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meltdown 
Highlights 
Hypermutation is a convergent prop-
erty of multiple human and plant 
fungal pathogens. The appearance 
of hypermutation can severely compli-
cate pathogen control, in particular due 
to rapid gains in fungicide resistance. 

At the mechanistic level, hypermutation 
arises through distinct molecular path-
ways as diverse as DNA mismatch repair 
Tobias Baril 1 and Daniel Croll 1 , * 

Recent research on human and crop fungal pathogens has highlighted a set of 
unexpected and seemingly unrelated mechanisms fuelling adaptation to drugs 
and the host immune system. These mechanisms include the loss of RNA inter-
ference (RNAi) in human pathogens, the rapid accumulation of point mutations, 
and the activity of transposable elements. Despite mechanistic differences driv-
ing the extreme accumulation of mutations (i.e., hypermutation) in some patho-
gens, we argue that the origins follow defined principles. The appearance of 
hypermutation phenotypes puts pathogens on a unique evolutionary trajectory, 
and mitigation strategies need to be carefully adapted. 
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defects to losses of RNA interference 
(RNAi) mechanisms or the reactivation 
of transposable elements (TEs). 

The emergence of hypermutators is likely 
shaped by historical gene loss and path-
ogen lifestyle. 

Following hypermutation and fixation of 
key adaptive mutations in the population, 
selection is expected to favour mutations 
that restore mutation rate to a 'ground 
state', which we argue can arise through 
three distinct mechanisms. 

Recognising hypermutation as a con-
vergent and widespread adaptive trait 
rather than a rare exception is essen-
tial to confronting rapid pathogen 
evolution in the face of rapidly changing 
environments.
Hypermutation phenomenon in fungal pathogens 
Fungal pathogens of humans and plants pose some of the most serious threats to human health 
and food security. The rapid and repeated adaptation of fungal pathogens limits the effectiveness 
of existing treatment strategies and intensifies the need for novel antifungal drugs. This urgency is 
underscored by the World Health Organization’s fungal pathogen priority list (www.who.int/ 
publications/i/item/9789240060241). Research on antifungal resistance has centred on identifying 
mutations, including single-nucleotide polymorphisms (SNPs) and copy-number variations (CNVs) 
causing resistance. However, recent studies have drawn attention to the fact that some pathogens 
appear to have an inherent tendency to accumulate mutations at an extraordinarily high rate. This 
phenomenon is termed hypermutation and has arisen repeatedly in independent lineages. 

The elevated mutation rate enables pathogens to adapt faster to environmental stressors, 
including antifungal drugs [1]. Different types of hypermutator phenotypes were found in plant 
pathogens such as Erysiphe spp. [2], Blumeria graminis [2], and Zymoseptoria tritici [3–5], as 
well as in human and animal pathogens including Cryptococcus spp. [6–12], Candida spp. 
[13,14], Aspergillus fumigatus [15,16], and Batrachochytrium salamandrivorans and 
B. dendrobatidis [17]. Hypermutator phenotypes appear to arise through independent mecha-
nisms and are based on unknown triggers. While hypermutation facilitates rapid adaptation, it 
also increases the risk of accumulating deleterious mutations – which, in turn, can reduce 
pathogen fitness. Here, we propose that the seemingly disparate mechanisms underlying fungal 
pathogen hypermutator emergence converge within a unifying framework. We present a three-
stage model which helps to classify the origin of the hypermutator phenotype, to disentangle 
mechanisms contributing to hypermutation, and provide a framework to assess the trajectory 
of hypermutators in pathogen species. Our model helps also to evaluate the risks of hypermutator 
emergence and attenuate resistance evolution in order to aid drug application strategies. 

Mechanistic basis of hypermutation in fungi 
Hypermutator phenotypes have been found to arise through at least three distinct mechanisms: 
(i) loss of RNAi, (ii) loss of DNA mismatch repair (MMR) components, and (iii) uncontrolled
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transposable element (TE) activity triggered by stress and/or the breakdown of TE control sys-
tems (Figure 1). RNAi is a genome defence mechanism used by fungal hosts to suppress TE ac-
tivity and maintain genome integrity. In Cryptococcus neoformans, RNAi has been shown to play 
a critical role in TE silencing [10,18–20]. Analysis of C. neoformans hypermutator strains by Priest 
et al.  [10] identified two clinical hypermutator isolates of C. neoformans that harboured extensive 
accumulations of the C. neoformans LINE-1 element (Cnl1) at subtelomeric regions. This accu-
mulation was unexpected given the presence of a functional RNAi pathway in C. neoformans, 
and that Cnl1 amplification is not present in the commonly used C. neoformans strain H99 
[10]. Further analysis revealed that the TE proliferation was driven by a nonsense mutation 
(C>T) in ZNF3, which encodes an RNAi component that localises to P-bodies [10]. The resulting
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Figure 1. Three distinct mechanisms converge to result in hypermutator phenotypes. (A) Loss of function of ZNF3
leads to loss of RNA interference (RNAi) and expansion of Cnl1 retrotransposons in Cryptococcus neoformans. (B) Loss o
Msh2 impairs the DNA mismatch repair (MMR) pathway, leading to rapid accumulation of mutations. (C) Loss of DIM2
impairs the repeat-induced point mutation (RIP) mechanism, enabling transposable elements (TEs) to maintain function and
generate novel insertions. Asterisks (*) indicate optional components in the DNA MMR repair pathway. Species outside of the
main circle indicate known species with a history of hypermutator emergence. A. fumigatus, Aspergillus fumigatus; B
graminis, Blumeria graminis; S. cerevisiae, Saccharomyces cerevisiae; Z. tritici, Zymoseptoria tritici. Abbreviation: PCNA
proliferating cell nuclear antigen. Non-original artwork was sourced from BioIcons (https://bioicons.com). Protein icons by
Servier (https://smart.servier.com/) are licensed under CC-BY 3.0 Unported https://creativecommons.org/licenses/by/3.0/.
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truncated Znf3 protein renders the RNAi pathway non-functional, allowing Cnl1 elements to 
transpose unchecked (Figure 1A).

