UNIVERSITA DEGLI STUDI DI TORINO )/

SCUOLA DI DOTTORATO IN SCIENZE

DELLA NATURA E TECNOLOGIE INNOVATIVE

DOTTORATO IN
SCIENZE AGRARIE, FORESTALI ED AGROALIMENTARI

CICLO: XXX

Innovative pest control strategies
in IPM orchards

Valentina Candian

Docente guida: Coordinatore del Ciclo:
Prof. Rosemarie Tedeschi Prof. Aldo Ferrero
ANNI

2014-2015/2015-2016/2016-2017



Contents

Contents

1 PREFACE ..o 1

2 OBJIECTIVES ...t 2

3 EXCLUSION NETS AGAINST KEY AND EMERGING PESTS
IN PIEDMONT ORCHARDS ... 3

3.1

INTRODUCTION ......ooiiiiiiiiiiiiee e 3

3.1.1 Principal applications of the exclusion nets in orchard crops

S

3.1.2 Exclusion nets and their impact on secondary pests and

ISEASES ...t 7
3.1.3  PhOtOoSEleCtiVe NELS ......cccoviiiiiiiic e 9
3.1.4 Use of photoselective nets against pests .........cccceevvvvvnnnnns 12
3.2 MATERIALS AND METHODS ... 16
3.2.1 Selection of the most promising Net.............cccceevvvvvvveeennns 16
3.2.1.1 Experimental sites and design........ccccceeveeeeeieeeeeennnnnne. 16

3.2.1.2 Monitoring of Cydia pomonella Grapholita molesta

andAnarsia lineatella.............ccovveeeiiiii 20
3.2.1.3 Monitoring of Drosophila suzukii.............cccccceuuunee. 21
3.2.1.4 Monitoring ofHalyomorpha halys.............ccccceeen.... 21
3.2.1.5 Damage On frUuifS.......ccuuuiuiumiiiiiiiiiiee s 22
3.2.1.6  Monitoring of other pests and beneficial insects ....... 23



Contents

3.2.1.7 Monitoring of climatic conditions ...........ccccceeeeeeeeeen. 24
3.2.1.8  Fruit qUAlity.......ccoevuiiiiiiiiiiieee e 25
3.2.1.9  Data @nalySiS .......uceeeiieiiiieeeeeeiieeeeeeee e 26
3.2.2 Semi-field trialS ... 27
3.2.2.1 Experimental sites and design..........ccccceeeeiiiiniiieennnnn. 27

3.2.2.2 Monitoring of Cydia pomonella Grapholita molesta

andAnarsia lineatella..............ceeveeiiiiii e 33
3.2.2.3 Monitoring of Drosophila suzukKii...............cccccee..... 33
3.2.2.4 Monitoring ofHalyomorpha halys............ccccccceeennn. 33
3.2.2.5 Damage on frUilS.......ccceviiiiiiiiiiiiiiiiiiee e 34
3.2.2.6  Monitoring of other pests and beneficial insects ....... 35
3.2.2.7 Monitoring of climatic conditions .............ccceeeeeeeennn. 36
3.2.2.8  Fruit qUAlity........coevuviuiiiiiiiieee e 37
3.2.2.9  Data @nalySiS ......uuuuiiiiiiiieeeeeeiieeeeeeeee e 38
3.3 RESULTS e e 40
3.3.1 SELECTION OF THE MOST PROMISING NET .......... 40
3.3.1.1 Peach orchards .........cccccceeiiiiiiiiiieeeec e 40

3.3.1.1.1 Monitoring of and damage caused Brapholita

molestaandAnarsia lineatella...........coooeeveeeeiiceeee 40

3.3.1.1.2 Monitoring of Drosophila suzukKii........................ 43



Contents

3.3.1.1.3 Monitoring of and damage caused Hglyomorpha
NalYS e —————— 45

3.3.1.1.4 Monitoring of other pests and beneficial insects ... 45

3.3.1.1.5 Monitoring of climatic conditions ......................... 47
3.3.1.1.6 Fruit qUAlity .......ccooviiiiiiiiiiiiiccie e 49
3.3.1.2  Apple orchard........cccooiiiiiiiii 49

3.3.1.2.1 Monitoring of and damage caused ©@ydia

pomonellaandGrapholita molesta...........cccccevvvvvvviiiiceinnnnn. 49
3.3.1.2.2 Monitoring of Drosophila suzukii........................ 50

3.3.1.2.3 Monitoring of and damage caused Hglyomorpha
NalYS e ——————— 51

3.3.1.2.4 Monitoring of other pests and beneficial insects ... 51

3.3.1.2.5 Monitoring of climatic conditions .................ccc.... 57
3.3.1.2.6 Fruit qUAlity .......ccooviiiiiiiiiiiiicie e 58

3.3.1.3  FINAL FEEDBACK ...t 59
3.3.2 SEMI-FIELD TRIALS.....cooi e 63
3.3.2.1 Nectarine orchards ..........ccccccceeiiiiiiiii e 63

3.3.2.1.1 Monitoring of and damage caused Brapholita

molestaandAnarsia lineatella................ccccovvvvvviiiicccceenn, 63
3.3.2.1.2 Monitoring of Drosophila suzukii........................ 67

3.3.2.1.3 Monitoring of and damage caused Hglyomorpha
RalYS 69



Contents

3.3.2.1.4 Monitoring of climatic conditions ...........ccccceeeen.... 75
3.3.2.1.5 Fruit quality ......coooeeiiiiiiee e 80
3.3.2.2 Apple orchards........cccceeveveiiiiiiiiiiiiee e 83

3.3.2.2.1 Monitoring of and damage caused b@gydia
pomonellaandGrapholita molesta.............cccovvveiiiiiiiniinnnnn. 83

3.3.2.2.2 Monitoring of Drosophila suzukKii........................ 83

3.3.2.2.3 Monitoring of and damage caused Hglyomorpha
NAlYS e —————— 85

3.3.2.2.4 Monitoring of other pests and beneficial insects ... 91

3.3.2.2.5 Monitoring of climatic conditions ...........ccccceeeen.... 96

3.3.2.2.6 Fruit quality ........cccoevriiiiieeieiccer e 101
3.4 DISCUSSION ...t 104
3.5  CONCLUSION ..ottt 118

4 USE OF ENTOMOPATHOGENIC FUNGI TO STUDY FUNGUS-
INSECT INTERACTION, THE CASE OHSARIA FUMOSOROSEA
DIAPHORINA CITRIN CITRUS ...t 119

4.1 INTRODUCTION......oiiiiiiiiiiiiiiei i 119

4.1.1 Entomopathogenic fungi as an alternative to chemical

PESHICIAES ... e e e e e e 119
4.1.2 Pathogenicity-related effector proteins from
entomopathogenic fUNGi.......cooover i 122
4.1.3 Application of entomopathogenic fungi in orchard ........ 126



Contents

4.1.4 The Asian citrus psylliddiaphorina citri and its interaction

With Isaria fUMOSOIOSEAL........ccceiiiiriiiiee et 127
4.2 MATERIALS AND METHODS. .......coo i 131
4.2.1 SOUICE Of INSECLES......uviiiieiiiiiiiii e 131
4.2.2 CHIUS |EAVES .....ceeeeieieieiee e 131
4.2.3 Preparation of the conidial suspensions .......................... 132

4.2.4 Infection of psyllids using a single drop inoculation of a

spore solution of. fUMOSOrOSEA...........uvuueiiiiiiiieeeeeeeeeeeeeeeeeeiiienns 133

4.2.5 Infection of psyllids using a spray inoculation of a spore
solution oOfl. fUMOSOr0SEa.........ccccvvviiiiiiiiiiie e 133

