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As a native bee species, the eastern honeybee (Apis cerana) plays an essential role in pollinating loquat flowers,
which bloom in early winter in China. This pollination behavior is closely related to A. cerana’s ability to adapt to
low temperatures, which depends on the functionality of its chemoreceptive system. Transcriptome analysis
revealed a significant upregulation of the A. cerana chemosensory protein 1 (CSP1) gene at low temperatures.
Fluorescence competitive binding experiments indicated that nine chemical volatiles from loquat flowers
exhibited a stronger binding affinity to CSP1 than to odorant binding protein 2 (OBP2). Thermodynamic analysis
revealed that CSP1’s binding affinity increases at low temperatures, with a static binding mechanism largely
influenced by the specific volatile molecule rather than the type of olfactory soluble protein. Molecular docking
and site-directed mutagenesis confirmed that F44 residue may play a key role in CSP1’s binding to three primary
volatile compounds. In summary, the present study identified a dual sensing mechanism in which low temper-
atures upregulated the expression of CSP1 and enhanced the binding affinity of CSP1 to loquat flower volatiles.
These findings not only clarify A. cerana’s chemoreceptive mechanism toward loquat flower volatiles in polli-
nation but also provide a theoretical basis for further exploring ecological adaptations between native bees and
early-winter flowering plants.

1. Introduction plains of eastern China. Loquats have a very special flowering season,

generally lasting from autumn to early winter. As one of the most

Plants and their pollinators have undergone long processes of co-
evolution and ecological adaptation in the natural environment. Hon-
eybees are important pollinators in many natural plant ecosystems.
Among them, Apis cerana, a native bee species of China, has experienced
ecological adaptation and co-evolution as an important pollinator of
Chinese native flowering plants. A. cerana is adept at collecting sporadic
nectar sources and shows resistance to low temperatures [1], so it can
still pollinate the native plants such as loquat flowers, camellias and
plum blossoms that bloom in early winter in eastern China [2]. The
successful reproduction of these low-temperature flowering plants relies
on pollinators such as A. cerana, which play a crucial role in maintaining
stable plant ecosystems and protecting biodiversity [3].

Loquats are native to China and are now mainly found in the hills and

important nectar plants during these colder months, loquat flowers
usually secrete abundant nectars rich in sucrose and release special
fragrances and floral volatiles that can easily attract honeybees and
other pollinators [4]. However, due to the low temperatures during the
loquat flowering period, few pollinators are active in the wild, so
A. cerana with the characteristics of low temperature tolerance is one of
the main pollinators of loquat flowers. This may be due to the fact that
during the long-term co-evolutionary process, A. cerana may have
developed the ability to sense volatiles of loquat flowers even at low
temperatures [5].

When pollinating insects explore plant flowers, they rely on highly
efficient and complex olfactory systems [6,7]. In the olfactory chemo-
sensillar lymph of insect chemosensory systems, a variety of soluble
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binding proteins, including odorant-binding proteins (OBPs), chemo-
sensory proteins (CSPs), and Niemann-Pick type C2 proteins (NPC2) [8],
facilitate the detection, binding and transport of small chemical mole-
cules through the hydrophilic lymph to olfactory receptors on olfactory
sensory neurons [9]. OBPs are typically highly expressed in insect
antennae, whereas CSPs are expressed in various chemosensory organs
such as antennae, head, thorax, abdomen and legs, where they assist in
chemosensory signal transduction, embryonic development and cuticle
synthesis [8].

Several OBPs and CSPs proteins are always distributed in the lymph
of A. cerana chemosensory sensilla. In a previous study, we found that
OBP2 is specifically distributed in the olfactory chemosensilla of
A. cerana antennae [10]. OBP2 binds variety of plant volatiles [11], and
its binding affinity of OBP2 for loquat floral volatiles increases at low
temperature (12 °C), which supports A. cerana’s pollination activity in
cooler weather [12]. Among the six members of the A. cerana CSP family
members, CSP1 was significantly expressed in the antennae and head of
A. cerana [13], and CSP1 showed a strong binding ability to plant
semiochemicals like p-ionone [14] and the neonicotinoid imidacloprid
[15]. CSP1, which was highly expressed in the antennae of A. cerana,
may be involved in the physiological process of olfactory perception of
loquat flowers. However, it remains unknown whether CSP1 is involved
in the chemoreception of loquat flower volatiles by A. cerana at low
temperatures.

In this study, antennal transcriptomic sequencing revealed that CSP1
expression is upregulated at low temperatures. Further investigation
into the interaction between CSP1 and loquat floral volatiles revealed
the molecular mechanism that enables A. cerana to detect loquat floral
volatile compounds at low temperature. This study not only provides
valuable insights into the molecular basis of A. cerana’s sensory adap-
tation to cold-weather flowering plants but also offers theoretical sig-
nificance for understanding the co-evolutionary adaptations between
insect pollinators and flowering plants in natural habitats.

