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Abstract

Two-year field trials were conducted in northern Italy with the aim of developing a trapas=ol
agroecological approach for the control of flea beefl@saétocnema tibialigllliger), Phyllotreta

spp. (Chevrolat) (Coleoptera: Chrysomelidae)) dngyus rugulipennisPoppius (Hemiptera:
Miridae), key pests of sugar beet and lettuce, respectively.

The flea beetle damage trials compared a trap cropping treatment, i.e., a sugar beet plot with a border
of Sinapis albgL.) andBrassica juncedl.) with a catrol treatment, i.e., a sugar beet plot with bare

soi l as field border. Sugar beets grown near
beetle damage compared to control. Moreover, flea beetle damage varied with distance from the edge
of the trap plants, being highest at 2 m from the edge, then decreasing at higher distances.
RegardingL. rugulipennison lettuce two experiments were conductedseiiochemicabssisted

trap croppingtrial was supported by another test evaluating the efficdiggheromones and trap
placement. In this trial, it was found that pheromone baited traps caught significantly more specimens
of L. rugulipennisthan unbaited traps. It was also found that traps placed at ground level produced
larger catches than traps placed at the height of 70 cm. ethiechemicaassisted trap cropping
experiment, a treatment where lettuce was grown next to two-A#ida borders containing
pheromone baited traps was compared with a control treatment, where lettuce was grown near bare
soil. This experiment showed that thieovementionedstrategy managed to reduicerugulipennis
damage to |lettuce by &30 %.

From these studies,appears that trap crdgased strategy, applied alone or with baited traps, made

it possible to reduce crop damage to economically acceptable levels and to minimize the need for
specific insecticide treatments, showing that those strategy could beniemél in organic farming

as a means of controlling insect pests.
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1. TRAP CROPPING: AN AGROECOLOGICAL APPROACH TO
FLEA BEETLESMANAGEMENTON SUGAR BEET

1.1. Economic, Descriptive and Market Data on The

Production of Sugar Beet

Sugar beetReta vulgarisL.), together with the sugar cangaccharum officinarurh.), are the
two maincrops, used for the industrial production of sucrose (Egtal, 2007; ZimdahR.L.,
2004). Sugar beet is grown in35countries and provides aboli®% of the total world sugar

production. It is also important as a source for bioethanol and animal feed. (FAO, 2022).

In the year 2020sugar beetvas cultivated on 4,439,073€ectares for a total production of
252,968,843 tones(FAO, 2022).0f the global sugar beet production, Europe contributes for a
62.1 %, with 157,098,827 tonnes produced, followed by Asia3(®8, 46,219,276 tonnes),
Americas (13 %, 32,881,251 tonnes) &iddca (6.6 %, 16,769,489 tonnes) (FAO, 2022).

Nowadays, Russian Federation (RF) is the biggest producer of sugawitieet harvested area
of 916,647 hectareswhich is nearly 2% of the globalhectaressown with the crop RF
production, indeed, reaches the4ll3% of the global sugar beet produntiovith 33,915,086
tonnes. The other top sugar beet producers are United States of AmeriGD(d8th 740 tonnes),
Germany (with 28,618,100 tonnes), France (26,195,460 tgnmasiey (with 23,025,738
tonnes) Poland (with14,171,540 tonnés Egypt (vith 13,043,612 tonngsand China With
11,597,764 tonnéggFig.1).



Figure 1 - Global sugar beet production by country (Faostat, 2022).

For years, among European countriedy has beemneof the top 10 sugar beet producerg
suffered from a severe blow from tEeiropeanUnion Community reform of the sugar sector
which began in 20Q6hat led to a decreaseagproximately60 % of sugar beeproduction in 14
years(FAQO, 2022) This reformplaceda maximum production quota intended for consumption
to eachEuropearcountry:the part of production exceeding this quota had to be expoted as
biofuel or for other notffood industrial purposes, or subtracted from the following yeaiéa.

The main goals of #nreformwereto prevent price of European sugar from dropping too much,
to increase sugar sector concentrafidragrandeet al, 2017), and to create few large producers
able to compete without subsidies on world market&uiope, indeed, before the reforsugar
production waspreadn 23 Member Statesyhile, after the reform, productiomas concentrated

in thel8 Member Statethat presented the mdatvourable agronomic conditiorSubsequently,

in 2017, the end of the gtaosystem, which managed sugar in the EU, led to a liberalization of
sugar production, and consequently also of sugar beet production, which caused sugar beet prices
to collapse: from 603700 / t o n .



In Italy, thishas led, over the last decade, taastic decline of the areas destined for sugar beet
cultivation, and consequently also of its productions.(&jgand also to a decrease in the number
of active sugar refineries from 19 to just 2.

In Italy, sugar beet is nowadays harvested on 27,2 #@nes¢ for a total production of 1,831,090
tonnes (year 2020) (FAO, 2022)

Sugar beet harvested area and production in Italy, 22020
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Figure 2 - Italian sugar beet harvested area and production (Faostat, 2022).



1.1.1. Insect pests andiseases

Sugar beet is a crop that hdsrg growing season, up to 200 days, during which it may be exposed
to several diseases, including insect pestsnatodesfungal diseasesand viruses (Yamane
2016.

Sugar beet is attacked by many arthropod pests, which may cause direct injuryiotrocayge

virus diseases to the plant, causing severe economic loss (Baker, 1975). These harmful insect pests,
on sugar beets, are generally framed according to the growth phase in which the plant is attacked.
The most critical period for arthropod pdsimage is early in the season when the plants are at the
seedling stage (sugar beet are consleafisages)d t o
(Meier, 2018). As seedlings, sugar beet can be attacked by various phytophages, some parasites of

the underground parts, other parasites of epigean parts.

Among the first, wireworms, larvae belonging to the Elateridae family, can certainly be considered
among the most dangerous soil pests of a wide range of arable crops in Europe, including sugar
bees (Vereset al, 2020; Jansson and Seal, 1994; Parker and Howard, 2001; \ée@igr2005).

The most harmful species in Europe belong to the genus Agriotes Eschscholtz. In Northern Italy,
Agriotes brevisCandéze A. litigiosus Rossi, andA. sordidusllliger (Elateridae: Elaterinae:
Agriotini Champion, 1894) represent the most widespread species (Furlan and Téth, 2007; Furlan
et al, 2001; Furlaret al, 2017).

Their life cycles last b years (Furlan, 2004), where the larval stage (thealed wireworns)
represents the main overwintering stage, if not the only one. Puggg#esspecies, indeed, fall

into two main groups: species that are able to overwinter also as adulta. (8kedidusandA.

brevig, and species that cannot overwinter as adulks 4. litigiosug (Furlan, 2005).

The only stage dwelling outside the soil is represented by the adult stage, which does not damage
to crops, while the larval stage, which is the only harmful stage, lives underground.

Wireworms are very polyphagous pettat feed on seeds, roots, stems, tubers, and belowground
plant parts (Keiseet al, 2012; Traugotet al, 2015). On sugar beet, their attacks are very
dangerous especially on the first development stages of seedlings, as they feed on the first roots,
near the collar, thus inhibiting plant growth, causing plant wilting and death, subsequently
reducing crop yield. Wireworms are very difficult to control since it is impossible to know exactly
their position and the population present in the field withaatying out specific excavations or

monitoring with food traps. Anyway, strategies aiming at reducing wireworm densities below the
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economic threshold (available on maize but not yet on sugar beet) should integrate more than one
practice with a partial imgad Among preventive practices, crop rotations unfavourable to
wireworm survival and oviposition, frequent tillage (wireworms are extremely sensitive to drought
and high temperatures so tillage would expose them to more unfavourable conditions), the
incorporation of plants with biofumigant properties into soil, and the use of natural enemies for
pest control can be listed (Poggial, 2021).

Among early sugar beet stages pest of epigean parts, flea beetles (which will be deepened in
Chapter 1.2) and Atoamia can be counted.

The pygmy mangold beetl&fomaria linearisStephens, is a small dabkown beetle, 1 mm long,

native to Europe (Johnson, 1992). It is widespread throughout all European countries, but it is a
serious pest especially in centeslsterr e gi ons ( Mugka, 2007) , wher
conditions in clayey and humid soils and temperatures between 10 and 20 °C (Cochrane and
Thornhill, 1987).

Given its optimum climatic conditions, this pest attacks sugar beet seedlings in theeagy s

when they are very susceptibk. linearisdamages sugar beet by making circular erosions at
collar level of the seedlings, about 1 mm below ground level, causing them to collapse and to
failure in the fields. More rarely it erodes leaves and the hypocotyl with a diameterhiirh

causing thdissues to necrotize with the consequent appearance of bottlenecks that make plants
wither and die. The containment of the infestations is mainly based on good agronomic and
agroeological techniques, most important of which is the crop rotation and idaraeof crop

re-growth or too short rotations.

In the following vegetative phases, already developed sugar beets can be damaged both in the
taproot and in the foliar system. Taproot attacks are normally caused by Curculionid beetles, while

leaves are mnly affected by aphids and Lepidoptera Noctuids.

Among Curculionid beetles, the western sdigeet weevilConorrhynchuqgCleonu3 mendicus
Germar andLixus junciiBoheman are the most harmful species that can be found damaging sugar
beets in Italy.

Comorrhynchus mendicus an important pest of sugar beet throughout the entire southwestern
part of Europe (Hoffmann, 1966), where it can severely harm the plants in both adult and larval
stages. Adults, light or dark grey and 11 to 17 mm long, after oviemivig, start feeding on young

sugar beet plants, reducing crop stand at high population levels.



Contrariwise, larval stages, which live underground, dig tunnels inside the sugar beet taproot
mainly during late spring and summer, significantly reducirty bee quantity (for direct damage)

and the quality (settlement point for cryptogamic rottenness) of the yield (Campagna, 1999; 2001;
2002). AgainstC. mendicuscontrol measures consist mainly in preventive planning of sugar beet
field location, since amverse relationship between colonization rate of adults vs distance from
overwintering sites and sugar beet fields has been demonstrated @uwalgi@000) and trapping,

which is generally carried out by using pitfall traps, made up of plastic byzlketd in the soil,

into which crawling beetles fall and get caught. In the presence of heavy infestations, starting from
more than 3 adults caught/trap/week, specific insecticide treatments are required, generally carried
out with permitted pyrethroids.

Lixus juncii also known as sugar beet weevil, is, into the genera Lixus, which includes up about
to seventy species, the most common and harmful species found damaging sugar beet in the
Mediterranean area and in Italy (Isart, 1966; Oeetd, 1994). tis a highly polyphagous species,
especially present where sugar beets, Chenopodiacead\{epex halimus Atriplex hastatum
Spinacia oleraceaand CruciferaeRrassica campestriand Brassica oleraceagrown or are
cultivated. The adult stage prese a variable length between-18 mm, with a dark grey or
blackish colouration, with a white border under the elytra, a characteristic that distinguishes this
species from othdrixusweeuvils.

Lixus juncij after the overwinter (which is carried outdrthe ground at the adult stage), between
April and May gradually migrate into new sugar beet fields in order to feed on the seedlings and
to lay their eggs at the collar of the young plants or within the leaf peduncles. Oniikendicus

Lixus junciiadults do not cause particular damage on the leaves of young seedlings, as they feed
mainly on spontaneous species before arriving on sugar beets to mate. Each female lays an average
of 40 to 50 eggs. After about ten days after oviposition, eggs hatch antione larvae
immediately descend into the taproot by digging vertical tunnels that fill with their metabolic
residues. The cycle is completed inside the taproot from early summer month until sugar beets
harvestL. junciimakes only one generation a ydaamage is determined mainly by direct larval
feeding activity, which lowers root yield. In second place, galleries dug can become a settlement
point for cryptogamic rottenness, lowering both yield and quality of taproots.

Lixus junciicontrol is very dificult, sinceonce oviposition has taken place, there are currently no
known insecticides capable of effectively killing larvae within petioles or taproot. The control is
oriented, through visual monitoring of infestations in the field, towards choosrge#t time to

carry out specific insecticide treatments on adults in the mating phase. Adult and larvae parasitoids

are also reported. They are represented mainly by the Diptera TachiRmtzdania cucullata



RobineauDesvoidy (on the adults) arifeuxia inereaMeigen (on the larvae). Other parasites
reported are the hymenopterRimpla roborator Microbracon intercessqr Eurytoma

curculionum

Among pests of the leaf system on developed sugar beet plants, aphids certainly represent those
that concern farers more because of both damage they directly cause to plants, but more because
of act as a vector for the virotic yellows. Black bean aphph{s fabaescopoli) and green peach

aphid Myzus persica8ulzer) are the two main aphid species found damaggay Heet (Dewar

and Cooke, 2006; Dewar, 2007). The black bean aphid has dark body, around 1.5 mm long, while
green peach aphid body is yell@reen and teardreghaped, around 2 mm long. Both aphids
overwinter as eggs on their primary host, respectivaiyesspontaneous species (eévjoburnum

spp andEuonymus spp for A. fabaeand peach or other stone fruits fdr persicag(Ferrariet

al., 2006). On these primary hosts they complete few spring generations, from March to May,
before gradually moving oto the secondary guests, which include sugar beet. Damage on sugar
beets is partially due to direct damage, caused by the pricking on the leaves and the injection of
saliva, followed by the sucking of the vegetable juices. Leaves, if intensely affettednta

rippled appearance with crumpled edges. Plants attacked by aphids are also threatened by the
aphids abundant production of honeydew that smears the organs, causing partial asphyxiations as
well as favouring the development of black, sooty molddweec the leaves and reduce plant
photosynthetic ability. As already mentioned, however, the greatest damage derives from the
aphid's ability to transmit virosis (indirect damage). Both aphid species are capable of transmitting
Beet mosaic and yellowing us (BMV), even though black bean aphid is less dangerous as virus
vector than green peach aphids.

