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Background: Fungal infections are common life-threatening diseases amongst immunodeficient individuals.
Invasive fungal disease is commonly treated with an azole antifungal agent, resulting in selection pressure
and the emergence of drug resistance. Antifungal resistance is associated with higher mortality rates and treat-
ment failure, making the current clinical management of fungal disease very challenging. Clinical isolates from a
variety of fungi have been shown to contain mutations in the MSH2 gene, encoding a component of the DNA
mismatch repair pathway. Mutation of MSH2 results in an elevated mutation rate that can increase the oppor-
tunity for selectively advantageous mutations to occur, accelerating the development of antifungal resistance.

Objectives: To characterize the molecular mechanisms causing the microevolutionary emergence of antifungal
resistance in msh2 mismatch repair mutants of Cryptococcus neoformans.

Methods: The mechanisms resulting in the emergence of antifungal resistance were investigated using WGS,
characterization of deletion mutants and measuring ploidy changes.

Results: The genomes of resistant strains did not possess mutations in ERG11 or other genes of the ergosterol
biosynthesis pathway. Antifungal resistance was due to small contributions from mutations in many genes.
MSH2 does not directly affect ploidy changes.

Conclusions: This study provides evidence that resistance to fluconazole can evolve independently of ERG11
mutations. A common microevolutionary route to the emergence of antifungal resistance involves the accumu-
lation of mutations that alter stress signalling, cellular efflux, membrane trafficking, epigenetic modification and
aneuploidy. This complex pattern of microevolution highlights the significant challenges posed both to diagnosis

and treatment of drug-resistant fungal pathogens.

Introduction

Cryptococcosis is a life-threatening human disease caused by in-
vasive infection with fungi in the Cryptococcus neoformans or
Cryptococcus gattii species complexes. Disseminated cryptococ-
cosis or cryptococcal meningitis are treated initially with ampho-
tericin B in combination with 5-flucytosine, then long-term with
fluconazole. Mild-to-moderate cases of isolated pulmonary
cryptococcal infections can be treated with fluconazole as first-
line therapy. In recent years, many clinical studies have demon-
strated an increase in resistance to azole antifungal agents,
resulting in an emerging threat to the management of invasive
fungal diseases in clinical practice.)™ A recent review of drug

resistance in Cryptococcus spp. revealed 10.6% of clinical isolates
areresistant to fluconazole and thisincreases to 24.1% in patients
with relapsed disease.® The molecular mechanisms of how drug
resistance emerges in C. neoformans remain poorly defined.”
The most common mechanism of amphotericin B resistance is
alterations to the sterol composition of the membrane via muta-
tions in ERG genes of the ergosterol biosynthesis pathway.®
Several azole resistance mechanisms have been identified,;
most involve point mutations in the ERG11 (cyp51A) gene, which
alters the ability of the azole molecule to bind to the target lanos-
terol 14a-demethylase, or which occur in regulatory regions in
the promoter.*’'° Overexpression of genes encoding drug efflux
transporters, or the transcription factors that regulate their
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expression, can also result in drug resistance in Candida spe-
cies.'™'? However, mutations located within ERG11 may not be
the most predominant mode of azole drug resistance across
all fungi. Only four ERG11 mutations have been associated
with fluconazole resistance in C. neoformans and studies show
50%-70% of fluconazole-resistant clinical isolates lack mutations
in ERG11.2137® Another study investigating C. gattii clinical iso-
lates from the Pacific Northwest epidemic concluded neither
ERG11 overexpression nor coding variations were responsible for
the increased fluconazole resistance.!” In addition, more than
50% of azole-resistant Aspergillus fumigatus clinical isolates con-
tain no mutations in cyp51A or its promoter.’>1® A recent study
that followed the process of microevolution of azole resistance
using WGS, during persistent and recurrent aspergillosis, found
that the microevolution of azole resistance was driven by both
Cyp51A-independent and Cyp51A-dependent mechanisms.?

In addition to point mutations, resistance in fungi can be con-
ferred upon exposure to azoles by aneuploidy, the gain or loss of
chromosomes. Aneuploidy is a common strategy utilized by fungi
to adapt to stress and drug-resistant aneuploids with permanent
chromosomal duplications have been found in clinical isolates.?°
Aneuploidy can also be transient in a process called heteroresis-
tance, where one or more aneuploidies (chromosome duplica-
tions) develop that are subsequently lost when the azole is
removed.?! In cryptococcal meningitis patients, transient aneu-
ploidy of chrl has been shown to be associated with increased
fluconazole MIC and clinical relapse.??

Recent studies have uncovered a role for DNA mismatch repair
(MMR) in the microevolution of antifungal drug resistance.?*~2°
Defective DNA repair mechanisms lead to an elevated mutation