2. Materials and methods
2.1. Insects, reagents and instruments

The A. cerana bees used in this study was reared on the campus of
China Jiliang University. Approximately 300 bees were captured from
the bee colony and divided into three biological replicates, with
approximately 80 bees in each replicate. The replicates were placed in a
12 °C incubator for one hour. The three groups were then repeated as
experimental groups. Additionally, 300 bees randomly captured at an
outdoor temperature of 25 °C were divided into three groups and
constituted the control group. Following a freezing period of 3-5 min at
—20 °C, the tentacles were harvested and sent to Hangzhou Lianchuan
Biotechnology Co., Ltd. for transcriptome sequencing.

The reverse transcription kit PrimeScript™ RT Master Mix and the
fluorescence quantitative PCR kit TB Green™ Premix Ex Taq™ II (Tli
RNaseH Plus) were procured from Takara Biotechnology Co., Ltd.
(Takara, Shiga, Japan). N-phenyl-1-naphthylamine (1-NPN) was pro-
cured from TCI Company, while all volatile components of loquat floral
fragrance were obtained from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. (Analytical or chromatographically pure, with a purity of
>97 %), and methanol (HPLC grade) was procured from TEDIA Com-
pany. The site-directed mutagenesis kit Fast Mutagenesis System was
procured from Beijing Quanshijin Biotechnology Co., Ltd. The pET32-
CSP1 plasmid and competent BL21 (DE3) cells were prepared in-
house, while all other reagents were sourced domestically.

The following instruments were used in this study. RF-5301PC
fluorescence spectrophotometer (Shimadzu, Japan), a micro-volume
spectrophotometer Nano Drop2000 (Thermo Scientific, USA), a real-
time fluorescence quantitative PCR instrument StepOnePlus (ABI,
USA), an ultrasonic disruptor and a constant temperature water bath
(Ningbo Xinzhi, China).
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2.2. Transcriptomics and qPCR verification of forager bees’ antennae
after two temperatures treatment

The total RNA was extracted from the antennae of forager bees,
cDNA libraries were constructed, and RNA sequencing was performed
by Hangzhou Lianchuan Biotechnology Co., Ltd. A total of six tran-
scriptome sequencing libraries were constructed, and the effective data
were assembled de novo using Trinity. The resulting unigenes were
obtained after redundancy was removed. The unigenes were then
aligned and annotated with sequences from the non-redundant (NR)
database. The expression level of the unigenes was determined by
calculating the Fragments Per Kilobase Million (FPKM) value. Genes
exhibiting a difference in fold change (FC) >1.2 and a p-value <0.01
were identified as differentially expressed genes (DEGs). Subsequently,
the OBP2 and CSP1 genes were validated through quantitative reverse
transcription polymerase chain reaction (QRT-PCR) (see Table S1 for
qPCR primer design), The $-actin gene was used as a reference gene. The
c¢DNA was diluted to 100 ng/pL with ddH»0, and the reaction system
(20 pL) was performed according to the fluorescent quantitative PCR kit.
The reaction procedure was as follows: predenaturation at 95 °C for 30's,
followed by 40 cycles of denaturation at 95 °C for 5 s, annealing and
extension at 60 °C for 30 s. The relative expression of the genes was
determined using the 2"24% method.

2.3. Expression and purification of CSP1 recombinant protein

The recombinant plasmid pET32-CSP1 was re-transfected into E. coli
BL21 (DE3) competent cells in accordance with the previously described
method [14]. The single positive colonies were verified and inoculated
into LB medium at 37 °C. Once the ODgg value reached 0.6, isopropyl-
pB-d-thiogalactoside (IPTG) was added at a final concentration of 1 mM,
and the mixture was incubated at 30 °C for a period of 5 h. The bacterial
culture was then collected for ultrasonic disruption, and the target
protein was detected by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). The recombinant CSP1 protein was sepa-
rated and purified using a nickel agarose column containing different
concentrations of imidazole. Following dialysis with PBS, the recombi-
nant CSP1 protein was stored at —20 °C in preparation for subsequent
experiments.

2.4. Fluorescence competition binding assay

In this study, 1-NPN was used as a fluorescent reporter, referred to
the previous method [12]. The aim was to determine the dissociation
constants of the CSP1 recombinant protein and nine common floral
chemical volatile molecules in loquat flowers. The floral fragrance vol-
atile molecules, at a concentration of 1 mM, were added to a mixed
solution of 1-NPN and CSP1 recombinant proteins in sequence. The
maximum fluorescence emission intensity of the mixed system was
recorded simultaneously, and the dissociation constant Kp of each vol-
atile molecule and CSP1 was calculated according to the formula [16]
below,

[IC50]

Kp = 1w (€]

Ki-npn
where [ICs] is the concentration of the ligand when the fluorescence
intensity of 1-NPN drops to half, [1-NPN] is the concentration of free 1-
NPN in the system, and Kj.npy is the dissociation constant of the CSP1
recombinant protein with 1-NPN.

