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Emerging fungal and oomycete pathogens infect staple calorie crops and economically important commodity crops, thereby
posing a significant risk to global food security. Our current agricultural systems — with emphasis on intensive monoculture
practices — and globalized markets drive the emergence and spread of new pathogens and problematic traits, such as fungicide
resistance. Climate change further promotes the emergence of pathogens on new crops and in new places. Here we review the
factors affecting the introduction and spread of pathogens and current disease control strategies, illustrating these with the
historic example of the Irish potato famine and contemporary examples of soybean rust, wheat blast and blotch, banana wilt
and cassava root rot. Our Review looks to the future, summarizing what we see as the main challenges and knowledge gaps, and

highlighting the direction that research must take to face the challenge of emerging crop pathogens.

merging pathogens can be defined as those that cause a new

disease, greatly increase incidence of a disease, introduce a

disease to a new geographical location or infect a new host'~.
There are a number of ways in which diseases emerge; the pathogen
can be introduced to a new area where its host is present by physical
transportation' or it may be introduced more gradually through the
development of newly permissive abiotic factors, such as climate® or
atmospheric composition®. Conversely, the host may be introduced
to an area where the pathogen is already present. A pathogen can
also acquire genes through mutation, hybridization or horizontal
gene transfer. These genes may confer virulence, enabling infec-
tion of a new host, or resistance to disease control measures>”®.
The spread and establishment of pathogens to and within new
locations can also be affected by changes in land use and related
landscape-scale ecological factors, such as connectivity. These fac-
tors in turn are often dependent on policy decisions that affect
choices in cultural practice’. Finally, a range of biotic and abiotic
factors might combine to facilitate a step-change in the incidence
of disease**. Emerging pathogens affecting cultivated plants can be
identified from all groups of pests and pathogens but, of these, fungi
and oomycetes cause the most crop devastation’.

Examples of emerging pathogens threatening staple and
commodity crops

Examples of crop decimation include the Irish potato famine and
the ongoing problem of Panama disease in banana crops. The Irish
potato famine led to the death of around one million people and the
displacement of a similar number'’. The pathogen responsible for
late blight of potato, Phytophthora infestans', spread from its centre
of origin in Mexico through North America and then to Europe in
1845 (refs. '*'*). The introduction of P. infestans to Europe in 1845
fits the definition of an emerging pathogen: although its host, the
potato, was introduced to the region 300 years previously, Europe
was a new geographical location for the pathogen. The potatoes
grown in Ireland at the time carried no resistance (R) genes against
the emerging strain of P. infestans’. That strain was a single geno-
type of P. infestans'*'® but today multiple strains are seen worldwide,

having been recognized in Europe, North America, China and
Australia. Severe epidemics have been reported where incidence
correlates not with weather, but with instances of high genetic diver-
sity in the local pathogen population — this oomycete is once again
an emerging (or re-emerging) pathogen'®.

P, infestans can spread clonally as it did in Ireland in 1845 (ref. "),
and to this day it exists as a highly successful clonal pathogen in
regions such as India'®. However, asexual spread relies on the pres-
ence of the host crop. The asexual spores are short-lived and cannot
survive between growing seasons, except on infected tissues such
as stored tubers or volunteer plants. By contrast, the sexually pro-
duced oospores survive much longer'®. Further, increased diversity
due to sexual reproduction endows the P. infestans population with
significant evolutionary potential, making the breakdown of host
resistance or the development of fungicide resistance more likely.
In Northern Europe, up to 75% of isolates may be unique due to
high levels of outcrossing. Both mating types are also established
in North America and Asia, although there is little evidence of any
but ephemeral sexual populations in the United States, where the
parental clones appear to outcompete most of their offspring while
occasionally generating problematic new strains via crosses'®". In
China, which now dominates global potato production, a clonal lin-
eage of P, infestans from Russia triggered the spread of the disease.
However, as in Europe, populations of both mating types quickly
became established'.

Diseases such as potato blight are most serious when the crop
affected is a staple food on which a population relies, as was the case
in the Irish potato famine. When considering the potential impact
of emerging crop pathogens on food security, a key concern is that,
worldwide, we are heavily dependent on a limited number of crops
for calories?”. Defining which are the ‘most important’ crops is
not, however, entirely straightforward. Rice production ranks high-
est in terms of provision of calories per capita global population per
day, followed by wheat, sugarcane, maize, soybean and potatoes®.
Global yield data indicate that these five crops are also grown in
the greatest quantities, although the rank order is shifted when con-
sidering tonnes of yield, with sugarcane and maize occupying the
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Table 1| Major global calorie and commodity crops

Region Global Africa North America Central and South Asia Europe Oceania
America

Crop rank

1 Rice?® Cassava® Maize? Soybean®® Rice® Wheat?? Wheat?®

2 Wheat?® Banana and Soybean?® Sugarcane® Wheat=* Grape Cotton
plantain®

3 Sugarcane Yam Tomato Maize® Maize? Potato® Barley

4 Maize® Rice®® Almond Coffee Sugarcane? Maize? Grape

5 Soybean? Wheat?® Wheat?® Banana® Potato®® Tomato Rapeseed

6 Potato® Tomato Cotton Rice? Tomato Olive Sugarcane?®

7 Palm oil? Date Rapeseed Grape Cotton Barley Apple

For each global sub-region, the highest value crops are shown (ranked using USD per annum). Those not among the top global calorie crops can be considered the most important commodity crops for
each region. *Top global calorie crops. °Crops affected by emerging fungal pathogens discussed in this Review.

top two positions. One of the reasons for this difference is that not
all crop yields contribute calories equally to the human diet. For
example, some crops are grown as animal feed, and others as biofu-
els or fibre products. Cassidy et al.”* reported that if crop contribu-
tions to animal feed as well as food is considered, then the top five
crops by calories eaten are maize, wheat, rice, oil palm and soybean.
Of these, wheat, rice and soybean are currently under threat from
newly emerged fungal pathogens and will be discussed further.

