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Abstract

Cowpea is an important source of protein for people in Africa. However, the crop
suffers major damage and vyield losses due to bean flower thrips, Megalurothrips
sjostedti Trybom (Thysanoptera: Thripidae). Although companion plants are known to
reduce the damage caused by insect pests, the role of their volatiles in repelling pests
from target plants has been the subject of few investigations. Here, we used the Y-
tube olfactometer experiments and chemical analyses to investigate the effect of
volatiles from cowpea flowers and two companion plants; lemongrass, Cymbopogon
citratus and Mexican marigold, Tagetes minuta on the olfactory responses of M. sjost-
edti. The results revealed that M. sjostedti males and females were repelled by the
volatiles from freshly cut leaves of C. citratus. The combination of freshly cut leaves
of C. citratus and cowpea flower was repellent to females but not to males. The
female thrips, but not males, were repelled by the volatiles from the vegetative stage
of T. minuta. Fifty-four compounds were identified in the volatiles from two herbal
plants. Among the major compounds, citral and a 4-component blend comprised
of dihydrotagetone, (Z2)-3-hexenyl acetate, limonene and (Z)-p-ocimene repelled
females but dihydrotagetone alone attracted females. While myrcene combined with
cowpea flower volatiles enhanced the attraction of females M. sjostedti, when tested
alone was not attractive. These results highlight the potential of volatiles from C. cit-
ratus and T. minuta to repel M. sjostedti females. The use of these plants as compan-

ion plants in a cowpea cropping system could reduce M. sjostedti infestation.
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tons in 2016 (FAOSTAT, 2016). Around 200 million people consume

cowpea every day in Africa (Popelka, Gollasch, Moore, Molvig, &

Cowpea, Vigna unguiculata L., is an important source of proteins for
human nutrition and livestock feed in Africa (Singh, Ajeigbe, Tarawali,
Fernandez-Rivera, & Abubakar, 2003; Togola et al., 2017). Annual
production of cowpea grains was estimated at 6.7 million metric

The work was conducted at International Centre of Insect Physiology and Ecology (icipe)

Higgins, 2006). However, cowpea crops are threatened by several in-
sect pests, including Megalurothrips sjostedti Trybom (Thysanoptera:
Thripidae) (Abtew, 2015; OECD, 2015). The bean flower thrips,
M. sjostedti, is a major pest of leguminous plants, especially cow-
pea in Africa and it can cause between 20% and 100% cowpea pod

yield losses without the use of synthetic pesticides (Abtew, 2015;
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Ekesi, Maniania, & Onu, 1999). Their small size, cryptic feeding hab-
its, ability to pupate in the soil and fast development make them
difficult to be controlled with pesticides (Abtew, 2015). Additionally,
chemical pesticides are costly for small-scale farmers, have a nega-
tive effect on beneficial insects and are harmful to the environment
and human health (Abtew et al., 2016; de Bon et al., 2014). As such,
alternative environmentally friendly methods to reduce pest popula-
tions on crops are required. The use of companion plants producing
repellent compounds is one possible pesticide-free alternative for
the control of M. sjostedti.

The potential of repellent companion plants to control insect
pests has been demonstrated by several authors (Parker, Snyder,
Hamilton, & Rodriguez-Saona, 2013; Parolin et al., 2012). For exam-
ple, Ocimum basilicum L. (basil) has been used to reduce populations
of thrips (Parker et al., 2013), aphids (Basedow, Hua, & Aggarwal,
2006) and pink bollworm (Schader, Zaller, & Képke, 2005). However,
numerous failures have been reported on the efficacy of non-host
volatiles to reduce insect pests in the field (Moreau, Warman, &
Hoyle, 2006; Webster & Cardé, 2016). For example, the inter-
cropping of the non-host plant French marigold with host potato
plants did not reduce the population of the Colorado potato beetle,
Leptinotarsa decemlineata Say, but rather increased the pest attack
(Moreau et al., 2006). The identification of one or a blend of repel-
lent plant volatiles could help us to better select companion plants
to be used as an olfactory barrier to prevent M. sjostedti infestation
in cowpea.

The Cymbopogon and Tagetes genera have been shown to
have a broad spectrum of activity against many arthropods (Nerio,
Olivero-Verbel, & Stashenko, 2010; Singh et al., 2015). Lemongrass,
Cymbopogon citratus (DC.) Stapf, extracts have been shown in pre-
vious studies to efficiently repel M. sjostedti female thrips (Abtew,
2015). However, the short repellence duration of extracts of C. ci-
tratus remains a major problem in the control of insect pests (Nerio
et al., 2010). Whole lemongrass emits small amounts of volatiles
compared to when it is cut or crushed. The repellence duration of
volatiles from C. citratus on M. sjostedti was evaluated using freshly
cut and old cut leaves of C. citratus. Tagetes oil is described by the
United States Environmental Agency as a biochemical pesticide that
can be used for the control of thrips (USEPA, 2012). However, little is
known about the role of volatiles from C. citratus and Mexican mari-
gold Tagetes minuta L in controlling M. sjostedti. In addition, the repel-
lent behaviour and its controlling mechanisms are complex (Deletre
et al., 2016). Understanding the mechanisms involved in the repel-
lent effect of volatiles from companion plants would improve our
knowledge of pest control and the use of such plants. Thus, the aim
of the present study was to evaluate the repellent effect of C. citra-
tus and T. minuta plants and their major compounds against male and
female M. sjostedti. We hypothesized that volatiles from T. minuta
and C. citratus plants repel M. sjostedti. We tested our hypothesis
using behavioural assays and chemical analysis (a) to evaluate the
response of M. sjostedti to the two plants alone or in combination
with cowpea plants, (b) to identify the volatile compounds from the
two plants that mediate the behavioural response of thrips and (c)

