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Fungal plant pathogen dynamics are increasingly influenced by climate change, with
significant implications for global agriculture and food security. This review explores
the multifaceted effects of rising temperatures, altered precipitation patterns, and
extreme weather events on the prevalence, geographic distribution, and virulence of
fungal pathogens. Key topics include the mechanisms of fungal adaptation to climatic
variability, interactions between fungal pathogens and host plants, and the challenges
in developing sustainable management strategies. Recent advancements in biological
control methods, molecular diagnostics, and predictive modeling are also discussed,
highlighting their role in mitigating the adverse impacts of fungal diseases under
changing environmental conditions. This review underscores the need for
multidisciplinary research and coordinated policy efforts to address the growing threat

Disease management

of fungal infections in a warming world.
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INTRODUCTION

Fungal plant infections pose a serious worldwide threat
as they may infect horticulture crops, wild plants, and
important commercial agricultural plant species. Fungi
are recognized to cause the majority of plant and
agricultural illnesses (Fisher et al, 2020; Ramudingana
et al,, 2025). Food, fiber, and other goods may be wasted
as a result of these diseases, which might render yields
unmarketable. Early findings suggested that some
infections had particular host ranges or geographic
distributions, but more modern genetic and
experimental methods have shown a growing variety of
fungal-plant relationships (Attia et al, 2022; Deresa &
Diriba, 2023). Therefore, in order to control a disease or
create crop cultivars that are resistant to it, it is very
essential to comprehend the ecology and host-pathogen
interactions of each component of the disease triangle
(El-Baky & Amara, 2021; Upadhyay et al, 2023).

57

Facultative and obligate fungi cause a range of plant
diseases such as root and fruit rots, wilts, damping-off,
powdery mildew, rust, and smut. The ongoing and
dynamic co-evolution between plants and fungal
pathogens is of increasing interest to evolutionary
biologists and researchers involved in plant pathology
(Bernardo-Cravo et al, 2020; Borer et al, 2022; Paez &
Fleming-Davies, 2020). There have been accounts of the
existence of pleomorphic, anamorphic, and distinct
teleomorph phases for some species due to interest in
the behavior of some specialists when they "jump"” to a
new host in response to changing temperature or maybe
host physiological or genetic makeup (Yu et al, 2022;
Guégan et al, 2024; Yadav and Ravichandran, 2024).The
significance of such distinct infection systems to biology
and, on the other hand, the economic significance of
particular fungal pathogens in connection with crop
disease management will be somewhat quantified by
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longer-planned multicenter research on the frequency
and population analyses of relevant data. The potential
implications of changing temperatures or increased CO2
on the interactions between plants and their pathogens
have been a topic of investigation as part of a broader
concern over the influence of climate change on global
plant pathology (Wahid et al, 2020; Singh et al, 2023;
Lahlali et al, 2024).

Plants are affected by a broad spectrum of diseases
caused by different types of fungi that are found in a
wide range of taxonomic groups and are among the most
important, diverse, and economically damaging
pathogens of plants (El-Baky & Amara, 2021; Fernandez-
San et al, 2021). Plant pathogenic fungi manipulate the
physiology of plant hosts by a multitude of mechanisms,
such as the secretion of proteins that suppress host
immunity to respond against pathogen attack, adding
enzymes and other proteins to infected plant cells,
scavenging important nutrients from plant tissue in
order to fuel their growth (Grabka et al, 2022). They can
be split into different types of pathogens based on their
life cycle and the ways they infect plants. For example,
rust fungi are pathogens with complex life cycles,
whereas powdery mildews have relatively simple life
cycles compared to rust fungi even though they both are
biotrophic fungi (Précigout et al, 2020; Mapuranga et al.,
2022). An example of a necrotrophic fungal pathogen is
the soil-borne take-all fungus,
pathogens life cycles similar to biotrophic
pathogens, they are not adapted, therefore, unable to
spread from one host species to another (Précigout et al,

while monogenic
have

2020). Biotrophic fungal pathogens can also cause a
range of diseases when they switch from being parasitic
to saprotrophic towards the end of their life cycle. This
transition can result in the reduction of crop quality by
pre-harvest diseases (Précigout et al, 2020). On the
other hand, there are saprotrophs, which have adapted
to exploit plants after they die, by aiding in the return of
nutrients to the underlying soil.
Fungi can reproduce either sexually through fruiting
structures or asexually through the production of
different types of spores that are adapting to their
host
spores are

dispersal capabilities and suitable tissues
(Wijayawardene et al, 2022).
produced in a wide range of varieties, and each strategy
has its own genetics and evolution, maintaining the
maximum capacity for spore germination during the

correct conditions (Jayawardena et al, 2021). Some fungi

Fungal
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that occur naturally in the environment can also become
invasive pathogens, causing severe disease on a range of
plants (Leroy et al, 2021; Yigezu Wendimu, 2021;
Rathnayaka et al, 2024). In this review, fungal lifestyle
strategies were described in more detail before moving
to the mechanisms of fungi that allow them to interact
with their plant hosts. Agriculture, in particular, is one of
the key practices that has been influenced by fungi, and
the loss of crop yield due to fungal diseases is a
significant threat to food security in a changing climate.
The horticultural and forestry industries invest time and
energy in controlling a wide range of plant diseases in
addition to producing food. The economy is greatly
impacted by the harm that pathogenic fungus do. If some
of the most dangerous viruses spread more widely as a
result of climate change, the impact might be much more
severe. An overview of the basics pertaining to this
taxonomic group of creatures is given in this review,
which also serves as a backdrop for understanding how
climate change may affect their interactions with plants.
Climate Change and its Effects on the Environment
According to the European Environment Agency, climate
change is any sustained change in observable patterns of
the climate that is caused by either anthropogenic or
natural variability, such as trends toward global warming
or cooling. Global ecosystems are impacted by a number
of climate change-related factors. For example, among
the known consequences of climate change are an
increase in the frequency of infrequent but catastrophic
weather events and a rise in the average world
temperature (Belazreg et al, 2023). According to the
most cautious projections, the world's temperature is
expected to increase by 1.5 to 4.5 °C by 2100 (Keppas et
al, 2021). In addition, other consequences predicted in
response to climate change include altered precipitation
patterns, such as more rainfall in some regions but less
in others or variations in seasonal timing, as well as a
rise in the incidence of extreme meteorological events
(Chen etal, 2023; Zhu et al,, 2024).

The impact of climate variations on fungal plant
pathogens remains difficult to predict because of the
complex interaction between several factors. As an
example, temperature, humidity, precipitation patterns,
and extreme weather events (Garrett et al, 2021). Higher
temperatures are predicted to favor some parasitic fungi
by enhancing soil health and increase plant debris
decomposition (Wang et al, 2020). Besides, a decrease in
precipitation frequency combined with longer, more


https://doi.org/10.33687/phytopath.014.01.5587

Int. J. Phytopathol. 14 (01) 2025.57-75

intermittent dry periods are negatively affecting fungal
pathogens by reducing the duration of leaf wetness and
availability of water-soluble nutrients that are essential
for their growth (Aguilar-Paredes et al, 2023).
Furthermore, it is predicted that a rise in the intensity
and occurrence of extreme weather events would be
detrimental to agriculture mainly because of expected
losses in crop yield (Thakur et al, 2022; Khalid et al,
2024; Liu et al, 2024). From the point of view of the
impact on global agriculture, these consequences could
lead to food shortages and, in turn, make all living
organisms face malnutrition problems (Ristaino et al,
2021). Therefore, many researchers consider that it is of
the utmost importance to study soil pathogens to prevent
such catastrophes (Trivedi et al, 2020). With the
increasing trend of climate change, the environment is
expected to be different from the environment familiar to
human populations. Therefore, it is critical to explore the
new environment to anticipate the challenges that plant
health will face (Ashraf et al, 2021; Singh et al, 2023).
Global Warming and Climatic Variability

Global warming is an unanimously accepted overarching
cause of climatic variability which could have impacts on
a variety of ecological and agricultural systems. It has
been noticed that climate-related modifications at the
poles are more extreme than those found in other
globally, with
temperatures are now known to result in a multitude of
alterations to ecosystems (Romero et al, 2022). The rise
in extreme events and weather-related disasters, such as

locations rising global and ocean

hurricanes and tropical storms, is another important
result of this change. Such variability may raise ground
atmospheric temperatures in many tropical, subtropical,
and temperate regions where some of the planet's most
important crops are grown. Climatic variability can
influence the intensity of plant fungal disease and reduce
food crop quality. Since many fungi have considerable
advantages for survival and proliferation in these altered
or variable conditions, climatic variability can have a
substantial influence on fungal-plant disease (Gadre et
al, 2022; Singh et al,, 2023; Lahlali et al, 2024). This rise
in infections was especially noteworthy during the
2000s, as unusual warmth weakened potato host
resistance. Research has also shown an increase in the
fruiting body production of pollen allergenic fungus
during the milder Christmas period. Although suitable
forage is vital for honey bee strength and survival during

foraging, studies have shown that higher upland
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temperatures help to spread the infection to forage sets
(Borowska-Beszta et al, 2024; Dixit et al,, 2024; Zhong et
al, 2024).

Although floods produce relatively cold and moist
infection settings
photosynthesis and plant development, drought
increases temperatures that can both directly and
indirectly affect host resistance systems (Ali et al, 2022).
In addition to lower air temperatures, unseasonably

in some places in addition to

cooler weather characterized by strong winds induces
wet plant foliage, leading to much faster availability of
adequate moisture for germination of soil-borne spores
(McDowell et al, 2022). The replacement of outdated
host plant species with more resilient and stress-tolerant
clones can also promote infection by pathogenic fungi in
a variety of crops. Such interactive impacts obviously
need to be considered by developing predictive models
that are poised to mirror the sophisticated interactions
occurring in larger agricultural environments containing
several simultaneous climate transformations and their
organisms, either offering or hindering control over
plant diseases (Lahlali et al, 2024).