DNA repair is essential for controlling genome-wide mutation rates. Unsurprisingly, loss of MMR 
components has been repeatedly observed in fungal hypermutator lineages. Among these, 
MSH2 is the most commonly disrupted gene and has been implicated in the emergence of 
hypermutator phenotypes in drug-resistance contexts. For example, MSH2 loss has been linked 
to hypermutation in Cryptococcus deuterogattii lineages resistant to 5-fluorocytosine, FK506, 
and rapamycin [11,12]; in azole-resistant C. neoformans, mutations have been found not only 
in MSH2, but also in MSH5, RAD5, MLH1, and PMS1 [6,21]. Loss-of-function MMR mutations 
have also been identified in multidrug-resistant isolates of Nakaseomyces glabrata (formerly Can-
dida glabrata)  [13–15] and in Candida albicans strains with disruptions in MSH2 and PMS1 [22]. 

In A. fumigatus, multi-azole-resistant hypermutator lineages carry a G233A variant in msh6, which 
shows strong genetic linkage with the canonical resistance allele TR34/L98H in cyp51A encoding 
the molecular target of azole fungicides [15]. Similar patterns are observed in obligate plant path-
ogens: Erysiphe necator, Erysiphe pisi, Erysiphe pulchra, and Blumeria graminis each lack 5-21 
MMR genes. This loss is associated with elevated frequencies of mononucleotide runs, longer 
microsatellites, elevated A|T mutational bias, decreased GC content, and a hypermutator pheno-
type [2]. At the mechanistic level, MMR deficiency results in hypermutation by preventing the cor-
rection of replication-induced base mispairing [23]  (Figure 1B). In Saccharomyces cerevisiae, the 
MMR system operates via two pathways: one coupled with the replication machinery using pro-
liferating cell nuclear antigen (PCNA) as a mispair sensor, while the other relies on Msh2-Msh6 
recognition independently of PCNA [23]. In both cases, Msh2–Msh6 recruits multiple Mlh1– 
Pms1 complexes to the mismatch site, leading to Pms1 endonuclease activity and excision 
and repair, sometimes via recruitment of Exo1. Thus, loss of MSH2 or MSH6 disrupts mismatch 
recognition and blocks downstream recruitment of repair factors, ultimately giving rise to the 
hypermutator phenotype (Figure 1B). Beyond MMR, hypermutation has also been observed aris-
ing from perturbations in DNA double-strand break repair pathways (i.e., homologous recombi-
nation (HR) and non-homologous end joining (NHEJ)). Disruptions in RAD51 (HR), KU70,  or
KU80 (NHEJ) induce a hypermutator phenotype in C. neoformans due to loss of regulation of 
the DNA damage response via the PI3K pathway [24]. 

TEs are ubiquitous selfish components of eukaryotic genomes. The majority of TE activity is 
thought to be deleterious due to potential impacts on host genes and genome integrity [25]. 
Consequently, hosts have evolved mechanisms to defend against TE activity, including the 
piwi-interacting RNA (piRNA) pathway [26], RNAi [10], DNA methylation and histone modification 
[27–29], and repeat-induced point mutation (RIP). The latter is a fungal-specific hypermutation 
mechanism on its own but with a narrow focus on introducing C-to-T transitions at a high rate 
in any duplicated sequence, and occurs only during sexual reproduction [30]. Generally, TE activ-
ity in pathogen genomes is expected to be low due to strong selection to control TE proliferation, 
especially since TE insertions can be fatal if they interrupt essential host genes. However, environ-
mental stresses, such as fungicide exposure, and loss of control mechanisms can lead to the 
derepression of TEs, which in turn increases the likelihood that TEs can insert into new loci. 
This activity can generate significant genome variation as observed in the major wheat pathogen 
Z. tritici, where a burst of TE activity in a North American population led to ~15 new TE insertions 
per generation over a period of a couple of decades [5]. This expansion is likely driven by activa-
tion of TEs in response to environmental stress combined with relaxed purifying selection [31]. In 
addition to environmental triggers, this expansion is also driven by the loss of TE control mediated 
by the RIP defence mechanism [32,33], which prevents recognition and removal of novel TE
Trends in Microbiology, Month 2025, Vol. xx, No. xx 3
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insertions following sexual reproduction (Figure 1C). Infrequent sexual reproduction, as observed 
in some fungal pathogens, could add complexity to the impact of RIP. Prolonged clonal repro-
duction could allow for TE activity even in RIP-proficient lineages. Loss of TE control via environ-
mental stress and/or loss of TE control machinery therefore leads to novel TE insertions and, by 
this, genomic novelty. 