to evaluate the effect of individual compounds or a blend of major

volatile compounds from both plants on M. sjostedti behaviour.

2 | MATERIALS AND METHODS

2.1 | Cultivation of test plants

Cowpea, V. unguiculata var. Ken Kunde 1 (seeds purchased from
Simlaw Seeds Company Limited), Mexican marigold, Tagetes minuta,
(seeds collected at the Kenya Agricultural and Livestock Research
Organization (KALRO) Industrial Crops Research Centre (ICRC),
Mwea (0°37'09.0"'S 37°22'09.4"E) and lemongrass, C. citratus,
(seedlings purchased from Simlaw Seeds Company Limited) were
established in a screen house (27 + 7°C temperature, 75 + 5% rela-
tive humidity; 12L:12 D photoperiod) at the International Centre of
Insect Physiology and Ecology (icipe), Nairobi, Kenya (1°13'17.9"'S
36°53'48.1""E). Individual plants were grown free from pesticides
and watered regularly. Cattle manure was added to the soil. Potted
eight-week-old cowpea seedlings with open flowers were used in
the experiments. In our previous study, we found that the open
flowers of cowpea var. Ken Kunde 1 were an attractant to female
M. sjostedti (Diabate et al., 2019); therefore, this cultivar was used
in the current study. Preliminary results showed that C. citratus pro-
duces more citral when the leaves are cut or damaged by insects.
For this reason, the repellent effect of C. citratus was evaluated by
cutting leaves into 0.5-cm-wide strips in the laboratory (25 + 1°C
temperature; 40%-50% RH). The cut leaves of C. citratus (1 g) were
used immediately after cutting (O hr) as fresh leaves and 24 hr after
cutting as old leaves in all the experiments. The cut leaves were kept
in a Petri dish at ambient temperature (25 + 1°C). The vegetative and
flowering stages of 2- to 3-month-old T. minuta were used for the

experiments.

2.2 | Rearing of test insects

Bean flower thrips, M. sjostedti, were reared in the Animal Rearing
and Containment Unit (ARCU) at icipe at a temperature of 26 + 2°C,
50%-60% relative humidity and a 12 L:12 D photoperiod. The in-
sects were reared on French bean pods, Phaseolus vulgaris L. Every
2 days, bean pods containing fresh thrips eggs were transferred to
clean jars to obtain adult thrips of the same age (Abtew et al., 2015;
Nyasani, Meyhofer, Subramanian, & Poehling, 2013). The newly
emerged males (=10 days from oviposition) and females (=12 days
from oviposition) were used in the respective experiments. Male and
female M. sjostedti were identified visually. The difference between
males and females were based on their robustness and thickness of
the abdomen (Diabate et al., 2019; Sani & Umar, 2017).

