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1 Introduction
1.1 Developments in the past

The role of bioprotectants in agriculture depends on the crop protection
approaches applied in cropping systems. Approaches towards crop protection
have changed during the last few decades and will continue to change.
Changes in crop protection approaches allow changes in cropping systems
and vice versa, and are driven by economic and societal conditions and needs
as well as by the available crop protection technologies and the development
of new ones. Major technological developments have determined disease
control approaches during the last few decades. New breeding technologies
have increased the level of resistance against pathogens in certain crops and
the development and broad implementation of chemical crop protection
have reduced yield losses through disease in nearly all crops (Oerke et al.,
1994). Saving yields by the broad application of chemical crop protection
have allowed farmers to simplify their cropping systems (Barzman et al., 2015).
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2 The role of bioprotectants in integrated crop protection approaches

Measures for disease prevention, such as the use of resistant varieties, crop
rotation and high biodiversity at field and landscape level, have become less
important. Cropping systems developed in large-scale production, simplified
crop rotation or monocultures and the use of cultivars more susceptible to
diseases gave higher yields in combination with chemical crop protection.
Consequently, cropping systems became less resilient against losses caused
by diseases and more dependent on the use of chemical crop protection.

The main drivers encouraging a change in crop protection approaches
during the last few decades have been drastically increased by demand for
food, feed and fibre for a growing world population, in combination with a shift
in nutritional patterns of consumers towards animal protein food. The latter
has resulted in a disproportional increase in feed production. An increasing
awareness of the shortcomings of green revolution technologies has resulted in
the adaptation of agricultural production systems, often guided by government
regulations and demanded by consumer perceptions. Retailers even increased
the pressure on levels of pesticide residues in food by setting more restrictive
standards than legally enforced for residue levels. This has led to restricted use
of chemical pesticides in advanced integrated pest management (IPM) systems
(Barzman et al., 2015).

1.2 Drivers of change

Current major technological progress will further shape crop protection
approaches. Better epidemiological knowledge results in reliable forecasting of
certain disease epidemics, particularly concerning risk periods for infections by
pathogens. This knowledge is implemented in decision support systems (DSS),
guiding farmers on decisions regarding chemical crop protection, especially
on the timing of applications. Developments in precision agriculture allow site-
specific applications of crop protection products within fields and advanced
spraying technologies allow targeting of relevant plant parts with reduced drift
to the environment. This may result in reduced use of crop protection products
per hectare, which results in reduced unwanted environmental side effects.

Reduced efficacies due to resistance development by pathogens
against fungicides, and restrictions in the use of chemical crop protection
(and subsequent withdrawal from the market) in combination with further
requirements, such as those of the European Parliament (2009) to change
cropping systems towards systems with IPM, is currently causing another shift
towards more resilient cropping systems. In such systems, the implementation
of preventative measures is preferred in combination with chemical crop
protection as a last resort if other measures do not sufficiently safeguard
crop yields (Barzman et al., 2015; Baker et al., 2020). This will result in the
development of new complex and multi-faceted IPM systems.
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1.3 Future developments

Future developments in crop protection approaches are difficult to predict.
Systems may slowly develop in incremental steps towards complex IPM
systems with strongly guided application of crop protection products.
However, the consequences of climate change and the current pressure on
the environment (resulting in the degradation of soils, pollution of waterways
and ground water and a decrease in biodiversity in agricultural systems and
their surrounding wildlife habitats) are leading us to re-think the direction
and speed of changes needed in the near future. Societal awareness of
planetary boundaries and the impact of humans on ecosystems (including
but not limited to climate change during the Anthropocene) may force
much more rapid and drastic changes in significant transformational rather
than slow incremental steps (Steffen et al.,, 2015). This will encourage the
development of drastically changed cropping systems with closed nutrient
cycles, restricted use of external resources and full protection of biodiversity
(Dainese et al., 2019; van Selm et al., 2020; Willett et al., 2019; van Zanten
et al., 2019). Yield may decrease per hectare compared to current high-
input systems that depend on the external use of fertilizers, energy and crop
protection products. Yield gaps of 8-25% have been reported by a complete
switch to organic farming (Muller et al., 2017). To feed the population, the
need for food production on the limited available arable land will not allow
significant competing feed production for livestock industries. Such changes
are only possible in combination with diet changes from animal protein to
plant protein nutrition. There will be a need to produce protein food crops
to fulfil future nutritional patterns instead of abundant cereal production and
fodder maize for animal feed (van Selm et al., 2020; van Zanten et al., 2019).
Such transformational changes in cropping systems will result in higher
diversification in crops at temporal and spatial scales, a shift to other/
new crops, and will have a strong emphasis on the resilience of cropping
systems against the negative impacts by pests and diseases (Beillouin et al.,
2019). In this context, an understanding of the use of microbiomes of soil,
in and on plants and in crop residues, will be of increasing importance to
maximize the impact of microbiomes on resilience and plant health (Bakker
et al.,, 2020; Berg et al., 2020; CAST, 2020; Kerdraon et al., 2019; Syed Ab
Rahman et al., 2018). Crop residue management will become an important
preventative measure to reduce pathogen populations (Kéhl et al., 2007).
Advances in assessing microbiome components and functions are expected
during the next few years so that biological information can be incorporated
into the next generation of precision and digital agriculture technologies
and effective microbiome transplant methods for field use will become
available.
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4 The role of bioprotectants in integrated crop protection approaches

1.4 The role of bioprotectants in cropping systems

Itis obvious that bioprotectants contribute in various ways towards the different
crop protection approaches, ranging from the frequently used reliance
on routine use of chemical crop protection products towards a possible
future system relying strongly on the resilience of the cropping system with
restricted use of chemical crop protection products. Currently, bioprotectants
mainly complement and/or replace chemical crop protection products in
spray schedules. In the envisaged future, bioprotectants will complement the
functions of the microbiome and other components in the cropping system
contributing to resilience against plant diseases. Multiple-strain biological
control products may be designed for this purpose (Niu et al., 2020). Targeted
diseases will change with changing crops and cropping systems, as well as the
demands on the specificity of bioprotectants to guarantee protection of the
beneficial microbiome. Consequently, different bioprotectants are needed
now and in the future.

