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Abstract 

The discipline of plant pathology has an expanding remit requiring a multi-faceted, interdisciplinary approach to cap-

ture the complexity of interactions for any given disease, disease complex or syndrome. This review discussed recent 

developments in plant pathology research and identifies some key issues that, we anticipate, must be faced to meet 

the food security and environmental challenges that will arise over coming decades. In meeting these issues, the chal-

lenge in turn is for the plant pathology community to respond by contributing to a wider forum for multidisciplinary 

research, recognising that impact will depend not just on advances in the plant pathology discipline alone, but on 

interactions more broadly with other agricultural and ecological sciences, and with the needs of national and global 

policies and regulation. A challenge more readily met once plant pathologists again gather physically at international 

meetings and return to the professional and social encounters that are fertile grounds for developing new ideas and 

forging collaborative approaches both within plant pathology and with other disciplines. In this review we emphasise, 

in particular: the multidisciplinary links between plant pathology and other disciplines; disease management, includ-

ing precision agriculture, plant growth and development, and decision analysis and disease risk; the development 

and use of new and novel plant protection chemicals; new ways of exploiting host genetic diversity including host 

resistance deployment; a new perspective on biological control and microbial interactions; advances in surveillance 

and detection technologies; invasion of exotic and re-emerging plant pathogens; and the consequences of climate 

change affecting all aspects of agriculture, the environment, and their interactions. We draw conclusions in each of 

these areas, but in reaching forward over the next few decades, these inevitably lead to further research questions 

rather than solutions to the challenges we anticipate.
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Background
Plant pathology is the scientific study of plant dis-

eases and pathogenic agents1 across a diverse range 
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1 For the purposes of this review, we consider pathogenic agents to include 

fungi, oomycetes, bacteria and phytoplasmas, viruses and viroids, and macro-

parasites including parasitic plants and nematodes. We note that the patho-

genic phase may only form part of their life history.

of environments including agricultural and horticul-

tural crops, amenity and forest trees, and natural plant 
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communities. �e broad range of pathogens and affected 

hosts can lead to specialisation within the science and 

has the potential to constrain a shared approach and dia-

logue among plant pathologists, especially with respect 

to disease management. �ere are examples where a 

shared approach has been shown necessary and produc-

tive, such as with soil-borne diseases with interactions 

among multiple agents, e.g., fungi and nematodes (Zhang 

et al. 2020); or, where the involvement of vectors in the 

transmission and spread of viruses, bacteria and fungi is 

seen as a common feature that can be exploited in dis-

ease management. However, much published research 

is dominated by the single pathogen, single crop, single 

disease paradigm. Within plant pathology, a paradigm 

shift may be required to view pathogens and diseases as 

components of ecosystems, including farming systems, 

and to describe their epidemiology and management 

more quantitatively. Current concepts in plant pathol-

ogy which have provided much of our understanding of 

when and how diseases develop, need to be re-visited 

and integrated into a wider quantitative framework that 

can be applied across disciplines. Basic tenets of plant 

pathology, such as the ‘disease triangle’ (Agrios 2005), the 

‘disease life cycle’ (De Wolf and Isard 2007) and Koch’s 

postulates (Agrios 2005) need to be examined, and pos-

sibly modified or replaced with concepts more suited to 

integration with crop agronomy and ecosystem functions 

and services in the search for more robust disease man-

agement strategies and applications.

A problem in plant pathology, perversely, is the term 

‘pathogen’. �e pathogenic phase of a microbial para-

site is only one aspect of a plant–microbe interaction 

that should always be qualified by spatial and tempo-

ral parameters. So, plant pathology should be the study 

of all the factors that influence the interactions between 

plants and microbes and their outcomes both spatial 

and temporal, and how these can be managed towards 

a benign or beneficial state, as with rhizobia. �is would 

mean widening the approach to genetic diversity to bring 

in susceptibility as well as resistance determinants and 

would re-visit non-host resistance as well: the ‘trophic 

space’ of the plant–microbe interaction (Newton et  al. 

2010a, b). �e discussion above focusses on disease, i.e., 

the symptomatic expression of microbial infection. How-

ever, under-represented in our evaluation of the effects 

of microbes is asymptomatic infection. Such infection or 

colonization can have a range of effects from unrecog-

nized source of inoculum, through induction of defence 

responses that may have short-term cost through to long-

term benefits (Atkins et al. 2010; Newton et al. 2010a, b). 

Asymptomatic microbes can also be endophytes confer-

ring benefits on their hosts such as resistance to herbi-

vores exploited in highly beneficial ways in grass cultivars 

developed in New Zealand for example, or to induce 

effective resistance against fungal pathogens in cereals 

as well as promoting crop growth (Gill et al. 2016). How-

ever, the challenge is how to bring together the detailed 

molecular and the whole crop systems in practice. �is 

can only be achieved by a multi-disciplinary approach.

�ere are also multidisciplinary2 links and interactions 

with other plant protection disciplines, plant breeding, 

crop management, food safety and security, phytosani-

tary regulation, soil science, and plant and environmen-

tal health more generally, although these links have often 

been implicit rather than explicit in research endeavours. 

All these interactions fall within the broad term of sys-

tems biology where understanding the interactions among 

components is crucial. Over the next decades, global 

issues relating to climate change and international bios-

ecurity associated with increasing trade and air travel will 

lead to new challenges in all areas of agriculture and the 

environment, including the management of plant diseases 

and their societal impact. Hence, a forum for communi-

cation of research findings related to these global issues, 

from the molecular and ecological interactions among 

plants, pathogens, other microbiota, and vectors, to aeti-

ology and epidemiology of disease in field populations 

and diverse landscapes, is essential if these challenges are 

to be met. We recognise of course that there are many 

challenges purely within the ‘traditional’ plant pathology 

domain, and acknowledge their importance, but these can 

be considered and presented elsewhere. Accordingly, this 

review is structured according to key topics (Fig. 1) where 

the scope for taking a multidisciplinary approach to global 

issues is most apparent. For each topic we outline the 

challenges and opportunities that will arise over the next 

decades, and in some cases propose solutions.