The origins of hypermutator phenotypes 
Given that hypermutation is a product of convergent evolution, rather than being driven by a 
single mechanism, it is important to inspect general conditions facilitating the rise of these pheno-
types. We propose that hypermutators are likely to originate under two different scenarios: as a 
result of a historical contingency, or as a consequence of pathogen lifestyle (Figure 2). 

Historical contingency 
Hypermutators often emerge after the loss of machinery involved in maintenance of genome in-
tegrity or repair. Therefore, the likelihood of hypermutator emergence may well be connected 
to the propensity of a clade to lose the machinery. A patchy distribution of host gene maintenance 
could therefore be used as a predictor of hypermutation emergence (Figure 2A). Patchy distribu-
tions have been observed in several lineages, with evidence to support the role of historical 
contingency in hypermutator emergence through all three proposed hypermutator mechanisms. 

Phillips et al. showed that MMR genes are generally well conserved among Ascomycota (median 
of 49/52 MMR genes found among 1107 species [2]). However, there is historical contingency for 
MMR gene loss in the four closely related obligate plant pathogens E. pulchra, E. pisi, E. necator, 
and B. graminis, and the loss of MMR components has been linked to hypermutator emergence 
[2]. Further evidence was found in three distantly related lineages in the subphylum 
Saccharomycotina with reduced sets of DNA repair genes and accelerated evolutionary rates [34]. 

Beyond DNA repair, other mechanisms also show patchy distributions of their underlying genes, 
which could pre-empt hypermutator emergence. In Z. tritici, the methyltransferase involved in RIP 
TE control, dim2, exhibits recent loss and creates within-species variability [32]. Lineages without 
a functional dim2 show reduced C-to-T transitions and less pronounced TE silencing [32], 
promoting hypermutator emergence via increased TE activity. Further, Huang et al.  showed
Hypermutator 
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Figure 2. Hypermutators can emerge through two main pathways. (A) Lineages with patchy distributions of gene
presence related to mismatch repair (MMR), transposable element (TE) control, and epigenetic modification may be
predisposed to hypermutator emergence through stochastic and tolerable loss of such genes. (B) Pathogenic lifestyles are
stressful, and fungal pathogens are exposed to environmental challenges including the host immune response, antifunga
drugs, and suboptimal conditions such as those at higher temperatures in human infection. Stress responses can lead to
DNA damage and TE derepression, in turn enabling hypermutation. Non-original artwork was sourced from BioIcons
(https://bioicons.com). Lung and drug icons by Servier (https://smart.servier.com/) are licensed under CC-BY 3.0 Unported
https://creativecommons.org/licenses/by/3.0/. Brachypodium_flowering_plant icon by Frédéric Bouché (https://figshare.com
authors/Plant_Illustrations/3773596) is licensed under CC-BY 4.0 Unported https://creativecommons.org/licenses/by/4.0/. 
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that RNAi loss is common among the natural diversity of C. neoformans [7]. However, a high TE 
burden is required for hypermutator phenotypes to emerge, even in the absence of RNAi. [7]. 
Thus, the emergence of hypermutators in this context appears to follow a two-step evolutionary 
process: (i) a high TE load acts as a latent risk factor, and (ii) loss of RNAi-mediated TE suppres-
sion permits TE mobilization, accelerating genome-wide mutation rates through uncontrolled 
transposition. Taken together, there is ample evidence for historical contingency in losses of 
MMR, RNAi, and TE control machinery. Lineages sharing such properties seem well disposed 
for hypermutator emergence in pathogens and beyond. 