The process of development of bioprotectants - from choosing the
targeted pathogens to screening candidate antagonists, product development,
registration and market introduction - takes many years; often 10-15 years are
needed for their broad implementation in agriculture. This chapter aims to
give a brief overview of the particular roles of bioprotectants in current and
potential future crop protection approaches to stimulate discussion within the
biocontrol industry, amongst scientists and funding agencies on the need for
new generations of bioprotectants for an agricultural industry undergoing
transition.

2 The role of bioprotectants in conventional high-input
cropping systems

In conventional cropping systems, high inputs of crop protection products are
used to achieve maximum yields. Fungicides are intensively applied to prevent
or control pathogens damaging the crop. Driving forces for crop protection
measures include the avoidance of risks of losses, the expected efficacy of a
measure and product and application costs. Broad-spectrum fungicides and
combinations or alternations of different crop protection products are standard.

A first prerequisite for the integration of bioprotectants into such crop
protection approaches is their biological compatibility. Living microorganisms as
the active ingredients of bioprotectants may not survive or at least be restricted
in their activity in an environment where multiple applications of different
fungicides, including broad-spectrum products, are used. A possible solution
is the selection of biological control strains that are resistant to one or several
frequently used fungicides. However, fungicides used by growers will change
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over time due to changes in availability on the market and the occurrence of
new compounds and mixtures of active ingredients. It will be impossible to
respond to this development rapidly with the development of bioprotectants
with adapted resistance to newly introduced fungicides. If bioprotectants
compatible with synthetic fungicides are available and can be integrated
into crop protection spray schedules, growers will compare the advantages
of applying chemical fungicides versus bioprotectants. Product costs will be
considered, notwithstanding the externalized costs (Pimentel and Burgess,
2014a,b; Bourguet and Guillemaud, 2016), ease of application in tank mixes
including other pesticides or fertilizers, spectrum of activity from high specificity
to control one disease to a broad spectrum including several diseases and
direct efficacy in disease control with a rapid effect on symptom development
without considering indirect, long-term effects through saving the resilience of
the cropping system. Based on such considerations, the grower may decide
in many cases to use synthetic fungicides instead of bioprotectants, as long as
fungicides are available without any restrictions in use. Only if efficient synthetic
crop protection products are not available growers will use bioprotectants as an
alternative. An example is the use of bioprotectants for fire blight control in apple
and pear production if the use of antibiotics such as streptomycin or copper
productsis restricted. The use of certain fungicides can also be restricted because
of the risk of resistance development by the targeted pathogen. If no efficient
fungicides are available to replace the preferred fungicides with restricted use,
bioprotectants can be integrated into the spray schedule to reduce the risk of
fungicide resistance development in the pathogen population. However, the
most important motivation for conventional growers to integrate bioprotectants
into their spray schedules may be restrictions in pesticide residue levels set by
government regulations, such as the ‘Maximum Residue Level' (MRL), or (often
at lower levels and with further restrictions for multiple pesticide residues) by
retailers (Buurma et al., 2012). Late season applications of bioprotectants that
don't leave residues on the marketable product have a competitive advantage
over synthetic fungicides to avoid higher residue levels of a certain fungicide or
to obtain a product with a lower number of different fungicide residues.

In conclusion, there are limited niches for bioprotectants in conventional
crop protection approaches where only short-term costs and benefits are
valued but externalized costs and long-term benefits are not considered.

3 The role of bioprotectants in integrated pest
management cropping systems
3.1 The principles of integrated pest management

Integrated pest management (IPM) is an essential component of current
sustainable farm management. By avoiding routine applications of chemical
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6 The role of bioprotectants in integrated crop protection approaches

pesticides, contamination of ecosystems and undesirable effects on human and
animal health are reduced. In IPM, complex crop protection strategies are being
developed and are applied to build on resilient crops, complex ecosystems
with high buffering capacity against populations of plant pathogens and pests,
and a preference for environmentally friendly crop protection products before
chemical pesticides are applied as an exceptional intervention (Barzman et al.,
2015).

Entomologists realised in the 1950s that broad-spectrum insecticides
favoured pest outbreaks since natural enemies had been eliminated. IPM is
a response to the experienced development of pesticides resistance and
damage of beneficial insect populations. Important components of IPM
include multiple tactics to monitor and develop and use action thresholds to
keep populations under predetermined damage levels (Baker et al., 2020).
Protection and enhancement of populations of natural enemies in combination
with applications of selective insecticides only after pest thresholds are reached
are the pillars of IPM. The original goals of IPM were to reduce dependency
on pesticides and to protect the environment and health in combination with
avoiding rapid resistance build-up against the pesticides by the targeted pests.
Later, cultural tactics from mulch covers to tillage were added, combined with
biological and chemical control (Baker et al., 2020).

Current IPM approaches cover whole crop protection, preventing damage
by pests, diseases and weeds. IPM has developed a broad application in
agriculture. In the European Union (EU), Directive 2009/128/EC (European
Parliament, 2009) promotes the use of IPM through the development and
implementation of National Action Plans in Member States since 2014, with the
emphasis on growing healthy crops with the least possible disruption to agro-
ecosystems and encouraging natural pest control mechanisms. The system
approach is structured by eight principles (Barzman etal., 2015). Prevention and
suppression of harmful organisms is always the basicfirst principle, for example,
combining crop rotation, cultivar choice, cultivation techniques, avoiding
the spread of harmful organisms and engagement of beneficial organisms,
including protection of an ecological infrastructure outside production sites.
Decisions regarding direct responsive crop protection measures are made only
if monitoring of the crop and its pest populations and diagnostics indicate the
relevant risk of crop damage by a harmful organism. Sustainable biological,
physical and other non-chemical methods must be used before synthetic
pesticides, if they provide satisfactory pest control (see Fig. 1; Annex Il of
Framework Directive 2009/128/EC; Barzman et al., 2015).

The IPM approach strengthens the position of biological control compared
to conventional cropping systems where the use of bioprotectants is mainly
motivated to reduce residue levels in food and feed products and to avoid
the build-up of resistance to synthetic fungicides. In IPM, preferred measures

Published by Burleigh Dodds Science Publishing Limited, 2022.