4.2.6 Identification ofl. fumosoroseaffectors genes candidates
fOr QPCR @NAIYSIS . .uuiiiiii i e e e e e 134

4.2.6.1 RNA extraction and gqPCR analysis from psyllids

infected withlsaria fUmMOSOrOSEA........c.vvveviieiieeeeiieeeeeeean 137
4.2.7 Statistical analySes.........ccceeeeieiiiiieeeeeeeeieeeeeee 138
4.3 RESULT S ..ot 140

4.3.1 Infection of psyllids using a single drop inoculation of a

spore solution of. fumOSOrosea...........ccocvvviiiieiviiiiiii e, 140

4.3.2 Infection of psyllids using a spray inoculation of a spore

solution Ofl. FUMOSOIOSEA. ... .cueee e 141

4.3.3 lIdentification of I. fumosoroseacandidate effector genes
...142



Contents

4.3.3.1 Relative expression daf fumosoroseaeffector genes

VIR QPCR e 142

4.4 DISCUSSION ..ot 146
45  CONCLUSION ....ouiiiciiiei e 150
S REFERENCES.. ... e 151
6 ACKNOWLEDGEMENTS ... 181
T APPENDIX .. 182

Vi



Preface

1 PREFACE

Integrated pest management (IPM) has become fundamental in European
plant protection as regards food safety and environmental protection.
When pest damage becomes economically harmful, farmers generally use
insecticides to protect the crops. Frequent insecticide treatments,
however, increase hazards for workers, consumers and environment.
Moreover, a consistent use of insecticides often induces resistance in
treated insect populations (Ben-Yaktral, 2014).

In the last years, the implementation of the new Regulation (EC) No.
1107/2009 concerning the placing of plant protection products on the
market and the directive 2009/128/EC regarding the sustainable use of
pesticides have drastically changed the European plant protection
management. Therefore, many chemicals have disappeared from the
European market, launching new challenges for the control of pathogenic
insects and fungi. Moreover, hazardous effects of agrochemicals on both
humans and the environment, the increasing problems related to the
occurrence of resistant pests as well as the introduction of exotic pests
require the implementation of new methods for the integrated pest
management.

In the last few years, physical exclusion strategies proved to be effective
for the control of key and emerging pests (Castellahal, 2008;
Chouinardet al, 2016). At the same time, the use of entomopathogenic
fungi offers an attractive alternative to the use of chemical pesticides
(Lydia et al, 2017; Wang and Wang, 2017).



Objectives

2 OBJECTIVES

The objectives of this research were to evaluate two innovative pest
control strategies for IPM orchards. Experimental trials were carried out
in Piedmont (NW Italy) in order to assess the efficacy of different kinds
of net (colours and meshes) in containing key and emerging insect pests
in fruit orchards. Any possible effects of the net on orchard arthropod
communities, with a special regard to the predators, as well as on the fruit
guality, were considered.

Moreover, biological and genomic interactions between the
entomopathogenic fungilsaria fumosoroseaand the Candidatus
Liberibacter asiaticus’ psyllid vectdbiaphorina citri Kuwayama were
analysed. TheD. citri mortality time course infection after treatments
with I. fumosoroseaat different concentrations and with different
inoculation strategies was evaluated. In addition, pathogen effector genes

from |. fumosoroseat early time points of infection were identified.
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3 EXCLUSION NETS AGAINST KEY AND
EMERGING PESTS IN PIEDMONT ORCHARDS

3.1 INTRODUCTION

Orchards are among the most complex ecosystems in agriculture because
of their perennial nature. Nevertheless, until a few years ago, crop
protection programs were mainly focused on synthetic pesticides to
prevent or limit pest damage (FAO, 2009). The application of several
pesticides is required to ensure both the sustainability of the perennial
tree structures and the visual quality of the fruits, which is a key point for
commercializationFor instance, over 35 treatments per year are applied
to French apple orchards, including a range of 7-15 insecticides
specifically targeted towards the codling motbydia pomonellaL.
(Lepidoptera: Tortricidae: Olethreutinae) (Butagttal, 2010). In Italy,

6—7 treatments are necessary to con@ipomonellan apple orchards
(Pavarino and Vittone, 2014).

Alternative control methods reduce environmental impact compared with
insecticide treatments but often target a single key pest. Specific control
methods have been developed mostly focusing on microbiological
insecticides (Arthurset al, 2007) and on mating disruption using
synthetic sex pheromones for tortrix moths (Witzgalal.,2010). In the

last years, both methods are widely implemented, but insecticides are still
needed to supplement these strategies under high pest densities (Butault
et al, 2010). MoreoverC. pomonellawas the first pest in which field

resistance to an entomopathogenic virus was detected (Asser-Kaiser

3



Introduction Exclusion nets

al., 2007). In this scenario, insect exclusion nets may represent a
promising efficient tool to protect crops even from more than one pest at
the same time.

Exclusion nets have been used in agriculture since the middle of'the 20
century (Scarascia-Mugnozzst al, 2011; Merrill, 1967), and more
commonly since the 1990s, when they became widespread as a protection
tool against whiteflies in greenhouses (Berlingeral, 2002). Various
types of net coverings are widely used in various countries around the
world to provide protection from birds, frugivorous bats, hail, wind, frost
and sunburn damage (Lloyd al, 2005). Moreover, exclusion nets also
allow a significant reduction in the number of insecticides applications
needed to protect the crop from all pests. These nets are almost
exclusively made of clear high density polyethylene (HDPE) and have an
average lifespan of six (Saupharedral, 2009) to ten (Rigden, 2008)
years under field conditions.

The main mode of action of nets is to act as a barrier to deny access to
the crop. Despite their high sustainability (Alaphilipgteal, 2016) and
stable efficacy under variable conditions, they seldom have been
considered cost-effective until the last three decades when, in many parts
of the world, the exclusion nets have progressively found wider
applications (Tasiet al, 2008). The characteristics and effectiveness of
exclusion systems adapted for fruit tree protection have been studied in
relation to many key pests of pome and stone fruits. These systems can
be also classified as eitheomplete(single row strategy) ancomplete
(single-plot exclusion-net) exclusion systems (Chouirerdl, 2016). In

the incomplete exclusion, the soil is not excluded from the system
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allowing several key pest species (e.g. plum curculio, tephritid flies,
European apple sawfly) to complete their life cycle and remain inside the
enclosed area. loompleteexclusion however, the soil is excluded from

the enclosed zone.

3.1.1 Principal applications of the exclusion nets in

orchard crops
The effectiveness of the net in excludittte codling moth in apple
orchards has long been known (Tastnal, 2008). Exclusion nets have
been used successfully in France agafispomonellasince the early
2000s and they were tested in an experimental apple orchard in southern
Quebec from 2012 to 2016 to see their applicability in North American
conditions (Chouinarét al, 2017). The Alt'Carpo [a French designation
meaning “codling moth arrest”] system is the first and one of the most
widely used commercial exclusion systems for pome fruit in the world. It
Is estimated that this exclusion system is applied on about 2000 ha in
Southern France (mainly on apples) and 350 ha in Italy (mainly on pears)
(Alaphilippeet al, 2016). Codling moth exclusion systems are known to
protect crops also from birds, mirids (Alaphilipge al, 2016) and
Zeuzera pyringL.) (Lepidoptera: Cossidae) (Sauphaebial, 2009). In
pear orchards, where the Alt'Carpo system is appli@dcopsylla
pyricola Foerster (Hemiptera: Psyllidae) re-infestations are prevented
when exclusion nets are installed right after an initial insecticide
application (Romeet al, 2010).
The efficacy of the exclusion nets in containig pomonella

populations in apple orchards and how the net affects its biology have
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been more investigated compared to other pests. The impact of the
exclusion nets against the codling moth is not only confined to being an
actual physical barrier against the movement of the moths in-out from the
orchard but they also interfere with the pest biology. Under simulated
conditions, anti-hail nets retarded adult development up to five days in
trees covered with nets than in trees without them. This negative effect
on the development is probably due to lower temperatures under the net
(Kuhrt et al, 2006).