In general, small aphids infestations are well controlled by the natural enemies of the aphid such
as many Ladybirds, Hoverflies, Chrysopids avatious Hymenoptera. However, if heavy

infestations occur, specific aphidic treatments are required.

Finally, on developed sugar beet, several Lepidoptera, belonging to the family Noctuidae can be
found damaging leaves. Among theAatographa gamma., Mamestra brassicae., Mamestra
oleraceal. andSpodoptera exiguBtbner are considered the most dangsr

A. gammas a very polyphagous pest; more than 200 host plant species are reported (Nash and
Hill, 2003). It is widespread throughout Europe, Asia, and Northern Africa (CABI, 2007). One of
the main host plants is represented by sugar beet, on wigidarvae cause economic losses by

feeding on leaves, and subsequently reducing yields.



M. brassicaeandM. oleraceaare known pest responsible for severe crop damage of a wide variety
of plant species (Castellari, 1968). In particuMr,brassicag whos common name is cabbage
moth, feeds on many fruits, vegetables, and crops belonging to theRyassga(e.g., cabbage,
broccoli, brussels sprouts) (W al, 2015).M. oleraceaalso show preference for Brassicaceae
crops, as well as Chenopodiaceae Bagilionaceae. LikewisA. gammaM. brassicaeand M.
oleraceadamage is delt by larvae. Indeed, once the eggs have hatchedomelarvae live on

the lower page of the leaves, at the expense of which they feed by gnawing the epidermis and the
parenchym, generally respecting veins, and petioles.

The beet armyworn. exiguais a phytophagous pest that has a wide host range and feeds on
more than 170 plant species, including sugar beet (Zbamad, 2011; Goodarzet al, 2015).
Similarly to other Noatidae, damage on sugar beet is caused by larval intense feeding on leaves,
which can lead to significant yield loss. Moreov@r,exigudarvae feeding on the taproots near

the soil opens the way for the entry of pathogens which cause heavy loss.

To contrd these pests there is a wide range of effective and specific insecticides. It is important to
alternate them in order to limit the reported phenomenon of resistance (MeiLigtigri999), and

to correctly time treatments against the first generationseseach female will give rise to
hundreds of individuals.

Among fungal disease€,ercospora leaf spot and Sugar beet rostaie the mostlangerous and

can cause severe economic damage if not properly controlled. Indeed, Cercospora leaf spot (CLS),
cau®d by the hemibiotrophic fungu®ercospora beticol&acc., is the primary foliar disease of
sugar beet worldwidand can cause yield losses around 20 % every(Véalland and Koch,

2004; Jacobsen and Franc, 2009; Kaaal, 2009 Secoret al, 201Q. CLS infectionsymptoms
generallypresent as necrotic purple or fiebwn round spot lesionsf initially 0.2V 0.5 cm in
diameter across the surface of mature leastissequentlyoalescing into leaf necrosiahich

| ower s t phhetosymtheticn abift sand reduces sucrose production and root growth
(Harveson, 2013; Duffus and Ruppel, 1993)e control of this disease in the field has historically
relied on the use of coppétowever, recently, following the limitations on the quantities of copper

to be used in agriculture, more reliance is placed on interventions with synthetic chemical
fungicides, mainly based on Tetraconazole, Prochloraz, Difenoconazold~eanptopidin
Moreover, to reduce the use of these chemical products, and consequentlyvinemental
impact, their application is nowadays guided by specific forecasting maddhelse models have

been developed thanks to the understanding of the optimum environmental conditions for the
beginning ofC. beticolaepidemics (elevated temperatuneymidity, and leaf wetnessand are

capable opredicting the onset of the disease in the field (Bleiholder and Weltzien, 1972; Pool and



McKay, 1916; Shane and Teng, 19883. for anagronomicmethod tocontrol the disease, there
are somesugar beetarieties that are resistant or toleranCtdeticola Thesevarieties, however,
havehistorically showna lower yield than traditionausceptiblevarietiesbut, nowadaysyield
performance of recent varies with resistance t6. beticolacaught up with susceptible varieties

due to breeding progreégogel et al, 2019.

Dampingoff and root rots, mostly caused by sbdrne fungi and some bacteria, occur in almost
all of thesugar beeproduction areasf the world. Among the root rot pathogeAghanomyces
cochlioidesDrechslermandRhizoctonia solankihn represent the most important disease complex
on sugar beetdut Phoma betadjorl, Pythium spp andPhytophthora drechslefTuckerhave

also been listed gsotentialagents of sugar bedamping off androot rot in manysugar beet
production areaglacobsen, 2006; Harvesenal., 2009).

Aphanomycesochlioides which is the causal agent of black root rot, is found in ségegar

beet growing areas of USA, Canada, England, Europe, Chile, and Japan. For the infection and
development of the fungus warm temperature (betwee2822) and wet soilsare required
(Jacobsen, 2006). Depending on the environmental conditions and theygoiesil infestation,
economic losses can be up to 100% (Windel$ Brantner2000).A. cochlioidess able to cause
both a chronic seedling diseafienown as black rodtand a chronic root rot phasBlack root
symptoms usually start with the appearance of greyiatersoaked lesions ahe stems neathe

soil level turning darker over time and extending upward the stems, causing them to turn black.
Root rot symptoms, instead, begin as yellow brigl, watersoaked lesions, which extend inside
the root, becoming dark brown or even black as the disease prdgtesslly occurs as tipot

but can occur anywhere on the root.

Rhizoctonia root and crown rot (RRCR), which is caused by the fuRlgizectonia solaniKihn

AG 2-2,is a widespread disease wherever sugar beet is grown, aspreasdver a largeartof
Europe andUSA in the last decadg(Bittneret al, 2004; Marlandeet al, 2003; Liuet al, 2019)
Indeed, i is presenin more than 25% of the sugar beet production aféae USA and in 510%

of Europe(Windelset al.,, 1997; Haverson, 2008).

Rhizoctoniasolaniis an endemic, soilborne pathogen that lives in soil independently of the host
presence, compeg with the mcroflora and depemidg on host plant and on environmemtly to
propagate over space and tirfeneeset al, 2010) RRCR is generally correlated with the
development ofhe vegetation on the planas a result, it mainly occurs towards the end of the
seasa and on older plan{#ilinhitter et al, 2011). On infected plantstarting from the petioles

in contact with the ground, black lesions appear at the base; subsequently, rot spreads to crown



and roots. As the disease progresses, the first symptoms abgean the epigeal apparatus,
which include severe wilting, collapse and yellowing of leaReot rot then develops, forming
circular black lesions, which often clump together to cover large root surface areas (Herr, 1996;
Windelsand Nabben1989).

Severity of the disease has been positively correlated with favourable temperature conditions
(optimum temperature for pathogen growth isZ83C)andwith irrigation (igher soil moisturg

(Baker and Martinson, 1970; Rush and Winter, 1990; Windels andrigna 2000).

Worldwide, significant economic losses are caused by RRCR, depending on the extent of the
disease attack, and varying from field to field, reaching up to a 60% yield depR=iohalomaus

et al, 2017; Allenet al, 1985; Buhreet al, 2009.

Rhizoctoniasolanidisease management on sugar beet inslwgwgicide application during seed
treatmentor at 6-8 leaf stage in some countriemd crop rotation but, since the pathogen is
endemic in all sugar beet growing areas and is a soil inngltii@se measures are of minor value

in control (Whitney and Duffus, 198@Resistant or tolerant cultivars to Rhizoctonia are present
but are usually correlated with lower yield, fret® to-15% compared with susceptible varieties
(Panella and Ruppel996).

Another important fungal disease that, if not properly treated, is able to cause yieldupgses

30 %on sugar beetis powdery mildew, caused lBrysiphe betaéFrancis, 2002)Nowadays,
powdery mildew can occur in almost all sugar bgmtwing areas, but it is better adapted to
environmental conditions of serarid regions with warm, dry climates and large diurnal
temperature fluctuations (Neher and Gallian, 20E3)hetaeinfectionstypically begin on older
leaves, mainly on the junom between lamina and petiolEhe first symptoms present as small,
scattered, circular, white dulte mycelium colonies that grow over both leaf surfadésder
favourable environmental conditions the disease progresses, and the colonies coalesue infect
all the leaves, making the plant take on a dusty white appearance. Heavily infected tissues develop
chlorosis and suffer early senescence. This disease is comeoairglled by using sulphtlvased
fungicides, theusageof which started in the 1970against powdery mildewand has been

increasing sincéhen(Byford, 1996)

Among other significant sugar beet disease, Rhizomania plays a particularly important role.
Rhizomania disease was discovered in Northern Italy in 1959 by Canova. He witnessed
occurences of poorly growing sugar beet crops,

presence of an abnormal proliferation of dark necrotic roots (McGataaln 2009).The cause of
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the disease, however, remained uncertain until 20 yearsvdien, in Japan, a virus, named Beet
necrotic yellow vein virus (BNYVV), was isolated from infected sugar beet p{@arsnada and

Baba, 1973). BNYVV is transmitted by the widely spread soilborne protétiiginyxa betae
Keskin (Fujisawa and Sugimoto, 197Blpwadays Rizomaniais a serious thredhroughout the

major sugar beet growing regions of the world, causing severe yield losses in the absence of
effective control measureflamada, 1999; Lenneforst al, 2005) The first symptoms of
Rhizomania disea&sin sugar beet occur with ligigteen or yellow patches in the field, usually
early in the growing season (Padt al, 2011). On roots, Rhizomania symptoms include
characteristic proliferation of fibrous secondary and tertiary roots around the tapheatot,
eventually become necrotic and give the root a bearded appearance {Rotend] 1985; Putz

et al, 1990).

Sugar beets is also severely threatened by nematbdesrticularly, he beet cyst nematode
(BCN), Heterodera schachtschmidt (Schmidt,871) causes major yield losses in sugar beet and
other crops worldwide. It has been acknowledged as pathogen of plants in 1859 in Germany
(Schacht, 1959), but it is now widespread in most of thedresting areas in the world, causing

yield losses up to®%6. Even though its name, it hageaxy wide host range outside sugar begts

is able, indeed, to infect more than 200 plam®stly of which are plants of the families
Amaranthaceae (many speciesB#ta and Chenopodiumnand Brassicaceae (Franklin, 297
Heteroderaschachtiiis a parasitic roundworm. Its life cycle begins with the hatchirngexdggs

inside the cyst, which is the body of a dead femEthenew-bornjuveniles remain dormant inside

that cyst until they come in contact with a root of a host plant which has grown near the cyst. Then,
if the soil moisture is adequate, juveniles are stimulated by root exudates to emerge from the cyst.
Subsequently, juvelds infect fibrous roots near the root tips, where they enter to develop into
adults. Adults become sedentary and will undergo a series of multiple nadtdtsseveral moults,

adults emerge from the root and enter the soil, where fdmatbeir eggsA female, generally,

is able to lay up to 200 eggs, some of which are laid isdhgout the majority of the eggs remain
inside the body of the female. Once reached maturity, the female dies, and her body hardens and
transforms into a browreddish cystcompleting the cycle. To complete the cycle, four to six
weeks are required, depending on soil temperature.

Heteroderaschachtiiis able to parasitize sugar beet roots of different ages. The most dangerous
damages are those to sugar beet seedling, thaewem be killed, with the result of lower plant
densities. If the infection occurs on a young plant, it may develop elongated petioles and remain
stunted until harvest time. Infected plant, generally, present wilted leaves, especially during the

hottest lours of the day or with low soil moisture. Leaves can also have pronounced yellowing,
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well visible in the field. Regardingndergroundsystem, infected plants present small taproots,
which are severely branched with excess fibrous roots often referred'bearded'(Biancardi,
2010). These symptoms are generally less noticeable when older plants are iDi@ctage to
plants is greatest in a dry summer, when plants are stressed, following a wet spring, which is
conducive to nematode infection.

To controlsugar beet nematode, one of thest effectivanethodss the rotation with a nehost
crop, which may include wheat, barleyaize and alfalfa.Also, the early sowing, carried out
when soil temperatures are relatively ganhy help in reducingamagesince pantscan grow
when the nematode is still underactive to better tolerate its attacks in an oldeoragere, lie
most effective and economic approach to corttroschachtiion sugar beets growing tolerant

or resistant cultivardMany of those cultivars, when infectéeg juvenilesof H. schachtij which

can establish a feeding sitts syncytia degenerate before nematode maturation, lteteging
lifecycle competition (Caet al, 1997, Yu and Steele, 1981)

1.2. Fleabeetles (Chrysomelidagiticini)

Flea beetles are small, jumping beetles, which belong to the leaf beetle family (Chrysomelidae),
to thesubfamily Galerucinaand to theribe Alticini Spinolg which counts more than 80 genera.

