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Abstract

Background The fall armyworm (FAW), Spodoptera frugiperda, is a devastating invasive pest and a threat to food
security in Africa, with yield losses of 20-50%. Recent studies highlighted the importance of cereal crops such

as maize and sorghum as the most preferred host plants for FAW oviposition. In the current work, we investigated

the olfactory responses of FAW and its key larval endoparasitoid Cotesia icipe to odours from the preferred host (maize)
in the presence of six potential companion crops including beans, groundnut, sweet potato, greenleaf- and silverleaf
desmodium, and cassava. We hypothesized that odours released by companion crops in maize-based intercropping
systems would alter host preferences of FAW for oviposition and its parasitoid responses.

Results In dual choice oviposition bioassays, FAW laid significantly more eggs on maize than on the other plants.
However, in the multiple-choice bioassays, significantly fewer eggs were laid on maize when companion plants
were present except cassava. While wind tunnel bioassays confirmed the differential behavioural responses

of FAW, we found that its larval endoparasitoid C. icipe was attracted to volatiles from the companion plants
tested individually and/or when they were combined with maize. Coupled gas chromatography—-mass spec-
trometry (GC-MS) analysis detected several potential behaviour-modifying compounds including (2)-3-hexeny!
acetate, (F)-B-ocimene, (F)-4,8-dimethyl-1,3,7-nonatriene, (F)-B-caryophyllene, camphor, methyl salicylate and (£,
F)-4,8,12-trimethyl-1,3,7,11-tridecatetraene.

Conclusions Our findings provide evidence supporting diversified maize cropping system could reduce FAW dam-
age by repelling the pest while simultaneously recruiting its natural enemies. Hence, diversifying cereal cropping
system with companion crops could serve as an ecologically sustainable FAW management strategy.
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Background

The fall armyworm (FAW), Spodoptera frugiperda (].E.
Smith) (Lepidoptera: Noctuidae), is a generalist and
invasive noxious pest native to tropical and subtropical
regions of the Americas [1]. The FAW has been recorded
in over 350 host plants belonging to several plant fami-
lies, although it prefers grasses [2, 3]. In 2016, the FAW
was first reported in West and Central Africa [4, 5], from
where it spread very quickly across the continent and
currently the pest is present in over 45 African countries
[6-8]. FAW has further spread to other regions of the

world reaching Asia in January 2019 and subsequently
to Korea, Japan, and other countries in Oceania and the
Middle East by 2021 [8].

FAW has become a serious threat to food security in
the continent due to its substantial damage on staple
food crops especially maize (Zea mays L.). For exam-
ple, estimates from 12 African countries showed that
FAW can cause annually maize losses of 8.3-20.6 mil-
lion metric tonnes, equivalent to $2.5-6.2 billion, and
enough to feed 40-100 million people [9]. In Kenya,
FAW causes yield loss of about a third of the annual
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maize production, estimated at 1 million tonnes [10].
Emergency responses to counter the rapid spread and
damage by FAW relied on extensive application of
chemical pesticides [9, 11]. However, such approaches
may have several undesirable consequences, such as
development of insecticide resistance, environmental
pollution and health-related risks [6, 12]. In addition,
most smallholder maize farmers in Africa cannot afford
the costs of repeated insecticide applications [13].
Hence, there is an urgent need to develop ecologically
sustainable and cost-effective FAW management strat-
egies suitable to African smallholder farming systems.

Increasing vegetation diversity through intercrop-
ping has been shown to suppress insect pest infesta-
tion, enhance naturally occurring pest enemies and
lessen crop damage [14, 15]. Moreover, intercropping
influences the rate at which the insect pest immigrates
into a crop field and its population dynamics within the
field [16, 17]. Smallholder farmers in Africa commonly
intercrop maize with other crop species to reduce
insect pest damage while enhancing crop productivity
[18]. Several studies have reported reduced FAW infes-
tation in diversified cropping systems, where maize
fields are intercropped with cowpea, beans, soya bean,
pigeon pea, groundnut, canavalia and desmodium [1,
16, 19-26]. A notable example is the push—pull crop-
ping system, which involves use of pest repellent inter-
crop and an attractive trap plant [27]. A recent study
confirmed that a reduced FAW infestation in the push—
pull cropping system is due to insect pest repellent
volatile organic compounds (VOCs) emitted by desmo-
dium intercrops [28].

On the other hand, there have been cases of contrasting
findings [7, 29, 30]. For example, field studies carried out
in Cuba showed lower FAW infestations on maize fields
intercropped with pumpkin compared to maize alone
[30]. In contrast, Baudron et al. [7] reported increased
FAW damage on maize crop intercropped with pump-
kin in Eastern Zimbabwe [7]. Different factors including
natural enemy abundance, variation in the ecosystems,
and agronomic practices employed by respective farm-
ers could contribute to the contrasting results. How-
ever, several studies from FAW native region of tropical
and subtropical America have demonstrated that the
combined use of diversified cropping system and natu-
ral enemies could maintain FAW populations at signifi-
cantly low level for smallholder farmers [31]. Thus, the
effectiveness of diversified cropping systems in mitigating
FAW damage could be enhanced by selecting appropriate
crop mixtures as well as better understanding the kind of
tritrophic interactions between crops, pest and its nat-
ural enemies. Moreover, better insight into the ecologi-
cal interactions and the underpinning mechanisms are
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crucial for the success of adopting crop diversification as
an appropriate pest management strategy.

