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Plant disease outbreaks pose significant risks to global food security Introduction

and environmental sustainability worldwide, and result in the loss of Climate change and plant
primary productivity and biodiversity that negatively impact the envi- diseases

ronmental and socio-economic conditions of affected regions. Climate Climate change, the plant
change further increases outbreak risks by altering pathogen evolution | Microbiome and disease
and host-pathogen interactions and facilitating the emergence of new Paths forward
pathogenic strains. Pathogen range can shift, increasing the spread of Conclusion and future
plant diseases in new areas. In this Review, we examine how plant disease | Perspectives
pressures are likely to change under future climate scenarios and how
these changes will relate to plant productivity in natural and agricultural
ecosystems. We explore current and future impacts of climate change on
pathogenbiogeography, disease incidence and severity, and their effects
onnatural ecosystems, agriculture and food production. We propose that
amendment of the current conceptual framework and incorporation of
eco-evolutionary theories into research could improve our mechanistic
understanding and prediction of pathogen spread in future climates, to
mitigate the future risk of disease outbreaks. We highlight the need for
ascience-policyinterface that works closely with relevantintergovern-
mental organizations to provide effective monitoring and management
of plant disease under future climate scenarios, to ensure long-term food
and nutrient security and sustainability of natural ecosystems.
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Introduction

Increasing incidence and severity of plant disease outbreaks poses
significant and growing risks to primary productivity, global food
security and biodiversity loss for many vulnerable areas of the
world'”. These disease outbreaks cause yield and ecological losses.
Forexample, the annual crop yield loss caused by pathogens (micro-
organisms that cause diseases and constrain host health and pro-
ductivity) and pests alone is estimated at US$220 billion* ¢, directly
impacting food security, regional economies and other linked socio-
economic aspects. This is further exacerbated by post-harvest loss
caused by pathogenic microorganisms such as Penicillium spp. and
Xanthomonas euvesicatoria*. Furthermore, climate change poses
anincreased risk of intensification of plant diseases, putting at risk
the world’s food supply and natural plant biodiversity””. It is postu-
lated that any potential yield gains in the next five decades will be
offset by climate change-mediated altered disease pressure caused
by known and emerging pathogens'’. Similarly, the spread of patho-
gens linked to climate change is considered one of the main threats
to forest health globally". Therefore, improved knowledge of climate
change impacts on the molecular, epidemiological and ecological
interactions between pathogens, plants and the associated microbial
communitiesisneeded to develop climate-resilient agricultural and
natural ecosystems*®,

Plants are infected by a diverse range of pathogens, including
bacteria, fungi, oomycetes, viruses and nematodes, that differ in their
lifestyles (biotrophs, deriving nutrients from living cells, to necro-
trophs, deriving nutrients from dead cells), infection strategies (intra-
cellular or extracellular) and target plant tissues (for example, xylem,
phloem, roots or leaves) (Supplementary Table 1). Akey challenge to
predicting plant diseasesinspace and timeis to understand how these
different pathogens interact with, and respond to, multiple drivers
of disease (for example, other pathogens, host/vectors, commensal
microorganisms and environment), and how they jointly respond to
climate change. Theoretically, climate change may facilitate plant
infectionin multiple ways including by altering pathogen evolution,
changing host-pathogen interactions and vector physiology, and
facilitating the emergence of new strains of pathogens, whichinturn
can break down host-plant resistance”*", Climate change can also
resultin the range shifts of pathogens and hosts, which would increase
the spread of plant disease into new areas®''*'>, Yet we have limited
knowledge of how different components of climate change (for exam-
ple, temperature and rainfall fluctuation) and their interaction with
anthropogenicactivitiesimpact plant pathogensin both agricultural
and natural ecosystems. For example, the abundance of fungal soil-
borne plant pathogens is likely to increase in most natural ecosys-
tems under projected climate change scenarios, with significant
but unquantified consequences for primary productivity globally™.
Similarly, variation in relative humidity affects the abundance and
infectivity of pathogens'.

Climate change will expectedly increase plant diseases in crops.
Firstly, globalization and international trade have intensified move-
mentof crop pathogens between continentsin the past few decades'®,
increasing therisk of transmission from disease-prevalent to disease-
free regions. Plant species or cultivars that have not coevolved with
the introduced pathogen in the new geographical location are likely
to foster pathogen prevalence and disease outbreaks. An example of
trade and transport as drivers of pathogen emergence is wilt disease
of banana, also known as Panama disease, caused by the soil-borne
fungus Fusarium oxysporum f. sp. cubense, which likely originated in

Southeast Asiaand then spread globally during the twentieth century®.
Secondly, climate and ecological changes and modern land manage-
ment practices dominated by monocultures and high-density crops
likely facilitated the emergence and adaptation of plant pathogens able
to disseminate beyond their normal geographical ranges. Forexample,
soybean and wheat are extensively grown in high-density monocul-
tures, and their yields are compromised by a plethora of pests and
pathogens. Soybean rust caused by the fungus Phakopsora pachyrhizi
and wheatblotch caused by the fungus Zymoseptoriatritici are among
the most destructive diseases on these crops, andyield losses of more
than50% have been documented during severe epidemics>?°. Despite
the complexity of natural ecosystems (for example, biodiversity inter-
actions), climate change and the linked emergence and evolution of
pathogens pose similar challenges for wild plant communities and pro-
ductivity”. For example, global warming-associated range expansion
of Phytophthora cinnamomi could have significant negative impact on
indigenous plant communities in many parts of the world?>?. A further
increase in disease burden as a result of climate change could have
devastating consequences for many plant species, food production
and security, ecosystem sustainability and social conflicts.

This Review discusses how plant pathogen loads and disease pres-
sure are likely to change under future climate scenarios. We explore
current and future impacts of climate change and land use intensifi-
cation on pathogenbiogeography, oninteractions between the plant
microbiome and plant pathogens, and on plant disease incidence and
severity, and their collective influence on agriculture and primary
production. We analyse possible mechanisms by which pathogen
invasion affects the plant microbiome, and how this knowledge might
be harnessed to mitigate the risk of disease outbreaks, via improved
disease surveillance, predictive modelling and effective sustainable
management strategies®", Finally, we propose different approaches
that combine pathogen monitoring and policy frameworks to ensure
the long-termsustainability of global food security and environmental
sustainability.

