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ABSTRACT

Vegetable production iscreasing in ordeto feed the growing urban populations in-sub
SahararAfrica. Net housesire one possible solution to increase the quality and yield of
cowpeaan important leafy vegetabkemnd to reduce the use of pesticiddss study tested
the hypothesis that net houses do not protestpeaagainst theBlack LegumeAphid,
Aphis craccivoa or BeanFlower Thrips, Megalurothrips sjostedtitwo small butmajor
cowpea pestsThus a possiblity to supplement the physical barrier with repellent
volatiles to preventhesepests from getting through the nettingas examinedTwo
sources of repadht volatiles were investigatedus, hostand norhost-plant volatiles.
This study focused orour specific objectiveghat included:(i) to identify cowpea
cultivars (vegetative stage) and their bioactodourswhich attract or repel alata.
craccivorg; (ii) to identify cowpea cultivarat dfferent phenelogical stag€vegetative
and flowering stagesynd their bioactive@douss which attract or repahale and female

M. sjostedti (iii) to evaluate the repellent effectlofmongrassCymbopogon citratsiand
Mexican marigold,Tagetes minutplants and their major compounds against male and
female M. sjostedti and (iv) to evaluatethe efficacy of repellent volatilesrom
Lemongrassnd Mexican marigoldombined or not with netting to reduce cowpea pests
i n a-paugddh sy st eBehavionral ashags were eohddicted to study host
preference and gas chromatograjphgss spectrometry (GC/MS) for chemical analysis of
volatiles. To this endof both studieghe host preference andblatiles emitted bydur
cowpea cultivarsiz. Katumani 80, EX.uanda, Machakos 66 and Ken Kundghatwere
tested onA. craccivoraand M. sjostedtiusing acage andY- tube olfactometer
respectivelyResults of the olfactory tests showed tAatraccivorawas attracted byhe
volatiles emitted by Exuanda cultivar but repelled by the cultivar Katumani 80.
Machakos 66 and Ken Kunde 1 elicited neutral responseB&haFlower Thrips M.
sjostedtifemales were repellday volatiles emitted during the vegetative stage of cavpe
cultivars Katumani 80, Machakos 66,-Exandawhile Ken Kunde 1 elicite@ neutral
responseThe males were repellethly by the vegetative stage of cultivar Ken Kunde 1.
Females were attracted by the flowers of cultivar Ken Kunde 1. The volatilescebytte
the flowers of cultivar Katumani 80 were repellent to femdlesjostedtbut not to males.
Among the23 compound&dentified in the vegetative stage of cowpea cultivéEs,2-
Hexenal tested alone or in combination vattractantowpea flowefKK1) was repellent

to femaleM. sjostedtiat a 0.01% concentration but not at 1% concentrafiba.blend of
hexanal andE)-2-hexenal added to cowpea cultivar-Exanda reduced the attractiveness
of the cultivar toA. craccivorawhile the addition of Jocter3-ol andp-xylene to cowpea
cultivar Katumani 80 did not reduce the repellence of the cultivAr tmaccivora (E)-b-
Ocimene and -bcten3-ol were only detected in the volatiles of flower of repellent
cultivar Katumani 80 to the bean flower thrips. Tested at concentrations of both 0.01%
and 1%, these compounds elicited a neutral response from fdimsjtestedtiln addition,
olfactory tess revealed that both male and femilesjostedtiwere repelled by fresh cut
leaves ofC. citratus A combination of fresh cut leaves Gf citratusand cowpea flower
was less attractive to females than cowpea flowers alone. Howeadrs were not
repelled by the combination. Female thrips were more repelled by volatiles emitted by

XX



vegetativeT. minutaand by the combination of either vegetative or flowefingninuta
with cowpea flower than by cowpea flowers alone. However, malee wnet
repelled/attracted by the volatiles frdmminuta Citral, a major compound &f. citratus
and a blend o# compoundsdihydrotagetone(Z)-3-hexenyl acetate, limonene a(x)-
b-ocimene with natural ratio were repellentto female M. sjostedti Howe\er,
dihydrotagetone alone was an attractant for femdlegostedti Alone, myrcene was not
an attractant but enhanced the attraction of cowpea flowers for f&najestedtiln the
field trials, the net house alone reduced the number of large geaty length > 5 mm)
such asthe Brown Pod-Sucking Bug, Clavigralla tomentosicollis Leafhoppers,
Empoasca sBeanPod BorerMaruca vitrataandsmall pestgbody length< 5 mm)such
asBeanFlower Thrips, M. sjostedtj Greenhous&Vhitefly, Trialeurodes vapariorum.
Conversely, the population ddlack LegumeAphid, A. craccivorawas significantly
higher inside the net house. The population$.ofaporariorumandA. craccivorawere
lower in the pustpull treatment than in either control or net house treatsnent
respectively. The yielavas significantly more abundaand the quality of the pods and
grains of cowpedetterin the net house than in the open fidlthis workshowed thathe
volatiles from host or norhost plants can repelA. aaccivora and M. sjogedti. The
nethouse was effective in protecting cowpeas against most pests and improved the yield
of pods.The repellent compounds identifiectims study could be used in the fielthrough
dispenserso improve the control admall insectsn the net hose.
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CHAPTER ONE

INTRODUCTION

1.1Background of the study

African indigenous vegetables (AlVs) have the potential to imptoealietdiversity of
African population and reduce food insecur{igansiimeet al., 2018) About 45,000
species of AlVs have been identifysnlbSahararAfrica regionand 1000 speciesan be
eaterasleafy vegetablgfruit vegetablesroots and grain@uhanjiet al.,2011) Cowpea
(Vigna unguicalatd_. Walp.) (Fabaceag)s one of the AlVs whosleaves are consumed
as vegetable as well as grainAfrica and can play a major role indd insecurityand
malnutrition For examplewith a total of 65 million tonnes produceddd,431hectares,
cowpeais the firstAlVs in productionin Kenya(HCDA, 2014) However the production
is still far belowto the demand in Africd_angyintuoet al, 2003)

In subSaharan Africa, insect pests aresexriousthreat to productivity.The hot wet
climatic conditions of the tropics amot only favourable for yearound horticultural
production, but also for the proliferation of insec@fiemical pestides are mainly used

by smaltscale farmers to control insect pests Boret d., 2014) For example, in Kenya,

96% of smallholder farmers applyhemicalsto control insects pests in horticulture
including cowpedAbtew, 2015) Excessive application of pestic&ie toxicto farmers,
consumersand the environment, and texs the fauna and flode Bonet al, 2014) In
addition several pesticides are suspected to be carcinogenic, mutagenic, and endocrine
disruptors for humané A b o rtgal) 2014) Pesticide residues in the leaves and seeds
of vegetables are a public health threat. Moreover, several insects including thrips are
known to have rapidly developed resistance pyrethroid and organophosphorus
insecticidegHerron& James, 2005; Thalavaisundaratral., 2008)

In the pat three decadeshovel types of agriculture including organic agriculture,
ecological intensification, permaculture, integrated agriculture, clisraget agriculture,

and agroecology have been proposed and implemented as an alternative to the use of



chemtal pesticides. Organic agricultun@sbamedthe use of agrochemicals (synthetic
fertilisers pesticides, genetically modified organisms (GMGpmieroet al., 2011a)

The goal is to promote a production system that sustains the health of soils, ecosystems
and peopleEc ol ogi cal intensification (or fAsust e
framework of organic agridure as thanaximisationof primary production per unit area
without compromising the ability of the system to sustain its productive cagea@,

2009) Permacultures also definedvithin the framework of organic agricultues the
conscious design and maintenancagriculturally productive ecosystems which have the
diversity, stability, and resilience of natural esgstems(FAO, 2009) Integrated
agriculture is a farming method which combines managepractices from conventional

and organic agriculture, only using chemical pesticaes last resoflGomieroet al.,

2011b) Climate smargagriculture(CSA) is an approach to boost agricultural production

and to reduce the impacts of climate cha(ig®O, 2013) Agroecology is a promising
alternative to conventional agriculture, which makes intensive use of agrochemicals for
production. Agroecology cabe interpretecas a moement, a science and a practice
(Wezel & Silva, 20T7). As a science, iis definedas a practice of applying ecological
concepts and principles to the study, design and management of the ecological interactions
within agricultural system@AO, 2009) Theoretical and applied research in agronomy
and ecologyhas been used in combinatitm control insects without using chemical
pesticides. Agroecology is promoted by several international organisat@unding the

UN, FAO, and Cirad, a French research institute for agricultural developiRaqt,

2015)

Most agroecological practices include cultivar selection, crop associations, cragnrotat
biological pest control, natural pesticides, allelopathic plants, -pubhapproaches,
intercropping, cover crops or mulch (Weg&eBilva, 2017).The combination of different
agroecolog@al practices is a way to improve the biological control of rtspests in
horticulture. For example, the combination of autoinoculation device, attractant-Lurem
TR (methytisonicotinate) and entomopathogenic fungletarhizium anisopliae

(Metsch.) Sorok. was effective to contétanFlower Thrips, Megalurothrips sjstedti



Trybom in field (Mfuti et al., 2016) The exploitationof repellent semiochemical
compounds from companion plants combined with physical control, attractant sticky trap
and a less attractiveowpeacultivar could improve thecontrol of insectpestswithout
pesticides us&semiochemicals can be defined as chemiaaisted by living organisms

(plants, insects, etc.) inducing a behavioural or a physiological response in other
individuals(Heuskinet al, 2011) This communication can be intraspecific (pheromones)

or interspecific (allelochemicals). The Allelochemicals include allomones (emitting
species benefits), kairomones (receptor species benefits) and synomones (both species
benefit). Plant volatile mediate plaatthropod interactionsffer an avenue for novel

researchn the management of insect pests.

1.2 Statement of the problem

Cowpeaproductionare threatenelly several insect pests includiBtack LegumeAphid,

Aphis craccivora Koch and Bean Flower Thrips, M. sjostedti(Abtew, 2015; OECD,
2015) Several strategies have been developach as maizeowpea intercropping which
reduce light interigy in the cowpea canopy, thus the densityvbfsjostedtion cowpea
(Kyamanywa& Ampofo, 1988), blueand yellowsticky traps for effective monitoring
(Webbet al., 1994 Muveaet al.,2014) use of biopesticide@Mfuti et al, 2017; Mweke

et al., 2018) and autoinoculation devices with entomopathogenic fuldeigrhizium
anisopliaeMetchnikoff (Mfuti et al., 2016) however, the use agpellentsvolatiles to
controlM. sjostedtiandA. craccivoraare scarc€Abtew, 2015.

Plant volatiles are a promising tools to control the ins@g¢tanet al, 2016; Midegaet

al., 2018) Volatiles released by companion plants grown seranops may interfere with

the ability of insects to locate the host plant, and with the feeding, distribution and mating
of insect pestgParolinet al., 2012 Parkeret al, 2013) However, is efficacy carbe
further reinforcedboy pul | st i mpudlil 6 n&hamBadPiokéty/2088h
Midega et al., 2018) The pushkpull strategy is a crop protection concept which uses
a tractant and repell ent stimul. simultar

distribution in order to reduce insect abunda(Ceok et al., 2006) Repellent stimuli



prevent insects finding or accepting their host. The stimuli includefeading agents,

repellent volatiles, alarm pheromones, visual distractions;lasgyg repellents and

irritants (Cook et al.,2006; Eigenbrodet al, 2016) Attractant stimuli divert the insect

from the crop to berptectedby means ofaste stimuli, eggaying stimulants, volatile

plant attractants, sexual pheromones, and visual stimulants sgotoas stickytraps.

The blue and yellowcolour stickytrapshave been used to monitbt. sjostedtiand A.
craccivorabt not as Apull 6 in push pull strateg

Previous studies revealdtifferential attractiveness of volatiles emitted by cowpea
cultivars toA. craccivoraandM. sjostedti(Givovichet al.,1988 Ekesiet al, 19983), but

the compounds responsible for the differentialaativeness are still unknow@n the
other hand, volatiles froiremongrassCymbopogomitratusextracts were shown to have

a repellent effect on femal®l. sjostedtiin the laboratory(Abtew, 2015) The short
repellencedurationof extracts in the field remain a major problem in the control of these
pests. The emission of repellent volatiles from companion plants could increase the
efficacy of repellencyThe repellent activity ofCymbopogorand Tagetesgenera have
been showragainst dferent kind ofarthropodsvorldwide (USEPA2012 Nerio et al,
2010) Moreover,Mexican marigoldragetes minuta. andC. citratusgrow very well in
Kenya and growing them is cheaper than using plant extracts or essentldbuitscer,
implementing aneffective pushpull strategy requires a lot of wonk chemical ecology

to control only one insect pestBhirty years after the conception of pyshll strategy,

the success application have been the reduction of populat&teraborer in the mae
crop in Africa(Khanet al, 1997) The combination of push pull strategy and nethouse
could improve the contradf pests in field. However, little information is available on

efficacy of nethouse and push pull to control cowpea pests

1.3 Justification of the study
To control the insect pestdf cowpea as for many vegetable crops in Afrifsamers

mainly use pesticides, which ao&en obsolete or banned chemical pesticighdstew,
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2015; Mfutiet al, 2016) The World Health Organization estimatdatup to 10 million

cases ofllnesses and injuriesachyearare related taheunintentionapesticide poisoning

with approximatively200,000 deaths, primarily in developing countifégHO, 20T7).
Pesticideresidues have been reportiedbreast milk, fish, water and giBeredaet al,

2009 Ministry of Environment water and Natural Ressourgisenya 2019. Although
Kenya has several legislations and regulatory frameworks addressing chemical
managemet, the implementation of effective control of pesticide applied by the small
holders that grow vegetabldestined for domestic marketsmain difficult(RSA , 2015)

The development of sustainable protection of ceavprop should enhance production,

nutrient value and food security

Intercropping is growing two or more crops in the same field at the same time, but the
cropsdo not necessarily have to be sown and harvested at the san{gitmergidis et

al., 2011) Itis an interesting agroecological practice that cbeldombinedvith netting.
Companion plantsear the main crop canterfere with host selection process of insects
infesting the main crop by (§bscuring the visual profile of the main crd), as a trap

crop, enhancing thattraction of insects to companion plants compared to the main crop,
(i) as a repellent plant, diverting insects away from the main crop, (iv) as a masking
plant, thatinterfere withthe chemical signal of host plangseventinghost detection
(Ninkovic et al, 2013; Berssaet al., 2017) However, numerous failures have been
reported on the efficacy @ompanion plantsolatiles to redce insect pests in the field
(Moreauet al.,2006; Webste& Cardé, 2016)Understanding the mechanisms involved

in the repellent effect of volatiles from companion plants would improve our knowledge

of pest control and the use of such plants.



1.4 Null Hypotheses
The null hypotheses @are:

1. Aphs craccivora (alate) arenot attracted or repelled by volatiles emitted by
vegetative stage of cowpea cultivars

2. Male and femaléVl. sjostedtiare not attracted or repelled by volatiles emitted by
vegetative and flowering stages of cowpea cultivars

3. Volatiles emitted by herbal plant® notrepel male and femaM. sjostedti

4. The combination of the semmhemicals and nettingo notreducecowpea pests in
the field

1.5 Research Objectives

1.5.1 General objective
The general objective of this study wasiteestigate the efficacgf 6 p upsunl | 6 and

netting technology for managementh\dégalurothrips sjostedandAphis craccivora

1.5.2 Specific objectives

1. To identifythe vegetative stage obwpea cultivars and their specific volatiles as
attractants or refflents to alateAphiscraccivora

2. To identify the vegetative and flowering stages of cowpea cultivars and their
specific volatiles as attractants or repellents to male and feviedgalurothrips
sjostedti

3. To evaluate the repellent activity of cut leavesCyinbopogorcitratus intact
Tagetes minuta and their specific volatiles against male and female
Megalurothrips sjostedti

4. To evaluatethe efficacy ofCymbopogon citratuand Tagetes minutaolatiles in

controlling c owpuela O6p essytsstoeinu withonetdbgi unseh



CHAPTER TWO

LITERATURE REVIEW
2.1Cowpea

2.1.1 Cowpea classification
Cowpea)\Vigna unguiculatabelongs to the family Fabaceaedincludes 751 genera and

19,500 specie¢Christenhus& Byng, 2016)

2.1.2 Cowpea plant
Cowpea is an annual tropical or subtropical heai grow up to 80 crrall and up to 2 m

for climbing cultivarsandthe pods may be up to 30 dang (OECD, 2015) The seeds

can measure-22 mm long withdifferent colour such as red, black, brown, green and
white (Small, 2009; OECD, 2015y hecommonlocal name of cowpea around the world
includ eNiefbg OWafk e Ewao S&uld ,Niadd, iBe a md&VesernAfrica,iKu nde o 1 n
EasernAf r iCaap o i S uBrheezriBp,aaceped peaso in th
andorg beAsnpoaroarg uis b @ienkoet ali 2007 OBADN2815) Native

of tropical Africa cowpeais an African indigenous vegetables (AlVs) which is a great
component of the daily diet of about 200 million people in Af{leapelkaet al.,2006)

Cowpea is grown particularly by smallholder farmers for its edible seeds. However, all
aerial parts of cowpeare also consumed he tender green leaves containimgportant
nutritional valueare usedas green leafywegetable in many parts d@astern Afica,
immature green pods are consumed in humid regions of Asia and the Caribbean, boiling
grains as a fresh vegetable or mayrbired with cereals (for example, rice and beams)
Western Africa(Timko et al., 2007; Muniu, 2017) Cowpeais also useds fodder for
livestock(OECD, 2015)

2.1.3Cowpea economic importance
Cowpea is an economically important vegetable inicAfr For example, the trade of

cowpea leaves waslued at KES 812 million in Keny@CDA, 2014) In Wesernand
Central Africa the cowpea crop is a valuable and dependable revgaoerating

commodity for farmers and grain trad€tsangyintuoet al., 200). In Nigeria, farmers
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increase their annual income by selling cowpea fodder ddmpgeasor(Dugje et al,
2009) However, he growth and yield of cowpea in AfriGae constrainedy several
abiotic and biotic factors. Among the biofectors insect pestare probably the main
factor limiting grain legume yield8Abtew, 2015).The fourkey pests on cowpea are the
BeanFlower Thrips M. sjostedytj the Black LegumeAphid, A. craccivora(Homoptera:
Aphididae), thePod Borer, M. vitrata and thePod suckingBug, C. tomentosicollis
(OECD, 2015)However, he Black LegumeAphid andBeanFlower Thrips, two small

but severe cowpea pestere the focusf this study

2.2Key cowpeapests

2.2.1BeanFlower Thrips, Megalurothrips sjostedti

BeanFlower Thrips (BFT), M. sjostedtiis a species of thrips belonging to the order
Thysanoptera and family Thripidg®oritz et al., 2013)Plate 2.1). It is a small insect
whosefemaleadult sizerangesrom 1- 2 mm longandmalesizeis 1 mm (Gonné, 2017,
InfonetBiovision, 2018) The body colour is brown to dark browirhe females have the
sexual or asexual reproducticand the males are haploid whichesleloged from
unfertilized egggasexualandfemale are diploidrom fertilized egggsexualfMoritz et

al., 2013; San& Umar, 2017).



Plate 2.1: Female adultsMegalurothrips sjostedt{Source: Copeland, icipg 2019

The life cycleincludes theegg, two active feedmlarval instars, two relatively inactive

and nonr feeding prepupa and pupal stages and adult stage (feeding $&m@g Umar,

2017) A single femaldays0.3- 4.8 eggsper daydepending on fluctuations in temperature

and photoperio@Ekesiet al, 1999) The eggsre laidin the buds and calyx of developing
flowers. About2-3 days laterthey hath into1% instar larvae, which develop 8 instar

larvae after 23 days. Second stage larviasts3-4 days andt searclesfor shelter to
pupate in the soil or under leaf litter or between debris. The pupation period lasts for about
4- 7 days beforemergingo an adult. The life cycleis about 1214 daygLoomans, 2003;

Sani& Umar, 2017)

Among the 13 species tfe genudlegalurothrips there is only one species from Africa
(M. sjostedt) and 12 from Southeast As{@yler-Julianet al., 2014) M. sjostedtiis
widespread throughowub SaharaAfrican countriesbut the potential dispersion &f.

sjostedtiis unknown Only adults have wings and should be the dispersal stage.

The BeanFlower Thrips, M. sjostedtiis a seriouspestsof legunesin Africa andmay
cause 20 to 100% vyield loss on cowpea without chemical appli¢ati@sietal., 1998;.
Abtew, 2015) The damage of larvae and adiMs sjostedtiis due to direct damage by
feeding in the flowers on pollemd other floral tissues. Feeding activitguseabortion
and shedding of flowers reducing crop yields. Leaf, buds and bracts/ stipaledso

attackedby M. sjostedti To date, no transmittion of viruses to the plants throMgh



sjostedtihave been identfied, but possibledistribution of phytopathogenic fungi and
bacteriahas been reportd@iioritz et al.,2013).

2.2.2 BlackL egumeAphid, Aphis craccivora
Aphiscraccivorabelongs to the order: Hemiptera, suborder: Sternorrhyncha, superfamily:

Aphidoideaand family: AphididagGullan& Martin, 2009) It is shiny black with Igs
strikingly white and a black area nesgpexof femur and tibigStoetzelk Miller, 2001).
Wingless émaleshave abody lengthof 1.2-1.9 mm,while winged (alatg ones have a
body lengthof 1.4-2.0 mm(Stoetzek. Miller, 2001) (Plate 2.3.

