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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-Yakir et al., 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 (Castellano et al., 2008; 

Chouinard et 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). 
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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 

quality, were considered. 

Moreover, biological and genomic interactions between the 

entomopathogenic fungi Isaria fumosorosea and the ‘Candidatus 

Liberibacter asiaticus’ psyllid vector Diaphorina citri Kuwayama were 

analysed. The D. citri mortality time course infection after treatments 

with I. fumosorosea at different concentrations and with different 

inoculation strategies was evaluated. In addition, pathogen effector genes 

from I. fumosorosea at 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 

commercialization. For instance, over 35 treatments per year are applied 

to French apple orchards, including a range of 7–15 insecticides 

specifically targeted towards the codling moth, Cydia pomonella L. 

(Lepidoptera: Tortricidae: Olethreutinae) (Butault et al., 2010). In Italy, 

6–7 treatments are necessary to contain C. pomonella in 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 (Arthurs et al., 2007) and on mating disruption using 

synthetic sex pheromones for tortrix moths (Witzgall et al., 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). Moreover, C. pomonella was the first pest in which field 

resistance to an entomopathogenic virus was detected (Asser-Kaiser et 
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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 20th 

century (Scarascia-Mugnozza et al., 2011; Merrill, 1967), and more 

commonly since the 1990s, when they became widespread as a protection 

tool against whiteflies in greenhouses (Berlinger et al., 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 et 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 (Sauphanor et al., 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 (Alaphilippe et al., 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 (Tasin et 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 either complete (single row strategy) or incomplete 

(single-plot exclusion-net) exclusion systems (Chouinard et al, 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. In complete exclusion 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 excluding the codling moth in apple 

orchards has long been known (Tasin et al., 2008). Exclusion nets have 

been used successfully in France against C. pomonella since 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 (Chouinard et 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) 

(Alaphilippe et al., 2016). Codling moth exclusion systems are known to 

protect crops also from birds, mirids (Alaphilippe et al., 2016) and 

Zeuzera pyrina (L.) (Lepidoptera: Cossidae) (Sauphanor et al., 2009). In 

pear orchards, where the Alt’Carpo system is applied, Cacopsylla 

pyricola Foerster (Hemiptera: Psyllidae) re-infestations are prevented 

when exclusion nets are installed right after an initial insecticide 

application (Romet et al., 2010). 

The efficacy of the exclusion nets in containing C. 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 Tasin et al. (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 (Tasin et al., 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 

(Tasin et al., 2008; Sauphanor et 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 fly, Rhagoletis cerasi (L.) 
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(Diptera: Tephritidae), a major pest of European cherry crops (Daniel and 

Grunder, 2012). Nets with 1.3×1.3 mm mesh are effective against this 

pest as long as nets are installed prior to egg-laying and removed right 

before the harvest time (Brand et al., 2013; Höhn et al., 2012). In high 

pest pressure orchards, the single row strategy allows to reduce the 

infestation by up to 98% (Brand et 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 pest Drosophila suzukii Matsumura 

(Diptera: Drosophilidae) in cherry, cranberry, raspberry and blueberry 

crops in France, Canada and North America (Charlot et al., 2014; 

Cormier et al., 2015; Rogers et al., 2016). Exclusion nets are also 

currently being investigated as a potential solution to the devastating 

problems caused by the brown marmorated stink bug, Halyomorpha 

halys Stål (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 Röslerstamm) (Lepidoptera: 

Tortricidae), Metcalfa pruinosa (Say) (Hemiptera: Flatidae) and Tingidae 

(Hemiptera) in apple orchards were observed by Alaphilippe et al. 

(2016). In Italian organic pear orchards, nets favor the development of 

Leucoptera malifoliella (Costa) (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 

(Sauphanor et al., 2009).  

Different researches showed contrasting results on the efficacy of the 

exclusion nets in containing aphid populations. Dib et al. (2010) proved 

the efficiency of the net for the control of Dysaphis plantaginea Passerini 

(Hemiptera: Aphididae) in France apple orchards while in other 

researches nets have been shown to induce population flare-ups for some 

species such as Eriosoma lanigerum (Hausmann) (Hemiptera: 

Aphididae) (Alaphilippe et al., 2016). Moreover contrasting effects were 

observed for other species such as Aphis pomi De Geer (Hemiptera: 

Aphididae) and D. plantaginea, with occasional flare-ups under nets 

(Chouinard et al., 2016). Probably an inconsistent effect on their natural 

enemies could be the reason (Chouinard et al., 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 

(Chouinard et 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 (Chouinard et al., 2016).  

Other indirect effects include plant pathogenic fungi and postharvest 

diseases. In apple orchards, a slight reduction in the occurrence and 

intensity of apple scab, Venturia 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 (Shahak et 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 UV + 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 
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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-Shamir et 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 in Alternaria spp. population (Ilić and Fallik, 

2017). Red net significantly reduced post-harvest fruit weight loss (Fallik 

et al., 2009; Goren et al., 2010). Moreover, red and pearl nets improve 

tomato fruit quality (Ilić 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 (Shahak et al., 2004a and b; Rajapakse and 

Shahak, 2007; Shahak et al., 2008). Positive effects are observed on 
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apples and peaches (Shahak et al., 2004b), pears and table grapes 

(Shahak et al., 2008), kiwifruit (Basile et 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 (Johansen et 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 



 Exclusion nets  Introduction 

 

13 

 

and thrips (Shahak et 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-Yakir et al., 

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 

(Summers et 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 

(Shahak et 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. 
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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-Yakir et al., 2012a, 2012b; Ilić 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 

parasitoids. Aphidius colemani Viereck (Hymenoptera: Braconidae), and 

Diglyphus isaea Walker (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 mundus Mercet (Hymenoptera: Aphelinidae) and 

Aphidius matricariae (Haliday) (Hymenoptera: Braconidae) was 

recorded under photoselective net (Chyzik et al., 2003; Chiel et al., 

2006).  

Legarrea et al. (2012) studied the impact of UV-absorbing nets on the 

visual cues of two important predator species, Orius laevigatus (Fieber) 

(Hemiptera: Anthocoridae) and Amblyseius swirskii Athias-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 
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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 Italy) 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 such as C. pomonella 

and Grapholita molesta (Busck) (Lepidoptera: Tortricidae: 

Olethreutinae), as well as of new exotic pests, such as D. suzukii and H. 

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. 
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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 0.9×1.0 mm) [Artes Politecnica Srl, Schio (VI), Italy] and 

three anti-hail photoselective nets (mesh 2.4×4.8 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. 
(m) 

Crop Cultivar Area 
(ha) 

Orchard age 
(YR) 

Magliano 
Alfieri (CN) 

44°45'29.3"N 
8°04'58.7"E 

138 Peach Royal Glory® 0.6 3 

Cervignasco 
(CN) 

44°41'35.7"N 
7°30'47.0"E 

280 Apple Baigent 
Brookfield® 

3.9 13 

 
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-hail 

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 
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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 5th in the peach orchard, 

May 8th 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 I was considered for the 

evaluation of the impact of the net on beneficial insects. Treatment I was 

tested in both orchards by means of a knock-down treatment while 

surveys with yellow sticky traps were carried out in I only in the apple 
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orchard. The routine pest control inputs applied on I 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 pomonella, 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 trap for G. molesta 

and another for A. lineatella were used in each repetition, while in the 

apple orchard a trap for C. pomonella and another for G. molesta were 

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 (Tóth 

et al., 2014) was also applied in each C. pomonella pheromone 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 (Tasin et al., 

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). 
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3.2.1.3 Monitoring of Drosophila suzukii  

Although at the moment D. suzukii is not a key pest in Piedmont fruit 

orchards, the pest populations were monitored during the trial. Therefore, 

a trap with Droskidrink (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 mL of Droskidrink 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 D. suzukii counts while the attractive solution was 

replaced with new Droskidrink. 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 presence of H. halys. 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 by C. pomonella, G. molesta and H. halys was 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 caused by G. molesta and 

H. halys in the peach orchard and the damage caused by C. pomonella 

and H. halys in 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. molesta was evaluated considering that one larva visits 3 shoots 

before damaging a fruit (Zangheri et 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 caused by G. molesta in each 

repetition was finally evaluated with the following mathematical 

formula: 

��%	�����	�	
ℎ��
/3� +%	�����	�	����
�

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: July 8th) was evaluated for fruit damages. In 
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the apple orchard, three picking dates occurred (August 21st and 28th; 

September 3rd) 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. molesta and H. halys in the peach orchard and damage caused by C. 

pomonella and H. halys in 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: 1) total 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 hL-1) was 

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 I 

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 (3×2 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 clusters: 1) total 

catches, 2) predators. For the final knock-down treatment the cluster H. 

halys was added to previous groups. 

3.2.1.7 Monitoring 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.  
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3.2.1.8 Fruit 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 (Martínez-Las 

Heras et al., 2016).  

The firmness was measured using a manual standard penetrometer 

[52200 Fruit penetrometer, Turoni, Forlì, 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. Iodine, 

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. 

3.2.1.9 Data 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 of G. 

molesta, C. pomonella, Synanthedon myopaeformis (Borkhausen) 

(Lepidoptera: Sesiidae); D. suzukii] 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 damaged by G. molesta per 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 

3.2.2.1 Experimental 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 Italy) (Table 4). All the orchards were equipped with an anti-hail 

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 2.4×4.8 mm) [AGRITENAX, now AGRINTECH S.r.l., Eboli 

(SA), Italy]. The nets were set up hooking their upper side to the anti-hail 

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 hL-1) was 

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 I 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 of H. halys by pheromone traps in spite of high levels 

of fruit damage observed in the study area. 
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3.2.2.2 Monitoring of Cydia pomonella, Grapholita molesta 

and Anarsia lineatella 

The protocol applied during 2015 was followed also in the years 2016 

and 2017. A pheromone trap for G. molesta and another for A. lineatella 

in the nectarine orchards, as well as a trap for C. pomonella and another 

for C. molesta in apple orchards were used in each N and C repetitions. 

For C. pomonella the 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). 

3.2.2.3 Monitoring 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. 

3.2.2.4 Monitoring 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 males of H. 
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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,Z)-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. 

3.2.2.5 Damage 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 caused by G. molesta, C. 

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 I, and analyzed for damage caused 

by tortrix moths and H. 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 26th, August 2nd July 24th and 31st  

Fire Top® August 2nd and 8th  July 24th and 31st  

Baigent Brookfield® August 23rd and 29th, September 6th  August 16th and 23rd  

Galaval* August 23rd and 30th, September 6th  August 17th and 25th  

 

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 I) 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. molesta, C. pomonella and H. halys was recorded. The damage 

caused by H. halys was identified according to Acebes-Doria et 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. 

3.2.2.6 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) 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 cluster predators. 

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, I in each orchard. The collected 

specimens were examined and sorted in the following clusters: 1) total 

catches, 2) predators, 3) H. halys.  

3.2.2.7 Monitoring 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. 

3.2.2.8 Fruit 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. 

3.2.2.9 Data 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. suzukii; total sum of Drosophilidae. Apple 

orchard: the total sum of G. molesta, C. pomonella, S. myopaeformis; D. 

suzukii; 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 G. molesta and H. halys at 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 by Grapholita 

molesta and Anarsia lineatella 

In the peach orchard, abundant catches of G. molesta were recorded all 

along the trial while A. lineatella was never trapped. The critical 

threshold for chemical treatments against G. molesta is, 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. molesta performs 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 of G. molesta in pheromone traps all along 
the growing season in treatments C (un-netted control trees), Y (yellow net), P 
(pearl net), R (red net), D (anti-drosophilid net). 

 

The analysis of the mean percentage of G. molesta catches 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 of G. molesta catches 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 by G. molesta during the growing season on shoots 

and fruits were evaluated considering that one larva visits 3 shoots before 

damaging a fruit (Zangheri et 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 damaged by G. molesta 
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 of D. 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 containg D. suzukii populations, 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 the net 

was often opened and closed to check the fruit degree of ripeness, and at 

the harvest time.   
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Table 8. Total catches of D. suzukii and Drosophilidae collected per each treatment 
in peach orchard.  

Treatment 
 

Total D. suzukii  
(no. of specimens) 

Total Drosophilidae  
(no. of specimens) 

Control 40 864 

Yellow photoselective net 14 573 

Pearl photoselective net 12 699 

Red photoselective net 17 548 

Anti-drosophilid net 3 68 
 

Statistical differences of the mean percentage of Drosophilidae caught 

were recorded between the treatments (one-way ANOVA: df=4, 10; 

F=10.19; P=0.001). The anti-drosophilid net proved to be the most 

effective barrier for the protection of the crop followed by the three 

photoselective anti-hail nets (Figure 6).  

Figure 6. Mean percentage of Drosophilidae catches 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).  
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3.3.1.1.3 Monitoring of and damage caused by 

Halyomorpha halys 

Halyomorpha halys was never collected during the trial neither with 

pheromone traps nor beating the tree branches. Moreover, fruits damaged 

by H. halys were never observed all along the trial and at the harvest 

time. 

3.3.1.1.4 Monitoring of other pests and beneficial insects 

Shoot visual inspections, yellow sticky traps and a final knock-down 

treatment were used to assess the impact of the nets on arthropod fauna 

abundance. Aphids were never observed in all the peach orchard.  

All the specimens belonging to Miridae (Heteroptera); Chrysopidae 

(Neuroptera); Diabrotica virgifera subsp. virgifera LeConte 

(Chrysomelidae) and Coccinellidae (Coleoptera); Syrphidae (Diptera) 

trapped with the yellow sticky traps were considered in the cluster total 

catches. Their amounts were not significantly different between the 

treatments but a higher number of specimens were collected in C and Y 

(Table 9). Chrysopidae, Coccinellidae and Syrphidae were grouped in 

predators. No statistical differences were recorded in these clusters but 

the highest number of catches was recorded in C. In particular, 17 

Coccinellidae were collected in C, 8 in Y, 1 in P and no specimens were 

collected in R and D. Lygus rugulipennis Poppius (Heteroptera: Miridae) 

and D. virgifera subsp. virgifera were grouped in the cluster pests even 

though these pests are not worrisome for this crop. Statistical differences 

between the treatments were not recorded for pests. 
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Table 9. Insects collected every ten days with yellow sticky traps (mean±SE). No 
significant differences were found by ANOVA (total catches) and by Kruskal-Wallis 
test (predators, pests). 

Treatment Total catches Predators Pests 

Control 15.33±4.84 9.67± 3.28 5.67±1.76 

Yellow photoselective net 12.00±5.51  3.33±2.03 8.67±4.81 

Pearl photoselective net   8.00±4.25 1.33±0.82 6.67±4.53 

Red photoselective net   5.33±4.33  0.67±0.33 4.67±4.18 

Anti-drosophilid net   0.33±0.33 0.00±0.00 0.33±0.33 
 

In the knock-down treatment applied before the net setting-up, specimens 

belonging to Araneae (Aranaeidae), Acarina, Heteroptera (Anthocoridae 

and Pentatomidae), Homoptera (Delphacidae and Aphidoidea), 

Coleoptera (Carabidae, Staphylinidae, Coccinellidae, Chrysomelidae, 

Nitidulidae, Bostrichidae, Curculionidae, Cantharidae and 

Tenebrionidae), Diptera (Micropezidae and Sciaridae), Mecoptera 

(Panorpidae), Hymenoptera (Apoidea, Formicidae, Symphyta, 

Calcidoidea and Braconidae) were collected. An average of 31 specimens 

of which five predators were sampled under each treated tree. 

After the harvest time, the knock-down treatment allowed the collections 

of specimens belonging to Araneae (Aranaeidae), Acarina, Dermaptera 

(Forficulidae), Thysanoptera (Thripidae), Heteroptera (Anthocoridae, 

Nabidae, Miridae, Lygeidae and Pentatomidae), Homoptera 

(Cicadellidae), Neuroptera (Chrysopidae), Coleoptera (Carabidae, 

Staphylinidae, Coccinellidae, Chrysomelidae, Nitidulidae and 

Curculionidae), Diptera (Drosophilidae) that were grouped in the cluster 

total catches. Even though statistical differences between the treatments 

were not found, a lower number of specimens were collected in D and in 
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I (Table 10). The highest captures were recorded in P and C. In the 

cluster predators Allothrombium fuliginosum Hermann (Acarina), 

Anthocoridae and Nabidae, Chrysopidae, Staphylinidae and 

Coccinellidae were grouped. Statistical differences were not found in 

predators but the highest captures were recorded in P, mostly represented 

by Coccinellidae. Halyomorpha halys was never collected with the 

knock-down treatment. 

 
Table 10. Insects collected with the knock-down treatment applied after the harvest 
time (mean±SE). No significant differences were found by Kruskal-Wallis test.  

Treatment Total catches Predators 

Control 36.33±25.3   5.00±0.6 

Yellow photoselective net 14.00±3.00   4.00±0.6 

Pearl photoselective net 45.33±17.7 30.67±14.4 

Red photoselective net 15.67±4.2   4.67±0.9 

Anti-drosophilid net   7.00±2.6   1.67±0.9 

Insecticidal treatments   6.67±0.3   2.33±0.3 
 

3.3.1.1.5 Monitoring of climatic conditions 

During the prototype trials, temperature and relative humidity were also 

monitored. No significant temperature deviations were recorded between 

covered and control trees, but, in general, higher temperatures were 

recorded under the net (Figure 7). In particular, temperatures similar to 

the ones of the control were detected under the pearl net while under the 

anti-drodsophilid net and the red net temperatures of one and a half mean 

degree higher were recorded.  
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Figure 7. Daily mean temperature recorded inside and outside nets in the peach 
orchard in treatments C (un-netted control trees), Y (yellow net), P (pearl net), R 
(red net), D (anti-drosophilid net). 

