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Abstract

Plants have direct strategies to overcome invademeir defence system is complex because of their
immobility; they cannot escape invaders by moviRgr example, plants can use mutualistic relatignshi
with other organisms to increase their defence regdierbivore arthropods. Fungi such Beauveria
bassianaentomopathogen) arfelisarium oxysporurtendophyte) are found in association with the banan
plant, which gives protection against the bananawleCosmopolites sordidusWe investigated the
behaviour of these herbivores in the presence ftiles produced by the host plant in associatidth w
endophytes and entomopathogens. Inoculatid. dfassianaandF. oxysporunin banana plants decrease
the attraction ofC. sordidustowards the banana plant. To test our hypothesis,usedolfactometer
bioassays to analyze whether weevil responses afgeted by volatile kairomones from banana plants
treated withB. bassianaand F. oxysporum Leaf tissue from plants treated wiBh bassianadid not
decrease attraction of. sordidus while treated pseudostem and corm did. Plantstede with the
endophyteF. oxysporum were less attractive to weevils than control Ibanalants. It is known that
endophytes and entomopathogens reduce banana stelewvilage. Now, our data suggests that infestation
with B. bassianandF. oxysporuninduce a change in the emission of volatiles indoa plants affecting
the weevils behaviour.

Key words: Musapp - banana, volatiles, herbivores, kairomonestent plant defence, endophyt&sisarium oxysporunBeauveria
bassianabanana weevil Cosmopolites sordidu€urculionidae,



Chapter 1

| ntroduction

Banana lusaspp.) is an important food crop in East Africaaltdition to being
a staple food for rural and urban consumers, baizaa@a important source of income for
poor farmers (Purseglove, 1985; mentioned by MasaB@03). However, biotic and
abiotic constrains are the main reason for thentedecline in the production. The most
important diseases are: Fusarium wit ¢xysporumf. sp. cubens&chlecht. emd. Synd.
Hans.), Black SigatokaMycospharella fijensivar. difformis Mulder & Strover) and
bacterial wild caused byXanthomonas campestris pv. campestiiowson)
(Tushemereirwe and Waller, 1993). The main abiotigstraint in banana production is
the poor soil fertility due to land shortage anddaquate labor of the fields (McIntyee
al., 2001). The major pest in most cooking banamak@antain is the banana weevil
Cosmopolites sordidu@Germar) (Goldet al, 1999 and Golct al, 2001b). First, the
female lays its eggs near the corm. Then the darsiagts when the larval is tunnelling
into the corm and pseudostem, which affects thakegpof nutrients and water, making
the plants weak and unstable (Geldal, 2001b). Yield losses cause by banana weevils

damage can be up to 100% (Sengooba, 1986; mentipn€hzaara, 2003).

This recently decline of banana production in Ugaaffects both farm incomes

and food security (Bekunda, 1999). To increasedgi¢he control of pests and diseases



with an integrate pest management (IPM) is neetdled.IPM approacishould contain a
methodological perception with: combination of owl methods and reduction of the
use of pesticides; integration of control methadshie farm-system and participation of

farmers in the development of an IPM (van Huis Etegrman, 1997).

Banana is commonly propagated by suckers, whichoften infected byC.
sordidus The use of tissue culture banana plantlets pesvidean planting material
which enables the production of vigorous and unifdranana plants (Mateillet al,
1994). However, some studies mention that micr@agated plants are more susceptible
because they are not just free of pest and disednésalso free of beneficial

microorganisms (Viaenet al, 2003).

Plants have shown in different studies interactiantong tri-trophic levels to
protect themselves from herbivores. For instances well known that plants provide
shelter and food to predators and parasitoids éotlhsm as body guards, and produce
herbivore-induced volatiles to inform natural enesnabout herbivore presence (Sabelis
et al, 1999 mentioned by Ellio#t al, 2000). However, few studies have analyzed the
effect of herbivore-induce plant volatiles on entgrathogens/endophytes behaviour or
the effect these pathogens have on plant volatesssion (Elliotet al, 2000).
Nevertheless, it is well known that plants infecteith endophytic fungi are chemically
protected against herbivore consumption (Breen4)199

There is a mutualistic relationship among plantd &mgi endophytes, while
plants may gain protection from phytophagoes byingor deterrent effects of the
alkaloids synthesized by the fungus, the endopdgtenutrients from their hosts (Breen,

1994). However, the association among microbespdauats has not been largely study



on multitrophic interactions (Omacimt al, 2001). Now a day, the effect of fungal
endophytes to protect plants against herbivoresbiegeme a relevant topic between
ecologists (Saikkonert al, 1998). There is evidence that fungal endophygekice
herbivore insects via toxins as is the cas@Befuveria bassian¢at gives protection
against the corn borer larvgBaikkonenet al, 1998) and microbial populations in the
rhizosphere protect the plant against phytopathed&tadet al, 1996 mentioned by
Elliot et al, 2000).

In Uganda since 1993 the potential of the use digenous entomopathogenic
and endophytic fungi have been studied (Allatdal, 1993; Nankinga, 1994; Paparu,
2005and Akelloet al, 2007). Promising biopesticide fungi liBeauveria bassianand
Fusarium oxysporumhave been isolated from several areas of the pouand
researchers have been investigated their potentientrol banana weevils (Nakinga
al., 1994; Duboiset al, 2004; Tinzaara, 2005; and Masanza, 2003). Hoxyethés
technology is just used by a small group of farméue to its expenses and low
availability (Masanza, 2003).

Therefore, an artificial, effective and economigd#asible inoculation technique
of mutualistic endophytes into banana tissue celltpfantlets is important for the
effectiveness of the biological control strategyamIPM (Sikora and Schuster, 1998 and
Duboiset al,, 2006).

