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Prolonged ingestion of Cry3B toxin almost completely inhibits reproduction of
female Colorado potato beetles. This is due to a specific lack of vitellogenin,
preventingnormaleggmaturation.FurtherstudiesontheimpactofBt-derivedtoxin
onadultinsectsshouldtakethistypeofeffects intoaccount
Zehnder et al. (1989) J. Econ. Entomol. 82:756-761;Johnson et al.(1993) J. Econ. Entomol.
86:330-333; Perlak etal.(1993) Plant Mol. Biol. 22: 313-321; Arpaia etal, Entomol. Exper.
Appl.,inpress).

Unlike other insects, Colorado potato beetles do not avoid either Cry3 toxins or
Cry3-expressing plants. The obvious effect of continuous exposure to food
containing these toxins is a perturbation of beetle metabolism. The lack of
antifeedant effects ofBt onL. decemlineata shouldbeconsidered whenplanning a
strategyofresistancemanagement
Perlaketal.(1991)Proc.Natl.Acad. Sci.USA88:3324-3328;Ferro &Lyon(1991)J.Econ.
Entomol.84:806-809;Arpaia&Ricchiuto(1993)Environ.Entomol.22:334-338

Theecologically based approach topest control, asconceived in IPMprograms,is
fundamental in the management of transgenic resistance. Studies by insect
ecologists in transgenic agroecosystems will be conclusive in providing basic data
formorerealisticpredictionsobtainedwithcomputersimulationmodels
Herbivory by the wooly adelgid (Homoptera:Adelgidae) on firs, is dramatically
changingthefloralcompositionoftheforestsontheAppalachianMountains
Acommitmentofthescientific communitytorapidandextensivecommunicationof
scientific information andprogress achieved inthefieldof transgenic resistance to
policymakers*isessentialtosupportthefundamental roleofscientific information
asabasisforpolicymaking
Thecontinuous exploitation ofuseful genes for transgenic expression incropsmay
contribute to the increase of the economic gapbetween developing and developed
countries
TheworldismuchbiggerthanadoublestrandofDNA
Mr. Louis van Gaal's predictions have been falsified by reality, as Juventus has
reachedthefinalgameoftheChampionsLeagueforthefourthyearinarow
v.Gaal,L.(1996),interviewpublishedby'LaGazzettadello Sporf onMay23,1996

'repositionswith thethesis "Transgenicresistance of eggplantsto the Coloradopotato
>eetle"byS.Arpaia.
iVageningen,April 16,1999
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Preface
I went to theNetherlands for the first time in 1990.1was absolutely fascinated by Prof.
Schoonhoven's scientific work and I tried, almost hopelessly, to be appointed as a visiting
scientist with his group just by writing a letter with my wishes, and mentioning only my
research grant and my CV.Quite unexpectedly, his daughter Madeleine phoned me one day in
the lab speaking with a perfect Italian accent, and inviting me to the Netherlands. It took me
severalminutes torealize it was notjust ajoke!
After only a few weeks there, I took a fancy to Holland, in spite of the cow smell, wet
weather, and that infinite sense of envy due tomy being unable toride two bicycles at once on
arainy day.
The idea of starting aPhDprogram atWageningen gotmeacouple of years later, when
I was back in Italy and had already been given a permanent position as a researcher at
MetapontumAgrobios.Tocomplete this program Ihave had totravel back and forth from The
Netherlands several times ever since (but Iloveflying, anyway).In spite of thedifficulties and
also the cost of this project for my own bank account, Inever felt as if I were about to give up
and Ireally wanted to complete this work.Thank God, I've metmany people who have helped
me and spurred me on without whomthisbook would never havebeen completed.
First and foremost, I wish to thank my promoter Prof. Louis Schoonhoven, who so
warmly accepted the proposal of my being one of his students (even in a very particular way),
in spite of the fact that the topic was not really very close to his research. By the way, he and
his family sort of adopted me by putting me and my wife up whenever we needed to stay in
Wageningen. Talking about entomology, science or just life with Louis was always a great
pleasure. Something tobeproud of.
Dr. Joop van Loon, my co-promoter, and his family carried on the wonderful tradition
of Dutch friendliness hospitality towards me, quite free of charge. Moreover, Jose van Loon
gave me a fundamental requirement for an 'external' Wageningen student: a recipe for poffertjes. Thanks to her, I'm pretty sureI've become thebest 'poffertjes-maker' in southern Italy.
Dr. Joop van Loon has been a really attentive careful scientific guide for my thesis, by continuously improving, making useful suggestions and thinking about my scientific work; occasionally when he was unable to do this because of the distance, the e-mail cut the mileage and
everything ran pretty smoothly.
Special thanks is due to Dr. Fred Gould at the Department of Entomology, North
Carolina State University. I spent six months in his lab, which was most certainly the best
place to go for my studies.The people over there proved tobe areally great group of scientists
and also extremely nice people to live with. I never felt as if I were a newcomer to Method
Road and they even made me feel appreciated for my small contribution to theresearch group.
I came back from Raleigh with what I consider to be one of the nicest chapters regarding this
thesis, yet much more than that. I do apologise for not writing a complete list, since I wish to
show a sense of my appreciation to everyone by quoting them now: George Kennedy, Toni
Riggin-Bucci, Angelika Hilbeck, Tracy Johnson, Bradley Klepetka, Amy Shack, Doug

Sumerford, Scott Costa, andalltheMethod Road staff.
I also most warmly thank Prof. James Lashomb atDepartment ofEntomology, Rutgers
State University of New Jersey, my first Colorado potato beetle teacher. Heknows alotabout
this beetle, andhe'salways open both todoing andlearning more. Hehasmainly contributed
to myLeptinotarsa-mania andhasshared alotofhis thoughts with meabout Colorado potato
beetle, entomology, andourworld today.
Finally, I'm most indebted tothe 'Milinciana Group', a link between thetwo research
units of Metapontum Agrobios and the Istituto Sperimentale per l'Orticoltura, who have
worked together with the highest enthusiasm and professionality for 6 years so far, ontwo
research projects "Resistenze genetiche delle piante agrarie agli stress biotici e abiotici "and
"Progetto finalizzato orticoltura" sponsored by the Italian Ministry of Agricultural Politics
which funded most of the activity reported in this thesis. Namely, I thank theproject leader,
Giuseppe Rotino, the soul of the group (andthe real 'eggplant-man' of Italian horticulture),
Giuseppe Mennella, Vincenzo Onofaro, Domenico Perrone, Francesco Sunseri, Nazareno
Acciarri andRinaIannacone,the 'gene maker'.
The list of references presented at theend of the book was most kindly and carefully
reviewed byGrazia Maria Di Leo.