 
During the trial, higher humidity values were recorded under the nets 

(Figure 8) but values similar to the control were detected under the pearl 

one. Unfortunately, under the anti-drosophilid net it was not possible to 

record the humidity during all the trail. Therefore, it was not possible to 

accurately compare the humidity trend with the other treatments. The 

strong decrease of the relative humidity in the last two weeks of June is 

probably due to a strong wind. This decrease was not so sharp under the 

anti-drosophilid net probably due to its dense mesh.  
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Figure 8. Daily mean relative humidity detected inside and outside nets in the 
peach orchard in treatments C (un-netted control trees), Y (yellow net), P (pearl 
net), R (red net), D (anti-drosophilid net). 

 

3.3.1.1.6 Fruit quality 

The peach orchard was hit by a strong frost which has significantly 

reduced the production; for this reason the results obtained from the 

qualitative analysis are not reliable. 

3.3.1.2 Apple orchard 

3.3.1.2.1 Monitoring of and damage caused by Cydia 

pomonella and Grapholita molesta 

In the apple orchard, low catches of Tortricidae were recorded all along 

the trial. In particular, some specimens were collected with the traps only 

during the second decad of August. In total, only one C. pomonella in C 

and one in R were trapped while two G. molesta were collected in C, one 

in P and one in Y. No damage to the fruits caused by these pests were 

observed all along the trail and damaged fruits by G. molesta were never 
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observed in all the repetitions at the harvest time. Cydia pomonella 

population never reached worrisome levels, therefore damages were 

never observed in C, P, Y and D while only three damaged fruits were 

picked at the harvest time in R.  

3.3.1.2.2 Monitoring of Drosophila suzukii 

In the apple orchard, D. suzukii was never collected under anti-

drosophilid net while, among the photoselective nets, the lowest 

captures were obtained with the pearl net (Table 11).  

 
Table 11. Total catches of D. suzukii and Drosophilidae collected per each treatment in 
the apple orchard.  

Treatment 
 

Total D. suzukii  
(no. of specimens) 

Total Drosophilidae 
 (no. of specimens) 

Control 130 1598 

Yellow photoselective net 41 1153 

Pearl photoselective net 18 1700 

Red photoselective net 66 1338 

Anti-drosophilid net 0 100 
 

Given the low number of catches of D. suzukii, in order to evaluate the 

effectiveness of the four nets in contain the pest populations, all the 

specimens belonging to the family Drosophilidae were considered during 

the statistical analysis. Comparing the mean percentage of Drosophilidae 

caught with the attractive traps, statistical differences were found 

between the treatments (one-way ANOVA: df=4, 15; F=13.20; P=0.001). 

The anti-drosophilid net proved to be the most effective barrier for the 

protection of the crop (Figure 9). The highest catches were recorded 

under the pearl net.   



 Prototypes  Results 

 

51 

 

Figure 9. Mean percentage of Drosophilidae catches per trap on the total catches 
in the apple orchard. Bars with a letter in common are not significantly different 
(Tukey’s test, P<0.05). 

 

3.3.1.2.3 Monitoring of and damage caused by 

Halyomorpha halys  

Halyomorpha halys was never collected during the trial neither with 

pheromone traps nor beating the tree branches. Grower’s personal 

communications highlighted how some specimens were observed in the 

field in October. Fruits damaged by H. halys were never observed all 

along the trial and at the harvest time.  

3.3.1.2.4 Monitoring of other pests and beneficial insects 

Shoot visual inspections, yellow sticky traps and a final knock-down 

treatment were used to assess the impact of the nets on orchards 

arthropod fauna. In the apple orchard, few specimens of A. pomi and D. 
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inspections. Out of 90 shoots totally observed per treatment, 9 infested 

shoots were recorded in Y; 7 in P; 3 in R, C and D. No significant 

differences between the treatments were recorded but in Y a greater 

number of infested shoots with more than two aphids in each shoot was 

observed. In particular, 6 colonies with more than ten aphids each and 

three colonies with a number of specimens between 2 and ten each were 

observed. In D, only 2 aphids and one single colony with more than ten 

specimens were recorded in only one visual inspection of the trial. In P; 

R and C few occasional single aphids and colony with two to ten aphids 

were observed. Two colonies with more than ten aphids were observed in 

P while colonies with more than 10 aphids were never recorded in R and 

C. 

Although pheromone traps are commonly used to specifically monitor 

pest populations, during the trial, several specimens of S. myopaeformis 

were observed in the C. pomonella trap. This aspecific capture is due to 

the feeding attractant. Therefore, in order to evaluate the efficacy of the 

nets, all the C. pomonella, G. molesta and S. myopaeformis caught with 

the traps were considered. In particular, 2 adults of C. pomonella, 4 

specimens of G. molesta and 41 S. myopaeformis were collected in all the 

orchard. A total of 25 specimens were caught in C, 8 in Y, 4 in P, 10 in R 

while no specimens were collected in D. Significant differences between 

the treatments were observed (one-way ANOVA: df=4, 15; F=14.01; 

P=0.000) with a lower number of catches recorded under net compared to 

the control (Figure 10).  
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Figure 10. Mean percentage of total catches per trap on the total catches in the 
apple orchard. Bars with a letter in common are not significantly different 
(Tukey’s test, P<0.05). 

 

The anti-drosophilid net proved to be the most effective barrier for the 

containment of these pests. No significant differences were recorded 

between the three photoselective nets, but lower catches were detected 

under the pearl net.  

In order to assess the impact of nets on the orchard arthropod fauna, its 

abundance, with particular attention to beneficial insects, was assessed in 

each repetition by yellow sticky traps all along the trial and with a knock-

down treatment before the net setting-up and after the harvest time. All 

the specimens belonging to Lygus rugulipennis, Lygeidae, Chrysopidae, 

D. virgifera subsp. virgifera, Coccinellidae and Syrphidae trapped with 

the yellow sticky traps were considered in the cluster total catches. Their 

amounts were significantly different between the treatments (Kruskal-
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collected in C followed by I and the three photoselective nets (Table 12). 

Moreover, Chrysopidae, Coccinellidae and Syrphidae specimens were 

grouped in predators. For this cluster, statistical differences were 

recorded between the treatments (Kruskal-Wallis test: df=5, χ2=14.10, 

P=0.015) (Table 12). In particular, hoverfly were mostly collected in C 

and in I (96 and 39 specimens totally collected, respectively). Only one 

hoverfly was caught during the first decad of the trial in D, probably 

because the specimens was locked inside during the net setting-up. After 

that, hoverflies were never sampled under the anti-drosophilid net 

because the mesh is too dense but they were collected in Y, P and R (7, 3, 

3 specimens were caught respectively) because the mesh of anti-hail nets 

allowed the entry of hoverflies of small size. Chrysopidae where 

collected only in C and I while Coccinellidae where mostly trapped in C, 

followed by I and the three photoselective nets and were never collected 

in D.  

In the cluster pests specimens belonging to the species L. rugulipennis 

and to the family Lygeidae as well D. virgifera subsp. virgifera 

specimens were grouped even though these pests are not worrisome for 

this crop. Statistical differences were recorded between the treatments 

(one-way ANOVA: df=5, 12; F=10.99, P=0.000) with the highest 

captures (mainly L. rugulipennis and Lygeidae) in C and P replicates 

(Table 12). Diabrotica virgifera subsp. virgifera was never trapped under 

net.  
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Table 12. Insects collected every ten days with yellow sticky traps (mean±SE). In 
column, means followed by different letters are significantly different (total catches, 
predators: Mann-Whitney U-test, P≤0.05; pests: Tukey’s test, P<0.05). 

Treatment Total catches Predators Pests 

Control 45.67±6.17  a 39.33± 5.92 a 6.33±0.33  a 

Yellow photoselective net 5.67±0.33    c 4.00±1.54    c 1.67±0.88  bc 

Pearl photoselective net 6.33±1.33    c 2.00±1.00    cd 4.33±1.20  ab 

Red photoselective net 3.33±0.88    c 2.33±1.20    cd 1.00±0.58  bc 

Anti-drosophilid net 0.33±0.33    d 0.33±0.33    d 0.00±0.00  c 

Insecticidal treatments 18.67±2.19  b 16.67±1.77  b 2.00±0.58  bc 
 

In the knock-down treatment applied before the net setting-up, specimens 

belonging to Acarina, Homoptera (Delphacidae and Aphidoidea), 

Coleoptera (Staphylinidae, Coccinellidae, Chrysomelidae, Curculionidae, 

Scarabaeidae and Tenebrionidae), Diptera (Micropezidae and Sciaridae), 

Lepidoptera (Geometridae), Hymenoptera (Apoidea, Formicidae and 

Calcidoidea) were collected. An average of 45 specimens of which 4 

predators were sampled under each treated trees. 

After the harvest time with the knock-down treatment, specimens 

belonging to Collembola, Acarina, Dermaptera (Forficulidae), 

Thysanoptera (Thripidae), Heteroptera (Anthocoridae, Nabidae, Miridae, 

Lygeidae and Pentatomidae), Homoptera (Cicadellidae and Aphidoidea), 

Neuroptera (Chrysopidae), Coleoptera (Carabidae, Staphylinidae, 

Elateridae, Coccinellidae, Cerambicidae, Chrysomelidae, Nitidulidae, 

Silvanidae, Curculionidae and Tenebrionidae), Diptera (Drosophilidae) 

and Hymenoptera were collected and grouped in the cluster total catches. 

Their amounts were significantly different between the treatments 

(Kruskal-Wallis test: df=5, χ2=14.99, P=0.010) with a lower number of 
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specimens collected on the un-netted trees (C and I replicates) (Table 

13). The highest captures were recorded under Y and R nets.  

In the cluster predators A. fuliginosum, Forficulidae, Chrysopidae, 

Anthocoridae, Nabidae, Miridae, Staphylinidae and Coccinellidae were 

grouped. Statistical differences between the treatments were recorded in 

predators (Kruskal-Wallis test: df=5, χ2=14.02, P=0.015) with the 

highest captures in Y followed by R, P and D. In particular, specimens 

belonging to Acarina, Anthocoridae and Coccinellidae were the most 

represented with 28, 51 and 62 specimens respectively caught in the all 

orchard. During the knock-down treatment, 41 aphids were totally 

collected in the orchard. In particular 16 aphids were collected in P, 14 in 

Y, 7 in R, 4 in D and no catches were recorded in C and I. Halyomorpha 

halys was never collected under the net coverage, but 5 specimens were 

caught in C and one in I.  

Table 13. Insects collected with the final knock-down treatment (mean±SE). In column, 
means followed by different letters are significantly different (total catches, predator: 
Mann-Whitney U-test, P≤0.05). 

Treatment Total catches Predators 

Control   12.33±4.33    d   2.67±0.67    c 

Yellow photoselective net 174.67±13.92  a 94.67±36.56  a 

Pearl photoselective net   71.00±16.09  bc 31.33±20.85  ab 

Red photoselective net 172.67±76.23  ab 90.67±67.27  ab 

Anti-drosophilid net   38.33±10.90  c 15.67±5.67    b 

Insecticidal treatments   11.00±49.42  d   4.00±0.58    c 
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3.3.1.2.5 Monitoring of climatic conditions 

As in the peach orchard, temperature and relative humidity were recorded 

during the trials. Unfortunately, the Data Loggers used provided only 

partial temperature recordings and unreliable relative humidity data. 

Despite the partial registrations, no significant temperature deviations 

were recorded between covered and un-covered trees as in the peach 

orchard (Figure 11). 

Figure 11. Daily mean temperature recorded inside and outside nets in the apple 
orchard in treatments C (un-netted control trees), Y (yellow net), P (pearl net), R 
(red net), D (anti-drosophilid net). 

 

During the trial, the PAR under the different nets was also evaluated at 

three different heights setting at 100 the lightness recorded in the control 

replicate. Statistical differences between the treatments were recorded in 

all the heights (high-position one-way ANOVA: df=4, 10; F=39.95, 

P=0.000; middle-position one-way ANOVA: df=4, 10; F=50.97, 

P=0.000; basal-position Kruskal-Wallis test: df=4, χ2=12.97, P=0.011). 

The minor shading was observed under pearl net at all heights (Figure 

12).  
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Figure 12. Luminous intensity measured on plant covered with different kind of net in 
the apple orchard at different heights setting at 100 the external lightness (control). Bars 
with a letter in common are not significantly different (high and middle-positions: 
Tukey’s test, P<0.05; basal-position: Mann-Whitney U-test, P≤0.05). 

 

3.3.1.2.6 Fruit quality 

The evolution of the colour index, firmness, total solid soluble and the 

starch content during the prototype trials is reported in Table 14. 

Statistical differences were recorded for the colour index (Kruskal-Wallis 

test: df=4, χ2=12.66, P=0.013) with more coloured fruits observed under 

the pearl net. Statistical differences between the treatments were also 

found for the firmness (one-way ANOVA: df=4, 670; F=6.87, P=0.000) 

and for the total solid soluble (Kruskal-Wallis test: df=4, χ2=26.62, 

P=0.000) but were not recorded for the starch content. The highest 

firmness was recorded under the pearl net while fruits with a major 

content in sugar were harvested outside nets followed by the pearl, red 

and the anti-drosophilid net (Table 14).  
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Table 14. Colour index, firmness, total solid soluble and starch content (mean±SE) in 
apples harvested under different nets. In column, means followed by different letters are 
significantly different (colour index and total solid soluble: Mann-Whitney U-test, 
P<0.05; firmness: Tukey’s test, P<0.05). 

Treatment Colour index Firmness 
(g cm-2) 

Total solid soluble 
(°Brix) 

Starch 
(Lugol test) 

Control 28.32±1.12  a 6.71±0.05  b 12.57±0.06  a 8.97±0.06 

Yellow net 25.71±0.81  b 6.73±0.05  b 12.11±0.06  d 9.07±0.04 

Pearl net   30.61±2.70  ab 6.96±0.04  a 12.40±0.06  b 8.98±0.05 

Red net 26.59±0.93  b 6.72±0.04  b   12.37±0.06  bc 9.01±0.07 

Anti-drosophilid net   27.34±0.95  ab 6.68±0.05  b   12.35±0.08  bc 8.83±0.06 
 

3.3.1.3 FINAL FEEDBACK 

According to the results obtained, a final feedback of the nets was 

proposed to identify the most promising anti-insect net for the 

Piedmontese (NW Italy) orchards (Table 15). Scores were calculated 

separately for the protection ensured by different kinds of net towards 

different pests and for the net impact on the abundance of predators in the 

peach and in the apple orchard. The outcome for each category 

(protection and predators) was expressed in scores based on the result 

obtained by the statistical analyses.  

In the peach orchard, the final feedback for the category protection was 

calculated taking into account the mean percentage of G. molesta and 

Drosophilidae catches on the total number of catches in the orchard, the 

mean percentage on shoots and fruits damaged by G. molesta during the 

growing season and the mean percentage of fruits damaged by G. 

molesta at the harvest time per treatment on the total number of damaged 

fruits at harvest time. In the apple orchard, the mean percentage of the 
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sum of tortrix moths and S. myopaeformis catches, and Drosophilidae 

catches on the total number of catches in the orchard and the mean 

number of aphids per treatment were considered. In each orchard, three 

scores were assigned to the different categories taken into account: pest 

catches (1=0-5.9%, 2=6-10.9%, 3=11-15.9%) damage on shoots and 

fruits during the growing season (1=0-1.5%, 2=1.6-3%, 3=3.1-4.5%) 

damage on fruits at harvest time (1=0-1.5%, 2=1.6-3%, 3=3.1-4.5%). The 

final feedback rating for the category protection was assessed, per each 

treatment, considering the total sum of scores obtained for pest catches, 

damage during the growing season and at harvest time.  

In both the orchards, the final feedback for the category predators was 

calculated considering the mean number of predators caught with yellow 

sticky traps and with the final knock-down treatment. Three scores were 

assigned both for the captures obtained with yellow sticky traps (1=0-5.9, 

2=6-10.9, 3=11-15.9) and for the predators collected with the final 

knock-down treatment. In this case, considering the different amount of 

catches observed in the different orchards, two different scores were 

assigned for catches recorded in the peach orchard (1=0-5.9, 2=6-10.9, 

3=11-15.9) and in the apple orchard (1=0-30.9, 2=31-60.9, 3=61-95.9). 

The final feedback rating for the category predators was assessed, per 

each treatment, considering the total sum of scores obtained for insects 

caught with yellow sticky traps and with the final knock-down treatment. 

In both the orchards the anti-drosophilid net proved to be the most 

effective barrier for the protection of the crops followed by the three 

photoselective anti-hail nets. Among the photoselective nets, the best 

results were obtained with the pearl net in the peach orchard both for the 



 Prototypes  Results 

 

61 

 

category protection and predators while in the apple orchard the pearl net 

was the best net for the category protection. 

Table 15. Final feedback for the evaluation of the best anti-insect net in Piedmontese 
orchards. To a greater number of + corresponds an higher level of the crop protection 
and a major abundance of predators. 

