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pathogens
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Faced with the burden of increasing resistance to antifungals in many fungal pathogens and the
constant emergence of new drug-resistant strains, it is essential to assess the importance of various
resistancemechanisms. Fungi have relatively plastic genomesandcan tolerategenomic copynumber
variation (CNV) caused by aneuploidy and gene amplification or deletion. In many cases, these
genomic changes lead to adaptation to stressful conditions, including those caused by antifungal
drugs. Here, we specifically examine the contribution of CNVs to antifungal resistance. We undertook
a thorough literature search, collecting reports of antifungal resistance caused by a CNV, and
classifying the examples of CNV-conferred resistance into four main mechanisms. We find that in
human fungal pathogens, there is little evidence that gene copy number plays a major role in the
emergence of antifungal resistance compared to other types of mutations. We discuss why we might
be underestimating their importance and new approaches being used to study them.

How can fungi resist antifungal drugs?
Whethernaturallyoccurringor intentionally designed, antimicrobialsplay a
vital role in controlling bacteria, fungi, parasites, and viruses, helping to
mitigate the effects of infectious diseases in both animals and plants.
Adaptation to antimicrobials in bacteria occurs largely through novel
mutations in genes encodingdrug targets and throughhorizontal transfer of
resistant genes and alleles1. However, horizontal gene transfer is not an
appreciable driver of resistance in pathogenic fungi2. This limits the
potential for the spread of resistance mutations but simultaneously makes
the identification and tracking of resistance mutations more difficult, as
many different resistance mutations can occur in a large array of genes.
Already, resistance to the four clinically used classes of antifungal drugs has
been found in clinical strains, and in strains isolated in the wild for some
species2. Fungal genomes undergomany sorts ofmutations but these can be
broadly separated into twogroupings. Firstly, small-scale changes, including
missense, nonsense and indel mutations, which we will collectively refer to
as point mutations. Secondly, copy number variations (CNVs) that lead to
gene dosage changes3.

The termCNVencompasses awide range of genomic changes that can
affect genomic regions of differing size. Segmental duplications or gene loss

can include as little as a single gene or less, though they can also affect wider
regions including many genes at once. Isochromosomes involve the
duplication of an entire chromosome arm. Aneuploidies are when an entire
chromosome is present inmore or less copies than in awild-type strain4,5. In
all cases, themain effect is the change in gene dosage, and so we consider all
these cases together under the umbrella term CNV, distinguishing when
necessary. Aneuploidies differ from accessory chromosomes, as the former
is a change in the copy number of an already existing chromosomewhile the
latter is a novel chromosome found in certain strains only6. The major
change that follows a modification of gene dosage through CNV is the
modulation of mRNA levels and protein expression7,8.

Both point mutations and CNVs have been reported to confer resis-
tance in a large diversity of human fungal pathogens, but their relative
importance is not clear3. Assessing the relative weight of CNVs and point
mutations is vital because detecting them requires different approaches, and
the mechanisms through which they confer resistance could differ. For
instance, it has been suggested that CNVs could be more likely to cause
cross-resistance than individual point mutations9–12, because they can
increase the abundance of drug targets, which impacts all drugs that share
this target. Alternative treatment strategies for resistance strains harboring
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resistance-causing CNVs should therefore be considered, if this is indeed
the case.

CNVs can also coexist with point mutations, and they could theore-
tically work synergistically with pointmutations to increase drug resistance.
CNVs can provide additional gene copies in which point mutations can
occur, increasing the chances of a resistant pointmutation appearing. CNVs
could also help temper the effects of point mutations, by providing a wild-
type copy of a particular gene to maintain fitness, in cases where a resistant
allele has a high cost to the cell. Gene copy number has been shown to
influencewhich specificpointmutationswill occur, as diploid and tetraploid
strains developed different resistance-conferring mutations in the same
gene13. However, in the literature, no simultaneous detection of point
mutations and CNVs that acted together has been reported, though one
azole resistant Aspergillus fumigatus was found to have a duplication of a
mutated allele of CYP51A14.

