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Abstract

Male moths utilize their pheromone communication systems to distinguish potential mates from other sympatric species,
which contributes to maintaining reproductive isolation and even drives speciation. The molecular mechanisms underlying
the evolution of pheromone communication systems are usually studied between closely-related moth species for their similar
but divergent traits associated with pheromone production, detection, and/or processing. In this study, we first identified the
functional differentiation in two orthologous pheromone receptors, OR14b, and OR16, in four Helicoverpa species, Helicov-
erpa armigera, H. assulta, H. zea, and H. gelotopoeon. To understand the substrate response specificity of these two PRs,
we performed all-atom molecular dynamics simulations of OR14b and OR16 based on AlphaFold2 structural prediction,
and molecular docking, allowing us to predict a few key amino acids involved in substrate binding. These candidate residues
were further tested and validated by site-directed mutagenesis and functional analysis. These results together identified
two hydrophobic amino acids at positions 164 and 232 are the determinants of the response specificity of HarmOR14b and
HzeaOR14b to Z9-14:Ald and Z9-16:Ald by directly interacting with the substrates. Interestingly, in OR16 orthologs, we
found that position 66 alone determines the specific binding of Z11-16:0H, likely via allosteric interactions. Overall, we
have developed an effective integrated method to identify the critical residues for substrate selectivity of ORs and elucidated
the molecular mechanism of the diversification of pheromone recognition systems.

Keywords Helicoverpa - Pheromone receptor - AlphaFold2 - Molecular docking - Molecular dynamics simulations - Site-
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Abbreviations PDE Pheromone degrading enzyme
OR Odorant receptor PR Pheromone receptor
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Introduction

A crucial event in sexual reproduction is to locate or
recruit a mate, and in many insect groups, intraspecific
communication between sexes is primarily mediated by
sex pheromones [1]. Typically, in Lepidoptera, female
moths act as signal senders and males are signal receiv-
ers, constituting a species-specific communication path-
way that serves as a behavioral prezygotic barrier to mat-
ing, which is sufficient to drive reproductive isolation
and can lead to speciation [2—4]. Pheromone signals are
under strong stabilizing selection because subtle shifts in
composition can disfavor the upwind flight behavior of
males of one species and turn on the response of males of
a different species [5—7]. One longstanding but unsolved
question in the study of pheromone communication is
how the species-specific pheromone sensing systems
can adapt to novel sex-pheromone-related molecules or
changes in ratios of the existing molecular blends because
strong sexual selection between signal sender and receiver
appears to allow little possibility for change. According
to the asymmetric tracking hypothesis, male preference
varies more frequently than female pheromones. Thus,
mutations that produced divergent sex pheromones could
still be tracked by male receivers that are pre-adapted to
a broader range of signals [4, 8, 9]. However, it is still
elusive how the novel pheromone communication channel
was ultimately fixed. Illustrating the genetic basis and evo-
lutionary mechanisms of pheromone communication sys-
tems requires us to comprehensively dissect divergences
in the compositions and recognition traits of pheromones
in closely related taxa.

In moths, sex pheromones usually consist of a bouquet
of structurally similar blends [10, 11], with species-spec-
ificity due to the use of a few novel components within a
critical range of ratios [5, 12, 13]. Differences in phero-
mone compositions (qualitative or/and quantitative dif-
ferences) are usually associated with genetic variation in
biosynthesis pathways [6, 14—16]. Additionally, the phero-
mone perception systems of different moths also exhibit
high diversity corresponding to their species-specific sex
pheromones. In the peripheral olfactory system of moths,
pheromone signals are detected and processed by several
proteins, including pheromone binding proteins (PBPs)
[17, 18], sensory neuron membrane proteins (SNMPs)
[19], pheromone degrading enzymes (PDEs) [20, 21],
and pheromone receptors (PRs) [22-24]. Of these, PRs
determine the selectivity and specificity of the sex phero-
mone reception. The functional differentiation of essential
PRs results in behavioral preference divergence in closely-
related moth species [25, 26]. So far, numerous studies
have been conducted on the identification [27-30] and
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functional deorphanization [24, 31-34] of PRs in moths,
which together open an avenue for the discovery of genetic
architectures and evolution in pheromone preferences on
the molecular level. However, lacking information on PR
function in closely-related moth species greatly limits our
understanding of the relationships between PR evolution
and speciation.

Helicoverpa is an important genus in Lepidoptera, con-
taining 18 species, some of which cause massive economic
impacts on a global scale annually [35, 36]. Helicoverpa
gelotopoeon (Hgel), H. assulta (Hass), H. armigera (Harm)
and H. zea (Hzea) are four closely-related moths, which have
diverse geographic distributions. While some of the species
have overlapping habitats, such as Harm and Hass, which
have the same distributions in Africa, Asia, and Oceania
(including Australia), and Hgel and Hzea are distributed in
the Americas, they show reproductive isolation from each
other [37]. Therefore, they are excellent candidates for stud-
ying the evolution of pheromone communication systems
concerning divergent traits associated with pheromone pro-
duction, detection, and processing [7].

The components of the pheromones of the four species
have been identified and functionally specified through sex
gland composition, behavior, electrophysiology, and field
trap attraction investigation [23, 38—48]. The four species
use a different chemical as their major pheromone com-
ponent: Hass uses Z9-16:Ald, and Hgel uses 16:Ald and
79-16:Ald [42, 46], while Harm and Hzea both use Z11-
16:Ald [38—40, 47]. In addition to minor pheromone compo-
nents, there is evidence indicating that the behavioral effects
also exhibit significant divergence between the four species
[38—48]. For example, Z11-16:0OH, which was identified in
the sex glands of female Harm, is antagonistic to Harm and
Hzea males but does not affect the behavior of Hass or Hgel
[23, 45]. Trace amounts of Z9-14:Ald (~0.3%) identified
in the sex glands of female Harm were shown to increase
attraction to male Harm, but to be behaviorally antagonistic
to male Hass, when added to the optimal ratio of their two-
component blend respectively [43, 47, 48].