2.3 | Olfactory response of M. sjostedti to
plant volatiles

A Y-tube olfactometer (0.5 cm internal diameter, 4 cm stem length,
5.5cmarmlengthand 50° angle) was used to evaluate the behavioural
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response of M. sjostedti to headspace volatiles of the test plants in
the laboratory (25 + 1°C temperature; 40%-50% RH). The Y-tube
was held in an inclining position at an angle of 25° to the horizontal
plane (Koschier, Kogel, & Visser, 2000) and was covered with a card-
board box (50 cm x 48 cm x 33 cm) which was open at the top and il-
luminated from above by a light source (60 lux) (Diabate et al., 2019).
Compressed air from a pump (KnF, Laboport, Legallais) was purified
by passing through an activated charcoal filter and humidified via a
conical glass flask containing distilled water. Air was pushed into two
flow metres at 60 ml/min. The air then passed through two polyester
(Nalophan) bags (38 cm high x 25 cm wide, cooking bag, Chevalier
Diffusion-F33890 Pessac sur Dordogne, Belgium) containing the
odour sources then into each arm of the olfactometer. The cut leaves
of C. citratus or whole plants of T. minuta (the pots were covered with
aluminium foil) were placed in the polyester (Nalophan) bag, and the
bag closed tightly. The compounds tested were enclosed alone or
with the plant in the bag as an odour source. The olfactory responses
of male and female M. sjostedti were tested on (a) freshly cut leaves
of C. citratus (1 g) versus clean air; (b) old cut leaves (1 g) of C. citratus
versus clean air; (c) vegetative T. minuta versus clean air; (d) flowering
T. minuta versus clean air; (e) freshly cut leaves of C. citratus + open
cowpea flower versus open cowpea flower alone; (f) old cut leaves of
C. citratus + open cowpea flower versus open cowpea flower alone;
(g) vegetative T. minuta + open cowpea flower versus open cowpea
flower alone; and (h) flowering T. minuta + open cowpea flower ver-
sus open cowpea flower alone. An individual (male or female) thrips
was placed at the stem inlet of the Y-tube with a soft hair brush and
allowed to choose one of the arms for a maximum of 3 min. A re-
sponse was recorded if the insect walked into either of the short
Y-tube arms within the allocated time. An insect that did not choose
either of the arms within 3 min was recorded as non-responsive.
The Y-tube olfactometer was cleaned with 70% ethanol after the
passage of each thrips to remove possible traces of pheromones or
contaminants. The ethanol in the Y-tube was left to evaporate for
60 s at ambient temperature between each insect tested. To avoid
any bias, the Y-tube was alternated, and odour sources were con-
nected to the opposite arm after every five male and female thrips
tested, while the respective plant materials were replaced after 10
males and females were tested. Sixty male and female thrips were
tested per treatment. Every day, at the end of the bioassays, the Y-
tube was cleaned with 70% alcohol, then rinsed with distilled water
and baked overnight in an oven at 100°C. The Nalophan bags were
baked overnight at 100°C.

2.4 | Collection of volatiles

Volatiles were collected from T. minuta at either the vegetative or the
flowering stage and from 1 g of cut fresh and old leaves of C. citratus
with Super Q (30 mg, Analytical Research System) adsorbent traps.
Traps were pre-cleaned with 2 ml of hexane (Sigma-Aldrich) and 2 ml
of dichloromethane (Sigma-Aldrich) to remove contaminants and
then dried in a nitrogen stream. Four replicates were performed for
each treatment. Individual plant material was enclosed in a Nalophan
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bag for 4 hr. The air provided by a pump was purified in activated
charcoal, then passed into the bag at a flow rate of 300 ml/min and
pulled out through an adsorbent Super Q trap at 200 ml/min. The
difference in flow rates prevented unfiltered air from entering the
system (Webster et al., 2008). After volatile collection, the Super Q
trap was eluted with 150 pl of dichloromethane, and then, 30 ng/ul
of 2-hexadecanol was added to the eluate as an internal standard.
Volatile collection was also done from empty oven bags under the
same conditions to serve as a negative control. Samples were either

analysed immediately or stored at —~80°C until use.

2.5 | Analysis of volatiles

Volatiles were analysed using an Agilent Technologies 7890A
gas chromatograph equipped with an HP-5 MS capillary column
(30 m x 0.25 mm ID x 0.25 um film thickness) (J & W Scientific)
coupled to a 5975C mass spectrometer. A 1-ul aliquot of each elu-
ate was analysed in the splitless mode using helium as a carrier gas
at a flow rate of 1.2 ml/min. The oven temperature was held at
35°C for 5 min after injection of the sample, then programmed to
increase at 10°C/min to 280°C and maintained at this temperature
for 5.5 min. Spectra were recorded at 70 eV in the electron impact
(El) ionization mode. Compounds were identified by comparing the
mass spectra data with library data: Adams2 terpenoid/natural
product library (Adams, 1995) and National Institute of Standards
and Technology (NIST, 2008) (MSD ChemStation F.01.00.1903, MS
HP). The retention times of some compounds and mass spectra
were compared to those of authentic standards ((Z)-3-hexenyl ac-
etate, nerol, neral, geraniol, geranial, (Z)-p-ocimene, (E)-s-ocimene,
limonene, dihydrotagetone, a-pinene and linalool). The retention
indices of compounds were calculated relative to n-alkane stand-
ards (C8-30).

2.6 | Chemicals

The synthetic standards, including myrcene (purity = 95%), limonene
(purity 96%), ocimene mixture (purity > 90%), nerol (purity 98%), ge-
raniol (purity 98%) and citral (geranial, neral) (purity 95%), were pur-
chased from Sigma-Aldrich, France. Dihydrotagetone was purchased
from Santa Cruz Biotechnology, France. Hexane (purity > 95%), di-
chloromethane (purity > 99%) and 2-hexadecanol (purity 99%) were
purchased from Sigma-Aldrich, UK. Ethanol (purity > 99.8%) was

purchased from Sigma-Aldrich, Germany.