2.5. Thermodynamic assays of CSP1 recombinant protein and three
loquat floral volatiles

Based on the results of the fluorescence competitive binding exper-
iment, and referring to a previous method [14], thermodynamic assays
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were used to study the binding interactions of CSP1 with the three
strongest loquat floral volatiles (4-methoxybenzaldehyde, (E)-ethyl
cinnamate, and methyl cinnamate) at two temperatures of 285 K and
298 K, respectively. The CSP1 recombinant protein was added to a 3 mL
quartz cuvette and titrated with three loquat floral volatile molecules.
The fluorescence emission spectra were scanned and the fluorescence
intensity at the maximum emission wavelength was recorded. According
to the Stern-Volmer equation [17] (formula 2) and the double LOG
equation [18](formula 3), the quenching constant Kgy value and the
apparent binding constant K, value were calculated to determine the
fluorescence quenching mechanism.

%: 1+K,70[Q] =1+ Kgy @
I~ tgky 4 g ®

In the two equations, Fy and F are the fluorescence intensities of the
system before and after the quencher is added, respectively; [Q] is the
quencher concentration; Kj is the fluorescence quenching rate constant;
70 is the average lifespan of the fluorescence molecule when no quencher
is added; and Ksy is the dynamic quenching constant of the Stern-Volmer
equation. The Kgy value increases with an increase in temperature,
which is dynamic quenching, while the Kgy value decreases with an
increase in temperature, which is static quenching [19]; n is the binding
number of sites; and Kj is the apparent binding constant.

In addition, the interaction between proteins and small-molecule
compounds can be calculated using the Gibbs free energy (4G),
enthalpy change (AH), and entropy change calculated by thermody-
namic formulas (4), (5), and (6). (AS) is reflected by three thermody-
namic parameters, mainly including hydrogen bonds, van der Waals
forces, electrostatic forces and hydrophobic interactions [20],

AG = —RTInK = AH — TAS “)
_ RTyTyIn(Ko2/Ko)

AH = T ®

AS = (AH— AG)/T ®)

where R is the gas constant, T is the thermodynamic temperature (T; and
Ty are the two temperatures in the experiment), K is the binding con-
stant, and Ko, 1 and Ko, o are the binding constants at T; and To,
respectively. The determination of the main force type between the
protein and ligand is reflected by the positive and negative values of AH
and AS [14]. When AH < 0 and AS > 0, the binding force type is hy-
drophobic interaction and electrostatic force; when AH < 0 and AS < O,
the force is a hydrogen bond and van der Waals force; AH > 0 and A4S >
0, which is a typical hydrophobic interaction.

2.6. Molecular docking

The crystal structure data of the CSP1 protein were predicted and
obtained using the SWISS-MODEL [21] online website. The 3D struc-
tures of 4-methoxybenzaldehyde (CID number: 31244), methyl cinna-
mate (CID number: 637520), and (E)-ethyl cinnamate (CID number:
637758) from the PubChem database using Molegro Virtual Docker 4.2
software (free trial) performs molecular docking, compare the energy
values contributed by different amino acids based on the docking re-
sults, and identify possible key amino acids.

2.7. Site-directed mutagenesis

Site-directed mutation primers (Table S2) were designed, and a site-
directed mutation kit was used to perform the mutations based on the
recombinant plasmid pET32-CSP1. The PCR program was as follows:
95 °C for 3 min, 95 °C for 20 s, 55 °C for 20 s, 72 °C for 3 min, 25 cycles,
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and 72 °C for 10 min. The PCR products were detected using 1 % agarose
gel electrophoresis and digested with DMT. The two CSP1 mutagenesis
plasmids were sequenced and verified, and the two CSP1 recombinant
mutant proteins were induced and purified according to the method
described in Section 2.3.

2.8. Interaction and thermodynamic analysis of two CSP1 mutant
proteins and loquat floral volatile molecules

The thermodynamic analysis methods outlined in Section 2.4 were
employed once more to examine the interaction between two CSP1
mutant proteins and three loquat flower volatiles, namely 4-methoxy-
benzaldehyde, (E)-ethyl cinnamate, and methyl cinnamate. The ther-
modynamic parameters were then calculated and compared with those
of the wild-type CSP1 protein.

2.9. Data processing

All original data were organized using Microsoft Excel 2010, and
GraphPad Prism software (version 8.0) was used to plot all figures and
calculate the significance of all the data (p < 0.05).

3. Results
3.1. Expression analysis of differential genes in transcriptome

Six transcriptome raw data were obtained from the corresponding six
A. cerana antennal sequencing libraries. After filtering the raw data of
the samples, namely removing sequencing adapters and low-quality
sequences, the effective valid read was >3.4 x 10 [7]. The proportion
of valid readings was >94.88 %, the proportion of Q20 base was 99.98
%, the proportion of Q30 base was >97.58 %, and the GC content was
between 38 % and 39 % (Table 1). This indicates that the data quality of
each library is suitable for subsequent analysis.