The role of bioprotectants in integrated crop protection approaches 7

Responsive (direct) el
crop protection /A

Risk assessment/ ::;n;'i?gl::ds syst:gn{s
Monitoring

Threshold values

Cultural control:
Preventive (indirect) Cultivation techniques

crop protection

Tolerant/
Resistant cultivars natural enemies

Integrated Pest Management
Figure 1 The principles of IPM (Meissle et al., 2011; modified by Meissle).

for preventative crop protection protect or even enhance naturally occurring
biological control by natural enemies of pests and beneficial components
of the microbiomes in soil, in and on plants and their residues. Resilience in
the cropping system increases due to natural biological control, so that less
synthetic crop protection products have to be applied and, if applied, selective
products with limited negative impact on the natural biological control should
be chosen in IPM. In modern IPM systems, including the framework described
in the directive on sustainable use of pesticides in the EU (European Parliament,
2009), sustainable biological, physical and other non-chemical methods must
be given priority over chemical methods if they provide ‘satisfactory’ pest
control. The definition of ‘biological methods’ in this context is often broad and
may include pheromones, plant extracts, culture extracts of microorganisms
or purified metabolites of microorganisms or plants, although the scientific
definition of biological control of plant diseases is the suppression of
populations of plant pathogens by living organisms (Heimpel and Mills, 2017;
Stenberg et al., 2021). In current IPM, the preferred selective control methods
are those that are not harmful to the resilience of a cropping system before
broad-spectrum methods are used that likely cause side effects on components
of the natural biological control of the system. Consequently, following this way
of thinking, it is important also to distinguish between selective and broad-
spectrum methods in biological control. Zehnder et al. (2007) introduced such a
separation for arthropod pest management. They proposed, after preventative
strategies have been considered, the inundative and inoculative release of
biological control agents as the first phase of a control strategy. In this phase
of pest control, mass-reared live agents are released (Eilenberg et al., 2001).
Only if control levels of selective biological control agents are insufficient,

Published by Burleigh Dodds Science Publishing Limited, 2022.



8 The role of bioprotectants in integrated crop protection approaches

insecticides of biological and mineral origin and further compounds such
as pheromones for mating disruption are applied in the next phase of pest
management strategy (Zehnder et al., 2007). Niggli (2020) modified the
pest management strategies proposed by Zehnder et al. (2007) by including
disease management strategies. In the early phases of preventative measures,
he included vegetation management to enhance soil microbiome inducing
resistance in plants. In the next phases of disease control measures, the release
of competitive antagonists against diseases is proposed, followed by the use of
fungicides of biological and mineral origin and the use of chemical or synthetic
fungicides (including copper) in the final phase.

3.2 Bioprotectants in integrated pest management

Compared to conventional cropping systems, the IPM approach strengthens
the position of bioprotectants. The use is not complementary to the use of
chemical pesticides as in conventional cropping systems, but rather biological
control products with satisfactory potential in disease protection have to be
used before chemicals are considered. In the EU, this principle is strongly
promoted and should be implemented by the Member States (European
Parliament, 2009). For the broader implementation of bioprotectants in IPM,
the decision-making process for growers needs to be adapted. The use of
protective measures depends on a decision-making process, often supported
by sophisticated DSS developed by commercial providers. Such systems advise
farmers in the timing of application of synthetic fungicides. Since the modes of
action of bioprotectants are very different from those of synthetic fungicides,
optimum timing of bioprotectant application may differ from the advised timing
of fungicide applications. Bioprotectants may work more slowly, may need
to be applied earlier during epidemics or even before a crop is established
(as is the case in controlling disease outbreaks of Sclerotinia sclerotiorum by
destroying overwintering sclerotia of the pathogen by applying hyperparasites
on and in the soil (Gerlagh et al., 1999; Zeng et al., 2012)).

There is therefore the need to develop adapted DSS considering the
modes of action of bioprotectants. There is also a need to evolve such DSS
from the view of short-term disease to a decision-making process including
systemic factors in a long-term decision strategy (Barzman et al., 2015). A
change of mind is also needed regarding the understanding of the satisfactory
potential in disease protection. This cannot simply consist of a comparison
of the efficacy of bioprotectants and synthetic fungicides in experimental
design as conventionally used for efficacy tests for crop protection products.
Bioprotectants may work more slowly, and have to be applied based on
different decisions as conventional fungicides because they work not only by
a direct effect of the applied organism but also by the support and protection
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of the buffering resident microbiome, whereas fungicides may affect beneficial
non-target organisms. Furthermore, due to their pathogen-specific nature,
it is unlikely that the application of bioprotectants will result in new disease
problems, which is often the case when broad-spectrum fungicides are used
with side effects on beneficial non-target organisms. In this situation, fungicide
use may encourage the additional use of other complementary fungicides to
control such new disease problems (Barzman et al., 2015). As long as such
possible effects (as well as other externalities causing costs for the society) are
not considered in the decision-making process, fungicides may be preferred
due to their faster and stronger direct control activity (Pimentel and Burgess,
2014a,b; Bourguetand Guillemaud, 2016). The strong position of bioprotectants
in IPM approaches will thus become reality after a broad and long-term holistic
definition of the satisfactory pest control level has been developed and applied.

4 The role of bioprotectants in organic cropping systems
4.1 Disease prevention

Organic agriculture relies on ecological processes, biodiversity and closed
nutrient cycles rather than external inputs with adverse effects (http://www
.ifoam.org/about_ifoam/standards/index.html). The underlying principles of
organic agriculture are described by the International Federation of Organic
Agricultural Movement (IFOAM) in Best Practice Guidelines and detailed
organic standards and technical regulations. Governmental regulations, such
as in the EU (European Commission, 2007) and the United States (United
States Dept. Agric., 2011), regulate production in organic agriculture and
the marketing of organic products. A worldwide certification system for
organic farms and their products guarantees that organic agriculture follows
the principles of the organic movement. This includes the entire chain, from
organic seed production to retail.