Consequences of lifestyle 
Pathogens face a variety of environmental stressors, including changing environments, fungicide 
exposure, and host immune responses. Stress-induced mutation resulting from a pathogenic 
lifestyle, either directly or indirectly, can lead to DNA damage and, possibly, hypermutator emer-
gence (Figure 2B). In C. deneoformans, growth at 37°C is stressful and results in hypermutation 
by means of TE mobilization [8]. Importantly, inactivation of RNAi was not sufficient to recapitulate 
TE movement observed at 37°C at a lower temperature, highlighting the role of stress-dependent 
TE mobilization in hypermutator emergence. Beyond stress-induced TE activation, reactive oxy-
gen species (ROS) generated as a by-product of mitochondrial activity [35], metabolic flux [36], 
host immune responses [37,38], and fungicide exposure [39–42] can threaten genome integrity 
and inflict DNA damage. Such lifestyle-dependent stress conditions can, hence, induce loss-
of-function mutations in key genes underpinning mutation rates (i.e., MMR, RNAi, and TE control 
genes). Such a phenomenon does not seem limited to human pathogens, as TE activity also in-
creases in response to nutrient starvation and host infection stress in the wheat pathogen Z. tritici 
[43], whilst heat shock and copper stress lead to TE activation in the cereal pathogen 
Magnaporthe oryzae to generate high levels of genetic diversity [44]. 

Evolutionary trajectories for hypermutators 
Producing progeny with highly variable fitness is advantageous as a response to severe envi-
ronmental challenges, such as drug exposure for pathogens. Hypermutator lineages are 
uniquely capable of producing a broad range of fitness outcomes, with most being deleterious, 
but few will likely carry significant advantages. In other words, hypermutator emergence enables 
accelerated exploration of genomic variation on which selection can act. [6,8,9,11,14,15,34,45]. 
Furthermore, hypermutators may persist through multiple generations by hitchhiking with beneficial 
alleles. However, once key adaptive mutations are fixed in the population and the population is well 
adapted to its environment, selection may favour mutations that restore the mutation rate to a 
'ground state' baseline [46]. Thus, we propose that there are three distinct fates for hypermutators: 
evolutionary dead end, constitutive hypermutation, or functional recovery. 

The evolutionary dead end is represented by the continued accumulation of deleterious muta-
tions leading to gradual fitness reductions with selection ultimately purging hypermutators from 
populations [47]  (Figure 3A). The speed at which hypermutators reach this dead end will depend 
on the hypermutation rate, the severity of deleterious mutations and the ability to purge deleteri-
ous mutations from the genome. However, new hypermutators may continue to arise from non-
hypermutator background in response to novel environmental stresses, leading to a resurgence 
in hypermutator proportions within populations.

A constitutive hypermutation scenario was established, for example, in the stable hypermutator 
lineages of the Saccharomycotina subphylum [34]  (Figure 3B). Loss of DNA repair gene reper-
toires lead to substantial mutation burdens. However, the evolutionary dead end was likely 
avoided through complementation of lost functions either through neofunctionalisation [48,49]
Trends in Microbiology, Month 2025, Vol. xx, No. xx 5
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Figure 3. Hypermutators are proposed to embark on one of three evolutionary trajectories. (A) Unstoppable 
accumulation of deleterious mutations after the population is well adapted to the new environment will lead to the demise 
of hypermutator individuals. (B) Lost host functions can be partially, or completely, compensated through acquisition of 
machinery through means such as horizontal gene transfer, enabling the lineage to persist with an elevated mutation rate. 
(C) Depending on the mutation underlying the hypermutator phenotype, host function has the potential to be restored. For 
example, transposable element (TE)-disrupted genes can be reinstated if the TE transposes out of the gene locus, 
resulting in a return to the ground state mutation rate, whilst interrupted genes can be recovered via sexual recombination 
or mutation to reinstate function. Abbreviations: MMR, mismatch repair; SNP, single-nucleotide polymorphism. Non-
original artwork was sourced from BioIcons (https://bioicons.com). Protein and bacterium icons by Servier (https://smart. 
servier.com/) are licensed under CC-BY 3.0 Unported https://creativecommons.org/licenses/by/3.0/.
or, as observed in the Wickerhamiella/Starmerella (W/S) clade of Saccharomycotina, horizontal 
gene acquisition [34]. In this case, a bacterial photolyase gene rescues UV-induced DNA damage 
repair through nonvertical evolution, highlighting the potential for horizontal gene transfer (HGT) as 
a route for functional compensation [34]. In bacterial hypermutators, MMR genes are also found 
to frequently undergo HGT [50]. Frequent HGT is observed among fungi [51–59], in addition to 
horizontal transfer of whole accessory chromosomes [60,61], and Starship-mediated gene 
mobilization and exchange [3,16,62–64]. Consequently, the likelihood of partial functional compen-
sation is likely higher than previously appreciated and could, as observed in the W/S clade, enable 
lineage survival at elevated mutation rates, resulting in constitutive hypermutator populations. 

