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Abstract
Fungal opportunistic pathogens colonize various environments, from plants and wood to

human and animal tissue. Regarding human pathogens, one great challenge during con-

trasting niche occupation is the adaptation to different conditions, such as temperature,

osmolarity, salinity, pressure, oxidative stress and nutritional availability, which may

constitute sources of stress that need to be tolerated and overcome. As an opportunistic

pathogen, C. neoformans faces exactly these situations during the transition from the envi-

ronment to the human host, encountering nutritional constraints. Our previous and current

research on amino acid biosynthetic pathways indicates that amino acid permeases are

regulated by the presence of the amino acids, nitrogen and temperature. Saccharomyces

cerevisiae and Candida albicans have twenty-four and twenty-seven genes encoding

amino acid permeases, respectively; conversely, they are scarce in number in Basidiomy-

cetes (C. neoformans, Coprinopsis cinerea and Ustilago maydis), where nine to ten perme-

ase genes can be found depending on the species. In this study, we have demonstrated

that two amino acid permeases are essential for virulence in C. neoformans. Our data

showed that C. neoformans uses two global and redundant amino acid permeases, Aap4

and Aap5 to respond correctly to thermal and oxidative stress. Double deletion of these per-

meases causes growth arrest in C. neoformans at 37˚C and in the presence of hydrogen

peroxide. The inability to uptake amino acid at a higher temperature and under oxidative

stress also led to virulence attenuation in vivo. Our data showed that thermosensitivity

caused by the lack of permeases Aap4 and Aap5 can be remedied by alkaline conditions

(higher pH) and salinity. Permeases Aap4 and Aap5 are also required during fluconazole

stress and they are the target of the plant secondary metabolite eugenol, a potent antifun-

gal inhibitor that targets amino acid permeases. In summary, our work unravels (i) interest-

ing physiological property of C. neoformans regarding its amino acid uptake system; (ii) an

important aspect of virulence, which is the need for amino acid permeases during thermal

and oxidative stress resistance and, hence, host invasion and colonization; and (iii)
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provides a convenient prototype for antifungal development, which are the amino acid per-

meases Aap4/Aap5 and their inhibitor.

Introduction

Microorganisms are highly exposed to environmental changes. The quick response to unstable
conditions may be decisive to their survival [1]. Fungal pathogens typically face this challenge
since they are encountered as free living organisms inhabiting the natural environment, but
they can also invade animal hosts, which pose a completely different condition. Temperature,
osmolarity, oxidative stress, pressure and nutritional status are among the environmental
parameters that require rapid and efficient adaptation [2–8].
Opportunistic yeasts are a good example of pathogens that often need to cope with this situ-

ation during their life cycle. That is the case of the basidiomycete C. neoformans, which is fre-
quently found on decomposedwood, pigeon guano and soil [9–11]. However, it can also infect
and cause disease in animals, such as cats, goats, koalas [9,11]. In humans, C. neoformans
causes fungal meningoencephalitis, a disease that is very common among immunocompro-
mised patients due to AIDS, organ transplantation and those undergoing chemotherapy [12–
14]. The course of the disease starts when spores or desiccated yeast cells are inhaled and can
establish pulmonary infection, which can be cleared in an immunocompetent host or progress
to fungal meningitis, leading to a serious condition in immunocompromised patients, [10,15].
Therefore, cryptococcosis is one of the most important causes of mortality/morbidity in HIV/
AIDS patients, with an estimated 624.700 deaths/year, mainly in sub-Saharan Africa [16].
In order to invade, survive and colonize the host, C. neoformans has key virulence factors

(capsule, melanine, phospholipase, urease and thermo-tolerance) that have been extensively
described in the literature and enable it to fight the host defense mechanisms [9–11,15,17,18].
Furthermore,C. neoformans is able to respond rapidly and efficiently to adverse conditions,
such as high temperature, oxidative, osmotic, alkaline and nutritional stress. This ability guar-
antees survival and colonization and, therefore, is an important component of the pathogenesis
[2,3,6,19–26]
Among several nutrients that are important for survival in different environments, amino

acids are largely known as a relevant and their biosynthesis has been considered as excellent
targets for novel antifungal drugs [27–34]. Among several biosynthetic routes studied in the
past 15 years, Kingsbury and McCusker (2008) showed that the threonine biosynthetic path-
way is essential. Recently, our group demonstrated that tryptophan biosynthesis is also essen-
tial in C. neoformans and several compounds inhibit growth by directly interfering with key
enzymes of this pathway, thus revealing the potential application of this research [27]. In addi-
tion, the lethality, caused by perturbations on these pathways, is quite unusual in fungi, since
amino acid uptake by permeases can often remediate auxotrophs. Lethality may be due to the
small number of amino acid permeases encoded by the C. neoformans genome and also, it
might be attributed to the low enzyme-substrate affinity, which seems to be dependent upon
temperature, as previously pointed out by our research and others [27,28].
The genome organization of the amino acid permeases in C. neoformans is a rather peculiar

one: bioinformatics tools revealed a total of ten cytoplasm permease genes, of which, eight
seem to encode global permeases (AAP1 to AAP8) and two are similar to S. cerevisiaeMup1
and Mup3 sulfur amino acid permeases [27]. All of them belong to the APC (Amino acid–
Polyamine-Choline transporter). This superfamily is wide spread among bacteria, archaea,
yeasts, fungi, unicellular eukaryotic protists, slime molds, plants and animals [35], the
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transporters are solute:cation symporters and solute:solute antiporters and several of them
have twelve transmembrane α-helical spanners [36]. Interestingly, this genomic organization
of the permeases seems to be shared by other Basidiomycetes, since the same configurationwas
observed inU.maydis and C. cinerea. Other yeasts, such as C. albicans and S. cerevisiae, and fil-
amentous ascomycetes, as Aspergillus nidulans, encode a broader range of permeases [27].
In S. cerevisiae, the twenty-four amino acid permeases of the APC-superfamily are divided

into four clusters according to the biochemical features of the amino acids they transport and
whether they have a broad or narrow affinity for the substrates [37]. In a general sense, there
are three broad permeases (Agp1, Gap1 and Agp3) that vary in transport capacity (low to
high) and the remaining permeases have a low or high affinity to specific amino acids or groups
of related amino acids, according to their side chain [37–40]. Permease expression is under the
control of at least three major regulatorymechanisms: Nitrogen Catabolite Repression (NCR),
Global Amino Acid Control (GAAC), and the SPS-sensing system. These three mechanisms
respond to nitrogen quality, amino acid starvation and the presence of amino acids in the
extracellular compartment, respectively [38,41,42].
Recently, six homologues of S. cerevisiaeGap1 have been identified in C. albicans and

shown to act not only as transporters, but also as sensors via PKA [43]. There is mounting evi-
dence that amino acid permeases are important for virulence in C. albicans [44–46]. Along
these lines, Trypanosoma brucei low-selective/low-affinityneutral amino acid transporter
(AAT6) has been explored as a putative pharmacological target [47]. Similarly, a monospecific
proline transporter (AAAP069) of Trypanosoma cruzei, the etiological agent of Chagas disease,
has been correlated to drug resistance, hydrogen peroxide and nitric oxide stress [48]. In S. cer-
evisiae, Gap1 and Tat2 are the targets of eugenol, a plant secondarymetabolite that inhibits a
broad range of microbes [49].
In spite of the previous description of the C. neoformans amino acid permease published by