In the transcriptome analysis, the 12, 319 Unigenes were normalized
by calculating FPKM values, setting at FC > 1.2, and p-value < 0.01, to
screen for differentially expressed genes (DEGs). A total of 4694 DEGs
were identified. The overall distribution of these DEGs was illustrated in
the volcano plot (Fig. 1-A). This includes genes that were significantly
differentially expressed (red), genes that were only differentially up-
regulated without significant p-values (light red), and genes that signif-
icantly differentially expressed with down-regulated expression (blue),
as well as genes that were only differentially down-regulated genes
without significant p-values (light blue). The number of genes in each
category were as follows: 65, 2630, 172, and 1827, respectively. It was
observed that OBP2 expression was significantly decreased following
treatment 12 °C (blue point labelled), whereas CSP1 expression was
upregulated after treatment at 12 °C (light red point labelled). Quanti-
tative polymerase chain reaction (qQPCR) was employed to validate the
expression trends of the two genes, which were in accordance with the
transcriptome sequencing results. Furthermore, CSP1 demonstrated a
markedly up-regulation expression following treatment at 12 °C, while
OBP2, was significantly downregulated under the same temperature
(Fig. 1-B, analysis of variance, p < 0.05).

Table 1
Statistical table of RNA-Seq data quality.

Sample ValidReads ~ Valid Valid Q20%  Q30%  GC%
Base Ratio %

AcAn25d_1 45,908,152  6.89G 95.44 99.98 97.60 39
AcAn25d_2 39,453,288  5.92G 94.88 99.98 97.65 38.50
AcAn25d_3 34,029,708 5.10G 95.30 99.98 97.58 38.50
AcAnl2d11 37,509,178  5.63G 94.99 99.98 97.65 38
AcAnl2dl1 2 46,704,806  7.01G 95.29 99.98 97.66 38.50
AcAnl2d13 48,752,316  7.31G 95.28 99.98 97.65 38
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Fig. 1. Gene Expression Analysis: Volcano Plot (A) and qPCR (B).

Note: (A) The abscissa represents the fold change of gene expression in different samples, and the ordinate represents the statistical significance of the change of gene
expression. (B) qRCR validation of CSP1 and OBP2 genes in the antennary cold-sensing transcriptome (p < 0.05).

3.2. Purification of CSP1 recombinant protein

The recombinant CSP1 protein was successfully expressed, purified,
and confirmed by SDS-PAGE analysis. As illustrated in Fig. 2-A, lanes 1
and 2 showed the extracted proteins from E. coli in the absence of IPTG
and following IPTG induction, respectively. Lanes 3 and 4 demonstrated
the supernatant and pellet, respectively, following the ultrasonic
disruption of the bacterial culture. The purified CSP1 recombinant
protein exhibited a molecular weight of approximately 29.0 kDa (Fig. 2-
B). The final concentration of the recombinant CSP1 protein was
adjusted to 1 pmoleL ! for subsequent experiments.

3.3. Fluorescence competitive binding experiment

The maximum excitation wavelength of the CSP1 recombinant pro-
tein was determined to be 282 nm. In the competitive fluorescence
binding experiment, the fluorescence intensity of the CSP1-1-NPN
mixed solution was recorded at a wavelength of approximately 430 nm.
The dissociation constant (K;.npy) and the number of binding sites (n)
were calculated to be 2.89 pmol-L™! and 0.847, respectively. A high
degree of linear correlation was observed (Fig. 3-A, B). Furthermore,

M 1 2

(A) kDa M 1 2 3 4
98.0

(B) kDa

98.0

6622

450 6629
45.0
31.0
20.0

Fig. 2. Expression and Purification of CSP1 Protein.

Note: Lane M is protein molecular weight Marker. (A). lane 1 and 2 are the
uninduced and induced bacterial lysis products, respectively. Lane 3 and 4 were
bacterial lysis supernatant and inclusion body lysate, respectively. Lane 2 of
Fig. B shows the purified CSP1 recombinant protein. The black arrow points to
the relevant band of CSP1 recombinant protein.
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Fig. 3. Fluorescence spectra (A) and Scatchard curve (B) of the CSP1 recombinant protein binding with different concentrations of fluorescence reporter 1-NPN,

loquat flower volatiles (C) competed with the complex of CSP1-1-NPN.

nine candidate chemical volatiles present in loquat flowers were
observed to competitively quench the fluorescence of CSP1-1-NPN. The
relative fluorescence intensity of 1-NPN was found to be reduced to <50
% in the presence of all floral volatiles (Fig. 3-C). The ICsg and Kp values
for each volatile are presented in Table 2.

Of the nine identified loquat floral volatiles, three exhibited partic-
ularly strong competitive binding abilities, with 4-methoxybenzalde-
hyde, (E)-ethyl cinnamate and Methyl cinnamate demonstrating the
greatest affinity, competing with the relative fluorescence intensity of 1-
NPN to a degree of <20 %. The dissociation constant (Kp) values with
CSP1 reach 2.07 pmol/L, 3.03 pmol/L and 3.22 pmol/L, respectively
(Table 2; the corresponding parameters of OBP2 from the previous study
were also listed for comparison). In light of the data presented in
Table 2, it can be found that these three loquat floral volatiles may play a
pivotal role in the olfactory sensing mechanism of loquat flowers
perceived by A. cerana.

