
Document donwnloaded from: 

[  http://redivia.gva.es/handle/20.500.11939/5723  ] 

This paper must be cited as:

[Pérez-Hedo, M., Suay, R., Alonso, M., Ruocco, M., Giorgini, M., Poncet, C., & Urbaneja, A. 
(2017). Resilience and robustness of IPM in protected horticulture in the face of potential invasive 
pests. Crop Protection, 97, 119-127.]

The final publication is available at 

[http://dx.doi.org/10.1016/j.cropro.2016.11.001] 

Copyright [Elsevier]

http://dx.doi.org/10.1016/j.cropro.2016.11.001
http://redivia.gva.es/handle/20.500.11939/5723
http://redivia.gva.es/handle/20.500.11939/5029


1 
 

Resilience and robustness of IPM in protected horticulture in the face 1 

of potential invasive pests 2 

 3 

M. Pérez-Hedo
1-2

, R. Suay
3
, M. Alonso

1
, M. Ruocco

4
, M. Giorgini

4
, C. Poncet

3
, A 4 

Urbaneja
1
 5 

1
Centro de Protección Vegetal y Biotecnología, Instituto Valenciano de Investigaciones Agrarias (IVIA), 6 

Unidad de Entomología UJI-IVIA. Carretera de Moncada-Náquera Km. 4,5, 46113 Moncada, Valencia, 7 
Spain 8 
2
Unitat Associada d’Entomologia UJI-IVIA, Departament de Ciències Agràries i del Medi Natural, 9 

Universitat Jaume I, UJI, Campus del Riu Sec, 12071 Castelló de la Plana, Spain 10 
3
INRA, Univ. Nice Sophia Antipolis, CNRS, UMR 1355-7254 Institut Sophia Agrobiotech, 06903, 11 

Sophia Antipolis, France 12 
4
Inst Sustainable Plant Protect IPSP, Portici Div, Italian Natl Res Council CNR, I-80055 Portici, NA, 13 

Italy 14 
 15 

Abstract 16 

Recently, newly developed technologies for biorational pest control techniques have 17 

been increasingly applied for the cultivation of Mediterranean horticultural crops in the 18 

greenhouse. Various strategies for the biological control of major pests in protected 19 

crops have successfully been implemented for these technologies. These successes have 20 

primarily occurred via the selection and use of generalist native predators that naturally 21 

colonize Mediterranean crops and are highly adapted to local environmental conditions. 22 

The use of generalist predators in protected horticulture has been very effective in 23 

controlling key pests, so pesticide use has been considerably minimized. In addition, 24 

because generalist predators are usually polyphagic, horticultural crops have become 25 

more resilient to newly emerging pests, which are preyed upon by these predators. New 26 

possibilities to further strengthen pest management in horticultural crops have recently 27 

arisen, such as the use of beneficial microbes (BM) to induce plant resilience. In this 28 

study, we used a tomato crop as an example to present two new, highly interrelated 29 

plant defence induction strategies: the use of Miridae zoophytophagous predators and 30 

Trichoderma spp. microbial biological control agents. Both the mirid predators and 31 

Trichoderma symbiotic fungi can activate direct and indirect plant defence responses, 32 

which may make pest management against invading organisms more robust. The 33 

practical use of these new approaches is also discussed. 34 

 35 

Keywords: Tomato greenhouses, zoophytophagous predators, mirids, Integrated Pest 36 

Management (IPM), Trichoderma 37 
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1. Introduction  38 

 39 

Among crops, protected horticultural crops have likely received the most attention and 40 

the most effort to prevent pest injuries. These crops are high-yielding, and the profit per 41 

square meter from these crops compensates and justifies the investment in pest control 42 

strategies (Velden van der et al., 2012). Historically, farmers have been compelled to 43 

keep pests out of their crops for two primary reasons. First, horticultural crops are 44 

subject to many serious diseases that are transmitted by insect vectors (Ali et al., 2006; 45 

German et al., 1992; Jones, 2003), which inexorably leads to avoidance of the presence 46 

of insect vectors in the crops. Second, many of the products of horticultural are sold 47 

because of their visual appeal, which implies that the pest economic threshold is often 48 

based on fruit cosmetics (aesthetic appearance) rather than production costs. Fruit 49 

cosmetics is even a more important consideration for horticultural products that are 50 

destined for export to other countries (e.g., from southern to northern Europe) (Velden 51 

van der et al., 2012). These considerations have led to the application of many chemical 52 

treatments for horticultural crops, often without any arbitrariness, to limit the presence 53 

of pests as much as possible (Lenteren, 2001; Stansly et al., 2004b). Fortunately, this 54 

untenable situation has developed satisfactorily in recent years, especially because of 55 

the mandatory adoption of Integrated Pest Management (IPM) programs for fruit and 56 

vegetable production throughout Europe since January 1, 2014 (UE, 2009).  Today, the 57 

application of a chemical treatment must not only be justified economically but other 58 

concepts, such as sustainability, respect for the environment or selectivity for non-target 59 

wildlife, are taken into account in pest management.  60 

Several recent IPM programs based on the augmentation and conservation of 61 

polyphagous predators have been successfully developed. Two well-known examples 62 

are in sweet pepper and tomato greenhouse crops. In sweet pepper, the release of 63 
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Amblyseius swirskii Athias-Henriot (Acari: Phytoseiidae) and Orius laevigatus Fieber 64 

