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Abstract

In Japan, augmentative biological control is mainly implemented in greenhouses using arthropod 
natural enemies. Two imported natural enemy species, Phytoseiulus persimilis Athias-Henriot (Acari: 
Phytoseiidae) against spider mites and Encarsia formosa Gahan (Hymenoptera: Aphelinidae) against 
the greenhouse whitefly, Trialeurodes vaporariorum (Westwood) (Hemiptera: Aleyrodidae), were first 
commercialised in greenhouses in 1995, followed by the commercialisation of other exotic species. 
Exotic arthropod natural enemies are used to control both exotic and indigenous pests in 
greenhouses. Currently, the most popular exotic natural enemy species are predatory mites such 
as P. persimilis and Amblyseius swirskii Athias-Henriot (Acari: Phytoseiidae). Recently, there has been 
a shift from using exotic to using indigenous natural enemies in greenhouses. Currently, the 
importation of generalist predators for augmentative biological control is very difficult in Japan. 
Several collaborative studies have been conducted in Japan to develop biological control using 
indigenous natural enemies. These studies developed innovative technologies, such as new banker 
plant systems based on combinations of two natural enemies or flightless Harmonia axyridis (Pallas) 
(Coleoptera: Coccinellidae). Indigenous natural enemies have been commercialised following the 
registration of Orius strigicollis (Poppius) (Hemiptera: Anthocoridae). Biological control can be 
achieved using an indigenous strain of Nesidiocoris tenuis (Reuter) (Hemiptera: Miridae) with a 
banker plant system, on which the bug can reproduce without alternative prey. Research and 
development of biological control using indigenous natural enemies should be continued in Japan.
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Review Methodology: We performed literature searches of the CAB abstract database using combinations of the keywords ‘biological 
control’, ‘greenhouse’ and ‘Japan’ to find previously undiscovered and recent relevant articles for this review. In addition, relevant 
peer-reviewed papers on biological control published in Japanese journals after 1995 in both English and Japanese were thoroughly 
surveyed. Important, relevant references including reviews, book chapters and books are also cited.

Introduction

Biological control refers to actions precipitated by living 
organisms or viruses against target organisms that cause 
harm to humans or their resources [1–3]. Traditionally, 
biological control tactics have been classified as ‘classical’, 
‘augmentative’ or ‘conservation’ biological control. Recently, 
the importance of natural biological control has been stressed, 
in addition to these manipulative biological controls [3].

In augmentative biological control (ABC), biological 
control agents are mass-reared and released against pests 

with the goal of relatively short-term suppression [3]. In 
ABC, inoculative release and inundation are distinguished. 
The former is release that introduces small numbers of a 
natural enemy early in the crop cycle, with the expectation 
that they will reproduce in the crop and their offspring will 
continue to provide pest control for an extended period 
of time [2]. The latter is a mass release that achieves pest 
control exclusively via the released individuals themselves; 
an effect of their offspring cannot be expected [2]. 
Biological control in greenhouses is a typical type of 
ABC [2].

http://www.cabi.org/cabreviews
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In Japan, greenhouse cultivation has expanded rapidly since 
1960s and many exotic pest species were established as 
greenhouse pests after 1970s. Since then,   ABC in greenhouses 
has been attempted; the use of arthropod natural enemies 
has been particularly successful. This review describes the 
use of exotic and indigenous arthropod natural enemies in 
greenhouses in Japan.

Greenhouse cultivation and pests in Japan

In Japan, cultivation in greenhouses has made rapid 
progress since the 1960s, with the total protected area at 
about 45,000 ha in 2018 [4]. The main vegetables cultivated 
in greenhouses, listed in order of their cultivation acreage, 
are tomato, strawberry, spinach, melon, watermelon, 
cucumber, eggplant and sweet pepper. Most greenhouses 
are small and are constructed with metal frames covered 
with soft or hard plastic film. Large glasshouses are 
increasing in number, but they still represent only about 4% 
of the total greenhouse acreage.

In Japan, greenhouse cultivation in is mainly performed 
in small plastic greenhouses, with high temperatures from 
spring to autumn and lower temperatures in winter, and 
high humidity year-round. Pests immigrate from the 
surroundings because of poor isolation from the outside 
environment [5–7]. The greenhouse provides a more 
optimal environment (e.g. temperature) for a longer part 
of the season and arthropods can migrate in during 
suboptimal field conditions, resulting in a need for greater 
insecticide use in greenhouses because of the rapid 
population growth of pests [7]. Chemical control of pests 
is difficult to achieve and always carries a risk of causing 
pesticide resistance. Pesticide application is labour intensive 
for growers and exposes them to pesticides. Exposition to 
pesticides sometimes causes accidental poisoning by 
pesticides [8]. Bumblebees and honeybees are used in 
greenhouses for pollination of tomato, eggplant and 
strawberry, and the application of pesticides must be 
limited during periods when the bees are released for 
pollination. In addition, pest control by chemicals is often 
difficult in crops with long cropping periods. A pest 
management programme based on ABC could overcome 

the challenges presented by conventional insecticidal 
management programmes.