Summary
The subject of this thesis is the use of transgenic plant resistance as amethod to control
the Colorado potato beetle, Leptinotarsa decemlineata Say in eggplant. The gene conferring
resistance iscoding for aCry3B toxin anditisa synthetic version of awild-typegene originally obtained from the soilbacterium Bacillus thuringiensis Berl.
Eggplant cultivations are constantly attacked by anumber of serious pests (e.g.the fruit
and shoot borer, the Colorado potato beetle, soil-borne fungi). In spite of the heavy losses they
may cause, breeding for resistance on this crop has been very limited because of the lack of
desirable traits in the eggplant genome or sexual incompatibility with the resistant wild related
species.The first chapter reviews Colorado potato beetle biology and its control, with aspecial
emphasis on beetle-eggplant relationships. L. decemlineata has become a major problem for
eggplant cultivation and sometimes itscontrol on thiscropiseven moreproblematic compared
to potato cultivation. The longer life cycle of the plant and the intensive regime under which
horticultural crops arecultivated havecontributed totheincreasing importance of this pest.
In the second chapter, a review of the source of resistant genes available in both the
eggplant gene pool and wild Solariumrelatives is presented. Considering the genetic basis of
resistant traits, the possible strategies for eggplant breeding are discussed with emphasis on
approaches based on the integration of classical breeding methods (crosses and selection) with
biotechnological ones (anther culture, genetic transformation, protoplast fusion and markerassisted selection).
In the third chapter, the results of the study in which protein extracts of Escherichia
coli expressing the toxin gene from B. thuringiensis were tested for effect on the behavior and
development of L. decemlineata larvae using in vitro bioassays are presented. Protein extracts
proved to be very toxic against neonate L. decemlineata; no antifeedant effect due to Cry3B
toxin was found, even in concentrations which caused mortality or severely inhibited larval
growth.
In the fourth chapter, the production of transgenic eggplants and their evaluation ispresented. A modified Bt gene of Bacillus thuringiensis var. tolworthi, encoding a coleopteran
insect-specific Cry3B toxin, was transferred via Agrobacterium tumefaciens to the female
parent of the commercial Fl hybrid 'Rimina' eggplant. A large number of transgenic plants
were regenerated and tested by PCR and NPTII expression assays.The presence of the Cry3B
toxin in leaf extracts was demonstrated by the DAS-ELISA test in 57 (62.3%) transgenic
plants which contained a 74 kDa protein cross-reacting with the serum anti-Cry3B toxin.
Twenty-three out of 44 S. melongena plants tested by an insect bioassay showed a significant
insecticidial activity on neonate larvae of Colorado potato beetle (CPB).The Bt transgene and
the toxic effect on CPB larvae were transmitted toprogenies derived by selfing. Thus, transgenic Bteggplants may represent avery effective means of CPB pest control.
Transgenic potato clones expressing a Cry3B endotoxin were used to study the trophic
interactions between newly emerged Colorado potato beetle adults and these resistant clones
(Chapter 5). Adult longevity and fitness were studied for the first 3 weeks after emergence.
The reproductive biology of the beetle on highly resistant clones, partly resistant clones and
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control potato plants was monitored by dissecting females after 7-15 days of feeding and by
analyzing the haemolymph's protein content after 3 days of feeding. Feeding behavior on
either highly toxin expressing or control plants was monitored individually for 36 beetles feeding on leaf-discs. Beetles feeding on transgenic or control clones as the sole source of food
had similar longevity. However egg production was completely inhibited on transgenic plants.
Dissection studies indicated that adult males living on transgenic plants were still able to mate
and produce mobile sperms, but the females were impaired in their reproductive ability since
ovarioles were not normally developed.An exam of thehaemolymph revealed theprotein concentration in females living on transgenic plants to be dramatically reduced (about 50% compared to thecontrol).
The feeding behavior of Colorado potato beetle adults was not affected by the different
food plants. This shows that transgenic potato plants were readily accepted as host plants by
the beetles.The implications of these findings for the use of transgenic plants as ameans of L.
decemlineata control are discussed.
In the sixth chapter the most relevant results of the first year of a field experiment with
the transgenic eggplant lines are presented. Two of the 3transgenic lines used, showed a high
level of resistance in two separate trials, as indicated by the analyses of L. decemlineata population levels and crop yield. Fruit production was almost doubled in the resistant lines compared to a DR2 untransformed control. Only one transgenic line showed an intermediate level of
resistance, giving results more similar to the control under heavy CPB attack, whereas it gave
comparable results to the other transgenic lines where natural infestation was milder. Nodetrimental effects on non-target arthropods (including the chrysomelid beetle Altica spp.) were
apparent.
Field observations confirmed that Bt-expressing transgenic plants might be able to successfully control Colorado potato beetle infestations in eggplant cultivations, representing a
potentially effective and environmentally safe means ofpest control.
In chapter 7, the relationships between L. decemlineata egg density and Coleomegilla
maculata DeGeer predatory behavior is presented. Despite aggregation in areas of the highest
prey density by C.maculata, egg consumption was inversely related toegg mass density atthe
smallest and the largest spatial scales tested. The experimental data on predation rates in high
and low density field treatments, were included in a mathematical model to simulate the
impact of natural enemies on the rate of L. decemlineata adaptation to Bt-toxin-expressing
transgenic potato plants when Bt-expressing plants aremixed attheplot-to-plot level with normal potato plants. Results showed that C.maculata predatory behavior could decrease the rate
at which L. decemlineata adapted toBt-toxins ifplot-to-plot mixed plantings were used.
Finally, a simulation model to predict the possible adaptation of L. decemlineata to the
Cry3 toxin expressed in transgenic eggplant is presented (Chapter 8).The use of mixed fields
of transgenic and susceptible isolines at a 90:10 ratio has been simulated. Beetle movement,
which is a fundamental parameter when studying plant mixtures, has been addressed with a
'two-stage' hypothesis. The biological and genetic characteristics of the beetles have been set
to specifically address their possible interactions with resistant eggplant. The role of gene
dominance, migration, and fitness costs associated with the resistant genotype have been exa-
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mined. Using the hypothesis of partial dominance of the resistant gene, only a high level of
migration (yet, very likely in most agricultural areas) or a considerable reduction of the fitness
of resistant beetles, associated with the change in their genome, can guarantee a long-lasting
efficacy of the germ plasm. The simulations clearly indicate that the effect of resistance in
transgenic clones expressing Bacillus thuringiensis-derived toxins can be optimized only in
accordance with opportune agricultural practices.