Resistance mutations operate under two main genetic patterns: loss of
function (LOF) or gain of function (GOF). In the case of LOFmutations, the
mutatedprotein-codinggene is not expressedor is renderednon-functional.
This leads to resistance by directly removing the drug target, or through
affecting biological processes that indirectly lead to resistance. For example,
inCandida lusitaniae15, either the loss of theFCY1 gene or the appearance of
mutations that impair its protein activity is sufficient to cause resistance to
flucytosine. LOF mutations in genes that are not the drug targets can also
lead to resistance, for example, by stopping the import of the drug16, or by
affecting the metabolism of critical cellular components such as ergosterol
for the polyene class of drugs17. In principle, CNVs causing gene loss could
confer resistance, but we find that CNVs contribute to resistance mainly
through the gain of gene copies. One reason could be that CNVs usually
encompass large genomic regions, and the loss of such areas could also
remove essential genes, making mutants unviable. In addition, in diploid
species, the loss of a single copyof geneswhose LOF leads to resistance could
be insufficient to confer a growth advantage in the presence of antifungals18.
Another possibility is that the basal rate of loss of genomic segments is lower
than the rate of gains, making LOF through CNVs rarer in general19. In
contrast to LOF, mutations causing GOF modify the function or increase
expression of a protein. GOF can lead to resistance throughmodification of
the drug binding site, for example, by reducing the affinity of echinocandin
drugs for their targets, the FKS proteins20. In the case of CNVs, GOF occurs
through changes in gene expression, which can have effects on the drug
target as well as on cell metabolism. However, CNVs are not the only
method through which gene expression modulation can confer resistance.
For example, overexpression of the effluxpumpsCdr1 andCdr2 causedby a
GOF amino acid substitution in the transcription factor Tac1 leads to azole
resistance in Candida albicans21.

Prolonged antifungal treatment favors the evolution of resistant
strains, including in clinical settings22. While resistance-conferring point
mutations and CNVs can appear rapidly, the time it takes to fix under such
selection pressure depends on factors such as the drug dosage and effective
population size23. The relative prevalence of pointmutations andCNVswill
critically determine the relative contribution of these two genetic changes to
the evolution of resistance. Given a similar selective pressure coming from
antifungal treatment, resistance is more likely to occur first through the
mechanism with a higher mutation rate, if fungal population sizes are
limited24. Mechanisms of CNV formation have not been thoroughly
explored in many fungal species, but certain mechanisms are conserved
across the tree of life25. Non-allelic homologous recombination can cause
either deletion or duplications through recombination of sequences in
disparate parts of the genome, while non-homologous end-joining can
affect sequences that are not homologous across the genome25. Additionally,
CNVs can be caused by replication-basedmechanisms, such as fork stalling
and template switching26. In particular, C. albicans can form characteristic
CNVs through a mechanism involving a dicentric chromosome inter-
mediate followed by breakage-fusion-bridge cycles27. The drug regimen
fungi are exposed to could also affect whether resistance-conferring CNVs
arise. One experimental evolution assay found that C. albicans was more

likely to develop CNVs causing resistance when exposed to drug con-
centrations near theminimumconcentration that affect the cells, thanwhen
exposed tohigher concentrations28. The authors suggest that a small number
of cell divisions could still occur in these conditions, allowing CNVs to
appear through replication-mediated mechanisms. Modeling has also been
used to examine this question. Onemodel shows that the time necessary for
a resistant trisomy to fix in a population will depend not only on the
aneuploidy and mutation rates, but also on the fitness advantage bestowed
by an aneuploidy, which can change based on the antifungal
concentration29. Another model showed that resistant aneuploid strains
were more likely to be outcompeted by resistant euploid strains as the
number of generations increased30. Both in vivo and in vitro C. albicans
populations are generally genotypically heterogeneous and clonal inter-
ference plays an integral role in the evolution of antifungal resistance over
many generations31. Competition between resistant clones carrying point
mutations and those carrying CNVs should therefore favor the least costly
adaptation. In larger populations, where selection is more efficient, this
should be even more pronounced30.

Thefitness cost ofCNVscanvarywidely, dependingon the size and the
genes affected32. For example, duplications of different chromosomes in C.
albicans have different costs33. The fitness costs of CNVs are thought to
come mainly from the cost of increased protein production, and the over-
abundance and imbalance of proteins creating hypo-osmotic stress-like
effects in the cell34,35. In addition, studies have proposed a link between the
number of genes affected, and the fitness cost to the cell29,36,37. While many
CNVsmay be tolerated when providing antifungal resistance, they could be
purged from the population when the antifungals are removed, such as
growth in laboratory conditions27,38. However, studies in Saccharomyces
cerevisiae also show that certain aneuploid cells are able to limit the fitness
costs of aneuploidies by controlling gene expression, known as dosage
compensation or attenuation, including through the translational regulator
Ssd139,40.

