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Abstract

Sustainable horticultural practices address the global issues of food securi-
ty, pest and disease management, soil health, water pollution, depletion of
biodiversity etc. with environment-friendly approaches. Increasingly, the
adoption of such strategies is benefitting agricultural production including
in orchards. Even though several strategies such as Integrated Pest Manage-
ment (IPM), disease and weed mitigation have been in use for the elimina-
tion of pests, diseases and weeds in apple orchards, they are still not the
most favoured methods of control. There are various economic and ac-
ceptance concerns regarding their use, particularly in developing nations
like India. A more viable system for apple orchards management, thus,
should be adopted.

Here, we review various different approaches, including sustainable
biocontrol methods, employed in the apple orchards. Use of genetically
engineered pest-resistant varieties, bio-pesticides, plant-derived insecti-
cides, sanitation methods and adoption of technology for evaluating the
accuracy of these methods as well as monitoring of orchards are some of
the management strategies included in the study. Further, conventional
biocontrol practices, such as engaging natural enemies of harmful pests,
use of companion plants or setting up of hedges and windbreaks for en-
hancing beneficial pest populations, application of compost for improving
soil health and interplanting are also employed. Sustainable IPM methodol-
ogies can be integrated with biocontrol strategies leading to the develop-
ment of environmentally feasible management of apple orchards. Such sys-
tems will not only reduce dependence on chemical control methods but will
also minimize ecotoxicity. Drawing parallels between the biocontrol meth-
ods adopted in sustainable agri-production in other fruit orchards suggest
other strategies that can be employed for sustainable apple production

Keywords

Apple orchards, Biocontrol methods, Integrated Pest Management, Sustainable
management

Introduction

Human populations are dependent directly or indirectly on available agri-
culture and natural resources. Recent times have seen a tremendous in-
crease in horticulture production including fruits, making India the second-
largest producer of fruits in the world with an area of 6506 thousand hec-
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tares (ha) under fruit cultivation and annual production of
about 100448 thousand metric tons (MT) in the year 2020
(https://www.statista.com/statistics/621278/fruit-
production-by-type-india). In India, apples (Malus pu-
mila Mill.) were cultivated on an area of 301 thousand ha
with a production of 2783 thousand MT in the year 2020
(https://www.statista.com/statistics/621278/fruit-
production-by-type-india) making India one of the top 10
producers of apples in the world (www.worldatlas.com/
articles/top-apple-producing-countries-in-the-
world.html). Central Asia, Asia Minor, the Caucasus, west-
ern China, Himalayan India and Pakistan are the primary
centre of origin of Malus cultivars. Apples are predomi-
nantly grown in the four states of Jammu and Kashmir,
Himachal Pradesh, Uttarakhand and Arunachal Pradesh
followed by Kerala, Nagaland and Tamil Nadu. Even
though India" s total contribution to the world apple pro-
duction is only around 3% it is still a large contributor to
the economic well-being of the Indian farmer. It remains a
lucrative option as compared to other crops in the apple-
growing states (1, 2). Several criteria affect the quality and
quantity of apples. Some of these include good orchard
management practices, conventional methods of apple
production, limiting factors like changing climatic condi-
tions (optimum climatic conditions requires 1200-1500 hrs
of chilling below 7 °C depending on the type of cultivar) in
the country, soil erosion and susceptibility to several dis-
eases (https://www.agrifarming.in/apple-farming-
information). Since apple orchards are perennial tree crop
systems, they require high pesticide input (chlorpyrifos,
fenitrothion, carbaryl, etc.) that can, in turn, lead to issues
like ecotoxicity and pollution of both land and water eco-
systems. Using synthetic pesticides like DDT, BHC etc. also
leads to pest resistance and associated problems of bio-
magnification, bioaccumulation and secondary pest out-
break/resurgence (3). To minimize the losses and environ-
mental pollution, various countries including India are
taking to different methodologies like sustainable pest
and disease management programs including biocontrol

strategies for numerous fruits including apples (4). The
2030 Agenda for Sustainable Development was adopted by
the United Nations Member States in 2015, which provides
a shared blueprint for peace and prosperity. The agenda
include efforts to be made to end hunger and poverty, re-
duce inequality and improve health, education and eco-
nomic growth. Preservation of forests and oceans should
be done while tackling climate change (https://
sustainabledevelopment.un.org/post2015/
transformingourworld). It has been recognized that the
horticulture sector can make significant contributions to-
wards sustainable development (5) by developing pro-
grammes employing suitable orchard management prac-
tices. Successful implementation of these programmes
requires the integration of information from different
sources and complicated tactical decisions (6, 7). Farmers
and crop managers need detailed and comprehensive sus-
tainability assessment practices for analyzing and defining
orchard systems like the directed use of genetic resources
in apple improvement programmes. Consumers today are
gravitating towards organically grown produce and prefer
to consume products grown using sustainable methods as
opposed to industrially produced goods. The attention on
biological control in the context of Integrated Pest Man-
agement (IPM) is increasing as there is a growing demand
for high-quality and safe apple fruit produced without the
use of chemicals. Sustainable practices under biological
control minimize the resistance of pests to various meth-
ods of pest management (e.g., pest-resistant cultivars and
pesticides), involve maximum use of renewable resources
(e.g., natural enemies), improve cost-effectiveness and
minimize the use of chemical pesticides that lead to both
crop and environmental toxicity (8). Sustainability, thus,
has been conceptualized to be of great use to organic
growing systems (9). In this review, we explore various
management strategies for controlling important pests
and diseases and the potential of biocontrol as a sustaina-
ble management strategy in apple orchards (Fig. 1).

Traditional Biocontrol Methods

%  Natural Enemies
%  Beneficial microbes
<  Companion plants

% Phage-based biocontrol
< Bacteriophages, Antagonistic yeasts
< Manure to increase predatory mites

Apple

Integrated Pest Management

%  Genetically engineered varieties
% Bio-pesticides
% Use of Technology - creation of

Orchards pest databases; e-surveillance
system etc.
Prospective Biocontrol Strategies Management Disease Management
Strategies 9

% Disease resistant cultivars

%+ Good sanitation practices

% Mechanical means like pruning,
shredding, burying or burning

Genetic Modifications in Apple

% Gene silencing

Fig. 1. Various Management Strategies adopted in Apple Orchards.
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Integrated Pest Management (IPM)

In the Indian horticulture scenario, apple is an important
industry but the introduction of different varieties of apple
in the native apple-growing regions has also led to the
emergence of exotic pests of apple that require control if
the crop is to thrive and give economic returns (10). A set of
practices known as Integrated Pest Management (IPM)
were enforced in Indian agriculture by the National Agricul-
tural Policy 2001. Creation of central pest databases, adop-
tion of e-surveillance systems, survey and monitoring pro-
grams, use of biotechnology to create disease-resistant
varieties, emphasis on the use of green pesticides, fore-
warning systems, shift to biological control methods and
promoting the use of information technology are some of
the initiatives being undertaken to promote IPM as a major
plant protection tool in India (11). The strategies employed
in the implementation of IPM in India are dependent on the
type of pest that infests the crop and different techniques
are used for each pest. Key pests of apple, damage caused
and IPM strategies adopted for their controlin India (12) are
described in Table 1.
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Sustainable IPM strategies

The main constraints faced by Indian farmers concerning
the adoption of IPM have been primarily the high cost of
IPM implementation, the emergence of resistant pests cou-
pled with lack of knowledge and real-time information (24).
To overcome these constraints various advances have been
made in IPM methodologies like the increased use of genet-
ically modified varieties that are resistant to pests (25), bio-
pesticides (26), and technological advances such as Intelli-
gent Decision Support Systems (IDSS) and Sustain OS that
improves the accuracy of IPM methods. Both these systems
analyze various parameters like the life cycle of pests,
weather conditions of a given cultivar, environmental risk
of a particular method, labor availability etc to come up
with solutions specific to a particular apple orchard. Modifi-
cation of earlier data to suit the present conditions and
retaining this information are also hallmarks of these com-
puter-aided agriculture programs (6, 7). Other methods
involve e-pest surveillance and orchard monitoring like
those which are currently being run by the National Re-
search Centre for Integrated Pest Management (NCIPM).

