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ABSTRACT Cryptococcus neoformans and Cryptococcus gattii species complexes are
the etiologic agents of cryptococcosis. We have deciphered the roles of three
ABC transporters, Afr1, Afr2, and Mdr1, in the representative strains of the two spe-
cies, C. neoformans H99 and C. gattii R265. Deletion of AFRT in H99 and R265 drasti-
cally reduced the levels of resistance to three xenobiotics and three triazoles, sug-
gesting that Afr1 is the major drug efflux pump in both strains. Fluconazole
susceptibility was not affected when AFR2 or MDRT was deleted in both strains.
However, when these genes were deleted in combination with AFR7, a minor addi-
tive effect in susceptibility toward several drugs was observed. Deletion of all three
genes in both strains caused further increases in susceptibility toward fluconazole
and itraconazole, suggesting that Afr2 and Mdr1 augment Afr1 function in pumping
these triazoles. Intracellular accumulation of Nile Red significantly increased in
afr1A mutants of both strains, but rhodamine 6G accumulation increased only in the
mdr1A mutant of H99. Thus, the three efflux pumps play different roles in the two
strains when exposed to different azoles and xenobiotics. AFRT and AFR2 expression
was upregulated in H99 and R265 when treated with fluconazole. However, MDR1
expression was upregulated only in R265 under the same conditions. We screened a
library of transcription factor mutants and identified several mutants that manifested
either altered fluconazole sensitivity or an increase in the frequency of flucona-
zole heteroresistance. Gene expression analysis suggests that the three efflux
pumps are regulated independently by different transcription factors in response
to fluconazole exposure.
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ryptococcosis is caused by two sibling species complexes, Cryptococcus neoformans

and Cryptococcus gattii, which can be readily differentiated by their genetic and
phenotypic characteristics (1, 2). Although the two species differ significantly in their
pathobiology, the most common manifestation of the disease caused by both species
globally is meningoencephalitis, which is treated with the same antifungal drugs. The most
common treatment includes amphotericin B (AMB) with or without 5-fluorocytosine
(5-FQ) for induction therapy and fluconazole (FLC) for maintenance therapy (3). Am-
photericin B is a fungicidal polyene that interacts with ergosterol, an essential mem-
brane sterol of fungal cells (4, 5); 5-fluorocytosine is a pyrimidine analog which can
inhibit RNA and DNA synthesis (6, 7); and FLC is a fungistatic triazole that inhibits
lanosterol 14a-demethylase encoded by ERG11 in the ergosterol biosynthesis pathway
(8). Recurrences of cryptococcosis during FLC maintenance therapy, however, have
been increasingly reported (9-13).
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The principal mechanisms responsible for the emergence of stable azole resistance
in most fungal cells involve alterations in Erg11 or membrane proteins that efflux the
drugs (7, 14, 15). In contrast, the majority of azole-resistant C. neoformans strains
isolated from therapy failure cases have been unstable, and stable resistant strains due
to gene mutations have been infrequently reported (16-18). The unstable resistance to
azoles in isolates causing cryptococcosis has been described as heteroresistance, which
represents a transient adaptation to the drug (16, 19). Analysis of the heteroresistant
clones that emerged in vitro during growth in the presence of FLC as well as those that
emerged in the mouse brain during FLC treatment indicated that they were not due to
reversible mutations in ERG11 or efflux pump genes but were due to a duplication of
chromosome 1 (Chr1). Chr1 harbors ERG11 as well as AFR1, which encodes the major
azole transporter (16, 20, 21), and both genes play a crucial role in Chr1 duplication (16).

Several studies have revealed that strains of C. gattii generally show both a higher
MICs toward various azoles (22-24) and higher levels of FLC heteroresistance than the
C. neoformans species complex (25). Earlier studies have aimed to explain the reasons
for higher azole MICs in C. gattii than in C. neoformans by comparing the levels of ERG11
MRNA between the two species (24). These studies found higher ERG17 mRNA levels in
C. gattii than in C. neoformans strains regardless of their geographic origin. However,
ERG11 mRNA levels did not correlate with FLC MICs within any group. Furthermore, the
ERG11 gene sequence variation observed in the wild-type (WT) C. gattii strains also
showed no correlation with FLC MICs (24), suggesting that neither ERG11 overexpres-
sion nor ERG11 sequence variation can explain the higher azole MICs in C. gattii. These
data raise the question whether differences in the function of efflux pumps play a role
in C. gattii's lower susceptibility toward azole drugs.

The role of Afr1, an ABC transporter, as a primary azole efflux pump has been well
documented in both species complexes. AFRT overexpression caused increased FLC
MICs in C. neoformans (26), while deletion of the gene significantly lowered FLC MICs
in vitro in both species (19, 27). Mice infected with a C. neoformans afri mutant
responded to FLC treatment significantly better than those infected with the wild-type
strain, although the virulence of the afr7TA mutant remained the same as that of the
wild type (26). Moreover, AFRT and PDR11 (synonym of the AFR1 ortholog in C. gattii)
caused higher azole MICs when expressed in Saccharomyces cerevisiae and lower
intracellular FLC accumulation than controls (21, 28). Interestingly, the fluconazole-
resistant AFRT-overexpressing mutant strain was less sensitive than the wild type and
the afr1A strain to microglia-mediated anticryptococcal activity (29). This is likely due to
reduced acidification and delayed maturation of phagosomes (29).