Plate 2.2: Adult alate Aphis craccivora(Source: Diabate, 201y

In Africa, mostly femalesare foundand they reproduce parthenogenetically (asexual
reproductionin which growth and development efnbryosoccur withoutfertilization)
(Irwin, 1980) The developmental period ha$ 2% 3 and4!" instar nymphs during-2,
1-2, 1-:3 and 12 days respectively. The total dagé development othe four instar
nymphsis about 47 daysandnewbornnymphs immediately start feeding by sucking the
sap from plant tissegSaroch, 20007 he high population density in a colopgomotethe
production of winged progen¥Dbopile & Ositile, 2010) Adult female longevity vare

on averag&rom 2-10 days and females cgive birthon averagéo 64-133 nymphsluring

its life (Saroch, 2000)Aphis craccivoras a cosmopolitan polyphagous whigeds on a
large number of different species of plant affect mostly theeguminosa€Ofuya, 1997
Navas, 2011
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Black Legume AphidA. craccivorais a major pest déguminosea includingowpeaand

it primarily infests seedlings, although large populations may infesefl buds, flowers

and pod (Obopile& Ositile, 2010)It causes direct damage to cowpea by sucking out sap
from aerial parts and indirectly by tremitting viruses(Stoetzel & Miller, 2001
Borowiak Sobkowiaket al, 2017. The reduction of the quality of host plant or the
increase of the population of the colony may lead to the dispersion of the winged and
apterous morphs to other healthgsh plants.The winged (alatg morphs can disperse

easilyto colonize newplants

2.3Management of cowpea pests

2.3.1Chemical control of M. sjsotedtiand A. craccivora

Synthetic and natural insecticides BeanFlower Thrips M. sjostedtandBlack Legume
Aphids A. craccivora have been researched and are commonly used by fariiers.
synthetic pyrethroids and organophosphate are the major chemicals used toMontrol
sjostedtiwhile neonicotinoidé andorganophosphatare usedo control A. craccivora
(Abtew, 2015; Choudharet al., 2017) The plant extract such &singer, Zingiber
oficinale Ros.,Grains of paradiseAframomum meleguefos., andNeem Azadirachta
indica A. Juss. have beeerportedto haveinsecticidal propertiesagainstBlack Legume
Aphids (Ofuya, 1997) The extract mixture®f plants Gmeling Gmelina arborea +
Eucalyptuscitriodora tree barksand African marigold Tagetes erectd + G. arborea
leavesshowed insecticidal properties agaiivt sjostedtiin the field (Oparaeke, 2006)
The biopesticides especially botanicals are highly biodegradable compared to synthetic

pesticidesandsafer to use

2.3.2Cultural control of M. sjsotedtiand A. craccivora

In Africa, cowpea idgraditionally grown as intercrop with maize, millet, cassava, cotton
or sorghum(Jackai& Daoust, 1986)When owpea is combined with maizthrips, M.
sjostedti population is reduced(Kyamanywa& Ampofo, 1988) Navas (2014) also
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reported that intercroppingpwpea an@ithermaizeor sorghunreduceaphidinfestation.
In addition, @rly sowing in the season redumabreaks oA. craccivoraandM. sjsostedti
on cowpedAbudulaiet al.,2017; Jacka& Daoust, 1986)

2.3.3Biological control of M. sjsotedtiand A. craccivora

Severalcoccinelld specieshave beenmeportedas naturaenemies ofA. craccivora In
Kenya, thecoccinellid predators of aphidsich asSulfurous Lady BeetleCheilomenes
sulphueaOlivier, Cheilomenes vicinMulsant, Cheilomenes lunata FAdonisLadybird
HippodamiavariegateGoeze Coccinellasppg Scymnusp, andExochomusp,have been
identified in field(Annanet al.,1994; Vaitiaire, 2011)The main predators dvl. sjostedti
aretheanthocorid predatoOrius albidipenniReutersthe Staphylinid BeetlePaederus
sabaeusgrichsan and Geocoris p. (Tamoet al.,2012) The Minute Pirate BugQrius
spp. are natural predata of many thripsspecies(Deligeorgidis, 2002) Orius spp is
naturally presenn Kenyaand itis commercially availablasbiological control agerand

usedin greenhouse to control the thrifi6asinaet al.,2006; Nielsen, 2013)

Parasitoids such &eranisus mess Walker and C. femoratug§Gahan)(Hymenoptera:
Eulophidag arethe only two waspmvestigated for their potential to contidl sjsotedti
Ceranisus meneshoweda poor parasitim ratgd%) on M. sjsotedtiwhile C. femoratus
showed aelativehigherparasitim rate®nM. sjostedton important host plants, including
cowpeaAdati et al, 2008 Agbotonet al.,2011). Discovered irCameroonC. femoratus
has beenntroduced in Benin, Ghana and Nigeria to cohM. sjsotedti(Tamo et al.,
2012) Black Legume Aphid,Aphis craccivoraare parasitized by awvide range of
parasitoidsFor example Aphidius coleman¥Viereck, Lysiphlebus fabarurMarshall, L.
confususTremblay and Eadyl,. testaceipe€ressonBinodoxys acalephalarshall,B.
angelicaeHaliday, Praon volucreHaliday, andEphedrus persicaéroggatt have been
reported aparasitoid ofA. craccvora(Rakhshanet al.,2005) Vaitiaire, (2011 )eported
that the waspsDiaeretiella rapae (M'Intosh) and Aphidius colemaniViereck are

indigenous parasitoids @&. craccivorain Kenya
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The effectivity of etomopathologenic fungisbiocontrol agents against. craccivora
and M. sjsotedtihave been demonstrateg several authorgEkesiet al, 199& , 2000;
Mfuti et al.,2016;Mwekeet al, 2018) Metarhizium anisoplia¢gMetschnikoff) Sorokin
isolates ICIPE 6%vere found pathogenic #. craccivorain laboratory assayand reduced
ther populationin the greenhoug@Mwekeet al.,2018) Whereas,lieBeanFlower Thrips
population was reduced byl. anisopliaeisolatesICIPE 69in the field (Ekesiet al,
1998). The isolate$CIPE 69are commercially available as Campaign® by ReallPM in
Kenya (Mfuti et al, 2016) However, entomopathologenic fungonidia applkd on
foliage are susceptibleo UV light, rain, temperature variatioredudng its efficiencyin
field (Mfuti et al.,2016) The combindon of entomopathologenic funil. anisopliae
with autoinoculation devicéncreased persistence obnida thereforeefficacy of M.
anisopliaeto controlM. sjostedtiin thefield (Mfuti et al.,2016)

2.34 Host Plant Resistance (HPR)

The resistant cultivars is cheapest and effective way to control insectPo¢stot&
Nualsri, 2011)The three mechanisms plants use to resist insects are antithiesabi(ity

to the host plants to affect the fithess of insects and their progeny when it uses the plant
as food), antixenosis (physical or chemical characteristics of host plants which alter insect
behaviour preventing the successful establishment dafiskets) and tolerance (the ability

of the host plants to grow and produce despite infestafiagolaet al.,2017) The role

of volatiles in antixenosigesistance of cultivars has been demonstrated in the laboratory
by many authorgNottinghamet al.,1991;Ekesiet al, 199&). For example, in olfactory
assaysM. sjostedtshowed the least preference for the volatiles emitted by flowers of the
cowpea variety 1T842246 compared to three other varieties, indicating an antixenosis
resistance in this variety (Ekest al., 19983). Firempong,(1988) showed also the
antixenosis resistance in the cultivar PL8812 and found both antixenosis and antibiosis

in cultivar ICV12 againsf. craccivora The moderare resistanoé cowpea genotypes
TVu-1509, TVu2870andTVx-3236to M. sjostedtihave been reported Aygolaet al.
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(2017) The same author reportedaod resistance igenotyped Vu-36, TVu408, TVu
410, TVu801, TVu2896 andr'Vu-3000 toA. craccivora

2.35 Netting technology

For more than ten years, the Cirad HortRgsearctUnit has been developing netting in
Africa as a tool to facilitate the adoption of agroecological practices. Netting has been
shown to beefficientin reducingpest infestations and damage to fruit and vegetable crops

in experimentaktations andn smallholder farmgMartin et al, 2006, 2015 The use of

nets has been reported to reduce the use of insecticide sprays on cabbage, green beans and
tomato crops by 70% to 100%, $tabilizeair temperature ana timproves soil moisture
(Martin et al, 2006; Saidet al, 2013 Gogoet al, 2014). In addition in Benin, netting

used by small scale cabbage producers to improve yield reduced the cost of insecticides
by 6895% and labour costs by4% (Vidogbénaet al., 2015) In Kenya, AgroNet®

netting provided efficient protection against tBeanFly, Ophiomyiaspp. which can

cause 90100% vyield losse@Martin et al.,2015) Netting was also efficient in controlling

insect pests such athe Diamond Back Moth Plutella xylostellaL, and theCabbage
Webworm,Hellula undalisFabriciusin cabbage crofMartin € al., 2006) Thenethouse

was effective barrier in protecting tomato againBollworm Helicoverpa armigera

Hubner Leafminer,Lyriomiza sppandGreenhous&Vhiteflies T. vaporariorum(Martin

et al.,2015). In green bean cropethousaeducedhe population oSilverleaf Whitefly
Trialeurodes spBlack BeanAphids Aphis fabaeScopoli and thrip$-rankliniella spp
(Gogoet al.,2014x; Martin et al,, 2015)

By contrast, insect damaga&der nethousesan be sometimes higher than in the open
field. For example, the population of the larv&nodoptera littoralisBoisduval and
aphids MyzuspersicaeSulzer and.ipaphiserysimiKaltenbachwere significantly higher
under nethousethan openfield of cabbaggSimonet al., 2014) Indeed, the motis.

littoralis may lay its eggs on the net allowing the flestzastage to pass through. The less
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effediveness ofnethousdo control some pests mde compensatebdy a combination

with repellent plants as an olfactory barrier to prevent the insepEss through the net

The challenge to enable small holder farmersdmbinethis technology with other
locally availabletechniquesThese techniques includeamely combining repellent or
masking plants which can be placed inside or outside the netting, attracting parasitoids
and predators inside the structures, or releasing demepaedatory insectsush as
Ladybirds, Lacewings, élerflies, which would be kept there by the presence of the
netting. Indeed, use of netting could help thigreaduse of biological pesticide such as
entomopathogenic fungus among smallholder farmers due to the greater )it

the confined environment created by the netting.

2.3.6Companion plant cropping

The companion plamgrownnear to the main crop whidtavethe potential to increase the
main crop plant productivity and/or to protect the main crop against insets pes
(Lithourgidiset al.,2011; Paroliretal., 2012) The use of plants belongs to the Fabaceae
family as companion plants can contribute to increase the yield of main crop by fixing
atmospheric nitrogen on their roots through symbiosis with bacteria. For exdaple,
andMathuva (2000)eported that intercropping maize/cowpea incréasaize yielddy

17 %than continuougrowing ofsole maize. For example, the reduction of light istign

in the cowpea/maize mixture reduced the densitiBednFlower Thrips M. sjostedti
(Thysanoptera:Thripidae) on cowp@@amanywa& Ampofo, 1988) In intercropping,
nonhost plant volatile may impede insects to detect theirplastt by emittig repellent
volatiles or by masking host plant volatilglactelet al, 2011, Benlssaet al, 2017) A
repellent phenomenon can be a movement away from an odour source (true repellent) and
also an inability to find the ho¢Deletreet al.,2016) The goal of the repedince in pest
management is to create an olfactory barrier to preventdurce contact between the
insect and the hogDeletreet al.,2016) For example, the repellent plaesmodium

uncinatumandbr Melinis minutiflora intercropped with maize repel (push) the adult
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Stemborer moths out of the fie{@hanet al.,1997; Poved& Kessler, 2012)The odour
masking is a constituent of thepellenceand may be used to modify the abundance and
distribution of insect pests. It is defined as an odour interfering with the host
detectiorlocalizationor reducing the attractiveness of the H@letreet al.,2016) The

goal of an odoumasking in pest management is to hide the odohosiffrom the insect
pest (Deletre et al., 2016) For example, the constitutive volatile fro@oriander,
Coriandrum sativunt.. alone wadoundnonrepellent to th&ilverleaf Whitefly, Bemisia
tabaci Gennadiugut in intercropping with tomatc&olanumlycopersicuni., there was
reduction of the attractiveness Bttabacion tomatowhich is due to the masking effect

of coriander voltles (Togniet al.,2010)

2.3.6.1 Lemongrass(Cymbopogon citratus)

Cymbopogoritratus (CitronellaGrass o_emongrasgbelongs to th@rder:Cyperales,
family: Poaceaegenus:CymbopogonThe genusCymbopogorincludes 144 speciesd

it is widely distributed in the tropical and subtropical regions of Africa, Asia and America
(Avosehet al., 2015) This perennial herb produces aromatic essential oils wkich
commercially important in cosmetics, pharmaceuticals, and perfumery applications
(Khanujaet al, 2005) In the control of insects, the natural product (esseniti&akextracts)

from Lemongrass Cymbopogon sppis widely used as natural repellents worldwide
(Nerioet al, 2010) For example, &sential oil fronC. citratuswas repellent against thrips
(Abtew, 20195, whiteflies (Deletre et al, 2015) and toxic forFrankliniella schultzé
Trybom and aphidsl. persicag(Costaet al.,2013) Themain compounds of the essential
oil include citral(geranial + neral), geraniol and myrediierio et al, 2010 ) Citral has
been reprted as a repellent to the sjostedtiarvae(Abtew, 2015)yand geraniol repellent

of whitefly, Bemisia tabaciGennadius(Deletreet al., 2015) The combination ofC.

citratuswith nethousanay preveni. sjostedtiadults to pass through thethouse

16



2.3.62 Mexican marigold (Tagetesminuta)

Tagetesninutabelongs to the ordeAsteralesfamily: AsteraceaegenusTagetegSadia

et al., 2013) The plantT. minutais native to the southern half of South Amerima
nowadays it has been reported in several countries in Eu#gm, and Africd Ma k ang 0 a,
2012) T. minutais an erect annual herb reaching 1 to andthe leaf margins are finely
serrate( Ma k a n g 0 &senti@ 0ilLfd T. minutais used worldwide aflavour
component in foodnd perfume industr§Cornelius& Wycliffe, 2016) Tagete®il is also
described by the United States Environmental Agexscy biochemidgesticide active
ingredient intended for the control of mites, whiteflies, aphids, thrips, mealybugs, scales
and pyslla (USEPA, 2012) The repellent effect of. minuta against insects hdseen
demonstratedh the laboratory. For example, the adsdindflies,Phlebotomusluboscqi
(NeveuLemaire) was repelled gssentiabil of T. minutain the laboratoryKimutai et

al., 201%. Themain compounds of the essential oil include dihydrotagetonenene,
b-ocimene, tagetones ocimenones piperitenone b-caryophyllene,bicyclogermacrene
(Cornelius& Wycliffe, 2016) The essential oil composition is different according to the
different parts of plants and its growth stage. Essential oils from bloomed plantdedves
flowers contairb-ocimene andagetenonehereas notbloomed plant leaves and flowers
mainly havedihydrotagetondChamorroet al., 2008) Some of these compounds have
been eportedin literature as repellent For example, limonene arfaicaryophyllene
showed a strong repellence againstGigaretteBeetle,LasiodermaserricorneFabricius

in the laboratoryHori, 2003) The repellent properties @f minutaplants could be used

to controlM. sjostedti

2.3.7 Use of plant volatiles in pest management strategy

The potential of plant volatiles to control insect pests limen demonstratday several
authorgKhanet al.,1997; Paroliret al.,2012; Parkeet al.,2013) The volatiles emitted

by the plants maye usedn managemenof peststhrough several approaches such as
mass trappingsynergisticeffect of plant volatiles in pheromone traps, plant volatiles as

attractants of natural enemiespafsts oushpullbstratey.
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2.3.7.1Monitoring and mass trapping

The colour traps arémportant tool to monitor and control the insect pests in the
greenhouse and fields. The colour traps are used to provide information on the current
status of the pest population (monitoringy@duce the population of insetiisough mass
trapping. The combination akrtainplant volatiles and colour trap have been reported to
increase of insects caught by colour traps in previous studies. For example, the yellow
sticky traps combined with tiral essential oilsSandalwood oilBasil oil, andGrapefruit

oil) increasedattraction of GreenhouseWhitefly, T. vaporariorumin greenhouses
(Gorski, 2004) In the field, the combirton of flower volatiles as methysonicotinate

and blue colour trap increased the attractioMos$jostedticompared to blue traps alone
(Muveaet al.,2014) Unfortunately, the colour traps with plant volatile may also capture
beneficial insects in the fie@Broughton& Harrison, 2012)

2.3.7.2Synergistic effect of plant volatiles in pheromone baitedtraps

The sexpheromone is a tool widely used worldwide to attract the insects for monitoring
or mass trapping in horticulture, agriculture, stored produmtssfs, and gardens. About

20 million pheromone lures are produced for monitoring or mass trapping every year
(Witzgall et al., 2010) The sex pheromone can be combined with the plant volatiles to
increase the catch of insec®he male birecherry aphid,Rhopalosiphunpadi L was
attracted by combining theex pheromone@epetalactgland amajorcomponent of the
volatiles from its het Prunus padud. extract (benzaldehyde) in the figlHardieet al.,

1994) The involvement of plant volatiles in sexual behaviour of the insects have been
reported byBenderaet al. (2015) The same author showed the compowatten3-ol

from cowpea increased couplingMaruca vitrataFabricius.By contrast, thattractive

effect of sex pheromone may be inhibited by the-ho# volatiles. For example, the
attraction of male motfihaumetopoepityocampaDenis and Schiffermuller was reduced

by the combination of sex pheromone and volatiles from bark and leahdfostplant
(Jactelet al.,2011)
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2.3.7.3 Plant volatiles as attractants of natural enemies of pests

Thirty years ago, after the first studies iodirect defenceof plant by attracting natural
enemies of thedeerbivore{Mumm & Dicke, 2010) manyresearclnavebeen performed

on semiochemicalthat attract parasitoids and predatfirarlings & Ton, 2006; Mumm

& Dicke, 2010;Simpsonet al., 2011 RodriguezSaonaet al, 2012). The field trial
performed byJames (2003)showed the compoundg)-3-hexenyl acetate attracted the
beneficial insectsDeraeocoris brevis Uhler, Orius tristicolor White, and Stethorus
punctunpicipesCasey Among theherbivoreinduced plant volatilegHIPVs) used adure

to increas the natural enemies in the field, methyl salicylate (MeSA) has received more
attention (RodriguezSaonaet al., 2012) Methyl salicylate wagound to attract five
species of predatory insecthrysopa nigricornis Burmeistey Hemerobius sp.,
DeraeocorisbrevisUhler, StethorugpunctumpicipesCasey Orius tristicolor White) in

the vineyard cropJames& Price, 2004) However, the use of HIPV to recruit the
beneficial insects can also attract the pests of crops. For example, the spray of HIPV
increased the number of thripsankliniella occidentalisPergandan the wine grag,

sweet corn and broccoli planiSimpsoret al.,2011)

2.3.7.4Push-pull strategy

The concept of 'pushull’ strategy was described for the first tilmePykeet al. (ascited

in Khan et al, 2001)to controlHeliothis spp in cottoncrop. Later,Miller and Cowles
(1990) formalized and edefined the concept astitnulo-deterrent diversion' strategy
where they used cinnamaldehyde gmknethanoés ovipositional deterrents @nion
Flies [Delia antigua Meiger) simultaneously providing deeply planted onion culls on
which onion flies prefeto lay eggs.Khan et al, (1997) re-used the term 'pusgbull’
strategy to manipulate the distribution®&mborer pests in the maize crop without any
chemical deterrents or toxins in Kenygushpull strategyis integrated pest management
prograns, which uses a combination of behawiorodifying stimuli to manipulate the

distribution and abundance of insect pests and/or natural enékhias & Pickett,
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2008&). The control of insects with the pughill strategies have the advantage to avoid
insecticide use thus increasing the opportunity founstenemies taaturally reduce

insect pests. By contrast, this strateggds considerable research in chemical ecology to
understand the mechanism of the trap and repellent companion plants before the
deploymen{Cooket al, 2006; Kharet al.,2016) Successn theapplicationhas been the
reduction 062% populationof Stemborer in the maize crpmg in WesterrKenya (Khan

et al, 200&8; Khan et al, 2014) Indeed, tle local companion plants Desmodium,
Desmodium uncinatunmtercropping with maize repels (pusBjemborer mothsChilo
partellus Swinhoe andBusseola fusc&uller and attracts their natural enemi€stesia
sesamiagwhile borderNapier Grass,Pennisetunpurpureum (pull) attractsStemborer
moths(Khanet al, 1997, 2001, 2008. Laboratory studies showed the importance of
plant vohtiles in the success tife push pullin Kenya. The intact plafibesmodiunemits
ocimene,(E)-4,8dimethy} 1,3,7Znonatriene(DMNT) and large amounts df-cedrene

(Khan et al., 2016) which repelledStemborer moths and attracteédlé¢ pest 6s nat
enemiegMidegaet al.,2009)while six active compounds (octanal, nonanal, naphthalene,
4-allylanisole, eugenol, and linalool) were identified as attractive in both maize and Napier
grasgKhanet al, 2000, 2016)

A pushpull strategywasstudied in horticulture to contrahé Western Flower Thrips..

occidentalis on Chrysanthemums. The volatiles of the 4mmst plant rosemary,
Rosmarinus officinali& wer e used as push stimuld. to r
0trapd Chrysant hemum c ul tmiwhererthe predat@ugs | sti
Orius laevigatusFieber can be released. However, the volatiles of thehoen plant
rosemarywerenot onlyrepellent to thehrips but also to the predatobug O. laevigatus
(Bennisonet al., 2002) The consideration oéffect of both attractants and repellents

stimuli affecting herbivores and beraéil insects shouldbe minimized in the
management of pests in pughtll or stimulo-deterrent diversion strateqZook et al.,

2006; Eigenbrodet al.,2016)
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CHAPTER THREE

BEHAVIOURAL RESPONSE OF ALATE APHIS CRACCIVORAKOCH
(HOMOPTERA: APHIDIDAE) TO VOLATILES FROM DIFFERENT COWPEA
CULTIVARS

3.1 Abstract
The Black LegumeAphid, A. craccivorais a major insecpest of cowpea in Africa.

Volatiles mediate plant@rthropod interactions that could be used in the management of
insect pestsThis studysought toestablisithe volatile profile involved in the interaction
betweenA. craccivoraand four cowpea cultivarsamely ExLuanda, Katumani 80,
Machakos 66 and Ken Kunde Whereas host preference was studied usetgbioural
assays chemical analyses of volatiles was done usgas chromatographyass
spectrometry (GC/MS). In preference assagsults showed thalateA. craccivorahad

no significant preference for any of the four cowpea cultivars tektedever, n the
olfactometer assays, the aphids showed a significant preference for odoucsiliioan
Ex-Luandacompared to Katumani 80. Machakos 66 and Kende 1 elicited neutral
response. In pairwise comparisons, afateraccivoradid not distinguish between odours

of respective cowpea cultivars. GC/MS analysis identified 23 compounds in the volatiles
of the four cowpea cultivars. Not all compounds waegeected in all cowpea cultivars,

and the detected compounds amounts varied in each cultivar. Of these, only four
compounds: hexanal(E)-2-hexenal, 31octen3-ol and p-xylene were emitted in
significantly different quantities in th@ur cultivars. A blendof hexanal andE)-2-
hexenal added to cowpea cultivar-Exanda decreased its attractivenesA.toraccivora
compared to the controlhis work showed differential attractiveness wblatiles of
cowpea cultivars toA. craccivora suggesting thatvolatiles could be used in the

management oA. craccivora
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3.2 Introduction

Volatile released by plants play an important role in plarbivore interactions
(Dudarevaet al., 2006) Plants usevolatilesto either attract pollinators or to protect
themselves against herbivor@udarevaet al.,2006) A plant odour can contain more

than 200 compounds and insects can detect either specific compounds or specific ratios of
compoundgBruce & Pickett, 2011) The quantitative and qualitative naturevofatiles
released by plants belonging to the same family, species and genotypes can differ and
consegently influence how attractive they are tbypophagous inseci&ergunteuilet

al., 2015)

Many previous studies have investigated herbimdeiced volatiles in leguminous plants
(Takabayash& Dicke, 1997; Kos& Heil, 200§. However some studies haahown the
effect of volatiles from undamagédelguminousplant in attradhg insectqPetterssoret

al., 1998; Websteet al.,2008) For instance\Websteret al.,(2008) showed that thBlack
BeanAphid, Aphis fabaescopoliuses a blend of volatiles to recognize its host Fiea
Bean,Vicia fabal. In addition,another study reported that both morphs (apterous and
alate) ofA. craccivoraresponded positively to odoufiom undamaged cowpea plants
(Petterssormrt al.,1998).

Aphis craccivoras a major pest of leguminous plants including cowpeainguiculata
which is mainly grown by smallholder farmers in Afri€Bogolaet al., 2017) Aphids
damage plants directly by sucking sap andraadly by transmitting viruseStoetzel&

Miller, 2001; BorowiakSobkowiaket al.,2017) The alate (winged) morphs can disperse
easily and subsequently transmit viruses to new plants. The abundance and dafnage of
craccivoraon cowpea plants is depemid®n cultivar difference§Ageleet al.,2006) For
example, cultivar Katumani 80 was reported as resistar.t@raccivora (Kenya
Agricultural Research Institute (KARI), 2008yhile the cultivars Ex Luanda and
Machakos 66 wre susceptiblévibogo, 1985)

Management o. craccivorain cowpea is mainly by use of synthetic chemical pesticides

(Reddyet al, 2017)which are costly and have numerous adverse environmental effects.

22



The potential of host and ndrost volatiles in the managent of aphids has been
demonstrated. For example, the odour differences from the combination of certain barley
cultivars reduced the bird cheroat aphidR.padiand i ncreased the na
populationg Glinwoodet al.,2009) In addition, volatiles fronhemongrassC. citratus,

when intercropped witleggplantreduced the population of aphi@Salumpanget al.,

2013)

The pushpull strategy is a crop protection concept which uses attractant and repellent
stimul. simultaneously to mani peutbeeduee t he
insect abundand€ooket al.,2006) Theattractant or repellent volatiles emitted by plants

may be used astimuli (Cook et al., 2006; Eigenbrodeet al., 2016) However, the
implementation of areffective pushpull strategy requires a clear understanding of
interactions between an insect and its host fl@obk et al.,2006; Khanret al.,20080).

For instance, understanding the olfactory cues used. lyyaccivorato locate cowpea

plants could improve integrated pest management (IPM) strategies to control this pest by
disturbing their orientation or manipulating their distribution. Actyailye role of

ol factory cues has been demonst (Websterat i n aj
al., 2008; 2010) However, there is limited information of the effectwaflatiles from

cowpea cultivars oA. craccivord s abi | ity t am ¢of the @mesent stadyst s .
was to identify attractant or repellent compounds from cowpea cultivars that could be used
to controlA. craccivoralt is hypothesized that intraspecific variation of cowpea volatiles
influences host attractiveness Ao craccivaa. This variation will enable to identify
attractant and repellent cowpea volatiles that cbeldsel in pest management as push

pull strategy.The hypothesiswas testedby using behavioural assays and chemical

analysis.
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3.3 Materials and methods

3.3.1 Raising of plants

Seeds of three commercial cowpea cultivars viz. Ken Kunde 1, Machakos 66 and
Katumani 80, were purchased from local seed suppliers (Simlaw Seeds, East African
Seeds, Kiambu Fertilizers) in Nairobi, Kenya. Seeds efL&&nda, a localwtivar, were
obtained from the International Centre of Insect Physiology and Ecology (icipe), Mbita,
Kenya (0°25'47.5"S 34°12'24.1"E). To raise seedlings, three seeds of respective cultivars
were sowed directly in pots (14 cm diameter x 15 cm depthyaneen house (27 + 7 °C
temperature, 75 + 5 relative humidity (RH); 12 L:12 D photoperiod) at icipe, Duduville,
Campus Nairobi, Kenya (1°13'17.9"S 36°53'48.1"E). Plants were grown in soil (Nito
rhodic Ferralsols) mixed with cattle manure, free of pesticgjways and were watered
twice weekly. Four weeks after germination, the plants were used either to rear aphids or

thinned to a single plant per pot for the experiments.