Recent studies from our laboratory demonstrated that
FAW exhibited divergent ovipositional preferences when
presented with different host plants [3]. Our current
work extends that of our previous findings and investi-
gates olfactory responses of FAW and its key larval endo-
parasitoid, Cotesia icipe Fernandez-Triana and Fiaboe
(Hymenoptera: Braconidae), to diverse companion food
crops commonly used in a maize-based intercropping
system. We tested the hypothesis that odours released by
companion crops in maize-based intercropping systems
could alter FAW ovipositional responses and host find-
ing in its larval endoparasitiod C. icipe. To achieve this,
we: (i) compared the oviposition responses of FAW to
maize with and without six potential companion plants
including beans (Phaseolus vulgaris L.), groundnut (Ara-
chis hypogaea L.), sweet potato (Ilpomoea batatas (L.)
Lam.), greenleaf desmodium (Desmodium intortum
(Mill.) Urb.), silverleaf desmodium (Desmodium uncina-
tum (Jacq.) DC.), cassava (Manihot esculenta Crantz) and
millet (Panicum miliaceum L.); (ii) assessed the role of
olfaction in FAW responses and that of its endoparasitoid
C. icipe; and (iii) used gas chromatography—mass spec-
trometry (GC—MS) to compare and identify the potential
discriminant and behavior-modifying companion plant
volatiles.

Methods

Plants

The experimental plants, including maize (Z. mays), variety
“SC Duma 43’, bean (P, vulgaris), groundnut (A. hypogaea),
sweet potato (L. batatas), cassava (M. esculenta), greenleaf
desmodium (D. intortum), silverleaf desmodium (D. unci-
natum) and millet (P miliaceum L.) were obtained from
Simlaw Seeds Company, Kenya and the nursery plots of
the International Centre of Insect Physiology and Ecol-
ogy (icipe), Nairobi, Kenya [01°13"25.6”S 036°53"49.1”E,
1616 m above sea level (masl)]. The experimental plants
were grown individually in plastic pots (4 L) filled with soil
and organic manure mixed at a 2:1 ratio inside an insect-
proof screen house. All plants were grown under natural
conditions (25+2 °C, 65+5% RH; 12 L:12 D photoperiod)
and were used in the experiments after 3—4 weeks from
the date of planting.

Insects

FAW larvae used in our study were obtained from ici-
pe’s Animal Rearing and Quarantine Unit (ARQU).
The initial insect colony at ARQU was established with
specimens collected from FAW infested maize fields
in Mbeere (00°42°25.1”S 037°2970.14”E, 1091 masl),
Embu County, Kenya. The larvae were reared on a
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natural diet in ventilated sleeved transparent Perspex
cages (60x60x60 cm). The bottom of the cage was
lined with a paper towel to absorb excess moisture and
provide an environment for pupation. The larvae were
fed with young maize leaves that were changed and
replaced with fresh ones every 2—3 days and allowed to
pupate inside the same containers. Pupae were trans-
ferred into plastic containers (10 mm diameter X 50 mm
height) lined with cotton wool inside ventilated Per-
spex cages (30x30x30 cm) until adult emergence. The
adults were fed on water and honey mixture (9:1) soaked
in cotton wool. Butter paper was placed inside the cage
as an oviposition substrate for females. Harvested eggs
were placed in 8 L jars with ventilated lids till neonates
emerged. At the 3rd instar stage, larvae were collected
with a camel brush and were transferred into Perspex
cages (60x60x60 cm) and fed with maize leaves until
pupation. Pupae were transferred into Perspex cages as
described above and the process was repeated. The lab-
oratory-reared culture was infused with a field-collected
insect population every 2-3 months to ensure colony
vigour. The endoparasitoid C. icipe were reared on 2nd
instar FAW larvae. The insect cultures were maintained
at 25+2 °C, 50-70% RH, 12L:12D photoperiod.

Oviposition bioassay
Two complementary experiments were conducted to
investigate the oviposition responses of FAW moths
towards test plants in dual and multiple-choice tests fol-
lowing previously described methods by Khan et al. [32],
with some modification.

In Experiment I (Fig. 1A), a dual choice test was car-
ried out using two potted 3-4-week-old seedlings.
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Each test plant was placed in the opposite corners of
the oviposition cage (100X 100X 100 cm) covered with
fine wire mesh netting. A wad of cotton wool (10 cm
diameter) soaked with a 10% honey solution in a Petri
dish (90X 15 mm) was placed at the centre of each cage
to nourish FAW moths. Thereafter, six gravid FAW
females (2—3 days) were released into each cage before
nightfall and allowed to oviposit overnight under natu-
ral conditions. Seven plant combinations were tested
(Additional file 1: Table S1). The following day (15 h
after release), the experimental plants were removed
and the number of eggs and egg batches on each plant
were counted under a light microscope (Leica EZ4HD,
Leica Microsystems, Schweiz, Switzerland).

In Experiment II (Fig. 1B), FAW oviposition behav-
iour was investigated by setting up assays for different
crop combinations commonly used under maize-based
multiple cropping systems. Potted plants with six dif-
ferent plant combinations (Additional file 1: Table S1),
were placed in the opposite corners of an oviposition
cage (150x150x 150 cm) covered with a fine wire
mesh netting. Ten gravid FAW females (2-3 days) were
released into the cage to oviposit overnight, and a cot-
ton ball saturated with 10% honey solution was placed
in the middle of the cage to serve as food source for the
moths. The eggs and egg batches on each plant were
collected and counted the following day as described
above. All treatments were replicated 10 times.

