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ABSTRACT Rapid evolution of fungal pathogens poses a serious threat to medicine
and agriculture. The mutation rate determines the pace of evolution of a fungal patho-
gen. Hypermutator fungal strains have an elevated mutation rate owing to certain
defects such as those in the DNA mismatch repair system. Studies in Saccharomyces cer-
evisiae show that hypermutators expedite evolution by generating beneficial alleles at a
faster pace than the wild-type strains. However, an accumulation of deleterious alleles
in a hypermutator may reduce its fitness. The balance between fitness cost and muta-
tion benefit determines the prevalence of hypermutators in a population. This balance
is affected by a complex interaction of ploidy, mode of reproduction, population size,
and recent population history. Studies in human fungal pathogens like Aspergillus fumi-
gatus, Candida albicans, Candida glabrata, Cryptococcus deuterogattii, and Cryptococcus
neoformans have highlighted the importance of hypermutators in host adaptation and
development of antifungal resistance. However, a critical examination of hypermutator
biology, experimental evolution studies, and epidemiological studies suggests that
hypermutators may impact evolutionary investigations. This review aims to integrate
the knowledge about biology, experimental evolution, and dynamics of fungal hyper-
mutators to critically examine the evolutionary role of hypermutators in fungal patho-
gen populations and project implications of hypermutators in the evolution of fungal
plant pathogen populations. Understanding the factors determining the emergence and
evolution of fungal hypermutators can open a novel avenue of managing rapidly evolv-
ing fungal pathogens in medicine and agriculture.

KEYWORDS hypermutator, DNA mismatch repair, MMR defect, MSH2, antifungal resist-
ance, fungicide resistance, adaptation, microevolution, evolution, mutation rate

utations can be produced either due to errors in DNA replication or DNA damage
by environmental or intrinsic factors. Since many nonsynonymous mutations are
likely to be deleterious, organisms have evolved two mutation avoidance mechanisms,
proofreading by DNA polymerase and the mismatch repair (MMR) system. Errors gener-
ated during DNA replication are first rectified by the proofreading activity of DNA poly-
merase, which decreases the mutation rate of the organism by 10- to 100-fold (1). The
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evolution of pathogen populations by generating a plethora of mutations for selection
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to act upon. However, an accumulation of deleterious mutations may reduce its fitness
and render this phenotype advantageous for short-term adaptation (6).

Bacterial hypermutators are recognized to hasten the evolution of antibiotic resist-
ance, virulence acquisition, host adaptation, and disease transmissibility (3, 7). The role
of hypermutators in fungal pathogen evolution has only gained medical attention in
the last decade, while scant attention has been paid to agricultural implications.
Studies in laboratory strains of Saccharomyces cerevisiae and human-pathogenic fungi
have shown that hypermutators can expedite stress adaptation and mediate antifungal
resistance and host adaptation (4, 8, 9). Given the importance of hypermutators, this
review will critically examine the studies on biology, experimental evolution, and pop-
ulation dynamics of hypermutator S. cerevisiae and human fungal pathogens to gain a
better understanding of the factors shaping the evolutionary trajectories of hypermu-
tators, how hypermutator biology may impact evolutionary investigations, and the ag-
ricultural implications of hypermutators. For the sake of brevity, hypermutators arising
from MMR defects will be the focus of this review.

GENETIC BASIS OF HYPERMUTATOR EMERGENCE AND VARIATION IN MUTATION
RATE

Hypermutators can arise from nonsynonymous mutations in one or more genes
involved in the MMR pathway. In Escherichia coli, the MMR system consists of three
“Mut” proteins, MutS, MutL, and MutH. While MutS binds to mismatches, MutL integrates
mismatch detection with downstream processing, and MutH cleaves the newly synthe-
sized DNA strand for subsequent exonuclease activity (10-14). In S. cerevisiae, multiple
homologs of the bacterial Mut proteins are involved in mitotic and meiotic mutation
avoidance. While six MutS homologs (Msh1 to Msh6é) and four MutL homologs (MIh1 to
MIh3 and Pms1) have been identified, no homolog of MutH is known (14-17). Among
the Msh proteins, Msh1 maintains mitochondrial genomic stability, and other Msh pro-
teins function as heterodimers to maintain nuclear genomic stability. The Msh2-Msh6
heterodimer is primarily involved in repairing base-base and single insertion/deletion
mismatches, the Msh2-Msh3 heterodimer primarily repairs longer insertion/deletion
loop mismatches (Fig. 1), and the Msh4-Msh5 heterodimer facilitates crossing over dur-
ing meiosis. The Mlh heterodimers, MIh1-Pms1, Mlh1-Mlh2, and MIh1-MIh3, direct down-
stream events in mitotic mutation avoidance and meiotic recombination (14, 18).