Mutation rates in fungal pathogens have not been studied in detail.
Nonetheless, studies in S. cerevisiae have shown that rates for single
nucleotidemutations are around 10−10/base/generation, while rates for both
large duplications and whole chromosome aneuploidies are closer to 10−4-
10−5/generation, though aneuploidy rates differ across chromosomes41,42.
We can thus conclude that the appearance of CNVs is relatively common,
and their occurrence is not a limiting factor in the prevalence of antifungal
resistance through CNVs. Interestingly, antifungal drugs themselves have
beendemonstrated to trigger changes in cell division that increase the rateof
aneuploidy. For example, under exposure to the azole drug fluconazole, C.
albicans and other Candida species cells often undergo improper bud
separation, leading to the formation of aneuploid cells43. Of the fungal
pathogens studied, C. albicans stands out for its ability to form CNVs. This
ability depends onmany factors,most notably that its genome is enriched in
long repeat sequences, which lead to increased recombination-based CNV
formation44. For other species, no in-depth work has revealed a particular
propensity for CNVs, and it is not clear if different clades of fungi have
different rates of CNV formation.

How do CNVs confer antifungal resistance?
There are multiple potential mechanisms through which CNVs could
confer resistance to antifungal drugs. Changes in expression brought on by
CNVs (or other types of mutations) can affect many cellular processes,
which can affect the organism’s interactions with different drugs. By per-
forming a reviewof the literature onCNVs (See SupplementaryTable 1), we
grouped mechanisms into four general classes (Fig. 1). The most direct
resistance mechanism through CNVs is overexpression of the drug target
(Fig. 1a i). Resistance could also occur through CNV-mediated over-
expression of efflux pumps,which reduces the intracellular concentration of
the drug (Fig. 1a ii). An additionalmechanism is changes to themetabolism
of non-protein drug targets, such as ergosterol (Fig. 1a iii). Finally, CNVs
could either activate or inhibit cellular stress response pathways through
modified expression of regulators of these pathways (Fig. 1a iv).We tried to
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quantify the relative proportions of each of these mechanisms across
fungal pathogens for which we could find reports in the literature. In total,
we found 38 articles in the literature concerning antifungal resistance
which is thought to be conferred by a CNV or an aneuploidy
(Supplementary Table 1). In total, we find only 21 articles concerning
clinical strains, and in total, these articles contain only 30 distinct obser-
vations of CNV-mediated antifungal resistance. A further 32 observations
come from laboratory strains and 4 from environmental strains (Fig. 1b).
We found that the majority of reports unsurprisingly concern C. albicans,

the species most commonly involved in human infections and the most
studied pathogen in terms of clinical isolates and experimental evolution. In
clinical strains, while overexpression of the target protein andoveractivation
of efflux pumps are themost commonly reported resistancemechanisms, it
is worth noting that the same genes are frequently implicated within their
respective mechanisms, while other mechanisms with fewer reports are
caused by different genes. We give a few detailed examples below.

CNVs can significantly contribute to antifungal resistance by
increasing the gene copies encoding the antifungal drug targets. A promi-
nent example is the formation of an isochromosome 5 L (i(5 L)), in azole-
resistant clinical isolates45. This chromosomal alteration results in the
amplification of ERG11, which encodes lanosterol 14α-demethylase, the
target of azole antifungals46. In Cryptococcus neoformans, the disomy of
chromosome 1 leads to an increase in the copy number of ERG11, also
providing increased resistance47. Resistance to azoles due to an increase in
copy number of ERG11 or its homologs has also been observed to be a
commonmechanism inother species such asCandida parapsilosis,Candida
tropicalis and Malassezia pachydermatis48–50. Interestingly, overexpression
of the drug target protein through CNV has been reported to confer resis-
tance only in the case of azoles, even though echinocandins also work by
binding to their respective target proteins3. There are a few reasonswhy such
incongruence has been observed. Amplification of the echinocandin target
genes (FKS) by CNVmay not be sufficient to confer resistance, for instance,
if changes in gene dosage do not lead to a change in protein abundance51.
Higher rates of CNV may be better tolerated in ERG11 compared to FKS1
due to the lower fitness costs of ERG11 amplification, and other co-
amplified genes. This would prevent strains containing CNVs affecting FKS
genes from increasing in frequency even under selection for resistance.
Indeed, the fitness costs of CNVs also vary across the genome, especially
between chromosomes, with one study demonstrating that trisomy of
chromosome 1 (harboring FKS1) leads to fitness loss in the absence of the
drugwhile trisomy of chromosome 5 (harboring ERG11) showednearly the
same fitness as the euploid parent strain in C. albicans33. Furthermore,
experiments overexpressing ERG11 in S. cerevisiae and C. albicans suggest
that there is only a slight fitness cost in standard laboratory conditions,
although this has not been thoroughly investigated52. Fitness costs can also
differ widely between growth conditions, as in C. neoformans, under-
expression of FKS1 had no fitness cost in in vitro growth in laboratory
conditions, while both under- and overexpression of FKS1 in a murine
model lead to reduced growth compared to a control strain53.