These examples suggest that functional differentiation
may have occurred in the PRs of the four species. This
hypothesis has been partially verified in the following PR
function study on Harm and Hass. In Harm and Hass, seven
and six PR genes, respectively, have been identified by ana-
lyzing their antennal transcriptome data [29, 49], and their
functions have been characterized in a Xenopus oocytes
expression system [26, 33, 50]. Functional differentiation
was found in two PRs, OR14b and OR16. HarmOR14b and
HassOR14b were both narrowly tuned to Z9-14:Ald and
79-16:Ald but presented different tuning specificities [26].
For OR16, HarmOR16 responded to Z9-14:Ald and Z11-
16:0H [33], while HassOR16 was only tuned to Z9-14:Ald
[50]. However, the sequences and functional information
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of PRs are still lacking in other Helicoverpa species, which
greatly limits our understanding of the molecular evolution
of these ecologically relevant receptors and their contribu-
tions to speciation.

In our study, we identified all candidate PRs in Hgel and
Hzea and deciphered their functions using the heterologous
Xenopus oocytes expression system. After a functional com-
parison of orthologous genes in the four species, we deter-
mined functional differentiation occurred in two PR clades,
OR14b and OR16. We then endeavored to determine which
residue(s) resulted in the functional shifts of the two genes
by AlphaFold2 structural prediction, molecular docking, and
molecular dynamics simulations of each PR, followed by
site-directed mutagenesis and functional characterization.
We found two hydrophobic residues at positions 164 and
232 are responsible for the difference in response specific-
ity towards Z9-14:Ald and Z9-16:Ald in HarmOR14b and
HzeaOR14b, and a single hydrophobic residue at position 66
contributes to the functional differentiation of OR16 across
the four species. Our results provide critical evidence of
PR evolution in Helicoverpa species, which expands our
understanding of mechanisms driving the diversification of
pheromone recognition.

Materials and methods
OR identification and gene clone

The sequences of 1 odorant receptor co-receptor (Orco) and
7 PR genes from Hzea including HzeaOR6, HzeaORI1 1,
HzeaOR13, HzeaORI4, HzeaORI14b, HzeaOR15,
HzeaORI6, and 1 Orco, 5 PR genes from Hgel including
HgelOR6, HgelOR11, HgelOR13, HgelOR14b, and Hge-
lOR16 were identified by analyzing the antennal transcrip-
tome data of each species.

The antennae RNA of Hzea and Hgel were provided by
Fred Gould’s Lab at North Carolina State University. 1 pg
of RNA from male and female antennae of each species
was used to synthesize cDNA with a RevertAid First Strand
cDNA Synthesis Kit (Fermentas, Vilnius, Lithuania) follow-
ing the manufacturer’s instructions.

The mixed cDNA of both sexes was used as a template to
amplify the full-length sequences of each gene with gene-
specific primers (listed in Table S1) designed with Primer
Premier 5.0 software. PrimeSTAR HS DNA polymerase
(Takara, Dalian, China) was used to amplify target genes
in PCR under the following conditions: 98 °C for 3 min,
followed by 35 cycles of 98 °C for 10 s, 57 °C for 5 s and
72 °C for 80 s, with final extension 72 °C for 10 min. PCR
products were purified and then subcloned into a cloning
vector pEASY-Blunt (TransGen Biotech, Beijing, China)
and transformed into Trans-T1 Escherichia coli competent

cells (TransGen Biotech, Beijing, China). Successful trans-
formation of colonies was confirmed by colony PCR and
sent for sequencing. The verified sequence of each OR was
then subcloned into an expression vector pT7Ts with primers
containing a restriction site and a Kozak sequence to the 5’
end as well as a different restriction site to the 3’ end. Prim-
ers utilized for vector construction were listed in Table S1.
Sequences of Orco and PRs from the two species were
submitted to GenBank databases under accession numbers
MN399784-MN399797.

The PRs and Orco sequences of Harm and Hass used in
the experiments were obtained from previous studies [33,
50] and were newly submitted to GenBank under accession
number MN399769-MN399783.

Sequence and phylogenetic analysis of OR genes
in the four species

The sequences of 29 ORs (including 4 Orco and 25 PRs)
in the four species were aligned using ClustalW. A phylo-
genetic tree was constructed using MEGA-X software. The
maximum likelihood method was used to construct the phy-
logenetic tree with Jones—Taylor—Thornton (JTT) amino
acid substitution model. Node support was assessed using
a bootstrap procedure based on 1000 replicates. The phy-
logenetic tree was rooted in a subfamily of the conserved
odorant receptor coreceptor, Orco. The selective pres-
sures acting on each OR clade (Orco, OR6, OR11, OR13,
OR14, OR14b, OR15, and OR16) were calculated using the
CodeML program implemented in the PAML 4.9 package
that estimates ratios of the normalized nonsynonymous (dy)
to synonymous (dg) substitution rate (@) via the maximum
likelihood method. For each lineage, the codon sequences
were aligned using the ClustalW procedure, and a maximum
likelihood phylogenetic tree was reconstructed with MEGA-
X software. The substitution rate (w) of each lineage was
calculated using the CodeML procedure with Site Model
0: one-ratio.

Sequence alignment of OR14b and OR16 were conducted
using DNAMAN 8 software (Version 8, Lynnon Biosoft,
Quebec, Canada), and the transmembrane domains were
predicted by AlphaFold2.

Pheromone components

Hexadecenal (16:Ald), (Z)-11-hexadecenal (Z11-16:Ald),
(Z)-9-hexadecenal (Z9-16:Ald), (Z)-9-tetradecenal
(Z29-14:Ald), (Z2)-11-hexadecen-1-ol (Z11-16:0H), (Z)-
9-hexadecen-1-ol (Z9-16:0H), and (Z)-11-hexadecenyl
acetate (Z11-16:0Ac) (all over 95% purity) were purchased
from Nimrod Inc. (Changzhou, China).