our group, there is as yet no information on how this uptake system operates in opportunistic
yeasts and on basidiomycetes in general. Furthermore, we do not know whether amino acid
permeaseswould play a role in virulence or whether they would be required for in vitro and in
vivo survival in C. neoformans.
In the current study, we investigated five amino acid permeases of C. neoformans in order to

identify their substrate specificity and their role in growth and virulence.These five genes (AAP2,
AAP4,AAP5,MUP1 andMUP3) were chosen based on the (i) expression pattern induced by the
nitrogen source (NCR), starvation and extracellular amino acids (AAP2,AAP4 and AAP5), (ii)
redundancy (AAP4 and AAP5) and (iii) specificity inferred by bioinformatics studies (MUP1
andMUP3). In this work, permease regulatorymechanisms were further studied and the role of
temperature on their expression was established by qPCR and mutant analysis. Single and double
gene deletion allowed us to identify twomajor players among the permeases and, from those,
infer their specificity, mode of action and role in survival both in vitro and in vivo. Our study
underlined an overlap between amino acid uptake, high-temperature growth, oxidative stress
response and virulence. Finally, we demonstrated that amino acid permeases play a role in flu-
conazole resistance and are the target of plant secondarymetabolite with antifungal properties.
Our results indicate that amino acid permeases are important player in fungal pathogenesis and
suggest it as a valuable drug target for the discovery and development of inhibitors.

Materials and Methods

Strains and media

The strains used are list in S1 Table. All stains in this study were derived of the serotype A H99
wild type (WT) C. neoformans var. grubii. The strains were grown routinely on rich medium
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YPD (1% yeast extract, 2% bacto-peptone, 2% glucose); synthetic dextrose (SD) was prepared
with yeast nitrogen base, YNB (0.67g/L yeast nitrogen base w/o amino acid and ammonium
sulfate, 2% glucose, 10mM nitrogen source) unless specifiedotherwise, at 30°C or 37°C with
150 rpm in a rotary shaker. YPG was prepared with 2% of galactose instead of dextrose. Spot
dilutions were made by growing overnight cultures in YEPD, cells were washed twice in sterile
saline, adjusted to 2 x 106 CFU/mL and serial diluted until to 2 x 102 CFU/mL. Five microliters
of each dilution were spotted on test plates.

Genetic manipulations

Permeases deletionmutants were create by substitution of the coding region (start to stop) by a
selectablemarker (resistance to hygromycin or G418). Constructswere generated by double-
joint PCRmethod as described elsewhere [50]. All primers used to generate the construct for
gene deletion are listed in S2 Table. Deletion constructs were introduced into wild type H99
strain by biolistic transformation [51]. Transformants were selected on YPD plates supple-
mented with 200 μg/mL of either G418 or Hygromicin. In order to generate double mutants
the aap4Δ::HphR construct was introduced into aap5Δ::NeoR strain (CNU050) andmup1Δ::
HphR construct intomup3Δ::NeoR strain (CNU079). Colonies resistant to Hygromicyn or
G418 were selected and tested by diagnostic PCR and Southern blot was used to confirm the
homologous integration of the deletion constructs (S1 Fig). At least two independent transfor-
mants were initially tested for each single and double deletion (S2 Table). All other genetic
engineering techniques were done according to standard protocols published by Sambrook
et al., (1989).

Growth rate on amino acids

The ability to grow on amino acid as sole nitrogen source was evaluated on 96 well plates in
100 μL total volume of SD added with YNB, 2% dextrose and 10 mM of a single amino acid as
sole nitrogen source, nineteen amino acids were tested. Cells were grown overnight in YEPD at
30°C, washed 3 times in sterile PBS. Intracellular nitrogen pools were exhausted by incubation
of the washed cells in PBS (Phosphate Buffered Saline) at 30°C with 150 rpm rotation for 2
hours. After this period, a total of 200 cells were inoculated in each well containing a single
amino acid as sole nitrogen source. All experiments were done in technical triplicates; plates
were incubated at either 30 or 37°C for 48 hours. The OD600 was measured in a plate reader
(Logen). A minimum of three biological replicates were done for all experiments. Assay con-
trols: inoculumswere cultivated on mediumwith either ammonium sulfate (positive control)
or w/o it (negative control) in the same condition described above.

In vitro virulence and stress resistance assays

In order to evaluate capsule production, the cells were cultivated in YPDmedium at 30°C with
orbital shaking (150 rpm) overnight, they were collected by centrifugation, washed three times
with PBS 1X and normalized to an OD600 of 0.3 in CO2 independent medium (Gibco BRL) 1X
and incubated at 30°C and 37°C for up to 72 hours [52]. Cells were stained with BactiDrop
India Ink (Remel) for capsule observation under the light microscope. Capsules were docu-
mented at 24, 48 and 72 hours using MIPro Standard v1.1 Software. Quantitative analysis of
capsule diameter was performed as describedbefore [53]. Urease, phospholipase and melanine
production were evaluated according the published protocol [8,24,54].
Osmotic stress was evaluated on YPD plates supplemented with KCl or NaCl (0.75 and 1

M) and alkaline stress by raising the pH to 6 and 7. Also, cell wall and plasma membrane
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integrity was evaluated in rich and synthetic medium supplemented with Congo red (0.5%)
and SDS (0.03%), respectively.
Oxidative stress was evaluated on YEPD and SD (plus ammonium sulfate and ammonium

sulfate plus amino acids) plates supplemented with hydrogen peroxide (1, 2.5 and 5 mM). All
experiments were done at 30°C in triplicates.

Antifungal sensibility test

Sensibility assays were done with E-test gradient strips of fluconazole and amphotericin B (Bio-
merieux). In brief: RPMI agar plates were inoculatedwith a cell suspension (OD600 = 0,25)
using a sterile cotton swab, gradient strips were placed on the surface of the plate with sterile
tweezers and plates were incubated at 30 and 37°C for 48 hours. Interpretation of the results
was done according to the supplier’s manual. Minimum inhibitory concentration was deter-
mined according to the Clinical and Laboratory Standards Institute (CLSI M27-A2) with small
adaptations describe before [27]. Extracted eugenol was diluted in 10% DMSO.

Essential oil extraction and purification of eugenol

No specific permissions were required for plants collected to essential oil isolation (private
property). The authors thank Ms. Célia Alem for plant material donation. Fresh leaves (300 g)
of Pimenta dioica, a species collected at City of Rio Claro-SP, were extracted over 5 h by steam
distillation in a Clevenger type apparatus to afford 1.54 g of crude essential oil. The oil was ana-
lyzed by GC-FID on a Shimadzu GC-2010 gas chromatograph equipped with an FID-detector
and an automatic injector (Shimadzu AOC-20i) using a RtX-5 (5% phenyl, 95% polydimethyl-
siloxane (Restek, Bellefonte, PA, USA, 30 m × 0.32 mm × 0.25 μm film thickness) capillary col-
umn. These analyses were performed by injecting 1.0 μL of a 1.0 mg/mL solution of volatile oil
in CH2Cl2 in a split mode (1:10) employing helium as the carrier gas (1 mL/min) under the fol-
lowing conditions: injector and detector temperatures of 220°C and 250°C, respectively; oven
programmed temperature from 40–240°C at 3°C/min, holding 5 min at 240°C. GC-FIDwas
performed in quantitative analysis. The major peak corresponded to 74% in the analysis by
CG. Thus part of crude oil (1.5 g) was subjected to flash chromatography on SiO2 gel column
(63 cm × 5 cm i.d.) chromatography eluted with CH2Cl2-methanol in proportions of (100:0,
99:1, 97:3, 95:5, 93:7, 80:20) (120 mL for each eluent) to afford 72 fractions which were individ-
ually analyzed using GC-FID and then pooled into thirteen groups (A to M). Fraction D was
composed of pure eugenol (833.3 mg). The identification of eugenol was performed by com-
paring the data obtained from the spectral 1H and 13C NMRwith the literature data [55].