Interactions Between Fungal Plant Pathogens and
Host Plants

Numerous fungal plant diseases possess the capacity to
form intricate connections with their hosts as a result of
various internal and exterior morphological changes.
Internally, both plants and diseases may change gene
activity to adjust for environmental fluctuation (Bhunjun
et al, 2021; Antonio Lépez-Quilez, 2025). The majority
of fungi cause infection by penetrating plant cell walls by
mechanical pressure, the attacking fungus's osmotic
potential, or the release of enzymes and other secondary
metabolites that break down cell walls (Jayawardena et
al, 2021). The fungus typically subsequently enters the
plant tissue through the cell wall's natural holes or open
wounds. Certain fungi have a tightly controlled genetic
mechanism for infecting plants, which includes the
production of hormones and other secondary
metabolites as soon as the fungus detects the presence of
a certain root exudate from a host plant (Chiquito-
Contreras et al, 2024; Rathnayaka et al, 2024).
Numerous lines of evidence demonstrate the variety of
tactics viruses might use to get past host defenses.
Reactive oxygen species buildup is one of the tactics used
by wound-invading fungal infections. These tactics entail
a unique host response that is prepared during the
pathogen and host's evolution (McLaren and Callahan
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2020). Practical, durable disease resistance can only
result from the full comprehension of the underlying
mechanisms that characterize the interaction of host,
pathogen, and environmental factors (Paludan et al,
2021). Plant diseases will ultimately cause irreversible
harm to the environment and the economy. Research in
this area should receive a lot of financial and moral
support in a society where hunger and violence are
ongoing threats. It should be remembered that host-
pathogen interactions can have vicarious effects on
broad ecosystems, therefore their ecological
ramifications extend beyond zootechnical and
agricultural dangers (Liu et al, 2022; Smith et al, 2023).
Infection Mechanisms and Disease Development

The infection of the targeted hosts is one of the key
stages of the life cycle of most plant pathogens. The
various infection mechanisms of fungal plant pathogens
have been well described in such research. As the
mechanisms of invasion are the only component of the
pathogen life cycle where external environmental factors
may potentially influence the outcome of a host-
pathogen interaction, a brief overview of this topic
provided here (Meile et al, 2020; Mapuranga et al,
2022). It is important to note, however, that no clear
divisions exist between all of these modes of entry; many
pathogens have a combination of all of these modes in
their life cycles, adopting different strategies depending
on host and environmental conditions, while others are
specialized to use only one of these strategies. For
example, the hemibiotrophic fungi use appressorium-
mediated penetration into unopened fruit, whereas they
may rely on a germ tube tip-growth strategy to enter
leaves. Following the infection of the host, the pathogen
interacts with the plant at the cellular and molecular
level to enable establishment and disease progression
(Duttetal, 2021; Palmieri et al, 2022; Yan et al,, 2023).

An important approach in plant-disease ecology is to
examine the role of the environment in the development
of the disease, i.e.,, the time frame from infection to
expression of symptoms (Camenzind et al, 2022; Wang
et al, 2022). The outcome of the interaction at the
cellular and molecular level may result in necrosis
and/or the development of combinations of other
symptoms including chlorosis, gall formation, cankers, or
induced plant growth. Disease initiation is the period
following a successful infection event, while disease
progression is the period following the onset of the first
symptoms. exist in the

Large discrepancies
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environmental requirements for the asexual sporulation
of many fungi between initiation and progression events.
Additionally, the influx of nutrients and energy by use of
the necrotrophic lifestyle points to supposed advantages
of inducing necrosis immediately upon infection to
hasten the
environmental cues in the timing of symptoms is
reviewed in the next section (Wijayawardene et al,
2022; Hyde et al, 2024).
Current Methods for
Pathogens

Interest in the study of the dynamic interactions
between fungal plant pathogens and their natural
environments has increased enormously over the last
decade. However, to adequately understand the various
facets of these often-complex interactions, researchers
need a diverse array of appropriate investigative tools.
The capacity to better understand microbial pathogens,
including the wuse of molecular diagnostic and
identification tools to detect and monitor pathogen
populations, has enabled the investigation of ecological
dynamics at finer temporal and spatial resolutions (Peng
et al, 2021; Palmieri et al, 2022). Classical and modern
research  methodologies  have  cumulative or
complementary attributes, and the outcomes of separate
investigations—each undertaken at different
resolutions—add valuable concerning

initiation of disease. The role of

Studying Fungal Plant

information
complex ecological interactions. This approach is
replicability and falsifiability
principles of the scientific method, and unequivocal

conclusions about the behavior of plant pathogens are

consistent with the

therefore highly valuable in scientific research
(Fernandez-San et al, 2021; Liu et al, 2022).

Classical methods of pathogen investigation primarily
focused on pathogen identification techniques. These
techniques used visual examination of the fungus and
cultural characteristics that often raised the taxonomic
status of the pathogen to a morphospecies. Among the
advent and development of molecular diagnostics,
pathogen identifications could, within limits, be made
with greater sensitivity and specificity (Carney et al,
2020; Tiedje et al, 2022; Wensel et al, 2022).
Environmental studies of fungal pathogen dynamics may
now be conducted more robustly thanks to these
recently made accessible technologies. In conclusion,

direct sampling from field surveys as well as
experimental manipulations or inoculation
investigations conducted in glasshouse and/or


https://doi.org/10.33687/phytopath.014.01.5587

Int. J. Phytopathol. 14 (01) 2025.57-75

controlled-environment facilities are both incorporated
into modern pathogen inquiry methodologies. Field
experiments are then used to validate the use of that
knowledge in order to capture significant facets of
pathogen behavior in empirical investigations.
Knowledge derived from field and laboratory studies can
therefore be more accurately applied to current disease
dynamics, advancing the overall understanding of
pathogen ecology (Deng et al, 2021).

Molecular Techniques and Pathogen Identification

In plant pathology, the species of plant pathogens are
usually determined on the basis of morphological criteria
provided by experienced taxonomists. This is often a
challenging and even impossible task when relying on
morphological traits because parasites collected in the
wild can grow differently in culture from the type
material, be in different life stages, undergo cell wall
modifications due to exposure to host plants or
fungicides, be mixed in culture products and thus
misidentified, and be undergoing genetic changes (Buja
et al, 2021; Hariharan and Prasannath 2021). The advent
of molecular techniques in the late 1970s, however, has
revolutionized our capabilities of identifying and
characterizing plant and human pathogens globally.
Techniques such as DNA barcoding and next-generation
DNA sequencing, combined with sequences derived from
reference fungal cultures or unknown species available in
public and subscription-based repositories, do much to
resolve diagnostic dilemmas about cryptic fungal
pathogen species (Kulik et al, 2020).

The major advantages of molecular diagnosis are that
researchers and practitioners are no longer required to
retrieve and grow pathogens from culture, they can
rapidly identify the presence and absence of pathogens
in substrates such as air, water, and soil. Additionally,
they can identify plant pathogens from infected plant
tissues that might have been colonized by bacterial
symbionts, viruses, and viroids. Furthermore, molecular
diagnosis facilitates the analysis of soil and root systems
the presence of secondary and
environmental contaminants and saprophytes in the
laboratory and nursery environment. These capabilities
support effective management and control outbreaks as

that can reveal

they occur. High-throughput next-generation DNA
especially
combined with reverse transcription-quantitative PCR
and advanced host-induced gene silencing have

significantly innovative the study of disease dynamics

diagnostics, metagenomic  techniques
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and emergence. Having a molecular reference database
sitting at the end user’s desktop or secure server
manned by competent curators is extremely important
(Sahajpal et al, 2021; Suminda et al, 2022; Zhao et al,
2024). This can result in faster pathogen spread rates or
a reduction in the effect of management actions
themselves over time, eventually making a data-based
management program obsolete. Next-generation
sequencing has increased our understanding of
pathogen diversity around the world, along with the
selective pressures influencing its evolution and that of
its host plants. Random gene and core-genome sequence
selection combined with genome-resolved studies of
microbe communities in plant pathology provide a way
of understanding the true nature of pathogen and
commensal biology on diseases such as Panama disease
of banana and the impact of protection agents in
sustainable development. In addition to molecular
detection, pathogen activity can be tracked using
molecular assays. The field is now embracing gene
expression of actively growing fungal spores and
mycelium directly exposed to commercial control
products in addition to the development of dried down
spore-based gene assays (Garcia-Garcia et al, 2021; Liu
etal, 2023; Altindis & Kahraman Kilbas, 2023).
Climate Change Adaptations of Fungal
Pathogens

Global climate change has been causing more frequent
and intense weather events that are a major factor in the
emergence of diseases and famine in natural and
agricultural ecosystems. Because of their great variety

Plant

and host essentiality, fungi are already recognized as a

class of plant diseases that can tolerate harsh
environmental conditions. Some fungi that cause plant
diseases may change to a more virulent form in order to
live and procreate in a different climate. In reaction to
climate change, they could also directly or indirectly
alter their host selection. Moreover, due to their short life
spans and large life cycles, there is also a chance of a
dynamic shift of fungal plant pathogens (Rienth et al,
2021; Singh et al, 2023; Lahlali et al, 2024).

Numerous investigations on how pathogen dynamics are
affected by climate change have been carried out to date,
and a number of these research have been examined.
The ecological and epidemiological ramifications of the
fungal infections that arise in response to these
conditions are yet unknown, despite the fact that the

effects of climate change on bacterial, viral, and
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nematode pathogens have drawn increasing attention.
The adaptive response of fungal plant diseases to climate
change and the impact of warmer and more variable
weather on host-pathogen interactions are the main
topics of this succinct and topical study. It discusses
topics potential interactions, including
temperature and physicochemical effects, and
hypotheses to predict the ecological and epidemiological
implications of changing host-pathogen interactions
corresponding to changes in climate regimes. This
review also addresses that ongoing and future research
on dynamic fungal pathogens will be essential to
establish and assess the validity of these assumptions
and to develop practical strategies to minimize the
effects of crop losses from pest management as well as
human and animal parasitic fungi (Fones et al,, 2020).
Shifts in Geographic Distribution

In response to climate change, substantial attention has
been given to the expansion and contraction in the
geographic distribution of wildlife. Several pathogens
have already undergone marked shifts in their
distribution as a consequence of climate change. These
distributional alterations often occur when pathogens
that attuned to specific climatic conditions are exposed
to altered conditions (Stokholm et al, 2020; Vollset et al,
2022; Baker et al,, 2022). One well-documented example
of this phenomenon is the northward spread of avian

such as

malaria in New Zealand: tighter minimum temperature
at the limit may prevent
transmission and disease in native land birds. Similarly,
emerging human diseases are often reported to be

constraints northern

moving into areas that have historically been considered
disease-free because of unsuitable environmental
conditions (Legge et al, 2022; Wen et al, 2022).

Ectotrophic root and bark fungi have very strict
environmental requirements, and their species
composition often varies according to more macro-
climatic variables only, such as latitude and altitude.
Many fungi will be adapted to specific temperature
minima and maxima, as well as humidity and other
specific micro-climatic variables. A change in
temperature, or in precipitation and humidity regimes,
may affect the abundance of ascospores post-dispersal
and in the atmosphere, while water circulation below
ground within the host plant root system may also be
affected. Warmer temperatures may also affect whole
tree phenology, which in turn may affect the invasion
and colonization potential for root and shoot pathogens
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(Saidi et al, 2023). Climate change and other processes
that increase the likelihood of cross-boundary

movement can facilitate biological invasions by
pathogens. Another possible outcome of the
international commerce in plant products is the

introduction of new diseases into the host plants' natural
range. These invasion processes may result in increased
competition amongst diseases, with the victor frequently
relying on certain co-evolutionary characteristics. To
protect and preserve the world's food supply, it is
imperative to detect and examine worldwide patterns in
the emergence of these novel and alien infections in
order to track the possible effects of future disease risks
(Potapov et al, 2022).

