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The tea aphid (Toxoptera aurantii Boyer de Fonscolombe) is an important tea plant pest insect worldwide. The parasitoid wasp, Aphelinus sp., is one of the most important natural enemies of the tea aphid in China. Unfortunately, Aphelinus sp. alone cannot effectively control the outbreaks of the aphid under natural conditions. In this study, 27 volatile compounds from tea aphid-injured tea shoots, tea flowers, aphid sex pheromones, or body rinses were selected and tested in Y-tube olfactometer assays to find potential attractants of the parasitoid wasp, Aphelinus sp. Based on the Y-tube assay results, the following three attractant mixtures were formulated and further tested in the field. Attractant-1 (HIPV-based) included trans-2-hexenal (10−6 g/ml), β-ionone (10−6 g/ml), allyl isothiocyanate (10−4 g/ml), trans-2-pentenal (10−2 g/ml), and jasmone (10−2 g/ml) at equal loading volume of their solutions. Attractant-2 (with aphid sex-pheromone and body rinse compounds) included nepetalactone (10−6 g/ml), 2,5-hexanedione (10−4 g/ml), benzaldehyde (10−2 g/ml), eicosane (10−2 g/ml), and heptadecane (10−2 g/ml) at equal loading volume of their solutions. Attractant-3 (partial combination of Attractant-1 and Attractant-2) included nepetalactone (10−4 g/ml), benzaldehyde (10−2 g/ml), jasmone (10−2 g/ml), trans-2-hexenal (10−6 g/ml), eicosane (10−2 g/ml), and heptadecane (10−2 g/ml) at equal loading volume of their solutions. Field trials showed that Attractant-3 was much more attractive to the parasitic wasps than Attractant-1 and Attractant-2. From late August to late September the controlled release of Attractant-3 effectively attracted Aphelinus sp. to parasitize and colonize the aphid populations in the treated tea plantations, resulting in a progressive decrease of the tea aphid abundances/populations in the fall. The continued enhanced parasitism of overwintered aphids by Aphelinus sp. further reduced this population during the next spring tea harvest season. This approach may present an environmentally sound, non-insecticidal control tactic against tea aphids using synthetic semiochemicals.
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Introduction

The tea aphid, Toxoptera aurantii Boyer de Fonscolombe, is an important pest insect widely distributed in tea plantations in China, Japan, India, Sri Lanka, and Kenya (Das and Kakoty, 1992; Sudoi and Rotich, 1997; Shizuoka Plant Epidemic Prevention Association, 2001; Hazarika et al., 2009; Zeng and Wu, 2014; Ghosh et al., 2015). It is also one of the major citrus pests worldwide (Guidolin and Cônsoli, 2018; Wang et al., 2019). In the middle and lower reaches of the Yangtze river, China, the tea plant shoots sprout four times per year (late February to early May; late May to June; July to early August; and September to early November) and are always colonized by the populations of tea aphids. There are 25–35 aphid generations per year with two major population peaks occurring in early May and mid-September, respectively. During the peak periods, large populations of aphid adults, nymphs, and eggs can be found on tender tea shoots each with one bud and five leaves. Both adults and nymphs can suck the sap from the young leaves, buds, and even the tender stems, and excrete large amounts of honeydew onto the lower leaf surface, promoting the prevalence of sooty mold disease and inhibiting photosynthesis. Tea shoots are the raw materials for processing top-grade commercial teas. The injury of tea shoots by aphids would not only distort the appearance of commercial teas but also deteriorate their overall quality. Tea market values in recent years have been reduced by >30% due to the aphid infestation alone according to a survey carried out in Anji County, Zhejiang Province, China.

Normally, insecticides are not recommended for controlling tea aphids to avoid serious residues in the tea shoots/leaves. However, once outbreaks of the aphid occur, spraying pesticides might be the only effective control option available. An entomopathogenic fungus, Verticillum lecanii (Zimm.) could infect the tea aphid and the red wax scale, Ceroplastes rubens (Maskell) in tea plantations (Wang et al., 2008; Wang and Wang, 2011). Two species of Zoophthora spp. also infected the aphid and might occasionally cause small-scale epidemics with a prevalence rate ranging from 1 to 8% (Han, 1995). Timely plucking of the tender tea shoots might also be a measure to control the tea aphids (Zeng and Wu, 2014). Over the past few years, yellow sticky boards alone or baited with chemical attractants have been used to trap the aphids in some tea plantations in China (Han et al., 2012). In practice, many species of aphids can cause serious damage to crops to the point that triggers insecticide sprays (Fakhouri et al., 2021). However, there are many species of natural enemies of tea aphids in the tea plantations including the Asian lady beetle, Harmonia axyridis (Pallas) that consists of various subspecies and varieties: H. axyridis (Pallas) var. novemdecimpunctata Falderman, H. axyridis (Pallas) var. spectabilis Falderman, H. axyridis (Pallas) var. conspicua Falderman, and H. axyridis (Pallas) ab. bimaculata Falderman (Zeng and Wu, 2014). Other major natural enemies include Coccinella septempunctata L., Chrysopa septempunctata Wesmael, C. sinica Tjeder, and the egg parasitoids, Aphidius sp. and Aphelinus sp. Of which, only L. axyridis was approved to be able to control the tea aphid populations to some degree by showing its population fluctuation in accordance with that of aphids in springs and summers of certain years (Zeng and Wu, 2014). Unfortunately, under natural conditions, these natural enemies in tea plantations by themselves cannot effectively suppress tea aphid populations below the economical threshold (Zeng and Wu, 2014).

