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Dual RNA-Seq Analysis of Trichophyton rubrum and HaCat Keratinocyte Co-Culture Highlights
Important Genes for Fungal-Host Interaction
Reprinted from: Genes 2018, 9, 362, doi:10.3390/genes9070362 . . . . . . . . . . . . . . . . . . . . 110

Rocio Garcia-Rubio, Sara Monzon, Laura Alcazar-Fuoli, Isabel Cuesta and Emilia Mellado

Genome-Wide Comparative Analysis of Aspergillus fumigatus Strains: The Reference Genome
as a Matter of Concern
Reprinted from: Genes 2018, 9, 363, doi:10.3390/genes9070363 . . . . . . . . . . . . . . . . . . . . 128

Roberta Peres da Silva, Sharon de Toledo Martins, Juliana Rizzo, Flavia C. G. dos Reis,

Luna S. Joffe, Marilene Vainstein, Livia Kmetzsch, Débora L. Oliveira, Rosana Puccia,
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Approximately 150 fungal species are considered as primary pathogens of humans and animals.
The variety of infections that they may cause ranges from localized cutaneous, subcutaneous or
mucosal infections to systemic and potentially fatal diseases. Many fungi are also able to cause
lesions when abnormal patient susceptibility exists or after traumatic colonization of the fungus
(for a comprehensive review on Medical Mycology, see Kwon-Chung and Bennet, [1]). Fungi that
infect immunocompromised patients are referred to as opportunistic pathogens. The number of
opportunistic fungi has recently increased due to the arrival of new and growing populations of
immunocompromised hosts. In this special issue, we have attempted to compile a collection of new
studies investigating the role of some virulence traits and their molecular mechanisms of action in the
pathogenic outcome of fungal infections.

The term candidiasis refers to a wide clinical spectrum of infections that can be acute or chronic,
superficial (cutaneous, oropharyngeal, vulvovaginal, ocular) or deep (esophageal, gastrointestinal,
respiratory, urinary, etc.) and can affect either normal or immunosuppressed individuals. The major
etiologic agent is Candida albicans, which is part of the normal human mycobiota. However,
several other species are frequently encountered in certain clinical diseases (Candida parapsilosis,
Candida glabrata, Candida tropicalis, Candida lusitaniae). Here, three different aspects of Candida infections
are examined: the maintenance of chromosomal integrity; biofilm formation as a form of survival;
and the establishment of new models of infection as an alternative to mice. Ciudad et al. [2] address
the problem of repairing the alkylation base damage in the genome of C. albicans. After analyzing the
response of three homologous recombination (HR) mutants to chromosomal damage caused by methyl
methanesulfonate (MMS), these authors propose that repair takes place through a mechanism (possibly
base excision repair) that does not involve homologous recombination. Biofilm formation allows
Candida to adhere to and proliferate on medical devices and host tissues. Biofilms are constituted of a
mixture of filamentous and yeast cells that surround themselves with an extracellular matrix, which
provides a remarkable degree of resistance to antifungal drugs. Rodrigues et al. [3] evaluate the role of
C. parapsilosis genes associated with the production of the biofilm matrix by monitoring their expression
levels in response to treatment with antifungal drugs. They concluded that although beta-1,6-glucans
and mannans are an essential part of both cells and the biofilm matrix, β-1,3-glucan seems to play
a more important role in biofilm resistance to antifungal drugs. Chong et al. [4] provide a detailed
review of numerous studies on C. albicans biofilms, which includes the analysis of the transcriptome,
whole genome sequencing, functional genomic approaches to identify critical regulatory genes and
comparative genomics analysis. In addition, recently discovered pathways and genes involved in the
pathogenesis of the fungus are described and future directions in the development of therapeutics are
suggested. Finally, Souza et al. [5] confirm the suitability of Caenorhabditis elegans as an alternative to the
use of mouse models in pathogenesis studies, which can be infected and killed by three species of the
C. parapsilosis complex. The progression of the infection was determined by histological examination
and the immune response of C. elegans was monitored by analyzing gene expression. Early treatment
with antifungal drugs was also found to be effective in this model.
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Aspergilli are ubiquitous fungi found within our environment, which humans are continuously
being exposed to. However, the diseases caused by these fungi are relatively uncommon and the severe,
invasive form of these diseases is almost always confined to immunosuppressed individuals. There
are three main manifestations of disease: an allergic response to inhaled aspergilli; the colonization of
air spaces within the body; and tissue invasion by the fungus. Aspergillus fumigatus represents the most
frequent etiologic agent of both noninvasive and invasive aspergillosis while Aspergillus flavus and
Aspergillus niger can also provoke invasive pulmonary aspergillosis in immunosuppressed patients.
Classical genetic studies on the genera soon progressed to the molecular level, which allowed for the
discovery of several mechanisms involved in virulence and pathogenesis pathways. In this special
issue, a review and an original article are included, which emphasize the importance of whole genome
comparative studies for identifying pathogenic properties based on differences in DNA sequences.
García-Rubio et al. [6] perform Whole Genome Sequencing (WGS) on more than a hundred A. fumigatus
strains and highlight the importance of choosing the most suitable reference genome for analyzing the
genetic differences between A. fumigatus strains, their genetic background and the development of
antifungals resistance. Furthermore, Ashu and Xu [7] propose in their concept paper that these types
of studies could be expanded to devise molecular epidemiology and experimental evolution methods
that are useful for managing the Aspergillus threat. These authors provide a framework for such a
purpose that implies the development of rapid and accurate diagnostic tools to genotype the infectious
pathogen to the level of the species and the individual as well as drug susceptibility patterns. One of
the recently described virulence mechanisms relies on the ability of Aspergillus to obtain essential
ions (mainly Fe and Zn) from the extremely limited supply of micronutrients existing in host tissues.
Vicentefranqueira et al. [8] determine how the ZafA transcription factor of A. fumigatus regulates
zinc homeostasis and its importance for virulence. The combined use of microarrays, Electrophoretic
Mobility Shift Assays (EMSA), DNAse I footprinting assays and in silico tools have been essential for
obtaining a better understanding of the regulation of the homeostatic and adaptive response of this
fungus to zinc starvation.

