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Abstract: The potential of semiochemicals to lure insect pests to a trap where they can be killed
with biopesticides has been demonstrated as an eco-friendly pest management alternative. In this
study, we tested two recently characterized male-produced aggregation pheromones of the bean
flower thrips Megalurothrips sjostedti (Trybom), namely (R)-lavandulyl 3-methylbutanoate (major)
and (R)-lavandulol (minor), for their field efficacy. Moreover, compatibility of these pheromones and
two other thrips attractants, Lurem-TR and neryl (S)-2-methylbutanoate, with the entomopathogenic
fungus (EPF) Metarhizium anisopliae ICIPE 69 has been determined. Our study revealed that the
M. sjostedti aggregation pheromones have dose-dependent antifungal effects on the EPF viability,
but showed no fungistatic effect at a field-realistic dose for attraction of thrips. (R)-lavandulyl 3-
methylbutanoate had similar antifungal effects as neryl (S)-2-methylbutanoate 8 days after exposure;
whereas, Lurem-TR had a stronger antifungal effect than other thrips attractants. In the semi-field
experiments, all autoinoculation devices maintained at least 86% viability of M. anisopliae conidia after
12 days of exposure. Field trials demonstrated for the first time that (R)-lavandulyl 3-methylbutanoate
increases trap catches. Our findings pave a way for designing a lure-and-kill thrips management
strategy to control bean flower thrips using autoinoculation devices or spot spray application.

Keywords: Thripidae; Metarhizium anisopliae; Megalurothrips sjostedti; compatibility; lavandulyl
3-methylbutanoate; lavandulol; methyl isonicotinate

1. Introduction

Grain legumes are grown as staple crops by millions of smallholder farmers across
sub-Saharan Africa and are important sources of protein to the urban and rural poor
who cannot afford meat, fish, or milk products [1,2]. Despite their wide range of uses,
production and productivity of the crop is hampered by various biotic and abiotic factors.
The bean flower thrips, Megalurothrips sjostedti Trybom (Thysanoptera: Thripidae) is among
the key pests of grain legumes in the region [3–5]. The pest attacks a wide range of crops,
mainly in the legume family (Fabaceae), especially cowpea, Vigna unguiculata (L.) Walp.
and French bean, Phaseolus vulgaris (L.) [6,7]. Megalurothrips sjostedti causes abscission of
flowers resulting in significant yield losses ranging between 21 and 83% [8]. Some farmers
resort to using synthetic chemical insecticides to control M. sjostedti [3,9] which is not an
environmentally benign pest control option; while the majority of the smallholder farmers
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in the region cannot afford and/or get easy access to chemical pesticides and leave the crop
unmanaged [10]. The development of ecologically friendly bean flower thrips management
alternatives will not only prevent undesirable consequences of chemical pesticides but
also leads to improved production of healthier yields and better safety to growers and
consumers. For example, a potential of entomopathogenic fungus-based biopesticide
such as Metarhizium anisopliae (Metschnikoff) Sorokin strain ICIPE 69 for sustainable pest
management has been demonstrated in East Africa [3,11–13].

Recently, male-produced aggregation pheromones of the bean flower thrips have
been characterized as consisting of two distinct compounds, namely (R)-lavandulyl 3-
methylbutanoate (major component) and (R)-lavandulol (minor component) [14]. Labo-
ratory behavioral studies using synthetic compounds showed that both male and female
M. sjostedti were attracted to (R)-lavandulyl 3-methylbutanoate in an olfactometer, while
(R)-lavandulol attracted males only [14]. Pheromone-mediated aggregation behavior could
allow male-male or male-female conidial transmission during aggregation and mating as it
has previously been observed in other insect species [15,16]. Conidial transmission poten-
tial between thrips during aggregation could create an opportunity to develop improved
biopesticides application techniques by exploiting semiochemical attractants for “lure-and-
kill” strategies using autoinoculation devices or spot spray applications. Such strategies
have been shown to reduce the quantity of inoculum required and the cost of application
while ensuring fungal persistence in the field [3,12,17]. However, the success of such a
strategy depends on the compatibility of the semiochemical with the entomopathogenic
fungus. For example, Niassy et al. [18] observed inhibitory effects of thrips attractant
Lurem-TR (methyl isonicotinate) on M. anisopliae conidia within an autoinoculation device
in a screenhouse experiment. To overcome the challenge, Mfuti et al. [19] demonstrated,
under field conditions, that an optimal separation of 10 cm between Lurem-TR placed
outside the autoinoculation device and the conidial source within the device resulted
in increased M. sjostedti attraction and enhanced compatibility between the fungus and
Lurem-TR. Among some other thrips attractants, methyl anthranilate has been found to be
compatible with M. anisopliae and was equally attractive to M. sjostedti as Lurem-TR [20].