Tea shoots infested by aphids released volatile compounds as a synomone to attract the natural enemies of the tea aphids. For instance, benzaldehyde, trans-2-hexenal, and indoles elicited strong electrophysiological responses from antennae of Coccinella septempunctata, Chrysopa sinica, and Aphidius sp. (Han and Chen, 2002a). Sex pheromone of the tea aphid was identified as (4aS,7S,7aR)-nepetalactone (I) and (1R,4aS,7S,7aR)-nepetalactol (II) at 4.3–4.9:1 ratio (Han et al., 2014). It was also reported that nepetalactone or nepetalactol significantly attracted Chrysopa septempunctata (Zhang et al., 2006). An attractant blend consisting of nepetalactol, α-farnesene, and benzaldehyde at a 6:2:2 ratio effectively attracted C. septempunctata to prey on tea aphids (Cui et al., 2015).

Wasps that commonly parasitize aphids belong to Aphidiinae and Aphelinidae (Wang Z. Z. et al., 2019). Of which, Aphelinus spp. have been reported to be major parasitoid wasps of many aphid species, including the tea aphids. Thus, Aphelinus wasps might be important and potential biological control agent candidates. In fact, within the tea plantation community, Aphelinus sp. (exact specie status to be determined) is a key egg/nymph parasitoid of tea aphids with a high parasitism rate during late August and September (Zeng and Wu, 2014). Usually, individuals of Aphelinus sp. are highly mobile and easily disperse to other locations, and they could not follow closely and effectively the tea aphid populations in the tea plantations. This raised the question of if one could develop an efficient attractant lure to attract the natural populations of Aphelinus sp. to the tea plantations and retain them for effective control of the tea aphids.

Various research reported successful foraging behaviors of parasitoids, including Aphelinus spp., that were modulated by specific volatile compounds emitted from the host-infested plants, such as the herbivore-induced plant volatiles (HIPVs) as a synomone. Parasitoids are attracted by these volatiles in a quite specific way (Ismail et al., 2021); for instance, both the quality and quantity of HIPVs affected the host selection behaviors of parasitic wasps. In addition, the composition and concentration of such volatiles are partially dependent on the density of the insect prey. Based on field observations, Aphelinus sp. parasitizes the eggs and nymphs of tea aphids, and its parasitism rate has risen with the increase of tea aphid population density to some extent. Gregg et al. proposed that the highly effective attractant components can be derived from one or several host plant species, host plants of different families, or even animals (Gregg et al., 2010). Application of synthetic sex pheromone components [(4aS,7S,7aR)-nepetalactone and (1R,4aS,7S,7aR)-nepetalactol] of aphids in an alfalfa field for three consecutive years yielded a reduction in the population of Acyrthosiphon pisum Harris and an increase in parasitism rates of the aphids by Aphidius ervi Haliday and Praon barbatum Mackauer (Nakashima et al., 2016).

In this study, we undertook screening and assaying using both lab and field research, examining several groups of volatile compounds from different natural sources, including tea shoots infested by aphids, tea flowers, aphid body surface rinses, and the aphid sex pheromone components for finding effective semiochemical-based attractants of the parasitoid wasp, Aphelinus sp., which might have potential as an environmentally sound control measure for combating the economically important tea aphids.



Methods


Behavioral assay on attraction of Aphelinus sp. to volatiles from tea shoot-aphid complexes and tea aphid-injured shoots and odors of tea aphids
 
Insects

Since the founding of the Experimental Tea Plantation of China Jiliang University 20 years ago, both the tea aphid (T. aurantii) and the parasitoid wasp, Aphelinus sp., commonly existed on the plantation. During the tests, tender tea shoots bearing different stages of tea aphids were cut from tea plants in the plantation and placed in the glass beaker filled with water in the lab. The tea shoots with the aphids parasitized by Aphelinus sp. were also cut and inserted into the glass beakers (with water supply to the cut ends) for keeping the tea shoots alive in the lab. All the tea shoots in the glass beakers were placed in artificial weather boxes, and the developmental progress of live aphids and parasitized aphids were regulated by temperature and humidity control until the aphids and the wasps were ready for testing. Newly emerged virgin wasps were collected and placed in 500 ml clear bottles each sealed with a double layer gauze to prevent escape. A cotton ball dipped with 10% honey solution and hang from gauze supplied nutrition to the wasps, and they were allowed to mate freely. The species status of this Aphelinus wasp is still not yet confirmed. However, up to date only one species of the genus Aphelinus was found in the Chinese tea plantations, thus “Aphelinus sp.” is used to represent the target parasitoid wasp species in the current paper.