(Hemiptera: Anthocoridae) has provided effective control of two key pests, Western 65 

flower thrips (Frankliniella occidentalis Pergande [Thysanoptera: Tripidae]) and the 66 

whitefly (Bemisia tabaci Gennadius [Hemiptera: Aleyrodidae]) (Calvo et al., 2009, 67 

2012a). In tomato, inoculation with predatory mirid bugs (Hemiptera: Miridae) 68 

[Nesidiocoris tenuis Reuter in Sothern Europe and Macrolophus pygmaeus (Rambur) in 69 

Northern Europe] and conservation of their natural populations has been very effective 70 

for controlling key tomato pests, including B. tabaci and Tuta absoluta (Meyrick) 71 

(Lepidoptera: Gelechiidae) (Calvo et al., 2012b; Urbaneja et al., 2012). 72 

Horticultural crops provide many examples of the introduction of invasive pests 73 

(Desneux et al., 2010; Kirk and Terry, 2003; Stansly, 2010), which have invaded new 74 

areas unintentionally, and it has been difficult to halt their expansion and develop 75 

control methods. Because generalist predators have broad prey ranges, there is a strong 76 

possibility that a species may select an invasive exotic pest as prey. This has recently 77 

occurred with T. absoluta, whose impact on greenhouse tomato production has been 78 

very low where IPM programs based on augmentation and conservation of predatory 79 

mirids have been implemented (Urbaneja et al., 2012; Zappala et al., 2013). In addition, 80 

because pesticide use has been reduced in areas where mirids were applied, other 81 

natural enemies that have become adapted to T. absoluta  have made its management 82 

much more rapid and effective than in areas where T. absoluta is still chemically-83 

controlled, and its management continues to be complicated (Urbaneja et al., 2009; 84 

Zappala et al., 2013).  85 

The examples provided by mirids and T. absoluta clearly demonstrate how the use of 86 

generalist predators strengthen a crop against exotic pests. Recently, new possibilities 87 

for further strengthening the pest management of horticultural crops have arisen. In this 88 
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study, with the tomato crop in Europe as an example, we presented two new but highly 89 

interrelated plant defence induction strategies that were studied in the framework of the 90 

European PURE project: the use of Miridae as a zoophytophagous predator and the use 91 

of Trichoderma spp. as a microbial biological control agent. To better understand how 92 

greenhouse tomato pest management can currently be applied, we first present a brief 93 

review of its history.  94 

 95 

2. The progress of IPM in tomatoes  96 

 97 

2.1 Pest status in protected tomatoes  98 

Approximately 150 phytophagous arthropods are linked to tomato. However, this crop 99 

is usually attacked by a relatively low number of key pest species and the number of 100 

secondary pests is also usually low. The number of arthropods species reported on a 101 

tomato crop varies according the geographical area where a plantation is located (Lange 102 

and Bronson, 1981). For example, in four important tomato production areas in Europe 103 

(Spain, France, Italy and the Netherlands), which represent 65% of the total production 104 

destined for fresh consumption (FAOSTAT, 2016), the number of phytophagous 105 

species cited as problematic was only of 19 (Table 1). Although all of the phytophagous 106 

species listed in Table 1 have been reported in these four production areas, their relative 107 

importance has varied considerably in each country depending on several biotic and 108 

abiotic factors that determine the relative importance of a species as a pest. Two of these 109 

factors are particularly important - the temperature and pest management strategy 110 

applied. Whiteflies are an example of pests linked to temperature. The sweet potato 111 

whitefly, B. tabaci, is adapted to high temperatures, does not withstand cold winters 112 

(Bosco and Caciagli, 1998; Cui et al., 2008) and is a key pest in France, Italy and Spain, 113 
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but is considered to be an occasional pest in Holland (Table 1). Conversely, the 114 

greenhouse whitefly, Trialeurodes vaporariorum Westwood (Hemiptera: Aleyrodidae), 115 

is better adapted to a temperate climate (Xie et al., 2011), so it is a key pest in almost all 116 

tomato areas that do not experience extremely high temperatures. Indeed, Spain is the 117 

southernmost and, consequently, the warmest of the four countries mentioned above, 118 

and particularly in the tomato area located in the southeastern part (Almería region), T. 119 

vaporariorum is considered to be an occasional pest (Stansly et al., 2004a), but can 120 

cause damage in the north of Spain (El Maresme, Barcelona), where the climate is 121 

milder (Arnó et al., 2009). 122 

The other factor that plays a crucial role in determining the importance of a particular 123 

pest is the type of pest management applied, especially the level of biological control 124 

that has been established. Except for the tomato russet mite Aculops lycopersici (Masse) 125 

(Acari: Eriophydae), for which no effective natural enemies are reported (Table 1), all 126 

of the phytophagous species listed in Table 1 have several natural enemies that are 127 

commercially available for augmentation (Table 1) as well as wild natural enemies 128 

(some also used in augmentation) that can be effective in conservation strategies 129 

