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Abstract
Efficient plant protection is of fundamental importance in order to warrant food security. Here, we present arguments that a 
coordinate approach in plant protection is urgently required, taking advantage of a broad mix of measures, including modern 
synthetic chemistries, capable of protecting plants from adverse organisms.
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Plant disease outbreaks have threatened food security since 
ancient times and impact global economy today. Effective 
plant protection is thus of fundamental importance to over-
come the threats caused by plant pathogens.

In environmental terms, resistance breeding is the method 
of choice to control plant diseases, in the best-case scenario 
conferring effective protection without additional costs 
for pesticides or labor during the growing season. Durable 
resistance (R-) gene-mediated resistance, however, with the 
exception of mlo-based resistance to powdery mildews in 

cereals, has not been observed, as classical R-genes are rap-
idly overcome. Indeed, considerable genome variability in 
pathogen populations may be caused by transposable ele-
ments, high mutation and recombination rates as well as by 
incorrect chromosome segregation during mitosis and meio-
sis, collectively resulting in rapidly evolving new virulence 
phenotypes infecting formerly resistant cultivars (Möller 
et al. 2017).

Today, molecular mechanisms employed by fungal and 
bacterial pathogens during plant attack are well understood. 
Plants exhibit immunity to most microorganisms, mediated 
by distinct layers of resistance. The first layer of the plant 
immune system is activated by plant pattern recognition 
receptors (PRRs) upon contact with pathogen-associated 
molecular patterns (PAMPs), which are essential for patho-
gens and therefore structurally invariable molecules such as 
chitin and branched β-glucan fungal cell wall fragments or 
bacterial flagellin. As a result of PAMP recognition, PAMP-
triggered immunity (PTI) is established. Successful patho-
gens, however, have developed mechanisms to circumvent 
PAMP recognition, e.g., by modifying their cell surfaces 
and PAMP exposure, and/or by secreting effectors (Oliveira-
Garcia and Valent 2015).

A significant breakthrough in molecular understanding 
of resistance genetics was Harold H. Flor’s X-ray mutagen-
esis experiment with heterokaryotic flax rust uredinio-
spores (Flor 1958), eventually giving rise to the gene-for-
gene hypothesis. This hypothesis suggested that microbial 
avirulence (AVR-) gene products are recognized by plant 
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R-gene products, with recognition causing rapid activation 
of defense responses such as the hypersensitive response 
(HR). Today, AVR gene products are known as effector pro-
teins, and the rapid resistance established by recognition of 
effectors is called effector-triggered immunity (ETI). Today, 
Flor’s gene-for-gene hypothesis (Flor 1971) has been fully 
confirmed on the molecular level (Dangl and Jones 2001) 
and paved the way for molecular cloning and employment 
of plant R-genes in molecular breeding.

In spite of significant contributions of classical breeding 
to plant health, and in spite of significant efforts to introduce 
novel R-genes into crops, classical breeding is by far not suf-
ficient to compensate for the loss of R-genes efficiency by 
rapidly occurring novel virulent pathogen races. Among the 
best-studied examples of genetic variability is the differen-
tiation of races of the rice blast fungus Magnaporthe oryzae. 
The genome of M. oryzae is remarkably rich in transposable 
elements, and many effector genes are localized at telomere 
regions, contributing to genetic instability of these genes. 
Effector genes may also be localized on dispensable mini-
chromosomes not transferred to the progeny of the pathogen 
(Peng et al. 2019). Furthermore, mutations caused by UV 
irradiation may also result in alteration of the effector gene 
complexity in pathogens, failure of effector-recognition and 
of resistance responses to occur (Fig. 1).