3.4. Thermodynamic analysis of CSP1 protein binding to loquat floral
volatiles

To further elucidate the binding interaction between CSP1 and
loquat floral volatiles, a thermodynamic analysis was conducted to the
recombinant protein CSP1 with the three most significant loquat floral
volatiles, 4-methoxybenzaldehyde, (E)-ethyl cinnamate, and methyl
cinnamate. This thermodynamic analysis used fluorescence spectrom-
etry at 285 K and 298 K, respectively. The results are presented in Fig. 4.
At the maximum emission wavelength of 340 nm, the fluorescence in-
tensity of CSP1 was observed to decrease in a regular manner with the
increasing concentration of the compounds, which indicated that there
was a strong binding interaction between CSP1 and the three loquat
floral volatiles. Subsequent calculations using the Stern-Volmer equa-
tion revealed that the Kgy values of CSP1 and the three loquat floral
volatiles exhibited a decline with rising temperature (Fig. 5). This sug-
gests that the interaction between the two is a static quenching process.
The binding constant, Ka, and the number of binding sites, n, between
CSP1 and the three volatile molecules were calculated using formulas

Table 2
Binding assay of candidate semiochemicals with the recombinant CSP1 and
OBP2 [12] protein.

Loquat floral volatiles [ICs0](pmol/L) Kp (pmol/L)

CSP1 OBP2 CSP1 OBP2
4-methoxybenzaldehyde 10.32 20.74 2.07 7.46
(E)-ethyl cinnamate 15.11 26.77 3.03 9.63
methyl cinnamate 16.06 32.06 3.22 11.54
1, 4-dimethoxybenzene 20.83 - 4.18 -
ethyl 4-methoxybenzoate 22.17 - 4.45 -
methyl 4-methoxybenzoate 25.72 74.23 5.16 26.71
ethyl benzoate 26.31 - 5.28 -
(2-nitroethyl)benzene 28.02 89.04 5.62 32.04
phenylethyl alcohol 78.57 - 15.77 -

(2) and (3). As illustrated in Table 3, the number of binding sites (n)
between CSP1-WT and the three volatile molecules was approximately
one. 4-methoxybenzaldehyde demonstrated the strongest binding af-
finity for CSP1, followed by methyl cinnamate and (E)-ethyl cinnamate.
These findings suggested that the binding of volatile molecules with
diverse structures to the CSP1 protein was subject to certain specificity
and selectivity, which may be related to the detailed binding sites of
these volatile molecules to the amino acid sites of the CSP1 protein.

3.5. Molecular docking

The three-dimensional structure of CSP1 was predicted using the
crystal structure of Spodoptera exigua CSP MbraA6 (1n8v.2.A) on the
SWISS-MODEL website as a template. The degree of similarity between
the CSP1 sequence and the template was 38.04 %, and the GMQE value
was 0.65, indicating that the modeling was of considerable reliability.
The results of the molecular docking of CSP1 and three loquat floral
volatiles are illustrated in Fig. 6. The results indicated that the two
amino acids, Phe44 (F44) and GIn63 (Q63), were the most energetically
significant during the binding process between CSP1 and the three floral
volatiles (Fig. 6-A). Based on these findings, F44 and Q63 were identi-
fied as mutation sites of CSP1, and a three-dimensional model of CSP1
binding to three volatile molecules was constructed (Fig. 6-B, C, D).

3.6. Site-directed mutagenesis

Based on the predicted two key amino acid sites, site-directed mu-
tation primers were designed to mutate the wild-type CSP1 plasmid,
with the objective of mutating the target amino acid into glycine. The
recombinant proteins CSP1-F44 and CSP1-Q63, which had undergone a
single amino acid mutation, were obtained through prokaryotic
expression induction and purification. The two mutant proteins were
finally identified by SDS-PAGE (Fig. 7). Lanes 1 and 2 represent the
mutant CSP1-F44 and CSP1-Q63, respectively, with an estimated mo-
lecular weight of approximately 29.0 kDa. The final concentration of the
two mutant CSP1 proteins was adjusted to 1 pmoleL ! for subsequent
experiments.

3.7. Thermodynamic analysis of CSP1 mutant protein binding to loquat
floral volatiles

To confirm the precision of key amino acid residues, two CSP1
mutant proteins and three loquat flower volatile compounds underwent
a further thermodynamic analysis. The binding constant (Kp), the
number of binding sites (n), and the percentage decrease of the wild-type
and mutant protein CSP1 were calculated in accordance with formulas 2
and 3. As illustrated in Fig. 8 and Table 3, the number of binding sites (1)
of the two CSP1 mutant proteins interacting with all three volatile
compounds was found to be approximately equal to one. Furthermore,
the Kp values of mutant CSP1-F44G binding to all three floral volatile
compounds were reduced by 59.26 %, 53.39 %, and 38 %, respectively,
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Fig. 4. Fluorescence quenching spectra of CSP1 binding with 4-methoxybenzaldehyde (A), Methyl cinnamate (B) and (E)-ethyl cinnamate (C).Note: a-h means that
the fluorescence peak of CSP1 recombinant protein gradually decreases as the concentration of ligand increases.
Note: a-h represents a gradual decrease in fluorescence intensity of CSP1 recombinant protein with increasing ligand concentration.
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Fig. 5. Stern-Volmer diagram of 4-methoxybenzaldehyde (A), methyl cinnamate (B) and (E)-ethyl cinnamate (C) binding with CSP1 recombinant protein. Note: All
slopes regularly change according to the calculation of the Stern-Volmer Equation at two different temperatures.
Note: All slopes change regularly at two different temperatures as calculated by the Stern-Volmer equation.