Food security, however, is not achieved solely by growing suffi-
cient staple crops to produce the required calories per capita global
population. Large portions of the world’s population are dependent
on global trade and economic systems to access food grown by oth-
ers. As a result, food security at a national level can be dependent
on economic productivity that is generated, for example, by com-
modity or cash crop production. Sale and export of commodities
is therefore pivotal for the food security of many communities.
Defining the most important commodity crops is far more chal-
lenging than defining key calorie crops, as this will vary according
to trade agreements, global economic factors and the intersection
of these factors with local economies®. As such, consideration of
the most important or highest value commodities on a global scale
is not conceptually consistent. Instead, we examined the data of the
Food and Agriculture Organization of the United Nations (FAO)
on the value of crops on a per-continent basis (in USD; data from
2016). Excluding crops already identified as important staples, cas-
sava and bananas/plantains are the top commodity crops in Africa;
coffee and bananas in Central and South America; tomatoes and
cotton in Asia; grapes and tomatoes in Europe; barley and grapes
in Oceania and tomatoes and almonds in North America (Table 1).
Many of these global commodity crops are also threatened by
emerging pathogens.

Fusarium wilt of banana, also known as Panama disease, is both
a historical example of the power of emerging fungal pathogens
to devastate crops and a highly topical threat to a modern glob-
ally traded commodity. Caused by the fungus Fusarium oxysporum
f. sp. cubense, the disease is likely to have originated in Southeast
Asia but was first reported in Australia in the 1870s (ref. *). The
disease spread globally during the early twentieth century®, has-
tened by several conspiring factors. First, a single banana cultivar,
Gros Michel, was cultivated worldwide for its export properties®.
Second, as sterile triploids”, bananas are propagated via rhizomes
and it has been suggested that symptomless rhizomes or their asso-
ciated soil may carry infection to new banana plantations. Third, F
oxysporum {f. sp. cubense produces resilient chlamydospores that can
survive in soil for up to 30 years (ref. °), meaning that infected land
cannot be used to re-plant bananas. Together, these factors led to
the eradication of Gros Michel as a commercial crop and threatened
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the availability of bananas for export. This jeopardized those liveli-
hoods reliant on banana sales®. Although a new banana cultivar,
Cavendish, provided a reprieve for exporters, it is also grown as a
global monoculture and today is threatened by a recently emerged
variant of . oxysporum f. sp. cubense known as tropical race 4 (TR4).
TR4 is highly virulent towards Cavendish and has been spreading
inexorably through the world’s banana-growing regions in recent
years, entering South America in 2019 and forcing Colombia, one of
the world’s top five largest exporters of banana, to declare a national
state of emergency?.

Agroecosystems as cradles for crop pathogen emergence
The twentieth-century Green Revolution increased global agricul-
ture productivity®, achieved through the introduction of chemical
fertilizers and pesticides alongside dwarf and disease-resistant crop
cultivars. Gains in yields have maximized global production and
profits’ and helped to rebalance the Malthusian equation in human-
ity’s favour by feeding a growing population®>**. However, intensive
agriculture has contributed to losses in biodiversity, and increased
water and fossil fuel dependency®. Nitrogen inputs degrade frag-
ile ecosystems and add nitrogenous gases to an atmosphere already
burdened by greenhouse gas emissions”. In our current agroeco-
systems, crop disease protection is predominantly afforded by
single-target-site antifungals and cultivars carrying single major R
genes. Such protection is proving ephemeral: monocultures provoke
the emergence of new fungal strains that are resistant to widely used
fungicides and able to overcome host resistance, providing ideal
feeding and breeding grounds for crop pathogens’.

Wheat production exemplifies this situation — vast areas are
planted with one of a few ‘elite’ varieties, with high agricultural
inputs facilitating tight planting densities. Temperate-grown wheat
is vulnerable to infection by many pathogens. The most serious of
these, Septoria tritici blotch (STB), costs UK growers alone around
€240 million per year in yield losses”. STB is caused by the fun-
gus Zymoseptoria tritici. Infections are thought to begin with
wind-blown sexual spores. When a Z. tritici population is estab-
lished, however, polycyclic asexual sporulation occurs. The dis-
ease can spread rapidly within the leaf canopy, reaching 10°-10"
spores per hectare over a growing season®. The fast spread of iso-
lates through a field means local variation increases rapidly™, and
most plants/fields are infected with multiple strains”. In the field,
Z. tritici undergoes regular sexual reproduction®, allowing for high
rates of recombination®. Mutation rates are also high while the loss
of alleles through drift is low'>"". Moreover, isolates of this fungus
carry a complement of essential chromosomes and up to eight
‘accessory’ chromosomes that are easily lost and gained**>*’. Fungal
populations are also maintained by year-round presence of host
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Fig. 1| Anthropogenic effects that impact the disease triangle. Many
factors affect the three facets of the disease triangle, and many of

these are themselves influenced by agricultural practices and systems.