Table 1. Key pests of apple, damage caused and their control by Integrated Pest management (IPM) in India.

Pests of Apple Damage caused Control Measures (IPM) References
1. Disinfection by burning all branches that may have
harbored the scale during the winter months.
San Jose Scale It damages all above-ground 2. Spraying of the requisite chemicals is carried out be-
(Quadraspidiotus perniciosus)  parts of the plant by sucking fore leaves appear in the trees and also if there is an
is an exotic pest of appleand  sap and results in the appear- appearance of the crawlers. 13-15
also infects other fruits like ance of distinct spots on the 3. Parasitoids like Encarsia perniciosi and Aphytis diaspi-
plum, peach and pearinthe  fruit resulting in poor quality dis and predators like Chilocorus sp. are used to con-
fruit growing regions of India.  produce. trol the infestation levels.
4. Avoid planting of shade trees like willow, poplar etc. in
and around fruit orchards as they act as secondary
Infects both above and below- 1.Visual monitoring the aphid population.
. . ground parts of the plant. X . ;
Wooly apple aphid (Eriosoma 2. Use of parasite, Aphelinus mali.
. Sucks the sap from the plant . L . 16
lanigerum) . 3. Sticky traps to track the migration cycles of the aphid.
and creates large knots in the ) . ..
root 4. Neem oil and chlorpyrifos as pesticides.
1.Monitoring the presence of eggs on twigs followed by
. Both types of mites cause removal and burning
European red mite )
(Panonychus ulmi) and two- damage to the leaves of the 2. Both winter and summer sprays can be done.
. plant and lead to their bronz- 3. Use of predatory mites like Amblyseius fallacis and lady 17
spotted mite (Tetranychus : X
urticae) ing. They also cause weaken- bird beetles.
ing of the fruit buds. 4. Anthocorid bug, Blaptostethus pallescens has also
shown promise as a future biological control agent.
1. Keeping track of the egg population, removing and
) destroying the eggs.
Main (Iiamage tothe appleA 2. Using pheromone baited and delta traps.
trees is done by the caterpil- S . .
Indian gypsy moth (Lymantria lars that feed on the leaves 3. Spraying if damage is seen in the orchards
- L 4. Use of Nuclear Polyhedrosis Virus (NPV) as a pesticide 15, 18-20
obfuscate) and Codling moth  and cause defoliation. Repeat- NS )
) 5. use of parasitoids like Trichogramma embryopha-
ed attacks by the caterpillars . ;
gum and T. caccia pallidum that attack the eggs of the
can lead to tree death.
moth.
5. Removal of grasses grown around the tree helps to
Signs of infestation are rotting
tree bark, dust from exit holes 1. Burning of infested limbs and stems.
Stem borer (Aeolesthes sarta) L R . .. R . ..
due to grubs, dying limbs and 2. Spraying with pesticides, fumigants and insecticides
and Apple stem borer A . ; R 12,21
(Apriona cinerea) yellowing of leaves are all due and plugging of holes with petrol, odonil, mud etc.
to infestation with the apple 3. Visual tracking to monitor the infection.
stem borer.
Causes extensive damage to 1. Pheromone-baited traps
Apple leaf miner (Lyonetia the apple trees in Asia. The 2. Insecticides are used only when there is a wide spread 2

clerkella)

larvae attack the leaves and
result in widespread defolia-

attack by the leaf miner.
. Eulophid parasitoids have been shown to attack the

w
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1. Pheromone-baited, ethanol-baited and yellow sticky traps can be

Damages the translocation of used.
food

and water in the bark leading to
arrested growth. Attacked trees
show reduced yield and

foliage density.

Bark Beetle (Scolytus nitidus) adults

trol.

2. Visual track of the infestation.
3. Insecticides should be used before egg laying on the bark by the

23

4. Infested branches and stems should be removed and burnt.
5. Predatory species of the bark beetle can be used for biological con-

These programmes monitor pests and the data collected is
shared with center experts who advise state agricultural
departments that in turn forward the information to the
farmers and help them take timely action. These sustaina-
ble IPM strategies help the farmers overcome the complexi-
ty associated with IPM methods and apply solutions that
are safer for the environment.

Plant-derived insecticides and IPM

Plant-derived insecticides are increasingly becoming an
integral part of IPM approaches due to their advantageous
qualities like being less or non-persistent in the environ-
ment along with being non-toxic to other non-target organ-
isms. Furthermore, their effectiveness, diversified modes of
action and low cost of source materials make them easily
acceptable to Indian farmers (27). It is estimated that more
than 2500 plants belonging to nearly 235 families
like Apocynaceae, Asteraceae, Euphorbiaceae, Fabaceae,
Meliaceae, Myrtaceae, Ranunculaceae and Rosaceae con-
tain promising biomolecules (28). Some of the more com-
plex mixtures of various botanicals can be applied not only
in IPM techniques but also to manufacture protective
chemicals for the apple crop (29, 30). Most pesticide formu-
lations available today comprise a neem base followed by
pyrethrins and eucalyptus oil-based pesticides. All of these
are registered and prescribed by the Central Insecticide
Board and Registration Committee (CIBRC), Department of
Agriculture and Farmers Welfare, India (27). The increased
use of these naturally occurring botanical pesticides can
help cater to the huge demand for organically grown ap-
ples. Moreover, further screening of native plants in and
around apple growing areas for secondary metabolites like
phenolics, terpenes, alkaloids, lignans and their glycosides
can also help in identifying more plant-based insecticides.

Disease Management

Many diseases affect apple trees worldwide. Table 2 de-
scribes the major diseases of apples and the strategies
adopted in their control.

Table 2. Diseases of apple and their control

Sustainable disease management strategies

In apple disease control, the choice of cultivar and root-
stocks is of great importance. Resistant apple cultivars can
reduce the use of chemical fungicides and minimize the
need for forecasting weather (35). Some of the cultivars,
which were relatively disease-resistant at the beginning of
the 20th century, have now become susceptible to diseases
(36), indicating that use of only resistant varieties is not
sufficient. In the case of apple scab and powdery mildew
use of chemical methods even though economically more
beneficial is not able to contain the occurrence of both the
diseases together. Also, the diseases might not occur dur-
ing the same period and the cycle of the diseases are not
always the same. However, dormant sprays and sanitation
practices in combination can control various diseases in the
orchards (37). In IPM strategy, sanitation practices are a
fundamental approach to pest and disease control.
For Phytophthora sp., chemical fosetyl-aluminum com-
pletely controlled the disease and increased fruit yield and
growth (34). Sanitation practices and the use of copper
compounds can be used for the control of fire blight (38).
To date, there is an emphasis on the use of copper and sul-
fur compounds for disease control in the cultivation of or-
ganic apples (39).

Integrating sprays of 1% mono-potassium phos-
phate (MPH) fertilizer with systemic fungicides can also be
useful in mildew resistance management. Non-chemical
control options include physical (mechanical) and sustaina-
ble biological control measures. Minimizing apple diseases
via mechanical methods involves getting rid of infected
above-ground parts of the plant by pruning, shredding,
burying or burning them. These methods help to reduce the
spread of disease and eradicate inoculum sources. A recent
study in integrated and organic apple orchards showed
that pruning did not save the plants from attacks by mildew
(40). Not many biological control agents like natural antag-
onists of powdery mildew are available. Pycnidial fungi

Diseases Causal Organism Region Control Measures Reference

1. Chemical: scheduled spraying of fungicides.
. . . 2. Resistant cultivars

Apple Scab Venturia inaequalis India 3. Biological control 31

4. Cultural control
- N N .

Powdery mildew Podosphaera leucotricha india 1. Fungicides (Proqu!naz@l 20 EC) at 0.020 and 0.025% concentration. 32,33
2. Rootstock and varietal improvement.

