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Simple Summary: The tea tortrix Archips strojny is a major pest of spring tea in China. Using sex
pheromone-based mass trapping or mating disruption techniques to control this pest can minimize
excessive pesticide usage, thereby maintaining pesticide residues within the safety standard for
spring tea products. However, the sex pheromone components of this species remain elusive. In this
study, we identified these components: laboratory assays showed that two bioactive compounds in
female sex pheromone gland extracts, namely, (Z)-11-tetradecenyl acetate (Z11-14:Ac) and (Z)-11-
tetradecenyl alcohol (Z11-14:0H), could elicit male moth antennal responses. A field trapping assay
demonstrated that Z11-14:Ac was the attractant in the sex pheromone, while Z11-14:0H seemed to
be an antagonist. Overall, our results indicated that lures baited with 1 mg of Z11-14:Ac could be
used as a monitoring or mass trapping tool for A. strojny management in Chinese tea plantations.
Furthermore, Z11-14:Ac was found to be a common attractant in the sex pheromones of nine leafroller
species in the genus Archips. Thus, Z11-14:Ac may be used to develop a mating disruption technique
targeting multiple leafroller species.

Abstract: Pesticide application is the only known control method for the tea tortrix Archips strojny
(Lepidoptera: Tortricidae), which is a major pest of spring tea in China. To develop sex pheromone-
based, environmentally safe control strategies, here we identified the sex pheromone components
of this species. The male moths” antennae responded electrophysiologically to two compounds in
female pheromone gland extracts. Gas chromatography-mass spectrometry analysis indicated that
the two bioactive compounds were (Z)-11-tetradecenyl acetate (Z11-14:Ac) and (Z)-11-tetradecenyl
alcohol (Z11-14:0H). Field trapping assays showed that lures baited with only the major component
Z11-14:Ac were the most attractive to male moths, and the attractiveness decreased significantly
when the lure was impregnated with increased relative ratios of the minor component Z11-14:0H.
Our study demonstrated that Z11-14:Ac was the major attractant in the A. strojny sex pheromone, and
the minor component Z11-14:0OH seemed to serve as an antagonist. The results indicate that lures
baited with 1 mg of Z11-14:Ac could be used as a monitoring or mass trapping tool for A. strojny
management in Chinese tea plantations. Furthermore, Z11-14:Ac was identified as a common sex
pheromone attractant of nine Archips species; these results lay the foundation for developing mating
disruption techniques that target multiple leafroller pests.

Keywords: female sex pheromone; Archips strojny; (Z)-11-tetradecenyl acetate; male attraction;
tea pest
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1. Introduction

Tea is one of the most popular non-alcoholic beverages in the world, and it has been
consumed for thousands of years [1,2]. The tea plant Camellia sinensis Kuntze, which
originated in southwest China, is now cultivated as an important commercial crop in more
than 40 countries, predominantly in Asia [3]. The tea tortrix Archips strojny Razowski is
one of the most destructive pest species in Chinese tea plantations [4-9]. Tea tortrix larvae
roll up the tea leaves into a tube shape to hide and feed inside; this concealment makes
early detection and control of these pests in the larval stage difficult. Archips strojny is
one of a number of tea tortrix species in the family Tortricidae, which has recently been
found to spread widely in tea plantations in China [10]. Each year, the first generation of
A. strojny larvae occurs in early April and severely damages the tender tea leaves, causing
substantial yield losses [10]. In China, spring tea is preferred by consumers because of
its umami taste and pleasurable aroma [11,12]. As the harvest season for spring tea is
known to coincide with the peak of the A. strojny infestation period, the use of pesticides
leaves harmful chemical residues in spring tea products, resulting in economic losses for tea
farmers [10]. It is thus essential to design environmentally friendly strategies to control this
tea pest. Semiochemicals are highly efficient alternative tools for monitoring and managing
pest populations and have been used to manage other destructive moth species on a large
scale [13].

Sex pheromones are species-specific volatile chemicals, usually produced and released
by female insects to attract conspecific males [14]. Because of their species-specificity and
non-toxicity to mammals and beneficial insects, sex pheromones have been widely used as
an effective and environmentally friendly method for pest population monitoring, mating
disruption, and mass trapping [15-17]. The sex pheromones of approximately 176 species
belonging to the Tortricidae family have been identified, and the majority of them produce
Type I sex pheromones, namely, C10-C18 unsaturated straight chains with a terminal
functional group, such as a hydroxyl, acetoxyl, or formyl group [18,19]. For instance, the
smaller tea tortricid Adoxophyes honmai Yasuda emitted (Z)-9-tetradecenyl acetate (Z9-14:Ac)
and (Z)-11-tetradecenyl acetate (Z11-14:Ac) as a sex pheromone [20], and female orien-
tal tea tortrix Homona magnanima Diakonoff secreted Z11-14:Ac, (Z)-9-dodecenyl acetate
(Z29-12:Ac), and 11-dodecenyl acetate (11-12:Ac) to attract their male counterparts [21].
In Japanese tea plantations, a commercial mating disrupter composed of the common
component Z11-14:Ac was applied to control both A. honmai and H. magnanima [7,22]. This
successful mating disruption strategy has become a classic case of using sex pheromones
for pest management.

