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Abstract: Since the domestication of plants, pathogenic fungi have consistently threatened crop 
production, evolving genetically to develop increased virulence under various selection pressures. 
Understanding their evolutionary trends is crucial for predicting and designing control measures 
against future disease outbreaks. This paper reviews the evolution of fungal pathogens from natural 
habitats to agricultural settings, focusing on eight significant phytopathogens: Pyricularia oryzae, 
Botrytis cinerea, Puccinia spp., Fusarium graminearum, F. oxysporum, Blumeria graminis, Zymoseptoria 
tritici, and Colletotrichum spp. Also, we explore the mechanism used to understand evolutionary 
trends in these fungi. The studied pathogens have evolved in agroecosystems through either (1) 
introduction from elsewhere or (2) local origins involving co-evolution with host plants, host shifts, 
or genetic variations within existing strains. Genetic variation, generated via sexual recombination 
and various asexual mechanisms, often drives pathogen evolution. While sexual recombination is 
rare and mainly occurs at the center of origin of the pathogen, asexual mechanisms such as 
mutations, parasexual recombination, horizontal gene or chromosome transfer, and chromosomal 
structural variations are predominant. Farming practices like mono-cropping resistant cultivars and 
prolonged use of fungicides with the same mode of action can drive the emergence of new 
pathotypes. Furthermore, host range does not necessarily impact pathogen adaptation and 
evolution. Although halting pathogen evolution is impractical, its pace can be slowed by managing 
selective pressures, optimizing farming practices, and enforcing quarantine regulations. The study 
of pathogen evolution has been transformed by advancements in molecular biology, genomics, and 
bioinformatics, utilizing methods like next-generation sequencing, comparative genomics, 
transcriptomics and population genomics. However, continuous research remains essential to 
monitor how pathogens evolve over time and to develop proactive strategies that mitigate their 
impact on agriculture. 
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1. Introduction 

By transitioning from nomadic to settled lifestyles, growing food plants, and rearing animals, 
humans established a stable food supply, allowing for year-round sustenance. These plants evolved 
into crops through long-term domestication, which involved selecting desired traits, both sexual and 
asexual reproduction over multiple generations, and gradually shaping the genetic variation within 
local populations [1,2]. Therefore, domesticated crop plants are genotypically and phenotypically 
different from their wild ancestors. They are cultivated on a large scale under intensive management 
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within agroecosystems. Compared to natural ecosystems, which are the habitats of wild plants, 
agroecosystems usually have a greater possibility of being affected by pathogens with higher 
aggressiveness [3]. In agricultural crop fields, the combination of high plant density, limited genetic 
diversity (i.e., monoculture), high nutrient availability [3,4], and the absence of natural enemies 
creates a stable and predictable environment for pathogens. Moreover, in contrast to natural 
ecosystems, pathogens in agricultural ecosystems are exposed to a variety of human-induced 
selection pressures, including the selection for specific virulence strategies driven by host defences, 
recurring cycles of extinction and re-colonization influenced by host dynamics (e.g., resistant 
cultivars), chemical applications (e.g., agro-chemicals), and changing cultural practices (e.g., crop 
rotations, stubble burning), all of which contribute to shaping their evolutionary trajectories [5] 
(Figure 1). 

 

Figure 1. An image illustrating human-induced selection pressures in an agricultural ecosystem. 
Farming practices such as monocropping, pesticide application, fertilization, and stubble burning 
affect the evolutionary dynamics of pathogenic fungi. Expanding crop cultivation into natural 
ecosystems allows pathogenic fungi from natural settings to transfer to cultivated crops, where they 
may undergo rapid evolutionary changes due to exposure to previously unexperienced conditions in 
agricultural lands. 

In agroecosystems, three evolutionary trends posing new severe issues have been identified: (1) 
the evolution or adaptation of pathogens causing previously unreported diseases, (2) the emergence 
of strains capable of overcoming host resistance mechanisms, and (3) the development of pathogen 
resistance against chemicals used in disease control [6]. Generally, pathogenic organisms are evolving 
rapidly compared to their host plants, and they also play an important role in the natural selection of 
host plants [7]. There are several mechanisms proposed for the emergence of pathogens in 
agroecosystems, including (1) co-evolution of the pathogen along with the host plant (host-tracking), 
(2) pathogen infection of a new host where the disease is not previously reported (host shift or host 
jump), and (3) development of virulence within the pathogen by transferring genes or genomic 
regions from other species [4]. However, the evolution of plant diseases is a continuous process, and 
it cannot be halted. What humans can do is understand how and why diseases occur and implement 
possible remedies early to overcome economic and ecological losses. 
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Studying the evolution of plant diseases and understanding how pathogens domesticate from 
natural habitats to agricultural ecosystems are valuable for developing holistic approaches to disease 
management that consider both the ecological factors influencing disease spread and the 
evolutionary processes shaping pathogen populations [8]. This will improve disease management 
strategies by predicting outcomes and identifying sources of pathogen virulence, aiding in 
sustainable agricultural practices. Such knowledge is essential for optimizing disease-resistance gene 
management in crops and supporting resistance breeding programs [9,10]. Additionally, it helps 
identify biotic threats to ecosystems and plan conservation strategies. Understanding plant disease 
history also informs phytosanitary regulations to prevent pathogen spread via global trade [11]. 

Among the disease-causing microorganisms, fungi comprise some of the most devastating 
pathogens [12,13]. Many phytopathogenic fungi have been found to cause massive damage to 
agricultural produce, including yield loss, food and feed contamination, and crop failure [12,14]. 
Therefore, this review focuses on fungal plant pathogens and how they domesticate from natural 
habitats to agricultural ecosystems. We have selected eight fungal pathogens, including Pyricularia 
oryzae, Botrytis cinerea, Puccinia spp. Fusarium graminearum, F. oxysporum, Blumeria graminis, 
Zymoseptoria tritici and Colletotrichum spp. These pathogens are among the most devastating to 
agricultural production, as described by Dean et al. [15], in their listing of the top ten fungal 
pathogens in molecular plant pathology. We excluded Ustilago maydis and Melampsora lini, ranked 9th 
and 10th in the list, as they are of greater scientific significance than economic importance. All the 
selected fungi cause significant economic losses, particularly on major food crops worldwide. The 
selected pathogens represent major phytopathogenic fungal groups, primarily Sordariomycetes 
(Colletotrichum spp., F. graminearum, F. oxysporum, and Py. oryzae), followed by Leotiomycetes (Bo. 
cinerea and Bl. graminis), Dothideomycetes (Z. tritici), and Pucciniomycetes (Puccinia spp.). 
Additionally, they encompass different pathogenic fungal lifestyles, including necrotrophy (Bo. 
cinerea, Colletotrichum spp., Fusarium spp., Py. oryzae, and Z. tritici), hemibiotrophy (Colletotrichum 
spp.), and biotrophy (Bl. graminis and Puccinia spp.). This review explores the evolutionary forces and 
genetic changes that drive their adaptation in dynamic agroecosystems while also detailing their wild 
and domesticated host range. Drawing insights from these pathogens, we further discuss possible 
ways to retard pathogen evolution, along with modern techniques used in understanding 
evolutionary mechanisms. 

2. Pyricularia oryzae 

The fungus Pyricularia oryzae (Syn. Magnaporthe oryzae), previously known as Magnaporthe grisea 
[16] causes blast disease in several wild and domesticated poaceous hosts. This necrotrophic 
ascomycete belongs to the family Magnaporthaceae (Magnaporthales) [17,18]. According to the 
associated host plant, there are different pathotypes of Py. oryzae, such as Py. oryzae Oryza, Py. oryzae 
Triticum, Py. oryzae Eleusine, Py. oryzae Setaria and Py. oryzae Lolium, which are causing blast disease 
in rice (Oryza sativa) wheat (Triticum aestivum), finger millet (Eleusine coracana), foxtail millet (Setaria 
italica), and perennial ryegrass (Lolium perenne), respectively [19]. In addition, wild hosts of Py. oryzae 
include common weeds in rice agroecosystems, such as torpedo grass (Panicum repens) and cutgrass 
(Leersia hexandra) [20]. The occurrence of Py. oryzae in rice was first reported in China in 1637 as ‘rice 
fever disease’ [17,21], and in 1906 it was reported as ‘Blast’ in the USA [21]. However, the origin of 
blast disease in cultivated crops is doubtful, whether it occurred first in rice or other wild species [17]. 

Several studies have demonstrated that the emergence of Py. oryzae in agroecosystems occurred 
through host-tracking (co-evolution) and host-shifting [21,22]. Host-pathogen co-evolution reflects 
the correspondence between the host center of origin and the pathogen center of origin [4]. Rice is 
believed to have originated around 7000 years ago in the Yangtze Valley in China from the wild 
relative O. rufipogon [23,24]. Setaria millet also originated in China and was domesticated and co-
cultivated with rice [21,25]. Pyricularia oryzae is believed to have shifted from Setaria millet to rice as 
a result of the domestication process. The domestication of rice provided the opportunity to the blast 
pathogen to shift into the new host since the large homogeneous populations are one of the best 
targets for pathogenic migrants [21]. In species exhibiting both sexual and asexual reproduction, the 
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sexual form is believed to be ancestral [26]. Building on this premise, Saleh et al. [22] also supported 
the Asian center of origin for both the pathogen and its host, identifying South China–Laos–North 
Thailand region as the likely center of origin for Py. oryzae due to the persistence of sexual 
reproduction and the presence of diverse populations. In many other areas of the world, Py. oryzae 
predominantly reproduces asexually, giving rise to pandemic clonal populations [27]. 

After specializing in rice, Py. oryzae has also undergone additional host shifts to weeds associated 
with rice, such as cutgrass (Leersia hexandra) and torpedo grass (Panicum repens) [21]. However, Py. 
oryzae lineages that are infecting non-rice hosts are found to be non- or poorly pathogenic on rice 
plants [17,21,28], possibly due to the abundance of avirulence gene AVR-Co39, which is less in rice 
infecting lineages [21]. Pyricularia oryzae was transferred into other economically important hosts, 
such as wheat, maize, barley, perennial ryegrass, etc., during the later distribution of rice cultivation 
worldwide [17,21]. For instance, in 1985, Py. oryzae was reported from wheat for the first time in Brazil 
and was expanded to South American wheat-growing areas [29,30]. However, the Py. oryzae strain 
responsible for wheat blast differs from the one causing rice blast [31,32]. Consequently, the wheat 
blast outbreak in North America in 2011 was attributed to an isolate that had shifted from ryegrass 
(Lolium spp.) [30,33]. 

As described above, Py. oryzae possesses prominent asexual reproduction with limited sexual 
reproduction that is confined to specific centers of origin. Therefore, the contribution of sexual 
recombination appears to be less significant, resulting in novel pathotypes. However, several 
mechanisms have been identified as contributing to genetic variations in asexual populations of Py. 
oryzae, which are facilitating adaptation to dynamic agricultural systems. Comparative genome 
analyses of Py. oryzae isolates have shown that chromosomal rearrangements play a pivotal role in 
host-specific adaptation, involving the gain and loss of certain genes [34,35]. For instance, the 
avirulence gene avr-Pita is tightly linked to a telomere on chromosome 3 of Py. oryzae, and the loss of 
chromosome tips has led to a shift in the pathogen from avirulence to virulence [36,37]. Mini-
chromosomes, also referred to as supernumerary or accessory chromosomes, are also found to 
contribute to host adaptation of Py. oryzae [38,39], as they are enriched in transposons and repetitive 
elements and the presence of virulence-related genes [38–41]. These dispensable mini-chromosomes 
are present only in some, but not all individuals in a population, showing non-mendelian inheritance 
[42–44] and are hypothesized to have independently emerged from structural rearrangements of 
core-chromosomes [39]. Furthermore, studies have revealed that rapid variations in the effector 
repertoire within the fungal population, either through the loss of avirulence genes [17,45] or 
mutations (including point mutations, insertions, deletions and frame-shifts in avirulence genes) 
[17,36,46] result in the rapid adaptation of Py. oryzae to multiple resistant rice cultivars. Parasexual 
recombination, which involves the exchange of genetic material without the formation of sexual 
spores, occurs through the fusion of hyphae from different strains of the same species [47], and has 
also been found to create genetic variations in Py. oryzae, leading to enhanced virulence [47–50]. 

Moreover, in response to human-induced selection pressures in agroecosystems, Py. oryzae has 
been found to overcome host resistance [51] and acquire fungicide resistance [52–60], impeding the 
control efforts against blast disease. 

3. Botrytis cinerea 

Botrytis cinerea causes gray mold disease on economically important fruits, vegetables and 
ornamental plants worldwide [61,62]. This necrotrophic ascomycete fungus belongs to the family 
Sclerotiniaceae (Helotiales) [61,63]. There is no evidence for a precisely defined center of origin for 
Bo. cinerea, probably due to its adaptability to thrive wherever host plants are cultivated, ranging 
from tropical and subtropical regions to cold temperate zones, even in deserts [64]. The host range of 
Bo. cinerea is estimated to encompass 586 genera of vascular plants, though it is likely even broader, 
as there are limited reports of diseases in wild plants [64]. Several studies on the differentiation of Bo. 
cinerea populations based on host preferences have produced inconclusive findings, possibly due to 
variations in the study methods (See Leroch et al. [65]; Atwell et al. [66]; Kozhar et al. [67]). Fournier 
et al. [68] demonstrated that Bo. cinerea is a species complex composed of genetically distinct groups 
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that may represent different cryptic species. However, Plesken et al. [69] reported the first 
unequivocal example of host specialization in Bo. cinerea, identifying Bo. cinerea Iris as highly 
aggressive on the monocot plant Iris pseudacorus leaves compared to other Bo. cinerea strains from 
different hosts. This could potentially reflect the co-evolution of Bo. cinerea with its host. 

Studies have provided valuable insights into unveiling the broad host range of Bo. cinerea 
through the generation of novel genetic variations, resulting in increased virulence. Zhu et al. [70] 
discovered that Bo. cinerea acquired potential virulence genes from both plants and bacteria, 
highlighting the significant role of inter-kingdom horizontal gene transfer (HGT) in extending the 
host range of this plant pathogen. Botrytis cinerea has also been observed to acquire the bikaverin gene 
cluster (which is involved in the production of the red pigment bikaverin, known for its antibiotic 
and antitumor properties) from Fusarium oxysporum through HGT [71]. This acquisition may provide 
a protective mechanism for Bo. cinerea, potentially enhancing its ability to compete in its ecological 
niche and defend against predators and pathogens [72]. Additionally, accessory chromosomes have 
also been found to play a role in the host adaptation of Bo. cinerea [73]. Furthermore, the 
diversification and balancing selection in certain genes, such as endopolygalacturonase-encoding 
genes Bcpg1 and Bcpg2, may allow Bo. cinerea to evade recognition by the host immune system and 
delay the plant defence reactions during the early stages of infection [74]. 

Botrytis cinerea populations within agroecosystems exhibited strong localization, with minimal 
migrations even among neighboring fields [67]. Therefore, the genetic structure and diversity of these 
fungi have mainly been influenced by geographic factors and human-induced selection pressures 
[67]. Several studies have reported resistance of Bo. cinerea against commonly used fungicides for 
controlling gray mold disease in fields [61,75–79]. The rapid acquisition of fungicide resistance is due 
to its widespread distribution, large population sizes and mixed reproductive strategies [67]. 
Additionally, fungicide resistance in gray mold populations is described to occur through various 
genetic and biochemical mechanisms, including target site mutations, efflux pump overexpression, 
and metabolic detoxification [62,65,80,81]. However, Kozhar et al. [67] observed that there is no 
correlation between the resistance allele and genetic background, indicating de-novo development 
of fungicide resistance. Their findings suggest that the evolution of fungicide resistance is more likely 
attributed to frequent extinction and recolonization events involving diverse genotypes rather than 
the dispersion of resistance alleles across fields through the migration of a dominant genotype. 

Botrytis cinerea exhibits both sexual and asexual reproduction. During sexual reproduction, Bo. 
cinerea develops a fruiting body called an apothecium containing ascospores, following the 
fertilization of asexual resting structures known as sclerotia that typically reside in plant residues in 
the topsoil layer for many years [66,82]. Sexual reproduction is noted to be a key contributor to the 
genetic variation in Bo. cinerea populations, primarily through sexual recombination [83–85]. 
However, the sexual state is not commonly observed in natural settings [86–89]. Consequently, in 
such instances, genetic variability occurs through heterokaryosis [87] or is suggested to be clarified 
through sexual or parasexual recombination [66]. In Bo. cinerea, asexual reproduction plays a vital 
role in the dispersal of clones (dry conidia) across field environments, with wind and turbulent air 
currents enabling long-distance spread and rain splash aiding in shorter-range distribution [87]. 

