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Chapter 14 )
Biological Control Agents for Control
of Pests in Greenhouses

Check for
updates

Joop C. van Lenteren, Oscar Alomar, Willem J. Ravensberg,
and Alberto Urbaneja

Abstract First we describe the different types of biocontrol used in greenhouses
and present examples of each type. Next we summarize the history of greenhouse
biocontrol, which started in 1926, showed a problematic period when synthetic
chemical pesticides became available after 1945, and flourished again since the
1970s. After 1970, the number of natural enemies becoming available for commer-
cial augmentative biocontrol in greenhouses grew very fast, as well as the industry
producting these control agents. Biocontrol of the most important clusters of green-
house pests is summarized, as well as the taxonomic groups of natural enemies that
play a main role in greenhouses. More than 90% of natural enemy species used in
greenhouses belong to the Arthropoda and less than 10%, many belonging to the
Nematoda, are non-arthropods. This is followed by sections on finding and evalua-
tion of potential biocontrol agents, and on mass production, storage, release and
quality control of natural enemies. Since the 1970s, production of biocontrol agents
has moved from a cottage industry to professional research and production facili-
ties. Many efficient agents have been identified, quality control protocols, mass-
production, shipment and release methods matured, and adequate guidance for
farmers has been developed. Most natural enemy species (75%) are produced in low
or medium numbers per week (hundreds to a hundred thousand), and are applied in
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situations where only low numbers are needed, such as private gardens, hospitals,
banks, and shopping malls. The other 25% of the species are produced in numbers
of 100,000 to up to millions per week and regularly released in many of the green-
house crops. Microbial pesticides are predominantly used as corrective treatments
in greenhouse crops where natural enemies are providing insufficient control.
Europe is still the largest commercial market for arthropod greenhouse biocontrol
agents, and North America is the largest market for microbial control agents. We
then continue with a discussion on the pros and cons of use of polyphagous preda-
tors, and the use of semiochemicals. Finally, we summarize factors that indicate a
positive future for greenhouse biocontrol, as well as developments frustrating its
implementation.

Keywords Natural biocontrol - Conservation biocontrol - Classical biocontrol -
Augmentative biocontrol - Inundative biocontrol - Seasonal inoculative control -
Polyphagous predators - Semiochemicals - Mass production

14.1 A Short History of Natural Enemy Use for Pest Control
in Greenhouses

Different types of biological control — here defined as the use of a population of one
organism to reduce the population of another organism — are used in greenhouses.
Natural biological control (NatBC), whereby natural enemies which occur in the
environment reduce pest populations, is observed in countries where greenhouse
structures are often partly open like in the Mediterranean Basin, tropics and semi-
tropics. Surprisingly, natural biological control is even observed in temperate cli-
mates. Examples are (1) natural control of exotic leafminer species by native
parasitoids (e.g. Dacnusa sibirica Telenga (Hymenoptera: Braconidae), Diglyphus
isaea  (Walker)  (Hymenoptera:  Eulophidae), and  Opius  pallipes
Wesmael (Hymenoptera: Braconidae)), pest mites that are controlled by naturally
occurring gall midges (Feltiella acarisuga (Vallot) (Diptera: Cecidomyiidae)), and
lepidopterans controlled by naturally occurring parasitoids (e.g. Euplectrus sp.)
(van Lenteren 2010; van der Ent et al. 2017). Other spontaneously occurring para-
sitic wasps, such as Cotesia spp., Eulophus spp., Euplectrus spp., and Necremnus
artynes (Walker) (Hymenoptera: Eulophidae) can make an important contribution
to the biocontrol of native and exotic lepidopteran pests in the Mediterranean region
(van der Ent et al. 2017). NatBC can be improved by growing plants near green-
houses that provide nectar, pollen or refuge for natural enemies, or by placing such
plants inside the greenhouse. In that case we speak about conservation biological
control, which consists of human actions that protect and stimulate the performance
of naturally occurring natural enemies. Conservation biological control (ConBC) is
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currently receiving a lot of attention and is expected to be used increasingly, also for
control of pests in greenhouses (see other chapters in this book). Further, we may
use classical biological control (ClasBC), where natural enemies are collected in an
exploration area (usually the area of origin of the pest) and then inoculated, i.e.
released in low numbers in areas where the pest is invasive. However, in classical
biological control the aim is permanent pest population reduction and this is not
easy to obtain in greenhouse crops that are grown for short periods only. Still
ClasBC may play a role in reducing pests outside the greenhouse area on wild
plants, thereby contributing to lower pest pressure inside the greenhouse. An exam-
ple is the generalist parasitoid Lysiphlebus testaceipes (Cresson) (Hymenoptera:
Braconidae), which was introduced from Cuba in 1976 into Spanish citrus orchards
for control of Toxoptera aurantii Boyer de Fonscolombe (Hemiptera: Aphididae)
(Jacas et al. 2006). After introduction, this parasitoid established throughout the
Mediterranean agricultural area where its parasitic action on natural populations of
Aphis gossypii Glover (Hemiptera: Aphididae) has resulted in a lower impact of this
pest aphid on horticultural and ornamental crops. Some greenhouse crops — e.g.
roses and gerberas — are grown during several years and situations can be created
that resemble classical biological control: natural enemies of exotic origin are
released in low numbers (inoculated) at the start of a production cycle and exert
control during many pest populations. In this case we speak about seasonal inocula-
tive releases, and it differs from inundative releases, whereby large numbers of natu-
ral enemies are released for immediate pest control in crops with a short production
cycle. Often seasonal inoculative and inundative are addressed under the umbrella
of augmentative biological control (ABC), the form of biocontrol where natural
enemies are mass reared for periodic releases (Van Lenteren et al. 2018a). ABC has
always been the most used type of biocontrol in greenhouses, but as said above the
use of ConBC is growing.