The protein encoded by AFR1 shares about 35% identity with those encoded by
CgSNQ2 and ScSNQ2, the ABC transporters reported in Candida glabrata and S. cerevi-
siae, respectively (30). CgSng2 and ScSnqg2 are known to transport 4-nitroquinoline
N-oxide and other chemicals in addition to azoles (28, 31-33). There are several other
ABC transporters in C. neoformans and C. gattii, and two of these transporters, Afr2 and
Mdr1, along with Afr1, expressed higher azole resistance and lowered intracellular azole
accumulation when expressed in S. cerevisiae (21, 28). However, MDR1 or AFR2 over-
expression has not been reported to cause azole resistance in C. neoformans (28) or in
C. gattii, and deletion of MDRT in C. gattii displayed FLC susceptibility similar to that of
the wild type (27). These data suggest that unlike the AFRT product, the roles of the
other two ABC transporters, encoded by AFR2 and MDRI, as azole efflux pumps in
Cryptococcus species are ambiguous at best.

It is important, therefore, to decipher the roles of the three ABC transporters, Afr1,
Afr2, and Mdr1, as azole efflux pumps in both species of cryptococcosis agents. In the
present study, we constructed deletion mutants of the three genes individually or in
combinations for both species and compared the responses of the mutants toward
treatment with FLC as well as several other xenobiotics. We also determined the
functions of these efflux pumps by measuring the intracellular accumulation of two
fluorescent dyes. Furthermore, we measured the effect of FLC treatment on the
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expression of each gene and identified the transcription factors (TFs) that are relevant
for expression of the three efflux pumps.

RESULTS

Deletion of efflux pump genes affects drug resistance levels. Since the substrate
specificity of cryptococcal efflux pumps has been poorly characterized, we constructed
deletion mutants of the three well-known efflux pump genes in Cryptococcus, AFR1,
AFR2, and MDRI1, either individually or in combinations in two representative strains of
cryptococcosis agents, C. neoformans H99 and C. gattii R265. To assess their function and
substrate specificity, we measured MICs of the wild-type strains and all the deletion
strains to eight different selected compounds. They included five of the most
commonly used antifungal antibiotics (FLC, itraconazole [ITC], voriconazole [VRC],
5-fluorocytosine, and amphotericin B), one eukaryote protein synthesis inhibitor (cy-
cloheximide [CHX]), one antineoplastic agent (nocodazole, which exerts its effect in
cells by interfering with the polymerization of microtubules), one less commonly known
antifungal antibiotic (trichostatin A [TSA], which selectively inhibits the class | and II
mammalian histone deacetylase families of enzymes), and one potent inhibitor of
mitochondrial oxidative phosphorylation (rhodamine 6G [R6G]). We found that MICs of
R265 were higher than those of H99 against most of the tested compounds, except for
R6G (Fig. 1 and Table 1).

Among the single-gene deletion mutants, afrTA mutants of both H99 and R265
resulted in drastically higher susceptibility to the tested compounds except for R6G,
5-fluorocytosine, and amphotericin B (Fig. 1 and Table 1), suggesting that Afr1 is the
major efflux pump for the tested chemicals in both species. Deletion of AFR2 alone had
no effect on the susceptibility to most of the tested compounds in both H99 and R265,
except that the C. gattii afr2A (Cgafr2A) mutant displayed slightly lower MICs to
cycloheximide and higher MICs to R6G than the wild-type R265. Single deletion of
MDR1 in H99 caused no change in MICs to most of the drugs, except for itraconazole
and R6G. Single deletion of MDRT in R265 caused higher susceptibility to nocodazole
and R6G but higher resistance to cycloheximide. Additionally, all the mutants tested
had MICs for 5-fluorocytosine and amphotericin B that were similar to those of the
wild-type strains, suggesting that AFR1, AFR2, and MDRT are not important for pumping
5-fluorocytosine and amphotericin B.

Double deletion of AFRT and AFR2 in H99 showed the same phenotype toward most
of the tested drugs as the AFRT single deletion mutant except for slightly lower MICs
for amphotericin B (Fig. 1 and Table 1). In R265, the drug susceptibility phenotype of
the Cgafr1A Cgafr2A mutant was similar to that of the Cgafr71A mutant except that the
double deletion mutant had lower MICs for FLC, voriconazole, itraconazole, and cyclo-
heximide than the CgafrTA mutant. Double deletion of AFRT and MDR1 did not cause
further increases in susceptibility to FLC, voriconazole, nocodazole, trichostatin A, and
amphotericin B in both genetic backgrounds. However, the afrTA mdriA mutant
exhibited further decreases in MICs to R6G compared to the AFRT or MDR1 single-gene
deletion mutants of both H99 and R265. In addition, only CnhafrTA CnmdriA mutant
further decreased the MICs to itraconazole, and Cgafr1A Cgmdr1A did not. Interestingly,
the MICs for cycloheximide in the CgafrlA CgmdriA double deletion mutant were
between those of the Cgafr1A and Cgmdr1A mutants. Double deletion of AFR2 and
MDR1 in H99 and R265 caused MICs similar to those of their respective single mdr1A
deletion mutants.