4. Puccinia spp. 

Puccinia spp. are obligate biotrophs belonging to the family Pucciniaceae (Uredinales) [90,91]. 
Species of Puccinia have been found to cause rust diseases in individuals from nearly all major 
angiosperm orders [91]. Furthermore, a single species can infect numerous hosts; for example, Pu. 
graminis has a broad host range, including 365 plant species across 54 genera [92,93]. Puccinia spp., 
which have co-evolved with specific hosts, are further classified as "formae speciales" [91,92]. Among 
them, three wheat-infecting Puccinia species are collectively ranked third [15]: Pu. graminis forma 
speciales (f. sp.) tritici, Pu. striiformis f. sp. tritici, and Pu. triticina, causing stem (black) rust, stripe 
(yellow) rust, and leaf (brown) rust, respectively. These three species are highly significant due to 
their devastating effects on wheat, a staple food for more than half of the world's population. 
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In addition to co-evolving with specific hosts, host jumps (or shifts) have also contributed to the 
evolution of wheat rust pathogens [91]. Modern polyploid wheat cultivars are believed to have 
originated from the diploid wild relative Aegilops speltoides [94]. The wheat rust pathogen Pu. triticina 
has been frequently reported among commonly cultivated hexaploid wheats and related tetraploid 
hosts [94]. Aegilops speltoides is the only diploid host on which Pu. triticina is reported naturally [94], 
although the disease has been induced on other wild grasses through artificial inoculation [95]. Also, 
the common ancestral form of Pu. triticina is believed to have occurred on the A. speltoides [96]. 
Coalescence analyses suggest that isolates from tetraploid wheat in Ethiopia may represent the oldest 
derived form of Pu. triticina on wheat before the pathogen's adaptation to the widely grown 
hexaploid wheats [94,96]. Simultaneously, studies reveal that durum wheat (Triticum turgidum; 
tetraploid) infecting Pu. triticina isolates in Europe, South America, Mexico, and the Middle East 
evolved from isolates on hexaploid common wheat [94]. 

These fungi are dikaryotic, carrying two distinct haploid nuclei within each cell along with the 
two chromosome sets [97]. Also, these three Puccinia species, Pu. graminis f. sp. tritici, Pu. striiformis f. 
sp. tritici, and Pu. triticina, were initially believed to reproduce asexually but were later found to 
complete their sexual cycle using barberry (Berberis spp.) as an alternate host [90,91,98,99]. During 
asexual reproduction, they produce dikaryotic urediniospores on wheat (the primary host) and 
teliospores when they find suitable alternate hosts, such as Berberis spp., during sexual reproduction 
[90,91,100]. Urediniospores re-infect the host and can also spread long distances through the wind, 
resulting in wheat rust epidemics, even on a continental scale [101]. The occurrence of sexual and 
asexual reproduction of these species exhibits a geographic gradient [102]. For instance, in Pu. 
striiformis, natural sexual reproduction occurs frequently in China, Pakistan, and Nepal, leading to 
recombinant populations, whereas in Australia, Europe, and the United States, only asexual 
reproduction has been observed, resulting in a clonal population structure [90,102,103]. Therefore, it 
is believed that these pathogens originated in Asia, particularly near the Himalayan region, and later 
spread to other parts of the world due to the advent of agriculture [90,103]. Owing to the absence of 
sexual reproduction within the primary host, new pathotypes have emerged due to frequent 
introductions or the evolution of new pathotypes through processes such as mutation, somatic 
hybridization, and parasexuality [94,100,104,105]. 

In these three clonally reproducing Puccinia spp., the development of new races with host 
resistance is believed to occur through the accumulation of mutations [94,100,103,104]. Fellers et al. 
[104] observed these mutations occur in both the noncoding and coding regions in the genome of Pu. 
triticina, suggesting that changes are happening in both functional and regulatory areas of the DNA. 
As a result of these genetic alterations, distinct genetically differentiated groups of Pu. triticina would 
emerge and be observed to have a consistent association with the pathogenicity. Mutations hinder 
the recognition of pathogen effectors by host resistance (R) genes. In the absence of recognition, these 
effectors suppress the immune responses of the host and facilitate the infection [103,106]. Successful 
mutants can emerge as new pathogen races, making previously resistant wheat varieties susceptible. 
Feodorova-Fedotova and Bankina [107] described the novel pathogenic races of Pu. striiformis have 
dominated by replacing existing races, acquiring characteristics such as a shorter latent period, 
extended spore germination, and tolerance to high temperatures compared to the previous races. 
Mutations occur through single nucleotide polymorphisms (SNPs), small insertions and deletions, 
larger structural variations, and the movement of transposable elements, as well as taking place in 
sufficient numbers due to the large size of the rust population [97,101,103,108,109]. 

While mutations are thought to mainly affect the variations in virulence of wheat infecting 
Puccinia spp., somatic hybridization (parasexuality) also contributes to the emergence of similar 
virulence traits. Li et al. [110] revealed that the Ug99 strain of Pu. graminis f. sp. tritici, which emerged 
in Africa with extreme virulence in the late 1990s, did not arise from mutations in existing strains. 
The authors found that Ug99 resulted from somatic hybridization, where two dikaryotic Pu. graminis 
f. sp. tritici fungal strains fused, exchanging intact nuclei. Furthermore, one of the nuclei of Ug99 
strain was found to be identical to an older strain called Pu. graminis f. sp. tritici 21-0. Zhao et al. [111] 
stated that there is a high variability in the virulence of Pu. striiformis f. sp. tritici is attributed to 
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mutation and somatic hybridization, as indicated by previous studies on hyphal fusion, 
heterokaryosis, germ tube fusion, and genetic recombination between Pu. striiformis f. sp. tritici 
strains. Schwessinger et al. [103] also discussed somatic hybridization in Pu. striiformis f. sp. tritici, 
noting that it enables the fungus to bypass the initial adaptation stage on wheat, as each haploid 
nucleus is likely already adapted to wheat. Wang and McCallum [112] reported the occurrence of 
parasexual recombination in Pu. triticina through germ tube anastomosis. 

5. Fusarium graminearum 

Fusarium graminearum is a devastating fungal pathogen in the family Nectriaceae (Hypocreales) 
[113]. This fungus is well known to cause Fusarium head blight disease (improperly called scab), ear 
rot, root and crown rot of cereals and other small grains [113–116], which reduce both yield and 
quality of crops. Moreover, F. graminearum contaminates infested grains with mycotoxins, 
trichothecenes and zearelanone, which are harmful to human and animal consumption [113,115–117]. 
Pathogenic fungal species closely related to F. graminearum and have similar pathogenic behaviours 
are grouped in F. graminearum species complex (FGSC). Currently, FGSC comprises about 17 
phylogenetically distinct species [118]. Fusarium graminearum is believed to have originated earlier in 
the Asian region than in other parts of the world because Fusarium head blight-resistant plant 
genotypes are frequently reported in the Asian region, possibly as a result of the long-term 
coexistence of host and pathogen [119]. 

Fusarium graminearum can infect about 26 plant families, including cultivated and wild plants, 
particularly in the Poaceae family [120]. Among the cultivated food crops, this pathogen causes 
diseases in wheat, barley, corn, oats and rice [113]. Wild plants such as weeds and other non-
cultivated grasses, as well as forages, also serve as hosts for F. graminearum [116,120,121]. Lofgren et 
al. [116], worked on F. graminearum in American wild grasses, reported that the pathogen might have 
a long evolutionary history and distinct biochemical interactions with non-cultivated grasses than 
cultivated crops, suggesting wild grasses perhaps the ancestral hosts of this pathogen. Moreover, the 
pathogens that inhabit most wild grasses are endophytes that show no symptoms [116]. After several 
years, at the time of the introduction of domesticated grasses by humans, F. graminearum had shifted 
from wild grasses to cultivated grasses, showing symptoms more likely to be a pathogen-host 
maladaptation than host-pathogen co-evolution [116]. Fulcher et al. [121] showed how well non-
cultivated grass species support F. graminearum surviving in the field boundaries and during fallow 
periods. Similar to the shifting from wild species to cultivated crops, F. graminearum can also pass 
through the cultivated hosts. Fusarium graminearum isolates from wheat can infect rye, barley, oats, 
sorghum, triticale, maize, and canola [122]. However, the aggressiveness of the pathogen has been 
significantly changed after the infection. Therefore, it is evident that the infection of different hosts 
leads to the emergence of novel pathogenic strains. 

Genetic recombination contributes to increasing the genetic diversity in the population and can 
lead to new variants or lineages that are well-adapted to the host and environment [123]. Therefore, 
recombination permits efficient co-evolution of host and pathogen by selecting favorable alleles 
[123,124]. In F. graminearum the frequency of sexual recombination is very high [125]. The genetic 
diversity is suggested to be created in the active regions of its genome, where high recombination 
rates were observed [123]. In such a way, F. graminearum acquired fungicide resistance [125–129] and 
emerged in more aggressive populations with higher pathogenicity in agricultural fields [130–133]. 
However, evidence suggests that HGT may have played a role in the evolution of fungal secondary 
metabolite biosynthesis in F. graminearum, and specific secondary metabolic gene clusters have been 
horizontally transferred from Botrytis or Cochliobolus (Syn. Bipolaris) species, as these clusters are 
present in representatives of these lineages Sieber et al. [134]. 

6. Fusarium oxysporum 

Fusarium oxysporum, a species within the F. oxysporum species complex, belongs to the family 
Nectriaceae (Hypocreales). Fusarium oxysporum is an asexual, cosmopolitan, soil-borne fungus 
encompassing both pathogenic and non-pathogenic strains [9,135,136]. The plant pathogenic forms 
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of this fungus are known to cause vascular wilt and root rot diseases in more than 120 cultivated 
crops worldwide [137,138], while non-pathogenic forms are saprophytes [139] and endophytes [140]. 
Based on their host range, pathogenic strains of F. oxysporum are classified into formae speciales 
[9,136,141,142]. There are over 100 formae speciales [143], each encompassing F. oxysporum isolates 
with similar or identical host ranges [139,144]. Examples include F. oxysporum f. sp. cubense (infecting 
bananas), F. oxysporum f. sp. phaseoli (infecting leguminous plants), F. oxysporum f. sp. ciceris (infecting 
chickpeas), F. oxysporum f. sp. lycopersici and F. oxysporum f. sp. radicis-lycopersici (infecting tomatoes), 
F. oxysporum f. sp. fragariae (infecting strawberries), and F. oxysporum f. sp. vasinfectum (infecting 
cotton) [135,141,142,145–147]. These formae speciales are further categorized into pathogenic races 
based on their ability to infect specific cultivars of host plants [136,143,148]. For instance, F. oxysporum 
f. sp. ciceris has eight known pathogenic races: 0, 1A, 1B/C, 2, 3, 4, 5, and 6, each capable of infecting 
different chickpea cultivars with varying resistance genes [141,149]. 

Novel pathogenic races of F. oxysporum possibly occurred in agricultural systems either by 
introducing the pathotypes from elsewhere or local origin [136]. The movement of F. oxysporum f. sp. 
apii, the cause of Fusarium yellows of celery, throughout North America most likely originated from 
a single strain [136]. Also, F. oxysporum f. sp. cubense, the pathogen responsible for banana wilt, is 
known to move regionally and between plantations on infected banana cuttings that are used to start 
new plantations [150]. Moreover, the virulence of pathogenic isolates of native F. oxysporum f. sp. 
vasinfectum was found to increase after serial passage on susceptible cotton plants, and this process 
also quantifies the genetic diversity of the resulting offspring population [147]. 

In the second scenario, the local origin of new pathogenic F. oxysporum races could occur either 
by evolving from an existing pathogen, which is the classic situation where selective pressure of 
resistant cultivars encourages the development of more virulent races [135,136], or by emerging from 
a larger pool of generalist non-pathogenic (and possibly endophytic) F. oxysporum strains [136]. If 
pathogens indeed evolved from non-pathogenic fungi, it is possible that they acquired the 
pathogenicity and adapted to new environments through genetic variations. In the past, it was 
believed that F. oxysporum reproduces asexually, without (or at least) involvement of sexual 
reproduction [9,149–151]. Although this results in clonal populations, studies have shown the 
emergence of novel F. oxysporum pathogenic races that can overcome host plant resistance through 
asexual mechanisms such as mutations, HGT, horizontal chromosome transfer (HCT), and 
parasexual recombination. 

In F. oxysporum, the accumulation of mutations (such as transposon activity, DNA copy error, 
etc.) has led to the development of novel genetic variations [9,142,149,150]. del Mar Jiménez-Gasco et 
al. [149] demonstrated a simple pattern of race evolution in F. oxysporum f. sp. ciceris, following a 
stepwise process with few parallel gains or losses. This involves sequential accumulation of 
mutations to occur virulence in clonal lineages, resulting in races capable of overcoming multiple 
host plant resistance genes or multiple resistant cultivars. In F. oxysporum, HGT has contributed to 
acquiring virulence factors and other traits, enabling the fungus to adapt to new environments and 
hosts. For instance, Proctor et al. [152] reported that the fumonisin biosynthetic genes in F. oxysporum, 
which are important for the virulence of the fungus, exhibited low levels of divergence, suggesting 
that these genes may have been horizontally transferred from a related species or a closely related 
organism to F. oxysporum. Moreover, there is evidence that horizontal transfer of pathogenicity genes, 
specifically Fusaric acid biosynthetic genes (FUB) and Secreted In Xylem (SIX) genes, in F. oxysporum 
f. sp. cubense [145,153]. 

Fusarium oxysporum possesses two types of chromosomes: core and accessory or lineage-specific 
[154]. All F. oxysporum strains have 11 core chromosomes, which carry out necessary housekeeping 
tasks. Accessory chromosomes, whose numbers vary, aid the fungus in adapting to new 
environments [155–157]. These accessory chromosomes are involved in the HCT [155], which occurs 
when the haploid nuclei of two germinating spores from different F. oxysporum strains fuse, gradually 
losing core chromosomes from one strain [158]. Host specificity and pathogenicity-related genes in 
pathogenic F. oxysporum are thought to be acquired through these accessory chromosomes via HCT 
[142]. Ma et al. [155] demonstrated that transferring two accessory chromosomes between different 
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F. oxysporum strains led to converting a non-pathogenic strain into a pathogen. Parasexual 
recombination also contributes to the emergence of new pathogenic strains within the F. oxysporum 
complex [150,151]. Parasexual recombination occurs between vegetatively incompatible strains of F. 
oxysporum, where genetically distinct nuclei fuse within a single cell, forming stable hybrid cells with 
new genetic traits [159]. Several studies have demonstrated the occurrence of parasexual 
recombination in different F. oxysporum formae speciales [160–162]. 

However, challenging the previous assumptions that F. oxysporum solely reproduces asexually, 
Fayyaz et al. [163] recently discovered an active sexual cycle in F. oxysporum f.sp. ciceris. 

7. Blumeria graminis 

Blumeria graminis (Syn. Erysiphe graminis) causes powdery mildew disease in various grasses and 
cereals [164,165]. This obligate biotroph belongs to the phylum Ascomycota, class Leotiomycetes, 
order Erysiphales, and family Erisyphaceae [166,167]. Blumeria graminis causes devastating damage 
to wheat and barley, and this fungus also represents a model organism for studying biotrophic 
pathogen systems [15]. Although the order Erysiphales consisted of numerous species causing 
powdery mildew in various angiosperms, Bl. graminis is the sole causal agent for powdery mildew 
of cultivated and wild poaceae hosts (particularly sub-family Pooideae) [165,168,169]. This single 
species has been strictly specialized into particular host plants, limiting their natural infection to a 
single host genus [168]. Based on this host specialization, Bl. graminis has been classified into “forma 
speciales (f. sp.)” such as Bl. graminis f. sp. tritici, f. sp. hordei, f. sp. secalis, and f. sp. avenae that are 
specialized in wheat, barley, rye and oat, respectively; and four f. sp. specialized in wild grasses such 
as Dactylis spp. Agropyron spp. and Poa spp. or Bromus spp. [164,170]. Menardo et al. [171] later 
introduced two formae speciales, Bl. graminis f. sp. triticale and f. sp. dicocci are specialized to triticale 
and wild emmer (tetraploid) wheat, respectively. 

Unlike other formae speciales described previously, studies have shown that most of these 
formae speciales have not co-evolved with their specific hosts, as the divergence of hosts and 
pathogens is not simultaneous [170,172,173]. In this context, the pathogen's divergence appears to be 
more recent than that of its host [174]. Therefore, it is believed that the same pathogen has later 
adapted to a new host through the host shift or jump rather than diverging from a common ancestor 
simultaneously with the host [172]. Similarly, these formae speciales had not undergone co-
speciation, as multiple host-jumpings to phylogenetically distinct hosts occurred during the 
evolution of the fungus [168]. However, some lineages, such as Bl. graminis f. sp. poae and hordei, 
have co-evolved with their hosts, while others have shown host jumps [165]. For Bl. graminis, it is 
recommended to restrict the concept of formae speciales to the definition of isolates growing on the 
same host without directly attributing evolutionary implications due to the high gene tree 
inconsistency in the recently introduced formae speciales [165]. 

Blumeria graminis exhibits facultative reproduction [175], where sexual reproduction occurs only 
at certain conditions, particularly when the conditions are not favorable. For instance, Bl. graminis is 
found to undergo sexual reproduction against the host senescence [169] and extreme climatic 
conditions [176]. During sexual reproduction, hyphae of opposite mating types fuse together develop 
into chasmothecium (fruiting body) that contains ascospores [169]. These chasmothecia also function 
as overwintering structures, allowing them to survive during the winter and act as sources of 
inoculum for subsequent warmer seasons [176]. However, Bl. graminis is reported to reproduce 
sexually during dry summers in Morocco [177]. In Bl. graminis, sexual reproduction has been led to 
create genetic variations through mutations, migration and recombination, forming novel aggressive 
pathotypes [176]. 