Most greenhouse pests in Japan are small, cosmopolitan 
and sap sucking [9]; they belong to several insect or mite 
taxonomic groups (e.g. aphids, whiteflies, thrips and mites) 
(Table 1). Most whitefly, thrips and leaf miner species are 
exotic; these include Trialeurodes vaporariorum (Westwood) 
(Hemiptera: Aleyrodidae), Bemisia tabaci (Gennadius) 
(Hemiptera: Aleyrodidae) MEAM1 and B. tabaci MED [10], 
Thrips palmi Karny (Thysanoptera: Thripidae), Frankliniella 
occidentalis (Pergande) (Thysanoptera: Thripidae), Liriomyza 
trifolii (Burgess) (Diptera: Agromyzidae) and Liriomyza sativae 
Blanchard (Diptera: Agromyzidae). These species have 
become established as major pests in protected cultivation 
in Japan. By contrast, aphid pests such as Aphis gossypii Glover 
(Hemiptera: Aphididae) and Myzus persicae (Sulzer) 
(Hemiptera: Aphididae) and mite pests such as Tetranychus 
urticae Koch (Acari: Tetranychidae), T. kanzawai Kishida 
(Acari: Tetranychidae) and Polyphagotarsonemus latus (Banks) 
(Acari: Tarsonemidae) are indigenous. Whitefly, thrips and 
aphid species are capable of transmitting viral pathogens. For 
example, the thrips F. occidentalis transmit tomato spotted 
wilt virus (TSWV) and the whitefly B. tabaci transmits 
tomato yellow leaf curl virus (TYLCV), both of which cause 
serious damage in greenhouses in Japan [11, 12] and 
worldwide [13, 14]. The management of some populations of 
the whitefly B. tabaci [12], the thrips T. palmi [15] and the 
spider mite T. urticae [16] have not always been successful 
with pesticides, possibly due to pesticide resistance.

Present status of biological control in 
greenhouses

In Japan, 23 arthropod natural enemy species are available 
for commercial use in greenhouses as of 2021 (Table 2). 
Table 2 shows the shift in use of arthropod biological 
control agents from parasitoids to predators, and the shift 
from exotic to indigenous natural enemies. The most 
popular natural enemies in current use are predatory 
mites such as P. persimilis and Amblyseius swirskii Athias-
Henriot (Acari: Phytoseiidae), as well as the predatory bug 
Orius strigicollis (Poppius) (Hemiptera: Anthocoridae).

Table 1. Major greenhouse pests in Japan.

Crop Pest

Tomato Trialeurodes vaporariorum*, Bemisia tabaci*, Myzus persicae, Aphis gossypii, Liriomyza trifolii*, 
Liriomyza sativae*, Frankliniella intonsa, Spodoptera litura, Helicoverpa armigera, Aculops lycopersici

Eggplant T. vaporariorum*, B. tabaci*, M. persicae, A. gossypii, L. trifolii*, Liryomyza bryoniae, T. palmi*, S. litura, 
Tetranychus urticae, Tetranychus kanzawaii, Polyphagotarsonemus latus

Sweet pepper B. tabaci*, M. persicae, A. gossypii, T. palmi*, F. occidentalis*, S. litura, T. urticae, T. kanzawaii, P. latus
Cucumber B. tabaci*, A. gossypii, L. trifolii*, L. sativae*, T. palmi*, Diaphania indica, P. latus
Watermelon M. persicae, A. gossypii, T. palmi*, T. urticae, T. kanzawaii
Strawberry A. gossypii, F. occidentalis*, S. litura, Anomala cuprea, T. urticae, T. kanzawaii

Asterisks indicate exotic species. Major pests are specified in the Plant Protection Act by Ministry of Agriculture, Forestry and Fisheries 
based on regular pest surveys conducted in each prefecture by the local pest control office [8].
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The popularity of using natural enemies differs among 
crops. The use of the predatory mites P. persimilis and 
Neoseiulus californicus (McGregor) (Acari: Phytoseiidae) to 
control the spider mite T. urticae is common in strawberry 
greenhouses in major strawberry production prefectures 
[17, 18]. The use of A. swirskii has also increased rapidly 
since its commercialisation in 2008. It is released widely to 
control thrips in sweet pepper greenhouses. This predatory 
mite can easily establish on sweet peppers because it can 
survive on sweet pepper pollens [19]. It is also released on 
other crops, such as melons, eggplant and cucumber [20].