Y-tube olfactometer assays

Y-tube olfactometer assays were conducted according to the previous descriptions with some minor modifications (Mu et al., 2012). The base and two arms of the Y-tube olfactometer were all 10 cm long with an angle of 120° between the two arms. The opening of the base was connected to a vacuum pump. Each of the two arms was connected to an odor source bottle or a control (CK) bottle, a humidification bottle, an activated carbon filter, and a flowmeter. Plant materials or semiochemicals in the vial, used as the odor source, were placed in the odor source bottle connected to one arm. The other arm was set as the CK arm connected to the CK bottle. Air was pumped from the base of the Y-tube, and the flow rate in each arm was 100 ml/min. Two minutes of pumping was performed before the test to ensure the Y-tube system was running with stable and consistent airflows from both arms. For each testing run, one 1-day old female adult wasp was introduced into the opening of the Y-tube base using a tube. The parasite wasp was allowed to choose between the odor source arm and the CK arm. The wasp was discarded if there was no response within 5 min. Each wasp was only used once. A total of 20 adult wasps were tested against each odor source (plant materials or semiochemicals) treatment. After every 10 wasps were tested, the Y-tube was cleaned with a cotton ball soaked with ethanol and dried. The odor source arm and the CK arm were then shifted to avoid positional bias. Data were collected on the number of wasps that chose the odor source arm and the CK arm. After one odor source was tested, the Y-tube, odor source bottle, control bottle, and all other glass parts were all cleaned with potassium dichromate solution and dried at 120°C for 2 h. The activated carbon used for filtering the air was re-activated by blowing air at 100°C for 4 h, then was cooled and sealed in a glass bottle at ambient temperature for later use. All Y-tube assays were conducted from 9:30 am to 15:30 pm at 25 ± 3°C, 70 ± 5% RH, and 3,200–3,600 lux.




Determining attraction of Aphelinus sp. to different dosages of tea shoot–aphid complexes, tea aphid-injured shoots, and tea aphids

To determine the attraction of Aphelinus sp. to the volatiles from each of three types of candidate odor sources, i.e., tea shoot–aphid complexes, tea aphid-injured shoots, and tea aphids, they were tested in the Y-tube olfactometer against the clean air (as CK). Their tested dosages as well as the pairing details are listed in Table 1. Each tested tea shoot from the tea shoot–aphid complexes or tea aphid-injured shoots was about 7 cm long with one bud and three leaves, weighing appropriately 0.7 g. Tea shoot–aphid complexes and tea aphid-injured shoots were fetched from the experimental tea plantations just before the testing, then the adults, nymphs, and eggs on the latter were lightly cleared away with a small brush. The tested tea aphids, including both live adults and nymphs, were taken from the tea aphid populations reared in the lab artificial weather box. A total of 20 adult wasps were tested against each odor source treatment.


TABLE 1 Pairing of three types of odor sources with clean air for Y-tube bioassays.

[image: Table 1]



Comparing attraction efficacy of Aphelinus sp. to the three odor sources

To compare the relative attraction of the wasp Aphelinus sp. to three different odor sources, the following pairs were set up and tested in the Y-tube olfactometer:

(1) 50 tea shoot-aphid complexes (i.e., 50 shoots with 40 aphids) vs. 50 fresh-cut tea shoots;

(2) 50 tea aphid-injured shoots vs. 50 fresh-cut tea shoots;

(3) 0 fresh-cut tea shoots vs. clean air.

A total of 20 adult wasps were tested for each odor source pairing treatment.



Lab behavioral assays on the attraction of Aphelinus sp. to four types of synthetic semiochemical odor sources
 
Semiochemicals derived/identified from odor sources 1 and 2

Odor source 1: Tea shoot–aphid complexes (Han and Chen, 2002b); Odor source 2: tea flowers (Han et al., 2007). Following identified volatiles from odor sources 1 and 2 were chosen for the behavioral assays: 1. linalool; 2. trans-2-hexenal; 3. cis-3-hexen-1-ol; 4. benzaldehyde; 5. methyl salicylate; 6. geraniol; 7. indole; 8. cis-3-hexenyl acetate; 9. methyl jasmonate; 10. trans-2-pentenal; 11. cis-2-pentene-1-ol; 12. allyl isothiocyanate; 13. nerol; 14. ocimene; 15. acetophenone; 16. pentanol; 17. hexanol; 18. 1-pentene-3-ol; 19. jasmone; 20. β-ionone; 21. terpinene; 22. benzyl ethanol; 23. terpineol; 24. cedrol; 25. 3-carene; 26. humulene; 27. benzyl alcohol.