Studies have shown that sexual reproduction can occur even among formae speciales, leading 
to the development of new pathogenic progenies [165,168]. For instance, formae speciales tritici and 
agropyri can produce fertile progeny [178]. Blumeria graminis f. sp. triticale originated from the 
hybridization of Bl. graminis f. sp. secalis and Bl. graminis f. sp. tritici [171]. However, the emergence 
of Bl. graminis f. sp. triticale is more likely due to the adaptation of Bl. graminis f. sp. tritici, which has 
a broad host spectrum, to triticale, rather than genetic hybridization of geographically isolated 
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populations of Bl. graminis f. sp. secalis and Bl. graminis f. sp. tritici [164]. Wicker et al. [179] suggested 
that the gene pool of Bl. graminis f. sp. tritici contains ample genetic diversity necessary for adapting 
to various host species. Their results on characterization of genetic diversity suggested that this swift 
adaptation is due to the presence of diverse groups of genes originating from haplogroups that 
existed before wheat domestication. Furthermore, the transition from wild tetraploid to domesticated 
hexaploid wheat appeared not to have diminished genetic diversity in Bl. graminis f. sp. tritici, 
implying that this diverse haplotype pool provides substantial genetic potential for pathogen 
variation, facilitating swift adaptation. 

The emergence of the novel Bl. graminis pathotypes are found to be influenced by the genetic 
structure of the host population, particularly concerning host resistance genes (R genes). Jensen et al. 
[180] studied the spatial distribution and evolution of Bl. graminis f. sp. hordei populations in Morocco, 
and discovered that selection by the host population led to the evolution of new and distinct 
pathotypes. The cultivation of genetically diverse traditional barley varieties in smallholder farms 
resulted in weaker selection pressure on Bl. graminis f. sp. hordei, leading to higher diversity in 
virulence genes and combinations. Conversely, in Europe, where barley cultivation relies on 
genetically uniform cultivars with consistent R-gene combinations, strong selection pressure on Bl. 
graminis f. sp. hordei promoted the rapid evolution of new pathotypes. Marshall et al. [181] modelled 
the effects of cultivar mixtures on the evolution of the aggressiveness of Bl. graminis f. sp. hordei. The 
developed model indicated that the growing of cultivar mixtures slows the evolution of the pathogen 
as well as decreases disease outbreaks by preventing the emergence of new pathotypes. 

In addition to the monoculture of susceptible cultivars, long-term use of fungicides having a 
single mode of action has also been reported to cause the emergence of novel powdery mildew 
pathotypes. Tucker et al. [182] showed that the widespread application of DeMethylation Inhibitor 
(DMI) fungicides resulted in the selection of Bl. graminis f. sp. hordei isolates carrying specific 
mutations (Y137F and S524T) that are associated with resistance factors of certain fungicides. Godet 
and Limpert [183] reported that Bl. graminis f. sp. tritici in France exhibited increased resistance to 
DMIs and morpholines between 1993 and 1996, attributing this multiple resistance to the 
recombination of respective resistance genes. Furthermore, they found that the decrease in 
morpholine usage after 1992 aligns with an increase in morpholine resistance. In Morocco, reduced 
fungicide usage and increased recombination are expected to sustain a high diversity of Bl. graminis 
f. sp. hordei pathotypes, offering the potential for rapid evolutionary changes in the pathogen 
population [180]. 

8. Zymoseptoria tritici 

Zymoseptoria tritici (Syn. Mycosphaerella graminicola) causes septoria tritici blotch, a significant 
disease of wheat with high economic importance and a widespread global impact on wheat 
production. This necrotrophic ascomycete belongs to the order Dothideales [184,185]. Primarily, Z. 
tritici specialized in infecting cultivated bread and durum wheat (Triticum aestivum L. and T. 
turgidum) [184,185]. However, studies have shown that Z. tritici can infect other grass species, such 
as T. durum, T. dicoccum, and T. compactum, providing primary inoculum sources for the pathogen 
[186]. Zymoseptoria tritici is believed to have originated in the Fertile Crescent from sympatric 
ancestral populations infecting wild grasses during the domestication of wheat [187]. Comparative 
genomics analysis of Z. tritici and its closest known progenitor species (M. graminicola S1) suggests 
that the significant differentiation of genomes might have occurred either gradually over an extended 
period or rapidly as a consequence of host domestication. Furthermore, the rapid divergence among 
pathogen lineages is believed to result from the co-evolution of Z. tritici with wheat, leading to the 
pathogen becoming specialized for its host [188,189]. Studies have shown several mechanisms 
underlying this new host adaptation and speciation of Z. tritici. These include genome plasticity [190], 
structural rearrangements in the small dispensable chromosomes, and strong positive selection on 
protein-coding genes [188,191]. 

The high genome plasticity, reflecting the ability of the Z. tritici population to undergo genomic 
changes, has enabled rapid adaptation and overcoming of adverse biotic and abiotic conditions in 
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the wheat environment [185]. Goodwin et al. [190] sequenced the genome of Z. tritici, uncovering 21 
chromosomes. Eight of these chromosomes are found to be dispensable, having the ability to be lost 
without causing visible effects on the fungus, potentially varying in number among field and progeny 
isolates. These dispensable chromosomes are suggested to have originated through ancient 
horizontal transfer from an unknown donor, followed by extensive recombination. The remaining 
chromosomes formed the core, consistently present in both field and progeny isolates, likely 
harboring essential genes crucial for survival, rendering them indispensable. In addition to variations 
in dispensable chromosome numbers, Z. tritici exhibited genomic plasticity with translocation of 
chromosome sections, chromosome length polymorphisms, and chromosome copy number 
polymorphisms [192]. 

Random drift, natural selection, mutation, gene flow, and sexual recombination are the major 
evolutionary forces influencing the population dynamics of Z. tritici. The empirical data revealed that 
random drift and natural selection decrease genetic variation, whereas mutation, gene flow, and 
sexual recombination contribute to genetic variation of the fungus [193]. The high genetic variation 
in Z. tritici has led to rapid evolution in response to selective pressures, particularly resistant wheat 
cultivars and the continuous use of fungicides. For instance, the resistance of some wheat cultivars 
to septoria tritici blotch disease has significantly deteriorated due to the natural selection of Z. tritici 
strains with specific virulence, suggesting the widespread use of major resistance genes is likely to 
result rapid emergence of new virulent strains [194,195]. Therefore, to achieve long-lasting disease 
control, it may be necessary to consider using moderately resistant cultivars, cultivar mixtures, 
and/or implementing resistance gene rotations [195–197]. The effectiveness of certain fungicide 
groups has also been reported to decline due to mutations in pathogen target genes [198–200], intra-
genic recombination [201] and the rapid evolution of specific target proteins [202] in response to the 
widespread use of these fungicides. 

Zymoseptoria tritici undergoes both sexual and asexual reproduction, giving rise to ascospores 
and pycnidiospores, respectively [203]. The sexual ascospores are airborne and hypothesized that 
they act as the primary propagules for long-distance dispersal, covering distances of up to hundreds 
of kilometres. In contrast, the asexual conidia are believed to be dispersed over much shorter spatial 
scales, typically within a few meters, through rain-splash [204]. Furthermore, ascospores play a 
significant role in over summering to survive during the non-host seasons, while pycnidiospores are 
primarily responsible for disease development during the growing season [5,203]. Engaging in both 
sexual and asexual reproduction has enabled Z. tritici to thrive in dynamic environments. The active 
sexual cycle creates high genetic diversity within the population [5,193,205], while asexual 
reproduction, combined with natural selection and gene flow, ensures the maintenance and rapid 
dissemination of allele combinations [193]. A field study evaluating the roles of sexual and asexual 
reproduction in Z. tritici during an epidemic cycle found that sexual reproduction among introduced 
isolates resulted in new recombinants [206]. These recombinants have further displayed increased 
virulence and fungicide tolerance, demonstrating the role of sexual reproduction in enhancing the 
pathogen adaptability. 

9. Colletotrichum spp. 

The genus Colletotrichum includes a number of devastating plant pathogens that cause diseases 
in a wide variety of woody and herbaceous hosts [207–209]. Almost every plant family cultivated is 
believed to be susceptible to one or more species of Colletotrichum [208]. Colletotrichum spp. have been 
reported to occur in over 3,400 host species [210], including a wide range of cultivated and wild plants 
[211–214]. Fruit plants such as strawberry, mango, citrus, avocado and banana are particularly 
affected by this genus. In contrast, cereals, including corn, sugarcane, sorghum, and other cultivated 
crops such as coffee, onion, eggplant, etc., are also affected [207,208]. 

Colletotrichum species utilize a wide array of strategies for colonizing hosts and acquiring 
nutrients, including necrotrophism, hemibiotrophism, latency or quiescence, endophytism, and 
saprotrophism [215,216]. Virtually all major groups of angiosperms are known to host endophytic 
colonies of Colletotrichum [207]. In response to environmental signals such as host senescence, injury, 
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or alterations in plant physiology [217–220], these endophytic Colletotrichum species can adapt to 
either a saprotrophic [221,222] or pathogenic lifestyle [217–220,223,224]. This implies that the 
endophytic phase is a shared trait among all species, and alternative lifestyles may have evolved from 
it [225]. However, there is evidence of pathogenic strains transforming into beneficial endophytes 
that confer mutualistic advantages, including host protection against highly virulent strains of the 
same species and other plant pathogens like Fusarium [226,227]. Furthermore, the single disruption 
events in pathogenicity genes can shift a pathogen from causing disease to becoming a beneficial 
endophyte with protective functions [228–230]. 

Numerous theories have been proposed to explain the emergence of new Colletotrichum 
pathogens in agroecosystems. In Brazil, Colletotrichum species appear to have co-evolved with cashew 
(Anacardium spp.). This was evident from the greater diversity of Colletotrichum species associated 
with cashew anthracnose, likely due to Brazil being a primary center of diversity for Anacardium spp. 
[214]. The authors further described that the domestication of wild cashew plants reduced the 
effectiveness of certain compounds that were originally employed as chemical defences against plant 
pathogens. As a result, the domesticated cashew plants have become more susceptible to various 
Colletotrichum species. The presence of a large number of pathotypes exhibiting a high degree of 
aggressiveness diversity in C. lindemuthianum is believed to be a result of the co-evolutionary 
relationship between the pathogen and its host, Common bean [231]. Similarly, Crouch et al. [213] 
also described that the divergence of species within the graminicola species complex appears to have 
co-evolved with the Poaceae family, which includes grasses. However, Baroncelli et al. [208] 
suggested that there is little to no indication of a co-evolutionary relationship between host plants 
and Colletotrichum pathogens, as evidenced by the vulnerability of cultivated fruits like strawberries 
and olives to various members of the C. acutatum species complex. 

The emergence of novel Colletotrichum pathogens has also been proposed to occur through host 
shifts. Silva et al. [232] reported that the emergence of C. kahawae in Arabica coffee is most likely due 
to a recent host jump and subsequent host specialization. Authors describe that the ancestral 
population of C. kahawae most likely emerged from hosts other than Coffea spp. and then jumped to 
the newly arrived Coffea arabica plants in Angola. Crouch et al. [233] proposed that habitat 
transformation (alteration of the ecosystem, i.e., due to human activities) is another plausible factor 
contributing to population divergence, particularly in turfgrass anthracnose pathogen C. cereale. The 
authors discovered that C. cereale is specialized in the unique turfgrass environment typically found 
on golf courses, hindering its movement from cereal crops and prairie grasses to turfgrass areas. Since 
the fungus has adapted to the specific conditions of the turfgrass environment, this specialization 
may result in population divergence in C. cereale. Moreover, Doyle et al. [212] proposed that the 
genetic diversity of C. gloeosporioides is influenced by both habitat and host. Their study revealed that 
the isolates from agricultural landscapes were more closely related to each other than to isolates from 
wild landscapes, suggesting that the pathogen has undergone a recent shift from wild to agricultural 
hosts. 

Colletotrichum species are generally not known for frequent sexual reproduction, and for most 
species, the sexual morph has not yet been described in nature [234]. This limited sexual reproduction 
has important implications for the genetic diversity and evolution of Colletotrichum. However, 
evidence has been presented by Crouch et al. [235] for sexual recombination in the fungus C. cereale, 
shedding light on the role of repeat-induced point (RIP) mutation in this process. The genome of C. 
tanaceti contains numerous repetitive elements that may result in the rapid generation of new genetic 
variations via RIP mutations [236]. Therefore, the pathogenicity genes present within these RIP-
affected regions have a higher tendency to evolve novel pathogenicity genes, making the fungus 
more virulent. 

Several asexual mechanisms of genetic variation have been suggested for Colletotrichum species. 
For instance, Castro-Prado et al. [237] demonstrated the occurrence of parasexual recombination 
among the vegetative compatible mutants of C. lindemuthianum under laboratory conditions. 
However, there is a lack of evidence for this phenomenon in nature [234]. Genetic variations among 
Colletotrichum spp. have also been found to occur through HGT, playing a major role in pathogenicity 
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and niche adaptation [236,238]. Scientists have discovered genes from bacteria [216,238] and plants 
[239] have also been horizontally transferred to the Colletotrichum ancestors, in addition to fungus-to-
fungus horizontal transfer. In particular, genes related to amino acid, lipid, and sugar metabolism, as 
well as lytic enzymes, have been identified as horizontally transferred genes in Colletotrichum [238]. 
The horizontal transfer of accessory chromosomes has also been demonstrated to contribute to 
developing novel pathogenicity and virulence in Colletotrichum species [240,241]. Additionally, Roca 
et al. [242] demonstrated the conidial anastomosis, a process involving the fusion of conidia and the 
exchange of genetic materials between two fungal species, as a novel mechanism for genetic variation 
in the genus Colletotrichum. The authors reported that conidial anastomosis tubes readily form 
between conidia within acervuli during conidiogenesis in C. lindemuthianum and C. gossypii. These 
tubes facilitate the movement of cytoplasm and organelles, resulting in conidia that may lack nuclei 
or contain more than one nucleus. 

The gains and losses of certain genes or gene families have also been found to have contributed 
to Colletotrichum evolution [209,213,216,236]. Genome-wide gene family evolutionary analyses 
revealed that a range of gene families significantly expanded, including genes related to various 
biological functions such as biosynthesis, oxidoreduction, detoxification, transport, and 
Colletotrichum genus-specific genes related to infection ability and adaptation of the fungus [209,216]. 
On the other hand, some genes were lost, such as genes related to RTA1 proteins, which may play a 
role in detoxification in the monocot-specializing graminicola complex [216]. In the context of 
Colletotrichum species adapting into specific hosts, effector genes have also been found to play a 
crucial role. Comparative genomics studies have shown that every Colletotrichum species possesses a 
significant number of unique effector gene candidates, emphasizing their importance in host 
adaptation [243]. 

10. Insights to Mitigate Pathogen Evolutionary Dynamics in Agro-Ecosystems 

The study of evolutionary journey of these economically important fungi revealed that they have 
been successfully established in agricultural ecosystems, regardless of host ranges. Some species, 
such as Bo. cinerea, Puccinia spp., F. oxysporum, and Colletotrichum spp., infect a wide variety of hosts, 
while others are restricted to a few hosts, particularly within a single family, such as Py. oryzae, F. 
graminearum, and Bl. graminis, or a single genus, such as Z. tritici. This indicates that host range does 
not necessarily affect the ability of pathogens to successfully adapt and evolve. For some pathogens, 
like Bo. cinerea, the host range is still uncertain due to insufficient discovery of wild hosts. However, 
it is immensely important to identify wild hosts because most pathogenic fungi originated in wild 
forms and then transferred into domesticated hosts. Additionally, the cultivated lands evade the wild 
habitats and more virulent forms could be easily shifted to cultivated plants resulting in sudden 
outbreaks [4]. 

Perhaps other selected pathogens also have evolved and established in agricultural ecosystems 
either through introduction from elsewhere or from local origins, similar to what has been described 
for F. oxysporum [136] (Figure 2). Based on the evidence from the studied pathogens, such 
introductions can occur on both regional and continental scales through planting materials and 
agricultural produce. These risks could be minimized by implementing quarantine regulations and 
phytosanitary measures [11,244]. Locally, pre-existing pathogens can emerge as new variants 
through co-evolution with host plants, shifting to other hosts, or genetic variations. Among these, it 
was evident that genetic variations are the primary force driving the evolution and adaptation of 
emerging pathogens. Similarly, Woolhouse et al. [245] also described that the likelihood of a pathogen 
evolving or adapting to new hosts or environmental conditions largely depends on its capacity to 
acquire the necessary genetic variations. Although sexual reproduction generates frequent genetic 
variations through recombination, most pathogens discussed in this review do not often reproduce 
sexually. Instead, these pathogens primarily generate genetic variations through asexual 
mechanisms, including mutations and parasexual recombination (somatic hybridization). 
Additionally, other mechanisms such as HGT, HCT, structural variations in chromosomes, conidial, 
and germ tube anastomosis were also found to contribute to the creation of genetic variation among 
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pathogen populations. Therefore, knowing these mechanisms and discovering possible ways to 
interrupt them is crucial to preventing sudden outbreaks caused by novel pathogen variants. 