Disrupting effects of the net were also observed during the mating. A
decreased number of males able to locate calling females or a synthetic
source of sex pheromone were observed by Tetsah (2008) under net
coverage. Moreover, the net significantly reduces the flight in the higher
part of the canopy. It is known that males and females fly to the upper
part of the canopy for mating and mated females may then re-distribute
themselves in the canopy in order to lay eggs evenly. The percentage of
mated tethered females located in the upper part of the canopy is
significantly reduced when the net is present. The interference of the net
on the mating process is not only related to the approaching phase, but
also to some aspects of courtship and mating (Tetsah, 2008). The net
indeed interferes with the flight of the male moths inside the orchard
during their approach towards the females reducing mating success and
may also interferes by causing a visual disturbance to the searching males
(Tasinet al, 2008; Sauphanat al, 2012).

With the increasing number of cherry orchards covered to prevent fruit
cracking by rain, exclusion nets become a viable and cost-effective
control method for the European cherry fruit fRhagoletis cerasfL.)
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(Diptera: Tephritidae), a major pest of European cherry crops (Daniel and
Grunder, 2012). Nets with 1.3x1.3 mm mesh are effective against this
pest as long as nets are installed prior to egg-laying and removed right
before the harvest time (Bramd al, 2013; HOhnet al, 2012). In high

pest pressure orchards, the single row strategy allows to reduce the
infestation by up to 98% (Braret al, 2013).

Moreover, thanks to their mechanical action, exclusion nets could be a
ready tool in case new exotic pest introduction. Nets have been proved to
be useful for the control of the exotic p&sbsophila suzukiMatsumura
(Diptera: Drosophilidae) in cherry, cranberry, raspberry and blueberry
crops in France, Canada and North America (Chagtotal, 2014;
Cormier et al, 2015; Rogerset al, 2016). Exclusion nets are also
currently being investigated as a potential solution to the devastating
problems caused by the brown marmorated stink lajyomorpha
halys Stal (Hemiptera: Pentatomidae) in the United States (Marshall and
Beers, 2016).

3.1.2 Exclusion nets and their impact on secondary pests

and diseases

Despite exclusion nets are primarily designed to exclude a single pest
species, they have some effects on the entomofauna of fruit trees. Those
effects are more obvious in the case of single row strategy. Whilst the

effectiveness of the exclusion nets against some key pests is well known,
the secondary effects of the exclusion nets on other pests and beneficial
insects have not yet been thoroughly assessed.
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Secondary effects on the development of secondary pests such as
Adoxophyes orana (Fischer von Roslerstamm) (Lepidoptera:
Tortricidae),Metcalfa pruinosgSay) (Hemiptera: Flatidae) and Tingidae
(Hemiptera) in apple orchards were observed by Alaphilippeal
(2016). In Italian organic pear orchards, nets favor the development of
Leucoptera malifoliellagCosta) (Lepidoptera: Lyonetiidae), a minor pest
that can readily pass through the meshes and develop within enclosed
environments (Sévérac and Siegwart, 2013).

Mites also appear to be indirectly affected by exclusion nets. Sévérac and
Siegwart (2013) reported that ‘Pink Lady' apples grown without nets
needed two more acaricide applications than apples grown under
Alt'Carpo nets applied with the single row strategy. Probably the absence
of insecticides in the netted plot could have benefited mite predators
(Sauphanoet al, 2009).

Different researches showed contrasting results on the efficacy of the
exclusion nets in containing aphid populations. Bilal (2010) proved

the efficiency of the net for the control Diysaphis plantagine®asserini
(Hemiptera: Aphididae) in France apple orchards while in other
researches nets have been shown to induce population flare-ups for some
species such asEriosoma lanigerum (Hausmann) (Hemiptera:
Aphididae) (Alaphilippeet al, 2016). Moreover contrasting effects were
observed for other species such Agshis pomiDe Geer (Hemiptera:
Aphididae) andD. plantaginea with occasional flare-ups under nets
(Chouinardet al, 2016). Probably an inconsistent effect on their natural
enemies could be the reason (Chouiredrdl, 2016). Direct and indirect

behavioral effects on small size pests (e.g. mites) can be induced by the
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biotic and abiotic modifications of the environment caused by the nets
(Chouinardet al, 2016). For example, regarding biotic modifications, the
avoidance of broad-spectrum pesticides can allow the development of
indigenous predatory mites that are already in the system. On the
contrary, the impact of abiotic factors (relative humidity, temperature,
rainfalls) can be modified and, in turn, can modify pests development and
fecundity inside the nets (Chouinaetlal, 2016).

Other indirect effects include plant pathogenic fungi and postharvest
diseases. In apple orchards, a slight reduction in the occurrence and
intensity of apple scabyVenturia inaequalis(Cooke) G. Wint on
susceptible cultivars such as ‘Pink Lady’ and ‘Gala’ were observed, but
the reason for this effect was not determined (Sévérac and Siegwart,
2013). A lower incidence of postharvest diseases recorded on fruits
grown under exclusion nets may be due to the fruit protections from
climatic, parasitic and non-parasitic agents that are responsible for

creating entry ports for various diseases (Sévérac and Siegwart, 2013).

3.1.3 Photoselective nets

Recently, photoselective nets have been developed with the aim of
improving plant production thanks to their optical properties in addition
to their physical protective action. The photoselective netting technology
was developed during the past years by a joint R&D effort of the Volcani
Center (ARO) along with Polysack Plastics Industries in Israel. This
technology introduced specific spectral filtration and scattering features
into the netting materials. The photoselective netting approach was

initially targeted towards specifically stimulating desired physiological
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plant responses, which are regulated by light, and which determine the
productivity and product quality. They are produced in different textures,
colours and for different crops and climates.

In literature, photoselective red, yellow, blue, green nets are often
indicate as “colored photoselective nets” while grey, white and pearl nets
are called “neutral photoselective nets” (Shahak, 2011). Depending on
the thread pigmentation and knitting design with different fibers and
density to create specific shade indices (Castellano, 2008), photoselective
nets provide different mixtures of natural, unmodified light and scattered,
spectrally modified light (Shahaét al, 2004a; Rajapakse and Shahak,
2007). Light quality modification in terms of light transmittance and

scattering by different nets is reported in Table 1.

Table 1.Light quality modification by photoselective nets (UV: ultra violet; B: blue; G:
green; Y: yellow; R: red; FR: far red). Source: Shahak, 2008

Net Absorption Transmittance Scattering
Blue UV+Y+R+FR B+G ++

Red UV+B+G R+ FR ++
Yellow uUv+B G+Y+R+FR ++
White uv B+G+Y+R+FR ++
Pearl uv B+G+Y+R+FR +++
Grey all (+IR) - +

Black all - -

Photoselective nets were initially tested in ornamental crops which are
traditionally grown under black shade nets with particular attention first
to the foliage and then to the cut-flowers and pot-plants. The vegetative

growth rate and vigor is stimulated by red and yellow nets while

10
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dwarfing is increase by the blue net. The grey net specifically enhances
branching and bushiness and also reduces leaf size and variegation in
some species (Oren-Shareir al, 2001; Shahak, 2008). Photoselective
nets are able to influence length and density of flowering stems (longer
and thicker under yellow and red net; shorter under blue net), time of
flowering (shorter under red net) and the number of flower per branch
(pearl net) in some cultivars (Shahak, 2011).