Treatment Peach orchard Apple orchard 

 Protection Predators Protection Predators 

Control + +++ + +++ 

Yellow net +++ + ++ +++ 

Pearl net +++ +++ +++ ++ 

Red net +++ + ++ +++ 

Anti-drosophilid net ++++ + ++++ + 
 

In order to choose the net to be used in the following trials (realization of 

semi-field trials), a compromise has been achieved considering also 

pathological aspects and fruit quality evaluated as well in the frame of 

the LIFE+ SU.SA.FRUIT project. Significant differences between the 

treatments were not recorded in both the orchards. However, lower 

incidence of Monilia fructicola (Winter) Honey was observed under the 

pearl net in the peach orchard. In the apple orchard, rots determined by 

Botrytis spp., Alternaria spp. and Penicillium spp. were less frequent 

under the different nets especially under the pearl net (Davide Spadaro, 

DISAFA, personal communication). 

In the peach orchard, the results obtained from the qualitative analysis 

were not representative due to the low number of fruits harvested per 

plant, while in the apple orchard the pearl net positively influenced the 

color index and the firmness of fruits. During the light analysis 

evaluations, the lowest shading was recorded under the pearl net while 
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the highest shading was detected under the red net. Overall, the best 

results were obtained with the pearl net and for this reason this net was 

used for the semi-filed trials. 
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3.3.2 SEMI-FIELD TRIALS 

Below are reported the results obtained during the semi-field trials 

broken down for nectarine orchards and apple orchards. 

3.3.2.1 Nectarine orchards 

3.3.2.1.1 Monitoring of and damage caused by Grapholita 

molesta and Anarsia lineatella 

In the nectarine orchards, G. molesta and A. lineatella were collected in 

both the years with pheromone traps. Anarsia lineatella was never 

collected in N while few specimens were collected in C in both the years. 

In 2016, only one specimen was collected in Amiga* and in Fire Top® 

while four specimens were sampled in Fire Top® in 2017.  

During the two years of the trial, G. molesta was collected both in N and 

in C with highest catches recorded in C. Statistical differences between 

the treatments were observed in 2016 (Amiga* t-test: df=4, t=5.47, 

P=0.005; Fire top® t-test: df=4, t=5.13, P=0.028) and in 2017 (Amiga* t-

test: df=4, t=7.76; P=0.001; Fire Top® t-test: df=4, t=5.31, P=0.006) in 

both the orchards as shown in Table 16.   
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Table 16. Mean percentage of G. molesta (mean±SE) catches per trap on the total 
catches in the nectarine orchards in 2016 and 2017. Means followed by different letters 
are significantly different (t-test, P<0.05). 

Cultivar Treatment Grapholita molesta 

  2016 2017 

Amiga* N   6.0±2.5 b   6.5±1.5 b 

C 27.3±2.0 a 28.8±1.9 a 

Fire Top® N   6.1±2.4 b   6.1±0.7 b 

C 27.2±1.3 a 27.2±4.7 a 
Treatment: N = netted trees, C = un-netted control trees. 

 

In 2016, peaks of catches were reached on June 20th and July 19th while 

in 2017 peaks were observed on June 15th and July 17th. The critical 

threshold (Regione Piemonte, 2016 and 2017) was never reached in 

Amiga* both in C and N while in Fire Top®, the threshold was exceeded 

only once in C during 2016 (Figure 13). 

 

Figure 13. Mean number of G. molesta trapped all along the 2016 growing 
season in treatments C (un-netted control trees) and N (netted trees).  
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In 2017, both in Amiga* and in Fire Top® (Figure 14) the critical 

threshold was exceeded three times in C. In N, the threshold was 

exceeded only once in N on July 17th in Amiga* (28 mean 

specimens/trap) while in Fire Top® the threshold was exceeded twice on 

June 15th (10 mean specimens/trap) and July 17th (26 mean 

specimens/trap) (Figure 14). 

 

Figure 14. Mean number of G. molesta trapped all along the 2017 growing 
season in treatments C (un-netted control trees) and N (netted trees).  
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two damaged shoots in C and three in N were observed on June 9th while 

only one damaged shoot was recorded on June 20th in C.  

No fruits damaged by G. molesta were observed all along the trial in 

2016 and 2017 with the visual inspection but damaged fruits were 

recorded at the harvest time in N, C and I. During the first year in 

Amiga* the 0.42% damaged fruits were observed in N, 4.20% in C and 

2.12% in I, while in Fire Top® no damaged fruits were recorded in N, 

the 0.14% in C and 0.13% in I. Statistical differences between the 

treatments were not found but a lower damage or the absence of damage 

was recorded in N. No significant differences were observed for the 

block and picking date effects as no interactions between the treatments 

and the picking dates were recorded in any orchard. 

In 2017, significant differences between the treatments were observed 

both in Amiga* (GLMM: df=2, 10; F=28.85, P=0.000) and in Fire Top® 

(GLMM: df=2, 10; F=12.72, P=0.000), with a significantly lower 

damage in N (Table 17). Statistical differences between the picking dates 

were also found both in Amiga*(GLMM: df=1, 10; F=65.88, P=0.024) 

and in Fire Top® (GLMM: df= 1, 10; F=7.74, P=0.009), with a higher 

damage in the first picking date (Table 17). No interactions between the 

treatments and the picking dates were recorded in any orchard. 

Moreover, the GLMM was used to analyze the block effect in order to 

assess if the pest was more concentrated on the borders or in the middle 

of the orchards. Significant differences were recorded only in the cv. 

Amiga* in 2016 (GLMM: df=2, 10; F=9.58, P=0.005) with a higher 

damage from the edge bordering alfalfa unto the orchard center. 
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Table 17. Percentages (mean±SE) of nectarines damaged by G. molesta assessed in 
each picking date and in total on fruits sampled at harvest time in 2017 (no.=240 fruits 
per repetition in the first and second dates). In column for treatments and in row for 
picking dates, means followed by different letters are significantly different by the 
GLMM analysis (Bonferroni correction, P<0.05). 

Cultivar Treatment 1 st picking date 2nd picking date Total* 

Amiga* N   1.4±0.3 0.2±0.2 0.6±0.3 c 

C 17.4±1.1 4.9±0.9 9.4±0.9 a 

I   6.7±0.7 1.7±0.6 3.4±0.6 b 

Total    5.7±0.5 a 1.3±0.4 b  

Fire Top® N   0.5±0.4 0.4±0.2 0.4±0.2 b 

C 10.1±1.8 3.7±0.8 6.2±0.9 a 

I   9.6±1.8 1.7±0.5 4.1±0.7 a 

Total    3.8±1.1 a 1.3±0.3 b  
Treatment: N = netted trees, C = un-netted control trees, I = trees without net but treated 
with insecticides. 
* Total mean percentage of damaged fruits (1st + 2nd picking date) per treatment. 

3.3.2.1.2 Monitoring of Drosophila suzukii 

During the semi-field trials, abundant catches of D. suzukii were recorded 

in both the cultivar on the un-netted control trees (C). The first specimens 

were collected in mild-June in 2016 and early in May in 2017. During the 

first year of the trial, 182 D. suzukii were totally collected in C and 21 in 

N in the cultivar Amiga* while in Fire Top® 387 and 39 specimens were 

respectively trapped in C and N. Statistical differences between the 

treatments were recorded both in Amiga* (t-test: df=4, t=16.96, P=0.000) 

and in Fire top® (t-test: df=4, t=4.24, P=0.013) (Table 18).  

In 2017, catches were slightly lower than the previous year with 64 

specimens collected in C and 21 in N in Amiga* and 101 specimens 

trapped in C and 36 N in Fire Top®. Statistical differences between the 
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treatments were observed both in Amiga*(t-test: df=4, t=3.50, P=0.025) 

and in Fire Top® (t-test: df=4, t=3.50, P=0.025) (Table 18). 

Table 18. Mean percentage of D. suzukii and total Drosophilidae (mean±SE) catches 
per trap on the total catches in the nectarine orchards. Means followed by different 
letters are significantly different (t-test, P<0.05).  

Cultivar Treatment Drosophila suzukii Total Drosophilidae 

  2016 2017 2016 2017 

Amiga* N   3.4±0.5 b   8.2±2.7 b 13.0±1.5 b 11.6±0.8 

C 20.9±1.7 a 25.1±2.1 a 20.3±0.9 a 21.8±1.0 

Fire 
Top® 

N   3.1±1.8 b   8.8±1.8 b   9.1±1.8 b 13.2±0.3 

C 30.3±5.9 a 24.6±4.6 a 24.2±1.6 a 20.2±2.5 
Treatment: N = netted trees, C = un-netted control trees. 

 
In 2016, peaks of Drosophilidae catches were reached from mid-July 

until the harvest time in both the cultivars. In Amiga* 1,014 specimens 

belonging to Drosophilidae were collected in C and 651 in N while in 

Fire Top® 1,064 Drosophilidae were trapped in C and 602 in N. 

Statistical differences were observed both in Amiga*(t-test: df=4, t=3.77, 

P=0.020) and in Fire Top® (t-test: df=4, t=5.00, P=0.038) (Table 18).  

In 2017, peaks of Drosophilidae catches were recorded from June to July 

17th in Amiga* while in Fire Top® one more peak was observed on June 

26th. During the second year of the trial, the number of Drosophilidae 

catches was higher than in the previous year with 2,139 specimens totally 

collected in C and 1,139 in N in Amiga* while in Fire Top® 1,982 

Drosophilidae were trapped in C and 1,294 in N. Even though statistical 

differences between the treatments were not recorded, a lower number of 

Drosophilidae were collected in N in both the cultivars. 
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3.3.2.1.3 Monitoring of and damage caused by 

Halyomorpha halys 

Halyomorpha halys was never collected with the beating of the branches 

in both the years of the trial except for one adult collected on the un-

netted control trees (C) in Fire Top® on June 15th in 2017. 

The pest was detected by traps in the surveyed sites only during the first 

year of the trial, but its population density was variable among the sites 

and along the season (Figure 15 and 16). In both the nectarine orchards, it 

was never collected in traps in N, whereas it was caught in traps in C but 

in low amounts and close to the harvest time. In Amiga*, 1 nymph and 4 

adults were collected in early July and early August, respectively, while 

in Fire Top® 3 nymphs, and 5 nymphs and 1 adult were caught in late 

July and early August, respectively. In all the orchards H. halys was 

observed walking rapidly on net surface and reaching the trees through 

the openings on the top of the anti-hail net system. Moreover, in all the 

orchards, the trees in the repetitions of N and of C were the pheromone 

trap was placed (i.e., one of three repetitions per treatment and orchard) 

showed the highest fruits damage rate in the respective treatment.  
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Figure 15. Total number of catches of H. halys in pheromone traps in the 
cultivar Amiga* in treatments N (netted trees) and C (un-netted control trees) 
in 2016. 

 

Figure 16. Total number of catches of H. halys in pheromone traps in the 
cultivar Fire Top® in treatments N (netted trees) and C (un-netted control trees) 
in 2016. 
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In 2016, during the growing season, a low number of damaged fruits was 

recorded by visual inspection in all the orchards. Both in Amiga* and in 

Fire Top®, no damaged fruits were observed in N, while in C, damaged 

fruits were observed starting from late June. Out of 540 checked fruits in 

C, in each nectarine orchard, only 23 damaged fruits were recorded in 

Amiga* (2.1%) and 18 in Fire Top® (1.7%). In 2017, out of 240 checked 

fruits, no damaged fruits were observed in N while 6 damaged fruits 

(0.83%) were recorded in C in Amiga*. In Fire Top®, 6 damaged fruits 

were observed in N (0.83%) and 46 (6.39%) in C. 

The damage on fruits observed in each orchard at the harvest time in 

2016 is reported in Table 19. By statistical analysis with the GLMM, in 

the nectarine orchards significant differences between the picking dates 

were not found, while significant differences between the treatments 

were observed both in Amiga* (GLMM: df=2, 10; F=65.88, P=0.024) 

and in Fire Top® (GLMM: df=2, 10; F=7.74, P=0.009), with a 

significantly lower damage in N. No interactions between the treatments 

and the picking dates were recorded in any orchard. Moreover, the 

GLMM was used to analyze the block effect in order to assess if H. halys 

was more concentrated on the borders or in the middle of the orchards. 

Significant differences for the block effect were recorded only in Amiga* 

(GLMM: df=2, 10; F=5.57, P=0.024) with a higher damage from the 

edge bordering alfalfa until the orchard center.  
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Table 19. Percentages (mean±SE) of nectarines damaged by H. halys assessed in each 
picking date and in total on fruits sampled at harvest time in 2016 (no.=240 fruits per 
repetition in the first and second dates). In column for treatments and in row for picking 
dates, means followed by different letters are significantly different by the GLMM 
analysis (Bonferroni correction, P<0.05). 

Cultivar Treatment 1 st picking date 2nd picking date Total* 

Amiga* N   4.4±1.9   5.6±1.3   4.9±1.2 c 

C 45.6±4.7 52.6±2.9 49.1±2.8 a 

I 22.9±4.0 19.9±2.2 21.4±2.2 b 

Total  18.4±2.7 20.2±1.7  

Fire Top® N   8.3±4.7   5.6±8.4 11.5±4.5 b 

C 46.6±8.6 60.1±13.7 53.4±8.3 a 

I 32.0±7.7 37.8±13.7 34.8±7.7 ab 

Total  25.1±4.9 35.6±7.9 
 Treatment: N = netted trees, C = un-netted control trees, I = trees without net 

but treated with insecticides. 
* Total mean percentage of damaged fruits (1st + 2nd picking date) per treatment. 
 

 
During the harvest time in 2017, the number of fruits damaged by H. 

halys was higher compared with the previous year as reported in Table 

20. Statistical differences between the treatments were observed in 

Amiga* (GLMM: df=2, 10; F=32.96, P=0.000) and in Fire Top® 

(GLMM: df=2, 10; F=50.87, P=0.000), with a significantly lower 

damage in N. No differences between the blocks neither interactions 

between the treatments and the picking dates were recorded in any 

orchard while significant differences between the picking dates were 

recorded only in Fire Top® (GLMM: df=1, 10; F=41.89, P=0.000) with a 

higher damage recorded at the first picking date.   
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Table 20. Percentages (mean±SE) of nectarines damaged by H. halys assessed in each 
picking date and in total on fruits sampled at harvest time in 2017 (no.=240 fruits per 
repetition in the first and second dates). In column for treatments and in row for picking 
dates, means followed by different letters are significantly different by the GLMM 
analysis (Bonferroni correction, P<0.05). 

Cultivar Treatment 1 st picking date 2nd picking date Total* 

Amiga* N 12,6±4,8   9,6±3,1 11,0±2,8 c 

C 69,7±7,0 65,0±5,1 67,4±4,4 a 

I 59,9±7,6 38,6±5,3 49,2±4,8 b 

Total  44,2±5,2 33,2±3,5  

Fire Top® N 51,1±3,4 27,2±4,6 38,5±3,2 c 

C 90,0±2,0 77,0±4,5 84,6±2,2 a 

I 74,2±2,9 45,5±5,2 60,8±3,1 b 

Total  75,0±1,9 a 50,4±3,3 b  
Treatment: N = netted trees, C = un-netted control trees, I = trees without net 
but treated with insecticides. 
* Total mean percentage of damaged fruits (1st + 2nd picking date) per treatment. 
 

3.3.2.1.4 Monitoring of other pests and beneficial insects 

During the semi-field trials, no aphids were observed all along the 

growing season in both the orchards. Specimens belonging to 

Anthocoridae, Hemerobiidae, Chrysopidae, Staphylinidae, Coccinellidae 

and Syrphidae collected with yellow sticky traps were grouped in 

predators. Significant differences between the treatment were observed 

both in 2016 (Amiga* t-test: df=4, t=12.12, P=0.000; Fire Top® t-test: 

df=4, t=13.99, P=0.000) and in 2017 (Amiga* t-test: df=4, t=23.29, 

P=0.000; Fire Top® t-test: df=4, t=5.99, P=0.004) (Table 21) with higher 

captures in C.  
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Table 21. Total specimens (mean±SE) caught with the yellow sticky traps per 
treatment in the nectarine orchards in 2016 and 2017. Means followed by 
different letters are significantly different (t-test, P<0.05). 

Cultivar Treatment Predators 

  2016 2017 

Amiga* N   1.67±1.20  b   7.67±2.03  b 

C 41.00±3.01  a 74.00±2.00  a 

Fire Top® N   1.00±0.58  b   1.33±0.33  b 

C 25.67±1.67  a 58.67±9.56  a 
Treatment: N = netted trees, C = un-netted control trees. 
 

The final knock down treatment was not applied in 2017 following 

growers’ need to carry out technical operations into the field. In 2016, in 

the cluster total catches, all the specimens killed by the knock-down 

treatment were considered. Specimens belonging to Araneae 

(Aranaeidae), Acarina, Psocoptera, Thysanoptera (Thripidae), 

Heteroptera (Anthocoridae, Nabidae, Tingidae, Coreidae, Lygeidae and 

Pentatomidae), Homoptera (Cicadellidae and Aphidoidea), Neuroptera 

(Hemerobiidae and Chrysopidae), Coleoptera (Staphylinidae, 

Coccinellidae, Chrysomelidae and Curculionidae), Diptera (Syrphidae 

and Drosophilidae), Lepidoptera and Hymenoptera were collected. 