The above-mentioned 27 synthetic compounds were purchased (see Supplementary Table S1, for their sources and purities) and dissolved in n-hexane to make up solutions as test odor sources at dosages of 10−2, 10−4, and 10−6 g/ml, respectively. In addition, two synthetic mixtures, Mixture 1 (a mixture of linalool, trans-2-hexenal, and cis-3-hexen-1-ol at equal loading ratio), and Mixture 2 (a mixture of trans-2-hexenal, cis-3-hexen-1-ol, 2-penten-1-ol, trans-2-pentenal, cis-3-hexenyl acetate, n-pentanol, n-hexanol, and 1-penten-3-ol at equal loading ratio), were also tested. n-Hexane (chromatographical purity) was used as solvent control (CK).



Semiochemicals derived/identified from odor sources 3 and 4

Odor source 3: Tea aphid body surface rinses (Han, 2001) with both n-hexane and ether; Odor source 4: Tea aphid sex pheromone components [(4aS,7S,7aR)-nepetalactone and (1R, 4aS,7S,7aR)-nepetalactol] (Han et al., 2014).

Following nine volatile compounds from odor sources 3 and 4 were selected for the behavioral assays: a. benzaldehyde; b. 2,5-hexanedione; c. linalool; d. E-2-hexenoic acid; e. heptadecane; f. undecane; g. eicosane; h. (4aS,7S,7aR)-nepetalactone; i: (1R, 4aS,7S,7aR)-nepetalactol. These nine compounds were purchased or obtained (see Supplementary Table S1) and dissolved in n-hexane to formulate into solutions as test odor sources for the following assays at dosages of 10−2, 10−4, and 10−6 g/ml, respectively.




Formulations of three attractant mixtures

Based on the above-mentioned behavioral assay results, the following three Aphelinus sp. attractant mixture candidates from different odor sources were formulated:

Attractant-1 is derived from the odor sources 1 and 2, including equal ratio (1:1:1:1:1) of trans-2-hexenal (10−6 g/ml), β-ionone (10−6 g/ml), allyl isothiocyanate (10−4 g/ml), trans-2-pentenal (10−2 g/ml) and jasmone (10−2 g/ml) in hexane; Attractant-2 is derived from odor sources 3 and 4, composed of equal ratio (1:1:1:1:1) of nepetalactone (10−6 g/ml), 2,5-hexanedione (10−4 g/ml), benzaldehyde (10−2 g/ml), eicosane (10−2 g/ml), heptadecane (10−2 g/ml) in hexane; Attractant-3, a partial combination of Attractant-1 and Attractant-2, consisted of equal ratio (1:1:1:1:1:1) of nepetalactone (10−4 g/ml), benzaldehyde (10−2 g/ml), jasmone (10−2 g/ml), trans-2-hexenal (10−6 g/ml), eicosane (10−2 g/ml), and heptadecane (10−2 g/ml) in hexane.



Field bioassays of wasp attractant candidate lures
 
Preparation of three attractant lures

A 0.75 ml of Attractant-1,−2, or−3 solution was loaded onto a strip of felt (4.5 cm long × 1.5 cm wide × 1.0 cm thick), followed by adding 0.50 ml 2.0 × 10−3 g/ml butylated hydroxytoluene (BHT) as the antioxidant, and then was sealed in a PVC bag (4.6 × 1.6 × 1.1 cm; 100 μm in film thickness). The loaded attractant lures (Attractant-1, Attractant-2, and Attractant-3 dispensers) were stored at −20°C until use. For a Z-jasmone alone lure, 0.75 ml of 10−2 g/ml Z-jasmone (with 0.50 ml 2.0 × 10−3 g/ml BHT added) was loaded onto the same size of felt sealed in the same size PVC bag. For a CK lure, 0.75 ml n-hexane alone (with 0.50 ml 2.0 × 10−3 g /ml BHT added) was used.




Effect of three attractants on the parasitism of tea aphids by Aphelinus sp.
 
Field trial 1

On August 26, 2019, a large block of an organic tea plantation was selected in Songyang county in Zhejiang province in China, which was further divided into 25 tea plantation plots. Each tea plot was severely infested by the tea aphids with an average of six infested shoots per 1 m tea row, and >20 aphids per infested shoot. Each plot was 25 m long × 25 m wide with >20 m between two neighboring plots. Every five plots were randomly assigned to Attractant-1, Attractant-2, Attractant-3 plots, Z-jasmone plot, and CK lure plot, respectively, resulting in a total of five replicates of each treatment or CK. In each plot, attractant lures or CK dispensers were attached to branches using twist-ties in the upper layer of the tea plant brushes with a distance of 8 m between two neighboring attractant lures or CK dispensers.

All the tea plants in the experimental plots were grown by double row closed planting with row spacing being 1.5 m and plant spacing being 33 cm. The height of tea plants was about 90 cm. Their cultivars were local group cultivars. Tea aphids reached a population peak on September 10, 2019, in these plots. On September 20, five sampling points were selected in each plot based on the five-point sampling method (Tang, 2020), with each point being a 5 m tea plant row. About 100 tea aphids were randomly surveyed at each sampling point, and the numbers of tea aphids parasitized by Aphelinus sp. at each point were recorded.