Of these, species belongi to genusChaetocnemdatephensAltica Geoffroy, and Phyllotreta
Chevrolat in Dejeamre the ones most often found to cause damage to sugambgatticular,

the mainChaetocnemapecies present in northern Italy environmenCiaetocnema tibialis

llliger (Biondi, 1990a; 1990b)while among gegra Altica and Phyllotreta several species are

greatly widespread in northern Italy
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1.2.1. Morphology

Chaetocnemaibialis adulthas abody lengthof up to 2mm and awidth of around 1Imm. Body

ratio are reported in literature (Kstantinovet al, 2011).The ratioof elytra length at suture
compared tanaximum widthis 2.56-2.82. The rati@f pronotum width at bassmparedo length

at middle is 1.56-1.85. The atio of elyta lengthat suturecomparedo length of pronotum at
middleis 3.023.45.The m@tio of both elytré width at basecomparedo pronotunmwidth at base

is slightly overl.1. The mtio of both elytré snaximum width comaredto pronotummaximum

width Isaboutt5. Thi s pest 6s body colour is, therefor
mostly bronzish. Elytrpresenbn bothsidessingle rows of periscutellar puncturesvith the first

row from the centréeing shorter and just frothesecond to the sixttow being regular in length

(Fig. 3).

The head is hypognathous and presents, between antennal sockets, a narrow and convex frontal
ridge with a width ratio compared to antennal socket width of abo@t Héad also presents a
well-defined and relatively deepigrafrontal sulcus. Frormesentselatively long setae on sides.

The head grtexis mostlyflat, with, on its sirface 8-10 or 35 punctures near eyAntennae are
divided into 11 antennomere, mag which are yellow or partially dark brown coloured.

Pronotum is alstronzishin colour, with its sides slightly convex and maximum width near the
base, which does not prestntgitudinal impunctate strigContrarywise, theraa adjacent to mid
bas@dmargin of pronotunis covered with punctures.

Chaetocnemétibialis tibiae are generallgrown, rarely yellowitsfemurs are also brown in colour
Chaetocneméibialis ma | ar€t grotafsomereés slightly longer and wider than tlsecondone

First male metatarsomere is also longer than second one, with a ratio of about 1.6, but is slightly
less wide. Third male metatarsomere is about 2.5 times longer than the fourth one. Metatibiae
present a sharp, large lateral denticle. The total metdingthcomparedo thedistance between
denticle and metatibial apéxabout triple

SinceC. tibialis is similarto C. breviusculaC. delarouzeeiC. lubischeviandC. schefflerithese
species can be best recognizedriwestigatingthe shape of thaedeagughe proportions of the

body and soméifferencesin punctation ofelytra andpronotum.In C. tibialis, the aedeagus is
generally cylindrical along its length with the apex strongly curved ventrally in lateral view, with

a poorly differentiated apal denticle.
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Figure 3 -from Konstantinoet al, 2011. Chaetocnema tibialis; A, habitus, dorsal; B, pronotum, dorsal; C, head,

frontal; D, aedeagus, ventral, lateral, and dorsal; E, tignum; F, spermatheca; G, vazail

Adults of the genud’hyllotreta share several common morphological characters. Their body
generally ranges frorh.50 to 3.62 mmwith anelongate ovashapeFemale specimens are usually
bigger than males he surfaceof their dorsal part of the body glabrous lightly pubescenjust

in the ventral partThe elytra surfacean be unicolor, generally completely dark withiformly
punctaion or can preserd median pale stripe evenl or 2 pale stripes on each elytr@ig. 4).

The antennahave 11 segmentsandtheir length is about hatif the bodylength Regarding their
legs, they present a narrow and hollowed dnd kibia, close to tarsumsertion They also present

a smallspurin the hind tibiainserted about theiddle of the tip of the tibia (Duff, 2018\mong
Phyllotretagenuswhich includes over 300 specwsridwide, there are several important species
in Europe and also in Italy, e.gRhyllotreta cruciferaeGoeze Phyllotreta nemorumL.,
Phyllotreta striolata Fabricius, Phyllotreta undulataKutschera, Phyllotreta atra Fabricius,
PhyllotretanigripesFabricius, andPhyllotreta vittulaRedtenbacheihese species are not specific
pests of sugar beets, even though they can still have an economic importance on this crop,
depending on theveed infestation and thieoccurrence on neighbouring crops
Phyllotretacruciferaeadults(Fig. 4)areabout 2mm long with anunicolorous shining, blue black
elytra The elytra are also covered with a thick punctation, as well as the profidtarantennae

are slendermostly black coloured with the exceptia of the first 23 antennomess which are
paler (Chittenden, 1927t also hashe tarsi ambeor darkambercoloured Phyllotretaatra and

14



nigripesare similar in dimensions, colour, and shéipg. 4). Phyllotretaatrad body is entirely

black, except for the second and third antennomeres, which have a yellowish tin®.wagiepes

has bright bronzgreen, with bluish reflections colour, with black antennae. The dorsal part of its
body is characterized by a fine anehde punctuatio(ig. 4).

Phyllotreta striolata adults (Fig. 4) are slightly over2 mm long (Smith, 1973).Their body is
mainly black, with a median yellow stripe oach elytronjncurved apically but never meeting at
suture.The antennaareblack orbrown, with the basaP-3 antennomeretestaceous.
Phyllotretanemorum, vittula and undulatare similar toP. striolatain dimensions, and shape,

but can be distinguished by some key aspects of elytra colouration. In particular, the d¥ytra of
nemorumare mostly black but present yellow stripes, slightly inward curving at base and more
prominently at apefFig. 4). Phyllotretavittulab s body i s, for most, bl :
on the pronotum, and with narrow yellow stripes on the elffirg. 4). Phyllotreta undulata
presents a black body, with yellow longitudinal stripes prominently curved towards the apex of
the elytra(Fig. 4).

Figure 4 - Upper row, from left: P. atra, cruciferae and nemorum. Lower row, from left: P. nigripes, striolata, undulata

and vittula.
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Finally, gecies belonging to genuAltica are hardly distinguishable, based on external
morphological differences. To ensure the correct identificatiba,examination of internal
genitalianeeds tde used, even though molecular analyspgesentshe most reliable way (Ruhl
et al, 2010).Indeed most species of the genfiltica sharecomparable dimensionan elongate
oval shapeandpresent metallic blue to green elytrghich protect a similarly coloured metallic
body that reflect purple and bronze colo{irsSage1995).All Altica spp presentound eyesind

filiform antennaevith 11 segments.
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1.2.2. Host plants

Chaetocnemabialis is reported to be a very polyphagous pest, with a wide range of host plants,
which include both cultivated and spontaneous crops eBgta vulgaris (Bargagli, 1878;
Heikertinger, 1925; Jolivet, 1967; Furth 1985pinacia olerace@Nonveiller, 1960), and several
species ofsalicornig Atriplex, ChenopodiumPolygonumand AmaranthugPeyerimhof, 1915;
Nonveiller, 1978; Heikertinger 1951; Biondi, 1990a 1990b; Doguet1994; Ghadiri 1990.
Moreover, other similar species Ghaetocnemaenus are reported to feed on plants in the
familiesAmaranthaceaeAsteraceagBrassicaceagCannabacea€heropodiaceagCyperaceage
FabaceaeJuncaceagPoaceaePolygonaceacRosaceagandSalicaceadAugustinet al, 1986;
Clarket al, 2004.

Phyllotreta sppare oligophagougeststhat aremainly attracted by sever@rassicaceaspecies

and related plant families in the order Brassicalgs, Resedaceae, Cleomaceae, Tropaeolaceae
(Gikonyoet al.,, 2019).

Many species in the genidtica showa relatively broad host rang@ne of he preferred family

of host plants foAltica spis Onagaceae, which includes popular ornamental pléDiark et al

2004) but several species are also attracted by RosdeseaceagCorylaceagComaceagand
different Brassicaceae species eSjnapis arvensjBrassica spp., and Raphanus satiyiagrth,
1980) Weedy plants such &pilobiumspecies may also be host plantsgomeAltica species
(Pettiset al 2004).

1.2.3. Biology

In northern Italy C. tibialis overwintersatthe adult stagegenerallysheltered in the ground at the

base of wild plart at the edges of cultivated fiel@&ubsequently, at the start of the spring period,
generally in between March and April (anyway when temperature is aB®VER hey emerge

and move to the new fields where sugar beets have been sown arehieagedto begin their

trophic activity. Temperature is one of the most important parameters that drive Chaetocnema
species exit from hibernation and starting of feeding actii®jC, for different speciesf the

genus representse optimum (USDA, 1961 Adultscontinue their feeding activity for abou3?

weeks fter emergenceefore becommg sexually matured (Wildermuth, 1917).

Subsequentiythe adults mate and lay theggs irto the soil near host plants at a depth & 8m

(Davidyan, 2008)Chadocnemaeggs aregenerally yellow white in coloyroval in shape and
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semitranslucentyery small @bouthalf amm long. The egg stagean last fron2 weeks to 1
month, mostlydepending on temperature.

When eggs hatch, the ndwern larvae descend intoehground, without causing economic
damage, then thgyass through three instars and mature in abhaabnth Most of Chaetocnema
larvae are whitewith blackhead, pronotal dorsal plate, legs, and abdominal sclétg&age and
Majka, 2010)Full-grown lavaeare4-5 mmlong. After maturation, larvae leave the plant in order

to pupate into selfonstructed earthen cell in the soil.

In northern ltaly, these pupae give rise in the summer period to new adults, which can either
overwinter directly or,under certain favourable climatic conditions, can originate a second
generation. This second generation usually does not cause economic damage on sugar beets
because plants are grown enough kgt ttme. Second generation adultsed on the leaves of
plants fromPolygonaceaandAmaranthaceaéamily until middle Septembewhen theymigrate

to hibernatiorsites

Most of the species belonging to the geRbgllotretashare many similar biological aspects. Most
species overwinter as adults in a stateepiroductive diapause into the soil or in leaf litter near
damaged, generally cruciferous, fields (Vig, 1998; Vig, 20B8)m overwinter, adults generally
emerge in early springmid-end march}o start migrating into first crops, which include sugar
beet in orderto feed and matd2hyllotretaactivity is mainly driven by air temperature. Indeed,
they begin being active just when daily maximum temperature reaches 14°C (Lamb, 1983).
Oviposition occurs several centimetres deep in the soil at the basst pldrts, generally during

the night periodMost of Phyllotretaeggs are pale yellow coloured, elongate oval in shape, and
about half a mm in length. (Meister, 1968Bhe duration of the egg staggnges from few days up

to 3 weeks, depending on temperatkgnoshitaet al, 1979). Temperature threshold for egg
development is 11.2°C.

The newborn larvae are almost transparent in colabgut a mm longwith large head and anal
plates in proporton to the remaining parts of the bod®hyllotretalarvee presentthree instar
stagesduring which they grow bigger up untit&mm (third stage larva). Near the end of larval
development, larvae stop feeding to begin their pupal stage. The duratovabttage generally
ranges from 3 to 4 weeks.

Phyllotretapupae argenerallywhite in colour, 2-3 mm long, aneéxaratePup al st age 0 s
ranges from around 10 days to 2 weeks.
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Therefore,Phyllotreta speciespresentan average life cycléom eggto adultemergence that
ranges from 1 to 2 month, depending on climatic conditions. Adults then are capable to live up
until 40-50 days, with pakof flight activity generallyin late April-May.

Phyllotretacan present both univoltine and multivoltine population. Thember of generations

per yeay indeed,dependsessentiallyon locations Multivoltine populations ofPhyllotreta are
reported, for example, in India, whef. cruciferae can even present-I1l generations
(Bonnemaison, 1965). Contrariwise, in northern Italy, generally, only one generation of the insect

occurs annually, with the possibility of a second summer generation, less important.

Altica species also overwinter as adults, inside their lpcgeses in the top-2 cm of soil or leaf

litter. From there, they emerge in early spring to feed on the foliage of their host plant (Lee and
Shim, 2003). After a short period, they reach sexual maturation and start mating. Eggs are
generally laid on thepper or lower surfaces of the host plants leaves. EggsZreri long, oval

in shape and hatch after about a week after oviposA®Boon as eggs hatchetnewborn larvae

start feeding on host plants leaves. Maitjca species show gregarious belwawi, when feeding.

They are generally dark coloured, from brown to black, and are around 5 mm long. They go
through three larval instars before pupating into pupal cases constructed, using mucus, into the soil
(Pettiset al, 2004).Altica speciegnay prodice one to three generatignsryear, depending on
location (Chappelét al, 2012) atnorthern latitudeghey typically showunivoltine generatios,

butat lower latitudesthere can be two to three generations per.year
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1.2.4. Damage

Chaetocnemaibialis damage on sugar beet is determined by the adult stages, which, with their
robust chewing mouthparts, carry gatallroundish erosionél mm in diameterdn the leaf limb.