Statistical differences between the treatments were not observed in both 

the orchards but in Fire Top® a lower number of specimens was 

collected in treatment I (Table 22). Moreover, Aranaeidae, A. 

fuliginosum, Anthocoridae, Nabidae, Hemerobiidae, Chrysopidae, 

Staphylinidae, Coccinellidae and Syrphidae were grouped in predators. 

Numbers of predators were significantly different between the treatments 

in 2016 in Amiga* (Kruskal-Wallis test: df=2, χ2=6.76, P=0.034) with 

higher numbers in C (Table 22). Finally, lower numbers of H. halys were 
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generally collected in N, even if significant differences were found only 

in Fire Top® (one-way ANOVA: df=2, 6; F=9.37, P=0.014) (Table 22). 

 
Table 22. Insects collected during the final knock-down treatment (mean±SE) in 2016. 
In column, means followed by different letters are significantly different (Amiga*: 
Mann-Whitney U-test, P<0.05; Fire Top®: Tukey’s test, P<0.05). 

Date Cultivar Treatments Total catches Predators H. halys 

August 16th Amiga* N   23.00±4.00   3.00±0.00 b   0.00±0.00 

  C 112.33±16.68 11.67±4.25 a 19.33±11.26 

  I   23.33±0.67   2.00±0.58 b   8.00±3.21 

August 9th Fire Top® N 354.33±304.36   8.67±3.18   6.67±6.17   b 

  C 155.67±37.82 15.33±6.44 35.33±3.53   a 

  I   52.67±6.64   6.67±1.20   9.33±5.46   b 
Treatment: N = netted trees, C = un-netted control trees, I = trees without net but treated 
with insecticides. 

 

3.3.2.1.5 Monitoring of climatic conditions 

During the second year of the semi-field trials, temperature and relative 

humidity trends were almost identical outside and inside net. In Amiga*, 

slightly higher values of relative humidity were recorded outside net 

while slightly higher values of the mean daily temperature were recorded 

under the net coverage (Figure 17).  



Results   Semi-field trials 

 

76 

 

 

Figure 17. Daily mean temperature and daily mean relative humidity recorded in 
Amiga* in treatments N (netted trees) and C (un-netted control trees) in 2016. 
 

In Fire Top®, slightly higher values of relative humidity were recorded 

under net while slightly higher values of the mean daily temperature were 

recorded outside net (Figure 18).  

 

Figure 18. Daily mean temperature and daily mean relative humidity recorded in Fire 
Top® in treatments N (netted trees) and C (un-netted control trees) in 2016. 
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In the second year of the semi-field trials, temperature trend was almost 

identical outside and inside net while slightly higher values of relative 

humidity were recorded outside net in both the cultivars (Figures 19 and 

20).  

 

Figure 19. Daily mean temperature and daily mean relative humidity in Amiga* in 
treatments N (netted trees) and C (un-netted control trees) in 2017. 

 

Figure 20. Daily mean temperature and daily mean relative humidity in Fire Top® in 
treatments N (netted trees) and C (un-netted control trees) in 2017.  
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During the first year of the semi-field trials, the PAR was recorded in 

both the nectarine orchards. Since the orchards were neighbouring, the 

PAR in C was evaluated only in Amiga*. In the high part of the canopy, 

higher values were recorded in N in Fire Top® and in C in Amiga* 

(Figure 21a). In the middle height part of the canopy, similar trends were 

recorded inside and outside net in both the cultivars. Moreover, the 

further sensor outside the net at middle height allowed the recording of 

the light reflected from the net (Figure 21b). In the basal part of the 

canopy, higher PAR was recorded under photoselective net in both 

orchards (Figure 21c).   
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Figure 21. Daily mean PAR recorded in the high (a), middle (b) and basal (c) part 
of the canopy in Amiga* and in Fire Top® in treatments C (un-netted control 
trees) and N (netted trees) in 2017. 
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3.3.2.1.6 Fruit quality  

For the nectarines, no statistical differences between the treatments were 

observed for all the quality analyses performed for Amiga* and Fire 

Top® in 2016 (Table 23). A lower colour index parameter was recorded 

in Amiga* for all the treatments compared to Fire Top®. Regarding the 

total polyphenol and anthocyanin tested on the whole fruit, no statistical 

differences were observed between the treatments. In Fire Top®, a 

higher concentration of total anthocyanins was measured for all the 

treatments compared to Amiga* (Table 23). 

In Amiga*, during the second year of the semi-field trials, statistical 

differences between the treatments were observed only for the total solid 

soluble (one-way ANOVA: df= 2, 227; F=4.58, P=0.011) (Table 24). In 

Fire Top®, statistical differences between the treatments were recorded 

for the colour index (one-way ANOVA: df=2, 227; F=11.09, P=0.000) 

and the total solid soluble (Kruskal-Wallis test: df=2, χ2=31.28, P=0.000) 

(Table 24). Regarding the total polyphenol and anthocyanin tested on the 

whole fruit, no statistical differences were observed between the 

treatments. However, a higher concentration of total polyphenols was 

observed in N (Table 24). 
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3.3.2.2 Apple orchards 

3.3.2.2.1 Monitoring of and damage caused by Cydia 

pomonella and Grapholita molesta 

The presence and the abundance of tortrix moths were monitored all 

along the trials in each N and C replicate. During the trial, low catches of 

Tortricidae were recorded with the pheromone traps in both the apple 

orchards. In Baigent Brookfield®, C. pomonella was never trapped in 

both the years. In 2016, 13 G. molesta were recorded in C and one in N 

while 11 G. molesta were collected in C and two in N in 2017. In 

Galaval*, only one C. pomonella and two G. molesta were recorded in C 

in 2016. During the second year of the semi-field trial, G. molesta was 

never trapped in this orchard and only 2 C. pomonella were collected in 

C. Damage on fruits caused by Tortricidae were never observed in both 

the apple orchards all along the two years of the trial but fruits damaged 

by C. pomonella at the harvest time were recorded in Galaval* in 2017. 

In particular, 4 damaged fruits were collected in N and 6 in C and in I.  

3.3.2.2.2 Monitoring of Drosophila suzukii 

Population of D. suzukii and other Drosophilidae were monitored in each 

N and C replicate with a feeding attractive. Catches of D. suzukii were 

recorded in both the cultivar on the un-netted control trees (C). The first 

specimens were trapped in June in 2016 and in May in 2017. In 

particular, abundant catches were recorded in 2016 when 631 D. suzukii 

were totally collected in C and 118 in N in Baigent Brookfield® while in 

Galaval* 394 and 117 specimens were trapped in C and N, respectively. 
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Significant differences between the treatments were recorded both in 

Baigent Brookfield® (t-test: df=4, t=7.07, P=0.002) and in Galaval* (t-

test: df=4, t=0.56, P=0.025) with a lower number of catches collected in 

N (Table 25).  

In 2017, catches well below than the previous year were recorded. In 

Baigent Brookfield®, 111 specimens were totally collected in C and 21 

in N while 147 specimens were trapped in C and 50 N in Galaval*. 

Statistical differences between the treatments were observed both in 

Baigent Brookfield® (t-test: df=4, t=4.47, P=0.011) and in Galaval* (t-

test: df=4, t=6.36, P=0.003) with a lower number of catches recorded in 

N (Table 25). 

Table 25. Mean percentage of D. suzukii and total Drosophilidae (mean±SE) catches 
per trap on the total catches in the apple orchards. Means followed by different letters 
are significantly different (t-test, P<0.05).  

Cultivar Treatment Drosophila suzukii Total Drosophilidae 

  2016 2017 2016 2017 

Baigent 
Brookfield® 

N   5.3±2.0 b   5.3±1.9 b 10.1±2.9  14.3±1.4 

C 28.1±2.2 a 28.8±4.3 a 23.3±4 19.1±1.3 

Galaval* N   7.6±0.9 b   8.5±1.8 b 10.6±0.7 b 14.5±0.9 

C 25.7±4.1 a 24.9±2.8 a 22.7±2.5 a 18.9±1.3 
Treatment: N = netted trees, C = un-netted control trees. 

 

The total amount of specimens belonging to Drosophilidae trapped in the 

orchards was also taking into account. In 2016, 3,406 specimens 

belonging to Drosophilidae were collected in C and 1,473 in N in Baigent 

Brookfield® while Galaval* 2,095 Drosophilidae were trapped in C and 

978 in N. Statistical differences were observed only in Galaval* (t-test: 
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df=4, t=2.83, P=0.047) with a lower number of catches collected in N 

(Table 25).  

In 2017, catches were slightly higher than in the previous year. No 

significant differences between the treatments were recorded but a lower 

number of specimens was trapped in N. In Baigent Brookfield®, 2,398 

specimens were totally collected in C and in 1,795 N while Galaval* 

4,174 Drosophilidae were trapped in C and 3,207 in N.  

3.3.2.2.3 Monitoring of and damage caused by 

Halyomorpha halys 

Halyomorpha halys was never collected with the beating of the branches 

in both 2016 and 2017. The pest was detected by traps in all surveyed 

sites, but its population density was variable among the sites and along 

the years. In 2016, catches were higher than in nectarine orchards but 

later in the season when the trials in the nectarine orchards were already 

ended. In N, a few specimens were caught after the end of the harvest 

time only in Baigent Brookfield®, on which 10 nymphs and 1 nymph 

were collected in early and late September, respectively. In C, in Baigent 

Brookfield®, 496 nymphs and 5 adults were overall caught from mid-

August, with a peak of 309 specimens in the second half of September 

(Figure 22). In Galaval*, 10 nymphs and 37 adults were caught at the end 

of October (Figure 23).  
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Figure 22. Total number of catches of H. halys in pheromone traps in the 
cultivar Baigent Brookfield® in treatments N (netted trees) and C (un-netted 
control trees) in 2016.  

 

 

Figure 23. Total number of catches of H. halys in pheromone traps in the 
cultivar Galaval* in treatments N (netted trees) and C (un-netted control trees) 
in 2016.  
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In 2017, H. halys was detected in both the orchards from the early 

growing season until the harvest time with peaks of catches close to the 

fruit ripening. The pest was never trapped in N in Galaval* while in 

Baigent Brookfield® only 2 nymphs were collected. In C, 42 nymphs 

and 23 adults were overall caught in Baigent Brookfield® (Figure 24) 

while 180 nymphs and 18 adults were totally trapped in Galaval* (Figure 

25). 

 

Figure 24. Total number of catches of H. halys in pheromone traps in the cultivar 
Baigent Brookfield® in treatments N (netted trees) and C (un-netted control trees) in 
2017.  
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Figure 25. Total number of catches of H. halys in pheromone traps in the cultivar 
Galaval* in treatments N (netted trees) and C (un-netted control trees) in 2017. 
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Brookfield®, out of 900 checked fruits per treatment, 25 damaged fruits 

(2.78%) were found in N and 21 damaged fruits (2.33%) were recorded 

in C. In Galaval*, 12 damaged fruits (1.21%) were recorded in N and 17 

(1.72%) in C, out of 990 checked fruits per treatment. 

The damage on fruits observed in each apple orchard at the harvest time 

is reported in Table 26 for the year 2016. By statistical analysis with the 

GLMM, in the apple orchards, significant differences between the 

treatments were not observed, while differences between the picking 

dates were recorded only in Galaval* (GLMM: df=2, 16; F=5.93, 

P=0.012) with a significantly lower damage in the first picking date. No 

interactions between the treatments and the picking dates were recorded 

in any orchard. Moreover, such as for the nectarine orchards, the block 

effect was analyzed in order to assess if H. halys was more concentrated 

on the borders or in the middle of the orchards. No differences for the 

block effect were recorded. 
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Table 26. Percentages (mean±SE) of apples damaged by H. halys assessed in each 
picking date and in total on fruits sampled at harvest time in 2016 (no.=240 fruits per 
repetition in the first and second dates, no.=30 fruits per repetition in the third date). In 
column for treatments and in row for picking dates, means followed by different letters 
are significantly different by the GLMM analysis (Bonferroni correction, P<0.05). 

Cultivar 
 

Treatment 
 

1st picking 
date 

2nd picking 
date 

3rd picking 
date 

Total* 

Baigent 
Brookfield® 

N   6.2±2.2   4.6±1.2   6.9±3.9   5.8±1.4 

C   7.7±2.4   6.0±1.5   7.6±3.8   7.1±1.6 

I   3.1±1.5   5.3±1.5 10.3±5.1   5.5±1.4 

Total    5.3±1.2   5.3±0.9   8.1±2.5  

Galaval*  N   2.4±1.7   7.6±1.8   4.4±2.2   4.3±1.3 

C   3.4±2.0 17.0±2.5 11.7±3.2   9.0±1.9 

I   2.9±1.8   8.9±1.9 14.8±3.6   7.4±1.7 

Total    2.9±1.1 b 10.6±1.3 a   9.2±1.9 a  
Treatment: N = netted trees, C = un-netted control trees, I = trees without net but treated 
with insecticides. 
* Total mean percentage of damaged fruits (1st + 2nd picking date) per treatment. 
 

In 2017, damaged fruits at the harvest time were observed in both the 

orchards with highest damage recorded in Galaval* (Table 27). 

Significant differences between the treatments were observed in Baigent 

Brookfield® (GLMM: df=2, 10; F=9.12, P=0.006) and in Galaval* 

(GLMM: df= 2, 10; F=9.46, P=0.005) as reported in Table 27. Statistical 

differences between the picking dates were observed in Baigent 

Brookfield® (GLMM: df=1, 10; F=5.02, P=0.049) and in Galaval* 

(GLMM: df=1, 10; F=6.44, P=0.029) with a significantly lower damage 

in the second picking date in Baigent Brookfield® and in the first picking 

date in Galaval*. No interactions between the treatments and the picking 

dates were recorded in any orchard. Significant differences for the block 
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effect were recorded only in Baigent Brookfield® (GLMM: df=2, 10; 

F=10.75, P=0.003) with a higher concentration on the borders. 

Table 27. Percentages (mean±SE) of apples damaged by H. halys assessed in each 
picking date and in total on fruits sampled at harvest time in 2017 (no.=240 fruits per 
repetition in the first and second dates). In column for treatments and in row for picking 
dates, means followed by different letters are significantly different by the GLMM 
analysis (Bonferroni correction, P<0.05). 

Cultivar Treatment 1 st picking date 2nd picking date Total* 

Baigent 
Brookfield® 

N   2.7±1.6   1.4±0.8   1.9±0.8 b 

C 12.5±4.1   4.7±1.6   7.7±2.1 a  

I   2.3±1.6   0.6±0.5   1.2±0.7 b 

Total    4.3±1.6 a   1.6±0.6 b  

Galaval*  N   4.0±0.8   9.8±3.7   6.3±1.4 b 

C 13.2±1.4 23.3±5.3 17.7±2.3 a 

I 16.3±1.5 16.5±4.6 16.4±2.4 a 

Total    9.7±0.8 b 15.8±2.7 a  
Treatment: N = netted trees, C = un-netted control trees, I = trees without net but 
treated with insecticides. 
* Total mean percentage of damaged fruits (1st + 2nd picking date) per treatment. 

3.3.2.2.4 Monitoring of other pests and beneficial insects 

In the apple orchards, during the shoots visual inspections in each N and 

C replicate, A. pomi and E. lanigerum were observed in 2016 while only 

A. pomi was observed in 2017. In Baigent Brookfield®, 5 infested shoots 

in C and 20 in N were recorded in 2016 while in the following year 107 

infested shoots in C and 56 in N were observed. In Galaval*, a lower 

number of infested shoots was always detected in N with 4 and 23 

infested shoots in 2016 and 2017, respectively against 38 and 81 shoots 

recorded in C. Significant differences were found only in Galaval* both 
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in 2016 (t-test: df=4, t=2.91, P=0.044) and in 2017 (t-test: df=4, t=5.47, 

P=0.005). 

During the semi-field trials, low catches of Tortricidae were recorded but 

high infestations of S. myopaeformis were observed in all the orchards 

especially in 2017. In Baigent Brookfield®, 38 specimens were collected 

in C and 2 in N in 2016 while 111 specimens were trapped in C and 18 in 

N during the following year. In Galaval*, 4 S. myopaeformis were 

recorded in N in both the years while 71 and 108 specimens were trapped 

in C in 2016 and in 2017, respectively. In order to evaluate the efficacy 

of the net, all the C. pomonella, G. molesta and S. myopaeformis caught 

with the pheromone traps were considered during the statistical analysis. 

Statistical differences between the treatments were observed in 2016 both 

in Baigent Brookfield® (t-test: df=4, t=-7.22, P=0.002) and in Galaval* 

(t-test: df=4, t=-6.52, P=0.003) and only in Galaval* in 2017 (t-test: 

df=4, t=-5.55, P=0.005) with a lower number of catches recorded under 

net (Table 28). Even though in Baigent Brookfield® in 2017 statistical 

differences were not recorded, a lower number of specimens were 

collected under the net. 

Table 28. Mean percentages (±SE) of total catches per trap on the total catches in the 
apple orchards in 2016 and 2017. Means followed by different letters are significantly 
different (t-test, P<0.05). 