In vivo virulence assay

The assays withGalleria mellonella were conducted according to previous published protocol
[56]. Isolated colonies were inoculated into 5 mL of rich medium and incubated with orbital
agitation 150 rpm for 16-18h. Subsequently, suspensions were collected by centrifugation,
washed twice in sterile PBS and adjusted to 1x106cell/mL in PBS supplemented with ampicilin
(20mg/kg body weight). Groups of 16 caterpillars with 200mg of average weight were inocu-
lated with 10μL of the suspension with the aid of a Hamilton syringe in the region of the last
pro-paw. Thereafter, caterpillars were separated on glass Petri dishes (15mm diameter) and
incubated at 30°C and 37°C during 8 days. Caterpillars were monitored daily by observing
spontaneous or provoked movements with the aid of a previously sterilized clip. The experi-
ment was completed when the larvae die or formed cocoons.
Animal experimental protocols were reviewed and approved by the Committee de Ethics

and Animal Use (CEUA) Instituto Adolfo Lutz/Pasteur. Outbred eight-week-oldmale BALB/c
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mice were purchased and maintained in IAL facilities (Instituto Aldolfo Lutz), provided with
food and water ad libitum. Animal assay procedure was done by growing overnight cultures of
yeast cells in Sabouraud dextrose broth medium (BectonDickinson) at 30°C with moderate
shaking (150 rpm) up to 24 h. Subsequently the obtained cultured cells were centrifuged,
washed twice with PBS, cell were counted using a haemocytometer and adjusted to a desired
concentration (2x105 CFU/mL) in PBS. For concentration accuracyC. neoformans cell were
platted on SDA and incubated at 30°C for 72 hours followed by counting the colony-forming
units (CFU). For intranasal instillation, groups of 10 mice were anesthetizedwith 10 mg/kg
ketamine (Syntec, Br) and 125 mg/kg xylazine (Syntec, Br) intraperitoneal, hung vertically
from a surgical board, then 50μL of a cells suspension (2x106 CFU/mL in PBS) was introduced
into their nostrils by pipetting. Mice were monitored daily for 40 days. Animals that demon-
strated weight loss (15% of initial weight) or clinical debilitation were cared and humanely
euthanized with CO2 and every effort was made to minimize suffering. After 40 days post inoc-
ulation, mice that survivedwere euthanized with CO2 for fungal burden analysis. Lungs, brain,
liver and spleen were excised and placed into separate tubes containing 4 mL sterile PBS on ice.
Subsequently, the organs were homogenized using a sterilized tube and pestle attached to a
mechanical tissue homogenizer (Potter N-136, Nova Técnica Br) and plated at various decreas-
ing concentrations on SDA (SaboureadDextrose Agar). Plates were incubated at 30°C for 72 h
prior to enumeration of C. neoformans CFU.

Histopathological analysis

Following euthanasia, right upper lobe of the lungs, spleen, liver and brain were preserved in
10% buffered formalin acetate (Fisher Scientific), embedded in paraffin; sectioned at 3μm and
stained with Hematoxilin-Eosin (H&E) reagent. Images of the slides were acquired using an
Olympus BX51 light microscope. Three Balb/Cmice in each experimental and control group
were analyzed. Vertebrate animal model was done with Balb/C.

qPCR

Transcriptional pattern analysis was done from total RNA. In brief: the target strain was incu-
bated overnight in liquid YPD under 150 rpm orbital shaking. The cells were harvested by cen-
trifugation, washed twice in sterile ultrapure water and ressuspended in the required medium
for 2 hours, which was previously equilibrated to the appropriate temperature (30 or 37°C).
RNA extractionwas conducted according to the previously published protocol [57] with slight
modifications as follow: 3x108 cells grown under the desired condition were centrifuged and
ressuspended in 750 μL Trizol (Invitrogen) and same volume of glass beads (0.5 mm). The
mixture was homogenized six to ten times in vortex for 1 minute intercalated for 2 minutes on
ice. The tubes were kept at room temperature to let the glass beads to precipitate. A second Tri-
zol extractionwas conducted according to the manufacturer’s instructions. At the end, the
RNA was diluted in DEPC-treated water and stored in the freezer in separate aliquots. cDNA
synthesis was done with the RevertAidH minus First Strand cDNA synthesis kit (Thermo Sci-
entific) from 5 μg of total RNA. Real time PCR amplifications were made from diluted tem-
plates (1:10) with 600 nM target primers, 300 nM of internal control primers (GPDH1—
Glyceraldehyde-3-phosphate dehydrogenase), and 1X Power SYBR Green master mix (Life
Technologies). Quantification of the transcript levels was performed using the ΔΔCTmethod
normalizing against GPDH1, as previously described [58]. Analysis of variance was performed
by Tukey 0s multiple comparison test using GraphPad Prism 5.0 software, and p values lower
than 0.05 were considered statistically significant.
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Results

C. neoformans permease genes are regulated by temperature

Our previous study demonstrated that C. neoformans has ten permeases, whereas S. cerevisiae
has twenty-four, considering the APC-superfamily, which predominates in fungi [39,40]. The
genomic arrangement of permeases is similar among the Basidiomycetes analyzed, that is,
eight global permeases (Aap1 to 8) and one to two sulfur amino acid permeases (Mup1 and
Mup3) with a high and low affinity for methionine and cysteine. Our previous data also
showed that permeases genes AAP3 and AAP7 are not expressed in YEPD, SD added with
ammonium sulfate and SD added with amino acids;AAP6 displayed no transcriptional change
according to nitrogen source (ammonium sulfate or amino acids) and AAP8 showed increased
expression in the presence of amino acids only; permeasesAAP2, 4 and 5 had the highest tran-
scriptional induction in the presence of amino acids (24, 49 and 111-fold induction respec-
tively). Also, AAP2 and 5 are under NCR control and AAP4 is not [27]. However, the two
amino acid permeases that resemble S. cerevisiaeMup1 and Mup3 remain uncharacterized.
Therefore, we started to analyze these permease genes; as a first step towards this goal, we
determined the transcriptional profile ofMUP1 andMUP3 (Fig 1A) according to the nutri-
tional status by qPCR. As shown in Fig 1A, both genes are under NCR regulation (red bars in
Fig 1A). However, once the NCR is alleviated (blue bars in Fig 1A), the highest degree of induc-
tion can be achieved by the addition of a pool of amino acids SD-N+AA (histidine, tryptophan
and methionine). In addition,MUP1 is induced by sulfur amino acids (SAA), either in combi-
nation (SD-N +SAA) or separately (SD-N+C or SD-N+M), whereasMUP3 is not. Since we
knewCarbon Catabolite Repression (CCR) also plays a role in AAPs permease regulation [27],
we tested the transcriptional induction under preferred and non-preferred carbon sources (glu-
cose and galactose, respectively). Fig 1B shows that, similarly to the permeases encoded by
AAP genes,MUP1 andMUP3 also undergo transcriptional induction in the presence of a non-
preferred carbon source.
Subsequently, we investigated if temperature would modulate the transcription of the per-