In particular, pathogen presence and virulence are affected by factors
endogenous to the pathogen and variables associated with environmental
permissiveness and host susceptibility (see Fig. 4). Endogenous pathogen
features include genome structure (1), reproductive systems and capacity
for horizontal gene transfer (2), genetic variation within the population
(3) and effective population size (4). These combine to determine the
pathogen’s evolutionary potential. Of the features, population size and
variation are most obviously influenced by factors on the other sides of
the triangle (yellow arrows). The availability of alternative hosts (5) and
the ability to travel (6) by either natural or anthropogenic means are
important in determining whether a pathogen is present and how large its
population is. Climate factors, such as temperature (7) or humidity (8),
can also affect population size, reproduction speed and mutation rates.
Meanwhile, large genetically uniform crop monocultures (9) also affect the
pathogen’s population size and genetic variability. Agricultural practices
such as choosing single or pyramids of R genes (10) in crop cultivars,

use of single-target-site fungicides or fungicide mixtures (11) or growing
cultivar mixes (12) also feed into pathogen evolution. In turn, these factors
must be adapted by growers to respond to changing pathogen virulence
or resistance to control measures (red arrows). Thus, we see an arms race
between man and pathogen.

tissue, particularly in temperate zones*"**. Z. tritici thus displays all
the hallmarks of high evolutionary potential®: large effective popu-
lations, frequent sexual reproduction, high variability and high
recombination and mutation rates. This facilitates the emergence of
new traits that allow Z. tritici to thrive on new host varieties, under
new climatic conditions or in the face of heavy fungicide usage’*.
Single-target-site fungicides* are currently the major method of
control for Z. tritici, accounting for around 70% of the European
fungicide market". This provides strong selection for resistance — a
clear example of the tension between methods used in modern agri-
culture and the evolutionary pressures they create for new pathogen
emergence. This tension provokes an arms race between humanity’s
crop protection interventions and the emergence of new pathogen
variants, rather than between pathogen and host (Fig. 1).

Soybean is also extensively grown in monoculture. Similar to
wheat, soybean yields are challenged by a plethora of pests and
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pathogens. Among these, soybean rust (SBR), caused by the fungus
Phakopsora pachyrhizi, is the most destructive. Losses of up to 80%
are common where conditions are disease conducive®*. As with
Z. tritici, the severity and spread of SBR can partially be attributed
to the fact that the asexual spores are produced prolifically, caus-
ing repeated infection cycles’. Similar to wheat, soybean is grown at
high planting density, which promotes such polycyclic infection by
reducing the need for spore dispersal’.

Fungicide use has provided the mainstay of SBR disease con-
trol. This strategy is expensive’' and can be short-lived as pathogen
spread and proliferation, favoured by changing climatic conditions,
provoke emergence of resistant or tolerant strains*. Thus, STB and
SBR show similarities. Both are fast-cycling polycyclic pathogens,
infecting the host many times per growing season, and each main-
tains large populations with high genetic variability. Both threaten
to break down control strategies through the enormous evolution-
ary potential facilitated by monoculture cropping systems.

A different and perhaps more dramatic example of modern-day
crop pathogen emergence is the case of wheat blast. This disease
is caused by a wheat-specific lineage of the fungus Pyricularia
oryzae, known as Pyricularia oryzae pathotype Triticum, which is
closely related to the pathotype oryzae, the cause of rice blast™™.
This disease causes enormous crop losses™ and has a history of host
hopping, having probably moved from small-grain millet to rice at
the dawn of agriculture™. Wheat blast originated in 1985 in Brazil,
the largest rice-producing country outside of Asia®. In Brazil, rice
is grown in monoculture and is subject to severe blast epidemics.
Sexual reproduction, an ancestral trait, is often lost during clonal
spread of P. oryzae”. Both mating types are present in Brazil, leading
to speculation that sexual reproduction may occur among strains,
promoted by conditions similar to those at the pathogen’s centre of
origin”. If sexual reproduction is present as well as other mecha-
nisms of genetic exchange, such as parasexuality, it may have facili-
tated the frequent ‘host shifts’ that have allowed P. oryzae to infect
new, supposedly resistant, rice cultivars®™. There is evidence that
wheat-infecting lineages of P. oryzae have arisen more than once;
an isolate found to be infecting wheat in the United States in 2011
is thought to have arisen from an isolate pathogenic on perennial
ryegrass, and is separate from the Brazilian isolates™. It has been
demonstrated that the jump onto wheat occurred separately in P
oryzae lineages that are pathogenic on ryegrass and oats as a result
of the transfer of non-functional alleles of avirulence genes PWT3
and PWT4, which are recognized by wheat R genes”. The trans-
fer of this virulence-conferring allele evidences historical gene flow
between the P. oryzae lineages infecting crops and those pathogenic
on invasive grass and pasture grass species’>*. Cultivation of wheat
varieties lacking the cognate R gene for PWT3 and PWT4 appears to
have allowed P. oryzae populations to become established on wheat,
while co-cultivation of wheat carrying those R genes provided
selection pressure for the non-functional alleles®. The proximity of
wheat crops to wild hosts for P. oryzae therefore appears to have
played a key role in the emergence of the new pathogen. As with
STB and SBR, high evolutionary potential, achieved through large
anthropogenic pathogen populations, can be said to underpin the
emergence of P. oryzae on new rice cultivars and new host grasses
and cereals.