CNVs can also lead to the amplification of genes that encode major
efflux pumps and can often involve multiple genes that are nearby on the
same chromosome, such as CDR1 and CDR2 in C. albicans and
C. parapsilosis27,54. The previously mentioned disomy of chromosome 1
in C. neoformans also leads to an increase in copy number of AFR1, a
major transporter of azoles47. Such an increase in expression of efflux
pumps can also arise through overexpression of their transcription factor
as seen in the case of (i(5 L)) in C. albicans where there is an increase in
copy number of TAC1, a transcription factor regulating CDR1 and
CDR246. A study also reported thatCDR1 andCDR2 lie in the region close
to MRR1 and the amplification of MRR1 gene was accompanied by the
increase in gene copies of these genes as well27.MRR1 is a transcription
factor of the multidrug efflux pump MDR1, so increase in its copy
number can also lead to increased expression of Mdr1, resulting in
multidrug resistance in C. albicans55.

CNVs can alter fungal metabolism by changing the copy number of
genes involved in key metabolic pathways by rerouting the metabolic pro-
cesses to evade the effects of antifungal drugs or alternatively, to make the
fungi more susceptible to these drugs. The trisomy of chromosome 1 in
clinical isolates ofC. albicans has been linked to resitance to aureobasidinA,
through the resulting higher expression of PDR16 and AUR138. These two
genes contribute toantifungal resistance by alteringmembrane composition
and enhancing efflux pump activity, respectively38. In fluconazole resistant
Candida auris clinical isolates, the aneuploidy of chromosome 5 leads to an
increase in copy number of NCP1, ERG9, ERG13, and ZCF22 and

Fig. 1 | Changes in gene copy number can lead to resistance through 4 main
mechanisms. a Illustration of four mechanisms through which CNVs can lead to
antifungal resistance. i) CNVs leading to overexpression of a drug target protein can
confer resistance. In cases where drug concentration is low, a high enough con-
centration of the drug target can lead to enough copies of the protein that are free of
drug binding to allow cell survival. ii) CNV-mediated overexpression of small
molecule efflux pumps could confer resistance to certain antifungal drugs. Different
pumps can significantly reduce the intracellular concentration of certain molecules,
including certain antifungal drugs. iii) Changes to cell metabolism brought on by
CNVs can confer resistance. Changes in the copy number of metabolic enzymes
(light purple) can modify the metabolic flux in the cell and lead to resistance in
various pathways. In particular, CNVs affecting enzymes involved in cell membrane
and cell wall synthesis can change the composition of these structures, and thus
modulate the effect of antifungal drugs. iv) Stress response mechanisms and pro-
teins, including chaperones, play an important role in the antifungal drug
response101–104, and soCNVs that affect the activity of stress response pathways could
have a large impact on fungi’s ability to adapt to antifungal drugs. b Count of the
mechanisms through which CNVs confer antifungal resistance. The bar plot indi-
cates the number of reported examples of each mechanism in the literature (as
described in panel a), for each species.“Other” indicates proposed mechanisms that
do not neatly fit into one of the categories, and “Unknown” indicates that no
potential mechanism was reported. The pie chart titled “Strain origin” indicates
whether the CNV was found in a clinical, a laboratory, or an environmental strain.
The pie chart titled “Clinical only” represents themechanisms of resistance found for
only the strains of clinical origin. All data used in making panel b are available in
Supplementary Table 1.
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consequently the transcription upregulation of two genes related to ergos-
terol biosynthesis, ERG11 and ERG1, situated on other chromosomes56.

