MECHANISMS OF RESISTANCE

SOCIETY FOR

microsiotoy| aNC Chemotherapy® '.)

A AMERICAN Antimicrobial AgentS

Check for
updates

Competitive Fitness of Fluconazole-
Resistant Clinical Candida albicans
Strains

Christina Popp,? Irene A. I. Hampe,? Tobias Hertlein,® Knut Ohlsen,?
P. David Rogers,P? Joachim Morschhauser?

Institute for Molecular Infection Biology, University of Wiirzburg, Wiirzburg, Germany?; Department of Clinical
Pharmacy, University of Tennessee Health Science Center, Memphis, Tennessee, USAP

ABSTRACT The pathogenic yeast Candida albicans can develop resistance to the

widely used antifungal agent fluconazole, which inhibits ergosterol biosynthesis. Re- Received 21 March 2017 Returned for
sistance is often caused by gain-of-function mutations in the transcription factors ;;?‘;'ﬁcam" 11 April 2017 Accepted 23 April
Mrr1 and Tacl1, which result in constitutive overexpression of multidrug efflux . .

Accepted manuscript posted online 1 May
pumps, and Upc2, which result in constitutive overexpression of ergosterol bio- 2017
synthesis genes. However, the deregulated gene expression that is caused by hy- Citation Popp C, Hampe A, Hertlein T, Ohlsen
peractive forms of these transcription factors also reduces the fitness of the cells K Rogers PD, Morschhauser.J. 2017.

. ) . ) L Competitive fitness of fluconazole-resistant
in the absence of the drug. To investigate whether fluconazole-resistant clinical clinical Candida albicans strains. Antimicrob
C. albicans isolates have overcome the fitness costs of drug resistance, we as- Agents Chemother 61:¢00584-17. https://doi
sessed the relative fitness of C. albicans isolates containing resistance mutations g IO I 2 NNCOOEEEEH 7
in these transcription factors in competition with matched drug-susceptible iso- (St L AV S S Sl

R . . Microbiology. All Rights Reserved.
lates from the same patients. Most of the fluconazole-resistant isolates were out- :

Address correspondence to Joachim
competed by the corresponding drug-susceptible isolates when grown in rich Morschhauser, joachim.morschhaeuser@uni-
medium without fluconazole. On the other hand, some resistant isolates with wuerzburg de.
gain-of-function mutations in MRR1 did not exhibit reduced fitness under these
conditions. In a mouse model of disseminated candidiasis, three out of four
tested fluconazole-resistant clinical isolates did not exhibit a significant fitness
defect. However, all four fluconazole-resistant isolates were outcompeted by the
matched susceptible isolates in a mouse model of gastrointestinal colonization,
demonstrating that the effects of drug resistance on in vivo fitness depend on
the host niche. Collectively, our results indicate that the fitness costs of drug re-
sistance in C. albicans are not easily remediated, especially when proper control
of gene expression is required for successful adaptation to life within a mamma-
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he yeast Candida albicans is a member of the microbiota in the oral cavity and the

gastrointestinal and urogenital tracts of most healthy individuals. Especially in
immunocompromised patients, C. albicans can also become a pathogen and cause
superficial as well as systemic infections. Such infections are usually treated with the
antimycotic drug fluconazole, which inhibits ergosterol biosynthesis. C. albicans can
develop resistance to fluconazole, particularly after long-term therapy of oropharyngeal
candidiasis in AIDS patients (1). The most commonly observed resistance mechanisms
are mutations in the drug target enzyme Erg11, which reduce drug binding, and
gain-of-function (GOF) mutations in the zinc cluster transcription factors (ZnTFs) Mrr1,
Tac1, and Upc2, which result in changes in gene expression that promote drug
resistance (2-4). Specifically, GOF mutations in Mrr1 cause overexpression of the
multidrug efflux pump MDRT and additional genes that contribute to fluconazole
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resistance (5-11). Similarly, GOF mutations in Tac1 confer fluconazole resistance by
mediating overexpression of the multidrug efflux pumps CDR7 and CDR2 and other
Tacl target genes (12-17). Finally, GOF mutations in Upc2 result in upregulation of
ERG11 and other ergosterol biosynthesis genes (18-21). Many fluconazole-resistant
clinical C. albicans strains exhibit several of these resistance mechanisms, which results
in high levels of drug resistance and therapy failure (22-25).

While the overexpression of genes that confer increased fluconazole resistance is
advantageous in the presence of the drug, the deregulated gene expression caused by
constitutively active transcription factors (TFs) should reduce the fitness of the cells
under nonselective conditions, because it limits their adaptive flexibility and represents
an unnecessary waste of energy. Indeed, using isogenic strains with defined GOF
mutations in MRR1, TACT, and UPC2, we previously found that each of the hyperactive
TFs decreased the competitive fitness of the strains in coculture experiments with the
parental wild-type reference strain SC5314, especially during growth in rich medium
(26). The competitive fitness was further reduced in strains containing two or all three
hyperactive TFs, and the latter also exhibited a strong fitness defect in a mouse model
of gastrointestinal colonization. A separate study similarly reported on the decreased
virulence of genetically engineered strains with hyperactive forms of Upc2 and, to a
lesser extent, Tac1 in a mouse model of disseminated candidiasis (8). Some fluconazole-
resistant clinical C. albicans isolates with GOF mutations in MRR1 or TACT were also
found to be less virulent than fluconazole-susceptible isolates from the same patients
in mouse models of systemic or oral candidiasis (27, 28). On the other hand, many
fluconazole-resistant isolates did not exhibit a fitness defect in mixed cultures with
matched susceptible isolates during in vitro growth or in animal models (29), suggest-
ing that they overcame the fitness costs of drug resistance during further evolution by
compensatory mutations, a phenomenon that is well-known from antibiotic-resistant
bacteria (30, 31). Support for this assumption comes from a recent study that investi-
gated the fitness of several series of clinical C. albicans isolates that developed flucona-
zole resistance over time. The authors found that drug resistance often was accompa-
nied by an initial decrease in fitness, followed by a recovery of fitness in later isolates
(32).