Problem statement and justification

Banana weevil is one of the main reasons that lingtproduction of Bananas in

East Africa. An IPM strategy is a novel method fast and disease control, and more

sustainable and less harmful to the environmenkd@ial, 1999). Among the biological



control strategies that can be apply agafdstsordidusis the use of endophytic and
entomopathogen microorganisms (Griesbeical, 1996).

Endophytes have an incredible capacity to coloimternal host tissues, which
make them relevant for biological control. Thisigaduce the use of chemical control
against banana weevils, which indeed is not a aygi®n due to the high cost and limited
availability, its variable effectiveness, and thegative side effects on human and
environmental health (Cortesezbal, 2000).

The novel fungiF. oxysporumhas been deeply studied for its potential usenas a
endophyte (Hallmann and Sikora, 1994; GriesbacBQ2Bliere, 2001 and Papaet al,
2004). Artificial inoculation technique of mutudlss endophytes into banana tissue
culture plantlets could be an important strategyxdatrol C. sordidus However, this
technique lacks of a reliable and cheap inoculatikmevedoet al, 2000).

Microbial control may be a possibility to minimizee damage caused Ify.
sordidusin banana plantations. Tinzaara (2005) to contemama weevils integrated
pheromone trapping with the entomopathogenic fuBgybassiana He found that
weevils’ mortality due to pathogen infection wagher in plots where aggregation
pheromone was used in combination with the entothogan than in those plots with
out the pheromone.

Fungal endophytes have mutualistic relationshipsh wheir hosts. Various
Fusariumspp have been re-isolated from banana plantssamg of them have shown a
potential option as biological control agents (Dighat al, 2006). Duboist al. (2004),
through in vitro experiments, found that spore saspns of the endophyteusarium

oxysporumstrains V2w2 and Il14w1l resulted in 50.3 % and74% mortality of banana



weevil eggs, respectively. Jongeblagdal (1992), found that infection of tomato plants
with the vascular fungubk. oxysporumf.sp. lycopersiciinduce defence response or at
least a change in tomato host quality that alsecégfthe oviposition of spider mites with
a reduction of 20-25% in the oviposition mites perfance.

We investigated whether the entomopathoBetassianaand the endophytE.
oxysporumwould have an effect on the defence system ofBast African highland

bananas again€&t sordidus

General objective

The objective of this study was to assess thectittrabehaviour ofC. sordidus
towards material of banana plants treated withetm®emopathogeB. bassianandthe
non-pathogenic endophyfe. oxysporumlt is assumed that the banana plants treated
with the fungi emit a different blend of volatileganic compounds (VOCs) than control

plants.

Specific objectives
1. To analyze the behaviour of the banana weewinwxposed to odours from pieces of

banana plants inoculated wileauveria bassiana

2. To analyze the behaviour of the banana wedwdnvexposed twolatiles from intact
banana plants inoculated wiusarium oxysporum
Hypothesis

1. We hypothesize that inoculation & bassianaand F. oxysporumof banana

plants have an effect on the behaviour of the bameeevilC. sordidustowards



the banana plant. For instance, Strobel (2006)d@unovel endophyteluscodor
albusthat emits a mixture of volatile compounds thatnia quality and quantity
and can be lethal to a wide range of plant pathicgengi and bacteria and also

has been effective against nematodes and insects.



Chapter 2

Literaturereview

The banana weevil in East Africa

Banana weevil Cosmopolites sordidu&ermar) (Coleoptera: Curculionidae), is the
main pest in the production of bananas, causing joses up to 42% in East Africa.

(Gold et al, 2004b).

Biology and life cycle

The adults live in the soil. They are active durthg night and display positive
hygrotropism, thigmotactism and gregariousness Kalza1995, mentioned by Gokt
al., 2001). During the day the weevils prefer to stagheltered and isolated places and
are not commonly visible by casual observers. Banarevils are characterized by
extended periods of sedentarisms and limited mgbilh one experiment weevils were
released for six months and the results showedsttrae moved 60m while others less
than 5m (Whalley, 1957; mentioned by Tinzaara, 2006smopolitussordidushas a ‘K’
selected life cycle (Pianka, 1970, mentioned byd@blal, 2001).The life span of this

weevil is extremely long, up to four years. Theuiedity is low; Goldet al (2001)



reported 1-3 eggs/week. The female lay eggs eithiie pseudostem or in leaf sheaths at
the base of the banana mat (Abetal, 2000). After hatching, the larvae start tuningjli
inside the corm. They damage the vascular systarredse nutrient uptake, and affect
the stability of the plant (Golet al, 2001).

The dispersal o€. sordidusis commonly by infested plant material (G&tal,
1999b). In the field, adult weevils can be foundanana mulch, crop residues of corms,
pseudostems, and old fallen leaves. They prefemaichhabitat (under the soil surface).

They are closely associated with the banana mdt(@&al, 2004a).

Host preference

The herbivoreC. sordidususes plant kairomones to locate host plants. €uill
(1950) showed the ‘chemotropism’ of banana weevikiseries of experiments using
lures and olfactometers. Sumani (1997) stated bwh male and female weevils
regularly are more attracted to pseudostem thaorm material, but oviposition is larger
on the corm. This observation suggests that olfgctmies and chemoreception are
important in host location and host acceptance @997 and Tinzaara, 2005). In
terms of trapping, corm material tends to be mdtective than pseudostem; but less
available (Goldet al, 2002). In addition, the weevil prefers corm vitds emanating
from plants with fruits than those from young oukligblants (Cerda&t al, 1999) and they
respond in an additive way to the combination afminted plant tissue and the
aggregation pheromone (Tinzaara, 2005). Budenhsraal. (1993) suggested that

weevils’ orientation is towards food sources rathen oviposition sites.



