-30, GE Healthcare, USA) at a flow rate of 10 μL/min. GOBP1 (10 μg/mL) and GOBP2
(10 μg/mL), including CSP1, CSP5, CSP10, and OBP17 were injected over CM5 chip at a flow rate of 10
μL/min, respectively. After each run, the dissociation and the regeneration were performed as described
above. Following that, the proteins that could interact were serially diluted based on the initial binding, and
the evaluation was carried out as described above.

2.12 Statistical analysis

Student’s t-test analyzed larval growth parameters, response to artificial diet and EAG data. Tendency test
of larvae and wind tunnel behavior were analyzed using one-way analysis of variance (ANOVA) followed by
LSD and Tukey’s test. Statistical analysis was performed using SPSS 20.0, and the p value was set at P =
0.05 for all comparisons.

3. Results

3.1 Ahomozygous strain of GOBPs deletion

A dual sgRNA-directed CRISPR-Cas9 system was employed to delete the GOBPs genes. According to the
genomic arrangement of GOBP1 and GOBP2 (Figure 1), the sgRNA1/2 and sgRNA3/4 were designed to
target the respective genes. The two specific sgRNAs and Cas9 protein were co-injected into yellow peach
moth early embryos, respectively. In addition, to get both GOBP1 and GOBP2 (GOBP1/2) knockout
homozygous population, four specific sgRNAs (sgRNA1/2/3/4) with Cas9 protein were using to co-inject.
Among the injected eggs, 266 (96.72%), 180 (94.74%) and 199 (83.61%) neonates developed into adults (G0)
for GOBP1, GOBP2, and GOBP1/2, respectively (Table 1). Based on the PCR amplification results, the
primer pair G1/2-F/R revealed about 350 bp band (GOBP1) and about 600 bp band (GOBP2). Sequencing
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of those fragments confirmed a deletion event of the genes that were created and inherited in that single pair
family. To get homozygous population, 10 homozygous males and females (1:1) were put together to produce
the next generation (G1). Randomly extract DNA and sequenced using primer pair G1/2-F/R from the G1,
results showed all the samples have only one expected band. To confirm those adults were homozygous, pair
primers T1-F/R and T2-F/R were used for testing. The results showed wild type had one band, but not
the same as knocked out GOBP1 and GOBP2 samples (Figure 1). Sequencing the fragments of GOBP1
and GOBP2 confirmed each gene had successfully knockout and the sequences consistent with our expected
(Figure 1). All homozygous adults keep generation and can be used for further experiments.

3.2 Development of larvae and food preference

After rearing for five consecutive generations, no difference between the knockout larvae (GOBP1, GOBP2
or GOBP1/2) with WT in pupa and emergence rate, indicating it does not affect the viability of this
insect under our rearing conditions (Supplementary Table S3). However, after gene knockout, these larvae
diverged in artificial diet choice (Figure 2). When the GOBP1 gene was knocked out, although the larvae
had a decline in food selection, it did not reach a significant level, while the larvae that knocked out the
GOBP2 or GOBP1/2 genes had apparent differences in food selection. It shows that knocking out of GOBP2
and GOBP1/2 genes affects the larvae sensitivity to food odorants.

3.3 Comparison ofEAG response to odorants of WT andhomozygous strain

We investigated antenna responses to host-plant odorants and some chemicals to determine whether the
homozygous strain still detects previous odorants compared with WT strain. EAG was used to test the
response to different chemicals. The EAG responses to parts of compounds in both male and female ho-
mozygous strain were strongly reduced or absent (Figure 3a). However, compared with males, when the
genes were knocked out, female adults respond more strongly to the odorants tested. It shows that females
are more sensitive to odorant types and some odorants than males. However, no matter which gene is
knocked out, male sensitivity to the odor of sex pheromone has decreased, while females do not respond to
it. We further analyzed the correlation between the three homozygous strains with WT strain by using EAG
data. The results showed that EAG response of GOBP1/2 strain and WT strain is the highest (Figure 3b),
indicating that the GOBP1 population is the least sensitive to odorants. It also indicates that when both
genes are knocked out, the types of responses to odorants are significantly reduced. In addition, compared
with the GOBP1 strain, the GOBP2 strain has a better correlation with the WT strain, indicating that
GOBP2 gene knockout can also greatly reduce the sensitivity to multiple test odorants.

