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ABSTRACT

This study sought to evaluate the oviposition responses of Chilo partellus (Lepidoptera: Crambidae) on
maize plants exposed to Brachiaria brizantha Stapf following oviposition by C. partellus and
nonexposed maize. Two Kenyan maize landraces (Jowi and Nyamula), Latin America landrace (Cuba
91) and WH505 (hybrid variety) (control) were studied. The result demonstrated that C. partellus
deposited a significantly lower number of eggs and egg batches on Nyamula, Jowi and Cuba 91
maize plants exposed to B. brizantha with C. partellus eggs compared to nonexposed ones and the
exposed hybrid variety. This was because they emitted electrophysiologically active compounds
such as (E)-4, 8-dimethyl-1, 3, 7-nonatriene, decanal, (E)-caryophyllene, linalool, linalool (plus
nananal), E-B-fernesene, methyl salicylate and (3E, 7E)-4, 8, 12-trimethyl-1, 3, 7, 11-tri-decatetraene
that deterred C. partellus from ovipositing more eggs on these plants. Therefore, herbivore-induced
plant volatiles (HIPVs) of B. brizantha can be employed to protect the maize crop against C. partellus.
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1. Introduction region (Yonow et al. 2017). It is native to Asia (Harris

Maize (Zea mays L.), is a popular food crop in many house-
holds in Africa (Khan et al. 2010). It is a rich source of carbo-
hydrates, oils and caloric energy. Maize also serves as a source
of raw materials such as flour, animal feed and cooking oil for
various industries (Tajamul et al. 2016). The farming of this
crop in sub-Saharan Africa (SSA) is however constrained
by environmental factors such as climate change and living
factors such as pests. One of the economic pests damaging
maize is the lepidopteran Chilo partellus (Swinhoe) (Lepidop-
tera: Crambidae) (Seshu Reddy 1998; Khan et al. 2007;
Tamiru et al. 2011). This pest is widely distributed in the tro-
pical, warm temperate zones of Asia and the Mediterranean

1990; Kfir 2000) and is presently well established in Kenya
(Guofa et al. 2001; Sylvain et al. 2015). The larva of
C. partellus is the damaging stage which makes tunnels into
maize leaves, tassels and stems causing yield loss of up to
80% and therefore threatens food security (Kfir et al. 2002;
Khan et al. 2007, 2010). Chilo partellus has also been reported
to cause damage on other crops such as sorghum, sugar cane,
forage crops and wild grasses (Harris 1990; Khan et al. 1997;
Mutyambai et al. 2015a).

Due to the economic importance and widely known losses
to maize crop, spraying and dusting of synthetic insecticides
are considered the best method to manage C. partellus (Pest
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Control Products Board 2019). However, repeated use of
these insecticides has resulted in the development of resist-
ance in C. partellus (Bruce et al. 2010). Moreover, the use
of insecticides to control C. partellus has proved to be too
expensive and unsustainable to smallholder farmers who
are resource constraint (Pest Control Products Board 2019).
This has prompted a need for the search of alternative strat-
egies which are sustainable and eco-friendly to manage this
pest. One of the strategies is by exploiting herbivore-induced
plant volatiles (HIPVs). The HIPVs are natural protective
chemical compounds produced by damaged plants following
oviposition or feeding by a pest which then primes neighbor-
ing undamaged plants, leading to warding off of the damaging
insect (Bruce et al. 2010; Pickett et al. 2014; Magara et al.
2015; Khan et al. 2016; Tolosa et al. 2019). This strategy
has been applied successfully in push-pull technology to
manage stemborers in maize (Khan et al. 2001; Cook et al.
2007; Heil 2008).

Plant to plant communication is known to be a mechan-
ism of pest control through herbivore-induced plant volatiles
(HIPVs) (Khan et al. 2001; Cook et al. 2007; Heil 2008;
Tamiru et al. 2012; Magara et al. 2015; Mutyambai et al.
2016). Studies have shown that B. brizantha is preferred to
maize for oviposition by gravid C. partellus (Midega et al.
2011; Cheruiyot et al. 2018). This is as a result of
B. Brizantha leaves emitting more green-leaf volatiles signals
((Z)-3-hexenyl acetate) which are the responsible cues for
attracting gravid females of C. partellus to the grass to deposit
eggs compared to maize (Bruce et al. 2010; Magara et al. 2015;
Tolosa et al. 2019). Additionally, the B. brizantha supports
minimal feeding and survival of C. partellus larvae (Midega
et al. 2011). Moreover, this grass has a complex reaction to
C. partellus herbivory that comprise HIPVs-mediated
multi-trophic interactions with predators and parasitoids
(Bruce et al. 2010). Brachiaria brizantha grass achieves this
by inducing or priming neighboring plants that are unda-
maged to emit defensive signals against C. partellus, hence
its common name signal grass. The emitted HIPVs also
repel and inhibit further colonization of the plant by
C. partellus female moths from depositing their eggs on the
signal plants (Bruce et al. 2010; Kessler and Kalske 2018).
Furthermore, some HIPVs are taken up by neighboring
undamaged B. brizantha plants hence tailoring them as a
part of their defence against attack from stemborers (Dicke
et al. 2009; Bruce et al. 2010; Khan et al. 2016; Kessler and
Kalske 2018).