Control options

Cosmopolites sordidugs a difficult pest to control. The immature stagieed and
develop inside the plant, which make them inacbés$o pesticides and natural enemies.

The main strategy to control weevils’ damage igeting the adults (Golet al, 2001a).

Cultural control

Use of clean planting material, selection of crogpsystems, management of crop
residues and trapping are some of the culturalrabaptions. The use of clean planting
material can reduce initial infestations and delag pest build-up. The problem with
using suckers as planting propagules in new planttis that they are often infested
with weevil eggs or larvae (Gokt al, 2001a).

Nowadays, weevils are controlled by crop sanitatioolching and by using split
pseudostems or corm traps (Gatal, 1993). Traps made out of corm material are
generally more attractive to banana weevils thase¢hmade from pseudostems. Four to
ten times more weevils can be found in corm thampseudostem traps. In terms of
material availability the use of pseudostems is edtelb option than using corms.
Moreover, weevils are more attracted to traps méden the lower part of the
pseudostem (e.g. 30—70 cm above the collar) thasetfrom higher parts of the plant

(Mestre and Rhino, 1997). However, there is a faomtroversy about this strategy. This
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is due to the unavailability of trap material, tlogv efficacy of the system, and labour
intensiveness. The strategy is an expensive solftiosmall holders (Goldt al, 2003).

Enhancing mass trapping by the application of ihéicals, but including
aggregation pheromones and kairomones lures andicg it with other compatible
control methods (e.g. entomopathogens) may be @ik develop an effective method
to control the banana weevil. In this case, the abehe pheromone instead of
pseudostems trapping implies more effectivenesslesallabour (Alpizaet al, 1999).
The aim is to control insect species by capturitgrge proportion of the adults, in order
to decrease the population for the next generdBaoch and Haynes, 1982).

Alpizar et al (1999) mention that in Latin America, especiaflyCosta Rica the
use of pheromones for mass trapping is an easyeffiwient strategy to controC.
sordidus Experimentally corm damage has been reduced bie riian 60% in 4-5
months in banana plantations in Costa Rica. Onother hand, the application of this
technique in East Africa did not give similar enaging results as those in Costa Rica
(Tinzaara et al, 2000). This shows how trapping efficiency is luehced by
environmental factors, weevil biology and trap in#i¢y, density and placement.
Trapping with pheromones is an expensive contridtesgy due to the lack of its
manufacturing and availability in East Africa (Taara, 2005).

Mass trapping could be a key component of a s@iesf management practices.
Implementation of only traps may not result in sgggion of the pest population. A
number of factors are involved in the effectivenegpheromone traps. For instance,

pheromone dose and release rate, colour and trsignde as well as environmental
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conditions, all together are factors involved i ttapture efficiency (Sappington and

Spurgeon, 2000).

Chemical control

Since 1907, pesticides have been used to contr@nzaweevils, by immersing
suckers in Bordeaux mixture. Several syntheticatisieles have been tested to control
banana weevils (Gravier, 1907, cited by Geldil, 2004). Currently, in East Africa the
use of chemical pesticides remains one of the mathods to controC. sordidusby
drenching suckers and applying it to planting hotke base of the mat and pseudostem
traps. However, pesticides are costly, and consglyuthey are not an affordable and
feasible solution for small farmers (Gatd al, 1993). Moreover, chemical control leads
to development of weevil resistance, environmentaicerns and mammalian toxicity

(Goldet al, 1999).

Infochemicals and Biological control

Plants when under attack can not run away fromdexsa Their defence is based on
chemical and morphological strategies. Indeed, tplaare mediators between
entomophagous arthropods and herbivores. Nowadhgs,improvements in genetic
engineering have made it possible to manipulatenatedly and morphologically crop

plants to enhance pest and disease control inemsystems (Corteseebal, 2000).

Infochemicals
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Plant volatiles play an important role in a muttjthic context such as plant-carnivore
and plant-herbivore interactions (Dicke, 1999 anckB, 2000). Host plant selection by
arthropods may be affected by infochemicals frombiveres and natural enemies
(Grostal and Dicke, 1999). For instance, the cathdge caused by herbivores feeding on
a plant, will result in a release of volatiles frdhe wound site. The information will be
used by natural enemies to locate the herbivoregbtfieir prey or host. The message
could help to enhance the foraging strategiesieffay, host utilisation and reproductive
capacity of natural enemies (Dicke al, 1990 and Bottrelet al, 1998). Insects have a
diverse range of sensory organs and capacitiehdckcthe environment. They perceive
constantly information from abiotic and biotic faxg, and have the ability to catch and
integrate relevant signals to make a choice (Vdticke, 1992 and Dicket al, 2003).
Plants differ in genetic and phenotypic factorsvali as variation in quantity and
quality of infochemical products. Arthropods hatie &bility to distinguish odours from
different plant cultivars even from closely relatmues(Visser, 1986 and Vet and Dicke,
1992 Shimodeet al, 2002). Banana weevils are able to differentiateong banana
cultivars. This banana weevil seems to be morea#d to plant volatiles from the
susceptible AAA cooking banana than the AB resistaitivar (Budenbergt al, 1993).
Plant infochemicals may affect the performance efblvore arthropods directly or
indirectly through multitrophic relationships (Veand Dicke, 1992; Dicke, 1999 and
Dicke et al, 2004). Direct chemical defences include producitf toxins, repellents,
deterrents and digestibility reducers; while indireehemical defences involve the

attraction of natural enemies in response to herbiattack. Plant volatiles can influence
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foraging, survival, abundance, development and essccof natural enemies and

herbivores into the ecosysteicke, 1999 andCortesercet al., 2000).