Trade and transport as drivers of pathogen emergence

The spread of wheat blast to the wheat-producing areas of Asia,
particularly Bangladesh, has been well-documented. Here, wheat
blast has caused crop losses of up to 50% (refs. °*?). Such dramatic
damage is a common feature of pathogen emergence in a new geo-
graphical area, with historical and current examples easy to find
among both natural and agricultural plants. Examples include
chestnut blight, Dutch Elm disease and ash dieback, which each
destroyed >90% of the host species in the locations to which they
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Fig. 2 | Spread of F. oxysporum f. sp. cubense TR4 throughout global banana-growing regions. TR4 was first reported in East Asia, followed by Southeast
Asia and Australia, moving westwards to arrive in South America in 2019 and thus spreading throughout the world's Cavendish-banana-growing regions.
TR4 cases, abstracted from refs. €=, are colour coded by decade and overlaid onto FAO banana production data®.

spread’. Such severe epidemics are often connected to the fact that
the pathogen has moved: new locations may be free from competi-
tors and/or viruses that affect the pathogen itself. They may have
a more suitable climate, allowing longer periods of peak pathogen
virulence or better survival between host growing seasons. Most
importantly, however, new geographical locations have naive hosts
that have not co-evolved with the pathogen, and that do not recog-
nize cues to mount an anti-pathogen response. The chance of host
naivety is greatly increased when the rate of pathogen migration is
accelerated beyond the rate at which host defence responses evolve.
This can happen naturally with some pathogens travelling rapidly
and over long distances in the atmosphere, as seen in P. pachyrhizi®.
The most common method of rapid pathogen relocation is, how-
ever, human activity”.

Host plants and plant products are traded around the globe,
often transporting the associated pathogens. Despite the clear
messages of history, humans continue to repeat the same errors
and to contribute to global pathogen pollution — Dutch elm
disease, for example, was spread worldwide through log trade.
The UK spread of ash dieback on saplings imported from the
Netherlands was not prevented by lessons learned from Dutch
elm disease®>**. Both this failing and subsequent attempts to con-
trol ash dieback and determine best practice in managing infected
woodlands exposed the importance of policy and cultural prac-
tice in the control and understanding of emerging diseases. The
current response to, and management of, ash dieback is predi-
cated on the results of large-scale citizen-science-based surveys
(for example, AshTag®). This uses social science approaches to
engage with diverse stakeholders (including foresters, conserva-
tionists, urban developers and seedling nurseries, among others)
and to develop pragmatic policy approaches combining public
safety, disease damage limitation and the retention of appropri-
ately chosen potentially resistant trees®*”. Similar collaborative
approaches are likely to be beneficial in understanding and con-
taining other emerging pathogens®®.
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Anthropogenic pathogen pollution

Anthropogenic pathogen pollution is responsible for pathogen
emergence by facilitating their introduction to conducive grow-
ing conditions and naive hosts, as well as their escape from natural
enemies. Arguably, however, the next step is even more concerning:
introduced pathogens often exchange genetic material with local
relatives, including those adapted to local hosts. This is facilitated
by the breakdown of allopatric barriers to gene flow and is com-
mon via horizontal gene transfer processes, such as the exchange of
dispensable chromosomes®. This means that new aggressive patho-
gens can emerge rapidly from non-virulent isolates introduced into
a new location.

Cassava (Manihot esculenta), as an important commodity crop
in India, China and Southern America, illustrates the role of trade
and transport in the emergence of crop pathogens. It is grown both
as a local food crop and for bioethanol production™. Cassava is
propagated vegetatively using stem cuttings, for which the exchange
between growers carries the risk of transmitting diseases to new
locations”™. Of particular note here is transmission of the oomy-
cete Phytophthora palmivora, the cause of tuber rot. This pathogen
renders the crop worthless as tubers become brown, water-soaked
and foul-smelling”>. However, early infection of the stem is asymp-
tomatic and thus the crop appears to be healthy, and infected cut-
tings may be exchanged or traded between growers. Phytophthora
spp. were recognized as the cause of cassava disease in Africa in the
1950s (ref. 7*), but P. palmivora was first noted as the causal agent
of cassava tuber rot in India’s Tamil Nadu region in 1997 (ref. ).
The pathogen subsequently spread through Tamil Nadu and Kerala,
where it appeared as an emerging aggressive pathogen and was
responsible for up to 70% yield losses™. P. palmivora cassava tuber
rot was identified in China in 2010, attesting to its ongoing global
expansion’’. This worldwide spread has probably been facilitated by
the fact that P. palmivora has a broad host range and is capable of
infecting tropical crop species such as cocoa, pineapple, coconut,
rubber and durian, among others™. Such host generalism heightens
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Fig. 3 | National changes in cropping diversity. Changes in Shannon'’s diversity index (H) for 108 crops in 202 global countries and territories from
1980-2017. Colours indicate the trend in H per year in each country as either increasing (blue) or decreasing (red) over the analysed period. Harvested
crop areas were scaled by the maximum area for a crop in a particular country across all years, to remove the effects of variation in planting area across
countries. H was then estimated for each individual year, allowing us to compare trends in cropping diversity within countries across years. Cropping
diversity increased for 70% of countries from 1980 onwards (median trend: 0.0048 yr™'; interquartile range: -0.00085-0.01006 yr™), indicating increases
in the variety of crops being grown and the evenness of their relative abundances within countries. We found no statistical correlations between trends in
cropping diversity and wealth (correlation with log-transformed per capita gross domestic product; Pearson’s r = -0.07; d.f. = 200; P = 0.31) or production
levels (correlation with total crop production quantity; Pearson’s r = -0.026; d.f. =198; P = 0.71).

