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ABSTRACT How cells exposed to one stress are later able to better survive other types
of stress is not well understood. In eukaryotic organisms, physiological and pathological
stresses can disturb endoplasmic reticulum (ER) function, resulting in “ER stress.” Here, we
found that exposure to tunicamycin, an inducer of ER stress, resulted in the acquisition of
a specific aneuploidy, chromosome 2 trisomy (Chr2x3), in Candida albicans. Importantly,
the resulting aneuploidy also conferred cross-tolerance to caspofungin, a first-line echino-
candin antifungal, as well as to hydroxyurea, a common chemotherapeutic agent. Exposure
to a range of tunicamycin concentrations induced similar ER stress responses. Extra copies
of one Chr2 gene, MKK2, affected both tunicamycin and caspofungin tolerance, while at
least 3 genes on chromosome 2 (ALG7, RTA2, and RTA3) affected only tunicamycin and not
caspofungin responses. Other Chr2 genes (RNR1 and RNR21) affected hydroxyurea tolerance
but neither tunicamycin nor caspofungin tolerance. Deletion of components of the protein
kinase C (PKC) or calcineurin pathways affected tolerance to both tunicamycin and cas-
pofungin, supporting the idea that the ER stress response and echinocandin tolerance
are regulated by overlapping stress response pathways. Thus, antifungal drug tolerance can
arise rapidly via ER stress-induced aneuploidy.

IMPORTANCE Candida albicans is a prevalent human fungal commensal and also a
pathogen that causes life-threatening systemic infections. Treatment failures are frequent
because few therapeutic antifungal drug classes are available and because drug resistance
and tolerance limit drug efficacy. We found that C. albicans rapidly overcomes the cellular
stress induced by the drug tunicamycin by duplicating chromosome 2. Also, chromosome
2 duplication confers tolerance not only to tunicamycin but also to the following two
unrelated drugs: caspofungin, an antifungal drug, and hydroxyurea, a chemotherapeutic.
Cross tolerance to the three drugs involves different sets of genes, although some genetic
pathways affect the tolerance to two of these three drugs. This work highlights a serious
concern, namely, that changes in whole chromosome copy number can occur in response
to one type of stress, and yet, they may facilitate the emergence of tolerance to multiple
drugs, including the few antifungal drug classes available to treat Candida infections.
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C andida albicans is an opportunistic human fungal pathogen. It is a commensal colo-
nizer of the gastrointestinal tract of approximately 45% to 60% of healthy adults (1);

30% to 50% of people carry C. albicans in the oral cavity (2). C. albicans is also the most com-
mon human fungal pathogen and is responsible for about 70% of worldwide fungal infec-
tions, causing diseases ranging from mucosal to life-threatening systemic infections (3).
Despite consistently low levels of antifungal resistance reported for this organism (0.1% to
0.4%) (4), patient treatment failures are quite high (.30%). Isolates exhibiting antifungal re-
sistance grow well at drug concentrations above the MIC for that drug and species, as meas-
ured after 24 h of drug exposure (5). Antifungal tolerance is a feature of susceptible isolates
(those with standard MIC values for the species) and is distinct from resistance. Despite
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being susceptible in standard MIC assays, a subpopulation of cells are able to grow, albeit
slowly, in the presence of supra-MIC drug concentrations (5, 6). Because of this slow growth,
tolerance is generally measured after longer times of drug exposure (e.g., 48 h) as the frac-
tion of growth (FoG) within the zone of inhibition (7). High tolerance levels may contribute
to the treatment failures of C. albicans infections (6, 8).

Because C. albicans is a eukaryotic pathogen, the antifungal arsenal is very limited.
Currently, only three major classes of antifungal agents are used clinically, as follows:
azoles, polyenes, and echinocandins (9). Echinocandins, the newest class of established
antifungals, inhibit b-(1, 3)-glucan synthesis in the fungal cell wall, causing cell death,
although they are only fungistatic in some pathogenic species, such as Aspergillus fumi-
gatus. Echinocandins have become the first-line antifungal drugs for the treatment of
systemic candidiasis (10).

Aneuploidy has been associated with drug resistance and tolerance in human-path-
ogenic fungi. In C. albicans, aneuploidy enables adaptation to fluconazole (11–14) and
caspofungin (15–17). In Cryptococcus neoformans, aneuploidy enables adaptation to
fluconazole (18, 19) and flucytosine (20). In Candida glabrata, formation of a new minichro-
mosome is associated with fluconazole resistance (21), and in Candida auris, an emerging
outbreak pathogen that can acquire resistance to all three major classes of antifungal drugs,
duplication of chromosome V is associated with resistance to fluconazole (22).

Importantly, aneuploidy also causes cross-adaptation to unrelated drugs. For example,
growth of C. albicans on L-sorbose as the sole carbon sources selects for chromosome 5
monosomy, an aneuploidy that also drives cross-tolerance to caspofungin (CSP) and flucyto-
sine (15). Similarly, exposure to hydroxyurea (HU), a chemotherapeutic drug, selects for chro-
mosome 2 trisomy mutants, which enables cross-tolerance to CSP (17). Therefore, antifungal
tolerance to some drugs can arise without any pre-exposure to that drug.

Tunicamycin (TUN), a product of Streptomyces clavuligerus and Streptomyces lysosu-
perficus, is commonly used to induce endoplasmic reticulum (ER) stress experimentally.
It blocks N-linked glycosylation by inhibiting the transfer of UDP-N-acetylglucosamine
to dolichol phosphate in the ER of eukaryotic cells, thus resulting in misfolded proteins
and ER stress (23). Recently, selection with an inhibitory concentration of TUN in
Saccharomyces cerevisiae caused aneuploidy of several chromosomes, with recurrent
appearance of chromosome 2 disomy, and three genes on chromosome 2 were neces-
sary for the aneuploidy-associated tolerance to TUN (24).

In this study, we asked if aneuploidy is a general mechanism for TUN tolerance in C.
albicans. Exposure of lab strain SC5314 to subinhibitory and inhibitory concentrations
of TUN for short and long time periods yielded TUN-tolerant colonies/adaptors. A total
of 62 tolerant adaptors were sequenced, and most of them had duplication of chromo-
some 2. Importantly, chromosome 2 trisomy enabled cross tolerance to TUN (ER stress
inducer), CSP (first-line fungicidal drug), and HU (chemotherapeutic drug). We identi-
fied the following chromosome 2 genes associated with tolerance to the three drugs:
ALG7, RTA2, and RTA3 were associated with TUN tolerance; RNR1 and RNR21 were asso-
ciated with HU tolerance; and MKK2 was associated with TUN and CSP tolerance. The
calcineurin pathway and the PKC pathway also were associated with both TUN and
CSP tolerance. We suggest that aneuploidy arises rapidly under many stress conditions
and has the potential to confer multidrug tolerance, largely because of its concerted
effect on the copy number of many genes.

RESULTS
Obtaining isolates that grow at inhibitory TUN concentrations. C. albicans lab

strain SC5314 is susceptible to TUN, with growth slightly inhibited by 1 mg/ml (P . 0.05)
and completely inhibited by 4mg/ml of TUN (P, 0.001) in broth microdilution assays (see
Fig. S1A in the supplemental material). On agar medium, 1 mg/ml of TUN did not inhibit
growth, and 4mg/ml of TUN completely inhibited growth (Fig. S1B).

We used three approaches to obtain TUN adaptors, which are defined here as colonies
that appeared and grew at TUN concentrations of $4 mg/ml. The first approach was to
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select on inhibitory TUN concentrations by plating ;1 � 106 cells onto yeast extract-pep-
tone-dextrose (YPD)-agar plates containing 4 mg/ml or 8 mg/ml TUN. After 5 days, ;2,300
colonies (0.23%) appeared on plates with 4 mg/ml TUN, and only 6 colonies appeared on
8 mg/ml TUN (Fig. S1C). We randomly selected 18 colonies from the 4-mg/ml TUN plate (6
smaller, 6 moderate, and 6 larger colony sizes). All 6 colonies that appeared on 8 mg/ml
TUN were selected, but 1 colony grew very slowly and was excluded from further analysis.