Kairomones
Herbivorous insects are known to use kairomonegnfetals produced by direct or
indirect plant defence) to locate their host pl@fisser, 1986). There are several studies
with coleopteran species that have shown attra¢tidmost plant volatiles. For instance,
palm weevils are attracted to odours from pseudosted sugar cane stalk in the field
(Giblin-Davis et al, 1994); Colorado potato beetle is attracted tdammaged potato
plants volatiles (Visser, 1986). However, an inseghattraction is shown when plants are
damaged mechanically or by herbivores (Bodteal, 1997).

The use of kairomones in pheromone-baited trapsrdisced successfully the
damage caused lfy. sordidusn banana plantations in Costa Rica (Geldl, 2002 and
Cerdaet al, 1999). However, some field studies conductedganda have shown that
this trapping system is not an optimal solutiorcémtrol weevils in East Africa (Golet
al., 2002). Factors such as cropping system, envieomah conditions, management of
trapping and residues material may affect the iefiicy of the pheromone. In addition,
importing pheromones is costly, which make it diclilt option for small holders.

Priceet al (1980), mention that in multitrophic interactiopknt infochemicals
play an indispensable role in communication betwegdants and insects. Plant
kairomones are an essential and interactive conmpook herbivores behaviour in
agroecosystems. For instance, Tinzaara (2005) amenthat plant kairomones can be

exploited in plant-breeding to enhance plant rasist. Agelopoulost al (1999) state
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that non-host plant chemicals can dilute or magbal signals from host plants which
can confuse the herbivores’ foraging behaviour.sThiould be a sustainable strategy

non-toxic to humans and non-target arthropods.

Biological control

Biological control explodes the action of a natueriemy complex (parasitoids,
predators, pathogens) which results in a suppnessficthe pest density population to a
lower level than would occur in their absence. TiBe of exotic and endemic predators
and parasitoids, secondary host associations, @&@rdbial control agents are some of the
studies that have been done to control banana is€@aldet al.,2001a).

Biological control programs againSt sordidushave gained momentum. The use
of natural enemies to control banana weevils magrdenced by infochemicals but this
control strategy has not yet been widely exploi#pplication of infochemicals in pest
control is impossible without knowledge of the bébar induced by the chemicals.
Infochemicals can be used in pest management dithexploiting the natural enemy
response or by manipulating the source of the hdadcal, which could lead either in
attraction of the predators or parasitoids or ipetlence or arrestment of the weevils,
respectively (Dickest al, 1990).

Microbial control is currently gaining importance an option in IPM of the
banana weevil. Basically, research has tested sung@nisms with high potential to
control C. sordidusincluding entomopathogenic fungi lilg bassianaandMetarhizium

anisopliag entomopathogenic nematodedtginernemaspp. andHeterorhabditisspp.)
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and endophytes like non-pathogeRigsariumspp. Entomopathogenic agents are used to
control adult weevils, while endophytes kill the nmature stages. Several strains of
entomopathogens have shown excellent results dlamgreveevils in the laboratory and
semi-field studies. However, more studies shoulddree in order to find an efficient and
economically viable mass production and deliveteaysof the microbial control agent in
order that the fungi will efficiently reach the gat pest (Golet al, 2001 and Duboist

al, 2004 and Tinzaara, 2005).

Laboratory studies reported weevil mortality up 160% by B. bassiana
applications (Nankinga, 1994). However, in thedisbme problems are presented due to
the lack of an easy and cheap application methtsiy a big constrain is that the
entomopathogen targets the adult and not the dagpageevil stage (larvae). Indeed,
more research and studies need to be done to geveld a better system to apiy

bassianaagainst banana weevils under field conditions.

Entomopathogen - Beauveria bassiana

Entomopathogenic fungi have been tested againsinaaweevils since the 1970s (Ayala
& Monzon, 1977; Delattre and Jean-Bart, 1978). Tike of entomopathogens offers an
alternative management strategy to control insestsp For instance, the potential of the
entomopathogenic fungua bassianéhas gained a lot of attention as biological control
agent forC. sordidug(Ferron, 1981). This fungus has the potentialrtmg multiply and

persist on the weevil. In addition, infected wegwiill move and spread the pathogen

throughout the pest’s habitat.
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Banana growers that appli®] bassianao control newly planted suckers have
obtained a decrease in the populationCofsordidus(Nankinga, 1999). These results
showed the effectiveness of this method to redaceuha weevil populations (Nankinga
and Moore,2000). However, one limitation of the techniquethis lack of an efficient

delivery system of the entomopathogen in the fisldnkinga, 1999).

Endophytes-Fusarium oxysporum
Research now focuses on alternative managementdgtisuch as the use of fungal
endophytesFungal endophytes have mutualistic relationshigh thieir hosts and some
act as antagonists to pests and diseases. Platuplgites colonize internal tissues for at
least a part of their life cycle. They do not produisease symptoms but give protection
against biotic and abiotic factors harmful to thesthplants (Golcet al, 2003). Their
mode of protection seems to be involved with; thedpction of metabolites inside the
plant that act as repellents, toxins or feedingments and their efficiency is correlated
with plant physiological and ecologidaktors (Breen, 1994).

Although, B. bassianais not commonly reported as a natural endophyteas
investigated recently as an artificial endophytetaling insect pests and plant diseases
(Posada and Vega, 2005 and Akedtoal, 2007).Beauveria bassianhas been reported
as an endophyte iiea maygBin and Lewis, 1991, cited by Akelkt al, 2007),potato
(Jones, 1994cited by Akelloet al, 2007, and tomato (Leckie, 200&ted by Akelloet
al., 2007. Recently endophytiB. bassianahas been isolated from coffee plants in
Colombia (Posada and Vega, 2005); and from bantamdspin Uganda (Akellet al,

2007). Lately, Akello et al (2007) discovered that inoculation wigh bassianacan
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develop an endophytic relationship with tissueuraltbanana plants by dipping the roots
in a conidial suspension. The main benefit foragdture of such endophytic associations
is that it targets pests and diseases that aremigdide plant tissues, as is the case of the
banana weevil eggs and larvae. Furthermore, litbeulum would be required reducing
application costs and. bassianawould be protected from those environmental
constraints that limit its efficacy under field abtions (Duboiset al, 2006a).