Information on compatibility of the aggregation pheromones of thrips, including the
M. sjostedti pheromone with entomopathogenic fungi is lacking. In the current study, we
investigated the compatibility of both major and minor M. sjostedti aggregation pheromone
components with the entomopathogenic fungus, M. anisopliae isolate ICIPE 69. Further,
the compatibility of M. sjostedti pheromone compounds was compared in the laboratory
with two other commercial thrips attractants: Lurem-TR (methyl isonicotinate) and neryl
(S)-2-methylbutanoate, which is the major component of the aggregation pheromone
of the western flower thrips, Frankliniella occidentalis (Pergande). Prior to assessing the
compatibility in the semi-field, we conducted a field experiment to test whether the major
component of the M. sjostedti aggregation pheromone increased trap catches and at the same
time established the effective dose. This research is an important step in developing an
effective “lure-and-kill” thrips management strategy. The development of a semiochemical
and biopesticide-based thrips management strategies will provide ecologically sustainable
M. sjostedti control alternatives and help reduce reliance on harmful chemical pesticides.

2. Materials and Methods
2.1. Study Site

Laboratory experiments were conducted at the International Centre of Insect Physi-
ology and Ecology (icipe), Duduville Kasarani, Kenya (1.221◦ S, 36.896◦ E; 1616 m above
sea level). The semi-field experiment was conducted at icipe Duduville campus while
the field experiment on screening of effective dose of M. sjostedti aggregation pheromone
was conducted at the icipe Thomas Odhiambo Campus (ITOC), Mbita, western Kenya
(0◦26′06.19′ ′ S, 34◦12′53.13′ ′ E; 1137 m above sea level). All experiments were conducted
from October 2018 to April 2020.
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2.2. Pheromones and Attractants Used

Authentic standards of pheromone components, (R)-lavandulyl 3-methylbutanoate
(major component) and (R)-lavandulol (minor component) were synthesized at Keele
University, UK. The (R)-lavandulyl 3-methylbutanoate ester was synthesized by reaction of
(R)-lavandulol with 3-methylbutanoyl chloride in dichloromethane at 0 ◦C, in the presence
of triethylamine and catalytic DMAP. The (R)-lavandulol was synthesized according to
the procedures published by Pepper et al. [21]. The synthesis used Evans alkylation of the
corresponding 3,3-dimethylacryloyl benzyloxazolidinone with prenyl bromide, followed
by hydride reduction of the purified oxazolidinone to the primary alcohol. Both compounds
had a purity of at least 99% and an enantiomeric excess (ee) of at least 99%.

The major compound of the F. occidentalis aggregation pheromone, neryl (S)-2-methylb-
utanoate, was obtained from Russell IPM, Deeside Industrial Park Deeside, Flintshire,
UK (www.russellipm.com, accessed on 17 June 2021). The product is commercialized
under the name of “Frankliniella occidentalis lure” coded PH-339-1RR. Only one quantity
of the commercialized pheromone product was available and hence only one release rate
and concentration was tested in this study. The dose of neryl (S)-2-methylbutanoate in
commercial lures is 30 µg [22,23].