In spot assays, 17 of the 18 4-mg/ml TUN adaptors grew on 4 mg/ml but not on
8mg/ml TUN; the remaining adaptor grew on both 4mg/ml and 8mg/ml TUN. All 5 col-
onies selected on a 8-mg/ml TUN plate were tolerant to 8 mg/ml of TUN (Fig. S1D).
Thus, exposure to inhibitory TUN concentrations usually selected for progeny adapted
to the level of TUN selection.

The second approach was to select for adaptors following a short time exposure to
subinhibitory TUN concentrations. TUN at 1 mg/ml slightly inhibited the growth of
SC5314 in YPD broth. In another experiment, SC5314 at low density (2.5 � 103 cells/ml)
was grown in 1.5 ml YPD broth containing 1 mg/ml of TUN for 24 h (24-h exposure)
and then diluted 1:1,000 to another tube at the same TUN concentration for an addi-
tional 24 h (48-h exposure). Each culture was washed, diluted with distilled water, and
plated onto YPD agar plates (no drug selection) and 120 (24 h) and 95 (48 h) colonies
were tested for TUN susceptibility using spot assays. Only one of the 24-h colonies
(Fig. S1E) and three of the 48-h colonies were TUN tolerant (Fig. S1F). Thus, the short
time exposure to a subinhibitory concentration of TUN was sufficient to allow tolerant
cells to be selected at a frequency of;1% to 3%, and a longer exposure time increased
the proportion of cells that were TUN tolerant.

The third approach was to select colonies following 10 days of exposure to subinhi-
bitory TUN concentrations. SC5314 was passaged daily in YPD broth (control) or YPD
broth supplemented with subinhibitory concentrations of TUN (0.5 mg/ml, 1 mg/ml,
and 2 mg/ml). After the 10th passage, cells were plated onto YPD plates (no drug selec-
tion), and 18 colonies from each culture were randomly chosen for further analysis.
Among them, 0 (0%), 2 (11.1%), 15 (83.3%), and 18 (100%) colonies, derived from pas-
sage in YPD broth containing 0 mg/ml, 0.5 mg/ml, 1 mg/ml, and 2 mg/ml, respectively,
yielded isolates that had acquired TUN tolerance to TUN (Fig. S1G).

Taken together, these results show that under strong selection using inhibitory con-
centrations of TUN (4 mg/ml and 8 mg/m), all the adaptors (100%) obtained tolerance
to TUN. Subinhibitory concentrations of TUN (1 mg/ml) yielded only a small proportion
of colonies (1.1% at 24 h and 3.2% at 48 h) with TUN tolerance when the exposure
time was short (1 to 2 days), while a higher proportion of selected colonies were adap-
tors that resulted when exposure time was 5 to 10 times longer (Fig. 1).

Chr2 duplication is the major mechanism of tolerance to tunicamycin. All the
tolerant (n = 62) adaptors obtained from the 3 approaches were sequenced and ana-
lyzed by Ymap to detect ploidy and allele specificity (25) (Fig. 2). Among the 18 adap-
tors obtained from 4 mg/ml TUN, 17 acquired Chr2x3 and 1 acquired Chr2x4. For Chr2,
duplication of either homolog (AAB or ABB) appeared with a similar frequency (9 ver-
sus 8, respectively). All 5 adaptors from 8 mg/ml TUN acquired tetrasomy of Chr2
(Chr2x4) with a similarly random distribution of homologs, as follows: 1 AAAB, 2 AABB,
and 2 ABBB (see Fig. S2A in the supplemental material). The Chr2x3 adaptors were tol-
erant to 4 mg/ml but not to 8 mg/ml of TUN, and the Chr2x4 adaptors all were tolerant
to 8 mg/ml of TUN (Fig. S1C, D), indicating that the extent of Chr2 duplication corre-
lated with the level of tolerance to TUN and that there was no obvious allele specificity
affecting the growth of adaptors on TUN.

The 24-h and 48-h TUN tolerant adaptors from 1 mg/ml of TUN also were Chr2x3
(AAB) (Fig. S2B). Among the 10-day (0.5, 1.0, and 2.0 mg/ml TUN) adaptors, 4 were
euploid and the others were aneuploid for Chr2; 29 had Chr2x3, including 5 that had
trisomy of either Chr1 or Chr6 in addition to Chr2x3; and 1 was Chr2x4 (ABBB)
(Fig. S2C). Thus, all aneuploids exhibiting TUN tolerance carried least one extra copy of
Chr2. To ask about the contribution of Chr1, Chr4, or Chr6 to TUN tolerance in the
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absence of Chr2x3, we utilized our C. albicans aneuploid collection, in which each
strain is trisomic for a single chromosome (26). Importantly, the Chr2x3 isolate, which
had never been exposed to TUN, was tolerant to TUN. Trisomies of all other chromo-
somes, including Chr1x3, Chr4x3, or Chr6x3, could not grow at 4 mg/ml TUN (see
Fig. S3 in the supplemental material). Whether these extra chromosomes have an addi-
tional benefit or are neutral or detrimental “hitchhikers” along with Chr2x3 remains to
be determined. Taken together, 93.5% (58 out of 62) of the tolerant adaptors had Chr2
duplication, of which 91.4% (53 out of 58) had only Chr2 trisomy or tetrasomy without

FIG 2 Distribution of tunicamycin-tolerant adaptors. Karyotypes of all 62 tolerant adaptor colonies were
sequenced, and their copy number was visualized using Ymap (25). (A) The proportion of adaptors that were
aneuploid (left) and the proportion of aneuploid adaptors with different karyotypes (right). (B) Representatives
of the different recurrent karyotypes identified.

FIG 1 Proportion of TUN-tolerant adaptors as a function of tunicamycin selection conditions.
Proportion of tolerant adaptors, out of the total colonies tested, under the range of different
selection conditions used in this study. Under each selection condition, some colonies were randomly
chosen and tested for tolerance to TUN by spot assay. The number of adaptors tested was 18 and 5
adaptors from YPD1TUN plates for 5 days in 4 mg/ml and 8 mg/ml TUN, respectively; 120 and 95
adaptors from 1 mg/ml TUN liquid cultures for 1 and 2 days, respectively; and 18 adaptors from 10-
day passage in 0.5 mg/ml, 1 mg/ml, and 2 mg/ml liquid cultures.
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another chromosome change. Notably, Chr2 duplication alone was sufficient to cause
TUN tolerance with or without prior exposure to TUN.

Transcriptome changes in response to tunicamycin treatment. To ask why both
subinhibitory and inhibitory concentrations of TUN yielded the same aneuploid adap-
tors, we investigated the transcriptomes of cells treated with subinhibitory (1 mg/ml)
and inhibitory (4 mg/ml) concentrations of TUN using transcriptome sequencing (RNA-
seq). Cells treated with 1 mg/ml had 2,152 differentially expressed genes compared
with the no-drug treatment control; 1,121 genes were more abundant and 1,031 genes
were less abundant than in the no-drug control cells. In the 4-mg/ml TUN-treated cells,
there were 2,634 differentially expressed genes, including 1,325 genes that were more
abundant and 1,309 genes that were less abundant than in the control cells (see
Table S3 in the supplemental material). Of these, 872 genes were induced and 774
genes were repressed in both TUN concentrations (Fig. 3, left).

Genes involved in several biological processes reminiscent of ER stress were commonly
enriched in the two treatments. Induced genes were enriched in processes such as protein
glycosylation, cellular lipid biosynthesis, response to endoplasmic reticulum stress, and the
endoplasmic-reticulum-associated protein degradation (ERAD) pathway. Repressed genes
were enriched in ribosome biogenesis, ribosome assembly, RNA processing, and gene expres-
sion (Fig. 3, right; see Table S4 in the supplemental material). Thus, both subinhibitory and in-
hibitory concentrations of TUN induced similar cellular responses, including UPR.