Nonsynonymous mutations in one or more MMR genes can increase the mutation
rate of the fungal strain, conferring a hypermutator phenotype. Considerable variation
in the mutation rate of hypermutators has been observed in natural fungal populations
(9, 19-21). The mutation rate is determined by three factors, (i) the MMR gene that har-
bors the nonsynonymous mutation, (ii) the amino acid position affected by the nonsy-
nonymous mutation, and (iii) the strain’s genetic background.

Since MMR genes differ in their functions, the mutation rate of a hypermutator
would depend on the defective MMR gene it harbors. Mutations in MSH2 and MLH1
genes are more disruptive for the organism than mutations in other MMR genes, as
these mutations could disrupt the function of all the heterodimers involved in the
MMR pathway (8, 22). Additionally, individual nonsynonymous mutations can exhibit a
wild-type mutation rate but can significantly increase the mutation rate when present
together. For example, an incompatible combination (or negative epistatic interaction)
of certain MLHT and PMST alleles (cMLH1-kPMST) can increase the mutation rate of S.
cerevisiae up to 340-fold (19, 20).

Different nonsynonymous mutations in the same MMR gene can vary in the muta-
tion rate they confer (4, 8, 9, 21, 23-25). The position of the mutation would determine
which motif it affects and to what degree it disrupts the protein’s three-dimensional
structure (26, 27). For example, among 54 nonsynonymous mutations in the MSH2
gene of S. cerevisiae, the increase in mutation rate varied from 1- to 282-fold. About
55% of the mutations conferred high mutation rates, 8% of mutations conferred an
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FIG 1 Schematic diagram of the mismatch repair (MMR) pathway that rectifies errors arising from DNA
replication in Saccharomyces cerevisiae. Mismatches are recognized by the Msh heterodimers. The Msh2-
Msh6é heterodimer primarily identifies base-base and single insertion/deletion (1-bp) mismatches, the
Msh2-Msh3 heterodimer primarily identifies longer insertion/deletion loop (=2-bp) mismatches, and the
MIh1-Pms1 heterodimer directs downstream events. Replication factor C (RFC) loads the proliferating
cell nuclear antigen (PCNA), which interacts with various proteins and is involved in multiple steps in
the pathway (although it is shown once for simplicity). Lesions in the newly synthesized strand are then
excised by exonuclease 1 (Exo1), while the replication protein A (RPA) binds to single-stranded DNA
(ssDNA). The DNA polymerase, Pol &, synthesizes the new strand, and ligase | ligates the fragments of
the new strand.

intermediate increase in mutation rate, and 38% of mutations showed a wild-type
mutation rate (26).

Interestingly, the same nonsynonymous mutation can render different mutation
rates in different strain backgrounds owing to the presence of genomic suppressors or
enhancers of mutation rate (20, 28-32). For example, the incompatible cMLHT1-kPMS1
combination showed a 196-fold-higher mutation rate in the S288c strain background
but showed a wild-type mutation rate in the YJM523 strain background (32).