Positive results obtained on ornamental plants had encouraged new
researches on vegetables and deciduous fruit crops. The production of
leafy crops greatly depends on their growth rate. In field condition, red
and pearl nets allow a significantly increase production of lettuce and
basil compared to blue or black nets. Pepper productivity is increased
under photoselective net with highest yields under red net (Shahak, 2008)
while pearl and yellow nets significantly maintain a better fruit quality
after storage and shelf life simulations (Shahak, 2011) probably cause
their significant reduction i\lternaria spp. population (l& and Fallik,
2017). Red net significantly reduced post-harvest fruit weight loss (Fallik
et al, 2009; Goreret al, 2010). Moreover, red and pearl nets improve
tomato fruit quality (ll€ et al, 2012 and 2015).

On fruit trees, photoselective nets that reduce the 15-30% of shading
factors are generally used. Positive effects on flowering, fruit-set, fruit
size, colour and internal quality, in addition to non-specific reduction of
water stress, superficial damage, and sunburn are observed on plants
grown under these nets (Shahekal, 2004a and b; Rajapakse and
Shahak, 2007; Shahad#t al, 2008). Positive effects are observed on

11
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apples and peaches (Shahak al, 2004b), pears and table grapes
(Shahalet al,, 2008), kiwifruit (Basileet al,, 2008).

3.1.4 Use of photoselective nets against pests

In the last years, the response of insects to light has long been
investigated (Johanseet al, 2011). Different species have light
photoreceptors for different region (i.e. yellow, blue, red, UV) and with
different peak sensitivity. For example, aphids and whiteflies have light
receptors in the ultraviolet (UV) region with peak sensitivity at 330-340
nm and in the green-yellow region with peak sensitivity at 520-530 nm
(Doring and Chittka, 2007) while thrips have light receptors in the yellow
region (540-570 nm), the blue region (440-450 nm) and the UV region
(350-360 nm) (Vernon and Gillespie, 1990).

The response of insects to light is strongly affected by the intensity of
radiation, the shape and contrast of the radiation source and the
physiological state of the insect. High light intensity often inhibits the
expected behavioral response to an attractive color. For instance the
preference of aphids towards yellow instead of green may be explained
by the higher reflectance of yellow in the green spectral domain (Prokopy
et al, 1983). Indeed, when aphids are exposed to monochromatic lights
of the same intensity, they preferred green over yellow (Hardie, 1989).
Greenhouse films or screens containing UV absorbing additives were
previously found to provide better pest protection than standard cladding
materials (Antignus and Ben-Yakir, 2004; Kumar and Poehling, 2006).
Moreover, the horticultural studies on photoselective nets showed the
positive potential of these nets in containing pests even though the holes

of these nets are large enough to allow free passage of aphids, whiteflies
12
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and thrips (Shahalet al, 2009). The photoselective nets contain
pigments known to attract whiteflies and thrips (i.e. yellow and blue
colour) but optical disruption caused by the reflected light may interfere
with distant host finding by the pests. This is because it is expected that
when pests are near or on the plants, other sensory, such as humidity
gradient and plant odors, can substitute the optical investigation (Ben-
Yakir et al, 2012b). This aspect has been studied in the last few years on
aphids, whiteflies and thrips in relation to their direct damage by feeding
on crops and their capacity to transmit viral pathogens (Ben-¥alai,
2012b).

Several studies have shown that, in choice experiments, insects prefer to
move to environments with a high intensity of UV light (Diaz and
Fereres, 2007) and are repelled by a high intensity reflected UV light
(Summerset al, 2004) making photoselective nets a useful additional
tool for crop protection. Mostly pearl and yellow photoselective nets are
able to significantly reduce pest populations. The incidences of aphids
and whiteflies populations under pearl and yellow nets in bell peppers
and tomatoes, as well as the consequent transmission of viral diseases, is
significantly reduces compared to coverage with black and red nets
(Shahaket al, 2009). The mechanisms by which yellow and pearl nets
provide protection against aphids and whiteflies are still not entirely
clear.

Pest protection by the pearl net is related to repellency due to its light
reflective capacity, which is 2-5 fold higher compared to red and black
nets. On the other hand, the yellow net induce aphids and whiteflies to
land, feed and settle on the net surface because of its attractive colour.

13
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After the pest try to probe and feed on the net, they usually fly away in
what is calling a ‘rejection flight’ (Kring, 1972) reducing in this way the
efficacy of the virus transmission. Photoselective nets thus do not provide
full pest control, but they can be incorporated into IPM strategies taking
advantage of their optical repelling or arresting proprieties to reduce the
use of insecticides (Ben-Yaket al, 2012a, 2012b; ki and Fallik,
2017).

Even though the effect of photoselective nets is mainly investigated on
pests, observations of their impact on beneficial insects have been much
less detailed. Researches on parasitoids are only marginal while they are
almost totally absent on predators. Reports on crops protected with
photoselective nets indicate species-specific responses in predators and in
parasitoidsAphidius colemanViereck (Hymenoptera: Braconidae), and
Diglyphus isaeaWalker (Hymenoptera: Eulophidae) did not show
interruption of their host location ability under photoselective net
(Chyzik et al, 2003) while a negative effect on the host location ability
of Eretmocerus mundusMercet (Hymenoptera: Aphelinidae) and
Aphidius matricariae (Haliday) (Hymenoptera: Braconidae) was
recorded under photoselective net (Chyeikal, 2003; Chielet al,
2006).

Legarreaet al (2012) studied the impact of UV-absorbing nets on the
visual cues of two important predator specf@sus laevigatugFieber)
(Hemiptera: Anthocoridae) andmblyseius swirskiiAthias-Henriot
(Acari: Phytoseiidae) showing how each species can react in a very
different way to the presence of the exclusion net. Indeed, the anthocorid

was caught in higher numbers in traps placed under regular nets, whereas

14
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the mites preferably chose environments in which the UV radiation was
attenuated.

In the frame of the LIFE+ SU.SA.FRUIT project (Low pesticide IPM in
sustainable and safe fruit production - LIFE13 ENV/HR/000580),
experimental trials were carried out in Piedmont (NW ltaly) in order to
assess the efficacy of different kinds of net in containing key and
emerging insect pests in fruit orchards. Experimental trials were carried
out in a three-year period. During the first year, prototypes with different
types of net were set up in order to compare different colours and
meshes. According to the results obtained in the first year, in terms of
effects on the entomological and pathological aspects and on fruit
quality, semi-field trials were carried out in the following two years using
the most promising net. Populations of key pests sudb. gomonella

and Grapholita molesta (Busck) (Lepidoptera: Tortricidae:
Olethreutinae), as well as of new exotic pests, sudb. asizukiiandH.

halys were monitored. Moreover, any possible effects of the net on
orchard arthropod communities, with a special regard to predators, as
well as on the fruit quality, were considered.

15
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3.2 MATERIALS AND METHODS
3.2.1 Selection of the most promising net

3.2.1.1 Experimental sites and design

In 2015, different kinds of net were tested using prototypes in an apple
(cv. Baigent Brookfield®) and in a peach orchard (cv. Royal Glory®)
located in the province of Cuneo (Table 2). A specific anti-drosophilid
net (mesh 0.9x1.0 mm) [Artes Politecnica Srl, Schio (VI), Italy] and
three anti-hail photoselective nets (mesh 2.4x4.8 mm) [AGRITENAX,
now AGRINTECH S.r.l., Eboli (SA), Italy] of different colours (yellow,

pearl, red) were tested (Figure 1).

Table 2.Description of the experimental orchards.