Table 1. C. neoformans strains used in this study

rate that provides an avenue for the rapid acquisition of beneficial
mutations that contribute to drug resistance evolution.?*-%>27-29
Non-synonymous variation in the MMR gene MSH2 has been
found with varying prevalence in clinical populations of Candida
glabrata, A. fumigatus, Cryptococcus deuterogattii and C. neofor-
mans.?>?’ The exact prevalence of msh2 mutators in clinical po-
pulations and their clinical relevance remains contentious.
Studies in C. glabrata have found between 37%-77% of clinical
strains possess non-synonymous variation in MSH2 (North
America, 55%; India, 69%; France, 44%; South Korea, 65%;
China, 77%; Spain, 44%; and Australia, 37%) however only
some studies have shown a correlation with antifungal drug re-
sistance (North America, 65%; South Korea, 69%; China,
43%).273973% In addition, some C. glabrata clinical isolates with
naturally occurring MSH2 alleles, previously called mutators,
were subsequently shown not to possess a mutator phenotype.®
Studies have shown that 18.2% and 18.1% of A. fumigatus and
C. neoformans clinical isolates, respectively, possess non-
synonymous variation in MSH2, however the number of strains
analysed was small.**> Deletion of MSH2 in C. deuterogattii or
C. glabrata does not reduce virulence.”®?” Initially the A. fumigatus
Amsh2 mutant displayed reduced virulence, however, passaging
allowed virulence to be rapidly regained.’® Deletion of MSH2 leads
to the rapid emergence of azole resistance in all these species
in vitro.?*~%’ Deletion of MSH2 in C. deuterogattii results in increased
emergence of resistance to 5-flucytosine through point mutations
in three different genes.?® The mutations accumulating during
the emergence of azole resistance in an msh2A mutant remain
undefined and are the focus of this study.

MIC (mg/L)

Elevated —_—

Strain name Source/parent strain Isolated on MSH2 genotype mutation rate® ERG11 genotype FLC® AMB
KBCNOO1 (KN99) 63 — MSH2+ — ERG11+ 8 2
KBCN105 (AI187) 64 — MSH2F/MSH2* — ERG117/ERG11™ ND  ND
msh2A (AISVCN195) 24 — msh2A Yes ERG11+ 8 2
KBCNO137 msh2A FLC msh2A Yes ERG11* 24 16
KBCNO138 msh2A FLC msh2A Yes ERG11™* >256 4
SACNOOB1 msh2A FLC msh2A Yes ERG11+ >256 16
SACNOOB?2 msh2A FLC msh2A Yes ERG11+ >256 8
KBCNO140 msh2A AMB msh2A Yes ERG11+ 16 4
KBCNO142 msh2A AMB msh2A Yes ERG11* 12 4
KBCNO134 msh2A FLC msh2A Yes ERG11™ >256 4
KBCNO135 msh2A FLC msh2A Yes ERG11™* >256 8
23 Clinical isolate*® — msh24379-397,V378N,5398L K399E Yes ERG11+ 32 ND
c8 Clinical isolate*® — MSH2N900D,D304G No 6 SNPsin 5" ERG11"%%Y 16 ND
A5-35-17 Environmental isolate® — MSH2N900D,D304G No 6 SNPsin 5" ERG11"%%Y 24  ND
27 Clinical isolate*? — MSH2P>12N,N900D,D304G No 6 SNPs in 5" ERG11+ 24 ND
36 Clinical isolate*® — MSH2+ No ERG11+ 64  ND

FLC, fluconazole; AMB, amphotericin B; ND, not determined.

9Mutation rate was qualitatively assessed by measuring the frequency of resistant 5-fluoroorotic acid-resistant colonies.
BMICs from at least two biological repeats. If not indicated in the table, the standards errors of the mean were +0.
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Table 2. Fluconazole MICs of C. neoformans deletion mutants

FLC MIC
Biological process Predicted role Strain name (mg/L)®

Membrane trafficking  Trafficking from ER to the Golgi KBCNO303 trs130A 8

Trafficking through the Golgi KBCN0298 kes1A 12

Trafficking from ER to the vacuole directly via the ALP pathway KBCNO300 apl3A 16

Trafficking from the ER to the vacuole indirectly via the endosomes and VPS pathway  KBCN0301 vps10A 8

Multivesicular sorting in the late endosome (ESCRT-0) KBCNO302 hselA 8

Multivesicular sorting in the late endosome (ESCRT-III) KBCNO205 snf7A 4

Fusion of vesicles and guanyl-nucleotide exchange factor for the GTPase controlling  KBCN0210 vps39A 6

TOR signalling at the vacuole membrane

Chromatin Component of CAF chromatin assembly complex KBCNO0226 rfl2A 16

remodelling Chromodomain helicase predicted to play a role in chromatin remodelling KBCN0299 20+ 6
CNAG_01306A

Histone NuA4 complex KBCNO182 yaf9A 16

acetyltransferase KBCNO188 eaf6A 24
KBCNO190 eaf1A 28+6

KBCNO180 swc4A 32

FLC, fluconazole.

°MICs from at least two biological repeats. If not indicated in the table, the standards errors of the mean were +0.

Materials and methods

Strains and growth conditions

C. neoformans strains used in this study are in Tables 1 and 2. Strains were
stored as glycerols at —80°C and struck off glycerol prior to each experi-
ment to minimize passaging. Strains were cultured on yeast
extract-peptone dextrose (YPD) +2% agar at 30°C or liquid at room tem-
perature in a roller drum.

The frequency of antifungal drug resistance was assessed by
measuring the frequency of colony formation of WT, msh2A and an
msh2A MSH2™ on fluconazole or amphotericin B. The WT strain used
for comparison was KN99 (KNCNOO1), which is the parent strain to
msh2A. Three separate YPD cultures were inoculated per strain with
1x10° cells from overnight YPD cultures. After growth for 48 h, 1 x
10° cells of each culture were plated onto YPD + 72 mg/L fluconazole
(16x MIC) or +4.8 mg/L amphotericin B (32x MIC) and plates incu-
bated at 30°C for 7 days. These concentrations were chosen to enable
comparison between similar experiments.?3~2” Experiments were per-
formed in triplicate. Frequencies were calculated as number of col-
onies on the drug divided by the total cfu plated. Frequency
averages and standard errors of the mean were calculated using
Prism 4.0c. Two-tailed Student’s t-tests were performed to determine
statistical significance.