Collar rot Phytophthora cactorum India 1. Fungicide drenching, biocontrol using Trichoderma spp. 33

2. Rootstock and varietal improvement.

https://plantsciencetoday.online
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Crown gall Agrobacterium tumefaciens  India ;

Southern blight/ . . . 1

Sclerotius blight Sclerotium rolfsii India 2.
. . - India and many other 1

Fire Blight Erwinia amylovora parts of the world )

. Widespread distribution

Apple mosaic Lo 1
; Apple mosaic virus throughout the world

disease 2

including India.

. Use of rootstocks with low susceptibility.
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. Use of good cultural and sanitation practices. 3

. Use of fungicides 34
Rootstocks like M.9

. Spraying with streptomycin. 34

. Disinfection of tools with mercuric chloride after each use.

. Use of certified virus tested planting material. 1

. Using virus-free grafting scion.

from the genus Ampelomyces are one such example of natu-
ral antagonists that are used worldwide for biocontrol (41).

Genetic Modifications in Apple

Transgenic approaches for disease and pest management
have not been explored in apples. Overexpressing the birch
(Betula pendula) MADS4 transcription factor in apples by
making use of the rapid crop cycle breeding methodology
(42) were able to produce 18 advanced selections of the
fifth generation from the line T1190 and ‘Evereste’ as the
source of the fire blight resistance (Fb_E locus). The null
segregants maintained the high level of fire blight re-
sistance typical for ‘Evereste’ besides possessing a regular
habitus. “Arctic Apples” are the first genetically modified
apple approved by the FDA for US sale. In “Arctic Apple”
Gene silencing was used to reduce the expression of poly-
phenol oxidase (PPO), which prevents enzymatic browning
of the apple after it has been sliced open. The trait also in-
cludes an antibiotic resistance gene from bacteria that is
resistant to the antibiotic kanamycin (43).

Weed Management

Another problem in the apple orchards is weed infesta-
tion. Chenopodium album L. Amaranthus viridis L., Pers.,
Agropyron repens L., Cynodon dactylon L., Cyperus rotun-
dus L., Bidens pilosa L., Sorghum halepense L. and Trifolium
repens L. are some of the common weeds found in Srinagar,
Jammu and Kashmir, India. To control these weeds various
methods have been employed like paddy straw mulch fol-
lowed by glyphosate, atrazine followed by pendimethalin
(44, 45). For chemical control of weed infestations in or-
chards, farmers mostly use two herbicides namely AFFINEX
(5 g/l Carfentrazone-ethyl + 360 g/l glyphosate isopropyla-
mine salt) and NASA 36SL (glyphosate). A small proportion
of farmers also manually weeded their orchards. Weed in-
terferences can be controlled with herbicides and proper
cultural practices (38). Mulching is a common way of con-
trolling weeds manually and it also reduces competition for
resources in apple orchards. Mulch covers the soil surface
and prevents weed seeds from germinating and suppresses
the growth of emerging seedlings (46). Weed control meth-
ods adopted by farmers in apple orchards are diverse and
include manual weeding, various mechanical and chemical
methods. Combinations of mechanical and chemical
(according to 45, the application of paddy straw mulch fol-
lowed by chemical glyphosate reduced the weed growth
and increased the soil quality, which, in turn increased ap-
ple tree growth and development) or mechanical and man-
ual methods are also used by farmers. There were few
-scale farmers whose orchards were grazed by cattle, to
control weeds (38). In India, 44, 45 carried out studies on
the control of various Monocot and dicot weeds in Srinagar,

Jammu and Kashmir and concluded that the best results
for weed management were obtained with the use of paddy
straw mulch followed by glyphosate and by atrazine fol-
lowed by pendimethalin. In another study based in the
same region of Jammu and Kashmir, (47) showed that Ox-
yfluorfen followed by Glufosinate ammonium, Oxyfluorfen
followed by Glyphosate, unpunched black polyethylene
mulch and paddy straw mulch gave the best results for
weed control.

Biocontrol Methods

Biocontrol or biological control is defined as “the use of a
living organism to decrease the population density of an-
other living organism”. It can therefore be used in the man-
agement of diseases, weeds and pests. Biological control
measures can either use macrobial agents like predatory
insects and mites (insects that attack other insects as well
as mite pests; parasitize other insects or nematodes) or
‘microbial’ agents (bacteria, viruses and fungi). For the bio-
control of weeds, different herbivorous insects and mites
are used (48). In the sustainable production of apples and
other crops, biocontrol of insect pests and diseases is the
milestone. The sustainability of biocontrol will be enhanced
as the ecology of orchards lends to the application of many
management options. For decades the orchards remain in
place favouring the evolution of a mature, stable, commu-
nity of species used in biological control. Management
practices like windbreaks, interplanting, mulches and part-
ner plants have increased the population of natural ene-
mies of insects and enhanced the rates of biological con-
trol. Temporal stability remaining undisturbed for 20 years
or more and a multitude of habitats within a complex three-
dimensional architecture are the characteristics of an Or-
chard (49). The combination of diversity in microhabitats
and temporal stability creates opportunities to produce
functionally diverse biodiversity that results in the biologi-
cal control of numerous pests. All the components of the
agroecosystem must be considered including the rhizo-
sphere microbiome, detritus food web, plant communities
in the apple orchard and the food web they support, as well
as the surrounding habitats that provide both benéeficial
colonists and pests to the orchard as these components
can contribute to the sustainability of biocontrol in the or-
chard.

Traditional Biocontrol Strategies

For developing a strategy for sustainable biocontrol in or-
chards diverse practices are available. To control pests,
beneficial natural enemies have been used in apples since
the late nineteenth century (50) which has led to sustaina-
ble biocontrol, but precaution should be taken to avoid
introducing alien species that could disrupt the natural
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biocontrol of other pests. Natural enemies should be pro-
vided with adequate food, shelter, alternative hosts and
habitat. In classical biological control, alien invasive pests
were mostly brought under control by indigenous enemy
species brought in from the country of origin of the pest.
Successful application of biological control has been car-
ried out against a wide variety of pests both in greenhouses
and open fields.

For example, augmentative control has been suc-
cessfully applied in Chinese apple orchards using different
biological control agents like Trichogramma dendroli-
mi, Aphelinus mali and Beauveria bassiana (4).

Companion plants with no other economic value are
generally used within a crop or orchards to attract benefi-
cial organisms. Flowering plants are useful in attracting
biocontrol agents into crop systems and orchards as they
provide pollen, nectar, habitat, alternate food and alter-
nate hosts. However, in experimental trials, it has been
difficult to document enhanced rates of biocontrol with
companion plants. It was observed that there were in-
creased numbers of natural enemies and decreased fruit
loss from codling moths (Cydia pomonella) and fewer pests
(51). They believed the reduction in pests is due to the pres-
ence of alternate habitats and food in companion planting.
Similarly in New Zealand increased parasitism of tortricid
pests was found in orchards when buckwheat was used as a
companion plant as compared to herbicide-treated or-
chards (52).

Hedges and windbreaks around orchards also con-
tribute to the biocontrol of apple orchards through the
same mechanisms as companion plants. They also enhance
beneficial pest populations. Windbreak’s deposit airborne
arthropods (natural enemies and pests) on the leeward side
of the hedge (53). However, in the orchard, suitable species
selection for windbreaks is important as it harbors natural
enemies for the pests (54, 55). For biocontrol of mites,
hedgerows have been observed to be especially useful (54).
The only limitation in the suitability of hedgerows and
windbreaks is that the impact of biocontrol enhancement
may not affect the entire orchard. As there is a limit to the
dispersal of natural enemies just like in natural habitat
(56).