(Aviron et al., 2016; Giorgini and Viggiani, 2000; Messelink et al., 2014). In fact, in 130 

areas where the use and conservation of natural enemies have been promoted, mainly 131 

for mirid predators, the status of some important pests has recently significantly 132 

changed, and a hierarchy can be established for them according to the action of their 133 

natural enemies (Table 1). 134 

 135 

2.2. Progress towards a biological control-based IPM in greenhouse 136 

tomato  137 
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Marked differences in the use of natural enemies exist in the different tomato-producing 138 

areas in Europe and in the integration of biocontrol agents in IPM programs. However, 139 

a trend from purely chemical management to an IPM strategy based on the biological 140 

control of pests is found almost everywhere. To explain this development, we used  141 

protected tomato crops in southern Spain, where pesticides are rarely used, as an 142 

example to show how this has occurred (Figure 1). This process began at the end of the 143 

1990s when bumblebees were used for pollination, which accustomed farmers to choose 144 

pesticides that are selective for these pollinators (van der Blom et al., 2009). 145 

Consequently, the use of broad-spectrum pesticides significantly decreased as the use of 146 

bumblebees was adopted for most tomato crops. The use of selective pesticides allowed 147 

for the release of some natural enemies in this crop, although chemical control was still 148 

the main control measure for pests. However, protected tomato crops were also 149 

confronted with new diseases from countries with warmer climates at that time, 150 

especially the tomato yellow leaf curl virus. Much of the work done to implement IPM 151 

based on the biological control of pests was disrupted, which led to a return to the use of 152 

broad spectrum pesticides to control vectors, especially B. tabaci (Stansly et al., 2004b). 153 

During the first decade of this century, the development of disease-tolerant tomato 154 

cultivars and the advent of a new generation of more selective and environmentally 155 

friendly insecticides allowed the development of sustainable IPM programs, but pest 156 

control was still almost entirely dependent on pesticides (Blom van, 2010). The 157 

appearance of the invasive pest T. absoluta in 2006 in Europe prompted the 158 

development of strategies based on mirid predators to control this threatening tomato 159 

pest (Urbaneja et al. 2012). The use of predatory mirid N. tenuis and M. pygmaeus 160 

resulted in the very effective control of key tomato pests: the whiteflies B. tabaci and T. 161 

vaporariorum, and T. absoluta. Because mirid predators are high polyphagic, most 162 
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tomato pests came under control, except for the tomato russet mite A. lycopersici and, in 163 

some places, thrips F. occidentalis, which were not controlled by this predator. 164 

Currently, the successful use of mirids has minimized the use of pesticides in tomato 165 

(Calvo et al., 2012c), and specific treatments have mainly been targeted to control A. 166 

lycopersici via selective acaricides or to reduce thrips in certain cultivars, such as cherry 167 

tomatoes (Molla et al., 2011; Pérez-Hedo and Urbaneja, 2016).  168 

 169 

3. IPM based on the use of mirids  170 

 171 

3.1 Zoophytophagous predators  172 

As mentioned above, the cornerstone of the IPM strategies currently in use is biological 173 

control, which is integrated when necessary with either biological or selective 174 

insecticides. To this end, and depending on the type of tomato crop and the area of 175 

cultivation, two polyphagous predator species, M. pygmaeus and N. tenuis, are released 176 

and/or conserved. These two predators are currently key factors for the success of IPM 177 

for protected tomato crops.  178 

M. pygmaeus and N. tenuis are endemic natural predators that commonly appear in 179 

tomato crops in Europe (M. pygmaeus in the north and N. tenuis in the south). Both 180 

predators are mass-reared by commercial biocontrol companies and released in the field 181 

for augmentation. Both are highly polyphagic and therefore can contribute to the control 182 

of thrips, leaf miners, aphids, spider mites, and Lepidoptera species. Phytophagy has 183 

multiple benefits, including facilitation of the establishment of these predators in the 184 

crop and conserving them when prey is scarce.  185 
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Because both predators are highly polyphagic, most tomato pests have been brought 186 

under control, with the exception of A. lycopersici and thrips in some areas. In areas 187 

where thrips are key tomato pests (e.g., southern Italy), N. tenuis was effective for T. 188 

absoluta and whitefly control, but insufficiently controlled the thrips population to a 189 

level that was  low enough to prevent yield losses due to direct fruit damage. In such a 190 

situation, mirids should be combined with insecticide treatment to prevent yield losses. 191 

The active ingredients (e.g., spinosad) effective for thrips control can negatively impact 192 

mirid establishment and biocontrol efficacy if frequently sprayed, with consequent 193 

increased attacks by T. absoluta and whiteflies, eventually leading to the abandonment 194 

of IPM and exclusive use of insecticides. Recent studies conducted in the framework of 195 

the PURE project demonstrated that the combined use of N. tenuis with pheromone-196 

based control (which disrupts mating from beginning of the crop cycle) and 197 

microbiological insecticides (e.g., Bacillus thuringiensis) against T. absoluta may 198 

prevent the negative consequences of eventual chemical insecticide use against thrips. 199 

With this strategy, if the thrips infestation is high, the application of only a few 200 

insecticide treatments may result in good thrips control and have a negligible impact on 201 

N. tenuis, whose temporary reduction of efficacy against T. absoluta is compensated for 202 

by mating disruption and B. thuringiesis (Mollá et al., 2011). Overall, this IPM strategy 203 

may be as effective as a standard insecticide-based control strategy for the prevention of 204 

fruit damage by T. absoluta, noctuids, thrips and whiteflies in greenhouse tomato crops. 205 