Climate and geographic shifts can result in new
pathogens colonizing new hosts. This is important both
in terms of disease risk to new hosts and to the potential
evolutionary implications for the newly colonizing
pathogen. It is noticeable that many of the newly
emerging pathogens are becoming established on new
host plants in areas where they could not initially (Baker
et al, 2022). This probably occurs through selection of
more generalist races to the previously confined hosts.
Infected material along with global shipping and travel
continue to be the main causes of emerging and new
plant pathogens (Kafle et al, 2020; Hauser et al, 2021;
Singh et al, 2023). New pathogens in new host ranges
and distribution limits in native pathogens are important
to understand in light of current climate change so that
invasive pests can be quickly reported and controlled
outside their native host range to slow the natural
spread and minimize impacts on native plant, forest, and
crop systems (Boeger et al, 2022). Monitoring of disease
aliens and use of computer-based models to predict the
potential spread and impacts of future disease threats,
including expected climate warming scenarios, is
essential for improved evaluative and management
procedures (Brooks et al, 2022; Jiranek et al, 2023; de et
al, 2023; Casu et al., 2024).

Case Studies of Fungal Plant Pathogens in Changing
Climates

Case Study 1

A Warming Mediterranean Basin Warmer winters are
reducing the snowpack in the Sierra Nevada and
decreasing moisture in the transition zone. Along with
the increase in several pests throughout the state,
Phytophthora cinnamomi appears to be spreading

northward. (Serrano et al, 2021). The fact that
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accessible soil moisture for several months of the year
has been inversely connected with illness in various
parts of the region makes this rather contradictory. The
pathogen's human mobility on nursery stock may be
influencing its northward expansion (Noah et al, 2021;
Gustafson et al, 2022). From a global standpoint,
eucalypts are a host of this disease, which mostly affects
oaks and other trees in the Fagaceae family and is a
in many natural and ornamental
The forestry sector in Australia is
significantly impacted by this. Climate may further
restrict the pathogen's distribution in Tasmania, the only
significant eucalypt-growing location where it is thought
to be nonexistent. It may be especially pertinent in the
context of this study since the pathogen's distribution is
limited by variables other than climate, and because it
has been shown to evolve several strategies for long-
term survival in less-than-ideal environments, meaning
changes may be gradual and intricate (Sdenz-Romero et
al, 2020; Woodward et al.,, 2022)

Case Study 2

In the Midwestern United States, the northern range
limit of white pine pathogen was positively correlated
with increased winter temperatures. In addition to the
range limit expansion, the timing of disease in terms of
spring temperatures relative to leaf emergence was also
shown to be of epidemiological significance, influencing

severe issue

environments.

the buildup of the inoculum within host tissues to cause
an epidemic and recognition of resistance mechanisms
(Dudney et al, 2020; Lalande et al, 2020; Schoettle et al,
2022). Many factors establish the ability of a new
infection center to become established each year. Other
speculate that S. tsugae may spread most successfully
with significant cultural or economic aid. More data is
needed to increase our understanding of these and other
factors driving pathogen and its population
distributional ranges, and behavior during future exotic
especially
internationally, is focusing on the area (Kichas et al,
2020; Stern et al, 2021; Six et al, 2021; Cardinal et al,
2022; Sniezko et al, 2024).

Impact on Agricultural Systems

Given the evolving mechanisms by which infections

introductions and developing research,

influence disease prevalence, the scientific community is
extremely concerned about the emergence of novel
fungal epidemics in agricultural systems. These
particular effects of fungal plant diseases' dynamic
response to climate change will be the main topic of this
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subsection. A changing population structure in the range
or share of different fungi and breeding types will have
suboptimal effects on the host's external disease
prevalence (Fones et al, 2020; Fisher et al, 2020;
Ristaino et al, 2021). If a higher fraction of a pathogen
population of a given type is part of a coordinated group
of individuals, there will be increased links, such as
parallel epidemics, that may elevate external disease
prevalence relative to the disease that would occur with
the same average pathogen population size. This disease
prevalence is pathogen
population and left as sub-optimally low seeds. Similarly,
if the increased fraction of a pathogen type changes the
proportion of the pathogen population that seeks to
make links inside the host rather than create offspring
through asexual reproduction, it will increase growth. A
pathogen atop a target under specific conditions with
changing temperature can affect a wide range of other
suboptimal conditions, having more aggregate effects on
total transmission pathways (Belgacem et al, 2021).

In modern agriculture, handling diseases and pathogens
are generally reactive rather than proactive. Production
systems are usually designed to increase crop yield and
hence economic profit rather than withstand ecologically
driven perturbations such as climate change. Now that
the most acute consequences of climate change on food
security are being addressed, greater understanding will

removed from the total

enable adaptation. A lack of inclusion of the response of
plant pathology to climate change suggests that these
changes will not be addressed in time to avert damage to
food security (Fisher et al, 2020).

Disease management is a significant factor in shaping
adaptive capacity in agroecosystems, especially in less
developed regions due to limited technology and lack of
infrastructure for pathogens and disease research for
development. In the twenty-first century, fungal diseases
are estimated to have destroyed 125 million tons of
major crops, worth $70 billion. From cotton to coffee to
cacao, fungal diseases affecting crops impact the rural
poor. Current approaches to mitigating the impact of
existing and emergent diseases are costly, and resistance
development is one of the largest expenses in the
vegetable industry (Khakimov et al, 2020; Shukla et al,
2022; Masih 2024). If resistant crop varieties are not
provided for specific diseases, disease can be expected to
cause small losses in crop yield. For example, under a
specific scenario, there is a 90 % likelihood of an
increase of 0-5% in rice disease incidence in Asia, which
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will produce a 1.2-2.1% decrease in global caloric
availability. These direct yield losses are further added to
yield reductions caused by climate change, even though
the combined effects of climate change and pathogens
are subject to significant uncertainty, compounded by
seed sensitivity to temperatures
(Mahadevakumar and Sridhar 2021). For an average
farm situated in a specific scenario, out of a base of 4-16
beats equal costs or above that of the standard
management scenario. The magnitude of these combined
effects on a per-hectare basis seems less significant; the
estimated loss only exceeds the 2.5% standard error
from the yield and price averaging technique for durum
wheat and rapeseed, as higher seed prices are balanced
by lower pesticide expenses (Fones et al, 2020).
Predictive Modeling of Fungal Pathogen Dynamics in
a Changing Climate

Ongoing climate change poses a novel and complex
ecological challenge for both plant pathologists and the
society that relies on agricultural production. Innovative
and integrative research is desperately needed to keep
up with the rapid emergence of new and more
aggressive biotic threats. This section examines the role
that climatic variables have in risk assessment and
predictive modeling of fungal plant pathogen dynamics.
Predictive, mechanistic, and eco-physiological modeling
are highlighted, along with a discussion of various

increased

alternative ecological and statistical methodologies that
have been employed (Occhibove et al, 2020; Jeger et al,
2021; Singh et al, 2023). Several studies have predicted
range expansion, local adaptation of strains along
climate-induced gradients, or have projected the
expected evolution or spread of pathogens under
different increasing future scenarios. Understanding the
general biology and ecological context of the examined
pathogen through separate experimental research is a
crucial prerequisite for assessing the prediction value of
these methods (Gullino et al, 2022). Linking and
integrating the two different levels of modeling could
form the basis for developing new tools to study changes
in biotic interactions (Lahlali et al, 2024)

A vital part of verifying and implementing any new
scientific achievement is its possible societal value. In
the context of producing food, predictive modeling
studies can play a prominent role in planning and
implementing forward-looking strategies for coping with
a shifting climate and pathogen landscape at field,
regional, and global levels. Such scenarios already hold
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the potential to inform management decisions such as
whether or which new crop or new agricultural practice
can be tried or developed for a given area within a
certain time frame (Sheng et al, 2021; Rolnick et al,
2022). On the other hand, predictive modeling
approaches may suffer from significant statistical
uncertainty, as they include some sources of variation
that interact in unpredictable ways. The models must be
carefully validated and regarded as an evolving
enterprise. Their speculative nature necessitates close
interdisciplinary cooperation and comparison with
experimental and on-field surveys (Gomez-Zavaglia et
al, 2020; Rellstab et al,, 2021; Ridwan et al, 2021)
Simulation and Data Analysis Techniques

This section provides an overview of different types of
simulation and data analysis techniques that might be
used for predictive modeling of fungal plant pathogens.
[t outlines the various computational tools and software
that can be used to model pathogen dynamics under
different climatic variables and how to represent these
climatic variables (Gokalp et al, 2021; Zhang et al,
2023). It also talks about how creating a trustworthy
data-driven model requires the use of high-quality data.
A  model's interpreted using
mathematical or statistical techniques, which address
uncertainty and validate the model's dependability. A
summary of the several simulation and data analysis

outputs must be

methods that may be applied to data-driven modeling is
given (Fisher et al, 2020; Liu et al, 2022; Adeniran et al,
2024).

The simulation techniques used in predictive modeling
produce computer-generated approximations of the
outputs of an experiment or a model at a given time. One
of the main purposes of using simulation tools to
investigate pathogen progress under varying climatic
conditions is to shine light on areas of parametric or
structural sensitivity that require more investigation.
The combination of the model's biological assumptions
and input parameters is one of the fundamental
suggestions that need investigation. An important factor
that has to be considered is the step-by-step examination
of the many model components that are thought to affect
the pathogen dynamics as triggered by the
environmental variables (Delplace et al, 2022; Lahlali et
al, 2024). There is different validation procedures
associated with simulation techniques, and their role is
to evaluate the level of trustworthiness of the estimated
outputs.
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Model validation provides one possible answer to the
question, how good is our model? Sensitivity analysis as
part of the simulation techniques allows for the
reduction of the model's complexity and practical
constraints. Simulations are used to take into account
the random occurrence of each event when predicting
pathogen behavior under varying climatic variables
(Motamedi et al, 2022; Singh et al, 2023). Model
flexibility is important in ensuring that the model is a
viable decision-making tool for agriculture. The
validation of our data and model predictions can be
tested to demonstrate the model's robustness for future
projections. Given this, the use of real-world case studies
is an essential part of our approach. Two case studies are
provided to present the function of the simulation
techniques, in which they cover examples of the plant
pathogens (Ristaino et al, 2021; Salahshoori et al, 2024)
Mitigation Strategies for Managing Fungal Plant
Pathogens in a Changing Climate

It seems sense to create suitable mitigation methods to
reduce risks while examining the possible effects of
climate change on plant pathogen dynamics. The
creation and upkeep of reliable monitoring systems will
help anticipate shifts in pathogen behavior and enable
the effective distribution of resources to control disease
outbreaks when they happen. This information will then
be utilized to guide extension initiatives that try to get
stakeholders ready for preventative measures (Singh et
al, 2023; Olatunji et al, 2024)

In the absence of a 'silver bullet' that would reduce risk
across all systems, a combination of management
strategies is likely to be the most useful. Integrated pest
management programs are often recommended as a way
of attacking the pathogen on multiple fronts and are also
likely to be better suited to tackling the complexities of a
changing disease scenario. Developing resistant cultivars
to lower the danger of pathogen establishment and
dissemination is the primary goal of breeding and
biotechnology in the fight against fungal plant diseases
for public use (Baker et al, 2020). By engaging and
funding research that increases the capacities of all
stakeholders, a range of local and landscape-specific
management strategies to lessen the effects of a
changing climate may be developed. Plant disease
dynamics models and/or farm-level and/or regional
weather monitoring systems most certainly played a
part. For example, utilizing information on recent local
disease observations to forecast when a fungicide
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treatment is necessary (Deguine et al, 2021).
Knowledge-based decision-making is made possible by
the creation and upkeep of monitoring and reporting
systems, the of possible effects of
modifications to support well-informed management
choices, and the incorporation of the effects of biotic and
abiotic factors in plant disease simulation models for
both primary producers and policymakers. Involving
stakeholders in research is essential to ensuring that end
users can properly receive the management methods
that have been discovered.