CNVs can also amplify genes involved in the stress response systems
that help survive adverse conditions, including exposure to antifungal
agents. Stress response genes suchasHSP70,CGR1,ERO1,TPK1,ASR1, and
PBS2 in C. albicans have been observed within amplified regions of the
genomes of isolates resistant to fluconazole27. Deletion of PKC or genes
expressing proteins involved in the calcineurin pathways have also been
shown to impact the ability of C. albicans to tolerate both tunicamycin and
caspofungin11.

Beyond these primarymechanisms,CNVs cancontribute to antifungal
resistance through a variety of other, less studied mechanisms such as
accumulation of intracellular fluorinated nucleotides, elevation of intracel-
lularCa2+ levels anddisruptionof ironhomeostasis, indirectly impacting the
cell’s susceptibility to antifungal agents57–59. In other cases, the mechanisms
remain unknown. Indeed, despite clear evidence that certain CNVs are
associated with resistance, the specific genes and pathways involved are not
always identifiable, as CNVs and especially aneuploidies can affect a large
number of genes concurrently. This aspect requires more investigation.

There are also cases where CNVs may not confer resistance, however,
they can enable growth at a reduced rate at inhibitory drug concentrations, a
phenomenon known as drug tolerance60. An in vitro study ofC. albicanshas
associated the trisomy of at least one of chromosomes 3, 6, and Rwith azole
tolerance, though a causal link has not been demonstrated61. Other studies
on C. albicans’ response to fluconazole revealed that tolerant and resistant
strains developed different genomic alterations depending on the drug
concentration they were exposed to. Tolerance was acquired when exposed
to higher concentrations of the drug and predominantly exhibited ChrR
aneuploidy. Resistancewas acquired upon exposure to low concentration of
the drug and showed a distinctive absence of chromosomeRaneuploidy28,62.
Additionally, different genes present on the same aneuploid chromosome
can confer tolerance to different molecules. For instance, exposure to
tunicamycin favors the development of chromosome 2 trisomy, which
induces cross-tolerance to caspofungin and hydroxyurea with certain genes
being specifically responsible for resistance to each drug, while not playing a
role in resistance to the other two11. Aneuploidy can also lead to suscept-
ibility to other drugs as seen in the case of trisomy of chromosome 7 in C.
albicans which renders affected cells susceptible to undecylenic acid63.

CNVs can be studied in two ways: either by creating artificial CNVs
and measuring their impact on antifungal resistance, or by studying strains
thathavebeen found to resist antifungaldrugs, someofwhichharborCNVs.
Both these methods have their respective limitations. Artificially recreated
CNVs are most often precise deletions or duplications of genes52,64,65, which
do not always reflect the situation in natural CNVs. The latter can vary in
size, and thus be spread across multiple genes and open reading frames, or
even entire chromosomes in the case of aneuploidies25. Furthermore, most
artificial examples of CNVs are gene deletions, which were not initially
constructed in an effort to studyCNVs, but rather todetermine the function
of the gene by measuring the null mutant phenotype57,64–68. We found that
most examples of CNV-conferring resistance in clinical or experimental
evolution strains are increases in copy number rather than deletions
(Supplementary Table 1), and most gene deletions found to confer anti-
fungal resistance have not been observed to occur naturally64–66. In the case
of naturally occurring CNVs, the limitation lies in clearly showing the cause
of resistance. In many instances, especially in cases of aneuploidies, a large
number of genes are implicated, and it is often unclear which gene or genes
are conferring resistance, alone or jointly. CNVs can also coexist with point
mutations that arepresent either insideoroutside theCNV,which canmake
it evenharder to pinpoint the exact cause of resistance.Onemethod that can
shed some light on the cause of resistance is to measure the expression of
genes present within the CNV to detect any differential expression that
could be conferring resistance69. Experimental evolution can also be used to
identify recurrentCNVs that repeatedly affect the samegeneswhen exposed
to the same drug, further cementing the role of the CNV in resistance28,61,
with the caveat that repeated instances of the same CNV could also be

caused by an increased appearance rate. In cases where large regions or
entire chromosomes are affected, follow-up studies on genes of interest are
often necessary to confirm which genes in particular are conferring
resistance10.