Cultivar Treatment Total catches 

  2016 2017 

Baigent Brookfield® N   1.85±1.07 b   4.7±0.8 

C 31.48±3.21 a 28.6±11.1 

Galaval* N   1.71±1.71 b   1.2±0.3   b 

C 31.62±2.26 a 32.1±8.0   a 
Treatment: N = netted trees, C = un-netted control trees. 
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In order to assess the impact of nets on the orchard arthropod fauna 

abundance, yellow sticky traps (in N and C) and knock-down treatments 

(in N, C and I) were used in both the orchards. Specimens belonging to 

Araneae (Aranaeidae), Heteroptera (Anthocoridae) [only in Baigent 

Brookfield® in 2016], Neuroptera (Hemerobiidae [except in Galaval* in 

2017] and Chrysopidae), Coleoptera (Staphylinidae and Coccinellidae); 

Diptera (Syrphidae) collected all along the trial with the yellow sticky 

traps were totally grouped in predators and statistically analyzed. Higher 

catches were always obtained on the un-netted control trees (C) but 

statistical differences were recorded only in Galaval* in 2016 (t-test: 

df=2, t=6.99, P=0.002) and in Baigent Brookfield® in 2017(t-test: df=4, 

t=4.63, P=0.010) (Table 29).  

Table 29. Total specimens (mean±SE) of predators caught with the yellow sticky traps 
per treatment in the apple orchards in 2016 and 2017. Means followed by different 
letters are significantly different (t-test, P<0.05). 

Cultivar Treatment Predators 

  2016 2017 

Baigent Brookfield® N   74.67±27.51    2.33±0.88  b 

C 137.00±9.45  15.33±2.66  a 

Galaval* N     7.00±1.00  b   0.66±0.66 

C   67.33±8.56  a   7.00±3.05 
Treatment: N = netted trees, C = un-netted control trees. 
 

In the final knock-down treatment, all the specimens killed by the 

treatment were considered in the cluster total catches. Specimens 

belonging to Araneae (Aranaeidae), Acarina, Dermaptera (Forficulidae), 

Psocoptera, Thysanoptera (Thripidae), Heteroptera (Anthocoridae, 

Nabidae, Tingidae, Coreidae, Lygeidae and Pentatomidae), Homoptera 

(Cicadellidae and Aphidoidea), Neuroptera (Hemerobiidae and 
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Chrysopidae), Coleoptera (Staphylinidae, Coccinellidae, Chrysomelidae 

and Curculionidae), Diptera (Syrphidae and Drosophilidae), Lepidoptera 

and Hymenoptera were collected. Their amounts were significantly 

different between the treatments only in Galaval* in 2016 with a lower 

number of specimens collected in treatment I (one-way ANOVA: df=2, 

6; F=5.18, P=0.049) (Table 30). Moreover, Aranaeidae, A. fuliginosum, 

Forficulidae, Anthocoridae, Nabidae, Hemerobiidae, Chrysopidae, 

Staphylinidae, Coccinellidae and Syrphidae were grouped in predators. 

Given the severity of the presence of H. halys in the last years in 

Piedmont, this pest was considered individually. Statistical differences 

between the treatments were not found for the cluster predators and for 

H. halys (Table 30). In 2016, lower numbers of H. halys were generally 

collected in N while in 2017 in Galaval*, 8 first age nymphs were 

collected in N. 
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3.3.2.2.5 Monitoring of climatic conditions 

During the semi-field trials, climatic conditions were evaluated in both 

the apple orchards only in 2016 while in 2017 they were checked only in 

Galaval*. As in the nectarine orchards, temperature and relative humidity 

trends were almost identical outside and inside net. In Baigent 

Brookfield®, slightly higher values of temperature and relative humidity 

were recorded outside net (Figure 26). 

 

Figure 26. Daily mean temperature and daily mean relative humidity recorded in 
Baigent Brookfield® in treatments N (netted trees) and C (un-netted control trees) in 
2016. 

 
In Galaval*, slightly higher values of relative humidity were recorded 

inside the net while slightly higher values of the mean daily temperature 

were recorded outside the net coverage in both years (Figures 27 and 28). 
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Figure 27. Daily mean temperature and daily mean relative humidity recorded in 
Galaval* in treatments N (netted trees) and C (un-netted control trees) in 2016 

 

 

Figure 28. Daily mean temperature and daily mean relative humidity recorded in 
Galaval* in treatments N (netted trees) and C (un-netted control trees) in 2017.  
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During the first year of the semi-field trials, the PAR was recorded in 

both the apple orchards. In Baigent Brookfield®, higher values of PAR 

were generally recorded in July and then drastically dropped in August. 

Lower PAR values were observed in the high part of the canopy under 

the photoselective net in July while from August the trend was almost 

identical outside and inside the net but slightly higher values were 

recorded in C (Figure 29a). However, higher values were observed under 

the photoselective net for all the trial in the middle height of the canopy 

(Figure 29b) and from the second decade until the end of July in the basal 

part (Figure 29c). In August, more consistent values were observed in N 

compared to C in the basal part of the canopy. Moreover, a sensor outside 

the net was arranged in the N replicate at middle height. In N, the sensor 

placed outside, but close to the photoselective net, recorded the part of 

light reflected from the net (Figure 29b). 

In Galaval*, higher values of PAR were generally recorded in July and at 

the beginning of August. In the high part of the canopy, lower PAR 

values were observed under the photoselective net until the end of 

August, then similar trends were recorded in C and in N (Figure 30a). 

Higher values were observed in C in the middle part of the canopy until 

mid-August, then similar trends were recoded (Figure 30b). As already 

observed in Baigent Brookfield®, highest PAR values were always 

recorded with the sensor arranged in N but outside the net coverage that 

recorded the part of light reflected from the net (Figure 30b). In August, 

more consistent values were observed in N compared to C in the basal 

part of the canopy (Figure 30c). 
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Figure 29. Daily mean PAR recorded in the high (a), middle (b) and basal (c) part 
of the canopy in Baigent Brookfield® in treatments C (un-netted control trees) and 
N (netted trees) in 2016. 
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Figure 30. Daily mean PAR recorded in the high (a), middle (b) and basal (c) part 
of the canopy in Galaval* in treatments C (un-netted control trees) and N (netted 
trees) in 2016. 
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3.3.2.2.6 Fruit quality  

No statistical differences between the treatments were observed in both 

the cultivars for the colour index, the firmness and the total solid soluble 

in 2016 (Table 31).  

Table 31. Colour index, firmness and total solid soluble (mean±SE) of the two picking 
dates in 2016 for apple orchards. No significant differences were found by ANOVA. 

Cultivar Treatment Colour index Firmness 
(g cm-2) 

Total solid soluble 
(°Brix) 

Baigent 
Brookfield® 

N 39.09±0.66 7.45±0.06 13.85±0.09 

C 40.01±0.93 7.58±0.06 13.45±0.09 

I 49.79±1.00 7.51±0.07 14.00±0.08 

Galaval* N 44.46±1.15 7.99±0.08 12.89±0.09 

C 50.06±0.96 7.72±0.09 13.59±0.08 

I 54.25±1.26 8.15±0.40 13.03±0.09 
Treatment: N = netted trees, C = un-netted control trees, I = trees without net but 
treated with insecticides 

 

In 2016, significant differences between the treatments were observed for 

the total phenols in the peel (one-way ANOVA: df=2, 51; F=3.51, 

P=0.037) in Baigent Brookfield®, and in the pulp in Galaval* (one-way 

ANOVA: df=2, 51; F=3.32, P=0.044), with higher values in N and C, 

respectively (Table 32). Moreover, in Baigent Brookfield®, statistical 

differences between the treatments were recorded for the total 

anthocyanins in the pulp (one-way ANOVA: df=2, 51; F=9.50, P=0.010) 

with higher values in C (Table 32).  
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Table 32. Total polyphenols and total anthocyanins (mean±SE) of the two picking dates 
in 2016 for apple orchards. In column, means followed by different letters are 
significantly different (Tukey’s test, P<0.05). 

Cultivar Treatment Total polyphenols 
(mgGAE 100g-1) 

Total anthocyanins 
(mgC3G 100g-1) 

  Pulp Peel Pulp Peel 

Baigent 

Brookfield® 

N   0.00±0.00 61.72±2.22 a 1.15±0.16 32.96±0.80 b 

C   0.00±0.00 44.91±0.48 b 1.17±0.33 58.02±2.96 a 

I   0.00±0.00 39.14±2.74 b 2.10±0.44 32.84±1.63 b 

Galaval* N 13.99±4.29 a 28.51±2.99 2.71±41.8 19.28±1.71 

C   9.16±2.48 ab 36.98±3.23 5.94±1.83 17.47±1.70 

I   0.00±0.00 b 25.11±2.22 1.56±0.43 18.09±1.68 
Treatment: N = netted trees, C = un-netted control trees, I = trees without net but treated 
with insecticides 
 

During the second year of the semi-field trials, statistical differences 

between the treatments were observed in Baigent Brookfield® for the 

firmness (one-way ANOVA: df=2, 177; F=10.55, P=0.000) while in 

Galaval* significant differences were recorded for the total solid soluble 

(one-way ANOVA: df=2, 177; F=17.51, P=0.000) with lower values 

observed in N (Table 33). 

In 2017, no significant differences between the treatments were observed 

in both the cultivars for the total polyphenols and the total anthocyanins. 

In general, a low total anthocyanins content was observed both in 

Baigent Brookfield® and Galaval* in all the treatments while higer 

values of total phenols in the peel were recorded in N in both the 

cultivars (Table 34).  
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Table 33. Colour index, firmness and total solid soluble (mean±SE) of the two picking 
dates in 2017 for apple orchards. In column, means followed by different letters are 
significantly different (Tukey’s test, P<0.05). 

Cultivar Treatment Colour index Firmness 
(g cm-2) 

Total solid soluble 
(°Brix) 

Baigent 
Brookfield® 

N 38.77±1.08 8.00±0.08 b 11.99±0.10 

C 41.11±1.10 8.55±0.09 a 12.34±0.14 

I 40.23±1.15 8.39±0.09 a 12.29±0.11 

Galaval* N 60.23±1.94 8.82±0.09 11.60±0.13 b 

C 60.29±2.01 9.08±0.11 12.52±0.15 a 

I 55.74±1.63 8.98±0.12 12.63±0.13 a 
Treatment: N = netted trees, C = un-netted control trees, I = trees without net but 
treated with insecticides 

 

Table 34. Total polyphenols and total anthocyanins (mean±SE) of the two picking dates 
in 2017 for apple orchards. No significant differences were found by ANOVA (Baigent 
Brookfield®: total polyphenols in the pulp and in the peel, total anthocyanins in the 
peel; Galaval*: total polyphenols in the pulp and in the peel, total anthocyanins in the 
pulp) and by Kruskal-Wallis test. (Baigent Brookfield®: total anthocyanins in the pulp; 
Galaval* total anthocyanins in the peel). 

Cultivar Treatment Total polyphenols 
(mgGAE 100g-1) 

Total anthocyanins 
(mgC3G 100g-1) 

  Pulp Peel Pulp Peel 

Baigent 

Brookfield® 

N 28.13±4.36 344.93±12.34 6.29±9.87   0.00±0.00 

C 19.75±3.42 283.95±51.40 0.00±0.00   0.00±0.00 

I 29.74±2.21 392.66±13.78 0.00±0.00   0.00±0.00 

Galaval* N 17.02±2.05    92.26±5.84 0.24±0.17   0.00±0.00 

C   9.20±1.35     72.50±9.84 0.24±0.17 12.30±8.39 

I   9.57±2.57     46.22±6.31 1.29±1.29 18.93±18.3 
Treatment: N = netted trees, C = un-netted control trees, I = trees without net but treated 
with insecticides 
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3.4 DISCUSSION 

The increasing attention for the food safety, the environmental protection 

and 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 this context, innovative 

efficient and sustainable control strategies are required in order to 

preserve the orchard production and high fruit quality.  

During the first year of the trials, nets with different colours and meshes 

were used to identify the most promising anti-insect net for the Piedmont 

(NW Italy) orchards. The presence of pests was significantly reduced 

under the nets even though, in some case, a high damage was detected 

under net. In particular, a high damage on shoots was observed under 

pearl net but it was due to the contact between the net and the plant 

vegetation that allowed the oviposition by the pest. No statistical 

differences as regards the damage on the fruits at the harvest time 

between the treatments were observed due to the small number of fruits 

harvested in the peach orchard and to the very low tortrix moth 

population in the apple orchard that was not such as to cause high 

damage at the production.  

The anti-drosophilid net proved to be the most effective barrier for the 

protection of the crops. However, this net is very heavy and it requires a 

more robust supporting structure than the one usually used for the simple 

anti-hail protection in order to avoid a “sail effect” caused by the wind. 

Moreover, considering that in apple and peach orchards the usually 

cultivation practices would required frequent openings of the exclusion 

net and that D. suzukii is not yet a worrisome pest (at least in the 
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investigated area), the choice has fallen upon the photoselective anti-hail 

nets. Furthermore, taking into account also the fruit quality and the 

incidence of pathogenic fungi (data retrieved as part of the LIFE+ 

SU.SA.FRUIT project), the best overall results were obtained with the 

pearl net.  

Interesting observations on the impact that the net colour and its 

mechanical action may have on other pests and on beneficial arthropods 

were recorded. It has been reported that, using the photoselective nets, 

the optical disruption caused by the reflected light may interfere with 

distant host finding by the pests. The light inside the net contains less UV 

light and therefore becomes “invisible” to the pests or higher levels of 

reflected/scattered sunlight could deter the pests landing (Ben-Yakir et 

al., 2008). Aphids seem not to be influenced by the photoselective net 

while whitefly and thrips capacity to reach the target plants is reduced by 

photoselective nets. It appears that these pests remain on their preferred 

colored nets for a long time (‘rejection flight’), and as a result they are 

less likely to infest the plants underneath (Ben-Yakir et al., 2008). 

Photoselective nets may have the same influence on beneficial insects.  

During prototype trials, yellow and red nets showed to have a greater 

insect attractiveness not only under the net. In particular, an increase of 

the beneficial insects was observed under the yellow net as already 

shown by Shahak et al. (2009) but also on the external net surface. On 

the contrary, the red net seemed to be more attractive for tortrix moths. 

The influence of the exclusion nets on aphid populations is not yet clear 

but it seems to be a species-specific response (Dib et al. 2010; Chouinard 

et al., 2016). Few specimens of A. pomi and D. plantaginea were 



Discussion Exclusion nets 

 

106 

 

observed in the apple orchard during the trials, but no strong infestations 

have ever been detected under the nets.  

The net is thin enough to keep out the target pests, but at the same time 

large enough to allow most beneficial insects to pass through. Indeed, 

abundant catches were obtained with yellow sticky traps under the 

photoselective nets as well as, at the end of the harvest time, for the 

cluster predators, with the knock-down treatment. Moreover, the color of 

the photoselective nets does not seem to have influenced the abundance 

of total catches and predators. 

 

In insects, temperature plays an important role on the growth rate and the 

pre-adult development (Honek and Kocourek, 1990, Tochen et al., 2014). 

In the prototype trials, temperature and relative humidity differences 

inside and outside the nets were slight, therefore they did not influence 

pest development. More differences between the netted and the un-netted 

control trees as well as among the nets were observed for the PAR. The 

pearl net mostly enhance the scattering in the UV indeed was the only net 

under which PAR values similar to the un-netted control trees were 

achieved. Even though the anti-drosophilid net is not a photoselective 

net, similar PAR values were recorded under this net compared to yellow 

and red photoselective net. It is well known that PAR directly influence 

fruit quality (Shahak et al., 2004a and 2004b) and nutraceutical 

compounds (Zoratti et al., 2015). Accordingly, in the prototype trials, 

fruits harvested under pearl net were the once with the highest quality. 

Considering the entomological and pathological aspects as well as the 
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fruit quality results, the pearl net resulted the most promising net in 

Piedmont orchards and was used for the semi-field trials. 

 

The results obtained during the semi-field trials with the pearl 

photoselective net confirmed its effectiveness in the protection of the 

orchards against key pests and H. halys. Furthermore, the net proved not 

to negatively affect the arthropod fauna present in the orchards as well as 

the quality of fruit production. In parallel, the net has an impact on 

Drosophilidae populations and secondary pests (aphids and S. 

myopaeformis). 

Even if the effectiveness of the exclusion nets against G. molesta and S. 

myopaeformis has not been so long investigated, it is reasonable to 

suppose that their impact on these pests is always due to the physical 

barrier proprieties of the net and on its interference on the pests biology. 

The anti-hail photoselective pearl net proved to be effective in reducing 

the pest populations and their damage on fruits. The net was able to 

contain tortrix moths and S. myopaeformis populations. The moth catches 

with the pheromone traps were very low under nets and significantly 

more abundant outside nets. As a consequence, in the nectarine orchards, 

under the exclusion nets a damage 8-fold lower than the one observed in 

I (i.e. trees without net but treated with insecticides) was recorded. 

 

Even though D. suzukii does not represent a key pest in nectarine and 

apple orchards, the efficacy of the net against this pest was evaluated. 

Different researches proved that only nets with a mesh thinner than 1 

mm2 are effective in excluding this pest (Kawase et al., 2008; Cormier et 
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al. 2015). Indeed, during the selection of the most promising net, the 

anti-drosophilid net proved to be the best net in containing the pest 

population as also demonstrated by Firlej et al. (2014) in experimental 

tests conducted in blueberry in Canada and by Rogers et al. (2016) on 

raspberry. However, in the semi-field trials, where only the pearl net 

(2.4×4.8 mm) was used, satisfactory results in reducing D. suzukii 

populations, and generally the Drosophilidae abundance, were recorded 

under the nets, both in nectarine and apple orchards. This is probably due 

more to the optical proprieties of the photoselective net than to its 

mechanical activity. 