Aneuploid, but not euploid, adaptors conferred cross-adaptation to other drugs.
C. albicans aneuploid strains usually have at least a minor fitness cost in rich medium,
and specific aneuploid isolates confer a fitness benefit under particular stress(es) (26).
Consistent with this research, here, aneuploid TUN adaptors were less fit in YPD me-
dium than euploid adaptor isolates (Fig. 4A) and were more fit than the parent in the
presence of TUN (Fig. 4B, and Fig. S2 to S5). Furthermore, Chr2x4 isolates were less fit
than Chr2x3 isolates. The improved fitness of the aneuploid isolates on a drug is rela-
tive to the parent that cannot grow on the drug. These results imply that the fitness
benefit of being able to grow in the presence of a drug is higher than the cost incurred
by the extra chromosomal DNA, the many RNAs, and/or proteins expressed from across
the aneuploid chromosome.

FIG 3 Transcriptomic analysis of cells grown in subinhibitory and inhibitory TUN. TUN concentrations relative to no TUN.
Log-phase cells of SC5314 were treated with 1 mg/ml (subinhibitory) and 4 mg/ml (inhibitory) TUN for 1 h and analyzed as
detailed in the Materials and Methods. The number of transcripts with expression increases or decreases, relative to the
no-drug control, and overlaps between the two drug treatments, are shown (left). Gene Ontology (GO) enrichment
analysis was performed for both induced and repressed genes, separately, for each treatment (right). GO process terms
enriched (top lists) or depleted (bottom list) relative to no-drug treatment in both 1-mg/ml and 4-mg/ml TUN treatments.
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Earlier work (17) found that Chr2 trisomy promoted cross-adaptation to both CSP, a
first-line antifungal, and to HU, a chemotherapeutic drug. Accordingly, we tested the
ability of the TUN-tolerant Chr2x3 and Chr2x4 isolates to grow in TUN, HU, and CSP
using spot assays. As expected, all adaptors with extra Chr2 copies were able to grow on TUN,
HU, and CSP at concentrations that inhibited the growth of the parent. Furthermore, euploid
TUN-tolerant isolates were not tolerant to either HU or CSP (Fig. 4B). We next analyzed genes
on Chr2 that were associated with tolerance to TUN, CSP, and HU. ALG7 (24) and RTA2 (27) are
associated with TUN tolerance. ALG7 encodes a UDP-GlcNAc:dolichol phosphate N-acetylglu-
cosamine-1-phosphate transferase that mediates the first step in the protein N-glycosylation
pathway (28). RTA2 encodes a downstream effector of the calcineurin pathway. RTA2 is
required for the expression of TUN-induced UPR genes (27). In addition, RTA3, a paralog of
RTA2, maps immediately upstream of RTA2 on Chr2; no role of RTA3 in ER stress responses
has been reported. MKK2 encodes a component of the PKC pathway that is required for
CSP tolerance (29). RNR1 and RNR21, which encode ribonucleotide reductases, are associ-
ated with HU tolerance (17). Deletion of ALG7, RTA2, and RTA3 decreased TUN tolerance
and did not affect growth on CSP or HU. Interestingly, deletion of MKK2 decreased both
TUN and CSP tolerance but not HU tolerance. Deletion of RNR1 and RNR21 decreased HU
tolerance but not tolerance to TUN or CSP (Fig. 4C). Thus, aneuploidy conferred adaptation
to additional stresses, primarily by increasing the number of copies of different genes on a
single chromosome.

In broth microdilution assays interpreted at 24 h of TUN exposure (see Fig. S4 in the
supplemental material), the euploid as well as the aneuploid TUN adaptors had MIC
levels indistinguishable from that of the parent strain. However, after 48 h of TUN exposure,
all the adaptors had higher TUN MICs, and the aneuploid adaptors had higher CSP MICs as
well. Thus, consistent with the definition of drug resistance as robust growth appearing

FIG 4 Fitness cost of adaptation to tunicamycin is karyotype dependent. (A) Fitness of euploid and
aneuploid colonies was measured in YPD liquid at 37°C without drug stress. Optical density (OD595nm)
was measured every 30 min using a plate reader (Infinite F200 PRO; Tecan, Switzerland). Data are
represented as the mean 6 SD of three biological replicates; *, P , 0.05; **, P , 0.001; determined
by two-tailed tests. The plot was generated using a seaborn library (74). (B) Growth in the presence
of tunicamycin (TUN), caspofungin (CSP), or hydroxyurea (HU) on YPD agar medium at 37°C for 48 h.
(C) One or both copies of essential genes (1/D) and nonessential genes (D/D), respectively, were
deleted as indicated. Images recorded growth in the presence of the indicated drug on YPD after
48 h of incubation at 37°C.
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within 24 h of drug exposure and antifungal tolerance as delayed growth appearing at or af-
ter 48 h (5), we use the term tolerance to refer to the TUN adaptors.

We also asked if aneuploidy generally caused cross-tolerance to azole antifungals, the most
widely used antifungal drugs. Neither the Chr2x3 nor the Chr2x4 adaptors grew well; in fact,
both aneuploids were more susceptible to fluconazole (see Fig. S5 in the supplemental mate-
rial). Therefore, aneuploidy per se does not cause all types of antifungal tolerance. Rather, aneu-
ploidy of a particular chromosome underpins the ability to tolerate exposure to particular drugs.

Aneuploid strains are generally less stable than euploid mutants, as they can rapidly revert
to euploidy when grown on rich medium (17, 26). Aneuploid colonies generally grow more
slowly than euploid colonies; accordingly, colony size variations when aneuploid strains were
grown without drug selection is a common feature of unstable aneuploid isolates (26), with
the large colonies having lost the aneuploidy and the improved ability to grow on the drug.
Tolerance to CSP and HU was lost in Chr2x3 isolates reverted to Chr2x2 (17). In this current
study, Chr2x3 adaptors also were unstable (see Fig. S6A in the supplemental material), produc-
ing small- and large-sized colonies on nonselective medium. Consistent with prior studies, on
selective medium, the small colonies were tolerant to TUN, CSP, and HU, and the large colo-
nies lost tolerance to all three compounds (Fig. S6B). Therefore, extra copies of Chr2 confer
the ability to grow slowly in TUN, CSP, and HU.

Aneuploidy-mediated tolerance to tunicamycin and caspofungin relies on the
PKC and calcineurin pathways. RTA2 is a downstream effector of the calcineurin path-
way and is required for the TUN-induced ER stress response (27). The calcineurin pathway is
also required for tolerance to echinocandins (30). To ask if the calcineurin pathway was
required for cross tolerance to TUN, CSP, and HU, we deleted CMP1 and CNB1, which encode
the catalytic and regulatory subunits of calcineurin, respectively, and CRZ1, which encodes a
downstream transcription factor. Of note, cmp1D/D, cnb1D/D, and crz1D/D strains were
hypersensitive to TUN and CSP but not to HU (Fig. 5A).

FIG 5 Calcineurin and PKC pathways are associated with tolerance to tunicamycin and caspofungin.
Genes encoding components of the calcineurin pathway (A) and the PKC pathway (B) were deleted
in SC5314. Spot assays were performed to compare the deletion strains and the wild-type parent for
susceptibility to tunicamycin (TUN), caspofungin (CSP), and hydroxyurea (HU). Plates were incubated
at 37°C for 48 h and then photographed.
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MKK2 is a component of the PKC pathway, which is required for CSP tolerance in S.
cerevisiae (31) and C. albicans (29). The PKC pathway is also required for autophagy in
response to TUN -induced ER stress in hepatocytes (32). To ask if the PKC pathway was
required for cross tolerance to TUN, CSP, and HU, we deleted MKK2 and MKC1, compo-
nents of PKC pathway, as well as genes encoding downstream transcription factors,
including RLM1, SWI4, and SWI6. Indeed, mkk2D/D, mkc1D/D, and swi4D/D strains were
hypersensitive to TUN and CSP but not to HU. The swi6D/D and rlm1D/D strains were only
sensitive to CSP (Fig. 5B). Thus, both calcineurin and the PKC pathways were required for
tolerance to TUN and CSP.