Deletion of all three efflux pump genes in H99 and R265 significantly increased
susceptibility to FLC, voriconazole, and itraconazole, suggesting that the two efflux
pumps Afr2 and Mdr1 augment the function of the major drug efflux pump, Afr1, in
response to all three tested azoles. However, the triple deletion of the three pump
genes did not further exacerbate the susceptibility to the other compounds tested.
Additionally, we determined the posaconazole (PSC) susceptibility phenotype by using
Etest strips and found that the posaconazole susceptibility patterns of all efflux pump
mutants were similar to those for itraconazole in both species. However, afriA mdriA
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FIG 1 Deletion of efflux pump genes affects drug resistance levels. The MICs of different compounds in each indicated strain were determined (red circles, H99
and its derivatives; black squares, R265 and its derivatives). The experiments were repeated three times, and the bars represent the average MICs. The details
for each strain’s MICs are listed in Table 1. The pictures on the right side of panel A are the fluconazole Etest results from a representative experiment after
3 days of incubation. FLC, fluconazole; VRC, voriconazole; ITC, itraconazole; CHX, cycloheximide; R6G, rhodamine 6G; TSA, trichostatin A.

MICs were higher than those of afr1A afr2A mutant strains (MICs of 0.023 ug/ml for the
afr1A mdr1A and 0.125 pg/ml for the afr1A afr2A mutants of H99 and MICs of 0.032
ng/ml for the afrTA mdriA and 0.125 ug/ml for the afr1A afr2A mutants of R265).
Taken together, these results indicate that AFR1, AFR2, and MDR1, either individually or
in combination, contribute differently to the tolerance against different xenobiotics in
the two species.

Deletion of efflux pump genes affects drug accumulation. Rhodamine 6G and
Nile Red are fluorescent dyes which have been used to determine the function of efflux
pumps (34-38). It is possible that modification of the genomic constituents of the efflux
pumps could alter the levels of accumulation of the fluorescent dyes and reflect the
function of the efflux pumps. To determine the contributions of the three genes in
pumping xenobiotics, we measured intracellular accumulation of R6G and Nile Red by
flow cytometry. As shown in Fig. 2A, no difference in the intracellular R6G levels was
observed between the wild-type H99 and the Cnafr1A or Cnafr2A mutant. However, all
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TABLE 1 MIC of antifungals and xenobiotics in C. neoformans and C. gattii mutant strains
MICs (ng/ml)@

Genotype FLC® VRC? ITCP AMB* 5-FCb CHX< Nocodazole© R6G< (mg/ml) TSA¢
WT (C. neoformans H99) 2 0.031 0.031-0.063 0.125 2 0.4 0.05 0.25 16
Cnafr1A 0.125 0.008 0.004-0.008 0.125 2-4 0.025 0.025 0.25 4
Cnafr2A 2 0.031 0.031-0.063 0.125 2 0.4 0.05 0.25 16
Cnmdr1A 2 0.031 0.016-0.031 0.125 2 0.4 0.05 0.063 16
Cnafr1A Cnafr2A 0.125 0.008 0.004-0.008 0.063 2 0.025 0.025 0.25 4
Cnafr1A Cnmdr1A 0.125 0.008 0.002 0.125 2 0.025 0.025 0.016 4
Cnafr2A Cnmdr1A 2 0.031 0.031-0.063 0.125 2 0.4 0.05 0.063 16
Cnafr1A Cnafr2A Cnmdr1A 0.063 0.004 0.002 0.125 2 0.025 0.025 0.016 2
WT (C. gattii R265) 4 0.063-0.125 0.063-0.125 0.5 4 35 0.1 0.063 32
Cgafr1A 0.25 0.016-0.031 0.016-0.031 0.5 4 0.05 0.025 0.063 8
Cgafr2A 4 0.063 0.063-0.125 0.5 4 3 0.1 0.125 32
Cgmdr1A 4 0.031-0.063 0.031-0.063 0.25 4 4 0.05 0.031 32
Cgafr1A Cgafr2A 0.063 0.004 0.004-0.008 0.25 2-4 0.025 0.025 0.063 8
Cgafr1A Cgmdr1A 0.25 0.016 0.008-0.016 0.25 4 0.5 0.025 0.016 8
Cgafr2A Cgmdr1A 4 0.031 0.016-0.031 0.25 4 4 0.05 0.031 32
Cgafr1A Cgafr2A Cgmdr1A 0.031 0.002 0.002 0.25 2 0.025 0.025 0.016 4

aFLC, fluconazole; VRC, voriconazole; ITC, itraconazole; AMB, amphotericin B; 5-FC, 5-fluorocytosine; CHX, cycloheximide; R6G, rhodamine 6G; TSA, trichostatin A. All
experiments were repeated three times.

bMIC-2.

cMmic-0.

the mutants containing a CnMDR1 deletion accumulated more R6G than the wild type,
and the triple deletion mutant accumulated the highest levels of R6G. The observed
increases in R6G accumulation in all the mutants containing a CnMDR1 deletion
corroborated the results of R6G susceptibility testing (Fig. 1F), which indicated the
direct contribution of CnMDR1 as an efflux pump gene for R6G in C. neoformans.