These erosionenly affect the mesophyll and the lower epidesn@enerally, indeedhe upper
epidermisis left undamaged, busubsequentlyit necrotizes and detaches the leaf grows
creating a peening of tHeaf, which is perforated in several pointdecreasing photosynthesis
capacity Sometime<. tibialisfeed on the stem in additiontotheleayeBa gok, 2006) .
If the attack is precocious and affects the young seedhmigjs,plants at cotyledonary stage,
serious failures can occur, due to the death of the seedlings thembelees, when thplant is

at the cotyledon stage, one flea can cause 33% damage per day, three fleas up to 62% and five
fleas can cause as much as 90% damage to the (Maceljski, 2002. Sugar beets most
susceptible period for flea beetle damage ranges from cotyl¢dga ® 63 true leaves stage;
subsequently, the plantdéds capacity to well t
Contrariwise, the larvaevhichlive in the ground, in the rhizosphere, are not considered harmful

to sugar beet

Similarly, other flea beetle speciektbe gener@hyllotretaandAltica can cause direct damage

to sugar beet, which is dealt by adult stages. Adults generally gnaw small pits or holes on the upper
epidermis and parenchyma of the leaves. Those, during heavy infestations, can merge to form
larger holes ontheleaves f i rst reducing plantés pléaees osyn
may wilt, leadingto severedelay in plant growth and yield reductioRdpov, 1958 Larvae,

instead can occasionallynjure roots or mine leaves other hosplants; indeed, they usually are

not harmful to sugar beet

Moreover, flea beetle larvae and adults are also able to cause indirect damage to plants by the
transmission of pathogens from infected cruciferous plants to healthy ones during (Bdtind

et al, 1998; Saharaet al, 2005; Shelton and Hunter, 1985; Stobbal, 1998.
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1.2.5. Control measures

In past years, anagement of flea beetle infestatiowss generally carried out with seed
treatments, based on neonicotinoid (maimidacloprid and thiamébxam) coatings of the seeds.
These treatments have shown good efficacy in controlling not only flea beetles early infestations,
but also those of wireworms and sugar beet weevils at low population (Viric Gasparic, 2021).
However, ecently, following theEuropeameonicotinoid banthe use of the active substances
imidacloprid, clothianidin and thiamethoxam in the field has been completely prohibited because
of the risk to bees. Therefore, sugar beet producegomained without an iportant defence
weaponwhile pest pressure is rapidly increasifgr this reason, more and more attentsdseing

paid to the study of effective control alternatives that allow to manage these dangerous pests for
the time necessary so that sugar beetsia longer susceptible to their attacks.

Regarding flea beetlefirst step to correctly manage their infestations surely is monitoring. It
should be carried out as soon as sugar beets start to emerge. It can be realized both by visual anc
traps monitomg. Visual monitoring should be aimed at the assessméoatlothe number of flea
beetles infesting plants and the number of
representative areas of the field. Traps monitoring, instead, can be carried placing some
chromeattractant yellow glue traps among sugar beet plants and by counting the total number of
flea beetles captured from cotyledon stage-8tfuie leaf stage.

Following the Integrated Production Regulation issued by Enfanagnaregion (northern

Italy), damage threshold, above which it is advisable to carry out a specific insecticide treatment,
areset as follows:

- presence of any holes on the cotyledons.

- presence of 2 holes/leaf on plants with 2 true leaves.

- presence of 4 holes/leaf on plants with 4 true leaves.

Exceeded these threshold, insecticidal treatments are carried out using permitted insecticides,
mainly based on etofenprox, lambda cyhalothrin, cypermethrin, and deltamethrin. However, the
use of cheneal insecticides to control these pests should be linaisaishuch as possibleecause

of its hazardous effects on the environment and because some chemical substancesidoeld

into leaves opulp.

Moreover, those chemical insecticides could onlyde in in integrated or conventional farming,

but from an organic farming perspective, those are obviously not permitted.

21



For this reason, nechemical methods to manage flea beetle infestations are required in organic
farming.

Noteworthyagronomic practicethat can contribute to reduflea beetles damage on sugar beet
seedlings (excluding tragropping technique, which will be deepened in chapter 1.3), are those
which enhance a fast germination of the seed and promote seedling grawtas simely sowing

and the use of healthy and large seed for planting (Edtiatt, 2008; Milbrathet al, 1995). Also
conservative tillage can show a reducing effect on the pressure of flea beetles infestations (Dosdall
et al, 1999).

In literaturesomee x ampl es of natural enemies are al so
and larval forms. The main natural enemies of flea beetles are hymenopterous wasps (Ulber and
Williams, 2003) such as the braconiddicroctonus spp.and Townesilitus spp but their
contribution to the management of flea beetle infestations is limited (Knodel and Olson, 2002).

A restricted level of predation by some generalist predators, such as lacewingQdmyaeerla

spp), and damsel bugdlabis spp has alsdeen reported (Knodel and Olson, 2002).

Moreover, @erwintering flea beetlesand larvaein the soil are susceptible tsoil-dwelling
entomopathogenic nematodes belongingSteinernematidaend Heterorhabditidaefamilies
(Ambrosino, 2008

Furthermore, th entomopathogenic fungal spediEauveria bassiangals.- Criv.) Vuill. and
Metarhizium brunneunfPetchhave shown a good efficacy in reducing flea beetle damage and
population density (Reddst al., 2014).

Finally, a biological control agentsf C. tibialis havealsobeen reportedBelonging to thegroup
Microsporidig which includes some othe most important pathogens of insedibsema
chaetocnema@Microspora) represents the first parasitic microsporidid identified fComibialis
(Yamanand Radek, 2003Nosemayenus counts several species, parasites of different insect pests
(Handelet al, 2003; Hokkanen and Lipa, 1995; Lipa and Hokkanen, 1#82N. chaetocnemae
represents the one specific 1Or tibialis; it is, therefore, of a pentially great importance and

interest in the future management approach to this pest, from an organic farming perspective.
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1.3. Trap-cropping technique

Trap cropping is an agronomic practice, which can be well implementetaigroecological set
of practices as it fits into the ecological framework of habitat manipulation of an agroecosystem
for the purpose of pest management (Shelton and Ba@ameg, 2006)0One of the most withessed
definitions of trap c¢ops cts®motheromaniamstike sematodess ¢
to protect target crops from pest attack, preventing the pests from reaching the crop or
concentrating them in a certain part of t he
(Hokkanen, 1991 This definition, witch impliesthat pests always show a differential preference
between the plant used as a trap crop and the plant to be prétastedrop)has been questioned
for its limited view. This definition, indeed, places a lot of emphasis on the key concept of
differential preference. In some trap cropping systems, however, this difference in terms of pest
preferences does not occur as, for example, it is the same species of plant to be protected that is
utilized as the trap crop, if grown in a particular spatidgemporal manner.
A broader definition of trap cropping has thus been proposed by Shelton anteBRdeez in
2006. They defined trap crops as fAplant st art
attract, divert, intercept, and/or retaargeted insects or the pathogens they vector in order to
reduce damage to the main cropo.
Therefore, trap crops aim to protect thecatied cash crop mainly byateriallypreventingpests
from reaching the crop or by making them gather where they camabaged without causing
damage to the protected crop (Landisal, 2000).This aim can be achievethrough time or
spatial manipulation of plants in order to offer host plants to concentrate pests in a desired site
with the correct timing.
In organic faming, where pest management is carried out mainly through habitat manipulation or
other biological control practices (Zehndetr al, 2007 Klopatek and Gardner, 1999trap
cropping permits the enhancement of biological control, offering greater hott glaersity for
natural enemies while simultaneously complicating the pest habitat. Indeed, trap cropping
represent an example of crop species polyculture, which often leagsettdamagereduction
compared tanonocultures within a given aréandow, 1991; Letourneaet al, 2011).
There are some key aspects in a trap cropping design to be successful. Firstly, it is important to
correctly match the volatile compounds released by the trap crop species wéhg#iegest to
control; indeed, different trap crop species can release different volatile compounds, capable to
attract or repel different pests and natural enemies (Dicke and Hilker, 2003; Reddy, 20682; Zhu
al., 1999). In this regard, since a mdompound blend has proved to be more attractive than a
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single chemical constituent, the pairingdifferenttrap crop speciesanprovide longr attraction

effects on insect pestsAnother important aspect for a trap crop to be effective is the similarity in
terms of agronomical requirements, mainly light and temperature demands, with the crop to be
protected. The spatimporal deployment of the trap crop around the cash crop is also a

fundamental aspect to be taken into consideration for its effectiveness.

There are indeed mamgodalities of trap cropping, classified depending on plant characteristics

or on plants deployment.

Based on trap crop characteristic:

- Conventional trap cropping: it is defined as femeralpractice in which, next to a high value
crop, a more attractive trap crop species is grown in order to offer to pests a preferred food source
or oviposition site, thus reducing the arrival or the dgeto the main crop (Javaid and Joshi,
1995).

- Deadend trap cropping: it is a trap crop modality, in which plants used are very attractive to
pests, but on which they or their offspring is not capable of surviving (Shelton and Nault, 2004).
These plantsra, in this way, used as a sink by pest in early season but avoiding their future
movement from trap crop to cash crop (Baddpemezet al, 2004).The deaeend effect of trap
cropping can also be achieved by treating them with conventional insecticides.

- Genetically engineered trap cropping: this technique consists in the planting of genetically
modified plants, which still needs to be more attractive to the targeted insect pest, around the
main crop. An example of this trap cropping methodology isetily plantings ofBt potato
(potato plants which have been genetically engineered to express protein8dins

thuringiensi$ to trapLeptinotarsa decemlineataopulationson later cultivated potatoes.

Based on deployment of the trap cropping:

- Perimeter trap croppinghis term refers to trap crop planbtataresown or planted around the
borders of the cash cr¢gBoucheret al, 2003), generally surrounding the edges of the field. This
practice is the most used in common IPM pest controlegfieg based on trap cropping. It is a
very useful control strategy for pests which moves to fields from overwintering sites next to the
crop(Pottinget al, 2005)

- Sequential trap croppingt indicatestrap crops that arsown/planted earlier and/or late
compared tdhe main cropin order to express r a p attrachiveriessowards the desired

pess, luring their population away from the cash crop for the most delicate and serious moments.
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- Multiple trap cropping: this termefers tothe planting oflifferent trap crop species at the same
time, aiming at either managing different pests simultaneousliyincreasinghe control obnly
one pest combining plangtractive b the pest at differerstages

- PushPull trap cropping: this tragropping modality will be further deepened in Chapter 2.3.

Some other trap cropping modalities are reported e.g., biological cassigted and
semiochemicals assisted trap cropping, and can provide important contributions to pest control.
Trap croppingdesign and deployment need to be specific for each target pest; therefore,
knowledge of pests behaviour is necessary in planning a trap cropping design.

The required size of the trap crop is also a function of the pest species and of its expected
populatons and mobility, but, generally, the proportion of the trap crop ranges from 10 to a

maximum 20 % of the main crop area.

Regardless of trap cropping methodology implemented, the technique offers several advantages.
These include both economic and eamimental benefits such as: the reduction in pest damage on
the cash crop (if the strategy is successfully applied), the lesser need to apply specific insecticidal
treatments, the improvement in crop's quality, the better soil and environment consetivation,
higher production, the enhancement of biodiversatyd the conservation of natural enemies.
Generally, indeed, the savings resulted from lower pest damage and insecticide use can outweigh
the costs of trap crops maintenance.

Despitethe advantage®ffered fromusing trap crops, there are also several concerns. Among
these: the need for knowledge of pests behaviours, the need for additional agronomic planning and
additional used resources. Moreover, if trap cropping is not successful, can lead ¢atiba of
Apest nurseries,o which can |l ead to a more r
Despite the disadvantages, when trap cropping technique is correctly implemented, it has great
potential to keep pests below economic damage threshold and to bgeshas@pest management

practice, especially in organic farming (Kachhawa, 2020).
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1.3.1. Successful examples of application

Since thel 930s several successful trap cropping exampkage been reported fhre management

of variousinsect pestsOf these, only few successful cases, which targeted mainly Coleoptera,

Hemiptera and Lepidoptera species, have highlighted an importance from a commercial

standpointAll of these trap cropping systems were meant for pests that aggregate\aed on

attractive plantsindeed, for a trap crop to be effective, it is necessacptrectlydeterminethe

i nsect stage targeted/ attracted, the insecto

insect s modal ity ularfamang these thezirsect stage.targeted fromatrag i ¢

crop is of critical importance in designing an effective trap crop strategy. Irfdeeéepidoptera,

trap crop species selection requires knowledge of the ovipositional preference (since the adult

sekct plants for oviposition, but are the larvae that cause damage), while, in the case of flea beetles,

since it is the adult stage the one causing damage, knowledge of adult feeding preference is
required.

Among most successful examples of trap croppysgesns, the following can be reported:

- The use ofsquash Cucurbita spp in sequential oisemiochemically assistettap cropping
designs to target the striped cucumber beéitalymma vittaturfrabricius) in the United States.

- The use of Chinese cabbd@eassica rapasubsp pekinensis marigoldg Tagetes spp.oilseed
rape(Brassica napus and sunflowefHelianthus annuysin multiple trap cropping design to
targetthe pollen beetleMeligethes aneusFabriciug on Cauliflower in Finland.

- The use of squasiC(icurbita spp in sequential or semiochemically assisted trap cropping
designs to target the squash bAgdsa tristisDe Geer) on watermelon in the United States.

- The use of alfaalfa (Medicago sativain conventional trap cropping design to targggus
bugs Lygus lineolarisPalisot de Beauvois ag/gus rugulipennigoppius) orcotton and
lettuce respectivelyn the United Stateand Sweden

- The use of genetically engineered Pap&axiCa papayato targetPapaya aphidélyzus
periscaeSulzei,Aphis gossypiGlover andAphis craccivorakoch)in the United States.

- The use of NapieRennisetum purpureynand Sudan grasS¢rghum drummondiin push
pull trap cropping design to target the spogegim borerChilo partellusSwinhoe) on maize
and sorghum in several African regions.