To isolate msh2A antifungal drug-resistant strains, 1 x 10° cells from
27 independent YPD msh2A cultures (strain AISVCN195) were grown for
48h and 1x10° cells from 15 of the cultures were plated onto YPD
+54 mg/L fluconazole (12x MIC) and from the remaining 12 cultures
onto YPD +4.8 mg/L amphotericin B (32x MIC) plates. Plates were incu-
bated at 30°C for 7 days and an individual colony was picked from each
plate and streak purified. Colonies from three of the fluconazole plates
were also patched onto amphotericin B to identify MDR strains. To assess
antifungal resistance of each of the 27 isolates, individual strains were
cultured overnight in YPD, 10-fold serially diluted, plated onto YPD
+54 mg/L fluconazole (12x MIC) or 2.4 mg/L (16x MIC) amphotericin
B and incubated at 28°C for 2 days. Fluconazole and amphotericin B
MICs were determined using Etest strips on yeast nitrogen base pH 7 or

the broth dilution method, respectively.?” Etests were from Integrated
Sciences Pty Ltd with a concentration range of 0.16-256 mg/L. MICs
were replicated twice and mean and standard errors of the mean were
calculated using Prism 4.0c.

Deletion mutants were obtained from the Madhani collection (http:/
www.fgsc.net/crypto/crypto.htm). Gene deletion was confirmed using PCR
with primers (Table S1, available as Supplementary data at JAC-AMR
Online) designed outside and within the deleted region (product present in
WT and absent in the deletion) and also with a primer outside the deleted
region and within the NAT selectable marker (product absentin WTand pre-
sentin the deletion if NAT is integrated at the specific gene locus). The parent
strain for these deletion mutants is KN99 (KNCNOO1). This reference was
used as a control in all experiments. Twenty deletion strains were screened
for changes to fluconazole MIC. The CNAG_06356A, CNAG_05838A,
CNAG_05998A, CNAG 003724, CNAG_00051A, CNAG 06276A and
CNAG_06373A strains did not showing any significant difference in MIC
and are not shown.

Relative fitness of the msh2A, SACNOOB1, SACNOOB2 and a
nourseothricin-resistant control compared with WT was determined in
three independent experiments by making 50:50 ratios of cells from
YPD overnight cultures, incubating for 2 days and plating 1 x 102 cells
onto YPD. After incubation at 28°C for 4 days, 100 random colonies
were re-struck onto YPD + nourseothricin (Jena Bioscience) (100 mg/L)
and scored as NAT™ (WT) or NATT (msh2A:NAT, SACNOOB1 or
SACNOOB2). Two-tailed Student’s t-tests were performed to determine
statistical significance using GraphPad Prism software. All data were ex-
pressed as means with a CI of 95% with P values at <0.05 considered
significant.

Genome sequencing and bioinformatic analysis

Genomic DNA was extracted using a CTAB buffer [100 mM Tris-HClLpH 7.5,
0.7 M NaCl, 10 mM EDTA, 1% B-mercaptoethanol and 1% CTAB (alkyltri-
methyl ammonium bromide, Sigma)]. HiSeq paired-end 125 bp Illumina
sequencing was performed on shotgun libraries by the Australian
Genome Research Facility and Victorian Clinical Genetics Services.
Samples had between 16.3 and 22.6 million reads (~215-300x
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coverage). Sequencing reads were aligned to the KN99 reference se-
quence from FungiDB in Geneious version 11.0.2.37>® Aneuploidy of
each strain was determined by comparison of read coverage every
100 bp across the genome to the control strain, calculating the log;
fold difference which was graphed using Prism 8.4.1. Sequence variants
were detected using the criteria of a minimum coverage of 10 reads, min-
imum frequency of 95%, and the maximum P value of 10~ (0.0001% to
observe by chance). Chromosomal position of mutations was performed
in Prism 8.4.1. Sequencing reads were deposited to the GenBank database
as accession PRINA664881. Gene Ontology (GO) enrichment was per-
formed with Fisher’s exact test with the background defined as all genes
from C. neoformans and a P value cut-off of 0.05 at FungiDB.>°

Flow cytometry to assess ploidy

Between 1x10° and 1 x 10° cells from overnight YPD cultures of WT
(haploid and diploid controls), msh2A, SACNOOB1 and SACNOOB2 were
used to inoculate YPD + fluconazole (two duplicates). The cultures
were stained with NucRed Live 647 DNA stain (Thermofisher) at room
temperature for 30 min in the dark and non-stained controls were in-
cluded. Cells were washed in PME buffer [50 mM piperazine-N,
N'-bis(2-ethanesulfonic acid) (PIPES) (pH 6.7), 5 mM magnesium sulphate
(MgS0O,) in 500 mL dH,0, 25mM ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA) (pH 8.0)]. The samples were ana-
lysed in a fluorescence stimulated cell sorting Becton Dickinson FACSCanto
II with a 633 nm commotion laser. Signals were captured from a min-
imum of 10000 cells per sample in the APC channel (red, excitation
633 nm) at a medium flow rate of 20000 cells/sec. The FACS Diva
(8.0.1) acquisition software was used to measure forward and side scat-
ter on a four-decade logarithmic scale and red fluorescence (APCA) on a
linear scale using FlowJo software (version 10.6.1). Experiments were
repeated in triplicate.