3.3.2 Rearing of A. craccivora

A colony of A. craccivorawas established in MarcB014 andmaintained at thécipe
insectary oncultivar ExLuanda at a temperature of 23 = 1 °C-@880 RH and
photoperiodof 12L: 12D. Aphids were reared in plastic cages (61 cm in length x 45 cm

in width x 45 cm in height) that had fine nylon mesh onegiide to provideentilation

Four pots, each containing three plants,-@fekkold cowpea plants were transferred to

the aphid rearing cages. Plants in the cage were replaced with fresh ones every two days
and were watered three days weekly. Fdasrold alate aphids in the cage were collected

with an aspirator for use in the experiments.

3.3.3 Preference assay

An assay was conducted to compare the preferen@e ofaccivoraamong the four
cowpea cultivars. This assay involved olfactory, visual @amesphysical contact. Potted
single plants of respective cowpea cultivars were placed in a cage (80 cm in length x 50
cm in width x 40 cm in height) ia screenhouse (27 + 7 °C temperature, 75 + 5 relative

humidity (RH); 12:12L: D photoperiod). In the cadbe four pots were placed 26 cm

24



apart, in a square pattern. A total of 100 fda+old alate aphids were picked from the
colony and starved for 1 h before release in the experimental cage. The aphids were
released at the centre of the four potted plahtespective cowpea cultivars. The insects
were left in the cage, and those that had settled on respective cowpea cultivars were
visually counted 24 h later. The position of each cultivar in the cage was randomly

alternated after each replicate and altof 12 replicates were conducted in one cage.

3.3.4 Olfactory assay with undamaged cowpea plants

The response oA. craccivorato four cowpea cultivars was tested usingy dube
olffactometer( 2. 8 c¢cm i nternal diameter, ngthpin&® cm s
laboratory (24 £+ 1°C temperature; 50 + 5% KNarayandag. Alyokhin, 2006) Cleaned

air was drawn through two flow eters at a rate @300 ml/min. The bioassays with

individual alate aphidsvere tested with: a) respective cowpea cultivars versus the control
(clean air) and; b) the four cultivars tested against each other in pairwise sets. The alate
aphids were placeddividually in the stemoftheY ube wusing a soft ca
and observed for 7 mikphid was observed for 7 min becauseliminary results showed

that aphid can make a choice oteis time If an aphid did not choose either arm within

7 min, itwas considered neresponsive and replaced. Conversely, it was considered to

have made a choice after entering the left or right arm beyond-théeYintersection.

Each aphid tested was a replicate and a treatment was considered complete when 40 aphids

made a choice, disregarding the number othoice responder&oschieret al,. 2017)

3.35 Collection of volatiles

Volatiles were collected from vegetative parts of the four undamaged cowpea cultivars as
previously describedurungiet al.,2016. The polyester oven bags that were used for
volatile collection were baked overnight at 100 °C. The Super Q adsorbents (30 mg;
Gainesville, FL, USA) were preleaned with 2 ml of hexane (Sigma Aldrich, Gillingham,

UK) and 2 ml of dichloromethane (Sigma Aldmic Gillingham, UK) to remove

contaminants by rinsingand then dried under a gentle stream of white spot nitrogen.
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Individual 68 -weekold plants were carefully placed in the oven bag and held tightly
around the stem with a rubber band. The pots withveeie completely covered with
aluminium folil prior to the plants introduction into the oven bags. Air flow into the bag
was provided by two Teflon tubes using a pump. One tube pushed air at 300 ml/min into
the bag holding the plant while the other pulleel ¥olatiles through the Super Q adsorbent
tubes at a flow rate of 200 ml/min for 24 hhe difference in flow rates prevented
unfiltered air from entering in the system (Websteal.,2008) Volatiles were collected

from three plants per cowpea cultiard replicated four times, giving a total of 12 plants

per cultivar. After the collection of volatiles, the three Super Q adsorbent tubes from three
plants were eluted with 150 pl dichloromethane each in the same vial. The total eluate
(450 pl) was placedh a box of ice and was reduced to 50 ul under a gentle stream of
white spot nitr ogen.-heSsaddtane (yithearifferept reteriti@h n g/ ¢
time for cowpea volatile compounds) was added as an internal standard to compare the
relative amouts of each compound released by respective cowpea cultivars. Samples

were either analysed immediately or storeeBat°C until use.
3.3.6 Analysis of volatiles

The volatiles were analysed using a GC (Agilent Technologies 7890A) equipped with an
HP-5 MS ultrasi ner t column (30 m 1 0.25 mm | D |
Folsom, CA, USA) directly coupled to a 5975C mass spectrometer for identification of
the volatile components. The carrier gas was helium, at a flow rate of 1.2 ml/min. The
oven temperate was held at 35 °C for 5 min and then programmed at 10 °C steps up to
280 °C/min. The temperature was then maintained at 280 °C for 5.5 min. Volatile
compounds were identified by comparing their mass spectral data with library data from
the Adams2 terpearid/natural product library (Adams 1995) and National Institute of
Standards and Technology (NIST) (NIST, 2008) (MSD ChemStation F.01.00.1903, MS
HP, USA). The retention times of some compounds and mass spectra were compared to

those of authentic standards
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3.3.7 Olfactory assay with synthetic standards

In bioassays witkknown synthetic volatile compound¥;-tube olfactometesimilar to

that used witundamageglants described aboveere usedVolatile compounds emitted

in different quantities from the fw cowpea cultivars were tested to evaluate their potential

to decrease or enhance the attraction of cultiegpestsBased on the literature, the blend

of compounds seemed more efficient than compound tested singly (Netip 2010;

Bruce & Pickett,2011), so only blerglof compoundsveretested. Two synthetic blends
were prepared (i) with potential repellent volatiles (blend A) and (i) with potential
attractant volatiles (blend B). The blend (A) was composdeexdnabnd(E)-2-hexenal

and the blad (B) was composed ofdcten3-ol andp-xylene. The synthetic blends were
prepared in dichloromethane (1 ml). The compounds were diluted at two selected
concentrations: 0.1% (v/v) and 1% (v/v) with a ratio 1:1 for both compounds in the
synthetic blends50 pl aliquots (i.e. 0.5 pl active ingredient (1% dilution) and 0.05 ul
active ingredient (0.1% dilution)) of each treatment were applied onto a filter paper and
left to dry for 30 seconds at ambient temperature. The filter paper was then placed in an
odou source chamber. The respective blends (A and B) were combined with a cowpea
cultivar (either A+ attractant cultivar or B + repellent cultivar) and were compared with
clean air first and then with the same cowpea cultivar. For each treatment, the odoair so
was alternated after every five aphids. The plants were replaced after 10 aphids had been
tested and the filter paper after every 60 min. A treatment was completed after 40 aphids
responding to odour source had been tested. The connecting tubedeaerz avith

dichloromethane after each compound tested.

3.3.8 Synthetic standards

The standard compoundsptten3-ol( pur i t ypx@ | %) ,(purity O 9¢
(purity 98%) and (ER-hexenal (purity 98%) were obtained from SigAddrich, France.

Hexane purity O 9 5 %) d i ¢ hHexadecanoftrity 8990¢ were Purchased

from Sigma Aldrich, United Kingdom. E#imol @ u r i 99)8%) @vas obtained from
SigmaAldrich, Germany.
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3.4 Data analysis

Frequency count data from preference assays conducted in cage experiments-and two
choice behavioural assays were subjected to & chiu a f) déest (ocevaluate the
preferenes ofA. craccivoraamongst different cowpea cultivars and/ synthetic standards.

The null hypothesis was that aphid distribution was 25:25:25:25 on the four cultivars in

the preference assay and 50:50 across the two arms of the olfactoftetenon
paraméric Kruskal Wallisoneway anal ysis and Dunndés met ho
were used to differentiate the relative amounts of VOCs among the four cowpea cultivars.
Principal component Daay&Dufosr2®7)Wapused koslpw s 06 a d
therelationship between the cowpea cultiveesed on the emission of relative amounts

of volatile compounds in a graphical approach. All analyses were implemented in R
version 3.3.4R Core Team, 2016)

3.5 Results

3.5.1 Behavioural assays

Preference of Apls craccivora to cowpea volatile®late, A. craccivora,showed no

si gni f2f&4,dt=3(Ps= 0.161) preference for any of the four cowpea cultivars
tested (Figure.l).
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Figure 3. 1. Number (Mean =SE) of alateAphis craccivorafor different cowpea
cultivars in the vegetatve stage over a period of 24 hours. The total number of
insects tested for each replicate was 1008%100).EL =Ex-Luanda ; K80 =
Katumani 80 ; KK1 = Ken Kunde 1 ; M66 = Machakos 66 Vertical bars followed

by the same letter are not significantly different(chi-square goodnes®f-fit test)
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Olfactory response of Aphis craccivora to cowpea volatilesthe olfactometer assays,

when cowpea cultivars were compared to clean air, aateraccivorashowed a

signi 4% dft 1, P e 0.026) preference for odours frmrtivar ExLuanda

compared to clean air (control). In addition, alatecraccivoras howe d si?gni fi ca
10, df =1, P < 0.01) nepreference for odours of cultivar Katum&@ compared to clean

air (Figure3.2). When both cultivars Machakos 66 and Ken Kunde 1 were compared to

clean air, the responseAf craccivorawas not significant. In pairwise comparisons, alate

A. craccivoradid not distinguish between odoursof: Kata ni 80 vs. ?Machakc
0.4, df = 1, P = 0.527):2=09 dfrmaPmIi03&) vs.
Katumani 80 vs. Bt u a n 8=a0.9(db=1, P =0.342); KenKunde 1vs-Exu anda ( G

= 0.1, df = 1, P = 0.751); Machakos 66 vs-IEx a n d=a0.4(dé= 1, P 9.527) and
Machakos 66 v&=0#ehPKLlFdgwed3)l (o

N n % Povalue Clean air Treatment

47 40 0 P=1 | | Clean air

49 40 10 P<0.01 ** | R K80

48 40 0.1 P=0.751 | ] KK1

44 40 1.6 P=0.205 | | M66

44 40 4.9 P=0.026 x :— EL
80 60 40 20 0 20 40 60 80

% responses of A.craccivora

Figure 3. 2: Olfactometer responses of alatéphis craccivorato the odour of

undamaged cowpea cultivars in the vegetative stag/ersus clean air (control) in ¥

tube olfactometer.EL =Ex-Luanda ; K80 = Katumani 80 ; KK1 = Ken Kunde 1 ;

M66 = Machakos 66.N= total number of insects tested. n=total number of insects
responded for each t rPtestst*ReMq0b* RddOL, @® (n = 4

square goodnes®f-fit test)
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48 40 04 P=0.527 M66 EL
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Figure 3. 3: Olfactometer responses oélate Aphis craccivorato the odour of
undamaged cowpea cultivars in the vegetative stage in pairwisemparison in a Y-
tube olfactometer.EL = Ex-Luanda ; K80 = Katumani 80 ; KK1 = Ken Kunde 1 ;
M66 = Machakos 66.N= total number of insects tested. i total number of insects
responded for each treatment was 40 (n 4 0 Y*testse* P< 0.05, ** P< 0.01. N
total number of insects tested. = total number of insects responded for each

Treatment were 40 (n=40), (chisquare goodnes®f-fit test)

3.5.2 Analysis of cowpea volatiles

Twentythree compounds belonging tbet chemical classes of alcohols, aldehydes,
alkanesbenzenoidsesters, ketones, monoterpenoids and sesquiterpenoids were detected
in the volatiles of the four cowpea cultivgiEgure 3.4) (Table3.1). The compounds-1
octen3-ol and methyl salicylate werabsent in the cultivars Machakos 66 and Ken Kunde

1 respectivelywhile(E)-b-ocimene was only observed in the-BExanda cultivarsOf the
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23 compounds, only four were emitted in significantly different amounts among the four
cultivars. These included hexarfads 8.75, df = 3, P = 0.030JE)-2-h e x e A=a9.63,( &

df = 3, P = 0020), *octen3-o | 2=(9.66, df =3, P =0.030) aqex y | e+ &0.87, @f

= 3, P = 0.010)The abundance of hexanal in cultivar Katumani 80 was 5, 7 and 8 times
more than in cultivars Ekuanda, Ken Kunde 1 and Machakos 66 respectively. The
abundancef (E)-2-hexenal in cultivar Katumani 80 was 9, 30 and 172 times higher than
in cultivars Machakos 66, Eixuanda andKen Kunde 1 respectively-he abundance of
1-octen3-ol in cultivar ExLuanda was 3 and 6 times higher than in the cultians

Kunde 1 ad Katumani 80 respectively. The abundancp-aflene in cultivar ExXt.uanda

was 2, 4 and 4 times higher in cultivars Ken Kunde 1, Machakos 66, and Katumani 80
respectively. The difference between volatile profiles of cowpea cultivars was explored
through aprincipal component analysis (PCA). The PC1 in the horizontal axis explained
28.60% of the total variance while PC2 in the vertical axis explained about 15.01%. In the
score plot, the representation of the four cowpea cultivars based on the emission of
volatiles overlapped. The volatile profile of Katumani 80 was close to Ken Kunde 1 but
different from ExLuanda and Machakos 66 (Figugs a). In the loading plot, the
compounds hexanal an@)-2-hexenal involved in the separation r@pellentcultivar
Katumani 80 to other cowpea cultivars was correlated (Figurb). 1-Octen3-ol andp-

xylene were among the compounds responsible for separating volatiles of attractant

cultivar ExLuanda to other cowpea cultivars.
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Figure 3. 4. Representative chromatograms of compounds identified in vegetative
stage volatiles of four cowpea cultivars, namely Ekuanda (EL), Katumani 80
(K80), Ken Kunde 1 (KK1) and Machakos 66 (M66). Peak no: 1, hexanal; g&)-2-
hexenal; 3, ethylbenzene; 4-xylene; 5, exylene; 6, nonane; 7|}pinene; 8,b-
pinene; 9, Tocten3-ol; 10, myrcene; 11, limonene; 1AE)-b-ocimene; 13,
undecane; 14, nonanal; 15, methyl salicylate; 16, dodecane; 17, decanal; 18,
tridecane; 19, tetradecane; 20U}-cedrene; 21, neryl ac®ne; 22 , pentadecane; 23,

cedrol
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Table 3. 1: Volatile compounds emitted by the vegetative parts of four cowpea cultivar&Ex-Luanda (EL), Machakos (M66), Ken Kunde 1
(KK1), Katumani 80 (K80) (Mean + standard error)

N Compounds R.T Class of compounds Ex-Luanda, n=4 Machakos 66, n=4 Ken Kunde 1, n=4 Katumani 80, n=4
1 Hexanat 6.46 Aldehyde 251+0091a 1.56 +0.74a 1.58 +1.16a 11.82 +4.56b
2 (E)-2-hexenal 7.96 Aldehyde 0.23+0.12a 0.77 £ 0.53ab 0.04 + 0.04a 6.91+4.5D

3 Ethylbenzenkt 8.05 Berzenoid 0.92 £ 0.55a 4.36 £ 2.59a 1.54 +0.53a 1.83+1.07a
4 p-Xylenée 8.26 Benzenoid 1118 +4.1a 2.76 £ 0.94b 6.17 £ 0.59a 2.97 £0.79b
5 o-Xylené 8.84 Benzenoid 2.21+0.74a 2.38 £0.36a 3.14£0.49a 2.35+0.47a
6 Nonare? 9.04 Alkane 4.03+1.83a 1.76 £ 0.68a 256+0.17a 3.48 +1.28a
7 UPinené 9.76 Monoterpenoid 2.97 £ 0.58a 5.45 £ 2.15a 2.40 £ 0.54a 3.62 £ 0.69a
8 b-Pinené 10.65 Monoterpenoid 0.07 £ 0.07a 3.98 £ 2.94a 0.75 £ 0.46a 0.07 £ 0.07a
9 1-Octen3-ol? 10.79 Alcohol 7.20 +3.15a - 1.18 £0.76b 2.49 +1.29ab
10 Myrcené 10.9 Monoterpenoid 6.11+1.42a 6.31+2.74a 7.02 £2.08a 17.02 + 6.60a
11 Limonené 11.71 Monoterpenoid 5.31+1.88a 6.86 +4.11a 18.88 +9.74a 6.97 £5.43a
12 (E)-b-Ocimené 12.06 Monoterpenoid 0.66 £ 0.38a - - -

13 Undecang 12.98 Alkane 0.56 = 0.56a 014 +0.13a 0.77 £0.47a 0.51+0.51a
14 Nonanat 13.16 Aldehyde 11.90 £5.34a 4.44 + 3.32a 6.65 + 5.39a 2.76 £ 2.06a
15 Methyl salicylaté 14.55 Ester 4.23 +£4.23a 1.80 + 1.80a - 0.41+041a
16 Dodecang 14.59 Alkane 0.39+0.23a 0.10 +£0.10a 1.59 + 071a 0.45 +0.28a
17 Decanal 14.75 Aldehyde 11.59 +6.72a 6.57 + 6.48a 18.95 +6.78a 8.57 £5.92a
18 Tridecané 16.03 Alkane 3.61+1.87a 6.33+2.47a 3.04 +£1.14a 3.93+1.20a
19 Tetradecarte 17.37 Alkane 5.12+1.07a 4.76 £ 1.86a 4.091 £ 1.51a 3.82+1.72a
20 UcCedreng 17.69 Sesquiterpenoid 7.59 + 3.83a 6.80 £ 2.37a 10.01 +2.67a 6.44 £ 3.22a
21 Neryl aceton& 18.16 Ketone 3.51+042a 2.72+0091a 1.97 +1.02a 3.13+1.31a
22 Pentadecarie 18.63 Alkane 6.17 +1.80a 10.20 + 2.09a 5.39 +2.30a 8.60 +2.59a
23 Cedrot 20.06 Sesquiterpenoid 2.77 £1.60a 19.66 + 16.92a 2.16 £1.38a 1.49 +0.89a

R. T= retention time (min); no detectedtldentification by mass spectral matéopmpounds identified by library data and authentic standitelsns

followed by the same letter within rows are not significantly differsr < 0.05 level, according to the Kruskihllis-test
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Figure 3. 5: Principal component analysis (PCA) of volatile organic compounds in
the undamaged vegetive part of four cowpea cultivars (EL =Ex-Luanda; K80 =
Katumani 80; KK1 = Ken Kunde 1; M66 = Machakos 66)i a: score plot with
conydence el lipses aboadingpttwiheaodws shawohg vi dual |
the direction and intensity of the correlation d variables. Inside the correlation
circle, if the arrows are projected in the same direction indicate they are correlated,
if they are orthogonal (mean at a 9@egree angle) they are unrelated and if they
are pointing in oppositedirections, they are negaively correlated. Compound
numbers: (1), hexanal; (Il), (E)-2-hexenal; (IIl), ethylbenzene; (IV), p-xylene; (V),
o-xylene; (VI1), nonane; (VIl), U-pinene; (VIII), b-pinene; (1X), 1-octen-3-ol; (X),
myrcene; (XI), limonene; (XII), (E)-b-ocimene; (XIll), undecane; (XIV), nonanal;
(XV), methyl salicylate; (XVI), dodecane; (XVII), decanal; (XVIII), tridecane;

(XIX), tetradecane; (XX), U-cedrene; (XXI), neryl acetone; (XXII), pentadecane;
(XX11), cedrol
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Olfactory response of Aphis craccivora to synthetic compound significant
differences were found when the treatment combinationd (faxida + hexanal ¢E)-2-
hexenal) were compared with either tlantcol (clean air) or the cowpea cultivar -Ex
Luanda. However, the combination decreased the attractiveness of the insects to the
cultivar ExLuanda (Figure3.6). A combination of Katumani 80,-dcten3-ol and p-

xylene showed noepreference@= 6.4, df = 1, P = 0.0)1yA. craccivoracompared to

clean air (Figure3.7). In addition, no significant differences were found when the
treatment combinations were compared with either the control (clean air) or the cowpea

cultivar Katumani 80 (Figw3.7).

N n )(2 P-value

47 40 0  P=1 Cleanair | | Cleanair

40 40 1.6 P=0205 Clean air ey EL+ hexanal+(E)-2-hexenal (1%)
s 0 p g (I

45 40 04 P=0.527 EL EL+ hexanal+(E)-2-hexenal (0.1%)

44 40 0.9 P=0.342 EL W EL+ hexanal + (E)-2-hexenal (1%)

80 60 40 20 0 20 40 60 80

% responses of 4.craccivora

Figure 3. 6: Olfactometer responses of alaté&phis craccivorato different tests:
Clean air vs. Clean air; Clean air vs. EL + hexanal €E)-2-hexenal (1%); EL vs.

EL; EL vs. EL + hexanal + (E)-2-hexenal (0.1%); EL \s. EL + hexanal +HE)-2-
hexenal (1%). EL =ExLuanda. N= total number of insects tested. n = total number
of insects responded for each treatment was 40 (n = 40jtasts: * P< 0.05** P<

0.01, (chi-square goodnes®f-fit test)
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N n X P-value

47 40 0 P=1 Clean air | | Clean air
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45 40 0 P=1 K80 AAMMIMIMIIITIINNNNyY - K80
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Figure 3. 7: Olfactometer responses of alaté&phis craccivorato different tests:
Clean air vs. Clean air; Clean air vs. K80 + Jocten-3-ol + p-xylene (1%); K80 vs.
K80; K80 vs. K80+ *octen3-ol + p-xylene (0.1%); K80 vs. K80 + locten-3-ol + p-
xylene (1%). K80 = Katumani 80.N= total number of insects tested. n = total
number of insects responded for each treatment was 40 (n = 40jtests: * P< 0.05,

** P< 0.01, (chisquare goodnes®f-fit test)

3.6 Discussion

3.6.1Behavioural response ofA. craccivorato cowpea cultivars
In olfactory bioassaysthe cultivar ExLuanda showed an attractant effect while the

cultivar Katumani 80 warepellentto alateA. craccivora The quality of cowpea volatiles

and relative amounts of compounds in the volagpilefiles were different among the
cultivars. Bruceet al, (2005) reported that the insects use the appropriate composition
and specific rab of compounds to recognize their host plant. The attractant cowpea
cultivar emits the appropriate composition and specific ratio of compounds used by
craccivorato recognize the host plant while the unattractant cultivar is characterized by

the inappopriate composition and ratio of compounds in the volatiles.
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3.6.2 Volatile compoundsin cowpea cultivars
Through headspace collection and-GIS analysis, 23 compounds were identified from

the four cowpea cultivarsthe compound$E)-2-hexenal,(E)-b-ocimene,U-pinene, b-
pinene, locten3-ol, myrcene, nonanal, decanal, limonene &kmkdrenefound in the
vegetative stage of cowpea cultivardasealreadybeenreported bysobhyet al, (2018)
andLwandeet al, (1989) In PCA, the overlapping of cultivars volatilesas observed
These overlaps indicated that the volatile profiles of the four cowpea cultivars are quite
similar. However, different levels of attraction £0 craccivorawere observed in the
olfactory bioassgs. All 23 compounds identified were not present in all cowpea cultivars
and their amounts varied in each cultivd)-b-Ocimene was only observed in the-Ex
Luanda cultivars whereasdcten3-ol and methyl salicylate were absent in the cultivars
Machakos66 and Ken Kunde 1 respectively. The quality of volatiles is important in the
recognition of host plants by insect8ruce and Pickett (2011)reported that some
compoundsn host plant volatilesre more important than otlgein the recognition of

host by insectand the absence of these compounds affect the attraction of insects. On the
other handthe variation in the amounts of compounds in the volatile of cultivars may also

explain the differeces in the response Af craccivora.

3.6.3 Effect of blend of compoundson behavioural response oA. craccivora
In bioassays of standard compounds, the respornsearfccivorawas neutral when the

attractant cowpea cultivar Ebuanda was combined withexanal andE)-2-hexenal
relative to clearair. The reduction in the attractiveness of cowpea cultivatudanda
volatile could be due to a masking effect by these two compounds. A masking odour
interferes with the host detection/localization or decredise attractiveness of the host

by changing the host chemical profile, such compounds are therefore not repellent alone,
their effect depergbn the contextSchréde& Hilker, 2008; Deletreet al.,2016) Further

study needs to be performed for more ifization on both compounds effedn the

behavioural response 8f craccivora.

Conversely, the attractive cultivar fxanda was characterised by the compounds 1

octen3-ol. Despite the presence of the pairs of compouratstdni3-ol andp-xylene with
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the unprefared Katumani 80 cultivarA. craccivorawas not attractedBenderaet al,
(2015)showed that -bcten3-ol was the main compound imdamagea@owpea cultivar
Ex-Luanda and was emitted at night.the study, the collection of volatile of cowpea
cultivars was performed for 24 h and perhapsctern3-ol could have been abundantly
emitted within the cycle at night. Aphids are more active in the dayiebsteret al.,
2010)and this could be the reason whydten3-ol had no effect on the attraction Af
craccivorain thestudy.However, the attractiveness obtten3-ol has been reported on
different insects. Bendegt al, (2015) showedhat 1-octern3-ol emitted by Ex_tuanda
cultivar increased attractiveness and coupliniylaruca vitrata Moreover, the synergy
between Jocten3-ol and carbon dioxide has been reported to be attractive to several
mosquito species (Kle, 1994).The compoundp-xylene was also abundant in the
attractive cowpea cultivar Eixuanda.To the best of our knowledge, few studies have
reported the attractivenessmkylene on the behaviour of aphids.the study, p-xylene

was not attractive té. craccivorain olfactory tests.