The documented history of biocontrol in greenhouses goes back to 1926.
Biocontrol might have been used long before, for example by having cats for control
of mice in protected structures where food was produced or stored. In 1926, a
tomato grower observed black pupae among the normally white nymphs of the
greenhouse  whitefly, Trialeurodes vaporariorum Westwood (Hemiptera:
Aleyrodidae), and later, adult parasitoids emerged that were identified as Encarsia
formosa Gahan (Hymenoptera: Aphelinidae) (Speyer 1927). A research station in
England started to mass rear the parasitoid and a few years later, it was annually
supplying 1.5 million parasitoids to about 800 nurseries in Britain. During the 1930s
E. formosa was shipped to other countries in Europe, Australia, Canada and New
Zealand. Mass production was discontinued for a short period after 1945 because
synthetic pesticides became available. Due to quick development of resistance to
pesticides in greenhouses, particularly in spider mites, interest in biocontrol revived.
First a predatory mite (Phytoseiulus persimilis (Athias-Henriot) (Acari:
Phytoseiidae)) of the spider mite (Tetranychus urticae Koch (Acari: Tetranychidae))
was found and put into practice with great success in the 1960s (Hussey and
Bravenboer 1971). Later, the use of the parasitoid E. formosa became popular again
in the 1970s. Also biocontrol of other pests, such as aphids, thrips, and exotic inva-
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sive and native leafminers was developed, and successful mass-rearing and distribu-
tion systems emerged. This was for a large part the result of very good collaboration
between researchers and the natural enemy industry within the two working groups
“Integrated Control in Protected Crops” in Mediterranean and temperate climates of
the European section of the International Organization of Biological Control (www.
IOBC-WPRS.org). These working groups published (and are still publishing) bul-
letins with a wealth of information on greenhouse IPM topics. For a detailed review
of development of IPM in greenhouses up to 1985, we refer to van Lenteren and
Woets (1988); for the period up to 2000 to van Lenteren (2000), who also provides
an IPM programme for tomato, the largest greenhouse vegetable crop worldwide.
IPM programmes for other vegetables and ornamentals, and biocontrol agents used
until the end of the 1990s can also be found in Cavalloro and Pellerents 1989;
Albajes et al. (1999). Arn6 et al. (2018) highlight major landmarks in the develop-
ment of biocontrol programmes for tomato greenhouses in the Mediterranean.
During the period 1970-2000 the number of natural enemies becoming available
for commercial augmentative biocontrol grew very fast (Fig. 14.1). After 2000 and
until today, a much lower number of new natural enemies came to the market. The
decrease was for one part due to various positive developments as (1) the availabil-
ity of complete sets of biocontrol agents managing the key pests and diseases in
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Fig. 14.1 Number of newly marketed invertebrate natural enemy species per decade for augmen-
tative biocontrol (based on tables and supplementary material in van Lenteren et al. 2018a and with
recent updates)
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greenhouses, (2) the increased use of generalist predators and (3) the growing popu-
larity of conservation biocontrol approaches. However, the reduction was for
another part due to stronger regulation of import of exotic natural enemies, increased
demands concerning registration of biocontrol agents, and the Access and Benefit
Sharing paragraph in the Convention of Biological Diversity resulting in the Nagoya
Protocol which recently came into force (Secretariat of the Convention on Biological
Diversity 2011). All these new measures have negatively affected market penetra-
tion of new biocontrol agents and, whether they are of indigenous or exotic origin,
now usually undergo an environmental risk assessment (Cock et al. 2010; van
Lenteren et al. 2006). Due to the current evaluation and registration requirements, a
trend has developed to first look for indigenous agents, even when a new exotic pest
establishes. Until a few years ago, prospecting for new, exotic natural enemies after
accidental introductions of exotic pests was common practice, but particularly the
Access and Benefit Sharing process has resulted in an almost complete stop of for-
eign natural enemy exploration programmes (Cock et al. 2010). We can illustrate
this trend by the number of natural enemies that have been used in augmentative
biocontrol for the first time in Europe (Fig. 14.2). Until 1970, the only two species
commercially used in European greenhouses — P. persimilis and E. formosa — were
exotics. During the period from 1960 to 1999, more new exotic species (77) were
used than indigenous species (58). As of 2000, this trend changed and for the first
time more indigenous species (18) were commercialized than exotic species (6).
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Fig. 14.2 Numbers of new exotic (black) and indigenous (white) invertebrate natural enemies
introduced for augmentative biocontrol to the European market. (Based on tables and supplemen-
tary material in van Lenteren et al. 2018a and with recent updates)
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The majority (>90%) of natural enemy species used in ABC belongs to the
Arthropoda and less than 10% of the species, many belonging to the Nematoda, are
non-arthropods. Within the arthropods, four taxonomic groups provided most natu-
ral enemies expressed in number of species: Hymenoptera (>50%), Acari (about
15%), Coleoptera (about 12%) and Hemiptera (about 8%) (van Lenteren 2012; van
Lenteren et al. 2018a). The large number of hymenopteran species used in ABC can
be explained by the fact that they have, compared to predators, a much more
restricted host range, which is considered important in preventing undesirable side
effects (e.g. Bigler et al. 2006). Acarid predators are popular because they can
cheaply be mass reared, can be released by mechanical means, may control several
pest species, do not spread actively over large distances, which reduces the risk of
undesirable effects. An example of a recent acarid species becoming very popular in
use is Amblyseius swirskii Athias-Henriot (Acari: Phytoseiidae) (e.g. Calvo et al.
2012a). Interestingly, polyphagous heteropteran predators have become increas-
ingly popular in ABC during the past two decades (see Table 14.1 in van Lenteren
2012, and Table 14.2 in van Lenteren et al. 2018a). This was a somewhat unex-
pected development as several of the currently used heteropteran species have a
very wide prey range and some of them are (facultatively) phytophagous (Wheeler
2001; Pérez-Hedo et al. 2015). See Sect. 14.5 of this chapter for a more detailed
discussion of the use of polyphagous predators in greenhouse IPM.

Most natural enemy species (75%) are produced in low or medium numbers per
week (hundreds to a hundred thousand) (van Lenteren 2012; van Lenteren et al.
2018a). They are applied in situations where only low numbers are needed (private
gardens, hospitals, banks, shopping malls, etc.), or when occasionally needed in
large cropping systems for control of minor pests. An example of a taxonomic group
mainly used in niche markets is the Coleoptera; more than 90% of the species are

Table 14.1 Major biocontrol agent producers providing beneficial organisms and information on
greenhouse pest management. For lists with more producers, see e.g. http://www.ibma-global.org/
en/all-ibma-members, and http://anbp.org/index.php/members-products

Name of company Area where active URL

Agrobio Global www.agrobio.es

Applied Bionomics NAFTA www.appliedbio-nomics.com
BASF Global (EPNs) www.basf.com

Beneficial Insectary NAFTA www.insectary.com

Biobee Global www.biobee.com

Biobest Global www.biobest.be

Bioline Agrosciences Europe, NAFTA www.biolineagrosciences.com
Biological Services Australia www.biologicalservices.com.au
Bioplanet S. Europe www.bioplanet.eu/it/

Bugs for bugs Australia www.bugsforbugs.com.au
Dudutech E. Africa www.dudutech.com

Enema Global (EPNs) www.e-nema.de

Koppert Biological Systems Global www.koppert.com
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produced in small numbers. Twenty five percent of the natural enemy species are
produced in numbers of more than 100,000 per week and are either frequently
applied in many of the greenhouse crops (hymenopterans and heteropterans), and/
or need to be released in very large numbers per unit area for sufficient control
(acarids and heteropterans).

Microbial pesticides are predominantly used as corrective treatments in green-
house crops where natural enemies are providing insufficient control, except for the
use of Bacillus thuringiensis Berliner (Bacillales: Bacillaceae) against caterpillars
which is a standard measure. Fungal microbial control agents against whitefly and
thrips are applied locally in hot spots or as blanket treatment besides the use of para-
sitoids or predators. The same is true for use of baculoviruses against caterpillars.
Except for B. thuringiensis, the markets for these microbials are relatively small.
Insect-pathogenic nematodes are used in ornamental crops, mainly in chrysanthe-
mum, for control of thrips and are then a major part of an IPM programme.