MUTATION SPECTRA AND THEIR IMPACT ON EVOLUTIONARY INVESTIGATIONS

A defect in the MMR genes can increase the rate of all types of mutations, single nu-
cleotide polymorphisms (SNPs), insertions/deletions (indels), and structural variants
(27, 33, 34). While SNPs are more likely to occur in coding regions with a bias toward
higher G-to-A transitions (8, 27, 34), indels are more likely to occur in noncoding
regions (27). This mutation profile might not necessarily result from the MMR defect
itself, but possibly because coding indels are more likely to be disruptive to protein
function than coding SNPs. Mutations in repetitive sequences are the hallmark of MMR
defects. Studies in S. cerevisiae, Candida glabrata, Cryptococcus deuterogattii, and
Cryptococcus neoformans show that a defective MMR leads to mutations in long homo-
polymeric nucleotide tracts (8, 9, 27, 33-36) and microsatellites (27, 34, 37). This can be
attributed to the inefficacy of DNA polymerase proofreading activity to rectify errors in
homopolymer runs of >7 nucleotides long, rendering MMR as the sole machinery
repairing such defects (35, 38). Indels in repetitive sequences are more prominent than
elsewhere in the genome (27). The mutability of the repetitive sequence increases with
its length. A 51,000-fold-increase in mutability was observed in indels in 14-bp-long
homopolymer sequences compared to 4-bp-long homopolymer runs (35).

Owing to extensive mutations and rapidly changing mutation profiles, determining
evolutionary relationships with hypermutator strains may lead to erratic conclusions. In
phylogenetic studies, distantly related hypermutator strains may form a pseudophylo-
genetic cluster owing to the increased indels in homopolymer runs. This phenomenon
is called long-branch attraction (LBA), and parsimony methods are more prone to LBA
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than likelihood methods. Hence, caution should be exercised while interpreting evolu-
tionary relationships among hypermutators. Additionally, closely related hypermutator
strains may appear to be distantly related. In a recent study, C. neoformans isolates
were obtained from patients before and after relapse of infection to discern if the
infection was caused by the same or a different isolate (39). Sixteen of the 17 pairs of
isolates were recurrent pairs. All the recurrent pairs of isolates had =97% SNP similarity
and clustered together with short branch lengths phylogenetically with the exception
of one pair of isolates that had 56% SNP similarity and distinctly long branch lengths.
This observation could have led to an interpretation of reinfection by a different iso-
late, but sequence analysis of the MSH2, MSH5, and RAD5 genes revealed that the two
isolates were hypermutators, their allele profiles were identical, and the infection was a
true relapse and not a reinfection. Hence, to more accurately determine the evolution-
ary relationships among fungal strains, sequence information of MMR genes can be
helpful.

A few studies genotyped MSH2-defective C. glabrata strains using microsatellites
and/or multilocus sequence typing (MLST) and concluded that MSH2-defective alleles
can be genotype specific (21, 23, 24). All strains (n = 63) belonging to one microsatellite
genotype had the V239L mutation in the MSH2 gene (24). However, two different
microsatellite genotypes (Gt22, n = 2, and Gt36, n = 5) consisted of both the wild-type
MSH2 allele and P208S/N890I mutations (23). Results from microsatellite genotyping
are questionable since MMR defects lead to microsatellite instability. When C. glabrata
strains were genotyped using MLST, all the strains (n = 10) in the sequence type 10
(ST10) genotype had the same P208S/N890I mutation in two different studies (21, 24).
In contrast, the V239L mutation was found to be associated with ST7 genotype in one
study (n = 104) (24) and with the ST8 genotype in another study (n = 2) (33). Since
homopolymeric runs can occur in several genes (9) used in MLST and mutations can
also occur in coding sequences devoid of homopolymer runs, MLST genotyping may
be affected by MMR defects. Given that MMR defects lead to extensive genomic muta-
tions, especially in microsatellites and long homopolymeric runs, genetic markers
should be carefully chosen for genotyping hypermutator strains.

Although extensive genomic mutations can be deleterious for the fitness of a
hypermutator over time, an MMR defect can hitchhike with a beneficial allele and be
indirectly selected for short-term adaptation. A balance between fitness cost and muta-
tion benefit determines the prevalence (or frequency) of hypermutators in a popula-
tion. This balance is further governed by species- and population-specific factors.

HYPERMUTATOR DYNAMICS IN FUNGAL POPULATIONS

Experimental evolution studies in S. cerevisiae populations have evaluated the
mutation benefit and fitness cost of hypermutators and found that results vary with
ploidy, mode of reproduction, and population size (40-42). Populations with a fixed ra-
tio of msh2A strains and wild-type strains were propagated for 100 to 400 generations
for mutation accumulation. The final frequency of msh2A strains indicated if mutation
benefit or fitness cost was higher.