The essential principles of organic crop production are biological cycles
within the farm, closed systems regarding nutrients and organic matter,
maintenance of high genetic diversity and avoidance of any form of pollution
(Van Bruggen and Finckh, 2016). Farming systems should be self-regulating
through interdependent natural processes in the agroecosystems with the
emphasis on prevention of problems rather than solutions by use of external
inputs. Typical elements in organic cropping systems are higher plant diversity
in time and space due to complex rotation systems, smaller field plots, mixed
crops and acceptance of certain weed levels in the crops. Soil management
(including the cycling of organic matter within the farm) leads to higher
organic matter in the soil and consequently higher microbial colonization
levels and higher microbial diversity in the soil, as well as on above-ground
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10 The role of bioprotectants in integrated crop protection approaches

parts of the crops and their residues. Organic cropping systems clearly differ
from conventional cropping systems. The intrinsic properties of organic
systems strongly determine the occurrence and intensity of plant diseases (Van
Bruggen and Finckh, 2016), which results in disease management challenges
different to those in conventional cropping systems. Consequently, the role of
bioprotectants in plant disease control in organic cropping systems differs from
their role in conventional cropping systems.

The importance of plant diseases in organic and in conventional cropping
systems has been extensively reviewed by Van Bruggen and Finckh (2016),
who analysed scientific reports on root and foot diseases in monocotyledonous
and dicotyledonous arable crops, annual vegetable crops and perennial
crops. Such diseases are caused by soilborne pathogens that interact with the
saprophytic microorganisms active in soils. Healthy soils with sufficient organic
matter and high biodiversity strongly influence populations of soilborne
pathogens and thus generally lower the risk of foot and root diseases. These
diseases are generally less pronounced in organic systems compared to
conventional cropping systems. For foliar diseases, differences between
cropping systems are harder to evaluate because airborne inocula of diseases
may be transported for longer distances and thus neighbouring effects may
mask system effects (Van Bruggen and Finckh, 2016). A general observation is
that certain foliar diseases such as rusts and powdery mildews are favoured on
plants grown at high nitrogen levels. Since nitrogen levels are generally lower in
organic cropping systems, such diseases affect organic crops less severely than
conventional crops. For the prevention of foliar diseases, different measures are
combined in organic farming. Examples are sanitation by removal of inoculum
sources, cultivar selection with an emphasis on general robustness against
biotic stresses and increased habitat diversity, including use of strip crops,
intercropping, mixed crops and cover crops (Ditzler et al., 2021). Van Bruggen
and Finckh (2016) identified in their study the multicyclic foliar pathogens
causing problems for organic growers where preventative measures are often
not satisfactory and disease control measures have to be applied. Examples
of such threatening diseases are late blight in potato, downy mildews in many
crops and apple scab. For many other foliar diseases, differences between
the cropping systems were less pronounced or diseases were less severe in
organic cropping systems compared to conventional systems.

4.2 Use of crop protection products

The use of plant protection products in organic agriculture has to be authorized
by general governmental regulations for plant protection products. Besides
this, an additional approval for use in organic agriculture is needed (European
Commission, 2008; Speiser and Tamm, 2011). Plant protection products
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approved for use in organic agriculture are ‘mined natural products’ such as
copper, sulphur and silicates, salts such as bicarbonate salts, oils, extracts from
plants and microorganisms, and microorganisms (European Commission,
2008; Van Bruggen et al., 2016). The use of living microorganisms (bacteria,
viruses and fungi) for pest and disease control is generally allowed in organic
agriculture as long as microorganisms are not genetically modified and no
petroleum-based synergists or carriers are used in their formulation (Speiser
and Tamm, 2021; Van Bruggen and Finckh, 2016).

Currently, copper fungicides are widely applied in organic farming
to control major multicyclic diseases in organic farming such as late blight
in potato, downy mildew in grapevine and apple scab (Lamichhane et al.,
2018). The use of copper fungicides in the EU is restricted by regulations,
allowing only gradually decreasing amounts applied per hectare due to
the unwanted accumulation of copper in the soil and negative effects on
soil biota. It can also be expected that broad-spectrum copper fungicides
interfere with phyllosphere microbiomes so the natural microbial buffering
capacity against foliar diseases might be affected. However, studies on the
effect of multiple copper applications in grapevine revealed no differences in
fungal microbiome composition and quantitative levels of fungal populations
on grapevine leaves during a growing season (Gobbi et al., 2020). For other
broad-spectrum fungicides such as lime sulphur and sulphur used in organic
farming, negative effects on beneficial microorganisms can be expected but
conclusive results of microbiome studies on such side effects are missing. As
long as broad-spectrum fungicides are commonly used in organic farming
to control the major leaf diseases, the role of bioprotectants will be limited.
However, similar to the development of IPM, use of selective crop protection
products should be considered before broad-spectrum products are used
(Zehnder et al., 2007; Niggli, 2020), following an ecological systems approach
to protect crops, relying more on larger biodiversity than in conventional
cropping systems (Baker et al., 2020). It can be expected that the role of
bioprotectants in organic farming will increase in the future if the use of
copper fungicides is restricted and more emphasis will be given to the use
of selective crop protection products. Main applications in this increasing
market will be the control of problematic multicyclic foliar diseases unless
fully resistant cultivars become available. A few potential candidates for the
development of bioprotectants needed in future organic farming have been
described, for example, Lysobacter capsici AZ778 for control of downy mildew
in grapevine (Segarra et al., 2015) and Cladosporium cladosporioides H39 for
control of apple scab (K&hl etal., 2015). Antagonistic effects of several bacteria
and fungi on other downy mildews including Phytophthora infestans have
been reported under controlled conditions but biological control of these
pathogens under field conditions is still a challenge. Examples of successful
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12 The role of bioprotectants in integrated crop protection approaches

biological control of diseases with particular importance for organic farming
are limited. The specific biology of this group of pathogens and the resulting
complex disease epidemiology with multiple cycles, rapid spread within the
crop and high potential to cause yield losses in a short time period are all
challenges facing the development of crop protection products, including
bioprotectants.