Cryptococcosis is the fourth most commonly recognized cause of life-threatening infections among
AIDS patients and different types of immunosuppression are the predisposing factors influencing the
rate of infection in non-AIDS patients. Cryptococcosis are infections caused by the encapsulated fungus
Cryptococcus neoformans that occur after the spores are inhaled into the lungs. This causes pneumonia
and frequently spreads hematogenously to the brain and meninges, causing meningoencephalitis.
The role of small RNAs and the mechanisms by which some reach their target are addressed in
two papers included within this issue. Using next-generation sequencing and bioinformatics tools,
Huo et al. [9] report the existence of stable circRNAs in the genome of Cryptococcus neoformans for the
first time. These RNAs were hosted in genes that were mainly responsible for primary metabolism
and ribosomal protein production. Highly transcribed circRNAs from GTPase and RNA debranching
enzyme genes were discovered. The role of these small RNAs in pathogenesis remains open for
discussion. Extracellular vesicles (EVs) have been found to play important roles in crosstalk between
different types of cells and tissues from the same or even different species. Many fungi use these
vesicles as carriers for polysaccharides, proteins and RNAs, but their implication in pathogenesis is
still not clear. Peres da Silva et al. [10] investigate if EV-mediated RNA export in C. neoformans was
functionally connected with the Golgi reassembly and stacking protein (GRASP). The results obtained
after analyzing the mutants that have defective GRASP synthesis and autophagic mechanisms suggest
that GRASP, but not the autophagy regulator, is involved in the EV-mediated export of RNA. This
function as a key regulator of unconventional secretion in eukaryotic cells is a new finding.

Other fungal infections that are not as widespread or as fatal as those caused by Candida, Aspergillus
and Cryptococcus are also mentioned in this special issue. Mucormycosis are a set of infections
caused by members of the order Mucorales in patients with serious underlying conditions. Vascular
invasion by hyphae results in infarction and necrosis of tissues. Although Rhizopus oryzae is the most
common causal agent of human mucormycosis, Mucor circinelloides isolates have been associated with
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outbreaks of the disease. Unfortunately, the genetic manipulation of these basal fungi is not well
established, which has impeded the study of their virulence traits and pathogenesis mechanisms.
Partially overcoming these challenges, Binder et al. [11] generate and functionally characterize a
bioluminescent strain of M. circinelloides designed to be used in the monitoring of real-time and
non-invasive infection in insect and murine models and in the testing of antifungal drug efficacy.
Dermatophytes are fungi capable of infecting keratinized tissues, such as the epidermis, hair and
nails, without affecting subcutaneous or deep tissues, whereas Trichophyton rubrum, the major etiologic
agent of human ringworm, causes chronic lifetime infections. It is also worth mentioning the work
by Petrucelli et al. [12] who describe a T. rubrum- HaCat keratinocyte co-culture, which is used to
mimic the natural fungal–host interaction, where dual RNA-seq technology was used to evaluate
the transcriptomes of both organisms. These authors found that some keratinolytic proteases and
glyoxylate cycle encoding genes that may improve nutrient assimilation and fungal survival and
colonization were induced in the fungus. In human keratinocytes, some genes involved in the
epithelial barrier integrity were inhibited, whereas others that played a role in antimicrobial activity
were induced.