A commercially produced thrips attractant Lurem-TR, with the active ingredient
methyl-isonicotinate (MI), was included in this study as a positive check because of its
antifungal effect [20,24]. Lurem-TR was previously reported to be effective in monitoring
thrips populations [25–27]. Lurem-TR was obtained from Pherobank (Wageningen, The
Netherlands). A dose of 30 µg was used for the bioassay obtained by squeezing out the
product and weighing it on a sensitive balance.

Sterile distilled water (10 mL) containing 0.05% Triton X-100 (Loba Chemie Pvt, Mum-
bai, India) was used as a negative control.

2.3. Blue Sticky Traps

Commercially available dry blue sticky traps (10 × 25 cm) were obtained from Real
IPM Ltd., Thika, Kenya.

2.4. Rubber Septa Dispensers

Rubber septa dispensers were obtained from International Pheromone Systems Ltd.,
Wirral, UK. Before use, the rubber septa (20 mm long with 9 mm × 1.5 mm deep cup) were
cleaned with hexane using Soxhlet extraction to eliminate any volatile contaminants that
could affect the results [28].

2.5. Fungal Culture

Metarhizium anisopliae isolate ICIPE 69 was obtained from the repository of ento-
mopathogens maintained at icipe’s Arthropod Pathology Unit. It is currently commer-
cialized as Mazao-Campaign® by Real IPM Ltd., Thika, Kenya, for the control of thrips,
papaw mealybug and fruit flies. The fungus was cultured on Sabouraud Dextrose Agar
(SDA) in 9 cm diameter Petri dishes and put in an incubator at 25 ± 2 ◦C, in complete
darkness for three weeks. Conidia were harvested from the three-weeks-old culture by
scraping the surface using a spatula [29]. Conidia were suspended in 10 mL sterile distilled
water containing 0.05% Triton X-100 (Loba Chemie Pvt, Mumbai, India) in universal bot-
tles containing glass beads. Conidial suspensions were vortexed for 5 min to produce a
homogeneous suspension. Spore concentrations were determined using a hemocytometer.
The percentage of germination was determined by counting 100 spores, categorized as
germinated and non-germinated, under each coverslip on each Petri plate under a light
microscope (400×magnification). A conidium was considered to have germinated if the
germ tube was at least twice the size of the spore. The percentage of viable spores was
confirmed to be over 90% before a suspension was used in any experiment.

www.russellipm.com
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2.6. Effects of Thrips Aggregation Pheromones and Non-Pheromone Attractant on M. anisopliae
Conidial Viability

Conidial suspension was prepared as described above and titrated to a spore con-
centration of 1 × 107 conidia mL−1. The spores were retained on a nitrocellulose filter
membrane (diameter 47 mm, pore size 0.45 µm, Sigma-Aldrich, Darmstadt, Germany) by
pouring 10 mL suspension through a filter holder unit microfiltration system under aspira-
tor vacuum [20,30]. The nitrocellulose filter membranes were dried for 30 min in a laminar
flow cabinet and transferred to glass desiccators (2.5 liters) for exposure to (R)-lavandulyl
3-methylbutanoate, (R)-lavandulol, neryl (S)-2-methylbutanoate, or Lurem-TR. To assess
the effects of M. sjostedti aggregation pheromone doses on fungal viability, three doses, i.e.,
1, 10, and 100 µL of the authentic product of each pheromone compound, were dispensed
onto a rubber septum. For comparing the antifungal effects of M. sjostedti aggregation
pheromone compounds with the non-pheromone attractant and F. occidentalis aggregation
pheromone, a standard dose of 30 µg (equivalent to 0.03 µL) was used. A 30-µg dose has
been standardized for applications of thrips pheromones under field conditions [22,23].
A dispenser containing the standard dose of 30 µg was used for the major compound
of F. occidentalis aggregation pheromone. Separate desiccators were used for each tested
compound. Five nitrocellulose membranes were placed together at the same time on a
perforated shelf inside each desiccator at 15 cm distance from the septum. Fungus-treated
membranes were sampled at different time intervals of 1, 2, 3, 6, and 8 days to record
the effect of each test compound on spore viability over time. Spore germination was
assessed after 18 and 24 h of incubation. Fungal germination was assessed to determine if
all tested semiochemicals affect the viability of conidia as has previously been evidenced
for Lurem-TR [18,20]. All treatments were randomized and replicated four times.