The frequency of hypermutators is expected to decline in sexual populations due to
a lack of association between the mutator and beneficial alleles owing to recombina-
tion. However, a beneficial allele generated by a hypermutator can still propagate in a
sexual population and aid in adaptation. In sexual populations of S. cerevisiae, the fre-
quency of hypermutators declined (41). In addition to outcrossing, the decline could
have been due to reduced spore viability due to deletion of one MMR gene. Although
MMR deletion mutants have reduced spore viability (18, 19, 43, 44), some naturally
occurring nonsynonymous mutations in MMR genes do not show such a defect (28).

In asexual populations, mutator alleles can hitchhike with beneficial alleles and
increase in frequency. However, the outcome can be affected by ploidy. An increase in
ploidy can mask deleterious alleles and be advantageous for adaptation (45, 46).
Consistent with this hypothesis, an increased fitness and frequency of hypermutators
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was observed in diploid asexual populations of S. cerevisiae (40, 41). Hypermutators in
haploid asexual populations would be expected to yield more deleterious mutations
and lead to a decline in the frequency of the hypermutator strains, but various results
have been observed in different population sizes of S. cerevisiae (42). If a beneficial al-
lele emerges earlier in a hypermutator strain, hypermutators would increase in their
frequency within the population (47). In small populations (~10° cells) of S. cerevisiae,
the mutator allele hitchhiked with the beneficial allele to fixation in 100 generations.
With an increase in population size, the mutator allele took longer to hitchhike with
the beneficial allele. This delay could have been due to clonal interference, which is a
competition between clonal lineages with different beneficial mutations. In large (10°
to 107 cells) to very large populations (~108 cells), there is an increased probability of
wild type to generate beneficial alleles early on, which decreases the relative benefit of
the MMR defect, and hypermutators decrease in frequency (40-42). These experiments
suggest that a complex interplay among ploidy, mode of reproduction, and population
size may determine the prevalence of hypermutators in a population. It should be
noted that these evolutionary trajectories are determined for deletion strains that rep-
resent extreme cases. However, mutation rates of hypermutators in natural popula-
tions show considerable variation, which may affect their evolutionary trajectories.

The prevalence of nonsynonymous MMR mutations in natural populations varies
among and within species. About 13% of A. fumigatus isolates had a nonsynonymous
mutation in the MSH2 homologue (48), 44 to 72% of C. glabrata isolates had a nonsynon-
ymous mutation in the MSH2 gene (4, 23-25), and 2% of isolates had the incompatible
MLHT and PMST alleles in S. cerevisiae (32). We hypothesize that such variation in preva-
lence of nonsynonymous MMR mutations can be explained by the differences in the
mode of reproduction of the species. In sexually reproducing A. fumigatus and S. cerevi-
siae, outcrossing between hypermutators and wild-type strains could have broken the
association of mutator and beneficial alleles. Saccharomyces cerevisiae showed less prev-
alence of MMR defects than A. fumigatus because the probability of three alleles occur-
ring together (one beneficial allele and two incompatible MMR alleles) is lower than two
alleles occurring together. Additionally, the differences can possibly be attributed to the
dynamics of nuclear cooperation and competition in the multinucleate A. fumigatus.
Since only asexual reproduction has been documented in C. glabrata, a higher preva-
lence of nonsynonymous mutations may suggest that a hypermutator phenotype can
be an important mechanism to increase genetic diversity, and the mutation benefit can
be higher than the fitness cost in asexual haploid populations.

In a given population, there can be alternating periods of high and low prevalence of
hypermutators (49). Even in the absence of recombination, the mutation rate of a popu-
lation may change over time (50, 51). Fungal pathogens encounter a number of stressors
when adapting to the host, like high temperature, hypoxia, unfavorable pH, nutrient de-
privation, and reactive oxidative and nitrosative species (52). After successful coloniza-
tion of the host, pathogens can be exposed to antifungal stress. Under these changing
stress conditions, hypermutators can rescue the population by aiding in adaptation.
Mutator alleles can frequently emerge in a population, get selected by hitchhiking with
beneficial alleles, and help the population to survive a particular stress condition. Over
time, hypermutators can decrease in frequency due to negative selection owing to
reduced fitness or by emergence of antimutator (or suppressor) alleles. The frequency of
hypermutators in a population not only depends on species and population biology but
may also depend on the population’s recent history of stress exposure (50).