Table 3

The apparent association constant (K4) and the number of binding sites (n) of CSP1, CSP1-F44G, and CSP1-Q63G.

Loquat floral volatiles Proteins Double LOG equations
Ka n R? Decline rate(%)
(x10* L-mol™Y)
CSP1-WT 2.855 1.077 0.9966 -
4-methoxybenzaldehyde CSP1-F44G 1.163 1.339 0.9976 59.26
CSP1-Q63G 1.74 1.200 0.9977 39.05
CSP1-WT 4.716 0.877 0.9956 -
methyl cinnamate CSP1-F44G 2.198 1.076 0.9978 53.39
CSP1-Q63G 3.139 0.968 0.9972 33.44
CSP1-WT 4.092 0.971 0.9934 -
(E)-ethyl cinnamate CSP1-F44G 2.537 1.097 0.9915 38
CSP1-Q63G 3.914 0.961 0.9931 4.34

in comparison to the wild-type CSP1. Similarly, the K values of mutant
CSP1-Q63G were reduced by 39.05 %, 33.44 %, and 4.34 %, respec-
tively. This suggests that the binding forces of the two mutant proteins to
the three volatiles were all weakened. In particular, the role of Phe44 in
the interaction between CSP1 and the three loquat floral volatiles was
found to be of particular significance.

The role of key amino acids in the interaction between CSP1 proteins
and loquat floral volatile molecules was subjected to further analysis. As
illustrated in Table 4, the Kgy of the wild-type and mutant proteins
exhibited a decline with increasing temperature, suggesting that the
interaction between the wild-type and mutant CSP1 proteins and the
volatiles was of the static quenching type. In comparison to the wild-
type CSP1 protein, the interactions between CSP1-F44G and CSP1-
Q63G proteins and 4-methoxybenzaldehyde underwent a transition
from hydrophobic interactions and electrostatic forces to hydrogen
bonds and van der Waals forces. This suggests that F44 and Q63 may
play a role in the hydrophobic interaction and electrostatic interaction
of CSP1 binding with 4-methoxybenzaldehyde. The interaction between

CSP1-F44G and CSP1-Q63G proteins and methyl cinnamate underwent
a shift from hydrophobic interaction to hydrogen bonding and van der
Waals forces. This suggests that F44 and Q63 may serve as crucial amino
acids in maintaining the hydrophobic interaction between CSP1 and
methyl cinnamate. The interaction between CSP1-F44G and CSP1-Q63G
with (E)-ethyl cinnamate remains unaltered by hydrogen bonds and van
der Waals forces.

4. Discussion

As a nectar plant that blooms in winter, the loquat flower relies on
insect pollination from Apidae and Syrphidae families. The Apidae
family, which accounts for 67.89 % of the pollinators, is responsible for
the majority of pollination activity, while Syrphidae, which accounts for
21.57 % of the total, also plays a significant role [4]. These insects are of
critical importance for maintaining loquat orchard yields and fruit
quality. A notable decline in the abundance of primary pollinators in
loquat orchards can result in a reduction in loquat yield and quality, as
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Fig. 6. Amino acid energy contribution of CSP proteins (A) and molecular
docking (C-E).

Notes: (A). Energy contributions of amino acid residues of CSP1 protein when
docking with 4-methoxybenzaldehyde, Methyl cinnamate and (E)-ethyl cinna-
mate, respectively. Molecular docking results of CSP1 protein with 4-methoxy-
benzaldehyde (B), methyl cinnamate (C) and (E)-ethyl cinnamate (D),
respectively.

well as substantial losses in agricultural production [2]. Therefore,
studying the insect pollination mechanisms is crucial to ensure a bumper
harvest and increase production of loquats. The blooming period of
loquat is nearly early winter in East China, occurring at relatively low
temperatures (approximately 12 °C). Over the course of its evolutionary
history, A. cerana has demonstrated robust cold tolerance and the ca-
pacity to survive in low-temperature conditions. This resilience may be
attributed to the distinctive physiological mechanisms that enable
A. cerana to tolerate low temperatures [22,23].

