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An Editorial on the Frontiers in Science Lead Article
Enabling sustainable crop protection with induced resistance in plants

Key points

- Scientific evidence suggests that induced resistance (IR) in plants can be
successfully implemented for sustainable crop production through
integrated pest management strategies.

- Governments need to create a legal framework for implementing
novel, science-based approaches to promote the implementation of
IR stimulants.

- Scientists, breeding companies, and farmers should collaborate more
closely to ensure that the implementation of IR will be effective and
economically viable.

Born in the 1960s, I grew up with the book Silent Spring (1). In this book, Rachel Carson
reports on the environmental problems caused by synthetic pesticides, in particular
dichlorodiphenyltrichloroethane, better known as DDT. This highly effective pesticide
did not only kill insect pests and mosquitos but also insectivorous birds and their predators,
birds of prey, due to the accumulation of toxic DDT in the food chain. This strongly
motivated me to study plant biology and pursue a scientific career studying natural plant
defenses. After all, insect herbivores and pathogens present serious threats to crop
production, linking directly to feeding a growing world population. Over millions of
years, plants have evolved strategies to survive pathogens and herbivores as large as
dinosaurs. If we “learn from nature,” therefore, we can develop smarter crop protection
strategies that protect plants without harming ourselves or our environment.

Induced resistance (IR) is one of the smart strategies that plants have up their sleeve. As
elucidated in the insightful lead article by Flors et al. (2) in Frontiers in Science, plants
possess a wide array of natural resistance mechanisms that help them to survive herbivore
and pathogen attacks. These include constitutive defenses, which are produced
continuously (i.e., waxy epidermal cuticles, bark, cell walls, etc.). Plant resistance can
also be upregulated when there is an actual attack. The latter strategy, which includes IR, is
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considered a cost-saving strategy because the plant only invests in
producing defenses when needed and the saved resources can be
allocated to growth and reproduction instead (3).

Over the last four decades, a large body of scientific research has
also shown that IR can be specifically targeted at the attacker. Based
on specific cues, called pathogen- or herbivore-associated molecular
patterns, or PAMPs and HAMPs, respectively, plants can recognize
their attackers (4). They deploy certain defense responses to reduce
damage caused by the particular herbivore or pathogen that is
attacking, again optimizing the allocation of resources to resistance
production most efficiently. In contrast to constitutive defenses, IR
reduces the pressure on pathogens and herbivores to evolve
mechanisms to detoxify or circumvent their host’s defenses. The
specificity of the IR response may also avoid non-target effects on
beneficial organisms, such as pollinators (5), or toxicity to humans.
In fact, Flors et al. note that the increased production of certain
defensive metabolites may enhance the health aspects of our crops.
Glucosinolates—typical compounds found in cabbage and mustard
—are a well-known example. They lend resistance to herbivores and
pathogens as well as provide health benefits for humans because
glucosinolates have anti-inflammatory, antioxidant, and anti-
carcinogenic effects (6). Thus, when IR causes a glucosinolate
increase, crops like cabbage and mustard become even more
nutritious for us.

In addition to these plant intrinsic IR mechanisms, beneficial
microbes associated with plants can also promote IR. Bacterial and
fungal mutualists may either elicit broad-spectrum IR via induced
systemic resistance (ISR) or systemic acquired resistance (SAR) or by
priming the plant for future attacks (2). Priming is particularly
interesting as it boosts the response to attackers (mostly without
involving the costly production of resistance) before they arrive (7).
An additional advantage of applying beneficial microbes, particularly
those associated with plant roots, is that they commonly promote
plant growth by enhancing nutrient and water uptake. Taken
together, the benefits of IR make it indeed worthwhile to explore
its application in sustainable crop production.

Yet, despite the obvious advantages and the urgent need for
sustainable alternatives to synthetic pesticides, Flors et al. (2)
observe that IR is rarely deployed in agricultural production
systems. This is a missed opportunity, especially regarding our
accumulated knowledge of the molecular and physiological
mechanisms underpinning IR. Synthetically produced HAMPs or
PAMPs that trigger IR responses could be applied as a spray to
protect crops, for example. Similarly, breeders could use the
knowledge generated to select for crop varieties with more
effective IR responses. It has also been found that certain maize
varieties possess genes coding for herbivore-induced volatiles.
When attacked by herbivores, plants emit these volatiles which
act as a “cry for help” to attract natural enemies that either
parasitize or prey on the herbivores (8). Such maize varieties
could be more suitable for integrated pest management (IPM)
systems in which natural enemies are augmented as one of the
sustainable strategies to reduce crop damage. The authors also
mention that we could implement our knowledge of the
epigenetic regulation of IR. This would imply that—either via
novel gene editing techniques or epigenetic imprinting of the
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seeds—IR to pests and pathogens could be sped up or boosted.
This is a very exciting prospect, though it is currently not yet ready
for immediate application. In other words, there is sufficient
knowledge and potential to integrate IR into IPM systems. Why,
then, has it barely been implemented?

Flors et al. specify various factors limiting the application of IR
in agriculture. The application of HAMPs, PAMPs, or
phytohormones to stimulate IR might come with a growth
penalty and thus a loss of productivity, for example. However,
this could also be the case for the use of synthetic pesticides. The
potentially negative effects of IR could further be mitigated by
optimizing the dosage, timing, and environmental conditions of IR
stimulant application. This would, of course, require investment in
well-designed manipulative field studies on a near-production scale.
Scientists, crop breeders, farmers, and consumers need to also
collaborate more closely to make the application of IR
transferable. It would ensure that science-based solutions are
economically viable and provide sustainable incomes for farmers
and farm workers. Moreover, any solutions must be acceptable to
consumers. For example, stimulating cabbage to produce more
glucosinolates does not only render them more resistant and
healthier but also changes the flavor and thereby affects consumer
acceptance. Innovative co-working and experimental formats, such
as co-creation and living labs, may serve as ideal platforms to test
the implementation of IR and other forms of natural resistance as
well as ensuring that solutions are taken onboard by consumers.
Another hurdle for implementation is the legal framework for
introducing novel IR-inducing biostimulants to the (European)
market. The safety and effectiveness of novel products must be
sufficiently assessed, of course. However, the administrative
demands are often such that only very large enterprises can
provide the necessary documentation for market admission. This
inhibits the innovative power of scientific institutions and small and
medium-sized enterprises.

In conclusion, there is sufficient knowledge and potential to
integrate IR approaches into agricultural practices toward
sustainable crop production. However, it certainly is not a “golden
bullet” that can protect our crops from any harm. This means we
should stop treating our agrifood production systems as predictable
“food factories.” Instead, we should manage them for what they are:
complex agroecosystems in which many organisms interact. IR is an
intrinsic part of these interactions; when managed well, it can reduce
pest damage and support sustainable food production.
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