5 Future integrated approaches
5.1 Food production within planetary boundaries

Future cropping systems should be built on closed nutrient cycles with limited
use of external resources. Protection of biodiversity will be the other pillar
to produce food within existing planetary boundaries (Steffen et al., 2015).
Developing such new cropping systems will be a major challenge in the near
future. A particular difficulty is the uncertainty of the impact of climate change
on agricultural systems (Lamichhane et al., 2015). Crop protection approaches
in future systems will rely on their intrinsic buffering capacity against pests
and diseases. This robustness against damage by diseases will be based on
functions of the plant microbiome (Berg et al., 2017; Berg et al., 2020; CAST,
2020) in combination with genetic diversification of crops and a variety of
crop protection approaches, including the use of bioprotectants. With climate
change, invasive pathogens may come, and the role of already indigenous
pathogens may evolve. Knowledge gaps concerning the future importance of
certain diseases hamper the choice of relevant targets for the new generation
of bioprotectants needed for future cropping systems.

5.2 Fungicide effects on microbiomes

In the future, crop protection approaches relying on the buffering functions
of resident microbiome and additional crop protection measures should not
interfere with microbiome composition and function. The impact of insecticides
on natural biological control has been studied extensively since the publication
of Silent Spring by Rachel Carson in 1962. Similar information on potential
fungicide effects on resident microbiomes is surprisingly scarce and scattered.
The early work of Fokkema et al. (1975) demonstrated that the saprophytic
microflora on cereal leaves has an important role in preventing leaf infection
by Cochliobolus sativus. Fungicide application with non-target effects on the
natural microflora interrupted the buffering capacity on the leaves, resulting in
increased pathogen infection. It can be expected that such iatrogenic diseases,
occurring after fungicide treatments, are more common in crops with high
chemical crop protection input, but systematic research is missing.
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Seed treatments with fungicides can change the microbiome composition
of the developing crop. Such non-target effects were found by Nettles et al.
(2016) in multi-year field trials with maize and soybean. Fungal communities
in the rhizosphere of maize and soybean were significantly affected even
one month after seeding. Seed treatments also had a significant effect on
endophytic fungal populations in soybean leaves.

Recent studies of the microbiome of apple bark revealed a strong effect
of orchard location, tissue age and sampling time during the growing season
on the general composition of bacterial and fungal microbiomes (Arrigoni
et al., 2020). Fungicide applications had no global effect on microbiome
composition, but the relative abundance of specific taxa significantly differed
between systems with different fungicide inputs. The relative abundance of
certain potential biocontrol genera, such as Aureobasidium, decreased in
systems with low-input disease management but other potential biocontrol
genera, such as Cryptococcus, increased. Fungicide applications have complex
effects on the microbiome on wheat leaves (Knorr et al., 2019). Certain fungal
groups decreased in relative abundance, whereas other groups, especially
yeasts, increased significantly. Interestingly, certain fungal groups were able
to multiply after fungicide treatments and filled the available space on the
leaves. Gobbi et al. (2020) compared the effect of copper fungicides and a
biocontrol treatment on the grapevine phyllosphere microbiome. Bacterial
populations were relatively stable whereas the fungal sample showed seasonal
shifts. Significant treatment effects were limited to a few fungal taxa. In a similar
study, no significant effects of a treatment with penconazole (in comparison
with an untreated control) were found for indigenous bacterial and fungal
populations on grapevine leaves at three experimental sites in Italy (Perazzolli
et al., 2014), whereas microbiome composition significantly differed between
locations. Cernava et al. (2019) reported on distinct microbiome shifts by
pathogen management practices for bacterial populations on tea leaves due
to strong non-target effects of the treatments. At least part of the reported
differences may be due to location effects, since treated and untreated leaves
were sampled at distinct locations.

5.3 Interactions between bioprotectants and microbiomes

The observed changes in microbiome composition due to fungicides used for
disease management may affect the resilience of cropping systems and need
further attention in future research into microbiome-pesticide interactions. For
the application of biological control products based on living microorganisms,
similar studies are even more essential because interactions may act in two
different ways. The applied bioprotectant may affect the non-target taxa of
the resident microbiome, but also the resident microbiome may affect the
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14 The role of bioprotectants in integrated crop protection approaches

establishment and effectiveness of the applied bioprotectant population.
Studies of potential non-target effects of biocontrol agents are limited. Brimner
and Boland (2003) state that released biocontrol agents have the potential
to disrupt entire ecosystems because they can interfere with the native soil
communities (e.g. mycorrhizal fungi) and thus may indirectly affect plant
growth. Their review on investigations of interactions between mycorrhizal
fungi and biocontrol isolates of Trichoderma spp. revealed no consistent
effects of the biocontrol strains. In different studies, mycorrhizal fungi were
inhibited, unaffected or stimulated in development by Trichoderma spp., and
even antagonism of mycorrhizal fungi against Trichoderma spp. has been
reported. Brimner and Boland (2003) also state that the host range of several
hyperparasites of fungal pathogens used in biological control is not fully known
and may be broader so that potentially non-target fungi may also be affected.
Deising et al. (2017) expect that applied biocontrol strains may alter resident
microbial consortia and may trigger the production of microbial secondary
metabolites by resident microbial consortia, causing an unpredictable risk of the
use of biological control. However, wherever microbial communities interact,
secondary metabolites produced in situ play a role in the communication
between microbial populations, including communication with newly arriving
biocontrol populations. Produced locally, at low concentrations and degraded
within a short time, such secondary metabolites are present in the natural
environment and no additional risk following applications of biocontrol strains
is expected (Koch et al., 2018; Kohl et al., 2019). Partial effects of introduced
biocontrol strains on microbiome composition have been reported, but effects
were short term and often negligible, such as in applications on grapevine
leaves (Perazzolli et al., 2014), strawberry leaves (Sylla et al., 2013) and lettuce
rhizosphere (Scherwinski et al., 2008).