 
Figure 2. An illustration depicting the emergence of novel pathogenic fungi in agricultural 
ecosystems. Phytopathogenic fungi can evolve either through introduction from external sources or 
local origins, involving processes such as host-pathogen co-evolution, host shifting, or genetic 
variations within existing pathogenic strains. 

The emergence of new pathotypes in agricultural landscapes was also found to be influenced by 
certain farming practices. These include the mono-cropping of highly resistant cultivars on a large 
scale and the continuous long-term use of fungicides with the same mode of action. This could result 
in the rendering of plant resistance, either through the loss of avirulence genes or mutations in 
pathogenic fungi. Furthermore, fungicide resistance in pathogen populations often occurs through 
target site modifications due to mutations and genetic recombination via sexual reproduction in 
pathogens. Therefore, using moderately resistant cultivars, cultivar mixtures, resistance gene 
rotations, and application of fungicides with different modes of action is recommended. This will 
minimize the selective pressure imposed by humans on the evolution of novel pathotypes. At the 
same time, it is advisable to minimize the presence of weeds belonging to the same family as the crop, 
as they can serve as alternative hosts for pathogens and potentially lead to the emergence of new 
pathogen strains through host shifting. Stubble can also serve as a resting place for pathogens and 
provide an inoculum source for subsequent seasons. 

11. Techniques Used to Understand Evolutionary Trends in Plant Pathogenic Fungi 

The study of pathogen evolution in laboratory and natural environments has become more 
feasible with genomics, especially due to the reduced costs of next-generation sequencing 
technologies [246,247]. These techniques are employed to precisely measure mutation rates, identify 
genetic targets and the dynamics of natural selection, explore the relationship between genetic and 
phenotypic changes, and supply data to test long-standing evolutionary theories [165,246]. There are 
two approaches to whole genome analysis of fungal pathogens: de novo sequencing for species that 
have not been sequenced before and re-sequencing for species with an existing high-quality reference 
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assembly [247]. The first approach provides new genome assemblies, facilitating the study of 
emerging pathogens causing recent outbreaks [247,248]. The latter allows tracing the evolution of 
pathogens over time, tracking the emergence of novel genotypes and the spread of virulent strains 
[66,247,249]. 

In recent years, there has been an increase in the number of publicly available genome sequences 
[209,250]. For instance, a total of 18,414 fungal genomes, including 5,886 reference genomes and 5,102 
annotated genomes, are publicly available in the National Center for Biotechnology Information 
(NCBI; https://www.ncbi.nlm.nih.gov/datasets/genome/; Accessed 31st July 2024). This has enabled 
the comparison of sequences and the exploration of similarities and differences in pathogen-host 
interactions, thereby uncovering the genetic mechanisms involved in pathogen evolution 
[171,216,247,251–254]. This approach is beneficial for uncovering ancient evolutionary events and 
understanding the broad evolutionary trajectories of pathogens [179,241,250]. 

Gene content alone cannot fully explain differences in pathogenicity between fungal species, as 
identical gene contents can still result in varying levels of pathogenicity [252]. Therefore, functional 
genomic approaches (e.g., transcriptomics) are essential for identifying gene expression and function 
differences. Transcriptomics enables the analysis of gene expression profiles under different 
conditions, such as during pathogen infection or environmental stresses, revealing how pathogens 
adapt and evolve [255–258]. Furthermore, by identifying virulence factors and adaptive strategies, 
transcriptomics provides insights into host-pathogen interactions, including host specificity and 
coevolution [258,259]. Comparative transcriptomics across strains or species helps trace evolutionary 
trajectories [260,261], while studies of stress responses and regulatory changes highlight how 
pathogenic fungi adapt to challenges such as fungicides or plant defenses [262–264]. 

Population genomics is another invaluable tool for studying the evolution of fungal pathogens, 
offering comprehensive insights into the more recent and ongoing evolutionary processes [250,265]. 
This approach examines genetic variation within and between populations of a single species to 
understand how pathogens adapt and evolve in response to contemporary selection pressures, 
including those imposed by agricultural practices [85,170,250,266]. Genome-wide association studies 
(GWAS), quantitative trait locus (QTL) mapping and genome scans are powerful tools used in 
population genomics to study the evolution of fungal pathogens [250]. Above three methods help to 
identify genetic variations associated with specific traits, such as virulence, fungicide resistance, and 
host adaptation, providing insights into the mechanisms driving pathogen evolution [194,267–272]. 

12. Conclusions 

Like all living organisms, fungal pathogens continuously evolve, developing traits such as 
increased virulence, adaptation to new environmental conditions, or resistance to fungicides. Various 
factors, including genetic variations, natural and anthropogenic selective pressures, and population 
dynamics, drive this evolutionary process. This review described the evolutionary trends observed 
in eight economically important fungal pathogen groups, highlighting their potential to generate 
novel pathogen variants. It may not be feasible to halt pathogen evolution completely. However, 
proactive management strategies could help slow down its rate. Farmers can create less favourable 
conditions for the proliferation of virulent pathogen strains by implementing integrated approaches 
that combine different control measures rather than relying on single methods for extended periods. 
Advances in molecular biology, genomics, and bioinformatics have revolutionized our 
understanding and ability to study plant pathogens. These advancements enable research to monitor 
how fungal pathogens change over time and to develop sustainable strategies in advance to mitigate 
the impact of new diseases, ultimately contributing to global food security. 

Author Contributions: Conceptualization, S.S.N.M. and A.M.; Writing—original manuscript preparation, A.M. 
and D.B.W.; Writing—review and editing, A.M., S.S.N.M., E.I., P.W.J.T., A.S.R. and J.K.L.; supervision, S.S.N.M.; 
funding acquisition, S.S.N.M. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by Talent Introduction and Cultivation Project, University of Electronic 
Science and Technology of China, grant number A1098531023601245. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 16 

 

Data Availability Statement: Not applicable. 

Acknowledgments: We thank the University of Electronic Science and Technology of China for funding this 
work. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Saini, P.; Saini, P.; Kaur, J.J.; Francies, R.M.; Gani, M.; Rajendra, A.A.; Negi, N.; Jagtap, A.; Kadam, A.; Singh, 
C.; et al. Molecular Approaches for Harvesting Natural Diversity for Crop Improvement. Rediscovery Genet. 
genomic Resour. Futur. food Secur. 2020, 67–169. 

2. Hessenauer, P.; Feau, N.; Gill, U.; Schwessinger, B.; Brar, G.S.; Hamelin, R.C. Evolution and Adaptation of 
Forest and Crop Pathogens in the Anthropocene. Phytopathology® 2021, 111, 49–67. 

3. Gladieux, P.; Zhang, X.-G.; Róldan-Ruiz, I.; Caffier, V.; Leroy, T.; Devaux, M.; Van Glabeke, S.; Coart, E.L.S.; 
Le Cam, B. Evolution of the Population Structure of Venturia inaequalis, the Apple Scab Fungus, Associated 
with the Domestication of Its Host. Mol. Ecol. 2010, 19, 658–674. 

4. Stukenbrock, E.H.; McDonald, B.A. The Origins of Plant Pathogens in Agro-Ecosystems. Annu. Rev. 
Phytopathol. 2008, 46, 75–100. 

5. Zhan, J.; Pettway, R.E.; McDonald, B.A. The Global Genetic Structure of the Wheat Pathogen Mycosphaerella 
graminicola is Characterized by High Nuclear Diversity, Low Mitochondrial Diversity, Regular 
Recombination, and Gene Flow. Fungal Genet. Biol. 2003, 38, 286–297. 

6. Hollomon, D.W.; Brent, K.J. Combating Plant Diseases—the Darwin Connection. Pest Manag. Sci. Former. 
Pestic. Sci. 2009, 65, 1156–1163. 

7. Croll, D.; McDonald, B.A. The Genetic Basis of Local Adaptation for Pathogenic Fungi in Agricultural 
Ecosystems. Mol. Ecol. 2017, 26, 2027–2040. 

8. Burdon, J.J.; Thrall, P.H. Pathogen Evolution across the Agro-Ecological Interface: Implications for Disease 
Management. Evol. Appl. 2008, 1, 57–65. 

9. Jiménez-Gasco, M.; Navas-Cortés, J.A.; Jiménez-Diaz, R.M. The Fusarium oxysporum f. sp. Ciceris/Cicer 
arietinum Pathosystem: A Case Study of the Evolution of Plant-Pathogenic Fungi into Races and 
Pathotypes. Int. Microbiol. 2004, 7, 95–104. 

10. McDonald, B.A.; Linde, C. The Population Genetics of Plant Pathogens and Breeding Strategies for Durable 
Resistance. Euphytica 2002, 124, 163–180. 

11. Kumar, P.L.; Cuervo, M.; Kreuze, J.F.; Muller, G.; Kulkarni, G.; Kumari, S.G.; Massart, S.; Mezzalama, M.; 
Alakonya, A.; Muchugi, A.; et al. Phytosanitary Interventions for Safe Global Germplasm Exchange and 
the Prevention of Transboundary Pest Spread: The Role of CGIAR Germplasm Health Units. Plants 2021, 
10, 328. 

12. Doehlemann, G.; Ökmen, B.; Zhu, W.; Sharon, A. Plant Pathogenic Fungi. The fungal kingdom 2017, 701–726. 
13. Möller, M.; Stukenbrock, E.H. Evolution and Genome Architecture in Fungal Plant Pathogens. Nat. Rev. 

Microbiol. 2017, 15, 756–771. 
14. Horbach, R.; Navarro-Quesada, A.R.; Knogge, W.; Deising, H.B. When and How to Kill a Plant Cell: 

Infection Strategies of Plant Pathogenic Fungi. J. Plant Physiol. 2011, 168, 51–62. 
15. Dean, R.; Van Kan, J.A.L.; Pretorius, Z.A.; Hammond-Kosack, K.E.; Di Pietro, A.; Spanu, P.D.; Rudd, J.J.; 

Dickman, M.; Kahmann, R.; Ellis, J.; et al. The Top 10 Fungal Pathogens in Molecular Plant Pathology. Mol. 
Plant Pathol. 2012, 13, 414–430. 

16. Couch, B.C.; Kohn, L.M. A Multilocus Gene Genealogy Concordant with Host Preference Indicates 
Segregation of a New Species, Magnaporthe oryzae, from M. grisea. Mycologia 2002, 94, 683–693. 

17. Maciel, J.L.N. Magnaporthe oryzae, the Blast Pathogen: Current Status and Options for Its Control. CABI Rev. 
2012, 1–8. 

18. Maharachchikumbura, S.S.N.; Hyde, K.D.; Jones, E.B.G.; McKenzie, E.H.C.; Bhat, J.D.; Dayarathne, M.C.; 
Huang, S.-K.; Norphanphoun, C.; Senanayake, I.C.; Perera, R.H.; et al. Families of Sordariomycetes. Fungal 
Divers. 2016, 79, 1–317. 

19. Valent, B. The Impact of Blast Disease: Past, Present, and Future. Magnaporthe oryzae Methods Protoc. 2021, 
1–18. 

20. Ou, S.H. Rice Diseases; 2nd ed.; Common Wealth Mycological Institute: Kew, UK, 1985. 
21. Couch, B.C.; Fudal, I.; Lebrun, M.-H.; Tharreau, D.; Valent, B.; Van Kim, P.; Nottéghem, J.-L.; Kohn, L.M. 

Origins of Host-Specific Populations of the Blast Pathogen Magnaporthe oryzae in Crop Domestication with 
Subsequent Expansion of Pandemic Clones on Rice and Weeds of Rice. Genetics 2005, 170, 613–630. 

22. Saleh, D.; Milazzo, J.; Adreit, H.; Fournier, E.; Tharreau, D. South-East Asia Is the Center of Origin, 
Diversity and Dispersion of the Rice Blast Fungus, Magnaporthe oryzae. New Phytol. 2014, 201, 1440–1456. 

23. Crawford, G.W.; Shen, C. The Origins of Rice Agriculture: Recent Progress in East Asia. Antiquity 1998, 72, 
858–866. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 17 

 

24. Vaughan, D.A.; Morishima, H. Biosystematics of the Genus Oryza. Rice Orig. Hist. Technol. Prod. 2003, 27, 
65. 

25. Chang, K. The Archaeology of Ancient China; Yale University Press, 1987. 
26. Schurko, A.M.; Logsdon Jr, J.M. Using a Meiosis Detection Toolkit to Investigate Ancient Asexual 

“Scandals” and the Evolution of Sex. BioEssays 2008, 30, 579–589. 
27. Saleh, D.; Xu, P.; Shen, Y.; Li, C.; Adreit, H.; Milazzo, J.; Ravigné, V.; Bazin, E.; Nottéghem, J.-L.; Fournier, 

E.; et al. Sex at the Origin: An Asian Population of the Rice Blast Fungus Magnaporthe oryzae Reproduces 
Sexually. Mol. Ecol. 2012, 21, 1330–1344. 

28. Ebbole, D.J. Magnaporthe as a Model for Understanding Host-Pathogen Interactions. Annu. Rev. 
Phytopathol. 2007, 45, 437–456. 

29. Urashima, A.S.; Igarashi, S.; Kato, H. Host Range, Mating Type, and Fertility of Pyricularia grisea from 
Wheat in Brazil. Plant Dis. 1993, 77, 1211–1216. 

30. Inoue, Y.; Vy, T.T.P.; Yoshida, K.; Asano, H.; Mitsuoka, C.; Asuke, S.; Anh, V.L.; Cumagun, C.J.R.; Chuma, 
I.; Terauchi, R.; et al. Evolution of the Wheat Blast Fungus through Functional Losses in a Host Specificity 
Determinant. Science. 2017, 357, 80–83. 

31. Valent, B. Rice Blast as a Model System for Plant Pathology. Phytopathol. 1990, 80, 33–36. 
32. Bruno, A.N.A.C.; Urashima, A.S. Inter-Relação Sexual de Magnaporthe grisea Do Trigo e de Outros 

Hospedeiros. Fitopatol. Bras. 2001, 26, 21–26. 
33. Farman, M.; Peterson, G.; Chen, L.; Starnes, J.; Valent, B.; Bachi, P.; Murdock, L.; Hershman, D.; Pedley, K.; 

Fernandes, J.M.; et al. The Lolium Pathotype of Magnaporthe oryzae Recovered from a Single Blasted Wheat 
Plant in the United States. Plant Dis. 2017, 101, 684–692. 

34. Yoshida, K.; Saunders, D.G.O.; Mitsuoka, C.; Natsume, S.; Kosugi, S.; Saitoh, H.; Inoue, Y.; Chuma, I.; Tosa, 
Y.; Cano, L.M.; et al. Host Specialization of the Blast Fungus Magnaporthe oryzae is Associated with Dynamic 
Gain and Loss of Genes Linked to Transposable Elements. BMC Genomics 2016, 17, 1–18. 

35. Xue, M.; Yang, J.; Li, Z.; Hu, S.; Yao, N.; Dean, R.A.; Zhao, W.; Shen, M.; Zhang, H.; Li, C.; et al. Comparative 
Analysis of the Genomes of Two Field Isolates of the Rice Blast Fungus Magnaporthe oryzae. PLoS Genet. 
2012, 8, e1002869. 

36. Orbach, M.J.; Farrall, L.; Sweigard, J.A.; Chumley, F.G.; Valent, B. A Telomeric Avirulence Gene Determines 
Efficacy for the Rice Blast Resistance Gene Pi-ta. Plant Cell 2000, 12, 2019–2032. 

37. Farman, M.L.; KIM, Y.-S. Telomere Hypervariability in Magnaporthe oryzae. Mol. Plant Pathol. 2005, 6, 287–
298. 

38. Peng, Z.; Oliveira-Garcia, E.; Lin, G.; Hu, Y.; Dalby, M.; Migeon, P.; Tang, H.; Farman, M.; Cook, D.; White, 
F.F.; et al. Effector Gene Reshuffling Involves Dispensable Mini-Chromosomes in the Wheat Blast Fungus. 
PLoS Genet. 2019, 15, e1008272. 

39. Langner, T.; Harant, A.; Gomez-Luciano, L.B.; Shrestha, R.K.; Malmgren, A.; Latorre, S.M.; Burbano, H.A.; 
Win, J.; Kamoun, S. Genomic Rearrangements Generate Hypervariable Mini-Chromosomes in Host-
Specific Isolates of the Blast Fungus. PLoS Genet. 2021, 17, e1009386. 

40. Luo, C.-X.; Yin, L.-F.; Ohtaka, K.; Kusaba, M. The 1.6 Mb Chromosome Carrying the Avirulence Gene 
AvrPik in Magnaporthe oryzae Isolate 84R-62B is a Chimera Containing Chromosome 1 Sequences. Mycol. 
Res. 2007, 111, 232–239. 