In the present study, we have further investigated this aspect of the evolution of
fluconazole resistance. We compared the competitive fitness of fluconazole-resistant
clinical C. albicans isolates containing known GOF mutations in MRR1, TACI1, and/or
UPC2 and matched fluconazole-susceptible isolates from the same patients to find out
if the resistant isolates mitigated the fitness costs caused by the hyperactive TFs. Our
results show that drug-resistant strains with hyperactive forms of these TFs usually have
fitness defects in vitro and/or in a mammalian host but can successfully compete with
their drug-susceptible counterparts in some host niches.

RESULTS

Identification of GOF mutations in MRR1, TAC1, and UPC2 of fluconazole-
resistant clinical C. albicans isolates. For the competitive fitness assays, we used 10
matched pairs of fluconazole-susceptible and -resistant isolates from the same patients,
which were available in our strain collection in Wirzburg (Table 1). The genetic
relatedness of these isolate pairs has been demonstrated in previous studies by highly
sensitive fingerprinting methods and subsequent sequence analyses of specific genes
(see the references cited in Tables 1 and 2). For most of the fluconazole-resistant clinical
isolates of this set, GOF mutations in MRR1, TACI, and/or UPC2 have been described
previously (Table 2). Earlier work has shown that the MDR1-overexpressing isolate F5,
which contains an MRRT GOF mutation (9), also overexpresses ERG11 (22). As ERG11
overexpression is frequently caused by UPC2 mutations (19), we sequenced the UPC2
alleles of isolate F5 and the matched susceptible isolate F2. We found that F5 has
additionally acquired a G1942A exchange in UPC2 and become homozygous for the
mutated allele. The resulting G648S mutation in Upc2 has previously been found in
other fluconazole-resistant isolates and shown to cause ERG11 overexpression and
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TABLE 1 C. albicans strains used in this study
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Relevant characteristics or

Strain Parent genotype Reference or source
SC5314 Wild-type reference strain 46
Matched clinical isolate pairs
F2 FLUs clinical isolate from patient F 22
F5 FLUr clinical isolate from patient F 22
G2 FLU® clinical isolate from patient G 22
G5 FLU" clinical isolate from patient G 22
B3 FLUs clinical isolate from patient B 33
B4 FLUr clinical isolate from patient B 33
Gu4 FLUs clinical isolate from patient Gu 33
Gu5 FLUr clinical isolate from patient Gu 33
1442 FLUs clinical isolate from patient 9 47
2271 FLU" clinical isolate from patient 9 47
1490 FLUs clinical isolate from patient 40 47
1587 FLUr clinical isolate from patient 40 47
5833 FLUs clinical isolate from patient Il 48
6692 FLUr clinical isolate from patient Il 48
DSY294 (C43)a FLUs clinical isolate 49
DSY296 (C56) FLUr clinical isolate 49
DSY2285 (26) FLUs clinical isolate 50
DSY2286 (91) FLUr clinical isolate 50
TW1 (#1) FLUs clinical isolate 51
TW17 (#17) FLUr clinical isolate 51
RFP-labeled strains
SCADH1R1A SC5314 ADH1/adh1::P 4p.,-RFP-caSAT1 26
F2ADH1R1A and -B F2 ADH1/adh1::P 4p,-RFP-caSAT1 This study
F5ADHTR1A and -B F5 ADH1/adh1::P 4p,,-RFP-caSAT1 This study
G2ADHTRTA and -B G2 ADH1/adh1:P ,p,,;-RFP-caSAT1 This study
G5ADH1R1A and -B G5 ADH1/adh1::P p,,-RFP-caSAT1 This study
B3ADH1R1A and -B B3 ADH1/adh1:P pp,-RFP-caSAT1 This study
B4ADH1R1A and -B B4 ADH1/adh1::P 4p,,-RFP-caSAT1 This study
Gu4ADH1R1A and -B Gu4 ADH1/adh1::P 4p,,-RFP-caSAT1 This study
Gu5ADH1R1A and -B Gu5 ADH1/adh1::P 4p5,-RFP-caSAT1 This study
1442ADH1R1A and -B 1442 ADH1/adh1::P 4p,,-RFP-caSAT1 This study
2271ADH1R1A and -B 2271 ADH1/adh1:P ,p,,-RFP-caSAT1 This study
1490ADH1R1A and -B 1490 ADH1/adh1::P 4p.,-RFP-caSAT1 This study
1587ADH1R1A and -B 1587 ADH1/adh1::P 4p,-RFP-caSAT1 This study
5833ADH1R1A and -B 5833 ADH1/adh1::P 4p,-RFP-caSAT1 This study
6692ADH1R1A and -B 6692 ADH1/adh1::P 4p,,-RFP-caSAT1 This study
DSY294ADH1R1A and -B DSY294 ADH1/adh1::P 4p,-RFP-caSAT1 This study
DSY296ADH1R1A and -B DSY296 ADH1/adh1::P ,p,,-RFP-caSAT1 This study
DSY2285ADH1R1A and -B DSY2285 ADH1/adh1:P ,p,,-RFP-caSAT1 This study
DSY2286ADH1R1A and -B DSY2286 ADH1/adh1::P 4p,,-RFP-caSAT1 This study
TWTADH1R1A and -B TW1 ADH1/adh1::P 4p.,-RFP-caSAT1 This study
TW17ADH1R1A and -B TW17 ADH1/adh1::P 4p5,-RFP-caSAT1 This study
Genetically engineered strains with MRR1 GOF mutations
SCMRR1R24A and -B SC5314 MRR1-FRT/MRR1-FRT 26
SCMRR1R34A and -B SC5314 MRR1P83S-FRT/MRR1P683S-FRT 10
SCMRR1R44A and -B SC5314 MRR16997V-FRT/MRR1997V-FRT —b
SCMRR1R54A and -B SC5314 MRR1G878E-FRT/MRR1G878E-FRT —
SCMRR1R64A and -B SC5314 MRR1Q350L-FRT/MRR1Q350L-FRT —
SCMRR1R74A and -B SC5314 MRR1N8O3D-FRT/MRR1N803D-FRT —
SCMRR1R84A and -B SC5314 MRR1T360\-FRT/MRR1T360l-FRT —
SCMRR1R94A and -B SC5314 MRR1K335N-FRT/MRRTK335N-FRT —
SCMRR1R982A and -B SC5314 MRR1K335N-FRT/MRR1T360I-FRT —
SCMRR1R104A and -B SC5314 MRR178%6\-FRT/MRR178%6-FRT —
F2MRR1R34A and -B F2 MRR1P6835-FRT/MRR1P835-FRT This study
5833MRR1R892A and -B 5833 MRR1T3601-FRT/MRR1¥335N-FRT This study