For improving organic matter in the soil, tree growth,
and other soil properties, compost is beneficial (57). Com-
post when used as mulch, can help in the sustainable bio-
control of weed and insect pests. It was observed that com-
posted poultry manure has increased, the abundance of the
ground-dwelling predators, and detritivore trophic level
(58). It was also found plots mulched with straw, plastic, or
pine bark have fewer predatory ground beetles as com-
pared to herbicide-treated plots (59). In a mature apple
orchard, a mulch of composted poultry manure decreased
the number of both the spotted tentiform leafminer
(Phyllonorycter blancardella) and the woolly apple aphid
(Eriosoma lanigerum) (60). When compost mulch was used
in the absence of herbicide, an interesting synergistic effect
on the ratio of predators to herbivores was found (61). The
ratio of predators to herbivores is a useful index on the sus-

tainability of biocontrol. Composted animal waste as a
mulch in apple orchards is an effective measure in the sus-
tainability of biocontrol but adding more phosphorus to the
soil should be avoided (62).

Another practice for sustainable biocontrol is inter-
planting more than one fruit species in an orchard. Differ-
ent species of Prunus such as peach (P. persica) and cherry
(P. avium) have extrafloral nectar glands on the petioles
and leaves which provide nutrition for beneficial insects. In
an orchard having cherry, peach and apple trees there was
more diversity and abundance of predatory insects on ap-
ples than on apples in orchards without interplanting (63).
Biocontrol of rosy apple aphid, Dysaphis plantaginea, in
orchards with interplanting peach was significantly higher
than in the apple monoculture (64). Moreover, in a study of
an apple orchard using potted peach trees in the center,
there was significantly higher biocontrol of spirea aphid on
apple trees adjacent to the potted peach trees as compared
to more distant apple trees (65). Interplanting apple or-
chards with peach trees may have a significant role in in-
creasing biocontrol sustainability, but more research is re-
quired for its implementation (66).

Conventional Biocontrol Strategies that Continue to be
Effective

Natural enemies, beneficial microbes and companion
plants which attract natural predators are the most effec-
tive and sustainable bio-strategies. Enhanced pest control
benefits were seen by the use of zoophytophagous preda-
tor populations and their varied compositions (67). Bacteri-
al antagonists Pseudomonas agglomerans ACBP2, Bacillus
amyloliquefaciens LMR2, Brevibacterium halotolerans SF3
and SF4 and Bacillus mojavensis SF16 are useful in control-
ling fire blight disease Erwinia amylovora (41). Predator
abundance is also improved with the use of different aro-
matic plants like Catnip (Nepeta cataria L.) French marigold
(Tagetes patula L.) and Ageratum (Ageratum houstonianum
Mill.) (68). Flowering plants when blooming in apple or-
chards attracted predators such as Coccinellidae, Syrphi-
dae and Chrysopidae (69).

Biocontrol Strategies Adopted in Other Fruit Orchards

Table 3 describes various biocontrol measures used in fruit
orchards worldwide. Application of manure significantly
increased  population density of the predatory
mites Parasitus americanus, Stratiolaelaps scimitus in Citrus
orchards (70). Chicken manure and biopesticides are effec-
tive against plant-parasitic nematodes (26). Phage-based
biocontrols were wused to control Bacterial can-
ker Pseudomonas syringae pv. actinidiae in Kiwifruit (73).
Bacteriophages were also used in sweet cherry cultivation
to control bacterial canker caused by Pseudomonas syrin-
gae pv. syringae (78). Aspergillus pseudodeflectus F13
and Lecanicillium aphanocladii F28” have high entomopath-
ogenic potential against Olive fly, Bactrocera oleae Gmelin
and the Olive psyllid, Euphyllura olivina Costa (79) Antago-
nist yeasts controlled the Penicillium digitatum in citrus
fruit (81). All these biocontrol strategies have immense po-
tential and can be explored in apple orchards in near fu-
ture.
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Biocontrol Method Pest/ Disease/ Weed Orchard type Country/ Region Reference
Zoophytophagous insect, the mullein bug, Campylomma  Spider mite Apple Quebec 67
Application of manure significantly increased population  Thrips Chrysoperla carnea Coccinella . -
R . . ; Citrus Tunisia 70
density of the predatory mites Parasitus americanus, septempunctata
European earwig (Forficula auricularia) Drosophila suzukii Cherry orchard Kent, England 71
Combination of mating disruption and CAPEX 2 gave Leafrollers Apple Northern Germany -
successful control
Phage-based biocontrol Bacterial ca}n.ke.zr Pseudomonas syrin- Kiwifruit 73
gae pv. actinidiae
. Asian mango and )
Weaver ants (Oecophylla smaragdina, Hymenoptera) Insects pests citrus orchards Southern Vietnam 74
Foliage-dwelling spiders Psyllids Pear trees Central Europe, 75
Chicken manure and biopesticides Plant- parasitic nematodes Citrus orchards. Egypt 26
Neoseiulus californicus Ohgony'chus punicae (Hirst) . Avocado orchards  Mexico 76
(Trombidiformes: Tetranychidae)
Antagonistic bacteria (mainly species from Pseudomonas Bacterial diseases Xanthomonas citri Citrus orchards 7
and Bacillus genus) and bacteriophages. Xylella fastidiosa Candidatus Liberibac-
Bacteriophages Bacterlél canker caL.Jsed by Pseudomo- Sw.eet cherry culti- Turkey 78
nas syringae pv. syringae vation
Aspergillus pseudodeflectus F13 and Lecanicillium aphano- Olive fly, Bactrocera oleae Gmelin and Olive Tunisia 79
cladii F28 have high entomopathogenic potential the Olive psyllid, Euphyllura olivina
Efficient bacterial antagonists Pseudomonas. agglomer-
ans ACBP2, Bacillus. amyloliquefaciens LMR2, Brevibacte-  Fire blight disease Erwinia amylovora.  Apple Morocco 41
rium halotolerans SF3 and SF4 and Bacillus mojavensis
Aromatic plant species - French marigold (Tagetes patula
L.), Ageratum (Ageratum houstonianum Mill.) and Catnip  Herbivore pests in agroforestry ecosys- .
N " . Apple China 68
(Nepeta cataria L.) positively influenced predator abun-  tems.
dance
Parasitoids and predators Targeted pests are the diaspididsand ~ Citrus Morocco 80
Three flowering plants were used which attracted preda- L
tors such as Coccinellidae, Syrphidae, and Chrysopidae Aphis spiraecola Apple 69
Antagonist yeasts Penicillium digitatum Citrus fruit Chongging 81
Pseudomonas strains were the most effective Fire blight Erwinia amylovora Pear Northern Algeria 82

Challenges in Biocontrol and future perspective

As observed from the biocontrol methods adopted in differ-
ent orchards, there is huge potential for sustainable bio-
control in apple orchards. However, different methods of
biocontrol may not be compatible, and they may differ with
different sets of environmental conditions. Many factors
including diversity of surrounding habitats, differences in
climate, pest community and local conditions need to be
considered while selecting the appropriate method for op-
timizing biocontrol in apple orchards. Many fruit pests
could not be controlled adequately by biocontrol methods
alone. Such pests, therefore, require additional control
methods like host plant resistance, behavioral tactics (e.g.,
attract and kill, mating disruption, trapping), or selective
pesticides and insecticides (16, 17, 23). Integration of sus-
tainable biocontrol methods with various other pest con-
trol and horticultural methods needs to be optimized for
the successful development of a sustainable orchard sys-
tem (66). Moreover, public interventions should be consid-
ered to promote the apple-producing sector. Farmers

should be trained about pests, diseases and biocontrol
methods along with the awareness of climate change.
There should be information transparency and better com-
munication among apple farmers on IPM and markets
should be created for organic apple produce (38). Biological
control practitioners’ portfolios can include creating socie-
tal awareness about the benefits of environmentally friend-
ly and sustainable pest management. Due to economic and
technical, but more importantly attitudinal barriers, envi-
ronmentally sound management for a wide variety of dis-
eases and pests has not been adapted for apple orchards.
Biological control methods being the most sustainable,
environmentally safest and cheapest system of orchard
management will drive the increasing demand for organic
fruit production.