Climate change and plant diseases

Predicting the impacts of climate change on plant disease is complex
and challenging, as multiple aspects of plants, pathogens and the
environmentareinvolved. These factorsinclude the distributionand
abundance oftaxa (geographical range, niche preference), their fitness
andvirulence, abioticinteractions, plant-microorganismevolutionary
processes, hostand vector biology, and environmental conditions. For
instance, many soil opportunistic pathogens can cause disease out-
breaks when environmental conditions become favourable for patho-
genreplication and vulnerable hosts are available***, Supplementary
Table 1summarizes the responses of several plant pathogens, the
damage they cause to the plant and their geographical distributions?.
Climate change canalsoindirectly affect plant-pathogeninteractions
throughalterations in the biochemical, physiological, ecological and
evolutionary processes of the plant host and/or pathogen”****? (Fig. 1).
For example, prolonged drought causes water stress in forest trees,
which results in increased susceptibility to infection by pathogens
causing dieback disease from the genus Phytophthora, thus facili-
tating the occurrence of potentially new diseases?®°. Overall, the
direct impacts of climate change are likely to vary depending on
the pathogen, host identity and properties of biomes. Discussed
inthe following sections, thereis limited butincreasing evidence sug-
gesting that climate change hasadirectimpact on pathogen virulence
and disease development.
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Fig.1| A new angle in the disease triangle paradigm that considers the
plant microbiome as a pivotal factor influencing plant disease. Intimate
interactions among the plant, the environment, the soil and plant microbiomes,
and invading pathogens impact the outcome of infection processes, disease
severity and productivity of the plant. Environmental change and human
activities (for example, global commodity and climate change) drive pathogen
evolutionand have increased disease threats to global crops. Genetically
uniform crop monocultures and high planting density in modern agriculture
have accelerated the emergence of virulent pathogens capable of overcoming
disease-resistant crop varieties and promote the pathogen’s population size
and genetic variability. Similarly, overreliance on pesticides has also fostered
rapid emergence of new strains of pathogens. Pathogen transmission and
anthropogenic pathogen movement due to, for example, international trade
spreads pathogens to places free of natural enemies, and allows exchange of
genetic material via horizontal gene transfer, facilitating adaptation to local
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hosts. Depletion of natural resources and natural landscapes has caused
deterioration of the agroecosystem diversity. Emerging evidence suggests that
soil and plant microbiomes influence the three angles of the disease paradigm —
the host, the pathogen and the environment — by either facilitating or supressing
pathogen attacks, by affecting plant physiology and immune response, and
providing aline of defence and manipulating environmental conditions. For
example, in disease-suppressive soils, indigenous microbiomes can reduce
diseaseincidence, evenin the presence of a pathogen, a susceptible hostand a
conductive environment. Explicit consideration of the role of the microbiome
canimprove our mechanistic understanding of disease outbreaks, which may
lead to more effective prediction, monitoring and management of disease
outbreaks. Better land management practices canimprove overall soil health by
influencing the diversity and functions of soil microbial communities, and could
potentially be used to steer microbiomes that suppress diseases.

Elevated temperature

Climate warming can significantly impact aspects of the population
dynamics of pathogens, such as overwintering and survival, popula-
tion growth rates or the number of generations of polycyclic species.
For example, areduced diurnal temperature decreases the latency
period of the coffee leaf rust pathogen Hemileia vastatrix, promoting
rust epidemics in Central America®. Warming temperatures shorten
the pathogen’s incubation period, resulting in increased abundance
ofthe pathogen over agrowing season. Higher temperature (along with

high humidity) is linked to enhanced disease severity of potato blight
pathogen (Phytophthorainfestans) and phoma stem canker of oilseed
rape. Increased mean winter temperatures enhanced the infection rates
of American chestnut by fungal Phytophthora spp. causing extreme
tree death eventsin North America®. Finally, a30-year study reported
the link between early snowmelt and higher snow blight (Phacidium
infestans) infection in pine trees®

Changesinglobal temperatures can profoundly impact the occur-
rence of pathogensinagricultural and natural ecosystems, increasing
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the risk of exposure to new pests and pathogens. Global warming is
projected to increase the abundance of many fungal soil-borne plant
pathogens, with significant consequences for primary productivity™.
Warming temperatures can result in the development of new strains
of pathogens that are better adapted and more virulent”*"*", The
severity of Fusarium head blight of wheat is likely to increase due to
the shift from the milder Fusarium culmorumthat prefers cooland wet
conditions to the more aggressive Fusariumgraminearum that prefers
warm and humid conditions®*. Similarly, more aggressive and temper-
ature-tolerant novel strains of Puccinia striiformis have replaced older
strains and are causing major outbreaks of wheat rust in the United
States, Australia and Europe®?°, Warming temperatures can increase
the range of many pathogens that are currently limited by require-
ments for overwintering, such as wheat stem rust caused by Puccinia
graminisf.sp. tritici”. On the other hand, over a period of 30 years with
asteady riseinsummer temperatures, local extinction of Triphragmium
ulmarie, the rust pathogen that infects Filipendula ulmaria (mead-
owsweet), was observed®. Other pathogens, such as Phytophthora
infestans, are predicted to belittleimpacted by warming temperatures
due to their lower thermal preferences®.

The molecular basis for why plants are more susceptible to patho-
gens at high temperaturesis not well understood”. However, elevated
temperatures cansuppress plantimmunity, leading to increased patho-
geninfection®. In Arabidopsis, production of salicylic acid, ahormone
critical to plant defence, is suppressed at high temperatures*® due to
impaired activation of master immune transcription factors such as
CBP60g (ref. 41). The CBP60g family transcription factors are widely
conserved inplants*, and understanding their role in thermosensitive
regulation of plantimmunity provides clues forimproved understand-
ing of the warming effect on plant diseases. Inrice, warmtemperatures
enhance expression of abscisic acid biosynthesis and responsive genes,
and this is associated with increased susceptibility to bacterial blight
disease; interestingly, suppression of the abscisic acid pathways was
associated with resistance at elevated temperatures®. A recent study
reported that induction of jasmonic acid biosynthesis and signalling
genes by Magnaportheoryzaeresultsin enhanced susceptibility torice
blast disease inrice at warm temperatures**.

Elevated carbon dioxide

Varied disease incidence in conditions of increased carbon diox-
ide (CO,) concentrations suggests pathogen and host-dependent
responses to CO,. Elevated CO, levels increased the severity of pow-
dery mildew on cucurbits caused by Sphaerothecafuliginea®, as well as
headblight and blotch on wheat caused by Fusarium spp. and Septoria
tritici, respectively*, whereas the susceptibility of soybean towards
the downy mildew pathogen Peronospora manshurica was reduced®’.
Similarly, changesintheleafsurface characteristics caused by elevated
CO, treatment enhanced rust disease of aspen trees*® but reduced the
disease severity of brown spot disease of maple trees*’. Atmospheric
CO, impacts plantimmune responses and hormone levels that can
influence plant-pathogen interactions. For example, increased basal
expression of jasmonic acid-responsive genes under elevated CO,
enhanced resistance to the necrotrophicleaf pathogen Botrytis cinerea,
but reduced the resistance to the hemi-biotrophicleaf pathogen Pseu-
domonas syringae pv. Tomato*™. Reduction in the effectiveness of plant
defence pathways under elevated CO, increased the susceptibility of
wheat against the two major pathogens Z. tritici and F. graminearum
that cause S. tritici blotch and Fusarium head blight, respectively*®.
Elevated CO, impacts tripartite biotic interactions between wheat,

barley yellow dwarfvirus (BYDV) and its aphid vector Rhopalosiphum
padi.BYDV infection increased the aboveground nitrogen content of
wheat growing under elevated CO,, as compared with non-infected
plants, thereby reducing vector performance and phloemingestion®..
Elevated CO,clearly influences the outcome of plant-pathogeninterac-
tions, but currently no unifying framework exists to understand and
predictits effects and consequences.

Climate change-induced variability in water availability
Variations in relative humidity and soil moisture are among the main
drivers of abundance and infectivity of plant pathogens, and therefore
climate-induced changesin humidity will likely impact future plant dis-
ease outbreaks'. Many fungal diseases require high humidity for spore
germination and infection of their host plants'®. High humidity gener-
ally promotes the virulence of pathogens infecting aerial plant tissues.
Infection rates by Sclerotinia sclerotiorum in lettuce® and the stem rot
pathogen Phytophthora sojae are higher under increased humidity*’.
Humidity-dependent expression of bacterial effectors that modify
plantimmune responses promotes establishment of P. syringaein the
aqueous intercellular space (apoplast) of Arabidopsis leaves®. Higher
humidity is also correlated with the increased production of the myco-
toxin deoxynivalenol by F. graminearum, a pathogen infecting a range
of grains, which results in significant economic losses and a reduction
in food quality®>*°. On the contrary, for M. oryzae, the causal agent of
riceblast, and Streptomyces spp., causing bacterial scab in potato, lower
moisture conditions increase pathogen numbers and disease severity*”*S,
Recent analyses suggest that an overall increase in relative humidity
canincrease the incidence of fungal-caused diseases in general.