How prevalent are CNVs in antifungal resistance?
Now that we have examined the number of reports of antifungal resistance
conferred by CNVs and presented examples of mechanisms of resistance
through CNVs, we can compare CNVs to point mutations. So, what is the
relative contribution of CNVs to resistance? Even thoughCNVs have a high
mutation rate and canhaveprofoundphysiological consequences, theyhave
a limited contribution globally to the emergence of resistance in clinical
strains, at least in terms of the numberof observations. Asmentioned above,
we find only 30 observations of clinical strains of antifungal-resistant fungi
in which resistance was thought to be conferred by a CNV. Reports com-
piling resistance conferred bypointmutationsfindmanymoreobservations
than our search of the literature concerning CNVs. For instance, a recent
compilation of antifungal resistance examples catalogs over 5200 point
mutations that confer resistance to antifungals70. This far outweighs the few
examples of CNV-mediated resistance we could find in the literature. The
pattern for point mutations being more frequently reported than CNVs
holds across species and drugs, though some genes, such as CYP51, are
particularly enriched in resistance-conferring point mutations70. Given, as
discussed above, the rate at which CNVs are generated41,42, and their strong
impact on gene expression, one could ask why CNVs are not more fre-
quently found in antifungal-resistant clinical isolates. Two possibilities
emerge: either point mutations are truly more widespread in antifungal
resistance, or CNVs are massively underreported.

One possibility explaining the lack of reports of CNV-mediated
resistance is that CNVs may be common, but transient. In particular, a
model of transient aneuploidies in antifungal resistance has been
proposed71. Under this model, certain cells exposed to antifungal stress
develop copy number increases of specific chromosomes, and certain
aneuploidies confer antifungal resistance. In these aneuploid chromosomes,
mutations continue to accumulate, and eventually resistance-conferring
point mutations appear. The additional copies of the chromosomes not
harboring the resistance-conferring point mutation are subsequently lost
while the point mutation continues to confer antifungal resistance to the
now euploid cell. There are many interesting aspects to this model. First,
increasing the copy number of genes involved in antifungal resistance
increases the probability of a mutation occurring in a resistance-associated
gene. Yeast cells with aneuploidies have also been found to have higher
mutation rates than their wild-type counterparts, further increasing the
odds of a resistance-conferringmutation appearing72,73. The eventual loss of
additional chromosomes is also corroborated by experimental data, as
aneuploid chromosomes are known to have a fitness cost to the cell, so
purging non-essential additional chromosomes is beneficial33. However,
there are some limitations to this model as well. Despite an initial report of
transient aneuploidy allowing adaptation to heat stress in S. cerevisiae24,
recent reanalysis of the experimental data has shown that most of the
adapted strains did not have an aneuploid ancestor30. Despite the many
discussions of this hypotheticalmodel23,29,36,71,74,75, we have not found reports
of direct observations of this phenomenon in pathogenic fungi, either in
experimental evolution or clinical infections. One report found transient
aneuploidies in sequential sampling of the same infections,whichdeveloped
resistance to azoles, but the disappearance of these aneuploidies was not
directly tied to the appearance of point mutations, and it is not clear if the
aneuploidies were the target of point mutations, or if other mutants out-
competed and replaced the aneuploid strains76. Additionally, theoretical
analysis of thismodel suggests that adaptation through transient aneuploidy
would only be favored in small populations, whereas in larger populations
adaptation would most likely occur directly in the initial euploid cells
without an intermediate aneuploidy state30. Still, if this model is even par-
tially accurate, many cases in which antifungal resistance was initially
conferredby ananeuploidybut then replacedby apointmutationwouldnot
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be detected as CNV-conferred resistance in the clinical isolate, leading to
underinflated estimates of the importance of CNVs in the initial stages of
resistance acquisition.

Another possibility that could explain whyCNVs are rarely reported is
that they are lost during isolation and culturing steps that precede pheno-
typic testing and sequencing. CNVs conferring antifungal resistance
increase in frequency in response to antifungal-induced stress. However, if
this stress is removed, CNVs often have a fitness cost, as mentioned above.
Basic evolutionary principles suggest that any culturing steps, for example
plating a clinical sample on a petri dish to isolate individual colonies, could
favor strains that have reverted to a non-CNV state if the antifungal stress is
not constantly maintained at an appropriate level. Indeed, there have been
many observations of loss of antifungal resistance and reversions of CNVs
when culturing strains on non-selective media5,10,27,38,77.

