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ABSTRACT

This study investigates the impacts of climate change (CC) on the emergence and proliferation of fuag h :

on global food security and the potential of medicinal plants and their by-products as susté & mi n strategies. Through a
systematic literature review of articles published up to 2024, we analyze how CC exacerbates the spfead and severity of fungal diseases
in crops, leading to significant agricultural losses and threats to food availability. The findings highlight that, alongside conventional

approaches such as genetic resistance and precision farming, bioactive compounds derive m medicinal plants and their by-products
offer promising, eco-friendly alternatives for the management of fungal pathogegs. % ces in the application of plant extracts,

| ith a particular focus

essential oils, and other natural products demonstrate their efficacy in suppressing infections and enhancing crop resilience under
i ustainable agricultural practices can reduce
reliance on synthetic fungicides, thereby supporting ecosystem preservation, P6li mendations are proposed to promote research,
development, and adoption of medicinal plant-based interventions g pargof ehensive strategies to safeguard food security in the
context of CC. The study underscores the urgent need for interdjs amd innovative approaches, including the utilization of
medicinal plants and their derivatives, to address the rising challengeS{ y fungal pathogens in a warming world.
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INTRODUCTION
The rising tide of fungal pathogens in an era of clim ange (CC) poses a significant and multifaceted threat to global food security.
The severity and scope of fungal diseases affecting c e been rising, resulting in substantial losses in crop production worldwide.

commodity crops like bananas, coffee, and spite extensive efforts to manage these infections with synthetic antifungals, a
sizeable portion of crops are lost each y | diseases, both before and after harvest. The problem is further exacerbated by the
adaptability of fungi, their capacity t Vi soil for long periods, and the rapid emergence of antifungal resistance [1].

Recent outbreaks, such as Fusari m%ro Race 4 (TR4) devastating banana plantations in Southeast Asia and Latin America,
coffee leaf rust (Hemileia vast‘trlx)ic ing billions of dollars in losses in Central America, and rice blast (Magnaporthe oryzae)
threatening harvests in sub-gahar ica, illustrate the scale and specificity of the fungal threat. These examples demonstrate how fungal
pathogens, intensified by C%Iready disrupting food systems across diverse regions [2-4].

CC, driven by both n anthropogenic factors such as greenhouse gas emissions and ozone depletion, has led to a measurable rise
in global temperatures§-abodt 0.6°C in the twentieth century and projected increases of 0.1-2°C per decade in the future. Such shifts are
expected to significantlypitpact biodiversity, agricultural output, and food security. Changes in temperature, humidity, precipitation, and
seasonal patterns directly influence the distribution, incidence, and severity of fungal diseases. Fungal pathogens are increasingly moving
toward the poles as global warming accelerates, exposing new regions to severe crop losses [5, 6].

With 10-23% of world crops lost to fungal diseases annually, and an additional 10-20% lost post-harvest, fungal pathogens represent a
serious danger to global food security [7]. Airborne spores can travel across borders and persist in soil for decades, making eradication
extremely challenging. The overuse of single-target fungicides, monoculture cultivation, and changes in food systems have further
heightened the risks by promoting the spread of resistant fungal strains [8].

Given the limitations of current chemical control methods and the urgent need for sustainable solutions, medicinal plants and their by-
products have emerged as promising resources for the development of novel antifungal strategies. Bioactive compounds derived from
medicinal plants—including essential oils, extracts, and secondary metabolites—have demonstrated significant antifungal properties
against a wide spectrum of phytopathogenic fungi. These natural products offer eco-friendly alternatives to synthetic fungicides, with the
potential to reduce environmental impact, mitigate the spread of resistance, and support ecosystem health [9, 10].

These fungal infections damage not only vi&w C such as rice, wheat, maize, and soybeans, but also economically important




The integration of medicinal plant-based solutions into crop protection strategies aligns with the principles of sustainable agriculture and
ecosystem preservation. Recent advances in biotechnology and phytochemistry have enabled the identification and application of potent
antifungal agents from medicinal plants, which can be incorporated into integrated disease management frameworks. For instance, plant
extracts and essential oils from species such as Allium sativum (garlic) [11], Thymus vulgaris (thyme) [12], and Azadirachta indica (neem)
[13] have shown efficacy in suppressing major crop pathogens.