Wind tunnel bioassay

Behavioural responses of female FAW to volatiles from
maize, millet, cassava, sweet potato, beans, ground-
nut, silverleaf desmodium and greenleaf desmodium
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Fig. 1 Schematic representation of the FAW oviposition bioassay set up (A) dual choice test (B) multiple choice test
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and control (air) were tested individually and in a
combination with maize in a wind tunnel bioassay
(122x32% 32 cm, Analytical Research Systems, Gaines-
ville, USA). The wind tunnel comprised a transparent
glass on an aluminum frame, odour source ports and
exhaust tubes [28]. Bioassays were conducted using
2-3-day-old gravid FAW moths. Newly emerged female
moths were allowed to spend at least two nights in
cages containing male FAW moths to ensure mating and
females with enlarged abdomens carrying fully developed
eggs were selected for the bioassay. Prior to running the
wind tunnel assay, the moths were kept in the bioassay
room for 1 h to acclimatize. Potted live plants were placed
outside the wind tunnel as odour sources for the bioassay
and avoid any visual cues bias. Volatiles from the experi-
mental plants, enclosed with heat sterilized oven bags,
were delivered into the wind tunnel chamber through
the inlet ports at the upwind end of the wind tunnel at
the rate of 300 mL min~'. Gravid FAW moths were gen-
tly introduced individually into the wind tunnel through
a side panel at the downwind end of the tunnel, 100 cm
away from the odour source. The following behavioural
parameters were recorded during a 5 min observation
period: takeoff, wing fanning, walking, upwind flight
(oriented flight to odour source), landing distance and
the number of close visits to the odour source. Odour in
the wind tunnel chamber was continuously exhausted (at
30 cm s7!) out of the bioassay room through polyvinyl
chloride (PVC) pipes fitted to a suction pump (50/60 Hz,
10A). All bioassays were conducted between 18:00 and
22:00 with reduced lighting provided by a red-light bulb
(40 watts), positioned at 30 cm above the wind tunnel to
provide uniform illumination of the wind tunnel. All tests
were replicated 3 times with 20 insects per replicate mak-
ing a total of 60 insects per treatment and each female
was tested only once.

Olfactometer bioassay

Two sets of bioassays were conducted to investigate the
response of C. icipe to constitutive plant-derived volatiles
from maize, cassava, sweet potato, beans, groundnut,
silverleaf desmodium, greenleaf desmodium and solvent
[Dichloromethane (DCM)] control in a Perspex four-arm
olfactometer as described previously by Tamiru et al
[12]. In the first experiment, a choice test compared C.
icipe responses to constitutive volatiles from individual
plants and control (solvent only). In this set up, the choice
test was carried out by placing the test stimuli (10 uL ali-
quots of headspace volatile sample) in one arm, while the
remaining three arms were the same volume of solvent
(DCM) controls. The treatment stimulus was applied to
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a piece of filter paper (4X25 mm) using a micropipette
(Drummond Scientific, Broomall, USA), and allowed to
dry for 30 s, then the filter paper was placed in an inlet
port at the end of each olfactometer arm. Thereafter,
2-3-day-old mated and experienced female C. icipe, i.e.,
exposed to odours from maize leaves damaged by FAW
larvae [28], were transferred individually into the cen-
tral chamber of the olfactometer using a custom-made
piece of glass tubing. Air was drawn through the four
arms towards the centre at 260 mL min~'. Time spent
and number of entries into different olfactometer regions
were recorded and compared using Olfa software (F.
Nazzi, Udine, Italy) for 12 min [33]. The olfactometer was
rotated clockwise by 90° every 3 min to avoid positional
choice bias. In the second experiment, a choice test was
carried out, using a similar set up as described above, to
compare insect responses to a combination of volatiles
from maize with greenleaf desmodium, sweet potato,
beans, cassava, groundnut, silverleaf desmodium against
maize alone and solvent control. The two opposite arms
held the test stimuli, i.e., 10 uL of maize+ 10 puL of com-
panion plants headspace volatiles in one arm and 20 pL
of maize headspace sample in the opposite arm, while the
remaining two arms were blank controls (solvent only).
All tests were replicated 12 times and each female was
tested in the olfactometer bioassay once only.

Collection of volatiles

Headspace volatiles from the experimental plants
(3—4 weeks) were collected using a headspace sampling
technique as described by Tamiru et al. [12]. Volatiles
were collected from the test plants and control for 24 h
starting at the last 2 h of photophase with four repli-
cations. Leaves of the test plants were gently enclosed
inside polyethylene terephthalate (PET) oven bags (vol-
ume 3.2 L, ~ 12.5 mm thickness), heated to 150 °C for
1 h before use, and fitted with Swagelock inlet and out-
let ports. Charcoal-filtered air was passed through the
inlet port at the rate of 500 mL min~!. Volatiles were
trapped on Porapak Q (50 mg, 60/80 mesh; Supelco,
Bellefonte, USA) packed in filters, preconditioned with
dichloromethane before use, and inserted in the outlet
port through which air was drawn at 300 mL min~".
After entrainment, trapped volatiles were eluted with
0.5 mL DCM (analytical grade, Sigma-Aldrich, USA)
into 2 mL sample vials (Agilent Technologies, War-
saw, Poland) and stored inside a freezer (— 80 °C) until
required for bioassay and chemical analysis.