Another factor thatmay influence our estimation of the relative impact
of CNVs in antifungal resistance is our ability to detect them.Until recently,
region-specific methods such as quantitative PCR and Southern blots were
used to measure the gene copy numbers of individual loci5,78. Array Com-
parative Genome Hybridization (aCGH) was also used to determine the
copy number of a large number of loci, bymeasuring relative DNA binding
to a microarray5,79. Electrophoresis based methods, such as Contour-
clamped Homogeneous Electric Field (CHEF), allow separation of very
largeDNAfragments by their size, andconsequentlywereused fordetection
of CNV-affected chromosomes80. However, these methods have generally
been replaced bymore powerful sequencing-based approaches, whichwork
by comparing readdepths fordifferent loci along chromosomesor the entire
genome using sliding windows45,81. In particular, long-read sequencing
technologies are well suited for detection of CNVs, as they can detect seg-
mental duplications and their beginning and endpoints more accurately82.
Various computational tools andpipelines have beendeveloped to aid in the
analysis of sequencing data, which are designed to detect both CNVs and
point mutations from fungal genome sequences45,81,83. Sequencing-based
approaches allow the analysis of entire genomes and can be scaled up
relatively quickly and cost-effectively to analyzemultiple isolates, both from
clinical or laboratory origins. Thus, our ability to detect CNVs should no
longer limit our evaluation of the prevalence of CNV-mediated resistance if
resistant isolates are sequenced.

Going forward, increased surveillance of fungal CNVs in health set-
tings using sequencing-based approaches, ideally directly in clinical isolates
without intermediate culturing, could help determine the true prevalence
and impact of CNVs in antifungal resistance. Indeed, even with the current
best technologies, detection will remain rare if CNVs are lost after lab
culturing.Molecular diagnostic kits in current use can identify a wide range
of fungi, and in some cases detect nucleotide changes known to confer
resistance, but no commercial method currently detects CNVs in any
fungus84. Consequently, clinical detection of CNVs remains rare, although
this situation could be remedied by the development of standard methods
and technologies that can detect CNVs in fungi, similarly to current
methods used to detect CNVs in tumor DNA85. An additional factor that
could help develop the analysis of CNVs is the use of pangenomes as
references instead of conventional reference strains. Pangenomes reveal a
broader spectrum of structural variations, including CNVs, that are often
missed by single reference genomes. This is due to the inclusion of accessory
genes and chromosomal rearrangements that contribute to genomic plas-
ticity and adaptive evolution in pathogens86,87. Such an approach ensures a
more exhaustive coverage of genes that may be present or absent in an
isolate, leading to detection of CNVs that would not have been detected
previously88,89. We have not found reports of resistance mutations specifi-
cally found using this approach but given that the accessory genomes of
plant pathogens do contain pathogenesis-related function90, accessory genes
need to be better investigated in human pathogens as well.

Beyond detecting CNVs, it is critical that we can validate their role in
resistance. These large-scale molecular changes can occur alongside other
mutations and genomic changes, or in strains that are quite distant to
laboratory reference strains, so it is challenging to isolate or precisely

quantify their contribution to resistance. In addition, CNVs often impact
multiple genes and it is not always clear which gene or genes are under
selection for increased resistance. However, new techniques can be used to
measure the impact of CNVs. Gene editing techniques can be used to insert
additional copies of genes into fungal genomes91, and telomere-mediated
truncation methods have been used to artificially create aneuploidies and
other CNVs92,93. Furthermore, CRISPRa (activation) and CRIPSRi (inhibi-
tion) systems have been developed to respectively drive the activation or
inhibition of gene transcription in C. albicans and Nakaseomyces glabratus
(formerly known as Candida glabrata)94–97, thus recreating the over or
under-expression phenotypes that can result from CNVs. In laboratory
evolution experiments, better measurements of gene copy numbers and
their rate of appearance through whole genome sequencing and novel
methods will also help in assessing both the prevalence and fitness con-
sequences of CNVs. One promising method uses reporter genes inserted
adjacent to genes of interest so that the signal of the reporter gene can be tied
to the copy number of the gene of interest at the single-cell level98–100. This
technique couldhelp select genesparticularly prone toCNVs for subsequent
surveillance in clinical settings.

Although changes in gene copy number through CNVs develop rela-
tively frequently in pathogenic fungi, they seem to be less frequently iden-
tified as sources of antifungal resistance than point mutations70, but the
small number of reports concerning CNVsmakes this comparison difficult.
To completely settle this question, antifungal-resistant laboratory strains
and especially clinical strains should undergo whole genome sequencing
with limited intermediate culturing steps, to detect both point mutations
and CNVs, to properly establish the relative contribution of each
mechanism.

Data availability
The data is provided as a supplementary table.
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