 206 

3.2. Mirid release strategies and conservation 207 

 208 
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Two strategies based on the use of the two mirids are currently employed and have 209 

affected the subsequent management of tomato crop pests (Figure 2):  210 

 Inoculative releases. Inoculative releases of N. tenuis or M. pygmaeus (1-2 211 

individuals/m
2
) are usually conducted several weeks after transplanting 212 

(Urbaneja et al., 2012). This strategy has been successfully used to control pest 213 

populations once a certain number of mirids are present in the crop. Because 214 

mirids must be established in the crop before the pest arrives, this strategy has 215 

been employed in northern areas, where pest pressure is not too high, or in the 216 

south in crops planted at the end of winter, where the pest pressure is still low. 217 

The mirid releases must obviously be integrated with the use of selective 218 

pesticides that do not interfere with the establishment of mirids (Gonzalez-219 

Cabrera et al., 2011).  220 

 Predator in first. To shorten the establishment period and improve the 221 

distribution of N. tenuis in the crop, especially when weather conditions are less 222 

favourable, predators can be released in the seedling nurseries. This strategy 223 

entails transplanting tomato plants on which N. tenuis have already laid eggs in 224 

the nursery; 0.5-1 mirids per plant are released in the nursery together with 225 

Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) frozen eggs as an alternative 226 

prey (Calvo et al., 2012). However, even though this strategy is very effective 227 

for the control of tomato key pests, such as B. tabaci and T. absoluta (Figure 2), 228 

the release of the zoophytophagous predator N. tenuis in the nursery can have 229 

some negative side effects. If the environmental conditions are favourable, the 230 

N. tenuis population can rapidly increase until it reaches a density that could 231 

cause crop damage, such as necrotic rings on stems and flower abortion due to 232 

excessive feeding on tomato plants. This suggests that the implementation of 233 
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regular monitoring might be necessary to properly manage this approach 234 

(Urbaneja et al., 2012).                                                                                        235 

Although the best known and most applied method for mirid conservation, whether they 236 

are released or spontaneously occur in a crop, is the choice of appropriate selective 237 

pesticides (Arno and Gabarra, 2011; Moll  et al., 2011; Urbaneja et al., 2012; Zappala et 238 

al., 2012), the recent use of banker plants as a means of enhancing the mirid population 239 

has also been recommended. A banker plant is a secondary or non-crop plant that 240 

provides resources (shelter and/or alternative food) to sustain natural enemies of the 241 

pests in the absence of prey, consequently promoting natural enemies or a beneficial 242 

arthropod population (Parolin et al., 2014). The transition of this interesting concept 243 

from theory to practice (inclusion in an IPM program) has not been that successful so 244 

far, at least regarding the enhancement of the role of mirids in tomato. Three well-245 

known banker plants, the false yellowhead Ditricchia viscosa L. (Asterales: 246 

Asteraceae), tobacco Nicotiana tabacum L. (Solanales: Solanaceae) and basil Ocimum 247 

basilicum L. (Lamiales: Lamiaceae), which had been previously recommended or used 248 

in different regions with quite irregular results (Huang et al., 2011; Lykouressis et al., 249 

2008; Parker et al., 2013), have recently been carefully tested (Bresch et al., 2014; 250 

Parolin et al., 2013; Parolin et al., 2015). The tritrophic greenhouse agroecosystems 251 

tested per each banker plant were composed of tomato (cv. Marmande) at the first level 252 

(crop), whitefly T. vaporariorum at the second level (pest) and the predatory mirid bug 253 

M. pygmaeus at the third level (predator). These studies led to the proposition that the 254 

basic idea that banker plants provide shelter and/or food for predators that in turn 255 

become better established in the crop and consequently control crop pests has to be 256 

carefully applied. Indeed, the three banker plant species had undesirable or negative 257 

effects on the agroecosystems: 1) D. viscosa did not promote the establishment and 258 
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development of the predatory mirid bug, but stimulated the growth of the pest 259 

population; 2) N. tabacum L. was an efficient open rearing system for the predatory 260 

mirid bug, but also served as an incubator for the pest; and 3) O. basilicum did not 261 

increase the M. pygmaeus population. Moreover, in the absence of a predator, whiteflies 262 

preferred tomato to basil. These examples show the complexity that the first trophic 263 

level can introduce to an agroecosystem and emphasize that the purpose of adding 264 

banker plants to a crop system is not only to increase the predator population but also to 265 

optimize the IPM strategy, providing improved pest control and a healthy crop with 266 

good yield. A scientific challenge that should be further investigated is to understand 267 

how this complexity influences the efficiency and sustainability of IPM strategies.  268 

 269 

4. Plant defence induction by mirids  270 

 271 

Mirids are zoophytophagous predators, which are defined as predators that feed on prey 272 

and plants during the same developmental stage. By feeding on plants, mirid predators 273 

can activate plant defence mechanisms as strict herbivores (Pappas et al., 2015; Pérez-274 

Hedo et al., 2015a; Pérez-Hedo et al., 2015b). Pérez-Hedo et al. (2015b) demonstrated 275 

that the feeding activity of N. tenuis activates the abscisic acid (ABA) and jasmonate 276 

acid (JA) pathways in tomato plants, which makes them less attractive to B. tabaci and 277 

more attractive to the whitefly parasitoid Encarsia formosa (Gahan) (Hymenoptera: 278 