Riassunto
L'argomento di questa tesi di dottorato e l'uso della resistenza transgenica in piante di
melanzana per il controllo della dorifora, Leptinotarsa decemlineata Say. II gene che conferisce la resistenza e un gene sintetico ottenuto per mutagenesi di un gene 'wild-type' originario
diBacillus thuringiensis Berl. echecodifica per l'espressione in pianta dellatossinaCry3B.
La coltura della melanzana e interessata da un buon numero di avversita piuttosto serie
(es. il nottuide Leucinodes orbonalis Guenee, la dorifora, alcuni funghi terricoli). Nonostante
le gravi perdite causate da tali avversita, il breeding per le resistenze agli stress biotici in questa coltura e statomoltolimitato acausa dellamancanza di tratti utili nel genoma di melanzana
o della incompatibilita sessuale con specie selvatiche affini.
IIprimo capitolo descrive la biologia della dorifora e le suepossibilita di controllo, con
particolare riferimento alle sue relazioni con la melanzana quale pianta ospite. Su tale coltura
infatti, la dorifora rappresenta spesso un problema ancora piu complesso rispetto alia patata.
La maggiore lunghezza del ciclo colturale ed il regime colturale intensivo cui la melanzana
viene sottoposta (colture in ambiente protetto, alto uso di fertilizzanti, ecc), hanno contribuito
a rendere tale agroecosistema particolarmenteconsono al fitofago.
Nel secondo capitolo viene presentata una review sulle possibili fonti di geni di resistenza nel genoma di melanzana o di specie di Solanum selvatiche compatibili. Considerando
il determinismo genetico dei tratti di resistanza, vengono discusse le possibili strategie per il
breeding della melanzana con particolare attenzione per gli approacci basati sull'integrazione
fra imetodi di breeding classico (incroci e selezione) con quelli biotecnologici (cultura diantere, trasformazione genetica, fusione deiprotoplasti eselezione assistita).
Nel terzo capitolo, vengono presentati irisultati di uno studio in cui gli estratti proteici
del batterio Escherichia coli trasformato per l'espressione del gene 'wild type' derivato da B.
thuringiensis, sono stati testati per valutare gli effetti sul comportamento e lo sviluppo di L.
decemlineata tramite biosaggi in vitro. L'estratto proteico si e rivelato molto tossico per le
larve neonate di dorifora; non sono stati rilevati effetti fagodeterrenti della tossina Cry3B,
anche a concentrazioni che hanno causato mortalita o severamente inibito lo sviluppo delle
larve neonate.
Nel quartocapitolo, vienedescrittol'ottenimentoelavalutazionebiologica delle piante
di melanzana transgeniche. Un gene mutagenizzato di Bacillus thuringiensis var. tolworthiche
consente la produzione della tossina Cry3B specifica per i coleotteri e stato trasferito via
Agrobacterium tumefaciens al genitore femminile dell'ibfido commerciale Fl 'Rimina'. Un
gran numero di piante transgeniche sono staterigenerate e testate con PCR e saggio NPTII.La
presenza della tossina Cry3B negli estratti fogliari e stata dimostrata tramite DAS-ELISAtest
in 57 (62.3%) piante transgeniche che contenevano una proteina da 74 kDa che reagiva con il
siero anti-Cry3B. Ventitre piante di S. melongena su 44 testate con biosaggi con insetti hanno
mostrato una attivita tossica su larve neonatedi dorifora. IIgene esogeno Bte glieffetti tossici
a carico delle larve di dorifora sono stati altresi rilevati nella progenie ottenuta tramite autofecondazione. Lepiante dimelanzana esprimenti la tossina Btrappresentano quindi un potenzialemezzo dicontrollo della dorifora.
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Cloni transgenici di patata esprimenti laendotossina Cry3B sono stati utlizzati per studiare le interazioni trofiche fra adulti neosfarfallati di dorifora e tali piante autoprotette
(Capitolo 5).La longevita degli adulti e laloro fitness sono state valutate per leprime tre settimane dopo 1'emergenza. Gli effetti sulla biologia riproduttiva del coleottero alimentato su
cloni altamente resistenti, parzialmente resistenti e cloni di patata di controllo sono stati valutati tramite dissezione di femmine dopo 7-15 giorni di permanenza sulle piante test ed analizzando il contenuto proteico dell'emolinfa dopo 3 giorni di alimentazione. II comportamento
alimentare su cloni fortemente resistenti o su cloni controllo e stato valutato per mezzo di singole osservazioni di 36 individui alimentati su leaf-disc. Le dorifore alimentate sui cloni transgenici hanno mostrato un TL50 comparabile a quello degli insetti viventi sul controllo. La
loro longevita tendeva perd a diminuire sensibilmente in caso di allevamento in condizioni
ambientali non ottimali.Laloroproduzione di uova erisultata completamente inibita. Gli studi
di dissezione hanno indicato che imaschi adulti che hanno vissuto supiante transgeniche sono
stati in grado di accoppiarsi normalmente e di produrre spermi mobili che sono stati rinvenuti
aH'internodell'apparato genitale femminile. Le femmine invece sono state completamente inibite nella loro capacita riproduttiva poiche gli ovari non si sono sviluppati normalmente.
L'analisi dell'emolinfa ha rivelato che la concentrazione proteica dell'emolinfa di femmine
sviluppatesi su piante transgeniche era notevolmente ridotta (circa il 50% rispetto agli animali
alimentati supiante controllo).IIcomportamento alimentare degli adulti di dorifora non e stato
condizionato dai diversi cloni di patata con cui sono stati nutriti. Cio indica che le piante transgeniche sono state prontamente riconosciute quali piante ospiti da parte del coleottero. Le
implicazioni derivanti da queste evidenze sull'uso delle piante transgeniche come mezzo di
controllo diL. decemlineata sonodiscusse nel capitolo.
Nel sesto capitolo sono riportate le osservazioni relative al primo anno di prove in
campo effettuato con le linee di melanzana transgeniche ottenute. Progenie autofecondate di 3
linee transgeniche sono state utilizzate in due prove di campo per valutarne le performance
agronomiche con particolare riferimento ai caratteri di resistenza alia dorifora in condizioni di
infestazione naturale.
I livelli di popolazione del fitofago rilevati nelle due localita sono stati sensibilmente
diversi.Due delle linee transgeniche hanno mostrato altaresistenza verso il fitofago in entrambi icampi sperimentali comerilevato dall'analisi sulla presenza di dorifora e sui dati produttivi
delle diverse linee. La produzione delle linee transgeniche e stata quasi doppia rispetto al controllo DR2 non trasformato. Soltanto una delle linee transgeniche ha mostrato livelli intermedi
di resistenza, fornendo risultati piu simili al controllo in condizioni di forte attacco, mentre ha
dato risultati comparabili alle altre linee transgeniche quando l'infestazione naturale e risultata
piu lieve. Non si sono riscontrati effetti negativi a carico di insetti non bersaglio (incluso ilcrisomelideAltica spp.).
Le osservazioni di campo hanno confermato che le piante transgeniche esprimenti la
tossina Bt sono in grado di controllare infestazioni di dorifora in coltivazioni di melanzana, e
rappresentano unpotenziale efficace mezzo dicontrollo con limitato impatto ambientale.
Nel capitolo 7 viene affrontato l'argomento delle relazioni fra la densita di ovature di
dorifora ed il comportamento di un suo nemico naturale, il coccinellide predatore
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Riassunto