Furthermore, the use of medicinal plants and their by-products can contribute to the resilience of agroecosystems under CC by enhancing
crop resistance, reducing reliance on chemical inputs, and promoting biodiversity. This approach is particularly relevant as CC continues
to alter the epidemiology of fungal diseases, necessitating adaptive and innovative management strategies.

Therefore, this study systematically reviews the impacts of CC on fungal pathogens and global food security, with a particular emphasis
on the role of medicinal plants and their by-products as sustainable mitigation strategies. By synthesizing evidence from recent literature,
the study aims to inform future research directions and policy development for the integration of plant-based solutions into comprehensive
fungal disease management, ultimately contributing to the safeguarding of food security and ecosystem health in a changing climate.

MATERIAL AND METHODS

A systematic literature search was conducted using specific keywords, including "fungal pathogens,” “climate change,” "global food
security,” and "ecosystem preservation." Boolean operators (AND, OR) were applied to combine these terms, ensuring a focused and
comprehensive retrieval of relevant studies. The search was limited to articles published in English between 2005 and 2024 te,capture the
most current and pertinent data. The databases Scopus, Web of Science, and PubMed were selected due to their.exte covgerage of

multidisciplinary scientific literature.
To provide practical insights, selected case studies illustrating the impact of fungal pathogens on food securi NES m stability

i enees, and social
phasis on the role of

across various regions and species were included. These case studies highlight crop losses, econo
implications associated with fungal diseases influenced by CC. The collected data were critically evaluate
CC in modulating fungal pathogen dynamics.

Inclusion and Exclusion Criteria
Specific criteria were established to ensure the selection of relevant and high-quality articles. Inclusio
the relationships among fungal pathogens, CC, food security, and ecosystem preservatio; Only p

iteria required that studies address
-reviewed articles published in
scientific journals were considered to guarantee the credibility of the sources.

Exclusion criteria encompassed articles that did not directly pertain to the study @bje s those focusing exclusively on fungal

pathogens outside agricultural or ecological contexts or those lacking consideratio . purthermore, articles published in languages
other than English were excluded due to resource limitations.

Climate and Ecological Models

Modeling and simulation techniques were employed to assess the po
models, biosphere models, and climate projections incorporating his

and insightful results. This approach enabled the evaluation of pgtential
in the context of changing climatic conditions.

adf fungal pathogens under various CC scenarios. Climate
ata and relevant parameters were utilized to generate robust
posed by fungal pathogens to food security and biodiversity

Mitigation Strategy Assessment

CC necessitates the development of novel genetic an gical approaches to prevent the emergence of harmful fungal mutations. This
study reviewed key strategies, including geneti , biocontrol, precision agriculture, ecological restoration, and sustainable
farming practices, to evaluate their potential veness in mitigating the impact of fungal diseases. The assessment aimed to identify
approaches that could sustainably reduce d preserve ecosystem health under changing environmental conditions.

Peer Review Process
Policy recommendations were for@ sed on the comprehensive review and analysis presented in this study. These
recommendations focus on addréssin | disease challenges in the context of CC, including the promotion of sustainable agricultural
practices, enhancement of bjediveksityiconservation programs, and ensuring global food security amid the emergence of fungal pathogens.
The findings and r omme%\s were subjected to a rigorous peer review process involving experts in the relevant fields. Feedback
from reviewers was i ratedto improve the accuracy, reliability, and scientific rigor of the study, thereby ensuring that the conclusions
are evidence-based an

Emission Scenarios
Well-established scientific literature and widely accepted CC projections formed the basis for selecting emission scenarios used to estimate
future impacts. These scenarios were chosen to represent a range of potential future climatic conditions and their associated effects on
food security and the prevalence of fungal diseases.