Field trial 2

On September 1, 2019, a large block of a non-organic tea plantation was chosen in the Meijiawu Village in Hangzhou City in Zhejiang province, China, which was further divided into 20 tea plantation plots. Each plot was also seriously infested by the tea aphids with an average of five infested shoots per 1 m tea row, and > 20 aphids per infested shoot. Each plot was 25 m long × 25 m wide with >20 m between two neighboring plots. Every four plots were randomly assigned to Attractant-1, Attractant-2, Attractant-3 plots, and CK lure plot, respectively, resulting in a total of five replicates of each treatment or CK. In each plot, attractant lures or CK dispensers were attached to branches using twist-ties in the upper layer of the tea plant brushes of every row at a distance of 8 m from each other.

All the tea plants in the experimental plots were grown by double row closed planting with row spacing being 1.5 m and plant spacing being 33 cm. The height of tea plants was around 90 cm. Their cultivars were “Longjin” group cultivars. In these tea plantation plots, the tea aphid population reached its peak on September 15. On September 25, five sampling points were chosen in each plot according to the five-point sampling method (Tang, 2020) with every point being a 5 m tea plant row. About 100 tea aphids were randomly surveyed at each sampling point, and the numbers of tea aphids parasitized by Aphelinus sp. at each sampling point were recorded.




Control efficacy via parasitization of aphids by Aphelinus sp. in the Attractant-3 plots vs. the control efficacy in the insecticide spay plots

On August 25, 2020, a large block of a non-polluted tea plantation was chosen in Songyang county in Zhejiang province of China, which was divided into 16 tea plantation plots. All selected plots were infested by tea aphids with an average of seven infested shoots per 1 m tea row, and > 20 aphids per infested shoot. Each plot was 37 × 37 m with >20 m between two neighboring plots. Every four tea plantation plots were randomly chosen and assigned to the following treatments: attractant A, attractant B, pesticide spray, and untreated control (CK), resulting in a total of four replicates of each attractant treatment or CK.

First, based on the checkerboard sampling method (Tang, 2020), 10 sampling points were selected from each plot, with each point being a 5 m tea row. The number of aphid-injured shoots at each sampling point was counted for each plot. Subsequently, in each plot of attractant A, a total of 20 attractant lures (Attractant-3) were attached by twist-ties to branches in the upper layer of the tea plant brushes at a distance of 8 m between two neighboring lures. Meanwhile, in each plot of attractant B, a total of 10 Attractant-3 lures were also attached by twist-ties to branches in the upper layer of the tea plant brushes at a distance of 12 m from each other. In each pesticide spray plot, 10% wettable imidacloprid powder was sprayed on all tea rows at a dosage of 20 g/plot (Zhengzhou Agro-chemical Limited Company, China). Neither pesticide nor attractant was applied in the four CK plots.

On August 27, 2020, the numbers of aphid-infested shoots were counted by the checkerboard sampling method (Tang, 2020) (10 sampling points in each plot, one point being a 5-m tea row). The same counting effort was repeated on September 10, 2020, and September 25, 2020. After the survey on September 25, 2020, the attractant lures in each attractant plot A and plot B were refreshed, and imidacloprid was re-sprayed in each pesticide plot. The numbers of aphid-infested shoots were counted two more times in the same year on October 25, 2020, and November 25, 2020, and two more times the next year on February 25, 2021, and March 25, 2021. The following formula was used for the calculation of the control efficacy.

Reduction ratio = (infested shoot number before treatment – infested shoot number after treatment)/infested shoot number before treatment × 100%

Control efficacy (adjusted reduction rate) = (reduction rate in treatment plot– reduction rate in untreated CK plot)/(1– reduction rate in untreated CK plot) × 100%.



Statistical analysis

DPS© Data Processing System (Tang, 2020) was used. For the Y-tube bioassays, the χ2 test was performed to determine the significance of the difference between the number of wasps choosing the odor source arm and the number choosing the CK arm. Based on the number of parasitic wasps choosing the odor source arm and the corresponding dosages of plant materials or semiochemicals, correlation equations (formula) with R2 and p-values were established and calculated.

Based on data acquired by the five-point sampling method, the parasitism rate of aphids by the wasp in each of the five sampling points was calculated. Then the average parasitism rates among various attractant treatments and CK (Field trial 1 on September 20, and Field trial 2 on September 25) were analyzed by one-way analysis of variance (ANOVA) (after checking the assumption of homogeneity of variance), followed by Duncan's multiple range test at α = 0.05.

Field data on infested shoot reduction effect among Attractant A plot, Attractant B plot, spraying pesticide plot, and CK plot on the three sampling dates (September 10, September 25, and October 25 in 2020) was also analyzed by one-way ANOVA and Duncan's test.




Results


Volatiles from tea shoot-aphid complexes and tea aphid-injured shoots, and the odor of tea aphids significantly attract Aphelinus sp.