- The use of Indian Mustar@(assica juncepin sequential or conventional trap cropping designs
to target the diamond motiPlutella xylostellaL.) on cabbage in severatates, including
Sweden, IndiaUnited Stateand South Africa.
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In addition to these, which are the most successful examples of trap cropping, there are many other
cases that have shown positive results on a field scale, but that have not yet beeenieplat

the level of economic importance. For exampled field resul have been highlighted from the

use of Soybean and mustard to target the stink bug contplexliistus heroBabricius,Nezara

viridula L., and Piezodorusguildinii Westwood in seaential or conventional trap cropping
designs on soybean and maize respectively, in Brazil, Nigeria and New ZeAlzottier
interesting example of a successful conventional trap cropping design is the use of squash and
cucumber to target whitefliedBBémisa tabaci Gennadius andemisia argentifoliiBellows

Perring) on tomato and bean respectively, in Lebanon and United States.
1.3.2. Attractive plants for flea beetles

Many flea beetle species express a distinct preference for specific host plant, with many of them
included in the family of Brassicaceae (Nielsen, 1988; Aslan and Gok, 2006).

Indeed, especially crucifer flea beetles, are highly attract®&tassicaplant for the chemical
components of glucosinolates, whose chemical peofidey between different brassica species.
In particular, allyl isothiocyanate, which is a breakdown product of glucosinola@sagsica
plants, is one of the most attractive comparienadults of manyPhyllotretaspecies (Feenyt
al., 1970).

Among Brassicaceae famjlg study conductedo find themostattractiveplantsto Phyllotreta
spp highlighted that adults of that genus preferred, in decreasing(®tdtspaluet al., 2019:

- Eruca sativa

- Brassica juncea

- Brassica nigra

- Raphanus sativus

- Sinapis alba

- Brassica rapa

- Brassica napus

- Camelinasativa

Other studies showed that aBarbarea vulgarisandSinapis arvensisould be used as trap crops
in order tomanagePhyllotreta cruciferagRoot and Tahvanained969, Altieri and Gliessman
1983, Altieri and Schmid986), B. vulgaris in particular, also showed resistanc®tmemorum
andcrucifereattacks, because of its saponin content (Agerdirll, 20(; Kuzinaet al 2011;
Christenseret al. 2014)
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A further surveyrecommended the use of a multiple trap cropping design basedapusR.
sativusand S. albgBohinc and Trdaj2013), since the attraction of plant$tayllotreta sppcan

vary during the course of the season (Badét@aezt al 2017). Anotheresearclalso concluded

that a mixture of different trap crop species, contairidargssica junceaB. napus and B.
campestrisvar. chinensisbetter protected the cash crop from flea beetle attacks than the same
plants used as trap crops alone (Parker2R0fdeed, combining different plant species, with
different phenologies, physical structures and chemical proflesarely increase the trap crop

attraction to different flea beetle species.

28



2.EVALUATION OF THE EFFECTIVENESS OF A
SEMIOCHEMICALASSISTED TRAP CROPPING STRATEGY
AGAINST EUROPEAN TARNISHED PLANT BUQydus
rugulipennig ONLETTUCE

2.1. Economic, Descriptive and Market Data on The

Production olettuce

Lettuce [actuca sativd..) belongs to the botanical family of Asteraceae (Compositae), which is
thought to be the | argest of al | pegiesgBaye s f a
1998; Bremer, 1994; Furgt al, 2005).Lettuce as a plant is native to southwest Asia (De Vries

1997 Zoharyet al, 2013, where the wild lettuce specieactuca serriolawas present=rom

there cultivatedlettuce was domesticated in thkediterranean are@urst 1930; Harlan 1992).

There are several cultivan$ lettuce, which differ in shape, structure, chemical composition,

qualities, adaptation to climatic condition, hardiness, and yield (eeah 2012).

There are seven main cultivar groups of lettuce, each including meatiega(Trehane, 1995):

- Leaf (or cutting): this lettuce cultivar has loosely bunched leaves, which are usually consumed
fresh.This group is usually referred to as either green leaf or red leaf, based on leaf colour,
which ranges from yellowish green to various shades of red, mainly depending on anthocyanin
content and light intensity during growth (Still, 200¥his is the mostvidely planted among
lettuce cultivars.

- lceberg (or Crispheadihis cultivaris veryheat sensitive. Indeed, it was originally cultivated
in cold areas of United States, from where it was carried on trains whose wagons were filled
with crushed ice, on topf which lettuce heads appeared as icebergs. This cultivar is very low
in nutritional power, mainly due to the high presence of water and fibres (around 90% of the
total weight).

- Butterhead: this cultivar is also known as Boston lettuce,iamtiaractesed by forming
loose green,or even reddisheads It also shows characteristisweetflavour anda tender

texture.
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- Romaine (or Cos): this a lettuce cultivar that develops a long head of robust dark green
leaves, characterized by firm ribs in their centres. Unlike most lettuce cultivars, it is more
tolerant to heat.

- Summercrisp: this lettuce is midway between Iceberg and Leaf cultivarssdmpared to
these, tends to be larger, more eltistant and better flavoured.

- Celtuce (or Stem): this cultivar is primarily grown for its seedstalk, rather than for its.leaves
It is largelyused in Asian cooking, primariip Chinesecuisine

- Oilseed:this cultivaris grown for its seedst its characterized by the presence of few leaves,
by a quick bolting and by the production of seeds that are around 50 percent larger than other
types of lettuce. The seatlethenpressed to extract an oil majnised for cooking.

Leaf, Romaine, and Iceberg are the most cultivated and consumed cultivars worldwide.

Originally, Europe and North Americaere the market leadéor lettuce, butby the late 2t
century the consumption of lettuce had spread thhmug the worldNowadays, indeed, lettuce

is grown in 106 countrieson 1,226,370 harvested hectares for a tptalductionof 27,660,187
tonnes (FAO, 2022).

Of the global lettuce production, Asia contributes for a 63 %, with 17,427,652 tonnes produced,
followed by Americas (20.3 %, 5,609,872 tonnes), Europe (14.1 %, 3,892,163 tonnes), Africa
(2.1 %, 567,583 tonnes), and also Oceania (0.7 %, 162,917 tonn€})Z022).

In 2020, China was the biggest grower of lettuce, with a harvested area of 606,194 hectares, which
is nearly half (49.43%) of the global hectares in which the crop is grown, also exceeding half of
the global lettuce production, with 14,318,667ries.

The other topettuceproducers are United States (Wwi402,375tonnes)India (with 1,121,379
tonnes) Spain(with 969060tonnes) ltaly (with 735,470tonnes) Japan(with 580,546tonnes),
Mexico (with 541,804tonnes) Belgium (with 538,900tonres) Turkey (with 520,131 tonnes),

and France (with 516,880 tonn€E)g. 5).
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Figure5 - Global lettuce production by country (Faostat, 2022).

In Italian marketover the last decade slightdeaeasen the area destined fettucecultivation,

as well as its productighas been observéHig. 6).

In Italy, lettuceis nowadays harvested 88,100hectares, for a total productionZ85470tonnes
(year 2020) (FAO, 2022).
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Figure6 -Italian lettuce harvested area and production (Faostat, 2022).
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2.1.1. Insect pests andiseases

Lettuceis one of the most demanded salad crops in both fresh andteadg markets around
the globe (Falloveet al, 2009) that can b grown throughout all year, under different climatic
conditions, by choosing the most suitable cultivars. Unfortunately, during thet yesm be

exposed to sever@ilngaldiseases, inseor nematodes attackand viruses

Many insects arattracted to lettuce, and some of them are able to severely threat its cultivation,
including aphids, armyworms, mirid bugs, lettuce leaf miner, thrips, and whiteflies. Among these,
aphids are the most common found damaging lettuce. Among the variowssspfegphids, the

green peach aphidiiyzus persica8ulzer), the potato aphiacrosiphumeuphorbiaelfhomas)

and the lettuce aphidN@sonovia ribisnigriviosley) are those of major importance (Reinink and
Dieleman, 1993; Parkest al, 2002). Among thesepscies,N. ribisnigri is surely the most
difficult to manage, as is very widespread throughout the entire lettuce growing season but mainly
due to its feeding behaviour. This aphid, indeed, forms large colonies inside the lettuce head,
being therefore pretted from foliar insecticide applications, where it feeds on the heart leaves,
making lettuce unmarketable (Mackenzie and Vernon, 1988). Since they show lower infestations
during the growing season, the other two aphids species, instead, are conssdededderous,

also considering that their feeding preference is oriented on outer leaves only (Sirestha
2017). In general, aphids direct damage on lettuce results in leaf distortions, decreased seedling
vigour. Severe aphids infestations can chdagkcolour and bring to lettuce heads deformation,
which leads to reduced crop yield. (Fletclegral, 2005). Lettuce aphid is also capable of
transmitting virus diseases, including LMV (Blua, 1997). Aphids on lettuce are generally
controlled by using @rmitted insecticidal treatments but, if on one hand/opersicaeandM.
euphorbiaghey usually effectively reduce infestation levels, on the other haNdrivisnigri it

is practically impossible to effectively strike with foliar applied treatmenisind head
maturation, since this aphidds propensity fc
most aphids have also demonstrated to rapidly develop resistance against several insecticides
(Barberet al, 1999; Stufkens and Wallace, 2004)nlture there are several natural enemies of
lettuce aphids, such as predators, (including syrphids and lacewings), and parasitoids. Those
natural enemies presence could be enhanced through the implementation in lettuce fields of
insectary plants. Additiolg, the selection of lettuce cultivars resistant to lettuce aphid is one of

the safest and most widely used practice.
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Among lettuce arthropod pests, armyworms are also very dangerous. In particular, the most
common armyworm species found damaging lett@Autographa gamma., Helicoverpa
amigeraHubner, andSpodoptera exiguBltibner, all belonging to the family Noctuidae. Adults

of those species are similar in dimensions (between 25 and 45 millimetres of wingspan), but differ
in colour, withS. exigugorewings being greyish ochreout, armigerayellowish to orange in
females and greenish grey in males, Andammabrown and grey, with a silveroloured mark
shaped | i ke the Greek | etter Gamma i n tthe ce¢e
represent the harmful stage as they feed on flowers (nectar). On lettuce, indeed, damage is carried
out by the larvae, which feed on leaves, starting from the edge towards the midrib, consuming the
leaves completely or sometimes leaving pieces of thebmidewly hatched larvae start feeding

on the section of leaf where their eggs hatch. Subsequently, they hide down under the head
covering leaves and start feeding, often avoiding detection and treatment. Larvae continue their
feeding activity on developg heads until maturity, when they then leave the plant to enter the
soil, where they pupate. These species are able to make multiple generations, up to 4 for A.
gamma, up to 6 for S. exigua and H. armigera (Wilson, 1934, letuah, 2002). Since these

pests ability to hide inside the lettuce heads and their rapid insecticide resistance development,
the use of chemical insecticide is usually not recommended. Fortunately, however, there are
numerous natural enemies that are able to control these pestsgAlmeon, several parasitoids
species, belonging both to Hymenoptera family of Braconidae and the Diptera family of
Tachinidae are present. Moreover, there are some predators that frequently attack the both the
eggs and the newly hatched larvae, sudbrass spp andNabis sppFurthermore, on the market

there are pheromone traps that can be used to detect the presence of adults, and to disrupt mating

in order to limit reproductions.

Another economically important arthropod pest of lettuce is the-nigadr Liriomyza
huidobrensiBlanchard. It is native to Central and South America and was first detected in Europe
at the end of 1980s in Netherlands, but it has since spread throughout all Europe, especially the
Mediterranean region. It is highly polyphagqest, able to feed on over 15 plant families. The
adult has a small (1.3.3 mm), greyistblack body, with a bright yellow central area of the
scutellum, of the head, and pleura, while the larvae are maggots up to 3.25 mm long, yellow
orange in colour. Adlt females pierce lettuce leaves, causing wounds that are used for feeding
and oviposition site (Mujica and Cisneros, 1997). Eggs are posed under leaf surface, in variable
number, mainly depending on the temperature. Eggs hatcbh ohafs and newly hated larvae

begin their leaf miner activity, usually creating white mines. The damaged is also characterized
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by the presence of black wet or dried brown areas near leaf midrib or laterall\eamyza
huidobrensignines are characterized by a serpentiregular shape. If those damage occur on
young plants, they can be severely harmed and even die, whereas, on older plants, reduced
photosynthetic activity caused by the mines leads to lower yields. On lettuce, even few mines on
leaves can make the crop uanketable. Major control measures against this leaf miner rely on

chemical insecticidal treatments and on biological control.