Functional recovery may be possible if hypermutator lineages are selected for re-acquiring 
machinery to control mutation rates (Figure 3C). This is most likely to arise in lineages where TE 
activity is responsible for hypermutator emergence. Recovery may occur if the TE responsible 
for inducing hypermutation by disruption of a control machinery gene transposes out of the 
locus to reinstate host gene function. Such occurrences would mirror the well-characterized pro-
cess in maize, originally discovered by Barbara McClintock [65,66]. In this case, transposition 
would represent a stress-responsive mechanism which can enable hypermutation, before
6 Trends in Microbiology, Month 2025, Vol. xx, No. xx
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Outstanding questions 
How can hypermutator emergence be 
detected in pathogens? Sequencing 
efforts will help assess loss of mutation 
control machinery genes (e.g., linked 
to DNA repair, RNA interference, or TE 
control), whilst assessing mutation 
spectra in a population can also be 
used to detect hypermutation manifest-
ing by shifts to high TE activity com-
pared to a reference population. 

How can hypermutator emergence be 
detected in newly sequenced species? 
A phylogenetic approach may aid to as-
sess whether closely related lineages 
show characteristics associated with 
hypermutator emergence, but the 
power of this approach depends on 
broader characterization of hypermutator 
dynamics across the fungal tree of life. 

At what rate do hypermutators occur 
outside of pathogen lifestyles? 
Assessing hypermutator appearance 
systematically across the diversity of 
the fungal kingdom can be used to 
interrogate lifestyle or environmental 
niche associations. This effort will 
move research towards searching for 
causal factors beyond the attention 
paid to human and crop disease 
agents. 

Once hypermutators are identified, 
how can their risk level be assessed? 
Evaluating the potential threat of a 
hypermutator lineage will likely depend 
on the mechanisms underlying its 
emergence, its capacity for long-term 
persistence, and its ability to evade 
recovering normal host function once the population is well adapted and would support 
McClintock’s original hypothesis of TEs being stress-responsive components of host genomes. 
In addition, pathogen lineages capable of sexual reproduction could rescue functional RNAi 
and MMR machineries through sexual reproduction with lineages carrying intact machineries, 
and hence return to a 'ground state' mutation rate. Further, very recently lost control mechanisms 
could be restored through back or compensatory mutations. 

Concluding remarks 
Hypermutation is increasingly observed, and it poses a major challenge to sustainable control of 
fungi affecting human and plant health. Understanding the mechanisms and triggers of 
hypermutation is therefore essential for assessing the risk of hypermutator emergence and infor-
ming strategies to minimise their occurrence (see Outstanding questions). Our proposed three-
stage framework helps to assess the likelihood of hypermutator emergence and may contribute 
to mitigate resistance evolution. Although hypermutator phenotypes arise via diverse mecha-
nisms, their recurrent convergence suggests a shared adaptive strategy among fungal pathogens. 
The emergence of hypermutators is likely shaped by historical gene loss and pathogen lifestyle, 
with high-risk lineages often lacking key DNA repair, genome integrity, and TE control genes, 
compounded by stress-intensive environments that accelerate mutation accumulation. In contrast 
to theoretical expectations, hypermutators do not always meet an evolutionary dead end. Conse-
quently, vigilance is warranted given the potential pathways of escape that enable hypermutator 
persistence, limiting our ability to effectively manage pathogens. Recognising hypermutation as a 
convergent and widespread adaptive trait rather than an exception is essential to confronting 
challenges of rapid resistance emergence. Integrating molecular insights, evolutionary context, 
and monitoring efforts, will be key to anticipating and mitigating the emergence of hypermutators. 

Acknowledgments 
We are grateful for critical discussions with group members and CIFAR Fellow Timothy James and CIFAR Azrieli 

Global Scholar Asiya Gusa. D.C. was supported by the Swiss National Science Foundation (grant 201149) and CIFAR 

(Catalyst Fund CF-0461 – CP25-009). 

Declaration of interests 
No interests are declared. 

References 
existing management strategies. 
Understanding these factors will be 
essential for prioritising surveillance 
and mitigation efforts. 

How can drug treatments be 
adapted to hypermutator pathogens? 
Hypermutation will facilitate the gain of 
multidrug resistance, and hence drug 
combinations will need to be even 
more carefully considered. Alternative 
control strategies such as microbial 
competition may be options in 
agricultural settings, whilst early 
detection and treatment will be key to 
forestalling the accumulation of 
resistance gains. 

1. Barrick, J.E. et al. (2009) Genome evolution and adaptation in a 
long-term experiment with Escherichia coli. Nature 461, 
1243–1247 

2. Phillips, M.A. et al. (2021) Examination of gene loss in the DNA 
mismatch repair pathway and its mutational consequences in a 
fungal phylum. Genome Biol. Evol. 13, evab219 

3. Tralamazza, S.M. et al. (2024) Copy number variation introduced 
by a massive mobile element facilitates global thermal adaptation 
in a fungal wheat pathogen. Nat. Commun. 15, 5728 

4. Feurtey, A. et al. (2023) A thousand-genome panel retraces the 
global spread and adaptation of a major fungal crop pathogen. 
Nat. Commun. 14, 1059 