Coleomegilla maculata DeGeer. Nonostante l'osservata aggregazione di C. maculata in aree
con piu alta densita di preda, ilconsumo di uova e risultato inversamente correlate) alia densita
di ovature alia diverse scale di grandezza deU'esperimento realizzato. I dati sperimentali sui
tassi di predazione rilevati in campi ad alta e bassa densita di prede, sono stati poi inclusi inun
modello matematico per simulare l'impatto dei nemici naturali sullapossibilitydi adattamento
di L. decemlineata alle piante di patata transgeniche esprimenti la tossina Bt, quando queste
sono utilizzate in combinazione con piante di patata normali. I risultati hanno indicate che il
comportamento del predatore puo diminuire la velocita con cui la dorifora si adatta alle piante
transgeniche esprimenti la tossina Cry3in condizioni di utilizzo in campi misti.
Infine, nel Capitolo 8 viene illustrate) un modello di simulazione in grado di prevedere
il possibile adattamento di L. decemlineata alia tossina Cry3 espressa in piante di melanzana
transgeniche. E' stato ipotizzato l'uso di campi misti formati da isolinee transgeniche e suscettibili ad un rapporto di 90:10. II movimento dell'insetto, una caratteristica fondamentale nello
studio deicampi misti, estato valutato con unaipotesi a 'due stadi'.
Lecaratteristiche biologiche delladorifora sono state fissate in modo dasimulare specificamente il loro sviluppo a carico della melanzana. Sono stati esaminati il ruolo della dominanza del gene, della migrazione e i costi in termini di fitness associati con il genotipo resistente. Usando 1'ipotesi della parziale dominanza del gene, solo un alto livello di migrazione
(peraltro molto probabile nella maggior parte delle situazioni colturali) o una sensible riduzione della fitness degli individui resistenti, associata con il cambio nel loro genoma, puo garantire una efficacia di lunga durata del germoplasma transgenico. Le simulazioni indicano chiaramente che il mantenimento della resistenza in piante transgeniche che esprimono le tossine
derivate daBacillus thuringiensis, puoessere ottimizzato solo in combinazione con le opportunepratiche agronomiche.
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Chapter 1
The Biology ofLeptinotarsa decemlineata Say and its Control
in Eggplant Crops
Introduction
The Colorado potato beetle (CPB), Leptinotarsa decemlineata Say (Coleoptera:
Chrysomelidae), is the most important insect pest of potatoes in NorthAmerica and Europe; it
causes serious damage toeggplant and tomato aswell.This beetle is oligophagous and accepts
only afew species of the family Solanaceae ashost plants.Itwas originally linked towild species of the genus Solanum, and S. rostratum is considered to be its ancestral host (Tower,
1906). The insect's area of origin is Central America, and from there it successively shifted
from its original wild hosts to potato cultivations in southwestern North America. The first
major crop losses due to CPB infestation were reported in the state of Nebraska in 1859. Ever
since then, it has spread throughout the rest of the continent and eventuality moved to Europe
(ca. 1875) and Asia. Currently, its distribution covers about 8 million km 2 in North America
(Hsiao, 1985)and about 6million km 2 inEurope andAsia (Jolivet, 1991).
The beetle's pest status reached avery important level, duemainly to the following reasons: i) high feeding rates (Ferro etal., 1985;Arpaia etal, 1996);ii) high fecundity, with one
female laying on average 300-800 eggs (Harcourt, 1971) and even up to 4000 eggs/female
have been recorded under laboratory conditions (Brown et al., 1980), iii) its 'bet-hedging'
reproductive strategy that allows the species to minimize risks of severe losses (Voss and
Ferro, 1990); and iv) an impressive ability to quickly develop resistanbe to virtually every
insecticide thathas been used for its control (Forgash, 1985).

Lifehistory
The Colorado potato beetle's life history varies over its geographic range. The beetles
overwinter in the soil as adults, with the majority aggregating in the areas adjacent to fields
where they have spent the previous summer (Weber and Ferro, 1993; French et al., 1993).
These results partly disagree with previous observations made by Lashomb et al. (1984) who
found that an economically important number of beetles overwinter within the field.
The emergence of post-diapause beetles depends on the latitude, and may start as early
asApril (Follett etal., 1993),butmorecommonly thishappens in lateMay.
If fields are notrotated, they arecolonized by overwintered adults that walk to the field
from their overwintering sites or emerge from the soil within the field. If fields are rotated, the
beetles can fly up to several kilometers to find anew host habitat (Ferro et al, 1985), with the
unfed females being themost successful indoing so (Ferro etal, 1991);their colonization pattern seems to be well explained with a linear decrease with the distance (Weisz et al, 1996).
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Once overwintered beetles havecolonized thefield, theyfirstfeed and then oviposit within 5-6
days depending on the temperature. Newly emerged adults are unable to fly as the flight
muscles have not yet developed (de Kort, 1969) and in this case walking is the only means of
dispersal in host finding.
Eggplant cultivations may be the primary host in a new growing season, thus being
attacked ataratherearly stage(even immediately after transplanting), thenthebeetles complete two or three yearly generations on this crop. In other cases eggplants represent a secondary
host plant for adults moving from harvested potato fields; in the latter case, beetles may spend
one ortwogenerations onpotato and move ontoeggplant fields.
Studies of spatial dispersion of CPB in eggplant fields, indicated an aggregated distribution for both eggmasses and combined mobile stages, however the degree of aggregation
may bedifferent between eggplant andpotato (Hamilton etal, 1997a).
Consumption of eggplant foliage by Colorado potato beetle is influenced by temperature. Figure 1shows the average consumption for second through fourth instars atdifferent temperatures (Arpaia et al, 1996). Second instar consumption ranges from 17 to 25.9 % that of
fourth instars, third instar consumption ranges from 33 to 66.3 % that of fourth instars and
adult consumption ranges from 38to 81.4 %that of fourth instars (Arpaia etal, 1996).
Colorado potato beetle larvae develop at different rates when fed on eggplant rather
than potato. Developmental times
40
T
1
1
~r
1
r
from second instar until pupation
• 2ndInstar
ranged, at different temperatures
• 3rdInstar
* 4thInstar
(between 20 and 35°C), from 7.29
to 11.38 days (Arpaia et al, 1996),
both of which are longer than beetles fed on potato at the same general range of temperatures (Ferro et
al, 1985). The slower development
may reflect that eggplant is not as
suitable as potato for development.
This consideration seems to be confirmed by studies on beetle fitness
conducted by Jansson et al. (1989)
who found that fecundity of L.
decemlineata on eggplant is substantially lower than on potato.
Adult
longevity though, is not
40
15
20
25
affected by different host plants
Temperature(*C)
(Jansson etal, 1989).
Fig.l - Average consumption (mg) of eggplant by dry weight for
The differences in developmental
Colorado potato beetle larvae relative to temperature (2nd instar biology on the two host plants will
y=e 0.084x (1.(1.85 x 10-15 * e 0.953x))? r 2 = 0 .7 3 j p<o.01; 3rd instar 16
0 2
2
produce
significant differences in
y=e 0.084x * (1.(4.697 x 10" *e " * ) ) , r =0.56, P<0.01; 4th instar
the population dynamics in the
. y=e0.114x * (1.(3.712 x 10-16 * el.006x)), r2=0.75, p<0.01). (from
Arpaia etal, 1996)
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field. I ran a simulation using the logistic population growth curve (Populus software version
3.4, University of Minnesota) to analyze comparative growth trends on the two different host
plants.Toinitializethe simulation model,therequested imputs wereset as follows:
- carrying capacity on the two crops at 500 larvae per square meter in potato (Ferro,
1993),and 3000larvaepersquaremeterineggplant (S.A., unpublished data);
- two hypothetical rvalues at 0.36 in potato and 0.18 in eggplant (original calculations,
partly based on observations presented in Harcourt, 1971).
The output of thesimulation is presented in figure 2.
Migration capacity and flexible diapause response are additional biological features of
the Colorado potato beetle which render the species capable of minimizing risks by balancing
their offspring production between different years and locations inresponse to adverse climatic
and nutritional conditions
(Voss and Ferro, 1990).
N0 =5,K>5OO,r=O.36,T= l
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.
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i
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plasm (seechapter 8).
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into the soil directly in the field (Voss, 1989). Photoperiod is the primary factor triggering diapause, food quality and temperature are also important in this respects (Hare, 1990;Weber and
Ferro, 1994).Diapause isusually preceded by anintenseperiod of feeding (de Kort, 1990).