To address any possible obstacles to the adoption of
proactive or preventative measures, social and
agricultural science disciplines should do research on
the socioeconomic and adaptive behavioral concerns
related to the application of management systems.
Sustainable management shifting pathogen
requires long-term approaches that
address pathogen life-cycle obstacles and agricultural
systems' general vulnerability, maybe by leveraging host
resistance. Making sure legislators understand the
advantages of the management alternatives discussed
might lead to adjustments that protect delicate
agricultural systems and eventually lessen the effects of
fungal diseases on crop yields (Aiello et al, 2022; Singh
etal, 2023)

In an increasingly competitive market, pressure is on all

evaluation

of a
environment

agricultural producers to increase production costs and
efficiency while meeting standards for food safety and
quality. Although the multiplicative structure of models
may be used to overlook relatively unusual events,
agricultural components like vineyards, the dairy sector,
and flowers cultivated for export might have significant
economic imperatives to demonstrate that disease
pressures and management apply throughout full
seasons. The primary economic engine of the
agricultural sector, broadacre cropping, has been the
focus of early research on the effects of climate change
on disease (Harries et al, 2020; Khanal et al, 2021).
Developing and adapting research outcomes to different
horticultural cropping industries, organic clients, and
outdoor versus undercover fruit and vegetable growers
will build on this initial work and further develop
adaptive innovation practices. The use of such long-term
negative binomial processes for disease dynamics in this
sector will also be encouraged by the provision of solid
data on the effects and tactics in specific horticultural
agricultural businesses (Bondad et al, 2023)
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Biological Control Methods

Biological control is one of the fundamental management
techniques that may be used to the enormous problem of
managing fungal plant diseases in agriculture
worldwide. The term "biological control" refers to the
use of a natural antagonist that either directly results in
high plant pathogen death or inhibits the activities of
diseases. Beneficial bacteria and fungi in particular are
known to generate or stimulate a variety of hydrolytic
and other antifungal chemicals that can aid in
suppressing soil pathogens and, as a result, have the
ability to lower infection. In many instances, it is still
necessary to comprehend the processes by which these
biological control agents operate (Palmieri et al, 2022).
Three fungal infections are said to be controlled by these,
either in fields or in the natural habitat of plants.
Depending on ecological particularity, they can be used
in low- or high-input agriculture. Probiotics may have
unintended side effects, and appropriate
bioformulations will need to be investigated.

It is advised that probiotics be used in conjunction with
other management techniques like companion planting
and farmyard waste to make their use low input and
sustainable over the long run (Tariq et al, 2020).
Meanwhile, one of the easiest biological control agents
for farmers to use has been Bacillus subtilis rods, which
contain the small protein lipopeptide surfactants iturin
and fengycin. These compounds penetrate the fungal
spore coat and plasma membrane, causing death for the
spores and fungal mycelia to shrink. A marginal note
here on biological control in general is that currently,
while there has been significant groundwork done to
assess their effectiveness, there are no published efficacy
figures on using biocontrol for pathogen management in
the wild or in commercial agriculture using a sustainable
farming approach (Tariq et al, 2020). Nonetheless, it is
essential to talk about real-world examples of enhancing
crop resilience in various systems. The way biocontrol
integrates with the plants' natural habitat, the right
dosage, and the treatment window are some important
success elements that might affect how effective
biocontrol is in agriculture. Increasing the ability for
beneficials to spread from the carrier system is the aim
of interacting with the local microecology of soils and the
plant being cultivated. However, in order for biocontrol
or other tactics to be successful in their farming, farmers
will want sound guidance on these factors (Ons et al,
2020; Palmieri et al, 2022).
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Genomic Approaches in Pathogen Research

The use of genomic techniques in research on fungal
plant diseases has grown in recent years. Full-genome
sequences of a variety of pathogenic fungal strains,
including those belonging to the most economically
significant pathogen families, are now possible due to
rapid advancements in sequencing technology and
significant cost reductions. Whole-genome sequencing is
important because it not only allows the identification of
candidate pathogenicity and virulence factors either
through a de novo approach or through homology
search, but it also increasingly reveals fundamental
aspects of the biology of the pathogen of interest, such as
life history, population connectivity, and selective
pressures acting on the pathogens, which are important
facets of pathogen population genetics and evolutionary
studies (Palmieri et al, 2022).

Because targeted mutation may be more readily carried
out in gene areas that lack functional similarity in the
host, the availability of genomic information can enhance
genetics research. Furthermore, the availability of
whole-genome sequences can aid in the creation of more
resilient crop varieties by controlling marker-assisted
selection of host gene alterations at will. Thus, the
availability of a full set of reference sequences for host
and pathogen, combined with a better understanding of
gene conservation, can be exploited to propose
cataloging of genes highly conserved between host and
pathogens, which can be used as effector targets for
enhancing crop resistance in the long term and safe
allele selection for gene deployment and conventional
breeding of new crop cultivars in the short term. Finally,
the described research can be carried out in parallel with
field trials and data acquisition, which, if relevant to the
constructed parameters, can be directly added to the
model to provide a comprehensive view of pathogen
methodical
methodologies to patshogen research present a number
of significant hurdles (El-Baky & Amara, 2021). One of
these challenges is the interpretation of these mixed data
requires robust computational tools that can identify,
link, and prioritize candidate genes in high data
dimensionality. Furthermore, there is some historical

dynamics. Integrating high-throughput,

precedent for the ethical issues raised by the use of
pathogen sequencing data. Indeed, one can and should
argue that out of respect for public safety, such studies
should only be undertaken with the utmost caution by a
well-regulated research community living up to its
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(Hariharan and Prasannath 2021).
Nevertheless, using cutting-edge molecular genetic
technologies is an identified responsibility under
European law. At this point, it is difficult to envisage any
significant advances in our understanding of pathogens
available to researchers without exploiting genomics or
similar cutting-edge molecular genetic approaches.
Arguably, there are wider societal benefits to such
studies, particularly those that provide feasible
alternatives and safe research to undertake (Yadav et al,
2023; Chethana et al, 2021).

RNA-sequencing (RNA-seq) technology has been widely
used to provide important insights into the interactions
between plants and pathogens (Nibedita and ]Jolly,
2017). Accurate recording of host transcriptome
responses during infections is made possible by this
method. Consequently, RNA-seq is a sophisticated
technique to unravel the molecular mechanism behind
these interactions, as evidenced by the hundreds of
transcriptome profiling studies that have been
conducted too far (Tyagi et al, 2022). These methods
would also help with the ongoing discovery of novel
resistance genes, which is essential for enhancing
resistance to biotic stressors and laying the groundwork
for future breeding initiatives (Zambounis et al.,, 2020,
Doddaraju et al, 2021). For example, the pomegranate
genome has 186 R2R3-MYB transcription factors (TFs)
that regulate
accumulation, and plant growth; the U-box gene family,
which is implicated in abiotic stressors, has a similar
function (Chen et al.,, 2023; Suo et al., 2023). These days,
expenses are going down and RNA-seq technology is

responsibilities

defensive  responses, metabolite

becoming more useful because to the use of cutting-edge
next generation sequencing (NGS) platforms like
[lumina and Single-molecule realtime (SMRT)
sequencing (Li et al, 2018; Naidoo et al., 2018). There is
currently a study vacuum in the transcriptional profiles
of pomegranate fruits following challenge with C.
granati, despite the fact that similar methods have
recently been used on the fruits and petals of other
deciduous trees to understand the defense responses
against fungal infections (Aci et al., 2024; Tsalgatidou et
al., 2024a,b).

Future Research
Technologies

Due to a combination of rising temperatures, increased
moisture availability, and shifting natural and
agricultural environment acclimatizations, most diseases
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are predicted to grow, which has drawn attention to
plant pathology. As a result, in addition to thoroughly
outlining the dynamics connected to every patho-system
and agro-ecosystem, future study will necessitate other
methodologies from those presented in this review and
created thus far (Baker et al, 2022). These alternatives
can be broken down into at least five: the use of machine
learning and intelligence to analyze
accumulated data; basic research on the genetics of
pathogens and their
technologies to decipher metabolic and signaling
pathways that are important for pathogens;
interdisciplinary and multidisciplinary approaches; and
the need to involve practitioners and intermediaries in
developing data-based predictive models (Mora et al,
2022)

For the study of system pathologies, which were defined

artificial

evolution; use of various

by constant communication between practitioners and
modelers, a number of networks have recently been
formed. These efforts have to be expanded and based on
collaboration with transdisciplinary and
multidisciplinary ~ organizations in addition to
practitioners and modelers (Rehman et al, 2022).
Needless to mention, it should be said, all of the above
priorities imply an integration of research skills in the
same research team rather than the sum of results
obtained by
independently but interchange comments about the
results (Van et al, 2021).

Finally, however, the co-evolution of plants and a

distinct researchers who work

changing environment has not yet been addressed. It is
likely that changing climate patterns and new farming
practices will challenge the control strategies currently
in place. In fact, there are indications that, for example,
quantitative resistance will behave differently in a
changed climate (Syed et al, 2022).

REFERENCES

Aci, M.M,, PC. Tsalgatidou, A. Boutsika, A. Dalianis, M.
Michaliou, C. Delis, D.I. Tsitsigiannis, E. Paplomatas,
A. Malacrino, L. Schena and PW. Crous. 2024.
Comparative transcriptome profiling and co-
expression network analysis uncover the key genes
associated with pear petal defense responses
against Monilinia laxa infection. Frontiers in Plant
Science, 15: 1377937.