The interface between plant pathology, crop 
protection and other disciplines in agricultural 
and environmental sciences
Plant pathology shares an interface with all disciplines in 

agricultural and environmental sciences. �is interface 

is fundamental in meeting the challenges of food secu-

rity and environmental stewardship in the twenty-first 

century (Fig.  2). In crop protection, there is an increas-

ing need for pathologists and entomologists to work 

together in an integrated approach to pest management 

(Jactel et  al. 2020). Approaches to pest3 risk analysis in 

2 For this term, we include interaction across disciplines and at the interface 

between disciplines.
3 ‘Pest’ can refer collectively to ‘pathogens’, ‘invertebrates’, and ‘weeds’ in the 
international biosecurity context, whereas within the individual disciplines 
of plant pathology, entomology and weed science, the respective individual 
terms are more often used and pest tends to be reserved for invertebrate 
pests.
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plant health are already benefitting from integration 

across disciplines; especially concerning formal phy-

tosanitary systems as specified under the International 

Plant Protection Convention (IPPC), or more informal 

seed certification schemes in support of sustainable crop 

production. Agronomic practices of irrigation, soil man-

agement and sanitation have long been known to be key 

components in plant disease management strategies for 

agricultural and horticultural crops (Jeger 2005). Canopy 

and soil moisture management, tillage, soil amendments, 

sowing seasons, and crops sequences, are major cultural 

practices in crop protection resulting in disease escape, 

inoculum reduction and microclimate modification, but 

are often considered as single practices rather than an 

integrated whole. Agronomic practices often change due 

to a range of social and environmental factors. Short-

age of labour has led to a change in rice cultivation from 

transplanting to direct seeding (Savary et al. 2005). When 

direct seeding was combined with poor management 

due to water shortages, the pest profiles changed due to 

direct effects and interactions between the two factors, 

with some pest impacts increased and others decreased. 

�is analysis was further expanded to include fertilizer 

treatment and availability of land as factors of agronomic 

change, with again both positive and negative impacts on 

the pest profile (Savary et al. 2011). �e concept of a pest 

profile was subsequently expanded to that of a crop pro-

file including many agronomic components as well as the 

pest profile and impacts (Savary et al. 2017). At the inter-

face with social sciences, cultural practices for disease 

control often require shared responsibility and need a 

collective approach to disease management among grow-

ers to be implemented at a regional level.

�ere is a wide range globally of farming systems that 

vary according to climate, topography, and geo-political 

and socio-economic factors. A distinction has often been 

made between low-input and intensive farming systems 

but perhaps there has been insufficient critical examina-

tion of this distinction and there may be disease man-

agement solutions that apply to both. Non-chemical 

interventions for disease control are of increasing impor-

tance in the context of low-input agricultural systems, 

where the use of fungicides and insecticides is limited, 

but there are also incentives for reduced chemical inter-

ventions in intensive systems. Non-chemical methods 

are paramount for disease control in organic farming 

systems, but the fungicides allowed are often less effec-

tive than their synthetic alternatives (Tamm and Holb 

2015). Strategies for use of non-chemical methods are 

more complex to implement and a greater research effort 

into these is required. Low-input agricultural systems 

apply both in less-developed countries, where external 

resources and farm inputs are not always readily avail-

able, and in developed countries, where more sustainable 

crop production is driven by consumer preferences and 

environmental policies, rather than the lack of resources. 

�e demand for access to synthetic pesticides and fer-

tilizers can be expected to continue in the short-term 

until more durable management methods are found to be 

effective.

Fig. 1 Schematic showing topics within plant pathology where multidisciplinary approaches in research have been developed but need further 

implementation as described in this review. The two arms of the schematics are shown for ease of presentation. Cross links between the two are 

present and for some there has been wider involvement of farmers, landholders, regulators, and other participants, but in all areas there will be a 

need for improvement to meet future challenges as discussed in this review
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It is possible that information-based intensification of 

crop production may contribute to a greater sustainability 

and more effective use of resources. Such intensification 

is equally applicable irrespective of the level of external 

inputs to the system, although new approaches will be 

needed to ensure information is accessible to resource-

poor farmers in less developed countries and regions. 

Examples of intensification can be found in what has been 

termed precision agriculture, a greater appreciation of the 

role of plant growth and development in disease epidemi-

ology, and greater contribution to the theory and practice 

of Integrated Pest Management (IPM), ultimately leading 

to a recognition that Integrated Crop Management (ICM) 

should be the goal. In practice, IPM is a term often used by 

practitioners in crop protection when it should be ICM.

�e interfaces among the topics considered in this review 

(Fig. 1) and the ways in which they contribute to food secu-

rity and environmental challenges of the twenty-first cen-

tury are shown in a Venn diagram (Fig. 2).

Disease management
�e purpose of disease management is to maintain 

and improve plant health and production, whether 

in cropped, semi-natural, or non-cropped systems. 

Fig. 2 Venn diagram representing the multidisciplinary challenges faced as plant pathology addresses burgeoning issues of food security and 

environmental stewardship in the twenty-first century. The ring represents the first challenge: the interface between plant pathology, crop 

protection and other disciplines. Each of the surrounding seven circles represents one of the remaining major challenge areas identified and 

discussed in the article. All seven of challenges channel results of research into food security and environmental stewardship. The seven challenge 

areas are themselves interconnected. Sections “Disease surveillance, detection and diagnosis” and “Disease management” have additional, specific 

areas of challenge discussed herein and indicated by the accompanying smallest circles in this figure
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Pathogens and pests reduce yield, both quantitatively 

and qualitatively, in crop production causing economic 

losses and threatening food security. Yield reductions 

have been documented for five globally important crops, 

wheat, rice, maize, potato, and soybean (Savary et  al. 

2019), in the order of 10–40% with most impact reported 

in resource-poor regions with fast-growing populations. 

Future projections of such analysis can serve to prioritize 

crop health management in the coming decades, both 

regionally and globally. �e impacts of plant disease on 

ecosystem services in both cropped and non-cropped 

systems needs to be considered in any yield loss inven-

tory (Cheatham et al. 2009; Avelino et al. 2018).

�e historical reliance on highly effective fungicides 

for disease control, and, to some extent, insecticides for 

virus vector control, has shaped the way plant patholo-

gists think about plant diseases and their management. It 

has not always been the case that innovations and devel-

opments in disease control have depended on advances 

in epidemiological understanding (Jeger 2004). In the 

future, as microbial biocontrol agents, plant defense 

elicitors and possible microbiome manipulations become 

available, and reduce the reliance on synthetic pesticides, 

a new understanding of the role of plant pathogens and 

the diseases they cause in whole cropping systems and in 

the provision of ecosystem services will be needed. �is 

will require greater integration of plant pathology con-

cepts and methodologies with those of other disciplines 

so that the processes driving disease epidemics and our 

ability to deliver new disease management systems can 

be conceived in a wider context.

For plant diseases, resistance is widely recognized in 

the context of plant breeding and molecular host–patho-

gen interaction as referring to resistance genes or quan-

titative traits, but less in terms of how resistant cultivars 

should be deployed in cropping systems. In terms of crop 

management, the term ‘vulnerability’ conveys better the 

varying impact that environmental, agronomic and host 

phenology factors have on disease in host plant popula-

tions. Comparing host plant resistance in terms of symp-

tom expression in a mature conservation agriculture 

context between inversion and non-inversion tillage, the 

difference can be an order of magnitude. However, the 

underlying factors can be multiple, including inoculum 

(quality and quantity), microbial/microbiome interac-

tions, microclimatic, and nutrients (both micro- and 

macro-). Diversity in the system at all levels is clearly a 

major component of vulnerability in practice, but how 

can this be quantified in determining how all the com-

ponents of diversity interact? �e relevant literature is 

mostly based on ecological principles, but specific aspects 

of exploiting host diversity such as the use of cultivar 

mixtures in space and time to reduce fungicide input and 

mitigate fungicide resistance development represents 

a practical implementation in ICM (Kristoffersen et  al. 