Table 2 | Greatest gains and losses in crop production area

Losses Gains
Country Crop Area Country Crop Area
(Mha) (Mha)
India Sorghum -9.48 Brazil Soybean 19.3
USA Wheat -8.16 China Maize 18.99
India Millet -6.83 Argentina  Soybean 15.71
China Wheat -4.68 India Soybean 9.66
Canada  Wheat -3.84 USA Soybean 7.01
Brazil Rice -3.30 USA Maize 6.95
China Sweet potato  -3.27 India Wheat 6.83
USA Sorghum -2.82 Brazil Sugarcane  6.40
USA Oat -2.81 Canada Rapeseed 5.53

Changes in harvested crop areas were calculated for 108 crops in 202 global countries and
territories from 1980-2017 using data from the FAOSTAT database. The crops with the greatest
national changes in production area over this period are shown.

the risk of the pathogen moving to new areas. Indeed, P. palmivora
as the causal agent of bud rot, for example, is also a serious and
emerging threat to oil palm in Colombia’.

This generalist strategy is also seen in the cassava pathogen
Macrophomina phaseolina. The fungus causes charcoal rot disease
on over 500 host species. It was first recognized as a globally perva-
sive pathogen in the 1990s, but difficulties in its identification mean
that its presence probably predates the first reports of the patho-
gen®”’. It has recently become increasingly problematic on soybean
crops in the USA”. While this pathogen emerged as a threat to
cassava production in Benin and Nigeria in the late 1990s (ref. ),
charcoal rot disease was reported on cassava for the first time in
Brazil in 2017 (ref. ”°). The risk of spread to new geographical areas
by trade and transport is greatly increased by the generalist nature
of Macrophomina, which infects multiple wild species in addition
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to its many crop hosts, and is an opportunist pathogen of animals.
Further, such wide host ranges reduce the efficacy of international
phytosanitary controls on trade.

Specialist pathogens can also be spread anthropogenically.
Wheat blast, for example, is believed to have entered Bangladesh
in seeds imported from Brazil®. E oxysporum f. sp. cubense TR4
infects only bananas and plantains, and not all varieties of these,
yet it has rapidly spread throughout the Cavendish-dominated
banana-growing world. This mirrors the behaviour of a related
strain, race 1 on Gros Michel®. TR4 emerged in Taiwan around
1960, rapidly spreading to Indonesia and Malaysia, and then to
Australia, China and the Philippines by 2010. Its spread acceler-
ated from 2010 onwards, reaching Africa, the Middle East, India
and Pakistan, as well as more areas of Southeast Asia. It has now
appeared in South America, reaching the banana plantations of
Colombia in 2019 (refs. *=') (Fig. 2). Possible transmission routes
include the movement of infected rhizomes or spore transporta-
tion on the clothing or boots of visitors. Although F oxysporum
formae speciales are — like P. oryzae pathotypes — true special-
ists, they nevertheless have the capacity for gene flow with native
relatives. Moreover, as with Z. tritici, Fusarium species carry dis-
pensable chromosomes’’; there is evidence that these chromosomes
can be transmitted by horizontal transfer, vectoring the exchange
of virulence genes and facilitating infection of new hosts. Thus,
native Fusarium could provide a genetic bridge between hosts, just
as Brazilian P. oryzae pathotypes infecting wild grasses bridged the
way for a Pyricularia wheat pathogen to emerge*. This further illus-
trates the diverse mechanism underpinning evolutionary potential
in fungal plant pathogens.

The impact of climate change on pathogen movement

Despite the importance of anthropogenic pathogen movement, it
should be noted that crop pathogens, similar to any other organ-
ism, migrate when the opportunity to colonize a new suitable area
arises or when changing conditions provide a pressure to move.
This natural pathogen movement can play a significant role in
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Fig. 4 | Parameterizing the disease triangle in evolutionary time. a, Disease occurrence requires the interaction of a virulent pathogen with a susceptible
host under permissive conditions, forming the ‘disease triangle’. b, As the parameters that underlie susceptibility, virulence and permissiveness change
over time, it is helpful to reframe the triangle as a triangular prism, with time on the fourth axis. €, At any given moment in time, a triangular slice can be
recovered and examined to determine the parameters on each face of the disease triangle. Parameters important for host virulence include genome and
lifecycle traits that contribute to a pathogen's evolutionary potential over time, and thus to virulence in a given moment. On the host side, host tissue
availability, architecture and developmental stage, overall plant health and nutrition, and R-gene complements are all important. Finally, environmental
parameters determining disease outcomes include soil and air quality, weather factors, light, temperature and water availability. All these parameters
interact with the features of agroecosystems that promote disease, as well as any control measures taken (see Fig. 1).

pathogen dispersal, as in the spread of ash dieback throughout con-
tinental Europe by wind-blown ascospores’. However, even natural
movement is driven anthropogenically through the fluxes in abiotic
conditions brought about by climate change. Bebber et al.”” have
demonstrated that pathogens are moving polewards as the climate
warms. Human activity is not only changing the climate, but also
the host availability for crop pathogens as agriculture itself responds
to changing temperatures and weather patterns. This affects what
crops are grown and where, and what cropping systems are used
— all of which has knock-on effects for crop pathogens. An exam-
ple of this already discussed is the increase in wheat production
in Bangladesh, now threatened by wheat blast as a result of both
anthropogenic pathogen transport and the climate changing to be
more conducive to blast disease’. Climate change intersects with
agricultural changes initiated in the Green Revolution, and the pres-
sures created by globalization. Simplification of cropping patterns
by increasing field sizes and reducing diversity to create efficient
monocultures is a trend in modern, mechanized agriculture that
dominates the developed world®>*".