Theimpacts of drought oninfection rates of pathogens and disease
severity vary dramatically®”. For example, diseases such as pearoot rot
(caused by Aphanomyces euteiches), onion white rot (Sclerotium cepivo-
rum), wheat take-all (Gaeumannomyces graminis var. tritici), wheat
crownrot (Fusariumspp.), brassicablackleg (Leptosphaeria maculans)
and grapevine black foot (/lyonectria/Dactylonectria spp.) increase
in severity with the increase in the length and frequency of drought.
Onthe other hand, drought reduced the severity of kiwifruit sclerotinia
rot (8. sclerotiorum) and radiata pine red needle cast (Phytophthora
pluvialis)®. Similar results were reported for the bacterial pathogen
Xylella fastidiosa of grape®. In general, necrotrophs will accelerate
drought-induced tree mortality by depleting tree resources asaresult
of repair and compartmentalization processes, whereas biotroph-
caused diseases are expected to be less severe in drought because of
the strong connection between pathogen performance and tree nutri-
tional status. However, if biotrophs are able to invade stressed trees,
they are expected to cause more severe drought-dependent impacts
on trees because they deplete carbohydrate reserves important for
tree drought tolerance®.

Drought-mediated shifts in the direction and strength of plant-
pathogen interactions across an aridity gradient can modify disease
range expansions in response to climate change®. For example, drought
and higher rates of tree mortality inarid regions accelerate the decline
in pine blister rust at low elevations, whereas lower alternate host
occurrence at high elevations dampens infection probabilities, even
as the climatic conditions become more hospitable. Drought can
also result in the emergence of new pathogens that can withstand
harsh environmental conditions and take advantage of the changesin
plant physiology in response to stress. For example, drought favours
the infection of chickpea plant by the dry root rot fungal pathogen
Macrophomina phaseolina®. Drought-induced lowering of plant basal
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immune responses increased potato yellow vein virus infection and
yellow vein disease symptoms®. These changes further modify host-
virus-vector (greenhouse whitefly) interactions resulting inenhanced
horizontal transmission of the virus.

Other variables and future scenarios

Although we have a limited understanding on the combined effects
of multiple environmental factors on plant-pathogen interactions,
afew studies have demonstrated that the combined effects are more
pronounced than individual effects®*"*® and, in some cases, combina-
tions of factors are required for outbreaks'>®”. For example, an abnor-
mally warmand humid pre-harvest season as aresult of climate change
was ascribed to the outbreak of M. oryzae triticum, the causal agent
of wheat blast disease, in Bangladesh®®. Similarly, high humidity and
increased temperature promoted the disease incidence of B. cinereain
grapeberries®”. Altered climates (for example, increased temperature
and soil moisture) can promote pathogen invasion and transmission
across novel geographical and host ranges. In this respect, some fungal
pathogens are more likely to spread in new regions of temperate and
boreal biomes, as annual temperaturesincrease', with disproportion-
ally high negative impacts predicted onyield in Europe, Chinaand some

South American countries. Recent efforts have focused onunderstand-
ing the global distribution of plant fungal pathogens under future
climatic conditions™, but progress is limited by our knowledge of the
current distribution of many important pathogens®>”° (Supplemen-
tary Table 1). Modelling combined with experimental data suggested
that the prevalence of key soil-borne fungal pathogens belonging to
Alternaria, Fusarium, Venturia and Phoma genera will likely increase
under projected global warming'. Further, our re-analysis of pub-
lished global survey data”' suggests that the relative abundance of
someimportant soil-borne fungal taxa such as Penicillium spp., which
damage fruit quality and production, are strongly associated with
shifts in temperature and organic matter. Similarly, range expansion
for Botryosphaeria dothidea and Neufusicoccum parvum resulting in
more frequent and intensive disease outbreaksis predicted to belinked
to climate change’. Conversely, the relative abundance of other soil-
borne pathogens, such as the Oomycota taxa Phytophthora spp. and
Pythiumspp.’°, may be highly sensitive to changes in soil pH associated
with modifications in land use, and their distribution is likely to vary
inresponse to climate change and land use intensification, with impli-
cations for food security worldwide (Fig. 2). Multiple environmental
factors are known to interact with soil-borne pathogens, explaining
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Fig. 2| Projected shifts in relative abundance of soil-borne pathogens from
current to future climates. a,b, Current relative abundance of soil-borne
potential plant pathogens: Phytophthora spp. and Pythium spp. (panel a) and
Penicilliumsp. (panel b). c,d, The projected change in their abundance under
predicted future climates (2050): Phytophthora spp. and Pythiumspp. (panel ¢) and
Penicillium sp. (panel d) (also see Supplementary Table 1). Previously developed
models" were implemented to project each map of the currentand future relative
abundance of plant pathogenic taxa worldwide. Toimplement these models,

we performed exploratory correlation analyses to identify the most important

factors associated with potential plant pathogen distributions from available data
(see Supplementary Information). We used available data sets of climate variables,
vegetation type, elevation and soil variables to identify the global distribution'***,
To perform projections of these pathogens in future climates, we used climatic
and land use available data sets'****, The prediction can be improved, as data from
other locations will become available in the future. Areas of the projection away
from the sampling points have been marked in white. The masking criterion was
P<0.01toshow the areas generated by the model in the projection that are closer
to the sampling points (see Supplementary Information).
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global scale (Fig. 2). Global shifts in the distribution of pathogens are
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Theinteraction between climatic changes and evolutionary pro-
cesses can also directly impact future pathogen outbreaks. Increases
infrequency and intensities of extreme weather events can help spread
pathogensto newlocations, as for the case of soybean rust, whichwas
introduced from Brazil into the United States by a hurricane’. Plant
pathogens canalso evolve toinfect other plant species and/or become
more virulent to overcome chemical and resistant cultivar control, or
they may evolve into new pathogens by interspecific hybridization and
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Fig. 3 | Responses of plant microbiomes to novel climates and their
consequences on disease occurrences. Four scenarios are proposed for
microbiome responses to climate change. Green plants symbolize the healthy
state of plants prior to climate change, whereas yellow plants indicate the
effect of climate change and pathogeninfection on plants. a, Plants employ an
array of mechanisms that depend on optimalimmune response, root exudates
and hormonal balance to assemble complex microbiomes. Plant-associated
microbiomes insoil, particularly in the rhizosphere, provide the first line of
defence against pathogens. Climate change will likely alter the structure of

the microbial reservoir in the bulk soil. This together with changes in the plant
immunity may alter the rhizosphere microbiome assembly and change the first
line of defence, which would allow the pathogen to breach. b, Plants maintain
homeostasis of associated (leaf, root, stem, endophytes) microbiomes via tight
and complex regulation ofimmune systems. Climate change can alter plant
physiology and immune response, such as the production of the root exudates,
volatile organic carbons and phytohormones, which may constrain the ability of
plants to recruit and assemble beneficial microbiomes and promote dysbiosis