Thrips are also very dangerous pests of lettuce. These insects, which belong to the order
Thysanoptera, and to the family Thrip& are worldwide distributed, depending on species. The
two main species found damaging lettuce ateips tabaciLindeman andFrankliniella
occidentaliPergande. Identifying those two species can be very difficult, as they are quite similar
from a morplological point of view, withF. occidentalidbeing about 1.5 mm long and generally

light yellow in colour, whil€eT. tabaciis slightly smaller (only 1.2 mm long) and yellow coloured,

with brown blotches on the thorax and abdominal terga. Reproductionitpottestead, can be
different between the two thrips species, being asexu@l tabacj with unfertilized females

giving birth only to females (parthenogenesis), while it can be sexual or aseikuatoidentalis

with unfertilized females giving birth only to males while those which are fertilized give birth to
females. Usually, thripsra present throughout the entire lettuce season, but are most abundant
after temperature increase, starting from the end of the spring. Thrips can colonize weedy areas
next to crop fields, from where they move into lettuce in large numbers when hosbplgintto

dry down. Thrips are dangerous on lettuce for both direct and indirect damage. Direct damage is
made by thrips sucking cells contents in the epidermis of lettuce leaves. Symptoms on leaves
appear as small irregular lesions, with metallic reftexsj that gradually necrotize. Affected
leaves tend to chlorate and take on a dull colour. Indirect damage is also very dangerous as thrips
can be vectors of several virus disease, including Tomato spotted wilt virus (TSWV), which can
lead to lettuce wilng. Management of thrips infestations starts with the identification of the
species, through a monitoring carried out using blue coloured glue traps. In order to limit thrips
infestation on lettuce it is important to eliminate weeds next to lettucelhetdse of confirmed
infestations, the application of permitted insecticide is recommended, even though resistance to

insecticides is known in these pests.

Finally, lettuce can also be severely harmed by, root knot nematdeé&sdogyne spp, snails

(Helix spp), slugs Limax spp) and several mammals, including rabbits and groundhogs.
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Among fungal diseases, the most dangerous for lettuce are the bottom rot, the downy mildew, the
lettuceleafdrop, the grey mold and the powdery mildew.

Lettuce bottom rbis a disease caused Bpizoctonia solanCooke, which is one of the most
common soHborne plant pathogensound wherever lettuce is grown. The pathogen infects
lettuce over a wide range of temperatures but is favoured by warm (20 to 25 Pigjramaisture
conditions.The pathogen is capable of survivifay long timein soil, colonizingthe organic
matter, and can be carriéal long distances on infected plant parts. paghogersclerotia can
germinate in damp soil anavhen environmental conditisrfavour disease development, can
enterinto lettucethrough wounds or through stomata battom leaves touching the soil.
Symptoms firstly appear on those bottom leaves and appear as small, sunken;bresdish
lesions primarily on the underside of lemidribs, covered by the white to brownish mycelium.
The pathogen can then spread upward from leaf to leaf until the entire head is colBimized.
the pathology is caused by a sodrne fungus, a common management practice to control the
disease is coro crop rotation, thus avoiding planting lettuce immediately after other crops
known to be susceptible t&. solani.Other control strategies are often based on the use of

permitted fungicidal treatments.

Another important lettuce diseasehge downy mildew, which is caused by the obligate parasitic
fungusBremia lactucaeRegel, Bot. Ztg-This disease occurs more often in cooler and wetter
growing regions, as low temperatures and a high moisture on freutésce is fundamental for

spore germination and infection. Therefore, downy mildew infections are more common in early
spring or late fall growing periodsvh en t he | eaf surface i s wet,
to germinate and to penetrate iefmdermal cells. From there, the pathogen establishes into leaf
tissue, where it produces abundant sporangia, which then emerge through stomates, and are
released into the air thanks to the wind, to cause new infections. On infected plants, first symptoms
appear as lighyellow angular patches on the upper side of leafletiowed by a white fluffy

growth, contaimgp a t h ogpaas,s the correspondipgrt of thelower leaf surfaceThe
infected areas are limited by leaf veins. On red lettuce cultiarsitial spots may appear more
greyish, and water soaked. First leaves to show these symptoms are often the altbesaatad

the ground Downy mildew can sometimes reduce both the yield and the quality of the crop, as
infected older leaves can bes#aremoved at harvest, but infections on the younger leaves may
result in leaving heads in the field. Moreover, leaf tissue damaged by downy mildew can also be

an access site for secondary rot pathogens.
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The most effective management practice of downlgem is the use of resistant or tolerant
cultivars of lettuce, even though to choose the right variety to grow, the knowledge of the present
strain(s) of the pathogen is needed. From an agronomical standpoint, the use of a drip irrigation
system as opposdd a sprinkler system, in order to reduce leaf wetness, can help to avoid
favourabl e condi t i o MereoVen theapplizatidn ofguagicidesocusedf e c t |
when environmental conditions afavourableto pathogencan effectively suppressisgase
development.

Leaf drop of lettucecan becaused by two pathogenic fun@clerotinia minorJaggerand S.
sclerotiorumde Bary These fungi are widespread in almost all areas where lettgeevis but

are favoured by cool (optimum of 29°C) and moist condition&. minorandS. sclerotiorum

are fungi that can survive into the soil for a long period of time in the form of salestder
favourable climatic conditions, these sclerotia germinate, in order to infect lettuce both directly
through senescent lower leaves and through root tissue near the soil fufagpwet weather,
sclerotia can also germinate directly on thé soeiface and produce structures called apothecia,
which then release ascospores that will be carried by air cutodrgdeposited on healthy lettuce
plants, which subsequently will become infect&&nerally,S. minorinfects the stem and the
leaves with are in contact with the wet soil, whi& sclerotioruntan also infect any of the

upper leaves. Symptoms on infected plants are very similar, appearing as a soft, dark brownish,
watery decay. If the stem is infected, a rapid wilt is caused, bringitigetcollapse and death of
infected plants, usually near harvest period. Moreover, the growth white fungal masses occur on
the surface of rotted tissuerhich can be used to identifige species of the pathogéh minor
generallyproduces small sclerot{®.150.30 cmin diamete), whereas sclerotia produced 8y
sclerotiorumare usuallylarger from 0.6to 1 cmin diamete). Several management practices to
control lettuce leaf drop are present and can be implemented. Firstly, it is important to avoid
excessively wet soils, avoid excessive irrigations and keep the field surface as levelled as possible
to exclude stagnant water. Deep ploughing can also be helpful, as it can bury sclerotia, reducing
their ability to germinate and cause infection. Finalifecive disease control can be achieved

through the use of promptly timédngicide applications.

The lettuceggreymold, also known as the lettuce crown rot, is a fungal disease cauBetiyys
cinereaPersoon, which is a pathogen of many plant spe@ieginereais an opportunistic
pathogencapable tonvade andsurvive on dead or decaying plant tissue but @tbe absence

of a living host.It is favoured by cool temperatures, high humidity, and free water on plant

36



surfaces. Other lettuce pathologies, as downy mildew, can also make tissues more susceptible to
grey mold.On infected plants, first symptoms appasdark, brownisigrey watersoaked lesions

that occur on oldest, and often already damaged, leaves in contact with thesothose leaves,

the pathogen rapidly expands through healthy plant tissues, subsequently causing a decay of the
crown.Over dseased areas characteristic grey, powdery spore masses form, especially on shaded
leaves, which are protected from dryingsually, lettuce grey molds considered as minor
diseasdut if field conditions are favourabtan cause significant damagultural control of the

disease is mainly based on a good field sanitation, since the pathogen can live on decayed organic
debris. Therefore, it is important to correctly remove all residue of previous crops from fields.
Moreover, it is important to avoid orreead irrigation, so that plant leaves do not remain wet,
preferring drip irrigation]l f cul t ur al control isndot able to

fungicides effective against grey mold on a variety of hosts can be used.

Powdery mildew is one of the most common diseases of lettuce and occurs everywhere lettuce is
grown, caused by the obligate parasitic fungksysiphe cichoracearunde Candolle The
pathogen grows on the epidermis lefves and it is favoured by warm and relatively dry
conditions, even though relative humidity of 85% or higher is required for disease development.
Under the right conditions, the pathogen is able to rapidly produce on the leaf surface numerous
spores, whiclare easily spread by the wind to generate new infections on neighbouring plants.
On infected plants, symptoms begin as small clustemitish fungal growth on upper or lower

leaf surfaces, which subsequently increi@mseover more leaf area, eventuallyating the entire

leaf with the powdery fungal growtn markets, there are somesistantettucevarieties which
represent the best control strategy for this disease. Otherwis@piieaton ofsulphurto leaf
surfaces before the onset of diseasten environmental conditions afavourable,can

effectively inhibit disease development.

Lettuce can be affected by bacterial diseasekthe ones that most commonly occur on this crop
are caused byanthomonas campestps. VitiansBrownandErwinia carotovorapv. carotovora
Jones.The bacterial lettuce leaf spot, causedXbyampestriscanoccurboth on leaf and head
lettuce and is highly dependent on wet and cool climatic conditions for both infection and disease
development. The pathogen is deache, therefore, in the case of lettuce seedlings grown as
transplants, the pathogen may be brought in field from plants bought from the nursery. Infected
plants firstly show small, watesoaked leaf spots, typically bordered by leaf veins and angular in

shape, on older leaves. Subsequently, these lesions turn black. This c@alvaracteristic
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symptomof this bacterialdisease. If the diseasessrious severallesionscancombine making

the leafcollapseUs ual | vy, | esi ons dono6t drhiodseasercandte v e |
prevented by using pathogémee seeds or seedlings to be transplanted. Avoiding sprinkler
irrigation can also be a good disease control strategy, as the splashing water frniderspri
irrigation is able to move the bacteria from plant to plant.

Lettuce bacterial soft rots, instead, are causeHrlynia carotovorapv. carotovorg a bacteria

that occur in the soil and infects through wounds made by insects, or by cultural practice
Infections can also occur through natural openings when water is present on the plant. On infected
plants, the first symptoms appear as watmked spots, generally on the outer leaves, that form
brown slimy areas, before spreading to the lettuce Adwde rots cause the outer infected leaves

to wilt, eventually spreading to the stem, which results in the collapse of theTgentisease

is favoured by warm and wet climatic conditions; therefore to control the pathogen it is important
to avoid theplanting in soils that are keen to become waterlogged and to avoid to plant lettuce
too close to each other, allowing wind movement. It is also importgoéytaattention during
weeding activity to not to damage the leaves, allowing the entry of bacterellaas using clean

and disinfect equipment during harvesfter harvest, rots can occur in storage when infected
leaves are in contact with healthy ones, therefore, it is important to handle plants carefully,
avoiding wounding the leaves. Both bacted@eases cannot be controlled neither with the use

of chemical nor biological treatments.

Lettuce also suffers from several viral diseases, includittgcemosaic virugLMV) and big

vein virus, which are the most commadrMV is a typical potyvirusdenusPotyvirug andis
transmitted to lettuce by several species of aphids and by less than 10% by the seed produced by
infected plantslt is able to infect all types of lettuce, as well as other members of Asteraceae and
several weeds and wild lettucgegies.On infected plants, LMV symptomary, depending on
lettuce cultivar, on plant age when infected, and on environmental conditions. They generally
appear asharacteristic green and yellowish mottlingh mosaic pattern on the leaves of infected
plants which usually, show a downward rolling of the t{pther symptomganincludeleaves
yellowing and vein clearingn some casesnfected plants also fail to foritihe head, growng
irregularleaves All symptoms altogether result in the infected lettuce plants to be unmarketable.
Similarly to other virugelated diseases, there are no means to cure plants from LMV once they
get infected. The only control methods are based on prevention, and mainly onuitliregenis

the absence of LMV in seed lots before trading and on the correct aphids defence &rgtegy.

vein virus, instead, is caused by a villke agent, that is carried or vectored by the-boilne
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and root inhabiting fungu®Ipidium brassica&Voronin. This fungugproducesunder saturated

soil conditions zoospores which are able ttansport the pathogen and inoculate it into lettuce
root cells.The incidence of this disease is therefore higher in heavy textured and poorly drained
soils. The name athe disease is due to its symptoms on leaves, which appear as pronounced
clearing of the chlorophyll next to major leaf veins, giving the appearance of enlarged veins
especially when held up to bright ligMoreover, nfected plants grow more slowly anhy fail

to form the headTo manage this disease, there are on the market varieties of lettuce that are
tolerant. As for the other viruelated disease, there is no effective chemical soil treatments

available.

2.2. Lygus rugulipennigMiridae)

Miridae (Hemiptera: Heteroptera: Cimicomorpha), or plant bugs, is one of the richest in species
insect families. Indeed, it counts more than 11,000 specadisover the worldCassis and Schuh,
2012). From an economic standpoint, in Miridae family, ointhe most important genera surely

is Lygus.In this genus, indeed, some bugs extremely harmful to a varied range of crops are
contained yan Emden, 2013 Among the various species which are present in Palaearctic
Region, the European tarnished plant fuggus rugulipenni$oppius) is the most common and
dangerous one found damaging in Europe (Koerat, 2012)

2.2.1. Morphology

The Europeantarnished plant buglygus rugulipennis belongs to a large complex of
morphologically similalLygusplant bug speeis whichincludesLygus lineolarisL. elisus L.
shulli, andL. hesperuamong others (Schwartz and Foottit, 1998peneralLygusbugs can be
identified from other genera of the Miridae family by the presence of a shining pronotum, which
present deep unobscured, and widely separated punctures, by rounded and convex lateral margin
of pronotum, by a deeply punctuated scutellum, an@rbyblique head, with linear first and
second antennal segme8tudy on these differehtygusspecies highlighted a high variability in
size, colouration, and characteristic patterns on both pronotum and scutellum among the species.
Especially, the higlvariability of dark patterns can be observed on pronotum and scutellum
(Lashkari and Hosseinz012).
Lygusrugulipenniscan be distinguished from otheygusspecies by its dimension, usually small
(4.5-6.0 mm), by a very dense pubescence in the middiieeocorium, with hair length higher
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than other species(®0 e m), by very closely spaced punc
by slender spicula of aedeagus.