Several studies on plant to plant signaling indicated that
exposure to HIPVs can induce or prime undamaged plants
to attain faster defence responses upon subsequent pest attack
(Heil and Silva Bueno 2007; Himanen et al. 2010). For
instance, research has shown that undamaged maize land-
races can be induced to emit volatile that recruits natural ene-
mies of C. partellus when exposed to HIPVs from damaged
maize landraces or grass such signal grass Brachiaria bri-
zantha (A. Rich.) Stapf and Molasses grass Melinis minu-
tiflora (P. Beauv) (Bruce et al. 2010; Magara et al. 2015;
Mutyambai et al. 2015a; Tolosa et al. 2019). Moreover, studies
have demonstrated less oviposition preference by C. partellus
on maize landraces exposed to HIPVs of other maize land-
races with C. partellus eggs compared to nonexposed maize
landraces (Tamiru et al. 2012; Mutyambai et al. 2016).
Intra-specific genetic variation in HIPVs composition and
HIPVs release rates does, however, exist in these maize

varieties (Tamiru et al. 2012; Mutyambai et al. 2015b).
These variations in HIPVs blend impacts host choice by
C. partellus within maize plant species. However, no research
has been carried out to evaluate the response of gravid
C. partellus to volatiles emitted by local maize varieties
exposed to B. brizantha with C. partellus eggs. Because of
this, our study aimed at determining the responses of
C. partellus to volatiles emitted by maize landraces exposed
to HIPVs of neighboring B. Brizantha grass following ovipos-
ition by C. partellus as a strategy to defend itself against
C. partellus damage. This paper provides data on the induce-
ment of African maize landraces and a South American land-
race by HIPVs of B. brizantha following oviposition and the
possible role of this grass in C. partellus management. This
information will contribute to the understanding and exploi-
tation of B. brizantha as a trap crop in the innovative push—
pull system.

2. Materials and methods
2.1. Plants

Two African maize landraces: Jowi and Nyamula were
obtained from local farmers in Mbita sub-county in Kenya
while Cuba 91 (Latin America maize landrace) was procured
from the International Maize and Wheat Improvement
Centre (CIMMYT in Nairobi office, Kenya). Jowi, Nyamula,
and Cuba 91 maize varieties and B. brizantha grass were
selected because they have traits of being induced and primed
by HIPVs from damaged neighboring plants. WH505 (a
hybrid maize variety) (a control) was acquired from Western
Seed Company Ltd (a licensed commercial seed supplier in
Kenya). Brachiaria brizantha splits were obtained from Inter-
national Centre of Insect Physiology and Ecology Thomas
Odhiambo campus (ITOC). Maize seeds and B. brizantha
splits were planted individually and allowed to grow in plastic
containers filled with fertilized soil in an insect-proof screen
house at ITOC, Mbita Point research station (0°25'S, 34°
12'E; 1200 m above sea level), in Homabay western Kenya.
Plants for the experiment were all grown under environ-
mental conditions such as 25 °C, 65% RH and 12L: 12D.
The maize and B. brizantha plants were utilized for the exper-
iments when they were 28 days old.

2.2. Insects

Chilo partellus trapped from the field were raised on a semi-
synthetic diet made from sorghum leaf powder (Ochieng et al.
1985). These moths were maintained at the insectary at ITOC
(24+3 °C, 70+5% RH and 12L: 12D). After every three
months, the mass-reared C. partellus at icipe was mixed
with field trapped insects to avoid genetic depletion and
hence maintaining the initial behavioral traits of the
C. partellus species. To obtain gravid C. partellus females,
the modified protocol of Calatayud et al. (2007) was used.
One-day-old C. partellus females were released into a mos-
quito-net cage (40x40x63 cm) at onset of the scotophase.
The first females started to call 6 h later. One-day-old
C. partellus males were introduced 1 h thereafter. During
the ensuing 1-hour period, mating pairs were taken out of
the cage and placed individually in plastic cylinders (8 cm
high x 5 cm in diameter). After copulation, the male
C. partellus were separated from female C. partellus and a



group of seven naive gravid females were used the following
night in all experiments. After each experiment, females
were dissected to check for the presence of spermatophores
in the bursa copulatrix, which in Lepidoptera indicates suc-
cessful mating (Lum 1979). Only females bearing spermato-
phores were considered in the results.

2.3. Entrainment of volatiles

Volatile organic compounds from experimental plants that
included potted B. brizantha with C. partellus eggs, intact
potted maize seedlings exposed to B. brizantha with
C. partellus eggs, B. brizantha without C. partellus eggs and
nonexposed maize for use in subsequent electrophysiological
and chemical analyses were collected by headspace sampling
(Agelopoulos et al. 1999; Birkett et al. 2003; Magara et al.
2015; Tolosa et al. 2019). Precaution was taken not to damage
the plants while setting up the grass and the maize plants for
entrainment to avoid possible release of volatiles in response
to mechanical damage of the plant. Before volatile collection,
28 days old B. brizantha were put in the oviposition cages
measuring 80cm high x 40cm in length x 40 cm in width
into which 20 newly mated female C. partellus moths were
introduced and left throughout the night to deposit eggs on
these plants. Each cage was standing in lids containing
clean water to prevent predator arthropods such as brown
ants and spiders from killing the C. partellus moths and
also from attacking the eggs deposited by these moths on
the grass. At the same time, control B. brizantha was put
inside similar cages, but without C. partellus moths. The fol-
lowing day, B. brizantha grasses with oviposited eggs were
removed from the cages; some were spared for entrainment
while others were taken back into the screen house whereby
they were arranged into two rows of 1 m apart. Each row
comprised of five potted B. brizantha plants hence making
a total of 10 plants in the two rows. One row of maize com-
prising of five potted maize plants was exposed to two rows of
signal grass for three days (Figure 1a). The above set up was
repeated for another 5 maize plants but with nonexposed
B. brizantha to gravid C. partellus moths for three days
(Figure 1b), lastly another set up comprised of nonexposed
(clean) maize (Figure 1c).