meases. First, pemeasesAAP6 and AAP8 were not regulated by temperature. Fig 2A shows the
transcriptional profile of AAP2,AAP4, AAP5,MUP1 andMUP3 genes at 30°C and 37°C in
synthetic medium supplemented with ammonium sulfate (no amino acid), and Fig 2B shows
the same permeases in rich medium at 30°C and 37°C.AAP4,AAP5 andMUP1 are induced by
temperature shift (30°C to 37°C) in synthetic dextrose as shown in Fig 2A. Conversely, in rich
medium (YEPD), which is known to promote transcriptional repression relative to synthetic
medium, a higher temperature leads to even further transcriptional inhibition, as shown in Fig
2B (60 to 78% inhibition). The fact that temperature imposes transcriptional control over per-
mease genes may connect amino acid transport and pathogenesis, since high temperature
growth is an essential feature of host invasion [59–62].

Permease substrate specificity and high-temperature growth

In order to gain insights into amino acid uptake mechanism, permease specificity and its impli-
cations in high temperature growth and virulence,we chose five permease genes to be deleted
from the C. neoformans genome and conducted a phenotypic characterization of the mutants:
AAP2 (CNAG_07902), AAP4 (CNAG_00597), AAP5 (CNAG_07367),MUP1 (CNAG_07693),
andMUP3 (CNAG_03955). This choice was based on several factors: (i) enhanced expression
in synthetic medium; (ii) increased transcription in the presence of amino acids; (iii) all of the
previously listed genes are subject to NCR, except for AAP4, [27]; and (iv) transcriptional
response to high-temperature growth, as shown in Fig 2. Furthermore,AAP4 and 5 seem to
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encode very similar proteins (89% similarity at the amino acid level), which is suggestive of
protein redundancy and, therefore, they may have a central role in amino acid transport [27].
Moreover, an argument in favor of dissecting the role ofMUP1 andMUP3 is the fact that

they are the only genes in the C. neoformans genome encoding permeases that seem to trans-
port specific amino acids (namely, the sulfur amino acids cysteine and methionine).
Hence, we deleted all five genes individually from the start to stop codon by substituting the

coding sequence with a dominant resistance marker, conferring resistance to G418 (NeoR) or
hygromycin (HphR) (S1 Fig). In addition to that, two double mutants were constructed due to
the possibility of gene redundancy:aap4Δ::HphR/aap5Δ::NeoR andmup1Δ::NeoR/mup3Δ::
HphR.
The initial mutant characterization indicated that the individual deletion of Aap2,Mup1,

Mup3 and also the double deletion (mup1Δ::NeoR/mup3Δ::HphR) did not change the growth

Fig 1. qPCR of the MUP genes in response to nitrogen sources (A) and carbon sources (B), dextrose versus galactose. In

(A) Colors groups represent different nutritional conditions: white = rich medium (YEPD), red = synthetic medium (SD)

supplemented with preferred nitrogen source (with ammonium sulfate + selected amino acids), blue = SD (without ammonium

sulfate) plus selected amino acids and green = nitrogen starvation. The pattern of the bars represents different medium

composition, according to the legend. SD = synthetic dextrose; − or +N = ammonium sulfate omitted or added; − or +C = cysteine

omitted or added; − or +M = methionine omitted or added; − or + SAA = cysteine and methionine omitted or added; − or +

AA = tryptophan, hystidine and methionine omitted or added, respectively. Statistically significant differences at p value < 0.05.

doi:10.1371/journal.pone.0163919.g001

Fig 2. Effect of growth temperature (30˚C and 37˚C) on expression pattern of permease genes. Growth conditions are

synthetic medium (A) and rich medium (B). SD = synthetic dextrose added with ammonium sulfate (without amino acids). Stars

represent statistically significant differences at p value < 0.05.

doi:10.1371/journal.pone.0163919.g002
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rate of these strains compared to the wild type, neither in rich nor in synthetic medium supple-
mented with ammonium sulfate and amino acids or amino acids as sole nitrogen source at 30°C
and 37°C, indicating that their general fitness is not disturbed by the deletion of individual per-
meases (data not shown). Also, no difference was observed for the single mutants aap4Δ and
aap5Δ strains in all growth conditions tested (Fig 3). In rich medium (YEPD) the double mutant
aap4Δ::HphR/aap5Δ::NeoR grew to the same rate as wild type at 30°C, but showed significant
decrease in growth at 37°C. The double mutant also grew poorly in synthetic dextrose supple-
mented with ammonium sulfate and amino acids at 30°C and no growth was observedat 37°C
(Fig 3). The use of amino acids as sole nitrogen source impaired growth of the double mutant at
both temperatures 30 and 37°C (Fig 3). This result suggests that Aap4 and Aap5 permeases are
important during high temperature growth.
Even though the sequence similarity data indicated that AAP2,AAP4,AAP5 encode global

permeases andMUP1 andMUP3 encode high- and low-affinity methionine permeases, we
used the mutants to answer the following question: are these permeases in fact responsible for
general or specific amino acid transport? In order to address this question, we tested to what
extent individual amino acid, as the sole nitrogen source, could support the growth of the wild
type and then compared that to the individual and double mutants. First, we determined the
growth rate of the wild type H99 grown on 10 mM of each amino acid as the sole nitrogen
source at 30°C and 37°C.We concluded that alanine, cysteine, threonine and histidine did not
support growth at either 30°C or 37°C. These amino acids support less than 2% of growth
when compared to the preferred nitrogen source (ammonium sulfate) and, therefore, we con-
sidered that C. neoformans does not use them as nitrogen sources. Valine, leucine, isoleucine
and methionine were considered poor nitrogen sources, since growth was detected, albeit at
low rate (between 4 and 40% relative to ammonium sulfate). All other amino acids tested were
considered good nitrogen sources, conferring at least 50% growth relative to ammonium sul-
fate, even though some showed statistically significant differences when compared to ammo-
nium sulfate (serine, lysine, tryptophan and phenylalanine). Seven amino acids promoted
growth at the same level as did ammonium sulfate (no statistical significance), as shown in Fig
4A. These results are in agreement with the literature, except for alanine and glutamic acid,
which were considered preferred and non-preferred nitrogen sources, respectively in another
study [63]. Moreover, we did not include tyrosine in our test, since this amino acid is only solu-
ble at pH 2.0, which renders growth unviable for C. neoformans. Therefore, fifteen amino acids
could be tested as sole nitrogen sources.
Taking into account the biochemical nature of the amino acids side chains, we could readily