Conclusion

Apple crop is a substantial contributor to the economic well
-being of the Indian farmer and is a profitable option as
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compared to other crops in the apple-growing states (1, 2).
Apart from economic sustainability it also has a huge social
and environmental impact. Moreover, it has an immense
potential to be a ‘future smart food’ (83). Disease manage-
ment and control of weed infestation in apple requires the
adoption of sustainable methods as even today manage-
ment in fruit orchards depends largely on only chemical
control options. The focus needs to shift towards the inclu-
sion of more biocontrol resources to manage diseases and
weeds in apple orchards. The high cost of IPM implementa-
tion, the emergence of resistant pests coupled with lack of
knowledge and real-time information are some of the ma-
jor constraints associated with the successful employment
of IPM. Basis the various means of control studied in this
review, it is suggested that increased use of genetically
modified varieties that are resistant to pests (25), bio-
pesticides (26) and technological advances such as Intelli-
gent Decision Support Systems (IDSS) and Sustain OS that
improves the accuracy of IPM methods provide solutions to
some of the challenges faced by apple growers. Plant-
derived insecticides, can be another viable method of
choice in controlling pests due to their environment-
friendly and sustainable features. These can be identified
by screening of native plants for secondary metabolites in
and around apple growing areas. By exploring manage-
ment strategies adopted in various fruit orchards across the
globe, we suggest that there is a huge potential for sustain-
able biocontrol in apple orchards too. The integration of
sustainable IPM with biocontrol methods should be the
penultimate goal for apple growers as this will not only
help in maintaining soil health in the orchards but will also
aid in attaining Sustainable Development Goals of beating
poverty and hunger despite changing climatic conditions
all over the world. This area therefore deserves further at-
tention and research efforts as it holds the potential for
improving apple yield in a sustainable and environment-
friendly manner.

Acknowledgements

Authors are thankful to their respective institutions for fa-
cilities and support.

Authors contributions

JK and CDR conceptualized and conceived the idea. MAP,
CDR, TG & JK compiled and formulated the manuscript. SG,
NB, PM, RK contributed section material to build the re-
view. All the authors edited the manuscript to its final form.

Compliance with ethical standards

Conflict of interest: The authors have no conflicts of inter-
est to declare that are relevant to the content of this article.

Ethical issues: None.

References
1.  Sherwani A, Mukhtar M, Wani AA. Insect pests of apple and their

10.

11.

12.

13.

14.

15.

16.

17.

management. Insect pest management of fruit crops. New Delhi:
Biotech Books. 2016;295-306.

Sheikh SH, Tripathi AK. Socio-economic conditions of apple
growers of Kashmir Valley: A case study of district Anantnag.
International Journal of Educational Research and Technology.
2013;4(1):30-39.

Jayaraj R, Megha P, Sreedev P. Review article. Organochlorine
pesticides, their toxic effects on living organisms and their fate in
the environment. Interdiscip Toxicol. 9: 90-100. https://
doi.org/10.1515/intox-2016-0012

Zhou H, Yu Y, Tan X, Chen A, Feng J. Biological control of insect
pests in apple orchards in China. Biological Control. 2014;68:47-
56. https://doi.org/10.1016/j.biocontrol.2013.06.009

Jaenicke H, Virchow D. The contribution of horticulture to sus-
tainable development. Ininternational Symposia on Tropical and
Temperate Horticulture-ISTTH2016 1205. 2016;13-20. https://
doi.org/10.17660/actahortic.2018.1

Padma T, Mir SA, Shantharajah SP. Intelligent decision support
system for an integrated pest management in apple orchard.
Inintelligent decision support systems for sustainable compu-
ting. 2017;225-45. Springer, Cham. https://doi.org/10.1007/978-3-
319-53153-3_12

Mouron P, Heijne B, Naef A, Strassemeyer J, Hayer F, Avilla J, et
al. Sustainability assessment of crop protection systems: Sus-
tainOS methodology and its application for apple orchards. Agri-
cultural  Systems.  2012;113:1-5.  https://doi.org/10.1016/
j.agsy.2012.07.004

Bale JS, Van Lenteren JC, Bigler F. Biological control and sustain-
able food production. Philosophical Transactions of the Royal
Society B: Biological Sciences. 2008;363(1492):761-76. https://
doi.org/10.1098/rstb.2007.2182

Kellerhals M, Schiitz S, Baumgartner I, Andreoli R, Gassmann J,
Bolliger N, et al. Broaden the genetic basis in apple breeding by
using genetic resources. In Proceedings of the 18th International
Conference on Organic Fruit-Growing, Hohenheim, Germany.
2018;19-21.

Hussain B, Buhroo AA, War AR, Sheerwani A. Insect-Pest Complex
and Integrated Pest Management on Apple in Jammu and Kash-
mir, India. http://oar.icrisat.org/id/eprint/10770

Bambawale OM, Sharma OP. IPM In India: Status and future
thrust. Plant Pathology in India: Vision. 2011;2030(2011):212-15.

Khan AA, Wani AR, Zaki FA, Nehru RK, Pathania SS. Pests of apple.
In: Pests and Their Management. 2018;457-90. Springer, Singa-
pore. https://doi.org/10.1007/978-981-10-8687-8_14

Khan AA. Exploitation of Chilocorus infernalis Mulsant
(Coleoptera: Coccinellidae) for Suppression of the San Jose
Scale, Diaspidiotus perniciosu s (Comstock)(Hemiptera: Diaspidi-
dae) in Apple Orchards. Journal of biological control. 2010;24
(4):369-72.

Sofi MA, Hussain B. Pest management strategy against black cap
stage of San Jose Scale in apple orchards of Kashmir valley. Indi-
an Journal of Entomology. 2008;70(4):398-99.

Dhawan AK, Peshin R. Integrated pest management: concept,
opportunities and challenges. In:Integrated pest management:
innovation-development process. 2009;51-81. Springer, Dor-
drecht. https://doi.org/10.1007/978-1-4020-8992-3_12

Kacho NF, Hussain M, Hussain N, Hussain M, Asmat S. Compara-
tive effect of synthetic and botanical insecticide against woolly
apple aphid, Eriosoma lanigerum (Hausamann) on apple in cold
arid zone of Kargil, Ladakh, India.