Site Position A.s.l. Crop Cultivar Area  Orchard age
(m) (ha)  (YR)

Magliano 44°45'29.3"N 138 Peach Royal Glory®.6 3
Alfieri (CN) 8°04'58.7"E

Cervignasco 44°41'35.7"N 280 Apple Baigent 3.9 13
(CN) 7°30'47.0"E Brookfield®

The trials were arranged in a randomized complete block design with
three replicates for each of the following treatments: 1) trees netted with
anti-drosophilid net (D); 2) trees netted with yellow anti-hail net (Y); 3)
trees netted with pearl anti-hail net (P); 4) trees netted with red anti-halil
net (R); 5) un-netted control trees (C). In each orchard, 15 plots of 3
neighbouring trees on the row were selected. In the apple orchard, the
trees in the three replicates of D, Y, P, and R were isolated with the net
that was set up hooking its upper side to the anti-hail net support and
16
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fixing the lower side to the ground with metal pegs. In the peach orchard,
nets were deployed on wooden crosses and the lower sides were fixed to
the ground with metal pegs (Figure 1). In both the orchards, the cages
were installed at the beginning of May (MaY B the peach orchard,

May 8" in the apple orchard) at the end of flowering and they were
removed at the end of the harvest time.

Figure 1. Prototypes setting-up in the peach orchard.

During the experimental trials, no insecticide treatments were applied
from the setting-up of the nets until the end of the harvest time in each D,
Y, P, R and C repetition. The first objective of the research was to
evaluate the physical exclusion due to the net, but further trees without
net coverage and treated with insecticides (I) were also monitored in
order to compare the effectiveness of the nets and of chemical insecticide
treatments in both orchards. Treatment | was considered for the
evaluation of the impact of the net on beneficial insects. Treatment | was
tested in both orchards by means of a knock-down treatment while

surveys with yellow sticky traps were carried out in | only in the apple

17
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orchard. The routine pest control inputs applied on | trees is reported in
Table 3. In both the orchards, the mating disruption against Tortricidae
was not applied. Fungicides treatments were done in the same way
outside and inside the nets (directly through the net coverage) following

the routine pest control schedule of the growers.
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3.2.1.2 Monitoring of Cydia pomonela, Grapholita
molesta and Anarsia lineatella

To evaluate the presence and abundance of Tortricidae and other moths,
inside (D, Y, P, R) and outside (C) the exclusion nets, traps with sex
pheromones [CSALOMON® Budapest (BU), Hungary] were used in
both the orchards. In the peach orchard, a pheromone tr&p foolesta

and another foA. lineatellawere used in each repetition, while in the
apple orchard a trap f&2. pomonellaand another fofs. molestawere

used in each repetition for monitoring the pest populations. In the apple
orchard, the feeding attractant CSALOMON® “BISEX”
[CSALOMON® Budapest (BU), Hungary] made with a pear ester (Téth

et al, 2014) was also applied in ea€h pomonellapheromone trap in
order to collect also female specimens. Traps were placed at 2.50 m from
the ground due to the flying characteristics of these pests (€asih

2008). Sex pheromones and feeding attractants were replaced every four
weeks to consistently ensure their effectiveness. Every 10 days, catches
were counted and pests were transferred into tubes for the species
determination. Even though pheromone traps and feeding attractants are
specific, they could also capture individuals not belonging to the target
species so a determination of the species by morphological analysis of
the aedeagus was necessary. The last abdominal segment of the captured
specimens was dissected and boiled for few seconds in potash (15%).
The abdominal segment was subsequently washed in water and dissected
in glycerol for the genitalia extraction and the species determination by

comparison with dichotomous keys (Gilligan and Epstein, 2014).

20



Prototypes Materials and Methods

3.2.1.3 Monitoring of Drosophila suzukii

Although at the momenD. suzukiiis not a key pest in Piedmont fruit
orchards, the pest populations were monitored during the trial. Therefore,
a trap withDroskidrink (74.5% apple vinegar, 25% red wine and sugar)
[Az Agr. Prantil Elisabetta, Prio di Vervo - Val di Non (TN)], a feeding
attractive, was used inside each cage (D, Y, P, R) and in each control (C).
A transparent plastic bottle was filled with 250 mLDrbskidrink and a

drop of soap was added with surfactant function. The bottle was closed
and four symmetrical holes were applied in the upper part of the bottle in
order to allow the insect entrance. For each repetition, a trap was
installed at 1.50 m from the ground. Every 10 days, the material caught
by each trap was collected and stored in 70% alcohol for subsequent
determination and. suzukii counts while the attractive solution was
replaced with neviDroskidrink The prominent serrated ovipositor of the
female and the presence of a dark spot on the leading edge near the tip of
each wing as well as the presence of three to six bristles on the first pair
of leg for the male were observed for the species determination following
Vlach, 2010.

3.2.1.4 Monitoring of Halyomorpha halys

A RESCUE!®Stink Bug Trap activate with the RESCUE!® Stink Bug
Attractant [Sterling International, Inc. Spokane (WA), USA] was applied
in the middle of each orchard to evaluate the presentk loflys From

the net installation until the end of the trial, traps were checked every 10
days and the lure was changed every seven weeks accordingly to

manufacturer’'s instructions. The specimens collected into the traps
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during each survey were identified and counted. Moreover, every 10
days, in each repetition inside (D, Y, P, R) and outside (C) the net, five
branches from each tree were beated to assess the presence and the

abundance of the pest during the growing season.

3.2.1.5 Damage on fruits

To evaluate the effectiveness of the different kinds of net, the damage on
fruits caused b¥. pomonellaG. molestaandH. halyswas evaluated all
along the trials and at the harvest time. Since the net setting-up, 30 fruits
per each covered (D, Y, P, R) and un-covered (C) replicate were visually
inspected every 10 days to evaluate the damage caus&dglestaand

H. halysin the peach orchard and the damage caused. [pomonella
andH. halysin the apple orchard during the growing season. Overall, the
whole production in the peach orchard, and 330 fruits in the apple
orchard were checked in each replicate. In particular, the damage caused
by G. molestawas evaluated considering that one larva visits 3 shoots
before damaging a fruit (Zangheti al, 1999). For this reason, 30 shoots
(10 shoots from each tree) in each D, Y, P, R and C replicate were also
checked every 10 days. The total damage causdsl. Ioyolestain each
repetition was finally evaluated with the following mathematical

formula:

[(% damaged shoots/3) + % damaged fruits]
2

Due to the very low production, at the harvest time, the whole production
(at least 40 fruits on average for Y, P, R, C and 24 fruits in D) of the
peach orchard (harvest day: Jul}) 8vas evaluated for fruit damages. In
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the apple orchard, three picking dates occurred (Augubtagd 28"
September ") and 100, 300 and 100 apples were respectively harvested
in each covered (D, Y, P, R) and un-covered (C) cage. Damage caused by
G. molestaandH. halysin the peach orchard and damage cause@.by
pomonellaandH. halysin the apple orchard were evaluated.

3.2.1.6 Monitoring of other pests and beneficial insects

During the trial, every 10 days from the net setting-up until the harvest
time, 30 shoots (10 shoots from each tree) in each D, Y, P, R and C
replicate were checked to evaluate the presence and the abundance of
aphids.