identify that amides (glutamine and asparagine) and acidic amino acids (aspartate and glu-
tamic acid) are the best nitrogen sources among the nineteen amino acids, since they all pro-
mote very similar growth rates as does the preferred nitrogen source, ammonium sulfate
(green bars in Fig 4A). Other amino acids (glycine, arginine and proline) also promote growth
rates similar to those achieved with the preferred nitrogen source, but statistically significant
differences were identified.
The same experiment at 37°C showed that, in general, the growth rate on amino acids was

lower when compared to 30°C. Fig 4B shows that only on aspartic acid the growth rate was not
statistically different than that observedon ammonium sulfate. All other amino acids, as sole
nitrogen sources, differ significantly from ammonium sulfate. One possible explanation for
this result is that, at higher temperatures, permease conformation is less stable, leading to less
efficient amino acid transport and, therefore, to lower growth rates. Our previous data showed
that a tryptophan auxotroph can be partially remediedwhen NCR is alleviated by the use of
proline as a nitrogen source, especially at lower temperatures [27] and the same thing holds
true for a threonine auxotroph previously described [28].
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Fig 3. Growth phenotype of wild type, single (aap4Δ and aap5Δ) and the double mutant aap4Δ/aap5Δ (two

independent transformants of each) in rich medium YEPD, synthetic dextrose supplemented with ammonium

sulfate and amino acids and synthetic dextrose supplemented with amino acids only at 30 and 37˚C. Serial

dilutions represent 104, 103, 102, 101 and 1 cell.

doi:10.1371/journal.pone.0163919.g003
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Once the growth rate on single amino acids was found for the wild type (H99), we submitted
five single mutants (aap2Δ::NeoR, aap4Δ::NeoR, aap5Δ::NeoR,mup1Δ::NeoR,mup3Δ::HphR)
and the two double mutants (aap4Δ::HphR/aap5Δ::NeoR andmup1Δ::NeoR/mup3Δ::HphR) to
the same experiment in order to learn if any of these mutations would lead to differences in
growth compared to the wild type, where single amino acids were used as the sole nitrogen
source. Statistically significant differences between the wild type and mutant correlate a lower
growth with the lack of permease function, suggesting lower amino acid transport.

The Aap2 is a global amino acid permease

Growth rate experiments performedwith an aap2mutant and wild type at 30°C showed that
the deletion of permeaseAAP2 led to a significant lower growth on arginine, lysine and isoleu-
cine as sole nitrogen sources (14%, 40% and 28% relative to the wild type, respectively). All
other amino acids had assimilation profiles very similar to H99 (Table 1).
The same experiment was conducted at 37°C and a more severe effect could be observed

(Table 2). Growth was moderately reduced on aliphatic (glycine), aromatic (phenylalanine and
tryptophan), sulfur (methionine) and acidic/amide (aspartic acid, glutamic acid, asparagine
and glutamine) amino acids used as the sole nitrogen source.
These results suggest that permeaseAap2 is a global amino acid transporter especially at

higher temperatures. Since we did not detectedAap2 transcriptional induction at 37°C (Fig
2A), we would think that this effect is due to the protein conformation rather than any effect of
the temperature on gene regulation. In this regard, one can infer that amino acid transport is
an important nutritional mechanism that plays a role at higher temperatures in order to guar-
antee proper nutrient supply. Aap2 may be well adapted to this condition, that is, it may be still
stable and efficient at 37°C, allowing amino acid transport to occur in a hostile temperature. In
agreement with our observation, recently, Do et. al. (2016) reported that permeasesAap2 and
Aap3 are induced by the use of lysine as the sole nitrogen source [64].

Fig 4. Amino acid uptake by C. neoformans wild type. Percentage growth of H99 on 19 amino acids as sole nitrogen sources

relative to ammonium sulfate at 30˚C (A) and 37˚C (B). Colored bars indicate biochemical groups of amino acids: aliphatic (orange),

hydroxilated (purple), sulfur (pink), acid/amide (green), basic (red), aromatic (blue), imino (grey). The yellow bar represents growth

in the preferred nitrogen source, ammonium sulfate, which represents 100% growth. Statistically significant difference denoted by a

* (p < 0.05)

doi:10.1371/journal.pone.0163919.g004
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Mup1 and Mup3 act as global amino acid transporters

Our bioinformatics studies indicated thatMUP1 andMUP3 may encode high- and low-affinity
methionine permeases, respectively [65,66]. If that is the case, deletion of each gene separately
or in combination should affect the uptake of sulfur amino acids. Cysteine was not considered
as a nitrogen source that supports growth; therefore, it was not possible to identify its utiliza-
tion profile by wild type and mutants. Even thoughmethionine was considered a poor nitrogen
source, it still supported the growth of H99 and, hence, was considered in this analysis. Table 1
shows the relative growth ofmup1Δ::NeoR,mup3Δ::HphR single and double mutant at 30°C on
amino acids. The results showed that the growth on single amino acid as the sole nitrogen
source was not affected by the mutations, except when using (i) tryptophan (reduction in the
growth of all three mutants); (ii) proline, (growth reduction formup1 and the double mutant);
(iii) methionine, (iv) valine and (v) serine, all of which supported low growth in the double
mutant strain. At 37°C, the two single and the double mutants had a more prominent effect
regarding growth efficiency. Statistically significant growth differences were observedwhen
single amino acids were used as the sole nitrogen sources (Table 2). In spite of the gene deletion
effect being broad, that is, out of 19 amino acids tested, eleven were poorly assimilated in the
double mutant relative to the wild type, growth reduction was moderate (Table 2), except for
valine and methionine, for which growth was reduced 83 and 90%, respectively. These results
strongly suggest that Mup1 and Mup3 are not methionine and cysteine high- and low-affinity
permeases, but they act as global permeases, and are required for growth at high temperatures
as well.

Table 1. Growth rate of C. neoformans wt and mutants.

Aminoacid group Nitrogen source aap2Δ aap4Δ aap5Δ aap4Δ/ aap5Δ mup1Δ mup3Δ mup1Δ/ mup3Δ
Aliphatic Alanine - - - - - - -

Glycine NS 58% (*) 60% (*) NS NS NS NS

Isoleucine 28% (***) 27% (***) 36% (***) 22% (***) NS NS NS

Leucine NS NS NS 6% (***) NS NS NS

Valine NS 57% (**) NS 51% (**) NS NS 43% (**)

Hydroxylated Serine NS 44% (**) NS 10% (***) NS NS 58% (*)

Threonine - - - - - - -

Sulphur Cysteine - - - - - - -

Methionine NS 11% (**) NS NS NS NS 30% (*)

Acidic/Amide Asparagine NS NS NS 51% (**) NS NS NS

Aspartic acid NS 13% (***) NS 7% (***) NS NS NS

Glutamic acid NS NS NS 4% (***) NS NS NS

Glutamine NS NS NS 46% (**) NS NS NS

Basic5 Arginine 14% (***) NS NS 20% (***) NS NS NS

Histidine - - - - - - -

Lysine 40% (***) 36% (***) NS 11% (***) NS NS NS

Aromatic Phenylalanine NS 49% (***) NS 42% (***) NS NS NS

Tryptophan NS NS NS 58% (**) 69% (*) 34% (***) 40% (***)

Tyrosine - - - - - - -

Imino Proline NS NS 59% (**) 32% (***) 83% (*) NS 81% (**)