Adeniran, LA, C.P. Efunniyi, 0.S. Osundare and A.O.
Abhulimen. 2024. Data-driven decision-making in


https://doi.org/10.33687/phytopath.014.01.5587

Int. J. Phytopathol. 14 (01) 2025.57-75

healthcare: Improving patient outcomes through
predictive modeling. Engineering Science &
Technology Journal, 5(8).

Aguilar-Paredes, A., G. Valdés, N. Araneda, E. Valdebenito,
F. Hansen and M. Nuti. 2023. Microbial community
in the composting process and its positive impact
on the soil biota in sustainable agriculture.
Agronomy, 13(2): 542.

Aiello, D., V. Guarnaccia, A. Vitale, N. LeBlanc, N. Shishkoff
and G. Polizzi. 2022. Impact of Calonectria diseases
on ornamental horticulture: Diagnosis and control
strategies. Plant Disease, 106(7): 1773-1787.

Alj, S, A. Tyagi, S. Park, R.A. Mir, M. Mushtaq, B. Bhat and H.
Bae. 2022. Deciphering the plant microbiome to
improve drought tolerance: mechanisms and
perspectives. Environmental and Experimental
Botany, 201: 104933.

Altindis, M. and E.P. Kahraman Kilbas. 2023. Managing
viral emerging infectious diseases via current and
future molecular diagnostics. Diagnostics, 13: 1421.

Ashraf, S.A,, AJ. Siddiqui, O.E. Abd Elmoneim, M.I. Khan, M.
Patel, M. Alreshidi and M. Adnan. 2021. Innovations
in nanoscience for the sustainable development of
food and agriculture with implications on health
and environment. Science of the Total Environment,
768: 144990.

Attia, M.S., A M. Abdelaziz, A.A. Al-Askar, A.A. Arishi, A.M.
Abdelhakim and A.H. Hashem. 2022. Plant growth-
promoting fungi as biocontrol tool against fusarium
wilt disease of tomato plant. Journal of Fungi, 8(8):
775.

Baker, B.P, TA. Green and A.. Loker 2020. Biological
control and integrated pest management in organic
and conventional systems. Biological Control, 110:
104095.

Baker, R.E., AS. Mahmud, LE Mille; M. Rajeev, E
Rasambainarivo, B.L. Rice and C.J.E. Metcalf. 2022.
Infectious disease in an era of global change. Nature
Reviews Microbiology, 20(4): 193-205.

Belazreg, N.E.H., M. Hasbaia, Z. Sen and A. Ferhati. 2023.
Historical evaluation and future projections of
monthly precipitation and temperature under
CMIP6 GCMs, case of Hodna basin (central Algeria).
Arabian Journal of Geosciences, 16(1): 39.

Belgacem, I, M.G. Li Destri Nicosia, S. Pangallo, A.
Abdelfattah, M. Benuzzi, G.E. Agosteo and L. Schena.
2021. Pomegranate peel extracts as safe natural
treatments to control plant diseases and increase

68

DOI: 10.33687 /phytopath.014.01.5587

the shelf-life and safety of fresh fruits and
vegetables. Plants, 10(3): 453.

Bernardo-Cravo, A.P, D.S. Schmeller, A. Chatzinotas, V.T.
Vredenburg and A. Loyau. 2020. Environmental
factors and host microbiomes shape host-pathogen
dynamics. Trends in Parasitology, 36(7): 616-633.

Bhunjun, C.S., AJJ. Phillips, R.S. Jayawardena, I. Promputtha
and K.D. Hyde. 2021. Importance of molecular data
to identify fungal plant pathogens and guidelines
for pathogenicity testing based
postulates. Pathogens, 10(9): 1096.

Boeger, WA, D.R. Brooks, V. Trivellone, S.J. Agosta and E.P.
Hoberg. 2022. Ecological super-spreaders drive
host-range oscillations: Omicron and risk space for

on Koch’s

emerging infectious disease. Transboundary and
Emerging Diseases, 69(5): e1280-e1288.

Bondad, ], M.T. Harrison, J. Whish, S. Sprague and K. Barry.
2023. Integrated crop-disease models: New
frontiers in systems thinking. Farming System.
[Online: sciencedirect.com]

Borer, E.T, R.E. Paseka, A. Peace, L. Asik, R. Everett, T.
Frenken and A.L. Gonzdlez. 2022. Disease-mediated
nutrient Coupling  host-pathogen
interactions with ecosystem elements and energy.
Ecological Monographs, 92: e1510.

Borowska-Beszta, M., M. Smoktunowicz, D. Horoszkiewicz,
J. Jonca, M.M. Waleron, J. Gawor and M. Waleron.

dynamics:

2024. Comparative genomics, pangenomics, and

phenomic studies of Pectobacterium
betavasculorum strains isolated from sugar beet,
potato, sunflower, and artichoke: insights into
pathogenicity, virulence
adaptation to the host plant. Frontiers in Plant
Science, 15: 1352318.

Brooks, D.R, E.P. Hoberg, W.A. Boeger and V. Trivellone.
2022. Emerging infectious disease: an
underappreciated area of strategic concern for food
security. Transboundary and Emerging Diseases,
69(2): 254-267.

Buja, I, E. Sabella, A.G. Monteduro, M.S. Chiriaco, L. De
Bellis, A. Luvisi and G. Maruccio. 2021. Advances in
plant disease detection and monitoring: From
traditional assays to in-field diagnostics. Sensors,
21(6): 2129.

Camenzind, T, P. Weimershaus, A. Lehmann, C. Aguilar-

determinants, and

Trigueros and M.C. Rillig. 2022. Soil fungi invest into
asexual sporulation under resource scarcity, but
trait spaces of individual isolates are unique.


https://doi.org/10.33687/phytopath.014.01.5587

Int. J. Phytopathol. 14 (01) 2025.57-75

Environmental Microbiology, 24(7): 2962-2978.

Cardinal, E., B. Shepherd, ]. Krakowski, C.J. Schwarz and ].
Stirrett-Wood. 2022. Verbenone and green-leaf
volatiles reduce whitebark pine mortality in a
northern range-expanding mountain pine beetle
outbreak. Canadian Journal of Forest Research,
52(2): 158-168.

Carney, S.M., J.C. Clemente, M.J. Cox, R.P. Dickson, YJ.
Huang, G.D. Kitsios and S. Garantziotis. 2020.
Methods in lung microbiome research. American
Journal of Respiratory Cell and Molecular Biology,
62(3): 283-299.

Casu, A, M. Camardo Leggieri, P. Toscano and P. Battilani.
2024. Changing climate, shifting mycotoxins: A
comprehensive review of climate change impact on
mycotoxin contamination. Comprehensive Reviews
in Food Science and Food Safety, 23(2): e13323.

Chen, JW, HJ. Cui, N. Chen and G.Q. Qian. 2023.
Uncertainty of temperature rise under nationally
determined contributions and carbon neutral
policies. Advances in Climate Change Research,
14(4): 580-586.

Chen, L., D. Ge, Y. Ren, Y. Wang, M. Yan, X. Zhao and Z. Yuan.
2023. Genome-wide identification, characterization,
and expression analysis of the U-box gene family in
Punica granatum L. Agronomy, 13: 332.

Chethana, K.T, LS. Manawasinghe, V.G. Hurdeal, C.S.
Bhunjun, M.A. Appadoo, E. Gentekaki and K.D. Hyde.
2021. What are fungal species and how to delineate
them?. Fungal Diversity, 109(1): 1-25.

Chiquito-Contreras, C.J.,, T. Meza-Menchaca, 0. Guzman-
Lopez, E.C. Vasquez and ]. Ricafio-Rodriguez. 2024.
Molecular insights into plant-microbe interactions:
A comprehensive review of key mechanisms.
Frontiers in Bioscience-Elite, 16(1): 9.

de Angeli Dutra, D, R.B.P. Pinheiro, A. Fecchio and R.
Poulin. 2023. Revealing the drivers of parasite
community assembly: using avian haemosporidians
to model global dynamics of parasite species
turnover. Ecography, 2023(5): e06634.

Deguine, ]J.P, ].N. Aubertot, RJ. Flor, F. Lescourret, K.A.
Wyckhuys and A. Ratnadass. 2021. Integrated pest
management: Good intentions, hard realities. A
review. Agronomy for Sustainable Development,
41(3): 38.

Delplace, F, C. Huard-Chauveau, R. Berthomé and D. Roby.
2022. Network organization of the plant immune
system: From pathogen perception to robust

69

DOI: 10.33687 /phytopath.014.01.5587

defense induction. The Plant Journal, 109(2): 447-
470.

Deng, X, N. Zhang, Z. Shen, C. Zhu, H. Liy, Z. Xu and J.E
Salles. 2021. Soil microbiome manipulation triggers
direct and possible indirect suppression against
Ralstonia solanacearum and Fusarium oxysporum.
NPJ] Biofilms and Microbiomes, 7(1): 33.

Deresa, E.M. and TF. Diriba. 2023. Phytochemicals as
alternative fungicides for controlling plant diseases:
A comprehensive their efficacy,
commercial representatives, advantages, for
adoption, and possible solutions. Journal of
Phytopathology, 17(3): e13810.

Dixit, S., PN. Sivalingam, R.M. Baskaran, M. Senthil-Kumar
and PK. Ghosh. 2024. Plant responses to concurrent
abiotic and biotic stress: Unravelling physiological
and morphological mechanisms. Plant Physiology
Reports, 29(1): 6-17.

Dudney, ]J.C,, ]J.C. Nesmith, M.C. Cahill, J.E. Cribbs, D.M.
Duriscoe, A.J. Das and ]J. Battles. 2020.
Compounding effects of white pine blister rust,
mountain pine beetle, and fire threaten four white
pine species. Ecosphere, 11(10): e03263.

Dutt, A, R. Anthony, D. Andrivon, S. Jumel, G. Le Roy, A.
Baranger and C. Le May. 2021. Competition and
facilitation among fungal plant parasites affect their
life-history traits. Oikos, 130(4): 652-667.

El-Baky, N.A. and A.A.A.F. Amara. 2021. Recent approaches
towards control of fungal diseases in plants: An
updated review. Journal of Fungi, 7: 900.

Fernandez-San Millan, A., L. Larraya, I. Farran, M. Ancin

review of

and J. Veramendi. 2021. Successful biocontrol of
major postharvest and soil-borne plant pathogenic
fungi by antagonistic yeasts. Biological Control, 160:
104683.

Fisher, M.C., S.J. Gurr, C.A. Cuomo, D.S. Blehert, H. Jin, E.H.
Stukenbrock and L.E. Cowen. 2020. Threats posed
by the fungal kingdom to humans, wildlife, and
agriculture. mBio, 11(3): e01038-20.