Analyses of volatiles
An aliquot (2 pL) of headspace samples from the experi-
mental plants was analysed using an Agilent 7890A gas
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chromatograph (GC) directly coupled to a mass spec-
trometer (MS) (MSD 5975C triple-axis, Agilent Tech-
nologies, Palo Alto, USA). The GC-MS was equipped
with a non-polar capillary column (HP5-MSI, 30 m
length x0.25 mm i.d.x0.25 pm film thickness) (] & W
Scientific, Folsom, USA). Helium was used as a carrier
gas at a flow rate of 1.2 mL min~". The oven temperature
was maintained at 35 °C for 5 min and then programmed
to increase at 10 °C min~' to a final temperature of
280 °C and held for 10.5 min. The mass selective detec-
tor was maintained at an ion source temperature of
230 °C. Spectra was recorded at an electron impact of
70 eV, and an MS quadrupole temperature was main-
tained at 150 °C. Compounds were identified by com-
paring their mass spectra data with those of authentic
standards, using reference databases (Adams2, Cheme-
col and NIST11) and retention indices of a mixture of
n-alkanes (C8-C23). Tentative GC-MS identification of
compounds was confirmed by co-injection with com-
mercially available authentic standards. Quantification
of the amounts (in nanogram) of identified volatile com-
pounds was achieved using external calibration curves
made from 1000 ng pL~! stock solutions of the selected
identified compounds (Z)-3-hexen-1-ol, a-pinene, (E)-p-
caryophyllene with varying concentrations ranging from
1 to 500 ng/pL. The concentration of compounds was
computed by extrapolating the peak area of the unknown
against those of the known concentration and expressed
in ng/plant/h. All peaks detected in the control (oven
bag) were considered contaminants and, therefore, were
not included in the volatile quantification. Data were
analysed using MSD Chemstation software F.01.00.1903
(Agilent Technologies).

Chemicals

Authentic standards used for quantification and com-
parison of tentative GC-MS identification were
(E)-2-hexenal, (Z)-3-hexen-1-ol, 2-heptanone, 2-hep-
tanol, a-pinene, [-pinene, 1-octen-3-ol, [B-myrcene,
a-phellandrene, p-cymene, limonene, B-phellandrene,
(E)-p-ocimene, terpinolene, linalool, methyl salicylate,
B-elemene, (E)-B-caryophyllene, a-humulene (>95%
purity) were purchased from Sigma-Aldrich. Dichlo-
romethane (99.9% purity) was purchased from Merck
(Darmstadt, Germany).

Statistical analyses

All data analyses were performed using R statistical soft-
ware [v 4.0.4; [34]]. The number of egg batches and eggs
laid in both oviposition bioassays were not normally dis-
tributed (Shapiro—Wilk test: p <0.05). Hence, we used the
Mann-Whitney—Wilcoxon test to analyse the data col-
lected from choice bioassays and subsequent bioassays
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to compare egg deposition between maize (alone) and
maize combined with companion plants. Data on the
behavioural response of female FAW to plant volatiles in
the wind tunnel were analysed using a generalized lin-
ear model (GLM) with logistic regression and a Tukey
post-hoc test. The parameters recorded were insect take-
off, wing fanning, walking and oriented flight to odour
source. Kruskal-Wallis tests followed by Dunn’s post-hoc
tests were used to analyse the data on the distance flown
upwind and the number of visits to the odour source by
the moths to the various treatments.

Cotesa icipe responses in the four-arm olfactom-
eter choice tests were analysed using one-way ANOVA
after converting the time spent data into proportions
to address dependence of visiting time followed by
log,,-ratio transformation to allow the analysis of com-
positional data as described by Tamiru et al. [12] and
Aitchison [35]. Significant means were separated using
Student—Newman—Keuls (SNK) post hoc test (P<0.05).
The concentrations of volatile compounds emitted from
the test plants were analysed using the non-paramet-
ric Mann—Whitney Wilcoxon (two treatments) and
Kruskal-Wallis (multiple treatments) tests, because the
data were not normally distributed (Shapiro—Wilk test:
p<0.05), followed by Dunn’s post-hoc to separate means.
To determine the relative contribution of different VOCs
to the dissimilarity across the test plants, we subjected
the peak areas of identified VOCs to similarity percent-
age analysis (SIMPER). The profile was visualised using
the non-metric multidimensional scaling (NMDS) and
the VOC:s profiles of the eight test plants were compared
using one-way ANOSIM with the Bray—Curtis dissimi-
larity matrix. Furthermore, we used Spearman’s correla-
tion analysis to elucidate the relationship between plant
emitted volatiles and the behavioural activities of FAW
(moths visit, landing distance and the number of eggs
laid).