Indeed, in the late 1980s, rice blast disease was wide-
spread in Arkansas, causing severe yield losses. In 1990, the 
first blast-resistant rice cultivar harboring the R-gene Pi-ta 
was released, and several rice cultivars carrying this gene 
have subsequently been developed to control the disease. 
However, due to the enormous variability of the effector 
gene AVR-Pita1 in natural populations of M. oryzae, Pi-
ta was broken and spread of the novel races IB-17, IB-49 
and IC-17 caused new rice blast outbreaks between 2012 
and 2015 (Peng et al. 2019). Similar scenarios have been 
reported for the powdery mildew fungus Blumeria graminis 
f. sp. hordei, which was able to overcome several R-genes, 
including Mla12, Mla7, Mla9, Mla13 and Mlk1 within two 
to four years after their release in commercial barley cul-
tivars in the 1970s to 1990s. In this fungus, breaking of 
R-genes by effector gene mutations is not surprising, given 
that up to  1013 spores can daily be released per ha of an 
infected field, and given mutation frequencies in the range 
of 1 × 10–6 to 1 × 10–5 (Deising et al. 2002). More recent 
examples of virulence shifts are the occurrence of the wheat 
stem rust race UG99 and the outbreak of stripe rust in North 
Africa and Europe due to introduction of novel races from 
central Asia (Ali et al. 2017; Salcedo et al. 2017). These 
examples indicate that virulence evolution and overcoming 
a broad range of so far efficient R-genes is a persisting threat 
to crop production. Thus, the enormous genome plasticity of 
pathogens, the acreage at which cultivars with given R-genes 
are grown, and particularly the volume of inoculum allowed 

to form by insufficient disease control measures can be 
regarded as the prime determinants of the limited durability 
of single R-genes.

The lesson learned from fast breaking of newly intro-
duced R-genes by effector gene mutations is that support of 
R-genes by additional disease control measures is indispen-
sable. Accelerated introduction of novel R-genes and effi-
cient pyramidizing of these, supported by modern CrispR/
Cas-like genome editing technologies (Chen et al. 2019) 
would enormously reduce the time required for generating 
novel disease-resistant cultivars, strengthen plant health 
and likely reduce contaminations of harvest products with 
microbial toxins. However, ignoring scientific arguments, 
public and political reservations caused banning of these 
environment-friendly technologies.

As classical resistance breeding is not sufficient to protect 
crops, the demand for other methods warranting plant health 
and increasing yield is growing stronger. Among the avail-
able alternatives, QTL-based quantitative resistance may 
offer some reduction in disease symptom severity, but QTLs 
alone will only mitigate disease development and are hardly 
able to safeguard the sustainability of food and fodder pro-
duction. Furthermore, biological control strategies, although 
publicly appreciated and politically supported, are today 
not sufficiently effective to control above-ground diseases 
and will—if ever—only cover small niches in disease con-
trol. As previously discussed, antagonistic microorganisms 

Fig. 1  AVR- and R-gene product interactions determine resistance or 
susceptibility. Recognition of fungal Avr protein (syn. effector pro-
tein) by cytoplasmic NBS-LRR resistance protein of the plant results 
in rapid defense responses, e.g., the hypersensitive response (HR). 
Mutations in an effector gene may lead to failure in effector protein 
recognition, compromised defense responses and the establishment 
of disease. ap appressorium, Avr avirulence (syn. effector) protein, 
co conidium, HR hypersensitive response, R resistance protein = Avr 
receptor, ih infection hypha.
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employed in biological disease control may even result in 
increased microbial secondary metabolite synthesis in plant 
pathogen(s) and/or biological control agent(s), giving rise to 
biological chemistries of unpredictable toxicity and risks for 
consumers (Deising et al. 2017).

The above obstacles raise the question, which effective 
plant protection measures can be used. Today, farmers using 
synthetic chemistries to control diseases and pests are facing 
societal objection, and consumers are concerned because 
of the putatively toxicological profiles and persistence of 
pesticides. It should be emphasized here that pesticides, 
together with breeding of resistant cultivars of crops, have 
warranted increasing yield and yield stability over decades, 
and in contrast to the toxicity of the first generation of these 
compounds, the vast majority of currently registered plant 
protection chemistries is safe for consumers and environ-
ment. The irrationality in pesticide risk perception is obvi-
ous: Copper-based multi-target fungicides, which exhibit 
high acute toxicity (oral  LD50 values in rats is ~ 300 mg/
kg) and ecotoxicity profiles (Baldwin et al. 2003; Paoletti 
et al. 1998) and are persistent in soil, can even be used in 
biological farming. Synthetic chemistries such as the qui-
none-outside-inhibitor kresoxim-methyl and the multi-target 
dithiocarbamate fungicide mancozeb exhibit  LD50 values 
corresponding to ~ 5000 mg/kg. For comparison, the neuro-
toxic pyrethroid insecticides Cypermethrin and Cyfluthrin 
have oral  LD50 values in rats of ~ 420 and ~ 350 mg/kg, and 
the  LD50 of the neonicotinoid Thiacloprid corresponds to 
620 mg/kg. The corresponding value for Nicotine is in the 
range of 50–60 mg/kg, indicating that the toxicity of this 
compound exceeds that of neurotoxic insecticides. Clearly, 
plant protection chemistries, applied in accordance with 