In R265, deletion of each individual efflux pump gene showed no significant
difference in R6G accumulation compared to that in the wild type, while a slight
increase of R6G accumulation was seen in the Cgafr1A Cgmdr1A mutant and the triple
deletion mutant (Fig. 2B). These results are in contrast to the aforementioned obser-
vations that the Cgmdr1A mutant had reduced R6G MICs and the Cgafr2A mutant had
increased MICs for R6G (Fig. 1). Interestingly, although H99 accumulated more R6G than
R265 (Fig. 2A and B), H99 was more resistant to R6G than R265 (Fig. 1F). Thus, there is
no clear relationship between R6G accumulation levels and susceptibility to the dye in
both species.

The patterns of Nile Red accumulation were very different than those of R6G
accumulation in both species (Fig. 2). Among the single-gene deletion mutants, dele-
tion of AFRT in both H99 and R265 significantly increased the accumulation of Nile Red,
indicating the importance of Afr1 as an efflux pump for this dye. Deletion of AFR2 or
MDR1 in addition to AFRT in H99 did not further increase the accumulation of Nile Red,
but the Cgafr1A Cgafr2A mutant accumulated markedly increased levels of the dye
compared to those in the R265 Cgafr1A mutant, suggesting that AFR2 also contributed
to Nile Red pumping in R265 but not in H99. Interestingly, the triple deletion mutants
of H99 displayed the highest levels of Nile Red accumulation, suggesting that the three
efflux pump genes may function synergistically. In contrast, the accumulation of Nile
Red was similar in the CgafrTA Cgafr2A and Cgafr1A Cgafr2A Cgmdr1A mutants,
suggesting that only AFRT and AFR2 contributed to Nile Red efflux in R265.

Deletion of efflux pump genes influences formation of chromosome disomy.
Recent studies have shown that H99 is innately heteroresistant to azoles (19). We found
that all efflux pump deletion mutants of H99 remained heteroresistant to FLC, and the
levels of heteroresistance to FLC in most of the deletion mutants were reduced
compared to that in H99, except for the Cnafr2A mutant (Table 2). It has also been
shown that deletion of CnAFR1, a gene located on chromosome 1 (Chr1) in H99,
abrogated Chr1 duplication in FLC-resistant clones (16). To determine if deletion of
AFR2 or MDR1 affects the status of aneuploidy in FLC-resistant clones in H99, we
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FIG 2 Deletion of efflux pump genes affects drug accumulation. (A) Wild-type and deletion strains were incubated with 10 wM R6G (A and B) or 7 uM Nile Red
(C and D) in YEPD medium for 30 min at 30°C, and the cells were analyzed by flow cytometry. (A and C) H99; (B and D) R265. Values represent the means =
standard deviations from three independent experiments. *, P < 0.0442; ***, P < 0.0006; ****, P < 0.0001 (Holm-Sidak’s multiple-comparison test).

determined the chromosome copy number indirectly by using single-colony quantita-
tive PCR (qPCR) to measure the copy numbers of genes located on specific chromo-
some (16). Since AFRT and MDR1 are located on Chr1 and AFR2 is located on Chr5, we
designed Chr1- and Chr5-specific probes to monitor the status of these two chromo-
somes. Because Chr3 disomy was rarely observed in all the FLC-resistant clones (16), a
Chr3-specific probe was used as an internal control. Figure 3A shows that the relative
copy number of Chr1 is close to 2 in H99 FLC-resistant clones and is close to 1 in all the
FLC-resistant clones containing an AFRT deletion, confirming the previous findings on
the important role of AFRT in the formation Chr1 disomy in the presence of FLC (16).
Interestingly, the Chr1 copy number of FLC-resistant clones of the mdr7A mutant was
1.6. Since quantitative PCRs were carried out by using independently isolated single
colonies, the copy number of 1.6 suggested that the population of the analyzed mdr1A
colonies contained a mixture of cells with and without duplicated Chr1. Therefore, the
presence or absence of MDR1 appears to influence the formation of Chr1 disomy under

TABLE 2 Levels of heteroresistance of C. neoformans strains

Genotype Heteroresistance (ug/ml)
WT (H99) 32

afr1A 1

afr2A 32

mdr1A 24

afr1A afr2A 0.75

afrTA mdr1A 1

afr1A afr2A mdr1A 0.5
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FIG 3 Deletion of efflux pump genes influences the formation of disomic chromosomes. Quantitative
PCR from single colonies was performed using FLC-resistant clones derived from the indicated strains.
Probes specific for different chromosomes were chosen to assess the changes in genomic copy number.
The PCR results with the Chr1- and Chr5-specific probes were compared to those with the Chr3-specific
probe, which served as unduplicated internal control in the indicated strains. (A) Copy number of the

gene on Chr1. (B) Copy number of the gene on Chr5. Values represent the means * standard deviations
for four independently isolated FLC-resistant clones of each mutant.

FLC stress. Although the levels of FLC resistance were further reduced in the Cnafr1A
Cnafr2A mutant compared to CnafrTA mutant, which suggested that AFR2 plays an
additive role in FLC heteroresistance (Table 2), deletion of AFR2 did not alter the copy
number of Chr1 or Chr5 in any genetic background (Fig. 3). These findings indicate that
there is no relationship between the status of AFR2 and the formation of disomic
chromosomes.