2.7 | Olfactory assay with synthetic standards

We used the same Y-tube olfactometer assay (as described above),
to evaluate the repellent effect of major compounds identified in
the volatiles from T. minuta and C. citratus. The compounds were
tested either alone or in blends at a concentration of 1% (v/v) in
dichloromethane. The blend was formulated to simulate the ratio
corresponding to the natural ratio occurring in the plants. The
synthetic blend of C. citratus contained citral, myrcene, geraniol
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and nerol in a ratio of 39:21:8:1, respectively. The blend of vege-
tative T. minuta included dihydrotagetone, (Z)-3-hexenyl acetate,
limonene and (Z)-#-ocimene in a ratio of 4:3:1:1, respectively. A
50-pl aliquot of each compound or blend was deposited on a fil-
ter paper and left for 30 s at 25 + 1°C to allow the solvent to
evaporate. Filter papers were placed in Polyester (Nalophan) bags
connected to the olfactometer arms via PTFE tubing. The nega-
tive control consisted of 50 pl dichloromethane only. We tested
each compound or blend versus control (solvent) and their com-
binations versus cowpea flower alone. The 10 treatments tested
with compounds from cut leaves of C. citratus were as follows: (a)
myrcene versus control; (b) nerol versus control, (c) citral versus
control; (d) geraniol versus control; (e) blend versus control; (f)
myrcene + cowpea flower versus cowpea flower; (g) nerol + cow-
pea flower versus cowpea flower; (h) citral + cowpea flower ver-
sus cowpea flower; (i) geraniol + cowpea flower versus cowpea
flower; and (j) blend + cowpea flower versus cowpea flower. The
11 treatments tested with compounds from T. minuta were as fol-
lows: (a) (+)(R)-limonene versus control; (b) (+)(S)-limonene versus
control; (c) ocimene versus control; (d) (Z)-3-hexenyl acetate ver-
sus control; (e) dihydrotagetone versus control; (f) blend versus
control; (g) limonene + cowpea flower versus cowpea flower; (h)
ocimene + cowpea flower versus cowpea flower; (i) (Z)-3-hexenyl
acetate + cowpea flower versus cowpea flower; (j) dihydrotage-
tone + cowpea flower versus cowpea flower; and (k) blend + cow-
pea flower versus cowpea flower. The filter papers were replaced
every 60 min. Individual female thrips tested represented a rep-
licate, and each treatment was complete after 60 females were
tested.

(@)

48.3% 51.7%
Clean air [
28.3% 71.7%
Fresh cut leaves C. citratus sk | |
51.7% 48.3%
Old cut leaves C. citratus [ ]
49.1% 50.9%

Cowpea flower
Fresh cut leaves C. citratus + cowpea flower

Old cut leaves C. citratus + cowpea flower

100 50 0

50

% response of M. sjostedti female

(b) 49.2% 50.8%
Clean air | ]
23.3% 76.7%
Fresh cut leaves C. citratus ~ #%x ]
47.5% 52.5%
Old cut leaves C. citratus | |
48.3% 51.7%
Cowpea flower
39.6% 60.4%
Fresh cut leaves C. citratus + cowpea flower
100 50 0 50

% response of M. sjostedti male

2.8 | Statistical analysis

Frequency count data from the olfactometer assays were subjected
to a chi-square (;(2) goodness-of-fit test to evaluate the percent-
age of M. sjostedti which made a choice between the two odours
tested. The null hypothesis was that thrips had 50:50 distributions
across the two arms of the olfactometer. A non-parametric Mann-
Whitney-Wilcoxon test was used to analyse differences in the emis-
sion of volatiles between vegetative and flowering T. minuta plants
and fresh and old leaves of C. citratus. Principal component analysis
(packages “ade4” (Dray & Dufour, 2007)) was used to show the re-
lationship between the fresh and old cut leaves of C. citratus and
vegetative and flowering T. minuta plants based on the emission of
volatile compounds using a graphical approach. All data analyses

were implemented in R (R-Development-Core-Team, 2018).

3 | RESULTS
3.1 | Behavioural response of M. sjostedti to
C. citratus and T. minuta

Male and female M. sjostedti were significantly repelled by the vola-
tiles from freshly cut leaves of C. citratus relative to clean air (male:
4% =14.51, df = 1, p < 0.001; female: 4% = 11.26, df = 1, p < 0.001)
(Figure 1 a). However, no repellent effect was observed with old cut
leaves (p > 0.05). More female M. sjostedti were repelled by cow-
pea flower combined with freshly cut leaves of C. citratus compared
to cowpea flower alone (;(2 = 6.81, df = 1, p < 0.01). For males, no

significant difference in effect was observed between cowpea

n p-value
60 0.79 Clean air
60  <0.001 Clean air
60 0.79 Clean air
57 0.79  Cowpea flower
53 <0.01 Cowpea flower
58 0.59  Cowpea flower
100
n p-value
59 0.79 Clean air
60 <0.001  Clean air FIGURE 1 Percentage (%) responses of
a) female and b) male M. sjostedti to freshly
60  0.69  Cleanair and old cut leaves of C. citratus versus
clean air or in combination versus cowpea
58 0.89  Cowpea flower flower alone in a Y-tube olfactometer.
n = total number of insects which
53 0.13  Cowpea flower responded per treatment. Significance
levels of chi-square tests are indicated
100 by *p < 0.05, **p < 0.01, ***p < 0.001, (2