 

In Italy, a great concern for fruit crops certainly increases with the 

introduction of the new exotic pest H. halys. The initial absence of 

reliable monitoring tools and the low effectiveness of chemical control 

have led H. halys becoming a serious pest in fruit crops in northern Italy, 

where it has found favourable conditions for its establishment. In 

particular, in Piedmont, H. halys has a great potential in reaching high 

infestation levels. The orchards chosen for this study are located in an 

area in which the presence of H. halys was already reported. During the 

prototype trials, the pest was never detected but it was observed in 

bordering crops or later in the season. In the orchards chosen for the 

semi-field trials, the presence of H. halys considerably increased in 2016 

and even more in 2017 although in an uneven pattern. Therefore, 

particular attention was given to this insect during the trials.  

Halyomorpha halys was recorded in all the experimental orchards in 

2016 and only in apple orchards in 2017, but its population density was 
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very variable depending on the season and on the crop. In the four 

orchards in 2016, H. halys was never trapped at the beginning of the 

growing season but only close to harvest time while in 2017 the pest was 

recorded only in the apple orchards earlier in the growing season and 

with higher catches. The net always avoided the entry of the adults while 

only two nymphs were collected under net demonstrating the ability of 

the net to effectively block the entrance of the pest. Short et al. (2017) 

showed how insecticide applications at a cumulative threshold of 10 

adults of H. halys collected in a pheromone trap in apple orchard were 

effective at reducing fruit injury. This threshold was exceeded only from 

August in 2016 while in 2017 it was exceeded from the end of June.  

Overall, comparing the results obtained with the different monitoring 

techniques and the fruit damage at the harvest time, it is evident how the 

catches by pheromone traps did not always reflect the real abundance of 

the pest in the field, probably due to various reasons. It was already 

highlighted by AgBio (http://www.agbio-inc.com/) that overwintered 

adults emerging in the spring do not respond to the lure (Morrison et al., 

2015). Probably, upon emergence from overwintering sites, being in a 

dispersal phase searching for food sources, H. halys is more attracted by 

kairomones emitted by plants compared to the lures used in traps. On the 

contrary, consistently higher captures were recorded in apple orchards in 

late summer, a period in which decreasing day length and temperature 

trigger H. halys an aggregation behaviour before moving to 

overwintering sites (Lee et al., 2013). Moreover, studies on genetic 

diversity of Italian populations revealed the presence of various H. halys 

haplotypes in Piedmont (Cesari et al., 2018), which could have a 
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different response (less attractiveness) to the lure, for example at the 

beginning of the season. 

The uneven H. halys population density in the orchards as assessed by 

damage rate at the harvest time is also due to a different attractiveness of 

the various crops. Despite its high polyphagy, H. halys can be considered 

a fruit specialist, seeking and moving among trees that differentially bear 

fruit in space and time (Martinson et al., 2015). It is evident that H. halys 

firstly moves to other temporary hosts, which may be used as a water 

source (Lee et al., 2013), before colonizing crops. As a consequence, the 

first damaged fruits were observed close to the beginning of the harvest 

time in all the orchards. Then, among the different crops, H. halys has a 

preference for peaches as a favourite host. This behaviour seems to be 

due to the fact that peach is the only crop able to support the 

development of the pest from the end of May until the harvest time 

(Blaauw et al., 2016). 

Besides the different number of specimens captured inside and outside 

the net by the traps, the best evidence for the effectiveness of the nets 

against H. halys comes from the assessment of damaged fruits in the 

treatments in comparison. Indeed, under the exclusion nets, a damage 4-

fold lower and 2-fold lower than the one observed in insecticide treated 

trees was recorded in nectarine and apple orchards, respectively. In 

particular, in nectarine orchards the number of damaged fruits was 

always significantly lower inside than outside nets even when trees were 

regularly treated with insecticides by the growers (I). Only in Fire Top® 

in 2017, a higher damage (up to 38.5%) compared with the one recorded 

in the previous year, was observed under the net. This was probably due 
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to various reasons: a higher pressure of the pest in the field not recorded 

with the pheromone traps and the contact of the net with the vegetation, 

due to the great vegetative growth rate of the cultivar, may have 

influenced the mechanical barrier action of the net. Specific insecticidal 

treatments against H. halys were applied only in 2017 when few products 

were registered for the first time against this pest in Italy. However, the 

pyrethroid-like (etofenprox) and the insecticide classes of 

organophosphates (chlorpyriphos and chlorphyriphos methyl) have been 

shown to be effective (Leskey et al., 2014; Blaauw et al., 2015, 2016). In 

Piedmont (NW Italy), the current European, National and Regional 

directives place severe restrictions on the use of chemical products for 

crop protection, limiting the number of the allowed treatments in order to 

reduce residues in food. Blaauw et al. (2015, 2016) agree that the short 

residual activity of many compounds makes necessary to repeat the 

treatments every 7-10 days, but this, beyond being not always applicable 

in our region, would nullify the integrated pest management principles 

now largely adopted in fruit orchards. This study showed that the 

exclusion nets can be more effective than chemical treatments in 

containing H. halys damage; thus, considering also the phytosanitary 

directives, the net coverage can be a great-value alternative for the 

management of H. halys.  

In apple orchards, the differences between the treatments are less marked 

than in the peach orchards, probably due to the low pest density before 

the harvest time. The lower number of injured apples compared to 

nectarines could also be due to a lower level of expression of the damage. 

It is proved that H. halys feeding on apples during the last 1-2 weeks 
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before the harvest time may not produce symptoms; however, apples 

showing no surface injury at harvest time may develop both surface and 

internal injuries following a period of post-harvest cold storage (Bergh et 

al., 2016). It should also be taken into account that these trials were 

carried out on early ripening apple cultivars, and that probably late 

ripening apple cultivars may be subjected to a higher pressure by this 

pest. 

Statistical differences for the block effect were recorded only in Amiga* 

in 2017 and in Baigent Brookfield® in 2017, but in general the damage 

was higher on netted and un-netted trees closer to the edges, and mainly 

when the orchard borders on other peach orchards, soybean or alfalfa 

fields. In particular, in Galaval*, the damage was higher on netted and 

un-netted apples close to the edge bordering a peach orchard, while the 

nectarines were more damaged in the edge bordering soybean or alfalfa. 

Leskey et al. (2012) already found that H. halys is a perimeter-driven 

threat. In their research, injury was usually significantly greater at the 

exterior of orchard relative to the interior, suggesting an adult emigration 

from overwintering sites in the early season and from wood lots or 

cultivated hosts later in the season. 

 

The influence of the exclusion nets on aphid populations is not yet clear 

and contrasting results were obtained by different authors monitoring 

different aphid species (Dib et al., 2010; Chouinard et al., 2016). In 

nectarine orchards, aphids were never observed during the semi-field 

trials while in apple orchards colonies of aphids occurred. Generally, a 

low number of infested shoots was observed under net except in Baigent 
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Brookfield® in 2016 where, according with Chouinard et al. (2016), 

colonies were mainly composed by E. lanigerum. In complete exclusion 

systems, Marliac et al. (2013) reported side-effects of codling moth 

exclusion netting on Miridae, Anthocoridae, Syrphidae and 

Coccinellidae, natural predators of the rosy apple aphid D. plantaginea. 

Similarly Dib et al. (2010) and Romet et al. (2010) reported a lower 

abundance of Syrphidae and Coccinellidae under apple netted plots than 

in un-covered ones. The possible effect of the nets on the arthropod 

fauna, in particular predators, was evaluated all along the trials with 

yellow sticky traps and with a final knock-down treatment after the 

harvest time. According with Dib et al. (2010) and Romet et al. (2010), a 

significant lower number of predators was collected under net in all the 

orchards during the growing seasons. Generally, the net mesh was large 

enough to allow tiny beneficial insects to pass through [mainly Stetorus 

spp. (Coccinellidae), Anthocoridae and Staphylinidae]. Larger size 

insects such as Hemerobiidae, Chrysopidae and Syrphidae were collected 

only in the first weeks after the net setting up probably following the 

hatching of eggs laid on the plants covered with the net before the net 

installation.  

Different results were obtained with the final knock-down treatments 

showing how the presence of the net did not negatively influence the 

abundance of the total catches and predators, although the net coverage 

caused a reduction in H. halys population. Only in Amiga*, the number 

of predators was significantly lower under the net. These contrasting 

results are probably mainly due to different aspects such as the timing of 

the survey (i.e. yellow sticky traps were used during the growing season; 
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the knock-down treatment was applied after the harvest time) and the 

optical characteristics of the net. Indeed, studies on the abundance of 

Psyttalia concolor (Szèpl.) (Hymenoptera, Braconidae) and Chrysoperla 

carnea (Stephens) (Neuroptera, Chrysopidae) populations under 

photoselective nets showed how these insects are not very attracted to 

yellow sticky traps (Velázquez et al., 2012). That may suggest that the 

disruption of visual behaviours caused by photoselective nets, could 

interfere with this monitoring technique. Anyway, the pearl net used in 

the current research is thin enough to keep out the most worrisome pests, 

but at the same time large enough to allow most beneficial insects to pass 

through. 

 

The mesh size is a very critical issue not only for the exclusion 

effectiveness, but also for the consequences on the pest biology and the 

microclimate occurring under the net. Changes to the orchard 

microclimate are significantly greater where nets with small mesh size 

are used. Kuhrt et al. (2006) showed how a reduction of less than 1°C in 

air temperature within the canopy caused by some net coverages is 

negligible for the development of codling moth. During the semi-field 

trials, temperature and relative humidity trends were almost identical 

outside and inside net without particular consequences on pests biology 

due to the net. Despite the expectations, the pearl net does not seem to 

enhance the development of pathogens (Davide Spadaro, DISAFA; 

personal communication). Actually, apples coming from the trials and 

subjected to cold storage after the harvest time revealed interesting 

preliminary results on the effect of the nets on physiological disorders 
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such as bitter pit. For both cultivars, and in particular for Galaval*, the 

nets reduced the incidence of bitter pit (Candian et al., 2018) as already 

observed by do Amarante et al. (2011) supposing that a lower leaf 

transpiration under the nets might increase the xylem transport of 

calcium to the fruits in detriment to the shoots, therefore reducing bitter 

pit. Moreover, no differences between the treatments were found as 

regards the incidence of apple scab and brown rot (Candian et al., 2018). 

Significant differences between the treatments emerged for the PAR. 

Even though photosensitive nets cause a shading of about 25-30% of the 

light in the PAR region, they transform the direct light into diffused light 

promoting the penetration of light into the foliage, increasing the PAR 

and therefore the photosynthetic efficiency, thus influencing the quality 

of the fruits (Shahak et al., 2004a; Rajapakse and Shahak 2007; Shahak 

et al., 2009; Basile et al., 2012; Bravetti et al., 2012). In particular, the 

pearl net is the one that mostly enhanced the scattering in the UV.  

During the trials, a fluctuating PAR trend was observed outside the net 

while an almost constant luminous volume was created under the net. 

Therefore, the photoselective net allows to maintain a luminous volume 

over the season and in all the tree canopy. Crops grown under pearl 

photoselective nets allow the plant to perceive a 15-20% more light 

compared to other nets when grown in absence or low presence of light 

(Shahak, 2014). Apples grown under higher PAR values have major 

nutraceutical content in comparison to others in which the light is 

significantly lower (Baiamonte et al., 2016). Overcolour of peaches and 

nectarines is strongly influenced by the availability of light (Lewallen 

and Marini, 2003). Moreover, the interaction of solar radiation with 
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photoselective nets and the net braking action on the winds exert a 

significant influence on the microclimatic conditions present in the 

orchard that influence fruit quality (Shahak et al., 2004a and 2004b). 

 

During the semi-field trials, fruit quality was not negatively influenced 

by the net coverage; actually, in some cases, the pearl photoselective net 

was able to enhance the nutraceutical properties. A greater source of total 

polyphenol compounds in the peel of the Baigent Brookfield® apples 

grown under net (N) compared to the un-netted treatments (C and I) may 

have therapeutic value (Scalbert et al., 2005; Almeida et al., 2008; Mileo 

and Miccadei, 2015; Zhang and Tsao, 2016).  

 

In terms of costs, in all the cases in which an anti-hail net system is 

already present in the orchard, a single-plot exclusion-net system is more 

feasible, entailing a 2,300 €/ha cost increase depr eciable in 15 years. This 

strategy allows to save approximately 280 € ha-1 per year compared with 

chemical control against C. pomonella in areas with a high moth pressure 

(Pavarino and Vittone, 2014). All the more reasons, this saving will be 

even higher considering the cost of chemical control against H. halys. In 

the semi-field trials, the exclusion nets allowed to perform 7 insecticide 

treatments less than in I in each orchard.  

Naturally, it is necessary to ensure the uniformity of the closure of the 

anti-hail net on the top to prevent any entrance of the pest. As a 

consequence, an easy opening system and a sufficient space for the entry 

and the manoeuvre of the machineries should be provided. By contrast, in 

orchards without an anti-hail net coverage the single row strategy could 
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be economically more advantageous. However, in this case, farming 

operations such as pruning and harvesting will be harder, whereas 

fungicide treatments will be easier because of their application through 

the net. 



Conclusion Exclusion nets 

 

118 

 

3.5 CONCLUSION  

In Piedmont (NW Italy), the anti-hail photoselective pearl net proved to 

be a good exclusion system that can prevent more than one pest species 

at a time allowing the reduction of costs associated with insecticide use. 

The use of the exclusion nets opens up new opportunities as a “ready to 

use” tool against other worrisome emerging pests, such as the highly 

polyphagous Popillia japonica Newman (Coleoptera: Rutelidae) recently 

reported in northern Italy (Pavesi, 2014). Moreover, positive effects of 

photoselective nets on the fruit quality were observed as already reported 

by several authors (Shahak et al., 2004; Retamales et al., 2008; Basile et 

al., 2012). Although in areas of landscape value, exclusion nets may have 

a strong visual impact, in highly specialized fruit-growing areas, already 

equipped with anti-hail systems and subjected to a high pressure of the 

phytophagous, they can be a great resource and an “environment-

friendly” strategy. 
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4 USE OF ENTOMOPATHOGENIC FUNGI TO STUDY 

FUNGUS-INSECT INTERACTION, THE CASE OF 

ISARIA FUMOSOROSEA-DIAPHORINA CITRI IN 

CITRUS 

4.1 INTRODUCTION 

4.1.1 Entomopathogenic fungi as an alternative to 

chemical pesticides 

Entomopathogens are important natural enemies of many insect and mite 

species and as such have been recognized as providing an important 

ecosystem service. Indeed, entomopathogenic fungi have been widely 

investigated as biological control agents of pest insects in attempts to 

improve the sustainability of crop protection (Roy et al., 2010). Although 

this potential was first explored from the late nineteenth century onwards, 

interest in microbial control declined with the introduction of synthetic 

chemical insecticides in the 1940s and 1950s (Charnley, 1991). 

Compared with chemical insecticides, microbial control offers a number 

of advantages. 

Environmental benefits include increased safety for humans, reduced 

contamination of food, soil and groundwater. Moreover, the high 

selectivity of microbial control agents results in increased biodiversity 

and activity of the beneficial arthropods. Further advantages include 

limited development of host resistance and the compatibility with other 

biocontrol agents. However, high selectivity may result in the need for 
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additional control measures if more than one major pest is present and 

the limited persistence can also become an issue for successful control 

(Lacey et al., 2001; Lydia et al., 2017).  

Despite there being an estimated 700 species of entomopathogenic fungi 

in approximately 90 genera (Roberts and Humber, 1981), most of the 

commercially produced fungi are species of Beauveria, Metarhizium, 

Lecanicillium and Isaria thanks to their relatively easy mass production. 

Entomopathogenic fungi infect their insect hosts by penetrating through 

the cuticle or through body openings. Thanks to this mode of action, they 

are capable of infecting non-feeding stages such as eggs and pupae and 

sap-feeding hemipteran species (Payne et al., 1988). They have evolved 

specialized mechanisms for the enzymatic degradation of the integument 

and for overcoming insect defense compounds. The relationships by 

which different fungal species obtain energy from their insect hosts 

include biotrophy (nutrition derived only from living cells, which ceases 

once the cell has died), necrotrophy (killing and utilization of dead 

tissues), and hemibiotrophy (initially biotrophic and then becoming 

necrotrophic) (Vega et al., 2009). 

Studies describe that insects killed by entomopathogenic fungi often take 

longer to die than if treated with chemical pesticides but the damage to 

crops is decreased during the disease incubation period. Indeed, 

researches on pathogen-induced and host-mediated behavioral changes 

demonstrates the range of altered behaviors exhibited by invertebrates 

including behaviorally induced fever, elevation seeking, reduced or 

increased activity, reduced response to semiochemicals and changes in 

reproductive behavior (Roy et al., 2006). 
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The virulence of entomopathogenic fungi involves four steps: adhesion, 

germination, differentiation and penetration. Each step is influenced by a 

range of integrated intrinsic and external factors, which ultimately 

determine the pathogenicity. Moreover, entomopathogenic fungi have 

life cycles that are synchronized with insect host stages and 

environmental conditions (Shahid et al., 2012). Entomopathogenic fungi 

produce extra-cellular lipases, chitinases and proteases which help them 

to overcome the insect cuticle as the first barrier of infection. Once inside 

the insect, the fungus develops as a yeast-like form and produces 

secondary metabolites that inhibit the insect immune system, modify the 

insect behavior, or act as post-mortem antibiotics against competing 

microorganisms like other fungi or bacteria. Hundreds of small 

molecules with insecticidal activity and probably other biological 

functions such as destruxins, beauvericin, oosporein, bassianolide, 

cordycepin, and beauverolides have been identified from 

entomopathogenic fungi. 