As global trade volume increases, we would expect farmers to
specialize in crops that can be produced most efficiently to com-
pete in global markets, leading to a reduction in cropping diversity
within countries. Any trend toward reduced cropping diversity has
been considered a threat to food security, but little quantitative anal-
ysis has been carried out concerning the existence of such trends.
An exception to this is the work of Khoury et al.”, who investigated
trends in the composition of national food supplies for the period
1961-2009. These authors found that the global food supply has
indeed become more homogeneous, with greater reliance on a few
cereal and oil crops, such as soybean, oil palm and wheat”. On the
other hand, while the increase in these staples has led to a reduc-
tion in the calories provided by crops such as sorghum, cassava and
millet, these crops have not been entirely displaced by the global
staples. This means that on a local level, food supplies have in fact
become more diverse”. Similar patterns were identified even more
recently”. We therefore performed further analysis to determine
whether the same patterns are true for crops grown, as well as crops
eaten. We analysed cropping diversity trends across 1980-2017 for
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108 crops (that is, removing spices, fibre crops and crop groups from
the FAOSTAT database) in 202 global countries and territories.
Harvested crop areas were scaled by the maximum area for a crop in
a particular country across all years, to remove the effects of varia-
tion in planting area across countries. Shannon’s diversity index was
then estimated for each year, allowing us to compare trends in crop-
ping diversity within countries across years. We found that cropping
diversity increased for 70% of countries from 1980 onwards (Fig. 3).
The data provide no suggestion that wealthy or large countries
are changing production diversity differently to poorer or smaller
nations. The ten largest gains and losses between the 1980 and 2010
production areas occurred among the world’s largest producers.
Sorghum, wheat and millet production areas declined, while the
soybean production area in particular grew dramatically (Table 2).
For wheat, the decline in crop area is reflected in Table 2, with
a total of 16.68 Mha of wheat-growing area lost across the United
States, Canada and China. However, wheat also appears among the
largest gains of crop area in Table 2 (6.83 Mha gained in India). This
implies a worldwide relocation of wheat-growing areas, supporting
the idea that trade dictates where global staples such as wheat are
grown. In combination with the increased reliance on wheat in global
food supply shown previously”, a net reduction in wheat-growing
area indicates that the new growing locations may be more efficient
for wheat production on a per-hectare basis. From the perspective
of economic risks incurred by production losses affecting particular
crops, the increase in national diversity suggests that cropping prac-
tices within countries are becoming more resilient. Meanwhile, the
increased homogeneity in food supplies worldwide shows that trade
has increased the interdependence of all countries. An example of
the challenges that may be associated with such interdependence is
the emerging pathogen, wheat blast. Increased global trade in wheat,
both as part of the food supply and as seed stock for global wheat
production, brings with it particular risks because this pathogen is
seed-borne. This provides a strong argument for protecting local
cropping diversity while maintaining the stability of global staple
crop production, including in the face of emerging pathogens that
may be spread via global trade for those staples crops, as a necessary
two-pronged approach to global food security. The availability of
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large new areas of individual crops increases the potential range of
several devastating crop diseases, particularly SBR. As P. pachyrhizi
uredospores can travel in the boundary layer of the atmosphere,
even across continents (for example, via hurricane Ivan in 2004
(ref. *?)), this pathogen can follow the crop wherever it is introduced.
P, pachyrhizi, although to a lesser extent than a true generalist, ben-
efits from a surprisingly large host range that encompasses over 150
species within the Fabaceae'®. Of these species, the most common
alternative SBR host is the invasive legume kudzu, which serves as
a spatial and temporal ‘green bridge’ in its disease cycle. Where the
increase in soybean cropping area occurs in countries practising
intensive agriculture, P. pachyrhizi will benefit from the evolution-
ary cradle that this provides to rapidly adapt to new challenges and
environments, such as those presented by a differing climate.

To fully understand the threat that climate change poses to global
agriculture, deep knowledge of a pathogen’s evolutionary capacity
regarding its tolerance of temperature, drought and other climatic
factors is required. For instance, the ease or otherwise with which
pathogen populations evolve new responses to temperature stress,
and the diversity of temperature responses of phytopathogen com-
munities more generally, are open questions at present. While we
know that various abiotic® and biotic'®" factors interact with tem-
perature in terms of their effects on pathogen spread and host
resistance, these interactions are frequently complex, generating
non-linear effects that can be hard to predict'’'. Further, we do not
know whether specialism in one dimension of niche space corre-
lates with specialism in others. A host-specific pathogen that has
specific requirements for other parameters, such as temperature or
light, may be less of a threat under climate change than an abioti-
cally flexible but host-specific pathogen that can tolerate changes
in host growing conditions, or a pathogen that can infect a range of
host plants while being intolerant of abiotic changes.

Knowing the enemy

Disease control strategies should be guided by an intimate under-
standing of the lifecycle and genetics of a given pathogen, coupled
with knowledge of the host resistance status and environmen-
tal parameters that propel a pathogen to cause disease. Pathogen,
host and environment form the corners of the disease triangle, a
long-established concept in plant pathology'*>'”. However, the dis-
ease triangle remains largely descriptive. Robust parameterization
on a per-pathogen basis, with the inclusion of a temporal compo-
nent, may enable a paradigm for infection prediction (Fig. 4). None
of the elements represented are meaningful in isolation. For exam-
ple, neither host resistance nor pathogen virulence can be separated
from abiotic factors, and the environment cannot be meaningfully
integrated into a model in which the pathogen or host’s biology is
treated as a black box. To illustrate the necessity of a holistic con-
sideration of the disease triangle, we return to the wheat pathogen
Z. tritici, causal agent of STB disease.