3.4 Comparison susceptibility to host and sex pheromones

Compared with the WT, male and female were not significantly decreased to the apple and sex pheromone,
respectively (Figure 4a and d). However, it significantly decreased to apple and sex pheromone for females
and males, respectively (Figure 4b and c) in all knockout strain. The results showed that after GOBP1 and
GOBP2 genes knockout, adults’ sensitivity to apple and sex pheromone are significantly decreased and the
different sexes have different choices. Male moths are more sensitive to sex pheromone, while female adults
are more sensitive to apple.

3.5 Protein interaction analysis

Based on the analysis results of the predicted protein (Figure 5) and phylogenetic tree (Supplements Figure
S2), we finally selected some genes (CSP1, CSP5, CSP10, and OBP17) of the yellow peach moth for protein
expression. Subsequently, the expressed proteins were tested for interaction with GOBP1 and GOBP2
proteins using SPR and ITC. The SPR results showed GOBP1 could bind with CSP5 and CSP10; GOBP2
can bind CSP5, CSP10, and OBP17 (Supplements Figure S3). The two proteins cannot bind to each other,
and neither can bind to CSP1 (Supplements Figure S3). Multi-concentration SPR determination more
accurately showed GOBPs and ligands’ binding ability (Table 2 and Figure 6). The KD of GOBP1 reaction
with CSP5 (0.62 μM) and CSP10 (0.26 μM) are more than GOBP2 (0.34 μM and 0.08 μM), respectively,
which indicating that GOBP2 has the more vital binding ability with ligands.
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The results of ITC are shown in Figure 7. Each peak in the upper part represents the heat generated by a
single titration of the same volume of small molecules into the protein solution, and the lower part is the pro-
tein binding nonlinear fitting graph. After the first titration, the peak heat value reaches the lowest and then
gradually rises. After calculation, the KD of GOBP1 reaction with CSP5 (1.70 μM) and CSP10 (2.04 μM)
are more than GOBP2 (1.39 μM and 1.87 μM), respectively. Those results are consistent with the results of
SPR that GOBP1 can directly interact with CSP5 and CSP10, and GOBP2 can directly interact with CSP5,
CSP10, and OPB17. However, GOBP1 and GOBP2 cannot directly interact. In addition, all the reaction
ΔG < 0 and |Hj>TjSjarespontaneouschemicalreactionsandthisreactionbyenthalpy − driving(Table2).

4. Discussion

GOBPs are a member of the OBPs family play important roles as the first barrier for insects to perceive
odorants. Therefore, understanding the role of GOBPs in an insect’s function requires inseparable from
multisensory ecological interaction with the host (Stöckl and Kelber, 2019). In this study, we successfully
addressed these behaviors by generating a homozygous strain with CRISPR-Cas9. Applied this genome
editing system to produce a large deletion already be useful in Helicoverpa armigera and other insects in
which the CRISPR-Cas9 system is effective (Wang et al., 2018; Wang et al., 2020b).

The homozygous GOBP1, GOBP2 and GOBP1/2 strain after knockout do not affect the insect’s viability
under our rearing conditions, but it results in weakening the larva and adults’ sensitivity to food odorants.
GOBPs are mainly localized in biconical sensilla and postulated to be involved in recognizing general odorants
from host plants and the environment (Vogt et al., 1991; Wang et al., 2003; Steinbrecht et al., 1992; Laue
et al., 1994). In this study, the larvae after the gene knockout were fed for five consecutive generations,
there was no difference compared with the WT strain, and they could successfully emerge without showing
a decrease in food sensitivity, mainly because there was more artificial diet around the larvae and this time
its touch, taste or other olfactory genes play an important role. When the larvae were placed in a petri dish
to keep them away from food and allowed to make choices, we found that they were significantly different
from the WT strain. Its sensitivity to food odorants presents difficulties. This result indicates that GOBPs
are indeed involved in identifying host odorants. However, not all larvae cannot find the location of the food,
and it may be caused by the following reasons: a) some odorants in the diet may be recognized and operated
to the receptor by other OBPs or CSPs, which as well as play crucial roles in insect chemoreception, such as
recognizing, capturing and transporting hydrophobic chemicals from the environment to olfactory receptors
(Pelosi et al., 2006; Pelosi et al., 2005; Liu et al., 2012); b) vision may play a role in identifying food; c) due
to limited space, it could happen to find food after crawling aimlessly.