41. Chuma, I.; Isobe, C.; Hotta, Y.; Ibaragi, K.; Futamata, N.; Kusaba, M.; Yoshida, K.; Terauchi, R.; Fujita, Y.; 
Nakayashiki, H.; et al. Multiple Translocation of the AVR-Pita Effector Gene among Chromosomes of the 
Rice Blast Fungus Magnaporthe oryzae and Related Species. PLoS Pathog. 2011, 7, e1002147. 

42. Talbot, N.J.; Salch, Y.P.; Ma, M.; Hamer, J.E. Karyotypic Variation within Clonal Lineages of the Rice Blast 
Fungus, Magnaporthe grisea. Appl. Environ. Microbiol. 1993, 59, 585–593. 

43. Chuma, I.; Tosa, Y.; Taga, M.; Nakayashiki, H.; Mayama, S. Meiotic Behavior of a Supernumerary 
Chromosome in Magnaporthe oryzae. Curr. Genet. 2003, 43, 191–198. 

44. Orbach, M.J.; Chumley, F.G.; Valent, B.; others Electrophoretic Karyotypes of Magnaporthe grisea Pathogens 
of Diverse Grasses. MPMI-Molecular Plant Microbe Interact. 1996, 9, 261–271. 

45. Latorre, S.M.; Reyes-Avila, C.S.; Malmgren, A.; Win, J.; Kamoun, S.; Burbano, H.A. Differential Loss of 
Effector Genes in Three Recently Expanded Pandemic Clonal Lineages of the Rice Blast Fungus. BMC Biol. 
2020, 18, 1–15. 

46. Dai, Y.; Jia, Y.; Correll, J.; Wang, X.; Wang, Y. Diversification and Evolution of the Avirulence Gene AVR-
Pita1 in Field Isolates of Magnaporthe oryzae. Fungal Genet. Biol. 2010, 47, 973–980. 

47. Noguchi, M.T. Parasexual Recombination in Magnaporthe oryzae. Japan Agric. Res. Q. JARQ 2011, 45, 39–45. 
48. Genovesi, A.D.; Magill, C.W. Heterokaryosis and Parasexuality in Pyricularia oryzae Cavara. Can. J. 

Microbiol. 1976, 22, 531–536. 
49. Zeigler, R.S.; Scott, R.P.; Leung, H.; Bordeos, A.A.; Kumar, J.; Nelson, R.J. Evidence of Parasexual Exchange 

of DNA in the Rice Blast Fungus Challenges Its Exclusive Clonality. Phytopathology 1997, 87, 284–294. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 18 

 

50. Noguchi, M.T.; Yasuda, N.; Fujita, Y. Evidence of Genetic Exchange by Parasexual Recombination and 
Genetic Analysis of Pathogenicity and Mating Type of Parasexual Recombinants in Rice Blast Fungus, 
Magnaporthe oryzae. Phytopathology 2006, 96, 746–750. 

51. Zhang, H.; Zheng, X.; Zhang, Z. The Magnaporthe Grisea Species Complex and Plant Pathogenesis. Mol. 
Plant Pathol. 2016, 17, 796. 

52. Miura, H.; Katagiri, M.; Yamaguchi, T.; Uesugi, Y.; Ito, H. Mode of Occurrence of Kasugamycin Resistant 
Rice Blast Fungus. Japanese J. Phytopathol. 1976, 42, 117–123. 

53. Avila-Adame, C.; Köller, W. Disruption of the Alternative Oxidase Gene in Magnaporthe grisea and Its 
Impact on Host Infection. Mol. plant-microbe Interact. 2002, 15, 493–500. 

54. Vincelli, P.; Dixon, E. Resistance to QoI (Strobilurin-like) Fungicides in Isolates of Pyricularia grisea from 
Perennial Ryegrass. Plant Dis. 2002, 86, 235–240. 

55. Kim, Y.-S.; Dixon, E.W.; Vincelli, P.; Farman, M.L. Field Resistance to Strobilurin (QoI) Fungicides in 
Pyricularia grisea Caused by Mutations in the Mitochondrial Cytochrome b Gene. Phytopathology 2003, 93, 
891–900. 

56. Grasso, V.; Palermo, S.; Sierotzki, H.; Garibaldi, A.; Gisi, U. Cytochrome b Gene Structure and 
Consequences for Resistance to Qo Inhibitor Fungicides in Plant Pathogens. Pest Manag. Sci. Former. Pestic. 
Sci. 2006, 62, 465–472. 

57. Castroagudin, V.L.; Ceresini, P.C.; de Oliveira, S.C.; Reges, J.T.A.; Maciel, J.L.N.; Bonato, A.L. V; Dorigan, 
A.F.; McDonald, B.A. Resistance to QoI Fungicides is Widespread in Brazilian Populations of the Wheat 
Blast Pathogen Magnaporthe oryzae. Phytopathology 2015, 105, 284–294. 

58. Wang, Z.-Q.; Meng, F.-Z.; Zhang, M.-M.; Yin, L.-F.; Yin, W.-X.; Lin, Y.; Hsiang, T.; Peng, Y.-L.; Wang, Z.-
H.; Luo, C.-X. A Putative Zn2Cys6 Transcription Factor is Associated with Isoprothiolane Resistance in 
Magnaporthe oryzae. Front. Microbiol. 2018, 9, 2608. 

59. Bohnert, S.; Heck, L.; Gruber, C.; Neumann, H.; Distler, U.; Tenzer, S.; Yemelin, A.; Thines, E.; Jacob, S. 
Fungicide Resistance toward Fludioxonil Conferred by Overexpression of the Phosphatase Gene MoPTP2 
in Magnaporthe oryzae. Mol. Microbiol. 2019, 111, 662–677. 

60. Hu, P.; Liu, Y.; Zhu, X.; Kang, H. ABCC Transporter Gene MoABC-R1 is Associated with Pyraclostrobin 
Tolerance in Magnaporthe oryzae. J. Fungi 2023, 9, 917. 

61. Williamson, B.; Tudzynski, B.; Tudzynski, P.; Van Kan, J.A.L. Botrytis cinerea: The Cause of Grey Mould 
Disease. Mol. Plant Pathol. 2007, 8, 561–580. 

62. Kretschmer, M.; Leroch, M.; Mosbach, A.; Walker, A.-S.; Fillinger, S.; Mernke, D.; Schoonbeek, H.-J.; 
Pradier, J.-M.; Leroux, P.; De Waard, M.A.; et al. Fungicide-Driven Evolution and Molecular Basis of 
Multidrug Resistance in Field Populations of the Grey Mould Fungus Botrytis cinerea. PLoS Pathog. 2009, 5, 
e1000696. 

63. Romanazzi, G.; Feliziani, E. Botrytis cinerea (Gray Mold). In Postharvest decay; Elsevier, 2014; pp. 131–146. 
64. Elad, Y., Vivier, M., Fillinger, S. Botrytis, the Good, the Bad and the Ugly. In Botrytis–the Fungus, the Pathogen 

and its Management in Agricultural Systems, 1st ed.; Fillinger, S., Elad, Y., Eds.; Springer Cham, 2016; pp. 1–
15. 

65. Leroch, M.; Plesken, C.; Weber, R.W.S.; Kauff, F.; Scalliet, G.; Hahn, M. Gray Mold Populations in German 
Strawberry Fields Are Resistant to Multiple Fungicides and Dominated by a Novel Clade Closely Related 
to Botrytis cinerea. Appl. Environ. Microbiol. 2013, 79, 159–167. 

66. Atwell, S.; Corwin, J.A.; Soltis, N.E.; Subedy, A.; Denby, K.J.; Kliebenstein, D.J. Whole Genome 
Resequencing of Botrytis cinerea Isolates Identifies High Levels of Standing Diversity. Front. Microbiol. 2015, 
6, 996. 

67. Kozhar, O.; Larsen, M.M.; Grünwald, N.J.; Peever, T.L. Fungal Evolution in Anthropogenic Environments: 
Botrytis cinerea Populations Infecting Small Fruit Hosts in the Pacific Northwest Rapidly Adapt to Human-
Induced Selection Pressures. Appl. Environ. Microbiol. 2020, 86, e0290819. 

68. Fournier, E.; Giraud, T.; Albertini, C.; Brygoo, Y. Partition of the Botrytis cinerea Complex in France Using 
Multiple Gene Genealogies. Mycologia 2005, 97, 1251–1267. 

69. Plesken, C.; Pattar, P.; Reiss, B.; Noor, Z.N.; Zhang, L.; Klug, K.; Huettel, B.; Hahn, M. Genetic Diversity of 
Botrytis cinerea Revealed by Multilocus Sequencing, and Identification of B. Cinerea Populations Showing 
Genetic Isolation and Distinct Host Adaptation. Front. Plant Sci. 2021, 12, 663027. 

70. Zhu, B.; Zhou, Q.; Xie, G.; Zhang, G.; Zhang, X.; Wang, Y.; Sun, G.; Li, B.; Jin, G. Interkingdom Gene Transfer 
May Contribute to the Evolution of Phytopathogenicity in Botrytis cinerea. Evol. Bioinforma. 2012, 8, 
EBOS8486. 

71. Campbell, M.A.; Rokas, A.; Slot, J.C. Horizontal Transfer and Death of a Fungal Secondary Metabolic Gene 
Cluster. Genome Biol. Evol. 2012, 4, 289–293. 

72. Campbell, M.A.; Staats, M.; van Kan, J.A.L.; Rokas, A.; Slot, J.C. Repeated Loss of an Anciently Horizontally 
Transferred Gene Cluster in Botrytis. Mycologia 2013, 105, 1126–1134. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 19 

 

73. Simon, A.; Mercier, A.; Gladieux, P.; Poinssot, B.; Walker, A.-S.; Viaud, M. Botrytis cinerea Strains Infecting 
Grapevine and Tomato Display Contrasted Repertoires of Accessory Chromosomes, Transposons and 
Small RNAs. Peer Community J. 2022, 2, e83. 

74. Cettul, E.; Rekab, D.; Locci, R.; Firrao, G. Evolutionary Analysis of Endopolygalacturonase-Encoding Genes 
of Botrytis cinerea. Mol. Plant Pathol. 2008, 9, 675–685. 

75. Pappas, A.C. Evolution of Fungicide Resistance in Botrytis cinerea in Protected Crops in Greece. Crop Prot. 
1997, 16, 257–263. 

76. Zhang, C.; Hu, J.; Wei, F.; Zhu, G. Evolution of Resistance to Different Classes of Fungicides in Botrytis 
cinerea from Greenhouse Vegetables in Eastern China. Phytoparasitica 2009, 37, 351–359. 

77. Hahn, M. The Rising Threat of Fungicide Resistance in Plant Pathogenic Fungi: Botrytis as a Case Study. J. 
Chem. Biol. 2014, 7, 133–141. 

78. Romanazzi, G.; Smilanick, J.L.; Feliziani, E.; Droby, S. Integrated Management of Postharvest Gray Mold 
on Fruit Crops. Postharvest Biol. Technol. 2016, 113, 69–76. 

79. He, L.; Cui, K.; Li, T.; Song, Y.; Liu, N.; Mu, W.; Liu, F. Evolution of the Resistance of Botrytis cinerea to 
Carbendazim and the Current Efficacy of Carbendazim against Gray Mold after Long-Term 
Discontinuation. Plant Dis. 2020, 104, 1647–1653. 

80. Cui, W.; Beever, R.E.; Parkes, S.L.; Templeton, M.D. Evolution of an Osmosensing Histidine Kinase in Field 
Strains of Botryotinia fuckeliana (Botrytis cinerea) in Response to Dicarboximide Fungicide Usage. 
Phytopathology 2004, 94, 1129–1135. 

81. Fillinger, S.; Walker, A.-S. Chemical Control and Resistance Management of Botrytis Diseases. Botrytis–the 
fungus, Pathog. its Manag. Agric. Syst. 2016, 189–216. 

82. Rodenburg, S.Y.A.; Terhem, R.B.; Veloso, J.; Stassen, J.H.M.; van Kan, J.A.L. Functional Analysis of Mating 
Type Genes and Transcriptome Analysis during Fruiting Body Development of Botrytis cinerea. MBio 2018, 
9, 10–1128. 

83. Giraud, T.; Fortini, D.; Levis, C.; Leroux, P.; Brygoo, Y. RFLP Markers Show Genetic Recombination in 
Botryotinia fuckeliana (Botrytis cinerea) and Transposable Elements Reveal Two Sympatric Species. Mol. Biol. 
Evol. 1997, 14, 1177–1185. 

84. Fournier, E.; Giraud, T. Sympatric Genetic Differentiation of a Generalist Pathogenic Fungus, Botrytis 
cinerea, on Two Different Host Plants, Grapevine and Bramble. J. Evol. Biol. 2008, 21, 122–132. 

85. Karchani-Balma, S.; Gautier, A.; Raies, A.; Fournier, E. Geography, Plants, and Growing Systems Shape the 
Genetic Structure of Tunisian Botrytis cinerea Populations. Phytopathology 2008, 98, 1271–1279. 

86. Beever, R.E.; Weeds, P.L. Taxonomy and Genetic Variation of Botrytis and Botryotinia. In Botrytis: Biology, 
pathology and control; Elad, Y., Williamson, B., Tudzynski, P., Delen, N., Eds.; Springer Dordrecht, 2007; pp. 
29–52. 

87. Isenegger, D.A.; Macleod, W.J.; Ford, R.; Taylor, P.W.J. Genotypic Diversity and Migration of Clonal 
Lineages of Botrytis cinerea from Chickpea Fields of Bangladesh Inferred by Microsatellite Markers. Plant 
Pathol. 2008, 57, 967–973. 

88. Rajaguru, B.A.P.; Shaw, M.W. Genetic Differentiation between Hosts and Locations in Populations of 
Latent Botrytis cinerea in Southern England. Plant Pathol. 2010, 59, 1081–1090. 

89. Wessels, B.A.; Linde, C.C.; Fourie, P.H.; Mostert, L. Genetic Population Structure and Fungicide Resistance 
of Botrytis cinerea in Pear Orchards in the Western Cape of South Africa. Plant Pathol. 2016, 65, 1473–1483. 

90. Leonard, K.J.; Szabo, L.J. Stem Rust of Small Grains and Grasses Caused by Puccinia graminis. Mol. Plant 
Pathol. 2005, 6, 99–111. 

91. der Merwe, M.; Ericson, L.; Walker, J.; Thrall, P.H.; Burdon, J.J. Evolutionary Relationships among Species 
of Puccinia and Uromyces (Pucciniaceae, Uredinales) Inferred from Partial Protein Coding Gene 
Phylogenies. Mycol. Res. 2007, 111, 163–175. 

92. Dracatos, P.M.; Haghdoust, R.; Singh, D.; Park, R.F. Exploring and Exploiting the Boundaries of Host 
Specificity Using the Cereal Rust and Mildew Models. New Phytol. 2018, 218, 453–462. 

93. Anikster, Y. The Formae Speciales. Cereal rusts 1984, 1, 115–130. 
94. Liu, M.; Rodrigue, N.; Kolmer, J. Population Divergence in the Wheat Leaf Rust Fungus Puccinia triticina Is 

Correlated with Wheat Evolution. Heredity (Edinb). 2014, 112, 443–453. 
95. Anikster, Y.; Manisterski, J.; Long, D.L.; Leonard, K.J. Resistance to Leaf Rust, Stripe Rust, and Stem Rust 

in Aegilops spp. in Israel. Plant Dis. 2005, 89, 303–308. 
96. Kolmer, J.A.; Herman, A.; Ordoñez, M.E.; German, S.; Morgounov, A.; Pretorius, Z.; Visser, B.; Anikster, 

Y.; Acevedo, M. Endemic and Panglobal Genetic Groups, and Divergence of Host-Associated Forms in 
Worldwide Collections of the Wheat Leaf Rust Fungus Puccinia triticina as Determined by Genotyping by 
Sequencing. Heredity (Edinb). 2020, 124, 397–409. 

97. Li, C.; Qiao, L.; Lu, Y.; Xing, G.; Wang, X.; Zhang, G.; Qian, H.; Shen, Y.; Zhang, Y.; Yao, W.; et al. Gapless 
Genome Assembly of Puccinia triticina Provides Insights into Chromosome Evolution in Pucciniales. 
Microbiol. Spectr. 2023, 11, e0282822. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 20 

 

98. Jin, Y.; Szabo, L.J.; Carson, M. Century-Old Mystery of Puccinia striiformis Life History Solved with the 
Identification of Berberis as an Alternate Host. Phytopathology 2010, 100, 432–435. 

99. Savile, D.B.O. Taxonomy of the Cereal Rust Fungi. Cereal rusts, Orig. specificity, Struct. Physiol. 1984, 79–112. 
100. Kiran, K.; Rawal, H.C.; Dubey, H.; Jaswal, R.; Devanna, B.N.; Gupta, D.K.; Bhardwaj, S.C.; Prasad, P.; Pal, 

D.; Chhuneja, P.; et al. Draft Genome of the Wheat Rust Pathogen (Puccinia triticina) Unravels Genome-
Wide Structural Variations during Evolution. Genome Biol. Evol. 2016, 8, 2702–2721. 

101. Bolton, M.D.; Kolmer, J.A.; Garvin, D.F. Wheat Leaf Rust Caused by Puccinia triticina. Mol. Plant Pathol. 
2008, 9, 563–575. 