Volatiles from tea shoot–aphid complexes significantly attracted Aphelinus sp. in a dosage-dependent manner, with the 40 adult aphids plus 50 aphid-injured shoots being the most attractive (Table 2). The correlation between the number of Aphelinus sp. responded (Y), the number of tea aphids (X1), and the number of injured shoots (X2) was:

[image: image]


TABLE 2 Number of Aphelinus sp. attracted to tea shoot–aphid complexes vs. clean air in Y-tube olfactometer assay.
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Volatiles from aphid-injured tea shoots also significantly attracted Aphelinus sp. in a dose-dependent manner with the 80 infested shoots being the most attractive. Further increase in the number of infested shoots led to a reduced attraction or no attraction (Table 3). The correlation between the number of Aphelinus sp. responded (Y) and the number of injured shoots (X) was:

[image: image]


TABLE 3 Number of Aphelinus sp. attracted to aphid-injured tea shoots vs. clean air in Y-tube olfactometer assay.

[image: Table 3]

The odor of tea aphids significantly attracted Aphelinus sp. in a dose-dependent manner too, with 1,000 tea aphids being the most attractive. Further increase in the number of tea aphids led to a reduced attraction or no attraction (Table 4). The correlation between the number of Aphelinus sp. responded (Y) and the number of tea aphids (X) was:

[image: image]


TABLE 4 Number of Aphelinus sp. attracted to tea aphids vs. clean air in Y-tube olfactometer assay.

[image: Table 4]



Volatiles from tea shoot–aphid complexes or aphid-injured shoots attract Aphelinus sp. significantly more than those from fresh-cut tea shoots

Volatiles of fresh-cut tea shoots appeared to slightly, but not significantly attract Aphelinus sp. when compared to the clean air control. However, both tea shoot–aphid complexes and aphid-injured shoots were significantly more attractive to the testing wasps than were fresh-cut tea shoots (Table 5).


TABLE 5 Number of Aphelinus sp. attracted to tea shoot–aphid complexes or aphid-injured shoots vs. fresh-cut tea shoots plus fresh-cut tea shoots vs. clean air.

[image: Table 5]



Various volatile components from aphid-injured shoots and tea flowers significantly attract Aphelinus sp. and formulation of Attractant-1

The Y-tube olfactometer assays showed that eight odor sources, i.e., trans-2-hexenal (10−6 g/ml), β-ionone (10−6 g/ml), allyl isothiocyanate (10−4 g/ml), ocimene (10−4 g/ml), terpinene (10−4 g/ml), cis-3-hexen-1-ol (10−2 g/ml), trans-2-pentenal (10−2 g/ml), and jasmone (10−2 g/ml) were significantly more attractive to Aphelinus sp. than was the CK (clean air). A similar attraction was also observed for the odor source 28 (Mixture-1) (Figure 1). Thus, the wasp Attractant-1 was formulated by mixing an equal volume of the following five chemical solutions: trans-2-hexenal (10−6 g/ml), β-ionone (10−6 g/ml), allyl isothiocyanate (10−4 g/ml), trans-2-pentenal (10−2 g/ml), and jasmone (10−2 g/ml).


[image: Figure 1]
FIGURE 1
 Attraction of Aphelinus sp. to three dosages of 27 synthetic components (plus two mixtures) identified from tea shoot–aphid complexes and/or tea flowers. 1, linalool; 2, trans-2-hexenal; 3, cis-3-hexen-1-ol; 4, benzaldehyde; 5, methyl salicylate; 6, geraniol; 7, indole; 8, cis-3-hexenyl acetate; 9, methyl jasmonate; 10, trans-2-pentenal; 11, cis-2-pentene-1-ol; 12, allyl isothiocyanate; 13, nerol; 14, ocimene; 15, acetophenone; 16, pentanol; 17, hexanol; 18, 1-pentene-3-ol; 19, jasmone; 20, β-ionone; 21, terpinene; 22, benzyl ethanol; 23, terpineol; 24, cedrol; 25, 3-carene; 26, humulene; 27, benzyl alcohol; 28, Mixture 1: a mixture of linalool, trans-2-hexenal, and cis-3-hexen-1-ol; 29, Mixture 2: a mixture of trans-2-hexenal, cis-3-hexen-1-ol, 2-penten-1-ol, trans-2-pentenal, cis-3-hexenyl acetate, n-pentanol, n-hexanol, and 1-penten-3-ol. *mean the difference between the number of wasps to choose odor source and the number of wasps to choose CK (clean air) reaches a significant level of p < 0.05.