After reaching the host hemocoel, the fungal cells modify their wall 

structure in response to hemocyte recognition, encapsulation and 

melanizations (Holder and Keyhani, 2005; Lewis et al., 2009; Wanchoo 

et al., 2009). Moreover, entomopathogenic fungi secrete effector proteins 

and secondary metabolites to evade the host immunity by counteracting 

host receptors (Wang and Wang, 2017). It has been described that 

entomopathogenic fungal genomes such as Beauveria bassiana (Bbas) 

(Xiao et al., 2012), Metarhizium anisopliae (Manis) (Hu et al., 2014) and 

Isaria fumosorosea Wize (Shang et al., 2016), encode for a repertoire of 

extracellular (apoplastic) with pathogenicity-related effector proteins 



Introduction   Entomophatogenic fungi 

 

122 

 

such chitin-binding proteases, cell wall degrading enzymes and others 

small-secreted proteins associated that function in gene-for-gene 

relationship in fungus-insect interactions and thereby contribute to fungal 

virulence (Shang et al., 2016; Wang and Wang, 2017). 

4.1.2 Pathogenicity-related effector proteins from 

entomopathogenic fungi 

Secreted proteins and in particular the effectors, are key factors involved 

in pathogen-host interactions. Fungal effector is use to define any 

secreted molecule that modulates the interaction between the fungus and 

its host (Lo Presti et al., 2015) (Figure 1).  
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Figure 1. Infection process by fungal entomopathogens. The in vivo development cycle 
of entomopathogenic fungi, such as B. bassiana and M. anisopliae, involves sequential 
steps. First, conidia (spores) adhere to the host cuticle, then the conidia germinate and 
the germ tube and appressorium (penetration structure) are produced. The cuticle is 
penetrated by a combination of mechanical pressure and the action of cuticle- degrading 
enzymes. The fungus grows by vegetative growth in the host haemocoel and external 
conidia are produced upon the death of the host. The host cuticle is the first line of 
defence against infection and has a central role in determining fungal specificity. If the 
fungus breaches the cuticle, successful infection can only result if the fungus can 
overcome the innate immune response of the insect. Insects respond in both a cellular 
and humoral manner to fungal infection, with immune activation occurring as early as 
the point of cuticle degradation during the penetration step. Fungal effectors proteins are 
secreted in the endocuticle and haemolymph (green starts). Fungal effectors are 
recognized by receptors in the host in the haemolymph. Fungi have two main strategies 
for overcoming host defence responses; development of cryptic growth forms that are 
effectively masked from the insect defence responses, and production of 
immunomodulating substances that suppress the host defence system.  
Modified by Thomas and Read, 2007.  
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All fungi that colonize hosts are recognized by the immune system and 

elicit host defenses. These initial defense responses are triggered by 

invariant molecular patterns exposed by the microbe, referred to as 

pathogen-associated molecular patterns (PAMPs) and microbe-associated 

molecular patterns (MAMPs). In fungi, the cell-wall component chitin 

functions as such a PAMP. After fungi contact, chitin oligomers are 

released from the fungal cell wall through plant chitinases. PAMPs are 

recognized through membrane localized pattern recognition receptors 

(PRRs), which trigger a first line of defense reactions called PAMP-

triggered immunity (PTI) (Jones and Dangl, 2006). Moreover, PRR 

signaling can also be triggered by host-derived damage-associated 

molecular patterns (DAMPs).  

The activation of PRR signaling results in rapid responses that include 

the accumulation different molecules (reactive oxygen intermediates; 

activation of ion channels; activation of specific defense-related mitogen) 

collectively leading to an accumulation of antimicrobial compounds. For 

example, in plant cells, after PRR activation, changes in hormone 

biosynthesis occur and cell-walls are reinforced by callose deposition (Lo 

Presti et al., 2015). 

Usually PTI is considered to be effective against non-adapted indeed, to 

establish a compatible interaction leading to proliferation, fungi must 

avoid eliciting PTI or either cope with or suppress it. For this purpose, 

the fungus must inactivate toxic metabolites or secrete effectors, which 

may be either toxic secondary metabolites or proteins that kill the host. 

Alternatively, effectors can be secreted proteins that shield the fungus, 

suppress the host immune response, or manipulate host cell physiology.  
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The identification and functional elucidation of effectors in plant 

pathogens help establish the gene-for-gene relationships in pathogen-host 

interactions (Stergiopoulos and de Wit, 2009). Protein effectors are most 

often secreted via the conventional endoplasmic reticulum and Golgi 

apparatus route. For this reason, they must contain an N-terminal 

secretion signal (Lo Presti et al., 2015). Effector candidates can thus be 

identified bioinformatically by the presence of this signal. In general, 

effectors are expressed only after contact with the host. Their expression 

profile is tightly tuned to the different infection stages and may be 

affected by the cell type and/or organ being infected (Okmen and 

Doehlemann, 2014).  

Nowadays, the gene-for-gene relationships in pathogen-host relations has 

not been as well determined in animal-pathogen interactions but is 

known in plant-pathogen and in some insect-plant interactions 

(Hogenhout et al., 2009; Kamoun, 2007; Bos et al., 2010). 

Fungal effectors usually evolve quickly: they are highly divergent or 

even originate at a species-specific level (Wang and Wang, 2017). 

However, common features have been found for these effector proteins, 

which are usually Small Secreted Cysteine-rich Proteins (SSCPs) (less 

than 300 amino acids in length) (Stergiopoulos and de Wit, 2009). On the 

basis of this algorithm, a plethora of SSCP-type effectors (345 proteins 

on average) were identified in genome of entomopathogenic fungi 

(Shang et al., 2016), suggesting the presence of a model of interaction 

similar to that of plant pathogens. 
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4.1.3 Application of entomopathogenic fungi in orchard 

Although entomopathogenic fungi are well known as biological control 

agent on herbaceous crops; less applications, fragmented information and 

mostly laboratory experiment are recorded on orchard crops. On cherry 

tree, the entomopathogenic fungi effectiveness was evaluated on 

Ceratitis capitata (Wiedemann), Rhagoletis indifferens Curran and R. 

cerasi Wiesmann (1933) (Diptera: Tephritidae). Metarhizium anisopliae 

and B. bassiana demonstrate their effectiveness on C. capitata (Mochi et 

al., 2006; Castillo et al., 2000; Dimbi et al., 2003) while R. indifferens is 

susceptible only to M. anisopliae (Yee and Lacey, 2005). Moreover, 

effects of six fungus isolates on the mortality of different life stages of R. 

cerasi were recently assessed in laboratory conditions. Beauveria 

bassiana and I. fumosorosea caused 90–100% mortality and had the 

strongest influence on fecundity (Daniel and Wyss, 2009).  

For the first time, on peach and almond trees in Tunisia, B. bassiana and 

Metacordyceps liangshanensis (Ascomycota: Hypocreales, 

Clavicipitaceae) were reported infecting Pterochloroides persicae 

(Cholodkovsky, 1899) (Hemiptera, Aphididae) populations (Mdellel et 

al., 2015). The plum curculio, Conotrachelus nenuphar (Herbst) 

(Coleoptera: Curculionidae), is a major pest of stone and pome fruits in 

North America shown to be susceptible to Beauveria spp. and M. 

anisopliae in laboratory experiments (Alston et al., 2005). 

On citrus crops, Hirsutella thompsonii Fisher has received considerable 

attention for the containment of the citrus rust mite, Phyllocoptruta 

oleivora (Ashmead) (McCoy and Couch, 1982). Moreover, B. bassiana 

has shown promise for control of P. oleivora and other citrus mites 
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(Alves et al., 2005; Shi and Feng, 2006) and for the brown citrus aphid, 

Toxoptera citricida (Kirkaldy) (Poprawski et al., 1999). Beauveria 

bassiana strain GAr 17 B3 and M. anisopliae strain FCM Ar 23 B3 have 

been identified as effective control agents of Thaumatotibia leucotreta 

(Meyrick) (Lepidoptera: Tortricidae) wandering fifth instars under 

laboratory conditions (Coombes et al., 2016). 

4.1.4 The Asian citrus psyllid Diaphorina citri and its 

interaction with Isaria fumosorosea 

The Asian citrus psyllid (ACP), Diaphorina citri Kuwayama (Hemiptera: 

Liviidae), has become the most important pest that affects citrus 

production. This pest is responsible for transmission of three species of 

alpha-proteobacterium: ‘Candidatus Liberibacter asiaticus’ (CLas), ‘Ca. 

L. africanus’ and ‘Ca. L. americanus’ (Murray and Schleifer, 1994), the 

causal agent of citrus greening or huanglongbing (HLB), one of the most 

destructive diseases of citrus in the United States and world (Garnier et 

al., 2000; Bove 2006; Brlansky and Rogers 2007; Gottwald, 2007; 

Gottwald et al., 2007; Gottwald, 2010; Ammar el et al., 2013; 

D’Alessandro et al. 2013; Orduño-Cruz et al., 2015). HLB outbreak has 

high economic costs to worldwide citrus industry, and currently there is 

not cure for the disease (Hodges and Spreen, 2012).  

Diaphorina citri, similar to other hemipterans, has a stylet bundle 

consisting on a pair of outer mandibular and inner maxillary stylets, 

piercing, sucking mouthparts (Garzo et al., 2012). The psyllids insert 

their piercing-sucking mouthparts into the plant vascular system 

(phloem) to feed, thus transmitting the pathogen (Andrade and Hunter, 
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2017). The ACP is confined to Rutaceae, occurring on wild hosts as well 

as on citrus crops, especially lemons [C. limon (L.) Burm. f.] and limes 

[C. aurantiifolia (Christm.) Swingle]. The preferred host is Murraya 

paniculata (L.) Jack, a rutaceous plant often used for hedges. The pest is 

widely spread in all the continents except in Europe and its distribution is 

wider than HLB distribution since it occurs in Afghanistan, Bangladesh, 

Brazil, Hong Kong, Japan, Macau, Myanmar, Singapore and Sri Lanka 

where the bacterium has not been recorded (EPPO Global Database). 

Diaphorina citri was identified in many countries Central and North 

America in the 1990s.  

In Florida, it was first reported in 1998 and has since spread throughout 

the country (Knapp, 1998). HLB disease management tactics relied 

exclusively on applications of insecticides to control the psyllid and 

imposed intensive insecticide application for D. citri and frequent 

eradication of diseased citrus plants (Gottwald, 2007; Hall and Gottwald, 

2011). Eradication was finally declared infeasible since 2006 after the 

hurricane seasons in 2004 and 2005 had aided the spread the psyllids 

throughout all citrus producing areas in Florida (Alvarez et al., 2016). 

The use of insecticides still represents the most widely used method for 

the control of D. citri in countries such as Brazil, USA and Mexico. It is 

well know that using chemical insecticides as the main control strategy is 

not sustainable, and has known negative side effects such as 

environmental pollution, generating genetic resistance in insect pests, 

encouragement of secondary pests and reduction of natural enemy 

populations (Doutt and Smith, 1971; Qureshi and Stansly, 2009). 

Although insecticides are considered effective at reducing psyllid 
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populations, research indicates that even intensive insecticide programs 

are ineffective at preventing the spread of HLB. Moreover, the excessive 

reliance on few insecticides has also resulted in reduced susceptibility of 

D. citri towards neonicotinoids, pyrethroids, organophosphates and 

carbamates (Avery et al., 2013).  

One of the most promising alternatives to pesticides to control arthropod 

pests is the use of biological control using entomopathogenic fungi that 

can provide an alternative strategy and environment friendly alternatives 

to chemical insecticides for pest control (Orduño-Cruz et al., 2015; 

Pappas et al., 2017). Entomopathogenic fungi play an important role in 

the regulation of insect populations in nature as well as representative 

species have been developed as promising environmentally friendly 

microinsecticides (Wang and Wang, 2017). Nowadays, it is widely 

accepted the used of biological control entomopathogenic agents in 

addition to chemical control, in the form of commercial biopesticides for 

the management of ACP in the field (Hall et al., 2012).  

For example, several studies (Meyer et al., 2008; Orduño-Cruz et al., 

2015; Patt et al., 2015) reported the efficacy of I. fumosorosea, which has 

been isolated from over 40 species of arthropod representing 10 orders 

(Hussein et al., 2016; Dymarska et al., 2017), and other different 

entomological fungal species against D. citri in vivo bioassays under 

controlled conditions (Hunter et al., 2011; Avery et al., 2013; Galindo-

Velasco et al., 2015; Patt et al., 2015) and field production systems 

(Kumar et al., 2017). These studies represent a first step towards 

evaluating the potential use of I. fumosorosea in an IPM program to 
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suppress ACP populations not only in the greenhouse but also in the field 

under natural disease challenge conditions in an HLB endemic region. 
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4.2 MATERIALS AND METHODS 

Trials were carried out at the University of Florida in the Indian River 

Research and Education Center (IRREC) in Fort Pierce to: 1) evaluate D. 

citri  mortality after treatments with I. fumosorosea at different 

concentrations; 2) identify pathogen effector genes from the 

entomopathogenic fungi I. fumosorosea genome involved during the 

interaction with the psyllids at early days post inoculation (dpi). 

4.2.1 Source of insects 

Asian citrus psyllid Diaphorina citri specimens, infected with 

‘Candidatus Liberibacter asiaticus’ (CLas), were provided from the 

Insectary Lab at the USDA-ARS laboratory colony established during 

early 2000 at the U.S. Horticultural Research Laboratory in Fort Pierce, 

Florida (FL). Originally collected from Citrus, the psyllids have been 

continuously reared on orange jasmine, Murraya paniculata (L.) Jack, 

isolated in Plexiglas (0.6×0.6×0.6 m) or BugDorm-2® cages [MegaView 

Science Education Services Co., Ltd, Taichung, Taiwan]. Mass rearings 

were carried out in environmental chambers under the following 

controlled conditions: 20±28°C, 40±80% RH and under a photoperiod of 

14:10 (L:D). The original colony has not had field collected psyllids 

added since establishment. 

4.2.2 Citrus leaves 

Certificated HLB-free sweet oranges, Citrus sinensis (L.) Osbeck cv. 

‘Valencia’, were grown inside BugDorm-4® cages (47.5×47.5×93 cm) 
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[MegaView Science Education Services Co., Ltd, Taichung, Taiwan] to 

avoid the possible infection by infected D. citri (psyllids carrying ‘Ca. 

Liberibacter asiaticus’ bacteria). Plants were regularly pruned every 3-4 

weeks in order to ensure the production of young leaves used during the 

trials. 

4.2.3 Preparation of the conidial suspensions  

The commercial product PFR-97 20% WDG [Certis USA; Columbia, 

USA], a formulation with blastopores of I. fumosorosea (originally called 

Apopka 97 strain), was used to isolate the entomopathogenic fungi in 

potato dextrose agar PDA plates. Conidia are the asexual stage produced 

from the blastospores germination in PDA plates. The PFR-97 was 

grown on PDA plates at 25°C for 17 days. After this incubation time, 

conidial suspensions of the isolate were prepared collecting the conidia 

from the mycelia grown in the PDA plates using a microbiological loop. 

The harvested conidial was suspended in 5 mL of a 0.03% Tween 80 

solution diluted in sterile distilled water, and placed in a 50 mL sterile 

centrifuge tube. Suspension was filtered into a new 50 mL centrifuge 

tube through a sterile cloth to remove any remaining fungal structures 

(mycelia) from the PDA plates. The conidia concentration was estimated 

using a haemocytometer and then adjusted accordingly to obtain two 

conidial suspensions with final concentrations of 105 and 107 spores   

mL-1. 
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4.2.4 Infection of psyllids using a single drop inoculation 

of a spore solution of I. fumosorosea 

Mixed-sex adults of D. citri were inoculated with 105 (If^5) and 107 

spores mL-1 (If^7) suspensions of the I. fumosorosea isolate while the 

control group (K) was treated only with 0.03% Tween 80. To each 

specimen, 0.4 µL of the suspension was topically applied between the 

head and the thorax. Psyllids were organized into groups of 10 specimens 

for each treatment (If^5, If^7, K). Each group of psyllids was added to a 

citrus leaf (Valencia cultivar) used as food source and placed into a 

Magenta™ box (7.7×7.7×9.7 cm) [Sigma-Aldrich® now Merck KGaA, 

Darmstadt, Germany]. Two holes closed by cotton balls were applied to 

the Magenta™ box and the box was closed in the upper part with a fine 

mesh net to allowed the air circulations. The trials were carried out in 

two separated climatic chambers (one for the control and one for the 

treatments with the fungi) but with the same environmental conditions (T 

25±2 °C, RH 80%, 16:8 h L:D photoperiod) to avoid control 

contaminations. In total, 1,260 psyllids (420 psyllids for each treatment) 

were used. The experiment was carried out using a completely 

randomized design with 14 replicates and it was repeated on three 

different occasions (repetitions). The mortality was evaluated every 24 

hours for 10 days post inoculation (dpi). 