Volatile compounds from the maize plants were entrained
after the third day of exposure, starting at the last two hour of
photo- phase, for 48 h. Leaves of maize seedlings (45 grams)
exposed to B. brizantha with or without eggs and nonexposed
(clean) ones were enclosed in polyethyleneterephthalate
(PET) bags (volume 3.2 L, ~12.5 mm thickness) sterilized
in an oven at 150 °C before use and fitted with Swagelock
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inlet and outlet ports. Charcoal-filtered air was pumped at a
flow rate of 600 mL per minute through the inlet port. Vola-
tiles were trapped on Porapak Q (0.05 g, 60/80 mesh; Supelco
Inc. Bellefonte, PA, USA) filters inserted in the outlet port
through which air was sucked at a rate of 450 mL per minute.
Pumping rates were controlled using flow meters on entrain-
ment kits to make sure more purified air is pumped in than
drawn out to avoid the influx of unfiltered air from outside.
After collection, volatiles was eluted from the traps using
0.5 mL dichloromethane and used immediately in bioassays
or stored at —20°C for later use. Each experiment was repli-
cated three times. The above procedure was repeated for
B. brizantha with eggs.

2.4. Coupled GC-mass spectrometry (GC-MS) analysis

Aliquots of attractive headspace samples were analysed using
a Hewlett-Packard 5890GC machine (Agilent Technologies)
on a capillary Gas Chromatography HP-1 column (50, 0.32
mm internal diameter, 0.52 pm film thickness) directly
coupled to a mass spectrometer (VG Autospec; Fisons Instru-
ments, Manchester, UK) equipped with a cool on-column
injector. Ionization was performed by electron impact (70
eV at 250 °C). Four uL of headspace sample was injected
into the injector port of the GC instrument. The oven temp-
erature was maintained at 30°C for 5 min, and then pro-
grammed at 5 °C per minute to 250 °C. The carrier gas was
hydrogen. Tentative identifications were made by compari-
son of spectra with mass spectral databases (Nist 2005). Ten-
tative identifications of the compounds were confirmed
through co-injection with authentic standards.

2.5. Oviposition bioassay

Oviposition responses of C. partellus to maize seedlings of
Jowi, Nyamula, Cuba 91 and WH505 exposed to
B. brizantha bearing C. partellus eggs versus non-exposed
ones and maize seedlings exposed to B. brizantha without
C. partellus eggs versus non-exposed ones were observed in
a cage oviposition bioassay. Two sets of experiments were
carried out. The first experimental set comprised of maize
seedlings exposed to B. brizantha with C. partellus eggs versus
non-exposed ones. During this experiment, two 28 d old
potted maize plants of each variety at a time, one nonexposed
(no prior exposure to HIPVs of B. brizantha) and one
exposed to HIPVs of B. brizantha with C. partellus eggs
were removed from the screen house. Then these plants
were taken to an open oviposition bioassay field where they
were placed side by side (at a distance of 40 cm away from

Figure 1. Experimental design (a) Potted maize plants exposed to potted B. brizantha with eggs (b) Potted maize plants exposed to potted B. brizantha without eggs

(c) Potted nonexposed maize plants
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each other) on a clean oviposition table measuring 1.2 mx1.2
mx0.3 m without touching each other. This was to prevent
any communication through contact. A pad of cotton wool
was moistened with clean water in a Petri plate (10 cm diam-
eter) and was placed on a centrally marked point on the table
in between the two potted maize for the moths to drink. Seven
gravid females of C. partellus in a Petri plate (20 cm diameter)
were introduced at a marked circular point on the table. Large
cylindrical oviposition cages (Diameter = 100 cm and height
=100 cm) made of fine wire mesh (400 p~m) netting were
then carefully introduced to cover the two maize seedlings
to prevent the gravid C. partellus from escaping from the
cage. The precaution was taken to prevent breaking of the
maize leaves which could lead to the test plants producing
volatiles due to mechanical damage. To free the moths
from the Petri plate, the cage was raised up slightly at the
point where the Petri plate containing the moths was. The
lid of the Petri plate was removed and then the cage was
dropped back immediately to prevent the moths from escap-
ing. Then the cage was fastened and supported by debris onto
the table to prevent it from being blown away by the strong
winds that normally blow late in the evening at ITOC. Each
experimental set up was replicated three times in each trial
and trials were repeated six times (n=18). The tables for
the experiment were placed at a distance of 4 m from each
other and 2m from the edge to prevent edge effect (Figure
2). The above set up was repeated for the second experiment
that comprised of maize seedlings exposed to B. brizantha
without C. partellus eggs versus nonexposed maize seedlings.
Like in the first experiment, each experimental set up was
replicated three times in each trial and trials were repeated
six times (n = 18). At the same time tables for the experiment

Experiment 1

Cylindrical cage
covering experimental
plants and gravid C-
partellus

Petri plate having gravid™
C. partellusat the E iy
introduction point

Expeirement 2

Cylindrical cage
covering experimental
plants and gravid C.
partellus

Petri plate having gravid™

C. partellus at the [ e
gy >
introduction point - ;

were placed at a distance 4 m from each other and 2m from
the edge to prevent edge effect.

The experiments were carried out during the last two
hours of photophase when there was more emission of vola-
tiles by the test plants (Bruce et al. 2010; Tamiru et al. 2012;
Magara et al. 2015). The gravid female moths were allowed to
make a choice on which plant in the cage to oviposit over-
night. At 7.00 am the following day, plants were removed
and the egg batches cut from both plants and placed into
Petri dishes labeled with the variety, treatment (exposed or
nonexposed), the date of harvesting the eggs and the replica-
tion. The egg batches were counted and recorded per maize in
each replicate. Then they were taken into the laboratory
where they were kept in the locker for 3-5 days depending
on prevailing weather (12L: 12D photoperiod, 24 +2 °C, 70
+ 5% RH). The aim for this was to allow the heads of the lar-
vae to turn black for easy counting. The number of eggs on
each plant was counted under a light microscope at Mg
x6.5 and recorded.