goodness-of-fit test)
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FIGURE 2 Percentage (%) responses n p-value
of a) female and b) male M. sjostedti to (@ . 48.3% 51.7%
. . ; Clean air | J 60 0.79 Clean air
vegetative and flowering T. minuta versus 63.3%
. . s 36.7% 3%
clean air or in combination versus cowpea Vegetative T minuta W < 0 0.03 Clean air
flower alone in a Y-tube olfactometer. ‘ . 48.3% 51.7%
n = total number of insects which Flowering T minuta [ ] 60 0.79 Clean air
responded per treatment. Significance 49.1% 50.9%
. . Cowpea flower 57 0.79  Cowpea flower
levels of chi-square tests are indicated by
2 .
*p < 0.05, **p < 0.01, (y“goodness-of-fit Vegetative T. minuta + cowpea flower 54 <0.01 Cowpea flower
test)
Flowering T. minuta + cowpea flower 51 <0.01 Cowpea flower
100 50 0 50 100
% response of M. sjostedlti female
n p-value
49.2% 50.8Y% .
(b) Cleain air [ —AL‘ 59 0.79 Clean air
38.6% 61.4%
Vegetative T. minuta 58 0.18 Clean air
55.2% 44.8% )
Flowering 7. minuta [ | 58 0.43 Clean air
48.3% 51.7%
Cowpea flower 58 0.89 Cowpea flower
Vegetative T. minuta + Cowpea flower 58 0.20 Cowpea flower
Flowering T. minuta + Cowpea flower 58 029  Cowpea flower
50 0 50 100

flower combined with fresh cut leaves versus cowpea flower alone
(#?=2.28,df = 1, p = 0.13) (Figure 1 b).

Vegetative T. minuta repelled more females relative to clean air
(female: ;(2 =4.26,df = 1, p = 0.03) but the males were not repelled
(#? = 1.72, df = 1, p = 0.18) (Figure 2 a). Flowering T. minuta had no
significant attractive/repellent effect on either females or males.
More female M. sjostedti were repelled by cowpea flower combined
either with vegetative T. minuta (;(2 =7.69,df =1, p <0.01) or flower-
ing T. minuta (;(2 =7.07,df =1, p < 0.01) compared to cowpea flower
alone. A combination of cowpea flower and marigold either at vege-
tative or flowering stage had no significant effect on males (vegeta-
tive: 2 = 1.61, df = 1, p = 0.20, flowering: y> = 1.10,df = 1, p = 0.29)
(Figure 2 b).

3.2 | Analysis of volatiles

Chemical analysis of volatiles collected from the cut leaves of C. cit-
ratus and T. minuta plants revealed 54 compounds (Tables 1 and 2).
A total of 30 compounds were identified in fresh and old cut leaves
of C. citratus: 16 monoterpenoids, 5 sesquiterpenoids, 3 aldehydes,
2 esters, 2 ketones, 1 benzenoid and 1 alcohol (Table 1). Among
the compounds, the abundance of (Z)-3-hexenal, (Z)-3-hexenol,
(Z)-p-ocimene, (E)-B-ocimene, (E)-isocitral, neral, geraniol and gera-
nial in C. citratus was significantly higher in freshly cut leaves than
in old cut leaves (W = 16, p = 0.028). Conversely, the myrcene was
higher in old cut leaves than in freshly cut leaves (W = 16, p = 0.028).
Some minor compounds such as (E)-2-hexenal, heptanal, 6,7-epoxy-
myrcene, (Z)-isocitral, geranyl acetate, butylated hydroxytoluene

% response of M. sjostedti male

and p-sesquiphellandrene were not detected in old leaves. The PCA
explained 85.1% of the total variance, 67.4% of the explanation on
the horizontal axis (PC1) and 17.7% on the vertical axis (PC2). The
correlation above 0.9 was deemed important, and the compounds
(Z)-2-hexenal, (Z)-3-hexenol, (Z)-p-ocimene, (E)-p-ocimene, (E)-isoci-
tral, nerol, neral, geranial, myrcene, a-pinene, limonene, (Z)-linalool
oxide, 6,7-epoxymyrcene, 2-undecanone, (E)-caryophyllene, (Z)-p-
farnesene, a-humulene, 2-tridecanone and pg-sesquiphellandrene
were most strongly correlated with the first component and contrib-
uted the most to the separation of fresh and old cut leaves of C. cita-
tus. However, the values of compounds were not strongly correlated
with the second principal component (Table 1).