Beetlecontrol
Colorado potato beetle is an active leaf feeder whose infestations may completely defoliate fields. Nevertheless, both potato and eggplant may withstand the effects of feeding by
quite a large number of individuals without suffering economic losses.An accurate determination of economic injury levels (E.I.L.) is then important and may avoid unnecessary resort to
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spray.Thresholds are very variable if different varieties of potato and eggplant are considered;
for instance Senanayake and Holliday (1990) determined that on 'Norland' potatoes in Canada,
typical values for the economic injury levels ranged from 0.14-0.82 larvae per plant and their
values are considerably lower when compared to other studies (e.g.Martel etal, 1986gave an
E.I.L. of 20larvae;Wright etal., 1987indicate anE.I.L. of 1.5 largelarvae per stalk). Zehnder
etal. (1995) proposed an action threshold based on defoliation levels, and they defined for the
cv. 'Superior' inVirginia the following limits:20%from emergence toearly bloom, 30% early
bloom tolatebloom, and 60%from late bloom to harvest.
For eggplants, the study performed by Cotty and Lashomb (1982) found an E.I.L. of 8
large larvae per plant for the hybrid 'Harris Special'. Arpaia et al. (1996), based on consumption studies, correlated the food consumption of each single instar to the temperature and formulated E.I.L.s in terms of feeding equivalents atdifferent temperatures. In general, thresholds
of 8 fourth instars, 12 adults, 19 third instars and 44 second instars can be generally utilized
for highly vigorous hybrids. In the thermal range of 29-32°C the maximum consumption was
recorded (Fig. 1),and in this caseE.I.L.s should beconsequently reduced.
Chemical Control
The control of L. decemlineata both in the field and greenhouses has been continuously
hampered by the well known ability of the insect to adapt to many different chemicals. The
first report of CPB resistance to synthetic pesticides was in 1952 for DDT (Quinton, 1955).
Presently, the beetle has acquired resistance to a wide range of insecticides, including arsenicals, organochlorines, carbamates, organophosphates, and pyrethroids. In some cases, a new
insecticide failed even during the first year of use (e. g. oxamyl, Forgash, 1985). Resistance
mechanisms are highly variable even within the same geographical area (Ioannidis et al.,
1991). Furthermore, the beetles show cross-resistance to organophosphates and carbamates,
and multiple resistance to organophosphates, carbamates, and pyrethroids (Ioannidis et al,
1991). Laboratory experiments showed that under strong selective pressure, the beetle may be
able to adapt to the delta-endotoxin produced by Bacillus thuringiensis subsp. Tenebrionis
(Whalon et al, 1993;Rahardja and Whalon, 1995).This extreme capacity for adaptation forces growers torepeated sprays in asingle season, upto 12-15on eggplants.There is a number
of synthetic insecticides currently available for CPB control, the efficacy of the treatments,
however, may vary from areatoarea. InTable 1 themost used activemolecules are indicated.
Among the newest active molecules commercially available for CPB control, very good
results have been obtained with the use of imidacloprid (e.g. Hoy and Dunlap, 1995; Boiteau
et al, 1997), whose systemic properties guarantee a longlasting protection of the crop. Its
mode of action shows some similarities with that of carbamates, organophosphates and pyrethroids because the molecule blocks neural transmission by inhibiting the acetylcoline esterase
activity. Unlike the above mentioned insecticides, imidacloprid mimics the acetylcoline molecule and specifically binds to receptors on the membrane of neural cells. This mechanism
should avoid a simple onset of cross-resistance in insect strains resistant to other active molecules. So far, no onset of resistance to imidacloprid has been observed in any L. decemlineata
population.
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Table 1. Availability of insecticides to control Colorado potato beetle on
different crops (only products allowed for use on these crops in Kentucky are
reported; from Bessin, 1994).
Potato