2.6. The Y- tube ofactometer bioassay (Two-Choice
test)

Responses of C. partellus to plant produced volatiles and
authentic standards were tested in a two-arm glass olfact-
ometer as described in Calatayud et al. (2014). The Y-tube
olfactometer had 2.4 cm internal diameter, 3.2 cm external
diameter, 20 cm long arm length and 17 cm short arms’
length, it had a 75° angle at the Y-junction. Air was drawn
through the two arms towards the long arm at 300 ml per
minute. The experiment was conducted in a dark room at
25+ 1°C, 60 £ 5% RH, and under four 16- Watt cool white

Potted maize seedling exposed to
HIPVs of B. brizantha with
C. partellus eggs

Potted maize seedlings nonexposed

Experimental table

Potted maize seedling exposed
to B. brizantha without
C. partellus eggs

Potted maize seedlings nonexposed

Experimental table

Figure 2. Schematic diagram of the experimental design for oviposition bioassay. Experiment (1) comprised of maize seedlings exposed to B. brizantha with
C. partellus eggs versus non-exposed ones. Experiment (2) comprised of maize seedlings exposed to B. brizantha without C. partellus eggs versus non-exposed

ones. Each experimental set was replicated three times.
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Table 1. Responses of Chilo partellus to volatiles from maize exposed to B. brizantha (n = 18) with C. partellus eggs and nonexposed
maize in an oviposition cage bioassay. Mean percentage of eggs (+SE) and egg batches (+SE) oviposited by gravid C. partellus on

Jowi, Nyamula (African maize landraces), Cuba 91(Latin America maize landrace), and W505 (Commercial Hybrid).

Mean number of Eggs (+ SE)

Mean number of egg batches (+ SE)

Maize variety  Exposed to B. brizantha with eggs Nonexposed Exposed to B. brizantha with eggs Nonexposed
Jowi 4755 (x17.3) a 122.7 (£21.03) b 1.5 (x0.34) a 29 (£042) b
Cuba 91 52.7 (£ 17.19) a 93.0 (£17.39) b 1.8 (£0.38) a 3.2 (x0.61) b
Nyamula 54.6 (£ 15.85) a 1729 (+ 40.26) b 1.6 (+0.40) a 47 (£091) b
WH505 96.4 (+ 25.35) a 104.9 (+ 25.20) a 2.7 (£0.61) a 27 (£054) a

)
Means followed by dissimilar letter, within a row, are significantly different from each other (P < 0.05). For each maize variety, n = 18.

lights at the top to ensure even distribution of light. The end
tubes of the Y-junction of the olfactometer were connected to
two Wheaton Micro Kit© adapters made of glass, having,
attached 4 ml glass-vials, each containing 4x25 mm filter
paper piece. A volume of 10 pl of the volatile component
from the maize exposed to B. brizantha with eggs, diluted
in Dichloromethane (DCM) or nonexposed maize volatile
diluted in DCM was applied at the control side, using a
micropipette (Drummond ‘microcap’, Drummond Scientific
Company, Broomal, PA, USA). This was then applied to
the filter paper pieces 30 min before the first gravid stemborer
was released, in order to allow the odor to reach a constant
release rate. The airflow was initially purified by the passage
through wash bottles filled with charcoal pellets and was
then led into the vials containing volatiles of maize exposed
to B. brizantha with eggs loaded in DCM and nonexposed
maize volatile loaded in DCM as control. The test solutions
were replaced after each bioassay (Magara et al. 2015). Twelve
gravid C. partellus were tested in each trial and each trial was
repeated three times (n =36). Each C. partellus was allowed
two minutes to acclimatize to the new environment and
then given 10 min to respond and walk towards either the
known attractant (Nonexposed maize volatiles) or repellent
(exposed maize volatile). The same procedure was repeated
using volatile compounds from maize exposed to
B. brizantha without eggs as treatment and nonexposed
maize volatiles as control. Lastly, the above procedure was
repeated using specific volatile compounds to shows how
C. partellus responded to them vis a vis clean air as control.
The following choices were tested: (E)-4,8-dimethyl-1,3,7-
nonatriene (DMNT) vs Clean air, methyl salicylate vs clean
air, (E)-caryophyllene vs clean air, decanal vs Clean air,
(3E,7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMTT) vs
Clean air, (E)-p-farnesene vs clean air, linalool+nananal vs
clean air and linalool vs clean air.

A choice was recorded when an insect passed the inter-
section into either of the two arms and remained motionless
there for 20 s. Those that made no choice were also
recorded. Odor sources connections to the chambers were
reversed after every five insects to minimize any position
bias. Chambers were cleaned and rinsed thoroughly in
water after each observation. In each case, the number of
the gravid C. partellus that made a distinct choice was
calculated.

2.7. Statistical analyses

Two-sample (unpaired) Student’s t-tests were used to analyse
differences between exposed and non-exposed maize plants
of the different varieties with regard to the number of eggs
laid on each plant and number of egg batches after the data
were log (x + 1) transformed. The results of Y-tube olfactory

bioassays were analyzed with an X° test to test the null
hypothesis that there was equal preference of gravid
C. partellus to volatiles of maize plants that are either exposed
or nonexposed and the identified physiologically bioactive
compounds from the maize landraces. The 95% confidence
intervals were estimated using Agrest and Coull intervals.
Individuals that did not make a choice were left out from
the statistical analysis. Statistical analyses were done using
R (version 4.00) (Development Core Team. 2020).