A total of 24 compounds were identified in the vegetative and
flowering T. minuta: 9 monoterpenoids, 5 ketones, 5 sesquiter-
penoids, 3 esters and 1 aldehyde and 1 alcohol (Table 2). The five
most abundant compounds were dihydrotagetone, (Z)-3-hexenyl
acetate, limonene, (Z)--ocimene and (Z)-tagetone at both pheno-
logical stages of T. minuta. (Z)-3-Hexenyl acetate was significantly
more abundant in the vegetative T. minuta than in T. minuta with
flowers (W =1, p = 0.057). Conversely, the emission of (Z)--ocimene
(W =16, p = 0.028), (E)-tagetone (W = 12, p = 0.043), ethyl 2-meth-
ylbutanoate (W = 15, p = 0.059) and bicyclogermacrene (W = 15,
p = 0.057) was significantly higher in flowering than in vegetative
T. minuta (W = 16, p = 0.028). The PC1 on the horizontal axis ex-
plained 66.7% of the total variance while PC2 on the vertical axis
explained 13.9%. The loadings indicated a greater contribution of
a-pinene, camphene, sabinene, myrcene, limonene, (Z)-f-ocimene,
(Z)-epoxy-ocimene and (Z)-tagetone to the first component relative
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FIGURE 3 Percentage (%) responses
of M. sjostedti female to major compounds
of freshly cut leaves of C. citratus in a
Y-tube olfactometer. (a) Each compound
or blend (citral, myrcene, geraniol, nerol)
versus control (solvent) and (b) each
compound or blend (citral, myrcene,
geraniol, nerol) + cowpea flower versus
cowpea flower alone. The compounds
tested in the Y-tube olfactometer

were diluted in dichloromethane at a
concentration of 1%. n = total number of
insects which responded per treatment.
Significance levels of y? tests are indicated
by *p < 0.05, **p < 0.01, (4 goodness-of-
fit test)

FIGURE 4 Percentage (%) responses
of female M. sjostedti to major compounds
of vegetative T. minuta in a Y-tube
olfactometer. (a) Each compound or

blend (dihydrotagetone, (Z)-3-hexenyl
acetate, limonene and (Z)-$-ocimene)
versus control (solvent) and (b) each
compound or blend (dihydrotagetone,
(Z)-3-hexenyl acetate, limonene and (Z)-p-
ocimene) + cowpea flower versus cowpea
flower alone. The compounds tested in
the Y-tube olfactometer were diluted in
dichloromethane at a concentration of
1%. n = total number of insects which
responded per treatment. Significance
levels of chi-square tests are indicated by
*p < 0.05, **p < 0.01, (2 goodness-of-fit
test)
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to the second component, thus separating the vegetative and flow-

ering stages of T. minuta (Table 2).

3.3 | Behavioural response of M. sjostedti to
synthetic standards

Among the five major monoterpenoids (geranial, myrcene, neral,
geraniol and nerol) identified in the cut leaves of C. citratus, only
citral showed a repellent effect on female M. sjostedti relative to
control (;(2 =7.36,df =1, p < 0.01) (Figure 3a). The blend of these
five monoterpenoids was not repellent (y? = 0.69, df = 1, p = 0.40).
Interestingly, the combination of myrcene and cowpea flower was
preferred by female M. sjostedti to cowpea flower alone (;(2 = 5.89,
df = 1, p = 0.01). Female M. sjostedti could not distinguish cowpea
flower combined with either nerol, citral, geraniol or a blend of these
compounds from cowpea flower alone (Figure 3b).

Among the four major compounds (dihydrotagetone, (Z)-3-
hexenyl acetate, limonene and (Z)-p-ocimene) of T. minuta tested,
dihydrotagetone was the only one that elicited significant be-
havioural response. Surprisingly, dihydrotagetone was an attrac-
tant to female M. sjostedti relative to control (;{2 =736, df =1,
p < 0.01) (Figure 4a). However, female M. sjostedti were repelled
by the blend of the four compounds relative to clean air (;{2 =6.75,
df =1, p <0.01) or repelled by the combination of blend + cowpea
flower relative to cowpea flower alone (;(2 =6.56,df =1,p =0.01)
(Figure 4b).

4 | DISCUSSION

Results from the current study show that volatiles from T. minuta
and from freshly cut leaves of C. citratus were repellent to female
M. sjostedti. Evidence of the repellent effect of extracts and essential
oils from both plants on several insects, including thrips, has been
reported in previous work (Abtew et al., 2015; Cornelius & Wycliffe,
2016). In our study, male and female thrips were repelled by the vol-
atiles from freshly cut leaves, but old cut leaves were not repellent
to either males or females. In a previous study, Abtew et al. (2015)
reported the repellent effect of C. citratus extract on female M. sjost-
edtiin a vertical olfactometer. However, the authors did not test the
repellent effect of C. citratus extract on male M. sjostedti. In the pre-
sent study, the male M. sjsotedti were not repelled by the combina-
tion of cowpea flower and freshly cut leaves of C. citratus; therefore,
an experiment on the combination with old cut leaves of C. citratus
was not conducted. In addition, the major compounds from C. citra-
tus were not tested alone or combined with cowpea flower on the
male M. sjostedti. In our previous study, among four cowpea culti-
vars tested on the male and female M. sjostedti, only the flowers of
cowpea var. Ken Kunde 1 were attractive to the female thrips while
the males were not attracted to the cowpea volatiles (Diabate et al.,
2019). The cowpea volatiles did not attract the males, and thus, the
repellent or masking effect of major compounds of C. citratus with
cowpea flower was not tested on the males.