Expression and regulation of efflux genes. To gain insight into how the expres-
sion of each efflux pump gene is regulated, we first investigated the influence of FLC
treatment on the expression of each efflux pump gene in the wild type and mutants by
quantitative reverse transcription-PCR (qRT-PCR). FLC treatment caused greater than a
2-fold increase in the transcription levels of both CnAFRT and CnAFR2, but not CnMDR1,
in H99 (Fig. 4A, B, and C). In contrast, all three efflux pump genes in R265 showed
significantly increased transcription levels in response to FLC treatment (Fig. 4D, E, and
F). Deletion of each efflux pump gene did not affect the expression of the other pump
genes in H99 and R265 in the absence of FLC. Upon FLC treatment, however, the
expression levels of CnAFR2 increased 5-fold in the Cnafr1A Cnmdr1A mutant compared
to the wild type, but no such increase was observed in the single deletion mutant of
CnAFR1 or CnMDR1. This suggests that H99 cells respond to the effect of CnAFRT and
CnMDR1 double deletion by elevating the expression of CnAFR2 in the presence of FLC
(Fig. 4B). In contrast, the expression patterns of CnAFR1 or CnMDR1 were similar to
those of the wild type under FLC treatment when other efflux pump genes were
deleted (Fig. 4A and C). In R265, treatment with FLC significantly increased the
expression of CgAFR1 in the Cgafr2A mutant but not in the Cgafr2A Cgmdr1A mutant
compared to the wild type (Fig. 4D). The expression patterns of CgAFR1, CgAFR2, or
CgMDR1 in other deletion mutants were similar to those in the wild type in the
presence of FLC (Fig. 4D, E, and F). These results suggested that the deletion of AFR1
and AFR2 imposed small but different effects in H99 versus R265 on the expression of
other efflux pump genes in the presence of FLC.

Our transcriptional analysis revealed that expression levels of CnAFRT and CnAFR2
were upregulated in response to FLC treatment in H99. To identify the transcription
factors (TFs) regulating the expression of the efflux pump genes, we screened the H99
TF deletion library generated by Jung et al. (39) and identified mutants exhibiting
altered FLC sensitivity or increased FLC heteroresistance. Several mutants showing a
clear phenotype in each category were identified. We examined the expression pat-
terns of CnAFR1, CnAFR2, and CnMDR]1 in these deletion mutants by qRT-PCR. Among
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FIG 4 Gene expression levels of AFR1, AFR2, and MDR1. Cells of the indicated strains from the exponential growth phase were either untreated (NT) or treated
(FLC) with 32 ug/ml FLC for 2 h. RNA was isolated, and the expression levels of each gene were determined by qRT-PCR. The expression levels of each gene
under each condition were normalized to that of the actin gene and compared to the expression levels of the wild type without FLC treatment. (A, B, and Q)
Expression levels of AFR1, AFR2, and MDR1, respectively, in H99. (D, E, and F) Expression levels of AFR1, AFR2, and MDR1, respectively, in R265. Values represent
the means = standard deviations for three biological replicates. **, P < 0.0091; ***, P < 0.0007; ****, P < 0.0001 (uncorrected Fisher’s least significant difference
[LSD]).

the 8 TF mutants that displayed increased sensitivity to FLC, the aforementioned 2-fold
increase in the expression of CnAFRT upon FLC treatment was diminished in crz7A and
yap1A mutants (Fig. 5A). Since CnAFR1 plays a clear role in FLC tolerance, the significant
decreases in expression of CnAFR1T may be partially responsible for the increased
susceptibility to FLC in crz1A and yap1A mutants. Under similar conditions, we did not
observe any TF that influenced the expression patterns of CnAFR2 and CnMDR1 (Fig. 5B
and Q). Interestingly, the expression levels of CnAFR1T were significantly increased in
bzp2A, bzp3A, and yap2A mutants compared to those in the wild type under both
FLC-treated and untreated conditions. Similarly, the expression levels of CnAFR2 and
CnMDR1 were significantly increased in bzp3A and yap1A mutants compared to those
in the wild type under both FLC-treated and untreated conditions. Therefore, the bzp3A
mutant showed increased expression of all three efflux pump genes. However, the
relationship between such increases in gene expression and the FLC sensitivity phe-
notype in the bzp3A mutant is not clear. Since FLC targets lanosterol 14a-demethylase,
Erg11, assessment of the ERG11 expression patterns among the TF mutants might shed
light on the mechanism of FLC resistance. We measured the expression levels of
CnERGT11 in H99 and the FLC-sensitive TF mutants. FLC treatment upregulated CnERG11
expression 3-fold in the wild type (Fig. 5D). CnERG11 expression was significantly
reduced in the sreTA mutant compared to wild type under the FLC treatment. There-
fore, the hypersensitive phenotype of the sreTA mutant to FLC may be partially due to
the significant reduction of CnERG11 expression. We also noted that expression levels
of CnERG11 increased significantly in the bzp3A, yap2A, and zfc2A mutants compared
to the wild type in the presence of FLC.
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FIG 5 Expression of efflux pump genes and ERG11 is independently regulated by different transcription factors. Exponential-growth-phase cells of transcription
factor mutant strains were either untreated (NT) or treated (FLC) with 32 pg/ml FLC for 2 h. RNA was isolated, and the expression levels of each gene were
determined by qRT-PCR. The expression levels of each gene were normalized to that of the actin gene and compared to the expression levels of the wild type
without FLC treatment. (A) Expression levels of CnAFRT; (B) expression levels of CnAFR2; (C) expression levels of CnMDRT; (D) expression levels of CnERG11. Values
represent the means * standard deviations for three biological replicates. *, P < 0.0476; **, P < 0.0098; ***, P < 0.0006; ****, P < 0.0001 (uncorrected Fisher’s
LSD). The details for the expression levels for each gene in the FLC-resistant mutants and mutants with increased frequencies of FLC heteroresistance are shown
in Fig. S1 in the supplemental material.