Results

Responses of FAW in oviposition assays

In experiment I, female FAW deposited eggs on all crop
species tested, but significantly more egg batches and
eggs were deposited on maize than on companion plants
(Fig. 2A, B). In the dual choice oviposition bioassay, sig-
nificantly more eggs were deposited on maize than on sil-
verleaf desmodium (W=89.5, P=0.002), beans (W=11.5,
P=0.003), cassava (W=10, P=0.002), greenleaf desmo-
dium (W=23, P=0.03), groundnut (W=20.5, P=0.025)
and sweet potato (W=94, P=0.0007) (Fig. 2A). A simi-
lar trend was recorded in the number of egg batches
deposited on maize compared to the companion plants
(Fig. 2B). However, there were no significant differences
in the number of eggs (W=61, P=0.42) and egg batches
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Fig. 2 Oviposition responses of gravid Spodoptera frugiperda moths to maize and companion plant species in a dual-choice test (N=10). Mean
(£ SE) number of (A) eggs and (B) egg batches laid on different plant species are shown. Treatments with similar letters above the bars are
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(W=66, P=0.23) deposited between maize and millet
(Fig. 2A, B).

In experiment II, the number of eggs oviposited by
gravid FAW moths on maize (alone) were significantly
reduced when maize was combined with compan-
ion plants (Fig. 3). Significantly more eggs were laid on
maize alone than on maize combined with beans (W=12,
P=0.004, Fig. 3A), sweet potato (W=8, P=0.001,
Fig. 3B), groundnut (W=16.5, P=0.01, Fig. 3C), silver-
leaf desmodium (W=9, P=0.002, Fig. 3E) and greenleaf
desmodium (W=1.5, P=0.003, Fig. 3F). However, the
number of eggs deposited on maize alone were not signif-
icantly different when maize was combined with cassava
(W=31, P=0.158, Fig. 3D).

Significantly more egg batches were deposited on
maize alone than on maize combined with beans (W=15,
P=0.007, Fig. 4A), sweet potato (W=21, P=0.03,
Fig. 4B) groundnut (W=22, P=0.03, Fig. 4C) and silver-
leaf desmodium (W=14.5, P=0.006, Fig. 4E). However,
the number of egg batches deposited on maize alone
were not significantly different from maize combined
with cassava (W=28.5, P=0.102, Fig. 4D).

Responses of FAW in wind tunnel assays

In experiment I, with individual plant odour sources
including control (clean air), maize volatiles elicited sig-
nificantly more oriented upwind flight (Fig. 5A) from
female FAW moths than volatiles from companion plants
and control (GLM Likelihood Ratio (LR) x*=61.38,
df=8, P<0.001). Significantly more female moths flew

upwind closer to odours from maize than companion
plant species and control (Kruskal-Wallis y*=38.60,
df=8, P<0.001) (Fig. 5B). Furthermore, the moths landed
significantly further up from the release point and closer
to maize odour source (Fig. 5C) compared to green-
leaf desmodium, sweet potato, beans, silverleaf desmo-
dium, groundnut and control (Kruskal-Wallis y*>=36.98,
df=8, P<0.001). Odours from the various experimen-
tal plants elicited significantly different behavioural
responses in the female FAW moths including wing fan-
ning (LR y*>=36.75, df=8, P<0.001, Fig. 5D), walking (LR
x*=20.93, df=8, P=0.007, Fig. 5E) and take-off flight (LR
x>=20.71, df=8, P=0.008, Fig. 5F).

In experiment II, maize odour elicited significantly
less upwind oriented flights (Fig. 6A) from gravid FAW
moths when presented with odours from beans, cassava,
groundnut, sweet potato, groundnut and both Desmo-
dium sp. compared to maize odour alone (LR y*>=36.75,
df=6, P<0.001). Similarly, combining maize with other
companion plant odours significantly reduced female
FAW moth attraction and led to fewer closer flights to
the odour sources (Kruskal-Wallis y*>=47.31, df=6,
P<0.001, Fig. 6B). Furthermore, the forward landing dis-
tance of gravid moths from the release point (Fig. 6C)
was significantly reduced when maize volatiles were
presented in combination with companion plants com-
pared to maize volatile alone (Kruskal-Wallis y*>=49.07,
df=6, P<0.001). However, no significant differences were
observed in the proportion of female moths that exhib-
ited wing fanning (LR y*=5.53, df=6, P=0.48, Fig. 6D),
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walking (LR y*=2.99, df=6, P=0.81, Fig. 6E) and take-off
flight behaviours (LR y*=11.91, df=6, P=0.06, Fig. 6F)
between treatments.

Responses of C. icipe in olfactometer assays

Behavioural responses of C. icipe to constitutive compan-
ion plant volatiles and solvent control (DCM) in a four-
arm olfactometer are shown in Figs. 7 and 8. Female C.
icipe spent significantly more time in the olfactometer
region containing volatiles from greenleaf desmodium
(F 1, 26=11.32, P=0.002), sweet potato (F  45=25.70,
P<0.001), beans (F (;, 45=7.393, P=0.009), cassava (F
16)=4.295, P=0.044), groundnut (F (; 45)=6.36, P=0.015)
and silverleaf desmodium (F (; 45=15.55, P<0.001) than
solvent control. However, no significant differences were
observed in the time spent by C. icipe between maize
volatiles and solvent control (F (; 4,=0.619, P=0.435)
(Fig. 7).