Aphelinidae). In addition, herbivore-induced plant volatiles (HIPVs) from N. tenuis-279 

damaged plants can induce plant defences in neighbouring, undamaged plants via the  280 

JA pathway, resulting in parasitoid attraction. Pappas et al. (2015) showed that tomato 281 

plants exposed to adult females, fifth instar nymphs and young virgin females of M. 282 

pygmaeus showed plant resistance against the two-spotted spider mite Tetranychus 283 
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urticae Koch (Acari: Tetranychidae), resulting in a lower number of eggs laid by T. 284 

urticae when tomato plants had been previously exposed to M. pygmaeus.  285 

The induction of a plant response by a mirid predator may be species-dependent. Pérez-286 

Hedo et al. (2015a) showed that females of N. tenuis, M. and Dicyphus maroccanus 287 

Wagner differ in their ability to induce defensive responses in tomato plants, resulting 288 

in varying degrees of plant attractiveness to pests and natural enemies. Tomato plants 289 

exposed to and therefore presumably punctured by N. tenuis were less attractive to the 290 

whitefly B. tabaci and the lepidopteran T. absoluta. In contrast, tomato plants exposed 291 

to M. pygmaeus and D. maroccanus were not able to repel B. tabaci and, more 292 

interestingly, became more attractive to T. absoluta.  293 

Recently, Naselli et al. (2016) demonstrated that all of the motile stages of N. tenuis can 294 

trigger a defensive response in tomato plants, although such responses may be slightly 295 

different depending on the stage considered. This discovery clearly strengthens the 296 

strategy of releasing mirid bugs in the nursery when possible. During the seedling 297 

period, N. tenuis also feeds on tomato plants, thereby activating the defences of these 298 

plants. Recently, Pappas et al. (2016), using M. pygmaeus as a model, proposed the term 299 

“plant vaccination” to describe this type of defensive activation induced in tomato 300 

seedlings, such that when they are transplanted in the greenhouse, they are ‘ready-to-301 

defend’ against the herbivory. Pappas et al. (2015) showed for  M. pygmaeus that this 302 

induction can last up to two weeks after a tomato plant comes in contact with a mirid. 303 

The induction period is similar or longer for N. tenuis (same authors, unpublished data), 304 

such that the tomato plant would be “vaccinated” in the nursery, and this effect would 305 

last until the newly emerged nymphs start to feed on the plant, possibly renewing the 306 

defensive induction. 307 
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Overall, these results might provide a reasonable explanation for the great success of 308 

mirids as a key biocontrol agent for tomato cultivation. Indeed, these results provide 309 

clear evidence that zoophytophagous mirid predators can activate a plant response and 310 

that such a response can be an added benefit to their effectiveness as a direct predator, 311 

making tomato crops more robust against the possible accidental introduction of an 312 

exotic pest. Future research might be oriented toward the extraction and characterization 313 

of volatile organic compounds (VOCs) emitted by plants in response to mirid predator 314 

feeding, which are involved in repelling herbivores and attracting natural enemies.  315 

Such research would lead to a better understanding of this phenomenon and help 316 

researchers to acquire new elements for future practical applications. 317 

 318 

5. Plant defence induction by microbial biocontrol 319 

agents  320 

 321 

Plants live in close association with a multitude of extremely diverse microbes that 322 

inhabit the soil. The presence of this complex plant-microbial community is crucial for 323 

plant health. Although specific microorganisms can protect plants either directly or 324 

indirectly against pests and pathogens, their efficacy is largely affected by the entire 325 

microbial community. One of the effects of these complex interactions is related to the 326 

induction of systemic resistance (ISR). ISR is an important mechanism by which 327 

specific microorganisms (i.e., particular plant growth–promoting bacteria [PGPBs] and 328 

beneficial fungi [BFs]) can prime plants, enhancing the defensive response against a 329 

broad range of pathogens and insect pests. Priming has been defined as “the preparation 330 

of the whole plant to better counteract a pathogen or insect attack”. After invasion, this 331 

phenomenon is characterized by a more rapid and/or stronger activation of cellular 332 

defence mechanisms, causing a heightened level of resistance (Van der Ent et al., 2009). 333 
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Furthermore, plants can express induced resistance as a result of a pathogen infection - 334 

in this case, the resistance is defined as systemic acquired resistance SAR - or a pest 335 

injury. It is interesting to note that signalling pathways regulating the resistance induced 336 

by beneficial microbes (ISR), pathogens (SAR), and herbivorous insects share 337 

signalling mechanisms (Pieterse et al., 2014). Yi et al. (2011) demonstrated that pepper 338 

leaf infestation by the whitefly B. tabaci stimulated systemic defences against both the 339 

airborne pathogen Xanthomonas axonopodis pv. vesicatoria and soil-borne pathogen 340 

Ralstonia solanacearum. At the same time, they found the interesting result that pepper 341 

plants can use self-protection mechanisms against subsequent herbivore attacks by 342 

recruiting beneficial microbes (BMs), which in turn can reduce the whitefly population. 343 