RESULTS AND DISCUSSION

Climate Change Overview

CC and environmental degradation present interconnected threats to the planet’s future. These challenges have largely arisen from the
increasing demands of a growing global population, often driven by rapid development that overlooks abrupt shifts in natural systems and
their consequences. Climate is commonly defined as the long-term average of meteorological variables—such as temperature,
precipitation, and wind—over a period of approximately 30 years, including statistical measures like means, variances, and the likelihood
of extreme events [14].



Climate variability refers to natural fluctuations in climate parameters over time, despite the absence of a universally accepted definition.
It is typically characterized by deviations in meteorological data from long-term averages during specific intervals (e.g., months, seasons,
or years). Meteorologists and climatologists generally interpret climate variability as annual or shorter-term fluctuations around a mean
climatic state. Importantly, human activities and climate variability often interact, amplifying environmental impacts. For example, the
scale and persistence of wildfires during El Nifio events in southern Sumatra, Kalimantan, and Brazil’s peat-swamp forests demonstrate
this complex interplay [15].

In 2022, the global average temperature was approximately 0.86°C higher than the 20th-century average of 13.9°C. Notably, global
temperatures have exceeded this average for 46 consecutive years since 1977 (Fig. 1). Additionally, significant shifts in global precipitation
patterns have been observed. The effects of CC are increasingly evident worldwide through extreme weather events and related disasters,
including wildfires in Australia and the United States, accelerated melting of polar ice sheets, rising sea levels, altered river flow regimes,
intense rainfall in China, droughts in South Africa, and species extinctions [16].
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Impact of Climate Warming on Pathogen Population Dynamics
Climate warming significantly influences the population dynamics g affecting factors such as overwintering survival,
population growth rates, and the number of generations in polycyclic species. example, lower diurnal temperatures can shorten the

Higher temperatures and humidity levels have been linke ased severity of diseases such as oilseed rape phoma stem canker and
potato late blight caused by Phytophthora infestan Ofenelevated average winter temperatures have contributed to a greater
es, resulting in widespread mortality across North America.

valence of pathogens in both natural and agricultural ecosystems, increasing
the risk of exposure to novel pests and diseases. y orne fungal diseases are projected to become more widespread due to global
warming, with significant implications for primar uctivity. Additionally, viruses currently limited by overwintering constraints may
expand their range as temperatures rise [ and Fig. 2).

temperatures reduce the pathogen’s incubation time, leading to i. reased abundance during the growing season [5].

Fluctuations in global temperatures can markedly affe

Table 1 Examples of pathogens impacte hange
Pathogen A hic range shift Transmission dynamics Seasonality shift
Mosquito-borne diseases (e.g. nw fger, . . . Increased transmission due to .
. Expanding to higher latitudes . Longer transmission seasons
Malaria) \ P 9 g longer breeding seasons 9

Waterborne  disea (e.g° holera, Increased risk due to flooding and L
. . Contamination of water sources  Year-round outbreaks
Escherichia coli) extreme weather events

Expanding geographic range of Increased tick activity due to

Tick-borne diseases (e.g., byme disease) Longer transmission seasons

ticks warmer temperatures

Expanding into  crops as Enhanced growth and mycotoxin Extended disease development
Fusarium spp. temperatures and moisture levels production in warmer and wetter periods and increased crop

change conditions susceptibility

Shifting to higher elevations and

Altered pathogen-host interactions Changes  in  breeding  and

Batrachochytrium dendrobatidis cooler habitats - due to  rising and increased amphibian mortality hibernation patterns of amphibians

temperatures
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Fig. 2 Projected shifts in relative abundance of soil-borne pathogens from cufigent to future climates.

Influence of Land Use and Greenhouse Gas Emlssm

Human activities, such as urbanization and deforestation, Iand use and the Earth's surface albedo, affecting heat absorption.
Vegetated areas absorb more solar energy than bare or url urfaces, contributing to warming. Moreover, anthropogenic emissions
of greenhouse gases (GHGs)—including carb joxide (CO;), methane (CH,), nitrous oxide (N,O), ozone (O3),

hydrochlorofluorocarbons (HCFCs), and chlorof]
While natural processes like chemical w
concentrations have surged to 417.2 ppm i

(CFCs)—trap longwave radiation, leading to global temperature increases.
ng have historically regulated atmospheric CO, over millions of years, current
esenting a 51% increase over pre-industrial levels [18].