aNames in parentheses are previously used strain designations.
b—, Hampe and Morschhauser, unpublished.
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TABLE 2 ZnTF mutations in fluconazole-resistant clinical isolates

ZnTF mutation?

Reference(s) or

Isolate MIC (mg/ml) MRR1 TAC1 upC2 source

F2 8 —/= —/=

F5 128 P683S/P683S G648S/G648S 9, this study
G2 1 —/=

G5 128 G997V/G997V 9

B3 1 —/—=

B4 32 G878E/G878E 6

1442 0.5 —/=

2271 16 Q350L/Q350L 6

1490 1 —/—=

1587 4 N803D/N803D 6
DSY2285 1 o

DSY2286 16 T8961/T896I 6

5833 1 —/=

6692 64 K335N/T360I 6

Gu4 4 —/—

Gu5 >256 G980E/G980E This study
DSY294 1 —/—

DSY296 128 N977D/N977D 13

TW1 1 —/= —/— —/=

TW17 >256 G9475/G947Sb  A736V/A962-969 —/A643V 8, 12, 21, this study

aShown are the amino acid exchanges in the proteins encoded by the two alleles of the genes.

bThis mutation has recently been reported as G963S (8) but corresponds to G947S in the SC5314 reference
sequence, because Mrr1 of TW17 contains 5 tandem repeats of the NPQS sequence (positions 165 to 168 in
Mrr1), as confirmed by sequencing in the present study.

increased drug resistance (19). Isolate Gu5 overexpresses CDR1/CDR2 (33); therefore, we
sequenced the TACT alleles of isolate Gu5 and matched susceptible isolate Gu4. We
found that Gu5 had acquired a G2939A substitution in TAC7 and become homozygous
for the mutation. The resulting G980E exchange in Tac1 has also been found in other
fluconazole-resistant isolates and shown to mediate CDR1/CDR2 overexpression and
increased drug resistance (12, 14). Isolate TW17 has long been known to overexpress
MDR1 (25). We sequenced the MRR1 alleles of isolate TW17 and matched susceptible
isolate TW1 and found that TW17 had become homozygous for a G2839A substitution
(the position corresponds to that in the MRR1 reference sequence) that was not present
in isolate TW1 and resulted in a G947S mutation in Mrr1. We also found that isolate TW2
from the same series was heterozygous for the mutated allele and a loss of heterozy-
gosity occurred in the next isolate of the series, TW3, in accordance with the increasing
MDR1 expression levels reported for these isolates (25).

Competitive fitness of fluconazole-resistant clinical C. albicans isolates with
different resistance mechanisms. In order to assess the competitive fitness of the
fluconazole-resistant clinical isolates containing hyperactive ZnTFs, we generated RFP-
labeled derivatives of these isolates and their matched fluconazole-susceptible isolates.
Each fluconazole-resistant clinical isolate was tested in competition experiments with
two independently constructed RFP-labeled derivatives of the matched fluconazole-
susceptible isolate, and, vice versa, each fluconazole-susceptible clinical isolate was
tested with two independently constructed RFP-labeled derivatives of the matched
fluconazole-resistant isolate. The use of four different mixtures for each isolate pair,
combined with marker swapping, ensured that reduced or increased fitness was indeed
an intrinsic characteristic of the clinical isolate and not caused by the genetic manip-
ulation. The strains were mixed in roughly equal proportions, and the cultures were
grown for 24 h in rich yeast extract-peptone-dextrose (YPD) medium, diluted in fresh
medium, and grown for another 24 h in the same medium. The proportions of each
strain in the inoculum and after 24 h and 48 h of growth were determined by plating
appropriate dilutions and counting the number of white (unlabeled strain) and red
(labeled strain) colonies. The results of these competition experiments are summarized
in Fig. 1; details of each individual experiment (number of colonies counted, propor-
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FIG 1 Competitive fitness of matched pairs of fluconazole-resistant isolates (dark gray bars) and fluconazole-susceptible isolates (light gray bars) from the same
patients. In each case, the susceptible isolate was mixed with two independently generated RFP-labeled derivatives of the matched resistant isolate and the
resistant isolate was mixed with two independently generated RFP-labeled derivatives of the matched susceptible isolate. Shown are the relative proportions
of the two strains in the inoculum (day 0) and after two rounds of coculture (day 1 and day 2) at 30°C in YPD medium. Results are the means and standard
deviations for the four cocultures. For isolate pair F2/F5, each combination was tested four times; i.e., results are from 16 cocultures. Significant differences in
the proportions of the resistant isolates at day 1 and day 2 compared to day 0 are indicated by asterisks (P < 0.05). See Data Set S1 for details.