Ahmad MJ, Mohiudin S, Manzar A, Sherwani A. Laboratory evalu-
ation of anthocorid bug, Blaptostethus pallescens Poppius
(Heteroptera: Anthocoridae) against European red mite,
Panonychus ulmi (Koch) and two spotted spider mite,

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1515/intox-2016-0012
https://doi.org/10.1515/intox-2016-0012
https://doi.org/10.1016/j.biocontrol.2013.06.009
https://doi.org/10.17660/actahortic.2018.1
https://doi.org/10.17660/actahortic.2018.1
https://doi.org/10.1007/978-3-319-53153-3_12
https://doi.org/10.1007/978-3-319-53153-3_12
https://doi.org/10.1016/j.agsy.2012.07.004
https://doi.org/10.1016/j.agsy.2012.07.004
https://doi.org/10.1098/rstb.2007.2182
https://doi.org/10.1098/rstb.2007.2182
http://oar.icrisat.org/id/eprint/10770
https://doi.org/10.1007/978-981-10-8687-8_14
https://doi.org/10.1007/978-1-4020-8992-3_12

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Tetranychus urticae Koch infesting apple in. Journal of Entomol-
ogy and Zoology Studies. 2020;8(2):1750-55. http://
dx.doi.org/10.22271/j.ento

Hussain B, War AR, Ganie SA, Bilal S. Monitoring and testing
different doses of disparlure for Indian gypsy moth, Lymantria
obfuscata, in a temperate region of India (Kashmir Valley). Acta
Phytopathologica et Entomologica Hungarica. 2015;50(1):85-92.
https://doi.org/10.1556/038.50.2015.1.8

Hussain B, Ahmad B, Bilal S. Monitoring and mass trapping of the
codling moth, Cydia pomonella, by the use of pheromone baited
traps in Kargil, Ladakh, India. International Journal of Fruit Sci-
ence. 2015;15(1):1-9. https://
doi.org/10.1080/15538362.2013.819207

Sharma A, Kapoor R, Raina R, Thakur KS. Socio economic impact
of use of pheromone traps against Indian Gypsy moth, Lymantria
obfuscata on apple orchardists of Chamba district.

Gupta R, Tara JS. Management of Apple Tree Borer, Aeolesthes
holosericea Fabricius on Apple Trees (Malus Domestica Borkh.) In
Jammu Province, Jammu and Kashmir State, India. Journal of
Entomology and Zoology Studies. 2014;2(1):96-98.

ulah Rather S, Buhroo AA, Khanday AL. Occurrence of eulophid
parasitoids on apple leaf miner Lyonetia clerkella Linn.
(Lepidoptera: Lyonetiidae) in Kashmir.

Khanday AL, Buhroo AA, Singh S, Ranjith AP, Mazur S. Survey of
predators associated with bark beetles (Coleoptera: Curculio-
nidae: Scolytinae) with redescription of Platysoma rimarium
Erichson, 1834 from Kashmir, India. Journal of Asia-Pacific Biodi-
versity. 2018;11(3):353-60. https://doi.org/10.1016/
j.japb.2018.07.004

Gupta BK, Mishra BP, Singh V, Patel D, Singh MP. Constraints
Faced by Vegetable Growers in Adoption of IPM in Bundelkhand
Region of Uttar Pradesh. Indian Journal of Extension Education.
2020;56(4):92-97.

Ranga Rao GV, Rao VR. Status of IPM in Indian agriculture: a need
for better adoption. Indian Journal of Plant Protection. 2010;38
(2):115-21.

El-Metwally M, El-Ashry RM, El-Aal A. Effect of Chemical Nemati-
cides, Chicken Manure and Biocontrol Agents as a Control Meth-
od for Certain Plant Parasitic Nematodes Infecting Orchards
under Field Conditions in Sharkia Governorate, Egypt. Journal of
Plant Protection and Pathology. 2019;10(1):1-6. https://
doi.org/10.21608/jppp.2019.40550

Shivkumara KT. Botanical insecticides; prospects and way for-
ward in India: A review. Journal of Entomology and Zoology
Studies. 2019;7(3):206-11. https://doi.org/10.1007/s42360-019-
00162-5

Raghavendra KV, Gowthami R, Lepakshi NM, Dhananivetha M,
Shashank R. Use of botanicals by farmers for integrated pest
management of crops in Karnataka. Asian Agri-Hist. 2016;20
(3):173-80.

Lengai GM, Muthomi JW, Mbega ER. Phytochemical activity and
role of botanical pesticides in pest management for sustainable
agricultural crop production. Scientific African. 2020;7:e00239.
https://doi.org/10.1016/j.sciaf.2019.e00239

Dara SK. The new integrated pest management paradigm for the
modern age. Journal of Integrated Pest Management. 2019;10
(1):12. https://doi.org/10.1093/jipm/pmz010

Shafi SM, Sheikh MA, Nabi SU, Mir MA, Ahmad N, Mir JI, Raja WH,
Rasool R, Masoodi KZ. An overview of apple scab, its cause and
management strategies. EC Microbiology. 2019;15:0-1.

Rather TR, Bhat ZA, Pandit BA, Shiekh K, Malik AR, Ganai MA.
Bioefficacy studies of new fungicide molecules (Proquinazid 20
EC) against powdery mildew of apple. Journal of Pharmacognosy
and Phytochemistry. 2019;8(1):1963-65.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

451

Chauhan A, Ladon T, Verma P. Strategies for rootstock and varie-
tal improvement in apple: A review. Journal of Pharmacognosy
and Phytochemistry. 2020;9(5):2513-16.https://doi.org/10.22271/
phyto

Srivastava JN, Singh AK, Sharma RK. Diseases of apples and their
management. In: Diseases of Fruits and Vegetable Crops. 2020;19
-39. Apple Academic Press. https://
doi.org/10.1201/9780429322181-3

Wada M, Nishitani C, Komori S. Stable and efficient transfor-
mation of apple. Plant Biotechnology. 2020;37(2):163-70.https://
doi.org/10.5511/plantbiotechnology.20.0602a

Gessler C, Patocchi A, Sansavini S, Tartarini S, Gianfranceschi L.
Venturia inaequalis resistance in apple. Critical Reviews in Plant
Sciences. 2006;25(6):473-503. https://doi.org/10.1016/
j.sciaf.2019.e00239

Holb 1J, Kunz S. Integrated control of apple scab and powdery
mildew in an organic apple orchard by combining potassium
carbonates with wettable sulfur, pruning and cultivar suscepti-
bility. Plant Disease. 2016;100(9):1894-905.https://
doi.org/10.1094/PDIS-12-15-1416-RE

Moinina A, Lahlali R, MacLean D, Boulif M. Farmers’ knowledge,
perception and practices in apple pest management and climate
change in the Fes-Meknes Region, Morocco. Horticulturae. 2018;4
(4):42.https://doi.org/10.3390/horticulturae4040042

Holb I, Heijne B, Tamm L. Organic apple disease management.
Plant diseases management in organic agriculture. American
Phytopathological ~ Society, St. Paul. 2015. https://
doi.org/10.1094/9780890544785.024

Holb IJ. Apple powdery mildew caused by Podosphaera leuco-
tricha: some aspects of disease management. International Jour-
nal of Horticultural Science. 2014;20(1-2):29-33.. https://
doi.org/10.31421/1JHS/20/1-2/1113

Bahadou SA, Ouijja A, Karfach A, Tahiri A, Lahlali R. New potential
bacterial antagonists for the biocontrol of fire blight disease
(Erwinia amylovora) in Morocco. Microbial pathogenesis.
2018;117:7-15. https://doi.org/10.1016/j.micpath.2018.02.011

Schlatholter I, Jansch M, Flachowsky H, Broggini GA, Hanke MV,
Patocchi A. Generation of advanced fire blight-resistant apple
(Malusx domestica) selections of the fifth generation within 7
years of applying the early flowering approach. Planta. 2018;247
(6):1475-88. https://doi.org/10.1007/s00425-018-2876-z

Shetty MJ, Chandan K, Krishna HC, Aparna GS. Genetically modi-
fied crops: An overview. Journal of Pharmacognosy and Phyto-
chemistry. 2018;7(1):2405-10.

Hussain S, Sharma MK, Bashir D, Tundup P, Bangroo SA, Kumar
A. Effect of orchard floor management practices on nutrient sta-
tus in apple cv. Royal Delicious. International Journal of Current
Microbiology and Applied Sciences. 2018;7(2):2771-92. https://
doi.org/10.20546/ijcmas.2018.702.338

Hussain S, Sharma MK, War AR, Hussain B. Weed management in
apple cv. Royal Delicious by using different orchard floor man-
agement practices. International Journal of Fruit Science.
2020;20(4):891-921. https://
doi.org/10.1080/15538362.2019.1700405

Bond W, Turner RJ, Grundy AC. A review of non-chemical weed
management. HDRA the organic organization. Ryton Organic
Garden, UK. 2003.