ROLE OF HYPERMUTATORS IN ADAPTATION OF HUMAN FUNGAL PATHOGENS

The role of hypermutators in antifungal resistance development and/or within-host
adaptation has been investigated in several human pathogens, including Aspergillus
fumigatus (48), C. albicans (53), C. glabrata (4, 21, 23-25, 33), C. deuterogattii (9), and
C. neoformans (8, 39). While the presence of selection pressure is critical, hypermutators
can produce more progeny strains with favorable phenotypes for selection to act upon
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(4, 8). Pathogens with nonsynonymous MMR mutations were isolated from patients,
and MMR genes were deleted from some strains to determine their effect on antifun-
gal resistance and virulence. In C. glabrata, in vitro transfers on antifungal-amended
media led to an increase in resistance frequency in msh2A strains by ~82-, 18-, and 9-
fold for caspofungin, fluconazole, and amphotericin B, respectively, compared to the
wild-type strains. An increased resistance rate to caspofungin was also observed in
mouse models. However, when mice were coinfected with both the wild-type and
msh2A strains at a ratio of 1:1, wild-type strains were able to colonize the mouse gut
better than the mutants (4). In C. neoformans, msh2A, mlh1A, and pms1A mutants rap-
idly developed resistance to fluconazole and amphotericin B than the wild-type strains
in the presence of the drug. Although pms7A mutants showed reduced virulence,
msh2A and mlh1A mutants did not have reduced virulence (8). Wild-type strains have
a fitness advantage in favorable conditions or once adaptation has been achieved (9,
32, 40, 54) because an accumulation of deleterious mutations can reduce their viru-
lence (4, 9, 48).

Direct evidence of stress adaptation in clinical MMR-defective strains has been shown by
isolating paired samples from patients before and after stress exposure. Nonsynonymous
mutations in MSH2 and MSH5 genes led to the microevolution of C. neoformans in an
HIV-positive patient causing a recurrent infection (39). Microevolution to antifungal drug re-
sistance has also been observed. One pair of C. glabrata strains with a nonsynonymous
mutation in the MSH2 gene was isolated before and after 50 days of fluconazole therapy
from an HIV-positive patient (33). Owing to the high selection pressure, the sequential isolate
developed azole resistance.

MMR defects have been found in both antifungal-resistant and -susceptible clinical
strains of C. glabrata. Nonsynonymous MSH2 polymorphisms were observed in 42.9% of
fluconazole-resistant isolates, 80.6% of fluconazole-sensitive isolates, and 100% of echi-
nocandin-resistant isolates (24). Because of a high prevalence of MMR defective strains
and their lack of association with antifungal resistance, the role of hypermutators in anti-
fungal drug resistance has been questioned (23-25). However, this observation can be
explained by the variation in selection pressures on MMR-defective strains. Hypermutators
can only confer antifungal resistance if they had an antifungal drug exposure. In clinical
strains of C. glabrata isolated from France, MSH2 nonsynonymous polymorphisms were
observed in 48% of the isolates with high fluconazole MICs and 42.8% of isolates with low
fluconazole MICs (23). When the treatment history for each patient was taken into account,
exposure to antifungal drugs was found to be associated with resistance occurrence.
Clinical strains of C. glabrata isolated from India had 69% prevalence of MMR-defective
strains, but no echinocandin- or azole-resistant strains were found (25). Such an observa-
tion may have resulted from a relatively weak selection pressure on the population, as
echinocandin treatment was only given to 1% of the patients in the study, and strains
were isolated from patients within 2 weeks of azole therapy. Additionally, despite a high
prevalence of nonsynonymous MMR mutations, the presence of antimutator alleles could
have mitigated the increase in mutation rate.