ofthe plantleading to diseases. ¢, Plant migration to new locations (niche range
shift) may interrupt the plantimmune system and its mutualistic coevolution
withindigenous soil microbiomes that support healthy plant growth and disease
tolerance. As such, plant migration may expose them to local pathogens to which
they are susceptible, whereas in some cases, migrating plants will escape local
pathogens. Similarly, niche range shift in pathogens (along with evolutionary
processes) can make the pathogen more transmissible and virulent in new regions
inthe absence of an effective immune response of local plants and resistance

by localmicroflora. d, The ‘cry for help’ strategy of the plant, which refers to the
plant recruiting beneficial microorganisms when under pathogen attack, is also
likely be altered under climate change. Climate change may constrain the abilities
of plants to produce signal molecules (for example, root exudates, volatiles and
soon) to attract beneficial microorganisms and/or shift microbial composition
and traits, or their ability to respond to these signals. Climate change could also
reduce the burden of pathogen attacks where a shift in microbiomes has either
enriched beneficial microorganisms or primed the plantimmune response. MAMP,
microorganism-associated molecular pattern; PRR, pattern recognition receptor.

extensive mutations. For example, a hybrid Phytophthora alnispecies
that originated from the hybridization of Phytophthora uniformis and
Phytophthora multiformisis the cause of severe decline of alder popula-
tionsacross Europe”. Overall, climate change will cause unknown shifts
inthe pathogen biology, host specificity and environmental favourabil-
ity, making predictions challenging. Forecasting disease epidemic risks
isalso compounded by the interaction between agronomic practices
(forexample, agrochemicals, irrigation, plant variety), native and alter-
nate host availability, connectivity and pathogen dispersal mechanisms
(forexample, airborne or vector-borne). Intensifying extreme weather
events together with variations in land use and global trade are likely
to further exacerbate pathogen transmission and disease incidence’.
However, we havelittle knowledge about how these interactions among
pathogen, biogeography, host and environment will influence disease
management and efficacy of chemical, cultural and biological controls,
key unknownsin securing food and environmental security for current
and future generations.

Climate change, the plant microbiome and
disease

Responses of the plant microbiome to climate change can also indi-
rectlyimpactdiseaseincidence. Plant microbiomes are likely impacted
by climate change both via alterations in the starting inoculum from
bulk soil or the rhizosphere””” and by host responses, which include
changes in host physiology, morphology, exudation patterns and
immune responses” (Fig. 3). Thisisimportant because plant-associated
microbiomes exert strong influences on host physiology, and contrib-
uteto theregulation of its metabolism, immune function and fitnessin
novel environments®*’%, and play akey role in preventing the coloniza-
tion and growth of pathogens. A range of mechanisms contribute to
the control of plant pathogens by the plant microbiome, including the
modulation of plantimmune responses, competition with pathogens
for resources and space, and/or production of antifungal effectors,
lytic enzymes and secondary metabolites (including antibiotics, bac-
teriocins, toxins and siderophores)®. Plants can employ the ‘cry for
help’ strategy that uses chemical stimulifor recruitment of beneficial
microorganisms and traits from the soil, in order to enhance their
capacity to combat pest-induced or pathogen-induced stresses’ .,
The selective recruitment of beneficial microorganisms occurs through
modulation of plant-microbiome signalling pathways’®7%%?, altered

root exudation patterns®"®**** and/or production of volatiles®. The
most well-studied example of microbiota-mediated disease protec-
tionis disease-suppressive soil, where active microbiota contribute to
disease reduction, even in the presence of the pathogen, susceptible
host and favourable environmental conditions®****. Complex ecologi-
cal interactions and communication between plants and pathogens,
between plant microbiomes and pathogens, and between plants and
their microbiomes define disease outcomes but the specific mecha-
nisms of interaction and the identity of communication molecules
remain unclear®,

Climate change variables (elevated CO,, warming and drought)
can also increase root exudation and alter exudate composition in
both crops and trees to attract beneficial microorganisms, which
ultimately support plant growth® ', Pathogens can overcome the
first line of plant defence either directly, via competition with native
microbial communities, or indirectly, by inducing changes in plant
biology and physiology (for example, root exudation)®. The xylem-
colonizing vascular wilt fungal pathogen Verticillium dahliae exploits
effector proteins with antibacterial properties to manipulate the plant
microbiota and colonize the host’”. Pathogens can also modulate the
plant microbiome by altering plant defence responses. For example,
immune suppression by the wheat fungal pathogen Z. tritici causes
fluctuations in the leaf microbial communities that render the plant
vulnerable to further infections®. If the pathogen manages to displace
ahighly interacting keystone microbial species that facilitatesinterac-
tions in the community, the entire microbial network may collapse,
resulting in severeimpairment of plant performance’. Members of the
plant microbiome can themselves facilitate pathogen progression in
some cases via signalling, metabolic interactions and weakening of the
hostimmune response”“. For example, the causal agent of olive knot
disease, Pseudomonas savastanoi pv. savastanoi, exchanges quorum
sensing signals with the native non-pathogenic strains of Pantoea
agglomerans (an epiphyte, grows on the surface of the plant) and
Erwinia toletana (an endophyte, lives within the plant) for increased
colonizationand disease incidence”. In many cases, shiftsin the struc-
ture and function of plant microbiota have been observed for various
plant-pathogen complexes’'°°. A pathogen can co-occur with arange
of members of plant microbiota'”’; however, it is not yet clear whether
observed changes in the microbial community composition contribute
causally to pathogen colonization and disease.

Nature Reviews Microbiology



Review article

As climate change can directly impact plant immune
responses®*%1%2 there is a possibility that plant microbial dysbiosis
canfacilitate pathogeninvasion. For example, climate change-induced
alteration in plant immune systems, which suppress pathogen inva-
sion, canalso negatively affect plant-microbiome assembly. For exam-
ple, warming can increase or decrease microorganism-associated
molecular pattern (MAMP)-triggered immunity and suppress plant
effector-triggered immunity*'°>'°*, Similarly, production of salicylic
acidisdecreased under warming and drought. Climate-induced shifts
ingeographical distribution are suggested to haveresulted in changes
inthe MAMP-induced selective pressure on patternrecognition recep-
tor (PRR) repertoires, thereby impacting pathogen response, host
fitness and the microbiome'®. As the plant microbiome provides the
firstline of defence against pathogen invasion, changesinits structure
and function can influence pathogen colonization. Plant immunity
(including effector-triggered immunity, pattern-triggered immunity,
RNAinterference and defence hormoneinduction) has evolved not only
tolimit the growth of pathogens but also to maintain the homeostasis
of the plant microbiome'®. A recent study demonstrated the role of
pattern-triggered immunity in preventing dysbiosisin the phyllosphere
by regulating community structure and microbial abundances'*®. How-
ever, it remainstobe evaluated whether plantimmune-mediated altera-
tions in the microbial community structure impact plant-pathogen
interactions directly via shifting their overall response towards the
incoming pathogen or indirectly via changes in plant fitness.