DISCUSSION

The endoplasmic reticulum, a feature of all eukaryotic cells, is the major site of pro-
tein folding and maturation (33). ER homeostasis can be perturbed by a broad spec-
trum of stresses, including a wide variety of physiological fluctuations (reviewed in
references 34 and 35). Here, we studied how cells adapt to short and long time expo-
sure to sublethal ER and how it affects their responses to other drugs. Specifically, we
asked how C. albicans adapts to TUN-induced ER stress and whether adaptation to ER
stress affects the ability of this common fungal pathogen to adapt to other antifungal
drugs. We found that the most recurrent response to TUN is duplication of Chr2 and
that Chr2x3 can be detected after a short time under strong TUN selection, as well as
after short or longer time frames when TUN selection is weaker. Extra copies of Chr2 al-
leviate the ER stress, at least partially, with the level of TUN tolerance being propor-
tional to the copy number of Chr2. Furthermore, Chr2x3 was selected irrespective of
the TUN concentration or the time of TUN exposure. Furthermore, RNA-seq indicated
that both weak and strong ER stress induced similar transcriptome changes, including
induction of genes and biological processes reminiscent of the ER stress response
which is highly conserved from yeast to human (36). Therefore, in C. albicans, aneu-
ploidy appears rapidly in response to even weak ER stress. Finally, we identified several
genes on Chr2 that are likely to affect TUN adaptation as well as other genes on the
same chromosome, which facilitate adaptation to echinocandin drug CSP and to HU, a
drug used for cancer chemotherapy.

We assume that, as in S. cerevisiae, TUN has two roles in these studies. First, it indu-
ces ER stress in C. albicans, which drives chromosome missegregation. Second, the
selective pressure of growth in TUN plays a role in the length of time required to detect
adaptor colonies, with a higher TUN concentration exerting a higher selection coeffi-
cient and thus a more frequent and rapid appearance of colonies that we selected as
TUN adaptors. What is very clear is that extra copies of Chr2 provide a selective advant-
age under a very broad range of TUN stress conditions.

In S. cerevisiae, ChrII disomy was the major mechanism of adaptation to TUN. Three
genes on ChrII (ALG7, PRE7, and YBR085C-A) were associated with TUN tolerance. In
the C. albicans genome, CaALG7 is on Chr2, CaPRE7 is on Chr4, and no obvious homo-
log of YBR085C-A is evident. In C. albicans, since Chr2 duplication was the major mech-
anism of TUN tolerance and Chr4x3 was not associated with TUN tolerance, we focused
on identifying genes on Chr2 that affect TUN tolerance. The essential gene ALG7 was
haploinsufficient; deleting one ALG7 allele was sufficient to cause TUN hypersensitivity.
ALG7 encodes a UDP-GlcNAc:dolichol phosphate N-acetylglucosamine-1-phosphate
transferase that mediates the first step in the protein N-glycosylation pathway (28).
RTA2, also on Chr2, is a downstream effector of the calcineurin pathway. RTA2 is
required for the expression of TUN-induced UPR genes (27). RTA2 encodes a member
of the Rta1-family proteins involved in the lipid translocation (37). C. albicans has three
Rta1-family proteins, namely, orf19.6224, RTA3, and RTA4, which reside on chromo-
somes 1, 2, and 4, respectively, with both RTA2 and RTA3 being associated with TUN
tolerance (Fig. 4C). Like ALG7, RTA2 was haploinsufficient for TUN hypersensitivity,
while RTA3 was hypersensitive to TUN only after deletion of both alleles. In addition,
the PKC pathway component gene MKK2, also on Chr2, was associated with TUN tolerance
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(Fig. 4C). Therefore, Chr2 carries at least four genes, namely, ALG7, RTA2, RTA3, and MKK2, that
affect TUN tolerance.

Chr2 is a large chromosome with 1,017 predicted ORFs providing many genes on
the same chromosome with the potential to affect adaptation to different stresses.
Because aneuploidy simultaneously alters the copy number of many genes and thus
has the potential to alter stress tolerance to many stresses, it provides a rapid (and re-
versible) stress response, gene copy number, and transcription and translation levels
that are generally proportional to gene copy number variations (38, 39). Although, dos-
age compensation at the transcriptional (40–43) and translational levels (44, 45) affects
a subset of the gene products (reviewed in references 46–48). Aneuploidy often incurs a gen-
eral fitness cost (26, 49, 50). Yet, aneuploidy can confer better fitness under particular stresses,
and the same aneuploid chromosome can affect different stress responses either directly by
regulating specific genes on the aneuploid chromosome (15, 17, 18, 51–54) or indirectly via
regulatory circuits that affect genes on other chromosomes (55).

On Chr2, in addition to the presence of the four genes associated with TUN toler-
ance, there are genes associated with responses to other stresses. For example, MKK2
is associated with tolerance to both TUN and CSP, and as shown previously (17), RNR1
and RNR21 are associated with HU tolerance. Therefore, Chr2x3 confers cross-tolerance
to TUN, CSP, and HU, irrespective of the original conditions used to select for the aneu-
ploid state. Furthermore, in addition to Mkk2, Mkc1, another component of the PKC
pathway, is also required for both TUN and CSP tolerance. Two transcription factors,
namely, Rlm1 and SBF (Swi4/Swi6), are activated by the PKC pathway (56). Rlm1 is a
transcriptional activator of many cell wall protein genes and is required for resistance
to numerous cell wall-perturbing treatments (57). Swi4 is required for both TUN and
CSP tolerance. Swi6 and Rlm1 are required only for CSP tolerance and not for TUN tol-
erance. Similarly, calcineurin is required for tolerance to both TUN and CSP; yet, Rta2, a
downstream effector of calcineurin, is associated only with TUN tolerance, and not with
CSP tolerance. Therefore, both the PKC pathway and calcineurin are required for tolerance to
TUN and CSP, but divergence of the downstream transcription factors contribute to their dif-
ferential role in tolerance to TUN and CSP. Interestingly, our results on cross-tolerance to TUN
and CSP are consistent with the observation that defects in the ER stress response pathway
also cause hypersensitivity to cell wall-targeting agents (58).

In C. albicans, as well as in many other organisms, aneuploidy is a prevalent strategy of
stress adaptation (59, 60; reviewed in references 61–64). Specifically, aneuploidy is often a
rapid mechanism of adaption to antifungal stress (11–13, 16, 17; reviewed in reference 65)
and also facilitates adaptation to other stresses in vitro, e.g., alternative carbon sources (66–68;
reviewed in reference 69), and in vivo, e.g., passage in mouse blood (70), the oral cavity (71,
72), and the gastrointestinal tract (73). We posit that antifungal tolerance can appear due to
direct selection by commonly used antifungal drugs or due to a hitchhiking effect, caused by
other stresses, including ER stress. A critical question that needs to be addressed in future
studies is whether short or chronic exposure to weak or strong physiological stresses would
result in the emergence of aneuploidy and associated cross-adaptation to antifungals. We
also cannot rule out that aneuploidy may confer altered virulence and pathogenesis of
human fungal pathogens.

In conclusion, one or more extra copies of Chr2 facilitate rapid adaptation to TUN-
induced ER stress in C. albicans. The acquisition of an extra chromosome exerts a hitch-
hiking effect by enabling cross-tolerance to at least two other drugs. Cross tolerance is
mediated, in part, by multiple genes with distinct functions that confer tolerance to dif-
ferent drugs and by genes involved in pathways important for tolerance to more than
one drug class. Finally, the hitchhiking effect can promote antifungal tolerance in a
commensal organism like C. albicans such that, despite no prior antifungal drug expo-
sure, a patient may be carrying aneuploid isolates tolerant to antifungal drugs.

MATERIALS ANDMETHODS
Growth curves. Approximately 2.5� 103 cells/ml of SC5314 in 150ml YPD with or without TUN were incu-

bated in a 96-well plate at 37°C. The optical density at 595 nm (OD595) was monitored by a plate reader (Infinite
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F200 PRO; Tecan, Switzerland) at 30-min time intervals for 24 h. Data are represented as the mean6 SD of three
biological replicates.