The abundance of beneficial insects (before, after and all along the trial)
was evaluated thanks to chromotropic sticky traps and knock-down
treatments. A Glutor YELLOW (25%20 cm) [BIOGARD® Division,
Cesena (FC), IT] chromotropic sticky trap was used in each covered (D,
Y, P, R) and un-covered (C) replicate. Only in the apple orchard, a
yellow sticky trap was also hanged on three trees without net but treated
with insecticides (I) to compare the net efficacy against chemical
treatments. Traps were changed every 10 days from the net setting-up
until the end of the harvest time. The collected specimens were examined
and sorted in the following clusters: jtal catches 2) predators 3)

pests

Before the net setting-up and after the end of the harvest time a knock-
down treatment with the pyrethroid deltamethrin (Decis® Jet, Bayer
CropScience AG, Monheim am Rhein, Germany, 120 mL[})hwas
applied. Before the net setting-up, the knock-down treatment was applied
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on three trees arranged along the diagonal in both the orchards. After the
harvest time it was applied on one tree per each Y; P; R, D, C and |
replicate. After 3 hours and a final beating of the canopy, all the
arthropods killed by the knock-down treatment were collected on a nylon
tarpaulin (3x2 m) lying under the canopy of the trees, and then put into
plastic tubes (50 mL) with 70% alcohol until the determination. In order

to assess the arthropod fauna abundance depending on the treatment and,
in particular, the possible effect of the nets on the predators, the collected
specimens were examined and sorted in the following clustetstdl)
catches 2) predators For the final knock-down treatment the cludter

halyswas added to previous groups.

3.2.1.7Monitoring of climatic conditions

From the net setting-up until the harvest time, temperature and relative
humidity were monitored at one-hour intervals in both the orchards. A
data logger Hobo® H08-004-02 or a Hobo® H8 Pro Series [Onset
Computer Corporation, Bourne, (MA) USA] was installed in one of the
three D, Y, P, R and C replicates. The data were downloaded and
analyzed using BoxCar Pro software v.3.7.2.

Moreover, only in the apple orchard, the photosynthetically active
radiation (PAR) of covered and un-covered trees were also evaluated in
one Y; P; R, D and C replicate. A Data Logger WatchDog 1000 Series
Micro Station [Spectrum Technologies, Aurora (IL) USA] was located
on the central tree in each replicate. The PAR at three different heights
(high, middle and basal) was recorded at one-hour intervals from the net

setting-up until the harvest time.

24



Prototypes Materials and Methods

3.2.1.8Fruit quality

At the harvest time, the fruit quality of the covered (D, Y, P, R) and un-
covered (C) trees were evaluated. Colour, firmness, total sugar and the
starch content [only on apple] were evaluated. In each orchard, 180 fruits
per treatment were analysed for the colour and 135 fruits per treatment
were checked for firmness, total sugar and starch content.

The colour was measured on the external part of the fruit using a portable
colour analyser [Chroma Meter, model CR-400, Minolta, Langenhagen,
Germany] equipped with a measuring head of 8 mm-diameter area. The
CIELAB scale defined by the Commission International de L’Eclairage
was used to describe the colour with the L* a* b* space coordinates. The
colour parameters were expressed with a colour index (Martinez-Las
Heraset al, 2016).

The firmness was measured using a manual standard penetrometer
[52200 Fruit penetrometer, Turoni, Forli, Italy] (diameter of the probe 8
mm) with a kg scale. For each fruit, a slice of skin was removed using a
cutter, and the probe was pushed into the flesh tissue to a depth of 9 mm.
For the total soluble solid, fruits were squeezed and the juice was
distributed into a plastic tube. After centrifugation, the subnatant was
measured with a digital refractometer [PAL series, ATAGO CO, LTD,
Tokyo, Japan].

The quantity of starch was obtained by means of the Lugol test. lodine,
present in the Lugol solution, reacts with starch and shows a
characteristic blue-violet colour. The result was expressed by means of
an index value that is related to the starch degradation degree. A scale of

1-10 is used for apples (Sansavini and Ranalli, 2012); the first degree in
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this scale indicates no degradation (maximum quantity of starch), while

the tenth indicates that almost all the starch has been degraded.

3.2.1.9Data analysis

The statistical analyses were performed using SPSS v23.0 and v24.0
(SPSS Inc., Chicago, IL, USA) and outcomes were considered significant
at P<0.05.

The mean percentage of catches was calculated for each category [Peach
orchard: G. molesta D. suzukii Apple orchard: the total sum @3.
molesta C. pomonella Synanthedon myopaeformigBorkhausen)
(Lepidoptera: Sesiidae)p. suzukij considering the total number of
specimens caught in each N and C replicates on the total number of
catches recorded in each orchard. In the peach orchard, the mean
percentage on shoots and fruits damage@® byolestger treatment was
considered. The number of arthropods collected with yellow sticky traps
and with the final knock-down treatment were used for the statistical
analysis.

The data collected with the entomological survey, as well as the results
obtained with the PAR and the quality of fruit at the harvest time were
checked for homogeneity of variance (Levene test) and normality
(Shapiro-Wilk test), and compared using a one-way ANOVA; in the case
of significant differences, the means were separated by Tukey’s test. In
case of percentages data, values were arcsine square root transformed
before the analysis. If the assumptions of ANOVA were not met, the data
were analysed using the Kruskal-Wallis test, and the means were

pairwise compared using the Mann-Whitney U test.
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3.2.2 Semi-field trials

3.2.2.1Experimental sites and design

Semi-field trials were carried out in 2016 and 2017 in two nectarine
orchards (cv. Amiga* and Fire Top®) and two apple orchards (cv.
Baigent Brookfield® and Galaval*), located in the province of Cuneo
(NW ltaly) (Table 4). All the orchards were equipped with an anti-halil
net system with a green net in nectarine orchards and a grey net in apple
orchards.

The trials were arranged in a randomized complete block design with
three replicates for each of the following treatments: 1) netted trees (N);
2) un-netted control trees (C); 3) trees without net but treated with
insecticides (I). In each orchard, nine plots (three for each treatment) of
neighbouring trees on the row (16 trees in nectarine orchards, 20 trees in
apple orchards) were selected. In the three replicates of N, the plots were
further covered by the pearl anti-hail photoselective net Tenax Iridium
(mesh 2.4x4.8 mm) [AGRITENAX, now AGRINTECH S.r.l., Eboli
(SA), Iltaly]. The nets were set up hooking their upper side to the anti-halil
net support and fixing the lower side to the ground with metal pegs
(Figure 2).
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Figure 2. Setting-up of the pearl photoselective anti-hail net in the nectarine

orchard.
The exclusion nets were placed at the petal fall and removed at the end of
the harvest time. Immediately after the closing of the nets, a knock-down
treatment with the pyrethroid deltamethrin (Decis® Jet, Bayer
CropScience AG, Monheim am Rhein, Germany, 120 mL[})hwas
performed to eliminate pest populations. Then, during the experimental
trials, no further insecticide treatments were applied in the three plots of
N and C. In the remaining three replicates of I, the trees received routine
pest control inputs both in 2016 and 2017 as reported in Table 5 and
Table 6.
The treatment | was only used to compare the effectiveness of the net to
the effectiveness of insecticide treatments with reference to fruit damage
at the harvest time and to insect abundance assessed through the final
knock-down treatment. These parameters were chosen due to the low
number of catches d¢i. halysby pheromone traps in spite of high levels

of fruit damage observed in the study area.