Din S, Wani RA, Pandith AH, Majid I, Nisar S, Nisar F, et al. Effect of
weed management strategies on weed count and yield attributes
of apple (Malusx Domestica) under high density orchard system.
1JCS. 2020;8(4):1117-21. https://doi.org/10.22271/
chemi.2020.v8.i4i.9753

Paynter Q, Fowler SV, Hayes L, Hill RL. Factors affecting the cost
of weed biocontrol programs in New Zealand. Biological control.
2015;80:119-27. https://doi.org/10.1016/j.biocontrol.2014.

Plant Science Today, ISSN 2348-1900 (online)


http://dx.doi.org/10.22271/j.ento
http://dx.doi.org/10.22271/j.ento
https://doi.org/10.1556/038.50.2015.1.8
https://doi.org/10.1080/15538362.2013.819207
https://doi.org/10.1080/15538362.2013.819207
https://doi.org/10.1016/j.japb.2018.07.004
https://doi.org/10.1016/j.japb.2018.07.004
https://doi.org/10.21608/jppp.2019.40550
https://doi.org/10.21608/jppp.2019.40550
https://doi.org/10.1007/s42360-019-00162-5
https://doi.org/10.1007/s42360-019-00162-5
https://doi.org/10.1016/j.sciaf.2019.e00239
https://doi.org/10.1093/jipm/pmz010
https://doi.org/10.22271/phyto
https://doi.org/10.22271/phyto
https://doi.org/10.1201/9780429322181-3
https://doi.org/10.1201/9780429322181-3
https://doi.org/10.5511/plantbiotechnology.20.0602a
https://doi.org/10.5511/plantbiotechnology.20.0602a
https://doi.org/10.1016/j.sciaf.2019.e00239
https://doi.org/10.1016/j.sciaf.2019.e00239
https://doi.org/10.1094/PDIS-12-15-1416-RE
https://doi.org/10.1094/PDIS-12-15-1416-RE
https://doi.org/10.3390/horticulturae4040042
https://doi.org/10.1094/9780890544785.024
https://doi.org/10.1094/9780890544785.024
https://doi.org/10.31421/IJHS/20/1-2/1113
https://doi.org/10.31421/IJHS/20/1-2/1113
https://doi.org/10.1016/j.micpath.2018.02.011
https://doi.org/10.1007/s00425-018-2876-z
https://doi.org/10.20546/ijcmas.2018.702.338
https://doi.org/10.20546/ijcmas.2018.702.338
https://doi.org/10.1080/15538362.2019.1700405
https://doi.org/10.1080/15538362.2019.1700405
https://doi.org/10.22271/chemi.2020.v8.i4i.9753
https://doi.org/10.22271/chemi.2020.v8.i4i.9753
https://doi.org/10.1016/j.biocontrol.2014

452 PANDIT ETAL

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Brown MW. Applying principles of community ecology to pest
management in orchards. Agriculture, Ecosystems and Environ-
ment. 1999;73(2):103-06. https://doi.org/10.1016/S0167-8809(99)
00018-3

LeRoux EJ. Biological control attempts on pome fruit (apple and
pear) in North America, 1860-1970. The Canadian Entomologist.
1971;103(7):963-74. https://doi.org/10.4039/ent103963-7

Altieri MA, Schmidt LL. Cover crop manipulation in northern Cali-
fornia orchards and vineyards: effects on arthropod communi-
ties. Biological Agriculture and Horticulture. 1985;3(1):1-24.
https://doi.org/10.1080/01448765.1985.9754453

Stephens MJ, France CM, Wratten SD, Frampton C. Enhancing
biological control of leafrollers (Lepidoptera: Tortricidae) by
sowing buckwheat (Fagopyrum esculentum) in an orchard. Bio-
control Science and Technology. 1998;8(4):547-58. https://
doi.org/10.1080/09583159830063

Lewis T, Dibley GC. Air movement near windbreaks and a hypoth-
esis of the mechanism of the accumulation of airborne insects.
Annals of Applied Biology. 1970;66(3):477-84. https://
doi.org/10.1111/j.1744-7348.1970.tb04627.x

Tuovinen T. Influence of surrounding trees and bushes on the
phytoseiid mite fauna on apple orchard trees in Finland. Agricul-
ture, Ecosystems and Environment. 1994;50(1):39-47. https://
doi.org/10.1016/0167-8809(94)90123-6

Rieux R, Simon S, Defrance H. Role of hedgerows and ground
cover management on arthropod populations in pear orchards.
Agriculture, Ecosystems and Environment. 1999;73(2):119-27.
https://doi.org/10.1016/S0167-8809(99)00021-3

Miliczky ER, Horton DR. Densities of beneficial arthropods within
pear and apple orchards affected by distance from adjacent
native habitat and association of natural enemies with extra-
orchard host plants. Biological Control. 2005 Jun 1;33(3):249-59
https://doi.org/10.1016/j.biocontrol.2005.

Glover JD, Reganold JP, Andrews PK. Systematic method for
rating soil quality of conventional, organic and integrated apple
orchards in Washington State. Agriculture, Ecosystems and Envi-
ronment. 2000;80(1-2):29-45. https://doi.org/10.1016/S0167-8809
(00)00131-6

Mathews CR, Bottrell DG, Brown MW. A comparison of conven-
tional and alternative understory management practices for
apple production: multi-trophic effects. Applied Soil Ecology.
2002;21(3):221-31. https://doi.org/10.1016/s0929-1393(02)00105-1

Mifiarro M, Dapena E. Effects of groundcover management on
ground beetles (Coleoptera: Carabidae) in an apple orchard.
Applied Soil Ecology. 2003;23(2):111-7. https://doi.org/10.1016/
$0929-1393(03)00025-8

Brown MW, Tworkoski T. Pest management benefits of compost
mulch in apple orchards. Agriculture, Ecosystems and Environ-
ment. 2004;103(3):465-72. https://doi.org/10.1016/
j.agee.2003.11.006

Brown MW, Tworkoski T. Enhancing biocontrol in orchards by
increasing food web biodiversity. Journal of fruit and ornamental
plant research. 2006;14:19.

Preusch PL, Tworkoski TJ. Nitrogen and phosphorus availability
and weed suppression from composted poultry litter applied as
mulch in a peach orchard. HortScience. 2003;38(6):1108-11.
https://doi.org/10.21273/HORTSCI.38.6.1108

Brown MW, Schmitt JJ. Seasonal and diurnal dynamics of benefi-
cial insect populations in apple orchards under different man-
agement intensity. Environmental Entomology. 2001;30(2):415-
24. https://doi.org/10.1603/0046-225X-30.2.415

Brown MW, Mathews CR. Conservation biological control of rosy
apple aphid, Dysaphis plantaginea (Passerini), in eastern North
America. Environmental Entomology. 2014;36(5):1131-39.
https://doi.org/10.1603/0046-225X(2007)36[1131:CBCORA]

65.

66.

67.

68.

69.

70.

71.

T2.

73.

4.

75.

76.

TT.

78.

79.

2.0.C0;2

Brown MW, Mathews CR. Conservation biological control of spi-
rea aphid, Aphis spiraecola (Hemiptera: Aphididae) on apple by
providing natural alternative food resources. European Journal
of Entomology. 2008;105(3):537. https://doi.org/10.14411/
€je.2008.071

Brown MW. Sustainable biocontrol of apple insect pests. Pest
Technol. 2008;2:98-103.