The application of semiochemicals not only provides an alternative management tool
but also minimizes the risk of pesticide residues [13,23]. The use of semiochemicals such as
sex pheromones will be highly beneficial, especially in the case of tea products, which are
considered to be healthy beverages by consumers around the world [24,25]. The main re-
search objective of our study was the identification of chemical communication compounds
of A. strojny for the development of a sustainable, environmentally safe prevention man-
agement strategy. However, the sex pheromone of A. strojny has not yet been investigated;
therefore, to develop a pheromone-based management strategy, we aimed to identify the
components and structures of the sex pheromone of this species. We extracted the crude
pheromone of A. strojny from adult females, identified the pheromone components and
their structures with a combination of gas chromatography and an electroantennographic
detector (GC-EAD), and GC combined with mass spectrometry (GC-MS). Finally, the
attractiveness of the identified pheromone compounds of A. strojny was evaluated using
field trapping assays.

2. Materials and Methods
2.1. Insects

Tea tortrix moths A. strojny were captured from a tea plantation in Xihu District in
Hangzhou City, Zhejiang Province, China (30.17° N, 120.03° E) on 16 March 2020 (Figure 1).
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Male and female moths were separated into different cages (60 cm x 60 cm x 60 cm) and
were reared in a 16:8 h light-dark cycle at 25 £+ 1 °C and 60-70% relative humidity. To
obtain offspring for the sustainability study, 30 pairs of male and female A. strojny moths
were reared together in the same mesh cage, supplemented with 5% honey water.

Figure 1. Tea tortrix Archips strojny on tea plants. (A) Male moth, (B) female moth.

2.2. Pheromone Extraction

Active and healthy field-collected female moths were selected for sex pheromone
extraction. Pheromone extraction was conducted 4 h after the onset of scotophase, corre-
sponding to the peak calling time of female A. strojny. To expose the pheromone gland, the
abdomen of a female moth was gently squeezed. The extruded eighth and ninth abdominal
segments were excised using a pair of surgical scissors, and 30 glands were immersed in
150 pL of n-hexane in a glass vial. After 20 min, extraction was performed at ambient room
temperature. Briefly, the supernatant was first concentrated under nitrogen gas flow and
then transferred to a brown vial (Agilent Technologies, Santa Clara, CA, USA). In total,
120 female pheromone glands were pooled as one pheromone sample. Finally, all samples
were stored at —20 °C for subsequent analysis.

2.3. Gas Chromatography—Electroantennographic Detection (GC-EAD)

To identify olfactory stimulants in the female pheromone samples, an Agilent 7890 gas
chromatograph equipped with an HP-5 column (30 m length x 250 pm inner diameter
x 0.25 pm film thickness; J&W Scientific, Agilent Technologies, Santa Clara, CA, USA)
coupled with electroantennographic detection (EAD) (Syntech, Buchenbach, Germany)
was used to record male antennal responses. Tips of both the distal and basal segments
of antennae from healthy male A. strojny moths were clipped. Then, the antennae were
connected with two glass electrodes filled with 0.9% NaCl solution. In total, five male
antennae were tested. For each test, 1 uL (equal to extracts from eight female pheromone
glands) of concentrated crude female pheromone gland extract was used for analysis.
Helium was used as the carrier gas at a flow rate of 1.2 mL/min. The injector temperature
was 280 °C, and the column oven was initially held at 60 °C; then the temperature was
raised by 10 °C /min to 250 °C and held for 2 min. The injected sample was introduced
in a split mode at a 1:3 ratio between the flame ionization detection (FID) and EAD. The
column effluents were carried to male antennae with continuous, charcoal-filtered air flow
at the rate of 400 mL/min via a CS-55 stimulus controller (Syntech, Buchenbach, Germany).
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FID and EAD signals were simultaneously recorded using GC-EAD Pro software (Syntech,
Buchenbach, Germany).

2.4. Gas Chromatography—Mass Spectrometry (GC-MS)

Crude A. strojny pheromone gland extract was analyzed using GC-MS on an Agilent
7890/5977B instrument (Agilent Technologies, Santa Clara, CA, USA) equipped with an HP-
5 column (30 m length x 250 um inner diameter x 0.25 pm film thickness; J&W Scientific,
Agilent Technologies, Santa Clara, CA, USA). The column temperature settings were the
same as those used for the GC-EAD analysis. One microliter (equal to extracts from eight
females) of crude pheromone gland extract was injected for analysis. Helium was used as
the carrier gas at a constant flow rate of 1.2 mL/min, and the inlet was set at 280 °C with a
splitless mode. The MS ionization voltage was 70 eV and the ion source temperature was
230 °C. The bioactive compounds were verified by comparison of the retention time and
mass spectra with authentic standards.

For analysis of the dimethyl disulfide (DMDS) adducts of bioactive components,
a high-polarity DB-23 column (30 m length x 250 pm inner diameter x 0.25 pm film
thickness; J&W Scientific, Agilent Technologies, Santa Clara, CA, USA) was coupled to
a GC-MS on an Agilent 7890/5977B instrument (Agilent Technologies, Santa Clara, CA,
USA). The column oven temperature was maintained at 50 °C for 2 min and was then
raised by 10 °C /min to 160 °C, and then 4 °C/min to 220 °C. The flow rate of the helium
carrier gas was 1.0 mL/min, and the inlet was set at 230 °C with a splitless mode. The MS
ionization voltage was set at 70 eV and the ion source temperature was 230 °C.