Eggplant

Insecticide Class

Product Name

Organophosphates

Guthion

+

Diazinon*

+

Imidan*

+

Di-Syston

+

+

Sevin*

+

+

Furadan

+

Ambush

+

+

Asana XL

+

+

New
Spectracide

+

Carbamates

Pyrethroids

Warrior

Tomato

+

+

+

+

Chlorinated

Methoxychlor*

+

+

Hydrocarbon

Thiodan*

+

+

+

B. thuringiensis

M-One*

+

+

+

Chloronicotinyl

Admire 2F

+

Provado 1.6F

+

IGR

Align*

+

+

+

Other

Kryocide

+
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Control by microbial preparations
Microbial insecticides based on Bacillus thuringiensis (Bt) crystals and spores are
becoming a very popular means of pest control, since they are environmentally safe, very specific in their action and harmless to the herbivore's natural enemies and humans. Several Bt
strains have been proven to be toxic tocoleopterans and the Colorado potato beetle has probably been the main target insect of these microbial formulations (e.g. Cantwell and Cantelo,
1981; Zehnder and Gelernter, 1989;Maini etal, 1990b;Ferro and Lyon, 1991;Johnson etal,
1993). Beetle susceptibility decreases with its development (Zehnder and Gelernter, 1989),
thus spray should be directed against young larvae.Aproper timing of field application is then
a fundamental requirement for a successful control.Amethod for correlating spraying with the
occurrence of peak egg hatching was proposed by Zehnder etal.(1992).
The weak point of Bt-based insecticides is represented by their sensitivity to sunlight
and a generally short persistence in the field. Several techniques have then been proposed to
prolonge its activity over time.The proposed methods vary quite a lot: the incapsulation of the
bioinsecticide with starch (Dunkle and Shasha, 1988), clay (Tapp and Stotzky, 1995), casein
based formulation (Behle etal, 1996),the preparation of aflour matrix (Ridgway etal., 1996)
and more diverse sprayable granular formulations (e.g.Tamez-Guerra etal., 1996).
A recent technology has enabled the achievement of higher expression levels in
Bacillus thuringiensis strains by utilizing some natural genetic processes, such as 'plasmid
curing' and 'bacterial conjugation'. The first process allows the selection of special B. thuringiensis strains which have lost some extrachromosomial DNA (plasmids) and consequently
compensate this loss with the production of an higher level of insecticidal proteins. By utilizing bacterial conjugation, plasmids producing highly active proteins can be transferred into
less active strains, thus more effectively targeting the bioinsecticide.
Alternatives, other than spraying with conventional or biological insecticides, are available for CPB control:
Cultural control practices
The use of common cultural practices such as crop rotation, a change in planting time,
use of mulches and trapcrops can reduce CPB populations.
In arotated field, the maximum density of egg masses could be less than 10%of thatin
the non-rotated field (Lashomb and Ng, 1984). Wright (1984) reported that when potatoes
were planted following a non-host crop, early season CPB adult densities were reduced by
95.8%. Follett et al. (1996) suggest that to reduce the beetle population, effective field rotation from year toyear will require adistance > 500m.
Late and early planting is aimed at the suppression of the second generation larval
populations. On late-planted crops, summer-generation adults emerging under short-day photoperiod are stimulated to enter reproductive diapause, thus largely eliminating the secondgeneration larvae. Early planting also eliminates the second generation larvae, because the
crop is already being removed atthetime of their emergence (Weber andFerro, 1995).
Trap cropping may be effective in intercepting overwintered beetles colonizing a field
in the spring (Weber and Ferro, 1993).
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Larval populations of the beetle were also significantly reduced in strawmulched plots
of potato (Stoner, 1993) and eggplant (Stoner, 1997).Apeak of 1st and 2nd instars was observed 1- 2 weeks later on the mulched potato fields than on the unmulched ones (Stoner, 1993).
Furthermore, the mulch may increase the time required by the beetles to find potatoes (Ng and
Lashomb, 1983), and increase thepredation on eggs and larvae (Brust, 1994). Overall, a 6- 10
cm layer of wheat straw produced 2.5-5 fold decrease in potato defoliation (Zehnder and
Hough-Goldstein, 1990;Brust, 1994).
Another cultural practice that affects CPB populations is vine killing.This practice, originally adopted tofacilitate mechanical harvesting, proved tobe useful inbeetle control becauseitdid notpermit theirreproduction on thecrop (Casagrande, 1987).
Unfortunately, changes in grower practices in the past decades in the use of rotations,
vine killers and fertilizers, have all helped to render the agroecosystem more favourable to
Colorado potato beetle populations. This has led to a larger request for insecticides, contributed totheresistance problem and caused enormous CPB populations where insecticides failed.
Finally, Casagrande (1987) suggests that, among others, the two cultural practices
which can have a major effect on beetle control are: crop rotation and shortening the growing
season.Alas!,thelatter is notfeasible in eggplant crops.
Biological control
There are a number of arthropods attacking the Colorado potato beetle, and some of
them show a good potential as biocontrol agents (Hough-Goldstein etal., 1993).The coccinellid Coleomegilla maculata DeGeer (Coleoptera:Coccinellidae), for instance, is an active predator of L. decemlineata eggs and first instars. Field studies in North Carolina potato fields,
found that egg mortality due to predation ranges from 17-34% in the early season, with peaks
as high as 100% during the latter part of the season (Hilbeck, 1994). The parasitic wasp
Edovumputtleri Grissel was found to parasitize 71-91% of Colorado potato beetle egg masses
on eggplant, killing 67-79% of the eggs per mass (Lashomb et al, 1987). E.puttleri has been
used successfully for the implementation of biological control in eggplant (Lashomb, 1989).
Unfortunately, the use of natural enemies does have limitations. First of all, because
many of the CPB antagonists are of sub-tropical origin, and so often have difficulty surviving
the winter in temperate regions, as it is the case of E.puttleri which requires an annual reinoculation. This may not always be feasible, as the inundative release technique proved to be too
expensive for CPB control when the stinkbug Perillus bioculatus (F.) was released (HoughGoldstein and Whalem 1993). The tachinid Myiopharus doryphorae (Riley) though, is native
to the USA and has frequently been reported in field populations of CPB, but its action is
inversely density dependent (Harcourt, 1971) and normally it is not able to compete with
increasing beetle populations (e.g. Tamaki et al, 1983).Another possible drawback is due to
the fact that population dynamics of somepredators, such as C.maculata, are driven by outside factors that cannot be controlled (e.g.their strong orientation towards corn, their overwintering behavior in masses in or attrees,the presence of alternative preys,etc.).
Unpublished observations by J.H. Lashomb show that combined effects of the predator
guilds is significant at low host density, and in unsprayed fields natural enemy guilds arrive
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quickly. Nevertheless, the high fecundity of the Colorado potato beetle may also cause its
population to rise quickly above economic treshold levels before it can be controlled by natural enemies (Hough-Goldstein et al, 1993), thus these autors suggest the use of natural enemies in conjunction with other compatible control methods.

Genetic engineering
The newest approach for controlling L. decemlineata infestations, is represented by the
introduction of transgenic plants expressing the Cry3 proteins derived from the soil bacterium
Bacillus thuringiensis Berliner, strains tenebrionis, san Diego and tolworthii. The first reports
of the successful transformation of tobacco and tomato plants with B. thuringiensis—derived
genes (e.g. Vaeck etal, 1987; Fischhoff et al, 1987, Barton et al, 1987) was followed by an
enormous flow of research aimed at the production of engineered plants highly resistant to
insects, namely Coleoptera and Lepidoptera. Ten years later, transgenic plants resistant to
insects have been allowed for commercial cultivations in North America, Argentina and
Australia (Table 2) and transgenic corn resistant to the European corn borer is presently being
sold inthe European Community.
Table 2. Surfaces cultivated with insect resistant transgenic crops worldwide
during 1997 (source: Commissione Interministeriale per le Biotecnologie.
Rome,june 1998).
Crop

Country

Maize resistant to European corn borer

USA
Argentina
Canada

Cotton resistant to Lepidoptera

Potato resistant to Colorado potato beetle

GLOBAL SURFACE

Surface (Ha)
3,200,000
120,000
20,000

TOTAL

3,340,000

USA

1,000,000

Australia

170,000

TOTAL

1,170,000

USA - Canada

40,000

4,550,000

Several major steps have been made towards the production of effective insect—resistant clones.Transformation methods have been optimized and thecurrent registered varieties
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have been obtained either via Agrobacterium—mediated transformation (e.g. tomato, potato,
cotton, rice) orby using theparticle gun (corn).
'Wild type' Bt genes however, were poorly expressed in higher plants (e.g. Murray et
al, 1989; Murray et al, 1991;Perlak etal., 1991). One of the first explanations suggested for
this phenomenon was the different codon usagebetween eukaryotes and prokaryotes.
In our attempts to reach a high expression level of Cry3 protein in transgenic eggplant
lines, we tested more than one hundred plants (eggplant and the related wild speciesSolarium
integrifolium, used as a model plant) transformed with different versions of the 'wild type'
Cry3B gene and we could not detect insecticidal activity for any of these plants (Table 3).
Subsequently the modification of the coding sequence was achieved by changing polyadenylation sequences, splicing sites,ATTTAsequences (Iannacone etal, 1997).
Table 3. Transgenic plants transformed with the 'wild type' Bt gene and tested for
toxicity to neonate L. decemlineata larvae (from Iannacone et al., 1995, partly
modified).
Vector constructs

no. of different
transformations

total no. of plants
tested

Solariumintegrifolium 35S-cry3b-OCS

24

34

S. integrifolium 35S£2-cry3b-OCS

8

20

S. integrifolium RbcQ-cry3b-OCS

7

20

S. integrifolium 35Sturbo-cry3b-OCS

8

21

S. melongena 35S-cry3b-OCS pD09

17

20

TOTAL

64

125

Field experiments with Bt—expressing transgenic plants are being carried on at an
increasing frequency (e.g. Delannay et al, 1989; Hoffmann et al, 1992; Koziel et al, 1993;
Benedict et al, 1993; Hamilton et al, 1997b) and are confirming the effectiveness of insect
resistance characters. In the U.S.A. alone, since 1987 the USDA has either approved or acknowledged 3,176 field trials at 13,518field sites (I.S.B.News Report, January 1998).
Two major concerns are presently being carefully considered by researchers in this
area: i) the possible onset of resistance to the Cry toxins expressed in transgenic plants in
insect populations and ii) the possibly detrimental effects derived from the mass release of
genetically engineered plants in the environment.
The first point is discussed in several parts of this thesis and in particular, chapter 7
considers the possible effect of a predator on the rate of Colorado potato beetle adaptation to
the Cry3toxin expressed in eggplant indifferent field conditions.
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The study of the possible effects of transgenic plants on the environment is widespread
and complex and would need the cooperative effort of experts active in different disciplines.
Preliminary studies have been conducted using the transgenic materials mentioned in the present thesis, and the first available data may be found in Arpaia (1996), Arpaia and Sunseri
(1996),Noteborn andArpaia (in preparation).
Induced resistance against L. decemlineata by means of genetic engineering is the main
topic of this thesis and the subject is thoroughly discussed in the following chapters.