Stock solutions (1 M) used for the two-electrode volt-
age clamp experiments were prepared in dimethyl sulfoxide
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(DMSO) and stored at —20 °C. Before experiments, the
stock solution was diluted in 1 X Ringer’s buffer (96 mM
NaCl, 2 mM KCl, 5 mM MgCl,, 0.8 mM CacCl,, and 5 mM
HEPES, pH 7.6) to a working concentration of 100 pM. 1 X
Ringer’s buffer containing 0.1% DMSO was used as a nega-
tive control.

Preparation of site-directed mutants

The OR mutants were generated by PCR with the meth-
ods described by Zhu [51]. To introduce specific mutations
into genes encoding OR14b and OR16, a primer bearing
the modified nucleotide(s) and another primer complemen-
tary either to another region of the gene sequence were used
to amplify a short DNA fragment (250-500 bp long) with
PrimeSTAR HS DNA polymerase under the following con-
ditions: 98 °C for 1 min, then 35 cycles of 98 °C for 10 s,
58 °C for 5s, 72 °C for 30 s, and final elongation for 10 min.
The target band was excised from the gel, and after extrac-
tion, the product was used as a primer in the second round
PCR with Phusion DNA Polymerase (Thermo Scientific,
Waltham, MA, USA) under the following conditions: 9
cycles of 95 °C for 30 s, 68 °C for 6 min, followed by 68 °C
for 16 min. The PCR product was then treated with Dpnl
(New England Biolabs, Beverly, MA) at 37 °C for 2 h to
digest the plasmid templates. The digested product was used
for transformation into E. coli competent cells (TransGen
Biotech, China) as described above. Five individual colonies
were sent to sequence to check for the right mutations. All
the primers used to prepare mutants were listed in Table S1.

Functional characterization of PRs and their
mutants

The two-electrode voltage-clamp (TEVC) recording in
combination with the Xenopus laevis oocytes heterologous
expression system has been widely used to deorphanize the
ligands of insect odorant receptors (ORs) [24-26]. The caped
RNA (cRNA), encoding the candidate OR and Orco were
co-injected into Xenopus oocytes. cRNA was synthesized
with linearized vector templates of each OR and mutants
using an mMESSAGE mMACHINE T7 kit (Ambion, Aus-
tin, TX, USA) according to the manufacturer’s instructions.

Mature oocytes were surgically removed from female X.
laevis frogs. Follicle cells were removed by treating them
with collagenase I for 1 h at room temperature. 27.6 ng of
cRNA encoding each PR subunit together with 27.6 ng of
cRNA encoding the Orco subunit were microinjected into
healthy oocytes. The injected oocytes were incubated at
18 °C in 1 X Ringer’s buffer supplemented with 5% dialyzed
horse serum, 50 pg/mL tetracycline, 100 pg/mL strepto-
mycin and 550 pg/mL sodium pyruvate for 3-5 days prior
to electrophysiological recording. Pheromone-inducing
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currents were recorded using a two-electrode voltage clamp
with an OC-725C oocyte clamp (Warner Instruments, Ham-
den, CT, USA) from the PR-expressed oocytes. Oocytes
injected with Orco only were used as a negative control.
During the recording, each pheromone was applied for 15 s
at a flow rate of 5 mL/min, with extensive washing with 1 X
Ringer solution until the response curve back to the base-
line after each stimulus. The holding potential was — 80 mV.
Data acquisition and analysis were conducted using Digidata
1440A and Pclamp10.0 software (Axon Instruments Inc.,
Union City, CA, USA).

Structural prediction and molecular docking

We utilized the updated version of AlphaFold2, AF2complex
[52], installed on our local computer cluster with default
pipeline to predict the heteromeric structures of HarmOrco
and HarmOR 14b/HarmOR16 in a stoichiometry of two ORs
and two Orcos. In principle, these two ORs could be assem-
bled in an adjacent or diagonal position, resulting in two dif-
ferent arrangements. To check which stoichiometry is more
favorable, we predicted ten models for the HarmOR 14b-
HarmOrco complex. The results suggested that the diago-
nal form has a higher probability (70%) than the adjacent
form. The AF2 structures of HarmOR14b and HarmOR16
were subsequently used to dock with the corresponding
pheromone compounds (Z9-14:Ald and Z9-16:Ald for Har-
mOR14b, and Z9-14:Ald and Z11-16:0OH for HarmOR16,
respectively) using Autodock Vina [53]. The structures of
pheromone molecules were obtained from the PubChem
database (compound ID 5364643, 5364471, and 5283305
for Z9-16:Ald, Z9-14:Ald, and Z11-16:0H, respectively).
The pheromone binding pocket of HarmOR14b and Harm16
is highly similar to the substrate binding site in the cryoEM
structures of MhORS. In our models, the binding modes in
two OR pockets of the homotetrameric OR-Orco complex
are identical, considering the symmetry.

MD simulations and analysis

The docked structures with lower binding energy and
hydrophilic head groups oriented in the direction of the
solvent served as the starting models of the pheromone-
bound systems, including HarmOR14b with Z9-14:Ald
and Z9-16:Ald, and HarmOR16 and HarmOR16-A66L
with Z11-16:OH. These models were embedded into a
lipid bilayer consisting of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) and solvated in a cubic water
box containing 0.15 M NaCl to mimic physiological condi-
tions. The systems were organized using the CHARMM-
GUI web server [54] and underwent an energy minimization
step using the steepest descent algorithm followed by a six-
step equilibration during which position constraints were
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gradually removed. The CHARMM?36m force field [55] was
used for the protein alongside the POPC lipids. The TIP3P
water model was used for the explicit solvent. The force field
parameters for pheromone compounds were generated by
the CHARMM General Force Field (CGenFF) [56]. In the
MD simulations, the temperature was kept constant at 310 K
using a Nose—Hoover thermostat with a 1 ps coupling con-
stant, and the pressure at 1.0 bar using the Parrinello-Rah-
man barostat with a 5 ps time coupling constant. A cut-off
of 1.2 nm was applied for the van der Waals interactions
using a switch function beginning at 1.0 nm. The cut-off for
the short-range electrostatic interactions was also at 1.2 nm
and the long-range electrostatic interactions were calcu-
lated using the particle mesh Ewald decomposition algo-
rithm with a mesh spacing of 0.12 nm. A reciprocal grid of
144 x 144 x 108 cells was used with fourth-order B-spline
interpolation. All simulations were performed using a GPU-
accelerated version of Gromacs 2021.5 [57]. For each sys-
tem, we performed two repeats of 500 ns or 1 ps simulations,
as summarized in Table S2.