2.5. DMDS Derivatization of Pheromone Components

To determine the double bond positions in candidate monoenyl sex pheromone com-
pounds, the pheromone extract was treated with DMDS prior to GC-MS analysis. DMDS
derivatization was conducted as described by Vang et al. [26]. First, hexane was removed
from the crude female pheromone gland extract under a constant nitrogen stream. Then
the residues were treated with 50 uL of DMDS supplemented with 5 UL of a diethyl ether
solution of iodine (60 mg/mL) and held at 40 °C overnight [27]. Afterward, 100 pL of 5%
sodium thiosulfate solution was added to the aforementioned solution. Finally, the DMDS
derivatives were extracted with 200 uL of n-hexane for GC-MS analysis.

2.6. Field Trapping

The field trapping experiment was carried out at the tea plantations in Longwu Tea
Town, Hangzhou City, Zhejiang Province, China (30.17° N, 120.03° E) from 15 March to
2 April 2021. Synthetic pheromone compounds of A. strojny Z11-14:Ac and Z11-14:0H
were prepared at a concentration of 10 ug/uL using n-hexane as a solvent. To prepare
the lure, a total of 100 uL of the above two solutions was impregnated into white rubber
septa at different ratios. Specifically, six different Z11-14:OH to Z11-14:Ac ratios, namely,
0:100, 5:95, 10:90, 20:80, 40:60, and 100:0, were prepared (Table 1), and each ratio had four
replicates. A white rubber septum loaded with 100 pL of n-hexane was used as a blank
control. The wing traps (27 cm length x 21 cm width x 14 cm height; Enjoy Technology
Co., Ltd., Zhangzhou, China) baited with white rubber septa containing the corresponding
blends of A. strojny pheromone compounds were used for field trapping. The traps were
hung by a plastic pole at a height of 25 cm above the tea crop and randomly set in the tea
plantation at 20-m intervals. All the trap catches were counted every three days, and the
sticky board of each trap was changed after each count.

2.7. Chemicals

The Z11-14:Ac and Z11-14:0OH (97%) standards were purchased from ZeQuan Bio-
technology Co., Ltd. (Hangzhou, China), and 99.5% n-hexane was purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Dimethyl disulfide (99.7%) was purchased
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from Sigma Aldrich Co., Ltd. (St. Louis, MO, USA). Sodium thiosulfate (99%) was provided
by Aladdin Co., Ltd. (Shanghai, China).

Table 1. Archips strojny sex pheromone lure baited with (Z)-11-tetradecenyl alcohol (Z11-14:0H) and
(Z)-11-tetradecenyl acetate (Z11-14:Ac) for field trapping.

Lure Composition (ug)

Treatment
Z11-14:0OH Z11-14:Ac

A 0 1000
B 50 950
C 100 900
D 200 800
E 400 600
F 1000 0

CK 0 0

2.8. Statistical Analysis

To ensure normal distribution and homogeneity of the data, the number of male
moths caught in the field trapping assay was first subjected to logg (catch number + 0.5)
transformation, and then analyzed using one-way ANOVA followed by Tukey’s post hoc
test (p < 0.05). All the data were analyzed using IBM SPSS Statistics 21.0 (IBM Corporation,
Armonk, NY, USA).

3. Results
3.1. Male A. strojny Antennae Responded to Two Bioactive Components in Female Gland Extract

GC-EAD analysis of a crude A. strojny female gland extract revealed two bioactive
compounds that elicited a male antennal response. As shown in Figure 2, the retention
times (RTs) of these two bioactive compounds were 12.25 min (Compound 1) and 13.67 min
(Compound 2). In terms of the relative amount, the GC chromatogram indicated that
Compound 2 has a much higher relative abundance compared with Compound 1 in the
crude pheromone gland extract. Therefore, Compound 2 was assumed to serve as the main
sex pheromone component in A. strojny, while Compound 1 was a minor component.

o Compound 2

Compound 1 A

4

T T T T T T T T T T T A
9.0 100 11.0 120 13.0 14.0 150 16.0 17.0 18.0 19.0 (min)

Figure 2. Gas chromatography-electroantennographic detector (GC-EAD) recording of Archips strojny
male moth antennal responses to female crude gland extract (upper: EAD, lower: GC). Two com-
ponents (Compounds 1 and 2) from the A. strojny female pheromone gland extract with retention
times of 12.25 min and 13.67 min, respectively, were detected from active responses by the male moth
antennae.

3.2. Chemical Structures of Bioactive Compounds 1 and 2

The pheromone gland extract of A. strojny females was further analyzed to determine
the chemical structures of the bioactive compounds (Figure 3). As indicated, the two EAD-
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active components were recorded on a total ion chromatogram (TIC) with RTs of 13.01 min
(Compound 1) and 14.43 min (Compound 2). Specifically, the relative abundance of the two
compounds in the pheromone was approximately 8:92 according to the calculated peak area
(Figure 3A). As shown in Figure 3B,C, although the molecular ions (M*) were not detected
in the mass spectra, the characteristic ions at 7/z 194 indicated that these two compounds
were either alcohol ([M — 18]") or acetate (M — 60]*) with a C14 chain [17]. The mass
spectra (Figure 3C) showed a diagnostic ion at m/z 61, which is usually indicative of the
presence of [AcOH + 1]* [17]. Therefore, Compound 1 was estimated to be an unbranched
tetradecenyl alcohol, and Compound 2 was the corresponding tetradecenyl acetate [17,26].
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Figure 3. Gas chromatography-mass spectrometry (GC-MS) analysis of pooled Archips strojny female
moth crude pheromone gland extract (n = 8). (A) Total ion chromatogram (TIC), (B) mass spectrum
of Compound 1 ((Z)-11-tetradecenyl alcohol (Z11-14:0H), retention time (RT) 13.01 min), (C) mass
spectrum of Compound 2 ((Z)-11-tetradecenyl acetate (Z11-14:Ac), RT 14.43 min).