EAG only represents an overall activity of all the sensilla on the antenna and, therefore, even compassionate
specialist olfactory receptor neurons may not show up if their total number is low (Deng et al., 2012). When
the gene was knocked out, most of the moth’s antennae showed a weakened response or even no response to
odorants (Figure 3a), indicating that GOBPs are closely related to the recognition of these odorants. Males
and females have different responses to the same odorants, and compared to males, females respond more
obviously to the tested odorants, which means that females can perceive more odorants than males. The same
result can also show in the wind tunnel test. This may be related to their final task. In fact, many moths have
shown plasticity of olfactory-guided behavior, dependent not only on the nature of the chemical but also on
the physiological status (e.g., age, growth conditions, hormone or mating status) of the individual (Anton
et al., 2007; Kubli, 2003; Jing et al., 2020). Our previous studies have also proved this result by stimulating
host odorants, ovarian development, and changes in GOBPs expression before and after oviposition (Jing
et al., 2019; Jing et al., 2020). For males and looking for hosts to maintain normal physiological activities
after emergence, it is more important to find females to complete mating. Therefore, male adults may pay
more attention to recognize sex pheromones. For females, looking for food and attracting males to complete
mating, it is more important to find suitable oviposition sites, which determines that females need to be
able to recognize more odorants. The wind tunnel test experiment in this study also strongly proved sex
pheromones are more attractive to males, while host odorants are more attractive to females.

Interestingly, the effect of GOBP2 gene knocked out seems to be greater than GOBP1, and there is no
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significant difference between the knockout of both GOBP1 and GOBP2 genes (Figure 3 and 4). Previous
research has demonstrated that proteins in the GOBP2 class share high sequence similarity and can bind to a
wide range of odorants with a broad specificity (Deng et al., 2012; Zhou et al., 2009; He et al., 2010; Gong et
al., 2009) and can bind with the sex pheromones (Feng and Prestwich, 1997; He et al., 2010; Liu et al., 2010).
Another experiment also showed that GOBPs from different families of lepidoptera. Lepidoptera seem to
have different expression patterns among male and female moths, indicating the different physiological roles
of GOBP1 and GOBP2 in the perception of semiochemicals (Yao et al., 2016). This difference may be due
to the gender mentioned above, but more importantly, is the function of the protein itself. ITC and SPR are
good methods used to thermodynamically and kinetically characterize the protein-ligand or protein-protein
interactions’ binding mechanism, respectively (Jelesarov and Bosshard, 1999; Krishnamoorthy et al., 2020;
Kim et al., 2020). Based on the SPR results, GOBP2 is better than GOBP1 in terms of the number of
binding proteins and binding ability. From this result, we can hypothesize that when GOBP2 binds to a
variety of other proteins, a complex is formed, which greatly broadens the binding range of the GOBP2
protein, especially with a strong binding ability CSP protein. Because although CSP is a distinct from
OBPs, it shares no sequence similarity with OBPs (Lu et al., 2007; Gong et al., 2007). Whereas OBPs are
primarily expressed in antennae, CSPs are expressed in various insect tissues, such as antennae, maxillary
palps (Maleszka and Stange, 1997), proboscis, pheromone glands (Meillour et al., 2000), and the sub-cuticular
epithelium (Wanner et al., 2004), etc. Furthermore, although a vast amount of structural evidence on OBPs
and CSPs has been collected in the effort to elucidate their function, physiological studies have been sparse
and have failed to offer compelling models for their behavior (Pelosi et al., 2006). The GOBPs can reaction
with CSPs by SPR and ITC may provide a new idea for research or contribute to more in-depth research on
both.