Obtaining TUN adaptors from plates. A total of 100 ml of 1 � 107 cells/ml was spread onto YPD
plates supplemented with 4 mg/ml and 8 mg/ml TUN or without TUN (control) and incubated at 37°C for
5 days. Adaptors were randomly chosen, streaked onto YPD plates and incubated at 37°C for 36 h. For
each adaptor, several colonies with similar sizes were selected and frozen at 280°C.

Obtaining progeny from short-term evolution in YPD broth supplemented with TUN. A total of
2.5 � 103 cells/ml of SC5314 were inoculated into 1.5 ml of YPD broth containing 1 mg/ml TUN and incu-
bated for 24 h at 37°C (24-h exposure), and 1.5 ml of the culture was transferred to another 1.5-ml YPD
broth aliquot supplemented with 1 mg/ml TUN and incubated for another 24 h (48 h exposure total).
The 24 h- and 48 h-exposure cultures were washed and diluted with distilled water, and then ;300 cells
were spread onto YPD plates and incubated at 37°C for 36 h. Randomly, 120 colonies (24-h exposure) or
95 colonies (48-h exposure) from each plate were chosen for further analysis.

Daily passage in YPD broth supplemented with TUN. A total of 2.5 � 103 cells/ml of SC5314
were inoculated into 1.5 ml of YPD broth supplemented with 0 mg/ml (control), 0.5 mg/ml, 1 mg/ml,
or 2 mg/ml TUN. After 24 h of incubation at 37°C, a 1.5-ml culture was transferred to another 1.5-ml
YPD broth aliquot containing the same TUN concentration. After 10 passages over 10 days, the cul-
tures were washed and diluted with sterile water. Approximately 100 cells were spread onto YPD
plates and incubated at 37°C for 36 h, and 18 colonies were randomly chosen from each plate for
further analysis.

RNA-Seq. SC5314 was inoculated to a starting OD600 of 0.2 in 50 ml of YPD broth. The culture was
incubated in a shaker at 37°C until the OD600 reached 1.0. The culture was divided into three batches,
namely, control (only dimethyl sulfoxide [DMSO] was added), subinhibitory treatment (1 mg/ml TUN),
and inhibitory treatment (4 mg/ml TUN) and then incubated with shaking for 3 h at 37°C. Cultures were
collected by centrifugation, washed, and flash frozen in liquid nitrogen.

The total RNA was extracted for 9 independent samples, corresponding to 3 conditions and 3 biological
replicates. Total RNA extraction and purification, library construction, and sequencing were performed as
described previously (15).

Statistical analysis. The significance of differences between growth curves was determined using a
two-tailed paired t test in GraphPad Prism (version 5.01).

Miscellaneous. Strains used in this study are listed in Table S1 in the supplemental material. Primers
are listed in Table S2 in the supplemental material. Drugs were dissolved in dimethyl sulfoxide (DMSO) and
stored at 220°C. Disk diffusion assays, spot assays, gene deletions, and next-generation sequencing (NGS)
were performed as described previously (26).

Data availability. All sequence data are available in the ArrayExpress database at EMBL-EBI (www
.ebi.ac.uk/arrayexpress) under accession number E-MTAB-10358 (DNA sequences) and E-MTAB-10391 (RNA
sequences).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 2.3 MB.
FIG S2, PDF file, 2 MB.
FIG S3, PDF file, 2.7 MB.
FIG S4, PDF file, 0.9 MB.
FIG S5, PDF file, 2.6 MB.
FIG S6, PDF file, 1.5 MB.
TABLE S1, DOCX file, 0.02 MB.
TABLE S2, DOCX file, 0.02 MB.
TABLE S3, PDF file, 0.7 MB.
TABLE S4, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
This project was supported by the National Natural Science Foundation of China (no.

82020108032) to Y.J., the European Research Council (ERC SYG FungalTolerance no.
951475) to J.B., and the Israel Science Foundation (no. 997/18) to J.B.

REFERENCES
1. Raimondi S, Amaretti A, Gozzoli C, Simone M, Righini L, Candeliere F, Brun P,

Ardizzoni A, Colombari B, Paulone S, Castagliuolo I, Cavalieri D, Blasi E, Rossi M,
Peppoloni S. 2019. Longitudinal survey of fungi in the human gut: ITS profiling,
phenotyping, and colonization. Front Microbiol 10:1575. https://doi.org/10
.3389/fmicb.2019.01575.

2. Singh A, Verma R, Murari A, Agrawal A. 2014. Oral candidiasis: an overview. J
Oral Maxillofac Pathol 18:S81–S85. https://doi.org/10.4103/0973-029X.141325.

3. Morad HOJ, Wild AM, Wiehr S, Davies G, Maurer A, Pichler BJ, Thornton
CR. 2018. Pre-clinical imaging of invasive candidiasis using ImmunoPET/
MR. Front Microbiol 9:1996. https://doi.org/10.3389/fmicb.2018.01996.

4. Pfaller MA, Diekema DJ, Turnidge JD, Castanheira M, Jones RN. 2019.
Twenty years of the SENTRY antifungal surveillance program: results for
Candida species from 1997-2016. Open Forum Infect Dis 6:S79–S94.
https://doi.org/10.1093/ofid/ofy358.

Yang et al. ®

July/August 2021 Volume 12 Issue 4 e02272-21 mbio.asm.org 10

http://www.ebi.ac.uk/arrayexpress
http://www.ebi.ac.uk/arrayexpress
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-10358
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-10391
https://doi.org/10.3389/fmicb.2019.01575
https://doi.org/10.3389/fmicb.2019.01575
https://doi.org/10.4103/0973-029X.141325
https://doi.org/10.3389/fmicb.2018.01996
https://doi.org/10.1093/ofid/ofy358
https://mbio.asm.org


5. Berman J, Krysan DJ. 2020. Drug resistance and tolerance in fungi. Nat
Rev Microbiol 18:319–331. https://doi.org/10.1038/s41579-019-0322-2.

6. Rosenberg A, Ene IV, Bibi M, Zakin S, Segal ES, Ziv N, Dahan AM, Colombo
AL, Bennett RJ, Berman J. 2018. Antifungal tolerance is a subpopulation
effect distinct from resistance and is associated with persistent candide-
mia. Nat Commun 9:2470. https://doi.org/10.1038/s41467-018-04926-x.

7. Gerstein AC, Rosenberg A, Hecht I, Berman J. 2016. diskImageR: quantification
of resistance and tolerance to antimicrobial drugs using disk diffusion assays.
Microbiology (Reading) 162:1059–1068. https://doi.org/10.1099/mic.0.000295.

8. Levinson T, Dahan A, Novikov A, Paran Y, Berman J, Ben-Ami R. 2021.
Impact of tolerance to fluconazole on treatment response in Candida albi-
cans bloodstream infection. Mycoses 64:78–85. https://doi.org/10.1111/
myc.13191.

9. Wall G, Lopez-Ribot JL. 2020. Current antimycotics, new prospects, and
future approaches to antifungal therapy. Antibiotics (Basel) 9:445. https://
doi.org/10.3390/antibiotics9080445.

10. Pappas PG, Kauffman CA, Andes DR, Clancy CJ, Marr KA, Ostrosky-
Zeichner L, Reboli AC, Schuster MG, Vazquez JA, Walsh TJ, Zaoutis TE,
Sobel JD. 2016. Clinical practice guideline for the management of candi-
diasis: 2016 update by the Infectious Diseases Society of America. Clin
Infect Dis 62:e1–e50. https://doi.org/10.1093/cid/civ933.

11. Selmecki A, Forche A, Berman J. 2006. Aneuploidy and isochromosome
formation in drug-resistant Candida albicans. Science 313:367–370. https://doi
.org/10.1126/science.1128242.

12. Li X, Yang F, Li D, Zhou M, Wang X, Xu Q, Zhang Y, Yan L, Jiang Y. 2015.
Trisomy of chromosome R confers resistance to triazoles in Candida albi-
cans. Med Mycol 53:302–309. https://doi.org/10.1093/mmy/myv002.

13. Anderson MZ, Saha A, Haseeb A, Bennett RJ. 2017. A chromosome 4 tris-
omy contributes to increased fluconazole resistance in a clinical isolate of
Candida albicans. Microbiology (Reading) 163:856–865. https://doi.org/10
.1099/mic.0.000478.