4.2.5 Infection of psyllids using a spray inoculation of a 

spore solution of I. fumosorosea 

Mixed-sex adults of D. citri were inoculated with 107 mL-1 (If^7) 

suspension of the I. fumosorosea isolate which is comparable to field 
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rates for other fungal biopesticide products (Puterka, 1999) or only with 

0.03% Tween 80 for the control group (K) by spraying the spores 

Nalgene® aerosol sprayer [Nalge Nunc International, Rochester, NY] 

directly onto the adult psyllids for a couple of seconds. Psyllids were 

organized into 3 groups with 20 specimens for each treatment (If^7, K). 

Each group of psyllids was added to a citrus leaf (Valencia cultivar) used 

as food source and placed into a centrifuge tube of 50mL [Thermo 

Scientific, Waltham, Ma, USA] filled with 5 mL of potato dextrose agar 

to support the detached citrus leave and closed in the upper part with a 

fine mesh net. The mortality was evaluated every 24 hours for 6 days 

post inoculation (dpi).  

4.2.6 Identification of I. fumosorosea effectors genes 

candidates for qPCR analysis 

To identify pathogen effector genes from I. fumosorosea involved during 

the interaction with the hot (CLas positive) psyllids, new trials were 

carried out for the collection of alive psyllid specimens spray inoculated 

with fungal spores. Psyllids were inoculated with 107 mL-1 (If^7) 

suspension of the I. fumosorosea isolate or only with 0.03% Tween 80 

for the control group (K). Five 50 mL centrifuge tubes with 20 psyllids 

for each treatment were transferred on detached young citrus leaves after 

the treatment. One psyllid per tube was collected after 1, 24, 48, 72, 96 

hours post inoculation (hpi) for each time course. In total, 30 alive 

psyllids were taken for each treatment. Alive psyllids were collected and 

immediately stored into tubes with 100 µL of RNAlater™ Stabilization 

Solution [Invitrogen™, Carlsbad, CA, USA] and stored at -20°C until 
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use. The trials were carried out in climatic chambers with the 

environmental conditions (T 25±2°C, 16:8 h L:D photoperiod).  

Reported sequences from I. fumosorosea ARSEF 2679 strain (NCBI 

bioproject accession number PRJNA342686) by Shang et al. (2016) were 

used to investigate genes encoding for pathogenicity related small 

secreted proteins. Out of the 10,061 proteins of I. fumosorosea, 345 

encoded for small secreted proteins (Shang et al., 2016). Out of the 345 

proteins, 7 proteins with the highest percentage of cysteines were 

selected as candidate effector genes to test the expression during fungus-

insect interaction in citrus (Figure 2 and Table 1).  

 

Figure 2. Pipeline for the identification of I. fumosorosea candidate effectors for qPCR 
analyses. 
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4.2.6.1 RNA extraction and qPCR analysis from psyllids 

infected with Isaria fumosorosea 

All collected alive psyllids were used for total RNA extraction using the 

Direct-zol RNA Miniprep plus kit [Zymo Research, Irvine, CA, USA] 

and treated with 500 µL of TRI Reagent® according to the 

manufacturer's protocol. Total RNA concentration and purity were 

determined from the ratio of absorbance readings at 260 and 280 nm, 

using a Nanodrop Lite Spectrophotometer [Thermo Scientific, Waltham, 

Ma, USA]. First-strand cDNA was synthesized using the Super Script™ 

IV First-Strand cDNA Synthesis Reaction [Invitrogen™, Carlsbad, CA, 

USA] following the manufacturer’s instructions. Primers listed in Table 2 

were used in a 15 µL reaction with 7.5 µL of 2 × Fast SYBR™ Green 

Master Mix reagent and 2 µL of cDNA template. Quantitative real time 

qPCRs were performed in a StepOnePlus qPCR machine using 

StepOnePlus ‘Fast Protocol’. Reactions for each time point of infection 

were performed in triplicates. To normalize the qPCR data for I. 

fumosorosea genes during infection on psyllids, we used the reported 

specific primers ISFBetaTb2F and ISFBetaTbR designed to amplify I. 

fumosorosea beta tubulin endogenous gene (Table 2) (Song et al., 2012). 

  



Materials and Methods   Entomophatogenic fungi 

 

138 

 

Table 2. List of primers used in this study to amplify I. fumosorosea effector genes via 
qPCR. 

Primer name 
 

Primer sequence 5'->3' 
 

Length 
(bp) 

Reference 
 

ISF09453F GTCCTCACCGCCCTCATG 18 This study 

ISF09453R CAGACCATGGGAGGCACG 18 

ISF00119F GACTCTGCTCCTCACCACC 19 This study 

ISF00119R GTTGCACTTCAGACCACCG 19 

ISF05991F CAACACCAACCTCGAAGCC 19 This study 

ISF05991R CGTCGTTACCGCAGTACCT 19 

ISF06731F CCCATGGGTGTCGAAGTCA 19 This study 

ISF06731R GGTACGCAGATGGACTTGC 19 

ISF07009F GTTGACCCCGGTACTGTCC 19 This study 

ISF07009R AAGAAGTACTCGGGCCGTC 19 

ISF09687F GAGTTGAGTATTGCCGCCG 19 This study 

ISF09687R TTCGAGCATGGCCTTCTGT 19 

ISF09081CtF TAAGAGGAAGCAGGCTGGG 19 This study 

ISF09081CtR GACCATGTCCTCGTAGCGA 19 

ISFBetaTb2F CGCCGTCCTCGTCGATCTTGAG 22 Song et al., 2012 

ISFBetaTb2R GCACCCTCAGTGTAGTGACCCTTG 24 

 

4.2.7 Statistical analyses 

Mortality data obtained with the single drop inoculation were analyzed 

using SAS. The cumulative mortality percentage was arcsine transformed 

and analysed by a general linear model (GLM) performed and executed 

on a PRO_WIN 6.1 platform [SAS 2002-2012; SAS Institute Inc., Cary, 

NC, USA]. Outcomes were considered significant at P<0.05 and the 

means were separated by Tukey’s test in case of significant differences. 

The statistical analyses for the mortality data obtained with the spray 

treatments were performed using SPSS v24.0 [SPSS Inc., Chicago, IL, 



 Entomopathogenic fungi  Materials and Methods 

 

139 

 

USA] and outcomes were considered significant at P<0.05. The 

cumulative mortality percentage was arcsine transformed and compared 

using a generalized linear model (GLM) with a normal distribution and 

identity link and Bonferroni correction was applied.  

Gene expression qPCR data was initially processed with StepOne 

software version 2.3 and the exported results were analyzed with the 

2−∆∆Ct method (Livak and Schmittgen, 2001) for relative quantification 

of the gene expression of the seven evaluated I. fumosorosea effectors 

(Tables 1 and 2). 
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4.3 RESULTS  

4.3.1 Infection of psyllids using a single drop inoculation 

of a spore solution of I. fumosorosea 

A mortality range between 64-95% for the treatment If^5 and between 

52-90% for the treatment If^7 was recorded. Significant differences 

between the treatments were recorded at different day post inoculation 

(dpi 3: df=2, 55; F=1.85, P=0.016; dpi 6: df=2, 55 F=2.60, P=0.006; dpi 

10: df=2, 55; F=1.63, P=0.043) with higher values rates obtained with the 

less concentrated solution (Figure 3). 

 

Figure 3. Mean of the cumulative mortality of D. citri in each treatment at different 
days post inoculation (dpi). Bars with a letter in common are not significantly 
different (Tukey’s test, P<0.05). 

 

In If^5 and If^7 treatments, dead specimens were observed to form a 

sporulating cadaver cemented in a feeding position to the leaf surface 
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the death, dying individuals but without the hyphae presence on the 

body shown a reduction of the feeding behaviour and the almost the 

whole body paralysis. 

4.3.2 Infection of psyllids using a spray inoculation of a 

spore solution of I. fumosorosea 

During the trials performed spraying the psyllids, a very low mortality in 

the control was recorded with only 2 cumulative dead specimens totally 

observed after 6 dpi (Figure 4). In If^7, dead psyllids were observed 

starting from the 2 dpi to reach the 90% of cumulative mortality after 6 

dpi (Figure 4). Statistical differences between the treatments were 

observed starting from the third day post inoculation until the end of the 

trial (dpi 3: df=1, F=96.00, P=0.000; dpi 4: df=1, F=37.50, P=0.000; dpi 

5: df=1, F=234.38, P=0.000; dpi 6: df=1, F=384.00, P=0.000). Similar to 

the single drop inoculation approach, sporulating cadavers and paralyzed 

specimens were observed in the psyllid samples collected from spray 

inoculation.  
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Figure 4. Mean of the cumulative mortality of D. citri treated by spray 
inoculation at different days post inoculation (dpi). Different letters indicate 
statistical differences (Tukey’s test, P<0.05).  
 

4.3.3 Identification of I. fumosorosea candidate effector 

genes 

Initially, qPCR analyses from psyllid samples collected from single drop 

inoculation were performed but, due to the limited amount of total RNA 

(low yield) no sufficient cDNA was obtained for downstream gene 

expression analyses. Therefore, a spray inoculation approach was tested 

and implemented with a group of psyllids instead of single psyllids. 

4.3.3.1 Relative expression of I. fumosorosea effector genes 

via qPCR 
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spores mL-1 were ISF_06731 (NCBI Reference Sequence: 

XP_XP_018702375) and ISF_09081 (NCBI Reference Sequence: 

XP_018700102) (Figure 5). These two highly expressed genes 

ISF_06731 and ISF_09081 were originally described as hypothetical 

proteins in the annotation of ARSEF 2679 reference genome strain. A 

blast search against NCBI and pfam search were performed and shown 

that ISF_09081 contained a conserved fungus-specific CFEM 

(Conserved Extracellular Fungal Membrane, IPR008427) domain which 

potential roles in pathogenicity (Table 1) (Kim et al., 2016). 
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Fungal effectors can be conserved across different species or species 

specific. Protein sequences of two I. fumosorosea effector genes which 

we found to be up-regulated during early time points of infection 

ISF_06731 is conserved in other entomopathogenic fungal pathogens 

including B. bassiana, M. anisopliae, H. minnesotensis, Lecanicillium 

lecanii (Llec) and Cordyceps militaris (Cmil) (Figure 6). ISF_06731 

specific biological function is unknown but the conserved sequence 

may suggest a conserved activation in gene expression during infection 

in other insect pests. 

 
Figure 6. Protein alignment of I. fumosorosea effector candidate ISF_06731 showing 
conserved amino acid sequences of entomopathogenic fungi B. bassiana, M. 
anisopliae, Hirsutella minnesotensis (Hmin), L. lecanii and C. militaris. 
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4.4 DISCUSSION 

The wide use of synthetic chemical pesticides together with increase 

insecticide resistance, environmental impact and regulations, raised the 

research for alternative control strategies. Researches on 

entomopathogenic fungi indicate important advancement on the use of 

fungi for insect biocontrol, in particular in production, formulation, and 

application of fungal entomopathogens.  

Under laboratory conditions, I. fumosorosea (PFR97 strain) conidia 

suspension showed to be effective against D. citri with the single drop 

inoculation as well as with the spray treatment. The blastospore 

formulation of this strain is known to cause significantly higher 

mortality of the citrus pest than conidia within the first 2 days. This is 

probably due to a faster germination rates of the blastospores, but 7 dpi, 

psyllids mortality reached 100% under both blastospores and conidial 

treatments compared to the untreated control (Avery et al., 2011). In the 

trial with the single drop inoculation, statistical differences between the 

treatments and the control were recorded at 3 and 6 dpi. The highest 

concentration of the conidial formulation was found to be less effective 

probably due to the excessive concentration of the solution which led to 

the defensive response of the psyllid pest through tissue necrosis 

causing a slower infection rate. 

The mortality rate obtained with the spray inoculation was performed 

using the conidial suspensions at the final concentration of 107 mL-1. It 

must to be taken into account that during the spray treatment the 

concentration of the solution is reduced and it can be considered 

comparable to the 105 mL-1 concentration (Pasco Avery, IRREC, 
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personal communication). Indeed, the mortality rate observed at 6 dpi is 

comparable with the one recorded with the single drop inoculation in 

the If^5 treatment. Lower mortality rates in the first days post 

inoculation (1, 2 and 3 dpi) were recorded with the spray treatment. It is 

well know that temperature, relative humidity and water activity 

influence the entomopathogenic fungi germination (Luz and Fargues, 

1997). The trial with the spray inoculation was carried out in climate 

chambers without the humidity control. Probably the humidity inside 

these chambers was lower than the ones used during the single drop 

inoculation trials allowed a slower germination of the conidia. 

After the entomopathogenic fungi treatment, dead specimens showed 

changes in the behavior feeding, paralyses and sporulating cadavers. As 

already observed by Meyer et al. (2008) and Avery et al. (2009), 

specimens treated with I. fumosorosea strain formed sporulating 

cadavers in a feeding position to the leaf surface by hyphae growing 

from their tarsi. Moreover, Avery et al. (2011) showed that adult 

psyllids infected by I. fumosorosea produce less honeydew than healthy 

psyllids suggesting that they may feed less, which could potentially 

reduce the spread of the bacteria ‘Ca. Liberibacter asiaticus’  and 

therefore reduce the damage produced by huanglongbing disease in 

citrus. Indeed, several authors have indicated that entomopathogenic 

fungal spores produce bioactive metabolites and cuticle degrading 

enzymes which may cause avoidance and antifeedant behavior in 

insects (Meyling and Pell, 2006; Quesada-Moragaet et al., 2006; Ali et 

al., 2010; Baverstock et al., 2010). Beauveria bassiana and M. 

anisopliae have been shown to produce secondary metabolites within 
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insect hosts with effects ranging from paralysis to immunosuppression 

(Hajek and St. Leger, 1994; Kershaw et al., 1999). There are limited 

information on metabolites and toxins produced by Isaria species 

complex. The first record was the isolation of beauvericin from I. 

fumosorosea (Bernardini et al., 1975) moreover, dipicolinc acid 

(Roberts, 1981) and two beauverolides L and La (Jegorov et al., 1994) 

were identified from I. fumosorosea known to have insecticidal activity 

(Roberts, 1981; Asaff et al., 2005). 

Although entomopathogenic fungi are well known as biological control 

agent of insects, the mechanisms underlying their molecular 

pathogenesis are rather limitedly understood. In particular, the 

functional activity of the effector repertoire has not been characterized 

in the interaction between fungi and insect. Few genome sequences are 

available from insect pathogenic fungi. Metarhizium robertsii J.F. 

Bisch., Rehner & Humbe was first sequenced, (Gao et al., 2011), 

followed by Cordyceps militaris (L.) (Zheng et al., 2011), B. bassiana 

(Xiao et al., 2012) and Ophiocordyceps spp (Wichadakul et al., 2015). 

Only more recently functional characterization of protein involved in 

fungal infection, virulence factors and effector-like proteins to evade 

host immunity have been investigated (Shang et al., 2016; Cen et al., 

2017). 

Fungal plant pathogens effector genes are induced during infection 

while there are still no visible necrotic lesions and/or visible damage in 

the host plant tissues. Since there are not gene expression studies during 

fungal-insect interaction for other known entomopathogenic fungi, the 

hypothesis behind the research was that I. fumosorosea effector genes 
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are up-regulated during early time points of infection of the host, in this 

case insect psyllids. This is the first study which reports 

entomopathogenic fungal effector genes that are up-regulated during 

infection in vivo. At least two genes (ISF_06731 and ISF_09081) 

originally described as hypothetical proteins from I. fumosorosea 

ARSEF 2679 reference genome strain shown this distinct pattern of 

expression. The annotation of hypothetical protein is assigned to a gene 

that encodes for a protein but the corresponding translation product has 

not been functionally characterized yet or showed not sequence 

similarity/protein domain hits to other characterized proteins from 

databases like Pfam, Interproscan, Swissprot. In this study, information 

on the gene expression patterns and potential roles for these two 

effectors from I. fumosorosea were gained. In addition, ISF_06731 

effector gene sequence showed conservation with other well-known 

insect pathogenic fungi such as B. bassiana and M. anisopliae 

suggesting potential conservation of insect host targets. ISF_09081 

effector mature protein sequence contains a fungus-specific CFEM 

domain (Conserved Extracellular Fungal Membrane, IPR008427) with 

potential roles in pathogenicity. 
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4.5 CONCLUSION 

Isaria fumosorosea can be efficiently used to control D. citri under 

laboratory conditions as already proved by other researches (Orduño-

Cruz et al., 2015; Kumar et al., 2017). Isaria fumosorosea offers an 

alternative biocontrol strategy in the field to contribute in the integrated 

pest management of psyllids infected with ‘Ca. Liberibacter asiaticus’ 

bacteria and to mitigate the losses in citrus groves affected by HLB. 

Genomes from entomopathogenic fungi encode for effector genes 

which can be identified from their conserved sequence features like 

carrying secretion signals and protein length. Some of these effector 

genes are induced during infection and are potentially required for the 

establishment of the pathogen and successful colonization of the host 

insect. This is the first study which reports two entomopathogenic 

fungal effector genes that are up-regulated during infection in vivo. 

Further studies to decipher their biological function are required, but 

these results contribute to the understanding of the mechanism 

regulating the infection of entomopathogenic fungi and will help in the 

design of novel management strategies against D. citri. For instance, it 

will be possible to select more virulent strains and to identify new target 

sites for the implementation of innovative control strategies such as the 

application of the RNA interference (RNAi) technology.  
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