Europe is still the largest commercial market for ABC with invertebrate biocon-
trol agents, with a well-functioning, highly developed biocontrol industry. The next
largest market is North America, followed by Asia, Latin America, Africa and the
Middle East (Dunham 2015; Research and Markets 2016a). According to the latest
marketing reports (e.g. Research and Markets 2016b) North America is now the
largest market for microbial pesticides, followed by Europe. Since the start of appli-
cation of biocontrol in greenhouses almost 100 years ago, we see a slow increase in
use until the 1970s, followed by a period of strong growth to the year 2000, a stag-
nation in growth until 2010, with a new period of market expansion of biocontrol
today (e.g. van Lenteren et al. 2018a).

14.2 Biological Control of the Main Groups of Pests

We do not aim to provide a complete overview of the biology and application meth-
ods of biocontrol agents currently used in greenhouses in this chapter. Instead, we
will mention the major species that are applied for pest control in greenhouses
today, and refer to published information in journals, books and on the world wide
web. The number and importance of pest species is changing continuously due to
intensified international tourism, trade and transport of crops. Two recent examples
of invasive pests spreading all over the world are the South American tomato pin-
worm Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) and the spotted-wing
Drosophila, Drosophila suzukii (Matsumura) (Diptera: Drosophilidae). Such new
pests initially may very negatively interfere with well working, pesticide indepen-
dent IPM programmes, but also create research activities resulting in identification
and use of new biocontrol agents. For the most recent IPM programmes for various
greenhouse crops we refer to the websites of the biocontrol agent producers
(Table 14.1) and crop specific chapters in this book.
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14.2.1 Major Groups of Biocontrol Agents Available
Jor Greenhouse Pest Management

In Table 14.2 we present the major groups of biocontrol agents used for control of
pests in greenhouses. Many other species of beneficial organisms may be used in
special situations and for the control of minor pests. Van Lenteren et al. (2018a)
provide lists of all agents known for use in ABC, together with the region where
used, target pests, first year of use and market value. According to these authors:
“The largest European biological control companies are still getting the main part of
their income from sales of invertebrate biological control agents, but the contribu-
tion of microbial biological control agents is steadily increasing.” Commercial ABC
is used in protected crops and high-value outdoor crops (e.g. strawberries, grapes),
contributing to about 80% of the market value of invertebrate biocontrol agents.
Biocontrol programmes for each of these crops may involve up to 10-20 different
species of natural enemies (van Lenteren 2000). Almost 40% of the income of the
European biocontrol companies originates from sales of invertebrate biocontrol
agents for control of thrips, another 30% for control of whitefly, 12% for control of
spider mites, 8% for control of aphids, and the remaining 10% for control of various
other pests (Bolckmans K, personal communication 2016). We will present the bio-
control agents used in greenhouses per taxonomic group, but not go into detail about
their biology. Van der Ent et al. (2017) provide summaries of the biology, behaviour,
population development, life cycles, development times at a range of temperatures,
photographs and drawings of all natural enemies used in greenhouses, as well exten-
sive information about the pests these natural enemies control.

14.2.1.1 Acari

As of 2005, predatory mites have contributed enormously to the growth of the mar-
ket for invertebrate biocontrol agents as a result of the (re)discovery of (1) their use
for control of whiteflies (e.g. Nomikou et al. 2001), (2) finding more efficient spe-
cies for thrips control (e.g. Messelink et al. 2006), (3) the development of tech-
niques to enhance dispersal and establishment of predatory mites in crops (e.g.
Messelink et al. 2014); and the development of new highly economic mass-
production technologies (e.g. Bolckmans et al. 2005). Since the 1960s, Phytoseiulus
persimilis, the second commercially available biocontrol agent, was the champion
invertebrate natural enemy when expressed in numbers produced per week, but
around 2010 Amblyseius swirskii took over the pole position. The following preda-
tory mites are most often used in greenhouse biocontrol (within brackets the year of
first use): Amblydromalus limonicus (Garman and McGregor) (Acari: Phytoseiidae)
(1995), Amblyseius swirskii (2005), Macrocheles robustulus (Berlese) (Acari:
Macrochelidae) (2006), Neoseiulus californicus (1985), Neoseiulus cucumeris
(Oudemans) (Acari: Phytoseiidae) (1985), Phytoseiulus persimilis (1968),
Stratiolaelaps scimitus (Womersley) (Acari: Laelapidae) (1990) and Transeius
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montdorensis (Schicha) (Acari: Phytoseiidae) (2004). These predatory mites are
aimed at reducing populations of phytophagous mites, thrips, whiteflies, dipterans
and psyllids (see Table 14.2). Although applied with much success in different
crops, several of the important predatory mites species, like A. swirskii, N. califor-
nicus and P. persimilis, do not perform well on tomato due to the presence of sticky
hairs. For a background article about several of the predatory mites mentioned
above we refer to McMurtry and Croft (1997).

14.2.1.2 Coleoptera

Ladybird beetles are since long known as efficient predators of many different phy-
tophagous pest insects. Actually, the first “modern” case of very successful biocon-
trol was obtained by introducing the exotic Australian ladybeetle Rodolia cardinalis
(Mulsant) (Coleoptera: Coccinellidae) in the 1880s into the United States of
America for control of the invasive cottony cushion scale, Icerya purchasi
Maskell (Hemiptera: Monophlebidae). Since its first release, the Rodolia beetle has
controlled the Icerya scale pest on citrus worldwide for more than 100 years in more
than 50 countries without causing any negative side effect (Cock et al. 2010). Also
in greenhouses, several species of ladybird beetles (Coleoptera: Coccinellidae) are
used with success, like Adalia bipunctata L. (since 1998), Cryptolaemus montrouz-
ieri Mulsant (1980), Delphastus catalinae (LeConte) (1985) and Rhyzobius lophan-
tae Blaisdell (1980), for control of aphids, mealybugs, scales and whiteflies
(Table 14.2). Though not very recent articles, Hagen (1962) and Obrycki and King
(1998) are still excellent introductions to the biology of ladybird beetles.

14.2.1.3 Diptera

The gall midge Aphidoletes aphidimyza (Rondani) (Diptera: Cecidomyiidae) has
been used in greenhouses for control of aphids since 1989. Gall midge larvae prey
on many aphid species. Feltiella acarisuga gall midge larvae, applied in green-
houses since 1990, are specific spider mite predators and used for reducing high
density mite concentrations. The syrphid fly Episyrphus balteatus (De Geer)
(Diptera: Sirphydae) has been used in greenhouses since the late 1990s for the con-
trol of different species of aphids. Recently, Sphaerophoria rueppellii (Wiedemann)
(Diptera: Sirphydae) has replaced the use of E. balteatus in some crops (i.e. sweet
pepper), because it is adapted to a wider range of temperatures. General information
about gall midges can be found in Dorchin (2008).