Acknowledgments
I wish to thank James Lashomb for the critical reading of this chapter and for allowing
me to quote his unpublished results. His suggestions greatly enhanced the first version of the
manuscript. Angelika Hilbeck kindly shared her opinions about the role of predators in
Colorado potato beetle biocontrol withme.

22

Chapter 2
Development ofEggplant Varietal ResistancetoInsects and
DiseasesviaPlant Breeding
Abstract
Eggplant cultivations are constantly attacked by a number of harmful pests (e.g. the
fruit and shoot borer, the Colorado potato beetle, soil-borne fungi). In spite of the heavy losses
they may cause, breeding for resistance on this crop has been very limited because of the lack
of desirable traits into eggplant genome or sexual incompatibility with resistant wild related
species.
The present paper reviews the source of resistant genes available in both the eggplant
gene pool and wild Solanum relatives. Considering the genetic determinism of resistant traits,
the possible strategies for eggplant breeding are discussed with an emphasis made on approaches based on the integration of classical breeding methods (crosses and selection) with biotechnological ones (anther culture, genetic transformation, protoplast fusion and marker-assisted
selection).

Introduction
Solanum melongena L. (2n - 24) is also known as eggplant, aubergine, brinjal or
Guinea squash. Itismainly cultivated in the tropicalAsian and Mediterranean countries.
The annual worldwide production of eggplants was about 17.5 million metric tons in
1997 and this has increased in thelast ten years by about 10million metric tons (FAO, 1998).
The largest producer is China with 50% of total world production followed by India,
then Turkey, Japan, and Mediterranean countries such asEgypt, Italy, Spain, etc.The eggplant
is an important and popular vegetable in the food habits of thesecountries inhabitants.
Most of the produce is freshly marketed, but the use of frozen pre-cooked eggplants is
spreading, mostly in the developed countries. The fruits and leaves have other medicinal uses.
Eggplant is a slow-growing, perennial, solanaceous crop in the tropical countries, while in the
temperate zones it behaves as an annual. However, its growing season can be extended under
protected cultivation. The plant grows to a height of 50 to 150cm and bears fruits of very different sizes, shapes and skin colour. It is a day-neutral plant and starts flowering at the 6th to
10th- leaf stage lasting for a long period. It is considered an autogamous species, however, the
frequency of natural cross-pollination isestimated tovary from 0.2 to48%.
Eggplant breeding is mainly focused on Fl hybrid cultivars, which almost replaced the
open pollinated varieties, particularly in the intensive growing areas. The major objectives of
breeding are the development of high-quality and pest resistant varieties. In the countries
where intensive and successive cropping ispractised, themain goal of breeding programs is to
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develop varieties resistant to soil-borne diseases (Verticilliumand Fusariumwilt, bacterial wilt
and nematode infections). Eggplant cultivations are severely damaged also by insects (e.g.
Leucinodes orbonalis Guenee, Leptinotarsa decemlineata Say, Trialeurodes vaporariorum Westw-), mites and fruit rot. Since the eggplant is highly responsive to in vitro manipulation
(Hinata, 1986), biotechnological approaches as in vitro doubled-haploids production (Rotino,
1996), culture and fusion of protoplasts (Sihachakr et al.,1994), and genetic transformation
(Rotino and Gleddie, 1990),may well help to solve several of its agronomic problems.

Breedingfor resistanceandcrop improvement
Resistance source within eggplant germplasm. The breeding procedures usually
followed are: pedigree, backcross, bulk methods, recurrent selection and single seed descent
(Kalloo, 1993).
In spite of the vast morphological variability, there is a lack of resistance traits in the
Solanum melongena gene pool; thus, the release of eggplant cultivars resistant or tolerant to
the main diseases and pests has been very limited. Acertain degree of genetic variability related to resistance to several pests has been found and germplasm was reported as a suitable
source (Table 1). Neverthless most of this genetic material gave unsatisfactory or contrasting
results when employed in breeding programs. Several reasons, such as:resistance restricted to
a specific pathogen strain or isolate, poligenic and complex resistance traits and unreliable
tests for assessing the resistance may explain the relatively poor results obtaineded so far. In
spite of this,theefforts made havepermitted the improvement of thetolerance tocertain diseases (e.g. even in the absence of an effective resistance trait, lines showing a reasonable field
tolerance to Verticillium spp.have been selected).
With regard toresistance toinsects, studies have been carried outby Indian scientists to
exploit genetic variation, aimed at the selection of genotypes with improved tolerance or resistance to the fruit and shoot borer, L. orbonalis (Dahnkhar and Sharma, 1986), which is the
most destructive pest in Asia. Many field screenings of different genotypes infested by this
insectconsented thecorrelation of someplantcharacters withimproved tolerancetothis pest.
Morphological traits which have been associated with increased tolerance to insect
attack are: tightly arranged seeds in the mesocarp (Lai, 1991); more lignified and compact
hypodermal sclerenchyma, broader and more compact vascular bundles (Isahaque, 1984).
Plant chemicals potentially involved in tolerance to this pyralid were also identified: 1) lower
sugar and protein content (Isahaque, 1984),2) a higher level of peroxidase and poliphenoloxidase and a higher level of glicoalkaloids (Bajaj et al., 1989). The latter are well known compounds involved also in resistance to L. decemlineata in several solanaceae (Flanders et al.,
1992).
However, Tewari and Moorthy (1985) reported that the variation in tolerance under
field conditions among different genotypes, was lost in artificial infestation with a high pest
population density and all genotypes were equally susceptible. The tolerance seemed to be
inherited as apoligenic trait with ahigh additive effect, supported bymore than one recessive
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gene(Dahnkharefa/., 1977; 1980).
A partial resistance to T.vaporariorum, based on antibiosis and antixenosis, was also
noted among seven eggplant genotypes in greenhouse and laboratory tests and the differences
in hairiness and colour among genotypes had no relation whatsoever with the resistance
(Malausaefa/., 1988).
In germoplasm field screenings, variation was noted also in relation to the response to
natural infestations of jassid {Amrasca biguttula - Ishida -) (Khaire and Lawande, 1986).
Unlike the previous case, the presence of trichomes was considered to be associated with
increased levels of resistance (Schreiner 1990), while other morphological characters such as
leaf lamina and midrib tickness were positively correlated with the insect infestation
(Subbaratnam etal, 1983).
Trichomes are also involved in resistance to insects in potato and other wild Solatium
species. The combined action of mechanical obstruction and the production of phenolic compounds (Ave and Tingey, 1986) and sucrose esters of carboxylic acids (Neal etal., 1990) considerably reduce attack by aphids, leafhoppers, flea beetles and Colorado potato beetle
(Flanders etal, 1992).
A certain degree of variation in susceptibility to the Coleopteran L. decemlineata
(Fiume, 1987) and Epilachna vigintioctopunctata F.(Sambadan etal., 1976;Raju etal., 1987)
was reported for some eggplant accessions.
Partial resistance to Tetranychus cinnabarinus (Boisduval) based on antibiosis, was
found to bepositively correlated with the density of leaf hairs (Misra etal., 1990) or else toan
antixenosis mechanism (Shalk etal., 1975).
Resistance source in wild species and distant hybridization. Many attempts have
been made to introgress in eggplant, resistance genes possessed by wild Solariumspecies by
means of sexual hybridization (Kalloo, 1993).The first step in a program aiming at the introgression of useful traits from wild relatives into the eggplant gene pool is their evaluation for
disease and pest resistance. The second step is the selecting and fixing of useful resistance
levels in segregating progenies. In addition, different accessions of the wild species may give
different results withrespect toresistance tothe same pathogen.
Several solanaceous species havebeen identified aspossible sources of resistance tothe
main pests of the eggplant (Table 2);however the genetics of the resistance is not completely
known. Source of resistance to the most serious soil-borne diseases (Verticillium, Fusarium
and nematodes) have been identified in S. sisymbrifolium and S. torvum. S. khasianum was
found resistant tothe shoot and fruit borer (L. orbonalis).
In spite of numerous studies and the enormous amount of work undertaken by some
research groups, the contribution of wild relatives to eggplant breeding has been very limited
so far. The main reasons for the unsatisfactory results obtained may be concerned with a certain confusion regarding the taxonomic classification within theSolatiumgenus which makes
very difficult for breeders to make a reasonable prediction of the suitable wild species to be
employed for crossing (Daunay andLester, 1988;Daunay etal, 1995).
Successful distant hybridization between S. melongena and wild relatives are reported
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in Table 3; most of the interspecific hybrids obtained were sterile or not crossable with eggplant, thus this material resulted useless for starting a breeding program. Nishio et al. (1984)
classified 11Solariumspp. into 3 groups on the basis of their interspecific compatibility: 1.S.
melongena, S. incanum, S. macrocarpon;2. S. integrifolium, S. gilo, S, nodiflorum; 3.S, indicum, S. mammosum, S. torvum, S. sisymbrifolium, S. toxicarium. Crosses are only possible
between and within the first and second groups.
The INRA in Monfavet (France) started a project to evaluate the crossability of a collection of wild relatives in order to guide breeders towards the use of the genetic variability
within the species crossable with eggplant. The strategy of this kind of work is reversed when
compared to the previous approaches about distant hybridization in eggplant. In fact, the evaluation for resistance to pathogens isrestricted to the wild species crossable with the eggplant.
By using this procedure, 15interspecific hybrids have been obtained among the 21Solanum so
far tested (Daunay etal, 1995).
In Japan, where grafting is a normal practice for most of eggplant cultivation, an intensive resistance breeding is carried out to confer multiple resistance in the rootstocks
(Yamakawa, 1982). Wild relatives (S. integrifolium, S. torvum, etc.), or selected fertile sexual
or somatic interspecific hybrids are employed as rootstock. Grafting on suitable rootstock is
also developing in theMediterranean countries under protected cultivation.