legal guidelines, exhibit a negligible risk for farmers and 
consumers.

The acute risk is not to intoxicate consumers or the envi-
ronment by applying synthetic pesticides. The risk is to lose 
entire pesticide classes, so that certain targets in pathogens 
cannot be addressed further. The fewer chemistries with 
distinct targets exist, the more frequently pesticides with 
the same mode of action are applied, resulting in effec-
tive development of resistance against these compounds in 
pests and pathogens. Therefore, it is generally accepted that 
a minimum of three actives with distinct targets is required 
to minimize the risk of development of pesticide resistance 
(Anonymous 2013; Jeske 2019). The concern to lose plant 
protection chemistries to the point that diseases, pests or 
weeds cannot be controlled is absolutely realistic: Jeske 
(2019) quantified the number of interactions between culti-
vated plants and adverse organisms and recorded the number 
of interactions for which less than three chemistries with 
distinct targets are available. In 1973, for only 510 out of 
5.577 interactions less than three chemistries with distinct 
modes-of-action were available. Remarkably, in 2018, this 
value had increased to 3.539, corresponding to 63.5% of all 
interactions (Tab. 1). Clearly, due to the enormous genome 
plasticity and mutation rates in pathogens, occurrence of 
strains resistant to the few remaining plant protection chem-
istries is hard to prevent. The dramatic scenario of loss of 
the complexity of plant protection chemistries (Table 1) and 
the absence of effective alternatives indeed bear the risk of 
failure of disease or pest control in the future.

Our prime concern should be that on a worldwide scale, 
approximately, 700 million people are undernourished at 
present, urgently requiring the development of modern plant 

Table 1  Number of plant-
pathogen/pest interactions 
and herbicides with less than 
three chemistries with distinct 
targets in Germany

* Related to all applications and cultures, including forestry, ornamental plants, greenland and stored prod-
uct protection
** Corresponds to 63.5% of all interactions between crops and adverse organisms (= 5.577)
After Jeske (2019)

1973 1983 1993 2003 2008 2013 2018

Agronomy
Fungicides 21 55 65 104 115 110 199
Herbicides 54 162 243 376 490 535 545
Insecticides 35 51 75 82 95 146 195
Vegetable production
Fungicides 27 58 82 293 357 472 590
Herbicides 28 64 116 369 402 402 413
Insecticides 76 115 199 284 408 476 591
Fruit production
Fungicides 17 34 44 68 80 111 141
Herbicides 16 29 36 50 80 90 97
Insecticides 40 84 87 123 131 114 150
Total* 510 1.024 1.307 2.194 2.657 2.993 3.539**
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disease control measures. In this context, banning pesticides 
and modern transgene technologies will not support food 
security. The key to effective plant protection lays in strict 
science-based and coordinate development and employment 
of all measures, including searching for novel chemistries, 
pyramiding of R-genes, adopting molecular plant breeding 
technologies and to carefully evaluate biological control 
agents before legislation (Deising et al. 2017). In addi-
tion, development of modern pesticide application strate-
gies and sufficiently diverse cropping schemes may support 
successful plant protection. For example, cultivar-specific 
application of fungicides, depending on the performance of 
the R-genes, may lead to cross-protection of pesticides and 
R-genes and extend the lifetimes of both (Chen 2014). Given 
the enormous genome plasticity and mutation rates in patho-
genic microorganisms, there is no alternative to coordinately 
employing multiple components in plant protection.
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