3.6.4 Choice ofA. craccivorain pairwise comparisonand preference assays
The pairwise comparison of the cultivars in theube olfactometer showed an absence

of behavioural response 8f craccivorato odours of the ampea. The difference of the
ratio of compounds in the volatiles of undamaged cowpea cultivars might be too low or
masked by other compounds, making it difficult farcraccivorato detect in pairwise
comparisonsSimilar results have been observed in tifactory tests of other pests. For
example, tomat&ed spider mite Tetranychus evan8iaker and Pritchard females did not
show a preference for any volatiles from three undamaged African nightshade species in
pairwise comparison (Murungt al.,2016). Aphids also use visual cues in the search for

a host plantDdring, 2014) Aphids can combine visual and olfactory cues to locate their
host plantgDdring, 2014) However, in the preference assay involving visual, olfactory
and physical contach. craccivoradid not prefer any cowpea cultivars. The short distance
between plants might have led to the blend of volatiles of the different cowpea cultivars

and consequently prevented/reduced the choiée ofaccivora
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3.7 Conclusion

Theresultsof this studyshow that the attractiveness of phytophagous &lateacévora

differs among cultivars belonging to the same species. The cowpea cultiaraB&oda
appeared to be more attractive than the cultivar Katumani 80 according to the plant odour.
The presence of hexanal afid)-2-hexenal reduced the attractiveness oflLiEanda
cultivar in the olfactometer. The negative behavioural respons&. afaccivorato
repellentcultivar Katumani 80 despite the presence-oftcien3-ol and pxylene suggest
that A. craccivorawas not attracted by these compounds. These resultesuggt the

VOCs from undamaged cowpea cultivars can influence attractiveness of the host plant to
A. craccivora The identification of attractant and repellent cowpea cultivars in the present
study could be useful in the managemen®otraccivorathrough pushpull strategies.
Further investigations need to evaluate the application of blend of compounds hexanal and
(E)-2-hexenal on susceptible cowpea cultivars in order to reduce the attraction of

craccivorain IPM strategies
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CHAPTER FOUR

BEHAVIOURA L RESPONSE OF BEAN FLOWER THRIPS,
MEGALUROTHRIPS SJIOSTEDTI(TRYBOM) (THYSANOPTERA: THRIPIDAE)
TO VEGETATIVE AND FLORAL VOLATILES FROM DIFFERENT COWPEA
CULTIVARS

4.1 Abstract

Bean Flower Thrips (Megalurothrips sjostedti)is a key pest of cowpeaVigna
unguicalata) in Africa. To better understand the interactionMf sjostedtito cowpea
cultivars to improve management effomspellent properties of volatiles of four cowpea
cultivars, namely ExLuanda, Machakos, Ken Kunde 1 and Katumani 80 at different
phenological stagewere investgatedioassays were conducted to study host preference
and gas chromatograpimyass spectrometry for chemical analysis of volatiiégresults
showed no significant preference of femalkssjostedtifor any cowpea cultivarested

in preference assays. However, in olfactometer, the volatiles emitted during the vegetative
stage of only Ex_uanda, Machakos and Katumani 80 cultivars were repellent to females,
while only Ken Kunde 1 was repellent to males. Volatiles from flowéisen Kunde 1

were attractive to females, whereas volatiles from the flowers of Katumani 80 were
repellent, respectively. Eikuanda and Machakos elicited neutral response. Flowers of
Machakos 66 and Ekuanda cultivars were repellent to males, while Kanh80 and

Ken Kunde 1 were neutral. The volatile analysis showed H)&t-ocimene and-bcten

3-ol were unique to the volatile profile of Katumani 80 flowers. Previous study showed
(E)-2-hexenal and hexanal were only abundant in the vegetative st&gumhani 80.
(E)-2-hexenal was repellent to the females at a concentration of 0.01% but not at 1%.
Hexanal, (E)-b-ocimene and -bcten3-ol elicited a neutral response from females at
0.01% and 1%The presenstudy indicates thatE)-2-hexenal could be ufd in the

development of semiochemielaased repellent tools fddl. sjostedtimanagement.
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4.2 Introduction

Bean Flower Thrips (BFT), Megalurothrips sjostedtiis widespread throughout sub
Saharan Africa and causes significant yield loss to leguminoyss dretween 20% to
100% (Mfutiet al, 2017). Bean flower thrips mainly attack the flowering stage of cowpea
leading to premature flower drop, hence reduced y{@tdtew, 2019. Synthetic
pyrethroids and organophosphates are mostly used to cdntrgjostelti in Africa
(Abtew, 2015. These groups of chemicals are known to be toxic to farmers and
consumers, pollute the environment and kill beneficial ins@dbsew, 2019. Further,
several thrips species are known to have developed resistance to pyretimoid a
organophosphorus insecticides (Herrdames2005; Thalavaisundarast al, 2008)
Various alternative methods have been developed for BFT management, such as maize
cowpea intercropping which reduce light intensity incbe/pea canopy, thus the density
of M. sjostedtion cowpea (Kyamanyw#& Ampofo, 1988), blue sticky traps with
kairomoneattractants for effective monitoring (Muvetal, 2014), use of biopesticides
(Ekesi et al, 199&; Mfuti et al, 2017) and autoinoculation devices with
entomopathogenic fungddetarhizium anisopliadletchnikoff (Mfuti et al,, 2016). More
recently aggregation pheromones of BFT have been identified (N&sal, 2019),
however efforts to identify repellents for BFT are scdrdatew, 2015.

Plants emit volatiles to defend themselvéisectly by repelling herbivorous insects or
indirectly by attracting the natural enemies of insect p@tslareveet al.,2006) In crop

plants, the composition of the volatiles and magnitude of emission can vary amongst
cultivars and within each cultivar depending on the developmental stage and plant part
(Wright etal., 2005 Himanenet al, 2017) with consequences for plant defencaiagt

insect pestg§Schroderet al, 2015) Green leaf volatiles (GLVS) play a significant role in
defence of plants against herbivorous insects and path(®eaiset al, 2013)and could

be used as repellents in pest management (Ehah 2015).Green leafvolatiles often
consist of compounds with six carbons (C6) as backbone, including aldehydes, alcohols
and estergMatsui, 2006) These compounds are produced either domisgly or by

induction after wounding or streg€Shiojiri et al.,2006)
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Using olfactory assaygkesiet al, (1998) showed that femal#¥. sjostedtiwere not
attracted to flowers of cowpea variety IT82346 than to three other varieties (ICV 2,
ICV 8, TVx 3236). However, the compounds responsible for the unattractive effect were
unidentified. Intact cowpea plants emit GLVs such as hexandEtihexanal (Lwande

et al, 1989; Sobhyt al, 2018). A repellent phenomenon can be a movement away from
an odour source (true repellent) and/or an inability to find the host (Detetite 2016).
Odour masking is a type of repellent action where aruothat does not have an effect
when applied alone can interfere with host detection or reduce the attractiveness of the
host (Schrode& Hilker, 2008, Deletreet al, 2016). Hencethe aim waso identify
candidate repellent compounds from cowpea cubliithat could be incorporated in the
management d¥l. sjostedtby reducing its contact with the host. The use of such repellent
host plant volatiles could reduce the use of synthetic chemicals for the managelent of

sjostedti.

The hypothesisis that vohtiles emitted by the vegetative stage and flowers of cowpea
cultivars elicit different behavioural responsesMn sjostedtiadults (male and female)
and that specific compounds are responsible for repellenbk sjostedtiadults from
repellent cowpeauttivars. The hypothesisvas testedy (i) evaluating the behavioural
response of male and female sjostedtito four cowpea cultivars at the vegetative stage
and flowers in a Yolfactometer assay; (i) identifying the volatiles emitted by the cowpea
cultivars using GEMS; and (iii) evaluating the repellent effect of specific compounds that

were either abundant or unique to raitractive cowpea cultivars.

4.3 Materials and methods
4.3.1 Raising of plants

The raising of cowpea was teamedescribedn chapter 3However, thecowpea plants

with open flowerqeightweekold) were used for thexperimers.
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4.32. Rearing ofM. sjsostedti

The insectsM. sjostedti were reared at the Arthropod Rearing and Containment Unit
(ARCU), icipe, at a tempature of 26 + 2 °C, with 5&0% relative humidity and a 12 L.:

12 D photoperiod. They were reared in ventilated jars with tmipsf nets and filter
paper covers to prevent the insects from escaping. French bearfbassolus vulgaris

L., were used fofeeding the thrips, as previously described in the rearing of the western
flower thrips,Frankliniella occidentaligNyasaniet al, 2013) Adult thrips were allowed

to lay eggs on the pods. Two days later, the pods containing eggs were removed and
transferred to clean jars. Each jar contained ten peds. Freshly emerged malé4@

days posbviposition) and females®{2 days posbviposition) were used for the
experiments. Males and females were identified morphologically based on their
robustness and thickness of the abdo(&mi& Umar, 2017)

4.3.3 Preference assay
Choice assays were conducted in the screenhouse to compare the preference of female

thrips among four cowpea cultivars at two phenological stages (vegetative and flowering).
Males were not tested, because they dfiedlt to see and count on the plants. One potted
plant for every cowpea cultivar was placed in the same cage (80 cm x 50 cm x 40 cm)
randomly in a square pattern with a distance of 26 cm between afis 166, K80

and EL) One hundred female thrips keereleased one hour later at the centre of the cage
with the four cultivars. After 24 h, adult thrips were visually inspected amongst the plants
and total numbers on each cowpea plant (cultivar) recorded. The position of the cultivars
was changed after elareplicate (batch of 100 insects) to avoid bias. Twelve replicates

were conducted for both the vegetative and flowering stage.
4.3.4 Olfactory assay with undamaged cowpea plants

Bioassays were carried out usingy @ube olfactomete(internal diameter & cm, stem
length 4 cm, arm length 5.5 cm) évaluate théehavioural response of male and female
M. sjostedtio volatiles emitted during the vegetative stage and flowers of the four cowpea

cultivars in the laboratory atipe (temperature 25 = 1 °C; #4B0% relative humidity).
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The Y-tube was positioned at an angle of 25° to the horizontal plapschieret al,
2000),covered with a cardboard box (50 cm x 48 cm x 33 cm) that was opened at the top.
The olfactometer arena was illuminated from above Wy l6light source. Compressed

air from a pump (KnF, Laboport, Legallais) was purified by passing it through an activated
charcoal filter and humidified by passing it through a conical flask glass containing
distilled water. Cleaned air was drawn througio flow meters at a rate @0 ml/min,

then passed through two polyestétalophan bags (38 cm x 25 cm) (cooking bag,
Chevalier diffusiorF33890 Pessac sur Dordogne, Belgium) containing the odour sources
connected to each arm of the olfactometer. The 10slource was either a cowpea plant in
vegetative stage placed in the polyeshal¢phan bag and held tightly around the stem,

or a single intact flower placed in the bag and held tightly around the peduncle. The arms
of the Y tube were connected to eaclour source witPTFE tubing (inner diameter 4 x

6 mm). For the Ytube choice olfactometer assays, (a) vegetative stage of each cultivar
was tested against clean air, (b) an open flower of each cultivar was tested against clean
air, (c) the vegetative gias of the cultivars were tested against each other in pairwise
sets, and (d) open flowers of the cultivars were tested against each other in pairwise sets.
A single insect (male or female) was placed at the stem inlet of-tierusing a soft
hairbrushand was observed for 3 min. If the insect failed to choose within 3 min, it was
considered nomesponsive. Conversely, when the insect reached the far end of one arm,
it was recorded as a choice. THeolfactometer was cleaned with 70% ethanol after
testirg each insect to remove possible traces of pheromones or contamiamts.

minute interval was observed between each insect tested to enable the evaporation of
ethanol in Y tube. To avoid any bias, thebe was alternated, and the plant materials
were connected to the opposite arm after five male and female insects had been tested,
while particulamplant materials were replaced after ten males and females had been tested.
Sixty males and females were tested per treatrasety day, at the end of bioass the

Y -tube was cleaned with 70% alcohol, then rinsed with distilled water and dried overnight

in an oven at 100C. The polyesterbags were baked overnight at 100 °C.
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4 .35 Collection of volatiles

Sameprocedure of collect of volatilas in ChapteB. Here, volatiles from the flowers
were sampled by covering a single flower of an intact plant with an oven bag and held
tightly around the peduncle with a rubber band.

4.3.6 Analysis of volatiles

Same procedure ahalysiof volatilesas in Chapter.3However, herethe retention times

of compounds and mass spectra were compared to those of authentic standards. The
retention indices of compounds were calculated relativesikane standards (€3) and
compared with library data in the National Insté& of Standards and Technology (NIST),

corresponding to retention indices in the literature (RIs obtained ef ¢tRumns).

4.3.7 Olfactory assay with synthetic standards
The same Mube olfactometer was used as described af@ifactory assays with iatt

cowpea plants) to determine the repellent effect of compounds emitted either in
significantly different quantities in the vegetative stage or unique in the flowers of the
single repellent cowpea cultivar. In previous work, the compoB§i®-hexenal ad
hexanal were more abundant in the vegetative stage of the repellent cultivar K80 than in
other cultivars (M66, EL, KK1]Diabateet al.,201%). (E)-b-Ocimene and -bcten3-ol

were unique to the repellent flowers of K80 and thus selected for this experiment.
Synthetic compounds identified from vegetative stage and flow@&)ps2{hexenal,
hexanal, (E)-b-ocimene, locten3-ol) were tested either alenor added to a bag
containing a single cowpea floweBince volatiles from flowers of cultivar KK1 were
attractive toM. sjostedtifemales, these flowers were combined with specific compounds
from a single repellent cultivar to evaluate the potentiahe$¢ compounds to decrease
the attractiveness of attractant cowpea flowerditosjostedti.Each compound or the
blend of(E)-2-hexenal and hexanal were prepared at concentrations of 0.01% and 1%
(v/v) diluted in dichloromethane. The blend of compoundsfamamsulated to simulate the

natural ratio occurring in the repellent cultivar. Blend was composgg)-@hexenal and
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hexanal with a ratio (1:2) as observed in vegetative stage of cultivar KB0eA50 al i quot
was placed on filter paper and left for 3@sambient temperatur$ + 1°C) The filter

paper was then placed in an odour source chamber. The negative control consisted of 50

e | dichloromet hane. O M.fsjastetlitivareytestedeos fapeache s 0 f
specific compound versus a negativanteol, (b) each specific compound + an open
cowpea flower varKK1 versus cowpea flower vakKK1 alone, (c) the blend dE)-2-

hexenal and hexanal versus a negative control, and (d) the bléaythexenal and

hexanal + cowpea flower var. KK1 versusapea flower var. KK1 alone. The filter

papers were replaced every 60 min. Each female tested represented one replicate and each
treatment comprised 60 tested females. The males were not repelled by volatiles of K80,
repellent cultivar; hence, they were nsied for the tests with synthetic standards.

4.3.8 Synthetic standards

Authentic standards of hexanal (purity 98%®)-2-hexenal (purity 98%), -bcten3-ol
(purityocO nedn%®) (mi xture of ((Esbeoareeneswasnnstt abi |
commercidly available)were purchasedrom SigmaAldrich, France. léxane purity O

95%), 2hexadecanolpurity9 9 %) and di chl or omet hane (pur.i
from Sigma Aldrich, UK. Ethanold u r i 99.8%) @as purchased fro&igmaAldrich,

Germany.

4.4 Statistical analysis

Same procedure gfatistical analysisf thebehavioural assaysd volatilesas in Chapter

3.

4.5 Results

4.5.1 Behavioural response oM. sjostedtimales and females to cowpea volatiles at

the vegetative and flowering stages

Megalurotrips sjostedtifemales showed no preference for any cultivars at either the
vegetative or the fPowkr5hg doft aged,?ERegeld a
5.96, df = 3, P = 0.11(Figure4.1).
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Figure 4. 1. Number (Mean +SE) ofMegalurothrips sjostedtfor different cowpea
cultivars a) in the vegetative stage and b) flowering stage over a period of 24 hours.
The total number of insects tested for each replicate was 100 (N=108). =Ex-
Luanda ; K80 = Katumani 80 ; KK1 = Ken Kunde 1 ; M66 = Machakos 66

Vertical bars followed by the same letter are not significantly different (chisquare
goodnessof-fit test).

48



Volatiles from vegetative stages of cultivars EL, M66 and K80 were repellent to females
conpared to ci=swar66airdf( EL:1258®H4,df=0Q,P&0.01; M6 6 :
K8 0%2=9.83,df=1, P <0.01), whereas responséshoe cul ti vars 2KK1 we
=0.30, df = 1, P = 0.57). Males were repelled by the cultivar KK1 compaedao air

( &= 6, df = 1, P = 0.01) and showed neutral responses to volatiles of the other cultivars

(P > 0.05) (Figuret.2). In pairwise comparisons, male and fendlesjostedstifailed to

distinguish between the odour of cowpea cultivars at the vegetstage (P > 0.05)
(Figure4.3).

49



Clean air

Mo66

K80

Cowpea cultivars

KK1

EL

100

Clean air

M66

K80

Cowpea cultivars

100

48.3% 51.7%
I |
20.4%, 70.6%
29.3% 70.7%
46.2% 53.8%
. 00
33.3% 66.7%
o q |
50 0 50

% response of female M. sjostedti

49.2% 50.8%
| |
54.7% 45.3%
| |
38.9% 61.1%
|
33.3% 66.7%
« I
44.8% 55.2%
|
50 0 50

% response of male M. sjostedti

60

51

58

52

50

100

n
59

53

54

54

58

Clean air

Clean air

Clean air

Clean air

Clean air

Clean air

Clean air

Clean air

Clean air

Clean air

100
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=Ex-Luanda ; K80 = Katumani 80 ; KK1 = Ken Kunde 1 ; M66 = Machakos 66
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Figure 4. 3. Percentage (%) responses dflegalurothrips sjostedta) female and b)
male to theodour from vegetative stageof cowpea cultivarsin pairwise
comparison.EL = Ex-Luanda ; K80 = Katumani 80 ; KK1 = Ken Kunde 1 ; M66 =
Machakos 66; Flower KK1 = Vignha unguiculatavar. Ken Kunde 1. Total number
of insects tested was 60 (N = 60). n= total number of insectspended for each

t r eat rhtestst* P< 0c05, ** P< 0.01, (chsquare goodnes®f-fit test).
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Volatiles from flowers of cultivAa¥44KK1 anc
daf = 1, P = 0 .294820 de=rldP =r0€3) ® thérfemles, respestively,

when, compared to clean air. Males were repelled by the flower volatiles of cultivars EL

and M66 compared=t®. €6 eanf a+r 1 ,(2ER14dEP < O.
1, P <0.01) and showed a neutral response to therflmagiles of the other cultivars (P

> 0.05) (Figured.4). Male and femal®l. sjostedtidid not show a significant preference

for any of the odours emitted by the flowers of the cultivars in pairwise comparisons (P >

0.05) (Figure4.5).

52



48.3% 51.7%
Clean air | ] 60 Clean air
42.4% 57.6%
g EL | | 59 Clean air
2
= 42.1% 57.9%
o M66 | | 57 Clean air
(]
o
2 36.7% 63.3%
o K&0 * ] 57  Clean air
63.8% 36.2% A
KK1 * —:I 60 Clean air
100 50 0 50 100
% response of female M. sjostedti
n
49.2% 50.8%
Clean air | 59 Clean air
29.6% 70.4%
” EL [ | 55 Clean air
=
-
= 32.1% 67.9%
§ M66 = | | 56 Clean air
o
S 42.6% 57.4%
© K80 [ | 54 Clean air
44.4% 55.6%
KK1 — | 55 Clean air
100 50 0 50 100

% response of male M. sjostedti

Figure 4. 4. Percentage (%) responses dflegalurothrips sjostedta) female and b)

male to theodour from flowering stages of cowpea cultivars versus clean aiEL

=Ex-Luanda ; K80 = Katumani 80 ; KK1 = Ken Kunde 1 ; M66 = Machakos 66

Flower KK1 = Vigna unguiculatavar. Ken Kunde 1. Total number of insects tested

was 60 (N=60).n=t ot al number of insects %testsponded
P< 0.05,** P< 0.01, (chisquare goodnes®f-fit test).
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Figure 4. 5. Percentage (%) responses dflegalurothrips sjostedta) female and b)

male to theodour from flowers of cowpea cultivarsin pairwise comparison. EL =
Ex-Luanda; K80 = Katumani 80; KK1 = Ken Kunde 1; M66 = Machakos 66 KK1

flower = Vigna unguiculata var. Ken Kunde 1. Total number of insects tested was

60 (N = 60). n= tot al number o ftesistr®Pect s
0.05, ** P< 0.01, (chisquare goodnes®f-fit test).
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4.5.2 Analysis of cowpea volatiles emitted by the cowpea cultivars

Twenty volatile compounds were identified in the flowers of the four cowpea cultivars
(Table4.1). Eighteen compounds were identified in the flowers of K80 and KK1, whilst

15 compounds were in M66 and EL. These were composed of one alcautéEB-ol),

three aldehydes (hexanal, nonanal, decanal), six alkanes (nonane, undecane, dodecane,
tridecane, tetradecane, pentadecane), three benzenoids (ethylbenzgtenep o

xylene), one ketone (neryl acetone), four monoterpenalgéngene b-pinene, limonene,
(E)-b-ocimene) and two sesquiterpenoidscedrene, cedrol). Decanal and cedrol were

not detected in the cultivars EL and K80. Undecane was not observed in EL. Pentadecane
and neryl acetone were absent in K80 while hexanalalvasnt in M66(E)-b-Ocimene

and Zocten3-ol were detecteth flowers of cultivar K80, but not in other cowpea cultivar
flowers. The relative amounts of flower compounds did not significantly differ among the
cultivars. In PCA, the volatile profiles dbiver of the four cowpea cultivars based on the
emission of volatiles overlapped in score gBigure 4.6). However, the difference of
volatile profiles appeared among the four cultivars. In the loading plot, the compounds
(E)-b-ocimene and-bcten3-ol contribute to the separation of repellent cultivar K80 from

other cowpea cultivars.
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Table 4.1: Estimate amounts of volatile compounds (percentage) emitted by the flowers of the four cowpea cultivars (Mean + standard Erro

R. 1 LRI Compound Ex-Luanda, n=4 Machakos 66, n = 4 KenKunde 1,n =4 Katumani 80, n =4
802 801 a Hexanat 0.43+0.43 - 0.32+0.32 0.92+0.55
863 857 b Ethylbenzeng 2.77+0.75 5.32+2.23 1.75+£1.34 1.61+£1.06
870 8758 ¢ p-Xylene! 7.31+211 14.37 £5.72 16.97 £ 10.34 14.72 +7.45
892 894 d o-Xylenet 3.02+1.12 6.82 + 2.45 3.05+1.15 3.56+1.34
900 900 b Nonané 3.00 £0.99 5.89 + 2.67 1.41+1.38 0.71+0.64
934 934 e UPinené 4,12 +1.02 16.44 £ 8.22 4.83+297 19.61 + 18.40
976 979d b-Pinené 1.51+0.90 3.82+1.46 1.18 £ 0.65 1.82+1.57
982 981 f 1-Octen3-ol? - - - 0.14+0.14
1030 1029 d Limonené 12.00 + 8.06 3.40£1.74 4.81+1.85 0.21+0.21
1049 1048d (E)-b-Ocimené - - - 0.02 £0.02
1100 1100 b Undecané - 0.08+0.B 1.76 + 1.60 5.06 +£3.91
1111 1107 g Nonanat 17.22+6.47 12.04 £7.23 12.95+7.23 7.62+3.15
1200 1200 b Dodecané 0.04 £ 0.04 1.34+7.23 1.81+1.14 1.05+0.61
1211 1207 f Decanal - - 12.38 + 11.65 1.07 £ 0.80
1300 1300 b Tridecané 3.28+3.38 497 +2.19 15.79 + 10.00 6.84 £ 5.05
1400 1400 b Tetradecare 6.84 £1.42 755+271 5.51+2.38 8.69+7.77
1425 1419 f UCedrené 13.57 £7.46 12.45 + 2.64 17.50 £ 9.97 14.34 £ 9.21
1463 1445 ¢ Neryl acetoné 0.37£0.37 0.72+£0.72 0.39+0.39 -

1500 1500 b Pentadecarie 5.42 £5.05 1.11+1.11 3.95+272 -

1620 1611 h Cedrot - - 1.52 £ 0.99 212+1.01

lldentification by mass spectral mat@pmpounds identified by library data and authestimdards; LRI = retention index found in the literafumen
HP-5MS column?Lopeset al, (2004) "Kotowskaet al, (2012) “Wang and Fingas (1995Quijanoet al, (2007) BenkaciAli et al, (2007) ‘Flamini
et al, (2006) 9Saroglouet al, (2006) "Radulovicet al, (2010) R. I., Retention indices calculated relative talkanes C8C30; tr, trace < 0.005;not

detected
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Figure 4. 6: Principal component analysis (PCA)of volatiles emitted in the flowers

of the four cowpea cultivars Score plot with the cultivars M66, Machakos 66; KK1,

Ken Kunde 1; K80, Katumani 80 and EL, ExLuanda. Loading plot with arrows

showing the direction and intensity of the correlation of 20 compounds. Compound

numbers correspond to (1), hexanat (I), ethylbenzene (lll), p-xyleng (IV), o
xylene (V), nonane (VI), U-pinene; (VII), b-pinene; (VIII), 1-octen-3-ol; (IX),

limonene; (X), (E)-b-ocimene (XI), undecane (XII), nonanal;, (XIIl), dodecane;
(XIV), decanal; (XV), tridecane; (XVI), tetradecane; (XVII), U-cedrene; (XVIII),

neryl acetone; (X1X), pentadecane; (XX), cedrol
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4.5.3 Behavioural response oM. sjostedtifemale to synthetic compounds that were

either abundant or unique to nonattractive cowpea cultivars

The females were giificantly repelled byE)-2-h e x e na | 2t58Ddfe 1 = ( ¢
0.01), but=108 df=13P =02%, when compared to clean aiu(Ei 7).