The GC-MS analysis of female crude extract treated with DMDS revealed that the
adduct of Compound 1 exhibited M* at 306 and diagnostic fragment ions at m/z 217 and
89 (Figure 4A), and the DMDS adduct of Compound 2 showed M* at 348 and diagnostic
fragment ions at m/z 259 and 89 (Figure 4B). The spectral information of the DMDS adducts
indicated that the two thiomethyl groups (SCH3) are assumed to add the double bond at
the same carbon 11 positions of both tetradecenyl alcohol and acetate [19,28,29].

To further confirm the configurations of these two candidate pheromone compounds,
two columns with different polar properties were used. The RTs and Kovats index (KI)
of natural sex pheromones and synthetic standards were compared. In natural extracts,
Compound 1 was shown to have an RT of 18.29 min and a KI of 2214, and Compound 2
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was shown to have an RT of 18.01 min and a KI of 2194 in the DB-23 column, whereas in
the HP-5 column, the RT and KI were recorded as 12.98 min and 1678, respectively, for
Compound 1, and 14.40 min and 1810, respectively, for Compound 2 (Table 2), which were
the same as those of the standard compounds, except that a minor RT shift (0.01 min) was
noticed for Compound 1. Minor shifts of RT and KI between standard and natural extracts
are a common phenomenon that has been reported for various identified sex pheromone
compounds [30]. The detailed RT and KI information of these compounds in both high-
polarity DB-23 columns and low-polarity HP-5 columns (Table 2) validated Compound 1
as Z11-14:0OH and Compound 2 as Z11-14:Ac.
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Figure 4. Gas chromatography-mass spectrometry (GC-MS) analysis of pooled Archips strojny female
crude pheromone gland extract (n = 8) treated with dimethyl disulfide (DMDS). (A) Mass spectrum
of Compound 1-DMDS adduct, (B) mass spectrum of Compound 2-DMDS adduct.

Table 2. Gas chromatography—mass spectrometry (GC-MS) analysis of natural pheromone extract
of Archips strojny and synthetic (E) and (Z) configuration standards on different GC columns (RT:
retention time; KI: Kovats index).

DB-23 GC Column HP-5 GC Column

Compound
RT (min) KI RT (min) KI

Compound 1 18.29 2214 12.98 1678
Compound 2 18.01 2194 14.40 1810

Z11-14:0OH 18.28 2213 12.97 1678

E11-14:0H 17.93 2187 12.92 1673

Z11-14:Ac 18.01 2193 14.40 1810

E11-14:Ac 17.68 2168 14.35 1805

3.3. Attraction of Males to Synthetic Lures in the Field

Figure 5 shows the attractive effects of lures impregnated with different ratios of
synthetic sex pheromone components in the Longwu tea plantations. Traps baited only
with Z11-14:Ac captured the maximum number of males (94.50 £ 29.72 males per trap,
mean =+ SE, lure A in Figure 5), and traps impregnated with hexane solvent alone failed
to attract any males (lure CK in Figure 5). Although the relative ratio of Z11-14:0H to
Z11-14:Ac in lures B and C was designated based on the naturally occurring ratio of 8:92,
when compared with lure A, both lures trapped significantly fewer male moths (lures B
and C in Figure 5). With the increase in Z11-14:0H, the lures’ attractiveness to male moths
was further diminished (lures D, E, and F in Figure 5). These results suggested that the
dominant compound Z11-14:Ac acts as the attractant in the sex pheromone, while the
minor compound Z11-14:0H seems to be a pheromone antagonist.
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Figure 5. Numbers of Archips strojny male moths caught in traps baited with different ratios of syn-
thetic sex pheromone components during a field trapping assay conducted at Longwu in Hangzhou
City, Zhejiang Province, China (15 March 15-2 April 2021). A-F indicate different ratios of (Z)-
11-tetradecenyl alcohol (Z11-14:0H) to (Z)-11-tetradecenyl acetate (Z11-14:Ac): (A) 0:100, (B) 5:95,
(C) 10:90, (D) 20:80, (E) 40:60, and (F) 100: 0. CK indicates traps baited with only 100 pL of n-hexane.
Four replicates were used for each ratio. Different letters above the bars indicate significant differences
(p < 0.05, one-way ANOVA analysis followed by a Tukey’s post hoc test (F = 90.235; df = 6.21)).

4. Discussion

To develop sex pheromone-based management strategies for A. strojny in Chinese
tea plantations, we first analyzed the crude extracts from female A. strojny abdominal tips
using GC-EAD; two EAD-active components (Compounds 1 and 2) were detected at a
ratio of 8:92 (Figure 3). Compounds 1 and 2 were identified as 11-tetradecenyl alcohol and
11-tetradecenyl acetate via GC-MS analysis of the crude extracts and their corresponding
DMDS derivatives. Furthermore, (Z)-configuration of the carbon 11-position double bonds
was assigned for both sex pheromone components. Finally, the attractiveness to male
A. strojny of these two components at different ratios was tested in the field trapping
assays. The results suggested that the main component Z11-14:Ac played an important
attractive role, while the minor component Z11-14:0H seemed to serve as a sex pheromone
antagonist.