In 2019, Chaloner et al.' parametrized a new mechanistic
model for predicting STB. This model was driven with experimen-
tally derived data for the temperature- and/or wetness-determined
germination, growth and death of Z. tritici at each stage of its life-
cycle'. This was made possible by advances in our understanding
of the Z. tritici lifecycle*, which allowed more accurate definition of
the periods during which the pathogen would be exposed to drying
or temperature stresses. The model resolved regions of varying dis-
ease risk but was not able to predict observed annual disease, despite
the advances made. This highlights the need for greater under-
standing of the interplay between multiple environmental, host and
pathogen factors. Population-level genomics and/or metagenomics,
for example, might be needed to quantify the evolutionary poten-
tial of the pathogen population and — in combination with knowl-
edge of cultivars grown and fungicides used — may provide a first
step towards understanding the risk of infection by newly emerged,

338

virulent or resistant isolates. Studies of the population metagenome
of the human gut microbiome have shown that genomic markers
can predict microbial diversity in a host'. Studies of the population
genetics of the 2013-2016 Ebola outbreak, which allowed transmis-
sion routes to be studied and the effectiveness of policy interven-
tions estimated'*, have shown both the potential and the pitfalls of
such an approach. Incorporating genomics into our understanding
of the epidemiology of emerging plant pathogens will not be trivial
but is likely to provide valuable data to inform policy and protect
crops. Indeed, the research response to the emergence of P. oryzae
Triticum in Bangladesh, in which researchers created and shared
field pathogenomic data during the outbreak, provides a striking
illustration of what might be possible if scientists and other stake-
holders work together on such projects®™.

The second step, also non-trivial, would be the definition of
environmental factors that alter disease risk. The interaction of
light, ultraviolet, moisture, humidity and temperature at each life-
cycle stage should be understood for a fully mechanistic model
describing a single growing season. We must also understand how
those factors will vary under climate change, and how the pathogen
will respond to those changes. To highlight regions at risk of patho-
gen invasion as the climate changes, for example, we need to define
the pathogen’s temperature niche'”. For Z. tritici, steady progress
has been made in this research area. First, temperature-dependent
STB disease development curves were defined'*. Next, the impact
of temperature fluctuation on STB disease development was inves-
tigated'” and in-planta thermal performance curves were devel-
oped for three strains of Z. tritici'’. These efforts provided the first
insights into the pathogen’s temperature tolerance, and how its tol-
erance changes in response to disease. Boixel et al.'"* advanced this
knowledge by including multiple Z. tritici strains in their quanti-
fication of temperature-dependent in-planta STB disease progres-
sion, illuminating the variability in these traits. However, we still
have considerable gaps in our knowledge. First, we have limited
knowledge regarding the shape of pathogen temperature responses,
including resultant non-linearity in temperature effects, as have
been reported for crops, especially within and between pathogen
populations'?. For many pathogens, we are further hampered by
the paucity of published data on temperature response variation
through the pathogen lifecycle''>'"%, and resultant effects on overall
disease severity and virulence.

In addition, high levels of variation in temperature responses
within Z. tritici populations in a single field have been reported,
with evidence also found for local thermal adaptation at a global
scale''»'**, To add to this complexity, wheat-growing regions dis-
play seasonality; hence, the selective pressures imposed by tem-
perature on Z. tritici vary during an epidemic'*'". In Z. tritici, it
has also been reported that higher temperatures increase genomic
instability'*®. Under climate change, increasing temperatures are
expected'”. This may create greater pathogen genetic variation,
increasing the ability of Z. tritici to evolve new virulence mecha-
nisms and to overcome other barriers, such as fungicide application
and inbred host resistance. Assuming the pathogen’s responses to
be uniform or creating models driven on relatively low-resolution
weather data will not yield effective disease prediction. A robustly
parameterized disease triangle, with a temporal element to allow for
pathogen evolution (Fig. 4), would provide an ideal framework for
disease modelling. It would then be at the researcher’s discretion
to determine which elements could best be exempted to achieve a
model of sufficient simplicity.

Problems, challenges and the future of disease control

The uniformity of modern intensive agroecosystems challenges
sustainability in three specific ways. First, the loss of crop diversity
has provoked emergence of new virulent races capable of overcom-
ing inbred R genes, as seen, for example, in the breakdown of the
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wheat yellow-rust resistance conferred by the R gene Yr17 (ref. '%°).
Second, overreliance on particular fungicides has led to rapid emer-
gence of new strains of fungi, such as triazole-resistant Z. tritici in
UK wheat. Third, the loss of semi-natural landscape features, such
as field margins, and depletion of natural resources have led to eco-
logical deterioration’?'.