102. Ali, S.; Leconte, M.; Walker, A.-S.; Enjalbert, J.; de Vallavieille-Pope, C. Reduction in the Sex Ability of 
Worldwide Clonal Populations of Puccinia striiformis f. sp. Tritici. Fungal Genet. Biol. 2010, 47, 828–838. 

103. Schwessinger, B.; Chen, Y.-J.; Tien, R.; Vogt, J.K.; Sperschneider, J.; Nagar, R.; McMullan, M.; Sicheritz-
Ponten, T.; Sørensen, C.K.; Hovmøller, M.S.; et al. Distinct Life Histories Impact Dikaryotic Genome 
Evolution in the Rust Fungus Puccinia striiformis Causing Stripe Rust in Wheat. Genome Biol. Evol. 2020, 12, 
597–617. 

104. Fellers, J.P.; Sakthikumar, S.; He, F.; McRell, K.; Bakkeren, G.; Cuomo, C.A.; Kolmer, J.A. Whole-Genome 
Sequencing of Multiple Isolates of Puccinia triticina Reveals Asexual Lineages Evolving by Recurrent 
Mutations. G3 2021, 11, jkab219. 

105. Prasad, P.; Thakur, R.K.; Savadi, S.; Bhardwaj, S.C.; Gangwar, O.P.; Lata, C.; Adhikari, S.; Kumar, S. Genetic 
Diversity and Population Structure Reveal Cryptic Genetic Variation and Long Distance Migration of 
Puccinia graminis f. sp. Tritici in the Indian Subcontinent. Front. Microbiol. 2022, 13, 842106. 

106. Ellis, J.G.; Lagudah, E.S.; Spielmeyer, W.; Dodds, P.N. The Past, Present and Future of Breeding Rust 
Resistant Wheat. Front. Plant Sci. 2014, 5, 641. 

107. Feodorova-Fedotova, L.; Bankina, B. Characterization of Yellow Rust (Puccinia striiformis Westend.). Res. 
Rural Dev. 2018, 2, 69–76. 

108. Guo, Y.; Betzen, B.; Salcedo, A.; He, F.; Bowden, R.L.; Fellers, J.P.; Jordan, K.W.; Akhunova, A.; Rouse, M.N.; 
Szabo, L.J.; et al. Population Genomics of Puccinia graminis f. sp. Tritici Highlights the Role of Admixture in 
the Origin of Virulent Wheat Rust Races. Nat. Commun. 2022, 13, 6287. 

109. Xia, C.; Wang, M.; Yin, C.; Cornejo, O.E.; Hulbert, S.H.; Chen, X. Genomic Insights into Host Adaptation 
between the Wheat Stripe Rust Pathogen (Puccinia striiformis f. sp. Tritici) and the Barley Stripe Rust 
Pathogen (Puccinia striiformis f. sp. Hordei). BMC Genomics 2018, 19, 1–21. 

110. Li, F.; Upadhyaya, N.M.; Sperschneider, J.; Matny, O.; Nguyen-Phuc, H.; Mago, R.; Raley, C.; Miller, M.E.; 
Silverstein, K.A.T.; Henningsen, E.; et al. Emergence of the Ug99 Lineage of the Wheat Stem Rust Pathogen 
through Somatic Hybridisation. Nat. Commun. 2019, 10, 5068. 

111. Zhao, J.; Wang, L.; Wang, Z.; Chen, X.; Zhang, H.; Yao, J.; Zhan, G.; Chen, W.; Huang, L.; Kang, Z. 
Identification of Eighteen Berberis Species as Alternate Hosts of Puccinia striiformis f. sp. Tritici and 
Virulence Variation in the Pathogen Isolates from Natural Infection of Barberry Plants in China. 
Phytopathology 2013, 103, 927–934. 

112. Wang, X.; McCallum, B. Fusion Body Formation, Germ Tube Anastomosis, and Nuclear Migration during 
the Germination of Urediniospores of the Wheat Leaf Rust Fungus, Puccinia triticina. Phytopathology 2009, 
99, 1355–1364. 

113. Goswami, R.S.; Kistler, H.C. Heading for Disaster: Fusarium graminearum on Cereal Crops. Mol. Plant Pathol. 
2004, 5, 515–525. 

114. Kazan, K.; Gardiner, D.M.; Manners, J.M. On the Trail of a Cereal Killer: Recent Advances in Fusarium 
graminearum Pathogenomics and Host Resistance. Mol. Plant Pathol. 2012, 13, 399–413. 

115. Leplat, J.; Friberg, H.; Abid, M.; Steinberg, C. Survival of Fusarium graminearum, the Causal Agent of 
Fusarium Head Blight. A Review. Agron. Sustain. Dev. 2013, 33, 97–111. 

116. Lofgren, L.A.; LeBlanc, N.R.; Certano, A.K.; Nachtigall, J.; LaBine, K.M.; Riddle, J.; Broz, K.; Dong, Y.; 
Bethan, B.; Kafer, C.W.; et al. Fusarium graminearum: Pathogen or Endophyte of North American Grasses? 
New Phytol. 2018, 217, 1203–1212. 

117. Yli-Mattila, T. Ecology and Evolution of Toxigenic Fusarium Species in Cereals in Northern Europe and 
Asia. J. Plant Pathol. 2010, 7–18. 

118. Del Ponte, E.M.; Moreira, G.M.; Ward, T.J.; O’Donnell, K.; Nicolli, C.P.; Machado, F.J.; Duffeck, M.R.; Alves, 
K.S.; Tessmann, D.J.; Waalwijk, C.; et al. Fusarium graminearum Species Complex: A Bibliographic Analysis 
and Web-Accessible Database for Global Mapping of Species and Trichothecene Toxin Chemotypes. 
Phytopathology 2022, 112, 741–751. 

119. Gagkaeva, T.Y.; Yli-Mattila, T. Genetic Diversity of Fusarium graminearum in Europe and Asia. Eur. J. Plant 
Pathol. 2004, 551–562. 

120. Fulcher, M.R.; Winans, J.B.; Quan, M.; Oladipo, E.D.; Bergstrom, G.C. Population Genetics of Fusarium 
graminearum at the Interface of Wheat and Wild Grass Communities in New York. Phytopathology 2019, 109, 
2124–2131. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 21 

 

121. Fulcher, M.R.; Garcia, J.P.; Damann, K.C.M.; Bergstrom, G.C. Variable Interactions between Non-Cereal 
Grasses and Fusarium graminearum. Can. J. Plant Pathol. 2019, 41, 450–456. 

122. Akinsanmi, O.A.; Chakraborty, S.; Backhouse, D.; Simpfendorfer, S. Passage through Alternative Hosts 
Changes the Fitness of Fusarium graminearum and Fusarium pseudograminearum. Environ. Microbiol. 2007, 9, 
512–520. 

123. Laurent, B.; Palaiokostas, C.; Spataro, C.; Moinard, M.; Zehraoui, E.; Houston, R.D.; Foulongne-Oriol, M. 
High-Resolution Mapping of the Recombination Landscape of the Phytopathogen Fusarium graminearum 
Suggests Two-Speed Genome Evolution. Mol. Plant Pathol. 2018, 19, 341–354. 

124. Goddard, M.R.; Godfray, H.C.J.; Burt, A. Sex Increases the Efficacy of Natural Selection in Experimental 
Yeast Populations. Nature 2005, 434, 636–640. 

125. Talas, F.; McDonald, B.A. Significant Variation in Sensitivity to a DMI Fungicide in Field Populations of 
Fusarium Graminearum. Plant Pathol. 2015, 64, 664–670. 

126. Gale, L.R.; Chen, L.-F.; Hernick, C.A.; Takamura, K.; Kistler, H.C. Population Analysis of Fusarium 
graminearum from Wheat Fields in Eastern China. Phytopathology 2002, 92, 1315–1322. 

127. Chen, Y.; Wang, J.-X.; Zhou, M.-G.; Chen, C.-J.; Yuan, S.-K. Vegetative Compatibility of Fusarium 
graminearum Isolates and Genetic Study on their Carbendazim-Resistance Recombination in China. 
Phytopathology 2007, 97, 1584–1589. 

128. Chen, Y.; Zhou, M.-G. Sexual Recombination of Carbendazim Resistance in Fusarium graminearum under 
Field Conditions. Pest Manag. Sci. Former. Pestic. Sci. 2009, 65, 398–403. 

129. King, R.; Urban, M.; Hammond-Kosack, M.C.U.; Hassani-Pak, K.; Hammond-Kosack, K.E. The Completed 
Genome Sequence of the Pathogenic Ascomycete Fungus Fusarium graminearum. BMC Genomics 2015, 16, 
1–21. 

130. Miedaner, T.; Schilling, A.G.; Geiger, H.H. Molecular Genetic Diversity and Variation for Aggressiveness 
in Populations of Fusarium graminearum and Fusarium culmorum Sampled from Wheat Fields in Different 
Countries. J. Phytopathol. 2001, 149, 641–648. 

131. Miedaner, T.; Cumagun, C.J.R.; Chakraborty, S. Population Genetics of Three Important Head Blight 
Pathogens Fusarium graminearum, F. pseudograminearum and F. culmorum. J. Phytopathol. 2008, 156, 129–139. 

132. Ward, T.J.; Clear, R.M.; Rooney, A.P.; O’Donnell, K.; Gaba, D.; Patrick, S.; Starkey, D.E.; Gilbert, J.; Geiser, 
D.M.; Nowicki, T.W. An Adaptive Evolutionary Shift in Fusarium Head Blight Pathogen Populations Is 
Driving the Rapid Spread of More Toxigenic Fusarium graminearum in North America. Fungal Genet. Biol. 
2008, 45, 473–484. 

133. Kelly, A.C.; Ward, T.J. Population Genomics of Fusarium graminearum Reveals Signatures of Divergent 
Evolution within a Major Cereal Pathogen. PLoS One 2018, 13, e0194616. 

134. Sieber, C.M.K.; Lee, W.; Wong, P.; Münsterkötter, M.; Mewes, H.-W.; Schmeitzl, C.; Varga, E.; Berthiller, F.; 
Adam, G.; Güldener, U. The Fusarium graminearum Genome Reveals More Secondary Metabolite Gene 
Clusters and Hints of Horizontal Gene Transfer. PLoS One 2014, 9, e110311. 

135. Lievens, B.; Van Baarlen, P.; Verreth, C.; Van Kerckhove, S.; Rep, M.; Thomma, B.P.H.J. Evolutionary 
Relationships between Fusarium oxysporum f. sp. Lycopersici and F. Oxysporum f. sp. Radicis-Lycopersici 
Isolates Inferred from Mating Type, Elongation Factor-1α and Exopolygalacturonase Sequences. Mycol. 
Res. 2009, 113, 1181–1191. 

136. Gordon, T.R.; Martyn, R.D. The Evolutionary Biology of Fusarium oxysporum. Annu. Rev. Phytopathol. 1997, 
35, 111–128. 

137. Kistler, H.C. Genetic Diversity in the Plant-Pathogenic Fungus Fusarium oxysporum. Phytopathology 1997, 
87, 474–479. 

138. Edel-Hermann, V.; Lecomte, C. Current Status of Fusarium oxysporum Formae Speciales and Races. 
Phytopathology 2019, 109, 512–530. 

139. Booth, C. The Genus Fusarium. Surrey, Engl. 1971. 
140. Ahmed, A.M.; Mahmoud, B.K.; Millán-Aguiñaga, N.; Abdelmohsen, U.R.; Fouad, M.A. The Endophytic 

Fusarium Strains: A Treasure Trove of Natural Products. RSC Adv. 2023, 13, 1339–1369. 
141. Demers, J.E.; Garzón, C.D.; Jiménez-Gasco, M. del M. Striking Genetic Similarity between Races of Fusarium 

oxysporum f. sp. Ciceris Confirms a Monophyletic Origin and Clonal Evolution of the Chickpea Vascular 
Wilt Pathogen. Eur. J. Plant Pathol. 2014, 139, 309–324. 

142. Henry, P.M.; Pincot, D.D.A.; Jenner, B.N.; Borrero, C.; Aviles, M.; Nam, M.-H.; Epstein, L.; Knapp, S.J.; 
Gordon, T.R. Horizontal Chromosome Transfer and Independent Evolution Drive Diversification in 
Fusarium oxysporum f. sp. Fragariae. New Phytol. 2021, 230, 327–340. 

143. Nelson, P.E. Life Cycle and Epidemiology of Fusarium oxysporum. Fungal wilt Dis. plants 1981, 51–80. 
144. Armstrong, G.M. Formae Speciales and Races of Fusarium oxysporum Causing Wilt Diseases. Fusarium Dis. 

Biol. Taxon. 1981. 
145. Liu, S.; Wu, B.; Lv, S.; Shen, Z.; Li, R.; Yi, G.; Li, C.; Guo, X. Genetic Diversity in FUB Genes of Fusarium 

oxysporum f. sp. Cubense Suggests Horizontal Gene Transfer. Front. Plant Sci. 2019, 10, 1069. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 22 

 

146. Hao, Y.; Li, Y.; Ping, X.; Yang, Q.; Mao, Z.; Zhao, J.; Lu, X.; Xie, B.; Yang, Y.; Ling, J. The Genome of Fusarium 
oxysporum f. sp. Phaseoli Provides Insight into the Evolution of Genomes and Effectors of Fusarium 
oxysporum Species. Int. J. Mol. Sci. 2023, 24, 963. 

147. Wang, B.; Brubaker, C.L.; Tate, W.; Woods, M.J.; Burdon, J.J. Evolution of Virulence in Fusarium oxysporum 
f. sp. Vasinfectum Using Serial Passage Assays through Susceptible Cotton. Phytopathology 2008, 98, 296–303. 

148. Bentley, S.; Pegg, K.G.; Dale, J.L. Genetic Variation among a World-Wide Collection of Isolates of Fusarium 
oxysporum f. sp. Cubense Analysed by RAPD-PCR Fingerprinting. Mycol. Res. 1995, 99, 1378–1384. 

149. del Mar Jiménez-Gasco, M.; Milgroom, M.G.; Jiménez-Diaz, R.M. Stepwise Evolution of Races in Fusarium 
oxysporum f. sp. Ciceris Inferred from Fingerprinting with Repetitive DNA Sequences. Phytopathology 2004, 
94, 228–235. 

150. Cumagun, C.J.R.; others Population Genetic Analysis of Plant Pathogenic Fungi with Emphasis on 
Fusarium Species. Philipp. Agric. Sci. 2007, 90, 244–256. 

151. McTaggart, A.R.; James, T.Y.; Shivas, R.G.; Drenth, A.; Wingfield, B.D.; Summerell, B.A.; Duong, T.A. 
Population Genomics Reveals Historical and Ongoing Recombination in the Fusarium oxysporum Species 
Complex. Stud. Mycol. 2021, 99, 100132. 

152. Proctor, R.H.; Van Hove, F.; Susca, A.; Stea, G.; Busman, M.; van der Lee, T.; Waalwijk, C.; Moretti, A.; 
Ward, T.J. Birth, Death and Horizontal Transfer of the Fumonisin Biosynthetic Gene Cluster during the 
Evolutionary Diversification of Fsarium. Mol. Microbiol. 2013, 90, 290–306. 

153. Czislowski, E.; Fraser-Smith, S.; Zander, M.; O’Neill, W.T.; Meldrum, R.A.; Tran-Nguyen, L.T.T.; Batley, J.; 
Aitken, E.A.B. Investigation of the Diversity of Effector Genes in the Banana Pathogen, Fusarium oxysporum 
f. sp. Cubense, Reveals Evidence of Horizontal Gene Transfer. Mol. Plant Pathol. 2018, 19, 1155–1171. 

154. Yang, H.; Yu, H.; Ma, L.-J. Accessory Chromosomes in Fusarium oxysporum. Phytopathology 2020, 110, 1488–
1496. 

155. Ma, L.-J.; Van Der Does, H.C.; Borkovich, K.A.; Coleman, J.J.; Daboussi, M.-J.; Di Pietro, A.; Dufresne, M.; 
Freitag, M.; Grabherr, M.; Henrissat, B.; et al. Comparative Genomics Reveals Mobile Pathogenicity 
Chromosomes in Fusarium. Nature 2010, 464, 367–373. 

156. Williams, A.H.; Sharma, M.; Thatcher, L.F.; Azam, S.; Hane, J.K.; Sperschneider, J.; Kidd, B.N.; Anderson, 
J.P.; Ghosh, R.; Garg, G.; et al. Comparative Genomics and Prediction of Conditionally Dispensable 
Sequences in Legume–Infecting Fusarium oxysporum Formae Speciales Facilitates Identification of 
Candidate Effectors. BMC Genomics 2016, 17, 1–24. 

157. van Dam, P.; Rep, M. The Distribution of Miniature Impala Elements and SIX Genes in the Fusarium Genus 
is Suggestive of Horizontal Gene Transfer. J. Mol. Evol. 2017, 85, 14–25. 

158. Shahi, S.; Beerens, B.; Bosch, M.; Linmans, J.; Rep, M. Nuclear Dynamics and Genetic Rearrangement in 
Heterokaryotic Colonies of Fusarium oxysporum. Fungal Genet. Biol. 2016, 91, 20–31. 