Various volatile compounds from solvent rinses of tea aphid body surface and tea aphid sex pheromone significantly attract Aphelinus sp. and formulation of Attractant-2

The Y-tube olfactometer assays showed that 11 odor sources, i.e., nepetalactone (10−6 g/ml), nepetalactol (10−6 g/ml), benzaldehyde (10−4 g/ml), 2,5-hexanedione (10−4 g/ml), nepetalactone (10−4 g/ml), nepetalactol (10−4 g/ ml), benzaldehyde (10−2 g/ml), heptadecane (10−2 g/ml), eicosane (10−2 g/ml), nepetalactone (10−2 g/ml), and nepetalactol (10−2 g/ml) significantly attracted Aphelinus sp. (Figure 2). Thus, Attractant-2 was prepared and formulated by mixing equal volume of the following five chemical solutions: nepetalactone (10−6 g/ml), 2,5-hexanedione (10−4 g/ml), benzaldehyde (10−2 g/ml), eicosane (10−2 g/ml), and heptadecane (10−2 g/ml). In addition, a partial combination of Attractant-1 and Attractant-2, consisted of equal ratio (1:1:1:1:1:1) of nepetalactone (10−4 g/ml), benzaldehyde (10−2 g/ml), jasmone (10−2 g/ml), trans-2-hexenal (10−6 g/ml), eicosane (10−2 g/ml) and heptadecane (10−2 g/ml) in hexane, was formulated as Attractant-3.
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FIGURE 2
 Attraction of Aphelinus sp. to seven synthetic volatile components identified from tea aphid body rinses and 2 synthetic tea aphid sex pheromone components. a, benzaldehyde; b, 2,5-hexanedione; c, linalool; d, E-2-hexenoic acid; e, heptadecane; f, undecane; g, eicosane; h, (4aS,7S,7aR)-nepetalactone; I, (1R, 4aS,7S,7aR)-nepetalactol. *mean the difference between the number of wasps to choose odor source and the number of wasps to choose CK (clean air) reaches a significant level of p < 0.05.




Effect of three attractant mixtures on the parasitism rates of tea aphids by Aphelinus sp.
 
Field trial 1

The results of field trial 1 (September 20, 2019) showed that average parasitism rates of tea aphids by Aphelinus sp. in Attractant-3 plots, Attractant-1 plots, Attractant-2 plots, Z-jasmone plots, and CK plots were 53.8, 50.2, 49.5, 17.2, and 9.7%, respectively. There was a significant treatment effect (ANOVA; F = 995.5, df = 24, p < 0.05). The effect of Attractant-3 was significantly superior to others, with Z-jasmone being the least effective treatment (Table 6).


TABLE 6 Parasitism rates of tea aphids by Aphelinus sp. enticed and regulated by three attractant mixtures and Z-jasmone in comparison with untreated CK (Field trial 1).
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Field trial 2

The field survey showed that average parasitism rates of tea aphids by Aphelinus sp. in Attractant-3 plots, Attractant-1 plots, Attractant-2 plots, and CK plots were 32.7, 30.2, 29.3, and 6.1%, respectively, on September 25, 2019. There was a significant treatment effect (ANOVA; F = 421.4, df = 19, p < 0.01). The average parasitism rate in the Attractant-3 plots was the highest, which was significantly higher than that in the CK plots (Table 7).


TABLE 7 Parasitism rates of tea aphids by Aphelinus sp. enticed and regulated by three attractant mixtures in comparison with untreated CK (Field trial 2).
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Aphid control efficacy comparison between attractant-3 plots and pesticide spray plots

As shown in Figure 3, the approximate numbers of aphid-infested tea shoots were surveyed in the field trial plots of Attractants A and B, spraying pesticide and CK before the treatments started. After insecticide spray, the number of infested tea shoots sharply declined on August 27, 2020, while those in the plots of Attractants A and B, as well as the plots of CK continued to increase. On September 10, 2020, the number of infested shoots in the plots of Attractants A and B, and the plots of CK reached a peak. Possibly due to the parasitism by Aphelinus sp., the average numbers of aphid-infested shoots in the Attractant A plots decreased by 22.2% on September 10, and by 49.3% on September 25, respectively, compared with those in the CK plots. In the meantime, the average number of aphid-infested shoots gradually rose in pesticide sprayed plots from August 27 to September 25, 2020.


[image: Figure 3]
FIGURE 3
 Tea aphid population fluctuations within Attractant plot A and plot B, spraying pesticide plot and CK plot.


On September 25, the lures in the Attractant A and Attractant B plots were all refreshed and insecticide was also re-applied in the pesticide plots, which reduced the number of infested shoots in each treatment plot. After October 25, 2020, a similar trend in the number of infested shoots appeared in pesticide sprayed plots and CK plots (Figure 3).

On October 25, the average numbers of aphid-infested shoots in the Attractant A and Attractant B plots decreased in turn by 25.0 and 10%, respectively, compared with that in the CK plots (or g pesticide sprayed plots). Moreover, the difference in the average numbers of aphid-infested shoots from the Attractant A plots, Attractant B plots, pesticide spray plots, and CK plots reached the level of p < 0.05 for both October 25 and November 25 sampling dates.