The most valuable natural weapon against phytopathogens is a
plant’s own immunity. Most plants show ‘non-host’ resistance to
most pathogens, and this is so effective that host shifts and jumps,
such as those discussed above, are exceptional. The mechanisms
by which plants achieve this have been reviewed in detail else-
where'”>'”, We exploit plant immunity through breeding but, to
date, we have focused such strategies on integrating a few R genes
of major effect into crops'*. Detailed discussion of the strategies
used can be found in reviews by other authors'** but in brief, breed-
ing'” is slow, taking 10-20 years between resistance-related marker
discovery and release of new crop cultivars'*. Faster times (around
2 years) can be achieved through transgene cloning or gene edit-
ing, although these approaches face public and political distrust, so
that no transgenic antifungal plants have yet been made commer-
cially available. As pathogen evolution in agroecosystems is rapid,
R-gene-mediated resistance is rapidly overcome'”’. Greater durabil-
ity in disease control can be achieved by stacking or pyramiding R
genes'”, and this remains an area of active research effort. Other
forms of host resistance, not dependent on R genes and already
commonly used in some crops, should also be further investi-
gated. An example of the power of such approaches can be seen in
wheat rust resistance. From the 1970s to the early 2000s, resistance
to stem rust (Puccinia graminis) in wheat was conferred in many
cases by a single gene, Sr31. This resistance was broken by a newly
emergent strain of the fungi, Ug99, which arose in Uganda in 1999
(ref. ). Subsequently, breeding efforts for rust resistance in wheat
have focused on so-called adult partial resistance (APR) genes,
which act in combination to give a ‘slow-rusting’ phenotype that
is proving a durable form of resistance”*”’'. Such approaches,
especially when combined with open-source science® and an
internationalist not-for-profit approach to crop disease-resistance
breeding, may provide our best hope of breeding durable resistance.
These methods are currently espoused by global crop-breeding
networks, and institutions such as the International Rice Research
Institute (IRRI) and International Maize and Wheat Improvement
Center (CIMMYT) 313,

Fungicides are another major component of our arsenal against
crop pathogens. However, in striking parallel to plant R genes,
approximately 77% of the world market comprises single-target-site
fungicides. Their worth in 2018 was approximately US$15 billion,
with their market value growing at a constant annual growth rate
(CAGR) of 5.8% (ref. '**). There are six main classes of such fungi-
cides: morpholines and azoles (which target the fungal membrane
component ergosterol); benzimidazoles (which interfere with the
fungal cytoskeleton); strobilurins and succinate dehydrogenase
inhibitors (SDHIs; which inhibit the mitochondrial respiration elec-
tron transport chains); and anilinopyrimidines (target mitochon-
drial signalling pathways). Of these, the azoles, strobilurins and
SDHIs dominate, accounting for approximately 60% of the global
fungicide market'**'**. However, fungicide resistance has emerged
against all major classes of single-target-site fungicides in several
major crop pathogens. The mechanisms dominating such emer-
gence are target-site mutations leading to conformational changes
or overexpression of target proteins, and upregulation of efflux
pumps to obviate drug accumulation'*.

We therefore need new antifungals — ideally, new chemistries
with either broad-spectrum antifungal activity or the ability to
boost plant defences, as these mechanisms generate the lowest risk
for the emergence of fungicide resistance. New antifungals must
also be environmentally benign. One such chemistry, a mono-alkyl
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lipophilic cation (MALC), was recently described; its potential as a
fungicide merits further investigation'”. In reality, however, fewer
new antifungals are being introduced to the European market each
year, as the cost of discovery, development and registration soars.
Cost estimates for each new chemistry were around US$286 mil-
lion in 2014, with registration costs alone accounting for more than
one-third of the spend'*.

Such burgeoning costs have led to exploration of additional strat-
egies for crop disease management. Most obvious here is the use
of combinatorial fungicide mixtures to mitigate emergence of resis-
tance. In 2014, van den Bosch provided a theoretical and lab-based
validation of the claim that addition of either a multi-site (such as
chlorothalonil) or single-site mixing partner to a fungicide reduces
the rate of selection for fungicide resistance'”, with recent work
showing that simultaneous application of a mixture of fungicides
generally outperforms temporal alternation'*’. Chlorothalonil mer-
its a further mention, for it has been an important mainstay in wheat
and barley fungicide programmes since it was launched in 1964.
It currently carries a market value of US$205 million per annum,
growing at a CAGR of 4.61%. Despite its usefulness, this chemis-
try was banned from use in Europe 2019 (ref. '*!), highlighting the
difficulties facing the crop protection industry and, by extension,
agriculture.

Conclusions

Emerging fungal and oomycete pathogens pose a significant risk to
food security worldwide, largely due to the effects of agricultural
systems and practices on pathogen evolution, including mono-
culture planting and reliance on easily out-evolved single-R-gene
or single-target-site fungicide control measures. These factors are
compounded by highly variable, outcrossing and often generalist
pathogens that quickly out-manoeuvre us in the arms race that we
have embarked on. The adaptability of phytopathogens does not
bode well for an agricultural system that will probably be tested by
climate change, as the pathogens seem likely to follow their hosts
around the globe and to evolve to overcome associated stresses.
Further, the movement of pathogens, whether in traded goods or
as a result of climate-induced migration, is likely to lend the patho-
gens opportunities to emerge in new places or on new hosts, as seen
throughout history. Our best weapon is to understand these patho-
gens fully. What are the details of their lifecycles, both on and off the
plant? What selection pressures do they face from ourselves, their
hosts and the environment, and what is their evolutionary potential
in the face of these pressures? We then must develop models that
account for all such factors acting on a given pathogen but that are
still simple enough to be useful in disease prediction. Fundamental
research efforts should thus focus on such questions, while impact
should be sought by attempting to use the resulting knowledge to
inform the development of new disease control strategies.
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