Effects of Elevated CO, on Pla n Interactions

Elevated CO, levels have complex, {Ost- thogen-dependent effects on plant diseases. Without significant reductions in carbon
emissions, global temperatures @’ acts of CC are expected to worsen. Fungal pathogens are likely to maintain or expand their
influence on crops and nati7e®pl rough range shifts and long-distance dispersal. For instance, increased CO, has been shown to
exacerbate head blight and falotch in wheat, as well as powdery mildew on cucurbits, while reducing downy mildew susceptibility in
soybeans. Changes i face properties have decreased brown spot disease in maple trees but increased rust disease in aspen [19].
Atmospheric CO, also{modulates plant-pathogen interactions by influencing hormone levels and immune responses. Enhanced basal
expression of jasmonic a€id-responsive genes improves pathogen resistance, whereas reduced expression diminishes it. Complex biotic
interactions, such as those involving wheat, barley yellow dwarf virus (BYDV), and its aphid vector Rhopalosiphum padi, are similarly
affected by elevated CO,. However, a comprehensive framework to predict and understand these multifaceted impacts remains lacking
(Fig. 3).
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Fig. 3 The interaction between increased CO; levels, climate change, and pathogen behavior.

Climate Change Impacts on Species and Ecosystems
CC affects species and ecosystem composition both directly—through increased temperatur ered Précipitation patterns, water
temperature changes, and sea-level rise—and indirectly, by modifying the frequency and extent of diSturbances such as wildfires. Species
in terrestrial and marine environments are vulnerable to these changes, often facing local extinction afd migration to new habitats. For
example, over the past 50 years, habitat degradation, loss, and fragmentation have increase vulnerability of high-diversity ecosystems
in the Melanesian Islands, which harbor over half of the world’s coral species ang m rrestrial ecosystems. Furthermore, CC
and land-use practices have altered the type, severity, and frequency of disturbahges A lowdowns, fires, and droughts [20]. These
changes significantly impact species composition and ecosystem productivity, espegia igh-latitude and high-elevation regions.

Climate Change and the Emergence of Fungal Pathogens
The rise of fungal diseases is closely linked to CC and represents a se
increase, fungi adapt by becoming more heat-tolerant and potentiall

eat tQpublic health and global food security. As temperatures
lent. This adaptation facilitates their geographic expansion
and infection of new hosts, leading to the emergence of fungal diseases eviously unaffected regions. CC influences fungal infections
by expanding pathogen ranges, accelerating disease spre demic areas, and triggering outbreaks following natural disasters.
Beyond crops, some fungi have evolved to overcome ma permal barriers, posing risks to human and animal health in warmer
climates [21].

Environmental instability caused by CC has intensifigd figgal pathogen severity. Altered rainfall patterns lead to droughts and floods,
while increased frequency and intensity of tropi pes and tornadoes have far-reaching health impacts. The link between fungal
diseases and natural disasters is increasinglyecOgnizeéd; Benedict and Park [22] provide a comprehensive review of this relationship.
Displaced fungal species can cause infe 1Makypical regions, as exemplified by the 1977 dust storm in California’s San Joaquin
Valley, which dispersed Coccidioid% m Bakersfield to Sacramento, causing over 100 cases of coccidioidomycosis.

Climate models predict that the range\of Caccigioides may expand from 12 to 17 U.S. states, with a 50% increase in infections. Following
the 2011 Joplin, Missouri stofm;’ a er mucormycosis cases was linked to the thermotolerant saprotroph Apophysomyces
trapeziformis, a rare pathoggmy[2 -related disruptions may also increase the prevalence or range of other soil-borne fungal diseases,
including Talaromygces mar% Blastomyces, Histoplasma, and Paracoccidioides, which are challenging to diagnose and treat outside
their typical ranges.

Several fungal specie erged or increased in prominence due to CC, including Candida auris, Batrachochytrium dendrobatidis,
Cryptococcus deuterogattii, Puccinia striiformis (rust fungus), Fusarium head blight, and Fusarium graminearum. Since its discovery in
2009 from an ear infection in Japan, Candida auris has been reported worldwide and is considered the first novel fungal pathogen
potentially linked to CC. Alternative hypotheses suggest its emergence relates to aquaculture expansion and environmental fungicide
pollution [23].