Growth percentage of each permease mutant (single and double mutant) relative to that of the wild type (H99) on single amino acid as the sole nitrogen

source at 30˚C. Non-significant differences and no growth are denoted as “NS” and “-”, respectively; p value < 0.05 (*), 0.01 (**), 0.0001 (***).

doi:10.1371/journal.pone.0163919.t001
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AAP4 and AAP5 encode global permeases essential to high

temperature growth and oxidative stress

The single deletion of AAP4 and AAP5 led to moderate growth reduction in single amino acid
as sole nitrogen source at both, 30° and 37°C (Tables 1 and 2, respectively). The double deletion
of the permease-codinggenesAAP4 and AAP5 resulted in the highest impact on growth. Out
of the fifteen amino acids tested as the sole nitrogen source at 30°C, thirteen supported low
growth in the double mutant relative to wild type, that is, only glycine and methionine pro-
moted growth rates similar to wild type (Table 1). However, at 37°C, the deletion of both per-
meases drastically reduced the growth on all of the single amino acids tested (Table 2). These
results show that Aap4 and Aap5 are important global amino acid permeases, both of which
are highly redundant and essential for amino acid uptake, especially at 37°C.
Interestingly, the growth defect observed for the double mutant aap4Δ::HphR/aap5Δ::NeoR

in rich medium at 37°C was remedied in high salt (0.75 M NaCl), and alkaline conditions (pH
6 and 7) as shown in Fig 5. The growth rate of the single mutants (aap4Δ and aap5Δ) relative
to the wild type was not affected by high salt and alkaline pH (S2 Fig). One interpretation for
this result is that the members of the APC-superfamily are proton-driven permeases, which
may benefit from excess ions, leading to a more efficient amino acid transport, compensating
for the deletion of AAP4 and AAP5.
All mutants were also tested for their ability to resist oxidative stress compared to the wild

type. Regardingmupmutants (singles and double mutants) no difference was detected relative
to wild type in all conditions tested (rich and SD media). However, as shown in Fig 6, all AAP

Table 2. Growth rate of C. neoformans wt and mutants.

Aminoacid group Nitrogen source aap2Δ aap4Δ aap5Δ aap4Δ/ aap5Δ mup1Δ mup3Δ mup1Δ/ mup3Δ
Aliphatic Alanine - - - - - - -

Glycine 59% (***) NS NS 0% (***) 83% (*) 75% (**) 83% (*)

Isoleucine NS NS NS 20% (***) NS NS 55% (**)

Leucine NS NS NS 6% (***) NS NS NS

Valine NS NS 9% (***) 4% (***) 28% (***) 8% (**) 17% (***)

Hydroxylated Serine NS NS NS 12% (***) NS NS NS

Threonine - - - - - - -

Sulphur Cysteine - - - - - - -

Methionine 64% (**) NS 44% (***) 4% (***) 44% (***) 20% (***) 10% (***)

Acidic/amide Asparagine 61% (***) NS NS 0.4% (***) 96% (*) 81% (**) 72% (***)

Aspartic acid 30% (***) 70% (**) 59% (***) 1% (***) 72% (**) 74% (**) 60% (***)

Glutamic acid 58% (**) 73% (**) NS 0.7% (***) NS NS NS

Glutamine 77% (*) NS NS 0% (***) NS NS 79% (*)

Basic Arginine 19% (***) 72% (**) NS 3% (***) NS 75% (**) 61% (***)

Histidine - - - - - - -

Lysine 72% (**) NS NS 4% (***) NS 81% (*) NS

Aromatic Phenylalanine 48% (***) NS 73% (**) 0% (***) NS 78% (*) 79% (*)

Tryptophan 67% (***) NS NS 0% (***) NS 82% (**) 85% (**)

Tyrosine - - - - - - -

Imino Proline NS NS 76% (**) 58% (***) 80% (*) NS 73% (**)

Growth percentage of each permease mutant (single and double mutant) relative to that of the wild type (H99) on single amino acid as the sole nitrogen

source at 37˚C. Non-significant differences and no growth are denoted as “NS” and “-”, respectively; p value < 0.05 (*), 0.01 (**) and 0.001 (***).

doi:10.1371/journal.pone.0163919.t002
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mutants (single and double) are sensitive to 5 mMH2O2 in rich medium (YEPD). Bellow this
concentration, all strains behaved as wild type. In SD supplemented with ammonium sulfate
and amino acids and SD supplemented with amino acids only plus 1 mMH2O2, the single
mutants were only slightly more sensitive to oxidative stress than wild type. The double mutant
aap4Δ/aap5Δ was highly sensitive to oxidative stress in SD plus ammonium sulfate and amino
acids; as expected this double mutant did not grow on amino acids as sole nitrogen source (Fig
6). This result suggests that amino acid permeases are important, not only for thermal, but also
for oxidative stress resistance and permeasesAap4 and 5 may be important to mediate the
amino acid uptake during these stress conditions.
Taken together, these experiments unraveled important points about amino acid uptake,

namely: (i) there are at least five global permeases that transport amino acids; (ii) among these,
three are minor (Aap2, Mup1 and Mup3) and two (Aap4 and Aap5) are major permeases; (iii)
high temperature growth requires amino acid permeases; (iv) the lack of Aap4 and Aap5 can
be remedied by high salt and alkaline conditions (high pH); (v) amino acid permeases are
required under oxidative stress conditions as well.
Consequently, we can conclude that Aap4 and Aap5 act as redundant and dominant perme-

ases in C. neoformans. Amino acid permeases are required during heat and oxidative stress,
two major conditions encountered during host invasion. This conclusion prompted us to
check the effect of permease deletion on virulence in vitro and in vivo.

Fig 5. Growth pattern of H99 and double mutant (aap4Δ/aap5Δ) in YEPD at pH 5.2 without supplements or supplemented

with NaCl (0.75 M), in YEPD at pHs 6 and 7 (without salt supplements). Serial dilutions represent 104, 103, 102, 101 and 1 cell.

aap4Δ and aap5Δ single mutants under the same conditions as reference are presented in S2 Fig.

doi:10.1371/journal.pone.0163919.g005
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Fig 6. Growth rate in wild type and mutants under oxidative stress. Serial dilution (104, 103, 102, 101

and 1 cell) were spotted on YEPD not supplemented and supplemented with 5 mM H2O2 (A) and SD

supplemented with ammonium sulfate and SD supplemented with amino acids only with 1 mM H2O2 (B).

Growth was carried out at 30˚C up to 72 hours.

doi:10.1371/journal.pone.0163919.g006
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The role of amino acid permeases Aap4, Aap5, Mup1 and Mup3 in

capsule production

Once the role of the permeases in amino acid uptake was established, we verifiedwhether they
are associated with the main virulence traits and other stress resistance in C. neoformans. We
examined all single mutants and double mutants for their resistance to plasma membrane and
cell wall stressor (Congo red and SDS), the ability to produce melanine, urease and phospholi-
pase. No impact on these traits was detected in any one of the mutants (data not shown). In
regard to capsule synthesis, one of the main virulence factors in C. neoformans, there was a sig-
nificant delay in its production, especially at 24 hours in the case of the two double mutants
(aap4Δ::HphR/aap5Δ::NeoR andmup1Δ::NeoR/mup3Δ::HphR) when compared to the wild type
(H99) at 37°C (Fig 7A and 7B). No difference was observed for the double mutants and wild
type at 30°C.