The females were repelled by the blendE)f2-hexenal and hexanal compared to clean

air andby the combination of cowpea flower var. KK1H)-2-hexenal relative to cowpea
fowervar KK1 al one at 290.8.19% ,(bdfend: 16 P=< 0. 0:
10.79, df = 1, P < 0.01). The same blend and combination elicited a neutral response to

the females at 1%. Hexandk)-b-ocimene and -bcter3-0 | failed to affec

behaviour, even in combination with cowpea flower. ¥d€1 (Figure4.8).

58



49.2% 50.8%

Control [ | 59 Control
40.4% 59.6%

Hexanal . | 47 Control
31.8% 68.2%

(E)-2-Hexenal « [T | 44 Control
29.6% 70.4%

Hexanal + (£)-2-hexenal L | | 54 Control
49.1% 50.9%

KKI1 flower 57 KKI1 flower

Hexanal + KK 1 flower 52 KKI flower

49 KKI1 flower

Hexanal + (E£)-2-hexenal + KK1 s ([[IIIIII]

(E)-2-Hexenal + KK 1 flower P e 47 KKI flower
100 50 0 50 100
% response of female M. sjostedti to a 0.01% concentration
n
49.2% 50.9%
Control | ] 59 Control
53.2% 46.8%
Hexanal N ] 47 Control
57.8% 42.2%
(E)-2-Hexenal [T ] 45 Control
41.7% 58.3%
Hexanal + (£)-2-hexenal ] 48 Control

KK1 flower 57 KK1 flower

Hexanal + KK1 flower 52 KKI flower

(E)-2-Hexenal + KK 1 flower 47 KK1 flower

Hexanal + (£)-2-hexenal + KK1 55 KKI1 flower

100 50 0 50 100
% response of female M. sjostedti to a 1% concentration’

Figure 4. 7. Percentage (%) responses of femaMegalurothrips sjostedtito the
compounds hexanal andE)-2-hexenal. Each compound or blend ofE)-2-hexenal
and hexanal versus control (solvent) and each compound or blend (@)-2-hexenal
and hexanal + KK1 flower versus KK1 flower as a function of the concentrations a)
0.01% and b) 1%. KK1 flower = Vigna unguiculatavar. Ken Kunde 1. The total
number of insects tested per treatment was 60 (N = 60). n = total number of insects
that responded per tr e a’testsaretindicat®dbghA<f i cance
0.05, ** P < 0.01, (chisquare goodnes®f-fit test)
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Figure 4. 8. Percentage (%) responses of femabMegalurothrips sjostedtto the

compounds ocimeneand 1-octen-3-ol. Each compound versus control (solvent) and

each compound + cowpea flower versus cowpea flower as a function of the

concentrations a) 0.01% and b) 1%KK1 flower = Vigha unguiculatavar. Ken

Kunde 1. The total number of insects tested per treatment was 60 (N = 60). n = total

number of i nsect s
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respondée testypaer

indicated by * P < 0.05, ** P < 0.01, (chsquare goodnes®f-fit test).

60

treat



4.6 Discussion

Findingsof the pesent study demonstratddht behavioural response of male and female
Bean Flower Thrips differed with the phenological stage of cowpea and volatiles of
flowers among the cultivars were different. The ability of the femall€stB discriminate

the suitable flower volatiles compared to the males is consistent with the field observation
of Niassy efal., (2016) who found that only BFT females veeobserved in the flowers,
while BFT males tend to aggregate on leaves.

4.6.1 Behavioural response oM. sjostedtito cowpeacultivars
In the present study, the volatile of flowers of cultivar KK1 were attractive to females.

Numerous studies reported tpeeference of femal®l. sjostedtifor cowpea flowers
(Ngakouet al, 2008; Niasset al., 2016) By contrast, the volatiles from vegetative stage
and flowers of cultivar K80 were repellent to femae sjostedti Investigators have
reported a repellent &ftt of volatiles emitted by cultivar K80 on other insects. For
example, in olfactory test#,. craccivoraaphids were repelled by cultivar K§Diabate

et al.,201%).

4.6.2 Influence of cowpea compounds on behavioural responseMf sjostedti
Through GGMS analysis, 20 compounds were identified in the flowers of cowpea

cultivars. All compounds listed have already been reported in previous sfinimsde

et al.,1989; Ager, 2009; Soblst al.,2018) The PCA showed an overlapping of the four
cultivars which suggested their volatileofites were close. However, behavioural
response dfl. sjostedtin olfactory bioassays was observed to be contrasting between the
cultivars. The presence /absence of some compounds in volatile profile of cultivars could
explain the differential attractimess oM. sjostedti Decanal, cedrol, pentadecane, neryl
acetone, hexanal, undecaneoden3-ol and (E)-b-ocimene were not detected in all
cultivars. Bruce and Pickett (2011) reported that certain compounds are essential in the
recognition of host plantolatiles by insects and their absence affect the behavioural
response of insects. On the other hand, the variation of amounts of compounds among the

cultivars can also influence the choice of thris)-2-Hexenal alone or combined with
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hexanal were reflient to females at lower concentrations, while a neutral respease
observedat higher concentrations. A true repellent may repel the insects at low
concentrationDeletre et al, (2016) hypothesized that a true repellent volatile might
activate a specific olfactorseceptor, which may activate a specific glomerufushe

insect brain, thus eliciting movement away from the odour source. By contrast, the
neutral response at higher concentration could be due to the activation of olfactory
receptors that are not spicito (E)-2-hexenal, thus reducing the repellent effect. It has
been shown previously that the increase in the concentration of a compound leads to the
activation of additional olfactory receptdialnic et al.,1999) However, thenechanism
involved in the repellent effect &fl. sjostedtito different concentrationseeds further

investigation.

The femaled. sjostedtwere also repelled by the combination cowpea flower(Bh@-

hexenal relative to cowpea flower alone. These results suggest that this compound reduces
the attractiveness of the cowpea flower to fendle sjostedti (E)-2-Hexenal may
interfere with host detection by affecting the attractant volatile compounds, binding
proteins or blocking olfactory receptors, thus inhibiting the signal to the glomeruli. A
repellent volatile can repel the insects from an odour sourcaldouthide the odour source

from the insects (Deletret al, 2016). The manipulation of olfactory cues may alter the

interaction betweeM. sjostedtiand cowpea.

Within the flower samplegE)-b-ocimene and-bctern3-ol only occurred in the repellent
cultivar K80. However, in olfactory tests, these compounds failed to repel fémale
sjostedti These results suggest that the appropriate composition and specific ratio of
compounds may be respsible for the differential attractiveness Mf sjostedtito the
cowpea flowersWebster (2012)eported that the insects perceive the appaitgpblend

based on speciespecific ratios of different compounds to recognise a host plant.

4.6.3 Choice ofM. sjostedtiin pairwise comparisonand preference assays
The pairwise comparison of cultivars in thetdbe olfactometer revealed no preference

of M. sjostedtto odours of the cowpea. The low difference among the ratio of undamaged
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cowpea cultivars or the masking effect of compounds may prevent the thrips to
discriminate the cultivars in pairwise comparison. In intercropping, the volatiles @mitte

in the mixture of different cultivars can reduce insects host plant acceisoisgerved

in olfactory assays the present studyNinkovic et al.,2002) The absence of choice of

any cowpea cultivars by female in preference assays may be due to the short distance
among the cowpea cultivars in the cage which could promote the blend of volatiles from
different cultivars which codlhave reduced the choiceMf sjostedtiOn the other hand,

visual cues are also crucial in the orientatioofsjostedtiMuveaet al, 2014). In the

field, M. sjostedtiwere more attracted by the combination of flower volatiles and blue

colour traps than by blue traps alone (Mueeal, 2014).

4.7 Conclusion

The resultsof the present studylemonstrate that the attractiveness of cowpekl.t
sjostedtidiffers according to cowpea cultivar, phenological stage, and sex of thrips. The
flowers of cultivar KK1 were an attractant, but the flowers of cultivar K80 were a repellent
to the females. The volatiles from the vegetative stage of fotivamsl were neutral or
repellent to females and malbt sjostedti. (E2-Hexenal from the vegetative stage of
cowpea cultivars was repellent to the femalE$-2-Hexenal could be used in agriculture

to manipulate the behaviour of thk sjostedtby repdling the pest from the crop or useful

to breeders in selecting nattractant cowpea cultivars emittifig)-2-hexenal
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CHAPTER FIVE

REPELLENT EFFECT OF CYMBOPOGON CITRATUSAND TAGETES MINUTA
ON THE BEHAVIOUR OF BEAN FLOWER THRIPS, MEGALUROTHRIPS
SJOSTEDT

5.1 Abstract

Cowpea is an important source of protein for huimaingsin Africa. However, the crop
suffers major damage and yield losses dugs@nFlower ThripsMegalurothrips sjostedti
Trybom (Thysanoptera: Thripidae)lthough companion plants akeown to reduce¢he
damage caused by insect pests, the role of their volatiles in repelling pests from target
plants has been the subject of few investigatitmshis study,theY-tube olfactometer
experimentsvas usedand chemical analysis tavestigaeé the effect of volatiles from
cowpea flowers and two companion plantgmongrass C. citratus and Mexican

marigold, T. minuta,on theolfactory responsesf M. sjostedti.

Resultsof thepresent studyevealedhatM. sjostedtimales and females were edied by

the volatiles from fresh cut leaves®©f citratus The combination of fredf cut leaves of

C. citratusand cowpea flower wagpellent to females but not to maléke female thrips
but not males, were repelled by the volatiles ftbevegetatve stage oT. minuta Fifty-

four compounds were identified in the volatiles frowio herbal plants. Among the major
compoundscitral and a 4component blend comprised of dihydrotagetddg 3-hexenyl
acetate, limonene arfd)-b-ocimenerepelled females but dihydrotagetone alone attracted
females. While myrcene combined with cowpea flower volatiles enhaheexdtraction

of femaledMl. sjostedtiwhen tested alone was not attractive.

These results highlight the potential ofatiles fromC. citratusandT. minutato repelM.
sjostedtifemales The use of these plants as companion plants in a cowpea cropping

systencouldreduceM. sjostedtinfestation.
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5.2 Introduction

Cowpea,V. unguiculatais an important source of proteirisr human nutrition and
livestock feed in Africa(Singhet al, 2003; Togolaet al.,2017) Annual production of
cowpea grains was estimated at 6.7 million metric tons in ZBAOSTAT, 2016)
Around 200 million people ceanme cowpea every day in Afri¢Ropelkaet al.,2006)
However, cowpea crops are threatened by several insect pests incMdiggstedti
(Abtew, 2015; OECD, 2015)The BeanFlower Thrips, M. sjostedtiis a major pest of
leguminous plants in Africa and can cause between 20% and 100% cowpea pod yield
losses without the use of synthetic pesticiftelsesiet al, 199%; Abtew, 2015. Their

small size, cryptic feeding habit, ability pupate in the soil and fast development make
these thripdifficult to control with pesticidegAbtew, 2015) Additionally, chemical
pesticides are costly for smaitale farmers, have a negative effect on beneficial insects
and are hanful to the environment and human hedtle Bonet al.,2014; Abtew 2015).

As such, alternative environmentafiyendly methods to reduce pgsipulations on crops

are required. The use of companion plants producing repellent compounds is one possible
pesticidefree alternative for the control d¥l. sjostedti The potential of repellent
companion plants to control insect pests has been demonstrated by severa(Ratbtims

et al.,2012; Parkeet al.,2013) For exampleQcimum basilicunk. (Basil) has been used

to reduce populations of thrigParkeret al., 2013) aphids(Basedowet al.,2006)and

pink bollworm(Schadeket al.,2006). However, numerous failures have been reported on
the efficacy of norhost volatiles to reduce insect pests in the fipddreauet al.,2006;
Webster& Cardé, 2016)For example, the intercropping of the Awost plant, French
matigold with host potato plants did not reduce the population of the Colorado potato
beetle Leptinotarsa decemlineatday, but rather increased thestattack(Moreauet al.,
2006) The identification of one or a blend of repellent plant volatiles could help us to
better select companion plaritsbe used as an olfactory barrier to previgntsjostedti
infestation incowpea.The Cymbopogorand Tagetegyenera have been shown to have a

broad spectrum of activity against many arthrogdisio et al.,2010; Singtet al.,2015)
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LemongrassC. citratus extractshave beershown in previous studies to efficiently repel

M. sjostedtifemale thrips(Abtew, 2015) However, the short repellenaturation of
extracts ofC. citratusremain a major problem in the control of insect pests (Nsréa,
2010).WholeLemongras&mits small amounts of volatileesmpared tavhenit is cut or
crushed The repellenceduration of volatiles fromC. citratus on M. sjostedtiwas
evaluated by using the frdgltut and old cut leaves @&. citratus Tagete®il is described

by the United States Environmental Agency as a biochemical pesticide that can be used
for the control of thripSfUSEPA, 2012 However, little is knowraboutthe role of
volatiles fromC. citratusandMexican marigoldT. minutain controling M. sjostedti In
addition, the repellent behaviour and its controlling mechanisms are co(bgketreet

al., 2016) Understanding the mechanismeaived in the repellent 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 eff€ctaitfatusand

T. minutaplantsand theirmajor compounds against male and fenM\lesjostedti It was
hypothesised that volatiles froim minutaandC. citratusplants repeM. sjostedti This
hypothesisvas testedising behavioural assays and chemical analysis (i) to evaluate the
response ofl. sjostedtito the two plants alone or in combination with cowpea plants, (ii)

to identify the volatile compounds from the two plants that mediate the behavioural
response of thripgnd (ii)) to evaluate the effect of individuglbbmpoundor a blend of

major volatile compounds from both the plantsMnsjostedtibbehaviour.

5.3 Methods andmaterial

5.3.1Plants tested

Previous studyhowed thepen flowers of cowpea valen Kunde 1 waan attractant to
femaleM. sjostedti(Diabateet al.,201%), thereforethis cultivar was used in ¢hcurrent
study. Preliminary results showed tl@t citratusproduces more citral when the leaves
are cut or damaged by insects. For this reason, the repellent eff€ctcafatuswas

evaluated by cutting leavé@go 0.5cm wide strips in the laboratof®5 + 1 C temperature;
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40-50% RH)(Plate5.1). The cut leaves df. citratus(1g) were usedmmediately after
cutting (0 h) asreshleaves and 24 h after cutting@d leavesin all the experimeist The
cut leaves were kept in a petri dish at ambienperature 25 + 1°C). The vegetative and
flowering stages a? to 3 months old’. minutawereused for the experiments

Plate 5. 1: L eaves ol.emongrass(1g) cut into 0.5 cm wide strips(Source Diabate, 2017

5.3.2 Olfactory response ofM. sjostedtito plant volatiles

Sameolfactory testas in Chapted. The cut leaves of. citratusor whole plants ofT.

minuta were placed in the polyester (Nalophan) bag #ra bagclosed tightly. The
compunds tested were enclosed alone or with the plant in the bag as an odour source.
The olfactory responses of male and fenidlesjostedtiwere tested on (a) frelshcut

leaves ofC. citratus(1g) versus clean air; (b) old cut leaves (1 gfofitratusversus

clean air; (c) vegetativé. minutaversus clean air; (d) flowering. minutaversus clean

air; (e) fresty cut leaves o€. citratus+ open cowpea flower versus open cowpea flower
alone; (f) old cut leaves @. citratus+ open cowpea flower versupen cowpea flower

alone; (g) vegetativé. minuta+ open cowpea flower versus open cowpea floalene

and (h) floweringT. minutat+ open cowpea flower versus open cowpea flower alone
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5.3.3 Collection of volatilesfrom C. citratusand T. minuta

Sameproadure of collect of volatilas in ChapteB and 4 Hovewer, here,ndividual

plant material was enclosed ilNalopharbag for 4 (Plate5.2). After volatile collection,
eachsamplewas el uted with 150 €|l of dichlor omet

Plate 5. 2: Collection of volatiles of Tagetes minutgSource: Diabate 2017

5.3.4 Olfactory assay with synthetic standards

A Y-tube olfactometer assay (describedhe chapter3 and4), to evaluate the repellent

effect of major compounds identified in the volatiles framminutaandC. citratuswas

used 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 correspondire

natural ratio occurring in the plants. The synthetic bleh@. citratuscontained citral,

myrcene, geraniol and neriola ratio of 39:21:8:1, respectively. The blend of vegetative

T. minutaincluded dihydrotageton€Z)-3-hexenyl acetate, lim@me andZ)-b-ocimene

in a ratio of 4:3:1:1, respectivel y. A 51
deposited on a filter paper and left for 30 &t 1 °Cto allow the solvent to evaporate.

Filter papers were placed in Polyestgalophan bags connected the olfactometer arms

via PTFE tubing. The negative ¢ ontEach | con
compound or blend vs control (solvent) and their combinations vs cowpea flower alone

were testedThe 10 treatments tested with compounds from cueteafC. citratuswere:
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(a) myrcene vs control; (b) nerol vs control, (c) citral vs control; (d) geraniol vs control;
(e) blend vs control; (f) myrcene + cowpea flower vs cowpea flower; (g) nerol + cowpea
flower vs cowpea flower; (h) citral + cowpea flowes cowpea flower; (i) geraniol +
cowpea flower vs cowpea flower; (j) blend + cowpea flower vs cowpea flower. The 11
treatments tested with compounds frénminutawere (a) (+)(R)-limonene vs control;

(b) (+)(S)-limonene vs control; (c) ocimene vs comtr(d) (Z2)-3-hexenyl acetate vs
control; (e) dihydrotagetone vs control; (f) blend vs control; (g) limonene + cowpea flower
vs cowpea flower; (h) ocimene + cowpea flower vs cowpea flowe(Z}iB-hexenyl
acetate + cowpea flower vs cowpea flower; (j) ditotagetone + cowpea flower vs
cowpea flower; (k) blend + cowpea flower vs cowpea flower. The filter papers were
replaced every 60 min. Individual femalrips tested represented a replicate and each

treatment was complete after 60 females were tested.

5.35 Synthetic standards
The synthetic standards including myrcene
oci mene mixture (purity O 90%), ner ol (p

(geranial, neral) (purity 95%) were purchased from Sigidrich, France;
dihydrotagetone was purchased from Santa Cruz Biotechnology, Fréexame purity
O 95%), dichl or ome thdxadecanolfuityu98%) twgre phrch@seds) , 2
from Sigma Aldrich, UK; ethanolp(u r i99.§%) ®agurchasedrom SigmaAldrich,

Germany.

5.4 Statistical analysis

Same procedure of statistical analysis of the behavioural assays and volatiles as in Chapter
3. In addition, an o n p ar a meWhitneycWilchkamtast was used to analyse
differences in the emissiarf volatiles betweeregetative and flowering. minutaplants

and fresh and old leaves ©f citratus
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5.5 Results

5.5.1Behavioural response oM. sjostedtito C. citratusand T. minuta

Male and femaleM. sjostedtwere significantly repelled by the volatiles from frigstut

leaves ofC. citratusr e | at i ve to?xlkan5h,jrdfiml Bz B < 0
11.26, df = 1, P < 0.001) (Rige 5.1 a). However, no repellent effect was observed with

old cut leaves (P > 0.05More femaleM. sjostedtiwere repelled by cowpea flower
combined vith fresHy cut leaves ofC. citratuscompared o0 cowpea f?lFower a
6.81, df =1, P <0.01). For males, no significant difference in effect was observed between
cowpea flower combined with fred$228dfit | eav
=1, P = 0.13) (Figre5.1 b).

VegetativeT. minutarepelledmoref e mal es r el at i ve?’=#6.26,d64d ean a
1, P=0.03putthemal es wer e ?rd.72, df = B ¥ 0.18)Fige %2 a).

Flowering T. minutahad no significant attciive/repellent effect on either females or

males More femaleM. sjostedtwere repelled from cowpea flower combined either with
vegetativel. minuta( &= 7.69, df = 1, P < 0.01) or flowering minuta( %=7.07, df = 1,

P < 0.01)comparedto cowpea flover alone. A combination of cowpea flower and
marigold either at vegetative or flowering stage had no significant effect on males
(veget?atilveél,ecdf = 1,2=R.10-df91 R=00,29){FAigebRer i ng:
b).
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48.3% 51.7%
Clean air | | 60 Clean air
28.3% 71.7%
Fresh cut leaves C. citratus sk | | 60 Clean air
51.7% 48.3%
Old cut leaves C. citratus | | 60 Clean air
49.1% 50.9%
Cowpea flower 57 Cowpea flower
Fresh cut leaves C. citratus + cowpea flower 53 Cowpea flower
Old cut leaves C. citratus + cowpea flower 58 Cowpea flower
100 50 0 50 100

% response of M. sjostedti female

n

49.2% 50.8%
Clean air [ | 59 Clean air
2330 76.7%
Fresh cut leaves C. citratus ek | 60 Clean air
47.5% 52.5%
Old cut leaves C. citratus | | 60 Clean air
48.3% 51.7%
Cowpea flower ] 58  Cowpea flower
39.6% 60.4%
Fresh cut leaves C. citratus + cowpea flower 53 Cowpea flower
100 50 0 50 100

% response of M. sjostedti male

Figure 5. 1. Percentage (%) responses of a) female and b) ma#egalurothrips
sjostedtito freshly and old cut leaves oCymbopogortitratus versus clean air or in
combination versus cowpea flower alone in a-Yube olfactometer. One gram (19)

of cut leaves of Cymbopogortitratus was used in the olfactory tests. Freshly =0 h,
old = 24 h, cowpea flower %/igha unguiculata var. Ken Kunde 1. The total number
of insects tested per treatment was 60. n = total number of insects which responded
per treatment was60. n = total number of insects which responded per treatment.

Signi fi can’tests ate éndiaatedsby oPf< 0.65, ** P < 0.01, ***P < 0.001,

(chi-square goodnes®f-fit test).
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48.3% 7Y
Clean air | . 31T | 60
36.7% 63.3%
Vegetative T. minuta * | 60
) 48.3% 51.7%
Flowering T. minuta | | 60
49.1% 50.9%
Cowpea flower 57

Vegetative T. minuta + cowpea flower **

54

Flowering T. minuta + cowpea flower ** 51
100 50 0 50
% response of M. sjostedti female
n
49.2% 50.8%
Cleain air 59
38.69 61.4%
Vegetative 7. minuta * " | 58
55.2% 44.8%
Flowering T. minuta | | 58
Cowpea flower 58

Vegetative T. minuta + Cowpea flower

Flowering 7. minuta + Cowpea flower

100 50 0

50

% response of M. sjostedti male

Clean air

Clean air

Clean air
Cowpea tlower
Cowpea flower
Cowpea flower

100

Clean air
Clean air

Clean air

Cowpea tlower

58 Cowpea flower

58 Cowpea flower

100

Figure 5. 2: Poucentage (%)response®f a) female and b) maléVMiegalurotheips

sjostedtito vegetative and floweringTagetesninuta versus clean air or in

combination versus cowpea flower alone in a-Yube olfactometer. Freshly =0 h,

old = 24 h, cowpea flower 2/igna unguiculata var. Ken Kunde 1. Total number of

insects tested per treatmentvas 60. n = total number of insects which responded

per treat ment

(chi-square goodnes®f-fit test).

S ? tepts ard indicaied bye P £ G085, Ps< 0.01f
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5.5.2 Analysis of volatiles

Chemical analysis of volatiles collected frahe cut leaves ofC. citratusandT. minuta

plant revealed 54 compounds (Tableand5.2). A total of 30 compounds were identified

in fresh and old24 h oldafter cutting cut leaves ofC. citratus 16 monoterpenoidss
sesquiterpenoid8 aldehydes? estes, 2 ketones1 benzenoidandl alcohol (Tablé.1).