2020).

Precision agriculture

Precision agriculture presents opportunities for all farm-

ing systems. �e advent of precision farming technolo-

gies coupled with remote sensing methods opens entire 

new fields of research, where the performance of cultural 

practices for plant disease management can be addressed 

(Kitchen 2008). With the aid of artificial intelligence and 

machine learning algorithms, these technologies may 

allow an integration of the spatiotemporal dynamics of 

disease at the farm level with environmental data, soil 

characteristics and agronomic practices, leading to more 

targeted disease control interventions. Precision agricul-

ture (including horticulture) has the potential to deliver 

the transformation of farm productivity needed to meet 

future global food security and climate change challenges 

through information-intensive monitoring technolo-

gies and crop models that can predict productivity and 

the analysis of farming system performance. To achieve 

this for whole farming systems, it will be crucial to incor-

porate disease, pest and weed constraints into current 

process-based plant growth models such as the Agricul-

tural Production Systems Simulator (APSIM; Keating 

et al. 2003). Research outputs in precision agriculture and 

plant pathology are still largely confined to discipline-

based core journals, so their interactions need a greater 

level of exploration and exploitation.

Plant growth and development

Despite the major advances in understanding the molec-

ular underpinning of plant-pathogen interactions, there 

has been very little work on whole plant physiology, 

growth and development affecting disease in crop popu-

lations. �e sensitivity of the cropping system to patho-

gen challenge needs to be tested during all stages of crop 

growth and phenology, so that their roles in crop loss and 

inoculum production can be more clearly understood. 

Disease susceptibility of different plant organs often 

varies during plant development, even in hosts consid-

ered genetically susceptible to a pathogen, e.g., for apple 

canker (Neonectria ditissima), stems and fruit become 

infected (Xu and Robinson 2010) but leaves do not. An 

organ’s susceptibility may change during development as 

is seen in fungal fruit rots that express symptoms during 

fruit ripening, e.g., Colletotrichum spp. in apple (Gram-

men et al. 2019), Botrytis cinerea in tomato (Blanco-Ulate 

et  al. 2016) and in grape (Mundy and Beresford 2007). 

Pea stipules under attack by Mycosphaerella pinodes 

(Didymella pinodes) increase in susceptibility as they age 

(Richard et al. 2012). Our perception of host susceptibility 
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is understandably oriented towards the plant organ on 

which economic production depends. Disease may affect 

the organ of interest directly, e.g., leaf area destruction 

in essential oil crops, or indirectly, e.g., the depression of 

grain yield caused by destruction of photosynthetic leaf 

area in cereal foliar pathogens. However, disease on other 

organs may contribute inoculum to an epidemic, e.g., 

leaf spots caused by Pseudomonas syringae pv. actini-

dae contribute to kiwifruit bacterial canker (Froud et al. 

2015), and, for apple scab, leaf lesions of Venturia inae-

qualis contribute both conidial and ascosporic inoculum 

to infections that render fruit unmarketable (Bowen et al. 

2011). It is noteworthy that much of this research has 

been focused on individual pathogen/disease combina-

tions with little consideration to how the consortium of 

pathogens changes during plant growth and development 

and impacts productivity.

�e crop leaf canopy is crucial for both plant growth 

and disease development. Process-based growth mod-

els, including APSIM, generate virtual leaf canopies that 

simulate production and partition carbohydrates. �is 

provides an opportunity to incorporate disease (and pest) 

processes as stressors inhibiting photosynthate accu-

mulation. For many diseases, the leaf canopy is not uni-

formly susceptible to infection throughout its seasonal 

development and ontogenic resistance (Develey-Rivière 

and Galiana 2007) to biotrophic or hemi-biotrophic path-

ogens occurs in many host species. �is change from sus-

ceptibility in young leaves to resistance in mature leaves 

occurs in many important diseases, including V. inae-

qualis on apple (Li and Xu 2008) and in several powdery 

mildews, including Uncinula necator (Erysiphe neca-

tor) on grapevine (Ficke et  al. 2003) and Podosphaera 

aphanis on strawberry (Asalf et al. 2014). Because onto-

genic resistance restricts infection to actively growing 

shoots or in some cases to senescing plant organs, host 

growth determines the timing of seasonal epidemics. In 

many temperate crops, the season’s leaf canopy is estab-

lished during spring, which makes this an important time 

for the onset of disease epidemics. Only a few studies of 

epidemic dynamics mediated by host growth have been 

made, e.g., for apple scab (Beresford et al. 2004) and myr-

tle rust, caused by Austropuccinia psidii (Tessmann et al. 

2001; Beresford et al. 2020). �e architecture of the crop 

canopy is an important consideration, not only for issues 

relating to the microclimate and disease susceptibility, 

but in designing new crop varieties with desirable agro-

nomic and crop protection traits (Costes et al. 2013).

Decision analysis and disease risk

One pest management issue needing more attention is 

related in part to the risk attitudes of decision makers 

and how this is related to how well predictive systems 

work or don’t work. Although a theoretical approach 

based on Bayesian analysis has been developed for incor-

porating risk attitudes into evidence-based decision sys-

tems (Yuen and Hughes 2002; Nayak et  al. 2018), there 

have been few empirical studies. What do farmers and 

decision makers want in a predictive system? �e sen-

sitivity (the proportion of positive predictions that are 

correct) and specificity (the proportion negative predic-

tions that are correct) of the predictions made by differ-

ent decision systems may be a critical issue, especially if 

the target groups (which could also vary) basically want 

a perfect sensitivity of 100%. �is contrasts with attitudes 

to weather forecasts where target groups would generally 

accept the prediction, even when it is qualified by a cer-

tain probability bound. Why should one demand more 

of one prediction, compared to another, especially when 

weather forecasts may play an important role in disease 

prediction? A framework has been proposed which com-

bines risk perception, the subjective probability of dis-

ease occurrence and the impact of incorrect decisions 

may explain the failure in adoption of predictive schemes 

(McRoberts et al. 2011). Ultimately it is likely to remain 

the case over the next decades that decisions on plant 

disease risk and management will be based on incom-

plete data and analyses that are subject to high levels of 

uncertainty (McRoberts et al. 2019).

�is is partly connected to risk attitudes that plant 

pathologists don’t always consider and could benefit from 

the insights and expertise of both socio-economists (Sau-

ter et al. 2015) and social psychologists (Mankad 2016). 