Effects of the resident microbiome on microbial biocontrol agents are
more obvious since the buffering capacity of microbial communities is a
general phenomenon and a rich biodiversity decreases the susceptibility of
ecosystems for invasion (Kéhl etal., 2019; Lugtenberg, 2018; Tilman, 1999). This
general ecological principle also explains the commonly observed decrease in
introduced biocontrol populations (Koéhl et al., 2019). The role of the resident
microbiome can be demonstrated by a ‘de-coupling’ experiment. Disruption
of the rhizosphere microbiome by the application of a broad-spectrum
fungicide led to a better establishment of an introduced antagonistic Bacillus
amyloliquefaciens isolate and resulted in stronger suppression against Fusarium
oxysporum f.sp. cucumerinum in the rhizosphere soil (Qiu et al., 2014). A similar
principle is applied when antagonists are introduced following soil disinfection
by steaming. Increasingtheresilience of the residentmicrobiome in future robust
cropping systems may therefore affect the establishment and effectiveness of
the applied bioprotectant population. For example, the antagonist Lysobacter
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capsici AZ78 did not establish in a vineyard with rich bacterial diversity with
strong antagonistic properties (Perazzolli et al., 2014). In this study, Perazzolli
et al. (2014) compared the effect of the microbiome of grapevine leaves from
three different vineyards on Plasmopora viticola by applying leaf washings
on P, viticola-inoculated leaf discs. The foliar microbiome from one location
had a strong effect on P, viticola in the leaf disc assay. Application of L. capsici
AZ78 in this vineyard did not alter the microbiome structure. However, the leaf
washings from another vineyard were not effective in the leaf disc assay against
the pathogen. In this vineyard, application of L. capsici AZ78 increased the
abundance of a bacterial group (Xanthomonadaceae) that includes L. capsici.
These findings led to the hypothesis that indigenous microbiomes with high
diversity and biocontrol properties as found on the first site are more resistant
to exogenous microorganisms, including the pathogen P viticola and the
antagonist L. capsici. Biocontrol effects of introduced bioprotectants therefore
depend on the structure and functions of the resident microbiome. The role of
the bioprotectants in this regard is changing from a general crop protection
product to a product complementing resident microbiomes where needed.

5.4 Shaping microbiomes

Current microbiome research is aimed at understanding the structure and
function of plant microbiomes and their role in plant health and biocontrol
approaches (Berg et al., 2020). Enhancing microbial diversity was identified as a
new mode of action of bioprotectants (see elsewhere in this book). Insights into
the functions of the microbiome in natural biological control will allow measures
to enhance the resident microbiome in order to improve its biocontrol function,
similartothe supportofresidentnatural enemies of pests, suchasbyadaptingthe
architecture of the landscape or strip crops. Reports on measures implemented
to shape the resident microbiome towards enhanced disease suppression
are still limited. A well-studied case is the increased soil suppressiveness
against take-all disease in wheat monoculture (Weller et al., 2002). Recently,
rare sugars have been tested to shape the microbiome of grapevine leaves
(Perazzolli et al., 2020). Tagotose (TAG) application on grapevine leaves
caused significant changes in microbiome composition, leading to a relative
increase in potentially beneficial indigenous microorganisms. However, since
amplicon sequencing revealed information on the genus level, the beneficial
functions can only be hypothesized. The microbiome composition differed
between the two vineyards. The hypothesized increase in beneficial microbial
groups was found in one of the two vineyards, suggesting that the effect of
TAG on disease development depends on the original composition of the site-
specific microbiome. The disease control effect of TAG applications under field
conditions of downy mildew and, more pronounced, on powdery mildew may
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be a combined effect of the direct control effect via the anti-nutritional effects
of this rare sugar on specific taxa, including the pathogens, and the indirect
effect by shaping the microbiome towards an increased relative abundance of
(hypothesized) beneficial bacterial and fungal groups. Such an engineering of
phyllosphere microbiomes has potential as a new biocontrol approach.

In future cropping systems with strong emphasis on the natural buffering
capacity against plant diseases of resident microbiomes in the soil and on and
in plants, the role of bioprotectants will change from general crop protection
to specific support of and as a complement to resident microbiomes where
needed. The high specificity of the bioprotectant against certain pathogens
without non-target effects on the broader microbiome will be an important
requirement. The interplay of the introduced bioprotectants with the resident
microbiome will occurin two ways: complementing the disease suppressiveness
of the system and shaping the microbiome towards increased and stable
suppressiveness.

6 Case study: the role of bioprotectants in different
apple scab control approaches

6.1 Apple scab epidemiology and control

Apple scab caused by Venturia inaequalis is the most prevalent apple disease
worldwide. The pathogen affects leaves and fruits leading to losses in fruit yield
and quality (MacHardy et al., 2001). The multicyclic epidemic starts in spring
with the release of ascospores from overwintering apple leaves on the orchard
floor. This primary inoculum is present in the orchard during just a few weeks
in spring and infects young, highly susceptible developing leaves and young
fruits. In a second phase of the epidemic, V. inaequalis produces conidia on
scabbed leaf tissue during the remaining growing season, which can infect
leaves and fruits in multiple infection-sporulation cycles. Young leaves formed
during summer are a driving force of the summer epidemic since they are
highly susceptible.

Current scab management relies on multiple applications of fungicides,
often guided by sophisticated DSS, combining forecasting risks of infection
periods, susceptibility of apple tissues and fungicide coverage from earlier
applications. Multiple applications of copper-based fungicides or other
certified crop protection products are common in organic apple production.

Two strategies for biological control of apple scab have been explored.
Antagonists have been selected to interfere with the surviving mycelium and
production of fruiting bodies in fallen leaves during the winter season on the
orchard floor. The objective of this biocontrol strategy is to reduce the number of
ascospores released from pseudothecia in spring so that the primary infections of
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developing leaves and fruits by ascospores are reduced. The antagonistic fungi
Athelia bombacina (Heye and Andrews, 1983) and Microsphaeropsis sp. (Carisse
etal., 2000) have been selected for this purpose. Carisse et al.(2000) showed that
autumn applications of Microsphaeropsis sp. on the orchard floor reduced the
number of ascospores produced by V. inaequalis by 70-80% so that the number
of fungicide sprays needed for scab control during the growing season could
be reduced. In the second biocontrol strategy, antagonists are applied during
the growing season to the canopy to prevent initial infections by ascospores in
spring or further spread of scab by conidia during the summer epidemic. Several
screening programmes have been reported and resulted in a few candidates
for biocontrol products, for example, Chaetomium globosum (Boudreau and
Andrews, 1987), Pseudomonas syringae (Burr et al., 1996), epiphytic yeasts (Fiss
et al., 2000) and Cladosporium cladosporioides (Kohl et al., 2009, 2015).