In addition to A. strojny, the sex pheromone components of eight other species of the
genus Archips have also been elucidated, and Z11-14:Ac was identified as a common sex
pheromone component for all of them [31]. The sharing of Z11-14:Ac as a sex pheromone
component across different species in this genus indicates that Z11-14:Ac is an important
compound for mating communication for Archips moths, and this knowledge will con-
tribute to the development of Z11-14:Ac-based mating disruption techniques targeting
all nine species. Like A. strojny, three of the eight species in this genus that have known
sex pheromone compositions also use Z11-14:Ac as the predominant sex pheromone com-
pound [31]. These three species are the variegated golden tortrix Archips xylosteana L.,
citrus leafroller Archips atrolucens Diakonoff, and the European leafroller Archips rosana
L. [26,32,33]. Moreover, A. rosana and the fruit-tree tortrix Archips podana Scopoli are the
only two reported species from this genus that also produce Z11-14:0H as a minor sex
pheromone component, suggesting that A. strojny might have a close evolutionary relation-
ship to A. rosana and A. podana in terms of sex pheromone production [33,34]. In addition
to Z11-14:Ac and Z11-14:0OH, Archips species also produce some other typical Type-I sex
pheromone components, such as E11-14:Ac, Z9-14:Ac, 12:Ac, and 14:Ac [31]. The varia-
tion in sex pheromone compositions or ratios of the same sex pheromone components in
Archips moths contributes indispensably to the establishment of the species-specific mating
communication system.
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The minor A. strojny sex pheromone compound Z11-14:0H was shown to play an
antagonistic role in attracting male moths in the field trapping assay (Figure 5). This
phenomenon seems unique; however, it is not an exception. In fact, research in the
1970s showed that moth species produced behaviorally inhibitory compounds [35,36].
Specifically, the female gypsy moth Lymantria dispar L. produces an olefin, 2-methyl-cis-
7-octadecene, to mask the attractiveness of the sex pheromone to males [36], and the
Eastern spruce budworm, Choristoneura fumiferana Clemens, releases E11-14:0H, the (E)
configuration isomer of Z11-14:0H, to inhibit the attractive effect of its sex pheromone [35].
The most intensively investigated example is the inhibitory effect of Z11-16:OH in the
cotton bollworm Helicoverpa armigera Hiibner; Z11-16:OH has been found to reduce male
attraction to pheromone lures in wind-tunnel assays at 5% and 15%, and in field bioassays
at 6% of the major pheromone component [36—40]. It was hypothesized that the observed
attractiveness-masking phenomenon was a result of immature female H. armigera modulat-
ing the attraction of males by emitting the antagonist Z11-16:0H along with the pheromone
during the first two nights of calling and that this prevented males from mating with
immature females, ensuring maximum fecundity [41]. In our study, we speculate that
Z11-14:0H has a similar function as the inhibitor Z11-16:OH for H. armigera. Different
pheromone odorant receptors are responsible for sensing Z11-14:0H and Z11-14:Ac in
the sensilla trichodea of male antennae, and when the special odorant receptor senses
Z11-14:0H, it inhibits other odorant receptor functions. Field-collected A. strojny samples
with unknown specific ages were used for the pheromone extract; whether this species uses
Z11-14:0H to signal their sexual maturity needs to be further investigated. Interestingly,
for the tobacco budworm moth Chloridea virescens Fabricius, the addition of Z11-16:OH at a
ratio of 1% of the major component resulted in a two-fold increase in male moths attracted
to the blend; however, a >5% ratio of Z11-16:OH in the blend decreased the number of
field-trapped male moths substantially [42]. This indicated that the ratio of minor to major
components is crucial to trap efficiency. As only >5% of Z11-14:0H was tested in our field
trap assay, the effects of lower dosages of Z11-14:0H on male A. strojny need to be further
investigated.

Regardless of the role of Z11-14:0H in the breeding behavior of A. strojny, our report
provides scientific support for developing effective sex pheromone-based control strategies
for this species. The traps baited with only 1 mg of Z11-14:Ac exerted a promising level of
attractiveness to male A. strojny and seem to be applicable as a monitoring or mass trapping
tool for tea tortrix pest management programs. The finding that Z11-14:Ac is a shared
sex pheromone component across different species in the genus Archips indicated that
Z11-14:Ac could be used for developing mating disruption techniques targeting multiple
leafroller species.

5. Conclusions

In this study, we identified two bioactive compounds, Z11-14:0H and Z11-14:Ac, in
the sex pheromone of A. strojny. Z11-14:0H and Z11-14:Ac were detected at a ratio of
8:92, indicating that Z11-14:OH is a minor sex pheromone component and Z11-14:Ac is the
dominant component. The attractiveness of the lures diminished sharply as the Z11-14:0H
ratio in the binary blends increased in the field trapping assays, suggesting that Z11-14:Ac
is the attractant in the sex pheromone, while Z11-14:OH seems to be a sex pheromone
antagonist. Our study will promote the development of sex pheromones as integrated pest
management tools for tea tortrix, and likely for other leafroller species.