Other fungal species, such as non-pathogdnicoxysporum (Ascomycota:
Hypocreales) have been documented to be a natmddpbyte in banana plants
(Griesbach, 2000). Many non-pathogenic strainsFof oxysporuntan colonize easily
the plant rhizosphere and roots without inducingedse symptoms (Dubogt al,
2006a). In vitro screening experiments have shown that spore ssispen of F.
oxysporumstrain V2w2 caused 50.3% mortality of banana weegiys (Duboist al
2004b).

Banana weevils are a difficult pest to control. &aVtechniques have been used
to reduce weevil damage, including cultural contoblemical insecticides, pheromone-
baited traps and biocontrol agents. Recently rebelaas described the potential benefit
of the mycofumigation of certain endophytic fungies control herbivores. There is
limited evidence indicating that endophytes coulavén an influence on herbivore
population dynamics. Nevertheless, Abrahamson aei$ \W997 mentioned by Elliet
al., 2000), suggested that previous defences in tlamt pbefore herbivore-plant
interactions will increases the reduction of heolés attack because will have less
herbivores to prevent. Therefore, more researste@®ssary to understand the role and

ecological function of endophytes (Athman, 2006).
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In this paper we studied how banana plant endophgiationships withB.
bassianaand F. oxysporumaffect volatile emission and influence the behawiof C.

sordidusfemales.
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Chapter 3

The response of Cosmopolites sordidusto volatiles from banana plants

inoculated with Beauveria bassiana and Fusarium oxysporum

Olfactometer bioassays will be conducted to deteeniost preference by the banana

weevil.

Materials and M ethods

Site Description

Laboratory studies were conducted from AugustQiitober 2007 at the International
Institute of Tropical Agriculture (IITA) Sendusu ffa (0°32’N, 32°35’E, 1260 m.a.s.l.).
It is located 28 km northeast Kampala, Uganda. Siteehas two rainy seasons (March to
May and September to November) with an averageiptaion of 1180 mm/year.
Average daily temperatures range between 16 af@ 2nd relative humidity in the dark

room range from 60 to 80%.
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Dark room

The bioassays were conducted in a dark room 8m). The windows and the door of
the room were tightly sealed with black polytheheets. Temperature in the room was
between 22-28 °C. The room had a red light (Philjpgb, 40 W, 2 m from the
observation surface) that was switched on durin eperiments to facilitate
observations without disturbing insect's behaviglimzaara, 2005). Bioassays were
conducted between 9:00 till 17:00 h. An electric {40 cm stand fan, Evernall, 50 W)

was always on during bioassays to provide aeration.

Banana plants

Tissue culture banana plants (variety Kibidijsaspp., genome group AAA-EA) used
in the experiments were produced at the Internatiémstitute of Tropical Agriculture
(IITA), Sendusu Farm in Uganda. Plants were mia@ppgated by shoot-tip culture. The
roots were cleaned up with tap water and plantgwept inside a humidity chamber (19
- 32 °C, 70% r.h., L12:D12 photoperiod) for 4 we@k800 ml cups containing 250 ml
nutrient solution to enhance root development. Th&ient solution was made with
Polyfeed 1 g/l (Haifa Chemicals, Haifa, Israel)ws changed weekly to ensure stable

nutrient availability to the plants.
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Weevil trap catches and identification

Adult banana weevils were collected from banankigiat IITA, Sendusu farm using
pseudostem traps. The traps, obtained by longidligicutting fresh harvested banana
plants, were laid near the base of a banana mavi&ex was determined by using the
curvature of the last abdominal segment (Roth antis\\M1963 mentioned by Golet al,
2004) and the punctation on the rostrum (Longal@68 mentioned by Golét al,
2004). Weevils were kept in the dark room for atstel5 h prior to the behavioural

experiment. The reason was to enhance the mobilitye insect.

Two-choice olfactometer assay

Olfactometer

An olfactometer similar to the one employed by lrefget al (1983) and Cordova-
Yamauchiet al. (1998) was used (Figure 1-odour sources). Therapmaconsists of a
Petri dish (10 cm in diameter) with a lit. Two h®Mere made at the sides of the dish to
fit the arms of the olfactometer. These arms werenected to the Erlenmeyer that
contained the plant sources (40-50 g 1 x 1 x 1 seugostem or corm fresh tissue: leaves
segments: 10 x 10 cm) or clean air. A wet filtepgrawas placed on the bottom of the

Petri dish at the start if each test. After tes@nigdividuals the arms of the olfactometer
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as well as the odour sources were replaced to asyjthmetry in the set up. Volatiles

entered the arena by diffusion from the plant partee Erlenmeyer.

Petri dish

10 cm
“— —>>

21 cm

500 ml Erlenmeyer

«— 34cm ——

Figure 1. Two-choice olfactometer assay apparatus used dsting banana weevil

response to host plants volatiles in the laboratory

A single female weevil was used once and then disch Six female weevils
were individually tested per experimental set withe odour source. Before each
experimental set the apparatus was washed witmelttfa0%) and water. Each female
was observed for 15 minutes. It was consideredate hesponded when it entered one
arm of the olfactometer, or when at the end of Itutes the female was within less than
1 cm from the entry point of the arms (Fig. 1). Whkiring 2 minutes since the start of
the experiment, the weevils that did not show amyement were discarded. The first
experiment was repeated during 6 days (n=30), wthiterest of the experiments were

repeated for 10 days (n=50).