Application methods of commercialised natural enemies 
to suppress target pests are indicated in a guidebook in 
Japan [21]. According to this guidebook, exotic arthropod 
natural enemies have been used to suppress both exotic 
and indigenous greenhouse pests. The exotic predatory 
mite P. persimilis is used to suppress the indigenous spider 
mite T. urticae; Aphidius colemani Viereck (Hymenoptera: 
Braconidae) is used to suppress the indigenous aphid pests 
M. persicae and A. gossypii; and the exotic predatory mite  
A. swirskii is used to suppress the exotic whiteflies B. tabaci 
and T. vaporariorum, as well as the thrips T. palmi. However, 
indigenous natural enemies are also used to suppress both 
exotic and indigenous pests. The indigenous predatory bug 
O. strigicollis is used to suppress both the exotic thrips  
T. palmi and the indigenous thrips Frankliniella intonsa 
(Trybom) (Thysanoptera: Thripidae). Thus, whether exotic 
or indigenous enemies are selected in choosing biological 

control agents for ABC in greenhouses does not influence 
their efficiency.

Development of biological control in greenhouses 
using exotic natural enemies

In Japan, if natural enemies are to be sold as commercial 
products, it is necessary to register them as biopesticides. 
For registration, new biopesticides are inspected by the 
Food and Agricultural Materials Inspection Center (FAMIC). 
Then, they are approved by the Ministry of Agriculture, 
Forestry and Fisheries [8]. The imported species P. persimilis 
and Encarsia formosa Gahan (Hymenoptera: Aphelinidae) 
were first commercialised in 1995 in Japan, after 
demonstrating their effectiveness in greenhouses [22–24]. 
Integrated pest management (IPM) systems were developed 
based on the use of these two natural enemies and the use 
of selective pesticides in areas where these natural enemies 
increased after their registration. The use of the imported 
bumblebee Bombus terrestris (L.) (Hymenoptera: Apidae) 
for pollination has increased among tomato growers in 
Japan since 1992 [25]. This was helpful for the production 
of high-quality fruits, but the application of insecticides had 
to be regulated after the bumblebee was introduced into 
greenhouses.

Phytoseiulus persimilis and E. formosa are not sufficient to 
develop a practical IPM system for every greenhouse crop. 

Asterisks indicate exotic species.

Table 2. Commercialised arthropod natural enemies used in Japan in 2021.

Natural enemy
Natural 
enemy type Pest Crop

Year of first  
registration

Phytoseiulus persimilis* Predator Spider mites Vegetables, ornamental crops 1995
Encarsia formosa* Parasitoid Whiteflies Vegetables 1995
Diglyphus isaea (exotic strain)* Parasitoid Leaf miners Vegetables 1997
Dacnusa sibirica* Parasitoid Leaf miners Vegetables 1997
Aphidius colemani* Parasitoid Aphids Vegetables 1998
Aphidoletes aphidimyza (exotic strain)* Predator Aphids Vegetables 1998
Amblyseius cucumeris* Predator Thrips Vegetables 1998
Orius strigicollis Predator Thrips Vegetables 2001
Chrysoperla carnea Predator Aphids Vegetables 2001
Eretmocerus eremicus* Parasitoid Whiteflies Vegetables 2002
Harmonia axyridis Predator Aphids Vegetables 2002
Franklinothripes vespiformis Predator Thrips Vegetables 2003
Neoseiulus californicus (exotic strain)* Predator Spider mites Vegetables, ornamental crops 2003
Neochrysocharis formosa Parasitoid Leaf miners Vegetables 2005
Eretmocerus mundus* Parasitoid Bemisia tabaci Vegetables 2007
Amblyseius swirskii* Predator Whiteflies, Thrips Vegetables, ornamental crops 2008
Aphelinus asychis Parasitoid Aphids Vegetables 2009
Neoseiulus californicus (indigenous strain) Predator Spider mites Vegetables 2013
Harmonia axyridis (flightless strain) Predator Aphids Vegetables 2013
Propylea japonica Predator Aphids Vegetables 2014
Amblyseius limonicus* Predator Whiteflies, Thrips Vegetables 2015
Haplothrips brevitubus Predator Thrips Vegetables 2015
Aphidius gifuensis Parasitoid Aphids Eggplant, sweet pepper, chilli 