Fisher, O.J, N.J. Watson, J.E. Escrig, R. Witt, L. Porcu, D.
Bacon and R.L. Gomes. 2020. Considerations,
challenges and opportunities when developing
data-driven models for process manufacturing
systems. Computers & Chemical Engineering, 140:
106881.

Fones, H.N, D.P. Bebber, TM. Chaloner, W.T. Kay, G.
Steinberg and S.J. Gurr. 2020. Threats to global food
security from emerging fungal and oomycete crop


https://doi.org/10.33687/phytopath.014.01.5587

Int. J. Phytopathol. 14 (01) 2025.57-75

pathogens. Nature Food, 1(6): 332-342.

Gadre, A., W. Enbiale, L.K. Andersen and S.J. Coates. 2022.
The effects of climate change on fungal diseases
with cutaneous manifestations: A report from the
International Society of Dermatology Climate
Change Committee. The Journal of Climate Change
and Health, 6: 100156.

Garcia-Garcia, S.,, M.F. Cortese, F. Rodriguez-Algarra, D.
Tabernero, A. Rando-Segura, ]J. Quer and F
Rodriguez-Frias. 2021. Next-generation sequencing
for the diagnosis of hepatitis B: Current status and
future prospects. Expert Review of Molecular
Diagnostics, 21(4): 381-396.

Garrett, K.A.,, M. Nita, E.D. De Wolf, PD. Esker, L. Gomez-
Montano and A.H. Sparks. 2021. Plant pathogens as
indicators of climate change. In: Climate Change.
Elsevier, pp. 499-513.

Gokalp, M.O,, E. Gokalp, K. Kayabay, A. Kogyigit and PE.
Eren. 2021. Data-driven manufacturing: An
assessment model for data science maturity. Journal
of Manufacturing Systems, 60: 527-546.

Gomez-Zavaglia, A., ].C. Mejuto and J. Simal-Gandara. 2020.
Mitigation of emerging implications of climate
change on food production systems. Food Research
International, 134: 109256.

Grabka, R., TW. d’Entremont, S.J. Adams, A.K. Walker, ].B.
Tanney, PA. Abbasi and S. Ali. 2022. Fungal
endophytes and their role in agricultural plant
protection against pests and pathogens. Plants,
11(3): 384.

Guégan, ].F, T. Poisot, B.A. Han and ]. Olivero. 2024.
Disease ecology and pathogeography: Changing the
focus to better interpret and anticipate complex
environment-host-pathogen
Ecography, 2024(10): 1.

Gullino, M.L., R. Albajes, I. Al-Jboory, E Angelotti, S.
Chakraborty, K.A. Garrett and T. Stephenson. 2022.
Climate change and pathways used by pests as

interactions.

challenges to plant health in agriculture and
forestry. Sustainability, 14(19): 12421.

Gustafson, E.J., B.R. Miranda, TJ. Dreaden, C.C. Pinchot and
D.E. Jacobs. 2022. Beyond blight: Phytophthora root
rot under climate change limits populations of
reintroduced American chestnut. Ecosphere, 13(2):
e3917.

Gustafson, E.J., B.R. Miranda, TJ. Dreaden, C.C. Pinchot and
D.E. Jacobs. 2022. Beyond blight: Phytophthora root
rot under climate change limits populations of

70

DOI: 10.33687 /phytopath.014.01.5587

reintroduced American chestnut. Ecosphere, 13 (2),
e3917.

Hariharan, G. and K. Prasannath. 2021. Recent advances in
molecular diagnostics of fungal plant pathogens: a
mini review. Frontiers in Cellular and Infection
Microbiology, 10, 600234.

Harries, M., K.C. Flower, C.A. Scanlan, M.T. Rose and M.

2020. between crop

sequences, weed populations and herbicide use in

Renton. Interactions
Western Australian broadacre farms: findings of a
six-year survey. Crop and Pasture Science, 71 (5),
491-505.

Hauser, N., K.C. Conlon, A. Desai and L.N. Kobziar. 2021.
Climate change and infections on the move in North
America. Infection and Drug Resistance, 14, 5711-
5723.

Hyde, K.D., A. Saleh, H.D.R. Aumentado, T. Boekhout, I.
Bera, S. Khyaju and D.N. Wanasinghe. 2024. Fungal
numbers: global needs for a realistic assessment.
Fungal Diversity, 110, 1-35.

Jayawardena, R.S., K.D. Hyde, A.R.G. de Farias, C.S. Bhunjun,
H.S. Ferdinandez, D.S. Manamgoda and M. Thines.
2021. What is a species in fungal plant pathogens?.
Fungal Diversity, 109 (1), 239-266.

Jeger, M., R. Beresford, C. Bock, N. Brown, A. Fox, A.
Newton and J. Yuen. 2021. Global challenges facing
plant pathology: multidisciplinary approaches to
meet the food security and environmental
challenges in the mid-twenty-first century. CABI
Agriculture and Bioscience, 2 (1), 1-18.

Jiranek, ], LF. Miller, R. An, E. Bruns and C.J.E. Metcalf.
2023. Mechanistic models to meet the challenge of
climate change in plant-pathogen systems.
Philosophical Transactions of the Royal Society B,
378 (1873), 20220017.

Kafle, P, P. Peller; A. Massolo, E. Hoberg, L.M. Leclerc, M.
Tomaselli and S. Kutz. 2020. Range expansion of
muskox lungworms track rapid arctic warming:
implications for geographic colonization under
climate forcing. Scientific Reports, 10 (1), 17323.

Keppas, S.C., S. Papadogiannaki, D. Parliari, S. Kontos, A.
Poupkou, P. Tzoumaka and D. Melas. 2021. Future
climate change impact on urban heat island in two
Mediterranean cities based on high-resolution
regional climate simulations. Atmosphere, 12 (7),
884.

Khakimov, A.A., A.U. Omonlikov and S.B.U. Utaganov. 2020.
Current status and prospects of the use of


https://doi.org/10.33687/phytopath.014.01.5587

Int. J. Phytopathol. 14 (01) 2025.57-75

biofungicides against plant diseases. GSC Biological
and Pharmaceutical Sciences, 13 (3), 119-126.

Khalid, M., S. ur Rahman, X. Liu, A. Rehman, A. Jumpponen,
D.J. Kotze and N. Hui. 2024. Exploring the impact of
urbanization and vegetation type on fungal
communities: Insights into divergent, mycorrhizal,
and saprophytic associations driven by climate
patterns. Catena, 238, 107860.

Khanal, U, KJ. Stott, R. Armstrong, ].G. Nuttall, F. Henry,
B.P. Christy and G.J. O’Leary. 2021. Intercropping—
evaluating the advantages to broadacre systems.
Agriculture, 11 (5), 453.

Kichas, N.E., S.M. Hood, G.T. Pederson, R.G. Everett and D.B.
McWethy. 2020. Whitebark pine (Pinus albicaulis)
growth and defense in response to mountain pine
beetle outbreaks. Forest Ecology and Management,
457,117736.

Kulik, T, K. Bilska and M. Zelechowski. 2020. Promising
perspectives for detection, identification, and
quantification of plant pathogenic fungi and
oomycetes through targeting mitochondrial DNA.
International Journal of Molecular Sciences, 21 (7),
2645.

Kumar, D. and R. Mukhopadhyay. 2025. Climate change
and plant pathogens: Understanding dynamics,
risks and mitigation strategies. Plant Pathology, 74
(1), 59-68.

Lahlali, R, M. Taoussi, S.E. Laasli G. Gachara, R.
Ezzouggari, Z. Belabess and E.A. Barka. 2024.
Effects of climate change on plant pathogens and
host-pathogen interactions. Crop and Environment,
3 (3),159-170.

Lalande, B.M., K. Hughes, WR. Jacobi, W.T. Tinkham, R.
Reich and J.E. Stewart. 2020. Subalpine fir mortality
in Colorado is associated with stand density,
warming climates and interactions among fungal
diseases and the western balsam bark beetle. Forest
Ecology and Management, 466, 118133.

Legge, S., L. Rumpff, ].C. Woinarski, N.S. Whiterod, M.
Ward, D.G. Southwell and S. Zukowski. 2022. The
conservation impacts of ecological disturbance:
Time-bound estimates of population loss and
recovery for fauna affected by the 2019-2020
Australian  megafires.  Global
Biogeography, 31 (10), 2085-2104.

Leroy, C., A.Q. Maes, E. Louisanna, H. Schimann and N.
Séjalon-Delmas. 2021. Taxonomic, phylogenetic and
functional diversity of root-associated fungi in

Ecology and

71

DOI: 10.33687 /phytopath.014.01.5587

bromeliads: Effects of host identity, life forms and
nutritional modes. New Phytologist, 231 (3), 1195-
1209.

Li, YM, SX. Li, X.S. Li and C.Y. Li. 2018. Transcriptome
studies with the third-generation sequencing
technology. Life Sci. Instrum., 16, 114-121.

Liu, B., R. Stevens-Green, D. Johal, R. Buchanan and ].
Geddes-McAlister. 2022. Fungal pathogens of cereal
crops: Proteomic insights into fungal pathogenesis,
host defense, and resistance. Journal of Plant
Physiology, 269, 153593.

Liu, P, L. Wang, R. Ranjan, G. He and L. Zhao. 2022. A
survey on active deep learning: from model driven
to data driven. ACM Computing Surveys (CSUR), 54
(10s), 1-34.

Liu, Q. X. Jin, ]. Cheng, H. Zhou, Y. Zhang and Y. Dai. 2023.
Advances in the application of molecular diagnostic
techniques for the detection of infectious disease
pathogens. Molecular Medicine Reports, 27 (5), 1-
14.

Liu, WS, Z.H. Zhu, Z.G. Lu, O.P. Oladele, Y.P. Dang, X. Zhao
and H.L. Zhang. 2024. Soil quality associated with
microbial community characteristics and dominant
taxa across different tillage practices. Land
Degradation & Development, 35 (15), 4682-4695.

Liu, Z., R.N. Bashir, S. Igbal, M.M.A. Shahid, M. Tausif and Q.
Umer. 2022. Internet of Things (IoT) and machine
learning model of plant disease prediction-blister
blight for tea plant. IEEE Access, 10, 44934-44944.

Lépez-Quilez, A. 2025. Al, IoT and Remote Sensing in
Precision Agriculture. Applied Sciences, 15 (6),
2890.

Mahadevakumar, S. and K.R. Sridhar. 2021. Diversity of
Pathogenic Fungi in Agricultural Crops. Plant, Soil
and Microbes in Tropical Ecosystems, 101-149.

Mapuranga, ], N. Zhang, L. Zhang, ]. Chang and W. Yang.
2022. Infection strategies and pathogenicity of
biotrophic plant fungal pathogens. Frontiers in
Microbiology, 13, 799396.