The high prevalence of MMR-defective strains in asexual C. glabrata populations may
reflect the importance of this phenotype to adapt to changing stress conditions in the
human body. Since hypermutators can expedite stress adaptation in human fungal patho-
gens, it is likely that hypermutators may hasten adaptation of fungal pathogens present in
other stressful environments like agriculture. Currently, no study has evaluated the role of
hypermutators in the evolution of fungal plant pathogens. The following are some implica-
tions and considerations for pursuing research on hypermutators in this area.

CAN HYPERMUTATORS EXPEDITE EVOLUTION IN FUNGAL PLANT PATHOGENS?

In agriculture, the practice of monoculture is prevalent, which means that genetically
uniform plants are grown over large acreages. Monoculture exerts a strong selection
pressure on pathogen populations for host adaptation. Host adaptation is especially im-
portant for obligate biotrophic pathogens, as they can only survive on a living host and
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are under a high selection pressure to evolve virulence. Biotrophic plant-pathogenic
fungi secrete proteins, called effectors, to combat plant defenses and mediate virulence.
Effector genes are often located in rapidly evolving compartments of the fungal ge-
nome, such as repeat-rich regions (55), and many effector proteins themselves contain
repetitive sequences like leucine-rich repeats. Since MMR defects especially increase
mutations in repetitive sequences, a hypermutator phenotype could be advantageous in
evolving novel effectors.

Fungicide applications also exert a strong selection pressure to develop resistant plant
pathogens. Extensive fungicide use has resulted in rapid evolution of resistance in some
pathogens. Resistance was reported as early as 2 years after the launch of some fungicides
(56). Interestingly, resistance comes at a cost of virulence in some isolates of different
plant-pathogenic species (57-60). In Cercospora beticola, 50% of competition experiments
between isolates that were sensitive and resistant to demethylation-inhibitor fungicides
showed that resistance was associated with reduced spore production and virulence (59).
One possible explanation could be that the three-dimensional structure of the mutated
protein (encoded by the gene harboring the resistance mutation) may negatively impact
important biochemical pathways and may have downstream effects on spore production
and virulence. Another likely explanation could be that some isolates with the resistance
mutation may be hypermutators, and they may have accumulated mutations in genes im-
portant for spore production and virulence.

Experimental and epidemiological studies are required to assess the role of hyper-
mutators in stress adaptation of plant pathogens. Currently, MMR genes have not
been experimentally validated in plant-pathogenic fungi, but genome sequencing and
transcriptomic projects in several pathogens, including Fusarium verticillioides, have
identified putative genes involved in the MMR pathway (61, 62). Additionally, different
strains of the same species have been found to have variable mutation rates, but the
mechanism behind such variation has not yet been explored (63). More recently, com-
prehensive phylogenomic characterization of MMR pathways in ascomycete fungi
revealed broad conservation across the phylum (64). A notable exception is the signifi-
cant loss of MMR capacity in the powdery mildew genera Erysiphe and Blumeria, which
correlates with accelerated genome evolution.

Mutation accumulation experiments can be conducted for validating the putative MMR
genes. However, mutation accumulation studies in plant pathogens will be different from
those conducted in S. cerevisiae, as most of the plant-pathogenic fungi are strictly filamen-
tous. In filamentous fungi, cells are not discrete entities but are connected to each other to
form hyphae. This may combine mutations from different nuclei and cause rapid accumula-
tion of mutations (65), decreasing the likelihood of emergence of a hypermutator pheno-
type. However, a recent study in the filamentous human fungal pathogen A. fumigatus
suggests that hypermutators can confer an adaptive advantage under stress (48). Thus, fila-
mentous growth may still permit the emergence of hypermutators. Moreover, certain fea-
tures of filamentous fungal growth may be advantageous for hypermutators. For example,
heterokaryosis is a common phenomenon in filamentous fungi in which two or more genet-
ically distinct nuclei are present in the same cell. Heterokaryosis may facilitate the coexis-
tence of nuclei with and without MMR defects in the same cell, which may confer the
mutation benefit without the fitness cost (at least transiently). In the rice sheath blight
pathogen, Rhizoctonia solani, a heterokaryon containing both the wild-type and fungicide
resistance alleles conferred a resistance phenotype (66). On repeated exposure to the thiflu-
zamide fungicide, the heterokaryon evolved into a homokaryon with resistance alleles in all
nuclei. Thus, filamentous fungal growth of plant-pathogenic fungi may allow shifts in the
proportion of MMR defective and wild-type nuclei within cells in response to changes in the
selection pressure, which may be advantageous for hypermutator-mediated adaptation.