Results

The elevated mutation rate of an msh24 mutant enables
rapid isolation of antifungal drug-resistant strains

AWT control, msh2A mutant and an msh2A MSH2% control strain
were inoculated into liquid cultures and incubated to allow muta-
tions to accumulate during mitotic division. Cells of each culture
were plated onto either fluconazole (16x MIC) or amphotericin B
(32x MIC) and the frequency of antifungal resistance calculated.
These concentrations were chosen to enable comparison be-
tween similar experiments in other studies.?*?” Compared with
the WT and the msh2A MSH2" control, the msh2A mutant dis-
played an increase in the frequency of colonies resistant to flu-
conazole and amphotericin B (Figure 1). Therefore, mutation of
MSH2 can promote the rapid emergence of resistance to antifun-
gal drugs due an elevated mutation rate.

To uncover the molecular mechanisms causing the emer-
gence of antifungal resistance, 27 independently isolated
fluconazole- or amphotericin B-resistant strains were isolated.
From these, four fluconazole, two amphotericin B and two MDR
strains possessing a range of resistance levels were chosen for
further analysis. Each strain represents an independent antifun-
gal drug resistance microevolution experiment. The fluconazole
and amphotericin B MIC was determined for each strain
(Table 1). Compared with WT and msh2A, strains isolated on flu-
conazole displayed high levels of resistance, with greater than
32x the fluconazole MIC of WT and the original msh2A suscep-
tible strains. In addition, these strains also exhibited an elevated
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Figure 1. The frequent emergence of antifungal drug resistance in the
msh2A mutant enables rapid isolation of antifungal drug-resistant strains.
(a) Compared with the WT (MSH2*) and msh2A MSH2™ controls, the msh2A
exhibits an elevated frequency of fluconazole-resistant and amphotericin
B-resistant colonies on media containing 72 mg/L fluconazole (16 x MIC)
or 4.8 mg/L amphotericin B (32x MIC). Asterisks indicate statistical signifi-
cance using a two-tailed Student’s t-test; *P<0.05, **P<<0.005. (b) An ex-
ample of one of the independent cultures of msh2A grown in liquid culture
to allow mutations to accumulate and plated on plates containing flucon-
azole (12x MIC) or (c) amphotericin B (32x MIC). WT (MSH2%) and msh2A
MSH2* controls are included for comparison.

amphotericin B MIC. MDR strains exhibited greater than 32x the
fluconazole MIC and 2-4x the amphotericin B MIC of WT and
msh2A. The strains isolated directly on amphotericin B showed
a 2x increase in the amphotericin B MIC and a small elevation
in the fluconazole MIC (Table 1).
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Antifungal drug-resistant msh24 strains do not possess
mutations in ERG11 or components of the ergosterol
biosynthesis pathway

To investigate the genetic changes underpinning the emergence of
antifungal drug resistance, the genomes of the original msh2A
strain (susceptible to antifungals) and the msh2A antifungal-
resistant strains were analysed by WGS. Reads were aligned to
the C. neoformans KN99 WT genome sequence (susceptible to anti-
fungals) in which the msh2A strain was generated. Sequence var-
iants were identified that differed between genomes of the KN99
and msh2A strains to identify mutations that had accumulated
in msh2A during laboratory passaging in the absence of antifun-
gal selection. Although passaging was minimized, 284 sequence
variants were identified in the original msh2A strain prior to anti-
fungal selection. GO term enrichment analysis of the mutated
genes showed significant enrichment in the biological processes
of hyperosmotic response, peroxisome fission, negative regulation
of melanin biosynthetic process, biological process involved in inter-
action with host, carbohydrate metabolic process, fructose meta-
bolic process and fructose 2,6-bisphosphate metabolic process
(Table S2).

Sequence variants that differed between the genomes of the
WT and msh2A strains (both antifungal susceptible) and the
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msh2A antifungal drug-resistant strains were also identified to
find variants responsible for the emergence of antifungal resist-
ance. A total of 1783 sequence variants were detected in the
antifungal-resistant strains that were not present in KN99 or
msh2A. These variants were distributed across all chromosomes
and were predominately single base pair mutations (83.1%);
transitions (17.9%), transversions (8.5%) and single base indels
at homopolymers (52.7%) and also included larger indels at mi-
crosatellites and homopolymers (8.2%) (Figure 2).

The fluconazole-resistant strains showed only 12 mutations
that were absent in the amphotericin B-resistant strains.
Likewise, the amphotericin B resistant strains showed 37 muta-
tions that were absent in the fluconazole-resistant strains. In
addition, these mutations were either in non-coding regions or
were located in genes that also contained numerous additional
mutations common to all antifungal drug-resistant strains. This
suggests that the mutations are arising due to a general stress
response, rather than to a specific antifungal drug.

Most of the genetic causes of resistance to azole antifungal
agents described to date involve point mutations that affect ei-
ther the expression or activity of the ERG11 (cyp51A) gene of
the ergosterol biosynthesis pathway.”’~'° None of the msh2A
antifungal drug-resistant strains possessed mutations in ERG11
or other ergosterol biosynthesis genes (Table S3).