ITC can detect whether proteins are interacting and measures the heat released or absorbed during the
protein-ligand interactions (Krishnamoorthy et al., 2020; Freyer and Lewis, 2008). The results of ITC are
consistent tendency with the results of SPR. All reactions with ΔG < 0 are spontaneous reactions, ΔH¡0
are exothermic reactions and ΔS¡0 indicates reactions are process driven by enthalpy, and an unfavorable
entropy compensation effect occurs. It also shows that non-covalent bonds such as hydrogen bonds and
van der Waals forces may be formed in these reactions. ΔS¡0 indicates that during the binding process, a
specific protein is likely to undergo a conformational change, which will reduce the degree of freedom of the
molecule, which is a factor that is not conducive to the binding of these proteins. The conformational change
of this protein may have a great relationship with the pH value. It was demonstrated previously that the
C-terminal dodecapeptide segment of Bmor PBP formed a regular helix α7 at pH 4.5, the compact structure
allowing the ligand to enter the binding cavity would not be detectable once the complex was formed; and
at pH 6.5 did not present the additional α7. The C-terminus of the protein folds into an α-helical domain
and enters the bombykol binding site, thus assisting the release of the pheromone molecule from the cavity
(Wojtasek and Leal, 1999; Horst et al., 2001). The pH-dependent conformational structural flexibility was
also reported in other members of olfactory proteins, such as in Aedes aegypti(Leite et al., 2009), Antheraea
polyphemus (Mohanty et al., 2004). In addition, the structures of PBP1 and PBP2 of Lymantria dispar had
different changes at pH 5.5 and 7.3 by fluorescence binding assay, showing different affinity to chemicals (Yu
et al., 2012). Therefore, we believe that the ΔS will also change under different pH values, especially at
low pH, which may be a favorable response. Especially when GOBPs and CSPs are combined, it will be
more interesting if their conformation is changed by pH after forming a complex. Therefore, more in-depth
experiments need to continue.

In conclusion, we have successfully knockout GOBP1 and GOBP2 genes inC. punctiferalis with the CRISPR-
Cas9 system. Through the tendency test of larvae to artificial diet, EAG, and the wind tunnel test of the
adult, it was found that the knockout effect of the GOBP2 gene is better than GOBP1. The protein
interaction test initially explained that this is due to the more substantial binding capacity and broader
binding spectrum of GOBP2 than GOBP1. Also, this study provides an additional perspective on insect
GOBP, OBP, and CSP genes and their functional contribution to the pest olfactory system.
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Tables

Table 1 Statistics of parameters after injection

Gene name Number of injected eggs (number) Hatching rate (%) Pupation rate (%) Emergence rate (%) Mutation rate (%)

GOBP1 1030 39.12 88.14 96.72 40.62
GOBP2 720 31.94 86.52 94.74 44.45
GOBP1/2 802 47.63 77.22 83.61 52.76

Table 2 Summary of kinetic data of GOBPs protein wit ligands interactions

Interaction SPR SPR SPR ITC ITC ITC ITC ITC ITC

ka

(1/MS)*
kd (1/S) KD (μM) H(kJmol-1) S(kJmol-1) -

TS(kJmol-1)

G(kJmol-1) G(kJmol-1) KD (μM)

GOBP1-
CSP5

3.55E+03 2.20E-
03

0.2 -
2817.32

-9.32 2779.18 2779.18 -38.14 1.70

GOBP1-
CSP10

1.06E+04 2.73E-
03

0.26 -
3748.62

-12.46 3713.88 3713.88 -34.75 2.04

GOBP2-
CSP5

6.90E+03 2.33E-
03

0.34 -
48446.2

-162.18 48355.2 48355.2 -91.04 1.39

GOBP2-
CSP10

2.50E+04 2.08E-
03

0.08 -
2786.81

-9.24 2754.25 2754.25 -32.56 1.87

GOBP2-
OBP17

1.13E+04 8.88E-
04

0.08 -
5584.48

-18.64 5558.35 5558.35 -26.13 7.35

* ka means association rate constant.

Figure legends

Figure 1 CRIPSPR-Cas9-based knock out of the GOBPs genes in yellow peach moth. Step1 : positions of
each sgRNA and the pair primers for allele-specific PCR detection test. Step2 : Target sequences of the two
sgRNAs (blue), the PAM sequences (red) and the cutting sites by the Cas9 protein are indicated with red
triangles; a representative chromatogram from PCR products sequencing of individuals after knocking out
population with different pair primers.Step3 : Genotyping of individual for deletion of each gene according
to banding patterns of the PCR products amplified with a set of the different primer pairs. The band pointed
with white arrow is represent homozygous.