5. Baril, T. et al. (2025) Historic transposon mobilisation waves cre-
ate distinct pools of adaptive variants in a major crop pathogen. 
bioRxiv, 2025.04. 02.646807 

6. Rhodes, J. et al. (2017) A population genomics approach to 
assessing the genetic basis of within-host microevolution under-
lying recurrent cryptococcal meningitis infection. G3 (Bethesda) 
7, 1165–1176 

7. Huang, J. et al. (2024) Distinct evolutionary trajectories following 
loss of RNA interference in Cryptococcus neoformans. Proc. 
Natl. Acad. Sci. U. S. A. 121, e2416656121 

8. Gusa, A. et al. (2020) Transposon mobilization in the human 
fungal pathogen Cryptococcus is mutagenic during infection 

and promotes drug resistance in vitro. Proc. Natl. Acad. Sci. 
U. S. A. 117, 9973–9980 

9. Gusa, A. et al. (2023) Genome-wide analysis of heat stress-
stimulated transposon mobility in the human fungal pathogen 
Cryptococcus deneoformans. Proc. Natl. Acad. Sci. U. S. A. 
120, e2209831120 

10. Priest, S.J. et al. (2022) Uncontrolled transposition following 
RNAi loss causes hypermutation and antifungal drug resistance 
in clinical isolates of Cryptococcus neoformans. Nat. Microbiol. 
7, 1239–1251 

11. Billmyre, R.B. et al. (2017) Natural mismatch repair mutations me-
diate phenotypic diversity and drug resistance in Cryptococcus 
deuterogattii. Elife 6, e28802 

12. Billmyre, R.B. et al. (2020) 5-fluorocytosine resistance is associ-
ated with hypermutation and alterations in capsule biosynthesis 
in Cryptococcus. Nat. Commun. 11, 127 

13. Vale-Silva, L. et al. (2017) Comparative genomics of two sequential 
candida glabrata clinical isolates. G3 (Bethesda) 7, 2413–2426 

14. Healey, K.R. et al. (2016) Prevalent mutator genotype identi-
fied in fungal pathogen Candida glabrata promotes multi-drug 
resistance. Nat. Commun. 7, 11128 

15. Bottery, M.J. et al. (2024) Elevated mutation rates in multi-azole 
resistant Aspergillus fumigatus drive rapid evolution of antifungal 
resistance. Nat. Commun. 15, 10654
Trends in Microbiology, Month 2025, Vol. xx, No. xx 7

http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0005
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0005
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0005
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0010
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0010
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0010
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0015
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0015
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0015
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0020
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0020
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0020
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0025
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0025
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0025
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0030
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0030
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0030
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0030
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0035
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0035
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0035
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0040
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0040
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0040
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0040
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0045
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0045
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0045
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0045
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0050
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0050
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0050
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0050
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0055
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0055
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0055
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0060
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0060
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0060
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0065
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0065
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0070
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0070
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0070
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0075
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0075
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0075


Trends in Microbiology
OPEN ACCESS
16. Gluck-Thaler, E. et al. (2025) Giant transposons promote strain 
heterogeneity in a major fungal pathogen. mBio 16, e01092-25 

17. Wacker, T. et al. (2023) Two-speed genome evolution drives 
pathogenicity in fungal pathogens of animals. Proc. Natl. Acad. 
Sci. U. S. A. 120, e2212633120 

18. Janbon, G. et al. (2010) Characterizing the role of RNA silencing 
components in Cryptococcus neoformans. Fungal Genet. Biol. 
47, 1070–1080 

19. Wang, X. et al. (2010) Sex-induced silencing defends the genome 
of Cryptococcus neoformans via RNAi. Genes Dev. 24, 2566–2582 

20. Feretzaki, M. et al. (2016) Gene network polymorphism illumi-
nates loss and retention of novel RNAi silencing components in 
the Cryptococcus pathogenic species complex. PLoS Genet. 
12, e1005868 

21. Boyce, K.J. et al. (2017) Mismatch repair of DNA replication er-
rors contributes to microevolution in the pathogenic fungus 
Cryptococcus neoformans. MBio 8, e00595-17 

22. Legrand, M. et al. (2007) Role of DNA mismatch repair and 
double-strand break repair in genome stability and antifungal 
drug resistance in Candida albicans. Eukaryot. Cell 6, 2194–2205 

23. Hombauer, H. et al.  (2011) Visualization of eukaryotic 
DNA mismatch repair reveals distinct recognition and repair 
intermediates. Cell 147, 1040–1053 

24. Jung, K.-W. et al. (2021) Functional roles of homologous recom-
bination and non-homologous end joining in DNA damage 
response and microevolution in Cryptococcus neoformans. 
J. Fungi (Basel) 7, 566 

25. Bourque, G. et al. (2018) Ten things you should know about 
transposable elements. Genome Biol. 19, 199 

26. Teixeira, F.K. et al. (2017) piRNA-mediated regulation of transposon 
alternative splicing in the soma and germ line. Nature 552, 268–272 