Adults range in colour from brownish/reddish grey to greenish gepending on the geration,

and seldom show two small round spots in the anterior half and a notch in the posterior corners
of the pronotun{Fig. 7). Scutellum isnainly characterized by two triangular notches on the front
edge, sometimes forming a sortf¥/0 design(Bei-Bienko and Baghdanov, 1955Jhe colour

of pattern and markings ranges from purple to yellowish brown, and are usually more strongly
marked in males, wha in femalescommonly vary from dark red to light reddibnown. The
emielytra often carry small black punctate notches, while the transparent part of the wings is
brown with faint light spots. Legs are quite bristly, brown, and characterized by thaqaese

two dark rings at the thighs.

The antennae are dark coloured with the exception of the second segment, which is lighter
coloured in the middle.

At maturity, adults male body reaches-8.4 mm in length, and female 5527 mm, while the

b o dy Otls respectto the length of the second article of the antennae, is equal to 1.3 times in
the male and 1.4 times in the femaléoreover, males can be distinguished from females by
observing differences on the lower ventral surface of the abdomen, wiestefeshow an

obvious slit on the rounded abdomen where the ovipositor rests, while the abdomen of males is

less roundmore pointechearthe end, and does not present a slit.

Figure 7 - On the left an adult L. rugulipennis specimen, with its typsosdr. On the right, a detail of the corium and

scutellum.
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2.2.2. Host plants

The European tarnished plant bug is a highly polyphagous species, and an important pest of a
wide range ofherbaceas plants, vegetable crops, commercial flower plants, fruit trees, and
nursery stockthroughout Europe (Holopainen, 198&lton, 1975; Wheeler, 2001; Khanjani,
2005) Indeed, this polyphagous bug is reported to attack more than 400 species of plant,
belonging to over 50 plant families (Holopainen and Varis, 1991; Taksdgbandn 1971) Its
host plant rangancludes:

1 alfaalfa (Benedelet al, 1970; Erdelyiet al, 1994)
wheat (Holopainen, 1989; Varis 1991)
strawberry (Jagt al, 2004;Labanowska, 2007; Bosand Scarpel]i1999)
several cucurbits (Cross, 2004; Jacobson, 2002)
kenaf (Contiet al, 2001)
peach (Tavell&t al, 1996)
lettuce (Accinelliet al, 2005; Jacobson, 1999)

= =42 4 A4 -4 -2 -

and several others important cultivated crops, suchraalsgpotatcssugar beet, brassicas,
and carrots (Vappula, 1962; Khanjani, 2007; Varis, 1972; 1995; Dragland 19%s, b)

well as numerous wild plants.
In particular, inthe rorthernlitalian region L. rugulipennisis one of the most important pests of

lettuce, mainly damagingthe transplants performeduring summer monthgAccinelli et al,
2002).
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2.2.3. Biology

The European tarnished plant bug overwinters in the adult sfeigerallyhidden into leaf litter,

under bark, or between leaves of herbaceous pl@rtswintering adults usually become active

early in the spring, following the rising of the temperature.

As soon as they emerge, they start their feeding activity on the newly developing buds and shoots
of spontaneous herbaceous plants. Sdtar, azemperatureise until around 20°Gheymigrate

to other plants, in order &tartmating.

Fertilized fenales start then searching their oviposition site, through the exploration of the
possible oviposition site with their etmut hp:
2005). Once the oviposition site has been identified, eggs are inserteglasidessues, creating

a wound with the ovipositor. Females generally deposit eggs into stems, petioles, any leaf parts,
buds, and flowers of host plants, typically laying few eggs per day. At the optimum temperature
for oviposition (20 Cha single femalés able to lay over 100 eggs during the entire lifespan.

Eggs are smallaround 1 mm)whitish, and slightly curvedAt the top where the egg joins the

plant tissue, it presents fiatted openingwhich is used by thé&atchling nymph to emerge.
Depending on the temperature, eggs take between 1 to 2 weeks to hatch.

The European tarnished plant bug, as with all bugs, has no pupal stage, and the life cycle only
involves egg, nymph, and adult stages. In particular, trgs gevelops through five nymphal
stagesNewly hatched first instar nymplese small in dimensions (around 1 mm in length),
greenish yellow in colour, and winglessten mistaken for aphids.

Nymphs also present several characteristic black spots, uguatlyhe dorsal part of the thorax

and 1 on the dorsal part of the abdomen, which become more noticeable as nymphs mature
through their five instars (Fi@). During maturation, yimphs also grow in dimensions, gradually
becoming more like adults in appaace witlin each moult, up to 4.5 mm in length, also
developing wing buds in fourth and fifth instar (Slater and Baranowski 1987; Schuh and Slater
1995; Dolling 1991; Kelton 1975).

Each instatastsabout 34 daysand, typically, he whole life cycle tale30340 days depending

mainly on temperaturéndeed, at 34°Cygusmay take less than 2 weeks to progress through the
five nymphal instars, but at 12°C the time may increase up to 40 days.

Number of generations &f rugulipenniscantherefore varydepending on climatic conditions,

from just one generation in Nordic countries (Varis, 1972) to up to several in countries with better

climatic conditions (Layton, 1995; Georgeal, 2021).
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In northern ItalyL. rugulipennisgenerally presents two anruggenerations, with the first taking

place on spontaneous herbaceous plants, while the secap@ble of causing damage to several
cultivated plantsThismigration to cultivated fields is usually a consequence of cultural practices

in the adjacent cragp such as mowing fodder or harvesting winter cereals.

Diapause is induced when nymphs begin being exposed to short days (<12.5 h) and resultant

adults enter diapause in order to overwinter.

Figure 8 - Five development instars of nymphs.
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2.2.4. Damage

Lygusrugulipennisdamageo plants is caused either by its feeding or ovipasaidivities. When
feeding,L. rugulipennis through its piercing sucking mouth parts injects into plants tisssies i
saliva, which contains several toxic enzymes, such as polygalacturonase, amylase, alkaline
protelnase and, to a lesser extent acid protelnase, phosphatase, trehalase, mverlase and
phenoloxldaséLauremaet al, 1985 Lauremaand Varis, 1991; Easterbrook, 2000; Crostsal.,

2011).

Most crops are damaged hyrugulipennison stems, vegetative apexes, rib and leaf limb, and
flowers, and main feeding damage symptoms include the wilting of the distal part of the shoots
(e.g. in apple orgach treeskhe flower or seed abortions, the necrosis of the stems or leaves, the
branching of the shoot (e.g. in potato or rape), multiple crowns (e.g. in sugar beet or carrot), the
malformation of berries (e.g. in strawberry), the arrested shoot grgeagh in cabbage or
cauliflower) and even the death of the plant in the case of young seetiingsst of the crops,
indeed, the seedlings or the young plants are the most vulnerable stages, therefore main damage
is caused by the overwintering adultgynaiting from weeds.

On lettuce, insteadiamage is potentially serious even on older plantk, aggulipennisadults

may be foundeeding on théeaves of the maturing crop causing on the internal part of the leaf
ribs necrotic spots thaubsequently deepen and extend, until they form a blackish furrow that
marks large tracts of the r{Big. 9). Therefore, unlike most of the other crops, the period in which
lettuce suffers the most damage in northern ltaly is from the second half db bl end of
SeptemberThis is because of the high population density of the pesing those monthand
because athe scarcity of alternativieedingsourcesin summer, indeed, lettuce is one of the few
crops in the field able to stay fresh, thark&equent irrigation, thus making it highly appetizing

for L. rugulipennis

On lettucelL. rugulipennisdamage causes directly marketable yield loss, since damaged leaves
must be removed before commercialization

Damage can also occur throughpmsition activity, cause by femalesrobust ovipositomwhich

is usd to drill into the host plant in order tolease the egg inside the vegetative tissues.
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Figure 9 - Characteristic damage of L. rugulipennis on lettuce leaf rib.

2.2.5. Control measures

Lygusrugulipennisdamage on lettuce is commonly controlleg using preventivepermitted
insecticidal treatmest Among insecticides, pyrethroids are often prescribed because of their
good efficacy againdt. rugulipennisand other lettuce pests Italy, following thelntegrated
Production Regulation issued by EmilRomagna region, the only permitted pyrethroid remained

is Etofenprox, and its application on lettuce to coritraligulipenniss linked to the presence in

the field as a threshold. These products, howeaes, generally broadpectrum and show
therefore a negative impacts on both the environment antdanget insectsTheir applications

can indeed severely damage any biocontrol agent naturally present on the crop, which may be
active against either dn rugulipennisor on other pest8loreover, their use is increasingly being
restricted (Hillocks, 2012).

In organic farming regime, since pyrethroids applications are not permitted, growers have just
few possible measures against this pest. These measurels, hakie been studieoh several

cropsmainly in the North America and in the UK on strawberry fields, include:

- release ohatural enemigsnainly parasitoid of the genefaaphegHymenoptera: Mymaridae)
and Peristenu@gdymenoptera: Braconida@)ayeet al, 2005 Nortonand Weltey 1996;Pickett
et al, 2009,Udayagiri, 2000)

- the use ofeflective mulch between rows (Rhaingisal,, 2001)
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- the use of vacuuming devicesnateriallyremovethe pes{Vincentet al, 200Q Rancourt Bet
al., 2003; Swezey S.let al, 2007)

Furthermore, some agronomic practices can help reducimgulipennismigrations into lettuce

fields, thus limiting its damage.

Since generally these migrations occur in summer, driven by agronomic practices carried out in
the adjacent crops, such as the mowing of the fodder or the harvesting of winter deiseals,
important to avoid as possible the mowing of drains and meadextso lettuce fields in the
period of July- September.

Another important cultural practice required to lilnitrugulipennignfestations is a correct weed

control and tillage, which are capable of reducing the availability of host plants.

Lygusrugulipennis can also be partially controlled by several natural enemies. In particular,
various species of ladybird beetles, suclCascinella septempunctatare known taconsume

third, fourth and fifth instar of the pest, but in low numbers. Contrarywmegral species of
damsel bugs(Hemiptera: Nabidae) several Orius species, lacewing larvae (Neuroptera:
Chrysopidae) and crab spidéfganeae: Thomisidagre able to consungreater numbers @f.
rugulipennisnymphs

Furthermore, the fungueauveria basianais reported as control agent of wide host range (>700
insect species), which also includerugulipennis However, its use is not specifically registered
againstLygusbugs. Therefore, lettuce growers, especially those under organic farming regime,
need alternative approaches Eorrugulipennismanagemerdind, among these, the introduction

of apushpull strategy (which will be deepened in Chapter 2) could prove &fféetive.
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2.3. Pushpull strategy

Pushpull strategies are pest control systems, whinthertake a holistic agroecological approach,
exploiting chemical ecology, cultural practices, and agrobiodiversity.

These strategiesse a combination of behaur-modifying stimuli in order to manipulate the
distribution and abundance of insect pests and/or natural enemiasparticular protected
resourceusually the main crofPushpull strategies includmsect stimulithat serve to makiie

main crop unpatable and unattractive to the pespugh component) while they are
simultaneously lured towards a more attractive source, using highly apparent and attractive
stimuli (pull component), to other areas such as traps or trap crops where they are ¢edcentra
facilitating their control (Bhattacharyya, 2017).

Pushpull strategy was first conceived as insect pest management strategy in Australia in 1987,
were the use of both repellent and attractive stimuli, not deployed alone but in tandem, in order
to manipulate the distribution éfeliocoverpa sppin cotton hadeen investigated (Pylet al.,

1987) However, it was only in 1990 that the concept was better formalized and refined, when
this type of str adetger rwarst(Mildriamd @owddss iO9XDNu | o

Since then, most of the works pashpull strategies have been directed to modify pest behaviour

in order to limit the damage they cause on cultivated crops, even though these strategies could
also be targeted to enhance beneficial organisms populations and activities.

Behaviourmodifying stimul for use inpushpull strategies can be divided into:

Stimuli for PushComponentswhich include:

- Visual cues, which consist in the manipulation of one or more plant characteristic such as
colour, shape, or size in order to reduce pest orientation. Their use igliffitart, so
they have rarely been used.

- Synthetic repellents. There are some conumally available that may be used poush
pull strategies to drive away from the main crop several pests.

- Nonhost volatiles, derived from plants that are not in the host plants range of the pest.
They can be used to mask host odours or to evoke repedleatiburs.

- Hostderived semiochemicals, instead, exploit the insects ability to identify plant host
thanks to key volatiles present in specific ratibspplied in incorrect ratios pesist
orientationcanceases

- Anti-aggregatiorpheromones, used in order to control the spatial distribution of insects
through the reduction of intraspecific competition.
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- Alarm pheromones, naturally produced by several insect species if attacked, can cause the
avoidance or dispersal behaviour in mersbaf same species. This stimulus has been
implementedor examplein pushpull strategies against many aphid peblarflieet al.,

1999.

- Oviposition deterrents and oviposition deterring pheromones. These are compounds able
to prevent or, at least, reduegg deposition. Therefore, could be of useful implementation
in pushpull strategies aimed at controlling pests with harmful larvae or that cause damage

through oviposition activity.

Stimuli for Pull Components, which include

- Visual stimulants, whicham include for example traps of different colour, used to enhance
the effectiveness of others attractive stimuli.

- Host volatiles, that can be used to bait traps for either monitoring;tna@gsng, or attract
and kill strategies.

- Sex and aggregation ploenones. Insects naturally produce sex and/or aggregation
pheromones aimed to attract other members of the same species for either mating or
improving resource usd&hese pheromones can be replicated in order to pull pest away
from the main crop through, f@xample, baited traps.