pepper
2016

Nesidiocoris tenuis Predator Thrips
Whiteflies

Cucumber
Tomato

2021
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For example, indigenous aphids are difficult pests to 
control. In addition, exotic whitefly, thrips and leaf miner 
species (Table 1) have also become serious problems for 
many crops since 1980. The effectiveness of the imported 
natural enemies Diglyphus isaea (Walker) (Hymenoptera: 
Eulophidae) and Dacnusa sibirica Telenga (Hymenoptera: 
Braconidae) against leaf miners [26,27], A. colemani [28, 29] 
and Aphidoletes aphidimyza (Rondani) (Diptera: 
Cecidomyiidae) [30] against aphids, and Neoseiulus cucumeris 
(Oudemans) (Acari: Phytoseiidae) against whiteflies and 
thrips [31–33] has been demonstrated in greenhouse 
experiments in Japan (Table 2). After the 2000s, some 
efficient exotic natural enemies have been commercialised: 
Eretmocerus eremicus (Rose and Zolnerowich) 
(Hymenoptera: Aphelinidae) [34] and Eretmocerus mundus 
Mercet (Hymenoptera: Aphelinidae) against whiteflies; an 
exotic strain of N. californicus against spider mites [35]; and 
A. swirskii [36–42] and Amblyseius limonicus (Garman and 
McGregor) (Acari: Phytoseiidae) against whiteflies and 
thrips. Generalist predators such as Orius laevigatus (Fieber) 
(Hemiptera: Anthocoridae) and the European strain of 
Nesidiocoris tenuis have not been introduced to Japan. 
Instead, the indigenous species O. strigicollis was 
commercialised, and an indigenous strain of N. tenuis will 
be commercialised soon. The predatory bug Wollastoniella 
rotunda Yasunaga & Miyamoto (Hemiptera: Anthocoridae), 
which was found in Thailand, was imported to control  
T. palmi in Japan and showed promising results in 
greenhouse experiments [43,  44]. However, this species 
was not commercialised due to the difficulty of commercial 
production.

Fundamental studies of indigenous natural 
enemies and their use in greenhouses

There are two advantages to using indigenous natural 
enemies: they are adapted to domestic environmental 
conditions, and they have no additional negative effects on 
domestic ecosystems (e.g. hybridisation with native 
species) [45]. The recent shift from using exotic to 
indigenous natural enemies [46] is due to strict 
environmental risk assessments and the Nagoya Protocol 
on Access to Genetic Resources and Benefit Sharing (ABS), 
which ensures the sovereign rights of resource countries 
and makes the collection and importation of exotic natural 
enemies difficult. In Japan, the development of indigenous 
natural enemies for ABC in greenhouses is now 
recommended.

For commercialisation of an indigenous natural enemy 
to be used in greenhouses, it must first be demonstrated 
to be effective for controlling target pests in commercial 
greenhouses and must be mass produced. Pre-evaluation 
of its capability as a biological control agent is also needed. 
As ecological characteristics, reproduction, predation, 
dispersal, diapause incidence and host range should be 
evaluated. Interactions with indigenous natural enemies or 

simultaneously released natural enemies must be studied 
as needed.

Collaborative works in Japan have examined several 
indigenous species with potential for biological control in 
greenhouses: Orius spp., the coccinellid beetle H. axyridis, 
aphid parasitoids, the mirid bug N. tenuis and the gall midge 
A. aphidimyza.

In domestic Orius species, the incidence of diapause and 
reproductive potential are important factors when 
selecting candidate species as biological control agents. 
Orius strigicollis was chosen because of its weak diapause 
response and the ease of mass production. Orius sauteri 
(Poppius) (Hemiptera: Anthocoridae) and Orius minutus 
(L.) (Hemiptera: Anthocoridae) show strong diapause 
responses to short day length [47]. Although Orius tantillus 
(Motschulsky) (Hemiptera: Anthocoridae) is a non-
diapause species, its prey consumption and egg production 
rates are lower than those of O. sauteri [48]. Subsequently, 
a non-diapause strain of O. strigicollis was selected and 
commercialised after registration [49].

The indigenous coccinellid species H. axyridis (Pallas) 
(Coleoptera: Coccinellidae) is a large and effective predator 
of aphids. A problem when using this species in greenhouses 
is its high dispersal propensity, which makes it difficult to 
establish on greenhouse plants [50]. To facilitate the 
establishment of H. axyridis in greenhouses, a genetically 
flightless strain was developed [51].