Among the 3 FLC-resistant TF mutants, the expression patterns of all the efflux
pump genes were similar to that in the wild type under both FLC-treated and untreated
conditions except that upregulation of CnAFR2 expression was not observed in FLC-
treated hobTA cells (Fig. 5B [middle panel]; see Fig. S1A to C in the supplemental
material). Under the same conditions, the expression levels of CnERGT11 in the hap2A
and gat1A mutants were significantly increased compared to that in the wild type (Fig.
5D [middle panel] and Fig. S1D). Furthermore, among the 4 TF mutants and showing
increased frequency of heteroresistance to FLC, only the nrg7A mutant had significantly
increased expression of CnAFR1, CnAFR2, and CnERG11 compared to that in the wild
type under both FLC-treated and untreated conditions (Fig. 5 and S1). The expression
of the four studied genes in other heteroresistant mutants was similar to that in the
wild type under both FLC-treated and untreated conditions. Taken together, these
results suggest that expression of AFR1, AFR2, MDR1, and ERG11 is independently
regulated by different transcription factors.

DISCUSSION

The main objective of the present study was to determine the functions of three
ABC transporters by gene deletion, singly or in combinations, in the two most studied
strains of cryptococcosis, H99 and R265, as well as to compare the responses of the
deletion mutants to various azoles since the two species have shown different levels of
azole susceptibility (22, 24, 40). Furthermore, the substrate specificities of the three
cryptococcal pumps associated with azole resistance were analyzed, since this has not
been well studied in either species.

We examined the sensitivity levels of our strains to several triazoles and various
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nonazole xenobiotics and found that R265 is generally more resistant than H99 to most
compounds besides the azoles tested. From the studies of deletion strains, we were
able to decipher the roles of the three ABC transporter pumps toward these chemicals.
Deletion of AFRT in both H99 and R265 resulted in hypersensitivity to most tested drugs
and xenobiotics, except for R6G, 5-fluorocytosin,e, and amphotericin B. Interestingly,
the single deletion of MDRT in H99 resulted in two different effects on azole resistance:
higher susceptibility to itraconazole and posaconazole but no change in MICs to FLC
and voriconazole. Structurally, itraconazole and posaconazole are similar and are
distinct from FLC and voriconazole, which resemble each other. The structural differ-
ences in these two groups of azoles may affect the binding affinity to the Mdr1 pump.
MDR1 deletion in H99 also resulted in higher susceptibility to R6G. Single deletion of
MDR1 in R265 had no effect on susceptibility to triazoles but resulted in a higher
susceptibility to nocodazole and R6G and caused higher resistance to cycloheximide.
Single deletion of AFR2 caused higher resistance to R6G only in the R265 background.
These results indicate that Afr1 is a crucial pump in both species that is required for
azole efflux and is important for handling other xenobiotics, including cycloheximide,
nocodazole, and trichostatin A. Moreover, Mdr1 and Afr2 play minor but different roles
in drug tolerance in the two species. However, Afr1, Afr2, and Mdr1 appeared to play
no clear role in susceptibility toward amphotericin B and 5-fluorocytosine.
Alterations in efflux pump function and drug accumulation levels are directly linked
to mechanisms of drug resistance (41). We showed increased intracellular accumulation
of R6G in all the mutants containing a CnMDR1 deletion, which also had markedly
reduced tolerance toward R6G in H99. But the relationship between R6G accumulation
and the tolerance toward the dye was not as clear in R265. We also showed that
deletion of AFRT did not significantly altered the R6G accumulation in both H99 and
R265, suggesting that Afr1 is not important for R6G efflux. Interestingly, the protein
sequence of Afr1 is closest to that of the ABC transporter Sng2 described in S. cerevisiae
and Candida glabrata, which reportedly pump out R6G (31, 42), but the Afr1 sequence
homology with the two Snq2 proteins is only about 35% (30). Therefore, the differences
in substrate specificity between Afr1 and Snqg2 are not unusual. However, our results on
R6G accumulation contradict a previous report where a C. neoformans afr1A strain had
higher accumulation of R6G (30). The discrepancy between the two studies is likely due
to the difference in the genetic backgrounds of the deletion mutants. We deleted AFR1
in the FLC-susceptible wild-type strain, and the resulting deletion mutant accumulated
amounts of R6G similar to those in wild type. In contrast, the AFRT gene was deleted
in the azole-resistant mutant strain in the previous work, and the levels of R6G
accumulation in the afr1 deletion mutant were higher than those in the resistant
parental strain but similar to those in the original FLC-susceptible strain (30). It is
possible that wild-type strains may have other pumps which can compensate for the
efflux function for R6G in an afr1A mutant. This explanation is supported by the finding
that the wild type and the afrTA mutant had the same MICs for R6G in our studies.
The patterns of the Nile Red accumulation were clearly different from the patterns
of R6G accumulation in the two species. Interestingly, the relative accumulation levels
of Nile Red in each deletion mutant strain were in parallel with the relative levels of FLC
MICs in both the H99 and R265 backgrounds, suggesting that Nile Red may be used as
a reliable indicator for FLC susceptibility. Despite repeated attempts, we were unable to
determine the MICs of Nile Red due to its poor solubility in water and precipitation in
RPMI culture medium. Thus, we failed to establish the correlation between Nile Red
accumulation and each strain’s MICs for this dye. Although it is most likely that these
pumps are involved in fluconazole efflux, we cannot rule out the possibility that these
pumps may efflux some noxious material that accumulates in the presence of flucona-
zole, since we did not measure uptake or efflux of FLC in these strains. It is also possible
that these pumps are involved in other functions yet to be identified. These two
possibilities may account for the lack of correlation with the R6G dye measurements.
The most commonly observed mechanisms of FLC resistance in C. neoformans are
overexpression of drug efflux pump genes and mutations in ERG11 (17, 43-45).
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In C. neoformans, upregulation of AFRT contributes to FLC resistance (26). However,
correlation between the expression of each efflux pump gene and FLC susceptibility
has not yet been identified. We showed that the expression levels of two of three
pumps, encoded by AFRT and AFR2, increased upon FLC treatment in C. neoformans,
while expression of all three efflux genes was higher in the presence of FLC in C. gattii.
Since the triple deletion mutants of efflux pump genes in both species exhibited the
lowest FLC MICs of all the deletion mutants, it is likely that the upregulation of AFR2 and
MDRT1 expression upon FLC treatment contributed to the FLC tolerance in both species.
Through screening of a library of transcription factor mutants, we identified transcrip-
tion factors regulating the expression of efflux pumps genes. CnAFRT expression in
response to FLC was significantly downregulated in deletion mutants of CRZ7 and YAPT.
CRZ1 and YAPT have been previously characterized as transcription factors functioning
in response to environmental stress, including thermal, hypoxic and FLC, and oxidative
stress (46-48). In addition, we found that the FLC-sensitive phenotype of crz1A and
yap1A mutants was reverted to near-wild-type levels when CnAFRT was overexpressed
in crz1A and yapTA mutants (see Fig. S2 in the supplemental material). These results
indicated that CnAFR1 was positively regulated by CRZ7 and YAPIT.