BMs can affect plant fitness in terms of plant growth promotion and/or resilience upon a 344 

biotic or abiotic stress. Studies that investigated the possible effects of root colonization 345 

by microbes on plant defences against above-ground herbivore insects have been 346 

recently conducted. Guerrieri and Digilio (2008) reported that mycorrhizal 347 

endosymbiosis in tomato plants significantly increased aphid resistance, activating both 348 

direct and indirect defence mechanisms. In Arabidopsis thaliana (L.) (Capparales: 349 

Brassicaceae) microbially primed plants, the expression of a direct defence against the 350 

generalist Spodoptera exigua (Hübner) (Lepidoptera: Noctuidae), but not against the 351 

specialist Pieris rapae L. (Lepidoptera: Pieridae), has been demonstrated (Van Oosten 352 

et al., 2008). The PGPR, Pseudomonas fluorescens, can induce systemic resistance in A. 353 

thaliana against several microbial pathogens as well as the aphid Myzus persicae 354 

(Sulzer) Hemiptera: Aphididae) (Pineda et al., 2012). Foliar application of an 355 

endophytic isolate of the beneficial Trichoderma viride in combination with the 356 

pathogen Cladosporium cladosporioides significantly reduced the feeding of the 357 

specialist beetle Cassida rubiginosa O.F. Müller (Coleoptera: Chrysomelidae), but not 358 
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of the generalist caterpillar Mamestra brassicae L. (Lepidoptera: Noctuidae) (Gange et 359 

al., 2012).  360 

Upon insect attack, plants release volatile organic compounds (VOCs) both locally from 361 

the wounded site and systemically from non-attacked tissues. During plant insect 362 

coevolution, VOCs became olfactory attractants to natural enemies, such as predators 363 

and parasitoids (Hiltpold et al., 2011; Iriti and Faoro, 2009). Such attraction depends not 364 

only on the amount of VOCs produced but also primarily on the quality and specificity 365 

of the molecules emitted (Guerrieri and Digilio, 2008). Trichoderma spp. are BFs that 366 

are widely used as active ingredients in bio-formulations worldwide (Woo et al., 2014) 367 

and are known for their antagonistic activity against other microbes as well as their 368 

ability to colonize roots, establish chemical communication with the plant, and 369 

systemically alter the expression of many host genes (De Palma et al., 2016; Ruocco et 370 

al., 2014). In the framework of the PURE project, we have investigated the possibility 371 

of using Trichoderma as an activator of indirect defence mechanisms against aphids in 372 

tomato. This study demonstrated for the first time that root colonization by the MK1 373 

strain of the biocontrol fungus T. longibrachiatum affected the complex web of 374 

interactions that determined the development of the aphid pest Macrosiphum 375 

euphorbiae Thomas (Hemiptera: Aphididae) as well as the behaviour and development 376 

of its natural enemies, the parasitoid Aphidius ervi (Haliday) (Hymenoptera: 377 

Braconidae) and predator M. pygmaeus, on tomato plant (Battaglia et al., 2013). It is 378 

becoming increasingly evident that all organisms in a given plant microenvironment are 379 

directly and indirectly linked to each other through changes in plant metabolites. Kim et 380 

al. (2016) clearly demonstrated that a foliar aphid infestation specifically increased 381 

rhizobacterial (Paenibacillus spp.) abundance via the modulation of root exudates, 382 

which led to an enhancement in the susceptibility of plants to aphids. Moreover, 383 
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Yoshinaga (2016), suggested that the recognition of insect elicitors by an ancestral 384 

microbe-associated defence system may be the origin of tritrophic interactions being 385 

mediated by elicitors, such as the fatty acid–amino acid conjugates (FACs). 386 

The studies conducted so far on plant-multitrophic interactions strongly suggest the 387 

possibility of using BMs as modulators of the plant response not only to pathogens but 388 

also to pest attacks.  389 

This very new knowledge regarding the opportunity for manipulating plant response 390 

through the use of specific microorganisms must be taken into account when IPM 391 

protocols are being developed.  In perspective, the identification and characterization of 392 

the molecules that are involved in the complex dialogue between plants and 393 

microorganisms by triggering plant priming could lead to the production of new bio-394 

products that will be useful for the development of environmentally friendly IPM 395 

strategies and the production of healthy food. 396 

 397 

6. Epilogue and Perspectives  398 

 399 

Current IPM strategies in tomato based on the use of the zoophytophagous predators M. 400 

pygmaeus and N. tenuis minimize the use of pesticides and result in an increase of the 401 

resilience of the tomato crop. The use of microorganisms and their metabolites is an 402 

added value for the IPM of tomato cultivations as well. Such an advanced IPM strategy 403 

based on the long-term establishment of beneficial generalists allows the agro-404 

ecosystem to respond quickly to disturbances induced by a large panel of pests and 405 

diseases. This includes potentially emerging or re-emerging pest invasions as well as 406 

periodic massive entries or endemic explosions of many major pests in the European 407 
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regions. More generally, we assume that this strategy constitutes an effective approach, 408 

with the goal to reduce the magnitude and duration of further biological disturbances. 409 

The use of such biocontrol methods (i.e., mirids and beneficial microbial agents) is also 410 

desirable because of its indirect effects on plant fitness, in terms of the induction of 411 

systemic resistance, promoting plant growth that can make a tomato crop more robust to 412 

new invasive pests and pathogens that might arise as a result of global climate change. 413 