B. dendrobatidis is responsible for the greatest recorded loss of amphibian diversity, devastating populations across Australia, the
Americas, and Africa since 1998. IPCC projections indicate further spread, especially in northern hemisphere high-latitude regions. The
fungus C. deuterogattii (formerly Cryptococcus gattii VGII) has caused hundreds of infections in humans and animals in temperate
western Canada and the Pacific Northwest, with its expansion linked to human activities and CC [24].

P. striiformis, the rust fungus, causes one of the most destructive wheat diseases globally. Since 2000, more aggressive and thermotolerant
strains (Pstl, Pst2, and “Warrier””) have emerged, causing significant outbreaks in Australia and the south-central United States. Members
of the F. graminearum species complex cause Fusarium head blight (FHB), a severe disease of wheat and cereals that can reduce yields
by up to 75%, especially in warm, humid years [25].




FHB poses a serious threat to cereal production and food security. Over the past two decades, F. graminearum, which favors warmer,
humid conditions, has displaced Fusarium culmorum, associated with cooler, wetter climates, in some temperate regions. The increasing
aggressiveness and mycotoxin production of F. graminearum are expected to exacerbate FHB severity and its adverse effects on human
and animal health [26].

The Fungal Challenge to Global Food Security

Since the mid-20™ century, fungal crop diseases have become more severe and widespread, posing a significant threat to global food
security. Plant-fungal infections adversely affect ecosystems and agriculture worldwide, often causing substantial yield losses and
economic damage [27]. Pathogens such as Phytophthora spp., powdery mildew, and rusts infect a wide range of crops, reducing quality
and productivity, thereby threatening the livelihoods of millions and undermining food security [28].

In natural ecosystems, fungal diseases disrupt ecological balance and cause declines in native plant populations. CC and globalization are
expected to increase the prevalence and impact of these diseases, altering pathogen assemblages and shifting species distributions,
particularly in high-latitude regions of China, Europe, and the United States [29, 30].

The "disease triangle" concept highlights the interaction between susceptible hosts, virulent pathogens, and conducive environments
necessary for disease development [31]. Environmental factors such as temperature, humidity, sunlight, soil fertility, and atmospheric
gases (e.g., CO,, methane, ozone) significantly influence disease dynamics [32].

Certain fungi, such as M. oryzae (rice blast pathogen), can cause yield losses up to 100% [33]. Mycotoxin contamindtion
infected animal feed reduces milk production and directly affects livestock health [34]. Globally, phytopathogenic fungi
losses estimated in the hundreds of billions of US dollars annually [35]. ®

Post-harvest losses due to fungi exceed 10%, affecting a wide range of foods, including fruits, dairy products, %

m fungal-
se‘ggonomic
[36]. Some
spoilage yeasts exhibit resistance to preservatives and can survive harsh storage conditions, posing ongei Additionally,
mycotoxin-producing fungi threaten human health through contaminated food [37].

Modern agricultural practices, including monoculture cropping and reliance on single-target fungicides
accelerated the emergence of virulent and fungicide-resistant fungal strains [36]. The rapid li
facilitate their adaptation and evolution, intensifying the challenge to crop protection [7] (Table 2).

sistance genes, have
netic plasticity of fungi

es

Table 2 Impact of climate change on fungal diseases and crop losses

Climate changes Fungal diseases C

Fones et al. [7] discovered that higher temperatures hav Cause
strong surge in the range of Mycosphaerella graminic
contaminating pathogen, resulting in severe and devastating
in wheat production.

Elevated temperature awakens and promotg§ the
graminearum fungal pathogen, resulting greateRymyeotoxin
infestation in corn [38].

some fungal diseases are increasing (e.g., rusts,
powdery mildews, and downy mildews [39]).

Increased temperature

With higher temperatures, different rainfall pattéfns can also
promote the spread of the frog’s ogen, Phytophthora
cinnamomi [16]. The result show nerease in rainfall and
long intervals of saturation Chgated the§gerfect settings for those

pathogens to thrive and atfain“gigh incidence rates in already
vulnerable plants.