Taken together, our findings suggest that AFRT is the major pump for azole efflux
and that the other two efflux pumps play additive roles in the management of FLC
stress in both species of Cryptococcus. In addition, the expression of the three genes is
regulated independently by stress response transcription factors. However, the detailed
role of each pump in the FLC resistance mechanism remains unclear. Furthermore, the
physiological significance of the efflux pump genes also remains to be determined.

MATERIALS AND METHODS

Strains, media, growth conditions, and chemicals. All strains used in this study are listed in Table
S1 in the supplemental material. C. neoformans and C. gattii strains were refreshed from —80°C by
subculturing on solid yeast extract-peptone-dextrose (YEPD) (2% peptone, 2% dextrose, 1% yeast extract,
and 2% agar) and maintained on YEPD or yeast nitrogen base (YNB) (6.7 g/liter) agar plates at 30°C before
each experiment.

Fluconazole (FLC), voriconazole (VRC), itraconazole (ITC), amphotericin B (AMB), cycloheximide,
nocodazole, rhodamine 6G (R6G), and trichostatin A (TSA) were prepared in dimethyl sulfoxide (DMSO)
at 50 mg/ml, 25 mg/ml, 4 mg/ml, 40 mg/ml, 10 mg/ml, 5 mg/ml, 4.8 mg/ml, and 2 mg/ml, respectively.
5-Fluorocytosine (5-FC) was dissolved in sterile distilled water at 5 mg/ml. Stock solutions were kept at
—20°C. RPMI 1640 was used as a medium to dilute drugs and inocula of strains in MIC tests.

Construction of deletion mutants and library screening. Three ABC transporter-encoding genes,
AFRT (CNAG_00730 and CNBG_1200), AFR2 (CNAG_00869 and CNBG_6088), and MDR1 (CNAG_00796 and
CNBG_1138) were disrupted in the H99 (VNI) or R265 (VGlla) background by homologous recombination
using a gene-specific deletion cassette amplified by overlapping PCR. The G418 (NEO), nourseothricin
(NAT) and hygromycin (HYG) cassette was used as a selectable marker in biolistic transformation with a
Bio-Rad model PDS-1000/He biolistic particle delivery system. All overlapping PCR primers used in
deletion strain construction are listed in Table S2 in the supplemental material. Deletions in all mutants
were confirmed by PCR and Southern blot analysis.