Attempts have been made to control aphids using A. 
colemani, but it is often parasitised by hyperparasitoids. It 
can control A. gossypii and M. persicae but cannot control 
other aphids such as Macrosiphum euphorbiae (Thomas) 
(Hemiptera: Aphididae) and Aulacorthum solani (Kaltenbach) 
(Hemiptera: Aphididae) [52,  53]. Ephedrus nacheri Quilis 
(Hymenoptera: Braconidae) is an indigenous parasitoid of 
aphids. Ephedrus nacheri has a broader host range than  
A. colemani [54] and is resistant to parasitisation by major 
hyperparasitoid species. Combined use of A. colemani and 
E. nacheri has been proposed [55].

Nesidiocoris tenuis is a cosmopolitan polyphagous and 
zoophytophagous species that has been commercialised in 
Europe [56]. However, its biology is not well known. 
Fundamental studies of the biology of an indigenous strain 
of N. tenuis have led to its practical use in greenhouses in 
Japan. These studies reported the life history traits of a 
Japanese strain on the pest species B. tabaci and T. palmi 
[57]. This strain can also reproduce on some non-crop 
plant species, such as sesame, Sesamum indicum L. [58] and 
spider flower Cleome hassleriana Chod [59]. These plants 
can be used as banker plants to enhance the effect of 
N. tenuis in greenhouses. Indeed, the movement of N. tenuis 
among banker plants and crops in a tomato greenhouse 
was demonstrated using host plant DNA markers [60].  As 
the latest contribution to the behavioural manipulation of 
natural enemies in Japan, the use of violet light-emitting 
diodes (LEDs) has had promising results. Nesidiocoris tenuis 
adults preferred violet or ultraviolet light in spectral 
preference tests. When the effects of violet illumination 
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were examined in a tomato greenhouse, adults on banker 
plants dispersed and distributed uniformly in the 
greenhouse [61].

The predatory gall midge A. aphidimyza is used as a 
biological control agent in Europe. Since indigenous strains 
of this species were reported in Japan [62], an indigenous 
strain has been studied for practical application. The 
development of a banker plant system was attempted to 
enhance the effectiveness of A. aphidimyza in greenhouses. 
Firstly, a rearing method was developed on A. gossypii-
infested eggplant seedlings [63]. A. aphidimyza can enter 
diapause in the larval stage under short day length 
conditions. The critical photoperiod for entering diapause 
and the effects of temperature on diapause induction were 
revealed [64]. Reproduction on A gossypii and alternative 
prey species, Rhopalosiphum padi and Melanaphis sacchari 
(Zehntner) (Hemiptera: Aphididae), for the banker plant 
systems was then studied [65, 66]. Experimentally,  
A. aphidimyza was effective at controlling aphids on 
greenhouse sweet peppers using sorghum as a banker 
plant and M. sacchari as alternative prey [67]. However, this 
strain was not commercialised because of its low 
reproductive capability [65].

Commercialisation of indigenous species began with the 
use of O. strigicollis [68–70] in 2001. Subsequently, many 
indigenous natural enemies have been registered and 
commercialised as a result of collaborative research 
between researchers and private companies, including H. 
axyridis against aphids [71–73], Franklinothripes vespiformis 
(Crawford) (Thysanoptera: Aeolothripidae) against thrips, 
Neochrysocharis formosa (Westwood) (Hymenoptera: 
Eulophidae) against leaf miners [74], Aphelinus asychis 
Walker (Hymenoptera: Aphelinidae), Propylea japonica 
(Thunberg) (Coleoptera: Coccinellidae) and Aphidius 
gifuensis Ashmead (Hymenoptera: Braconidae) against 
aphids [75–79], Haplothrips brevitubus (Karny) 
(Thysanoptera: Phlaeothripidae) against thrips [80–85], 
and N. tenuis against whiteflies and thrips [86–91]. The 
effectiveness of E. nacheri against aphids has been 
demonstrated in greenhouses [55], and this species will be 
registered soon. The big-eyed bug, Geocoris varius (Uhler) 
(Hemiptera: Geocoridae), controlled thrips in greenhouses 
[92–94] and could be reared with artificial medium. 
However, this species was not sufficiently effective to be 
commercialised.

Novel technologies enhancing the performance of 
biological control agents

Biological control agents must be released when pest 
density is low. However, this often results in a failure to 
establish these agents because available prey/hosts are 
scarce in greenhouses. Some methods have been developed 
for establishing released natural enemies.