We used Gromacs gmx tools for data processing. Pro-
tein—ligand interactions were analyzed using GetContacts
(https://getcontacts.github.io/). The residue distances were
calculated with VMD tcl scripts [58]. The molecular struc-
tures were visualized using Pymol.

Statistical analysis

Data are presented as mean =+ standard error of the mean
(SEM). The response value among different groups (in
Fig. 1,2, 5, and 6) was analyzed with a general linear model
(PROC-GLM) followed by Duncan’s multiple range test
with SAS 9.2 for Windows. The response value between
79-14:Ald and Z9-16:Ald in HarmOR 14b, HzeaOR 14b, and
each mutant (in Fig. 5) was analyzed with paired #-test. Sta-
tistical significance was determined at a =0.05 level.

Results

Sequence analysis of candidate ORs in the four
Helicoverpa species

In this study, seven candidate PR genes, namely, HzeaOR6,
HzeaORI11, HzeaOR13, HzeaORI4, HzeaORI4b,
HzeaOR15, and HzeaOR16, were identified in Hzea from
antennal transcriptome data. In the transcriptome of Hgel,
only five candidate PRs genes (HgelOR6, HgelOR11, Hge-
lOR13, HgelOR14b, and HgelOR16) were identified. Hge-
lOR14 and HgelOR15 were found to be pseudogenes due to
the presence of premature termination codes in their open
reading frames (ORFs). The full-length sequences of the
seven candidate PR genes in Hzea and the five candidate PR

genes in Hgel were cloned using PCR. The coding length of
these PRs ranged from 422 to 440 amino acid and were all
predicted to possess seven transmembrane domains (TMDs).
The sequence identities of each orthologous PRs—OR®6,
OR11, OR13, OR14, OR14b, OR15, and OR16—in the
four species were 96.94%, 99.25%, 97.76%, 97.95%, 95.34%,
96.36%, and 96.74%, respectively.

Functional study of candidate PRs in Hzea and Hgel

The seven candidate PRs in Hzea were functionally investi-
gated by co-expression with HzeaOrco in Xenopus oocytes,
followed by testing using a panel of pheromone compo-
nents from the four selected species. The oocytes express-
ing HzeaOR13 specifically responded to its major phero-
mone component Z11-16:Ald (Fig. 1A). HzeaOR6 broadly
responded to Z9-14:Ald, Z9-16:Ald, and Z9-16:0OH, with
the largest response to Z9-16:0OH (F'=23.34, P<0.0001)
(Fig. 1B). HzeaOR14b could be activated by both Z9-14:Ald
and Z9-16:Ald, with a greater response to Z9-16:Ald
(F=30.35, P<0.0001) (Fig. 1C). HzeaOR16 showed
similar responses to Z9-14:Ald and Z11-16:0H (F=1.21,
P=0.2874) (Fig. 1D). The other three candidate PRs,
HzeaOR11, HzeaOR14, and HzeaOR135, failed to respond
to any tested pheromone components (Fig. 1E-G).

Similarly, the five candidate PRs in Hgel were co-
expressed with HgelOrco in Xenopus oocytes and func-
tionally deorphanized as described for Hzea. HgelOR13-
expressing oocytes specifically responded to Z11-16:Ald
(Fig. 2A), which is not included in the pheromone com-
ponents of Hgel. Oocytes expressing HgelOR6 could be
activated by three pheromone compounds, Z9-14:Ald,
79-16:Ald, and Z9-16:0H, with the most significant
response to Z9-16:0H, and the most negligible response
to Z9-16:Ald (F=26.06, P<0.0001) (Fig. 2B). HgelOR16
was specifically and strongly tuned to Z9-14:Ald, but had no
response to other test chemicals (Fig. 2C). HgelOR11 and
HgelOR14b could not be activated by the tested pheromone
compounds (Fig. 2D, E).

Phylogenetic analysis and functional comparison
of candidate ORs of the four Helicoverpa species

4 Orco genes and 25 PR genes (NCBI accession number
MN399769-MN399797) from four Helicoverpa moths were
used to construct a maximum likelihood phylogenetic tree
(Fig. 3A). These 29 OR sequences clustered into 8 ortholo-
gous lineages, one conserved Orco lineage, and seven tradi-
tional moth PR lineages. The normalized nonsynonymous
(dy) to synonymous (dg) substitution rate (@) of each clade
ranged from 0.004 to 0.175 (Fig. 3A).

To effectively showcase and contrast the roles of
equivalent PRs in each group, their response values were
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Fig. 1 Inward current responses 29-14:Ald HzeaOR13/Orco
(left) and response pro- Z11-16:0H  Z9-16:0H 16:Ald
files (right) of co-expressed A 16:A1ld | Z11-16:A1d | Z9-16:Ald | Z11-16:Ac ploree
HzeaPR/HzeaOrco to 10~ M | Z11-16:0H
of each pheromone solu- ’ Z11-16:Ald
tion. A HzeaOR13/HzeaOrco HzeaOR13 ™~ | | | Z9-16:Ald
(n=17). B HzeaOR6/HzeaOrco +Orco Z9-14:A1d T T .
(n=8, F=23.34, P<0.0001). 100 nA DL S
C HzeaOR14b/HzeaOrco 2 min Current (nA)
(n=27, F=30.35, P<0.0001).
D HzeaOR 16/HzeaOrco B 79-16:Ald 211-16:Ald toAg HzeaOR®6/Orco
(n=9, F=121, P=0.2874). 29-14:Ald 29-16:0H Z11-16:Ac Z11116:A¢
E HzeaOR11/HzeaOrco. F ’ 16:Ald Z11-16:0H ’ 20-16:0H a
HzeaOR14/HzeaOrco. G HzeaOR6 _ | /j_l Z11-16:0H
HzeaOR15/HzeaOrco. Error +Orco | \ ‘ Z;;-:gf::: )
bars indicate SEM, one-way 79-14:Ald b
ANOVA, and Duncan test, each | N & & &
column with different letters | 1000 nA |_ 03 © S
indicates a significant differ- \ 2 min Current (nA)
ence, a=0.05
HzeaOR14b/Orco
C Z116Ad o 211-16:0H sratd
-16: Z9-16:0H
16;?(,16'0” Z11-16:Ac Z11-16:0H
HzeaOR14b | Z11-16:Ald
+0rco Z9-16:Ald . a