NON-MMR FORMS OF HYPERMUTATION
In addition to MMR, other DNA damage response pathways have also been linked to
hypermutator effects in fungi (67). For example, recombination caused by replication
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FIG 2 Proposed trajectory of hypermutator prevalence in a fungal population over time. Hypermutator (H) strains can
generate more genetic diversity (represented by different colors) than the wild-type (W) strains in a population. On stress
exposure, and when H strains have the adaptive mutation (orange outline), the hypermutator allele can hitchhike with the
adaptive mutation, resulting in stress adaptation of the population and an inadvertent increase in the prevalence of H. When
the stress is removed, there can be multiple evolutionary trajectories (represented by gray arrows) depending on the balance
of mutation benefit and fitness cost, which is further governed by factors such as ploidy, mode of reproduction, and
population size. Shown is one possible evolutionary trajectory where in the absence of selection pressure, some H strains may
start losing the association of the adaptive mutation and hypermutator allele (due to recombination with a migrated W
strain), or the wild-type mutation rate may be restored in H due to emergence of antimutator alleles. At this initial phase of
stress removal, H can be more prevalent than W, and hence, the population has high genetic variability. Over time, H may
accumulate a high number of mutations; some of which may occur in important housekeeping or virulence genes, which can
reduce the fitness of H strains, and consequently, the prevalence of H can decrease.

stress or attempts to repair damaged bases increases the risk of genome rearrangements
such as translocations and other chromosomal aberrations. Detailed studies in yeast
have shed light on the pathways and complexes that both prevent and promote ge-
nome rearrangements (68). In the filamentous fungi, use of model systems such as
Aspergillus nidulans and Neurospora crassa has provided some insight into processes
involved in preventing genome instability and hypermutation (69, 70). As in yeast, the
response to replication stress is likely to play a prominent role in triggering instability,
though there is also evidence that distinct mutation avoidance mechanisms might exist
in filamentous fungi (62, 67). Furthermore, an additional consideration is that many fila-
mentous fungal plant pathogens possess repeat-rich “pathogenicity chromosomes” that
are particularly susceptible to recombination events that lead to genome instability (67).
Although less is known about these pathways than MMR, their potential importance
merits further investigation of their roles in promoting hypermutation.

CONCLUSION AND FUTURE DIRECTIONS

Hypermutators can expedite antifungal resistance and host adaptation in human
fungal pathogens, thus rescuing populations from stress. However, such a phenotype
may not be beneficial in long-term adaptation, which is conceptually represented in
Fig. 2. The frequency of hypermutators in a population is determined by an interaction
of ploidy, mode of reproduction, population size, and its recent population history.
Although hypermutators facilitate evolution, their rapidly changing mutation profiles
may render them unreliable in determining their evolutionary relationships with other
strains. Knowledge gained from S. cerevisiae and human fungal pathogens can be
applied in plant pathogens to enhance our understanding about the role of hypermu-
tators in fungicide resistance development and host adaptation.

A limitation of the majority of studies on hypermutators is that they mainly focus
on the MSH2 gene. Although it is one of the major genes involved in the MMR path-
way, further research is required to understand the role of other MMR genes in
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evolution of hypermutators. Moreover, it will be important to determine how MMR is
integrated with other mechanisms that trigger mutator phenotypes in fungal plant
pathogens (67). Additionally, identification of biochemical targets of antimutator al-
leles is required. These alleles have been found to modulate the phenotype of MMR
defects (20, 28-32). The YJM523 strain of S. cerevisiae was homozygous for cMLH1-
kPMS1 incompatibility but still conferred a wild-type phenotype, owing to antimutator
alleles present in the genome (32). Knowledge of biochemical pathways used by anti-
mutator alleles to suppress the hypermutator phenotype can be used to design novel
drugs to mitigate the evolution of fungal hypermutators in medicine and agriculture.
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