Among the compounds, the abundanc€2)$3-hexenal,(Z)-3-hexenol,(Z)-b-ocimene,
(E)-b-ocimene (E)-isocitral, neral,geraniolandgeranialin C. citratuswas significantly

higher in fresly cut leavesthan in old cut leaves (W = 16, P = 0.048)gure 5.3).
Conversely, the myrcene was higher in old cut leaves than indutdbaves (W = 16, P

= 0.028).Some minor compounds such &9-2-hexenal, heptanal, 6&poxymyrcene,
(2)-isocitral, geranyl acetate, butylated hydroxytoluene Busesquiphellandrene were

not detected in old leaveshe PCA explained 85.1% of the totariance 67.4% ofthe
explanation on the horizontal axis (PC1) and 17.7% on the vertical axis (PC2). In the score
plot, the emission of volatiles overlapped, but a difference between fresh a@ old
citratus was distinct (Figre 5.4 a). The loading plotshows that(Z)-3-hexenal,(Z)-3-
hexenol, (Z)-b-ocimene, (E)-b-ocimene, (E)-isocitral, neral, geraniol, geranial and
myrcene were among the compounds responsible for separating volatiles in fresh and old

cut leaves o€C. citratus(Figure 5.4 b).
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Fresh cut Old cut 1 i
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Figure 5. 3: Representatve chromatogram of major compounds identified in fresh
and old cut leaves ot.emongrass Cymbopogorctitratus. Peak no: 1 =Myrcene; 2 =
Nerol; 3 =Neral; 4 = Geraniol; 5 = Geranial
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Figure 5. 4: Principal component analysis PCA) of volatiles in the fresh (0 h) and
old (24 h) cut leaves ofCymbopogorcitratus. a: score plot with the old cut leaves
(Old) and the fresh cut leaves (Fresh), bloading plot with arrows showing the
direction and intensity of the correlation of variables. Compound numbers: (I)(Z)-
3-Hexenal, (I1) (E)-2-Hexenal, (1) (2)-3-Hexenol, (IV) Heptanal, (V) U-Pinene, (VI)
b-Pinene, (VII) Myrcene, (VIII) Limonene, (1X) (Z)-b-Ocimene, (X)(E)-b-Ocimene,
(X1) (2)-Linalool oxide, (XII) 6,7-Epoxymyrcene, (XIlI) L inalool, (XIV) (Z)-Isocitral,
(XV) (E)-Isocitral, (XVI) Nerol, (XVIl) Neral, (XVIll) Geraniol, (XIX) Geranial,
(XX) Geranyl acetate, (XXI) 2-Undecanone, (XXII) Carvacrol, (XXIlI) Neryl
acetate, (XXIV) (E)-Caryophyllene, (XXV) (Z)-b-Farnesene, (XXVI) U-Humulene,
(XXVIl) 2 -Tridecanone, (XXVIII) Butylated hydroxytoluene, (XXIX) b-
Sesquiphellandrene, (XXX) EptCedrol
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A total of 24 compounds were identified in the vegetative and floweringiinuta 9
monoterpenoids; sesquiterpenos] 5 ketones, 3 esters,aldehydeandl alcohol(Table
6.2). The five most abundant compounds were dihydrotage(@)e-hexenyl acetate,
limonene, (Z)-b-ocimeneand (Z)-tagetone at both phenological stagesTofminuta
(Figure6.5). (2)-3-Hexenyl acetate wasgnificantly more dundantin the vegetativd .
minutathan inT. minutawith flowers (W = 1, P = 0.057)Conversely, the emissiaf
(2)-b-ocimene (W = 16, P = 0.028)JE)-tagetone (W = 12, P = 0.043), ethy 2
methylbutanoate (W = 15, P = 0.058)d bicyclogermacrene (W 5,1P = 0.057were
significantly higher in flowering tham vegetativeT. minuta(W = 16, P = 0.028)The
PC1 on the horizontal axis explained 66.7%hetotal variance while PC2 on the vertical
axis explained 13.9%. The separation between vegetatvdl@amering T. minutais
visible in the score plot (Figure6 a). The loading plot indicated)-3-hexenyl acetate,
(2)-b-ocimene (E)-tagetone, ethyl-2nethylbutanoat@nd bicyclogermacrene contribute

to the separation between vegetative and floweFinginuta(Figure5.6 b).

Abundance 4 ) Abundance 4
]
8000000 .
Vegetation 8000000 Flowering stage
7000000 stage 1 7000000
6000000 6000000 3
5000000 2 5000000
4000000 g 4000000
3000000 3000000 2 7
2000000 L‘ 2000000
1000000 1000000 1
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Figure 5. 5. Representative chromatogram of major compounds idetified in
vegetative and flowering stages of Mexican marigoldlagetesminuta. Peak no: 1 =
(2)-3-Hexenyl acetate; 2 = Limonene; 3 £Z)-b-Ocimene; 4 = Dihydrotagetone; 5 =
(2)-Tagetone
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Figure 5. 6: Principal component analysis (PCA) of volatiles in vegetative and
flowering Tagetes minutaa: score plot with the vegetative stage (Vegetative) and the
flowering stage (Flowering), b:loading plot with arrows showing the direction and
intensity of the correlation of variables. Canpound numbers: (1) (2)-3-Hexenal, (Il)
Ethyl 2-methylbutanoate, (Ill) (Z)-3-Hexenol, (IV) U-Pinene, (V) Camphene, (VI)
Sabinene, (VII) Myrcene, (VIII) (Z2)-3-Hexenyl acetate, (IX) Limonene, (X)(2)-b-
Ocimene, (XI) Dihydrotagetone, (XII) 6, #Epoxymyrcene, (XIlI) Linalool, (XIV) (Z)-
Epoxy-ocimene, (XV)(E)-Tagetone , (XVI) (2)-Tagetone, (XVII) Methyl salicylate,
(XVII)  (Z)-Ocimenone, (XIX) Car3-en-2-one, (XX) U-Copaene, (XXI) (E)-
Caryophyllene, (XXIl) UHumulene, (XXIl) Germacrene D, (XXIV)

Bicyclogermacrene
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Table 5. 1: Abundance (%) of volatile compounds emitted byone gram (1g) ofcut leaves ofC. citratusat 0 hours
and 24 hours(Mean + standard error)

R.T Compound Class of compound R. | Freshly cut leaf, n= 4 Old cut leaf, n=4 P-value
6.52 (2)-3-Hexenal Aldehyde 805 0.25 +0.07 0.09 + 0.06 0.029
8.00 (E)-2-Hexenal Aldehyde 861 0.00 + 0.00 -

8.11 (2)-3-Hexenol Alcohol 866 1.20+1.01 0.19+0.11 0.029
9.20 Heptanal Aldehyde 909 tr -

9.87 UPinene* Monoterpenoid 941 0.01 £0.00 0.10 £ 0.05 0.771
10.78 b-Pinene Monoterpenoid 984 0.00 £ 0.00 0.01+0.01 0.868
11.09 Myrcene Monoterpenoid 999 28.68 +1.92 41.60 £ 9.06 0.028
11.82 Limonene* Monoterpenoid 1040 0.03 £0.03 0.01+0.01 1
11.97 (2)-b-Ocimene* Monoterpenoid 1048 1.11+0.44 0.54 +£0.08 0.028
12.16 (E)-b-Ocimene* Monoterpenoid 1059 0.70£0.26 0.50£0.17 0.028
12.61 (2)-Linalool oxide Monoterpenoid 1084 0.00 £0.00 0.02£0.01 0.868
12.95 6,7-Epoxymyrcene Monoterpenoid 1103 0.22+0.20 -

13.08 Linalool* Monoterpenoid 1111 0.29+0.11 0.26 £0.18 0.300
14.13 (2)-1socitral Monoterpenoid 1177 0.07 £0.02 -

14.40 (E)-Isocitral Monoterpenoid 1194 0.24 £0.05 0.09 £ 0.05 0.029
15.09 Nerol* Monoterpenoid 1227 1.34+0.48 1.93 +1.06 0.628
15.29 Neral* Monoterpenoid 1235 21.62+1.32 15.03 £ 2.17 0.028
15.46 Geraniol* Monoterpenoid 1249 10.99 +2.53 7.28 £3.80 0.028
15.72 Geranial* Monoterpenoid 1264 31.08 +2.63 27.77 £ 3.28 0.028
16.01 2-Undecanone Ketone 1293 0.65+0.48 0.20+£0.13 0.300
16.27 Carvacrol Monoterpenoid 1298 - 0.43 +£0.26

16.99 Neryl acetate Ester 1359 - 0.01+£0.01

17.26 Geranyl acetate Ester 1379 0.01+£0.01 -

17.86 (E)-Caryophyllene Sesquiterpenoid 1444 0.34+0.11 1.04 +0.31 0.114
18.22 (2)-b-Farnesene Sesquiterpenoid 1472 0.04 £0.07 0.04 £0.04 0.877
18.29 UHumulene Sesquiterpenoid 1478 0.03£0.02 0.08 £ 0.06 0.644
18.71 2-Tridecanone Ketone 1511 0.50+0.20 0.32+0.32 0.183
18.94 Butylated hydroxytoluene  Benzenoid 1531 tr -

19.10 b-Seguiphellandrene Sesquiterpenoid 1544 0.00 £ 0.00 -

20.17 Epi-Cedrol Sesquiterpenoid 1635 - 0.06 £ 0.04

*compounds identified by library data and authentic standards, R.T = retention time, R.| = retentiorcahlicatzd

relativeto n-alkanes C830on HR5MS column; tr = trace < 0.005not detected; h = hourBresh cut leaf of.

citratusat O h means the leaves were immediately tested after leaves were cut (olfactory tests were performed between

0 and 1 hours). Old cut leaf 6f citratusat 24 hmeans the leaves wetested 24 hours after the leaves were Rut.

value of comparison of volatile compounds between fresh and old cut lea@esiwhtusaccording to the Mann

Whitney-Wilcoxon test
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Table 5. 2: Abundance (%) of volatile compounds emitted by the vegetative and flowerinGagetes

minuta (Mean * standard error).

R. T Compound name Class of R.1 VegetativeT. Flowering T. P-
compound minuta, n= 4 minuta, n= 4 value
6.52 (Z)-3-Hexenal Aldehyde 805 0.65+0.39 0.10£0.06 0.300
7.98 Ethyl 2 Ester 861 0.28 £ 0.05 0.51+0.14 0.059
methylbutanoate
8.11 (Z)-3-Hexenol Alcohol 866 0.47 £0.45 -
9.87 UPinene* Monoterpenoid 941 0.15+0.09 0.21 £ 0.06 0.114
10.19 Camphene Monoterpenoid 956 0.18 £ 0.06 0.23+0.04 0.485
10.72 Sabinene Monoterpenoid 981 1.60 +0.64 2.39+£0.67 0.200
11.09 Myrcene Monoterpenoid 999 0.07 £0.04 0.37 £0.03 0.110
11.4 (2)-3-Hexenyl acetate* Ester 1016 25.56 + 4.96 1.95+0.60 0.057
11.82 Limonene* Monoterpenoid 1040 10.36 + 3.64 14.74 + 3.44 0.200
11.97 (2)-b-Ocimene* Monoterpenoid 1048 7.73+£2.03 16.32 + 0.53 0.028
12.23 Dihydrotagetone* Ketone 1063 34.63£8.34 30.91 £ 1.07 0.200
12.95 6,7-Epoxymyrcene Monoterpenoid 1103 - 0.01+£0.01
13.08 Linalool* Monoterpenoid 1111 0.05+0.03 0.03+0.01 0.644
13.62 (Z)-Epoxy-ocimene Monoterpenoid 1145 0.03+£0.02 0.20 £ 0.05 0.110
13.79 (E)-Tagetone Ketone 1156 0.08 + 0.08 0.90 + 0.57 0.043
13.92 (2)-Tagetone Ketone 1164 14.25+4.48 18.52 +3.19 0.342
14.66 Methyl salicylate Ester 1212 tr 0.00 £0.00 1
15.13 (Z)-Ocimenone Ketone 1244 0.07 £ 0.07 0.18 +0.10 0.408
15.26 Car3-en-2-one Ketone 1253 1.66 +1.66 7.65 £ 0.68 0.103
17.26 U-Copaene Sesquiterpenoic 1397 tr 0.00 £0.00 0.538
17.86 (E)-Caryophyllene Sesquiterpenoic 1444 0.62+£0.10 1.35+0.13 0.200
18.29 UHumulene Sesquiterpenoic 1478 0.04 £0.03 0.15+0.03 0.110
18.63 Germacrene D Sesquiterpenoic 1505 0.13£0.05 0.60+0.21 0.342
18.83 Bicyclogermacrene Sesquiterpenoic 1521 0.50+0.20 2.30+£0.43 0.057

*compounds identified by library data and authentic stand&.dss retention time; R.| = retention indices

calculatedrelativeto n-alkanes C&300n HP-5MS column;tr = trace < 0.005; not detectedP-value of
comparison of volatile compounds between vegetative and flowering stagembfuta according to the

MannWhitney-Wilcoxon test.
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5.5.3Behavioural response oM. sjostedtito synthetic standards

Among he five major monoterpenoidgdranial, myrcene, neral, geraniol and nerol)
identified inthe cut leaves o€. citratus only citral showed a repellent effemt female

M. sjostedtir e | at i v e 2¢& 0.36,0frd,tPr<d.01) (Fige 5.7 a). The blencf

these five monot er p&miKd dis 1,Wwa9.40) terestinghp e | | e 1
the combination of myrcene and cowpea flower was preferred by févhamstedtito
cowpea f | dw580,dfal, B:001)(Female sjostedticould rot distinguish

cowpea flower combined with either nerol, citral, geraniol or a blend of these compounds

from cowpea flower alone (Fige 5.7 b).

Among the four major compounds (dihydrotageto{@-3-hexenyl acetate, limonene
(2)-b-ocimené of T. minutatested dihydrotagetone was the only one that elicited
significant behavioural response. Surprisingly, dihydrotagetone was an attractant to
femaleM. sjostedtr e | at i v e 2=7@6, dfoInR <0d1) (Fiyes.8 a). However,
femaleM. sjostedtiwere repelled by the blend of the four compounds relative to clean air

( %= 6.75, df = 1, P < 0.01) or repelled by the combination of blend + cowpea flower
relative to co’w@ssaf=f)Po=w.el) (Figeb.®.e ( 6

80



49.2% 50.8%
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. 54.5% 45.5%
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40.4% 59.6%
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Citral (1%) S ——| ] 47 Control
44.4%

Geraniol (1%) ’ 54 Control
55.8°

Blend (1%) 5 52 Control

100 50 0 50 100

% response of M. sjostedti female

49.1% 50.9%

Cowpea flower 59 Cowpea flower

Myreene (1%) + Cowpea flower 49 Cowpea flower

Nerol (1%) + Cowpea flower 49 Cowpea flower

57 Cowpea flower

Citral (1%) + Cowpea flower

Geraniol (1%) + Cowpea flower 52 Cowpea flower

Blend (1%) + Cowpea flower 53 Cowpea flower

100 50 0 50 100
% response of M. sjostedti female

Figure 5. 7: Percentage (%) responses dflegalurothrips sjostedtfemale to major
compounds of fresh cut leaves ad€ymbopogon citratusa) Each compound or blend
versus control (solvent) and b) each compound or blend + cowpea flower versus
cowpea fower alone The compounds tested in the Xube olfactometer were diluted

in dichloromethane at a concentration of 1%.The total number of insects tested per
treatment was 60. n = total number of insects which responded per treatment.
Significance levels b 2 tests are indicated by * P < 0.05, ** P < 0.01, (clsiquare

goodnessof-fit test).
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Cowpea flower 57 Cowpea flower

Limonene (1%) + Cowpea flower 51 Cowpea flower

Ocimene (1%) + Cowpea flower 55 Cowpea flower

[ A A A AR

V99929999997 ‘ 54 Cowpea flower

46.9%
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(Z)-3-Hexenyl acetate (1%) + Cowpea flower

Dihydrotagetone (1%) + Cowpea flower 49 Cowpea flower

Blend (1%) + Cowpea flower e (AR 55 Cowpea flower

100 50 0 50 100

% response of M. sjostedti female

Figure 5. 8: Percentage (%) responses of femaMegalurothrips sjostedtto major
compounds of vegetativd agetes minutaa) Each compoud or blend versus
control (solvent) and b) each compound or blend + cowpea flower versus cowpea
flower alone. The compounds tested in the Yube olfactometer were diluted in
dichloromethane at a concentration of 1%. The total number of insects tested per
treatment was 60. n = total number of insects which responded per treatment.

Si gni fi c an?tests areendieatedsby bFf< 0®5, ** P < 0.01, (clsquare

goodnessof-fit test).
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5.6 Discussion
Results from the current study show that volatilesnfifb. minutaand from fresly cut

leaves ofC. citratuswere repellent to femal. sjostedti Evidenceof the repellent effect
of extracts and essential oils from both plants on several insects including thrips has been
reported in previous worfdbtew, 2015; Corneliug Wycliffe, 2016)

5.6.1Effect of cut leaves ofC. citratusand major compounds onM. sjostedti
In thisstudy, male and female thrips were repelled by the volatiles fromyfrestieaves,

but old cut leaves were not repelled to either males or fentaenaleM. sjostedtiwere
repelled by cowpea flower combined with frgsbut leaves o€C. citratusrelative to the
cowpea flower alone. These results suggest that the volatile emitted by fresh cut leaves of
C. citratusreduces the attractiveness of twvpea flower to femal&l. sjostedti The
efficacity of volatiles fromC. citratusin controling insect pests lssbeen demonstrated

in the field. For example, the volatiles fro@ citratus intercropped with eggplant,
Solanum melongena reduced the infgation of mothLeucinodes orbonali§uenee in

eggplant plant¢Calumpanget d., 2013)

PCA analysis indicated a difference in the profiles of volatile emissions between the fresh
and old cut leaves dT. citratus The absence of responseboth male and femal®!.
sjostedtito the old cut leaves could be due to the decreasesimlibndance afz)-3-
hexenal, (Z2)-3-hexenol, (Z)-b-ocimene, (E)-b-ocimene, (E)-isocitral, neral, geraniol
andgerania)] and/or the absence of certain volatile compounds sudk)a®-hexenal,
heptanal, 6,-epoxymyrcene(Z) isocitral, geranyl acetate, buayed hydroxytoluene and

b- 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®fcitratusleaves tdM. sjostedti Abtew

(2015) reported that citral was a good repellént M. sjostedtilarvae. However, in
combination with cowpea flower var. Ken Kunde 1, citral was not repellent. The
background plant volatiles canfedt the behavioural response of thrips to the compound

(Koschieret al.,2017. On the other hand, the abundance of myrcene in the old cut leaves
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may explain the decline in repellenceMf sjostedti Additionally, myrcene appears to

enhance the attraction of cowpea flowers for fervhlsjostedti

5.6.2 Effect of Mexican marigold and their major compoundson M. sjostedti
In this study, femals were repelled by vegetativE. minutabut not the floweringT.

minutawhile males were not attracted/repelled Tayminutavolatiles. The differential
responses of male and fem@leratitis capitata\Wiedemann insects to the volatiles from
T. minutahas also been reported hgpezet al, (2011} in a Y-tube olfactometerT.
minutaoil was attractive t&C. capitatamales but females avoided the oil.this study,
femaleM. sjostedtiseemed to be more susceptible to the plant volatiles than the males.
PCA showed that the volatile profile ©f minutadiffered in the vegetative and flowering
stages. The compoundg)-b-ocimene, (E)-Tagetone, Ethyl 2nethylbutanoate, and
bicyclogermacrene were abundant during flowering wl@lg3-hexenyl acetate was
abundant in theegetativestage ofT. minuta (Z2)-b-Ocimene andZ)-3-hexenyl acetate
were two of the major compounds Bf minutaand theirindividual assays in a -Yube
olfactometer did not elicit a behavioural response from the fematgsotedticompared

to clean air. However, when the four major compour{d$f§-ocimene,(Z)-3-hexenyl
acetate, dihydrotagetone and lineme) were combineth the same ratio of volatiles
released by the vegetative stagelofminuta,femalesM. sjostedtiwere repelled by the
synthetic blend. The repellent effect of the vegetafivaninutamay be due to the
synergistic effect of four majorcompounds. However, (Z)-Tagetone was not
commercially available, so it was not included in the bioasdaysher investigation
needs to be performed for more clarification of synergistic effects (binary/

ternary/quaternary and other combinations) ofchwpounds

The combination of flowering. minutawith open cowpea flowers was repellent to female
M. sjostedti This suggests that flowering. minutavolatilesinterfere withM. sjostedti

orientation towards cowpea flowers.

Tested individually, dihydroggetone elicited an attractive response from fenidle

sjostedti These findingcan assume that the attraction of dihydrotageteaemasked by
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the other major compounds in the vegetative stage. Numerous studies have documented
the attraction of thrips teeseral compounds from floral sceiik®schier, 2006)In-depth
investigatons of the mechanism involved in the repellent effedd.afjostedtin different
concentrations could advante understanding of thrip behaviour.

5.7 Conclusion

This study has shown that volatiles from frigstut leaves oCC. citratusrepelled males

and females oM. sjostedtbut old cut leavedid not The fresly cut leaves o€. citratus
combined with cowpea flower repelled female sjostedti.FemaleM. sjostedtiwere
repelled by theolatiles from thevegetativestage ofl . minutaandrepelled bythe cowpea
flower combined either with vegetative or flowerink minuta Conversely, the
behavioural response of males was not affected by any odour from the two phenological
stages ofT. minuta Citral, a major compound df. citratusand the blencdf major
compoundgdihydrotagetone(Z)-3-hexenyl acetate, limonene a(®)-b-ocimene) from
vegetativeT. minutawere repellent to female®ihydrotagetone alone and myrcene
combined with cowpea flower attracted the femile sjostedti Finally, this study
identified and characterised two repellent companion plantd fajostedtthat can be
used in pest management. After further investigation, the blend of major compoidnds of
minutacould be used as a repellent with a diffuser in the fiEldninutaplant and the
fresHy cut leaves o€. citratuscould be used to contrt. gostedtiin the field. Further
studiesareneeckdto investigate the repellent effect of both plants and their arrangement
in intercropping.The exact repellenadurationof the cut leavesroM. sjostedtshould be
investigated in a further study, becaubkés effect may pose a major obstacle to the

practical application of. citratus.
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CHAPTER SIX

EFFICACY OF NETHOUSE TO CONTROL COWPEA PESTS AND TO
IMPROVE COWPEA PRODUCTION

6.1 Abstract

The use of net houses is one possible way to increase the yiedgiaitgl of vegetable

production and reduce the use of pesticides. To prevent outbreaks of cowpea pests in the

net houseifisi nvestigated a -xgwlmMbd nsattri atne pyf arpdi srhe
the Opushdé sti mul i C citeatmpandiT.angata of hewodppl hat
comprised of visual cues from blue and yellow sticky traps. Field experiments were
conductedfor two seasons between October, 204ay, 2018. Four treatments that
comprised a control (open field), net house, puststrategy (open field) and net house

+ pushpull strategy were evaluated. The treatments were replicated four times in a Latin

square design. The insects were counted on 10 plants per plot.

Results showed thatsectpests such a8. tomentosicollisEmpoascap, M. vitrata, M.
sjostedtiand T. vaporariorumwere significantly lower in the net house than in the open
field. Conversely, the population Af craccivorawas significantly higher in the net house

than in the open fieldThe populations of. vaporarorumandA. craccivorawere lower

in the puskpull treatment than in either control or net house treatments, respectively. The
yield and the quality of the pods and grains were higher in the net house than in the open
field.

The study indicateshat pushpull strategy was effective against certamall pests The
use ofnet house was very effectie reduce the number sbmemajor pests of cowpea

and improved the yield of pods irrespective of the season.
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6.2 Introduction

The use of netting has alreaolgen shown to be effective in protectdifferentvegetable

crops againsa range opests by reducing damage, increasing yields and the quality of
products in susaharan AfricadMartin et al., 2006)and more generally in the tropics
(Nordeyet al.,2017) In Benin, theuse of nets reduced insecticide spraying by 70% to
100% on cabbag@.icciardi et al., 2007; Martinet al., 2006) The research in Kenya
showed, green beans, cabbages and tomatoes were prodthosal v very few chemical
applications compared to in open fields, with higher yields and better quality produce
(Saidiet al.,2013; Gogeet al, 2014). Netting is a physical barrier which prevents the
pests from passing througfhirty and forty mesh size natg (0.9 mm, & 0.4 mm
diameter respectively) have been shown to be effective as a barrier against pests relative
large (body length > 5 mm ) such as lepidopteran and dipteran in horticultural crops in
Benin and KenygMartin et al., 2015) It is hypothesizedhat nets could effectively
protect a cowpea crop against the large insect pests (body length > 5 mm) indbuding
vitrata and C. tomentosicollisHowever, net houses have been shown to besfisgent

in controlling small insects which can pass through the mesh. For ex&8nmptmet al.,
(2014)showed thaga netting with a mesh size of 0.4 mm (30 mesh) was ineffective for a
cabbage crop against mustard aphigaphis erysimKaltenbachlt is hypothesizedhat

nets (0.4 mm diameter) could not provide efficient protection against the small insects

such as thps, aphids and whitefly.