D

HzeaOR16
+Orco

Z11-16

Z9-16:Ald

29-14:Ald

E HzeaOR11
+Orco

F HzeaOR14
+0Orco

G HzeaOR15
+0Orco

categorized into five sections and depicted by dots of var-
ying sizes in ascending order (Fig. 3A). In the four spe-
cies, the function of OR13 orthologs was conserved and
specifically responded to Z11-16:Ald (Fig. 3A), although
Z11-16:Ald is not the major pheromone component of Hgel
or Hass (Fig. 3B). OR6 responded to three of the same
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' L 711-16:Ald
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Current (nA)
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79-16:0H Z11-16:Ac  Z11-16:0H
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chemicals in all four species, Z9-16:0H, Z9-16:Ald, and
79-14:Ald. Although each species-specific ligand had a
different response value, they all had the highest response
to Z9-16:0H and the lowest response to Z9-16:Ald. Func-
tional differentiation was found in the OR14b and OR16
clades. HgelOR14b showed no response to any tested
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Fig.2 Inward current responses
(left) and response profiles
(right) of co-expressed HgelPR/
HgelOrco to 107 M of

each pheromone solution. A
HgelOR13/HgelOrco (n=6).

B HgelOR6/HgelOrco (n=7,
F=26.06, P<0.0001). C
HgelOR16/HgelOrco (n=23).
D HgelOR11/HgelOrco. E
HgelOR14b/HgelOrco. Error
bars indicate SEM, one-way
ANOVA, and Duncan test, each
column with different letters
indicates a significant differ-
ence, a=0.05
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E HgelOR14b
+Orco

pheromones, but the remaining three OR14b all responded
to Z9-16:Ald and Z9-14:Ald with different specificities.
HzeaOR14b and HassOR14b showed greater responses to
79-16:Ald (in Fig. 3A, the response values of HassOR14b
to the two aldehydes were represented by the same dot
because the responses to them were both less than 200 nA,
but the response values, while small, were quite different;
see Ref. [24]), the major pheromone component of Hass
(Fig. 3B), while HarmOR14b exhibited a greater response
to Z9-14:Ald, a pheromone component only identified in
female Harm, albeit in trace amounts (Fig. 3B). In particu-
lar, the functional acquisition was detected in the OR16
orthologs of these four species. HassOR16 and HgelOR16
were specifically tuned to Z9-14:Ald, while HarmOR16 and
HzeaOR16 could be activated by either Z9-14:Ald or Z11-
16:0H (Fig. 3A). Z11-16:0H is a minor pheromone of Harm
(Fig. 3B), and acts as a behavioral antagonist in Harm and
Hzea [40, 45].

Z11-16:0H
Z11-16:Ald
Z9-16:Ald
Z9-14:Ald
1 min S S S S S

Current (nA)

Z11-16:0H Z11-16:Ald
16:Ald Z9-16:0H

29-14:Ald
29-16:Ald | 711-16:Ac

I | 1 J T T

79-16:0H Z11-16:Ald  Z11-16:0OH

Z9-14:Ald Z9-16:Ald 16:Ald Z11-16:Ac

| T T I

Two residues at positions 164 and 232

in the substrate binding site determine
the pheromone selectivity of HarmOR14b
and HzeaOR14b

Three of the four OR14b orthologs, HarmOR14b,
HzeaOR14b, and HassOR 14b, are tuned to both Z9-14:Ald
and Z9-16:Ald, with different specificities. HzeaOR14b
and HassOR14b [26] exhibited higher responses to
79-16:Ald, while HarmOR14b showed a higher response
to Z9-14:Ald. It has been demonstrated that altering the
amino acids residues at positions 232 and 355 can affect
the ligand selectivity of HarmOR14b and HassOR14b
[26]. Therefore, our goal was to pinpoint the specific resi-
dues that result in the functional differentiation of Har-
mOR14b and HzeaOR14b which share 97.05% sequence
identity with 13 divergent residues (13 out of 440; Fig.
S1). This is a very difficult task and requires substantial
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Fig.3 Comparison of sex
pheromone components and PR
functions in the four Helicov-
erpa species. A Phylogenetic
analysis and functional com-
parison of candidate pheromone
receptors. The phylogenetic tree
was constructed using MEGA-
X software with the maximum
likelihood method, and boot-
strap values are based on 1000
replicates. The size of each dot
represents the magnitude of the
response of each pheromone
receptor towards its agonists.
Each PR clade is marked in a
different color, and the nonsyn-
onymous (dN) to synonymous
(dS) substitution ratio (w) is
labeled alongside. B Composi-
tion of female sex pheromones
in the four species. The size of
each dot is proportional to the
ratio of an individual phero-
mone component. The evolu-
tionary relationships of the four
specified Helicoverpa species
were estimated as previously
described [70]. The pheromone
compositions of each species
were arranged according to data
from previous studies [38, 39,
42, 46, 47]
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work, considering the exponentially possible combinations
of these candidate residues.