The pollination behavior of A. cerana is primarily guided by its ol-
factory system. In a previous study, we demonstrated that OBP2 can
enhance the binding affinities with loquat floral volatiles at low tem-
peratures [12]. To further investigate the olfactory sensing mechanism
of A. cerana at low temperatures, this study compared the transcriptome
of the antennae of A. cerana foragers treated at low temperature (12 °C)
and high temperature (25 °C), respectively. Notably, the expression of
OBP2 was observed to be markedly diminished in response to the low-
temperature treatment (Fig. 1-A, C). These findings suggest that while
the affinity of OBP2 for floral volatiles may increase at low tempera-
tures, the significant decrease in expression level may limit A. cerana’s
ability to detect loquat volatiles at low temperatures. Interestingly,
transcriptome data revealed a significant up-regulation of CSP1, a gene
previously identified as highly abundant in the antennae of A. cerana
[13], in response to low temperatures (Fig. 1-A, B). This suggests that
CSP1 may play a key role in enhancing A. cerana sensing capabilities at
low temperatures. To further investigate the recognition mechanism of
A. cerana to flowering plants at low temperatures, this study analyzed
the binding interaction between CSP1 and main loquat floral volatiles
through biochemical binding, thermodynamic assays, and site-directed
mutagenesis. These findings provide a theoretical basis for the co-
evolutionary relationship between honeybee pollinators and flowering
plants under unfavorable conditions.

The binding affinities between the CSP1 protein and loquat floral
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Fig. 7. Purification of the mutant protein CSPI.
Note: Lane M is protein molecular weight Marker. Lane 1 is the purified CSP1-
F44G and lane 2 is the CSP1-Q63G mutant histone.

volatiles demonstrated that all nine loquat flower volatile molecules
exhibited competitive binding with the relative fluorescence value of the
fluorescent reporter 1-NPN, with an intensity of <50 %. In comparison
to the results obtained for OBP2 [12], the Ky, values for CSP1 binding
with all loquat floral volatiles were found to be less than that of OBP2
(Table 2). This suggested that CSP1 may play a more prominent role
than OBP2 in the olfactory sensing of loquat floral volatiles by A. cerana.
Among the nine volatiles, 4-methoxybenzaldehyde, methyl cinnamate
and (E)-ethyl cinnamate exhibited the strongest binding abilities with
the CSP1 protein, as evidenced by the static binding mechanism, which
was in accordance with the OBP2 results [12]. This finding indicated
that these three compounds were indeed the key floral volatiles of loquat
flowers that attract A. cerana to visit. A comparable phenomenon was
observed in the chemoreception of Halyomorpha halys, wherein
HhalCSP15 [24] and five HhalOBPs [25] exhibited a comparable strong
binding affinity with the same plant volatile p-ionone. This indicates
that despite the structural dissimilarities between olfactory-related
proteins (CSPs or OBPs) in different insects, their functions exhibit
certain commonalities in recognizing key volatiles. In this study, we
found that CSP1 protein of A. cerana plays a more significant role than
OBP2 in the recognition of loquat floral volatiles. These findings high-
light the importance of olfactory related proteins in insect host selection
and environmental adaptation, as well as their recognition mechanisms,
which are conserved across different insects.

In order to further reveal the key amino acid sites and interaction
mechanisms between CSP1 and the three loquat floral volatile mole-
cules, this study used molecular docking to predict the two potential key
amino acids, Phe44 and GIn63. Following the generation of the CSP1-
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Table 4

Quenching mechanisms and thermodynamic parameters of CSP1 and its two mutants with three loquat floral volatiles.

Loquat floral volatiles Protein T/K Ksv Ka Thermodynamic parameter Binding force
(A0TLimol ™ GA0TLmol ) Gy AsGmol K ag
(kJ -mol’l)
P B T
4-methoxybenzaldehyde CSP1-F44G 22: ggi ‘:"112 —148.14 —432.99 :2;;; HV
cmose 4P 2 e ms 2T
CSP1-WT ig: gfg Z:;g 16.79 147.38 :igéé HI
methyl cinnamate CSP1-F44G 322 ;22 ‘2‘:?8 -107.39 —287.17 :;i:‘;’i HV
CSP1-Q63G ig: g:;i g:fi ~101.32 —263.28 :ii;? HV
CSP1-WT ;g: 1;2;;; 12238 -128.22 —353.84 :g;zz HV
(E)-ethyl cinnamate CSP1-F44G Zgz ;gz ;;6‘ —144.49 —413.92 :Ziig HV
CSP1-Q63G ;g: g:zz ;gi ~80.09 ~188.26 :zg:gg HV

HV: Hydrogen bonds and Van der Waals force.
HE: Hydrophobic and electrostatic force.
HI: Hydrophobic interaction.

F44G and CSP1-Q63G mutant proteins, we used fluorescence quenching
and thermodynamic analysis to substantiate the potential role of the two
key amino acid sites. As shown in Table 3, compared with CSP1 wild-
type, the Ku values of the CSP1-F44G mutant in complex with 4-methox-
ybenzene and methyl cinnamate were found to decrease by 59.26 % and
53.39 %, respectively, which was much higher than the K, value of
CSP1-Q63G (39.05 % and 38 %, respectively). This suggests that F44
plays a more pivotal role in CSP1 and the three loquat floral volatiles.
This finding is in accordance with the amino acid binding energy pre-
diction of molecular docking (Fig. 6-A), as well as the previously re-
ported key amino acid positions of CSP1 binding with p-ionone [14].