The bean flower thrip®. sjostedtin particular is the main small pest of cowpea and has
the most negative impact on yieRlus netting is also a barrier against the thrips natural
enemies, which are really useful for the tohof small pests, as these are usually resistant

to pesticide thanks to their rapid life cy¢Martin et al.,2013) On the other hand, net
houses stabilize air temperature and improve soil moig@&ogoet al,2012;Saidiet al,

2013; Gogo kal., 201%; Simon ¢ al., 2014. Thus,cowpea yield and quality would be
improved by control of damaging insect pests and as a result of a better micro climate

inside the net houses.
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To prevent outbreaks of small pests including the bean flower thrips in the netdmouse,
alternative crop protéion strategy needs to be combined with the use of neffing.
Qushpul | 6 strategy is a crop protection conc
simultaneously to control the spatial distribution of the insects, in order to reduce insect
abundnce on the target crq@ooket al.,2006) This straegy could be combined with

net houses to control bean flower thrips. sjostedtiare attracted by the colour blue
(Muveaet al., 2014) thus blue sticky traps were used as a gtithuus in the present
study The previous experiment using olfactory tests showed the vegetative stage of
Mexican marigold T. minutaand lemomgrass;. citratus plantswas repellent to female

M. sjostedti(Diabateet al.,2019c) Lemongrasgroduces a compound (citral) which is
repellent toM. sjostedtiwhen the leaves are freshly ddiabateet al., 2019c) These
repellent plants wereombined with a net house as push stimuli. Controlling insects using
the pushpull strategy has the advantage of avoiding the use of insecticides thereby
increasing the opportuyifor natural enemies to reduce the insect pest populgtdas

et al., 1997)

The aim of the present study was to evaluate the effectiveness of a control strategy against
cowpea pests combining (a) a physical barrier in the form of an imseExftnet house, (b)

an olfactory barrier based on repellent companion plantg¢@ravisual trap in the form

of coloured sticky strips as an attractant for pests, to increase the yield and quality of the

cowpea grains.

6.3 Materials and methods

6.3.1Site and seasons

The field trial was conducted at the Kenya Agricultural and Livestock Research
Organisation (KALRO), Industrial Crops Research Centre (ICRC) Mwea (0°37'09.0"S
37°22'09.4"E) in Kirinyaga County, Central Kenffagure6.1). Mwea is one of th main
areas in Kenya where vegetables including cowpea are dMusebeet al.,2005) The

four seasons in Kenya are characterized by a short rain season (Qdtiovember), a
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hot dry season (Januariarch),a long rain season (Marebune), and a cold dry season
(July - AugustlHassan, 1998; Folet al.,2015) The experiment was conducted in two
seasonsin the dryseasorfrom 39 October 2017 to T8January 2018, and in the rainy
seasorfrom 30" January 2018 to 22May 2018. The drgeasorwas characterized by

one rainy month (10October- 7" November 2017) and three dry monthsi{Mvember

to 9" January 2018), with a total of 358.8 mm of rain and a mean temperature of 22.71
°C. The rainy period was characiil by one dry month (80January 2018 27"
February 2018) followed by three rainy months'{Zebruary-15" May 2018), with a

total rainfall of 679.5 mm and mean temperature of 22.50°C. Rainfall and temperature

data were provided by KALRO ICRC MwearKgo research experimental farm.

Bungoma
.

Kisumu

Nakuru KALRO MWEA

NaiBbi e

"
-
™.
e
District Malindi
de Karatuf"Arusha ®

Mombasa
*

Figure 6. 1. A map of Kenya showing Kalro-Mwea (Source: Google map, 2019)
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6.3.2Planting material and land preparation

Seeds of cowped,. unguiculatavar. Machakos 66 (M66) were purchased from Dryland
Seeds Company Limited, anidemongrassseedlingsfrom Simlaw Seeds Company
Limited, in Nairobi, KenyaMexican marigold seeds were field collected in KALRO
ICRC Mwea. About 40 kgs of manureaftle) was spred per plot (10 m x 5m) which was
applied two weeks before the cowpea seeds were sown. Two cowpea seeds were sown in
two hills on each side of the micnrigation emitters at a distance of 25 cm with 1 m
inter-row spacing. Each experimental plot measured %10 m and 60 cowpea plants
were planted per line, giving a total of 300 plants (60 plants x 5 lines) peApttial of
sixteen plots were prepared including 4 plots per treatments (untreated contrgduppush
plots, net house plots, and net housmbined with pustpull plots). No insecticide was
sprayed in the field experiment. To avoid the destruction of plants by the overwhelming
of A. craccivorapopulation, a mixture of soap liquilg ml) and powder peppet§ g)

in water (20 litres) was spragen the treatments with net houses once a week from the
14th to the 28th of November, 2017 to reduce outbreaks of aphids. The mixture of soap
and pepper is a safe method to regulate the population of gplaidizet al.,2014) The
solution was applied one time per day in the net house treatments bacausecivora

was low or absent in open field treatments.

6.3.3Treatments andexperimental design

Four treatments which included (i) untreated plots in the open(&ielatrol), (ii), push

pull plots in the open field (iii) net house plots, and (iv) net house combined with push

pull plots were laid out in a Latin square designoarireplicateqFigure6.2). Thepush

pull plots included two repellent plantemongrasse nd Me xi can marigol d
coloured sticky traps ( @htebel) Thetdo bljuedtidkyo w) a s
traps were used to catbh sjostedtiand the two yellow ones for other insects including
whiteflies and aphids. Four strips of sticky tape (15 cm x 10 m) perguisplot were

placed at intervals of one metre between the rows at a height of 1 m from the soil. Cowpea

was grown for four monthand the traps were removed and replaced with new ones at
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monthly intervals. The old traps were taken to the laboratory where the insects on 10 cm

x 10 cm samples of each trap were counted.

Plots
Control Net house Push-pull Net house + push-pul
Net house Push-pull Net howse + push-pull Control
Push-pull Net hous¢ + pash-pull Control Net house
A plot of push-pull strategy
Net house + pash-pull Control Met house Push-pull
L] . L]
— ]
*
*
rap

L]
AR S )

Figure 6. 2: Schematicrepresentaion of the experimental field design in the Latin

square design, each treatment was repeated once in each row and column
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Plate 6. 1: Treatments (a = nontreated control; b = pushpull plots; ¢ = nethouse
plots; d = nethousecombined with pushpull strategy) in field at Mwea (Source:
Diabate, 2018)
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6.3.4Repellent plants arrangement and net housproperties

Mexican marigold was planted at 20 cm intervals around the pletaongrassvas
planted at 2 m intervals around thetgl Mexican marigold is a repellent plaat M.
sjostedtiwhich continuously releases repellent volat{P&bateet al.,2019c) Freshcut
leaves ofLemongrasgabout 5 cm of each leaf cut with a pair of scissors once a week)
were applied as an organic mulch to repklsjostedti In the plots with a net house
combined with the puspull strategy The experimental plots were separated from each
other by 2m buffer strips of bare soil.

The net house was a locally manufactured high tunnel covered by a transparent knitted
polyethylene net AgroNet 0.4 (A to Z Textile Mills, Arusha, Tanzania) of 40 mesh size
(0.4 mm diameter hole size) under an iron framectire. The high tunnel was 5 m in
width, 10 min length and 2 m in height (flat on top) in the middle and 2 m in height at the

sides with a double door. The rain was able to penetrate through the top of net house.

6.3.5Data collectionby counting of insects, flowers, number harvested and weight

of podsin the field

The insects were counted starting two weeks after sowing and thereafter on weekly basis
for 14 and 15 weeks in season 1 and 2 respectively. Two different rows were randomly
selected each weekbrf observations. The first and last rows were not used to avoid a
border effect. Ten individual plants were observed per plot. The plants located on the left
facing to the door between the midgrdgation holes were always selected for
observation. If theplants on the left did not germinate, then the plant on the right was
selected instead. The number of adult insects and larvae (large and small) on each plant
were counted on different parts of the cowpea plant during growth: (i) the whole plant was
usedto count large insect pests suchLaafhoppersEmpoascasp, Brown Pod-sucking

Bug, C. tomentosicolliscotton leafwormS. littoralis and the caterpillar oBeanPod
Borer,M. vitrata. Small insects likBeanFlower Thrips,M. sjostedtithrips,Hydatothrips
adolfifriderici Karny, Black LegumeAphid, A. craccivoraand GreenhouséVhitefly, T.
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vaporariorumwere counted (ii) on one old and one young leaf, (iii) on a 5 cm portion of
the plant stem (iv) on two picked open flowers, and (v) on two pods per plehumber

of flowers per plant were also counted. For the harvest, undamaged pods or pods damaged
by insects were counted and weighed to evaluate the quantity of marketable pods per plot.
The grains harvested on each plot were placed in bags and weighed

6.4 Data analysis

The insects, flowers and harvested pods counted in the treatmentysteraaricalljyog
transformed (log (1+ x)) before analysis using analysis of variance (ANOVA). When there
was a significantly difference in the mean among foemtinents, anultiple comparison
ofmeanzvas performed using a Tukeyds HSD test.
seasons were compar eAl analysesnvgere $nplentbtad tinbRs  t
version 3.3.4R Core Team, 2016)

6.5 Results

6.5.1Season and plant development

Cowpea seedlings emerged one week after sowing in both seasons. In thelseason
flowering started seven weeks after sowing in both net house plots, and flowering peaked
10 weeks after sowing in the puphll plots. In the seson1, the first flowers appeared

eight weeks after sowing in both the net house plots and in thepplighlots. Cowpea

pods were observed eight weeks after sowing in the both seasons. The first pods were
harvested 12 weeks after sowing in the sedsamd 14 weeks after sowing in the season

2. Pods were harvested twice a week.

6.5.2Effect of seasons on pest populations dynamics
The populations of the major cowpea pests including the bean flower Mhrigjestedti

the Black LegumeAphid A. craccivora the Pod Borer M. vitrata and theGreenhouse
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Whitefly T. vaporariorumwere higher in the seasdrthan in the seasa? whereas the
opposite was true fdreafhoppeEmpoascap. The populations of secondary pests such
asS. littoralis C. tomentosicollind H. adolfifriderici were quite low and were almost

the same amount in the two seasons.

During the seasori, the colonisation of cowpea by insects with pieresngking
mouthparts likeT. vaporariorumand A. craccivorastarted two and three weeks after
sowing respectivelyT. vaporariorumwas observed on the leaves while craccivora
started by infesting the leaves and stems then moved to the flawerpods Peak
infestation ofT. vaporariorumwas observed six weeks after sowing in untreated control
plots, whereas outbreaks Af craccivorareached their peaks eight and nine weeks after
sowing in net house plots during the flowering and podding stijesgostedtinfestation
started with the flowering stage of cowpea, eight weeks after sowing in pethfield

plots. Peak infestation occurred two weeks later during the flowering and podding stages.
H. adolfifriderici andEmpoasca sgpopulationsvere smaller, infestation started two and
four weeks after sowing in the net house and fyushplots respetively. PeakH.
adolfifriderici infestation occurred 11 weeks after sowing in untreated control plots while
peakEmpoasca spfestation occurred 13 weeks after sowing in untreated control plots.
Infestation ofC. tomentosicollistarted ninaveeks aftesowing during the podding stage

in both open field plots. The first peak was observed 12 weeks after sowing in the push
pull plots and the second peak was observed 13 weeks after sowing in the untreated control
plots. The population of larvae &f littordis andM. vitrata chewing mouthpart insects

was smaller than that of piercksgicking mouthpart insectS. littoralisinfestation started

four weeks after sowing in net house plots and the first and second peaks occurred five
and 13 weeks after sowing et house plots. The infestation Mf vitrata started 10
weeks after sowing in untreated control plots during the flowering and podding $flages.
vitrata populations reached peak densities 12 weeks after sowing in untreated control

plots.
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In the seasor?, infestations ofT. vaporariorum, A. craccivora, M. sjostedit.
tomentosicollis, H. adolfifridericiand M. vitrata began insimilar periods. Peal.
vaporarioruminfestation was observed six weeks after sowing in untreated control plots
while A. cracavora peak infestation occurred seven weeks after sowing in untreated
control plots. Thre®/. sjostedtinfestation peaks were observed 13, 14 and 15 weeks after
sowing in net house plots, puphll plots and untreated control plots, respectively. Peak
H. adolfifriderici infestation occurred three weeks after sowing in gugh plots.
Empoascasp populations appeared six weeks after sowing in untreated control plots and
the peak was observed four weeks later. Realomentosicollisnfestation occurred 16
weeks after sowing in net house combined with gushplots. Peald. vitratainfestation

was observed 12 and 14 weeks after sowing in-pudliplots.S. littoralisinfestation was
observed 11 weeks after sowing and the peak was reached five weeks later

6.5.3Effect of treatments on pest populationsn the seasons

The population of th&reenhouséNhitefly T. vaporariorumwas higher inuntreated
control plotsthan in plots in a net house combined or not with the jpudlhstrategy in
the seasof (P <0.00)) (Table6.1). In the seaso®, the number of. vaporariorunwas
higher in untreated control plots than underti@atmentgP < 0.001) In addition, the
number ofT. vaporariorumin net house combined with puphll plots was lower than in
pushpull plots in the seasa® (P < 0.001) The infestation of . vaporariorumwas higher
in untreated contrgdlotsand puskpull plots in the seasdinthan in the seasdh(untreated
control:t = 4.91, df = 6, P = 0.002, puglull: t = 5.90, df = 6, P = 0.001)The yellow
sticky traps caught significantly higher numberTofvaporariorumin pushpull strategy
than in the net house combined with pysti in both seasonfé =2.506, df = 14, P =
0.025) (Table 6.2) On blue sticky trap, no different was observeriween pusipull
strategy and the net house combined with gush

In the seasoh, A. craccivorawere more abundant on cowpea leaves in all net house plots
than in puskpull plots and untreated control plots (F = 9.703; df = 3; P = 0.0Adure
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6.3). In the seasog, there were no differences. The number of aphids was higher in the
net house combined with pughill plots in the seasohthan in the seasah(t = 4.728,

df = 6, P = 0.003). In contrast, the number of aphids on the leaves was higher in t
untreated control plots and puphll strategy plots in the seas@rthan in the seasoh
(untreated controt=-3.0412, df = 6, P = 0.022; puglull: t = -3.566, df = 6, P = 0.011).

A. craccivorawere only present on flowers and pods in the net hplate combined or

not with the pustpull strategy, there was no difference between the two treatments. In
addition, moreA. craccivorawere observed on flowers in the plots with net houses
combined or not with the pugdull strategy in the seasdrithan n the seaso®(net house:

t = 3.325, df = 6, P = 0.015; net house + ppshi: t = 5.320, df = 6, P = 0.001).he
number ofA. craccivoracaught on yellow and blue sticky traps were not significantly
different between the pugiull strategy plots and nétouse combined with pusgsull
strategy inboth seasa(P > 0.05)
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Figure 6. 3: Mean number (xSE) of adult and larval Aphis craccivoraon cowpea
plants per treatment in the dry season (season 1) and the raisgason (season 2) at
KALRO - Mwea (Kenya). a) leaves and stem, b) flowers, ¢) podsThe same letter
means no significant difference (ANOVA). Asterisks (*) mean significant difference
in the means of the same treatments between seasons (*P < 0.05, **P < 08B, <
0.001) (Studentds t test).
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The Bean Flower Trips, M. sjostedtipopulation on the cowpea leaves was no different
in both seasond and 2(Figure 6.4). In addition, moreM. sjostedtiwere observed in
untreated control plots in the seadothan inthe seasof (leavest = 3.364, df =6, P =
0.015). In the seasdh the population oM. sjostedtiwas more abundant on the flowers
in the untreated control plots and pymiil strategy plots than in net house combined or
not with pushpull plots (P < (01). In the seasd?) fewer thrips were found in net houses
combined with pusipull plots than in plots with puspull alone (F = 3.916; df = 3; P =
0.036). The number of thrips in the net house plots was higher in the 2dasonin the
seasorl (t =-4.9626, df = 6, P = 0.002). No difference was observed in the number of
thrips on the pods under any of the treatments in either season. The populdfion of
sjostedtiwas more abundant in the untreated control plots,-puitplots and net house
combinedwith pushpull plots in the seasahthan in the seasah(untreated controk =
2.566, df = 6, P = 0.042; pugtull: P < 0.001; net house + puphll: t =5.181, df =6, P

= 0.002).The blue sticky traps caught mok& sjostedtiin pushpull plots thanin net
houses combined with pusgtull plots ¢ = 3.59, df = 14, P = 0.002). No difference of
number ofM. sjostedticaught on the yellow sticky traps between ppah and push pull

combined with net house plots.
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Figure 6. 4. Mean number (xSE)of adult and larval Megalurothrips sjostedtion
cowpea plants per treatment in the dry season (season 1) and the rainy season (season
2) at KALRO - Mwea (Kenya). a) leaves, b) flowers, c) pod$he same letter means

no significant differences(ANOVA). Asterisks (*) mean significant differences in the
means of two same treatments between seasof8 € 0.05, **P < 0.01; ***P < 0.001)
(Studentds test)
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The populations ofi. adolfifriderici andS. littoraliswere very low and no significagt
differences were found among the pldis.adolfifriderici were more abundant in the net
house plots in the seasrhan in the seasah(t = 3.10, df = 6, P = 0.02)

Populations of the éafhoppetEmpoascasp. were smaller in net house plots and in net
houses combined with pugtull plots than in untreated control plots and ppsh plots

in both seasons (s1: F =6.284; df = 3; P = 0.008; s2: P < 0.001). The nurabgyadsca
spwas higher iruntreated plots and pughull plots in theseason 2han inthe seasoi
(untreatedt = -5.53, df = 6, P = 0.001; pusdull: t =-5.31, df = 6, P = 0.001).

Clavigralla. tomentosicolligpopulations were smaller in net house plots combined or not
with the push pull plots than in untreated control plots and-pu#iiplots in the seasoh

(P < 0.001). No difference was found among the treatments in the seaduasnumber

of C. tomentosicollisvas higher in the nethouse plots in the se&dtian in the seasah
(t=-4.21, df = 6, P = 0.005).

No Maruca vitratawerefound in the net house plots in either seabbnitratainfestation
was significantly lower in net houses combined with ppsh plots than in untreated
control plots in the seasdn(F = 7.183; df = 3; P = 0.005).

In general, net house plots contaisachller populations d¥l. sjostedtiT. vaporariorum
Empoascasp. C. tomentosicollisand M. vitrata than open field plots. Conversel,
craccivora infestations were higher in the net house. The jmushstrategy reduced
populations ofT. vaporariorumcompared to controls and reduced population8pifis

craccivoracompared to net houses alone.
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Table 6. 1: Mean (+ SE) number of insects observed per plant among the treatments in the season 1 (Hay)d season 2 (rainy)at KALRO - Mwea (Kenya).

Season 1 Season 2
Insect pests Plant parts Push-pull net Push-pull + net Control Push-pull net Push-pull + net
Trialeurodes Leaves 196.2 £ 26.7a&  78.2 £ 20.5ab 53.2 + 461bc 2.1+1.4c 54.7 + 15.14& 13.0+ 1.8B* 4 +0.8BC 2.0x1.0C
vaporariorum
Aphis craccivora Leaves 343.7 £ 320.& 71.5+41.8&* 4037.82 = 5563.5 1518.7 637.5 £116.0A 902.7 £ 187.2 + 82.8A
1694.> 1928.b* 132.7/& 640.6A
Flowers Oa 644.75 + 968.5 + 760.8* 0A 0A 18.7 £ 0+0.B*
311.4* 15.8B*
Pods Oa 1008.8+ 731.2 + 644.* OA OA 93.2+77.8 OA*
519.22>
Megalurothrips Leaves 46.2 +14.74 26 +1.8a 13.5+5.4a 48.5 *+ 40.5a 8.2+ 4.0A 10.2 £ 4.5A 3.5+12A 6.7 £ 6.0A
sjostedti Flowers 564.2 +110.4a 505.7+91.3a 77.2+23.4* 547+ 21.1b 462.0 + 458.5 + 79.4A 279.0+ 99.2 + 26.1B
211.00B 28.0AB*
Pods 103.5+58.08  64.2+22.54 136.75 35.5+11.24 0+0.2& 0+0.2& 0A* 1.5+ 0.9A4
78.03&
Hydatothrips Leaves 28.7+5.9a 245+ 214 232+2.3% 255+ 2.1A 29.0+6.5A 147 +2.1A 16.7 + 3.6a
adolfifriderici
Spodoptera littoralis Plants 0+02a 1.7+0.8a 0+0.4a 1.5+1.9A 0+0.2A 4.2 +2.3A 1.25+0.9A
Empoascasp. plants 4.0+1.04 0+0.2b 0+0.2b 1195+ 24.7A 46.5 £ 18.5A4 1.0+Q7B 0B
Clavigralla Plants 1045+48.1a 78.7+24.0a 3.2+3.28 0Ob* 39.0+13.91A 63.0+26.2A 36.0+ 150.0 + 25.8A
tomentosicollis 19.7A&
Maruca vitrata Plants 2.5+0.8ab Ob 0+0.2b 0A* 0+0.4A 0A 0A

1 Dry season from'8October 207 to 9" January 201&/Rainy season from 30January 2018 to 18Bviay 2018. SE = Standard err@mall letters corresponding to

the comparison of treatments in the dry season (seasonl) and capital letters comparing the treatments in the raimper&jasirigeanalysis of variance

(ANOVA) . *indicate significant differences betwesaasonsvi t h t he l etter in

Student 6s t

test.

The same
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Table 6. 2. Mean (x SE) number of insets: A. craccivora,M. sjostedtiand T. vaporariorum caught on the coloured sticky traps
across the two seasons. Dry season (season 1) frdfr&tober 2017 to § January 2018. Rain season (season 2) from"30anuary
2018 to 18 May 2018

Insects Blue trap Yellow trap
T. vaporariorum Pushpull 10.6+12.8a 2315.3+17715a
Net house + pushull 1.0+£20a 91.2+100.0b
t-test 1.488 2.506
df 14 14
P value 1.158 0.025
A. craccivora Push pull Oa 64.6 £99.9a
Net house + pushull 0.25+0.32a 93.9+88.6a
t-test -1.527 -1.438
df 14 14
P value 0.148 0.668
M. sjostedti Push pull 265.4+131.7a 44+45a
Net house + pushull 27.0+14.2b 21+x1l4a
t-test 3.599 0.958
df 14 14
P value 0.002 0.354

SE = Standardrror. Small letterscompare the two treatments per insect in each column 8singgdent 6 s t test at P < 0.05.

significantly different
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6.5.4Effect of treatments on yieldin the seasons

There was no significant difference the number of open flowers among the four
treatments or between the same treatments in the two s¢®spr&05)(Table6.3). In

the seasorl, there was no significant difference in the total number and weight of
harvested pods among the treatments. Hewen the seasof, the total number and
weight of harvested pods was higher in the net house and net house combined with push
pull plots than in untreated control plots and plots with pushalone (number: P <
0.001, weight: P < 0.001). The numberpaids was higher in the untreated control plots
and puskpull strategy plots in the seasarihan in the seasaa (untreated control: P <
0.001; pustpull: t = 5.086, df = 6, P = 0.002). The weight of pods harvested in the
untreated control plots and puphll plots was higher in the seasbthan in the seasdhn
(untreated control: P < 0.001; pughll: t = 5.385, df = 6, P = 0.001).

The number of marketable pods and their weight were higher in the net house plots than
in untreated control plots in the seal (number: F = 5.241; df = 3; P = 0.015; weight: F
=5.67;df = 3; P =0.011) (Tab&3). In the seasoB, the number of marketable pods and
their weight were higher in net house plots and net houses combined withyluglots

than in untreated comol and puskpull plots (number: P < 0.001; weight: P < 0.001). The
number and weight of marketable pods in ppah plots were higher in the seasbthan

in theseason Znumber: P < 0.001; weight: P < 0.001).

Grains were significantly more abundamtniet house plots and net house combined with
pushpull plots than in untreated control plots and ppsh plots in the rainy season (P <
0.001) (Tables.3).

The total yield across the two periods was more abundant in net house compared to open
field treatments (F = 5.14, df = 3, P < 0.01) (Tabld). However, no difference was
observed between net house combined with qpudhand open field treatments. The
marketable yield was significantly higher in the net house and net house combined with

pushpull than untreated control and pugtll strategy (F = 9.35, df = 3, P < 0.001).
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Table 6. 3: Mean (+ SE) of flowers per plant and of the total number and weight of harvested pods and marketable cowpea pods and of numbe
of grains per plot among the treatments in the seasoh (dry) * and seasor® (rainy) ? at KALRO - Mwea (Kenya).