I Indels at homopolymers (1bp)

Il Indels ( 1bp)

[ Indels at microsattelites/homopolymers
I Transitions

[ Transversions

[ Indels >1bp
[l Other variants (>1bp)

Figure 2. Mutations accumulate in the msh2A antifungal drug-resistant strains in response to exposure to antifungal drugs. (a) The position of
mutations in msh2A antifungal drug-resistant strains not present in the original msh2A before antifungal selection across the 14 C. neoformans
chromosomes. (b) The mutational spectrum of sequence variants in the genomes of msh2A antifungal drug-resistant strains: red, transitions; orange,
transversions; medium blue, single base indels at homopolymers; dark blue, single base indels; light blue, larger indels at microsatellites and

homopolymers; light green, large indels; dark green, other variants.
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To investigate whether clinical isolates also exhibit azole re-
sistance caused by mutations in genes other than ERG11, the
genomes of fluconazole-resistant clinical and environmental iso-
lates were also analysed by WGS. These isolates are the same
molecular type (VNI) as the msh2A and exhibit varying degrees
of fluconazole resistance (Table 1).“° One of these (C23) is an
msh2 mutant with elevated mutation rates.”* None of these clin-
ical isolates were aneuploids (Figure S1). The isolates with rela-
tively lower levels of fluconazole resistance (16-24 mg/L)
possessed an ERG11'% conservative missense mutation (C8
and A5-35-17) and six identical SNPs in the 5’ regulatory region,
which is unlikely to lead to disruption in function but which could
result in changes in the levels of ERG11 expression (C8, C27 and
A5-35-17) (Table 1). However, clinical isolates with high resist-
ance (C23, 32 mg/L and C36, 64 mg/L) had no detectable se-
quence variation in ERG11 (Table 1).

Antifungal drug resistance is due to small contributions
from mutations in many genes

The genomes of the msh2A antifungal-resistant strains pos-
sessed variants located in 601 different genes suggesting that
drug resistance emerges due to small contributions from many
genes rather than due to large contributions from a few genes
(Table S4). GO term enrichment analysis of these genes showed
significant enrichment in the biological processes: reproduction,
vesicle docking involved in exocytosis, regulation of chromosome
organization, signalling, signal transduction and response to
stimulus, biological regulation, carbohydrate catabolic process,
monocarboxylic acid metabolic processes, small molecule meta-
bolic process, phosphorus metabolic process, N-terminal protein
amino acid modification and protein containing complex subunit
organization (translation initiation) (Table S5). The mutated
genes were also significantly enriched for the cellular component
GO terms related to translation initiation (Table S5).

The genomes of the msh2A antifungal-resistant strains were
compared with those of the antifungal resistant C23, C8, C27
and C36 clinical isolates and A5-35-17 environmental isolate
to investigate the clinical relevance of variants identified in
thein vitro generated msh2A antifungal-resistant strains. In to-
tal, 28 sequence variants were identified common to all in vitro
generated, clinical and environmental strains, either located in
intragenic regions or within seven different genes (CNAG_00843
salicylate hydrolase predicted to have a role in drug metab-
olism, CNAG_05394 membrane transporter, CNAG_02980
membrane dipeptidase, CNAG_04087 hypothetical protein,
CNAG_01537 helicase Dhh1l, CNAG_06487 chitin synthase
and CNAG_05395 guanyl-nucleotide exchange factor Vps39
involved in TOR signalling at the vacuole membrane and mem-
brane trafficking). To compare the sequence variants specific-
ally in msh2 mutants, common sequence variants were
identified in the genomes of the msh2 C23 clinical isolate
and the msh2A antifungal-resistant strains. In total, 103 com-
mon sequence variants were identified and GO term enrich-
ment analysis was performed on genes containing common
variants. In addition to enrichment in the biological processes
of interaction with the host, interspecies interaction and peroxi-
some fission, there was enrichment in biological processes previ-
ously shown to be enriched in the in vitro-generated msh2A

antifungal-resistant strains including vesicle-mediated transport,
organic substance metabolic processes, response to stimulus and
regulation of translation.

The genomes of drug-resistant strains contain mutations
in genes encoding stress-activated signalling pathways
and drug efflux transporters

Mutations in the in vitro-generated msh2A antifungal-resistant
strains were found in genes encoding components of each of
the four major stress-activated signalling pathways in C. neo-
formans: the protein kinase A (PKA)/Ras signalling pathways,
calcium signalling, mitogen activated protein kinase (MAPK)
signalling and the high osmolarity glycerol (HOG) response
(Table S6).*' However, the mutations in HOGI occurred in
msh2A prior to selection on antifungal drugs. A recent study
using quantitative trait locus mapping and WGS to identify
the genetic basis of antifungal drug sensitivity has shown com-
plex epistatic interactions occur within these signalling path-
ways to requlate antifungal drug resistance in Cryptococcus.*?
Deletion of HOG1 and STE7 have previously been shown to re-
sult in increased fluconazole resistance, and inhibition of the
HOG pathway increases expression of ergosterol biosynthesis
genes and cellular ergosterol content.*>** Mutations were
also located in many genes encoding drug efflux transporters
(Table S6).