14. Perepnikhatka V, Fischer FJ, Niimi M, Baker RA, Cannon RD, Wang YK,
Sherman F, Rustchenko E. 1999. Specific chromosome alterations in fluco-
nazole-resistant mutants of Candida albicans. J Bacteriol 181:4041–4049.
https://doi.org/10.1128/JB.181.13.4041-4049.1999.

15. Yang F, Kravets A, Bethlendy G, Welle S, Rustchenko E. 2013. Chromo-
some 5 monosomy of Candida albicans controls susceptibility to various
toxic agents, including major antifungals. Antimicrob Agents Chemother
57:5026–5036. https://doi.org/10.1128/AAC.00516-13.

16. Yang F, Zhang L, Wakabayashi H, Myers J, Jiang Y, Cao Y, Jimenez-
Ortigosa C, Perlin DS, Rustchenko E. 2017. Tolerance to caspofungin in
Candida albicans is associated with at least three distinctive mechanisms
that govern expression of FKS genes and cell wall remodeling. Antimicrob
Agents Chemother 61:e00071-17. https://doi.org/10.1128/AAC.00071-17.

17. Yang F, Teoh F, Tan ASM, Cao Y, Pavelka N, Berman J. 2019. Aneuploidy
enables cross-adaptation to unrelated drugs. Mol Biol Evol 36:1768–1782.
https://doi.org/10.1093/molbev/msz104.

18. Sionov E, Lee H, Chang YC, Kwon-Chung KJ. 2010. Cryptococcus neofor-
mans overcomes stress of azole drugs by formation of disomy in specific
multiple chromosomes. PLoS Pathog 6:e1000848. https://doi.org/10.1371/
journal.ppat.1000848.

19. Stone NR, Rhodes J, Fisher MC, Mfinanga S, Kivuyo S, Rugemalila J, Segal
ES, Needleman L, Molloy SF, Kwon-Chung J, Harrison TS, Hope W, Berman
J, Bicanic T. 2019. Dynamic ploidy changes drive fluconazole resistance in
human cryptococcal meningitis. J Clin Invest 129:999–1014. https://doi
.org/10.1172/JCI124516.

20. Chang YC, Lamichhane AK, Cai H, Walter PJ, Bennett JE, Kwon-Chung KJ.
2021. Moderate levels of 5-fluorocytosine cause the emergence of high
frequency resistance in cryptococci. Nat Commun 12:3418. https://doi
.org/10.1038/s41467-021-23745-1.

21. Polakova S, Blume C, Zarate JA, Mentel M, Jorck-Ramberg D, Stenderup J,
Piskur J. 2009. Formation of new chromosomes as a virulence mechanism
in yeast Candida glabrata. Proc Natl Acad Sci U S A 106:2688–2693.
https://doi.org/10.1073/pnas.0809793106.

22. Bing J, Hu T, Zheng Q, Munoz JF, Cuomo CA, Huang G. 2020. Experimental
evolution identifies adaptive aneuploidy as a mechanism of fluconazole
resistance in Candida auris. Antimicrob Agents Chemother 65:e01466-20.
https://doi.org/10.1128/AAC.01466-20.

23. Lee AS. 1992. Mammalian stress response: induction of the glucose-regu-
lated protein family. Curr Opin Cell Biol 4:267–273. https://doi.org/10
.1016/0955-0674(92)90042-b.

24. Beaupere C, Dinatto L, Wasko BM, Chen RB, VanValkenburg L, Kiflezghi
MG, Lee MB, Promislow DEL, Dang W, Kaeberlein M, Labunskyy VM. 2018.
Genetic screen identifies adaptive aneuploidy as a key mediator of ER

stress resistance in yeast. Proc Natl Acad Sci U S A 115:9586–9591. https://
doi.org/10.1073/pnas.1804264115.

25. Abbey DA, Funt J, Lurie-Weinberger MN, Thompson DA, Regev A, Myers
CL, Berman J. 2014. YMAP: a pipeline for visualization of copy number var-
iation and loss of heterozygosity in eukaryotic pathogens. Genome Med
6:100. https://doi.org/10.1186/s13073-014-0100-8.

26. Yang F, Todd RT, Selmecki A, Jiang YY, Cao YB, Berman J. 2021. The fitness
costs and benefits of trisomy of each Candida albicans chromosome.
Genetics 218:iyab056. https://doi.org/10.1093/genetics/iyab056.

27. Thomas E, Sircaik S, Roman E, Brunel JM, Johri AK, Pla J, Panwar SL. 2015.
The activity of RTA2, a downstream effector of the calcineurin pathway, is
required during tunicamycin-induced ER stress response in Candida albicans.
FEMS Yeast Res 15:fov095. https://doi.org/10.1093/femsyr/fov095.

28. Bretthauer RK. 2009. Structure, expression, and regulation of UDP-GlcNAc:
dolichol phosphate GlcNAc-1-phosphate transferase (DPAGT1). Curr Drug
Targets 10:477–482. https://doi.org/10.2174/138945009788488369.

29. Caplan T, Polvi EJ, Xie JL, Buckhalter S, Leach MD, Robbins N, Cowen LE.
2018. Functional genomic screening reveals core modulators of echino-
candin stress responses in Candida albicans. Cell Rep 23:2292–2298.
https://doi.org/10.1016/j.celrep.2018.04.084.

30. Singh SD, Robbins N, Zaas AK, Schell WA, Perfect JR, Cowen LE. 2009.
Hsp90 governs echinocandin resistance in the pathogenic yeast Candida
albicans via calcineurin. PLoS Pathog 5:e1000532. https://doi.org/10.1371/
journal.ppat.1000532.

31. Reinoso-Martin C, Schuller C, Schuetzer-Muehlbauer M, Kuchler K. 2003.
The yeast protein kinase C cell integrity pathway mediates tolerance to
the antifungal drug caspofungin through activation of Slt2p mitogen-
activated protein kinase signaling. Eukaryot Cell 2:1200–1210. https://doi
.org/10.1128/EC.2.6.1200-1210.2003.

32. Sakaki K, Wu J, Kaufman RJ. 2008. Protein kinase Ctheta is required for
autophagy in response to stress in the endoplasmic reticulum. J Biol
Chem 283:15370–15380. https://doi.org/10.1074/jbc.M710209200.

33. Gorlach A, Klappa P, Kietzmann T. 2006. The endoplasmic reticulum: fold-
ing, calcium homeostasis, signaling, and redox control. Antioxid Redox
Signal 8:1391–1418. https://doi.org/10.1089/ars.2006.8.1391.

34. Wu J, Kaufman RJ. 2006. From acute ER stress to physiological roles of the
unfolded protein response. Cell Death Differ 13:374–384. https://doi.org/
10.1038/sj.cdd.4401840.

35. Tsang KY, Chan D, Bateman JF, Cheah KS. 2010. In vivo cellular adaptation
to ER stress: survival strategies with double-edged consequences. J Cell
Sci 123:2145–2154. https://doi.org/10.1242/jcs.068833.

36. Wu H, Ng BS, Thibault G. 2014. Endoplasmic reticulum stress response in yeast
and humans. Biosci Rep 34:e00118. https://doi.org/10.1042/BSR20140058.

37. Manente M, Ghislain M. 2009. The lipid-translocating exporter family and
membrane phospholipid homeostasis in yeast. FEMS Yeast Res 9:673–687
. https://doi.org/10.1111/j.1567-1364.2009.00513.x.

38. Pavelka N, Rancati G, Zhu J, Bradford WD, Saraf A, Florens L, Sanderson
BW, Hattem GL, Li R. 2010. Aneuploidy confers quantitative proteome
changes and phenotypic variation in budding yeast. Nature 468:321–325.
https://doi.org/10.1038/nature09529.

39. Sheltzer JM, Torres EM, DunhamMJ, Amon A. 2012. Transcriptional conse-
quences of aneuploidy. Proc Natl Acad Sci U S A 109:12644–12649.
https://doi.org/10.1073/pnas.1209227109.