159. Molnar, A.; Sulyok, L.; Hornok, L. Parasexual Recombination between Vegetatively Incompatible Strains 
in Fusarium oxysporum. Mycol. Res. 1990, 94, 393–398. 

160. Buxton, E.W. Heterokaryosis and Parasexual Recombination in Pathogenic Strains of Fusarium oxysporum. 
Microbiology 1956, 15, 133–139. 

161. Elias, K.S.; Schneider, R.W. Genetic Diversity within and among Races and Vegetative Compatibility 
Groups of Fusarium oxysporum f. sp. Lycopersici as Determined by Isozyme Analysis. Phytopathol. 1992, 82, 
1421. 

162. Teunissen, H.; Verkooijen, J.; Cornelissen, B.; Haring, M. Genetic Exchange of Avirulence Determinants 
and Extensive Karyotype Rearrangements in Parasexual Recombinants of Fusarium oxysporum. Mol. Genet. 
Genomics 2002, 268, 298–310. 

163. Fayyaz, A.; Robinson, G.; Chang, P.L.; Bekele, D.; Yimer, S.; Carrasquilla-Garcia, N.; Negash, K.; 
Surendrarao, A.; von Wettberg, E.J.B.; Kemal, S.-A.; et al. Hiding in Plain Sight: Genome-Wide 
Recombination and a Dynamic Accessory Genome Drive Diversity in Fusarium oxysporum f. sp. Ciceris. Proc. 
Natl. Acad. Sci. 2023, 120, e2220570120. 

164. Walker, A.S.; Bouguennec, A.; Confais, J.; Morgant, G.; Leroux, P. Evidence of Host-Range Expansion from 
New Powdery Mildew (Blumeria graminis) Infections of Triticale (Triticosecale) in France. Plant Pathol. 2011, 
60, 207–220. 

165. Menardo, F.; Wicker, T.; Keller, B. Reconstructing the Evolutionary History of Powdery Mildew Lineages 
(Blumeria graminis) at Different Evolutionary Time Scales with NGS Data. Genome Biol. Evol. 2017, 9, 446–
456. 

166. Kusch, S.; Qian, J.; Loos, A.; Kümmel, F.; Spanu, P.D.; Panstruga, R. Long-Term and Rapid Evolution in 
Powdery Mildew Fungi. Mol. Ecol. 2024, 33, e16909. 

167. Braun, U.; Cook, R.T.A.; Inman, A.J.; Shin, H.D. The Taxonomy of the Powdery Mildew Fungi. In The 
Powdery Mildews. A Comprehensive Treatise; Bélanger, R.R., Bushnell, W.R., Dik, A.J., Carver, T.L.W., Eds.; 
APS Press: Saint Paul, MN, USA, 2002; pp. 13–55. 

168. Inuma, T.; Khodaparast, S.A.; Takamatsu, S. Multilocus Phylogenetic Analyses within Blumeria graminis, a 
Powdery Mildew Fungus of Cereals. Mol. Phylogenet. Evol. 2007, 44, 741–751. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 23 

 

169. Spanu, P.D. The Genomes of the Cereal Powdery Mildew Fungi, Blumeria graminis. In Genomics of Plant-
Associated Fungi: Monocot Pathogens; Dean, R., Lichens-Park, A., Kole, C., Eds.; Springer Berlin, Heidelberg, 
2014; pp. 161–175. 

170. Wyand, R.A.; Brown, J.K.M. Genetic and Forma Specialis Diversity in Blumeria graminis of Cereals and Its 
Implications for Host-Pathogen Co-Evolution. Mol. Plant Pathol. 2003, 4, 187–198. 

171. Menardo, F.; Praz, C.R.; Wyder, S.; Ben-David, R.; Bourras, S.; Matsumae, H.; McNally, K.E.; Parlange, F.; 
Riba, A.; Roffler, S.; et al. Hybridization of Powdery Mildew Strains Gives Rise to Pathogens on Novel 
Agricultural Crop Species. Nat. Genet. 2016, 48, 201–205. 

172. Oberhaensli, S.; Parlange, F.; Buchmann, J.P.; Jenny, F.H.; Abbott, J.C.; Burgis, T.A.; Spanu, P.D.; Keller, B.; 
Wicker, T. Comparative Sequence Analysis of Wheat and Barley Powdery Mildew Fungi Reveals Gene 
Colinearity, Dates Divergence and Indicates Host-Pathogen Co-Evolution. Fungal Genet. Biol. 2011, 48, 327–
334. 

173. Troch, V.; Audenaert, K.; Wyand, R.A.; Haesaert, G.; Höfte, M.; Brown, J.K.M. Formae Speciales of Cereal 
Powdery Mildew: Close or Distant Relatives? Mol. Plant Pathol. 2014, 15, 304–314. 

174. Czembor, H.J.; Domeradzka, O.; Czembor, J.H.; Mańkowski, D.R. Virulence Structure of the Powdery 
Mildew (Blumeria graminis) Population Occurring on Triticale (x Triticosecale) in Poland. J. Phytopathol. 
2014, 162, 499–512. 

175. Brown, J.K.M.; Wolfe, M.S. Structure and Evolution of a Population of Erysiphe Graminis f. sp. Hordei. Plant 
Pathol. 1990, 39, 376–390. 

176. Cieplak, M.; Nucia, A.; Ociepa, T.; Okoń, S. Virulence Structure and Genetic Diversity of Blumeria graminis 
f. sp. Avenae from Different Regions of Europe. Plants 2022, 11, 1358. 

177. Wolfe, M.S.; Brndle, U.; Koller, B.; Limpert, E.; McDermott, J.M.; Muller, K.; Schaffner, D. Barley Mildew in 
Europe: Population Biology and Host Resistance. Euphytica 1992, 63, 125–139. 

178. Hiura, U. Sexual Compatibility between Form Species of Erysiphe Graminis DC, and Variability of the 
Ascospore Derived from the Inter-Form-Specific Hybridization. Nogaku Kenkyu 1965, 51, 67–73. 

179. Wicker, T.; Oberhaensli, S.; Parlange, F.; Buchmann, J.P.; Shatalina, M.; Roffler, S.; Ben-David, R.; Doležel, 
J.; Šimková, H.; Schulze-Lefert, P.; et al. The Wheat Powdery Mildew Genome Shows the Unique Evolution 
of an Obligate Biotroph. Nat. Genet. 2013, 45, 1092–1096. 

180. Jensen, H.R.; Dreiseitl, A.; Sadiki, M.; Schoen, D.J. High Diversity, Low Spatial Structure and Rapid 
Pathotype Evolution in Moroccan Populations of Blumeria graminis f. sp. Hordei. Eur. J. Plant Pathol. 2013, 
136, 323–336. 

181. Marshall, B.; Newton, A.C.; Zhan, J. Quantitative Evolution of Aggressiveness of Powdery Mildew under 
Two-Cultivar Barley Mixtures. Plant Pathol. 2009, 58, 378–388. 

182. Tucker, M.A.; Lopez-Ruiz, F.; Cools, H.J.; Mullins, J.G.L.; Jayasena, K.; Oliver, R.P. Analysis of Mutations 
in West Australian Populations of Blumeria graminis f. sp. Hordei CYP51 Conferring Resistance to DMI 
Fungicides. Pest Manag. Sci. 2020, 76, 1265–1272. 

183. Godet, F.; Limpert, E. Recent Evolution of Multiple Resistance of Blumeria (Erysiphe) graminis f. sp. Tritici 
to Selected DMI and Morpholine Fungicides in France. Pestic. Sci. 1998, 54, 244–252. 

184. Palmer, C.-L.; Skinner, W. Mycosphaerella graminicola: Latent Infection, Crop Devastation and Genomics. 
Mol. Plant Pathol. 2002, 3, 63–70. 

185. Orton, E.S.; Deller, S.; Brown, J.K.M. Mycosphaerella graminicola: From Genomics to Disease Control. Mol. 
Plant Pathol. 2011, 12, 413–424. 

186. Seifbarghi, S.; Razavi, M.; Aminian, H.; Zare, R.; Etebarian, H.-R. Studies on the Host Range of Septoria 
Species on Cereals and Some Wild Grasses in Iran. Phytopathol. Mediterr. 2009, 48, 422–429. 

187. Stukenbrock, E.H.; Banke, S.; Javan-Nikkhah, M.; McDonald, B.A. Origin and Domestication of the Fungal 
Wheat Pathogen Mycosphaerella graminicola via Sympatric Speciation. Mol. Biol. Evol. 2007, 24, 398–411. 

188. Stukenbrock, E.H.; Jørgensen, F.G.; Zala, M.; Hansen, T.T.; McDonald, B.A.; Schierup, M.H. Whole-Genome 
and Chromosome Evolution Associated with Host Adaptation and Speciation of the Wheat Pathogen 
Mycosphaerella graminicola. PLoS Genet. 2010, 6, e1001189. 

189. Torriani, S.F.F.; Brunner, P.C.; McDonald, B.A. Evolutionary History of the Mitochondrial Genome in 
Mycosphaerella Populations Infecting Bread Wheat, Durum Wheat and Wild Grasses. Mol. Phylogenet. Evol. 
2011, 58, 192–197. 

190. Goodwin, S.B.; Ben M’Barek, S.; Dhillon, B.; Wittenberg, A.H.J.; Crane, C.F.; Hane, J.K.; Foster, A.J.; der Lee, 
T.A.J.; Grimwood, J.; Aerts, A.; et al. Finished Genome of the Fungal Wheat Pathogen Mycosphaerella 
graminicola Reveals Dispensome Structure, Chromosome Plasticity, and Stealth Pathogenesis. PLoS Genet. 
2011, 7, e1002070. 

191. Poppe, S.; Dorsheimer, L.; Happel, P.; Stukenbrock, E.H. Rapidly Evolving Genes Are Key Players in Host 
Specialization and Virulence of the Fungal Wheat Pathogen Zymoseptoria tritici (Mycosphaerella graminicola). 
PLoS Pathog. 2015, 11, e1005055. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 24 

 

192. Wittenberg, A.H.J.; Van Der Lee, T.A.J.; Ben M’Barek, S.; Ware, S.B.; Goodwin, S.B.; Kilian, A.; Visser, 
R.G.F.; Kema, G.H.J.; Schouten, H.J. Meiosis Drives Extraordinary Genome Plasticity in the Haploid Fungal 
Plant Pathogen Mycosphaerella graminicola. PLoS One 2009, 4, e5863. 

193. Zhan, J.; McDonald, B.A. The Interaction among Evolutionary Forces in the Pathogenic Fungus 
Mycosphaerella graminicola. Fungal Genet. Biol. 2004, 41, 590–599. 

194. Cowger, C.; Hoffer, M.E.; Mundt, C.C. Specific Adaptation by Mycosphaerella graminicola to a Resistant 
Wheat Cultivar. Plant Pathol. 2000, 49, 445–451. 

195. Cowger, C.; Mundt, C.C. Aggressiveness of Mycosphaerella graminicola Isolates from Susceptible and 
Partially Resistant Wheat Cultivars. Phytopathology 2002, 92, 624–630. 

196. Zhan, J.; Mundt, C.C.; Hoffer, M.E.; McDonald, B.A. Local Adaptation and Effect of Host Genotype on the 
Rate of Pathogen Evolution: An Experimental Test in a Plant Pathosystem. J. Evol. Biol. 2002, 15, 634–647. 

197. McDonald, B.A.; Linde, C. Pathogen Population Genetics, Evolutionary Potential, and Durable Resistance. 
Annu. Rev. Phytopathol. 2002, 40, 349–379. 

198. Fraaije, B.A.; Cools, H.J.; Fountaine, J.; Lovell, D.J.; Motteram, J.; West, J.S.; Lucas, J.A. Role of Ascospores 
in Further Spread of QoI-Resistant Cytochrome b Alleles (G143A) in Field Populations of Mycosphaerella 
graminicola. Phytopathology 2005, 95, 933–941. 

199. Zhan, J.; Stefanato, F.L.; McDonald, B.A. Selection for Increased Cyproconazole Tolerance in Mycosphaerella 
graminicola through Local Adaptation and in Response to Host Resistance. Mol. Plant Pathol. 2006, 7, 259–
268. 

200. Cools, H.J.; Fraaije, B.A. Update on Mechanisms of Azole Resistance in Mycosphaerella graminicola and 
Implications for Future Control. Pest Manag. Sci. 2013, 69, 150–155. 

201. Brunner, P.C.; Stefanato, F.L.; McDonald, B.A. Evolution of the CYP51 Gene in Mycosphaerella graminicola: 
Evidence for Intragenic Recombination and Selective Replacement. Mol. Plant Pathol. 2008, 9, 305–316. 

202. Cools, H.J.; Mullins, J.G.L.; Fraaije, B.A.; Parker, J.E.; Kelly, D.E.; Lucas, J.A.; Kelly, S.L. Impact of Recently 
Emerged Sterol 14α-Demethylase (CYP51) Variants of Mycosphaerella graminicola on Azole Fungicide 
Sensitivity. Appl. Environ. Microbiol. 2011, 77, 3830–3837. 

203. Kema, G.H.J.; Yu, D.; Rijkenberg, F.H.J.; Shaw, M.W.; Baayen, R.P. Histology of the Pathogenesis of 
Mycosphaerella graminicola in Wheat. Phytopathology 1996, 86, 777–786. 

204. Banke, S.; McDonald, B.A. Migration Patterns among Global Populations of the Pathogenic Fungus 
Mycosphaerella graminicola. Mol. Ecol. 2005, 14, 1881–1896. 

205. Hunter; Coker; Royle The Teleomorph Stage, Mycosphaerella graminicola, in Epidemics of Septoria Tritici 
Blotch on Winter Wheat in the UK. Plant Pathol. 1999, 48, 51–57. 

206. Zhan, J.; Mundt, C.C.; McDonald, B.A. Sexual Reproduction Facilitates the Adaptation of Parasites to 
Antagonistic Host Environments: Evidence from Empirical Study in the Wheat-Mycosphaerella graminicola 
System. Int. J. Parasitol. 2007, 37, 861–870. 

207. Cannon, P.F.; Damm, U.; Johnston, P.R.; Weir, B.S. Colletotrichum: Current Status and Future Directions. 
Stud. Mycol. 2012, 73, 181–213. 

208. Baroncelli, R.; Talhinhas, P.; Pensec, F.; Sukno, S.A.; Le Floch, G.; Thon, M.R. The Colletotrichum Acutatum 
Species Complex as a Model System to Study Evolution and Host Specialization in Plant Pathogens. Front. 
Microbiol. 2017, 8, 2001. 

209. Chen, Y.P.; Wu, T.; Tian, W.H.; Ilyukhin, E.; Hyde, K.D.; Maharachchikumbura, S.S.N. Comparative 
Genomics Provides New Insights into the Evolution of Colletotrichum. Mycosphere 2022, 13, 134–187. 

210. Talhinhas, P.; Baroncelli, R. Hosts of Colletotrichum. Mycosphere 2023, 14, 158–261. 
211. Munaut, F.; Hamaide, N.; Maraite, H. Genomic and Pathogenic Diversity in Colletotrichum gloeosporioides 

from Wild Native Mexican Stylosanthes spp., and Taxonomic Implications. Mycol. Res. 2002, 106, 579–593. 
212. Doyle, V.P.; Oudemans, P. V; Rehner, S.A.; Litt, A. Habitat and Host Indicate Lineage Identity in 

Colletotrichum gloeosporioides Sl from Wild and Agricultural Landscapes in North America. PLoS One 2013, 
8, e62394. 

213. Crouch, J.; O’Connell, R.; Gan, P.; Buiate, E.; Torres, M.F.; Beirn, L.; Shirasu, K.; Vaillancourt, L. The 
Genomics of Colletotrichum. Genomics plant-associated fungi monocot Pathog. 2014, 69–102. 

214. Veloso, J.S.; Câmara, M.P.S.; Lima, W.G.; Michereff, S.J.; Doyle, V.P. Why Species Delimitation Matters for 
Fungal Ecology: Colletotrichum Diversity on Wild and Cultivated Cashew in Brazil. Fungal Biol. 2018, 122, 
677–691. 

215. De Silva, D.D.; Crous, P.W.; Ades, P.K.; Hyde, K.D.; Taylor, P.W.J. Life Styles of Colletotrichum Species and 
Implications for Plant Biosecurity. Fungal Biol. Rev. 2017, 31, 155–168. 

216. Liang, X.; Wang, B.; Dong, Q.; Li, L.; Rollins, J.A.; Zhang, R.; Sun, G. Pathogenic Adaptations of 
Colletotrichum Fungi Revealed by Genome Wide Gene Family Evolutionary Analyses. PLoS One 2018, 13, 
e0196303. 

217. Prusky, D.; Lichter, A. Activation of Quiescent Infections by Postharvest Pathogens during Transition from 
the Biotrophic to the Necrotrophic Stage. FEMS Microbiol. Lett. 2007, 268, 1–8. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 25 

 

218. Hyde, K.D.; Cai, L.; McKenzie, E.H.C.; Yang, Y.L.; Zhang, J.Z.; Prihastuti, H. Colletotrichum: A Catalogue 
of Confusion. Fungal Divers. 2009, 39, 1–17. 