Defects in membrane trafficking affect the susceptibility
of C. neoformans to fluconazole

Shared mutations in genes encoding components required for
membrane trafficking were also found in the msh2A antifungal-
resistant strains (Figure 3, Table S6). Mutations in the gene encod-
ing the kinase subunit of TOR complex, TOR1, was also present. In
addition to the role in vesicle fusion, Vps39 acts as a guanyl-
nucleotide exchange factor for the GTPase controlling TOR signal-
ling at the vacuole membrane.*® There was significant GO term
enrichment in the biological processes of vesicle docking involved
in exocytosis and small (Rho) GTPase mediated signal transduc-
tion which, in addition to being involved in signal transduction,
is directly involved in controlling intracellular membrane sorting
and trafficking (Table S5).46

To investigate the effect of defects in membrane trafficking on
antifungal susceptibility, the fluconazole MIC was determined for
deletion strains of TRS130, KES1, VPS10, APL3, VPS39, HSE1 and
SNF7.The trs130A, vps10A and hselA mutants showed no signifi-
cant difference in MIC compared with WT. Compared with WT,
the vps39A and snf7A displayed increased susceptibility to flu-
conazole (P<0.05 and P<0.0005, respectively). The kes1A and
apl3A mutants resulted in a significant increase in resistance
to fluconazole compared with WT (Table 2) (P<0.0005 and
P<0.0001, respectively).

Mutations in genes encoding proteins required for
epigenetic control, DNA repair and bypassing replication
stress accumulate in antifungal-resistant strains

The genomes of the msh2A antifungal-resistant strains also con-

tain shared mutations in genes encoding proteins required for his-
tone modification, specifically acetylation (Table S6). The two
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Figure 3. Genes encoding components of membrane trafficking pathways mutated in the msh2A antifungal drug-resistant strains. Schematic of the
membrane trafficking pathways in a fungal cell (adapted from Feyder et al.*®) showing the role of proteins encoded by genes mutated in the msh2A
antifungal drug-resistant strains (black text). Transporting newly synthesized proteins from the endoplasmic reticulum (ER) to the Golgi requires for-
mation of COPII vesicles (involves Sec23) and the fusion of vesicles tethered to the Golgi membrane that is dependent on the GTPase Ypt1 and Trs130, a
component of the transport protein particle (TRAPP) complex, which acts as a multimeric guanine nucleotide exchange factor for Ypt1 (brown arrow).
Snx3is a late-Golgi sorting nexin and Kes1 is required for negative regulation of Golgi secretory functions. Secretion from the Golgi to the plasma mem-
brane (pink arrow) requires the exocyst complex, containing Sec8, to tether post-Golgi secretory vesicles to sites of exocytosis. There are two pathways
from the Golgi to the vacuole: the direct ALP pathway (dark blue arrow) and the indirect VPS pathway via endosomes (light blue arrow). In the ALP
pathway (dark blue arrow), ALP is packaged into vesicles through the AP-3 adapter complex, containing Apl6 and Apl3, which also recruits clathrin.
In the VPS pathway (light blue arrow), soluble carboxypeptidase Y pro-protease (CPY) binds to its receptor Vps10 in the Golgi lumen and is transported
from the trans-Golgi network via AP-1 adapter and clathrin-coated vesicles to endosomes. The Rab GTPase Vps21 and guanine exchange factor for Rab
GTPases Vps9 are required for Golgi-endosome trafficking. Vps16 and Vps39 are part of the HOPS complex essential for docking and fusion of vesicles.
Fusion of the late endosome (multivesicular body, MVB) to the vacuole also requires the HOPS complex. In the late endosome, proteins are sorted into
vesicles that bud into the lumen in a process that requires the ESCRT complexes containing Hsel (ESCRT-0) and Snf7 (ESCRT-III). The endocytic path-
way (red) and retrograde transport (green dashed arrows) are also indicated.

main histone acetyltransferases (HATs) in fungi are components
of the Spt-Ada-Gen5 acetyltransferase (SAGA) and nucleosome
acetyltransferase of histone H4 (NuA4) complexes.”” The
msh2A antifungal-resistant strains contain mutations in genes
from both the SAGA and NuA4 complexes and four additional
HAT genes (Table S6). Deletion of ADA2 (SAGA complex) has pre-
viously been shown to result in increased fluconazole resist-
ance.*® Chromatin remodellers (NSR1, SWR1, INO8O and RFL2)

and components of the RSC chromatin remodelling complex
(RSC1 and RSC7) were also mutated. Genes involved in histone
and chromatin modification have been shown to also play a
role in DNA repair and bypassing replication stress and additional
genesinvolved in these processes were also mutated; replication
stress (DHH1 and RAD53), double-stranded break repair (RAD51,
RDH54, RAD57 and SCC2), single-stranded DNA repair (RAD2),
MMR (POL3) and cell cycle checkpoints (SWI6, REV7, BUBI and
BUB3).%9!

The fluconazole MIC was determined for deletions of genes
encoding NuA4 complex components; EAF1, EAF6, YAF9 and
SWC4 and the chromatin remodellers RLF2 and CNAG_01306.
Compared with WT, all deletion mutants displayed a significant
increase in fluconazole resistance (Table 2) (CNAG_01306A and
eaflA, P<0.05 and rfl2A, yaf9A, eaf6 A and swc4A, P<<0.005).