Even if the greenhouse agroecosystem is considered to be a simple production 414 

ecosystem from ecological and physical points of view, complex interactions can occur 415 

between its different components, and these are sufficiently important to deeply impact 416 

the functioning of the system and, ultimately, crop yield. Therefore, the design of robust 417 

solutions to manage sustainable greenhouse production systems requires not only 418 

interdisciplinary investigations that combine technological and ecological engineering 419 

but also basic research on complex systems. 420 

 421 
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FIGURE CAPTIONS 612 

Figure 1. Growth of a cultivated tomato surface with Integrated Pest Management 613 

based on the use of the mirid Nesidiocoris tenuis in the region of Almería (south-eastern 614 

Spain), where approximately 10,200 hectares of protected tomatoes are cultivated. 615 

Source: Jan van der Blom (Coexphal, Almeria, Spain) and Javier Calvo (Koppert BS, 616 

Aguilas, Spain). 617 

 618 

Figure 2. Comparison of the impact of N. tenuis release in either the nursery (predator 619 

in first) or in the field (inoculative release) on the T. absoluta population dynamics in 620 

open tomato fields cv. ‘‘Virgilio’’ that are tolerant to TYLCV (Clause Vegetable Seeds, 621 

UK) (IVIA Experimental Station of Carcaixent. Valencia, Spain). In the predator in the 622 

first treatment, one mirid per plant was released in the nursery with Ephestia kuehniella 623 

eggs. In the inoculative release treatment, 3 weeks after transplantation (July 26, 2011) 624 

one N. tenuis per plant was also released. This latter treatment received weekly sprays 625 

of B. thuringiensis var. kurstaki at 180.8 MIU/I (2 g/l; Costar®, Syngenta Agro. S.A. 626 

Madrid, Spain) for a duration of five weeks as a combined strategy against T. absoluta.  627 

a) Number of N. tenuis (mean ± SE) in the apical third of the tomato plants, b) infested 628 

leaflets by T. absoluta per plant (mean ± SE), c) percentage of infested fruits by T. 629 

absoluta per plant (mean ± SE) and d) number of T. absoluta males captured per week 630 

in 3 delta traps supplied with T. absoluta pheromone (PH-937-1RR; Biagro S.L., 631 

Valencia, Spain) located in the experimental region of Carcaixent. Figures adapted from 632 

Molla et al. (2013). 633 

 634 
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Figure 1.  637 

'0
8-

'0
9

'0
9-

'1
0

'1
0-

'1
1

'1
1-

'1
2

'1
2-

'1
3

'1
3-

'1
4

'1
4-

'1
5

'1
5-

'1
6

0

20

40

60

80

100

Crop season

%
 S

u
rf

a
c

e
 w

it
h

 I
P

M
 b

a
s

e
d

 o
n

N
. 

te
n

u
is

 638 

 639 



24 
 

13
/0

7/
20

11

20
/0

7/
20

11

26
/0

7/
20

11

03
/0

8/
20

11

10
/0

8/
20

11

18
/0

8/
20

11

24
/0

8/
20

11

31
/0

8/
20

11

07
/0

9/
20

11

0

5

10

15

20
Predator in first

Inoculative release
Bt treatments in inoculative

release treatment

#
 M

ir
id

s
 /

 p
la

n
t

13
/0

7/
20

11

20
/0

7/
20

11

26
/0

7/
20

11

03
/0

8/
20

11

10
/0

8/
20

11

18
/0

8/
20

11

24
/0

8/
20

11

31
/0

8/
20

11

07
/0

9/
20

11

0

2

4

6
Predator in first

Inoculative release

#
T

. 
a
b

s
o

lu
ta

 i
n

fe
s
te

d

le
a
fl

e
ts

 /
 p

la
n

t

13
/0

7/
20

11

20
/0

7/
20

11

26
/0

7/
20

11

03
/0

8/
20

11

10
/0

8/
20

11

18
/0

8/
20

11

24
/0

8/
20

11

31
/0

8/
20

11

07
/0

9/
20

11

0

10

20

30

40

50
Predator in first

Inoculative release

%
T

. 
a
b

s
o

lu
ta

 i
n

fe
te

s
te

d

fr
u

it
 /

 p
la

n
t

09
/0

6/
20

11
1

15
/0

6/
20

11

22
/0

6/
20

11

29
/0

6/
20

11

06
/0

7/
20

11

13
/0

7/
20

11

20
/0

7/
20

11

26
/0

7/
20

11

03
/0

8/
20

11

10
/0

8/
20

11

18
/0

8/
20

11

24
/0

8/
20

11

0

50

100

150

200

250

#
T

. 
a
b

s
o

lu
ta

 c
a
p

tu
re

s

 /
 p

h
e
ro

m
o

n
e
 t

ra
p

a b

c d

 640 



25 
 

Table 1.  Tomato pest hierarchy according to economic importance in four different European countries and their main 641 

commercially available natural enemies. Key pests: every season their numbers exceed the economic injury level (EIL) if no 642 

action is taken; Secondary pests: EIL is exceeded every 2-4 years; Occasional pests: EIL is rarely exceeded. Table adapted 643 

from van der Velde et al. (2012). 644 

Pests Natural enemy Netherlands  France Spain  Italy 
- whitefly  
(Hemiptera: Aleurodidae) 
Bemisia tabaci (Gennadius)  