To determine conidial germination, nitrocellulose filter membranes containing conidia
spores were removed from the desiccators and transferred into 10 mL sterile distilled water
containing 0.05% Triton X-100 and vortexed for 3 min to dislodge conidia. A suspension
(0.1 mL) titrated to 3 × 106 conidia mL−1 was spread-plated on Sabouraud Dextrose Agar
(SDA) plates. Plates were placed in an incubator as described earlier at 26 ± 2 ◦C, 65 ± 5%
RH, L12: D12 photoperiod and conidial germination examined after 18 and 24 h. Samples
that could not be processed the same day were fixed by pouring a drop of lactophenol
cotton blue onto the plate to stop further growth. Percentage germination was determined
by counting approx. 100 spores, categorized as germinated or non-germinated, under each
coverslip from each Petri plate under a microscope (Leica DMLB) at 400×magnification. A
conidium was considered to have germinated if the germ tube length was at least twice the
diameter of the spore [31].

2.7. Effect of Thrips Aggregation Pheromone and Non-Pheromone Attractants on M. anisopliae
Conidial Germ Tube Growth

After the assessment of conidial germination, the growth of germ tubes was further
measured using a Leica microscope camera (200×magnification) after 18 and 24 h. Average
germ tube growths were obtained from five germinated spores selected randomly in each
coverslip [20]. The experiment was replicated three times.

2.8. Attraction of M. sjostedti to the Major Compound of Its Aggregation Pheromone

The field trapping experiments for different doses of major compound of M. sjostedti
aggregation pheromone were conducted at Mbita from September 2018 to February 2019.
The aim here is to test our promising initial lab-based findings [14] under realistic field
conditions and screen the field effective dose of the major compound of M. sjostedti aggre-
gation pheromone for thrips management. The period of the experiment corresponded to
the short rainy season (September–December) and the dry season (January–March). Data
collection on M. sjostedti catches was conducted for one-day period depending on thrips
population, with a minimum of 20 thrips in the control trap used to determine the length
of the trapping period. The experiment was set during flowering and podding stages. The
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number of male and female M. sjostedti was recorded by counting separately their numbers
on the blue sticky traps. Power light and magnifying glass were used for counting. After
completing the counting, blue sticky cards were wrapped gently with cling film and kept
in a fridge for further investigations.

2.9. Effect of Major Compound of M. sjostedti Aggregation Pheromone on M. anisopliae
Persistence in an Autoinoculation Device

A semi-field experiment using an autoinoculation device was conducted at icipe
Duduville to assess the effect of 30 µg dose of the major compound of the M. sjostedti
aggregation pheromone on M. anisopliae persistence. The autoinoculation device used in
this experiment was blue as described by Mfuti et al. [24]. The blue trap (16 cm diameter
× 16 cm high) was perforated with six entry/exit holes (5 cm diameter) right in the
middle of the bottle, at alternate positions. A velvet cloth (8 × 8.5 cm) and a white
netting (3.5 × 11 cm) were wrapped around a smaller inner cylindrical bottle (6.5 cm
diameter × 6 cm high) that was then hung in the trap. Approximately 2–3 g of dry conidia
was spread evenly on the velvet cloth of the autoinoculation device.