Deletion of MSH2 does not directly affect
heteroresistance but can result in aneuploids

Changes in ploidy can also result in resistance to azoles, although
this is usually transient.?>>? During heteroresistance, in the pres-
ence of azoles, chrl, chr4, chr10 and chrl4 are successively dupli-
cated to produce aneuploids but normal ploidy is re-established
when the azole is removed.?* Analysis of ploidy using WGS read
coverage showed that SACNOOB1 and SACNOOB2 are stable an-
euploids, possessing duplications of chrl and chr4 (SACNOOB1)
and chrl (SACNOOB?2) (Figure 4).
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Figure 4. Two of the msh2A fluconazole-resistant strains are aneuploids. Log, fold changes in read coverage (every 100 bp) across the 14 chromo-
somes in drug-resistant strains isolated on fluconazole: KBCNO137 (a), KBCNO138 (b), SACNOOB1 (c), SACNOOB2 (d); on amphotericin B: KBCNO140 (e)
and KBCNO142 (f); and on fluconazole and amphotericin B: KBCNO134 (g) and KBCNO135 (h). Two of the eight strains, SACNOOB1 (c) and SACNOOB?2 (d),
are aneuploids, possessing duplications of chrl (shown in red) and chr4 (shown in dark blue).

These results suggest that MSH2 deletion may resultinincreased
aneuploidy in response to fluconazole. To investigate this further,
changes in ploidy and the ability to undergo heteroresistance
were analysed by flow cytometry after culturing strains in the ab-
sence or presence of fluconazole and after subsequent removal of
fluconazole. Total DNA of the WT haploid increases in the presence
of fluconazole, indicating changes in chromosome ploidy (Figure 5).
Changes in ploidy can also be observed in the diploid in the presence
of fluconazole although the cells appear to have a larger range of
changes to ploidy than the haploid (Figure 5). The increases in ploidy
are transient, as the original ploidy of the haploid and diploid is re-
established when the fluconazole is removed (Figure 5). The
changes in ploidy in the msh2A are indistinguishable from the hap-
loid, indicating that this strain can undergo heteroresistance and
deletion of mshA does not directly affect ploidy (Figure 5). This result
suggests that the stable chromosomal aneuploidy in the msh2A
strains is likely caused by a mutation in a gene affecting chromo-
somal stability. Deletion of mshA in A. fumigatus also does not dir-
ectly affect ploidy.*”

Although strain SACNOOB?2 is an aneuploid of chr1, this can-
not be detected using this method (Figure 5). The total DNA of
SACNOOB1, which is an aneuploid of both chrl and chr4, is
slightly increased compared with the haploid but less than

the diploid as expected (Figure 5). SACNOOB1 can undergo het-
eroresistance, indicated by increased ploidy in the presence of
fluconazole and subsequent loss of chromosomes (Figure 5).
However, SACNOOB2 does not display an increase in ploidy in
the presence of fluconazole suggesting it cannot undergo het-
eroresistance (Figure 5).

During heteroresistance, aneuploidies are subsequently lost
when the azole is removed as they reduce fitness.”! To assess
the relative fitness of the aneuploid strains, competition assays
were performed with WT. The msh2A mutant did not show a
statistically significant difference in growth to WT. In contrast,
SACNOOBT or SACNOOB2 displayed reduced relative fitness in
competition with WT in the absence of fluconazole suggesting
that aneuploidy reduces fitness (Figure 6).

Discussion

The mutation of MSH2 provides pathogenic fungi with an avenue
for the rapid acquisition of mutations, which can contribute to the
emergence of favourable phenotypes without negatively impact-
ing virulence or fitness in the short term. This study has shown
that antifungal drug resistance emerges rapidly in C. neoformans
msh2 mutants in vitro due to single base pair mutations,
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Figure 5. Deletion of MSH2 does not directly affect heteroresistance. Populations of cells from the WT haploid control strain KBCNOO1 (Haploid), a diploid
control strain KBCN105 (Diploid), the msh2A mutant strain AISVCN195 (msh2A) and the fluconazole-resistant aneuploid strains SACNOOB1 (msh2A B1)
and SACNOOB2 (msh2A B2) were analysed by flow cytometry to assess changes in DNA content as the ploidy changes in response to the absence of
fluconazole (No fluc), the presence of fluconazole (+fluc) and 1 day after subsequent removal of fluconazole (—fluc). The diploid control has twice
the DNA content of the haploid and msh2A in the absence of fluconazole. The chromosome aneuploidy of strain msh2A B1 (chrl and chr4) can
be observed as an increase in DNA content compared with the haploid control; however, the increased aneuploidy of strain msh2A B2 (chr1) cannot
be detected. In response to fluconazole, the ploidy of the haploid, diploid, msh2A and msh2A B1 increases. Some cells of the diploid do not increase
ploidy resulting in two fluorescent peaks. No increase in ploidy observed in the msh2A B2 strain indicating it cannot undergo heteroresistance. When
the fluconazole is removed, the haploid, diploid, msh2A and msh2A B1 strains revert back to their original ploidy.

predominately indels at homopolymers, a mutational profile that
matches previous observations in a range of fungi.’®>* To date,
most of the genetic causes of resistance to azole antifungal
agents involve point mutations that affect ERG11 (cyp51A).*"*°
Interestingly, none of the msh2A antifungal drug-resistant strains
possessed mutations in ERG11, providing evidence that antifungal
resistance can evolve independently of ERG11 mutations in
C. neoformans. This finding is supported by other studies, which
show that >50% of azole-resistant clinical isolates of C. neoformans

and A. fumigatus lack mutations in ERG11 and that the micro-
evolution of azole resistance can be driven during infection by
Cyp51A-independent mechanisms 8127161819 Another interesting
result from this study was that the genomes of the C. neoformans
msh2A antifungal drug-resistant strains contained a large
number of mutations in many genes suggesting that drug re-
sistance can evolve due to the small contributions of muta-
tions in many genes rather than due to large contributions
from a few genes. None of the single gene deletion mutants
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Figure 6. The msh2A fluconazole-resistant aneuploids show reduced
relative fitness compared with WT in the absence of fluconazole.
Competition assays with WT and the nourseothricin-resistant control
(NAT™), msh2A::NAT, SACNOOB1 or SACNOOB2 cells showing the percent-
age of colonies derived from each original strain. Aneuploid strains
SACNOOB1 or SACNOOB2 show decreased growth in competition with
WT. Asterisks indicate statistical significance using a two-tailed
Student’s t-test; *P<0.05, **P < 0.005.