�e interface between the plant diseases and their con-

trol, and why farmers (or growers, or advisors) make cer-

tain decisions is an issue that should be examined more 

thoroughly (Gent et  al. 2013), with the input of social 

scientists. Indeed, it has been argued that purely techni-

cal assessments of disease risk may not provide an ade-

quate understanding of the decisions made by growers 

and landowners, and those in the policy domain. Hence, 

more account needs to be taken of intuitive and norma-

tive social responses of individuals and organizations 

with possibly conflicting interests in managing plant 

disease (Mills et al. 2011; Ilbery et al. 2012). Equally the 

development of future public institutions concerned with 

plant health should be aligned with the needs, values and 

preferences of the communities affected by plant disease 

(Garcia-Figuera et al. 2021).

Challenges in the development and use of new 
plant protection chemicals
�e application of conventional plant protection chemi-

cals remains the dominant control method for many plant 

diseases worldwide, especially for fungal diseases. �ere 

is a need for research to assess the threat to sufficiency 



Page 7 of 18Jeger et al. CABI Agric Biosci            (2021) 2:20  

of global food production that may result from the wide-

spread withdrawal of crop protection chemicals as active 

ingredients are banned worldwide for human health 

and environmental reasons. �e tradeoffs between yield 

losses and potential environmental and health impacts of 

chemical disease control agents will require more atten-

tion, and not solely by plant pathologists, but also by 

related disciplines, crop producers and policy makers. 

�is should be combined with analysis of the social fac-

tors associated with the adoption of new pest and disease 

management methods (Milne et al. 2015). In the last sev-

eral decades many plant disease control chemicals have 

been banned or are now highly regulated for very lim-

ited use, an example being methyl bromide (Schneider 

et  al. 2003). More recently there has been concern over 

the indirect effects of neonicotinoid pesticides applied as 

seed treatments on non-target organisms, including ben-

eficial insects and bees. �is has led to temporary bans 

on their use in some countries. Compared to field applied 

pesticides, there was much less knowledge among farm-

ers about what active ingredients were being applied as 

seed treatments across a wide range of arable crops (Hitaj 

et al. 2020).

�e cost of developing new products is high, and the 

regulatory hurdles continue to be stringent. But there are 

other practical issues that arise among both existing and 

novel disease control products, including loss of efficacy 

due to the pathogen developing resistance to the chemis-

try. Indeed, fungicide resistance is a recurrent issue in the 

management of numerous plant diseases (Brent and Hol-

loman 2007; Stevenson et  al. 2019), with more recently 

resistance developing to multiple modes of action in the 

same pathogen (Weber 2011). �us, fungicide resistance 

and the need to manage existing chemistries becomes 

complex and challenging (Brent and Holloman 2007). 

Regulation, leading to a loss of many of the old, often 

broad-spectrum chemistries, and the cost of developing 

new products that are most often single site modes of 

action, is a harbinger that the impact of loss of fungicide 

sensitivity will likely increase. But can novel approaches 

be developed to reduce resistance breakdown in single-

site mode of action pesticides?

�us, a challenge continues to be prolonging and maxi-

mizing the effective life of fungicides through an under-

standing of resistance fitness penalties (Hawkins and 

Fraaije 2018), advances in management approaches and 

tools, and in modeling various characteristics of resist-

ance to better enable its management (Bosch et al. 2014). 

Here again we can be informed by a better understand-

ing of the application of ecology to managing fungicides 

as recently demonstrated by the effect conferred by the 

heterogeneity of cultivar mixtures to mitigate against 

selection for fungicide resistance, specifically Septoria 

leaf blotch resistance in wheat (Kristoffersen et al. 2020), 

but the principles of exploiting diversity for resilience are 

likely to apply more widely.

A further major challenge is to develop effective new 

chemistries that have minimal impact on the environ-

ment and health yet have durable efficacy due to a low 

risk of resistance development (Hollomon 2015). Perhaps 

based on advances at the intersection of chemistry, bio-

chemistry, molecular biology and genomics, ‘designer’ 

fungicides may be developed that address some of these 

issues, but again how best to deploy any new products 

will require evaluation during their development not 

as an afterthought. In the absence of appropriate plant 

genetic resistance, an ongoing challenge for the plant 

pathology community will be to continue to develop 

knowledge of pesticide resistance in populations of plant 

pathogens, understand mechanisms of that resistance as 

early as possible, and applying this knowledge to develop 

pesticide management programs that maximize effi-

cacy while minimizing the risk of resistance developing. 

Another area of crop protection that has critical trade-off 

issues is the development and exploitation of resistance 

elicitors. Such products are generally not toxic but prime 

or activate plant defences thereby enhancing resistance. 

�ey are often not as efficacious as conventional biocidal 

crop protectants but in the era of ICM these are begin-

ning to find their niche and we need to better understand 

how they can be developed as an asset to sustainable 

crop protection (Walters et  al. 2014). Although the use 

of these resistance elicitors or more generally priming 

chemicals in agriculture is limited by their insufficient 

control and variable efficacy when used alone, ways of 

combining them with other components to optimise 

their potential in the context of ICM is gaining evidence 

(Bruce et al. 2017; Yassin et al. 2021).

New approaches to exploit genetic diversity: 
how best to deploy host resistance
Ultimately, durable host plant disease resistance is per-

ceived as the goal in disease management that would 

minimize the need for use of conventional plant pro-

tection chemistries. Much knowledge and many of the 

tools needed to introduce resistance to cultivated geno-

types exists, including through conventional breeding 

approaches, and by biotechnology-based approaches 

of gene editing and gene silencing. However, these 

are not trivial approaches, and each takes many years 

to develop within a framework limited by existing 

knowledge, technology and legal or regulatory issues. 

A practical problem arises from the time consuming 

and labour intensive demands of host phenotyping. 

To overcome this constraint, new techniques involv-

ing optical sensors, artificial intelligence and machine 
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learning have been proposed, “digital phenotyping” 

(Mahlein et al. 2019), which may have field application. 

�e issue of durability is also strongly linked not just 

to the molecular and physiological responses to patho-

gen challenge, but to how resistance is deployed in host 

populations. Many questions still need attention. For 

example, from an evolutionary perspective, the costs of 

virulence may constrain the range of host genotypes a 

particular pathogen strain can adapt to and has impli-

cations for breeding for durable resistance and epide-

miology (Laine and Barrѐs 2013).

Conventional breeding methods have been pivotal 

to obtain new plant genotypes with disease resistance 

traits to withstand epidemics, with major opportunities 

arising with new gene editing technologies (Pixley et al. 

2019). However, while most plant breeding research as 

published in discipline-based journals focuses on the 

quantification of disease resistance and to elucidate 

its molecular basis, the interplay between resistant/

tolerant cultivars, cultural practices and climate condi-

tions for disease management has been little explored. 

Although genetic markers for selection and breeding 

are routinely made available, can resistance be devel-

oped in time to manage emerging and invasive threats 

such as by targeting generic stress-response mecha-

nisms (Newton et  al. 2012)? �e challenges in plant 

breeding are especially striking when considering tree 

crops which have slow growth and a long generation 

time (Boshier and Buggs 2015; Kelly et al. 2020; Show-

alter et al. 2020; Stocks et al. 2017). In these cases, the 

evaluation of the durability or resistance traits will take 

several decades.