To gain insight into the specific residues that play a role
in functional differentiation, we further resorted to the com-
putational structural biology method, since the experimen-
tally determined structure of pheromone receptors from
Helicoverpa species is not available so far. A recently devel-
oped machine learning-based approach, AlphaFold2 (AF2)
[59], is able to yield highly accurate structure prediction of
proteins, including membrane proteins. We used its updated
version AF2complex [52] to predict the heteromeric struc-
tures of HarmOR 14b in complex with HarmOrco. Based on
previous studies, a hypothetical stoichiometry of two ORs
and two Orcos was proposed [60], while the precise stoichi-
ometry of OR and Orco is still unknown in the heteromeric
complex. In principle, these two ORs/Orcos could assemble
in an adjacent or diagonal position, resulting in two differ-
ent sub-stoichiometries. We generated ten AF2 models for
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the (HarmOR 14b),—(HarmOrco), complex of which 70%
were predicted to be in the diagonal form than in the adja-
cent form. Therefore, based on the AF2 structures of het-
eromeric complexes in a diagonal assembly form (Fig. 4A),
we predicted the substrate-bound structures of HarmOR 14b-
HarmOrco heterotetramer by symmetrically docking phero-
mone compounds (Z9-14:Ald and Z9-16:Ald, respectively)
into the substrate pockets which are similar to the substrate-
bound pockets captured in the cryoEM structure of MhORS
in complex with eugenol [61] (Fig. 4A, B).

To further identify the key residues and quantify their
contributions to the pheromone interactions, we performed
explicit solvent all-atom MD simulations of HarmOR14b
complexed with Z9-14:Ald and Z9-16:Ald based on these
docked structures (Fig. 4B). The simulations suggested that
79-16:Ald was less stable than Z9-14:Ald in the binding
site as evident from the more significant fluctuations and
the larger average distance of Z9-16:Ald from the pocket
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HarmOR14b

18 —— Z9-14:Ald (C14) -- 1355 (CG1)
—— Z9-16:Ald (C16) -- 1355 (CG1)

Distance (A)

T T T T T T T T T
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Fig.4 Molecular dynamics simulations of substrate-bound Har-
mOR14b. A Representative structure of the heteromeric structures of
HarmOR14b in complex with HarmOrco in a stoichiometry of two
ORs and two Orcos predicted by Alphafold2. B Close-up view of the
docking structure of HarmOR14b in complex with Z9-14:Ald (repre-
sented by cyan sticks). The transparent surface and the sticks around
79-14:Ald show the surrounding residues in the binding pocket.

Fig.5 Comparison of the 1.54
response of HarmOR14b, [_
HzeaOR14b, and their mutants
at position 232 to Z9-14:Ald
and Z9-16:Ald. The response

of HarmOR 14b, HzeaOR 14b,
and their mutants to Z9-14:Ald
and Z9-16:Ald at a concentra-
tion of 10™* M. Response values
were normalized by defining the
mean response of HarmOR14b
to Z9-14:Ald as 1. The response
to Z9-14:Ald and Z9-16:Ald of
the two receptors and mutants
are compared individually, with
each column with a different
letter indicating a significant
difference. Error bars indicate
SEM (n=28-13), one-way
ANOVA, Duncan test; paired
t-test

Normalized response

(Fig. 4C), consistent with the observation that HarmOR14b
exhibited a greater response to Z9-14:Ald than Z9-16:Ald.
This may be due to the long tail of Z9-16:Ald leading to a

“|Binding Pocket

P

\
\

C shows the MD trajectories of the distance between 1355 and the
endmost carbon of Z9-14:Ald (blue line) and Z9-16:Ald (red line). D
Structural snapshots to show the interactions between HarmOR14b
and Z9-14:Ald (left), and Z9-16:Ald (right), respectively, observed in
1 ps MD simulations. The phosphate head groups of POPC are shown
as orange spheres. The transmembrane helices of HarmOR14b are
represented by transparent cylinders

mm 79-14:Ald
ol mm 79-16:Ald

less proper fit with the pocket than Z9-14:Ald (Fig. 4D).
Moreover, the MD simulations allowed us to identify a
few critical residues contributing to substrate binding as

@ Springer
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Fig.6 Comparison of the A
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ranked by their binding frequencies (Fig. S2). Among these
residues, only two at positions 164 and 232 differ between
HarmOR14b and HzeaOR 14b, as indicated by the sequence
alignment (Fig. S1).

To verify that these two sites are the molecular determi-
nant for the functional differentiation between OR14b of
these two species, we altered the residues at positions 164
and 232 in HarmOR14b and HzeaOR14b and measured
the impacts on substrate response. The results suggested
that a single mutation at position 164 (M164L) of Har-
mOR 14b still had a stronger response to Z9-14:Ald (r="7.14,
P <0.001) but with lower electrophysiological responses
to both chemicals, having the same specificity as the wide
type of HarmOR14b (Fig. 5). However, the L.164M mutant
reverses the substrate response of HzeaOR14b, result-
ing in a similar response to HarmOR14b, with a stronger
response to Z9-14:Ald (Fig. 5, t=3.76, P=0.013). Remark-
ably, the mutants at position 232 (HarmOR14b-1232F and
HzeaOR14b-F232I) resulted in the alteration of substrate
response in comparison to their wide types, and the Har-
mOR14b-1232F mutant even has a stronger response to
79-16:Ald than HzeaOR14b (Fig. 5), indicating the essential
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role of this site in the functional differentiation of OR14b in
Helicoverpa species.

To further uncover the synergistic effects of both posi-
tions, we mutated these two sites simultaneously in
HzeaOR14b and HarmOR 14b. The results suggested that the
double mutation in HarmOR14b resulted in a significantly
lower response to Z9-14:Ald and an unaltered response
to Z9-16:Ald. This was coupled with a slightly stronger
response to Z9-16:Ald than to Z9-14:Ald (r=—-3.04,
P=0.016) but a weaker response to Z9-16:Ald in compari-
son with the wide type HzeaOR14b (Fig. 5). Moreover, the
double mutant of HzeaOR 14b (L164M-F232I) had a weaker
but similar response pattern to HarmOR 14b with a stronger
response to Z9-14:Ald than Z9-16:Ald (r=6.88, P <0.001).

One single position determines the binding
selectivity of OR16 to Z11-16:0H via indirect
interactions

Functional differentiation was detected in OR16 orthologs.
HassOR16 and HgelOR16 specifically respond to
79-14:Ald, whereas HzeaOR16 and HarmOR16 respond



Evolutionary shifts in pheromone receptors contribute to speciation in four Helicoverpa...