One method is the use of artificial rearing units in 
greenhouses. The rearing sachet system was developed in 

Europe to release the predatory mites N. californicus and  
A. swirskii [95]. Rearing sachet systems were imported for 
use in Japan. However, after their application in Japanese 
greenhouses, some drawbacks were recognised. They are 
not resistant to water or pesticides, and the emergence 
rate of predator mites from the sachets is often insufficient 
[96,  97]. To overcome these drawbacks, a new ‘banker 
sheet’ system was developed by Ishihara Sangyo Kaisha, 
Ltd. and Daikyo-Giken Kogyo Co., Ltd., in cooperation 
with the Central Region Agricultural Research Center, 
NARO. The banker sheet consists of a water-resistant 
plastic sheet containing a sheet of felt, as an oviposition 
substrate and sources of water. The rearing sachet system 
placed in a greenhouse guarantees a high rate of emergence 
of predator mites. Two types have been developed: one for 
N. californicus and the other for A. swirskii [98].

To promote the establishment of generalist predators 
in greenhouses of Europe, artificial and natural food 
supplements have been developed for spray application 
[95]. For example, pollen of the cattail Typha angustifolia L. 
or corn Zea mays L. is sprayed to enhance A. swirskii 
populations. Sterilised eggs of Ephestia kuehniella Zeller 
(Lepidoptera: Pyralidae) and decapsulated cysts of the 
brine shrimp Artemia franciscana Kellogg (Branchiopoda: 
Anostraca) are sprayed as food sources for the mirid bug 
Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae) and 
predatory mites. Typha angustifolia pollen and brine shrimp 
cysts were imported to enhance the effects of biological 
control agents in Japan. Spraying Typha angustifolia pollen is 
recommended following the introduction of a banker 
sheet system for A. swirskii, to aid its establishment in 
greenhouses. Direct spraying of brine shrimp cysts in 
greenhouses has some drawbacks. For example, the quality 
of the cysts decreases when they get wet. To avoid this 
problem, a material made from hemp cords with brine 
shrimp was developed by Agri-Soken Inc. in Japan; the 
brine shrimp cysts are attached to the hemp cords with 
molasses [99].

The release of various biological control agents with 
different host ranges is a more efficient way to control 
many pest species than releasing one species [3]. The 
indigenous aphid parasitoid A. asychis effectively parasitises 
A. solani and M. euphorbiae, but not A. gossypii or M. persicae. 
Combined use with A. colemani has been proposed in Japan 
because all major aphid pests on vegetables can be 
controlled. Similarly, Aphidius gifuensis is specific and can 
effectively control A. solani. Combined use of A. gifuensis 
and A. colemani is recommended in green pepper 
greenhouses to control the three major aphid pests:  
A. gossypii, M. persicae and A. solani [75]. Furthermore, 
combined release of A. colemani and E. nacheri has been 
applied to control A. gossypii and M. euphorbiae on 
greenhouse strawberries [55]. Two natural enemies can be 
used to control a single greenhouse pest. For example, in 
strawberry greenhouses, N. californicus is introduced as the 
first defence, while P. persimilis is released after the spider 
mite population increases [17, 18].



6 CAB Reviews

http://www.cabi.org/cabreviews

In banker plant systems, non-crop plants infested with a 
host insect (a non-commercial crop pest) are placed in the 
greenhouse, and the host insect provides reproductive 
resources for the parasitoids or predators [100, 101]. 
Aphidius parasitoids have been released to control aphids 
on greenhouse crops using banker plant systems in many 
countries. Barley and wheat plants with alternative 
hosts, such as R. padi, have been introduced as banker 
plants in greenhouses. A. colemani is the species used 
most commonly to control M. persicae and A. gossypii 
worldwide [102].

A new banker plant system with Sitobion akebiae (Shinji) 
(Hemiptera: Aphididae) was developed as an alternative 
host on barley plants for A. gifuensis [76]. Combined use of 
two banker plant systems for A. gifuensis and A. colemani 
enables the control of A. gossypii, M. persicae and A. solani 
on sweet peppers. Aphidius gifuensis has been registered 
and a technical manual for its banker plant system has been 
published [75]. Similarly, a new banker plant system was 
developed, in which both E. nacheri and A. colemani are 
reared on barley infested with Rhopalosiphum maidis (Fitch) 
(Hemiptera: Aphididae). Aphids on strawberries, green 
peppers and eggplants in greenhouses were successfully 
controlled using this system [103–106].