A septum with 30 µg of (R)-lavandulyl 3-methylbutanoate (major compound of M.
sjostedti aggregation pheromone) was placed in two set-ups in the autoinoculation device
(1) inside the inner cylindrical bottle in direct exposure with conidial spores (without spatial
separation), (2) inside a small container (6.5 cm diameter × 12 cm high) fixed just above the
device spatially separated from the spores [24]. The small container was perforated with
six holes (0.7 cm diameter) to allow volatiles to be released. A septum with solvent (hexane)
only in an inoculation device was used as a control. The persistence of M. anisopliae conidia
was evaluated for a period of 12 days after the onset of the experiment in the field. At
3-day intervals, samples of conidia were collected from the autoinoculation devices with
a moist cotton bud. The end of the cotton bud was cut, suspended in 10 mL of 0.05%
(w/v) Triton X-100 and vortexed for 1 min to dislodge conidia. A conidial suspension
sample (100 µL) was spread-plated on SDA plates and incubated for 16 h at 25 ± 2 ◦C
and L12: D12 photoperiod. Germination of conidia was determined as described above.
The autoinoculation devices were separated by 10 m and, the experiment was replicated
three times.

2.10. Statistical Analysis

Data on M. anisopliae conidial germ tube growth and conidial germination were
transformed and analyzed using a linear mixed model with a random intercept. Least-
squares means were estimated using the emmeans package [32]. The means were then
separated and adjusted using Tukey’s honestly significant difference (HSD) test at 5%
significance level [32]. Repeated measures logistic regression model implemented using
generalized estimating equations was used to estimate the time taken to reach 50% viability
across different treatments for viability data collected over five time points. Data on M.
sjostedti catches at different doses of the major compound were analyzed using a generalized
linear model with a negative binomial distribution due to over dispersion of the catch
data. The means were compared with the Tukey HSD test at 5% significance level. For
the semi-field experiments on the effect of 30 µg of dose of major compound on fungal
persistence, repeated-measures ANOVA was used. All data analyses were performed using
R version 3.5.3 [33].

3. Results
3.1. Effect of M. sjostedti Aggregation Pheromone Components on Conidial Viability and Germ
Tube Growth

Both M. sjostedti aggregation pheromone components significantly reduced M. aniso-
pliae conidial viability and germ tube growth at higher doses. The lowest test dose (1 µL)
of the M. sjostedti aggregation pheromone components did not have an antifungal effect
(germination: F2,15 = 3.4; p = 0.08, growth: F2,9 = 0.3; p = 0.74), whereas 10 µL (germination:
F2,15 = 42.1; p < 0.001, growth: F2,9 = 9.9; p < 0.001) and 100 µL (germination: F2,15 = 8.9;
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p < 0.001, growth: F2,9 = 6.5; p < 0.001) doses significantly reduced conidial viability and
germ tube growth of M. anisopliae (Table 1).

Table 1. Effects of different doses of M. sjostedti aggregation pheromone components on M. anisopliae conidial viability and
germ tube growth.

Treatments

% Germination ± SE Growth (µm/Day) ± SE

Dose Dose

1 µL 10 µL 100 µL 1 µL 10 µL 100 µL

Control 87.5 ± 0.9 aA 88.5 ± 2.0 aA 86.2 ± 2.5 aA 111.0 ± 6.0 aA 95.1 ± 5.6 aA 92.6 ± 6.8 aA
Major 86.7 ± 1.1 aA 49.1 ± 6.5 bB 38.1 ± 9.8 bB 108.0 ± 9.8 aA 42.6 ± 6.2 bB 22.9 ± 8.0 cC
Minor 85.8 ± 1.2 aA 47.2 ± 6.8 bB 42.0 ± 10.9 bB 114.0 ± 7.0 aA 36.7 ± 7.3 bB 34.7 ± 15.2 bB

F2,15 = 3.4;
p = 0.08

F2,15 = 42.1;
p < 0.001

F2,15 = 8.9;
p < 0.001

F2,9 = 0.3;
p = 0.74

F2,9 = 9.9;
p < 0.001

F2,9 = 6.5;
p < 0.001

Means (±SE) followed by the same letter (s) within a column (lowercase) and within a row (uppercase) are not significantly different based
on Tukey HSD test at 5% significance level for each parameter (% germination/growth).

The logistic regression analysis predicted that the probability of a reduction in vi-
ability of 50% corresponds to the lethal doses of 111.3 µL (96.2–132.7 µL) and 132 µL
(112.1–162.7 µL) for the major and minor compounds, respectively.