Although plant-microbiome-pathogen interactions will likely
be altered in future climatic scenarios, we have limited knowledge to
predictthe overall directions and outcomes. We propose amendments
to existing concepts (disease triangle and Koch’s postulates) and argue
for explicit consideration of environmental and host microbiomes
in disease concepts to obtain better mechanistic understanding of
outbreaks for improved disease management. This can be further
boosted by explicitinclusion of eco-evolutionary frameworksin future
research, which will improve mechanistic knowledge and predictive
models of pathogeninvasion and disease outbreak (Box1). For example,
an experimental evolution study demonstrated that the relationship
between a plant virus and its natural host can evolve from pathogenic
to mutualistic under severe drought conditions'”. As microbiomes are
critical contributors to plant adaptation, we postulate that beneficial
plant-microbiome interactions will evolve to maximize plant fitness
against combined biotic and abiotic stresses under future climatic
conditions”'%, For example, when exposed to soil-borne pathogens,
the root-specific transcription factor MYB72 and the 3-glucosidase
BGLU42 regulate the synthesis and secretion of a coumarin molecule
that inhibits pathogens but favours rhizobacteria, which induce sys-
temic resistance'”. Interestingly, coumarin accumulation is induced
by osmotic and temperature stresses"’, indicating a possible interplay
of the plants’ ‘cry for help’ for selective recruitment of microbiota to
tackle multiple stresses.

Paths forward
We propose three paths forward that address different but
complementary disciplines of disease management.

Modern agriculture, pathogens and future mitigation
strategies for sustainable land management

Pathogens are known to be highly sensitive toland management prac-
tices. For example, nitrogen and phosphorus fertilization consistently
promote pathogenic over mutualistic fungi in grassland soils across

four continents™. Conventional approaches to manage diseases rely on

chemical fungicides and the use of disease-resistant varieties to control
pathogens, but these methods have arguably reached their plateau,
asinthe case of soil-borne fungal pathogens which have increasingly
become resistant to fungicides™ Currently, no effective chemical
controls are available for diseases caused by widespread soil-borne
pathogens such as Fusarium and Verticillium spp. in many crops'”.
Further, extensive use of chemical controlsisincreasingly discouraged
duetobothpolicy (forexample, EU Green deals require 50% reduction
in chemical pesticide use by 2030) and consumer demands, given their
negative impacts onbiodiversity including beneficial microorganisms,
soil health and food quality (chemical residues), and ultimately human
health™', Development of ecologically friendly chemicals needs pri-
oritization, but these are currently expensive, and their development
istime consuming. Also, there remains arisk: mid-termand long-term
assessments have shown that chemicals initially considered environ-
mentally friendly, such as organophosphorus and neonicotinoid, are
infact environmentally damaging.

The control of pathogens in natural ecosystems is addressed by
different strategies at all levels. For example, maintaining species
diversity in forest ecosystems could substantially reduce invasion
of generalist plant pathogens'®. Agroecosystems can adopt some of
these approaches by promoting agrobiodiversity, intercropping and
regular rotations of crops to improve resilience. However, cultural
controls using rotations or fallow are economically challenging and
are increasingly becoming ineffective, as pathogens evolve to be less
sensitive to these practices. In the past, four or five non-cotton rota-
tions were sufficient toreduce Fusarium and Verticilliumwilt diseasesin
Australian cotton farms and allow profitable cotton production. Now,
five to sevenrotations are required for disease management'”’. Current
strategiesto address these problemsinclude integrating disease resist-
ance genes into crops by breeding (taking 10-20 years to release new
crop-resistant cultivars) and through transgene cloning or gene edit-
ing (taking a few years but facing public and political concerns)"*',
Insome cases, plant gene-mediated resistance can be overcome rapidly
by evolving pathogens. The implementation of non-chemical tools
suchas biological controlis complex, and outcomes are inconsistent'?’,
Thus, fundamentally new approaches are needed to move beyond
the current paradigm of disease management. Approaches that har-
ness ecological and evolutionary interactions and other nature-based
methods can provide future effective tools.

Technical innovations to monitor, manage and mitigate
diseaserisks under global change

Current approaches to monitor, manage and mitigate disease risks
are constrained by afocus onsingle-pathogen, single-crop and single-
disease paradigms'”. However, expanding studies that include other
key aspects of disease, such as associated soil microbial and faunal
communities and their interactions —aphytobiome approach — can
provide better scientific knowledge to drive improvement of predic-
tive and management tools'>*'?*, Similarly, integrating the biology and
ecology of vectors and their response to climate change canimprove
predictability and risk associated with vector-borne pathogens (Box 2).
However, accomplishing thisis not trivial and will require atransforma-
tive shiftin our approaches to plant diseases. For example, traditional
notionssuchasthe disease triangle would benefit by including emerg-
ingecological conceptsin host-pathogeninteractions, such astherole
of soil and plant (also vector) microbiomes (Fig.1). Similarly, certain dis-
eases can be caused by multiple microorganisms (for example, tomato
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Box 1

Eco-evolutionary theories for prediction and management

of plant diseases

Utilizing invasion ecology theory can help predict the success

of new and emerging pathogens in new environments. Despite

some variability, experimental and observational studies on plant
communities have demonstrated that invasion success is linked to
high dispersal ability, growth rate and resource use efficiency of alien
species and/or to indigenous communities with low species diversity,
high frequency of disturbances and rapid changes in resources'”.
Pathogen invasions are widespread and, similar to plant invasion,
include dispersal, establishment, growth and spread, and impacts
Ultimately, the success of pathogen invasion is likely influenced
by the composition and diversity of the indigenous soil and plant
microbial communities, where abiotic feedback (for example, pH and
resource availability) and biotic feedback (for example, microbial-
microbial interactions or impact of viruses and invertebrates; see

the figure) modulate the rate and stability of colonization. Employing
invasion theoretical frameworks can thus help in better predicting
successful invasion by new pathogens, while also having the
potential to support the development of disease management
approaches, for example by providing tools to identify biological
controls of pathogens'*®. However, it is important to note that
microorganisms do have some distinct characteristics in terms of
their physiology, genetics and behaviour. For example, unlike plant
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competition, microbial competition occurs via indirect interactions
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Other mechanisms that can help pathogen colonization include
frequent disturbances (for example, increasing extreme weather
events) and evolutionary processes. Frequent disturbances often
alter indigenous communities, creating new niches and, hence,
promoting invasion by alien species or niche occupation by less
dominant species’. This is likely facilitated by increases in resource
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indigenous community decreases following disturbance (niche
availability)"“®. Niche (complementarity) theory can help in identifying
the relative contribution of microbial physiology, alteration in the
indigenous community and disturbance-induced niche availability
to the success of pathogen invasions. In addition, evolutionary
processes can promote rapid diversification of pathogens that can
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result in invading pathogens and/or indigenous populations of soil
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phenotypes (for example, antibiotic biosynthetic genes, fungicide
resistance genes) with direct impacts on the rate and success of
pathogen colonization'”. A system-based approach that addresses
key eco-evolutionary mechanisms (pathogen ability versus habitat
properties versus disturbance-induced niche availability) and
identifies their relative contributions, combined with appropriate
modelling tools, can significantly advance the discipline. For
example, the use of random forest and structural equation models
can identify the relative contribution of different factors, whereas the
use of spatial individual-based models that incorporate an adaptive
process, diversification and emergent behaviour can significantly
improve our ability to predict the rate and success of pathogen
invasion under different climate and environmental settings'®™"'.

pith necrosis, grapevine decline diseases'”’) working in tandem and
some of them cannot beisolated and re-introduced, limiting the effec-
tiveness of the Koch postulates in establishing causative relationships
between amicroorganism and a disease'”.