40. Kravets A, Qin H, Ahmad A, Bethlendy G, Gao Q, Rustchenko E. 2010.
Widespread occurrence of dosage compensation in Candida albicans.
PLoS One 5:e10856. https://doi.org/10.1371/journal.pone.0010856.

41. Tucker C, Bhattacharya S, Wakabayashi H, Bellaousov S, Kravets A, Welle
SL, Myers J, Hayes JJ, Bulger M, Rustchenko E. 2018. Transcriptional regu-
lation on aneuploid chromosomes in divers Candida albicansmutants. Sci
Rep 8:1630. https://doi.org/10.1038/s41598-018-20106-9.

42. Zhang A, Li N, Gong L, Gou X, Wang B, Deng X, Li C, Dong Q, Zhang H, Liu
B. 2017. Global analysis of gene expression in response to whole-chromo-
some aneuploidy in hexaploid wheat. Plant Physiol 175:828–847. https://
doi.org/10.1104/pp.17.00819.

43. Hose J, Yong CM, Sardi M, Wang Z, Newton MA, Gasch AP. 2015. Dosage
compensation can buffer copy-number variation in wild yeast. eLife 4:
e05462. https://doi.org/10.7554/eLife.05462.

44. Dephoure N, Hwang S, O'Sullivan C, Dodgson SE, Gygi SP, Amon A, Torres EM.
2014. Quantitative proteomic analysis reveals posttranslational responses to an-
euploidy in yeast. eLife 3:e03023. https://doi.org/10.7554/eLife.03023.

45. Stingele S, Stoehr G, Peplowska K, Cox J, Mann M, Storchova Z. 2012.
Global analysis of genome, transcriptome and proteome reveals the
response to aneuploidy in human cells. Mol Syst Biol 8:608. https://doi
.org/10.1038/msb.2012.40.

Research Article ®

July/August 2021 Volume 12 Issue 4 e02272-21 mbio.asm.org 11

https://doi.org/10.1038/s41579-019-0322-2
https://doi.org/10.1038/s41467-018-04926-x
https://doi.org/10.1099/mic.0.000295
https://doi.org/10.1111/myc.13191
https://doi.org/10.1111/myc.13191
https://doi.org/10.3390/antibiotics9080445
https://doi.org/10.3390/antibiotics9080445
https://doi.org/10.1093/cid/civ933
https://doi.org/10.1126/science.1128242
https://doi.org/10.1126/science.1128242
https://doi.org/10.1093/mmy/myv002
https://doi.org/10.1099/mic.0.000478
https://doi.org/10.1099/mic.0.000478
https://doi.org/10.1128/JB.181.13.4041-4049.1999
https://doi.org/10.1128/AAC.00516-13
https://doi.org/10.1128/AAC.00071-17
https://doi.org/10.1093/molbev/msz104
https://doi.org/10.1371/journal.ppat.1000848
https://doi.org/10.1371/journal.ppat.1000848
https://doi.org/10.1172/JCI124516
https://doi.org/10.1172/JCI124516
https://doi.org/10.1038/s41467-021-23745-1
https://doi.org/10.1038/s41467-021-23745-1
https://doi.org/10.1073/pnas.0809793106
https://doi.org/10.1128/AAC.01466-20
https://doi.org/10.1016/0955-0674(92)90042-b
https://doi.org/10.1016/0955-0674(92)90042-b
https://doi.org/10.1073/pnas.1804264115
https://doi.org/10.1073/pnas.1804264115
https://doi.org/10.1186/s13073-014-0100-8
https://doi.org/10.1093/genetics/iyab056
https://doi.org/10.1093/femsyr/fov095
https://doi.org/10.2174/138945009788488369
https://doi.org/10.1016/j.celrep.2018.04.084
https://doi.org/10.1371/journal.ppat.1000532
https://doi.org/10.1371/journal.ppat.1000532
https://doi.org/10.1128/EC.2.6.1200-1210.2003
https://doi.org/10.1128/EC.2.6.1200-1210.2003
https://doi.org/10.1074/jbc.M710209200
https://doi.org/10.1089/ars.2006.8.1391
https://doi.org/10.1038/sj.cdd.4401840
https://doi.org/10.1038/sj.cdd.4401840
https://doi.org/10.1242/jcs.068833
https://doi.org/10.1042/BSR20140058
https://doi.org/10.1111/j.1567-1364.2009.00513.x
https://doi.org/10.1038/nature09529
https://doi.org/10.1073/pnas.1209227109
https://doi.org/10.1371/journal.pone.0010856
https://doi.org/10.1038/s41598-018-20106-9
https://doi.org/10.1104/pp.17.00819
https://doi.org/10.1104/pp.17.00819
https://doi.org/10.7554/eLife.05462
https://doi.org/10.7554/eLife.03023
https://doi.org/10.1038/msb.2012.40
https://doi.org/10.1038/msb.2012.40
https://mbio.asm.org


46. Kojima S, Cimini D. 2019. Aneuploidy and gene expression: is there dos-
age compensation? Epigenomics 11:1827–1837. https://doi.org/10.2217/
epi-2019-0135.

47. Prestel M, Feller C, Becker PB. 2010. Dosage compensation and the global
re-balancing of aneuploid genomes. Genome Biol 11:216. https://doi.org/
10.1186/gb-2010-11-8-216.

48. Zhu J, Tsai HJ, Gordon MR, Li R. 2018. Cellular stress associated with aneu-
ploidy. Dev Cell 44:420–431. https://doi.org/10.1016/j.devcel.2018.02.002.

49. Torres EM, Sokolsky T, Tucker CM, Chan LY, Boselli M, Dunham MJ, Amon A.
2007. Effects of aneuploidy on cellular physiology and cell division in haploid
yeast. Science 317:916–924. https://doi.org/10.1126/science.1142210.

50. Scopel EFC, Hose J, Bensasson D, Gasch AP. 2021. Genetic variation in an-
euploidy prevalence and tolerance across Saccharomyces cerevisiae lineages.
Genetics 217:iyab015. https://doi.org/10.1093/genetics/iyab015.

51. Selmecki A, Gerami-Nejad M, Paulson C, Forche A, Berman J. 2008. An iso-
chromosome confers drug resistance in vivo by amplification of two
genes, ERG11 and TAC1. Mol Microbiol 68:624–641. https://doi.org/10
.1111/j.1365-2958.2008.06176.x.

52. Kabir MA, Ahmad A, Greenberg JR, Wang YK, Rustchenko E. 2005. Loss
and gain of chromosome 5 controls growth of Candida albicans on sor-
bose due to dispersed redundant negative regulators. Proc Natl Acad Sci
U S A 102:12147–12152. https://doi.org/10.1073/pnas.0505625102.

53. Suwunnakorn S, Wakabayashi H, Rustchenko E. 2016. Chromosome 5 of
human pathogen Candida albicans carries multiple genes for negative
control of caspofungin and anidulafungin susceptibility. Antimicrob
Agents Chemother 60:7457–7467. https://doi.org/10.1128/AAC.01888-16.

54. Zhang K, Zhang LJ, Fang YH, Jin XN, Qi L, Wu XC, Zheng DQ. 2016.
Genomic structural variation contributes to phenotypic change of indus-
trial bioethanol yeast Saccharomyces cerevisiae. FEMS Yeast Res 16:
fov118. https://doi.org/10.1093/femsyr/fov118.

55. Kravets A, Yang F, Bethlendy G, Cao Y, Sherman F, Rustchenko E. 2014.
Adaptation of Candida albicans to growth on sorbose via monosomy of
chromosome 5 accompanied by duplication of another chromosome car-
rying a gene responsible for sorbose utilization. FEMS Yeast Res 14:
708–713. https://doi.org/10.1111/1567-1364.12155.

56. Levin DE. 2011. Regulation of cell wall biogenesis in Saccharomyces cerevi-
siae: the cell wall integrity signaling pathway. Genetics 189:1145–1175.
https://doi.org/10.1534/genetics.111.128264.

57. Bruno VM, Kalachikov S, Subaran R, Nobile CJ, Kyratsous C, Mitchell AP. 2006.
Control of the C. albicans cell wall damage response by transcriptional regulator
Cas5. PLoS Pathog 2:e21. https://doi.org/10.1371/journal.ppat.0020021.