14.2.1.4 Hemiptera

Hemipteran predators have recently become very popular and important biocontrol
agents, although Orius insidiosus (Say) (Hemiptera: Anthocoridae) is already used
since the 1980s, and Macrolophus pygmaeus Rambur) (Hemiptera: Miridae) and
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O. laevigatus (Fieber) (Hemiptera: Anthocoridae) are used since the 1990s in green-
houses. These polyphagous predators are applied mainly against thrips, whiteflies,
mites, and lepidopterans, but will prey on many other pest species. Currently,
Nesidiocoris tenuis (Reuter) (Hemiptera: Miridae) is often used for control of
whiteflies and lepidopterans in the Mediterranean area. There is one potential draw-
back associated with the use of hemipterans, and that is the zoophytophagous
behaviour of several species (see Sect. 14.5 of this chapter). An important positive
characteristic of the mirid species M. pygmaeus and N. tenuis is that they function
very well on tomato and have no problem with its sticky hairs (Wheeler and Krimmel
2015). Orius strigicollis (Poppius) (Hemiptera: Anthocoridae) is a recent addition
to the list of hemipteran predators and is used for control of thrips. Wheeler (2001)
provides background information about hemipteran predators.

14.2.1.5 Hymenoptera

Parasitoid wasps have always been popular biocontrol agents, because of their host
specificity. Contrary to many predators, these parasitoids usually attack only a few
species and are, therefore, considered safer since they will not parasitize non-target
species. Many species of parasitoids are used for pest control in greenhouses. The
first commercially available natural enemy for greenhouse use was the whitefly
parasitoid Encarsia formosa, which is applied since 1926. The species Eretmocerus
eremicus Rose and Zolnerowich (Hymenoptera: Aphelinidae) (since 1995) is also
used for whitefly control, in particular to reduce Bemisia tabaci (Gennadius)
(Hemiptera: Aleyrodidae) populations. A suite of parasitoids is used for control of
aphids, among which the species Aphelinus adbominalis (Dalman) (Hymenoptera:
Aphelinidae) (since 1992), and three Aphidius (Hymenoptera: Braconidae) species
A. colemani Vierek (1991), A. ervi Haliday (1996), A. matricariae (1980). Often,
parasitoids alone are not enough to reduce aphid populations, which is, in part,
caused by hyperparasitoids invading the greenhouse and attacking the primary para-
sitoids listed above. Most important dipteran leafminer species occurring in green-
houses can be successfully controlled with the parasitoids Dacnusa sibirica (since
1981; effective against Liriomyza bryoniae (Kaltenbach) and L. huidobrensis
(Blanchard) (Diptera: Agromyzidae)), and Diglyphus isaea (1984, effective against
the previously mentioned two species and L. trifolli (Burgess) and L. sati-
vae Blanchard). The parasitoids Anagyrus pseudococci (Girault) (Hymenoptera:
Encyrtidae) (since 1995) and Aphytis melinus DeBach (Hymenoptera:
Aphelinidae) (1980) are applied against mealybugs and scales, respectively. The
heteropteran bug Lygus hesperus Knight (Hemiptera: Miridae) can be controlled
with the parasitoid Anaphes iole Girault (Hymenoptera: Mymiridae) (since 1990)
and Trissolcus basalis (Wollaston) (Hymenoptera: Scelionidae) can partially reduce
populations of Nezara viridula L. (Hemiptera: Pentatomidae) (1995). Trichogramma
spp. parasitize eggs and are used since the 1990s for control of various lepidopter-
ans in greenhouses. Godfray’s (1994) book entitled “Parasitoids” gives an overview
of the biology of parasitoids.
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14.2.1.6 Nematoda

Nematodes that parasitize insects are known from the genera Heterorhabditis and
Steinernema, and have been used for control of beetles, lepidopterans, sciarid and
shore flies and leaf-mining flies since the 1980s. Killing of the host insect occurs
through bacteria that are released into the insect after nematode infection. In green-
houses mainly Heterorhabditis bacteriophora Poinar (Nematoda: Heterorhabditidae)
(since 1984) is used for control of various beetle species, and Steinernema carpo-
capsae (Weiser) (Rhabditida: Steinernematidae) (since 1984) and Steinernema fel-
tiae (Filipjev) (Rhabditida: Steinernematidae) (1984) are applied for control of
sciarid and shore flies. A good introduction into the biology and use of entomo-
pathogenic nematodes is provided by Poinar and Grewal (2012).

14.2.1.7 Neuroptera

Many species of Neuroptera, and particularly those of the genus Chrysoperla, are
commercially available for biocontrol for control of aphids and whitefly. In green-
houses the species Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae) is
often used for control of aphids since the 1980s. Information on predatory
Neuroptera is presented by McEwen et al. (2001).

14.2.1.8 Microorganisms

Microbial control of pests with viruses, bacteria and fungi is a strongly growing
market. In greenhouses mainly three species of microbial control agents are often
used, while in the field many more species are applied. Information about the biol-
ogy and commercialization of microbial control agents can be found in
Ravensberg (2011).

Bacteria

The bacterium Bacillus thuringiensis is used since the mid 1980s for control of
young lepidopteran caterpillars. The strain B.t. var. israelensis is used on a small
scale for control of sciarids.

Fungi

The fungus Beauveria bassiana (Bals.-Criv.) Vuill. (Hypocreales: Clavicipitaceae) is
one of the oldest known entomopathogenic organisms, is applied in greenhouses
since the 1990s, and can be used for reduction of populations of a wide array of
pests (see Table 14.2). Lecanicillium muscarium Zare & Gams (Hypocreales:
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Cordycipitaceae), applied since 1980s in greenhouses, is mainly used for control of
whitefly, but also Kkills thrips. Isaria (Paecilomyces) fumosorosea (Wize)
Hypocreales: Clavicipitaceae) is solely used for control of whitefly and available
since 1999; a second strain reached the market in 2014. Metarhizium anisopliae
Sorokin (Hypocreales: Clavicipitaceae) is used for control of black vine weevil and
thrips since 2010.

Baculoviruses

Three species of baculoviruses have been approved for control of noctuid caterpil-
lars (Lepidoptera: Noctuidae) in protected crops: the Spodoptera exigua nucleo-
polyhydrosis virus against the beet army worm (S. exigua (Hiibner)), the Helicoverpa
armigera nucleopolyhedrovirus against the cotton boll worm (H. armig-
era (Hiibner)), and the Spodoptera littoralis nucleopolyhedrovirus against the cot-
ton leaf worm (S. littoralis (Boisduval)).

14.3 Searching for and Evaluation of Biological Control
Agents

In this chapter we will not describe the process of collection and evaluation of bio-
control agents in detail. Information concerning these factors for invertebrate bio-
control agents can be found in Cock et al. (2010) and for microbial biocontrol agents
in Ravensberg (2011). When searching for natural enemies, it is not unusual to find
dozens or more species of predators, parasitoids, parasites and pathogens attacking
a certain pest, but criteria such as population growth rate, host range, and adaptation
to crop and climate can often be used to quickly eliminate clearly inefficient species
(van Lenteren 2010, 2019). Next, the most promising species can be compared by
using characteristics such as efficacy of pest control under crop production condi-
tions, potential environmental risks and economy of mass rearing. For the screening
of microbial control agents, large collections of hundreds or thousands of isolates
may be established for high throughput screening assays to assess important traits
such as cold tolerance, metabolite production and efficacy against the target pest.
The whole process from searching for potential biocontrol agents up to commercial
use may take up to 10 years for invertebrate natural enemies and even longer for
microbial control agents, which is particularly due to long registration procedures.
Ways to simplify registration of microbials are currently considered in the EU. Due
to the recent implementation of the Nagoya Protocol with respect to Access and
Benefit Sharing issues, prospecting for exotic biocontrol species has practically
come to a stands still and seriously limits finding biocontrol solutions for new inva-
sive pests (see Sect. 14.1 of this chapter). On the other hand, it stimulated searching
for native natural enemies which, in some cases, appeared to be able to sufficiently
reduce invasive pests.
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14.4 Mass Production, Storage, Release, and Quality Control
of Biological Control Agents