219. Rodriguez, R.J.; White Jr, J.F.; Arnold, A.E.; Redman, R.S. Fungal Endophytes: Diversity and Functional 
Roles. New Phytol. 2009, 182, 314–330. 

220. Hiruma, K.; Gerlach, N.; Sacristán, S.; Nakano, R.T.; Hacquard, S.; Kracher, B.; Neumann, U.; Ramirez, D.; 
Bucher, M.; O’Connell, R.J.; et al. Root Endophyte Colletotrichum tofieldiae Confers Plant Fitness Benefits 
That Are Phosphate Status Dependent. Cell 2016, 165, 464–474. 

221. Promputtha, I.; Lumyong, S.; Dhanasekaran, V.; McKenzie, E.H.C.; Hyde, K.D.; Jeewon, R. A Phylogenetic 
Evaluation of Whether Endophytes Become Saprotrophs at Host Senescence. Microb. Ecol. 2007, 53, 579–
590. 

222. Promputtha, I.; Hyde, K.D.; McKenzie, E.H.C.; Peberdy, J.F.; Lumyong, S. Can Leaf Degrading Enzymes 
Provide Evidence That Endophytic Fungi Becoming Saprobes? Fungal Divers. 2010, 41, 89–99. 

223. Freeman, S.; Horowitz, S.; Sharon, A. Pathogenic and Nonpathogenic Lifestyles in Colletotrichum acutatum 
from Strawberry and Other Plants. Phytopathology 2001, 91, 986–992. 

224. Photita, W.; Lumyong, S.; Lumyong, P.; McKenzie, E.H.C.; Hyde, K.D. Are Some Endophytes of Musa 
Acuminata Latent Pathogens? Fungal Divers. 2004, 16, 131–140. 

225. Hyde, K.D.; Jeewon, R.; Chen, Y.-J.; Bhunjun, C.S.; Calabon, M.S.; Jiang, H.-B.; Lin, C.-G.; Norphanphoun, 
C.; Sysouphanthong, P.; Pem, D.; et al. The Numbers of Fungi: Is the Descriptive Curve Flattening? Fungal 
Divers. 2020, 103, 219–271. 

226. Pain, N.A.; Green, J.R.; Gammie, F.; O’connell, R.J. Immunomagnetic Isolation of Viable Intracellular 
Hyphae of Colletotrichum lindemuthianum (Sacc. & Magn.) Briosi & Cav. from Infected Bean Leaves Using a 
Monoclonal Antibody. New Phytol. 1994, 127, 223–332. 

227. Rodriguez, R.J.; Redman, R.S. Colletotrichum as a model system for defining the genetic basis of fungal 
symbiotic lifestyles. In: Colletotrichum: Host Specificity, Pathology and Host–Pathogen Interaction; The 
American Phytopathological Society, St. Paul, MN; 2001, pp. 114-130. 

228. Freeman, S.; Rodriguez, R.J. Genetic Conversion of a Fungal Plant Pathogen to a Nonpathogenic, 
Endophytic Mutualist. Science 1993, 260, 75–78. 

229. Redman, R.S.; Ranson, J.C.; Rodriguez, R.J. Conversion of the Pathogenic Fungus Colletotrichum Magna 
to a Nonpathogenic, Endophytic Mutualist by Gene Disruption. Mol. Plant-Microbe Interact. 1999, 12, 969–
975. 

230. Thon, M.R.; Nuckles, E.M.; Vaillancourt, L.J. Restriction Enzyme-Mediated Integration Used to Produce 
Pathogenicity Mutants of Colletotrichum graminicola. Mol. Plant-Microbe Interact. 2000, 13, 1356–1365. 

231. Alzate-Marin, A.L.; Barros, E.G. de; Moreira, M.A. Co-Evolution Model of Colletotrichum lindemuthianum 
(Melanconiaceae, Melanconiales) Races That Occur in Some Brazilian Regions. Genet. Mol. Biol. 1999, 22, 
115–118. 

232. Silva, D.N.; Talhinhas, P.; Cai, L.E.I.; Manuel, L.; Gichuru, E.K.; Loureiro, A.; Várzea, V.; Paulo, O.S.; Batista, 
D. Host-Jump Drives Rapid and Recent Ecological Speciation of the Emergent Fungal Pathogen 
Colletotrichum kahawae. Mol. Ecol. 2012, 21, 2655–2670. 

233. Crouch, J.A.; Tredway, L.P.; Clarke, B.B.; Hillman, B.I. Phylogenetic and Population Genetic Divergence 
Correspond with Habitat for the Pathogen Colletotrichum cereale and Allied Taxa across Diverse Grass 
Communities. Mol. Ecol. 2009, 18, 123–135. 

234. Menat, J.; Armstrong-Cho, C.; Banniza, S. Lack of Evidence for Sexual Reproduction in Field Populations 
of Colletotrichum lentis. Fungal Ecol. 2016, 20, 66–74. 

235. Crouch, J.A.; Glasheen, B.M.; Giunta, M.A.; Clarke, B.B.; Hillman, B.I. The Evolution of Transposon Repeat-
Induced Point Mutation in the Genome of Colletotrichum cereale: Reconciling Sex, Recombination and 
Homoplasy in an ‘‘asexual” Pathogen. Fungal Genet. Biol. 2008, 45, 190–206. 

236. Lelwala, R. V; Korhonen, P.K.; Young, N.D.; Scott, J.B.; Ades, P.K.; Gasser, R.B.; Taylor, P.W.J. Comparative 
Genome Analysis Indicates High Evolutionary Potential of Pathogenicity Genes in Colletotrichum tanaceti. 
PLoS One 2019, 14, e0212248. 

237. Castro-Prado, M.A.A.; Querol, C.B.; Sant’Anna, J.R.; Miyamoto, C.T.; Franco, C.C.S.; Mangolin, C.A.; 
Machado, M. Vegetative Compatibility and Parasexual Segregation in Colletotrichum lindemuthianum, a 
Fungal Pathogen of the Common Bean. Genet. Mol. Res. 2007, 6, 634–642. 

238. Jaramillo, V.D.A.; Sukno, S.A.; Thon, M.R. Identification of Horizontally Transferred Genes in the Genus 
Colletotrichum Reveals a Steady Tempo of Bacterial to Fungal Gene Transfer. BMC Genomics 2015, 16, 1–16. 

239. Armijos Jaramillo, V.D.; Vargas, W.A.; Sukno, S.A.; Thon, M.R. Horizontal Transfer of a Subtilisin Gene 
from Plants into an Ancestor of the Plant Pathogenic Fungal Genus Colletotrichum. PLoS One 2013, 8, e59078. 

240. Masel, A.M.; He ChaoZu, H.C.; Poplawski, A.M.; Irwin, J.A.G.; Manners, J.M. Molecular Evidence for 
Chromosome Transfer between Biotypes of Colletotrichum gloeosporioides. Mol. plant-microb. interact. 1996, 
9, 339-348. 

241. Wang, H.; Huang, R.; Ren, J.; Tang, L.; Huang, S.; Chen, X.; Fan, J.; Li, B.; Wang, Q.; Hsiang, T.; et al. The 
Evolution of Mini-Chromosomes in the Fungal Genus Colletotrichum. MBio 2023, 14, e0062923. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 26 

 

242. Roca, M.G.; Davide, L.C.; Davide, L.M.C.; Mendes-Costa, M.C.; Schwan, R.F.; Wheals, A.E. Conidial 
Anastomosis Fusion between Colletotrichum Species. Mycol. Res. 2004, 108, 1320–1326. 

243. Irieda, H.; Takano, Y. Identification and Characterization of Virulence-Related Effectors in the Cucumber 
Anthracnose Fungus Colletotrichum orbiculare. Physiol. Mol. Plant Pathol. 2016, 95, 87–92. 

244. Avila-Quezada, G.D.; Melgoza-Castillo, A.; Esquivel, J.F.; Silva-Rojas, H.V.; Leyva-Mir, S.G.; de Jesús 
Garcia-Avila, C.; Quezada-Salinas, A.; Noriega-Orozco, L.; Rivas-Valencia, P.; Ojeda-Barrios, D. Emerging 
Plant Diseases under a Changing Climate Scenario: Threats to Our Global Food Supply. Emirates J. Food 
Agric. 2018, 30, 443–450. 

245. Woolhouse, M.E.J.; Haydon, D.T.; Antia, R. Emerging Pathogens: The Epidemiology and Evolution of 
Species Jumps. Trends Ecol. Evol. 2005, 20, 238–244. 

246. Brockhurst, M.A.; Colegrave, N.; Rozen, D.E. Next-Generation Sequencing as a Tool to Study Microbial 
Evolution. Mol. Ecol. 2011, 20, 972–980. 

247. Cuomo, C.A. Harnessing Whole Genome Sequencing in Medical Mycology. Curr. Fungal Infect. Rep. 2017, 
11, 52–59. 

248. Van Kan, J.A.L.; Stassen, J.H.M.; Mosbach, A.; Van Der Lee, T.A.J.; Faino, L.; Farmer, A.D.; Papasotiriou, 
D.G.; Zhou, S.; Seidl, M.F.; Cottam, E.; et al. A Gapless Genome Sequence of the Fungus Botrytis cinerea. 
Mol. Plant Pathol. 2017, 18, 75–89. 

249. Zheng, Z.; Hou, Y.; Cai, Y.; Zhang, Y.; Li, Y.; Zhou, M. Whole-Genome Sequencing Reveals That Mutations 
in Myosin-5 Confer Resistance to the Fungicide Phenamacril in Fusarium graminearum. Sci. Rep. 2015, 5, 
8248. 

250. Plissonneau, C.; Benevenuto, J.; Mohd-Assaad, N.; Fouché, S.; Hartmann, F.E.; Croll, D. Using Population 
and Comparative Genomics to Understand the Genetic Basis of Effector-Driven Fungal Pathogen 
Evolution. Front. Plant Sci. 2017, 8, 119. 

251. Amselem, J.; Cuomo, C.A.; van Kan, J.A.L.; Viaud, M.; Benito, E.P.; Couloux, A.; Coutinho, P.M.; de Vries, 
R.P.; Dyer, P.S.; Fillinger, S.; et al. Genomic Analysis of the Necrotrophic Fungal Pathogens Sclerotinia 
sclerotiorum and Botrytis cinerea. PLoS Genet. 2011, 7, e1002230. 

252. Moran, G.P.; Coleman, D.C.; Sullivan, D.J. Comparative Genomics and the Evolution of Pathogenicity in 
Human Pathogenic Fungi. Eukaryot. Cell 2011, 10, 34–42. 

253. Okagaki, L.H.; Sailsbery, J.K.; Eyre, A.W.; Dean, R.A. Comparative Genome Analysis and Genome 
Evolution of Members of the Magnaporthaceae Family of Fungi. BMC Genomics 2016, 17, 1–18. 

254. Wang, J.; Yu, X.; Ai, C.; Gao, R. Genome Sequence Resource of the Causal Agent of Persimmon 
Anthracnose, Colletotrichum horii Strain SD010 from China. Plant Dis. 2022, 106, 730–733. 

255. Nowrousian, M. Genomics and Transcriptomics to Study Fruiting Body Development: An Update. Fungal 
Biol. Rev. 2018, 32, 231–235. 

256. O’Connell, R.J.; Thon, M.R.; Hacquard, S.; Amyotte, S.G.; Kleemann, J.; Torres, M.F.; Damm, U.; Buiate, 
E.A.; Epstein, L.; Alkan, N.; et al. Lifestyle Transitions in Plant Pathogenic Colletotrichum Fungi Deciphered 
by Genome and Transcriptome Analyses. Nat. Genet. 2012, 44, 1060–1065. 

257. Stajich, J.E. Fungal Genomes and Insights into the Evolution of the Kingdom. Microbiol. Spectr. 2017, 5, 10–
1128. 

258. van der Does, H.C.; Rep, M. Adaptation to the Host Environment by Plant-Pathogenic Fungi. Annu. Rev. 
Phytopathol. 2017, 55, 427–450. 

259. Dong, Y.; Li, Y.; Zhao, M.; Jing, M.; Liu, X.; Liu, M.; Guo, X.; Zhang, X.; Chen, Y.; Liu, Y.; et al. Global 
Genome and Transcriptome Analyses of Magnaporthe oryzae Epidemic Isolate 98-06 Uncover Novel 
Effectors and Pathogenicity-Related Genes, Revealing Gene Gain and Lose Dynamics in Genome 
Evolution. PLoS Pathog. 2015, 11, e1004801. 

260. Ding, Z.; Zhang, Z.; Zhong, J.; Luo, D.; Zhou, J.; Yang, J.; Xiao, L.; Shu, D.; Tan, H. Comparative 
Transcriptome Analysis between an Evolved Abscisic Acid-Overproducing Mutant Botrytis cinerea TBC-A 
and its Ancestral Strain Botrytis cinerea TBC-6. Sci. Rep. 2016, 6, 37487. 

261. Miguel-Rojas, C.; Cavinder, B.; Townsend, J.P.; Trail, F. Comparative Transcriptomics of Fusarium 
graminearum and Magnaporthe oryzae Spore Germination Leading up to Infection. MBio 2023, 14, e0244222. 

262. Zhang, Y.; Zhao, J.; Li, Y.; Yuan, Z.; He, H.; Yang, H.; Qu, H.; Ma, C.; Qu, S. Transcriptome Analysis 
Highlights Defense and Signaling Pathways Mediated by Rice Pi21 Gene with Partial Resistance to 
Magnaporthe oryzae. Front. Plant Sci. 2016, 7, 1834. 

263. Liu, M.; Peng, J.; Wang, X.; Zhang, W.; Zhou, Y.; Wang, H.; Li, X.; Yan, J.; Duan, L. Transcriptomic Analysis 
of Resistant and Wild-Type Botrytis cinerea Isolates Revealed Fludioxonil-Resistance Mechanisms. Int. J. 
Mol. Sci. 2023, 24, 988. 

264. Acosta, M.C.B.; Lukasko, N.T.; Hausbeck, M.K.; Miles, T.D.; Naegele, R.P. Transcriptomic Analysis of 
Fludioxonil Resistance Mechanisms in Botrytis cinerea. PhytoFrontiers 2024, PHYTOFR-11. 

265. Lelwala, R. V; Scott, J.B.; Ades, P.K.; Taylor, P.W.J. Population Structure of Colletotrichum tanaceti in 
Australian Pyrethrum Reveals High Evolutionary Potential. Phytopathology 2019, 109, 1779–1792. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1


 27 

 

266. Stukenbrock, E.H.; Bataillon, T.; Dutheil, J.Y.; Hansen, T.T.; Li, R.; Zala, M.; McDonald, B.A.; Wang, J.; 
Schierup, M.H. The Making of a New Pathogen: Insights from Comparative Population Genomics of the 
Domesticated Wheat Pathogen Mycosphaerella graminicola and its Wild Sister Species. Genome Res. 2011, 21, 
2157–2166. 

267. Choi, J.; Chung, H.; Lee, G.-W.; Koh, S.-K.; Chae, S.-K.; Lee, Y.-H. Genome-Wide Analysis of Hypoxia-
Responsive Genes in the Rice Blast Fungus, Magnaporthe oryzae. PLoS One 2015, 10, e0134939. 

268. Lendenmann, M.H.; Croll, D.; McDonald, B.A. QTL Mapping of Fungicide Sensitivity Reveals Novel Genes 
and Pleiotropy with Melanization in the Pathogen Zymoseptoria tritici. Fungal Genet. Biol. 2015, 80, 53–67. 

269. Hartmann, F.E.; Sánchez-Vallet, A.; McDonald, B.A.; Croll, D. A Fungal Wheat Pathogen Evolved Host 
Specialization by Extensive Chromosomal Rearrangements. ISME J. 2017, 11, 1189–1204. 

270. VanWallendael, A.; Bonnette, J.; Juenger, T.E.; Fritschi, F.B.; Fay, P.A.; Mitchell, R.B.; Lloyd-Reilley, J.; 
Rouquette Jr, F.M.; Bergstrom, G.C.; Lowry, D.B. Geographic Variation in the Genetic Basis of Resistance 
to Leaf Rust between Locally Adapted Ecotypes of the Biofuel Crop Switchgrass (Panicum virgatum). New 
Phytol. 2020, 227, 1696–1708. 

271. Zhang, J.; Gill, H.S.; Halder, J.; Brar, N.K.; Ali, S.; Bernardo, A.; Amand, P.S.; Bai, G.; Turnipseed, B.; Sehgal, 
S.K. Multi-Locus Genome-Wide Association Studies to Characterize Fusarium Head Blight (FHB) 
Resistance in Hard Winter Wheat. Front. Plant Sci. 2022, 13, 946700. 

272. Talas, F.; Kalih, R.; Miedaner, T.; McDonald, B.A. Genome-Wide Association Study Identifies Novel 
Candidate Genes for Aggressiveness, Deoxynivalenol Production, and Azole Sensitivity in Natural Field 
Populations of Fusarium graminearum. Mol. Plant-Microbe Interact. 2016, 29, 417–430. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1816.v1

https://doi.org/10.20944/preprints202410.1816.v1