Gunawardena et al. [40] demonstrated that heavy
rainfall and waterlogging can lead to root rot and other
soil-borne fungal diseases, consequently resulting in
substantial cereal yield losses exceeding previously
recorded levels.

Changes in precipitation

According to Sanchez-Lucas et al. [42], oak seedlings
(Quercus robur) grown under elevated CO;
(~1000 ppm)  conditions  exhibited increased

diedl experimentally how increased CO,
6g blast severity brought about by the fungal
zae. They learned that higher CO; levels

Changes in CO; levels agent Magnap0

favored tl
into ?@ p

pent and sporulation of disease, which grew
eates and more crop losses.

susceptibility to powdery mildew caused by Erysiphe
alphitoides, compared to those grown at ambient CO,
(~400 ppm).

st al‘ [43] studied the extent to which the attack of severe
<tormit ws the wheat pathogen Zymoseptoria tritici into the air,
tl stroying the genetic diversity of the disease. The researchers
rmined that storm activity was the pathogen’s natural dispersal

annel and a powerful force driving disease transmission, resulting
in crop damage.

Extreme weather event

Guche et al. [44] studied the impact of heatwaves on
grapevine powdery mildew caused by Erysiphe
necator. They discovered that heatwaves made
disease worse and reduced grape yield, highlighting
how vulnerable vineyards are to extreme
temperatures.

Potential Mitigation Strategies

Several strategies have been proposed in the literature to mitigate fungal infections across diverse environments. Table 3 provides a

summary of the principal mitigation approaches reported in recent studies.

Table 3 Mitigation strategies of fungal infections and their outcomes

Outcomes

Crop rotation reduced the incidence and severity of wheat leaf rust (Puccinia
triticina) by disrupting the disease cycle and reducing inoculum buildup.

Crop rotation with non-host crops reduced the severity and spread of Fusarium
head blight (Fusarium graminearum) in wheat, resulting in decreased mycotoxin
contamination.

Mitigation strategy literature

Turkington and Xi [45]

Crop rotation
Bekele and Dawit [46]




Fungicide treatments successfully controlled Fusarium head blight (Fusarium
Bonfada et al. [47] graminearum) in wheat, resulting in reduced mycotoxin contamination and
Fungicide application improved grain quality.
Fungicide applications effectively controlled powdery mildew (Blumeria graminis
f. sp. tritici) in wheat, resulting in reduced disease severity and improved yield.
The garlic extract exhibited strong antifungal activity against Fusarium

Klocke et al. [48]

Alin et al. [49] oxysporum, Rhizoctonia solani, and other plant pathogenic fungi. It showed
Natural product inhibitors and their potential as a natural alternative to synthetic fungicides.
sources (NPs) The essential oil exhibited strong antifungal activity against various plant
Ahmed et al. [50] pathogenic fungi, including Fusarium oxysporum and Alternaria solani. It showed

potential as a natural fungicide for disease control.

Trichoderma-based biocontrol agents effectively suppressed the growth and
Sood et al. [51] development of Fusarium wilt (Fusarium oxysporum) in tomato plants, leading to

reduced disease incidence and improved plant health.

Pseudomonas fluorescens-based biocontrol formulations effectively controlled
Jaisani and Gohel [52] charcoal rot (Macrophomina phaseolina) in soybean, reducing disease incidence
and promoting plant growth.
Adjusting plant spacing in cucumber cultivation effectively reduced the incidence
and severity of powdery mildew (Podosphaera xanthii) b
circulation and reducing humidity levels, resultingy in

Biological control

Kruidhof and Elmer [53]

Cultural practices management.
Pruning grapevines during the dormant season (winter) reguce
Gramaje et al. [54] severity of grapevine trunk diseases (e.g., Esca i e access points
for fungal infection, leading to improved disease ement.