tions of each strain) can be found in Data Set S1 in the supplemental material.
Interestingly, 7 of the 10 fluconazole-resistant isolates had a clear fitness defect under
these conditions and were outcompeted by their matched fluconazole-susceptible
isolate. These included isolates G5, B4, 2271, and DSY2286 containing different GOF
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mutations in MRR1; isolates Gu5 and DSY296 with hyperactive TACT alleles; and isolate
TW17, which contained GOF mutations in MRR1, TAC1, and UPC2. The reduced fitness
that is associated with drug resistance in these isolates may be caused by the hyper-
active transcription factors, but other genomic alterations may also play a role. In
contrast, isolates F5, 1587, and 6692 did not exhibit a significant fitness defect in these
experiments, although all of them contained GOF mutations in MRRT, and isolate F5
additionally contained a GOF mutation in UPC2. Apparently, these isolates could
somehow compensate for the negative effect caused by Mrr1 hyperactivity.

Fitness effects of MRR1 GOF mutations in isogenic strains. Although the P683S
mutation in Mrr1 of isolate F5 had previously been shown to cause a mild fitness defect
when introduced into the fluconazole-susceptible C. albicans reference strain SC5314
(26), it remained possible that the N803D mutation contained in Mrr1 of isolate 1587
and the K335N and T360l mutations found in Mrr1 of isolate 6692 (this isolate
contained two different hyperactive MRR1 alleles) do not cause such a fitness defect,
which would also explain the unaltered fitness of these fluconazole-resistant isolates.
We therefore assessed the effects of these and various other MRR1 GOF mutations
found in fluconazole-resistant clinical isolates in an isogenic background. For this
purpose, we used a set of SC5314 derivatives in which both endogenous wild-type
MRR1 alleles had been replaced by different hyperactive alleles to compare their effects
on the expression of specific Mrr1 target genes (. Hampe and J. Morschhéduser,
unpublished data). The competitive fitness of these strains, each of which was con-
structed two times independently, was then tested in coculture experiments with an
RFP-labeled derivative of the parental strain SC5314 in the same way as for the clinical
isolate pairs. Figure 2 shows that all MRRT GOF mutations caused a significant fitness
defect during growth in rich YPD medium; in fact, the previously tested P683S mutation
had the weakest effect, and all other tested mutations reduced the fitness of strain
SC5314 even more strongly. Importantly, this was also true for the MRRT7 GOF mutations
found in isolates 1587 (N803D) and 6692 (K335N and T360I, either alone or in combi-
nation, as in the clinical isolate), demonstrating that the impact of a hyperactive Mrr1
on fitness depends on the strain background. Two independently constructed control
strains, in which the endogenous MRRT alleles of strain SC5314 were replaced in an
identical fashion by a nonmutated allele, exhibited wild-type fitness, in agreement with
our previous findings (26), confirming that fitness defects were caused by the MRRT
mutations.

Fitness effects of MRR1 GOF mutations in clinical isolates. Our finding that the
P683S, N803D, and K335N/T3601 GOF mutations in Mrr1 caused a fitness defect when
introduced into strain SC5314 but not in the fluconazole-resistant isolates F5, 1587, and
6692, in which they were originally found, suggested that the last three strains had
overcome the fitness costs imposed by the hyperactive Mrr1 during further evolution.
Alternatively, the MRR1 mutations may not have caused a fitness defect when they
were acquired by the clinical isolates because of previous adaptations that allowed the
strains to tolerate the presence of a hyperactive Mrr1. To distinguish between these
possibilities, we introduced the MRRT mutations found in the fluconazole-resistant
isolates F5 and 6692 into the matched susceptible isolates F2 and 5833, respectively. As
expected, the introduction of the P683S mutation into both MRRT alleles of isolate F2
resulted in enhanced fluconazole resistance (the MIC increased from 8 ug/ml to 64
ng/ml). Similarly, the introduction of the K335N and T360l mutations into the MRRT
alleles of isolate 5833 also increased the MIC of fluconazole from 1 ug/ml to 16 ug/ml.
To assess the effect of the mutations on the fitness of the strains, two independently
constructed strains with the MRR1 GOF mutations were used in competition experi-
ments with each of the two independently generated RFP-labeled derivatives of the
respective parental clinical isolate. Surprisingly, the introduction of the MRR1 GOF
mutations into the clinical isolates did not affect or only weakly affected the fitness of
the strains (Fig. 3), indicating that adaptation mechanisms that were already in place in
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FIG 2 Competitive fitness of isogenic strains containing mutated MRRT alleles. An RFP-labeled derivative of strain SC5314 (SCADH1R1A, light gray bars) was
mixed with two independently generated strains in which the endogenous MRR1 alleles in strain SC5314 were replaced by the indicated mutant alleles or a
wild-type copy without a mutation (dark gray bars). Shown are the relative proportions of the strains in the inoculum (day 0) and after two rounds of coculture
(day 1 and day 2) at 30°C in YPD medium. Results are the means and standard deviations from four coculture experiments (two with strain A and two with
strain B). The control strains were each tested six times; i.e., results are from 12 cocultures. Significant differences in the proportions of the test strains at day
1 and day 2 compared to day 0 are indicated by asterisks (P < 0.05). See Data Set S2 for details.

these strains circumvented the fitness costs that are normally caused by a hyperactive
Mrr1.