3. Results

3.1. Oviposition responses of Chilo partellus to
headspace samples of volatiles from maize exposed to
Brachiaria brizantha with and without eggs

Cage oviposition preference bioassay showed that the African
landrace maize varieties (Jowi and Nyamula) and the Latin
America landrace maize plant (Cuba 91) were significantly
less preferred for oviposition following exposure to
B. brizantha with C. partellus eggs compared to maize plants
exposed to B. brizantha without eggs (Jowi, d.f. =34, t=—
3.98, P=0.0003; Cuba 91, d.f.=34, t=-3.16, P=0.0033;
Nyamula, d.f. = 34, t = —3.42, P=0.0017) (Table 1). Similarly,
the number of egg batches deposited by gravid female
C. partellus on the plants exposed to B. brizantha with
C. partellus eggs were significantly lower compared to those
deposited on nonexposed plants (Jowi, d.f.=34, t=-2.92,
P=0.0061; Cuba 91, d.f. =34, t = —2.45, P = 0.0195; Nyamula,
df. =34, t=-3.72, P=0.0007) (Tablel). Conversely, the
bioassays showed no significant difference in mean number
of eggs oviposited on plants exposed to B. brizantha without
C. partellus eggs and those oviposited on nonexposed plants
(Jowi, d.f. =34; t=—1.70; P=0.0975; Cuba 91, d.f.=34; t=
1.11; P=0.2733; Nyamula, d.f.=34; t=0.34; P=0.7374)
(Table 2). The same oviposition response was seen in the
number of egg batches deposited by gravid female
C. partellus on plants exposed to B. brizantha without
C. partellus eggs (Jowi, d.f. =34, t=—-1.03, P=0.3081; Cuba
91, df.=34, t=-0.02, P=0.9834; Nyamula, d.f. =34, t=
—0.31, P=0.7556) compared to nonexposed plants (Table 2).

A contrast was seen when a standard commercial hybrid
variety (WH505) was used. Cage oviposition preference
bioassay revealed that for this variety, plants exposed to
B. brizantha with C. partellus eggs showed no significant
difference in the number of eggs oviposited compared to
the nonexposed plants (WH505, d.f.=34, t=-0.73, P=
0.4694) (Table 1). Notably, the same behavioral response
was exhibited in the number of egg batches oviposited by
the gravid female C. partellus on WH505 seedlings exposed
to B. brizantha with C. partellus eggs relative to those ovipos-
ited on the non-exposed plants (WH505, d.f. = 34; t = —0.46;
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Table 2. Responses of Chilo partellus to volatiles from maize exposed to B. brizantha (n = 18) without C. partellus eggs and nonexposed maize in an oviposition cage
bioassay. Mean percentage of eggs (+SE) and egg batches (+SE) oviposited by C. partellus gravid female on Jowi, Nyamula (African maize landraces), Cuba 91(Latin

America maize landrace), and W505 (Commercial Hybrid).

Mean(zx SE) percentage of eggs

Mean number of egg batches (+ SE)

Maize variety Exposed to B. brizantha without eggs Nonexposed Exposed to B. brizantha without eggs Nonexposed
Jowi 91.6 (+ 22.96) a 98.6 (+ 11.24) a 2.2 (+ 040) a 24(x022)a
Cuba 91 89.2 (+ 12.36) a 92.6 (+ 22.87) a 24 (+0.23) a 2.7 (£ 044) a
Nyamula 111.8 (£ 12.77) a 116.8 (+ 21.60) a 27(x029 a 29 (£ 042) a
WH505 101.3 (£ 20.92) a 93.9 (+ 18.28) a 28 (+043) a 3.0 (+051) a

Means followed by similar letter, within a row, are not significantly different from each other (P < 0.05). For each maize variety, n=18.

P=0.6496) (Table 1). Moreover, there were no significant
differences between the number of eggs oviposited on maize
plants exposed to B. brizantha without C. partellus eggs and
those ones oviposited on the non-exposed plants (WH505,
d.f. =34, t=-0.28, P=0.7797) (Table 2). A similar ovipos-
ition response was observed in the number of egg batches
deposited by the gravid female C. partellus on WH505
exposed to B. brizantha without C. partellus eggs and those
oviposited on nonexposed plants (WH505 d.f.=34, t=
—0.20, P =0.8435) (Table 2).

3.2. Behavioral responses of gravid Chilo parterus to
headspace samples of volatiles from maize exposed to
Brachiaria brizantha with and without eggs in Y-tube
olfactometer

In Y-tube olfactometer bioassays, the gravid C. partellus
moths were significantly less attracted to the headspace of
sample volatiles trapped from B. brizantha HIPVs-exposed
maize landraces, Jowi, Cuba 91 and Nyamula, compared to
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nonexposed maize landraces (Jowi, d.f. =1, X?=14.69, P=
0.0001; Cuba 91, d.f.=1, X*=10.03, P=0.0015; Nyamula,
df. =1, X?=4.69, P=0.0303) (Figure 2). In contrast, there
was no significant difference in the number of C. partellus
that chose the arm with volatiles collected from a hybrid var-
iety, WH505 exposed to B. brizantha with C. partellus eggs
and nonexposed (WH505, d.f =1, X*>=0.03, P=0.8676;
Figure 3).

Besides, there were no significant differences between the
number of gravid females that chose the Y- tube olfactometer
arm with volatiles from maize plants exposed to B. brizantha
without C. partellus eggs and the arm with the nonexposed
plants’ volatiles (Jowi, d.f.=1, X?=3.36, P=0.0668; Cuba
91, df=1, X*=2.25 P=0.1336; Nyamula, df. =1, X*=
0.69, P=0.4047) (Figure 2). A similar behavioral response
of no significant differences was also observed between the
number of the gravid C. partellus on maize plants exposed
to B. brizantha without C. partellus eggs and the one on the
nonexposed plants (WH505, d.f. =1, X*=0.25, P=0.6171)
(Figure 4).
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Figure 3. Y-tube olfactometer results of number of Chilo partellus choosing to walk towards headspace samples of volatiles from maize plants exposed to Brachiaria
brizantha with eggs against nonexposed maize (n = 36). Number of C. partellus marked by different letters within a graph is significantly different (P < 0.05).
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Figure 4. Y-tube olfactometer results of number of Chilo partellus choosing to walk towards headspace samples of volatiles from maize exposed to Brachiaria bri-
zantha without eggs against nonexposed maize (n = 36). Numbers of C. partellus marked by same letters within a graph are not significantly different (P < 0.05).