Based on the results of this study, Z11-14:0OH is expected to be developed as an insect
behavioral regulator for male A. strojny moths to inhibit or disrupt the perception of female
courtship signals. The strong attractant efficiency of Z11-14:Ac indicates that it can be
applied as a pheromone lure for population monitoring or mass trapping. Furthermore, the
most promising application is to develop an efficient and sustained release agent, which
not only provides a sustainable control strategy for A. strojny but also disrupts the mating
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communication of the other eight related leafroller species that produce Z11-14:Ac as the
main component of their sex pheromones.

Author Contributions: Conceptualization, N.F. and Z.L. (Zongxiu Luo); data curation, N.F. and Z.L.
(Zongxiu Luo); funding acquisition, Z.C. and Z.L. (Zongxiu Luo); investigation, EFEH.M., Y.Z., X.C.,
Z.L. (Zhaoqun Li), L.B. and C.X,; project administration, Z.L. (Zongxiu Luo); validation, FH.M.,
Y.Z., X.C.,, Z.L. (Zhaoqun Li), L.B. and C.X,; writing—original draft, N.F. and Z.L. (Zongxiu Luo);
writing—review & editing, N.F. and Z.L. (Zongxiu Luo). All authors have read and agreed to the
published version of the manuscript.

Funding: This work was funded in part by the Science and Technology Innovation Project of the Chi-
nese Academy of Agricultural Sciences (CAAS-ASTIP-2016-TRI), the Modern Agricultural Industry
Technology System (CARS-19), and the National Key R&D Program of China (2019YFD1002100).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data available on request due to privacy restrictions. The data pre-
sented in this study are available on request from the corresponding author.

Acknowledgments: We thank Clio Reid for editing the English text of a draft of this manuscript
(3 November 2022).

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

References

1.

i

N oG

10.

11.

12.

13.

14.

15.

16.

17.

18.

Chen, ZM.; Zhou, L.; Yang, M.; Luo, EJ.; Lou, Z.Y.; Zhang, X.Z.; Sun, H.Z.; Wang, X.R. Index design and safety evaluation of
pesticides application based on a fuzzy AHP model for beverage crops: Tea as a case study. Pest. Manag. Sci. 2020, 76, 520-526.
[CrossRef] [PubMed]

Wheeler, D.S.; Wheeler, W.J. The medicinal chemistry of tea. Drug Dev. Res. 2004, 61, 45-65. [CrossRef]

Taniguchi, F; Kimura, K.; Saba, T.; Ogino, A.; Yamaguchi, S.; Tanaka, ]. Worldwide core collections of tea (Camellia sinensis) based
on SSR markers. Tree Genet. Genom. 2014, 10, 1555-1565. [CrossRef]

Cranham, J.E. Tea pests and their control. Annu. Rev. Entomol. 1966, 11, 491-514. [CrossRef]

Chen, Z.; Chen, X. An analysis on the world tea pests fauna. J. Tea Sci. 1989, 9, 13-22.

Miller, W.E. Tortricid Pests: Their biology, natural enemies and control. Am. Entomol. 1993, 39, 45-46. [CrossRef]

Kosugi, Y. Control of oriental tea tortrix, Homona magnanima and smaller tea tortrix, Adoxophyes honmai using a new type of
mating disruptor in tea fields. Annu. Rep. Kanto-Tosan Plant Prot. Soc. 2001, 48, 135-138.

Hazarika, L.K.; Bhuyan, M.; Hazarika, B.N. Insect pests of tea and their management. Annu. Rev. Entomol 2009, 54, 267-284.
[CrossRef]

Takahashi, M.; Nakai, M.; Saito, Y.; Sato, Y.; Ishijima, C.; Kunimi, Y. Field efficacy and transmission of fast- and slow-killing
nucleopolyhedroviruses that are infectious to Adoxophyes honmai (Lepidoptera: Tortricidae). Viruses 2015, 7, 1271-1283. [CrossRef]
Tang, M.; Guo, H.; Yin, k.; Zhou, X.; Xiao, Q. Preliminary study on morphological and biological characteristics of Archips strojny
Razowski. Plant Prot. 2017, 43, 188-191.

Yin, P,; Kong, Y.-S,; Liu, P-P,; Jiang, C.-L.; Sun, M.-F.; Guo, G.-Y;; Liu, Z.-H. Temporal variation of the non-volatile compounds and
key odorants in Xinyang Maojian green teas during the Spring and Autumn seasons. Agronomy 2022, 12, 1085. [CrossRef]

Ma, B.; Wang, J.; Zhou, B.; Wang, Z.; Huang, Y.; Ma, C.; Li, X. Impact of harvest season on bioactive compounds, amino acids
and in vitro antioxidant capacity of white tea through multivariate statistical analysis. LWT Food Sci. Technol. 2022, 164, 113655.
[CrossRef]

Miller, J.R.; McGhee, PS; Siegert, P.Y.; Adams, C.G.; Huang, J.; Grieshop, M.].; Gut, L.J. General principles of attraction and
competitive attraction as revealed by large-cage studies of moths responding to sex pheromone. Proc. Natl. Acad. Sci. USA 2010,
107, 22-27. [CrossRef] [PubMed]

Raina, A.K. Neuroendocrine control of sex pheromone biosynthesis in Lepidoptera. Annu. Rev. Entomol. 1993, 38, 329-349.
[CrossRef]

Rizvi, S.A.H.; George, J.; Reddy, G.V.P; Zeng, X.; Guerrero, A. Latest developments in insect sex pheromone research and its
application in agricultural pest management. Insects 2021, 12, 484. [CrossRef]

Kotak, ].N.; Patel, H.R. Pheromone based mating disruption technology—A new era in management of insects. Insect Environ.
2021, 24, 327-333.