In vivo fitness of fluconazole-resistant clinical C. albicans isolates. The fitness
tests described above were performed in rich YPD medium, which provides optimal
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FIG 3 Competitive fitness of fluconazole-susceptible clinical isolates F2 and 5833 (light gray bars) and genetically
engineered derivatives carrying the MRR1 GOF mutations from matched resistant isolates F5 and 6692, respectively
(dark gray bars). Two independently generated RFP-labeled derivatives of isolates F2 and 5833 were each mixed
with two independently constructed corresponding mutants; i.e., four coculture experiments were performed for
each comparison. Shown are the relative proportions of the strains in the inoculum (day 0) and after two rounds
of coculture (day 1 and day 2) at 30°C in YPD medium. Results are the means and standard deviations from the four
coculture experiments. Significant differences in the proportions of the strains with MRR7 GOF mutations at day 1
and day 2 compared to day 0 are indicated by asterisks (P < 0.05). See Data Set S3 for details.

conditions that allow fast growth of C. albicans but is highly different from the
environments encountered by the fungus in a mammalian host. Indeed, in a mouse
model of gastrointestinal colonization, a significantly reduced fitness was previously
observed only for genetically engineered strains containing several hyperactive ZnTFs
and not for strains containing only one of the three hyperactive TFs, Mrr1, Tac1, or Upc2
(26). We therefore tested the competitive fitness of several fluconazole-resistant clinical
C. albicans isolates and their matched susceptible isolates in the same model. We
selected two fluconazole-resistant isolates that displayed reduced fitness in vitro (B4,
TW17) and two fluconazole-resistant isolates that did not exhibit a fitness defect in YPD
medium (F5, 6692) for the in vivo fitness tests. Isolate B4 also exhibited a significantly
reduced fitness compared with its matched susceptible isolate B3 in this in vivo model,
whereas only a slight fitness defect was observed for isolate TW17 (Fig. 4, left). Notably,
both isolates F5 and 6692, which did not exhibit a fitness defect in the in vitro
experiments, showed significantly reduced competitive fitness during colonization of
the mouse gastrointestinal tract (Fig. 4, right). Therefore, the relative fitness of
fluconazole-resistant C. albicans isolates during growth in rich YPD medium in vitro
does not predict their fitness in a mammalian host.

As C. albicans is exposed to highly variable environments during colonization and
infection, we also investigated the competitive fitness of the same drug-resistant
isolates in @ mouse model of disseminated candidiasis. Interestingly, three of the four
resistant isolates (B4, F5, TW17) did not exhibit a fitness defect in this model, because
their relative proportion in samples recovered after 6 days from infected kidneys was
similar to that in the inoculum, and only isolate 6692 displayed a slightly reduced
fitness (Fig. 5). These results demonstrate that the fitness costs of drug resistance may
become obvious in some but not all host niches colonized or infected by C. albicans.

DISCUSSION

In a previous study, using genetically engineered, isogenic strains, we showed that
hyperactive forms of the ZnTFs Mrr1, Tac1, and Upc2, which confer increased flucona-
zole resistance, also cause a mild but significant competitive fitness defect during
growth in standard YPD medium in the absence of the drug (26). The reduced fitness
of strains with a single hyperactive TF was conditional, because it was not observed
during growth in minimal medium or in a mouse model of gastrointestinal colonization.
However, the fitness defect was exacerbated in strains containing two or all three
hyperactive TFs and then became apparent under all tested in vitro and in vivo
conditions. Other studies found that many fluconazole-resistant clinical C. albicans
isolates did not exhibit a fitness defect during growth in vitro or in a mammalian host
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FIG 4 Competitive fitness of fluconazole-susceptible isolates F2, B3, 5833, and TW1 (light gray bars) and matched fluconazole-
resistant isolates F5, B4, 6692, and TW17 (dark gray bars), respectively, in a mouse model of gastrointestinal colonization. In
each case, the susceptible isolate was mixed with two independently generated RFP-labeled derivatives of the matched
resistant isolate and the resistant isolate was mixed with two independently generated RFP-labeled derivatives of the matched
susceptible isolate. For all comparisons, each of the four mixtures was used to infect 3 mice (4 mice were infected with the
5833/6692ADH1R1A and TW1/TW17ADH1R1A pairs); i.e., the competitive fitness of each isolate pair was tested in 12 mice (13
mice for 5833/6692 and TW1/TW17). Shown are the relative proportions of the strains in the inoculum (day 0) and in samples
recovered at the indicated times from the feces of the animals. Results are the means and standard deviations from the 12 (or
13) coinfection experiments. Significant differences in the proportions of resistant isolates after passage through the
gastrointestinal tract compared to the inoculum are indicated by asterisks (P < 0.05). See Data Set S4 for details.