A transdisciplinary approach to understand pathogen biology
and ecology from molecular to global scales is needed. Integrating
available pathogen biology data with transport, trade, climate and
geography can improve monitoring and predictive power of disease
incidence. This canbe further boosted by biochemical sensors, perma-
nentobservatories (airborne signals and vectors), satellite and remote
sensingtools, artificial intelligence and the involvement of farmers and
other volunteers to getan early report of disease, which can contribute
towards effective surveillance'. Local data can be used to forecast the
spread and severity of disease, and this can be upscaled to regional
and global scales utilizing modelling and artificial intelligence tools
(Box 2). These predictive tools would also contribute towards assessing
the impact of disease on food production and other socio-economic
indicators (jobs, income, mental health), thus supporting the devel-
opment and implementation of effective mitigation tools’. In parallel,
decisionsupport systems based on systems biology approaches would
be effective to manage disease risks, surveillance and forecasting. Such
approaches should include precision agriculture, new eco-friendly
chemicals and biologicals (for example, the microbiome and synthetic
biology products), consideration of host genetic diversity and predic-
tion of climate change on pathogens, host and vectors'?. By integrating
the impacts of climate change on agriculture and ecological sciences
into predictive tools that also consider socio-economic information
and international trade routes, better policies to effectively manage
the risks of plant diseases could be developed.

Aconcerted effortinvolving technicalinnovationsin microbiome,
synthetic biology, precision agriculture and agroecological tools is
needed to develop effective and sustainable solutions for plant disease
managements (Box 3). Precision agricultural technologies based on
drones, artificial intelligence and machine learning canidentify disease
early and assist effective and environmentally friendly targeted con-
trol measures, such as plant removal or precise dispersal of chemicals
to plants. Recent advances in microbial (for example, microbiome
engineering approaches), biochemical (volatiles and plant elicitors)
and synthetic biology (synthetic microbial community (SynCom))
tools provide new pathways of disease management and reduced
dependency on chemical controls''**, In particular, there are emerging
intereststo harness plant and soil microbiomes to mitigate the negative

This framework can also be used to predict the success of microbial
inoculants for pathogen controls.

The figure shows that pathogen (or any other invading or
introduced microorganism) colonization involves invasion (dispersal
ability), followed by microbial establishment, which requires the
microorganisms to overcome biotic and abiotic constraints of
the invaded environment, and to find a niche and manipulate the
environment for proliferation and spread'*°. Effective colonization
will have functional consequences. Ecological theories suggest
that four ecological processes (dispersal, selection, drift and
diversification) determine the success of colonization of new
habitats by invading microorganisms.

consequences of climate change, varying from direct manipulation
of microbiomes to indirect manipulation of their functions through
changes in land management and farming practices, and the use of
inoculants or biochemical products®. Beneficial plant microbiota
can be harnessed to enhance plant fitness, reduce pathogen loads
and prime plant defence signalling pathways'*"*'. Hence, microbial
tools such as inoculants or microbiome engineering in situ promise
optimized plant growth under the increasingly stressful conditions
and pathogen attacks. Identifying beneficial seed and plant microbiota
that canresist pathogeninfection could, potentially, provide effective
management tools as some of these microorganisms are inherited or
actively recruited by the plant, and can hence improve the probability
of successful host colonization and, ultimately, disease resistance™*'*,
Further, future plant breeding programmes should explicitly adopt a
plant holobiont (host plus associate microbiomes) concept to ensure
that new varieties can harness microbial symbionts to combat disease
incidence™*. Such tools can play an important role in mitigating del-
eterious consequences of pathogens on farm productivity and food
availability under a climate change scenario'*. However, systematic
and coordinated studies are needed to advance understanding of the
ecological and evolutionary processes that underpin interactions
between plants, the associated microbiomes and pathogen invasions
and how these are influenced by climate change, land management,
agronomic practices and other ecosystem characteristics. This needs
to be done with consideration of the climatic zone, crop and disease
types, as well as management practices.

Science-policy interface and social innovations

Plant diseases affect all four pillars of food security: access, availability,
utilization and stability"°. Additionally, plant diseases can significantly
impact the sociopolitical stability of aregion or countryinthe absence
of an effective policy framework to monitor, manage and mitigate
disease impacts. One of the best examples is Phytophthora blight of
potato, which caused the Irish faminein 1859, triggering the death of two
million people and mass migrations; this event was a devastating con-
sequence of the lack of effective policies to manage disease-associated
risks. Other examples include famine and death linked to brown spot
disease inrice in Bengal, India, and the recent outbreak of coffee rust
that caused amore than 50% loss in coffee productivity and led to hun-
ger, poverty and mass migration from Central America>'*°. Clearly,
prioritizing evidence-based policy to monitor, manage and mitigate
the impact of plant diseases is critical to maintain socio-economic
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well-being. For effective management of plant diseases, we therefore
propose aknowledge hub and networks of science-policy interfaces.

Knowledge hub. Climate-induced range shifts and emerging patho-
gens threaten agricultural productivity, trade and access to interna-
tional markets'. Effective surveillance, forecasting tools and policies
would help mitigate these risks to food security and humanwell-being.
The current monitoring of plant disease is coordinated mostly at the
regional and national levels, with strong disparities between devel-
oping and developed countries®. These disparities and the lack of
international coordination hamper a quick response to new emerging
orfast-spreading diseases. A global approach, such as the recently pro-
posed global surveillance system', is urgently needed to continuously
monitor and predict global hot spots ofimportant plant diseases, and
their socio-economic impacts. Such a system would allow real-time
monitoring and quick response to mitigate risks of new emerging

Box 2

or fast-spreading diseases internationally, and could be modelled
and upscaled by joining together existing regional surveillance sys-
tems with national and regional hubs (for example, USABIlight.org for
the monitoring of Phytophthora infestans). This network could help
assemble, analyse and store data, and provide evidence and tools for
monitoring and predicting disease progression and risks. This global
informationiscritical to establish regulatory frameworks thatinclude
effective phytosanitary and quarantine rules for international trade.

Science-policy-society interfaces. To be effective, networks such
as the global surveillance system would require the establishment of
science-policy-society interfaces (SPSIs) operating atlocal, regional
and global scales. If in continuous engagement with other organiza-
tionsthatare actively operating at the interface of science, policy and
society, these SPSIswould provide assessment, monitoring, forecasting
and provision of recommendations for policy actions that consider

Modelling future disease outbreaks

There is emerging consensus that climate change will increase
disease risk and pest impacts in many parts of the world'*'*2. Crop
models that included crop phenology and pathogen development
show that the impact of climate change on crop losses would be
host-pathogen dependent®**"**™, For example, shifts in planting
dates due to cooler seasons will reduce the global risk of potato
late blight by the end of this century®°. On the other hand, climate
change-mediated early anthesis in wheat will cause an increased
incidence of Fusarium ear blight disease in China'. Mathematical
models that combine epidemiology with spatial components
and population heterogeneities are powerful tools to quantify the
likelihood of success of management practices applied to invading
pests and pathogens' "%, These models provide critical information
on the most effective control measures, time and suitability of
the intervention, site selection and cost balance to realistically
manage emerging pests and pathogens. Unfortunately, the lack
of robust quantitative and standardized data hinders efforts to
make meaningful predictions to infer climate change impacts on
disease epidemiology across crops, agroecosystems and regions™”.
Furthermore, although extreme weather events are predicted to
increase in frequency and intensity in the future’®, due to the lack of
robust data sets we have limited modelling capability to predict the
impact of these events on disease incidence and severity.