29



Semi-field trials

Materials and Methods

W97 snbny T ®epIolLlo] n uogall (01dusjo13

¢ pue 5 Aine Z yepIouuo] N Jauuny  fyaw sojuAdiolyd Jeneeo ¥
T isnbny T [duowod D  DOF Jels uogail to1dusjoiq
pe Ainc T eauowod D uepiey  |Ayaw soylAdiolyd

o€ AInc ‘gz aunc Z ®e|jguowod ‘D OM G/ [euaL sojuAdiolyd @Em“_m“vm_wn_mm ¢
8T Ainc T BISojoW ‘9 dn uogail xoiduajo1g

J Aine T BISojowW ‘9 uepley  |Aysw sojuAdiolyd @lo] au- Z
BT AINC T Blssjow ‘9 dn uogaiL xoiduajo1g

o Ainp T 1S9j0W "9 repieyd  fyvw soyAdiolyd Lsebiuy T

a1e swawiealn Jo 'oN 19610 ] awreu apel] waipalbul annoy lennn)  pleyaio

n deyPyumes 19U 8yl WoJj (SiusWILal) apIdNdasuUl YIM pue 1au INOYIM Saall) | uo paljdde sjuswieal) [epionossu| g ajqel

TOZ ul swn 1santey

30



ay

Materials and Methods

mi-field trials

141

Se

"MOJ 8Yeuld)fe o} pal|dde Juswieal) apondasy|
pe Ainc T sAley 'H s198@ uuyewelaq
JAine T ®elssow '  QO7J8uuny [Ayrew soylAdiolyd
LT AInc ‘gT sung Z ®eisolow ' dnuogail xoiduajo1g
g aunr ‘.5z Ae yC EIsdow ‘9 Xaualid 1Ayrsw sojliAdiolyd
4 Ae T ®eissjow ‘9 epeds 1pwsoyd @dol al4 Z
B Aine T sArey 'H s109g uuylawelaa
JAine T ®elssow '  QO7J8uuny [Ayrew soylAdiolyd
LT AInC ‘gT aune Z ®iselow 9 dnuogail xoiduajo1g
g aunr ‘gz Aely yC essjow ‘9 Xaualid 1Ayrsw sojliAdiolyd
4 Ae T ®eissjow ‘9 epeds 1|owisoyd sebliuy T
a1eg swawieal Jo ‘ON 19be] aweu apei] waipalbul annoy Jennn) preydlo
[0Z Ul aw 1santey
un dn-Bumas 18u ay} woJj (Sluswieas) spIddasUl YIM pue 1au INoynm saall) | uo paijdde sjuswieal) [eplondasu|’g ajqe L

31



Semi-field trials

Materials and Methods

‘MOl 8yeusalfe 0} paljdde Juswieas) apiondasuy|

B Isnbny T e|jouowod ‘D dn uogail xoi4duajo13
JT Anc T (@Wniowod snwouoyiuy AN 0S epeds 18WSso4
Wl
AInc * ge aunp Z e|jduowod ‘D o7 Jauuny |Ayew soyuAdiolyd
.5 Ren Z e|jduowod ‘D ABipoid 9pIZOUd}ISSOIBIN «[enees ¥
ST AInC T sAley "H o7 uepldy |Aylsw soyuAdiolyo
I Aine T e||auowod "D dn uogail xoiduajoig
o7
AInc ‘4T aung b4 e||auowod "D epeds 1BWwsoyd
4 dune T aepIoLlo | pidanuj aplIzousjAxoyis|N
(uasneyyiog)
siwioyeedoAw
.52 e T uopayiueuAs DM G/ [eus] sojuAdiolyo
(edareN) @plaipjooig
ST Ae T IlepualyIBIYIS SNINJY A3 6'T 010Z unosweqy abreg €
ale@ Suawieal] Jo 'ON 1961e] aweu apel 1uaIpalbul aAnoy eaniny  preydio

“(8nunuod) ‘9 a|qeL

32



Semi-field trials Materials and Methods

3.2.2.2Monitoring of Cydia pomonella, Grapholita molesta
and Anarsialineatella

The protocol applied during 2015 was followed also in the years 2016
and 2017. A pheromone trap fG: molestaand another foA. lineatella

in the nectarine orchards, as well as a tragCfopomonellaand another

for C. molestain apple orchards were used in each N and C repetitions.
For C. pomonellathe feeding attractant was also used with the
pheromone trap located in N and C repetition in apple orchards. The
collected specimens were determined by comparison with dichotomous
keys (Gilligan and Epstein, 2014).

3.2.2.3Monitoring of Drosophila suzukii

In order to evaluate the population of this pest in the semi-field trials, the
same protocol followed in 2015 was applied. In each orchard, a trap
filled with Droskidrink was used in each N and C repetition. Every 10
days, traps were checked and collected specimens were observed under a
stereomicroscope and determined following Vlach, 2010.

3.2.2.4Monitoring of Halyomorpha halys

To evaluate the presence and abundance of this pest inside and outside
the exclusion nets, a DEAD-INN™ Stink Bug Traps [AgBio,
Westminster, (CO) USA] (high 121.92 cm), baited with the Xtra Combo
lure provided with the trap, was placed in a N replicate and in a C
replicate in each orchard in both years. Only in the cv. Amiga* traps for
H. halys were not used in the last year of the trials. The lure was
composed by the aggregation pheromones produced by the mades of
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halys (3S,6S,7R,10S)-10,11-epoxy-1-bisabolen-3-ol and (3R, 6S, 7R,
10S)-10,11-epoxy-1-bisabolen-3-ol and by the aggregation pheromone of
Plautia stali Scott (Heteroptera: Pentatomidae) [methyl-(E,E,Z2)-2,4,6-
decatrienoate]. From the net installation until the end of the trials, traps
were checked every 10 days and the lure was changed every four weeks
accordingly to manufacturer’s instructions. The specimens collected into
the traps during each survey were identified and counted. Moreover,
every 10 days, in each N and C repetition, five branches of three
randomly selected trees were beated to assess the presence and the

abundance of the pest during the growing season.

3.2.2.5Damage on fruits

Since the net setting-up, 30 fruits per replicate in the treatments N and C
(10 fruits per plant on three randomly selected trees) were visually
inspected every 10 days to evaluate the damage causednylestaC.
pomonella and H. halys during the growing season. Overall, 180
nectarines and 270 apples were checked in each replicate in 2016 while
240 nectarines and 300 apples were visually inspected in 2017.

At the harvest time, nectarines and apples were sampled from each
replicate of the treatments N, C and |, and analyzed for damage caused
by tortrix mothsandH. halys The fruits were picked in different dates
following the growers’ indications. Nectarines were always harvested in
two picking dates while in apple orchards three picking dates occurred in
2016 and two dates in 2017 (Table 7).
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Table 7.Picking dates occurred in each orchard in 2016 and 2017

Cultivar 2016 2017

Amiga* July 26", August 2° July 24" and 3%
Fire Top® August # and &' July 24" and 3%
Baigent Brookfield®  August 23and 2¢', September'®  August 18 and 28
Galaval* August 2% and 3¢, September's  August 17 and 2%’

At the harvest time, 240 fruits per repetition were sampled in each
picking date in both nectarine and apple orchards. Only in the apple
orchards in 2016, a third picking date occurred and 30 fruits were
collected in each repetition. Overall, 480 nectarines and 510 apples (480
in 2017) were picked in each treatment (N, C and 1) per year, with a total
of 8640 fruits in each nectarine orchard and 8910 fruits in each apple
orchard were harvested in the two years. The number of fruits damaged
by G. molestaC. pomonellaand H. halyswas recorded. The damage
caused byH. halys was identified according to Acebes-Domd al
(2016): nectarines and apples were considered damaged if punctures,
dimples, areas with superficial discoloration with or without depressions
and areas with necrotic tissue after slicing the fruits were observed. In
addition, on nectarines the presence of gummosis and fruit deformations

was also evaluated.

3.2.2.6Monitoring of other pests and beneficial insects

During the trial, every 10 days from the net setting-up until the harvest
time, 30 shoots (10 shoots from each tree) were checked to evaluate the
presence and the abundance of aphids in each N and C replicate.