Page110f 15 199

to both Z9-14:Ald and Z11-16:0H [33]. To uncover the
critical residues contributing to the function acquisition in
HzeaOR16 and HarmOR16, we separated the four OR16
orthologs into two groups according to their response pro-
files. The sequence alignment indicated a total of ten dif-
ferent sites between group 1 (HarmOR16 and HzeaOR16)
and group 2 (HassOR16 and HgelOR16) (Fig. S3). We
individually mutated all ten residues from HarmOR16
to HgelOR16, and the results indicated that only the
mutant HarmOR16-A66V lost the response to Z11-16:0H
(Fig. 6A). To verify the importance of A66, we mutated
all other nine residues together except A66 in HarmOR 16
to the corresponding sites in Hgel, named HarmOR16-N.
Those results showed that the mutant HarmOR16-N still
could be activated by Z11-16:0OH (Fig. 6A), suggesting
that A66 is essential for HarmOR16 to bind Z11-16:0OH.
To further confirm the residue at position 66 was the key
site triggering the functional differentiation of OR16
orthologs, we mutated it in HgelOR16 (V66) and Has-
sOR16 (L66) to the corresponding residue in HarmOR16
(A66) and, mutated it in HarmOR16 (A66) to HassOR16
(L66). The results demonstrated that the HgelOR16-
V66A and HassOR16-L66A mutants gained the response

HarmOR16

to Z11-16:0H, and as expected, the mutant HarmOR16-
A66L lost its response to Z11-16:0H (Fig. 6B).

To provide molecular insights into the specificity, we
again resorted to a similar computational structural biology
protocol as was done for HarmOR14b. The MD simulations
of HarmOR16 in complex with Z11-16:0H (Fig. 7A) sug-
gested that A66 in HarmOR16 was distant from the sub-
strates and did not participate in the direct interaction with
pheromones, while the side chain of D99 formed a stable
hydrogen bonding interaction with the hydroxide radical
of Z11-16:0H. To understand how the distant A66 could
impact pheromone recognition, we also performed MD
simulations of the HarmOR16-A66L mutant based on the
same docked structure (Fig. 7B). The simulations revealed
that the hydrogen bonding interaction with the Z11-16:OH
substrate was unstable and broken after a few hundred nano-
seconds (Fig. 7C, D). Considering Leu is bulkier and has a
higher hydrophobicity than Ala, it seems that a larger and
stronger hydrophobic residue at position 66 is unfavorable
to the binding of Z11-16:0H. We, therefore, propose that in
wild-type HarmOR16, the side chain of A66 is small enough
to give sufficient space for accommodating Z11-16:OH. In
contrast, in the A66L mutant, the bulkier side chain may

B T

|

HarmOR16 Orco

T T
HarmOR16(Wild Type)+Z11-16:0H
HarmOR16(A66L)+Z11-16:0H

Distance between D99 and Z11-16:0H (A)
®

T T T T
0 100 200 300 400 500
MD Time (ns)

Fig.7 Molecular dynamics simulations of substrate-bound Har-
mOR16. A Structure of the HarmOR16-Z11-16:0H complex after
MD relaxation. HarmOR16 and Orco subunits are colored blue and
orange, respectively. Z11-16:0H is represented by spheres. The
binding pocket is zoomed-in to show the residues surrounding Z11-
16:0H. B The A66L mutation of HarmOR16 would cause steric
clashes with the bound Z11-16:0H. C MD trajectories of the distance
between the sidechain oxygen atom of Asp 99 and the hydroxyl radi-

HarmOR16 (A66L)
+2Z11-16:0H

HarmOR16 (Wild Type)

mutate
+2Z11-16:0H

HarmOR16 (A66L)
+211-16:0H

ey AW
HarmOR16 (Wild Type)
+2Z11-16:0H

cal of Z11-16:0H (wild-type in red, A66L in blue). D Representative
structures to show typical substrate binding modes of the wide-type
HarmOR16 and its A66L mutant observed in MD simulations. The
phosphate headgroups of POPC are shown as orange spheres and the
transmembrane helices of HarmOR16 are represented by transparent
cylinders. The hydrogen bonding interaction with Z11-16:OH was
quickly broken in the mutant
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stretch into the neighboring hydrophilic domain and weaken
the hydrogen bonding interactions between Z11-16:OH and
the hydrophilic D99, resulting in the loss of the response to
Z11-16:0H.

Discussion

In moths, reproductive isolation between closely related spe-
cies is often operationalized by species-specific sex pher-
omones emitted by females [2, 4, 12], which function to
minimize male and female copulation errors and to optimize
conspecific mate finding and the reproductive fitness of both
sexes. Likewise, the species-specific sex pheromone detec-
tion system of male moths is also essential for reproductive
isolation. The pheromone preferences of male moths can be
associated with odor recognition specificity of the peripheral
nervous system and/or with odor processing and discrimina-
tion in the central nervous system. However, PRs are a key
element of the peripheral nervous system, directly binding
to pheromone molecules and initiating signal transduction,
making them essential targets for studying the pheromone
detection evolution in closely related species.