Since omnivorous predators can use both arthropods 
and plants as food, plant materials such as pollens can be 
used as alternative foods. It was recently found that N. 
tenuis can reproduce on sesame (S. indicum) [58] and the 
spider flower, C. hassleriana [59]. These two non-crop 
plants can be used as banker plants for N. tenuis in 
greenhouses.

As the latest method for behavioural manipulation of 
natural enemies in Japan, the use of violet LED light has 
yielded promising results. Orius sauteri, an indigenous 
natural enemy of thrips in Japan, was found to prefer violet 
light (405  nm) in a spectral wavelength preference test 
[107]. The violet-LED illumination attracted and retained 
O. sauteri adults [108]. Similarly, N. tenuis adults preferred 
violet or UV light in the spectral preference test. When the 
effects of violet illumination were examined in a tomato 
greenhouse, the adults on banker plants dispersed and 
distributed uniformly in the greenhouse [61]. A product 
for violet-LED light illumination has been developed and 
commercialised in Japan. Further research is needed to 
demonstrate whether attracting natural enemies by the 
use of violet lights actually increases pest suppression.

The selective breeding of arthropod natural enemies 
has been attempted for many years worldwide. From 1971 
until 1995, 19 parasitoid and predator species have been 
selected in the laboratory for enhanced fecundity, host 
synchrony, non-diapause, pesticide resistance, temperature 
tolerance or thelytoky [109]. In Japan, the selection of a 
non-diapause strain of O. strigicollis was successful. The 
strain is widely used for controlling thrips on sweet 
peppers and eggplants in greenhouses [49].

Ladybird beetles do not establish well in release areas 
because of their high propensity for dispersal [50]. 

Therefore, suppressing the flight of ladybird beetles will 
enhance their utility as aphid biological control agents 
[110, 111]. In Japan, artificial selection to reduce the flight 
ability of an adult laboratory population using a flight mill 
system resulted in the establishment of a flightless strain. 
When flightless or control adults were released in eggplant 
plots, adults of the flightless strain remained on eggplants 
longer than the control strain, both in open fields and in 
small glasshouses [112, 113]. The number of aphids was 
controlled by releasing flightless H. axyridis on cucumbers 
[114] and strawberries [115] in greenhouses. The hatching 
rate, emergence rate and fecundity of the flightless strain 
were significantly lower than those of the control in the 
36th generation after artificial selection was initiated [51]. 
Hybrid vigour can mitigate the deleterious effects of 
inbreeding in the flightless strain of H. axyridis A reciprocal 
cross between two isofemale lines was performed. The 
survival and early fecundity of the hybrid lines were higher 
than those of the two isofemale lines [116]. The larva of 
this flightless H. axyridis strain was registered as a biological 
control agent to be used in greenhouses in Japan in 2013 
and showed promising results in greenhouse experiments 
[114]. The release of this flightless strain is combined with 
spraying Artemia cysts and planting insectary plants 
[117, 118].

Factors limiting biological control in greenhouses

Yano pointed out that the efficiency of biological control 
agents depends on various physical and biological factors 
[5, 6]. As living organisms, these agents are sensitive to 
physical factors such as temperature and relative humidity, 
and some natural enemies enter diapause under short day 
length. Practically, the effects of these physical or biological 
limiting factors can be mitigated by developing proper 
methods for the use of biological control agents. Because 
temperature conditions are primarily controlled to 
optimise the growth of crops (vegetables or flowers) in 
greenhouses, biological control agents should be used 
under favourable physical conditions and at the proper 
time for their activities. For example, species adapted to 
high-temperature conditions (e.g. indigenous strains of  
N. tenuis) can be used in summer and should not be used 
in winter. To avoid the problem of entering diapause,  
O. strigicollis is preferred to O. sauteri, as the former shows 
a weaker diapause.

Natural enemies introduced to greenhouses are often 
affected by subsequent invasion by indigenous natural 
enemies. The leaf miner parasitoids D. isaea and D. sibirica 
are often affected by the invasion of indigenous leaf miner 
parasitoids [119]. In greenhouses, an aphid parasitoid 
released on banker plants, A. colemani, is often attacked by 
indigenous hyperparasitoids [52]. When the effects of 
indigenous natural enemies are significant, release of 
natural enemies should be avoided. Another approach is 
the release of natural enemies that are less affected by 
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indigenous natural enemies. Ephedrus nacheri is affected 
less by indigenous hyperparasitoids than A. colemani [53], 
and the coccinellid beetles H. axyridis and P. japonica can be 
used instead of A. colemani to control aphids.