About 500 companies commercially produce invertebrate biocontrol agents
worldwide, although most of these employ a handful of personnel. Less than ten
producers employ more than 50 staff. In addition to commercial producers, there
are hundreds of government-owned production units, particularly in China, India
and Latin America. Also, and especially in Latin America, some large-scale
growers are involved in producing their own natural enemies. Together, these
companies and grower or government-owned production facilities produce at
least 350 species of invertebrate natural enemies and 209 strains from 94 differ-
ent species of microbial control agents (van Lenteren et al. 2018a). Microbial
biocontrol agents are produced by approximately 200 manufacturers, which is an
underestimate as no data are available for China or India (Dunham 2015).
Companies, the majority of which are small to medium sized, are often special-
ised in one or two types of microorganisms and production methods. Large mul-
tinational agro-chemical companies are now getting involved in the production
and marketing of microbial control agents, mainly through the acquisition of the
small to medium-sized companies.

Since the 1970s, ABC has moved from a cottage industry to professional
research and production facilities. Since then, many efficient agents have been
identified, quality control protocols, mass-production, shipment and release meth-
ods matured, and adequate guidance for farmers has been developed (van Lenteren
2003, 2012; Cock et al. 2010; Ravensberg 2011). Mass production of natural ene-
mies is described in detail in various chapters in van Lenteren (2003), including
obstacles encountered in setting up and running large scale rearing programmes,
mass-production schemes, storage procedures, methods for collection, shipment
and release of natural enemies, and quality control techniques and protocols. All
the elements related to mass production just mentioned have undergone a very
fast development since the 1970s. Not only are many more species and much
higher numbers produced per week, also mass-rearing methods have been devel-
oped that are no longer based on rearing on the target pest and target crop, but on
other hosts or prey species and inert substrates (see e.g. Bolckmans et al. 2005).
These improvements have led to a decrease in price of several important biocon-
trol agents. Shipment in climate controlled containers, development of slow
release sachets for natural enemies and mechanized delivery methods (see e.g.
Lanzoni et al. 2017) have all resulted in improved biocontrol results in green-
houses. Still, there is great demand for cheaper ways of mass production, strongly
improved methods for natural enemy storage during longer periods and with bet-
ter survival, and for simpler and more reliable quality control protocols. For mass-
production, storage, application methods and quality control of microbial control
agents, we refer to Ravensberg (2011).



14 Biological Control Agents for Control of Pests in Greenhouses 425

14.5 Recent Popularity of Polyphagous Predators:
Pros and Cons

Historically, the development of biocontrol in greenhouses has been characterized
by using specialized natural enemies, mainly parasitoids (see introduction of this
paper). However, during the development of biocontrol programmes in southern
Europe the spontaneous presence of generalist predators was often observed, mainly
of mirids in tomato greenhouses (Fauvel et al. 1987; Albajes et al. 1980; Arn6 et al.
2018). Initially, they were considered with scepticism, because of being generalists
they might cause unwanted side effects by preying on other beneficial insects.
Nevertheless, experience has shown during the past decades that generalists can be
effective biocontrol agents under many circumstances (DeClerq 2002; Symondson
et al. 2002). Their polyphagy is in a number of situations even advantageous as it
allows them to survive when the target pest is reduced to low densities, which is to
supposed to happen in successful biocontrol programmes (Albajes and Alomar
1999). Nowadays, generalist predators are recognized to be valuable biocontrol
agents and several of them have been incorporated successfully into the portfolio of
biocontrol agents (see Table 14.1 and Sect. 14.2 of this chapter and see other chap-
ters in this book). Several of the generalist predators used in greenhouse biocontrol
are also omnivores (or zoophytophages). They not only feed on animal prey, but
complement or supplement their nutritional needs profiting from plant resources
(pollen, nectar, seeds or plant juices). Further to this, plant tissues (phloem and
xylem) may provide a source of water as well as nutrients. Overall phytophagy in
predators results in improved life-history traits such as survival, development time,
fecundity and longevity (Coll and Guershon 2002; Wickers et al. 2005; Albajes and
Alomar 2008). A well-known example of a positive effect of phytophagy is the
requirement of pollen for the establishment of Orius predators.

Omnivory may actually make these predators preferred candidates for effective
pest control, because plant feeding allows them to survive and bridge periods of low
pest presence. As a consequence, they may establish on crops early in the growing
season when prey is scarce or absent. This enables them to respond quickly to new
pest infestations. Additionally, it may contribute to sustain predator populations
while target pests are under control and occur at very low densities. At present, the
positive effects of the ability to feed on plants is well acknowledged, and non-crop
plants may be added to the crop to improve the presence and establishment of
predators. Not only do these non-crop plants offer shelter or alternative food, but
they also provide breeding sites for development of predator populations (Messelink
et al. 2014; Perdikis et al. 2011; Lambion et al. 2016). In practice however, few
growers use such plants.

Probably the most successful example of using polyphagous predators in green-
houses is the combined use of the predatory mite A. swirskii together with the
anthocorid O. laevigatus in protected sweet peppers (see chapter 18). If properly
managed, release and conservation of both natural enemies can successfully reduce
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populations of the key pepper pests; sweet potato whitefly, B. tabaci, greenhouse
whitefly, T. vaporariorum and western flower thrips, Frankliniella occidentalis
(Pergande) (Thysanoptera: Thripidae) (Sanchez and Lacasa 2002; Calvo et al.
2012a; van Lenteren 2012; van Lenteren et al. 2018a). Moreover, the polyphagous
behaviour of A. swirskii and O. laevigatus contributes to the management of second-
ary pests, such as spider mites and Lepidoptera (Park et al. 2010; van Maanen et al.
2010). The use of these two predators in sweet pepper in Murcia and Almeria
(Southeast Spain) is a paradigmatic example: the area under biocontrol increased
from a mere 200 ha in the 2005-2006 season to about 7,500 ha in 2008-2009, and
in the 2015-2016 season the area exceeded 10,000 ha (almost 100% of the sweet
pepper aea) (Calvo et al. 2015; van der Blom 2017).

Amblyseius swirskii is native to the Mediterranean-Middle East area and is com-
mercially available as a biocontrol agent of whitefly and thrips in different crops
since 2005 (Nomikou et al. 2001, 2002; Messelink et al. 2008; Calvo et al. 2011,
2015). In Spain alone, during the 2012-2013 season, the total greenhouse area sun-
der biocontrol using A. swirskii reached 18,000 ha (Calvo et al. 2015). The ability
of A. swirskii to establish even before the appearance of the pest, owing to its capa-
bility of feeding on alternative food sources such as pollen, nectar, small insects and
mites as T. urticae and Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae)
and other non-prey food, including eggs of the Mediterranean flour moth Ephestia
kuehniella Zeller (Lepidoptera: Pyralidae), decapsulated dry cysts of the brine
shrimp Artemia franciscana Kellogg (Anostraca: Artemiidae), enhanced its effi-
ciency as biocontrol agent.