Much neglected in the breeding of elite cultivars 

selected for performance under high input agronomy 

is their suitability for use in intercropping, but the 

resilience conferred by the diversity of intercropping 

is gaining considerable interest. In the former, resist-

ance must be durable under the intense selection of a 

monoculture bred for self-competition. With intercrop-

ping, the range of epidemiological interactions avail-

able to a spatiotemporally diverse crop canopy can all 

be brought to bear on disease management. However, 

are the mechanisms sufficiently understood, how they 

work together, their genetic basis and whether classi-

cal approaches such as calculating general and specific 

combining ability are appropriate? We know that we 

can better exploit major gene resistance even within 

species by deploying genes in mixtures but how do we 

best exploit all types of resistance within and between 

species within intercropping (Fabre et  al. 2015) and 

therefore how should we breed for such resistance? Or, 

to return to the earlier point, how best to breed crops 

for reduced vulnerability to pathogens.

Promises and challenges for holobiont 
and microbiome research: an expanded 
perspective on microbial interactions, biological 
control, and disease management
Across the animal and plant kingdoms, the ‘holobi-

ont’ consists of a host and its associated microbiota, 

the ‘microbiome’ (Pitlik and Koren 2017). Disease can 

then be considered as arising from a perturbation of a 

healthy microbiome. �e plant microbiome has received 

much attention over the last decade (Mercado-Blanco 

et al. 2018; Baldrian 2019; Vonaesch et al. 2018), in both 

food crops (Ding et al. 2019) and forest trees (Feau and 

Hamelin 2017; Koskella et al. 2017; Pinho et al. 2020). It 

has long been recognized that plant-associated microbi-

omes, the phytobiome (e.g., the phyllosphere, endophyte, 

and rhizosphere microbiome), will affect directly and/or 

indirectly disease development (Glaeser et al. 2019; Mar-

tin et al. 2019; Rabiey et al. 2019; Tsolakidou et al. 2019). 

Nevertheless, in much plant pathological research the 

focus remains on the action of individual pathogens in 

relation to climatic conditions and management meth-

ods on a susceptible host is usually the subject of study, 

but ignoring the complex resident microbiome in which 

a given disease is developing (Denman et al. 2018; Doo-

nan et al. 2020). Microbial interactions including specific 

pathogens, such as in biocontrol research, are often stud-

ied yet the interactions have a high level of complexity 

(Zicca et al. 2020). However, in many microbial interac-

tion studies, these are often restricted to interactions 

involving 2–3 organisms. �e simplistic approach results 

primarily from: (1) a lack of efficient means of profiling 

the plant-associated microbiome, and (2) a lack of overall 

understanding of a pathogen’s biology and epidemiology 

of the resulting disease, which can hinder the develop-

ment of disease management strategies.

Recent advances in nucleic acid sequencing technolo-

gies have enabled the profiling of the microbiome of 

environmental samples. �ere are a growing number 

of published studies adding to our understanding of 

the effect of biotic and abiotic (including cultural man-

agement) factors on the plant-associated microbiome 

(Deakin et  al. 2018; Peiffer et  al. 2013; Schreiter et  al. 

2014; Wang et al. 2019). However, there remain difficul-

ties including how to incorporate microbiome-related 

factors into plant disease epidemiological and manage-

ment research. Firstly, how could the microbiome of a 

given sample be represented? Although many Opera-

tional Taxonomic Units (OTUs; often > 1000) are found 

in a sample, usually < 100 of the OTUs account for most 

sequence reads. Many OTUs with very low counts could 

be a result of sequence errors, but how confidently can 

these minor OTUs be excluded from sample microbiome 

representation? Secondly, an OTU table from amplicon 
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sequences only represents the relative frequencies of 

OTUs in each sample, when absolute microbial biomass/

counts may possibly be more important. It is possible 

that qPCR could be used to estimate the total microbial 

biomass via the generic fungal ITS and bacterial 16S 

primers (e.g., Tilston et al. 2018). Alternatively, each envi-

ronmental sample may be spiked with a known amount 

of a synthetic DNA fragment to estimate absolute abun-

dance (Tkacz et  al. 2018). �irdly, there is not yet the 

reliable means to manipulate the plant-associated micro-

biome with predictable outcomes (Sessitsch et al. 2019). 

�erefore, it would be hard to ensure a homogeneous 

microbiome background whilst studying disease devel-

opment. Finally, given the complexity of the microbiome, 

with many OTUs uncultivable as well as unidentifiable, it 

is difficult to conduct hypothesis-driven research on the 

interaction of a specific pathogen with one or more com-

ponents of microbiomes. Solutions to these problems in 

the application of microbiome studies present challenges 

to be addressed. An ambitious objective in phytobiome 

research, integrating all factors which affect plant func-

tion, would be to “estimate the potential relative con-

tribution of different components of the phytobiome to 

plant health, as well as the potential and risk of modify-

ing each in the near future” (Bell et al. 2019). �is objec-

tive effectively means taking a systems-level approach 

in which the microbial, environmental, macro-organism 

and plant management components are integrated with 

a potential role for generic crop modelling (Lamichhane 

et al. 2020).

Disease surveillance, detection, and diagnosis
A key challenge over the next decades is to develop tools 

and methodology that enable the rapid detection of dis-

ease outbreaks, especially those associated with novel or 

emerging plant pathogens, and the accurate diagnosis of 

the causal agents. �is challenge can be met at the large 

scale by new surveillance techniques using monitoring 

networks (Hartmann et al. 2018), and at the small scale 

by new detection and diagnostic technologies made pos-

sible by new sequencing methodology. �e fundamen-

tal challenge arises from integrating these technologies 

and approaches. Because of the change in scale from the 

molecular to the region, country or even continent, the 

challenge can only be met by a systems approach with 

an international dimension. Plant biosecurity is usu-

ally considered using the plant biosecurity continuum 

concept with trade surveillance and controls consid-

ered pre-border, at the border, and post-border (Gordh 

and McKirdy 2014). In an increasingly connected world 

this effectively brings the need for a global surveillance 

system, highlighting the need to access skills and tech-

nologies to increase baseline knowledge of pest and 

pathogen presence across the globe (MacDiarmid et  al. 

2013; Carvajal-Yepes et al. 2019).