It has been demonstrated that key amino acids in insects’ CSPs
invariably perform indispensable functions in the perception of plant
volatiles. For example, Val48 and Thr66 in BodoCSP1 in Bradysia
odoriphaga were identified as the key binding site for host plant volatiles
through site-directed mutagenesis [26]. AgifCSP5 may be involved in
the detection of aphid-infested crops from long distances by Aphidius
gifuensis, which binds to trans-2-nonenal, with Tyr75 identified as the
key amino acid [27]. Through site-directed mutagenesis and ligand
binding experiments, it was confirmed that Thr27 in GmolCSP8 of
Grapholita molesta was the key binding site for 1-hexanol. This was
because this residue was able to form a hydrogen bond with the oxygen
atom of the hydroxyl group in 1-hexanol [28]. These findings high-
lighted the importance of key amino acid residues in insect CSPs for their
ability to bind plant volatile compounds.

With regard to the binding mechanism, the wild-type and mutant
CSP1 proteins were observed to undergo a static quenching process

when combined with the three loquat floral volatiles. This is in accor-
dance with OBP2 binding to the same volatiles [12], while contrasts
with the dynamic binding of and CSP1 as well as OBP2 observed for
B-ionone [14,29]. This suggests that the binding mechanism mainly
depends on the type of specific volatile molecule rather than the type of
olfactory soluble protein. In terms of interaction forces, the two mutant
proteins, CSP1-F44 and CSP1-Q63, exhibited hydrogen bonding and van
der Waals forces with the three loquat flower volatiles, regardless of the
forces observed in the wild type (Table 4). Furthermore, for the inter-
action with B-ionone, the binding force changing result was similar to
CSP1-Q63, while differ from CSP1-F44 [14], thus demonstrating the
diversity of driving forces that govern the binding of the CSP1 protein to
different plant volatile molecules. This diversity may be related to the
diversity of chemical structures of odor molecules [11].

Our previous study demonstrated that OBP2 exhibited enhancing
affinity for loquat volatiles at low temperatures, thereby facilitating the
olfactory perception of loquat floral substances by A. cerana at low
temperatures [12]. However, the FPKM value of OBP2, as indicated by
the transcriptome sequencing results, exhibits a notable decline at low
temperatures. Conversely, the FPKM value of CSP1 demonstrates an
increase at low temperatures (Fig. 1). To comprehensively evaluate the
impact of gene expression and binding affinity on the binding of proteins
to loquat flower volatiles, we multiplied the K5 and FPKM of each loquat
floral volatile for the two proteins, respectively. As shown in Table 5, the
multiplication of CSP1 and OBP2 demonstrated an up-regulation and
down-regulation, respectively, compared to high temperate (298 K/
25 °C). This further illustrates that gene expression at low temperatures
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Table 5
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Comparison of comprehensive sensing abilities of CSP1 and OBP2 [12] with 4-Methoxybenzaldehyde, Methyl cinnamate, and (E)-Ethyl cinnamate at 285 K and 298 K.

Loquat floral volatiles Proteins T/K Ka(x10* L-mol 1) FPKM K4 x FPKM Comprehensive sensing abilities
CSP1 285 3.37 2750.16 9268.1 1
4-methoxybenzaldehyde 298 285 1882.19 5346.2
Y Y . 285 417 0.02 0.0834 .
298 2.79 232.15 647.69
csp1 285 4.16 2750.16 11,440.6 1
methyl cinnamate 298 4.72 1882.19 8883.9
Y OBP2 285 4.97 0.02 0.0994 !
298 4.90 232.15 1137.5
cspP1 285 10.40 2750.16 28,601.7 1
(E)-ethyl cinnamate 298 4.09 1882.19 7698.2
Y OBP2 285 6.33 0.02 0.1266 !
298 3.71 232.15 861.3

Note: The comprehensive abilities of sensing odor mean the products of the binding affinity of the olfactory related protein with the volatiles and the FPKM value of the
gene expression. Whichever increase or decline is the result of low temperatures versus high temperatures. CSP1 showed the more comprehensive abilities to sense

loquat flower volatiles than OBP2.

may be crucial to the protein chemoreceptive function. In other words,
the increased expression and binding affinity of the CSP1 to floral vol-
atiles at low temperatures collectively enhance the ability of A. cerana to
recognize volatiles of loquat flowers during the early winter season.

5. Conclusion

The present study identified a dual sensing mechanism whereby low
temperatures upregulated the expression of CSP1 and enhanced its
binding affinity to the volatiles of loquat flowers in early winter. The
binding mechanism mainly depends on the type of specific volatile
molecule rather than the type of olfactory soluble protein. F44 is a key
amino acid in the binding process of CSP1 to three ligands. These
research findings provide a theoretical foundation for understanding the
molecular mechanism by which A. cerana perceives native flowering
plants in early winter. Moreover, this study offers significant theoretical
insights into the co-evolution of low-temperature adaptation between
A. cerana and flowering plants in natural habitats.
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