27. Levin, H.L. and Moran, J.V. (2011) Dynamic interactions between 
transposable elements and their hosts. Nat. Rev. Genet. 12, 
615–627 

28. Tsukahara, S. et al. (2009) Bursts of retrotransposition 
reproduced in Arabidopsis. Nature 461, 423–426 

29. Ong-Abdullah, M. et al. (2015) Loss of Karma transposon 
methylation underlies the mantled somaclonal variant of oil 
palm. Nature 525, 533–537 

30. Gladyshev, E. (2017) Repeat-induced point mutation and other 
genome defense mechanisms in fungi. In The Fungal Kingdom 
(Heitman, J. and Howlett, B.J. and Crous, P.W. and 
Stukenbrock, E.H. and James, T.Y. and Gow, N.A.R., eds), pp. 
687–699, ASM Press 

31. Oggenfuss, U. et al. (2021) A population-level invasion by trans-
posable elements triggers genome expansion in a fungal patho-
gen. Elife 10, e69249 

32. Möller, M. et al. (2021) Recent loss of the Dim2 DNA methyltrans-
ferase decreases mutation rate in repeats and changes evolution-
ary trajectory in a fungal pathogen. PLoS Genet. 17, e1009448 

33. Lorrain, C. et al. (2021) Dynamics of transposable elements in 
recently diverged fungal pathogens: lineage-specific transpos-
able element content and efficiency of genome defenses. G3 
(Bethesda) 11, jkab068 

34. Gonçalves, C. et al. (2025) Stable hypermutators revealed by the 
genomic landscape of DNA repair genes among yeast species. 
bioRxiv, 2025.03.15.643480 

35. Barzilai, A. and Yamamoto, K.-I. (2004) DNA damage responses 
to oxidative stress. DNA Repair (Amst) 3, 1109–1115 

36. Thomson, G.J. et al. (2019) Metabolism-induced oxidative stress 
and DNA damage selectively trigger genome instability in poly-
ploid fungal cells. EMBO J. 38, e101597 

37. Yao, S. et al. (2021) DNA damage checkpoint and repair: from 
the budding yeast Saccharomyces cerevisiae to the pathogenic 
fungus Candida albicans. Comput. Struct. Biotechnol. J. 19, 
6343–6354 

38. Yang, S.L. et al. (2016) The glutathione peroxidase-mediated 
reactive oxygen species resistance, fungicide sensitivity and 
cell wall construction in the citrus fungal pathogen Alternaria 
alternata: glutathione peroxidase of Alternaria. Environ. Microbiol. 
18, 923–935 

39. Nikolaev, O.N. et al. (1994) Possible involvement of reactive oxy-
gen species in action of some anti-blast fungicides. Pestic. 
Biochem. Physiol. 50, 219–228 

40. Wang, J. et al. (2022) Fungicidal action of the 
triphenylphosphonium-driven succinate dehydrogenase inhibi-
tors is mediated by reactive oxygen species and suggests an 
effective resistance management strategy. J. Agric. Food Chem. 
70, 111–123 

41. Mesa-Arango, A.C. et al. (2014) The production of reactive oxy-
gen species is a universal action mechanism of Amphotericin B 
against pathogenic yeasts and contributes to the fungicidal effect 
of this drug. Antimicrob. Agents Chemother. 58, 6627–6638 

42. Zhang, N. et al. (2023) Enhanced fungicidal activity and mecha-
nism of pyraclostrobin nanoparticle with reactive oxygen species 
responsiveness against Rhizoctonia solani. J. Clean. Prod. 421, 
138494 

43. Fouché, S. et al. (2020) Stress-driven transposable element 
de-repression dynamics and virulence evolution in a fungal 
pathogen. Mol. Biol. Evol. 37, 221–239 

44. Chadha, S. and Sharma, M. (2014) Transposable elements as 
stress adaptive capacitors induce genomic instability in fungal 
pathogen Magnaporthe oryzae. PLoS One 9, e94415 

45. Habig, M. et al. (2021) Epigenetic modifications affect the rate of 
spontaneous mutations in a pathogenic fungus. Nat. Commun. 
12, 5869 

46. Kimura, M. (1967) On the evolutionary adjustment of spontaneous 
mutation rates. Genet. Res. (Camb.) 9, 23–34 

47. Desai, M.M. and Fisher, D.S. (2011) The balance between 
mutators and nonmutators in asexual populations. Genetics 
188, 997–1014 

48. Ohno, S. (2014) Evolution by Gene Duplication, Springer 
49. Marshall, A.N. et al. (2013) Alternative splicing and 

subfunctionalization generates functional diversity in fungal 
proteomes. PLoS Genet. 9, e1003376 

50. Denamur, E. et al. (2000) Evolutionary implications of the frequent 
horizontal transfer of mismatch repair genes. Cell 103, 711–721 