Orius laevigatus is a key predator of thrips, but also preys on B. tabaci (Chambers
et al. 1993; Hamdan and Abu-Awad 2008). In addition, O. laevigatus can consume
other arthropod pests such as aphids and mites (Alvarado et al. 1997; Venzon et al.
2002). The generalist anthocorid predator O. laevigatus, is a western Palaearctic
species, widespread along Mediterranean and Atlantic coasts (Tommasini 2004).
Many characteristics contribute to its success, including the absence of diapause,
high fecundity, a long life span and polyphagy (Tommasini and Nicoli 1996;
Tommasini et al. 2004). Like many other anthocorids, the predator O. laevigatus is
also able to exploit plant resources, including pollen and plant juices, and use the
plant as egg-laying substrate (Cocuzza et al. 1997; Lattin 1999). Adults may feed on
mesophyll and xylem, and Lundgren et al. (2008) reported that neonate O. insidio-
sus were able to feed on the nutritious phloem, allowing them to survive on plant
materials for several days. Feeding from plants by anthocorids helps predator estab-
lishment and survival when protein-rich animal food lacks. Until today plant-feeding
by Orius has not resulted in complaints by growers such as in the case of N. fenuis,
but it is an interested phenomenon deserving further study. Recently Bouagga et al.
(2018a) investigated the importance of O. laevigatus feeding on sweet pepper com-
pared to other behaviour: it spends almost 40% of its time on feeding, mainly on
apical meristems and apical fresh leaves, which are also favourite residence loca-
tions. This information indicates that plant feeding is common and ecologically
relevant for omnivorous Orius bugs.
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Biocontrol by predatory mirids in greenhouses is another example of successful
use of omnivorous, plant-feeding species. One of these mirid species, Macrolophus
pygmaeus, spontaneously colonizes tomato crops where IPM is used, and contrib-
utes to the control of several important pests, including whiteflies, aphids, thrips,
mites, leafminers and moths. This mirid species now has been used in commercial
greenhouse tomato production in Europe for almost 30 years. When spontaneous
presence is not sufficient, releases are made, primarily to control whiteflies and the
exotic tomato leaf miner Tuta absoluta. Yet, under specific circumstances, plant-
feeding by predatory mirids may cause injury to the crop, which does not necessar-
ily have to result in yield loss when injury is limited. Injury is predator species and
crop specific, and may vary dependent on crop species and variety, growth stage and
affected plant part (Castafie et al. 2011). In many cases the injury zoophytophagous
mirids may cause to the crop phytophagy was compensated by their beneficial value
as pest control agent (Gabarra et al. 1988). In fact, M. pygmaeus has been said to
cause some yellowish discoloration and deformed tomato fruits, especially at
extremely high population levels resulting from too high initial release rates and
application of adding supplementary food too frequently (Moerkens et al. 2016), but
this has not stopped it from being used on a large scale all over Europe. Albajes
et al. (2006) provide guidance as to how to assess risk of damage.

Another group of successfully used zoophytophagous mirids are Dicyphus
(Hemiptera: Miridae) species, and also here the fact that they may feed on plants
does not prohibit their application. Dicyphus tamaninii Wagner is spontaneously
present in field and greenhouse crops, and injury to tomato fruits only arose when
excessive predator populations were observed after controlling high whitefly densi-
ties (Gabarra et al. 1988). Injury might result in economic damage due to yield
reduction, requiring measures to control high densities of the predator. Development
of decision thresholds related to predator—prey ratios avoided the appearance of
injury in commercial fields after pests were controlled (Alomar and Albajes 1996).
The above reported results highlight the success of proper strategies to manage
natural populations of mirids for successful biocontrol. Dicyphus errans (Wolff),
another zoophytophagous mirid, occurs naturally and is the most abundant dicy-
phine in tomato crops in Northwestern Italy. It is considered a major contributor to
the control of Tuta absoluta. A strategy to manage D. errans populations in green-
houses now aims to identify specific companion plants that either boost predator
populations but not the pest T. absoluta, or to control 7. absoluta on the companion
plants during the off-season period (Ingegno et al. 2017). Both Dicyphus species
have not yet been commercialized, but are under evaluation for use in several crops
(Messelink et al. 2015). Two other European species, D. geniculatus (Fieber) (Beitia
etal. 2016) and D. maroccanus (Wagner) (Abbas et al. 2014) are currently tested for
their pest control capacity. Dicyphus hesperus Knight was identified as an effective
natural enemy of whitefly and spider mites in Canadian greenhouses (Gillespie
et al. 2007), and was later used to control several other pests in tomato. It does not
damage fruits unless its numbers are high and prey density is low. Recently Calvo
et al. (2016) have been looking at the potential of D. hesperus to control new inva-
sive pests, such as the potato psyllid Bactericera cockerelli (Sulc) (Hemiptera:
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Triozidae). Other recent activities concern the evaluation and use of three Neotropical
mirids (Hemiptera: Miridae), Campyloneuropsis infumatus Carvalho, Engytatus
varians Distant and Macrolophus basicornis Stal, for control of various lepidopteran
pests and whiteflies in greenhouse tomatoes in Brazil (Bueno et al. 2013) and, inter-
estingly, during laboratory and greenhouse tests these three mirids seem to cause
much less plant and fruit injury than the two commercially used European mirids
(Silva et al. 2017; van Lenteren et al. 2018b).

Another important zoophytophagous mirid used for biocontrol in greenhouses is
Nesidiocoris tenuis. This predator was not native to Europe, but invaded the
Mediterranean area in 1985, spontaneously colonized greenhouses and contributed
to pest control (Pérez-Hedo and Urbaneja 2016). In some Mediterranean regions
N. tenuis has become an important player in the battle against whitefly and Tuta
absoluta, and, in most cases, the benefits of pest reduction outweigh plant damage.
In areas where M. pygmaeus does not establish well, N. fenuis has been mass reared,
commercialized, and released with success, and several commercial biocontrol
companies offer N. tenuis in their portfolio. Indeed, tomato production in Southeast
Spain is currently managed using N. fenuis as the main pest control method, and
T. absoluta is a major problem on tomatoes when N. fenuis is not released. In other
parts of Europe this bug is considered a problem, especially after pest control has
been achieved with M. pygmaeus. Its plant-feeding results in necrotic rings on the
stem, shoots, leaf petioles and flower stalks, that may cause abortion of flowers and
young fruit and reduced growth of the plant. Serious injury is observed with large
N. tenuis populations in the crop, when few or no prey is available, and specially on
sensitive crops and varieties, like cherry tomatoes and small-truss tomato types. In
France, entomopathogenic nematodes are advised for control of N. fenuis resulting
in significant reduction of mirid populations and plant damage (https://www.kop-
pert.fr/conseils-de-culture/gamme-nematodes-gel-koppert-de-nouvelles-cibles-
dans-le-viseur-des-biosolutions/). Nesidiocoris tenuis mainly preys on the eggs of
T. absoluta, which means that preventive releases have to be made to ensure
T. absoluta control as soon as the pest appears (Calvo et al. 2012b). Due to slow
establishment when weather conditions are not favourable during winter, N. fenuis
is also released in seedling nurseries before the transplant. This shortens the estab-
lishment period, and improves the distribution of the predator in the crop. Such
pre-transplant releases may influence biocontrol even in other ways than direct pre-
dation on the pest. Puncturing of plants by these zoophytophagous bugs can induce
defence related responses that reduce the performance of other herbivores and may
also attract other natural enemies (see next section of this chapter). And this, again,
shows that generalist, omnivorous predators should not be classified simply as bad
or good. Careful study of positive and negative impacts, and next, a well-balanced
evaluation of effects may result in proper use of mirid predators and enhance sus-
tainability in pest control (Pappas et al. 2016; Bouagga et al. 2018b).