3.3. Identification of physiological active herbivore
induced plant volatiles (HIPVs)

The Gas chromatography (GC) analysis of the volatile
samples collected from B. brizantha HIPVs-exposed and
nonexposed and B. brizantha without eggs-exposed and non-
exposed African maize landraces (Jowi and Nyamula) and
landrace from Latin America (Cuba 91) lines revealed differ-
ences in volatile profile (Figures 5-7). There was strong
induction of physiologically active volatile compounds that
included (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), lina-
lool+nananal, methyl salicylate, decanal, (E)-caryophyllene,
(E)-B-farnesene and (3E,7E)-4,8,12-trimethyl-1,3,7,11-tride-
catetraene (TMTT) and linalool in B. brizantha HIPVs-
induced maize landraces (Figures 5-7). In contrast,
B. brizantha HIPVs-exposed and nonexposed and
B. brizantha without eggs-exposed and nonexposed
WH505 (hybrid maize) were alike (Figure 8).

The result obtained from behavioral responses of gravid
C. partellus to volatile compounds from maize exposed to
B. brizantha with eggs using Y-tube olfactometer is presented
in Table 3. The result show that C. partellus was less attracted
to the arm containing individual volatile chemical com-
pounds compared to the arm containing clean air ((E)-4,8-
dimethyl-1,3,7-nonatriene (DMNT), d.f. =1, X?=17.63, P=
0.0001; decanal, d.f. = 1, X* = 13.89, P = 0.0002; methyl salicy-
late, d.f. = 1, X? = 12.03, P = 0.0005; (3E,7E)-4,8,12-trimethyl-
1,3,7,11-tridecatetraene (TMTT), d.f.=1, X*=10.32, P=
0.0013; (E)-caryophyllene, d.f.=1, X*>=9.63, P=0.0019;
(E)-B-farnesene, d.f.=1, X2=9.63, P=0.0019; linalool
+nananal, d.f. = 1, X*> = 0.30, P = 0.5839). The only exception
was linalool (d.f.=1, X*>=0.14, P>0.0140) whereby more
gravid stemborers were attracted to the arm containing lina-
lool (plant volatile) compared to clean air. Based on the repel-
lence of the respective chemical compounds against
C. partellus stemborer, the order of repellence can be
arranged as follows (E)-4,8-dimethyl-1,3,7-nonatriene

(DMNT) > decanal > methyl salicylate > (3E,7E)-4,8,12-tri-
methyl-1,3,7,11-tridecatetraene (TMTT) > (E)-caryophyllene
> (E)-B-farnesene > linalool+nananal > linalool, Gas chrom-
atography linked mass spectrometry analysis of volatiles from
B. brizantha with eggs showed different bioactive HIPVs that
provide direct and indirect defences consisting of 6-methyl-5-
hepten-2-one, Z3HA, (E)-ocimene, linalool + nonanal, lina-
lool, (3E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), decanal,
methyl salicylate, (E)-caryophyllene, (E)-B-farnesene and
(3E,7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene ~ (TMTT)
(Figure 9). Egg deposition by C. partellus on the
B. brizantha studied was thus found to prime maize landraces
(Jowi, Nyamula and Cuba 91) to emit volatile compounds
which repelled the pest.

4. Discussion

The present study revealed that when African maize land-
races Jowi and Nyamula and a Latin America landrace
(Cuba 91) were exposed to B. brizantha with C. partellus
eggs, the HIPVs made the maize plants to elicit enhanced
direct and indirect defence responses against C. partellus
pest through the plant to plant communication. Since the
B. brizantha with the eggs and the maize landrace were
potted, there was no direct link between them in the soil.
Therefore the HIPVs from the grass rather than the micro-
biota and root exudates are involved in the plant to plant
communication noted here. In oviposition bioassays, there
was a lower number of C. partellus eggs oviposited on these
exposed maize plants compared to nonexposed Jowi, Nya-
mula and Cuba 91. Moreover, the numbers of egg batches
deposited on these maize varieties exposed to this grass
with C. Partellus eggs were also significantly lower. The
decreased oviposition choice for the exposed maize landraces
could be associated with the observed changes in volatile
emission profiles of the maize plants exposed to
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Figure 5. GC profiles of headspace volatiles from representative Jowi maize landrace line exposed to B. brizantha with and without C. partellus eggs and nonexposed
maize: The identities of GC-MS active compounds are as follows: (a) linalool + nonanal, (b) (£)-4,8-dimethyl-1,3,7, nonatriene (DMNT) (c) methyl salicylate, (d) (3E,7E)-

4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMTT).

B. brizantha with eggs. The choice of maize plants by ovipo-
siting C. partellus is guided by intrinsic characteristics of the
plants, especially plant volatile chemistry and central proces-
sing of olfactory signals by the C. partellus (Konstantopoulou
et al. 2002; Bruce et al. 2005; Tolosa et al. 2019). These
findings suggest that for B. brizantha to be able to induce
and /or prime the maize landraces; the C. partellus must
deposit its eggs on this grass. Then the eggs will trigger the
B. brizantha to emit HIPVs that prime these landraces
maize which in return deter the gravid C. partellus
from colonizing and laying more eggs and egg batches on
them.