In this study, to investigate the evolution of pheromone
recognition systems as well as a process that may have given
rise to four Helicoverpa species, we made a detailed and
prolific comparison of the functions of their PRs to identify
the changes most likely to be responsible for PR functional
shifts. Of the seven PR clades, OR6, OR13, OR14b, and
OR16, can be activated by pheromones or analogs (Fig. 3A).
In all four species, OR13 responds specifically to Z11-
16:Ald, although it accounts for different ratios and acts in
divergent roles in the four species (Fig. 3B). Z11-16:Ald is
not a sex pheromone component in Hgel but acts as a phero-
mone antagonist in the species [46]. HgelOR13 is the recep-
tor for Z11-16:Ald and enables Hgel to recognize this com-
ponent, but the opposite behavioral response to Z11-16:Ald
in Hgel may be due to a change in the projection position
of the HgelOR 13 neurons in the brain. In Harm, Hzea, and
Hass, the proportion of olfactory receptor neurons sensing
Z11-16:Ald corresponds to the proportion of this compo-
nent in their pheromone blends [50, 62] (Fig. 3B). In the
four species, OR6 responds to three of the same chemicals
with different magnitudes across each case. However, they
all show a higher response to Z9-16:OH than to Z9-16:Ald,
even though Z9-16:0H is not a pheromone component in
any of the four species (Fig. 3B). Its behavioral effect has
not yet been verified. We found functional differentiation
in both the OR14b and OR16 orthologs. HgelOR14b could
not be activated by any tested chemicals, but the other three
OR14b orthologs all responded to Z9-16:Ald and Z9-14:Ald
with different degrees of specificity (Fig. 3A). In the case of
OR16, HarmOR16, and HzeaOR 16 are tuned to Z9-14:Ald
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and Z11-16:0H, while HassOR16 and HgelOR16 both
responded to Z9-14:Ald only, which is consistent with the
previous results by expressing OR16 in Drosophila T1 neu-
rons [63]. These findings indicate that the pheromone com-
munication system of the four Helicoverpa species has the
ability to recognize a wider range of pheromone components
than those emitted by their conspecific females. It aligns well
with the asymmetric tracking hypothesis [8, 9].

Structural biology should provide valuable guidance on
the key sites, but unfortunately, to date, only the structures
of the homotetrameric Orco from the parasitic fig wasp
(Apocrypta bakeri, AbakOrco) and the homotetrameric OR
from a promiscuous OR from the evolutionarily primitive
jumping bristletail (Machilis harabi, MhORS) have been
solved by cryogenic electron microscopy (cryoEM) [61,
64]. To further investigate the key residues that are respon-
sible for the functional differentiation of the two PR clades
respectively, AlphaFold2 structure prediction, followed by
molecular docking and MD simulations, were utilized. The
odorant receptor-phospholipid bilayer system was prepared
using a well-established protocol [65, 66] and thoroughly
relaxed via a sufficiently long equilibrium simulation. Exten-
sive site-directed mutagenesis of candidate sites in the two
PR groups revealed that two residues at positions 164 and
232 contributed to the response specificity of HarmOR14b
and HzeaOR14b (Fig. 5), and a single residue at position
66 determined the selectivity of OR16 (Fig. 6). However,
we noticed that the identified key residues have divergent
roles in the functional shifts of the two PRs. In OR14b, the
two residues located at positions 164 and 232 are directly
involved in the binding to the ligands Z9-14:Ald and
79-16:Ald (Fig. 4A), while in OR16, the residue at posi-
tion 66 does not directly interact with Z11-16:Ald but may
reduce the binding of Z11-16:0H by weakening the hydro-
gen bonding interacting between the hydroxide radical of
Z11-16:0H and the residue at position 99. In prior studies,
a few residues in several insect ORs have been demonstrated
to be essential for their ligand binding, especially those resi-
dues in the TMDs or the extracellular loops (ECLs), which
were thought to form the ligand-binding pocket [25, 26,
67-69]. However, no evidence has demonstrated that these
residues are involved in the direct binding to the ligands.
Our results give new insight into the relationship between
the structure and function of insect ORs.

Only OR14b in Hgel did not respond to the tested pher-
omone components in the four Helicoverpa species, this is
because HgelOR14b duplicated more recently than OR14b
of the other Helicoverpa species. Likely, HgelOR14b has
yet to gain this specific function. Interestingly, HgelOR16
and HassOR16 have the same ligand, which differs from
the other two OR16 orthologs found in Harm and Hzea. It
is consistent with the evolutionary relationships of the four
species, with Hass and Hgel being basal to Harm and Hzea
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[70]. Furthermore, no additional compounds are required
to prevent the cross-attraction of Hgel with other Helicov-
erpa species. Although we did not find a receptor in Hgel
that could be activated by 16:Ald, it is one of its major
pheromone components, implying that there must be one
another receptor that is responsible for sensing this com-
ponent, nonetheless. It is easier to understand the func-
tional differences between the Hgel PRs and those of the
other three species if we consider that of the Helicoverpa
species we studied, Hgel was first to diverge and also pos-
sesses divergent pheromone components compared with
them.

The divergence of Hass is in turn basal to that of Harm
and Hzea, having some different characteristics with the
latter two species, such as their major pheromone com-
ponents and a lacking OR15 transcript in antennal tran-
scriptome data. However, functional differentiation only
occurred in OR16, but not OR14b, when comparing Hass
with Harm/Hzea. OR16 has acquired the ability to recog-
nize Z11-16:0OH in Harm and Hzea during evolution, as
evidenced by Z11-16:OH being a pheromone antagonist
in both Harm and Hzea [23, 44, 45]. There is still no evi-
dence that Z11-16:OH impacts the behaviors of Hass or
Hgel. A single residue located at the first transmembrane
domain could change the binding activities of OR16 con-
cerning Z11-16:0OH in both directions in the two groups,
HarmOR16/HzeaOR16 and HassOR16/HgelOR16. It is
likely that the residue has been recently evolved during
the separation of the two groups.

Of the reported species, Harm and Hzea are the most
closely related [70], and remain similar in reproductive
aspects. It has been demonstrated that they can mate and
produce fertile offspring in reciprocal crosses inbred for two
generations or in lines backcrossed for four generations in
the laboratory [71]. In recent studies, unequivocal evidence
of hybrids between the two species was found in South
America, raising great concern that novel hybrid ecotypes
may form and spread in the region [72]. Among their seven
orthologous PRs, only OR14b showed different binding pro-
files to their ligands, which may partly explain why they
could mate in the lab or even in nature, but still present
partial reproductive isolation given the small amount of
morphological divergence in their genitalia [73]. Hzea was
reported to have formed after Harm entered the Americas
~1.5 Mya [74, 75], and the slight difference in PR function
between them could be explained by genetic drift resulting
from the long period of geographic isolation. There is no
evidence that their PRs are under selective pressure to dif-
ferentiate from each other.

Our findings not only assist us understand the struc-
ture—function relationship of moth PRs, but also provide new
insights into the relationship between the evolution of PRs
and the speciation of the four Helicoverpa species.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-04837-1.
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