Applefruitsare producedin cropping systems with differentintegrated crop
protection approaches (Caffi et al., 2017; Holb et al., 2017). Growers' choices
depend on their economic and environmental concerns, their risk strategies
concerning yield and quality losses and market prices for fruits produced
under different systems (Pissonnier et al., 2016). Conventional systems mainly
rely on regular applications of synthetic fungicides, whilst IPM systems use DSS
before fungicides are applied and often integrate further measures to reduce
apple scab risks, such as sanitation and resistant varieties - if marketing of such
varieties is feasible. A limited number of fungicide applications is advised in
orchards with resistant varieties to prevent the development of V. inaequalis
populations from breaking this resistance against the pathogen. Organic
cropping systems rely on applications of fungicides certified for use in organic
farming, such as copper compounds and sulphur, often in combination with
resistant varieties (Speiser et al., 2014). Future resilient cropping systems
may be developed that fully exploit the benefits of resident microbiomes in
scab-resistant varieties. Options for careful microbiome modulation may also
become available to protect the crop from damage by the pathogen (Perazzolli
et al.,, 2020). In such future apple cropping systems, interventions with crop
protection products will be limited to exceptional periods of predicted high
and unacceptable risks for yield and quality losses.

6.2 Bioprotectants in conventional systems

Bioprotectants with the potential to reduce ascospore production before
the growing season and to control the progress of scab epidemics during
the growing season could have different positioning in spray schedules in
cropping systems with different crop protection approaches. In conventional
approaches, regular fungicide applications are common, and often applied
as calendar sprays, especially if applied by agricultural contractors (Fig. 2a).
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Figure 2 Integration of bioprotectants for apple scab control in different cropping
systems. Application of chemical fungicides indicated by black arrows and bioprotectants
by green arrows. Preventative measures and bioprotectants targeting leaf litter during the
winter season in advanced IPM systems and organic systems not shown. (a) conventional
cropping system; (b) IPM system; (c) advanced IPM system; (d) organic cropping system;
(e) resilient cropping system.
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Options for integration of biocontrol products into such crop protection
approaches may be limited. Risks of selection of resistance against the key
systemic fungicides within the pathogen populations may be counteracted by
using different synthetic fungicides in alternation. The main reason to apply a
biocontrol product is to limit the residue level on the marketed fruits below that
accepted by distributors and retailers. In this situation, the biocontrol product
will replace one or a few late season applications of fungicides against scab, if
the biocontrol product can be integrated into spray schedules with applications
of fungicides against various apple fruit rots usually applied late in the season.

6.3 Bioprotectants in integrated pest management systems

In IPM systems, fungicide applications for scab control are guided by DSS
considering forecasted risks of potential infection periods and expected leaf
coverage with fungicides applied during earlier treatments (Fig. 2b). Calendar
applications of fungicides are avoided. The choice of a specific fungicide
depends on the infection risk level and the number of applications of certain
fungicides if their application frequency is limited to prevent build-up of
fungicide resistance in the pathogen population. In such a management
strategy, a biocontrol product - with possibly lower or more variable efficacy
compared to the most effective fungicides - can be integrated during the entire
growing season. The biocontrol product can be applied before forecasted
moderate or low infection risk periods instead of fungicides to reduce unwanted
environmental side effects of the applied spray schedule and to avoid multiple
applications of fungicides at risk of resistance development. Depending on
the development of the scab epidemic and the weather conditions during
the season, several fungicide applications can be replaced by the biocontrol
product during the primary season and the summer epidemic. Since developing
young leaves are the driving force of the summer epidemic, fungicides present
on older leaves from earlier applications may not interfere with the efficacy of
the applied antagonist on the young leaves, allowing a flexible integration into
spray schedules with alternating chemical and biological control applications.
Atthe end of the season, applications of the biocontrol product will be preferred
to achieve low residue levels on the harvested fruits.

In more advanced IPM systems, the use of DSS is complemented by various
preventative measures. To reduce the risk of primary infections in the following
spring, sanitation measures such as the physical removal of fallen leaves on the
orchard floor or the enhancement of their decomposition by shredding or urea
application (Gomez et al., 2007; Sutton et al., 2000) can be complemented or
replaced by treatments with antagonists such as Microsphaeropsis sp. selected
for their competitive ability in necrotic leaf tissues (Carisse et al., 2000). Another
option is the use of scab-resistant varieties. In orchards planted with common
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resistant varieties, fungicide treatments applied several times during the
growing season are recommended to prevent breaking of scab-resistance
by local V. inaequalis populations (Jamar and Lateur, 2007). Such fungicide
treatments can potentially be replaced by applications of bioprotectants. If
scab epidemics develop in such IPM systems, their management by fungicide
treatment is guided by DSS. Since the disease pressure will generally be lower,
more fungicide treatments can be replaced by biocontrol products compared
to less advanced IPM systems or in conventional systems (Fig. 2c).

6.4 Bioprotectants in organic systems

In organic cropping systems, the decomposition of fallen leaves is favoured by
the rich biodiversity in organically managed soils. The interplay of mesofauna
and microbiome reduces in this way the overwintering potential of V. inaequalis
in leaf litter. Physical sanitation measures that enhance leaf decomposition
(Gomez et al., 2007; Sutton et al., 2000) or removal of fallen leaves by specially
designed leaf vacuum machinery (Benduhn et al., 2014) further lower the
ascospore load at the beginning of the growing season. Examples of future
biological control options in leaf litter include yeast extracts of Saccharomyces
cerivisiae (Porsche et al., 2017) or antagonists such as Microsphaeropsis sp.
(Carisse et al., 2000). This combination of enhanced leaf decomposition with
a rich biodiversity and additional measures generally results in lower scab
pressure at the beginning of the growing season compared to conventional or
IPM cropping systems. During the growing season, mainly copper fungicides are
applied, guided by DSS (Fig. 2d). Copper spray schedules are complemented
by applications of other fungicides accepted in organic farming such as
wettable sulphur, lime sulphur and potassium bicarbonates (Jamar and Lateur,
2007). Use of copper fungicides is limited due to environmental considerations,
increasingly restricting the amounts applied per hectare and season due to
governmental regulations, phytotoxicity and russeting caused in certain
developmental stages of apple fruits. Biocontrol products as alternatives can
be positioned in the primary season to complement and increasingly replace
copper fungicides. Furthermore, pathogen-specific biological control products
can replace a substantial number of other organic fungicides, often with broad-
spectrum activities, scheduled in the summer season. In this way, the buffering
capacity of an undisturbed microbiome on leaves and fruits may reduce scab
severities and support the effects of specific biocontrol products.