The success of zoophytophagous mirids in biocontrol programmes in European
greenhouses resulted in increasing interest in the search for these mirids as candi-
dates for biocontrol of pests outside Europe (van Lenteren et al. 2016; Silva et al.
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Fig. 14.3 Number of papers indexed in the Web of Science that include the search terms
‘Macrolophus’, ‘Dicyphus’ or ‘Nesidiocoris’

2017; Pineda et al. 2016). Overall, the number of research papers that appear in the
Web of Science mentioning either ‘Macrolophus’, ‘Dicyphus’ or ‘Nesidiocoris’ has
steadily increased since early work with mirids on tomato published in France and
Spain (Fauvel et al. 1987; Gabarra et al. 1988) (Fig. 14.3).

Most papers are related to the assessment of new species, testing them in crops,
and to basic research on plant-feeding habits etc., but not so much on how to con-
trol them when considered ‘pests’. This highlights to what extent their manage-
ment is considered beneficial within IPM programmes. Still, when an omnivorous
predator species may pose a risk of injury to the target crop, any measure promot-
ing their establishment, augmentation or persistence should be carefully tested in
order to avoid excessive predator populations at critical times during the cropping
period. Unrestricted augmentation strategies may facilitate migration between
successive or neighbouring crops (Castafie et al. 2004), thereby enhancing the risk
that recently transplanted crops may receive too high populations. Conversely,
screens used to avoid pest entrance may also concentrate too high predator popu-
lations in the greenhouse. In addition, too frequent use of supplemental foods may
result in fast population growth and damage (Moerkens et al. 2016). Further,
banker or companion plants should be selected or managed in such a way that they
are useful for the target predator (e.g. M. pygmaeus), but less so for less desirable
species (e.g. N. tenuis).

In order to optimize pest control while minimizing plant damage, more research
is needed on the mechanisms behind the effects of feeding behaviour of these
zoophytophagous species. Of particular interest is the effect of plant feeding on
plant quality for herbivores (induced resistance), and on attraction and repellence of
herbivores and predators/parasitoids (Durdn-Prieto et al. 2017).
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14.6 Use of Semiochemicals in Greenhouse IPM

Although application of semiochemicals is not strictly considered a form of biocon-
trol (the use of a population of one organism to reduce the population of another
organism), these chemicals might play an important role in increasing the efficacy
of natural enemies. Communication among arthropods and between arthropods and
their surrounding ecosystem is for a large part based on chemical information.
Knowledge about chemical communication in insects has increased enormously
during the past 70 years and some of the findings are used in greenhouse
IPM. Chemical compounds playing a role in communication between organisms are
generally addressed as semiochemicals (Vet and Dicke 1992).

One group of semiochemicals has been used in agriculture since the 1970s:
insect pheromones (Baker 2009). A pheromone is a chemical compound that evokes
a responses in an organism of the same species and they often play a role in com-
munication between the sexes. The composition of many of these sex pheromones
has been analysed and can be synthetically produced. Pheromones are applied in
agriculture to discover whether pests are present (monitoring technique), to attract
and trap pest insects (mass-trapping technique), or to confuse communication by
releasing pheromones in such concentrations that sex partners can no longer find
each other (mating disruption technique). In greenhouses, mainly the monitoring
technique is used, for example to detect the presence of several lepidopteran pests
(e.g. Tuta absoluta, and several noctuids (Lepidoptera: Noctuidae) as Chrysodeixis
chalcites (Esper), Lacanobia oleracea (L), Ostrinia nubilalis (Hiibner), and
Spodoptera exigua (www.biobest.be, www.koppert.com). The mass-trapping tech-
nique is used for control of 7. absoluta (www.koppert.com). Interestingly, natural
enemies of pests can spy on the sexual communication used by pest insects. They
use the sex pheromone to detect if and where pest insects are present (e.g. Fatouros
et al. 2008), but this knowledge is not yet commercially applied. In this case, the
pheromone is used by the parasitoid as a kairomone, because not the emitting organ-
ism (the pest producing the pheromone) is benefitting, but an organism of another
species, the parasitoid.