Sarfraz, RM.; Evenden, M.L.; Keddie, B.A.; Dosdall, L.M. Pheromone-mediated mating disruption: A powerful tool in insect pest
management. Outlooks Pest. Manag. 2006, 17, 36—45.

Ando, T.; Yamamoto, M. Semiochemicals containing lepidopteran sex pheromones: Wonderland for a natural product chemist.
J. Pestic. Sci. 2020, 45, 191-205. [CrossRef]


http://doi.org/10.1002/ps.5539
http://www.ncbi.nlm.nih.gov/pubmed/31259463
http://doi.org/10.1002/ddr.10341
http://doi.org/10.1007/s11295-014-0779-0
http://doi.org/10.1146/annurev.en.11.010166.002423
http://doi.org/10.1093/ae/39.1.45
http://doi.org/10.1146/annurev.ento.53.103106.093359
http://doi.org/10.3390/v7031271
http://doi.org/10.3390/agronomy12051085
http://doi.org/10.1016/j.lwt.2022.113655
http://doi.org/10.1073/pnas.0908453107
http://www.ncbi.nlm.nih.gov/pubmed/20018720
http://doi.org/10.1146/annurev.en.38.010193.001553
http://doi.org/10.3390/insects12060484
http://doi.org/10.1584/jpestics.D20-046

Insects 2022, 13, 1056 11 of 11

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ando, T.; Yamakawa, R. Analyses of lepidopteran sex pheromones by mass spectrometry. Trac Trends Anal. Chem. 2011,
30, 990-1002. [CrossRef]

Kou, R; Tang, D.S.; Chow, Y.S.; Tseng, H.K. Sex pheromone components of female smaller tea tortrix moth, Adoxophyes sp.
(Lepidoptera: Tortricidae) in Taiwan. J. Chem. Ecol. 1990, 16, 1409-1415. [CrossRef]

Noguchi, H.; Tamaki, Y.; Yushima, T. Sex-pheromone of the tea tortrix moth-isolation and identification. Appl. Entomol. Zool. 1979,
14, 225-228. [CrossRef]

Tabata, J.; Noguchi, H.; Kainoh, Y.; Mochizuki, E; Sugie, H. Behavioral response to sex pheromone-component blends in the
mating disruption-resistant strain of the smaller tea tortrix, Adoxophyes honmai Yasuda (Lepidoptera: Tortricidae), and its mode of
inheritance. Appl. Entomol. Zool. 2007, 42, 675-683. [CrossRef]

Witzgall, P,; Kirsch, P.; Cork, A. Sex pheromones and their impact on pest management. J. Chem. Ecol. 2010, 36, 80-100. [CrossRef]
[PubMed]

Ohtani, K.; Fukumoto, T.; Mochizuki, F; Yamamoto, M.; Ando, T. Mating disruption of the Japanese giant looper in tea gardens
permeated with synthetic pheromone and related compounds. Entomol. Exp. Appl. 2001, 100, 203-209. [CrossRef]

Wang, YM.; Ge, F,; Liu, X.H.; Wang, L.].; Feng, F. Field experiments for controling the tea tussock moth, Euproctis pseudoconspersa,
by mating disruption with sex pheromone. Chin. Bull. Entomol. 2006, 43, 60—-63.

Van Vang, L.; Thuy, H.N.; Khanh, C.N.Q.; Son, PX.; Yan, Q.; Yamamoto, M.; Jinbo, U.; Ando, T. Sex pheromones of three citrus
leafrollers, Archips atrolucens, Adoxophyes privatana, and Homona sp., inhabiting the Mekong Delta of Vietnam. J. Chem. Ecol. 2013,
39, 783-789. [CrossRef]

Buser, H.R.; Arn, H.; Guerin, P; Rauscher, S. Determination of double-bond position in monounsaturated acetates by mass-
spectrometry of dimethyl disulfide adducts. Anal. Chem. 1983, 55, 818-822. [CrossRef]

Vang, L.V;; Thy, T.T.; Hanh, D.K,; Linh, T.P; Yamamoto, M.; Ando, T. Sex pheromone analysis and effective attraction of males of
the cabbage webworm, Hellula undalis, inhabiting the Mekong Delta of Vietnam. J. Asia-Pac. Entomol. 2020, 23, 935-941. [CrossRef]
Yan, Q.; Fujino, A.; Naka, H.; Dong, S.-L.; Ando, T. Chemical analysis of the female sex pheromone in Palpita nigropunctalis
(Lepidoptera: Crambidae). J. Asia-Pac. Entomol. 2018, 21, 1283-1288. [CrossRef]

Yan, Q.; Li, H.D.; Chen, Y.; Ye, Z.F; You, X.Y.; Zhou, J.; Mu, L.E; Liu, S.J.; Kong, X.B.; Khuhro, S.A ; et al. Identification and field
evaluation of the sex pheromone of Orthaga achatina (Lepidoptera: Pyralidae). J. Chem. Ecol. 2018, 44, 886-893. [CrossRef]

List of Sex Pheromones and Attractants. Available online: https://lepipheromone.sakura.ne.jp/lepi_phero_list_eng.html
(accessed on 25 July 2022).