- Nesidiocoris tenuis Reuter (Hemiptera: Miridae) 
- Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae) 
- Eretmocerus mundus Mercet (Hymenoptera: Aphelinidae) 
- Eretmocerus eremicus Rose & Zolnerovich (Hymenoptera: Aphelinidae)  
- Encarsia formosa (Gaham) (Hymenoptera: Aphelinidae) 
- Beauveria bassiana 
- Verticillium lecanii 

Occasional pest Key pest Key pest Key pest 

- whitefly (Hemiptera: 
Aleurodidae) 
Trialeurodes vaporariorum  
Westwood  
 

- Nesidiocoris tenuis Reuter (Hemiptera: Miridae) 
- Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae) 
- Eretmocerus eremicus Rose & Zolnerovich (Hymenoptera: Aphelinidae)  
- Encarsia formosa (Gaham) (Hymenoptera: Aphelinidae) 
- Beauveria bassiana 
- Verticillium lecanii 

Key pest Key pest Secondary pest Key pest 

- thrips (Thysanoptera: 
Thripinae) 
Frankliniella occidentalis 
(Pergande)  

- Nesidiocoris tenuis Reuter (Hemiptera: Miridae) 
- Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae) 
- Amblyseius cucumeris (Oudemans) (Acari: Phytoseiidae) 
- Beauveria bassiana  
- Hypoaspis miles (Berlese) (Acari: Laelapidae) 
- Hypoaspis aculeifer (Canestrini) (Acari: Laelapidae) 

Occasional pest Secondary pest Secondary pest Key pest 

- leaf miners (Diptera: 
Agromyzidae) 
Liriomyza trifolii (Burgess)  
L. bryoniae (Spencer)  
L. huidobrensis (Blandchar) 

- Diglyphus isaea (Walker) (Hymenoptera: Eulophidae) 
- Dacnusa sibirica Telenga (Hymenoptera: Braconidae) 
- Nesidiocoris tenuis Reuter (Hemiptera: Miridae) 
- Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae) 

Occasional pest Occasional pest Occasional pest Occasional pest 

- tomato leaf miner  
Tuta absoluta (Meyrick) 

- Nesidiocoris tenuis Reuter (Hemiptera: Miridae) 
- Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae) 

Secondary pest Key pest Key pest Key pest 
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(Lepidoptera: Gelechiidae) - Trichogramma achaeae Nagaraja and Nagarkatti (Hymenoptera: 
Trichogrammatidae) 
- Necremnus artynes (Walker) (Hymenoptera: Eulophidae) 
- Bacillus thuringiensis 

- caterpillars (Lepidoptera: 
Noctuidae) 
Helicoverpa armigera Hübner  
Chrysodeixes chalcites (Esper) 
Autographa gamma L. 
Spodoptera littoralis 
(Boisduval)  
Spodoptera exigua (Hübner) 

- Nesidiocoris tenuis Reuter (Hemiptera: Miridae) 
- Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae) 
- Bacillus thuringiensis 

Secondary pest Secondary pest Secondary pest Secondary pest 

- caterpillar 
Agrotis segetum Denis & 
Schiffermüller (Lepidoptera: 
Noctuidae) 

 Secondary pest Secondary pest Secondary pest Secondary pest 

- aphids (Hemiptera: 
Aphididae) 
Myzus persicae Sulzer 

- Aphidoletes aphidimyza (Rondani) (Diptera: Cecidomyiidae) 
- Aphidius matricariae 
- Beauveria bassiana 

- Episyrphus balteatus DeGeer (Diptera: Syrphidae) 

- Adalia bipunctata Linneo (Coleoptera: Coccinelidae) 
- Aphidius colemani (Haliday) (Hymenoptera: Aphidiidae) 

Secondary pest Secondary pest Occasional pest Occasional pest 

- aphids (Hemiptera: 
Aphididae) 
Macrosiphum euphorbiae 
Thomas 
Aulacorthum solanii 
(Kaltenbach) 

- Aphelinus abdominalis (Dalman) 
- Aphidius ervi (Haliday) (Hymenoptera: Aphidiidae) 

- Aphidoletes aphidimyza (Rondani) (Diptera: Cecidomyiidae) 
- Episyrphus balteatus DeGeer (Diptera: Syrphidae) 

- Adalia bipunctata Linneo (Coleoptera: Coccinelidae) 
- Beauveria bassiana 

Secondary pest Secondary pest Occasional pest Occasional pest 

- spider mites (Acari: 
Tetranychidae) 
Tetranychus urticae Koch  

- Feltiella acarisuga (Vallot) (Diptera: Cecidomyiidae) 
- Phytoseiulus persimilis (Athias-Henriot) (Acari: Phytoseidae) T strain 
- Nesidiocoris tenuis Reuter (Hemiptera: Miridae) 
- Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae) 
- Beauveria bassiana 

Secondary pest Secondary pest Secondary pest Key pest 

- spider mites - Feltiella acarisuga (Vallot) (Diptera: Cecidomyiidae) Secondary pest Secondary pest Secondary pest Key pest 
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Tetranychus evansi Baker & 
Pritchard 

- Nesidiocoris tenuis Reuter (Hemiptera: Miridae) 
- Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae) 
- Beauveria bassiana 

- russet mite (Acari: 
Eriophydae) 
Aculops lycopersici (Masse) 

 Key pest Key pest Key pest Key pest 

 645 

 646 
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