3.2. Effects of Thrips Aggregation Pheromones and Non-Pheromone Attractants on M. anisopliae
Conidial Viability and Time Taken to Reach 50% Viability

There was no significant difference in the viability of M. anisopliae isolate ICIPE 69
conidia between 18- and 24-h incubation periods after spore exposure to (R)-lavandulyl
3-methylbutanoate, neryl (S)-2-methylbutanoate or Lurem-TR (F1,109 = 2.3; p = 0.1). Hence,
the incubation time of 18 h was used to assess the effect of different thrips attractants
on fungal viability. Conidial viability of M. anisopliae was significantly reduced after
exposure to Lurem-TR as compared to the major M. sjostedti and F. occidentalis aggregation
pheromones or unexposed control (F3,23 = 4.6; p < 0.001). A sharp decline in conidial
viability of M. anisopliae spores was observed one day after exposure to Lurem-TR (Figure 1).
The number of exposure days significantly affected the fungal viability; however, there was
no significant difference in conidial viability between the major aggregation pheromones
of F. occidentalis (82 ± 6%), M. sjostedti (76 ± 5%), and the control (85 ± 6%) (Figure 1).
Moreover, the shortest time taken to reach 50% viability was recorded after M. anisopliae
exposure to Lurem-TR (1.1 days) followed by F. occidentalis (7.4 days) and M. sjostedti
(9.4 days) aggregation pheromones. There was no interaction between all the treatments
and exposure days (F16,59 = 1.62; p = 0.25).
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3.3. Effect of Thrips Aggregation Pheromones and Non-Pheromone Attractant on M. anisopliae
Germ Tube Growth

There was a significant difference in M. anisopliae isolate ICIPE 69 germ tube growth,
after exposure to the aggregation pheromones and non-pheromone attractant at two
incubation periods (F1,239 = 70.7; p < 0.0001). Germ tube growth of M. anisopliae isolate ICIPE
69 was significantly reduced after exposure to (R)-lavandulyl 3-methylbutanoate, neryl (S)-
2-methylbutanoate, and Lurem-TR, under 18 and 24 h incubation periods (18 h: F3,119 = 9.4,
p < 0.001; 24 h: F3,119 = 9.7, p < 0.001). Metarhizium anisopliae spores ceased to grow
after 8 days of exposure to Lurem-TR; whereas, they continued growth beyond the same
duration of time when exposed to M. sjostedti and F. occidentalis aggregation pheromones.
During 18 h of incubation, there was a significant difference in fungal spore growth
between the control, the major compounds of M. sjostedti, and F. occidentalis aggregation
pheromones and Lurem-TR. No significant difference was found in the germ tube growth
of M. anisopliae exposed to M. sjostedti and F. occidentalis aggregation pheromones at 18 h
incubation period (Figure 2A). However, at 24-h incubation time, significant differences
were found in the germ tube growth of M. anisopliae isolate ICIPE 69 exposed to all
thrips attractants (Figure 2B). The germ tube growth of M. anisopliae isolate ICIPE 69 was
significantly reduced as compared to the control after exposure to the major aggregation
pheromone compounds of M. sjostedti (22.5–26.1%) and F. occidentalis (13.5–10.4%) and
Lurem-TR (63.7–58.4%) at 24 h of incubation (Figure 2B).
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germ tube growth (µm/day) after 0 to 8 days of exposure at 18 h (A) and 24 h (B) incubation times at
30 µg dose per attractant. MCAP: major component of aggregation pheromones.
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There was no significant interaction effect between the test thrips attractants and
number of exposure days at 18 h incubation period (F12,119 = 1.4; p = 0.2); whereas, a
significant interaction was found at 24 h incubation period (F12,119 = 2.5; p < 0.001).