Fungicides and the Way Forward

Fungi represent one of the most serious biotic threats to global food security. Fungicides remain t ost potent and immediate tool to

combat this challenge. However, the increasing development of fungicide resistance underscores theyutrgent need for discovering and

developing new antifungal agents. Enhancing disease durability is essential for achieving su ability within the food production system.

Current disease management strategies include the cultivation of crops with inlxed resi %nes and the widespread application of

antifungals [55]. Additionally, there is growing interest in genetically modifigd dN istant cultivars, RNA interference (RNAI)-
C

Q.

based control methods, and microbial biological control agents (MBCAS) to pro m fungal infections [56].

According to Kohl et al. [56], MBCAs suppress disease by acting as live™a jsts to plant pathogens, producing antimicrobial
compounds, or by stimulating plant defense mechanisms. Nevertheles
control.
An economic evaluation of fungicide use against Septoria tritici blo B) in wheat, caused by Zymoseptoria tritici, in the United
Kingdom highlights their value. Without fungicide treatment can cause yield losses of approximately 20%. Implementation of
control measures reduces losses to 5-10% [57]. Although Tun pplications incur costs, their benefits translate into increased wheat
yields of up to 2.5 tons per hectare. The global fungi@ide market, Yaltied at approximately 13.4 billion USD in 2019, is projected to grow
at an annual rate of 4.7% over the next seven years, re y reliance on these chemicals [58].

The use of fungicide combinations is widely recommendedh59]. For example, most commercial formulations from Bayer and Syngenta
combine two fungicides with different mod @1 Working synergistically to inhibit fungal growth. Such combinations allow for
lower doses of each fungicide, potentiall osts and environmental impacts. Given the continued importance of chemical

fungicides in crop protection [60], explai ide synergies is a promising strategy to reduce chemical inputs while maintaining
efficacy. However, this approach requivgs C: , as resistance to one component can compromise the effectiveness of the entire mixture
if the other is applied at suboptimal caficentra

Fungicides typically target key fu rocesses such as plasma membrane integrity, microtubule cytoskeleton dynamics, and
mitochondrial respiration. le icides, the most common single-target site agents, inhibit ergosterol biosynthesis, disrupting

membrane functiong Strobfuring) and succinate dehydrogenase inhibitors (SDHIs) interfere with mitochondrial electron transport.
Together, azoles, str ins, and SDHIs constitute approximately 77% of the fungicide market [55]. While single-site fungicides are
effective, their specificify renders them vulnerable to resistance development, often due to point mutations in target enzymes after several
years of use.
The emergence of drug-resistant strains of Aspergillus fumigatus illustrates the crossover of resistance from agricultural to clinical settings,
posing challenges for both crop protection and human health [36]. Continuous innovation in antifungal development is essential to outpace
fungal adaptation. Ideal new fungicides should: (i) be effective against a broad spectrum of key pathogens; (ii) target multiple essential
fungal processes to reduce resistance risk; (iii) exhibit low toxicity to non-target organisms, including humans and beneficial species; and
(iv) activate plant defense pathways to prime resistance [61]. Agrochemical companies have played a pivotal role in fungicide
development, often optimizing lead compounds to enhance efficacy and durability [62].

RNA-based fungicides offer a novel, fungi-specific approach that addresses environmental and toxicity concerns associated with chemical
fungicides. RNA interference (RNAI) enables the production of double-stranded RNAs (dsRNAs) or small RNAs (sRNAs) that
specifically silence virulence-related genes in fungal pathogens [31]. Delivery methods include direct application of dSRNAs or SRNAs
to plants or transgenic expression, though the latter raises regulatory and public acceptance challenges. Spray-induced gene silencing has
demonstrated efficacy against pathogens such as F. graminearum, Botrytis cinerea, and Sclerotinia sclerotiorum [63]. Evidence suggests
that these RNAs can be absorbed directly by fungal cells or accumulate within plant tissues prior to uptake.




Natural Product Inhibitors and Their Sources

Natural products (NPs) provide valuable opportunities for discovering novel fungal inhibitors, with several advantages discussed later in
this article. NPs with inherent fungicidal properties have been isolated from diverse sources, including marine organisms, plants, and
mammals [64]. Chemical modification of promising NPs can enhance their efficacy, although such derivatives may require regulatory
registration and evaluation. For example, Luotonin A, a quinoline alkaloid extracted from plants, has demonstrated inhibitory activity
against various fungal phytopathogens. Recent studies on synthesized analogues of Luotonin A revealed antifungal activity comparable
to that of the widely used fungicide azoxystrobin [65].