Issues for surveillance

Automatic sensor technology has been used to supple-

ment and, in some cases, replace conventional disease 

assessments and has the potential to be applied more 

widely under field conditions, whether in precision agri-

culture or host phenotyping (Mahlein et  al. 2019; Bock 

et al. 2020). In that sense it enables surveillance of disease 

development at the field scale. One of the biggest chal-

lenges for any surveillance program occurs after a pest 

or pathogen has arrived and established in a new region 

or country. In these situations, early detection is vital for 

successful management and eradication, but it is often 

hard to achieve in large heterogeneous landscapes where 

host distributions may not be represented accurately, 

and causal agents may be novel. New technologies and 

working methods have great potential to improve detec-

tion. Remote sensing and scales from aerial imaging to 

satellite technology can identify the actions of individual 

pathogens in monocultures; for Xylella fastidiosa this can 

be achieved before symptoms are visible on the ground 

(Zarco-Tejada et al. 2018; Heim et al. 2019). When host 

distributions are more heterogeneous, for example, 

in native woodland, disease detection from imagery 

becomes a more complicated problem. Identifying host 

species accurately is a necessary precursor to disease 

detection and is not always possible, however the extent 

and locations of disturbances can still be accurately doc-

umented (Cohen et al. 2016).

A key challenge is early detection in the wider environ-

ment, how best to deploy technologies and integrate auto-

mated remote sensing with mass participation through 

stakeholder engagement. Technology, in the form of 

smart phone applications and web-based reporting, is 

also improving the ability of volunteers and land users 

to report signs of ill health in their crops and the wider 

environment. Such reports are best described as passive 

surveillance and often occur through citizen science pro-

grams (Dobson et al. 2020) but can also be made through 

a wider range of land users who report observations to 

the relevant authority (Meentemeyer et  al. 2015; Brown 

et al. 2020). Observations collected through passive sur-

veillance can provide vitally important first detections of 

new and emerging diseases but represent a challenge to 

analysts and modelers due to their unstructured nature. 

�ey are made when an observer both notices something 

of concern and decides to make a report, as such records 

can be described as messy and may contain biases that 

affect the accuracy of predictions (August et  al. 2020). 

Techniques to identify and correct for biases in citizen 

science programs and the data bases that result have been 
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reported (Baker et al 2019). Citizen science programs can 

be designed to improve detection and increase awareness 

of plant health problems, an example of this process can 

be found in Colorado, US, where volunteers are asked 

to help map host (ash tree) distributions in advance of 

pest arrival (Agrilus planipennis) (Alexander et al. 2020). 

�e role of land user and stake holder participation in 

the detection and management of plant health issues is 

a key area for future research (Brown et al. 2017; Milne 

et al. 2020) as their decisions can influence the outcome 

of management and eradication programs: an issue found 

to be of considerable importance for tree crops in the UK 

(Marzano et al. 2015, 2019).

Issues for diagnostics

Early in the high-throughput sequencing (HTS) era, 

MacDiarmid et  al. (2013) made three recommendations 

for the challenges posed by this new diagnostics tech-

nology, especially concerning plant viruses: (1) coun-

tries should baseline what pests were present in their 

territory and had a burden of proof for demonstrating 

risk of novel findings before implementing plant health 

action; (2) viruses not associated with disease should get 

special designation; and (3) there was a need for fund-

ing in areas of basic research such as virus ecology and 

to develop host-virus pathogenicity prediction tools. 

Several years later the biggest challenge for HTS diag-

nostics arguably still lies in its own success, in terms of 

the numerous novel and unusual pathogens (mainly 

viruses) being discovered (Villamor et  al. 2019). HTS is 

revolutionizing the diagnostics workflow in the labora-

tory with applications ranging from single sample diag-

nostics and answering decades old questions of disease 

etiology through to population studies and supporting 

plant trade by being able to declare the material free from 

pathogens (Maree et al. 2018). However, as a technology 

which has been exploited for more than a decade in virus 

research, the routine adoption of this technology, espe-

cially in frontline diagnostic applications and with fungal 

and bacterial pathogens, has lagged. �is is due to key 

blockers such as costs, validation, processing and han-

dling large volumes of data, and probably most crucially, 

how to handle the risk assessment of novel discoveries 

(Olmos et al. 2018; Massart et al. 2017). In this respect, 

the double-edged sword of HTS based diagnostics is 

very much worth exploring, as the other plant pathol-

ogy disciplines are shortly to realize the issues the virolo-

gists have been wrestling with over the last decade. �e 

main challenge remains determining the link between the 

viruses inferred from sequence data and the symptoms 

of disease which led to the sample being sequenced, and 

consequently allow inferences to be made on the poten-

tial impact of these pathogens (Fox 2020).

�e complications of interpreting HTS data in frontline 

diagnostics go beyond causation and feeding this forward 

into assessing the risk of the new, unusual, and mixed 

infections is now being encountered with a degree of reg-

ularity. Massart et al. (2017) put forward a framework for 

evaluating the risk of new virus detections, but this was 

very much based on singular detections and would be dif-

ficult to apply to complex infections or polymicrobial dis-

eases. For example, the suggested approach of infectious 

clone work as a means of overcoming causation questions 

may not be practical given the volume of new findings 

and the potential for complex infection interactions. �e 

added complication of confounding factors such as envi-

ronmental influences and timing of infection to symp-

tom development also requires a more holistic approach. 

A predictive approach was suggested by Babayan et  al. 

(2018) for mammalian arboviruses, but there would be 

challenges in applying this to plant viruses. Not least of 

these is the relative lack of information on host range and 

transmission for many plant viruses by comparison to 

their mammalian-infecting counterparts. Also spanning 

this whole area is the lack of centralized information on 

plant viruses given the neglect of online resources such 

as the Plant Virus Online VIDE-database and the AAB 

Descriptions of plant viruses, leaving the resources such 

as CABI datasheets and the EPPO Global Database as 

the main sources of information, which whilst useful lack 

search functionality for some hosts and their distribu-

tion, and would hamper any attempts to start gathering 

this type of data for analysis.

�ere is also the challenge of tying together the dis-

coveries of the pre-sequencing and post-sequencing 

eras. �ere are many examples of viruses and ‘virus-

like- agents’ discovered in the mid-to-late twentieth cen-

tury which had been described based on their biological, 

serological and physiochemical properties for which no 

sequence data exist. Many of these pathogens have been 

included in plant health regulations around the globe, 

and some are even recognized as species. However, with 

the increased use of non-targeted sequence-based detec-

tion, combined with the limited resources available for 

time consuming and costly biological characterization 

work there are examples of ‘rediscovery’, such as the case 

of plantain virus X and Actinidia virus X, two synony-

mous viruses discovered at opposite sides of the globe, 

over 30  years apart, and in unrelated hosts (Hammond 

et  al. 2020), a case study pulling together two recog-

nized species discovered 30+ years apart (pre and post 

sequencing eras) where the conclusions being drawn on 

the risk of the latter were incorrect due to lack of knowl-

edge on the first non-sequenced report. Historic isolate 
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collections can be an invaluable resource. Such historic 

isolates allow support for risk assessment though baselin-

ing for presence and host range and for informing evolu-

tionary studies (Jones et al. 2020).