58. Krysan DJ. 2009. The cell wall and endoplasmic reticulum stress responses
are coordinately regulated in Saccharomyces cerevisiae. Commun Integr
Biol 2:233–235. https://doi.org/10.4161/cib.2.3.8097.

59. Dumetz F, Imamura H, Sanders M, Seblova V, Myskova J, Pescher P,
Vanaerschot M, Meehan CJ, Cuypers B, De Muylder G, Spath GF, Bussotti G,
Vermeesch JR, Berriman M, Cotton JA, Volf P, Dujardin JC, Domagalska MA.
2017. Modulation of aneuploidy in Leishmania donovani during adaptation to
different in vitro and in vivo environments and its impact on gene expression.
mBio 8:e00599-17. https://doi.org/10.1128/mBio.00599-17.

60. Replogle JM, Zhou W, Amaro AE, McFarland JM, Villalobos-Ortiz M, Ryan
J, Letai A, Yilmaz O, Sheltzer J, Lippard SJ, Ben-David U, Amon A. 2020. An-
euploidy increases resistance to chemotherapeutics by antagonizing cell
division. Proc Natl Acad Sci U S A 117:30566–30576. https://doi.org/10
.1073/pnas.2009506117.

61. Tsai HJ, Nelliat A. 2019. A double-edged sword: aneuploidy is a prevalent
strategy in fungal adaptation. Genes (Basel) 10:787. https://doi.org/10
.3390/genes10100787.

62. Berman J. 2016. Ploidy plasticity: a rapid and reversible strategy for adap-
tation to stress. FEMS Yeast Res 16:fow020. https://doi.org/10.1093/femsyr/
fow020.

63. Iyer KR, Revie NM, Fu C, Robbins N, Cowen LE. 2021. Treatment strategies
for cryptococcal infection: challenges, advances and future outlook. Nat
Rev Microbiol 19:454–466. https://doi.org/10.1038/s41579-021-00511-0.

64. Gilchrist C, Stelkens R. 2019. Aneuploidy in yeast: segregation error or ad-
aptationmechanism? Yeast 36:525–539. https://doi.org/10.1002/yea.3427.

65. Sah SK, Hayes JJ, Rustchenko E. 2021. The role of aneuploidy in the emer-
gence of echinocandin resistance in human fungal pathogen Candida albicans.
PLoS Pathog 17:e1009564. https://doi.org/10.1371/journal.ppat.1009564.

66. Janbon G, Sherman F, Rustchenko E. 1998. Monosomy of a specific chro-
mosome determines L-sorbose utilization: a novel regulatory mechanism
in Candida albicans. Proc Natl Acad Sci U S A 95:5150–5155. https://doi
.org/10.1073/pnas.95.9.5150.

67. Rustchenko EP, Howard DH, Sherman F. 1994. Chromosomal alterations
of Candida albicans are associated with the gain and loss of assimilating
functions. J Bacteriol 176:3231–3241. https://doi.org/10.1128/jb.176.11
.3231-3241.1994.

68. Thomson GJ, Kakade P, Hirakawa MP, Ene IV, Bennett RJ. 2021. Adaptation
to the dietary sugar D-tagatose via genome instability in polyploid Can-
dida albicans cells. G3 (Bethesda) 11:jkab110. https://doi.org/10.1093/
g3journal/jkab110.

69. Rustchenko E. 2007. Chromosome instability in Candida albicans. FEMS
Yeast Res 7:2–11. https://doi.org/10.1111/j.1567-1364.2006.00150.x.

70. Forche A, Magee PT, Selmecki A, Berman J, May G. 2009. Evolution in Can-
dida albicans populations during a single passage through a mouse host.
Genetics 182:799–811. https://doi.org/10.1534/genetics.109.103325.

71. Forche A, Solis NV, Swidergall M, Thomas R, Guyer A, Beach A, Cromie GA,
Le GT, Lowell E, Pavelka N, Berman J, Dudley AM, Selmecki A, Filler SG.
2019. Selection of Candida albicans trisomy during oropharyngeal infec-
tion results in a commensal-like phenotype. PLoS Genet 15:e1008137.
https://doi.org/10.1371/journal.pgen.1008137.

72. Forche A, Cromie G, Gerstein AC, Solis NV, Pisithkul T, Srifa W, Jeffery E,
Abbey D, Filler SG, Dudley AM, Berman J. 2018. Rapid phenotypic and geno-
typic diversification after exposure to the oral host niche in Candida albicans.
Genetics 209:725–741. https://doi.org/10.1534/genetics.118.301019.

73. Ene IV, Farrer RA, Hirakawa MP, Agwamba K, Cuomo CA, Bennett RJ. 2018.
Global analysis of mutations driving microevolution of a heterozygous
diploid fungal pathogen. Proc Natl Acad Sci U S A 115:E8688–E8697.
https://doi.org/10.1073/pnas.1806002115.

74. Waskom ML. 2021. seaborn: statistical data visualization. Joss 6:3021. https://
doi.org/10.21105/joss.03021.

Yang et al. ®

July/August 2021 Volume 12 Issue 4 e02272-21 mbio.asm.org 12

https://doi.org/10.2217/epi-2019-0135
https://doi.org/10.2217/epi-2019-0135
https://doi.org/10.1186/gb-2010-11-8-216
https://doi.org/10.1186/gb-2010-11-8-216
https://doi.org/10.1016/j.devcel.2018.02.002
https://doi.org/10.1126/science.1142210
https://doi.org/10.1093/genetics/iyab015
https://doi.org/10.1111/j.1365-2958.2008.06176.x
https://doi.org/10.1111/j.1365-2958.2008.06176.x
https://doi.org/10.1073/pnas.0505625102
https://doi.org/10.1128/AAC.01888-16
https://doi.org/10.1093/femsyr/fov118
https://doi.org/10.1111/1567-1364.12155
https://doi.org/10.1534/genetics.111.128264
https://doi.org/10.1371/journal.ppat.0020021
https://doi.org/10.4161/cib.2.3.8097
https://doi.org/10.1128/mBio.00599-17
https://doi.org/10.1073/pnas.2009506117
https://doi.org/10.1073/pnas.2009506117
https://doi.org/10.3390/genes10100787
https://doi.org/10.3390/genes10100787
https://doi.org/10.1093/femsyr/fow020
https://doi.org/10.1093/femsyr/fow020
https://doi.org/10.1038/s41579-021-00511-0
https://doi.org/10.1002/yea.3427
https://doi.org/10.1371/journal.ppat.1009564
https://doi.org/10.1073/pnas.95.9.5150
https://doi.org/10.1073/pnas.95.9.5150
https://doi.org/10.1128/jb.176.11.3231-3241.1994
https://doi.org/10.1128/jb.176.11.3231-3241.1994
https://doi.org/10.1093/g3journal/jkab110
https://doi.org/10.1093/g3journal/jkab110
https://doi.org/10.1111/j.1567-1364.2006.00150.x
https://doi.org/10.1534/genetics.109.103325
https://doi.org/10.1371/journal.pgen.1008137
https://doi.org/10.1534/genetics.118.301019
https://doi.org/10.1073/pnas.1806002115
https://doi.org/10.21105/joss.03021
https://doi.org/10.21105/joss.03021
https://mbio.asm.org

	RESULTS
	Obtaining isolates that grow at inhibitory TUN concentrations.
	Chr2 duplication is the major mechanism of tolerance to tunicamycin.
	Transcriptome changes in response to tunicamycin treatment.
	Aneuploid, but not euploid, adaptors conferred cross-adaptation to other drugs.
	Aneuploidy-mediated tolerance to tunicamycin and caspofungin relies on the PKC and calcineurin pathways.

	DISCUSSION
	MATERIALS AND METHODS
	Growth curves.
	Obtaining TUN adaptors from plates.
	Obtaining progeny from short-term evolution in YPD broth supplemented with TUN.
	Daily passage in YPD broth supplemented with TUN.
	RNA-Seq.
	Statistical analysis.
	Miscellaneous.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