Interestingly, C. icipe showed significant attraction
to odours from maize when combined with compan-
ion plant species (greenleaf desmodium, sweet potato,
beans, groundnut, silverleaf desmodium) than to vola-
tiles from maize (alone) and solvent control (Fig. 8).
Female C. icipe parasitoids spent significantly more time

in the olfactometer arm containing volatiles from maize
combined with greenleaf desmodium (F (5 45=10.84,
P<0.001), sweet potato (F ( 45=3.66, P=0.03), beans
(F (3, 45=5.788, P=0.005), groundnut (F  45=14.57,
P<0.001) and silverleaf desmodium (F (; 45=18.56,
P<0.001) compared to olfactometer arms with maize
(alone) volatiles and solvent control. In contrast, there
was no significant difference in C. icipe response to vol-
atiles of maize combined with cassava, maize alone and
solvent control (F (, 45=0.648, P=0.528) (Fig. 8D).

Analyses of volatiles

GC-MS analysis of headspace volatiles from compan-
ion plants detected a total of 48 compounds belonging to
seven chemical classes, namely, aldehyde [1], alcohols [3],
ketones [2], monoterpenes [14], esters [3], homoterpenes
(2), and sesquiterpenes [23] (Table 1 and Fig. 9). Heatmap
clustering revealed quantitative and qualitative varia-
tions in volatile emissions from the test plants (Fig. 9A).
The monoterpene (E)-B-ocimene was the most abundant
VOC identified in silverleaf and greenleaf desmodium
(Kruskal-Wallis x*=18.36, df=>5, P=0.002) followed by
(E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) (Kruskal-
Wallis y* = 14.23, df=>5, P=0.01) and (E)-B-caryophyllene
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(Kruskal-Wiallis x*=14.56, df="5, P=0.01) (Table 1). The
three compounds were also detected from other compan-
ion plant species, but in relatively lower amounts than
the volatiles released by desmodium spp. VOCs that were
detected in companion plants but not detected or found
in trace amounts in the main crop (maize) included (E)-
2-hexenal, 1-octen-3-ol, 3-octanone, methyl salicylate
(MeSA), B-selinene and (E,E)-4,8,12-trimethyl-1,3,7,11-
tridecatetraene (TMTT), and hence could be of poten-
tial biological relevance. Interestingly, these compounds
including DMNT were not detected in cassava except
for (E)-2-hexenal. The monoterpenoids camphor and
limonene were the main VOCs identified in headspace
collection from beans, with likely impact on FAW and C.
icipe behaviour.

Mapping volatile organic compounds using non-metric
multidimensional scaling plot (NMDS) clustering dem-
onstrated significant variation in volatile composition
between the test plants (ANOSIM: P=0.0001, R=0.85)
(Fig. 9B). Based on analysis of similarities (ANOSIM)
the following compounds, namely, (E)-S5-ocimene (21%),

(E)-B-caryophyllene (15%), DMNT (10%), (Z)-3-hexenyl
acetate (10%), TMTT (7%), camphor (7%), limonene
(6%), (Z)-3-hexen-1-ol (4%), germacrene D (4%) and
8-cadinene (4%) contributed for most of the differences
between the test plants (Fig. 9C and Additional file 1: Fig.
S1).

To determine the role of plant volatile influence on
the behavioural responses of FAW, we performed a
correlation analysis between plant emitted volatiles
and FAW moth activities such as moth visits (number
of approaches), landing distance and number of eggs
laid across test plants. To achieve this, we focused on
predominant VOCs identified based on the analysis
of similarities (ANOSIM) (Fig. 9). The result showed
a significant negative correlation between the fol-
lowing VOCs (E)--ocimene (r,=— 0.47, P=0.02),
(Z)-3-hexenyl acetate (ry=— 0.36, P=0.01), TMTT
(re=— 0.82, P<0.001), (Z)-3-hexen-1-ol (r,=— 0.67,
P <0.001) and the number of moth visits to test plants
(Table 2). In addition, there was a significant nega-
tive correlation between (E)-S-ocimene (ry=— 0.43,
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P=0.003), DMNT (r,=— 0.48, P=0.004), (Z)-3-hex-
enyl acetate (ry=— 0.40, P=0.001) and landing dis-
tance of the moths, whereas a positive significant
correlation was observed when compared with germa-
crene D (r,=0.61, P<0.001) (Table 2). Moreover, we
observed a significant negative correlation between
TMTT (ry=— 0.57, P=0.003), limonene (r,=— 0.53,
P=0.002) and number of FAW eggs laid (Table 2).

Discussion

Olfaction plays a crucial role in locating and discriminat-
ing between preferred host plant and non-host plants
by phytophagous insects. Our results demonstrated that
maize is a more preferred host plant for FAW oviposition
than other tested crops confirming previous findings [3].
The presence of companion plants significantly reduced
FAW oviposition on maize. This demonstrates the
impact of the companion plants in disrupting olfactory
responses of gravid FAW moths leading to less egg depo-
sition, and subsequently reduced infestation and damage
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Fig. 7 Behavioural response of Cotesia icipe females to constitutive headspace volatiles from greenleaf desmodium (GLD), sweet potato (SP), beans,
cassava, groundnut (Gnut), silverleaf desmodium (SLD), maize and solvent control (DCM) in a four-arm olfactometer. Time spent by each parasitoid
was observed for 12 min (N=12). Means (+ SE) with similar letter (s) above the bars are not significantly different

by hatching larvae of the pest. Our findings support the
results from previous studies which reported decreased
FAW infestation in maize fields intercropped with com-
panion plant species compared to sole maize cropping
[24, 25, 28, 37]. Intriguingly, the presence of cassava did
not affect the egg laying responses of FAW, implying
odours released by cassava plants may not influence ovi-
position behaviour of the pest. These results support the
findings by Nwanze et al. [29], who reported an extreme
scenario, where the presence of cassava in maize-cas-
sava intercropping system encouraged FAW oviposition
and subsequent feeding on maize plants in Niger Delta
Region.