The olfactometer used to analyze the responseeglifiom intact banana plants

bridge made by plastic was (10 cm length). No @vflvas generated. On the top of the
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container a removable walking arena (3.5 cm hidl2 xm diameter) made with a plastic
rim and gauze (mesh 0.6 mm) was placed (FigurA R)et filter paper was placed on the
plastic bridge and was changed after every testslilv Volatiles could enter the arena
by the diffusion from the plant material in the theg. After 6 female weevils were tested,
the bottles were cleaned with ethanol (70%), amdpbsition of the bottles alternated,

and the intact plants or plant parts were replagédfresh ones.

>

Figure 2. Two-choice olfactometer assay apparatus usedtefsting banana weevil
response to intact banana plants volatiles in #imrhtory inoculated with

Fusarium oxysporum

Endophyte
Fusarium oxysporum

Inoculum
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Fusarium oxysporumnstrain V5w2 was obtained from the fungal collection at the
Laboratory of Microbiology of IITA-Sendusu. The fgus was preserved at 4°C in glass
test tubes (15 cm length and 13 mm diameter) caingaisand-loam-sterile soil mixture
(3:3:3). The fungus was growing on potato dextragar (PDA) media (4 g potato
infusion, 20 g dextrose, and 34 g agar/| distillegter) supplemented with 30 g/l KHO
and genotyped as the nitrate-nonutilizing (nit t8xis. Puhalla (1985) and Zamaati al
(2004) found that chlorate resistance in nitrateutidizing 9nit fungi facilitates their
selective re-isolation from mixed cultures in medigh potassium chlorate (19 g SNA/I).
The medium was autoclaved at 121 °C for 20 minofedld by the addition of the
antibiotics: 0.1 g/l penicillin G, 0.2 g /I strepbycin sulphate, 0.05 g/l chlortetracycline,
and 0.25 g/l chlorophenical. Small quantities df sontaining the endophytic mycelium
were sprinkled in 55 mm Petri dishes. The strais Vedt to grow and sporulate in the
laboratory (~25C) for one week.

In previous experiments with plant inoculationpsgpdensity was counted (2 g of
the solid substrate/ 98 ml of distilled water, gadsing the suspension through a 212 um
laboratory test sieve to remove big solid particl@se spore suspension was mixed and
loaded on to a haemocytometer for spore countihg.Spore concentration was adjusted

to1.5 x 1§ spores/g.

Plant inoculation with F. oxysporum

The banana plants were removed from the nutrielntiso and divided for uniformity

and size in two groups. The root-dipping technigu@es used to inoculate plants wih
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oxysporum(Latin and Snell, 1986; Papaet al, 2006). Plants were planted in 5 | plastic

pots containing steam-sterilized compost soil.

Entomopathogen

Beauveria bassiana

The UgandarB. bassianastrain G41 was used for this study due to itshhig
virulence (92-97% mortality) againsE. sordidus high sporulation (4.49 x b
conidia/ml) and its origin of isolation from soil banana fields (Nankinga, 1994, 1999).
The strain was obtained from the Ugandan Natiorzala®a Research Programme at the
Kawanda Agricultural Research Institute. The stmaas stored on silica gel (21-24 °C
and 55-78% R.H) in 55 mm diameter Petri dishe&égel ingredients were: Sabouraud
dextrose agar medium supplemented, yeast extrB&Y$ (10 g peptone, 20 g dextrose,
5 g yeast extract and 15 g agar/l distilled waten) antibiotics (0.1 g penicillin, 0.2 g
streptomycin and 0.05 g chlortetracycline/l SDAYhe Petri dishes were incubated for
three weeks in the laboratory (22 - 30 °C and aqyperiod of 12:12 h). Banana plants

were treated with a dose Bf bassianaonidia of 1.5 x 18 for 2 h (Akelloet al, 2007)

Inoculum

The fungal strain used waB. bassianaG41, obtained from the Kawanda
Agricultural Research Institute of the National Agitural Research Organization
(NARO), Kawanda, Uganda. The fungus isolated frooil samples of banana

plantations, were stored on silica gel at 21-24Ffis strain was selected based on its
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high plant colonization rate, sporulation abilignd pathogenicity against the banana
weevil, C. sordidug(Nankinga, 1999; Akellet al, 2007). The fungus was revitalized by
sprinkling silica gel containing spores and mycelmSabouraud dextrose agar medium
supplemented with yeast extract (SDAY) (200 g géeca20 g/l peptone, 5 g/l yeast
extract and 15 g/l agar) and antibiotics (0.1 ghipillin, 0.2 g/l streptomycin and 0.05
g/l chlortetracycline SDAY) in Petri dishes of 55mdiameter. The spores and mycelia
were incubated in the laboratory (~25°C and a maapinotoperiod of ~12:12 h L: D) for

21 days.

Inoculum prepar ation

Conidia obtained from the stock were inoculatedS®AY in 90 mm diameter
Petri dishes and then incubated in the laboratany X1 days. Petri dishes were
subsequently air dried in a laminar air flow cabifog 24 h. Conidia were harvested by
scraping them off the surface of the dried mediurd sieving them (sieve aperture of
150 pum). They were collected on sterile aluminiumil. fThe harvested conidia were
dissolved in 500 ml sterile 0.01% Tween-80 in ailstel80 x 70 mm bottle. After
vortexing, serial dilutions of x 0.1 and x 0.01 wenade and conidial densifgtermined
using an improved NeubauBaemocytometer. Conidial density was adjusted $oxl.