The adjusted reduction rate of aphid-infested tea shoots in the Attractant A plots was 47% on November 25, when the tea aphids would be on the point of going to hibernation and overwintering, and their average infested shoot numbers fell approximately 50% compared to that of CK plots (or pesticide spray plots). From February 25, 2021, the spring tea shoots were plucked and processed in Songyang county, and the aphids started to rapidly reproduce. Around March 25, the aphid population entered the 1st peak period of the year, and the adjusted reduction rate of infested tea shoots in Attractant A and Attractant B plots decreased in sequence by 50.7 and 30.9%, respectively, compared to the CK plots (or pesticide sprayed plots) (Figure 3). Aphid control efficacy in Attractant A plots was higher than that in Attractant B plots because the density of Attractant-3 lures in the former was markedly higher than that in the latter.




Discussion

Tea plants are a type of evergreen shrubs that constitute closed and stable communities in which a great number of pests and their natural enemies inhabit. Tea aphids have always been one of the most important pest insects in tea plantations in China, Japan, India, Sri Lanka, and Kenya with frequent outbreaks (Agarwala and Bhattacharya, 1995). Although abundant natural enemies exist in tea plantations, it is really difficult to artificially and effectively utilize them to suppress the tea pests. Aphelinus sp. is a major egg/nymph parasitoid of tea aphids with a relatively high parasitism rate during late August and September (Zeng and Wu, 2014). However, under natural conditions, Aphelinus sp. wasps cannot keep pace with the tea aphid populations, therefore by themselves will not effectively suppress tea aphid populations below the economical threshold. The discovery and development of a powerful wasp attractant might attract and retain a high population of Aphelinus sp. into the tea plantations and will significantly increase the parasitism of tea aphids by the wasps, especially during the fall season. The high parasitism by the wasps in fall would lower overwintering and next spring populations of the tea aphid, significantly reducing damage to the tea shoots and leaves in spring, which is the best harvest season for the most expensive and top-grade of spring teas.

In this study, three synthetic mixture candidates (Attractant-1, Attracatnt-2, and Attractant-3), formulated based on the active compounds identified from aphid-injured tea shoots, tea flowers, aphid sex pheromones, and body rinses showed the significant attraction to Aphelinus sp. in both lab and field bioassays, with Attractant-3 being the most attractive and effective. Employment of Attractant-3 dispensers in two different tea plantations significantly increased the parasitism rates of tea aphids by Aphelinus sp. wasps by 44.1% in the organic tea plantation (with 9.7% in the CK plots of the field trail 1) and 26.6% in the non-organic tea plantation (with 6.1% in the CK plots of the field trail 2), respectively, during the late September 2019. The disparity in the parasitism rates of the same treatment (Attractant-3) between these two tea plantations (field trials 1/2) is mainly due to their management type (organic vs. non-organic) and the difference in the abundances of both tea aphids and Aphelinus sp. wasps.

Employing semiochemicals to attract natural enemies for enhanced biological control against pest insects is a complicated process (Turlings and Erb, 2018; Mair and Ruther, 2019), especially for insects like aphids that reproduce rapidly and are migratory. To effectively suppress tea aphids at their peak density, a sufficient number of Aphelinus sp. are needed. Thus, the continuous release of active wasp attractants at certain high rates might be necessary before the tea aphid population reaches its peak. In this study, fiber-based felt was used as the attractant holding substrate, which could be used to hold a high dose of attractant, and the PVC film was used as a controlled-release membrane for a long-lasting release of the active wasp attractant in tea plantations (Cui et al., 2015).

The active attraction distance of semiochemicals and the movement pattern of Aphelinus sp. can be affected by the plant traits in the field. Thus, these factors should be considered in studying insect feeding behaviors and plant-pest-natural enemy interactions, and application protocols of insect attractant dispensers. Aartsma et al. found that Cotesia parasitic wasp could find plants that release HIPVs 10–20 m away in the Brassica oleracea–Pieris brassicae–Cotesia glomerata interaction system they studied (Aartsma et al., 2019). Plants that release HIPVs at a high release rate can extend this distance to >20 m. In this study, we found that Aphelinus sp. can be attracted within the distance between two neighboring lures/dispensers (8 m or 12 m) within the row, with an 8-m distance being better than the 12-m one.

Aphelinus is a group of important parasitic wasp species in crop fields (Pons et al., 2011; Takada et al., 2011; Elliott et al., 2014; Zeng and Wu, 2014; Lee et al., 2015; Leblanc and Brodeur, 2018; Wang Z. Z. et al., 2019), but only one species (Aphelinus sp.) was reported in tea plantations in China so far. The mass propagation and release of Aphelinus sp. as a biocontrol agent have not been reported yet. In this study, Aphelinus sp. was found to be attracted to the tea plantations baited with synthetic synomone attractants, which enhanced the parasitization of the tea aphids by the parasitic wasps. This approach not only decreased aphid populations in the fall but also suppressed the overwintering and next spring aphid populations; therefore, effectively reducing the aphid damage to the spring teas. To the best of our knowledge, this is the first report on using synomone compounds to modulate Aphelinus sp. behavior for enhanced biological control of tea aphids. It may represent a novel and promising perspective on the prevention or control of tea aphids.
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