tested in this study displayed MICs as high as the antifungal
drug-resistant strains, also supporting the idea of a multi-gene
effect. The results suggest a common microevolutionary route
to the emergence of antifungal resistance that involves the ac-
cumulation of many mutations that alter stress signalling, cel-
lular efflux, membrane trafficking, epigenetic modification and
aneuploidy.

This study showed that the genomes of the C. neoformans
msh2A antifungal-resistant strains contained mutations in TOR1
and VPS39, encoding the kinase subunit of TOR complex and
the guanyl-nucleotide exchange factor (GEF) for the GTPase con-
trolling TOR signalling at the vacuole membrane (Gtrlp), which
also plays a role in membrane trafficking.>*>> This finding sup-
ports the proposed role of TOR signalling at the vacuole mem-
brane in the response to antifungal drugs. TOR signalling in
Cryptococcus has recently been shown to modulate the expres-
sion of genes required to aid pathogen survival in macrophages
during infection.”® As well as controlling TOR signalling at the
vacuole membrane, Vps39 is part of the homotypic fusion and
protein sorting (HOPS) complex required for the fusion of vesi-
cles either derived directly from the Golgi, via the alkaline phos-
phatase (ALP) pathway, or indirectly from the late endosome,
via the indirect vacuolar protein sorting (VPS) pathway, to
the vacuole.*® This study has shown that deletion of VPS39 in
C. neoformans results in increased susceptibility to fluconazole,

suggesting an essential role of membrane trafficking to the
vacuole in the tolerance to antifungal drugs. The antifungal-
resistant environmental and clinical isolates contained a se-
quence variant in VPS39 in common with the in vitro generated
strains, suggesting mutations in VPS39 could be relevant to anti-
fungal susceptibility in the clinic. Recent characterization of the
role of this gene in C. neoformans by Fan and Liu (2021)>’ has
shown this gene is also required for capsule and melanin forma-
tion, response to membrane stress and pathogenicity in a
mouse model of cryptococcosis. This study has also shown
that deletion of vps10in C. neoformans, which affects trafficking
through the VPS pathway and the endocytic pathway, does not
affect susceptibility to fluconazole. This is similar to what is ob-
served in C. albicans, where deletion of the gene encoding the
Rab GTPase required for endocytosis and the VPS pathway,
vps21, does not affect the susceptibility to fluconazole.”® In
C. albicans the vps21 mutant exhibits more growth than WT un-
der standard antifungal susceptibility testing conditions and is
more susceptible to antifungal drugs that target alternative
steps of the ergosterol biosynthesis pathway, a finding which
has led to the proposal that endosomal trafficking through the
late endosomal pre-vacuolar compartment (PVC) leads to the re-
distribution of toxic sterol intermediates that accumulate in re-
sponse to inhibition of the enzyme lanosterol 14-demethylase by
azoles, in order to allow limited tolerance to the antifungal
drug.”® The present study and previous studies show that deletion
of snf7 in C. neoformans, encoding a subunit of the endosomal
sorting complexes required for transport (ESCRT) complex, which
is required for the additional sorting step at the endosome for de-
livery to the vacuolar lumen, also results in increased susceptibility
to fluconazole.”®®° Consistent with this, mutations in msh2A
antifungal drug-resistant strains were located in the 5’ regulatory
region only. ESCRT mutants in C. albicans are also sensitive to
fluconazole.®! In addition, we have also shown that mutation of
genes required for membrane trafficking directly from the Golgi
to the vacuole via the ALP pathway, kesl and apl3, results in
increased resistance to fluconazole in C. neoformans.

Interestingly, the msh2A mutant accumulated mutations in
genes involved in regulation of chromatin organization and his-
tone modification prior to selection on antifungals and continued
to accumulate these during antifungal selection, in addition to
within genes encoding proteins required for DNA repair and by-
passing replication stress. Both histone deactelylases and altera-
tions in chromatin structure are associated with the response to
DNA damage in yeast.**>%%? Deletion of some of these genes
(EAF1, EAF6, YAF9, SWC4, RLF2 and CNAG_01306) resulted in a
significant increase in resistance to fluconazole. This raises the
interesting possibility that in msh2 mutants there is selection
for mutations occurring in genes required for DNA repair and by-
passing replication stress in the absence of antifungal selection,
and these mutations also confer drug resistance. This possible
link between the genotoxic stress experienced within the host
during infection and the emergence of antifungal resistance
even in the absence of selection is intriguing and warrants fur-
ther investigation.

What is clear from this study is that the microevolutionary pro-
cess resulting in the emergence of antifungal resistance is ex-
tremely complex and will pose significant challenges both to
the diagnosis and treatment of fungal pathogens.
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