Aap4 and Aap5 are required for virulence in an animal model

Since our results showed that amino acid permeasesAap4 and Aap5 are required for an impor-
tant virulence factor (capsule) and stress resistance we were motivated to test all the singles
(aap2Δ, aap4Δ, aap5Δ,mup1Δ andmup3Δ) and double mutants (aap4Δ::HphR/aap5Δ::NeoR

andmup1Δ::NeoR/mup3Δ::HphR) in the invertebrate animal modelGalleria mellonella. Larvae
inoculationwith wild type and mutants were incubated at 30°C and 37°C. At both of these tem-
peratures, the double mutant aap4Δ::HphR/aap5Δ::NeoR was hypovirulent in the G.mellonella
animal model. As shown in Fig 8A (30°C), by day four all larvae inoculatedwith H99 had died
and the ones inoculatedwith the double mutant died by day five. Larvae inoculatedwith the
double mutant and kept at 37°C (Fig 8B) died by day seven following inoculation. For the
other mutants, no difference in comparison to the wild type was found, suggesting that they
are not essential for virulence (data not shown).
This result motivated us to further test the virulence of the double mutant strain (aap4Δ::

HphR/aap5Δ::NeoR) in a vertebrate animal model. The experiment was carried out for H99,
two single mutants (aap4Δ::NeoR and aap5Δ::NeoR) and one double mutant (aap4Δ::HphR/
aap5Δ::NeoR). The results showed that the mice inoculatedwith the single mutants and the
wild type H99 lost viability between days 28 and 32 post-inoculation.These strains were, there-
fore, considered virulent. However, 100% of the mice inoculatedwith the double mutant and
PBS survived to the end of the experiment (40 days), indicating that both permeases, Aap4 and
Aap5, are essential for virulence (Fig 9) and their gene knockouts rendered C. neoformans avir-
ulent, which suggests, once more, that they play redundant and important roles in this yeast.

Fig 7. Capsule production in the double mutant aap4Δ/aap5Δ (A) and mup1Δ/mup3Δ (B) at 24, 48 and 72 hours post

inoculation at 37˚C. Asterisks represent significant differences compared to wild type H99 at a p value < 0.05.

doi:10.1371/journal.pone.0163919.g007
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Also, colony counts in the organs (lungs, liver brain and spleen) extracted from 5 mice inoc-
ulated with the double mutant that survived 40 days following inoculation showed viable yeasts
in the lungs and liver. Several of the colonies recovered were tested for selectablemarkers and
all of them were confirmed to be from the double mutant.
The histopathological analysis of lungs, spleen, liver and brain showed that the wild type

and the single mutants caused very similar effects in these tissues. As shown in Fig 10, extensive
proliferation of yeast with titan cells in the alveolar space and a very limited inflammatory
response, resulting in subsequent alveolar granulomas, can be observed in the tissues of the
mice inoculatedwith H99. In addition, yeast cells were observed in spleen, liver and brain tis-
sue (arrows in panels A, B, C and D). However, in mice inoculatedwith the double mutant,
budding yeasts were identified only in the lungs (arrowhead in panel E), where the tissue
was observed to be much more infiltrated with prominent macrophage response, some

Fig 8. Virulence in G. mellonella. Larvae were inoculated with either the wild type (H99) or the double mutant aap4Δ/aap5Δ and

incubated at 30 (A) and 37˚C (B). Significant differences were considered at p values <0.05 for the comparisons between wild type

and mutants.

doi:10.1371/journal.pone.0163919.g008

Fig 9. Virulence test in animal model. Balb/C mice (10/group) were infected by nasal inhalation method with wild

type (H99), aap4Δ, aap5Δ and the double mutant aap4Δ/aap5Δ. Survival was followed during the course of the

infection. p values were <0.05 for the comparisons between wild type and mutants.

doi:10.1371/journal.pone.0163919.g009
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multinucleated giant cells, lymphocytes and plasma cells. Indeed, in these cases, the infection
was restricted to lungs, while other organs were much more similar to the negative control
(inoculatedwith PBS only).
Taken together, these results showed that amino acid uptake mediated by permeasesAap4

and Aap5 is an essential mechanism, required for resisting thermal and oxidative stress, which
helps C. neoformans to survive in and colonize the animal host.

Amino acid permeases and antifungal sensitivity

Among the five permeases studied in this research, the deletion of AAP4 and AAP5 caused
hypersensitivity to fluconazole. The single and double mutants were six fold (0.25 μg/mL) and
twelvefold (0.125 μg/mL), respectively, as sensitive to fluconazole as the wild type and the
strain deleted for Aap2 (1.5 μg/mL), as shown in Table 3. All strains (wild type, single mutant
and double mutant) had the same sensitivity to amphotericin B. This result suggests that
amino acid uptake may specifically play an important role during fluconazole response; how-
ever, the mechanistic bases of the response are not yet known.
Literature reports pointed out that eugenol, an aromatic plant metabolite extracted specially

from cloves and other plants, has a potent antifungal activity due to perturbations to the uptake
of aromatic and branched-chain amino acids. Moreover, it has been shown that S. cerevisiae
Tat2 and Gap1 permeases are both targets of eugenol [49]. According to the authors, the expla-
nation for this phenomenon lies on the similar structural conformation of eugenol and phenyl-
alanine. In this study, we determined the MIC of eugenol in the wild type, single and double
mutants. Table 4 shows that C. neoformans wild type strain H99 is sensitive to eugenol (0.4 μg/
μL), and individual permease inactivation (aap2, 4 and 5) leads to a fourfold increase in

Fig 10. Effects of Amino acid permeases double mutant on in vivo virulence. Representative photomicrographs

of lungs, spleen, liver and brain from mice infected with H99, double mutant aap4Δ/aap5Δ and negative control (PBS),

H&E stain. Histopathology analysis showed infection restricted to the lungs and increased inflammatory cell infiltration

in double-mutant infected mice. Black arrows mark C. neoformans cells. In detail, arrowhead indicates budding yeast

cell. Magnification: A, B, E, F, I, J x100; E, (in detail) x400; C, D, G, H, K, L x40.

doi:10.1371/journal.pone.0163919.g010
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resistance (1.6 μg/μL) to eugenol when compared to the wild type, whereas the double mutant
aap4Δ/aap5Δ is 7.75-fold (3.1 μg/μL) more resistant than H99.
Taken together, these results show that amino acid permeases are important for pathogene-

sis, required for in vivo survival, and also that they are the target of inhibitors, which underlines
their therapeutic potential.