6.5 Bioprotectants in resilient cropping systems

Future - still partly hypothetical - highly resilient cropping systems combining
resistant cultivars with the full employment of microbiota in soil and in and on
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plants will be less susceptible to apple scab. Interference with crop protection
measures will only be needed during forecasted periods of high infection risks,
combining favourable weather conditions with high inoculum pressure in the
orchard (Fig. 2e). In this situation, applications of broad-spectrum fungicides,
as currently used in conventional and organic apple cropping systems, may
have unwanted side effects on key species of the resident microbiota and
may be detrimental because they may disturb the resilience of the system. If
such disturbed systems do not recover before new infection periods occur,
subsequent fungicide applications are needed even during periods of lower
infection risks. Disturbance may continue and even progress during a longer
period - sometimes even the entire growing season - due to an iatrogenic
mechanism. Selective biological control products with no or limited effects
on resident microbiota will have a clear advantage. Since the resilience of
the systems will not be affected by the product, single sprays during periods
with high infection risks will be sufficient to support the resident microbiota.
The remaining resilience of the system will sufficiently suppress further scab
development during low and moderate risk periods, whereas additional
subsequent treatments with the biological control product are only needed
again during further high-risk periods. In this way, just a few crop protection
measures will be needed during a season, and scab management will mainly
rely on the functions of undisturbed resident microbiota.

7 Conclusions and future trends in research

Bioprotectants have the potential to replace chemical fungicides in all agri-
cultural cropping systems and crop protection approaches. The development
of new bioprotectants in combination with more restricted use of chemical
crop protection (due to environmental considerations and a lack of availa-
ble new lead products) will result in bioprotectants having a stronger market
position in the future.

Bioprotectants fulfil particular roles in current and future crop protection
approaches, primarily reducing pesticide residues in harvested products
in conventional systems, being the first and preferred control option in IPM
systems and organic farming, and complementing resident microbiomes in
future resilient cropping systems.

Various barriers to adoption have been identified that will slow down the
broad exploitation of bioprotectants, such as a lack of biocontrol solutions for
multiple diseases in crops, high registration costs, exclusion of external costs
of crop protection products, a highly competitive marketplace, risk-averse
customers, complex selling channels, insufficient information and training for
farmers and insufficient consideration of socioeconomic factors (Marrone,
2009; Barzman et al., 2015; Lamichhane et al., 2017; Baker et al., 2020; Zaki
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et al., 2020). The importance of such barriers obviously also differs for the
different crop protection approaches and the related roles of bioprotectants
in such approaches. The main drivers encouraging the use of bioprotectants
at present are the economic advantages of the individual biocontrol product
over conventional products. For envisaged future crop protection approaches,
relying heavily on the resilience of the cropping system against plant diseases,
new drivers for using bioprotectants will evolve. A main driver will be the
selectivity of bioprotectants for use against specific problematic pathogens
without non-target effects and their potential to shape resident microbiomes
in their functions. There will be substantial need for such bioprotectants to
safeguard the transition from current cropping systems towards resilient
cropping systems without unwanted interference within the core microbiome.
In this situation, incentives for development and use of bioprotectants need
to change from market-driven economic incentives to a more holistic view of
the true costs and benefits, including currently externalized costs for the use of
different external inputs in agriculture.

8 Where to look for further information

Three international journals specifically focusing on biological control
(BioControl, Biocontrol Science and Technology, Biological Control) publish
results of scientific research on biological control of pest and plant pathogens
with an increasing portion of articles on plant pathogens. However, a significant
number of scientific papers on biological control of plant pathogens is
published in a broad range of scientific journals on plant pathology, microbial
ecology and soil microbiology, and in crop-specific journals and journals on
post-harvest technologies.

The International Organisation for Biological and Integrated Control
(IOBC) (www.iobc-global.org) plays an important role in the communication
of scientific results on biological control and their integrated use in cropping
systems. The IOBC is organized globally with different regional sections.
Within the West Palaearctic Regional Section of IOBC (IOBC-WPRS) (www.
iobc-wprs.org) several working groups deal with the biological control of plant
pathogens, such as WG ‘Biological and integrated control of plant pathogens/,
WG ‘Induced resistance in plants against insects and diseases’, WG ‘Integrated
protection of fruit crops’ with subgroups on ‘Pome fruit diseases’, ‘Stone fruits'’
and ‘Soft fruits’, and WG ‘Integrated protection in viticulture’ with the subgroup
‘Fungal, bacterial and physiological diseases".

The working groups meet on a regular basis, usually bi-yearly, with
international participation of non-members as well. Contributions to the
workshops are published in the IOBC-WPRS Bulletin. These bulletins publish
scientific reports on ongoing research and technical papers related to the
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practical use of biological control in cropping systems. IOBC-WPRS also
publishes on the frameworks for integrated production and general technical
guidelines and crop specific guidelines for the implementation of integrated
production and IPM.

The website of the International Biocontrol Manufacturers Association
(IBMA; www.ibma-global.org) informs about commercial development,
registration and marketing of biocontrol products. The IBMA organizes annually
a global biocontrol industry meeting to network, discover and unveil new
products, market opportunities and research areas and inform policy makers
and regulators of the specific needs of the biocontrol industry. The website
(www.abim.ch) includes an informative archive of presentations held during the
meetings since 2006.
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