We screened the deletion library of H99 transcription factors generated by Jung et al. (39) by replica
stamping of the individual clones on medium containing 28, 32, or 36 ug/ml FLC. The plates were
incubated at 30°C and photographed after 2, 3, and 6 days of incubation. The clones that showed a
decrease or increase in growth rate or an increase in the frequency of heteroresistance at each tested FLC
concentration were identified.

Drug susceptibility assays. The CLSI M27-A3 reference method was used to determine the MIC of
each chemical (49). Briefly, chemicals were dispensed in 96-well microtiter plates with 2-fold serial
dilutions of drug. The final drug concentration was prepared from stock solution in RPMI 1640 medium.
The concentration ranges tested in this study were as follows: FLC, 64 ug/ml to 0.0000305 ug/ml; ITC,
VRC, and 5-FC, 16 pg/ml to 0.0000075 ng/ml; AMB, 16 ug/ml to 0.0313 wg/ml; CHX, 2 wg/ml to 0.0125
rg/ml; nocodazole, 0.8 wg/ml to 0.0031 wg/ml; R6G, T mg/ml to 0.0019 mg/ml; and TSA, 32 ug/ml to
0.0625 pg/ml. We used 5 X 102 cells from overnight cultures in each test. Plates were sealed with an
air-permeable membrane and incubated at 37°C for 72 h. MICs of AMB, CHX, nocodazole, R6G, and TSA
were recorded as the lowest concentration required for 100% inhibition of growth (MIC-0). MICs of 5-FC
and the azoles were defined as the lowest concentration required for 50% reduction in turbidity
compared to the growth control well (MIC-2).

The MICs of FLC and posaconazole (PSC) were also determined on YNB agar plates with Epsilometer
test strips (Etest strips; AB Biodisk). About 2 X 10¢ cells were plated on YNB before application of azole
Etest strips. Plates were incubated at 30°C for 72 h before being photographed.

RNA extraction and qPCR. For RNA extraction, cells were grown overnight in YEPD medium on a
shaker at 30°C. Overnight cultures were diluted in 10 ml fresh YEPD medium to an optical density at

April 2018 Volume 62 Issue 4 e01751-17

Antimicrobial Agents and Chemotherapy

aacasm.org 11


http://eupathdb.org/gene/CNAG_00730
http://eupathdb.org/gene/CNBG_1200
http://eupathdb.org/gene/CNAG_00869
http://eupathdb.org/gene/CNBG_6088
http://eupathdb.org/gene/CNAG_00796
http://eupathdb.org/gene/CNBG_1138
http://aac.asm.org

Chang et al.

600 nm (ODy,,) of 0.2 and grown at 30°C to an ODy,, of 0.5. The cultures were divided into two parts;
one part was allowed to grow continuously under the same conditions, while the other was supple-
mented with 32 png/ml of FLC and incubated for indicated time periods. Cells were washed with sterile
H,0, and cell pellets were frozen, lyophilized, and then lysed by beating with glass beads. Total RNA was
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA), and the RNA pellet was resuspended in DNase-
and RNase-free H,0 and quantified with a NanoDrop 2000 UV-visible spectrophotometer. RNA was
separated by 1% formaldehyde agarose gel electrophoresis to confirm the quantity and purity. Equal
amounts (6 ug) of total RNA were treated with Turbo RNase-free DNase (Ambion) to remove the
genomic DNA. cDNAs were synthesized using a high-capacity cDNA reverse transcription kit
(Applied Biosystems). Quantitative RT-PCR was performed using Fast SYBR green qPCR master mix
and an Applied Biosystems 7500 real-time PCR system. Each reaction was run in triplicate with three
independent cultures, and a cDNA sample was analyzed in triplicate for each primer set. The PCR
efficiency and threshold cycle (C;) determination were performed using an algorithm as described
previously (50). Data were normalized to actin gene (ACTINT) levels and expressed as the amount
relative to RNA levels of H99 or R265.

To quantify the gene copy number on specific chromosomes, FLC-resistant colonies were isolated
and qPCRs were performed as previously described (16). Briefly, cells from individual colonies were
suspended in 50 wl of 10 mM EDTA buffer, boiled for 6 min, and then centrifuged. The supernatant was
diluted 10-fold in Tris-EDTA (TE) buffer, and 5 ul of diluted DNA sample was added to 20 ul of the qPCR
mixture (TagMan universal PCR master mix; Applied Biosystems). The relative copy number of each gene
was determined by comparing with the control gene CNAG_02959 on Chr3A. All primer and probe
sequences are listed in Tables S2 and S3 in the supplemental material.

Flow cytometry analysis of the efflux of R6G and Nile Red. Each strain was grown overnight in
YEPD medium at 30°C with shaking. Cultures were diluted to an ODg,, of 0.5 in YEPD. Cells were
incubated in the presence of R6G (10 wM; 10 mM stock in DMSO) or Nile Red (7 uM; 3.5 mM stock in
DMSO) for 30 min at 30°C with shaking. The reaction was stopped by cooling on ice, and then the
mixture was diluted 40-fold in cold 1X phosphate-buffered saline (PBS). The accumulation of R6G and
Nile Red was immediately assessed by flow cytometry. For each sample, 10,000 events were collected,
and data were analyzed using FlowJo software.

Statistical analysis. All experiments were performed in triplicate, and statistics and graphs were
obtained using Graph Pad Prism 7.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.01751-17.
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