Disease epidemiology and dynamics depend on many
factors including the interplay of the pathogen with the host
plant, microbial communities, the changing environment and
more. Linking information across scales (from genomes to
landscapes) to predict disease outcomes in a rapidly changing
world is a significant challenge'®'. However, many connections
at intermediate scales are viable with integrated application of
new systems biology approaches and powerful analytical and
modelling techniques. For example, ‘omics’ combined with
robust physiological/morphological/symptom training data sets
can be used for predicting different aspects of plant-pathogen

interactions including gene regulatory networks, pathogen effector
proteins, pathogen adaptive strategies and genes involved in plant-
pathogen interactions under different climate change scenarios.
Genome-scale network reconstructions can model intracellular
metabolism to predict virulence and pathogen-host interactions
under a range of environmental and physiological conditions'* "%,
Such models are now being used to provide detailed insights

into the interactions between the invading pathogen and the
host-associated microbiome to predict disease incidence and
interventions'®®. Ecological modelling approaches can provide
information on the successful colonization of invading pathogens
under a complex host-associated microbiome. For example,

‘game theory’ and the ‘Lotka-Volterra model’ can be expanded to
describe microbial interactions related to pathogen colonization

or extinction to predict disease emergence'®. Statistical models
can provide information on the direct and indirect impacts of
environmental and biotic variables on disease incidence'’ ",
whereas dynamic network models allow incorporation of several
aspects of disease epidemiology including molecular and cellular
reactions, plant-vector-pathogen interactions, species interactions
in the microbiome as well as international trade and social networks
(reviewed elsewhere'®). Predictions of disease risks based on
combinations of aerobiological models for inoculum transmission
and crop-growth models offer a framework to quantify the impact
of future climates on the risk of disease occurrence and spread'"'”%.
However, most model development involves multidisciplinary
knowledge integration, and the modelling approach should

be transparent and flexible to allow users to select the level of
details with which they would like to engage'. A model example

is EMULSION, which couples a generic simulation engine to a
domain-specific modelling language through structured text files,
is readable by scientists from different fields (epidemiologists,
biologists, economists) and allows those scientists to validate or
revise assumptions at any stage of model development'”®.
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Box 3

Technical innovations to better manage future disease outbreaks

Advancing fundamental knowledge of pathogen, vector and host
biology, ecology and evolution is a key step forward to unravel

the complexities of disease incidence and severity and the socio-
economic impacts. How these variables will respond to climate
change and the integration of such knowledge with climate and
weather data, international trade and early pathogen detection can
provide effective tools for forecasting and monitoring. These data can
form the essential part of new integrated models along with big data
analytics and artificial intelligence to predict regions at most risk of
future disease outbreaks.

Molecular profiling is the most reliable method to detect and track
the spread of plant disease, Several methods are now available to
rapidly extract DNA in as little as Tmin without using sophisticated
laboratory instruments or expensive kits and chemicals'*"”°, and
could be scaled up to improve disease tracking in situ. For example,
smartphone-based diagnostic platforms are now available that
perform isothermal nucleic acid amplification and are designed for
rapid and inexpensive pathogen detection in plants'®. Ultraportable
platforms such as POCKET (point-of-care kit for the entire test'’®) are
inexpensive and will enable a versatile sample-to-answer approach
for pathogen diagnostics. Additionally, miniaturized sequencing
platforms such as MinlON or SmidglON will significantly improve
portable DNA/RNA analysis. Using the hand-on sequencing platform
in cost-efficient whole-genome sequencing technologies (US$1 per
gigabase'”’) is critical to enable surveillance (identity of genotype and
strain), thus expediting studies on the origin of outbreaks, tracking
transmission and pathogen evolution.

Other methods, including hyperspectral imaging, volatile
organic compound fingerprinting and remote sensing, have the
potential to revolutionize the pathogen and disease surveillance
sector. Hyperthermal and thermal imaging data sets provide

science, non-traditional knowledge (for example, indigenous and
private sectors) and socio-economic conditions. Already active organi-
zations such as the Consultative Group for International Agricultural
Research (One CGIAR) would be in a strong position to coordinate a
larger knowledge network, given the broad skill base and locations of
their institutions in developing countries where new data need to be
generated. With adequate mandate and resources, One CGIAR could
coordinate periodic assessments, forecasting and monitoring of plant
diseases, in partnership with the Food and Agriculture Organization
of the United Nations (FAO). This could be boosted by harnessing
expertise fromother organizations and the global research community,
such asthe Intergovernmental Panel on Climate Change (IPCC) and the
International Platform for Biodiversity and Ecosystem Services (IPBES),
which act upon climate change and biodiversity loss, respectively. In
fact, aformalassociation with these intergovernmental bodies includ-
ing One Health will be mutually beneficial (Box 4), allowing the SPSIs
to use their data, resources and models to predict disease incidence
linked to climate change, biodiversity loss and consequences for plant
and human health. Similar to the COVID-19 pandemic, in a globalized

unigue signatures to differentiate the infection of olive trees by two
different xylem-limited pathogens (Xylella fastidiosa and Verticillium
dahliae)®. A smartphone-based volatile organic compound sensor
can profile key plant metabolites at parts per million levels within
1min, and have been used to detect Phytophthora infestans in both
laboratory-inoculated and field-collected tomato leaves with more
than 95% accuracy'”®. High-resolution imagery captured by remote
sensing technologies (for example, satellites and drones) coupled
with advanced machine learning approaches can capture subtle
changes in plant chemistry and detect pathogens far earlier than
symptoms become visible'®*'®". Drones are also useful to detect and
monitor spores of plant pathogens'®*'®, Digital epidemiology, which
translates and analyses information from media, newswires, official
reports and crowdsourcing and disseminates the information through
media (including websites, email lists and mobile alerts), should be
integrated in tracking disease dynamics around the world'*.

Data mining and big data analytics provide unique opportunities
to advance our understanding of complex biological processes at
a level of accuracy without precedence'”. Integrating knowledge
gathered through these approaches into collaborative international
research programmes, such as the Centre for Agriculture and
Bioscience International (CABI) Global Burden of Crop Loss initiative
or the Group on Earth Observations Global Agricultural Monitoring
GEOGLAM) Initiative’s Crop Monitor that collate diverse data sources
to build predictive disease impact models, can potentially enable
targeted responses to plant pathogens. Baseline data on the plant
pathogen and microbial communities are required to generate global
microbial maps and detect climate-mediated changes. Initiatives
such as the Global Initiative of Crop Microbiome'™° and the Soil
Biodiversity Observatory Network'®® are working towards profiling the
soil/plant-associated microbiome globally.

economy and trade market, plant pathogen transmission is difficult to
control orrestricttoaparticular region. Thus, aglobal effortis essential
to manage socio-economic risks associated with the likely increases
in plant disease outbreaks, especially in low-income countries. Plant
disease control in developing countries will not only reduce risk of
transmission into those areas but also contribute towards food and
jobsecurity for local communities, with the potential to reduceillegal
migration and national or regional conflicts.