In contrast, the number of eggs and egg batches deposited
on the W505, a hybrid maize variety exposed to B. brizantha
with C. Partellus and the ones deposited on nonexposed

Nyamula nonexposed

W505 hybrid maize variety did not differ. This can be attrib-
uted to the effects of breeding on maize defense responses. In
most cases, breeding is done for traits that are considered to
be important such as high yield, rapid growth and adapta-
bility to environmental conditions at the expense of other
traits such as defense responses. Therefore breeding can be
thought to be downregulating HIPVs-defense inducibility in
hybrid maize variety. This trait, however, can be boosted by
incorporating it into the hybrid maize varieties during breed-
ing to enable the hybrid maize variety to protect itself against
C. partellus. This observation is consistent with the previous
studies (Tamiru et al. 2007; Bruce et al. 2010; Mutyambai
etal. 2016). On the other hand, there was no significant differ-
ence in the number of eggs oviposited and the number of egg
batches deposited on African maize landraces and a landrace
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Figure 6. GC profiles of headspace volatiles from representative Nyamula maize landrace (Kenya) exposed to B. brizantha with and without C. partellus eggs and
nonexposed maize. The identities of GC-MS active compounds are as follows: (a) linalool + nonanal, (b) (£)-4,8-dimethyl-1,3,7, nonatriene (DMNT), (e) decanal, (f) (E)-

caryophyllene
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Figure 7. GC profiles of headspace volatiles from representative (Cuba 91) maize landrace (Latin America) exposed to B. brizantha with and without C. partellus eggs
and nonexposed maize. The identities of GC-MS active compounds are as follows: (b) (E)-4, 8-dimethyl-1, 3, 7, nonatriene (DMNT), (g) linalool, (h) (E)-B-farnesene

from Latin America plants exposed to B. brizantha without
eggs and the non-exposed ones. A similar trend was observed
of egg oviposition and egg batches deposition on a commer-
cial hybrid variety (WH505) exposed to B. Brizantha without
eggs and the nonexposed maize plants of this variety. Com-
parison of gas chromatography-mass spectrometry (GC-
MS) analysis of volatiles from Jowi and Nyamula and Cuba
91 maize plants revealed qualitative and quantitative differ-
ences in the volatile profiles. Eight bioactive chemical com-

pounds including linalool+nananal, linalool, methyl
salicylate,  (E)-4,8-dimethyl-1,3,7-nonatriene ~ (DMNT),
(3E,7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene ~ (TMTT),

decanal, (E)-B-farnesene and (E)-caryophyllene were pro-
duced in higher quantities following C. partellus egg laying
on B. brizantha that in turn induced Jowi and Nyamula
and Cuba 91 maize plants (Magara et al. 2015). The average
abundance (ng kg per fresh weight per day) of most GC-MS
active compounds was significantly higher on Jowi, Nyamula,
and Cuba 91 maize plants exposed to B. brizantha following
oviposition by C. partellus compared to Jowi, Nyamula and
Cuba 91 maize plants exposed to B. brizantha without
C. partellus eggs and nonexposed Jowi and Nyamula and
Cuba 91 maize plants volatile controls. However, there were
no changes in the volatile profiles in the WH 505 hybrid
maize variety following C. partellus oviposition on
B. brizantha (Magara et al. 2015). Differences between our
results and others maybe because of variations in the abun-
dance of plant volatile compounds among plant varieties
and plant growth stages or be a product of the quality and
quantity of volatiles (Bruce et al. 2005; Ghassemi-Dehkordi
et al. 2015; Yang et al. 2019). Moreover, these differences
may be due to difficulty in detecting compounds below the
detection limit of the employed GC-MS system (Brattoli
et al. 2013) since volatile compounds can be present at very
low concentrations in a complex background of volatiles.
Our study also revealed that HIPV's from B. brizantha with
C.partellus eggs induces changes in volatile profiles that have
a function in direct defence responses of neighboring maize
landraces. In the Y-tube olfactometer bioassays, the gravid

C. partellus moths were less significantly attracted to volatiles
from maize landraces exposed B. brizantha with C. partellus
eggs compared to nonexposed control maize plants. This
implies that the HIPV-mediated communication between
the infested grass and the maize landraces could deter
C. partellus from depositing eggs and thus reducing their eco-
logical fitness on B. brizantha-maize intercropped farms
infested with C. partellus. This is as a result of infested
B. Brizantha leaves emitting more green-leaf volatiles signal
((Z)-3-hexenyl acetate) and linalool which are responsible
cues for attracting gravid females of C. partellus to the grass
to deposit eggs hence diverting it away from maize (Bruce
et al. 2010). Additionally, these volatile compounds have
been implicated in recruiting egg parasitoids (Trichogramma
bournieri) and larvae parasitoids (Cotesia sesamiae) that
attack the C. partellus eggs before they hatch as well as the lar-
vae hence reducing the damage on the maize crop (Magara
et al. 2015; Khan et al. 1997, 2000, p. 2002; Mutyambai
et al. 2015a, 2015b).