Another promising approach involves biofumigation, which utilizes bioactive compounds released during the decomposition of freshly
harvested cover crops incorporated into the soil. This process generates isothiocyanates and glucosinolate compounds that effectively
sanitize the soil and exert antifungal effects. Mulch treatments composed of cover crops such as white mustard, Indian mustard, and
berseem clover have been shown to reduce infection rates, lower mycotoxin contamination, and increase grain yield in wheat by controlling
the pathogen F. graminearum through biofumigation [66].

Modern Agriculture, Pathogens, and Future Mitigation Strategies for Sustainable Land Management

Pathogens are highly sensitive to land management practices. For example, fertilization with nitrogen and phosphate in grassland soils
across four continents has been shown to consistently favor harmful fungi over beneficial mutualistic species. Traditional disease
management relies heavily on chemical fungicides and the deployment of disease-resistant cultivars to suppress patiggeas. However,
these strategies may have reached their limits, as evidenced by the increasing resistance of soil-borne fungal pathoge, icides.
Currently, effective chemical controls are lacking for many diseases caused by common soil-borne pathoge s%uc um and
Verticillium spp. [67].
Moreover, the widespread use of chemical controls is becoming increasingly unacceptable due to their adVigrsgse
including beneficial microorganisms—soil health, food quality (due to chemical residues), and ultimatel health. This shift is
driven by both regulatory policies, such as the European Union’s Green Deal, aiming for a 50% reduction g, chemical pesticide use by
2030, and growing consumer demand for safer food production. While the development of enyi ntally fifendly agrochemicals is a
priority, it remains costly and time-consuming. Furthermore, medium- and long-term studies e revealed that several chemicals
previously considered environmentally benign, including neonicotinoids and organophosphates, can detrimental ecological effects
[68].

Pathogen control in natural ecosystems employs multiple strategies at various levels. F ncg, maintaining species diversity in forest

n
r

environments can significantly reduce the risk of invasion by generalist fint Aath . Similar principles can be applied in
agroecosystems through the promotion of agrobiodiversity, intercropping, an rotations to enhance resilience. However,
fallow and rotational farming, while historically effective, are becoming less geonomically viable and less effective as pathogens adapt.
For example, Australian cotton farms once controlled Fusarium and \jertigill rough four to five non-cotton crop rotations; today,
five to seven rotations are required to achieve similar disease suppres )
Current approaches to these challenges include breeding crops with d
new resistant cultivars—as well as transgenic cloning or gene gditing, WHiCh can be accomplished more rapidly but raises ethical and
regulatory concerns. Additionally, rapidly evolving pathog an ovgrcome plant gene-mediated resistance in some cases [65]. Biological
control methods, while promising, face challenges related t
To move beyond the limitations of current disease maflagement¥aradigms, innovative strategies are needed. Future effective tools may
emerge from approaches that leverage ecological a % tionary principles, alongside other nature-based solutions, to sustainably
manage plant diseases. %
CONCLUSION \

The increasing prevalence of fungal 0 n the context of CC represents a profound threat to global food security and ecosystem
integrity. This review has highlighteti¢the multifaceted ways in which CC drives the proliferation and geographic expansion of fungal
pathogens, thereby undermining, agriculttifal productivity and food availability. Rising temperatures have facilitated the emergence of
thermotolerant fungal speci€® s f which pose novel risks to human health. As the climate warms, fungal pathogens adapt by
enhancing their vi extending their range, introducing health challenges to regions previously unaffected. Addressing the
impacts of CC on fu ems and controlling the spread of invasive fungal diseases constitute complex, global challenges that

demand coordinated éfforts”from policymakers and stakeholders. A critical policy imperative is the advancement of sustainable
agricultural practices aimed at bolstering crop resilience and safeguarding food security against the escalating threat of fungal pathogens.
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