Natural enemies use chemical compounds of other natural enemies, pests, plants
and other players in (agro-) ecosystems in many different ways to obtain informa-
tion on the presence of refugia, food or hosts for reproduction. In this paragraph we
concentrate on the effects of chemical information produced by plants, particularly
after they have been attacked by pests. Plants have evolved with different types of
defense mechanisms to minimize attack by phytophagous pests. These defenses
can, among other phenomena, cause the production of secondary metabolites and
proteins that have toxic, repellent and/or anti-nutritive effects on herbivores (direct
defenses) (Kant et al. 2015), and these chemical compounds are then addressed as
allomones, because they benefit the emitter of the volatile — the plant — but not the
receiver, the herbivore. Furthermore, production and release of plant volatiles
(Herbivore Induced Plant Volatiles; HIPVs) is triggered by attack of plant-eating
arthropods, and this can modify the behaviour of both phytophagous pests and their
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natural enemies (indirect defenses) (Dicke 2016). These plant volatiles, such as the
green leaf volatiles (GLVs) and others as terpenoids, play an important role in sig-
naling information for natural enemies to be attracted to the damaged plant (Peterson
et al. 2016), and in this case we speak about synomones, because the volatiles pro-
duced by the plant are benefitting both the emitter, the plant, and an organism of a
different species, the natural enemy. Therefore, HIPVs, if properly managed, could
offer an excellent tool to increase the presence of natural enemies in crops. There
are two possible ways in which the use of HIPV’s could attract and promote natural
enemies within a greenhouse crop: (i) intercropping plant species that emit endog-
enously HIPV’s and (ii) applying exogenously HIPV’s on the crop. Conservation
biocontrol strategies based on endogenously and exogenously HIPV’s have been
tested mainly in outdoor crops with promising results (James 2005; Mallinger et al.
2011). However, few studies concern greenhouse crops, while we expect this
approach could be even more exploited than in outdoor crops. Recently, several
studies indicated that HIPV’s might already be playing an important role in the pest
management of several horticultural crops where zoophytophagous predators are
actively used. Pérez-Hedo et al. (2015) demonstrated that phytophagy by the mirid
predators N. tenuis and M. pygmaeus activated the metabolic pathway of jasmonic
acid (JA) in tomato, which made them more attractive to the whitefly parasitoid
Encarsia formosa. The HIPVs involved in the defensive responses of tomato
induced by M. pygmaeus and N. tenuis and responsible for parasitoid attraction have
been identified: six green leaf volatiles (GLVs) and methyl salicylate (Pérez-Hedo
et al. 2018). In general, plants exposed to N. fenuis emitted more volatiles than
plants exposed to M. pygmaeus. In sweet pepper, phytophagy by the anthocorid
predator O. laevigatus also triggers defensive responses and also here E. formosa
attraction is induced; O. laevigatus attack results in the release of a mixture of vola-
tiles (5 terpenes, 2 GLV’s, methyl salicylate and one to be identified) and the activa-
tion of the JA and salicilic acid (SA) metabolic pathways (Bouagga et al. 2018a).
Also phytophagy by N. tenuis and M. pygmaeus in sweet pepper caused attraction
of E. formosa and resulted in production of volatiles similar to those produced by
O. laevigatus (Bouagga et al. 2018b). Altogether these results show how the plant’s
response to zoophytophagous predators increases emission of HIPV’s which can
modulate the behaviour of other arthropods, both pests and natural enemies. Indeed,
these induced defenses could partially explain the great success achieved by IPM
programmes based on the release, establishment and conservation of zoophytopha-
gous predators in crops as sweet peppers and tomatoes (Fig. 14.4). Some authors
recommend the use of zoophytophagous predators as vaccines, so that releases of
these predators on seedlings can activate the the defense mechanism of the plants at
the moment of transplantation to the greenhouse (Pappas et al. 2015; Bouagga
et al. 2018b). Furthermore, because some HIPV’s might be elicitors of the induction
of indirect defenses in horticultural crops, recent results have demonstrated that
activation of JA pathway in intact tomato plants is possible by simply exposing
them to a HIPV of synthetic origin (Pérez-Hedo et al. personal communication).
Therefore, imitating the defenses induced by zoophytophagous predators with elici-
tors of synthetic origin may be an effective natural alternative to induce defenses in
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Fig. 14.4 A conceptual model of how HIPV’s triggered by the zoophytophagous predator
Nesidiocoris tenuis can attract or repel arthropods. In the model, an uninfested tomato plant is
activated by N. tenuis feeding. Activated plants produce HIV’s resulting in (i) a repellent effect on
the whitefly Bemisia tabaci and the lepidopteran Tuta absoluta, and (ii) in attraction of the whitefly
parasitoid Encarsia formosa. (Adapted from Pérez-Hedo et al. 2015)

greenhouse crops. Finally, the rapid advance of gene editing technology allows us
to speculate that in a future not too far away the production of plants with an
increased ability to attract natural enemies after pest attack will be possible (Gurr
and You 2016).
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14.7 Future Developments of Biological Control
of Greenhouse Pests

We are very positive about the future of biocontrol in greenhouses. Growth percent-
ages for sales of biocontrol agents have during the past 10 years been considerably
higher than for conventional synthetic pesticides (Dunham 2015) and this is for a
large part due to the inherent positive characteristics of biocontrol agents. These
agents are basically harmless to the health of farm workers and persons living in
farming communities. Also, they do not have a harvesting interval or re-entry period
as do pesticides. Further, they are more sustainable, as there has been no develop-
ment of resistance against arthropod ABC agents. In addition, the large majority of
biocontrol agents do not cause phytotoxic damage to plants and, as a result, most
farmers report better yields and healthier crops after switching to biocontrol-based
IPM. Consumers continue to express concerns about food safety and environmental
impact issues in relation to synthetic pesticide use. Food retailers and supermarkets
often have stricter demands about pesticide use and MRL levels than governments
do. The current EU approach to stimulate development and adoption of IPM pro-
grammes, in which biocontrol is a cornerstone, has increased interest in and appli-
cation of ABC (Lamichhane et al. 2017). The decision by the EC (2009) that a large
number of pesticides will be legally discontinued will also lead to increased requests
for ABC solutions. The development of new and better biocontrol solutions during
the past decades, improved and more stable formulations for microbial biocontrol
agents and their use as seed treatments, and more convenient application methods
for invertebrate biocontrol agents have resulted in increased respect for biocontrol
as a reliable alternative for synthetic pesticides. More important, biocontrol pro-
vides a solution for quite a number of pests in greenhouses that can no longer be
controlled with synthetic pesticides due to lack of efficacy and development of
resistance. Moreover, biocontrol agents are usually the only option for real IPM
programmes and in many cases displaced failing chemical pest control.

There are, however, also developments that may hamper or delay implementa-
tion of biocontrol in IPM. We have already mentioned the increased regulatory
requirements and the strongly negative effects of the implementation of the Nagoya
protocol concerning Access and Benefit Sharing issues. We are, of course, in favour
of the fair and equitable sharing of benefits arising from the utilization of genetic
resources, but implementation of the protocol without availability of clear guide-
lines has resulted in a bureaucratic nightmare for researchers. International harmo-
nization of regulations concerning environmental risk analyses and registration
would result in faster implementation and lower costs of biocontrol agents. The
following might be a surprising statement for many, but also researchers may frus-
trate implementation of biocontrol by publishing “immature or speculative” papers
stating that their findings show as a result of laboratory research under highly stan-
dardized conditions that certain natural enemies are very promising candidates for
biocontrol. We agree with Brownbridge (2017) that: “True measures of performance
(- of a natural enemy, authors -) need to be done with this framework (- the produc-
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tion environment, authors -) in mind and the contribution and fit of the biocontrol
agent considered within a defined production system. ... Yet bridging the gap
between discovery to implementation and integration is critical to the broader
uptake of biologically-based IPM. .... Studies should be designed to duplicate com-
mercial environments and data interpreted using appropriate statistical analyses”
(end of quote).

On the positive side, there are also research developments aiming to result in
improved practical biocontrol, such as the BINGO project, whose main objective is
to deliver improved biocontrol agents genetically selected for optimal trait values
(https://subsites.wur.nl/en/bingo.htm). This would allow to improve the efficacy of
these natural enemies obtained through selective breeding in a broad range of agri-
cultural systems and environmental conditions (Lommen et al. 2018).

Finally, those working in practical biocontrol of arthropod pests are hoping for
several contributions from those working in pure and applied science. First, improve-
ment of methods for finding and quick evaluation of natural enemies is of high pri-
ority (Ravensberg 2011; van Lenteren et al. 2019). Currently, still a lot of time is
spent on studying potential candidates that appear to be inefficient after having
spent a considerable amount of time and money. Fast, but meaningful evaluation
methods would be very helpful in speeding up the trajectory from discovery to mar-
keting (van Lenteren et al. 2019). Secondly, perfection of quality control protocols
is needed (van Lenteren 2003). Some of the presently used quality criteria are not
really telling a lot, others that do so are often time consuming. A simple to deter-
mine, but reliable characteristic would be appreciated. Thirdly, progress in storage
methods is of great importance as most arthropod can only be stored for a few days
without loss in performance. Finally, methods and equipment for large scale release
without quality loss of the natural enemies are essential, but this problem might be
solved rather quick as developments in the field of mechanical distribution and
releases with drones are fast.
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