(29, 32), suggesting that drug-resistant strains can overcome the fitness costs imposed
by hyperactive TFs. Here, we assessed the competitive fitness of a set of fluconazole-
resistant clinical isolates containing different GOF mutations in Mrr1, Tac1, and Upc2 to
investigate if the mitigation of fitness costs is a common phenomenon in such strains.
Interestingly, we found that most fluconazole-resistant isolates containing hyperactive
forms of these TFs also displayed reduced competitive fitness when grown in vitro in
rich YPD medium, indicating that the negative effects of the deregulated gene expres-
sion are not easily circumvented. It should be pointed out, however, that the clinical
strains isolated from patients came from a different environment, the human oral
cavity, and reduced fitness during cultivation in rich medium may not be relevant in
their natural habitat. Nevertheless, some of the fluconazole-resistant clinical isolates did
not exhibit a detectable fitness defect in YPD medium. All these isolates contained GOF
mutations in MRR1 that caused a significant fitness defect when they were introduced
into the reference strain SC5314. We hypothesized that the clinical isolates had
overcome the fitness costs incurred by these mutations through compensatory
changes during further evolution. However, we found that the same mutations did not
significantly affect fitness when introduced into the matched fluconazole-susceptible
isolates. Therefore, these clinical isolates already exhibited a genetic background in
which the acquisition of a hyperactive Mrr1 had no negative impact on their ability to
grow in rich medium. Previous work has shown that the effect of a particular hyper-
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FIG 5 Competitive fitness of fluconazole-susceptible isolates F2, B3, 5833, and TW1 (light gray bars) and matched fluconazole-
resistant isolates F5, B4, 6692, and TW17 (dark gray bars), respectively, in a mouse model of disseminated candidiasis. In each
case, the susceptible isolate was mixed with two independently generated RFP-labeled derivatives of the matched resistant
isolate and the resistant isolate was mixed with two independently generated RFP-labeled derivatives of the matched
susceptible isolate. For all comparisons, each of the four mixtures was used to infect 3 mice (5 mice were infected with the
B3/B4ADH1R1B pair); i.e., the competitive fitness of each isolate pair was tested in 12 mice (14 mice for B3/B4). Shown are the
relative proportions of the strains in the inoculum (day 0) and in the kidneys after 6 days of infection. Results are the means
and standard deviations of the 12 (or 14) coinfection experiments. Significant differences in the proportions of the resistant

isolates in the kidneys compared to the inoculum are indicated by asterisks (P < 0.05). See Data Set S5 for details.

active MRR1 allele on gene expression depends on the strain background. Although a
core set of genes was upregulated after introduction of the P683S and G997V muta-
tions both into strain SC5314 and into the fluconazole-resistant clinical isolates F5 and
G5 containing the same mutations, not all Mrr1 target genes were upregulated in the
clinical isolates, which in turn differentially expressed other genes in an Mrri-
dependent manner as well as Mrr1-independent genes (9, 10). It is conceivable that
such differences may modulate the impact of a hyperactive Mrr1 on the fitness of the
strains.

Some apparent discrepancies between the findings of our previous study (26) and
the present studies, on the one hand, and two reports by other researchers, on the
other hand, should be discussed. We found that, when introduced into strain SC5314,
all tested Mrr1 GOF mutations (eight different mutations) as well as GOF mutations in
Tac1 and Upc2 caused a significant fitness defect during growth in YPD medium. In
contrast, Lohberger et al. did not observe an effect of GOF mutations in these TFs on
in vitro fitness in the same strain background (8). Of note, these authors used a modified
yeast extract-peptone-dextrose medium containing only half the standard amount of
peptone (1% instead of 2%) and yeast extract (0.5% instead of 1%), so the absence of
an observable fitness defect in this medium may reflect the absence of a fitness defect
in minimal medium in the study by Sasse et al. (26). In addition, cocultures were started
with 3.7 X 10° cells/ml in the study by Lohberger et al. (8), which amounts to only ca.
7 generations until stationary phase is reached, whereas the cocultures were grown for
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ca. 14 to 15 generations (starting from an optical density of 0.002) in the study by Sasse
et al. (26). In the present study, we performed two rounds of coculture (2 X 14
generations), which potentiated the growth differences of the competing strains and
made fitness defects even more obvious (Fig. 2). In our present study, we also observed
a significant fitness defect of clinical isolate TW17 compared to the fitness of the initial
isolate of this series, isolate TW1, during coculture in YPD medium. Considering that
TW17 contains hyperactive forms of all three ZnTFs, Mrr1, Tac1, and Upc2, this was not
unexpected. In contrast, a recent study by Ford et al. reported a similar in vitro fitness
of these two isolates (32). There are several possible explanations for the conflicting
results. In the study by Ford et al. (32), isolates TW1 and TW17 were not directly
competed with one another but were separately tested in competition experiments
with an unrelated, genetically marked strain, whereas we directly compared the fitness
of these two isolates and labeled derivatives in coculture experiments. Furthermore, in
the study by Ford et al. (32), competition experiments were performed in RPMI
medium, a poorer growth medium in which the strains grow much more slowly, and
strains were grown for only 5 to 10 generations, which may additionally mask fitness
defects.

An important finding of our present study was that the relative fitness of the
fluconazole-resistant clinical isolates during growth in YPD medium did not correlate
with their competitive fitness in a mammalian host. Even isolates F5 and 6692, which
did not exhibit a fitness defect in the in vitro experiments, had significantly reduced
fitness in the mouse model of gastrointestinal colonization. Conversely, isolate TW17,
which displayed a clear fitness defect in YPD medium, could compete comparatively
well with its matched fluconazole-susceptible isolate TW1 in this in vivo model. Fur-
thermore, in the mouse model of disseminated candidiasis, all tested resistant isolates
showed no fitness defects or only a minor fitness defect and infected the kidneys as
efficiently as the matched susceptible isolates or only slightly less well. It should also be
noted that there was a high variability in the observed relative fitness of a particular C.
albicans isolate between individual animals in both infection models, something that
has been observed in similar studies by other researchers (34-37). Even in animals
infected with the same mixed inoculum, the generally less fit isolate sometimes
dominated the population (see Data Sets S4 and S5 in the supplemental material). This
may have been caused by infection bottlenecks, but it is also possible that the
constitutive overexpression of the target genes of a hyperactive TF may confer a
selective advantage under particular conditions encountered in individual animals,
similar to the advantage conferred in the presence of the drug fluconazole. Another
aspect that must be stressed is that the environment and the selective pressures
encountered by the fungus in a human host are different from those encountered in
mouse colonization and infection models. All the clinical isolates used in our present
study were obtained from HIV-infected patients with oropharyngeal candidiasis. Even
a mouse model of oral candidiasis lacks certain aspects of a human infection, for
example, the presence of histatin 5, an antimicrobial peptide that is highly active
against C. albicans and produced only by humans and other primates (38). In addition,
the ability of C. albicans to colonize the oral cavity and other host niches depends on
the immune status and the composition of the competing bacterial microflora, which
differs not only between mice and humans but also between individuals. Therefore, the
fitness costs of drug resistance probably also depend on the individual host.