When behavioral responses of gravid C. partellus to 10uL
of synthetic linalool+nananal, methyl salicylate, (E)-4,8-
dimethyl-1,3,7-nonatriene ~ (DMNT), (3E,7E)-4,8,12-tri-
methyl-1,3,7,11-tridecatetraene (TMTT), decanal, (E)-{-far-
nesene and (E)-caryophyllene were tested in a Y-tube
olfactometer, C. partellus showed less preference to seven of
the compounds except linalool. This is consistent to previous
studies that have shown volatile compounds such as DMNT,
TMTT, methyl salicylate, (E)-caryophyllene,(E)-p-farnesene
to be repellent to adult gravid stemborer moths (Khan et al.
2000, p. 2002; Bruce et al. 2010; Hassanali et al. 2007; Pickett
et al. 2006; Mutyambai et al. 2015a, 2015b; Pickett and Khan
2016; Tolosa et al. 2019). Although there was attraction of
C.partellus by synthetic compound linalool when used alone
in the bioassay, the attraction of this compound seems to
have been masked off when this compound is produced in
a blend of volatiles with the other C. partellus repellent com-
pounds produced by the maize landraces exposed to ovipos-
ited B. Brizantha. Even then, linalool like the compounds
induced by exposure of maize landraces to oviposited
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Figure 8. GC profiles of headspace volatiles from a representative maize hybrid (WH505) exposed to B. brizantha with and without C. partellus eggs and nonexposed
maize. No profiles were formed hence no physiological active compounds formed.

Table 3. Responses of Chilo partellus to specific volatiles compounds from maize
exposed to Bricharia brizantha with eggs and clean air in Y-tube Olfactometer.

Towards specific Towards
Treatment volatile compound clean air
(E)-4,8-dimethyl-1, 3,7-nonatriene 3 27*
(DMNT) vs clean air

decanal vs clean air 3 23*
(E)-caryophyllene vs clean air 6 24*
(E)-B-farnesene vs clean air 5 21*
linalool vs clean air 21 7
linalool+ nonanal vs clean air 13 17
methyl Salicylate vs clean air 5 25*
(3E,7E)-4, 8, 12-trimethyl-1, 3, 7, 11- 5 23*

tridecatetraene (TMTT) vs clean air

B. brizantha has in previous studies been implicated in
recruitment of natural enemies of the C. partellus which
offer indirect protection to the maize crop (, Magara et al.
2015). Therefore, we suggest that the production of these
compounds by the landraces maize after being induced by
the grass could have determined the oviposition choice of
the gravid C. partellus. Also, the release of constitutive com-
pounds such as linalool, which are produced by undamaged
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Figure 9. GC profile of head space volatiles from intact B. brizantha with
C. partellus eggs. The identity of represented bioactive compounds are: (1) 6-
methyl-5-hepten-2-one; (2) Z3HA; (3) (E)-ocimene; (4) linalool + nonanal, (5)
linalool; (6) (3£)-4,8-dimethyl-1,3,7-nonatriene (DMNT); (7) decanal; (8) methyl
salicylate; (9) (E)-caryophyllene; (10) (E)-p-farnesene; (11) (3E,7E)-4,8,12-tri-
methyl-1,3,7,11-tridecatetraene (TMTT).

B. brizantha and maize plants (Zanger]l 1999; D’Alessandro
et al. 2006; Mutyambai et al. 2015a) and which are attractive
to C. partellus moths (D’Alessandro et al. 2006; Bruce et al.
2010), are suppressed upon egg deposition on B. brizantha
which in turn is less produced by the exposed maize plants.
These HIPV compounds were therefore acting as signals
determining C. partellus colonization, which incoming gravid
females need to avoid egg deposition on these plants to
enhance survival of their eggs and the emerging young larvae
(Hassanali et al. 2007).

Our study is the first one in which the HIPVs emission
from B. brizantha effect is shown to have a potential effect
in neighboring maize, an economically important crop
plant and staple food in SSA. However, the effect only
occurred in tested African maize landraces and the Latin
American landrace maize plants exposed to B. brizantha
with C. partellus eggs. This oviposition deterrence was only
observed in landrace maize exposed to B. brizantha with
eggs but was lacking in the hybrid exposed to B. brizantha
with eggs. Previous studies have shown landrace maize induc-
tion by egg deposition of C. partellus producing repellent
HIPVs (Tamiru et al. 2011; 2012; Mutyambai et al. 2015b).
However, infestation in other non-inducible maize have
shown even further attraction of the moths to lay more
eggs on the oviposited maize plant (Ntiri et al. 2018), the
same scenario we observed with hybrid maize WH505
where there was no significant reduction in egg deposition
in HIPVs exposed maize.

These induced defensive responses were not shown by the
commercial hybrid maize varieties tested; this implies that the
ability to be induced by HIPVs from B. brizantha with ovi-
position at this early stage of herbivory may have been lost
during the breeding process. Previous reports have indicated
a possible loss of direct defense (Sotelo 1997; Degen et al.
2004) and below ground indirect defenses (Kollner et al.
2008; Tamiru et al. 2011) during breeding and domestication
processes. As far as our research is concerned, this is the first
demonstration of grass-maize induction of indirect defense
characteristic, caused by insect eggs, that is present in African



maize landraces and Latin America landrace, but absent in
commercial hybrid maize varieties. We advocate the
resource-poor farmers to incorporate the findings of our
study into the field practically to protect their maize crop
from phytophagous stemborers and in return improve
maize yields.

5. Conclusion

This study shows that egg deposition by C. partellus on
B. brizantha induces African maize landraces and Latin
America landrace maize to release volatiles that repel
C. partellus. The important finding of this study demonstrates
that the oviposition associated HIPVs can prime neighboring
maize plants for their protection from pest damage. This gives
the neighboring maize crop an added advantage as it
increases the total amount of induced volatiles by the maize
plant neighboring B. brizantha with oviposition and hence
the strength of the defense signals (Turlings and Tumlinson
1992; Zangerl 1999; Dicke and van Loon 2000; De Moraes
et al. 2001; Van den Berg 2006; Hare 2011). The findings of
this study will contribute to the development of management
strategies that rely on the utilization of plant to plant com-
munication through HIPVs to manipulate oviposition behav-
ior of the C. partellus. Inclusion of these traits into
commercial hybrids may open the gate for the development
of novel and ecologically friendly strategies for C. partellus
management.
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