The time of release of biological control agents is crucial 
for effective biological control; delayed release is a major 
reason for biological pest control failure (Wada, personal 
communication). If the release of biological control agents 
is delayed, they cannot suppress the rapid increase in the 
target pest population, particularly in parasitoids and some 
predatory mites. In contrast, if the release occurs 
excessively early, the natural enemies will be unable to 
establish due to pest scarcity. A simulation analysis of the 
release strategies of E. formosa to suppress T. vaporariorum 
on greenhouse tomatoes identified an optimal release 
time [120, 121]. When the release was delayed, the initial 
density ratio of natural enemy to pest decreased. The low 
initial density ratio of P. persimilis to T. urticae reduced the 
suppressive effect of the predatory mite [122].

Traditionally, monitoring pest densities with traps or 
direct observation is recommended to determine the 
proper timing for their introduction in greenhouses [7]. 
Quantitative monitoring is possible by direct counting of 
the number of pests sampled from plants. Direct counting 
is labour intensive and is not suitable as a practical method 
[123]. Trapping based on pests’ attraction to colour can be 
used for early detection of pest infestation. Yellow sticky 
traps are used for whiteflies and aphids, and blue sticky 
traps are used for thrips. These traps are convenient for 
qualitative monitoring to obtain relative population 
estimates, but they have insufficient precision for 
quantitative monitoring. Trap catches can be affected by 
behavioural phase, insect diurnal cycles, insect sex, trap 
size or shape, climatic conditions such as temperature, and 
the number of insects [124]. Furthermore, aged growers 
often have difficulty counting the number of insects caught 
in a trap. Trap-based pest density monitoring prior to the 
release of biological agents is presently not recommended 
as a practical method in Japan. Instead, the release of 
natural enemies based on direct detection of pest 
occurrence is recommended, without counts by farmers in 
the early stage of infestation [21]. Another approach is 
pre-establishment of natural enemy populations on banker 
plants or food plants before pest infestation [95]. Both 
approaches to introduction avoid the problem of labour-
intensive monitoring and delay of release of biological 
control agents.

Since the outbreak of TYLCV transmitted by B. tabaci 
MED and B. tabaci MEAM1, in western Japan in the late 
1990s, E. formosa has not been released in tomato 
greenhouses. Tomato growers stopped using E. formosa 
because it does not directly control B. tabaci adults, which 
transmit TYLCV. Control of TYLCV only with pesticide 
application can cause B. tabaci populations to develop 
resistance against pesticides. An integrated approach will 
be required to control TYLCV and B. tabaci on tomatoes 
based on the use of an indigenous strain of N. tenuis with 

banker plants, along with physical control measures and 
repellents.

Biological control is unnecessary or impossible for 
crops cultivated over short periods [100]. Biological 
control is preferred for crops cultivated over long periods; 
however, short-term cultivation is not a limiting factor for 
biological control in Japan. Eggplant is infested by a greater 
number of pests than other crops, requiring a more 
complex biological or integrated system [9]. However, 
with the increased use of bumblebees as pollinators, in 
addition to the use of P. persimilis to control spider mites 
and N. tenuis, O. strigicollis and A. swirskii to control thrips in 
eggplants, IPM systems for greenhouse eggplants based on 
the use of these natural enemies and selective pesticides 
have been developed in many production areas.

The effects of the application of synthetic pesticides on 
biological control agents in greenhouses have been the 
main obstacle to biological control. For example, most 
insecticides, except for some insect growth regulators 
(IGRs), are harmful to E. formosa, whereas many acaricides 
and fungicides are less harmful [125]. To cope with this 
problem, all registered insecticides, acaricides and 
fungicides are examined for their effects on biological 
control agents. The number of selective pesticides that are 
harmless or less harmful against biological control agents 
has increased recently. Selective pesticides are applied 
before the release of biological control agents to lower 
pest density and thereby enhance the effectiveness of 
biological control agents.

Conclusions

ABC has been established in Japan as an important 
arthropod pest control method in greenhouses. In its early 
stage, exotic species of natural enemies were used and 
some species, such as P. persimilis and A. swirskii, were 
successful. Recently, there has been a shift towards using 
indigenous natural enemies in greenhouses. At present, the 
importation of generalist predators is very difficult because 
of worldwide concerns about the ecological risks of 
importing alien natural enemies. Recent collaborative 
studies for developing biological control using indigenous 
natural enemies have resulted in the development of new 
technologies, such as the combined use of two natural 
enemies on banker plants and the use of a flightless strain 
of ladybird beetle. Research and development on biological 
control using indigenous natural enemies, and attempts to 
widen the application of biological control, should be 
continued in Japan.
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