51. Fitzpatrick, D.A. (2012) Horizontal gene transfer in fungi. FEMS 
Microbiol. Lett. 329, 1–8 

52. Gonçalves, C. et al. (2024) Horizontal gene transfer in fungi and 
its ecological importance. In Fungal Associations. The Mycota 
(9) (Hsueh, Y.P. and Blackwell, M., eds), pp. 59–81, Springer In-
ternational Publishing 

53. Ciach, M.A. et al. (2024) The interkingdom horizontal gene trans-
fer in 44 early diverging fungi boosted their metabolic, adaptive, 
and immune capabilities. Evol. Lett. 8, 526–538 

54. Marcet-Houben, M. and Gabaldón, T. (2010) Acquisition of 
prokaryotic genes by fungal genomes. Trends Genet. 26, 5–8 

55. Richards, T.A. et al. (2011) Gene transfer into the fungi. Fungal 
Biol. Rev. 25, 98–110 

56. Sahu, N. et al. (2023) Vertical and horizontal gene transfer 
shaped plant colonization and biomass degradation in the fungal 
genus Armillaria. Nat. Microbiol. 8, 1668–1681 

57. Zhang, Q. et al. (2019) Horizontal gene transfer allowed the 
emergence of broad host range entomopathogens. Proc. Natl. 
Acad. Sci. U. S. A. 116, 7982–7989 

58. McDonald, M.C. et al. (2018) The discovery of the virulence gene 
ToxA in the wheat and barley pathogen Bipolaris sorokiniana. 
Mol. Plant Pathol. 19, 432–439 

59. Reynolds, H.T. et al. (2018) Horizontal gene cluster transfer in-
creased hallucinogenic mushroom diversity. Evol. Lett. 2, 88–101 

60. Habig, M. et al. (2025) Horizontal transfer of accessory chromo-
somes in fungi – a regulated process for exchange of genetic 
material? Heredity 1–7 

61. Mehrabi, R. et al. (2011) Horizontal gene and chromosome 
transfer in plant pathogenic fungi affecting host range. FEMS 
Microbiol. Rev. 35, 542–554 

62. Urquhart, A.S. et al. (2025) A natural mechanism of eukaryotic 
horizontal gene transfer. bioRxiv, 2025.02.28.640899 

63. Urquhart, A.S. et al. (2024) Gene acquisition by giant transpo-
sons primes eukaryotes for rapid evolution via horizontal gene 
transfer. Sci. Adv. 10, eadp8738 

64. Gluck-Thaler, E. et al. (2022) Giant Starship elements mobilize ac-
cessory genes in fungal genomes. Mol. Biol. Evol. 39, msac109 

65. McClintock, B. (1950) The origin and behavior of mutable loci in 
maize. Proc. Natl. Acad. Sci. 36, 344–355 

66. McClintock, B. (1956) Controlling elements and the gene. Cold 
Spring Harb. Symp. Quant. Biol. 21, 197–216
8 Trends in Microbiology, Month 2025, Vol. xx, No. xx

http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0080
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0080
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0085
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0085
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0085
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0090
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0090
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0090
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0095
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0095
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0100
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0100
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0100
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0100
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0105
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0105
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0105
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0110
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0110
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0110
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0115
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0115
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0115
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0120
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0120
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0120
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0120
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0125
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0125
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0130
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0130
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0135
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0135
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0135
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0140
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0140
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0145
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0145
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0145
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf4700
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf4700
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf4700
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf4700
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf4700
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0155
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0155
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0155
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0160
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0160
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0160
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0165
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0165
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0165
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0165
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0170
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0170
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0170
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0175
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0175
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0180
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0180
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0180
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0185
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0185
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0185
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0185
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0190
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0190
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0190
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0190
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0190
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0195
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0195
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0195
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0200
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0200
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0200
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0200
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0200
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0205
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0205
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0205
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0205
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0210
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0210
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0210
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0210
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0215
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0215
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0215
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0220
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0220
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0220
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0225
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0225
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0225
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0230
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0230
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0235
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0235
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0235
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0240
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0245
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0245
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0245
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0250
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0250
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0255
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0255
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf4780
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf4780
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf4780
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf4780
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0265
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0265
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0265
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0270
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0270
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0275
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0275
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0280
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0280
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0280
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0285
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0285
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0285
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0290
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0290
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0290
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0295
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0295
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0300
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0300
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0300
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0305
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0305
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0305
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0310
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0310
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0315
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0315
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0315
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0320
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0320
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0325
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0325
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0330
http://refhub.elsevier.com/S0966-842X(25)00218-5/rf0330

	Hypermutator fungal pathogens: from threat to meltdown
	Hypermutation phenomenon in fungal pathogens
	Mechanistic basis of hypermutation in fungi
	The origins of hypermutator phenotypes
	Historical contingency
	Consequences of lifestyle

	Evolutionary trajectories for hypermutators
	Concluding remarks
	Acknowledgments
	Declaration of interests
	References