Significant upwind flight and closer landing by FAW
moths to odour sources from maize plants compared
to companion plant species in the wind tunnel bioassay
suggest attractiveness of maize volatiles. However, the
attractiveness of maize volatiles was significantly reduced
in the presence of companion plant volatiles resulting in
decreased oriented (upwind) flight of FAW moths. Ovi-
positional preferences by insects are often modulated by
chemical differences between the host plant volatiles [3,
28, 37]. Our research results corroborate the presence of
FAW oviposition deterrents in the volatile chemistry of
neighbouring companion plants, since the experimental
plants were positioned outside the wind tunnel to avoid
influence of any visual and tactile cues. The FAW moths
were subjected to only naturally emitted headspace vola-
tiles delivered through the inlet ports of the wind tunnel
bioassay set up. Moreover, the findings explain the reason

behind the significantly lower number of eggs deposited
by gravid FAW females on maize when combined with
the companion plants. Several studies reported the repel-
lent and masking effects of companion plant odours, dis-
rupting the host-seeking abilities of crop pest, as shown
in the current study [1, 13, 28, 38—43]. Our results con-
trast with an inconclusive report by Rojas et al. [44] who
claimed that FAW females do not rely on plant volatiles
for orientation to host plants but who also suggested
a more precise experiments under natural conditions
to verify their results. Our findings from complemen-
tary oviposition and wind tunnel experiments provide
clear evidence on the vital role plant volatiles play in the
host-selection process of the FAW moths. Moreover, the
nocturnal behaviour of FAW moth (active during night),
necessitates the pest to rely more on olfactory cues to
locate its preferred host plant for egg deposition than
other cues, such as visual. Moreover, our results agree
with the findings from several studies that have estab-
lished the chemical basis for host-location behaviour of
several lepidopterous insects [28, 45-48].

In contrast to their effects on FAW, constitutive vola-
tiles from the companion test plants were attractive to
the larval endoparasitoid C. icipe, one of the key biologi-
cal control agents of FAW in the region. Furthermore, the
parasitoids were more attracted to odours from maize
mixed with sweet potato, beans, groundnut, greenleaf
desmodium and silverleaf desmodium than volatiles from
maize plant alone. The attraction of C. icipe is of interest
as the parasitic wasp provides effective biological control
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against FAW [49]. This is an additional ecological benefit
of crop diversification system, where plant damage and
infestation are reduced through enhanced ecosystem ser-
vice provided by natural enemies. Diversified crop fields
have been shown to enhance foraging behaviour and
abundance of natural enemies such as parasitoids which
suppress pest population [27, 50]. Increasing number of
studies reported enhanced activities of beneficial insects
(parasitoids and predator) in a diversified cropping sys-
tem leading to arthropod pests suppression under field
conditions [14, 18, 51].

Chemical analysis of headspace samples revealed quali-
tative and quantitative variation in volatile profiles of
companion plants. Some of the predominant volatiles
identified include (Z)-3-hexenyl acetate, (E)-pB-ocimene,
DMNT, camphor, (E)-pB-caryophyllene, and TMTT. Our
correlation results further demonstrated significant nega-
tive relationship between the companion plant VOCs,
such as (E)-B-ocimene, (Z)-3-hexenyl acetate, TMTT,

(Z2)-3-hexen-1-ol, DMNT and limonene and FAW activ-
ity, implying the repellent effect of these volatiles on the
pest. A recent study by Sobhy et al. [28] demonstrated
that these compounds elicit electrophysiological and
behavioural responses in FAW and its parasitoid (C.
icipe). The same compounds have also been reported to
be produced by maize plants when attacked by herbi-
vores and shown to play a defence role by repelling pests
and recruiting their natural enemies [33, 53-56]. There-
fore, it is rational to attribute the FAW repellence effects
and attraction of C. icipe parasitoid to these compounds
emitted by the companion plants. Previous studies by
Khan et al. [57, 58] and Pickett et al. [59] have docu-
mented the emission of herbivore-induced compounds,
such as (E)-p-ocimene, (E)-p-caryophyllene and (E)-
4,8-Dimethyl-1,3,7-nonatriene (DMNT), by an intact
Melinis minutiflora and Desmodium sp. used in push—
pull companion cropping system. Moreover, intercrop-
ping these forage crops with maize, repelled insect pests
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Fig. 9 Variation in volatile organic compounds identified (A) Heatmap clustering depicting the abundance of volatiles identified across replicates
of 8 tested plants (B) Non-metric multidimensional scaling (distance Bray—Curtis; Stress value=0.21) clustering showing differences in volatile
patterns between test plants (C) Histogram depicting the percent contribution of the predominant volatiles from the 8 test plants based on analysis
of similarities. DMNT (£)-4,8-Dimethyl-1,3,7-nonatriene, TMTT (£, £)-4,8,12-Trimethyl-1,3,7,1 1-tridecatetraen

while simultaneously recruiting more natural enemies
(parasitoids) to the intercrop system compared to maize
monocrop [27]. In our study, the volatile compounds