10'°conidia/ml in 300 ml (Akellet al, 2007)

Plant inoculation

B. bassianavas produced in the laboratory and the conidiakdyg standardized to 1.5 x
10" conidia/ml in 300 ml sterile 0.01% Tween-80. Planese removed from the nutrient

solution and randomly assigned to the variousiineats. Plants were dipped in a 300 ml
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B. bassianasuspension of 1.5 x 1%conidia/ml density for 2 h. Plants for the control
treatments were dipped in 300 ml 0.01% sterile Tw@@ for the same period of time.
The plants were planted in 2 | plastic pots comajrsterilized soil. The soil was sieved,
poured on a metallic tray and covered with a blaglythene sheet. The tray containing
soil was connected to a water steamer and thesw@in-sterilized for 1 h. The plants

were kept in a screenhouse for three months a61@-and watered daily.

Two-choice olfactometer assays

Female weevils’ response to banana tissue Binbassianaand their interaction was

tested using the following comparisons:

1- Clean air vs Pseudostem

2- Clean air vs Pseudostem + B. bassiana

3- Clean air vsCorm

4- Clean air vsCorm + B. bassiana

5- Clean air vsLeaf

6- Clean air vsLeaf + B. bassiana

7- Pseudostem vs Pseudostems + B. bassiana
8 Leaf vsLeaf +B. bassiana

9- CormvsCorm + B. bassiana

10- Pseudostem vsCorm

11- Pseudostem + B. bassianavs Corm + B. bassiana

Female weevils’ response to banana intact plardstia non-pathogeniE. oxysporum

and their interaction was tested using the follgndomparisons:

1- Clean air vsControl plant

2- Clean air vsPlant + F oxysporum

3- Control plant vsPlant + F. oxysporum
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Statistical analysis
In all the experiments the data of weevils’ prefeeto the odour sources for one of the
stimuli tested during olfactometer bioassays waaysed using g2-test (distribution of

expected values 50:50).
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Results

Testing the equilibrium of the olfactometer

Table 1. Number of weevils responding to clean air and har@rm odour sources in a two
choice olfactometer test in the laboratory in SendWganda.

C. sordidus 99
Comparison odour sour ces (A/B) A B No response
Clean air/ Clean air 10 9 11
Corm/ Corm 8 12 10

A total of 30 weevils were tested per comparisah $et. The response of the herbivores to the tleairosources
did not show a significant difference (P > 0y@5- test).

Cosmopolites sordiduemales responded equally to clean air vs cleaara to corm
tissue vs corm tissue (P > 0.05). The data indic#état the equipment did not show
asymmetrical aspects in the responses evaluatfeanafle weevils to banana corm tissue

and clean air (Table 1).

Cosmopolites sordidus responseto volatile cues from banana corm, pseudostem and
leaf tissue of plantstreated with Beauveria bassana.

In two-choice olfactometer bioassays the female vileeshowed clear
preferences for odours from control plants ovearlair (Fig. 1).Significantly more
weevils moved to the side of the apparatus with ¢batrol plant materialcorm;
pseudostem and leaf tissuban to the one with clean gP = 0.001,P < 0.001 and® <
0.01 respectively). On the other hand, weevils ehibe side of the olfactometer with

clean air when corm and pseudostem tissue fromniaapkants treated witB. bassiana
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were offered at the other sid® & 0.05 andP = 0.01 respectively). Meanwhile, no
significant effect was obtained when leaf tissuemfrbanana plants treated wiBh

bassianawere offered over clean aiP & 0.05)(Fig. 1).

m Plant material O clean air

Leaf + B ns 40nr
Leaf ** 24 nr
Pseudostem + B ** 32nr
Pseudostem *** 2Lnr
Corm+B * 19 nr
Corm *** 22nr

6 E;O 100

% female w eevils response to odour sources

Figure 1. Response of female banana weegil sordidusto volatiles from banana corm;
pseudostem and leaf tissue from plants treated avithwithoutB. bassiang+B) versus
clean air in an olfactometer test. The percentaeesponding individuals of each
treatment per comparison set, choosing one odaucs®r the other is given. Number of
tested females, n = 100. Asterisks indicate sigaift differences between test and
control within the same treatment.P < 0.05, ** P < 0.01, *** P < 0.001, ns = not
significant,y2 — test, and nr = number of no respond weevils.

No significant differences were obtained when wisekiad to choose between
banana leaves witB. bassianaand leaves without the fungus. In contrast, sigaiftly
more female weevils showed a strong preference to the aidhe olfactometer with

corm or pseudostem tissue from control plants toahe side with corm or pseudostem

tissue from plants treated wiBh bassiangP = 0.03 and® = 0.04 respectively) (Fig. 2).
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Leaf | Leaf +B ns

27 nr
Pseudostem | Pseudostem + B *
21nr
Corm Corm+B*
20 nr

0 50 100
% female w eevils response to odour sources
Figure 2. Response of the banana weevils fem&esordidusto volatiles from banana corm;
pseudostem and leaf tissue from plants treated Ritbassiana(+B) versus control
corresponding plant material in an olfactometett. t&he percentage of responding
individuals of each treatment per comparison geipsing one odour source or the other
is given. Number of tested female, n = 100. Asksrisdicate significant differences

between test and control within the same treatnteRt< 0.05, ns = not significany2 —
test and nr = number of no respond weevils.

The presence or absenceBofbassianan the plants did not make any significant
differences in the inclination of the behaviour thie weevil when corms against
pseudostems from banana plants with and witBoltassianavere offered.® = 0.5 and

P = 0.2, respectively) (Fig. 3).
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Corm+B Pseudostem+ B ns

nr =20

Corm Pseudostem ns

nr=15

; ;
50 100
% female w eevils response to odour sources

o

Figure 3. Response of female banana weewuls $ordidus)to volatiles from banana corm or

pseudostem tissue from plants with or withButbassiang+B) in an olfactometer test.
The percentage of responding individuals of eaghtiment per comparison set, choosing
one odour source or the other is given. Numberesfed female, n = 100, Asterisks
indicate significant differences between test aowdtrol within the same treatment, ns =
not significant differenceg?2 — test and nr = number of no respond weevils.