|
| ourat oF APPLIED ENTomoLocy SRRV DI A%

PCA analysisindicated a difference in the profiles of volatile emis-
sions between the fresh and old cut leaves of C. citratus. The absence
of response in both male and female M. sjostedti to the old cut leaves
could be due to the decrease in the abundance of (Z)-3-hexenal, (Z)-3-
hexenol, (Z)-p-ocimene, (E)-p-ocimene, (E)-isocitral, neral, geraniol
and geranial, and/or the absence of certain volatile compounds such
as (E)-2-hexenal, heptanal, 6,7-epoxymyrcene, (Z) isocitral, geranyl
acetate, butylated hydroxytoluene and - sesquiphellandrene in the
leaves. In the olfactory tests, citral (neral + geranial) was repellent to
females compared to clean air. These results suggest that citral, and
particularly neral, is involved in the repellence of C. citratus leaves to
M. sjostedti. Abtew (2015) reported that citral was a good repellent
for M. sjostedti larvae. However, in combination with cowpea flower
var. Ken Kunde 1, citral was not repellent. The background plant
volatiles can affect the behavioural response of thrips to the com-
pound (Koschier, Nielsen, Spangl, Davidson, & Teulon, 2017). For
example, salicylaldehyde, a repellent compound of western flower
thrips, Frankliniella occidentalis Pergande (Thysanoptera: Thripidae),
elicited a neutral response in F. occidentalis when it was combined
with flowering chrysanthemums, Chrysanthemum morifolium Ramat
(host plant) versus flowering chrysanthemums without compound
in Y-tube olfactory tests (Koschier et al., 2017). The neutral response
of M. sjostedti to the old leaves of C. citratus may be due to the de-
cline in amounts of neral in the old leaves. On the one hand, the
abundance of myrcene in the old cut leaves may explain the decline
in repellence of M. sjostedti. In fact, in our assays, myrcene tested
alone was not repellent to females. On the other hand, the blend of
myrcene and cowpea flower volatiles attracted females. The abun-
dance of myrcene in the volatiles may contribute to the attraction
of M. sjostedti and could indicate a suitable resource for feeding or
egg-laying. Additionally, myrcene appears to enhance the attrac-
tion of cowpea flowers for female M. sjostedti. Alone, the volatiles
emitted by a non-host plant may have no effect, but in combination,
they may enhance the response of insects to the host plant. The
background odours may (a) mask the odour source, (b) enhance the
insect's responses to the odour source or (c) have no effect on the
odour source (Schréder & Hilker, 2008).

The absence of a response by female M. sjostedti to the blend
of major compounds of C. citratus suggests that minor compounds
may also contribute to the repellent effect of the plant volatiles. For
example, (E)-2-hexenal was repellent to M. sjostedti females in olfac-
tory tests (Diabate et al., 2019). According to Hummelbrunner and
Isman (2001) the low concentrations of minor compounds present
in plant volatiles may act as synergists, enhancing the effectiveness
of the major compounds through a variety of mechanisms. The ef-
fect of interactions between minor and major compounds on the be-
havioural response of M. sjostedti needs further investigation.

Female M. sjostedti were repelled by cowpea flower combined
with freshly cut leaves of C. citratus relative to the cowpea flower
alone. These results suggest that the volatile emitted by fresh cut
leaves of C. citratus reduces the attractiveness of the cowpea flower
to female M. sjostedti. The efficacity of volatiles from C. citratus in
controlling insect pests has been demonstrated in the field. For
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example, the volatiles from C. citratus intercropped with eggplant,
Solanum melongena L, reduced the infestation of moth Leucinodes
orbonalis Guenee in eggplant plants (Calumpang, Bayot, Vargas,
Ebuenga, & Gonzales, 2013).