(E)-p-ocimene, DMNT and (E)-B-caryophyllene were
emitted in relatively large amounts by companion plants
silverleaf and greenleaf desmodium while in a relatively
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Table 2 Spearman’s correlation analysis between the fall armyworm behavioural activity and selected predominant VOCs across test

plants based on Analysis of similarities (ANOSIM)

Volatile compound FAW behavioral activities

Moth visits Landing distance No. of eggs Laid

1’5 2P 1,.5 ZP lrs 2P
(F)-B-ocimene - 047 0.02" -043 0.003" —-0.03 0.90
(E)-B-caryophyllene -0.14 0.18 0.54 0.30 —0.05 0.36
DMNT -033 0.06 048 0.004" 037 0.59
(2)-3-hexenyl acetate -036 001" - 040 0001 0.08 0.65
TMTT -082 <0001™" —-0.11 0.26 -057 0.003"
camphor 0.21 0.11 -020 083 -0.20 097
limonene -043 0.16 035 0.11 —-053 0.002"
(2)-3-hexen-1-ol 067 <0001™ -029 0.06 -0.14 0.39
germacrene D 0.08 0.37 0.61 <0.007%** -0.11 0.56

' Spearman’s correlation coefficient (r,) for respective parameters compared’

2 Spearman rank-order correlations P values (P); statistically significant correlation is given in asterisks (*** for P<0.001, ™ for P<0.01, " for P<0.05)

lower amount in other companion plant species. Some-
times, lower volatile emissions could elicit a potent
behavioural response in insects if the bioactive com-
pounds are present in the right blend [60]. It was also
interesting to note that most of the prominent bioactive
compounds such as (E)-B-ocimene and DMNT were not
detected in beans, though similar behavioural effects
were exhibited due to the crop. The defence responses in
beans could be attributed to the relatively large emission
of camphor, which has been reported to have a repellent
effect on most insects [61]. Other volatile compounds
present in the companion plants but were not detected
or found in trace amounts in the intact maize plant
include (E)-2-hexenal, 1-octen-3-ol, 3-octanone, methyl
salicylate, B-selinene and TMTT. These compounds have
been reported to have ecological importance by mediat-
ing plant defence responses either as a repellent, or deter-
rent to herbivores and attraction of their natural enemies
[28, 48, 62, 63]. Germacrene is among the volatile com-
pounds emitted by maize plant and not detected or found
in trace amount in most companion plants except in cas-
sava and sweet potato. A significant positive correlation
between the VOC Germacrene and closer FAW landing
distance to maize volatiles may suggest the role of the
compound in FAW attraction towards maize. Germac-
rene has been reported to increase attraction and ovipo-
sition by the tobacco budworm moth Heliothis virescens
[64]. Proper knowledge about the correlation between
the variations in plant derived VOCs and insect behav-
ioural responses is particularly important to understand
chemical ecology mechanisms of plant—insect interac-
tions [65]. Our study provides insights not only into the
correlation between the VOCs profiles of the various

edible companion plants and behavioural responses of
FAW and its parasitoid natural enemy but also paves a
way for exploiting the knowledge for designing a robust
pest management strategy against damaging crop pests,
such as FAW. There is a great potential to improve crop
yield by designing effective, affordable, and ecologi-
cally sustainable pest management strategies, such as
crop diversification [14, 66].

Conclusions

There is an urgent need to redesign effective agroecologi-
cal pest management strategies alternative to pesticide-
intensive monoculture crop production. However, this
requires a better understanding of the ecological inter-
actions between the crops, their pests, and the natural
enemies of the pests. Our findings provided evidence
supporting associational resistance conferred by com-
panion plant volatiles to the main (maize) crop. Constitu-
tively emitted volatiles by certain companion plant had a
repellent effect on FAW leading to decreased host attrac-
tiveness to FAW oviposition and fewer egg depositions on
maize when combined with the companion plants. More-
over, the heterospecific plant association enhanced the
attraction of the key pest’s natural enemy, C. icipe para-
sitoid. A correlation analysis between the VOCs emitted
by different companion plant and FAW activities demon-
strated the role of plant volatiles in modifying the behav-
ioural responses of FAW. This was further supported by
volatile analyses results and a series of complementary
bioassays. Exploiting defense VOCs delivered cheaply
through companion plants may provide an affordable,
ecologically sound, and sustainable way of protecting
crops from destructive pests, such as the FAW. Our
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study not only provides the scientific insights to properly
understand the chemical ecology of FAW-maize plant—
C. icipe interactions but also demonstrate the potential of
using different edible companion plant species for FAW
management in maize-based cropping system. Some of
the companion crops with strong pest repellent and natu-
ral enemy enhancement abilities could be used in diversi-
fied maize cropping system for managing the devastating
FAW pest under realistic field conditions.

Abbreviations
FAW Fall armyworm

GC-MS Gas chromatography-mass spectrometry
VOCs Volatile organic compounds

ARQU Animal rearing and quarantine unit

DCM Dichloromethane

GLM Generalized linear model

LR Likelihood ratio

DMNT (6)-4,8-Dimethyl-1,3,7-nonatriene

TMTT (€, B)-4,8,12-Trimethyl-1,3,7,11-tridecatetraene
NMDS Non-metric multidimensional scaling

SLD Silverleaf desmodium

GLD Greenleaf desmodium

Gnut Groundnut

SP Sweet potato

ns No significance difference
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