On top of these issues, there is the question of scale, 

which links detection and diagnostic technology with 

the surveillance issues noted above. As the technology 

gets applied for area and landscape scale studies, these 

issues will be further compounded by a lack of sample-

specific contextual data, which must be considered dur-

ing experimental design or surveillance schemes. Whilst 

HTS technologies offer unparalleled diagnostic potential, 

for these approaches to be routinely applied issues such 

as provision of validation data to demonstrate the per-

formance characteristics of the platforms and open shar-

ing of data and research coordination need to be added 

to the outstanding items on the original list discussed by 

MacDiarmid et  al. (2013). Can pathogen risk factors be 

identified from HTS inferred sequences?

Exotic and re‑emerging pathogens
A current and burgeoning challenge for the discipline of 

plant pathology is the introduction and spread of patho-

gens to new locations, and emergence or re-emergence 

of new pathogens against a background of a changing 

climate (Sumner 2003; Garbelotto and Pautasso 2012; 

Gottwald et al. 2019; Carvajal-Yepes et al. 2019). �e rate 

of transfer of plant material both as traded commodity 

and as living material for planting or breeding purposes 

has accelerated over the last several decades. As a result, 

exotic plant diseases have become more prevalent and 

problematic in agricultural and natural systems through-

out the world, to the point of developing recovery plans 

to potential risks posed by some pathogens (McRoberts 

et al. 2016). From a plant health perspective there is a gap 

between non-native pathogens intercepted on a regu-

lar basis and those which go on to establish in a region. 

�is gap is complex and poorly understood with a range 

of influencing factors including climate and host suit-

ability, but also understanding pathways e.g., fruit going 

to market as opposed to seeds or plants for planting. For 

a challenge—better understanding of this gap may allow 

for better targeting of resources to the pathogen/trade 

pathways presenting the greatest risk?

�e trend in exotic plant disease is likely to increase 

as international travel, trade, and societal unrest (Hulme 

2009) continue to provide opportunities for pathogen dis-

persal. Identifying new outbreaks is challenging as often 

the disease may already be quite widespread when first 

identified, for example, with HLB (Candidatus Liberi-

bacter asiaticus) in Florida in 2005 (Halbert 2005; Got-

twald et al. 2007). Tracking spread also requires a rapid 

and effective response to be effective. Quarantine, using 

sentinel trap plants, molecular diagnostics or canines 

to detect an organism may all currently be used, but 

the challenge to develop novel tools that may be part of 

early detection, warning and management to increase the 

effectiveness of dealing with exotic diseases is a challenge 

(Gottwald et  al. 2019). Also managing a disease once 

identified may require complex coordination of resources 

and the support of local communities, and the environ-

ment, that can otherwise derail eradication efforts as 

happened with citrus canker in Florida (Gottwald et  al. 

2002; Gochez et al. 2020). Research to establish the path-

ogen spread, survival and dispersal of propagules using 

existing and novel tools will be paramount to minimize 

impact of exotic pathogens. A challenge is to develop 

effective predictive models that will aid early detection 

and perhaps allow placement and integration of early 

detection systems (Pautasso 2013). Understanding the 

genetic basis for any changes in populations of exotic or 

re-emerging pathogens will similarly be critical to iden-

tify any reasons for changes in patterns of the epidemic 

and thus responding appropriately (Grunwald and Goss 

2011). Additionally, risks are posed by unregulated trade 

and ‘exotic’ hosts. Current formal phytosanitary systems 

pick up pathogens on formal trade routes either before 

or after entry (VanDersal 2007; Fox and Mumford 2017). 

However, new trade routes and patterns, informal trade 

especially through internet sales may be more difficult 

to police even with novel diagnostics (Giltrap et al. 2009; 

Kaminski et al. 2012; Fox et al. 2019). Can methods (both 

regulatory and technological) be developed that can 

encompass the needs of more conventional trade, and 

these more recent and difficult-to-track trade networks?

If not detected prior to introduction, eradication of 

exotic diseases should remain the goal and developing 

effective eradication programs will continue to be chal-

lenging against an ever more mobile society, transferring 

more diverse material that may not be strictly regulated, 

and by individuals who may have conflicting personal 

or political priorities or interests. Regulatory measures 

play a major role in preventing those introductions as 

well as controlling established outbreaks through eradi-

cation or containment. �e implementation of regula-

tory measures is often associated with trade disputes and 

social concerns, sometimes leading to delayed or even 

halted interventions (Marzano et al. 2015). Exploring the 

socio-economic dimensions of regulatory disease control 

would be a productive cross-discipline exercise. �e plant 

pathology discipline faces challenges to provide the tools 

to the regulatory agencies to detect the pathogen and/or 

exotic and re-emerging plant diseases at the earliest stage 

possible, and subsequently to develop rapidly, more effec-

tive eradiation and disease management plans that are 

achievable within the socio-economic limitations.
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Climate change
Climate change has already, and increasingly, will affect 

the prevalence and frequency of different plant dis-

eases across a spectrum of important staple and spe-

cialty crops, and in natural ecosystems (Garrett 2008; 

Chakraborty et al. 2008; Chakraborty and Newton 2011; 

Pautasso et  al. 2012; Elad and Pertot 2014; Burdon and 

Zhan. 2020). Predicting the future impacts of climate 

change on plant disease is not a simple matter. Unex-

pected and possibly unpredictable impacts may arise 

due to the interactions of climate change with other fac-

tors, including shifts in host range, changes in agricul-

tural intensification, introductions of exotic pathogens, 

and genetic events (Corredor-Moreno and Saunders 

2020). �e factors that affect climate change impact 

can be categorized in terms of ‘risk mitigation’ and ‘risk 

enhancement’ (Fig. 2 in Chakraborty and Newton, 2011) 

recognizing that mitigating and enhancing influences are 

the result of complex interactions among these ‘remedi-

ating’ and ‘enhancing’ influences. Multiple components 

of these interactions (pathogens, crops, vectors, natural 

enemies, microbiome) are influenced by climatic vari-

ables in different ways. �e challenge is to determine 

the relative importance of the biological processes and 

the key climatic influences together to predict the likely 

impact of climate change on production systems in time 

and space. An increasing number of climate related epi-

demics have been characterized. �e example of Phy-

tophthora ramorum (cause of sudden oak death) in North 

America and Europe being particularly well described in 

terms of invasive nature and likely anticipated spread due 

to a changing climate. Factors associated with both the 

host pathogen interaction and availability of inoculum 

may affect spread and incidence of the disease. Warmer, 

drier, or wetter conditions may all influence the host and/

or pathogen, or the interaction in ways that may increase, 

or reduce the effect of the disease on a plant host. Phoma 

stem canker of oilseed rape in the UK was increased 

due to earlier epidemic development due to milder sea-

sons. Interactions between climate warming and patho-

gen biology is likely to produce differential effects on 

diseases in different climatic zones. For Austropuccina 

psidii (myrtle rust), an invasive species of subtropical ori-

gin, climate warming is expected to increase disease in 

temperate areas through increased annual frequency of 

conditions favourable for the pathogen infection cycle. 