To evaluate the arthropod fauna in the semi-field trials in both the years,
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yellow sticky traps and knock-down treatments were used following the
same protocols applied during the prototype trials. A Glutor YELLOW
chromotropic sticky trap was used in each N and C replicate. The
collected specimens were examined under a stereomicroscope for the
identification, counted and sorted according to the external morphology
in the clustepredators

Moreover, at the end of the harvest time of each year, the knock-down
treatment with the pyrethroid deltamethrin was applied on one tree per
repetition in the treatments N, C, | in each orchard. The collected
specimens were examined and sorted in the following clustetsidl)

catches 2) predators 3) H. halys

3.2.2.7Monitoring of climatic conditions

In each orchard, a data logger Hobo® Pro v2 (U23-002) [Onset
Computer Corporation, Bourne, (MA) USA] was installed in one N and
one C replicate. From the net setting-up until the harvest time,
temperature and relative humidity were hourly monitored; data were
downloaded and analyzed using the HOBOware Pro software v3.7.5.
Moreover, the PAR was evaluated in one C and one N replicate in each
apple orchard in 2016 and in each nectarine orchards in 2017. Data
Loggers WatchDog 1000 Series Micro Station [Spectrum Technologies,
Aurora (IL) USA] were used and the PAR was recorded once a hour
from the net setting-up until the harvest time. Each data Logger was
provided with a protective box and three sensors. In each replicate,
sensors were arranged at three different heights: high-position (3.00 m

from the ground), middle-position (1.70 m from the ground) and basal-
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position (0.50 m from the ground). Moreover, only in N, a further sensor

was arranged at middle height outside the net.

3.2.2.8Fruit quality

The colour index, the firmness, the total soluble solid and nutraceutical
parameters (total anthocyanins and total polyphenols) were analysed at
the harvest time to evaluate any possible effects of the nets on the fruit
quality in N, C and I. In each orchard and for each treatment, 180 fruits
were analysed for colour, firmness and the total soluble solid following
the protocols used in the prototype trials. Only in 2017 and only for the
apple orchards, 60 fruits (instead of 180) were analysed for the
nutraceutical parameters.

The total anthocyanin and the total phenol were analyzed separately on
the skin and on the fruit pulp for the apples, while the tissues were mixed
for the nectarines. Every sample came from 10 fruits randomly selected
per treatment and orchard for each fruit species (4 fruits for each
replicates per treatment and apple orchards in 2017). Both analyses were
performed starting from an extract. The nectarine and apple extract was
obtained using 10 g of fruit added to 25 mL of extraction solution (500
mL of methanol, 23.8 mL of de-ionized water and 1.4 mL of 37%
hydrochloric acid). After 1 h in the dark at room temperature, the
samples were thoroughly homogenized for 1 min with an ULTRA
TURRAX [IKA, Staufen, Germany], and centrifuged at 3,019 g for 15
min. The supernatant obtained by centrifugation was collected,
transferred into glass test tubes, and stored at -20°C until analysis. The
total anthocyanin content was quantified according to the pH differential
method of Cheng and Breen (1991). Anthocyanins were estimated by the
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difference in absorbance at 510 and 700 nm in a buffer at pH 1.0 and pH
4.5. The results were expressed as mg of cyanidin-3-glucoside (C3G)
equivalents per 100 g of fresh weight (FW). The total phenolic content

was measured using Folin—Ciocalteu reagent with gallic acid as a
standard at 765 nm following the method of Slinkard and Singleton

(1977). The results were expressed as mg of gallic acid equivalents
(GAE) per 100 g of FW.

3.2.2.9Data analysis

The statistical analyses were performed using SPSS v24.0 [SPSS Inc.,
Chicago, IL, USA] and outcomes were considered significant at P<0.05.
The mean percentage of catches was calculated for each category [Peach
orchard: G. molesta D. suzukij total sum of Drosophilidae. Apple
orchard: the total sum @&. molestaC. pomonellaS. myopaeformjD.
suzukij total sum of Drosophilidae] considering the total number of
specimens caught in each N and C replicates on the total number of
catches recorded in each orchard and compared using a t-test for two
independent samples. The number of arthropods collected with yellow
sticky traps was compared using a t-test for two independent samples.
The numbers of fruits damaged By molestaandH. halysat the harvest

time were compared using a generalized linear mixed model (GLMM;
random effect: plot; fixed effects: treatment, block, picking date) with a
binary distribution and logit link and Bonferroni correction. Block and
picking date effects were used in order to assess if pests were more
concentrated on the borders or in the middle of the orchards and to

evaluate any variation of the damage intensity during the harvest period.
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Moreover, any possible interactions between the treatment and the
picking date effects were investigated. The number of arthropods
collected by the knock-down treatment and the data on quality and
nutraceutical parameters of fruit at the harvest time were checked for
homogeneity of variance (Levene test) and normality (Shapiro-Wilk test),
and compared using a one-way ANOVA,; in the case of significant
differences, the means were separated by Tukey’s test. If the assumptions
of ANOVA were not met, the data were compared using Kruskal-Wallis

test, and the means were separated using a Mann-Whitney U test.
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3.3 RESULTS

3.3.1 SELECTION OF THE MOST PROMISING NET

The results obtained during the prototype trials are reported below,

broken down by crop.

3.3.1.1 Peach orchards

3.3.1.1.1 Monitoring of and damage caused byGrapholita
molesta and Anarsia lineatella

In the peach orchard, abundant catche& omolestawere recorded all
along the trial whileA. lineatella was never trapped. The critical
threshold for chemical treatments agaif@st molestais, as set by the
Piedmont Regional rules (Regione Piemonte, 2015), at 10 males catched
per trap per week starting from the second flight. In the investigated area,
G. molestgperforms four-five generations per year. During the trial, the
end of the first generation and the overlap between the second and the
third generation were recorded. The critical threshold was never reached
under the pearl net and the anti-drosophilid net while under yellow and
red net was exceeded during the ten days previous the harvest time
(Figure 3). Only 2 specimens were caught in D in June while in C, pests

were trapped with peaks up to 3 times higher than the critical threshold.
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Figure 3. Mean number of catches &f. molestain pheromone traps all along

the growing season in treatments C (un-netted control tréegkllow net), P

(pearl net), R (red net), D (anti-drosophilid net).
The analysis of the mean percentag&omolestacatches per trap on the
total catches in the orchard shows significant differences between
treatments (one-way ANOVA: df=4, 10; F=28.29; P=0.000). The anti-
drosophilid net proved to be the most effective barrier for the protection
of the crop followed by the pearl and yellow photoselective anti-hail nets

(Figure 4).
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Figure 4. Mean percentage @. molestacatches per trap on the total catches in the
peach orchard. Bars with a letter in common are not significantly different (Tukey’s
test, P<0.05).

The damage caused KB molestaduring the growing season on shoots
and fruits were evaluated considering that one larva visits 3 shoots before
damaging a fruit (Zanghert al, 1999). Statistical differences were
recorded between the treatments (one-way ANOVA: df=4, 60; F=4.54;
P=0.003) (Figure 5). The anti-drosophilid net was confirmed to be the
most effective barrier. No statistical differences as regards the damage on

the fruits at the harvest time between the treatments were recorded.
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Figure 5. Mean percentage of shoots and fruits damage@.bsnolesta
on the total of shoots and fruits damaged in the orchard. Bars with a letter
in common are not significantly different (Tukey’s test, P<0.05).

3.3.1.1.2 Monitoring of Drosophila suzukii

During the prototype trials, only few specimens @f suzukii were
collected with the traps (Table 8). Only three specimens were caught
under the anti-drosofilid net in the peach orchard. In order to evaluate the
effectiveness of the four nets in contaidgsuzukiipopulations, all the
specimens belonging to the family Drosophilidae were considered during
the statistical analysis. Generally, catches of Drosophilidae under the
anti-drosophilid net were recorded close to the harvest time, when th