Although the fitness defects of fluconazole-resistant isolates depended on the
growth conditions and the colonization/infection model, it is noteworthy that we did
not observe an increased fitness of any of the clinical isolates that had acquired drug
resistance. This is in contrast to what has been reported for C. glabrata, where GOF
mutations in Pdr1 cause not only azole resistance but also increased virulence (39-42).
Considering that the fluconazole-resistant C. albicans isolates displayed reduced fitness
under at least some conditions but never showed increased fitness compared to that
of the matched susceptible isolates under any of the tested conditions, it is likely that,
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TABLE 3 Primers used in this study

Primer Sequence (5'-3')

TAC1-7 TTTTGGGCCCTGGTGAAATTCCGAACC
TAC1-12A GTTGAGAGTAGTGATCAAAG

TAC1-14 TTAAGAGCTCGCAGTACATATAATAAAGTGGG
UPC2-1 ATATCTCGAGAATGATGATGACAGTGAAACAAGAATC
UPC2-2 ATATAGATCTATTTCATATTCATAAACCCATTATC
UPC2-4B GCATTCAATACTTGCCTTTAGTGC

UPC2-9 ATATGGCGCCCCAACTAATCCACTTAGTGCTTTG
ZCF36-3 GAATAATTCGGAGCTCAATTTGCGTTTAGCC
ZCF36-6 ATATTGGGCCCGCTACCATAAGCCTCGCTCG
ZCF36seq4 GTTGGAATTGCAGCTGTATCC

in most cases, fluconazole-resistant mutants will be outcompeted in the long run by the
susceptible cells in a population in the absence of the drug.

MATERIALS AND METHODS

Strains and growth conditions. The C. albicans strains used in this study are listed in Table 1. All
strains were stored as frozen stocks with 17.2% glycerol at —80°C and subcultured on YPD agar plates
(10 g yeast extract, 20 g peptone, 20 g glucose, 15 g agar per liter) at 30°C. The strains were routinely
grown in YPD liquid medium at 30°C in a shaking incubator. Selection of nourseothricin-resistant
transformants and recycling of the SATT flipper cassette were performed as described previously (43).

Strain constructions. C. albicans strains were transformed by electroporation (44) with gel-purified
inserts from the following plasmids: pADH1R1 contains the Candida-adapted SATT (caSATT) marker and
the RFP gene (which encodes red fluorescent protein [RFP]) under the control of the ADH1 promoter (26).
The insert from this plasmid was used to label C. albicans clinical isolates with RFP. Plasmid pMRR1R3
contains a mutated MRR1 allele with the P683S GOF mutation and the recyclable SATT flipper cassette
and has been previously described (10). Plasmids pMRR1R8 and pMRR1R9 are otherwise identical but
contain the T360l and K335N GOF mutations, respectively, instead of the P683S mutation (Hampe and
Morschhauser, unpublished). The insert from pMRR1R3 was used to replace both endogenous MRRT
alleles in clinical isolate F2 by the MRRT allele with the P683S mutation (the MRR1P%835 allele), and the
inserts from pMRR1R8 and pMRR1R9 were used to replace one of the endogenous MRR1 alleles in clinical
isolate 5833 by the MRR1%33°N allele and the other endogenous allele by the MRR173¢°! allele. The correct
integration of each construct as well as recycling of the SATT flipper cassette was confirmed by Southern
hybridization. Introduction of the MRR1 GOF mutations was verified by reamplification of the genes from
heterozygous and homozygous mutants and sequencing of the PCR products. In each case, two
independent series of strains (A and B; see Table 1) were generated and used for further analysis.

Isolation of genomic DNA and Southern hybridization. Genomic DNA from the C. albicans strains
was isolated as described previously (43). The DNA was digested with appropriate restriction enzymes,
separated on a 1% agarose gel, transferred by vacuum blotting onto a nylon membrane, and fixed by UV
cross-linking. Southern hybridization with enhanced chemiluminescence-labeled probes was performed
with an Amersham ECL direct nucleic acid labeling and detection system (GE Healthcare UK Limited,
Little Chalfont, Buckinghamshire, UK) according to the instructions of the manufacturer.