Figure 2 Sensitivity test of larvae to artificial diet odorants. Asterisk indicates that significant differences
in data (t-test, ***P [?] 0.001, **P [?] 0.01 ).

Figure 3 Homozygous strain shows reduced olfactory responses to ecologically relevant single odorants.
A heat-map representation of median EAG response values (millivolts) was corrected for the response to
the solvent from male and female antennae. Asterisk indicates that significant differences in data when
compare with WT (t-test, ***P [?] 0.001, **P [?] 0.01, *P [?] 0.05 ). b redundancy analysis (RDA) on
EAG response value in homozygous strain with knocking out GOBP1, GOBP2, and GOBP1/GOBP2. The
smaller the angle, the better the correlation. G1, G2, and G1/2 G1 represents the homozygous GOBP1,
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GOBP2, and GOBP1/2 strain.

Figure 4 Tendency test of adults to apples and sex pheromones. a and b are the tendency of adults to
apple, c and d are the tendencies of adults to sex pheromones (ANOVA, ***P [?] 0.001, 0.01[?] *P [?] 0.05
).

Figure 5 STRING Analysis: Protein-protein interaction networks of GOBP1 and GOBP2. a) GOBP1
interacting network with CSPs and OBPs. b) GOBP2 interacting network with CSPs and OBPs. The
GOBP1 and 2 had the average local clustering coefficient of 0.839 and 0.861. The insets at the below show
the evidence types in STRING network prediction (p-value - <0.05).

Figure 6 SPR of GOBPs-ligands interaction for kinetic measurements. After diluting the ligand at 2
times the concentration, the measured results are represented by different color curves, and the black curve
represents the fitting curve; a is GOBP1 reaction with CSP5 and CSP10, respectively; b is GOBP2 reaction
with CSP5, CSP10, and OBP17, respectively. All solutions are measured under the condition of pH=7.4.

Figure 7 ITC profiles for the complexation of GOBPs with other ligands. a is GOBP1 reaction with CSP5
and CSP10, respectively; b is GOBP2 reaction with CSP5, CSP10 and OBP17, respectively. All solutions
are measured under the condition of pH=7.4.

Figure S1. SDS-PAGE analysis of purified recombinant CSPs and OBPs.

Figure S2. Phylogenetic tree based on amino acid sequences of OBPs and CSPs from Bombyx mori and yel-
low peach moth. The sequences were aligned using ClustalW. Theevolutionary history was inferred using the
neighbor-joining method and MEGA with 1000bootstrap replicates. The OBPs shown in the tree are as fol-
lows: Bombyx mori (BmorOBP2, NM 001146714; BmorOBP6, NM 001146718; BmorOBP7, NM 001146719;
BmorCSP2, NM 001098308; BmorCSP4, NM 001043587; BmorCSP6, NM 001043935; BmorCSP9, NM -
001043604; BmorCSP16, NM 001098312), Conogethes punctiferalis (CpunOBP1, KF026054; CpunOBP2,
KF026055; CpunOBP3, KF026056; CpunOBP4, KP985222; CpunOBP5, KP985223; CpunOBP6, KP985224;
CpunOBP7, KP985225; CpunOBP8, KP985226; CpunOBP9, KY130463; CpunOBP10, KY130464;
CpunOBP11, KY130465; CpunOBP12, KY130466; CpunOBP13, KY130467; CpunOBP14, KY130469;
CpunOBP15, KY130470; CpunOBP16, KY130472; CpunOBP17, KY130473; CpunOBP18, KY130474;
CpunOBP19, KY130475; CpunOBP20, KY130476; CpunCSP1, KF026049; CpunCSP2, KF026050;
CpunCSP3, KY130477; CpunCSP4, KF026057; CpunCSP5, KF026058; CpunCSP6, KF026051; CpunCSP7,
KF026052; CpunCSP8, KF026053; CpunCSP9, KY130478; CpunCSP10, KY130479; CpunCSP11,
KY130480; CpunCSP12, KY130481; CpunCSP13, KY130482; CpunCSP14, KY130483; CpunCSP15,
KY130484).

Figure S3. SPR of GOBPs-ligands interaction for kinetic measurements.
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