Dumont F, Réale D, Lucas E. Can isogroup selection of highly
zoophagous lines of a zoophytophagous bug improve biocontrol
of spider mites in apple orchards?. Insects. 2019;10(9):303.
https://doi.org/10.3390/insects10090303

Song B, Han Z. Assessment of the biocontrol effects of three aro-
matic plants on multiple trophic levels of the arthropod commu-
nity in an agroforestry ecosystem. Ecological Entomology.
2020;45(4):831-39. https://doi.org/10.1111/een.12858

Cai Z, Ouyang F, Zhang X, Chen J, Xiao Y, Ge F, Zhang J. Biological
Control of Aphis spiraecola (Hemiptera: Aphididae) Using Three
Different Flowering Plants in Apple Orchards. Journal of Econom-
ic Entomology. 2021;114(3):1128-37. https://doi.org/10.1093/jee/
toab064

Kort IB, Moraza ML, Attia S, Mansour R, Kheder SB. Beneficial
arthropods as potential biocontrol candidates of thrips
(Thysanoptera: Thripidae) occurring in Tunisian citrus orchards.
Biologia. 2020;75(12):2261-70. https://doi.org/10.2478/s11756-
020-00487-x

Bourne A, Fountain MT, Wijnen H, Shaw B. Potential of the Euro-
pean earwig (Forficula auricularia) as a biocontrol agent of the
soft and stone fruit pest Drosophila suzukii. Pest management
science. 2019;75(12):3340-45. https://doi.org/10.1002/ps.5459

Kienzle J, Bicking D, Rau AL, Zebitz CP. Combination strategy of
biocontrol measures and antagonists for the control of
leafrollers in organic apple orchards in Germany.

Pereira C, Costa P, Pinheiro L, Balcao VM, Almeida A. Kiwifruit
bacterial canker: an integrative view focused on biocontrol strat-
egies. Planta. 2021;253(2):1-20. https://doi.org/10.1007/s00425-
020-03549-1

Deguine JP, Nguyen TN, Phuong DT, Wyckhuys K, Cao Van P.
Using weaver ants (Oecophylla smaragdina, Hymenoptera) as
biocontrol agents in fruit orchards in South Vietnam.

Gajski D, Pekar S. Assessment of the biocontrol potential of natu-
ral enemies against psyllid populations in a pear tree orchard
during spring. Pest Management Science. 2021;77(5):2358-66.
https://doi.org/10.1002/ps.6262

Oliveira H, Sarmento RD, Girardo AS, Alonzo C, Herndndez G,
Gutierrez G, Pinto 10. Biocontrol Potential of Neoseiulus californi-
cus (Mesostigmata: Phytoseiidae) Against Oligonychus punicae
(Acari: Tetranychidae) in Avocado. Journal of Economic Entomol-
ogy. 2021;114(3):1104-10. https://doi.org/10.1093/jee/toab029.

Poveda J, Roeschlin RA, Marano MR, Favaro MA. Microorganisms
as biocontrol agents against bacterial citrus diseases. Biological
Control. 2021;158:104602. https://doi.org/10.1016/
j.biocontrol.2021.

Akbaba M, Ozaktan H. Evaluation of bacteriophages in the bio-
control of Pseudomonas syringae pv. syringae isolated from can-
kers on sweet cherry (Prunus avium L.) in Turkey. Egyptian Jour-
nal of Biological Pest Control. 2021;31(1):1-1. https://
doi.org/10.1186/s41938-021-00385-7

Gharsallah H, Ksentini I, Naayma S, Hadj Taieb K, Abdelhedi N,
Schuster C et al. Identification of fungi in Tunisian olive orchards:
characterization and biological control potential. BMC microbiol-
ogy. 2020;20(1):1-3. https://doi.org/10.1186/512866-020-01997-z

Smaili MC, Boutaleb-Joutei A, Blenzar A. Beneficial insect com-
munity of Moroccan citrus groves: assessment of their potential

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1016/S0167-8809(99)00018-3
https://doi.org/10.1016/S0167-8809(99)00018-3
https://doi.org/10.4039/ent103963-7
https://doi.org/10.1080/01448765.1985.9754453
https://doi.org/10.1080/09583159830063
https://doi.org/10.1080/09583159830063
https://doi.org/10.1111/j.1744-7348.1970.tb04627.x
https://doi.org/10.1111/j.1744-7348.1970.tb04627.x
https://doi.org/10.1016/0167-8809(94)90123-6
https://doi.org/10.1016/0167-8809(94)90123-6
https://doi.org/10.1016/S0167-8809(99)00021-3
https://doi.org/10.1016/j.biocontrol.2005
https://doi.org/10.1016/S0167-8809(00)00131-6
https://doi.org/10.1016/S0167-8809(00)00131-6
https://doi.org/10.1016/s0929-1393(02)00105-1
https://doi.org/10.1016/s0929-1393(03)00025-8
https://doi.org/10.1016/s0929-1393(03)00025-8
https://doi.org/10.1016/j.agee.2003.11.006
https://doi.org/10.1016/j.agee.2003.11.006
https://doi.org/10.21273/HORTSCI.38.6.1108
https://doi.org/10.1603/0046-225X-30.2.415
https://doi.org/10.1603/0046-225X(2007)36%5b1131:CBCORA%5d2.0.CO;2
https://doi.org/10.1603/0046-225X(2007)36%5b1131:CBCORA%5d2.0.CO;2
https://doi.org/10.14411/eje.2008.071
https://doi.org/10.14411/eje.2008.071
https://doi.org/10.3390/insects10090303
https://doi.org/10.1111/een.12858
https://doi.org/10.1093/jee/toab064
https://doi.org/10.1093/jee/toab064
https://doi.org/10.2478/s11756-020-00487-x
https://doi.org/10.2478/s11756-020-00487-x
https://doi.org/10.1002/ps.5459
https://doi.org/10.1007/s00425-020-03549-1
https://doi.org/10.1007/s00425-020-03549-1
https://doi.org/10.1002/ps.6262
https://doi.org/10.1093/jee/toab029
https://doi.org/10.1016/j.biocontrol.2021
https://doi.org/10.1016/j.biocontrol.2021
https://doi.org/10.1186/s41938-021-00385-7
https://doi.org/10.1186/s41938-021-00385-7
https://doi.org/10.1186/s12866-020-01997-z

81.

to enhance biocontrol services. Egyptian Journal of Biological
Pest Control. 2020;30(1):1-5. https://doi.org/10.1186/s41938-020-
00241-0

LiuY, WangW, Zhou Y, Yao S, Deng L, Zeng K. Isolation, identifica-
tion and in vitro screening of Chongging orangery yeasts for the

biocontrol of Penicillium digitatum on citrus fruit. Biological Con- 83.

trol. 2017;110:18-24.
j.biocontrol.2017.04.002

https://doi.org/10.1016/

82. Tafifet L, Raio A, Holeva MC, Dikhai R, Kouskoussa CO, Cesbron S,

453

Krimi Z. Molecular characterization of Algerian Erwinia amylo-
vora strains by VNTR analysis and biocontrol efficacy of Bacillus
spp. and Pseudomonas brassicacearum antagonists. European
Journal of Plant Pathology. 2020;156(3):867-83. https://
doi.org/10.1007/s10658-020-01938-6

Adhikari L, Tuladhar S, Hussain A, Aryal K. Are traditional food
crops really ‘future smart foods?’A sustainability perspective.
Sustainability. 2019;11(19):5236. https://doi.org/10.3390/
sull195236

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1186/s41938-020-00241-0
https://doi.org/10.1186/s41938-020-00241-0
https://doi.org/10.1016/j.biocontrol.2017.04.002
https://doi.org/10.1016/j.biocontrol.2017.04.002
https://doi.org/10.1007/s10658-020-01938-6
https://doi.org/10.1007/s10658-020-01938-6
https://doi.org/10.3390/su11195236
https://doi.org/10.3390/su11195236