Ando, T.; Kuroko, H.; Nakagaki, S.; Saito, O.; Oku, T.; Takahashi, N. 2-Component sex attractants for male moths of subfamily
Tortricinae (Lepidoptera). Agric. Biol. Chem. 1978, 42, 1081-1083.

Roelofs, W.; Hill, A.; Cardé, A.; Cardé, R.; Madsen, H.; Vakenti, J. Sex-pheromone of European leafroller, Archips Rosanus,
Lepidoptera-Tortricidae. Environ. Entomol. 1976, 5, 362-364. [CrossRef]

Safonkin, A.F,; Triseleva, T.A. Identification of the sex pheromone components of the apple surface eating tortrix Archips podana
Scop. (Lepidoptera: Tortricidae). Agrokhimiya 2003, 3, 62—-64.

Weatherston, J.; Maclean, W. The occurrence of (E)-11-tetradecen-1-0l, a known sex attractant inhibitor, in the abdominal tips of
virgin female eastern spruce budworm, Choristoneura fumiferana (Lepidoptera: Tortricidae). Can. Entomol. 1974, 106, 281-284.
[CrossRef]

Cardé, R.T; Roelofs, W.L.; Doane, C.C. Natural inhibitor of the gypsy moth sex attractant. Nature 1973, 241, 474-475. [CrossRef]
Xu, M,; Guo, H.; Hou, C.; Wu, H,; Huang, L.-Q.; Wang, C.-Z. Olfactory perception and behavioral effects of sex pheromone gland
components in Helicoverpa armigera and Helicoverpa assulta. Sci. Rep. 2016, 6, 22998. [CrossRef] [PubMed]

Lopez, C.; Ardanuy, A.; Eizaguirre, M.; Albajes, R. Pheromone antagonism in lepidopteran maize pests. IOBC/WPRS Bull. 2011,
72,105-111.

Kehat, M.; Dunkelblum, E. Behavioral responses of male Heliothis armigera (Lepidoptera: Noctuidae) moths in a flight tunnel to
combinations of components identified from female sex pheromone glands. J. Insect Behav. 1990, 3, 75-83. [CrossRef]

Kehat, M.; Gothilf, S.; Dunkelblum, E.; Greenberg, S. Field evaluation of female sex pheromone components of the cotton
bollworm, Heliothis armigera. Entomol. Exp. Appl. 1980, 27, 188-193. [CrossRef]

Chang, H,; Liu, Y.; Ai, D,; Jiang, X.; Dong, S.; Wang, G. A pheromone antagonist regulates optimal mating time in the moth
Helicoverpa armigera. Curr. Biol. 2017, 27, 1610-1615.e1613. [CrossRef]

Groot, A.T.; Nojima, S.; Heath, ].].; Ammagarahalli, B.; van Wijk, M.; Claben, A.; Santangelo, R.G.; Lopez, ].; Schal, C. Alcohol
contributes to attraction of Heliothis (= Chloridea) virescens males to females. J. Chem. Ecol. 2018, 44, 621-630. [CrossRef] [PubMed]


http://doi.org/10.1016/j.trac.2011.03.010
http://doi.org/10.1007/BF01021036
http://doi.org/10.1303/aez.14.225
http://doi.org/10.1303/aez.2007.675
http://doi.org/10.1007/s10886-009-9737-y
http://www.ncbi.nlm.nih.gov/pubmed/20108027
http://doi.org/10.1046/j.1570-7458.2001.00865.x
http://doi.org/10.1007/s10886-013-0291-2
http://doi.org/10.1021/ac00257a003
http://doi.org/10.1016/j.aspen.2020.08.002
http://doi.org/10.1016/j.aspen.2018.10.001
http://doi.org/10.1007/s10886-018-0997-2
https://lepipheromone.sakura.ne.jp/lepi_phero_list_eng.html
http://doi.org/10.1093/ee/5.2.362
http://doi.org/10.4039/Ent106281-3
http://doi.org/10.1038/241474a0
http://doi.org/10.1038/srep22998
http://www.ncbi.nlm.nih.gov/pubmed/26975244
http://doi.org/10.1007/BF01049196
http://doi.org/10.1111/j.1570-7458.1980.tb02963.x
http://doi.org/10.1016/j.cub.2017.04.035
http://doi.org/10.1007/s10886-018-0995-4
http://www.ncbi.nlm.nih.gov/pubmed/30039209

	Introduction 
	Materials and Methods 
	Insects 
	Pheromone Extraction 
	Gas Chromatography–Electroantennographic Detection (GC–EAD) 
	Gas Chromatography–Mass Spectrometry (GC–MS) 
	DMDS Derivatization of Pheromone Components 
	Field Trapping 
	Chemicals 
	Statistical Analysis 

	Results 
	Male A. strojny Antennae Responded to Two Bioactive Components in Female Gland Extract 
	Chemical Structures of Bioactive Compounds 1 and 2 
	Attraction of Males to Synthetic Lures in the Field 

	Discussion 
	Conclusions 
	References