In our study, female M. sjostedti were repelled by vegetative
T. minuta but not the flowering T. minuta while males were not
attracted/repelled by T. minuta volatiles. The differential re-
sponses of male and female Ceratitis capitata Wiedemann insects
to the volatiles from T. minuta have also been reported by Lépez
et al. (2011): in a Y-tube olfactometer, T. minuta oil was attractive
to C. capitata males but females avoided the oil. Male and female
thrips sometimes show different levels of response to plant odours
(Cao et al., 2017). For instance, in olfactory tests of F. occidentalis
to odours from six vegetable plants (cabbage, lettuce, cucumber,
eggplant, celery and garlic), females were attracted to the volatiles
from undamaged or damaged cabbage, lettuce, cucumber and egg-
plant, while the males were attracted to volatiles from undamaged
lettuce and eggplant, and damaged cucumber (Cao, Zhi, Cong, &
Margolies, 2014). In our study, female M. sjostedti seemed to be
more susceptible to the plant volatiles than the males. On the
other hand, the phenological stage may also affect the attraction of
female M. sjostedti to T. minuta plants. PCA showed that the volatile
profile of T. minuta differed in the vegetative and flowering stages.
The compounds (Z)-g-ocimene, (E)-tagetone, ethyl 2-methylbu-
tanoate and bicyclogermacrene were abundant during flowering
while (Z)-3-hexenyl acetate was abundant in the vegetative stage
of T. minuta. (Z)-3-Hexenyl acetate is one of the green leaf vola-
tiles (GLVs) which are typically released by plants immediately after
wounding or stress (Scala, Allmann, Mirabella, Haring, & Schuurink,
2013). (Z2)-p-Ocimene and (Z)-3-hexenyl acetate were two of the
major compounds of T. minuta, and their individual assays in a Y-tube
olfactometer did not elicit a behavioural response from the female
M. sjostedti compared to clean air. However, when the four major
compounds ((Z)-p-ocimene, (Z)-3-hexenyl acetate, dihydrotagetone
and limonene) were combined in the same ratio of volatiles released
by the vegetative stage of T. minuta, female M. sjostedti were re-
pelled by the synthetic blend. The repellent effect of the vegeta-
tive T. minuta may be due to the synergistic effect of four major
compounds. However, (Z)-tagetone, a major compound of T. minuta,
was not commercially available, so it was not included in the bioas-
says. Insects use the appropriate blend composition with species-
specific ratios of different compounds to recognize a host plant
(Bruce, Wadhams, & Woodcock, 2005; Webster, 2012). Webster,
Bruce, Pickett, and Hardie (2010) showed that the blend of host
plant odours was attractive to the black bean aphid, Aphis fabae
Scopoli, whereas individual volatile constituents repelled them.
Further investigation needs to be performed for more clarification
of synergistic effects (binary/ternary/quaternary and other combi-
nations) of the compounds.

The combination of flowering T. minuta with open cowpea
flowers was repellent to female M. sjostedti. This suggests that
flowering T. minuta volatiles interfere with M. sjostedti orienta-
tion towards cowpea flowers. Dardouri, Gautier, Costagliola, and

Gomez (2017) showed that the flowering stage of Tagetes patula L.
had no repellent effect on Myzus persicae Sulzer aphids. However,
when the odours of pepper and T. patula plants were mixed and
compared to pepper odours alone, aphids showed a significant
preference for the host pepper plant. Hence, a mixture of volatiles
from cowpea flower and flowering T. minuta may affect the attrac-
tion of female M. sjostedti.

Dihydrotagetone was the main compound identified in the vol-
atiles released by the vegetative and flowering stages of T. minuta.
Tested individually, dihydrotagetone elicited an attractive response
from female M. sjostedti. These results indicate that this com-
pound was not involved in the repellence of the vegetative stage of
T. minuta to female M. sjostedti. We can assume that the attraction of
dihydrotagetone was masked by the other major compounds in the
vegetative stage. Numerous studies have documented the attraction
of thrips to several compounds from floral scents (Koschier, 2006).
For example, p-anisaldehyde, a common flower volatile component,
attracts F. occidentalis (Koschier et al., 2000). Dihydrotagetone was
present at different concentrations in flowering and vegetative
stages of T. minuta. In-depth investigations of the mechanism in-
volved in the repellent effect of M. sjostedti in different concentra-
tions could advance our understanding of thrip behaviour.

In the present study, after observing the repellent effect of both
plants to female thrips, we expected to record a repellent effect of
the major compounds in these herbal plants, tested individually or
in a blend in the natural ratio. However, we found that citral alone
and the blend of major compounds of vegetative T. minuta alone or
in combination with cowpea flower (attractant) were repellent to fe-
male M. sjostedti. Surprisingly, we found new attractant compounds
(dihydrotagetone, myrcene) for females of M. sjostedti.

To conclude, this study has shown that volatiles from freshly cut
leaves of C. citratus repelled males and females of M. sjostedti but
old cut leaves did not. The freshly cut leaves of C. citratus combined
with cowpea flower repelled female M. sjostedti. Female M. sjostedti
were repelled by the volatiles from the vegetative stage of T. minuta
and repelled by cowpea flower combined with either vegetative or
flowering T. minuta. Conversely, the behavioural response of males
was not affected by any odour from the two phenological stages
of T. minuta. Citral, a major compound of C. citratus, and the blend
of major compounds (dihydrotagetone, (Z)-3-hexenyl acetate, limo-
nene and (Z)-p-ocimene) from vegetative T. minuta were repellent
to females. Dihydrotagetone alone and myrcene combined with
cowpea flower attracted the female M. sjostedti. Finally, this study
identified and characterized two repellent companion plants for
M. sjostedti that can be used in pest management. After further
investigation, the blend of major compounds of T. minuta could be
used as a repellent with a diffuser in the field. T. minuta plant and the
freshly cut leaves of C. citratus could be used to control M. sjostedti
in the field. Further studies are needed to investigate the repellent
effect of both plants and their arrangement in intercropping. The
exact repellence duration of the cut leaves on M. sjostedti should be
investigated in a further study, because this effect may pose a major
obstacle to the practical application of C. citratus.
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