Masih, D. 2024. Fungal Diseases in Wheat: A Review.
Global  Perspectives on  Agriculture and
Biotechnology, 1 (1), 12-66.

McDowell, N.G., G. Sapes, A. Pivovaroff, H.D. Adams, C.D.
Allen, WR. Anderegg, and C. Xu. 2022.
Mechanisms of woody-plant mortality under rising
drought, CO, and vapour pressure deficit. Nature
Reviews Earth & Environment, 3 (5), 294-308.

McLaren, M.R. and B.. Callahan. 2020. Pathogen


https://doi.org/10.33687/phytopath.014.01.5587

Int. J. Phytopathol. 14 (01) 2025.57-75

resistance may be the principal evolutionary
advantage provided by the microbiome.
Philosophical Transactions of the Royal Society B,
375 (1808),20190592.

Meile, L., ]. Peter, G. Puccetti, J. Alassimone, B.A. McDonald
and A. Sanchez-Vallet. 2020. Chromatin dynamics
contribute to the spatiotemporal expression
pattern of virulence genes in a fungal plant
pathogen. MBio, 11 (5), 10-1128.

Mora, C, T. McKenzie, .M. Gaw, ].M. Dean, H. von
Hammerstein, T.A. Knudson, .. and E.C. Franklin.
2022. Over half of known human pathogenic
diseases can be aggravated by climate change.
Nature Climate Change, 12 (9), 869-875.

Motamedi, H., M. Shirzadi, Y. Tominaga and P.A. Mirzaei.
2022. CFD modeling of airborne pathogen
transmission of COVID-19 in confined spaces under
different ventilation strategies. Sustainable Cities
and Society, 76, 103397.

Naidoo, S., E.A. Visser, L. Zwart, Y. du Toit, V. Bhadauria and
L.S. Shuey. 2018. Dual RNA-seq to elucidate the
plant-pathogen duel. Curr. Issues Mol. Biol, 27,
127-142.

Nibedita, C. and B. Jolly. 2017. Transcriptomics: A
successful approach to unravel the molecular
mechanism of plant-pathogen interaction in post-
genomic era. Res. ]. Biotechnol,, 8, 90-100.

Noah, PH., N.L. Cagle, ]JW. Westbrook and S.FE
Fitzsimmons. 2021. Identifying resilient restoration
targets: Mapping and forecasting habitat suitability
for Castanea dentata in Eastern USA under different
climate-change scenarios. Climate Change Ecology,
2,100037.

Occhibove, F, D.S. Chapman, AJ. Mastin, S.S. Parnell, B.
Agstner; R. Mato-Amboage, ... and S.M. White. 2020.
Eco-epidemiological uncertainties of emerging
plant diseases: The challenge of predicting Xylella
fastidiosa dynamics in novel environments.
Phytopathology, 110 (11), 1740-1750.

Olatunji, A.O,, J.A. Olaboye, C.C. Maha, T.O. Kolawole and S.
Abdul. 2024. Environmental microbiology and
public health: Advanced strategies for mitigating
waterborne and airborne pathogens to prevent
disease. International Medical Science Research
Journal, 4 (7), 756-770.

Paez, D.J. and A.E. Fleming-Davies. 2020. Understanding
the evolutionary ecology
interactions provides insights into the outcomes of

of host-pathogen

72

DOI: 10.33687 /phytopath.014.01.5587

insect pest biocontrol. Viruses, 12, 141.

Palmieri, D., G. Ianiri, C. Del Grosso, G. Barone, F. De Curtis,
R. Castoria and G. Lima. 2022. Advances and
perspectives in the use of biocontrol agents against
fungal plant diseases. Horticulturae, 8 (7), 577.

Paludan, S.R, T. Pradeu, S.L. Masters and T.H. Mogensen.
2021. Constitutive immune mechanisms: mediators
of host defence and immune regulation. Nature
Reviews Immunology, 21 (3), 137-150.

Peng, Y, SJ. Li, ]. Yan, Y. Tang, ].P. Cheng, A.]. Gao, ... and B.L.
Xu. 2021. Research progress on phytopathogenic
fungi and their role as biocontrol agents. Frontiers
in Microbiology, 12, 670135.

Potapov, A.M,, F. Beaulieu, K. Birkhofer, S.L. Bluhm, M.I.
Degtyarev, M. Devetter, .. and S. Scheu. 2022.
Feeding habits and multifunctional classification of
soil-associated consumers from protists to
vertebrates. Biological Reviews, 97 (3), 1057-1117.

Précigout, PA, D. Claessen, D. Makowski and C. Robert.
2020. Does the latent period of leaf fungal
pathogens reflect their trophic type? A meta-
analysis of biotrophs, hemibiotrophs, and
necrotrophs. Phytopathology, 110 (2), 345-361.

Ramudingana, P, N. Makhado, C.N. Kamutando, M.S.
Thantsha and TP. Mamphogoro. 2025. Fungal
biocontrol agents in the management of

losses of fresh  produce—A
comprehensive review. Journal of Fungi, 11, 82.

Rathnayaka, A.R., D.S. Tennakoon, G.E. Jones, D.N.
Wanasinghe, D.J. Bhat, A.H. Priyashantha, ... and S.C.
Karunarathna. 2024. Significance of precise
documentation of hosts and geospatial data of

postharvest

fungal collections, with an emphasis on plant-
associated fungi. New Zealand Journal of Botany, 1-
28.

Rehman, A, T. Saba, M. Kashif, S.M. Fati, S.A. Bahaj and H.
Chaudhry. 2022. A revisit of internet of things
technologies for monitoring and control strategies
in smart agriculture. Agronomy, 12 (1), 127.

Rellstab, C., B. Dauphin and M. Exposito-Alonso. 2021.
Prospects and limitations of genomic offset in
conservation management. Evolutionary
Applications, 14 (5), 1202-1212.

Ridwan, WM., M. Sapitang, A. Aziz, KF. Kushiar, A.N.
Ahmed and A. El-Shafie. 2021. Rainfall forecasting
model using machine learning methods: Case study
Terengganu, Malaysia. Ain Shams Engineering
Journal, 12 (2): 1651-1663.


https://doi.org/10.33687/phytopath.014.01.5587

Int. J. Phytopathol. 14 (01) 2025.57-75

Rienth, M, N. Vigneron, R.P. Walker, S.D. Castellarin, C.
Sweetman, C.A. Burbidge, .. and P. Darriet. 2021.
Modifications of grapevine berry composition
induced by main viral and fungal pathogens in a
climate change scenario. Frontiers in Plant Science,
12:717223.

Ristaino, ].B., PK. Anderson, D.P. Bebber;, K.A. Brauman, N.].
Cunniffe, N.V. Fedoroff, .. and Q. Wei. 2021. The
persistent threat of emerging plant disease
pandemics to global food security. Proceedings of
the National Academy of Sciences, 118 (23):
e2022239118.

Rolnick, D., PL. Donti, L.H. Kaack, K. Kochanski, A. Lacoste,
K. Sankaran, ... and Y. Bengio. 2022. Tackling climate
change with machine learning. ACM Computing
Surveys (CSUR), 55 (2): 1-96.

Romero, F, S. Cazzato, F. Walder, S. Vogelgsang, S.F. Bender
and M.G. van der Heijden. 2022. Humidity and high
temperature are important for predicting fungal
disease outbreaks worldwide. New Phytologist, 234
(5): 1553-1556.

S4enz-Romero, C., E. Mendoza-Maya, E. Gomez-Pineda, A.
Blanco-Garcia, A.R. Endara-Agramont, R. Lindig-
Cisneros, ... and ].J. Vargas-Hernandez. 2020. Recent
evidence of Mexican temperate forest decline and
the need for ex situ conservation, assisted
migration, and translocation of species ensembles
as adaptive management to face projected climatic
change impacts in a megadiverse country. Canadian
Journal of Forest Research, 50 (9): 843-854.

Sahajpal, N.S.,, A K. Mondal, A. Njau, Z. Petty, ]. Chen, S.

Ananth, .. and R. Kolhe. 2021. High-throughput

next-generation sequencing respiratory viral panel:

a diagnostic and epidemiologic tool for SARS-CoV-2

and other viruses. Viruses, 13 (10): 2063.

N.B, J.R. Al-Obaidi and A.FB.C. Fisol. 2023.

Rigidoporus microporus and the white root rot

disease of rubber. Forest Pathology.

Salahshoori, I, S. Mahdavi, Z. Moradi, M. Otadi, FZ.
Kazemabadi, M.A. Nobre, ... and A.H. Mohammadi.
2024. Advancements in molecular simulation for
understanding pharmaceutical pollutant
adsorption: a state-of-the-art review. journal of
Molecular Liquids, 125513.

Schoettle, AW, KS. Burns, S.T. McKinney, ]J. Krakowski,
K.M. Waring, D.F. Tomback and M. Davenport. 2022.
Integrating forest health conditions and species
adaptive capacities to infer future trajectories of the

Saidi,

73

DOI: 10.33687 /phytopath.014.01.5587

high elevation five-needle white pines. Forest
Ecology and Management, 521: 120389.

Serrano, M.S, FJ. Pérez and L. GOmez-Aparicio. 2021.
Disentangling the interactive effects of climate
change and Phytophthora cinnamomi on coexisting
Mediterranean tree species. Agricultural and Forest
Meteorology, 298: 108295.

Sheng, |, ]. Amankwah-Amoah, Z. Khan and X. Wang. 2021.
COVID-19 pandemic in the new era of big data
analytics: Methodological innovations and future
research directions. British Journal of Management,
32 (4):1164-1183.

Shukla, S, D. Upadhyay, A. Mishra, T. Jindal and K. Shukla.
2022. Challenges faced by farmers in crops
production due to fungal pathogens and their effect
on Indian economy. In Fungal diversity, ecology and
control management, pp. 495-505. Singapore:
Springer Nature Singapore.

Singh, B.K,, M. Delgado-Baquerizo, E. Egidi, E. Guirado, ].E.
Leach, H. Liu and P. Trivedi. 2023. Climate change
impacts on plant pathogens, food security and
paths forward. Nature Reviews Microbiology, 21
(10): 640-656.

Six, D.L., A. Trowbridge, M. Howe, D. Perkins, E. Berglund,
P. Brown, ... and G. Balasubramanian. 2021. Growth,
chemistry, and genetic profiles of whitebark pine
forests affected by climate-driven mountain pine
beetle outbreaks. Frontiers in Forests and Global
Change, 4: 671510.

Smith, W.P, B.R. Wucher, C.D. Nadell and K.R. Foster. 2023.
Bacterial defences: mechanisms, evolution and

antimicrobial  resistance. = Nature  Reviews
Microbiology, 21 (8): 519-534.