Control plant Plant + E **
19 nr
Control plant Clean air ***
17 nr
Plant + E Clean air ns
| . 11nr
0 50 100

% female w eevils response to odour sources

Figure 4. Response of female banana we&Vilsordidusto volatiles from banana intact plants

treated with or withouf. oxysporum(+E) in an olfactometer test. The percentage of
responding individuals of each treatment per comparset, choosing one odour source
of the other is given. Number of tested female, @08. Asterisks indicate significant
differences between test and control within the esématment P < 0.05, ** P < 0.010

** P <0.001, ns = not significant differencg®, — test, and nr = number of no respond
weevils.

The inoculation of banana plants with oxysporumhad no effect on weevils’

choice in the olfactometer test over clean Bir(0.05). On the other hand, more weevils
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moved to the side with control plants over clear(Ri= 0.001) In addition, significantly
morefemale weevils chose the side of the olfactometér wontrol plants than the side
with plants inoculated witlr. oxysporunwhen they were offered simultaneoudB/ %

0.001) (Fig. 4).
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Discussion

This study showed that female weevils are attratbedolatiles emitted by the
host banana plant. A previous study mentionedwesvils are regularly more attracted
to pseudostem than to corm material (Sumani, 199%).the other hand, it has been
stated that weevils are more attracted to corm thseudostems (Masanza, 2003).
However, in this study female weevils did not shavsignificant preference between
corm or pseudostem selection (Fig. 3). Conversghen C. sordiduswere confronted
with plant material (corm and pseudostem) treatétl ®. bassianahey preferred the
clean air. Nevertheless, for leave tissue the peate was not significant. However, the
highest number of weevils without response washis $et with 40 insects out of 100
individuals and for the set of pseudostenB.+hassianavs clean air 32 insects did not
respond. The results of these sets of tests wenéfisantly different from the respective
controls (24 and 21 no responded weevils out of tE@pectively; Fig. 1). This give a
perception of the disorientation this insects mayehwhen are faced by the volatiles
emitted by plants treated with bassiana

Our results suggest thBt bassiananduce changes in the banana plants at the
volatile emission level. These emissions could cedweevils’ acceptance as we can see
in Fig. 1, where weevils showed a high preferecebdntrol plant material and clean air
when infected material was offered. Many foliar @plolytic fungi have a deterrent effect
on herbivores feeding (Vicaet al, 2002). Some weevils have shown sensitivity to
endophytes, like Argentine stem weevilstronotus bonariensi&uschel) the major pest
of Lolium perennel. pastures in New Zealand is sensitiveNeotyphodium loliian

endophyte found ih. perenng(Christenseret al, 1993). A study carried out by Gerard
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(2000) showed that weevils spend less time andirfgeah endophytic pants. This can
guide our results to the fact that weevils can et abnormal smell in those plants
infected withB. bassianaand base on that information they make the detigicavoid
them.

Plant infection with endophytes may alter herbivgrepulations and could
interact at higher trophic levels (Omacatial, 2001). Omacinét al. (2004), studied the
effect of Lolium multiflorum (Italian rye-grass) grown frorleotyphodiuminfected or
endophyte-free seeds on aphids. They found thad apdrbivores density was three
times higher on endophyte-free grass monocultae tm endophyte infected plots.

Once weevils were allowed to choose between irdantrol banana plants and
plants inoculated with the endophyke oxysporumthey showed a preference for the
control. Although, when it was offered a plant wihdophyte against clean air, weevils
choose the plant (Fig. 4). Weevils may be lessiblenso F. oxysporumthan toB.
bassianaThey were capable to differentiate between cénsanfected plants, but when
infected plant was offered against clean air theyntwor the plant. This is a different
interaction betweerplants and endophytes; different induction of \tdat can be
activated according to the endophyte.

Recently research has described the potential besfethe mycofumigation of
certain endophytic fungus. Some endophytes are¢etelaith induction of a blend of
volatiles. For instance, Strobel (2006) found aaidungal genusviuscodor albushat
emits a mixture of volatile compounds that vargirality and quantity and can be lethal
to a wide range of plant pathogenic fungi and bié&ctnd also has been effective against

nematodes and insects. This sort of analysis cadobe in banana plants carryikg
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oxysporumandB. bassianan order to have a better picture about what isgain in the
system and its potential as a strategy to decreaseject the attraction of the banana
weevil.

Use of the pathoger. bassianaandF. oxysporumin banana plantation in East
Africa to control C. sordidusseem to be a biological novelty in agriculture.e3é
biological control agents may affect the volatile¢eased by the banana plant, which

seem to decrease weevils host attraction.

Conclusions

In conclusion our results suggest that the respohslkee banana weevils differs
from the interaction of the banana plant with erdaes. Weevils are capable of
discriminate between infected and control banassu#i. Nevertheless, more research
should be conducted to study the effect of intéiggaB. bassianaandF. oxysporunin
banana plants and the efficiency of this techniguder field conditions on weevil
population and damage. Theoretically, if the sgatis found promising the data will be
used in exploiting opportunities for the integratiof B. bassianaandF. oxysporurninto

a broader IPM programme to control banana weevils.

Deeper information and further studies are neededurtderstand the exact
mechanism and the chemistry of the emission oftie¢ain banana plants and how the
change by the inoculation with endophytes. In aoldjt more studies are needed to

evaluate fungus colonization in the different ogaof the plant such as leaves,
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pseudostem and corm. Investigations have to faeudeng term rigorous studies, with

multiple and accurate diagnostic methods to prouréédible conclusions.
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