Season 2

Control Pushpull net Pushpull + net
47.7 + 4.6a

Season 1

Control Pugh-pull net Pushpull + net
455+ 9.6 26.2 +£10.5a 38.7+9.0a 49.2 + 9.6a

7.0+ 7.0 32.7+32.7A 17455+ 381.3B  1415.0 + 253.1B
20.0 £ 20.0A 45.0 +45.0A 4186.7 +1006.7B 3277.5+581.7B

Flowers 41.2+5.1a 81.0 £+ 25.6a 52.2 £+9.07a
Total harvested pods 1544.2 +272.Ta  1690.7 + 53.9a 24475+ 479.7a
Total weight of pods 3953.0 £ 752.4a  4045.0 £ 182.0a 6294.2 + 1157.7a

@

2092.2 +174.9a
5654.0 + 377.2a

Marketable 988.2 + 232.3a 1055.0 £ 50.4ab  2103.7 £ 397.7b 1740.7 + 152.2ab OA* 9.7+ 9.7A 1687.0 + 373.1B 1273.5 + 230.5B
harvested pods
Marketable weight ~ 2775.0 £ 608.7a 2815.0+57.3ab  5640.0 + 987.6b 4885.2 + 342.5ab 0A* 5.0 £ 5.0A 4071.7 £ 987.6B  3112.5 + 569.5B
pod (9)
10.0 + 10.0A 12.5+12.5A 3457.5+868.8B  2390.0 + 424.9B

Grains
L From 3¢ October 2017 to®January 2018 i.e. the dry seagsaason 1)fFrom 3( January 2018 to 8Vay 2018, i.e. the rainy season (season 2)

Small letters refer to the comparison of treatments in the séasuh capital letters to comparison of the treatments in the s2asing analysis of
the Studentédés t test. The same | etter i

variance (ANQY/A). *indicate significant differences betwesaasonsvi t h

different.
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Table 6. 4: Estimated yield (t ha?) of total and marketable pods among the
treatments across the two seasons. Dry season (season 1) fréhC&tober 2017 to
9" January 2018. Rain season (season 2) from™B0anuary 2018 to 1% May 2018

Treatments Mean (+ SE) of Mean (+ SE) of
total yield (t hal) total marketable
yield (t ha)
Control 04+0.2a 0.3+0.1a
Push-pull 04+0.2a 0.3+0.1a
Net house 1.0+£02b 1.0£0.1b
Net house + puskpull 0.9+0.1ab 0.8+0.1b

Letters compare the treatments per yield in each column using analysis of variance
(ANOVA). The same Iger means not significantly different

6.6 Discussion
Netting effectively protected the cowpea crop against the main big pesBeanPod

Borer M. vitrata, the LeafhopperEmpoascasp, and theBrown Pod-sucking Bug C.
tomentosicollisDespite the larg number oEmpoascap outside during the seasgrthe

net house prevented this pest infesting cowpea in the salsotine seasoh, there were
fewerBeanPod Borers andBrown Pod-suckingBugs in net house plots than in open field
plots, and we obseed no difference in the size of the populations in the seasbdhe
reduction in the number of big pests through the use of net houses in horticulture usually
has a major impact on yiel@. tomentosicollisndM. vitratacancause 80% yield losses

in cowpea in Africa(Ekesiet al, 2002; OECD, 2015)The reduction in the number of big
pests in the net houses could thus explain part of the increase in the number of the
marketable cowpea pods.

6.6.1Effect of net house on small insect pests

The study showed that populations of the thrigk sjostedtiand the whiteflyT.
vaporariorumon cowpea in the net house were always lower than the populations that
increased very rapidly in open field plots, tgarlarly in the seasoh The net houseould

work as avisual barrier which disturbs the signalgips and witeflyuse to locate their
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host plantsin addition,the populations oM. sjostedtiand T. vaporariorumwere low
inside the net hous&he net lbuse could reduce the UV light which may interfere with
insect vision and their dispersi¢Raviv et al, 2004; BenYakir et al, 2014)

By contrast, the population &. craccivorawas higher in net house plots than in open
field plots particularly in the seasdn The outbreaks of aphids in the net house in the
seasor suggest that the temperature and humidity in the net house weitable for
aphids.A typical life cycle involves flightless females giving birth to female nymphs
without the involvement of male@rwin, 1980) Females mature rapidly and breed
profusely, hence the number of these insects rapidly mult{@a®ch, 2000)n addition,

the absence of natural enemies to regulate the aphid poputaeti@net house may also
explain the abundance Af craccivora Martin et al, (2013)reported the small mesh size

drastically reduces the presence of aphid parasitoids and predators in net houses.

6.6.2Effect of push-pull strategy in controlling cowpea pests
Lemongras&nd Mexican marigold were used to repel insects from the cowpea crop and

sticky traps were used as attractants to catch the flying inBettehe puskpull strategy

either alone or combed with net houses did not improve the contrdViofsjostedtiin
seasorl and 2 In laboratory assay$/. sjostedtiwas shown to be repelled by fresh cut
leaves ofLemongrassut not by old cut leaveiabateet al.,2019c) The repellence

time of cut leaves ofemongrassvas perhaps too short to repel sufficiéht sjostedti.

The vegetative stage of Mexican marigold was also shown to repel fiymajegedtiin

the laboratoryDiabateet al.,2019c). In the field, the greater abundance of cowpea plants
in relation to that of companion plants could alkeraheir repellent effect. The selection

of companion plants which emit larger quantities of repellent volatiles or the use of
repellent essential oil through dispensers or in the irrigation system could improve the
efficacity of repellent volatiles irhe field. Inthe presenstudy, the repellent plants were
planted around the cowpea crop. The spatial arrangement of plants in intercropping may
also influence the control of pests in the fielKhsinaet al, (2006&) reported that

Coriandrum sativuni, Zea may4. and Tagetes erectd interplanted in French beans
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reduced the population of thrips. Further investigation of the arrangement of repellent

plants in intecropping systems is thus required.

On thecontray, the presenstudy showed that populationsfvaporariorumandAphis
craccivorawere lower in tk pushpull plots than in either control plots net house plots,
respectivey}. In fact, many greenhouse whiteflies were caught on the yellow sticky traps.
The attraction off. vaporariorumto yellow has been demonstrated by many authors
(Mutwiwa & Tantau, 2005)The yelow sticky trapsmay thus have helped reduce the
numbers of this insect in the puplll plots. In addition, the repellent effect of essential
oil from Lemongrasshas been demonstrated on the whiteBgmisia tabagiin the
laboratory(Deletreet al.,2015) Lemongrasgould be involved in reducing the number
of T. vaporariorumin pushpull plots. Conversely, Mexican marigold could act as a trap
plant divertingT. vaporariorumirom cowpealn fact, large number of whiteflies on the
marigold plantswas observedduring this study. In the seasoh, the population ofA.
craccivorawas also smaller in pugbull plots than in net house plo&avaleta Mejiaand
Gomez (1995)reported that intercropping marigoldagetes erectd.. and tomato,
Lycopersicon esculentuMill reduced the population ofl@e aphig. Mexican marigold
may also disturb thestablishmenbf A. craccivoraon cowpeasSilveira et al, (2009)
reported that planting marigqld. erectaaround onion fields increased the number of
insect species in thenmn fields. Marigold plants surrounding cowpea could thus increase
the diversity of the natural enemies of this pest. The repellent effdcerobngrass
volatiles against aphids was reported @gumpangand Ohsawa (2015)n the field.

Lemongrassould thus help reduce populationsfofcraccivora

6.6.3 Effect of season omfestation of insect pests
Cowpea production varied with the seasbhe reduction in cowpea yield may be due to

too much rain, as already shownPgrwada (2016)he populations of the major cowpea
pests such ad. sjostedtiT. vaporariorumA. craccivoraandM. vitratawere much lower

in the seasofthan in the seasdn In Kenya, the heavy rainfall between March and June,
2018, may be responsible for the reduction of insect populations by destroying eggs and

killing some of the larvadNyasanket al, (2013b)reported that heavy rain killed the larvae
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of western flower thripstrankliniella occidentalisn the field and hence reduced their
populaton density. The population &f. craccivorawas reduced in the net houses in the
seasor?. Indeed, rainfall is considered to regulate population densities of gtaidkeh

& Dutcher, 1993)Despite the fact the rainy season was longer than usual in the present
study, cowpea prodtion was stable in the net house. The net technology may thus be an

efficient tool in unpredictable weather conditions

6.6.4 Effect of net house on the yield of cowpea
The number and weight of marketable pods produced in the net houses were higher than

in control plots in both seasons but the combination with qpushdid not increase
cowpea yield. Although the number of flowers was the same among the treatments and in
the two seasons, the total number and weight of pods produced in the net houses with or
without pushpull were higher than in both open field plots in the se&sdmthe present

study, several data explain the increase in yield in net house plotse&aldi(2013)
reported that the constant high temperature and soil moisture in rset inqaroved plant
growth and yieldlt is also noticed that the quality of the grains produced in the both net
house plots was higher. In Kenya, Gaal, (20141) also reported faster development,
higher pod yield, and better quality green beans, antgggeminous plant growing under

low tunnels covered with netting compared with uncovered plants.

6.7 Conclusion
The study showed the total number and weight of pods were the same among the

treatments in the seas@rbut the marketable number of pods wsisicantly lower in

the open field than in net houses. Net houses considerably reduced infestations of pest on
cowpea and consequently the damage they cause, mainly damage by the bigger pest such
asEmpoasca spM. vitrata and C. tomentosicollivut alsoby smaller pests such &
sjostedtiand T. vaporariorum Conversely, cowpea grow in a net house can be highly
infested byA. craccivora.Aphids has become the major pest of cowpea in the net house
and needs to be carefully surveyed but outbreaks cesdbeed by spraying a mixture of

soap and pepper. The combination of net house and repellent plants did not improve the

control of T. vaporariorum A. craccivoraand M. sjostedti However, the pusbpull
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strategy reduced the infestation Tf vaporariorumand A. craccivora The study also
showed that, in the rainy season, cowpea production was less successful in the open field
than in net houses. Cowpea plants were strongly affected by heavy rains, diseases and
fungi in both open field plots but not in thetrhousesThe rainy season is definitely not

the best season to grow cowpea in the open fields despite the low insect pest pressure,
because of fungi and diseases. But in a net house the yield and the quality of production
was still high confirming the terest of netting to produce eseason vegetable crops
when the price may be higher. More generally, this study confirms that netting is an

efficient tool to protect vegetable crops against insect pests and to improve crop yield.

110



CHAPTER SEVEN

GENERAL DISCUSSION, CONCLUSIONS,RECOMMENDATION S AND
LIMITATIONS

7.1 General discussion

7.1.1 Host plant-insect interactions

The results oblfactory tests showed that the vegetative stage of cowpea cultivar K80 was
repellent while the cultivar EL was attractantA. craccivora The identification of
compounds showed thabtall the compounds were present in all cowpea cultivars and
their amounts varied in each cultivar. Principal component analysis (PCA), which was
used to show the relationship between the @awvpultivarsbased on the emission of
relative amounts of volatile compounds, revead®drlapping of cultivar volatiles. The
overlaps showed that the volatile profiles of four cowpea cultivars were quite similar.
However, the olfactory bioassays revealterent levels of attraction d&k. craccivora

In this study the ratiespecific odour recognition hypothesis applies, i.e. the different
amounts of certain compounds in the volatiles emitted by the cowpea cultivars may be
responsible for differential &activeness toA. craccivora.The repellent cultivar K80
emitted the most hexanal afi)-2-hexenal, and the cultivar EL emitted the mosicien

3-ol and p-xylene. It is hypothesised that the compounds identified in attractant and
repellent cowpea volagis could be used to manage pests in a push or pull effect strategy.
The blend of hexanal ar{t)-2-hexenabdded to cowpea cultivar Exuanda reduced the
attractiveness té\. craccivoracompared to the control. This result suggests the-ratio
specific hypthesis applies. The blend léxanal andE)-2-hexenal may act as a masking
odour to the cultivar EL. By contrast, the addition afcten3-ol andp-xyleneto cowpea
cultivar K80did not reduce the repellence of this cultivaAtaraccivora.Bendereet al.
(2015)reported that -bcten3-ol was the main compound in intact cowpea cultivar EL
and was emittecat night. Inthis study, volatiles emitted by cowpea cultivars were

collected over a period of 24 h anab&ter3-ol could easily have been emitted within the
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night cycle. Aphids are more active in the @#yebsteret al.,2010)and this could be the
reasm why l-octen3-ol had no effect on the attractionAf craccivorain this study. The
compoundp-xylene was also abundant in the attractive cowpea cultivdruarda. To

the best of our knowledge, few studies have been conducted on the attractivef @Hect o
xylene on the behaviour of aphids. In this stugyylene wasnot attractive toA.

craccivorain olfactory tests.

This studyshoweda repellent effect of(E)-2-hexenal onM. sjostedtifemale at a
concentratiorof 0.01% but not at a concentration 861(E)-2-hexenalcould activate a
specificolfactory receptor in female sensilla which elicits repellent behavioeietreet

al. (2016) hypothesised that the true repellemtatile may activate specific olfactory
receptors, which in turn, activate a specific glomasuh the insect brain leading to
movement away from the odour sour@y contrast, the neutral response at higher
concentration could be due to the activation of olfactory receptors that are not specific to
(E)-2-hexenal, thus reducing the repellent dfféthas been shown previously that the
increase in the concentration of a compound leads to the activation of additional olfactory

receptors (Malniet al,, 2000).

This study revealethat the behavioural responseMbfsjostedtimale and female diffede
depending on the volatiles emitted by the cowpea cultitale and female antennae may
have a different morphology, type of antennae and sensilla located on the afitsiaae

& Nakamuta, 2001)The shape, abundance and structure of the sensilla can differ among
insect species or between sexes in the same species. For examplafaotmeg sensilla
were counted on the antenna of femadetle, Trogossita japonicdeitter than on those

of males(Usha& Nakamuta, 2001)The same authors suggested that the larger number
of sensilla in the female may help them to detect the plant volatile for oviposition sites.
Like female herbivore insects, female thrips may plaet volatiles to select oviposition
sites and for this reason, females may respond more to plant volatiles tha(Snatesei

& RodriguezSaona, 2009)
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This studyshowed that the volatiles from cowpea flowers of cultikidd were attractants

for femaleM. sjostedti The Bean Flower Thripd\l. sjostedtiis a flower thrips which
feeds onlbral tissuegMoritz et al.,2013) This result confirmeé that flower thrips use

floral scents for host location, as suggestedKbgchier (2006) By contrastthe present
studyshowed that the volatile emitted by the flower of cultivar K80 was repellavit to
sjostedtifemales. The volatiles emitted by cowpea flowers can thus protect them against
M. sjostedtilnvestigators have reped a repellent effect of volatiles emitted by cultivar
K80 on other insects. For example, in olfactory te&tgraccivoraaphids were repelled

by cultivar K80 (Diabateet al, 201%). Analysis of the compounds showed tk&j}-b-
ocimene and iocten3-ol were only present in the volatiles of K80 flowers. However,
tested alone or combined with the cowpea flowers at different concentrations, these
compounds did not repel female sjostedti This result suggests the raspecificodour
hypothesis is validated here. This hypothesis could finally be responsible for the repellent

effect of cultivar K80.

Finally, the results of this study could héieeders select neattractant cowpea cultivars
emitting (E)-2-hexenal The concentration apecific compounds or the balance between
ratios could be used to reduce the attractiveness to insects. Another possible solution is
diffusion of (E)-2-hexenal by a companion plant around cowpea plants during the

flowering stage to manipulate the behaviofiM. sjostedtby repelling the pest.

7.1.3Non-host plant-insect interactions: Repellent effect of nofhost plants

This study showed that the vegetative stagk ofinutais repellent to femal®l. sjostedti

in the laboratory but that the floweringage was not(Z)-b-Ocimene, (Z2)-3-hexenyl
acetate, dihydrotagetone, and limonene were the main compounds in the vegetative and
flowering stages. Tested alone, these compounds were not repeNergjtstedtfemale

but at the vegetative stage, a mixtofehe compounds at the same ratio, weellent
Different concentration of compounds between the vegetative and flowering stage may
explain the differential response by female sjostedti The behavioural response of

insects does not only depend oe ttoncentration of compounds in the volatile but also
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on their ratio[Deletreet al.,2016) The specific ratio in the appropriate blend is important

in the recognition of host plant by inse¢Bruceet al, 2005) It is hypothesised that a
specific ratio of compounds produced by a companion plant could help repel the thrips.
The present studshowed that fresh cut leaves@fcitratuswere repellent td. sjostedti

In thisstudy, the freshly cut leaves©f citratusreleased a high quantity of citral (geranial

+ neral) which was repellent to female sjostedti Abtew (2015)showed that the citral

was repellent td/. sjostedtiarvae. Inthestudy, the freshly cut leaves Gf citratuswere
repellent toM. sjostedtifemale, but a blend of the major compounds did not significantly
repel the thrips. This result suggests minor compounds may influence the repellent effect
of C. citratuson femaleM. sjostedti Hummelbrunner and Isman (200dported that

minor compounds may act as synergists thereby enhancing the effectiveness of the major

compounds.

7.1.4Pest management strategy

The net house itself reduced the infestatiorMofsjostedtiduring the flowering stage
compared to cowpeaofivers outside the net house. The net house seems to work as a
screen which disturbs the visual cues used by these insects to locate their ho&qignts.

et al, (20149 suggested that the bright white colour of the nets could act as a visual
barrier.

By contrast, the poor efficiency of net houses in the obmif certain insect pests
including aphids was reported Bymonet al, (2014) Inthis study, infestations of aphsd

A. craccivoraon cowpea increased considerably inside the net house compared with in
the open fieldIn Africa, A. craccivoraonly use parthenogenegasexual reproductioin

which the growth and development efbryosoccur withoutfertilization) to multiply

(Irwin, 1980) Consequentlyif one aphid succeeds in getting through the net, this could
trigger an outbreaklheir mode of multiplication by parthenogenesis and the absence of
natural enemies to regulate the population may explain the large populatian of
craccivorainside the nehouse.Spraying liquid soap with pepper was very effective in

reducing the populatiofinnocket al, (1974)reported that a formulated soap spray with
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a 0.1% concentration was sufficient to reméyais gossypilover andAphis spiraecola
Patch from PyracanthaHowever, eleasing specifiqoredators or parasitoids is an
alternative way to reduce the populationfofcraccivorainside the net house. Aphid
predators such aheilomenes sulphaa, C. vicinag, C. lunata Hippodamiavariegate,
Coccinellaspp Scymnusp, Exochomusp, have beemeported in Keny#Annanet al,
1994; Vaitiaire, 2011)

Both repellent plant€. citratusandT. minutahave been used as companion plants in the
field to protect cowpea cropBarlier study showedhatC. citratusproduces a compound
(citral) that is repellent td1. sjostedtiwhen the leaves are freshly clitwas useds a
temporary repellent plant to reduce the populatioMosgjostedti The leaves were cut
once a week and spreadoand the cowpea plant3. minutacontinuously releases
repellent volatiles and was thus used to continuously tdpajostedtiby preventing it

from locating the cowpea plants. the field study, the pusipull design includedC.
citratusandT. minutaas the push stimuli and the coloured (blue, yellow) sticky traps as
pull stimuli to reduce the population @f. vaporariorumandA. craccivoraon cowpea
plants The additive effect of yellow sticky traps and repellent plants in the-pukh
strategycould explain theredudion ofthese insect populations

The pushpull strategy either alone or combined with a net house did not improve the
control of M. sjostedti.Whereas, interestingly, a net house alone did reduce the level of
M. sjostedti The low densies of repellent plants could explain why the ppsii strategy
usedin this studywas not effective. In fact, the abundance of repellent companion plants
can increase the amounts of volatile emitted hence increasing their effectiveness in
controlling in®gct pests. Little information is available in the literature on the number of
companion plants required to control insects in intercropping. On the other hand, the
spatial arrangement of plants in intercropping may influence the control of pests in the
field. In the presenstudy, the repellent plants were planted to surround the cowpea crop

and the coloured sticky traps were placed between the rows of cowpeas.
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Duringtheseasor2, the yield of cowpea pods was significantly higher and the seeds were

of beter quality in the net house compared to cowpeas grown in the plots in the open field.

In Kenya, stabilising cowpea production using net houses during the heavy rains from
March to June 2018 may have enabled these Afsoasadlholders to produce cowpeas in

the offseasorand in this way, to increase the@icome.Netting may thus be an efficient

t ool in the unpredictable weather Thenditic

study is the first step in combinimget houses and a push pull strategy.

7.2 Conclusiors
1. The vegetative stage of cowpaaltivarsattraced and repella alateAphis craccivora

The major compounddrom repellent cultivafKatumani 80)added taattractivecowpea
cultivar (Ex-Luanda)decreased its attractivenessitocraccvora

2. The attractiveness of cowpea . sjostedtidiffers according to cowpea cultivar,
phenological stage, and sex of thrifis)-2-Hexenalfrom the vegetative stage of cowpea

cultivars was repellent to the females.

3. Freshly cut leaves o€. citratus repelled male and femal@hile intact T. minuta
repelledonly the femaleM. sjostedti A major compounaf C. citratusandthe blend of
4-major compaindsof T. minutarepelled femalesDihydrotagetone@nd thecombination

myrcene + cowpea flower attract femaleM. sjsotedti
4. Net housereduced infestation ahajor pests of cowpea except black legume aphid,

Aphiscraccivora The combination net house + push pull strategy did not improve the

control of small insects
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7.3 Recommendatios

7.3.1 Reconmendations to the farmers
1. The smaHscale farmers shoultitegratethe cowpea cultivar Katumani (K80) the

managemenbf A. craccivoraandM. sjostedti

2. Thesmallscalefarmersshould use the net house that will protemivpeacrop against
most pestandincreasing cowpea Yield

7.3.2 Recommendationgor future research
1. Further investigations need to evaluate the applicatiorepéllent compounds in

dispenserso controlA. craccivoraandM. sjostedtin thefield

2. The spatibarrangement of repellent plants in field trial should be considered in the

future work

3. Explore the release of natural enemieé.odraccivorain the net house

7.4 Limitations
1. Raising of cowpea cultivars in scressuse without funguattack

2. Thebehavioural assayndcollection ofcowpea flowersolatileson the plantequired

careful handling
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Appendix |: Changes in flowering dates per cowpea plant in the treatments in the

dry season (season 1) and the rainy season (season 2) at KA-R@ea (Kenya).
Seasa 1: from 3¢ October 2017 to"®January 2018 at KALROMwea (Kenya).
Season 2: from 30January 2018 to 1BVay 2018 at KALRGMwea (Kenya).

Four treatments (control = untreated plots; pps ={mushplots; net = net house plots;

pps + net = net house combined with ppsif)
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Appendix Il : Changes in the number of cowpea pods per plant in the treatments in
the dry season (season 1) and in the rainy season (season 2) at KALR@ea

(Kenya).
Season 1: from™8October 2017 to"®January 2018 at KALROMwea (Kenya).
Season 2: from 30January 2018 to 1BMay 2018 at KALRGMwea (Kenya).

Four treatments (controlentreated plots; pps = pusghll plots; net = net house plots;

pps + net = net house combined with ppsif)
* = Dates of beginning of pod harvests
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Appendix Il : Changes in the number of adult and larvall. vaporariorumper plant
in the treatments in the dry season (season 1) and rainy season (season 2) at KALRO

Mwea (Kenya).
Seasonl: from™3October 2017 to'®January 2018 at KALROMwea (Kenya).
Season2: from 30January 2018 to 15May 2018 at KALRG Mwea (Kenya).

Fou treatments (control = untreated plots; pps = gushplots; net = net house plots;

pps + net = net house combined with ppsif)
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Appendix IV : Changes in the number of adult and larvalAphis craccivoragper plant
in the treatmentsin the dry season (season 1) and rainy season (season RAtRO -

Mwea (Kenya).
Seasonl: from™8October 2017 to'®January 2018 at KALROMwea (Kenya).

Season2: from 30January 2018 to 15May 2018 at KALRG Mwea (Kenya).

=) Spray of mixture of pepper and soaprat + pps plot

mm) Spray of mixture of pepper and soap on both net + pps and net plot

Four treatments (control = untreated plots; pps ={mushplots; net = net house plots;

pps + net = net house combined with ppsif)
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Appendix V: Changes in the number of adult and larvaMegalurothrips sjostedtper
plant in the treatments in the dry season (season 1) and in the rainy season (season

2) in Mwea (Kenya).
Seasonl: from™8October 2017 to'®January 2018 at KALR®Iwea (Kenya).
Season2: from 30January 2018 to 15May 2018 at KALRGMwea (Kenya).

Fourtreatments (control = untreated plots; pps = puslplots; net = net house plots;

pps + net = ne thouse combined with ppsif)
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Appendix VI: Changes in the number of adult and larvaHydatothrips adolfifriderici
per plant in the treatments in the dry season (season 1) and in the rainy season
(season 2) aKALRO -Mwea (Kenya).

Season 1: from™8October 2017 to®January 2018 at KALR®Iwea (Kenya).
Season 2: from 30January 2018 to 1BMay 2018 at KALRGMwea (Kenya).

Four treatments (control = untreated plots; pps = gaudhplots; net = net house plots;

pps + net = net house combined with ppsii strategy)
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Appendix VII : Changes in the number of adult and larvaEmpoascasp. per plant in
the treatments in the dry season (season 1) and the rainy season (season 2) at
KALRO -Mwea (Kenya).

Season 1: from™8October 2017 to®January 2018 at KALR®Iwea (Kenya).
Season 2: from 30January 2018 to 1BMay 2018 at KALRGMwea (Kenya).

Fourtreatments (control = untreated plots; pps = puslhplots; net = net house plots;

pps + net = net house combined with ppsit)
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