Conversely, in the tropics, longer periods above the max-

imum temperature for infection and latent development 

may reduce the risk of disease (Beresford et al. 2020).

Furthermore, encompassing pollutants changes in 

composition of the atmosphere other than just carbon 

dioxide appears to also impact pathogens, as with the 

change in relative abundance of the cereal pathogens 

Phaeosphaeria nodorum and Mycosphaerella gramini-

cola (Zymoseptoria tritici) in the UK attributed to sul-

phur dioxide (Fitt et  al. 2011). �is study emphasized 

the value of long-term data sets in interpreting past 

trends in pathogen prevalence (Jeger and Pautasso 

2008) and in host abundance in natural plant communi-

ties (Salama et al. 2012). At the landscape scale, depo-

sition of atmospheric pollutants including nitrogen 

and sulphur, have also been identified as potential pre-

disposing factors underlying oak decline (Brown et  al. 

2018), with nitrogen imbalance and differing abun-

dance of nitrogen cycling microorganisms observed at 

the tree level (Scarlett et al., 2020).

�e economic and environmental impact of spe-

cific diseases in different regions will likely shift over 

the coming decades and the range of pathogens able 

to infect a host species will similarly shift, which will 

be a challenge to monitor. �is shift will present chal-

lenges to the producers of crops and stewards of natu-

ral ecosystems as existing or novel methods for disease 

management will need to be transferred or developed 

by plant pathologists and implemented against a back-

ground of stringent disease control regulation. How 

effective will some management strategies such as bio-

logical control be in a shifting climate? Research will be 

challenged to better understand how climate shifts will 

affect existing pathogen life cycles and survival, host 

susceptibilities and host pathogen interactions. A con-

tinuing challenge to phytosanitary organizations will 

be the requirement for novel tools to address changes 

in presence and abundance of pathogens. �is includes 

identifying threats now posed by pathogens from exotic 

locales due to shifts in climate in other areas where 

conditions may become conducive to invasion.

Understanding the underlying condition of host 

plants, especially in natural environments is therefore 

a crucial component to understanding pest and dis-

ease impacts and stresses the contextual information 

necessary for effective disease surveillance. �e effect 

of drought and other disturbances on forested eco-

systems has been dramatic, with wide scale dieback 

and decline (Choat et  al. 2012, 2018; Millar and Ste-

phenson 2015; Seidl et  al. 2020). �e role of pest and 

pathogens in tree mortality in low rainfall conditions is 

poorly understood (Stovall et  al. 2020) and integrated 

research and monitoring is needed to reveal the extent 

of the affected areas and the mechanisms that underpin 

mortality (Hartmann et  al. 2018). Changes to silvicul-

tural systems have been proposed as a means of climate 

change adaptation (Bradford and Bell 2017).
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Conclusions
�is review has been wide-ranging and identified some 

key challenges and opportunities for plant pathology 

research over the next few decades by emphasizing the 

inter- and cross-disciplinary links with other disci-

plines in the agricultural and environmental sciences. 

We acknowledge that the scale and change in research 

emphasis we recommend will require changes in the 

current model for research funding, especially where 

immediate solutions to pressing problems are required 

by research funders. Also, the structure of academic 

research institutions and the types of incentives and rec-

ognition systems that are often in place counter-indicate 

the change in emphasis we envisage.

Despite this important qualification, we have attempted 

to pull together these links across the topics which form 

the structure of this review in Fig. 3. To re-iterate, this is 

not to say that conceptual, methodological, and techno-

logical developments within the discipline do not also 

present their own challenges and opportunities, but that 

is not the emphasis here. �e key conclusions we draw 

are:

• Changes in cropping systems and wild plant commu-

nities will be multifactorial, meaning that the causes 

and consequences of plant diseases in these systems 

must be seen from a whole system perspective.

• Interactions of pathogen life stages with varying 

organ susceptibility during plant development need 

to be understood as part of the whole system. Inte-

gration of disease models into crop growth models 

offers a way to quantify how pathogen-crop interac-

tions, including yield effects and inoculum produc-

tion, and could pave the way for quantitative under-

standing of more complex interactions between host 

plants, their pathogens and other microbiome com-

ponents.

• Canopy (and root system) architecture will be a 

greater consideration in designing and breeding 

new varieties for agronomic objectives; the implica-

Fig. 3 Schematic showing how the interlocking of different strands of multidisciplinary research in plant pathology should develop to meet 

the cropping, food security and environmental challenges of the coming decades. The diagram shows the continuum between cropped and 

non-cropped systems. Genetic and plant chemistry research will contribute from seed to mature plant performance. An understanding and 

management of host–pathogen interactions and epidemiology will benefit from research across the continuum. Climate change and the 

global trade in commodities will drive the introduction and spread of exotic pathogens into both cropped and non-cropped systems with the 

concomitant need for improved and linked surveillance and diagnostic systems. In all areas of research there should be a role for social scientists 

and other concerned participants in research scoping, planning and implementation
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tions must be accounted for in the development of 

new disease and pest management strategies.

• �ere are different genetic, spatial, and temporal 

dimensions to diversity and their potential exploita-

tion in crop and environmental management. �is 

applies not just in host and pathogen populations, 

but in soils and associated microbiota, tillage, and 

the use of trap plantings in crop protection.

• New chemistries as well as the more effective 

exploitation of chemical induced resistance agents 

or resistance elicitors may have the potential to 

offer more benign and sustainable disease control 

interventions. How will these chemistries interact 

with plant responses to multiple pathogens and 

pests?

• �e microbiome concept has revolutionized the ways 

in which microbial interactions with plants and in the 

environment are perceived but may lead to a switch 

away from the ideal of hypothesis-driven research. 

�e potential relevance to disease management is 

clear but needs to be realized.

• Improved remote sensing technologies are being 

developed that can be used at different scales. 

Similarly, more informal systems of mass surveil-

lance, including citizen science, are gaining trac-

tion because of the savings in costs and associated 

resources. Methods need to be developed to integrat-

ing these two approaches to surveillance.

• Specificity and sensitivity of new sequencing diag-

nostic techniques raise new problems in interpreta-

tion. �is has been most apparent with plant viruses 

but will be faced by other disciplines within plant 

pathology. �e use of diagnostic facilities must be 

linked with the contextual information obtained 

from surveillance.

• �ere is every indication that trade in plants will 

continue at a global scale, and that human mobility 

will increase due to business, leisure, migration, and 

social disruption. �e challenges to disease and pest 

management will accordingly increase. Options to 

meet these challenges will include placement of sen-

tinel plantings for surveillance or pathogen detection 

systems in trade networks but will require a continu-

ing and strengthened international cooperation.

• Climate change, mitigation and adaptation have 

received much attention in relation to crop diseases 

and pests. An area that has received less attention 

is the effects on wild plant communities whether in 

relation to the impacts of novel pathogen encoun-

ters or through their underlying responses to climate 

change.
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