Sequence analysis of MRR1, TAC1, and UPC2 in clinical isolates. To identify the UPC2 GOF
mutation in ERGT7-overexpressing isolate F5, the UPC2 coding sequence was amplified from genomic
DNA of RFP-labeled F2 and F5 derivatives with primers UPC2-1 and UPC2-2, and the PCR products were
sequenced with primers UPC2-1, UPC2-4B, and UPC2-9 (the oligonucleotide primers used in this study
are listed in Table 3). To identify the TACT GOF mutation in CDR1/CDR2-overexpressing isolate Gu5, a part
of the TACT coding sequence was amplified from genomic DNA of isolates Gu4 and Gu5 with primers
TAC1-7 and TAC1-14, and the PCR products were sequenced with primer TAC1-12A. To identify the MRR1
GOF mutation in MDR1-overexpressing isolates of the TW series, a part of the MRRT coding sequence was
amplified from genomic DNA of an RFP-labeled TW17 derivative and from isolates TW1, TW2, and TW3
with primers ZCF36-3 and ZCF36-6, and the PCR products were sequenced with primer ZCF36seq4.

Fluconazole susceptibility assays. The fluconazole susceptibilities of the strains were determined
by a previously described broth microdilution method (45), with slight modifications. A 2-day-old colony
from a YPD agar plate was suspended in 2 ml of a 0.9% NaCl solution, and 4 ul of the suspension was
mixed with 2 ml 2X SD-CSM medium (13.4 g yeast nitrogen base with ammonium sulfate [YNB; MP
Biomedicals, lllkirch, France], 40 g glucose, 1.58 g complete supplement medium [CSM; MP Biomedicals]).
A 2-fold dilution series of fluconazole (Sigma GmbH, Deisenhofen, Germany) was prepared in water,
starting from an initial concentration of 512 ug/ml. One hundred microliters of each fluconazole solution
was then mixed with 100 ul of the cell suspension in a 96-well microtiter plate, and the plates were
incubated for 48 h at 37°C. The MIC of fluconazole was defined as the drug concentration that abolished
or drastically reduced visible growth compared to that of a drug-free control.

In vitro competition experiments. Strains were grown overnight in YPD medium at 30°C. The
fluconazole-susceptible clinical isolates were mixed in a 1:1 ratio with RFP-labeled derivatives of the
matched fluconazole-resistant isolates, and the fluconazole-resistant clinical isolates were mixed in a 1:1
ratio with RFP-labeled derivatives of the matched fluconazole-susceptible isolates. Similarly, genetically
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engineered derivatives of strain SC5314 or clinical isolates F2 and 5833 containing introduced MRR1 GOF
mutations were mixed in a 1:1 ratio with RFP-labeled derivatives of their parental strains. The mixtures
were diluted in fresh YPD medium at a starting optical density of 0.002 and grown at 30°C. After 24 h,
the cocultures were diluted to an optical density of 0.002 in fresh YPD medium and grown for another
24 h at 30°C. Dilution series were prepared from each coculture at the beginning and after 24 h and 48
h of coincubation, spread on YPD plates, and grown for 2 days at 30°C. The percentage of red colonies
(RFP-labeled strains) and white colonies (unlabeled strains) was determined after storage of the plates at
4°C, which enhanced the color of the RFP-expressing colonies.

Fitness test in a mouse model of gastrointestinal colonization. Female BALB/c mice (6 to 8 weeks
old; Janvier Labs, Saint-Berthevin, France) were fed 1 mg/ml tetracycline, 2 mg/ml streptomycin, and 0.1
mg/ml gentamicin in their drinking water, starting from day 4 prior to infection. C. albicans strains were
grown overnight in YPD medium at 30°C, washed two times in phosphate-buffered saline (PBS), and
adjusted to a density of 10° cells per ml. Competing strains were mixed in equal proportions, and 50 ul
containing approximately 5 X 107 cells of the mixed suspensions was intragastrically applied to the mice
(usually three mice per strain pair). After 24 h and on the following days, the feces of the mice were
collected and homogenized in PBS. A dilution series was prepared and spread on YPD plates containing
50 pg/ml chloramphenicol. The proportions of both strains in the inoculum and in the populations
recovered on each following day from the feces were determined by counting the number of red and
white colonies, as for the in vitro competition experiments. It has been shown previously that the
numbers of CFU in fecal pellets reflect the colonization of different parts of the gastrointestinal tract in
this model (34). For each comparison of a matched fluconazole-susceptible and fluconazole-resistant
isolate pair, two additional mice were infected with single RFP-labeled and unlabeled strains to verify that
they maintained their characteristic colony phenotypes during the infection and exclude the possibility
of contaminations.

Fitness test in a mouse model of disseminated candidiasis. C. albicans strains were grown
overnight in YPD medium at 30°C, washed three times in PBS, and adjusted to a density of 2 X 106 cells
per ml. Competing strains were mixed in a 1:1 ratio, and 100 ul of the mixed suspensions was used for
infection of at least 3 female BALB/c mice via the lateral tail vein. As a control, one mouse was infected
with a single RFP-labeled strain for each experiment. Six days after the infection, the kidneys were collected
and homogenized in sterile PBS. A dilution series was prepared and spread on YPD plates containing 50
g/ml chloramphenicol. The proportions of both strains in the inoculum and in the populations recovered
from the kidneys were determined by counting the number of red and white colonies.

Statistical analysis. Since in vitro fitness assays were performed under controlled conditions (in YPD
medium at 30°C), we assumed that the collected data fit a standard normal distribution. The paired t test
(two-tailed) was used to compare the relative proportions of the strains in the inoculum and after 1 and
2 days of coculture. For the in vivo competition experiments, the Wilcoxon signed-rank test was applied
to compare the relative proportions of the strains in the inoculum and in the populations recovered from
infected mice. All statistical tests were conducted using GraphPad Prism (version 6.07) software.

Ethics statement. The animal studies and protocols (permission number AZ 2531.01-07/12) were
approved by the local government of Lower Franconia, Germany. All animal studies were performed in
strict accordance with the guidelines for animal care and experimentation of the German Animal
Protection Law and with EU directive 2010/63/EU.
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