Conclusion and future perspectives

The current research landscape lacks some key fundamental knowledge
to exploit emerging tools to manage disease risks. A holistic solution
will require significant expansions of our current knowledge beyond
disease monitoring and chemical controls. We need to improve our
understanding of pathogen, vector and host biological, ecological
and evolutionary responses to climate change. This should include
identification of pathobiomes (group of microorganisms and inver-
tebrates that help or hamper infection and disease progression) and
their responseto climate change. The use of existing ecological theories
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(for example, invasion theory; co-existing theory/network theory for
microbiome coalescence) could provide astrong framework to study
and predict pathogen transmission in new regions or to new hosts, and
how they interact with host and soil microbiomes*"*°. Similarly, the
integration of evolutionary processes (for example, new phenotype
acquisition by pathogens or indigenous microfloravia horizontal gene
transfer or mutations) could advance our fundamental knowledge on
the mechanisms of pathogenicity (Box 1). We also need an improved
understanding of plant phenology (the study of seasonal changes in
plants) and disease interactions. Different plant species are vulner-
able to pathogens at different stages of plant growth. For example,
Fusarium and Verticillium pathogens mainly infect the host at early
stages of growth to cause wilt disease'”. Similarly, for many diseases
(for example, powdery mildews of grapevine and strawberry), young
leaves are more susceptible to pathogen infection than the mature
leaves. Given that climate change will likely impact plant growth and
phenology, we need to address how these changes might affect the sus-
ceptibility of plants to disease, in order to develop targeted strategies
for disease management.

Measuring pathogen movement through air and water systems
is needed to forecast pathogen loads as a result of climate change-
drivenchangesinweather, wind direction and extreme weather events.
Individual and interactive effects of climate factors such as tempera-
ture, precipitation and drought on disease manifestation and their

Box 4

interaction in different climatic zones should also be considered™.
To achieve this, it is possible to use permanent observatories that
monitor pollutants and microorganisms, together with drone tech-
nologies capable of sampling at 100 m above the ground. Better tools
for disease surveillance and management are needed. Remote sens-
ing and drones, enhanced sensor-based technologies (for example,
analysis of metagenomes or volatiles) and population genomics along
with data mining of social networks can berefined with more accurate
data to improve disease surveillances. There is a need for improved
modelling tools that integrate climate, weather, epidemiological and
socio-economic models for prediction of future outbreaks and effec-
tive risk management. Importantly, most of the attention has been
placed ondiseases of commercial crops, yet therole of wild and native
plants, which canactas alternate hosts or barriers to pathogen spread,
in disease incidence remains underexplored. Climate change is likely
to haveimpact onthe range shift of wild plants, and how this will affect
plant disease and epidemicsis not known®, Similarly, we have very little
understanding on how plant-associated microbiomes, which play a
critical role in disease progression or restriction, will respond to cli-
mate change and the consequences for pathogen infections. Finally, to
achieve effective monitoring and management of plant diseases, socio-
economicaspects must be considered. Theimplementation of effective
new computational information systems that support organizations
in decision-making (detection or decision support systems) need

Plant diseases as an integral part of the One Health concept

The One Health concept consists of effective measures for
surveillance, forecasting and mitigation of zoonotic diseases and
can provide an important framework and infrastructure to better
manage plant diseases™. Plant diseases and their control impact
multiple dimensions of human health, including the availability
and quality of food, food safety (mycotoxin-producing plant
pathogens such as Aspergillus spp. and Fusarium spp.), vectors

of human pathogens (Escherichia coli, Salmonella spp., Listeria
monocytogenes in lettuce and other vegetables and fruits),
antimicrobial resistance (transfer of antimicrobial resistance from
food microbiomes to human gut microorganisms) and exposure

to harmful chemical pesticides (for example, organophosphate
chronic exposure and their carcinogenic and genotoxic effects)"*'¢.
Explicit consideration of plant diseases in the One Health concept
can provide an effective framework to simultaneously mitigate
risks of human health that are directly linked to plant health (for
example, human infection, agrochemicals) and spread of plant
diseases. The One Health concept poses a transdisciplinary
approach to identify epidemics of human disease based on
biological and evolutionary aspects of the pathogen and host,
habitat characteristics and connectivity and surveillance of wildlife
reservoirs. Potential constraints, challenges and solutions for plant
diseases are fundamentally similar to human and animal pathogens,
and employing common approaches could help in identifying,
predicting, monitoring and managing emerging plant diseases.
Similarly, the One Health concept provides a holistic framework

encompassing human and veterinary medicines, analytical
practices, social and conservation science, environmental science
and policymaking to manage the outbreak and spread of zoonotic
diseases. A similar framework is needed for plant disease to manage
increasing risks associated with climate change. In addition, the
adoption of One Health data sharing can overcome some cultural,
economic and political constraints in plant diseases and can be
facilitated through capacity building and data repositories. A
framework that allows incorporation of multiple potential pathways
that can impact public health is critical to systematically and
holistically manage risks associated with public health.

Inclusion of plant health into One Health can also further
strengthen the monitoring and managing of human health risks
associated with food safety (for example, human pathogens
in agricultural produce)”. This will help streamline regulatory
frameworks, improve surveillance measures and enable
development of effective tools for human health. Inclusion of plant
disease in One Health can also contribute towards capacity building
in low-income countries through the integration of activities with
other intergovernmental agencies including those that impact global
biodiversity (International Platform for Biodiversity and Ecosystem
Services (IPBES)) and climate change (Intergovernmental Panel on
Climate Change (IPCC)). Overall, inclusion of plant disease (health)
in the One Health concept will be mutually beneficial for human
health outcomes as well ensuring food security and environmental
sustainability”.
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to be user-friendly and accessible to small-holder farmers who may
not be technology savvy. Easy-to-use tools with substantial training
willbe needed toimplement new approaches that have better predic-
tive power and more effective management advice. In this respect,
mobile phone-based applications could be a useful tool as most people
are familiar with their operation. The lack of adoption of new tools
remains a major challenge, mostly because of poor predictive power.
However, agricultural scientists could adopt an approach similar to
weather forecasting, that is largely accepted by most stakeholders
including farming communities. Overall, collaborations with socio-
economicand behavioural sciences can contribute towards the devel-
opment of strategies that encourage greater adoption of all these tools,
such as subsidies and/or insurance to cover crop failure.

Availablescientific evidence and simulation models suggest that
plant disease pressures will significantly increase as climate change
intensifies, thus negatively impacting food safety and the sustain-
ability of natural ecosystems. As the magnitude and mechanisms of
these impacts remain largely uncertain, effective monitoring and
management of plant pathogens should be one of the highest pri-
orities to minimize disease, ensure food safety and environmental
sustainability, and promote better socio-economic outcomes. This
is made difficult by scientific knowledge gaps around the ecological
and evolutionary response of pathogens, hosts and vectors to climate
change, and the transmission and emergence of new pathogens under
increasing intensity and frequency of extreme weather events and
international trade. We propose amendment of existing concepts
(disease triangle and Koch'’s postulates) and incorporation of eco-
evolutionary theories toimprove the mechanistic understanding and
prediction of disease outbreaks under future climatic conditionsandin
newregions. Concerted efforts tointegrate and harness emerging tools
(for example, genomics, satellite, digital, big data, machine learning)
for early detection, monitoring and prediction of disease outbreaks
will enable sustainable management of disease from local to global
scales. These are not trivial goals and will require coordinated research
and policy actions from all levels of relevant organizations. We believe
that the formation of a dedicated knowledge hub-SPSIin partnership
with existing intergovernmental bodies in the context of One Health
could help achieve those goals. Toimprove the detection, monitoring
and management of plant pathogens in the face of changing climate,
itwillbe key thatimportant stakeholders (research funding providers,
policymakers, intergovernmental agencies) worldwide commit to
dedicate more resources to research and SPSIs.
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