Biotechnological approaches
Incorporation of doubled-haploid in breeding for disease resistance. The eggplant anther culture technique is currently incorporated in commercial breeding programs in
France, Italy and other countries. Compared to successive selling, the main advantage of the
anther culture is that it saves time in obtaining pure lines. Two years after anther culture, it is
possible to include eggplant doubled-haploid (DH) lines in field trials, which represents less
than half the time required by sexual reproduction. Anther-derived DH lines may be released
as self-pollinated cultivars or else used as parents of Fj hybrids. For breeding purposes, a large
number of homozygous plants is needed and it is important that DH lines be a representative
sample of the genetic variation obtained from the sexual recombination of the donor plant.
Other factors which must be taken into account aretheheterozygosity level of the anther donor
(Fj, F 2 or advanced selected progenies) and the genetic inheritance of the desirable traits.
Genetic variation has been observed among DH lines derived from both inbred cultivars and
heterozygous donors (Rotino, 1996).
Although good recombinant DH lines may be recovered from Fj hybrids, it should be
considered that most of the DH lines do not present useful characters for practical breeding.
Therefore, it is advisable to apply the anther culture technique to a segregating plant population previously selected for disease resistance and other agronomic traits.In these plants, there
is a higher probability of finding favourable gene combinations, since the parental chromosomes have already undergone atleast tworecombination cycles.
The production of DH lines can be applied effectively when a relatively small number
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Table 1. Eggplant germplasm reported as resistant to its main pests.
Source

Reference

Jassid (Amrasca biguttula)

S488-2; S34; S258 'Manjari
Gota'

Pawarefa/., 1987

Aphis gossypii

Green-fruited local populations
AC49A

Schreiner, 1990

Glasshouse whitefly
(Trialeurodes vaporariorum)

'Shinkuro'

Malausa etal, 1988

Shoot and fruit borer
(Leucinodes orbonalis)

F3 progenies S. melongena x S.
incanum 'Pusa Purple Cluster'
AM62 SMI7-4

Rao, 1981;Nathani
1983; Singh and Sidhu,
1988

F. oxysporum and
Phomopsis vexans

F4 plants S. melongena xS.
indicum

Rao and Kumar, 1980

Fusarium wilt

K61, K7, Ghana Local

Abdullaeva and
Shifman, 1988

Verticillum dahliae

PI 1649, PI 174362

Lockwood and
Markarian, 1961

Verticillum albo-atrum

'Florida Market', 'Hanis Hybrid
7763'

O'Brien, 1983

Cercospora solani

UdipiGulla, GO-3

Madalageri et al, 1988

Pseudomonas solanacearum

SM6-1, PPC, ARU2C, SM6-1,
SP, SM 6-7, SP

Sheela etal, 1984;
Ushamani and Peter,
1987

'Gulla'

Ravichandra et al, 1988

Pest
Insects

Diseases

Nematodes
M. incognita race 1& 2
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Table 2. Wild Solatium species reported as resistant to the main pests of eggplant.
Pest

Source

Reference

S. integrifolium,
S.sisymbrifoUum,
S. xantocarpon,
S. khasianum,
S. hispidum

Chelliah and Srinivasan,
1983
Khan et al, 1978

Glasshouse whithefly
(T. vaporariorum)

S. macrocarpon

Malausa et al, 1988

Aphis gossypii

S. sisymbrifoUum,
S. mammosum

Sambandam and
Chelliah, 1983

Colorado potato beetle
(L. decemlineata)

S. pinnatisectum,
S.polyadenium, S. jamesii,
S. trifidum, S. capsici-baccatum,
S. tarijense,
S. chacoense, S. berthaultii,
S. chomatophilum

Flanders et al, 1992

Two-spotted spider mite
(Tetranychus urticae)

S. macrocarpon
S. integrifolium

Schaff era/., 1982
Dikii and Voronina,
1985

Carmine spidermite
(T. cinnabarinus)

S. mammosum
S. pseudocapsicum
S.sisymbrifoUum

Shalk et al, 1975

Fusarium wilt

S. indicum, S. integrifolium, S.
incanum
S. sisymbrifoUum

Yamakawa and
Mochizuki, 1979
Cappelli et al, 1995

Verticillium dahliae
V.albo-atrum

S.sisymbrifoUum

Fassuliotis and Dukes,
1972

Phomopsis fruit rot
(P. vexans)

S. gilo, S. integrifolium

Ahmad, 1987

Cercospora solani

S. macrocarpon

Madalageri, 1988

Insects

Shoot and fruit borer
(Leucinodes orbonalis)

Shmnaetai,

1980

Mites

Diseas
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