3.4. Attraction of M. sjostedti to the Major Compound of Its Aggregation Pheromone

During the field experiment conducted in September 2018, there was a significant effect
of the major compound doses on female M. sjostedti catches (F3,63 = 2.7; p < 0.001), but there
was no clear attraction. No significant differences were found for male catches (F3,63 = 3.32;
p = 0.06) (Figure 3A). For females, the 30 µg dose was not significantly different in trap catch
compared to the control while 300 µg repelled (Figure 3A). Significant differences were
obtained with adult M. sjostedti female catches from experiments conducted in January 2019
(F3,63 = 32.7; p < 0.001) and February 2019 (F3,63 = 24; p < 0.001), respectively. The treatment
with 30 µg dose of (R)-lavandulyl 3-methylbutanoate increased trap catches 4 and 2.5 times
more than the control in January and February respectively (Figure 3B,C). Similarly, there
were significant differences between major compound doses on male M. sjostedti trap
catches during the field experiments conducted in January (F3,63 = 21.7; p < 0.001) and
February 2019 (F3,63 = 14.5; p < 0.001) (Figure 3B,C). The percentage increases and decreases
in trap catches of males were small and not consistent.
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Figure 3. Effect of different doses of major compound on trap catch of female and male M. sjostedti
during field experiments in September 2018 (A), January 2019 (B), and February 2019 (C) at Mbita,
western Kenya. Means bearing the same uppercase or lowercase letters are not significantly different
by Tukey HSD test at 95% confidence.

3.5. Effect of M. sjostedti Aggregation Pheromone on M. anisopliae Viability in an
Autoinoculation Device

The placement of major compound of M. sjostedti aggregation pheromone inside or
above the autoinoculation device did not affect M. anisopliae viability after 12 days of
exposure in the field (F2,72 = 1.33; p = 0.26). The overall M. anisopliae viability recorded in
the control device (88.2 ± 1.3%) was similar to the set-up with direct exposure (without
spatial separation) to (R)-lavandulyl 3-methylbutanoate (87.4 ± 1.2%) and the set-up where
the pheromone compound was spatially separated from the spores (86.8 ± 1.4%).

However, significant differences occurred during days of exposure (F2,72 = 1.33;
p < 0.001) and for the interaction between pheromone placement and day of exposure
(F2,72 = 4.71; p < 0.001) (Figure 4).
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Figure 4. Effect of exposure. Duration and placement position of (R)-lavandulyl 3-methylbutanoate
(used with autoinoculation device) on M. anisopliae viability under realistic field condition.

4. Discussion

The lure-and-kill or lure-and-infect concept using entomopathogens and semiochemi-
cals has been demonstrated on several insect pests [12,18,34]. The efficacy of this approach
relies on the compatibility between the attractant and the killing agent/biopesticides, which
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in turn necessitates optimization of spatial or temporal separation between the attractant
and the killing agent [18,19].

In this study, the newly identified bean flower thrips aggregation pheromones, i.e., (R)-
lavandulyl 3-methylbutanoate (major component) and (R)-lavandulol (minor component)
were found to have a dose-dependent antifungal effect as seen by conidial viability and
germ tube growth of M. anisopliae. Our study also showed that exposure of M. anisopliae
to M. sjostedti and F. occidentalis aggregation pheromones and Lurem-TR caused a decline
in conidial viability and germ tube growth, where lowest spore viability and growth
were recorded due to exposure to Lurem-TR. These results concur with Cole [35], who
showed that semiochemicals utilized by insects for communication were variably toxic
to various fungi. The deleterious effects of Lurem-TR on fungal viability and germ tube
growth have already been demonstrated in previous studies [18,20]. However, our current
study is the first to report on the antifungal properties of thrips aggregation pheromones.
The compatibility between semiochemicals with entomopathogenic fungi (EPF) has been
assessed in several other studies [36]. For example, Opisa et al. [37] reported incompatibility
between phenylacetaldehyde (PAA) and M. anisopliae isolate ICIPE 30 to control Spoladea
recurvalis (Lepidoptera: Crambidae). In addition, Nana et al. [38] reported incompatibility
between attraction-aggregation-attachment pheromone (AAAP) with EPF isolate ICIPE 7
used to manage Rhipicephalus sp. (Ixodida: Ixodidae).