Discussion

Opportunistic yeasts often occupy very different environments. C. neoformans colonizes decay-
ing wood, pigeon guano and animal hosts, all of which may offer completely different types of
nutrients, sometimes at limited amounts, such as of carbon, sulfur, iron, phosphate and nitro-
gen [6,9,11]. A series of articles have shown that amino acid biosynthetic pathways are very
important during host invasion in C. neoformans and, therefore, have a potential as drug tar-
gets [28–34]. More recently, the threonine and tryptophan biosynthetic pathways have been
shown to be essential for C. neoformans survival in vitro and the low efficiency in amino acid
uptake arose as the reason for the auxotroph’s lack of complementation [27,28].
Uptake is dependent upon amino acid permeases, which have been described in C. neofor-

mans by our group but not dissected in detail. Previously, our study had showed that C. neofor-
mans and other basidiomycetes have a very different set of amino acid permeaseswhen
compared to ascomycetes. The more scientists explore the biology of basidiomycetes, the more
we can detect differences between them and the ascomycetes, which are by far more investi-
gated and, therefore, serve as a frame of reference. The permease genes are a good example of
diversity between these two phyla in the fungal domain. Another example is pH response in C.
neoformans, in which the outcome of the signaling pathway is the same, even though the play-
ers are different [26].

Table 3. Minimum inhibitory concentration determined by Etest in RPMI medium at 30˚C.

Strain Fluconazol

μg/mL % inhibition

H99 48 95

aap2Δ 64 80

aap4Δ 12 100

aap5Δ 12 100

aap4Δ/aap5Δ 8 100

Readings were taken 72 hours following incubation.

doi:10.1371/journal.pone.0163919.t003

Table 4. Eugenol minimum inhibitory concentration.

Strain μg/μL Eugenol

H99 0.4 (90 ± 9)

aap2Δ 1.6 (90 ± 6)

aap4Δ 1.6 (94 ± 1)

aap5Δ 1.6 (93 ± 2)

aap4Δ/aap5Δ 3.1 (95 ± 1)

Numbers in parenthesis show the average growth inhibition and standard deviation at the MIC of eugenol

(μg/μL). The experiments were conducted as biological triplicates.

doi:10.1371/journal.pone.0163919.t004
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Our previous data [27] and the extended bioinformatics investigation conducted for this
study showed that the permease gene organization in C. neoformans is closer to C. gattii, U.
maydis and C. cinerea than to S. cerevisiae, C. albicans and Aspergillus spp. According to our
sequence similarity analysis, six permeases are global and two are methionine/cysteineperme-
ases. On the other hand, in S. cerevisiae there are twenty-four APC-like permeases, with most
of them transporting few amino acids and Gap1 being the main high capacity and global per-
mease [37–40,67]. The C. albicans genome encodes twenty-seven putative permeases and six
GAP1 homologues and one of them,GAP2, act as sensor and transporter [43].
In this study, we extended our transcriptional analysis and showed that permeases con-

trolled by the nitrogen quality (NCR) are also under the influence of temperature, an important
virulence factor in C. neoformans. Further details on how the permease genes are regulated and
what are the players that control their expression will be published elsewhere. In this paper,
deletion and phenotypic analysis of these five genes, individually or in combination, correlate
them to amino acid uptake, stress resistance, virulence and antifungal resistance. Ourmain
findings showed that (i) all of the permeases studied are global (Tables 1 and 2); (ii) amino acid
permeases are very important during high temperature growth and oxidative stress response
(Figs 2, 3 and 6, Tables 1 and 2); (iii) Aap4 and Aap5 encode the two major redundant perme-
ases with broad substrate spectrum,high transport efficiency and are essential during the
response to stressors (Tables 1 and 2, Figs 3 and 6); (iv) the growth deficiency at 37°C caused
by the lack of Aap4 and Aap5 can be remedied by Na, and alkaline conditions (high pH) (Fig
5), which is consistent with proton-driven type of permeases of the APC-superfamily; (v)
amino acid permeasesAap4 and Aap5 are important for correct timing of capsule synthesis,
and virulence in vivo in invertebrate and vertebrate animal models (Figs 7, 8, 9 and 10); and
finally (vi) Aap4 and Aap5 permeases are required for fluconazole resistance (Table 3) and are
useful as the target of inhibitors, such as the plant secondarymetabolite eugenol (Table 4), an
antifungal agent that targets amino acid permeases in S. cerevisiae [49].
Aap4 and Aap5 are necessary during thermal and oxidative stress, consistent with the role

of both physiological responses in host invasion and virulence.Other nutrient transporters,
such as glucose, ammonium and iron transporters, have been studied in pathogenic fungi and
shown to affect fitness, in vitro survival and to attenuate virulence in some cases [8,68–70]. A
previous report related the same effects for the glucose transporter in C. neoformans [68]. To
our knowledge, this is the first time that amino acid transport is reported as important for in
vivo virulence in an opportunistic pathogen that affects humans. In C. albicans, the amino acid
sensor protein Csy1 induces permease gene transcription and amino acid uptake, which is an
important mechanism for hyphal development; however, it is not known whether this morpho-
genetic defect influences virulence [45].
Recently, the closest direct correlation between amino acid transport and virulencewas

established in an antibiotic-resistant pathogenic prokaryote. In this case, the deletion of three
genes encoding branched-chain amino acid (BCAA) permeases caused virulence attenuation
in Staphylococcus aureus [71]. Our data also showed the same association, and we have fur-
ther showed that the ability to invade and persist in the host, thereby causing disease, is
dependent upon thermal and oxidative stress resistance. It is interesting to note that amino
acid uptake must be an important feature of stress resistance, since two redundant permeases
were found and only the lack of both of them led to failure in the thermal and oxidative stress
response and virulence attenuation. This result suggests that Aap4 and Aap5, in fact, have
overlapping functions, have high transport capacity and are specialized for transport at
higher temperatures. The fact that thermosensitivity can be remedied by Na and alkaline con-
ditions (high pH) argues that the remaining permeases are not necessarily required during
thermal and oxidative stress responses, but their transport ability may be improved in the
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presence of ions. This result can be reconciled with the fact that all permeases found in the C.
neoformans genome belong to the APC-superfamily, which is comprised of proton-driven
permeases. As a consequence, it seems, the more ions available, the better is the transport
efficiency.
In addition, we found that amino acid uptake is important for fluconazole resistance

(Table 3). This may represent a possible synergistic use of permease inhibitors and flucona-
zole therapy. Along the same line, our study validated permeases Aap4 and Aap5 as the
target of an antifungal agent, eugenol, a natural compound extracted from plants [72,73].
Previous work has shown that S. cerevisiae TAT2 permease is the target of eugenol [49].
These authors showed that the inhibitor does not disturb the biosynthetic pathway of aro-
matic and branched-chain amino acids; they suggested that its target is the amino acid per-
meases. Overexpression of GAP1 and TAT2 render cells hypersensitive to inhibitors, since
the molecules targeted by eugenol are overproduced. In our study, C. neoformans was very
sensitive to eugenol, but the deletion of permeases Aap2, Aap4 and Aap5 rendered the cell
resistant to the inhibitor, thus suggesting that in C. neoformans these permeases are the tar-
gets of eugenol.
In summary, our data point out for the first time that amino acid uptake is essential for viru-

lence in C. neoformans, since it is required for high-temperature growth, stress and antifungal
resistance in this basidiomycete. Our data not only unravel important biological aspects of this
yeast’s physiology regarding its nutritional requirements, but also raises the possibility of a new
drug target and a specific inhibitor that could be considered as a drug prototype. Easy pharma-
cological access and high selective toxicity are two main criteria for a biological process to be
considered an excellent drug target. Amino acid uptake by permeases fulfills these require-
ments, since permeases are exposed in the cell surface and are widely diverse between humans
and yeasts.
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