Sniezko, R.A,, ].S. Johnson, A. Kegley and R. Danchok. 2024.
Disease resistance in whitebark pine and potential
for restoration of a threatened species. Plants,
People, Planet, 6 (2): 341-361.

Stern, R.L., P.G. Schaberg, S.A. Rayback, P.E. Murakami, C.F.
Hansen and G.J. Hawley. 2021. Eastern white pine
and eastern hemlock growth: possible tradeoffs in
response of canopy trees to climate. Canadian
Journal of Forest Research, 51 (12): 1926-1938.

Stokholm, J., . Thorsen, M.]. Blaser, M.A. Rasmussen, M.
Hjelmsg, S. Shah, ... and H. Bisgaard. 2020. Delivery
mode and gut microbial changes correlate with an
increased risk of childhood asthma. Science

Translational Medicine, 12 (569): eaax9929.

Suminda, G.G.D., S. Bhandari, Y. Won, U. Goutam, KXK.


https://doi.org/10.33687/phytopath.014.01.5587

Int. J. Phytopathol. 14 (01) 2025.57-75

Pulicherla, Y.0. Son and M. Ghosh. 2022. High-
throughput sequencing technologies in the
detection of livestock pathogens, diagnosis, and
zoonotic surveillance. Computational and Structural
Biotechnology Journal, 20: 5378-5392.

Suo, H,, X. Zhang, L. Hu, H. Nj, R. Langjia, F. Yuan, M. Zhang
and S. Zhang. 2023. Unraveling the pomegranate
genome: Comprehensive analysis of R2R3-MYB
transcription factors. Horticulturae, 9: 779.

Syed, A, T. Raza, T.T. Bhatti and N.S. Eash. 2022. Climate
impacts on the agricultural sector of Pakistan: Risks
and solutions. Environmental Challenges.

Tariq, M., A. Khan, M. Asif, F. Khan, T. Ansari, M. Shariq and
M.A. Siddiqui. 2020. Biological control: a
sustainable and practical approach for plant disease
management. Acta Agriculturae Scandinavica,
Section B—Soil & Plant Science, 70 (6): 507-524.

Thakur, R, S. Verma, S. Gupta, G. Negi and P. Bhardwaj.
2022. Role of soil health in plant disease
management: a review. Agricultural Reviews, 43 (1):
70-76.

Tiedje, ].M., M.A. Bruns, A. Casadevall, C.S. Criddle, E. Eloe-
Fadrosh, D.M. Karl, .. and ]. Zhou. 2022. Microbes
and climate change: a research prospectus for the
future. MBio, 13 (3): e00800-22.

Trivedi, P, ].E. Leach, S.G. Tringe, T. Sa and B.K. Singh. 2020.
Plant-microbiome interactions: from community
assembly to plant health. Nature
Microbiology, 18 (11): 607-621.

Tsalgatidou, P.C, A. Boutsika, A.G. Papageorgiou, A.
Dalianis, M. Michaliou, M. Chatzidimopoulos, C.

Reviews

Delis, D.I. Tsitsigiannis, E. Paplomatas and A.
Zambounis. 2024a. Global transcriptome analysis of
the peach (Prunus persica) in the interaction system
of fruit-chitosan-Monilinia fructicola. Plants, 13:
567.

Tsalgatidou, P.C, A. Papageorgiou, A. Boutsika, M.
Chatzidimopoulos, C. Delis, D.I. Tsitsigiannis, E.
Paplomatas and A. Zambounis. 2024b. Insights into
the interaction between the biocontrol agent
Bacillus amyloliquefaciens QST 713, the pathogen
Monilinia fructicola and peach fruit. Agronomy, 14:
771.

Tyagi, P, D. Singh, S. Mathur, A. Singh and R. Ranjan. 2022.
Upcoming progress of transcriptomics studies on
plants: An overview. Frontiers in Plant Science, 13:
1030890.

Upadhyay, S., A.K. Singh, M.K. Tripathi, S. Tiwari, N.

74

DOI: 10.33687 /phytopath.014.01.5587

Tripathi and R.P. Patel. 2023. In vitro selection for
resistance against charcoal rot disease of soybean
[Glycine max (L.) Merrill] caused by Macrophomina
phaseolina (Tassi) Goid. Legume Research—An
International Journal, 46 (5): 640-646.
Van Delden, S.H., M. SharathKumar, M. Butturini, L.J.A.
Graamans, E. Heuvelink, M. Kacira, .. and L.EM.
2021. status and
challenges in implementing and upscaling vertical
farming systems. Nature Food, 2 (12): 944-956.
Vollset, KW, K. Urdal, K. Utne, E.B. Thorstad, H. Saegrov, A.
Raunsgard, ... and P. Fiske. 2022. Ecological regime
shifts in the Northeast Atlantic Ocean revealed from
the unprecedented reduction in marine growth of
Atlantic salmon. Science Advances, 8 (9): eabk2542.
Wahid, F, M. Sharif, A. Ali, S. Fahad, M. Adnan, M. Noor; ...
and M. Azeem. 2020. Plant-microbes interactions
and functions in changing climate. In Environment,
climate, plant and vegetation growth, pp. 397-419.
Wang, Y, L. Liy, Y. Luo, M.K. Awasthi, |. Yang, Y. Duan, ... and
Z. Zhao. 2020. Mulching practices alter the
bacterial-fungal community and network in favor of
soil quality in a semiarid orchard system. Science of
the Total Environment, 725: 138527.
Wang, Z., F. Lopez-Giraldez, ]. Slot, O. Yarden, E Trail and
J.P. Townsend. 2022. Secondary metabolism gene
exhibit increasingly dynamic and
differential expression during asexual growth,

Marecelis. Current future

clusters

conidiation, and sexual development in Neurospora
crassa. mSystems, 7 (3): e00232-22.

Wen, J.H,, D.Y. Lij, S. Liang, C. Yang, J.X. Tang and H.F. Liu.
2022. Macrophage autophagy in macrophage
polarization, chronic inflammation and organ
fibrosis. Frontiers in Immunology, 13: 946832.

Wensel, C.R, J.L. Pluznick, S.L. Salzberg and C.L. Sears.
2022. Next-generation sequencing: insights to
advance clinical investigations of the microbiome.
The Journal of Clinical Investigation, 132 (7).

Wijayawardene, N.N., A.J. Phillips, D.S. Pereira, D.Q. Dai, A.
Aptroot, ].S. Monteiro, .. and M. Thines. 2022.
Forecasting the number of species of asexually
reproducing fungi (Ascomycota and Basidiomycota).
Fungal Diversity, 114 (1): 463-490.

Woodward, S., R.C. Beram and H.T. Dogmus. 2022. Drivers
of forest pathogen invasions: The roles of global
trade and climate change. South-East European
Forestry: SEEFOR, 13 (1): 1-18.

Yadav, R.K,, M.K. Tripathi, S. Tiwari, N. Tripathi, R. Asati, V.


https://doi.org/10.33687/phytopath.014.01.5587

Int. J. Phytopathol. 14 (01) 2025.57-75

Patel, .. and D.K. Payasi. 2023. Breeding and
genomic approaches towards development of
fusarium wilt resistance in chickpea. Life, 13 (4):
988.

Yadav, V. and S. Ravichandran. 2024. Significance of
understanding the genomics of host-pathogen
interaction in limiting antibiotic resistance
development: lessons from COVID-19 pandemic.
Briefings in Functional Genomics, 23 (1): 69-74.

Yan, X, B. Tang, L.S. Ryder, D. MacLean, V.M. Were, A.B.
Eseola, ... and N.J. Talbot. 2023. The transcriptional
landscape of plant infection by the rice blast fungus
Magnaporthe oryzae reveals distinct families of
temporally co-regulated and structurally conserved
effectors. The Plant Cell, 35 (5): 1360-1385.

Wendimu, G.Y. 2021. Biology, taxonomy, and management
of the root-knot nematode (Meloidogyne incognita)
in sweet potato. Advances in Agriculture. [Online]
https://www.wiley.com

Yu, H,, L. Li, A. Huffman, ]. Beverley, ]. Hur, E. Merrell and Y.
He. 2022. A new framework for host-pathogen
interaction research. Frontiers in Immunology, 13:
1066733.

Zambounis, A., I. Ganopoulos, D. Valasiadis, L. Karapetsi
and P. Madesis. 2020. RNA sequencing-based

DOI: 10.33687 /phytopath.014.01.5587

transcriptome analysis of kiwifruit infected by
Botrytis cinerea. Physiological and Molecular Plant
Pathology, 111: 101514.

Doddaraju, P, P. Kumar, M.S. Dashyal and M. Girigowda.
2021. Identification of suitable reference genes for
expression studies in pomegranate under different
biotic and abiotic stress conditions. Molecular
Biology Reports, 48: 3935-3943.

Zhang, S., X. Li, ]. Wu, L. Coin, J. O’Brien, F. Hai and G. Jiang.
2021. Molecular methods for pathogenic bacteria
detection and recent advances
analysis. Water, 13(24), 3551.

Zhang, X, H. Wang, B. Wu, Q. Zhou and Y. Hu. 2023. A novel
data-driven method based on sample reliability
assessment and improved CNN for machinery fault
diagnosis with non-ideal data. Journal of Intelligent
Manufacturing, 34 (5): 2449-2462.

Zhao, Y, W. Zhang and X. Zhang. 2024. Application of
metagenomic next-generation sequencing in the
diagnosis of infectious diseases. Frontiers in Cellular
and Infection Microbiology, 14: 1458316.

Zhong, ], ]. Zhang, Y. Zhang, Y. Ge, W. He, C. Liang, ... and W.
Zhou. 2024. Heat stress reprograms herbivory-
induced defense responses in potato plants. BMC
Plant Biology, 24 (1): 677.

in wastewater

Publisher’s note: EScience Press remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give

appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made. The images or other third-party material in this article are included in the article’s Creative Commons
license, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons license
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

75



https://doi.org/10.33687/phytopath.014.01.5587
https://www.wiley.com/
http://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	Climate Change and its Effects on the Environment
	Global Warming and Climatic Variability

	Interactions Between Fungal Plant Pathogens and Host Plants
	Infection Mechanisms and Disease Development

	Current Methods for Studying Fungal Plant Pathogens
	Molecular Techniques and Pathogen Identification

	Climate Change Adaptations of Fungal Plant Pathogens
	Shifts in Geographic Distribution

	Case Studies of Fungal Plant Pathogens in Changing Climates
	Case Study 1

	Case Study 2
	Impact on Agricultural Systems

	Predictive Modeling of Fungal Pathogen Dynamics in a Changing Climate
	Simulation and Data Analysis Techniques

	Mitigation Strategies for Managing Fungal Plant Pathogens in a Changing Climate
	Biological Control Methods
	Genomic Approaches in Pathogen Research

	Future Research Directions and Emerging Technologies

	REFERENCES