The chemical nature of an insect semiochemical is also likely to impact its compatibility
with biopesticides [18,20,36]. The active ingredient of Lurem-TR, methyl-isonicotinate, is an
ester of a 4-pyridyl-carboxylic acid [39], while the M. sjostedti and F. occidentalis aggregation
pheromones are terpenoids [14,23,40–42]. Similarity in the chemistry of M. sjostedti and F.
occidentalis pheromones may account for their similar antifungal effects on M. anisopliae
and their difference from Lurem-TR. The antifungal properties of terpenoid compounds,
including other semiochemicals, have been extensively reported [43–45]. Haque et al. [43]
showed that terpenoids play a role in diminishing mitochondrial content, which results in
an altered level of reactive oxygen species (ROS) and ATP generation leading to death of
yeast cells of Saccharomyces cerevisiae.

In our study, we observed that at longer incubation time, the major component of M.
sjostedti aggregation pheromone showed more antifungal effects on M. anisopliae germ tube
length than the F. occidentalis compound. The difference between the two terpenoids could
be due to the difference in their chemical structures [46].

In field experiments, the M. sjostedti aggregation pheromone had significant effects
on M. sjostedti catches. The dose of 30 µg was the most effective in increasing female
M. sjostedti trap catch. This is the first report of the major component of the aggregation
pheromone increasing trap catches in the field. However, the M. sjostedti catches obtained
with 30-µg dose were variable through the seasons. For example, during the rainy season,
the catches of females with the 30-µg dose were not significantly different from the control
and no effect was found on male M. sjostedti catches (Figure 3A), while significant and
consistent effects with the same dose were found in January and February during the dry
season (Figure 3B,C). A 30-µg dose of aggregation pheromone has also given significant
increases in trap catch for other thrips species [40,41].

Despite the antifungal effects of thrips aggregation pheromones described above, the
field-effective dose of 30 µg for the major compound of M. sjostedti aggregation pheromone
is compatible with EPF (see Figures 1 and 2). This critical result suggests that M. sjostedti
pheromone can be integrated with an autoinoculation device or spot spray application and
does not necessarily need to be separated from the fungus, which makes the design and
use simpler.

In the semi-field experiment to test the compatibility of the effective dose of the
major compound with the entomopathogenic fungi in autoinoculation devices, conidia
viability of M. anisopliae decreased slightly over time in all treatments. However, in all
autoinoculation devices used, at least 86% of M. anisopliae conidia remained viable for
12 days post-exposure. Mfuti et al. [24] reported >45% conidial viability for 12–15 days
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post-exposure in an autoinoculation device where the spores were directly exposed to
methyl anthranilate or spatially separated, in the case of Lurem-TR. In all cases, either
conidial spores of the fungus were well protected from the environmental stressors or the
attractants were either compatible with the fungus or they were spatially separated. In
contrast, Niassy et al. [18] reported a decrease in conidia viability from 80% to 6% at 2- and
7-day post-inoculation in an autoinoculation device baited with Lurem-TR.

In summary, our study demonstrates that the M. sjostedti and F. occidentalis aggrega-
tion pheromones possess dose-dependent antifungal properties on M. anisopliae conidia.
However, at 30 µg dose, which is a suitable dose for field applications, the major M. sjostedti
aggregation pheromone does not affect conidial viability or germ tube growth and hence
does not require spatial separation in an autoinoculation device. This is the first demon-
stration that the major component of M. sjostedti aggregation pheromone can increase trap
catches in the field and has a potential for use in a lure-and-kill strategy to control thrips.
Furthermore, during the semi-field experiment, the compatibility of the 30 µg dose with
the fungus was confirmed irrespective of the placement set-ups of the pheromone in the
autoinoculation device. We recommend future studies on the field efficacy for the control
of M. sjostedti using autoinoculation devices or spot spray application.
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