- Gustatory and oviposition stimulants, which can be used, for example, in trap cropping to
lure the pest away from the cash crop by sowing a more attractive crop in the field border.

These stimulants, therefore, can help to ratathe trap crop area the pest populations.

Both Pushand pull stimuli can be deployed through the use of traps, natural products or their
synthetic equivalents, vegetative diversification: intercropping and trap cropping, antixenotic or
resistant cultivars, and plant induction.

The combination of differergtimuli can be different in eaglushpull strategy depending on the
controlledpest andn the crop to be protected (Coat al, 2007) Indeed, for the development

of an effective and sustainatgashp u | | strategy a good kreanwl edg
interactions with its plant hosts, conspecifics, and natural enemies is required.

Pushpull strategies in pest managemaim mainly to increasthe efficacy and sustainability of
pestcontrol, while minimizingthe negative environmental effects fafrtilizer and/or pesticide
applications. Even though each single component of the strategy may not be as effebttve as
application ofa broadspectrum insecticidehrough tandem deployment of bgibishand pull

componentshe efficacycan be enhanceé&urthermore, the components opashpull strategy
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are generalljparmlessand, thereforegan becombinedwith biological control. (Khan and Pickett,
2008)

2.3.1. Successful examples of application

Pushpull strategy as a mean of pest managerhastbeen successfully implemented against
several insect pest.

One of the most famous and successful examples, still highly adopted nowadaysy syl
strategy developed in Africa for controlling stemborers on cereal crops, such as the niaize stal
borer Busseola fusckuller (Lepidoptera: Noctuidae) aride spotted stem bore&hilo partellus
Swinhoe(Lepidoptera:Crambidae)Chamberlairet al, 2006) Stemborers, indeed, are one of
the major limitations in the increase of maize and sorghum ptioduthe principal food, and
cash crops for millions of poor people. Theshpull strategy developed for their control involves
the combined use dioth intercrops and trap crops, aimed at trapping stemborers outside the main
crop on highly attractantdp plants (pull component) whifgushng them away from the cash
crop using repellent intercroppushcomponent)For this purpose, Napier grafBefinisetum
purpureumSchumacher) and Sudan graSsrghum vulgare sudaneniiees ex. Steudel) were
used as #p plants, while molasses gragdde(inis minutiflora Palisot de Beauvois) and
desmodium Pesmodium uncinaturon Jacquin an®esmodium intorturMiller) were used as
repellent intercroggKhanet al, 2007) Furthermore, molasses grass intercropped with maize also
served at increasing stemborer parasitism by a natural erneotgsia sesamia€ameron
(Hymenoptera: Braconidae).

Another great example of succesgfushpull strategy application in pest manageis the one
developed, and still now used, to control 2 polyphagous lepidopteranibelgteyerpa armigera
Hubner andHelicoverpa punctigeraVallengren, attacking cotton in Australia. In this strategy,
neem seed extracts were applied to cotton guogh(component), while an attractive trap crop

of either pigeon peaCajanus cajanL.) or maize was planted alongside the main crop (pull
component).

A pushpull strategy has also been successfully developed ageipishotarsa decemlineatsay

on potatoesexploiting its attraction to host plant volatiles. This strategy involved potato rows
treatal with host plartbased attractant (pull component), sandwiched between rows treated with
neembased antifeedanpgshcomponent).

Another successful examplemish-pull strategy is the one related to the management of the pea

leaf weevil,Sitona lineatud.., on beanslin this strategy, a synthetic aggregation pheromone (4
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methyl3,5-heptanedione) was used as a pull component, while-based antifeedant formed
the pushcomponent of the strategy.

One more example of a succesgiushpull strategy is the management of the pollen beetle,
Meligethes aeneuBabricius attacking oilseed rap@réssica napus..). This strategy involves

the planting of turnip rapéB¢assica rapd..) along the perimeter of oilseed rape field as the pull
component, while thpushcomponent is represented by the application of nonhost plant volatiles
based on lavendet&vandula angustifoliaMiller), which can repeM. aeneudrom the nain

crop.

Finally, apushpull strategy is also used in order to manage the onion magglé, antiqua
Meigen (Diptera: Anthomyiidae)n this strategy, small unmarketable onion bulbs serve as a trap
crop to divert oviposition of these flies in the maiag(pull component), while cinnamaldehyde

applications are used on the main crop to deter the pestdomponent.

Similarly, this techniquehas been also developed agaihygus bugs. In particular,L.
rugulipennidends itself well to being controllagsing this strategy, as the pest presents both clear
feeding preference to be exploited using trap cropping, and commercially available synthetic

sexual pheromones, to be exploited as part of a mass trapping technique.
2.3.2. Attractive plants fok. rugulipemis

Among the wide plant host range bf rugulipennis several plant species, such af-alfa
(Medicago sativd..), red clover (Tifolium pretensel..), mugwort @Artemisia vulgaris..) and
sunflower Helianthus annuuk.), could be implemented as trap crops (pull componenpusk

pull strategy) foL.ygus sppmanagemerih lettuce, due to their higiattractive powe¢Accinelli

et al 2005;0ndiakaet al., 2016;Ramertet al, 2001)

In particular,alfa-alfa repregnts one of the most studied crops for the use as a trap crop against
this pest, especially to protect strawberries. Mdshestudies highlighted major abundareof
bothLygusadults and nymphs afa-alfatrap crop compared with nearby strawber(@sezey

etal, 2007 Swezeytal, 2013.Lygusbugs dé attraction, indeed, is
presentlfa-alfa, which are highly attractive to females, affecting their movement and therefore
also that of males (Blackmet al, 2004 Godfrey and Leigh, 1994

Howeveralfa-alfatrap cropsalone although highly attractive fdrygusbugs, demonstrated that
they cannot prevent pest migration to main crop during periods of high population deasgg (

and Tavella, 2009) o overcome this issue, some studies have also evaluated the effectiveness of
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alfa-alfatrap cropborders subsequently treated with insecticides, showing good results (Accinelli
et al, 2005) while a more environmentally friendly alternative is represented by localized release
of L. rugulipennisnatural enemies on aladfa borders, where they find idealihig conditions,

thus intensively reproducing and successfully reducing the impact of th&pgsay, both these
strategies failed to effectively control pest damage on lettuce in periods in which the populations
of L. rugulipennisare particularly higl§July-September).

A further alternative could be representedayemiochemicaéssisted trap cropping strategy
based on the use bbth alfaalfa trapcrop bordersndtrapsbaitedwith sex pheromones for mass

trapping, which will be deepened in Cha2e3.3 and 2.3.4.
2.3.3. Type of traps

The traps used for the monitoring lafrugulipennisare calledGreen cross vane Unitragach
trapconsistdan:

- A bucket to collect the insects of approximately 16 cm of diameter and 12.5 cm of height.

- A funnelled entrance, with a 3 cm wide openaighe bottomand around 10 cm wide opening
at the top.

- Crossvanes inserted above the funnel top operchgracterized by a 12 cm width at the bottom,
14 cm at the top and a 11 cm height.

- A circular lid inserted above the cross vanes, of approximatehcibdiameter width, to prevent
rain from falling into the trap.

- A container equipped with bars, whiclpisaced in a hole under the middle of tiseandextends
into the middle of the crosganeghighlighted in red in Figl0).

- The attractive pheromone is placed inside the container

- As killing agent, inside the bucket of the trap either water and detecgea piece of net

impregnated with insecticide can be placed.

The traps were fasteneddavhite signpost and lean on the ground in order to prevent them from

being moved by the wind.
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Figure 10 - Detail of the pheromone container (left photo) and of the system for fixing the trap to the ground (right

photo).

2.3.4. Semiochemicals

Nowadayspush pull strategies highly rely on reproducing insect and/or plant natural interactions
to deter peshcursion into crops and attract them away from cash crops through synthetic insect
and plamproduced semiochemicals (Fountairal, 2021).

In particular, foi. rugulipennis a specific synthetic femafgroduced sex pheromone has already
been developkand testedlhis pheromone is composed of a specific blend of substances which
are naturally released ly rugulipennisf e mal es and are known to s
The composition of the blend is Hexyl Butyrate,-@)exenyl butyrate and (E)oxo-2-hexenal
in the rate 100:3:2(Fountainet al, 2014; Innocenztt al, 1998; Innocenzet al,, 2004).

This pheromone blendemonstratedf combined with Green cross vane Unitrép effectively
attract adult L. rugulipennis males, with all three copounds required for maximum
attractiveness., therefore highlighting a potential use as a monitoring tool (Baitcdfip20138;
Fountainet al, 2017; Innocenzgt al., 2005).

The pheromone blend is generally impregnated onto a cigaretteirigterted in a polypropylene

pipette tip.
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FurthermoreL. rugulipenni® f emal es have also highlighted
volatile component, phenylacetaldehyde (PAA), which could be potentially used to improve the
attractiveness of the pherome blend baited traps (Fountainal, 2010; Koczoet al, 2012).

The pheromones used during the tests were supplied by Massimo Dal Pane of the Isagro company.
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3. AIM OF THE WORKS

The general objective of iliwork is to test and evaluate the effectiveness of agroecological
strategies in the management of insect pests damaging important crops present in northern Italy.

In particular, regarding flea beetlelsespecificaim of the studywasto develop an agroecological
approach to managdbkeir infestation®n sugar beets by usiagfractivetrap-crops, thus avoiding

a massive use of broabectrum insecticidesThis strategy, if effective, could lead to an
important reduction of chemical infs, while enhancing the biodiversity and the resilience of the
agroecosystems. Furthermore, this agroecological strategy could represent the suitable practice
for managing flea beetles infestations in organic farm, where preventive methods are pgrticularl

recommended.

The other specific aimvas toevaluatethe efficacy ofa semiochemicabssisted trap cropping
strategybased on the use gheromonebaitedtrapsadjacent toattractivealfa-alfa trapcrop
bordersfor the management afygus rugulipennisnfesting lettuce, which minimize insecticide

use for the control of an important economic p€kts strategy could be referred to as ppsh

strategy, however the term would be improperly used, dinegush componenthas been
replaced by the occurrenoé two pull stimuli, represented by the alfdfa borders and by the
presence of traps triggered with pheromones installed inside them. For this reason, the strategy
will be referred to as semiochemigasisted trap cropping strate@gside the projectsased on
bottomup habitat managemetdgchniquesat farm scale, a field trial was carried out to test the

attractiveness of pheromone baited trapd fargulipennis
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4. MATERIALS AND METHODS (FLEA BEETLES ON SUGAR
BEET)

4.1. Sitedescription (2020, 2021)

The experimemat trialswere carried out ifoth 2020 and 2021 growing seasondanr farms
all located inthe northeasterrpart of the EmiliaRomagna region, under the provincd-efrara,
Northern Italy Fig. 11).

The farmswerecalled

- Farm Rossi Albinplocated in the eastern part of Codigaronicipality.
- Farm Badile Francesctocated in the western part of Codigonanicipality.
- Farm Delta s.slocated in Tresignamaunicipality.

- Farm Bergonzini Sandrdocated irnthe eastern part of Copparunicipality (Fig.12).

The farms were all characterized by having large sugar heleis with extensions of minimum
10 hectares.

In 2020" growing seasanthe sowing of sugar beets was carried out betweelasheveek of
February i the farms$Bergonzini and Badile) and the fitsalf of March {n the farmsRossi and
Delta)

Sugar beets were sowrith 0.45 x 0.15 nspacing between plants in the farRsssi, Badile and

Delta while in the farm Bergonzini the spacing betwgéants wa®.45 x 0.16 m.

In 202F! growing seasarthe sowing of sugar beets was carried out between the end of February
(in the farms Bergonzini and Badile), the beginning of March (in the farm Ceitijhe last

week ofMarch (n the farmsRoss).

Sugar beets were sownth the same densitied the previougirowingseasonn all of the farms

Far msd coor di nat e sl aadrbeth 2020 mrw 2Q2%r di fimltsGaeTsholvih ie
Figures13-20.

58



Tablel - Farm locations, sugar beet cultivars, sowing dates and densities.

) Trial field _ Sugar beet Sowing
Farm name Site Year _ Sowing dates i _
coordinates cultivars density
44°49'24.76"N
_ 2020 16 March )
o Codigoro, 12°12'12.95"E Smart Briga KWS  0.45 x
Rossi Albino . _
44021 (FE) 44U 49Nj (KWS) 0.15m
2021 . 25 March
12U 12N;
44°48'14.57"N
_ _ 2020 28 February _

Badile Codigoro, 12°1'26.91"E Bali 0.45 x
Francesco 44021 (FE) 44U 48N;j (SESVanderHave 0.15m
2021 . 25 February

12U 04N
o 44°49'52.33"N
Societa _ 2020 02 March _
) Tresignana, 11°55'9.65"E Bali 0.45 x
Agricola . _
44039 (FE) 44U 49N;j (SESVanderHave 0.15m
Delta s.s. 2021 . ~ 03 March
11U 54N;j
44°51'56.45"N
o 2020 25 February
Bergonzini Copparo, 11°53'22.66"E BTS 555 0.45 x
Sandro 44030 (FE) 44U 55N;j (BETASEED) 0.16 m
2021 . 27 February
11U 52N;
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Figure 11 - Location of the farms.

Figure 12 - Municipalities of the farms.
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