A problem that is common to all fungal infections is their resistance to antifungals, with growing
concern focused on how to treat most of the aforementioned diseases. Multidrug resistance transporters
(MDRs) are key elements in mediating fungal resistance to pathogenesis-related stresses, a topic that
was well described by Cavalheiro et al. [13]. These authors emphasize the importance of these
transporters beyond the role of drug resistance and summarize their relevance in pathogenesis traits,
such as resistance to host niche environments, biofilm formation, immune evasion and virulence.

I would like to express my deep appreciation for all of the hard work carried out by the
investigators included in this special issue and those who were not due to different circumstances.

I hope that their enthusiasm and dedication to fungal research will encourage many young
mycologists to apply the different approaches mentioned herein to the fascinating field of human
fungal pathogenesis.

Conflicts of Interest: The author declare that there is no conflict of interest concerning this work.
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Abstract: Circular RNAs (circRNAs), a novel class of ubiquitous and intriguing noncoding RNA,
have been found in a number of eukaryotes but not yet basidiomycetes. In this study, we identified 73
circRNAs from 39.28 million filtered RNA reads from the basidiomycete Cryptococcus neoformans JEC21
using next-generation sequencing (NGS) and the bioinformatics tool circular RNA identification
(CIRI). Furthermore, mapping of newly found circRNAs to the genome showed that 73.97% of the
circRNAs originated from exonic regions, whereas 20.55% were from intergenic regions and 5.48%
were from intronic regions. Enrichment analysis of circRNA host genes was conducted based on the
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway databases. The results
reveal that host genes are mainly responsible for primary metabolism and, interestingly, ribosomal
protein production. Furthermore, we uncovered a high-level circRNA that was a transcript from the
guanosine triphosphate (GTP)ase gene CNM01190 (gene ID: 3255052) in our yeast. Coincidentally,
YPT5, CNM01190′s ortholog of the GTPase in Schizosaccharomyces pombe, protists, and humans,
has already been proven to generate circRNAs. Additionally, overexpression of RNA debranching
enzyme DBR1 had varied influence on the expression of circRNAs, indicating that multiple circRNA
biosynthesis pathways exist in C. neoformans. Our study provides evidence for the existence of stable
circRNAs in the opportunistic human pathogen C. neoformans and raises a question regarding their
role related to pathogenesis in this yeast.

Keywords: Cryptococcus neoformans; next-generation sequencing (NGS); circRNAs; RNA debranching
enzyme; GTPase-encoding gene

1. Introduction

Circular RNAs (circRNAs), characterized by a closed loop structure, have been a hot topic of
research in RNA biology since their wildly diverse and multiple functions were confirmed [1,2]. The fact
that the 3′ and 5′ ends of those RNAs are joined by covalent bonds makes them lack polyadenylated
tails and 5′–3′ polarity [3]. As a result, circRNAs are considered more stable than linear RNA molecules
and more resistant to degradation by RNase R, which is an efficient 3′ to 5′ exoribonuclease [4].

Although the first case of circRNAs was reported in plant-based virus as early as 1976 [5],
circRNAs have been discarded as “junk-RNA developed by messenger RNA (mRNA) splicing”
and ignored by most research groups [6]. This situation remained for decades, until abundant

Genes 2018, 9, 118; doi:10.3390/genes9030118 www.mdpi.com/journal/genes5
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circRNAs were uncovered in a variety of normal and malignant human cells in 2012 [7] and
circRNAs were demonstrated as efficient “microRNA sponges” in 2013 [8]. With the development
of high-throughput sequencing technology and RNA circularization prediction algorithms, such as
circular RNA identification (CIRI) [9], circular (CIRC) explorer [10], and known and novel isoform
explorer (KNIFE) [11], an increasing number of circRNAs have been detected in protists, yeasts, plants,
flies, and mammals [12,13].

The mechanism of circRNA biogenesis is intricate, regulated by multiple factors, and varying
among different species. In general, the circularization of RNAs can be accomplished through
at least four disparate paths: spliceosome-dependent [14], intron-pairing-driven [15], protein
factors-associated [16], and lariat-driven paths [17]. Recent studies also reveal distinctly crucial
functions of circRNAs, such as microRNA (miRNA) sponge, post-transcription regulation, rolling
circle translation, and creation of circRNA-derived pseudogenes [6,18,19]. However, the mechanism
has not been illustrated thoroughly and it deserves to be investigated further.

The basidiomycetous yeast Cryptococcus neoformans is an opportunistic human pathogen that
has been life-threatening to immunodeficient groups such as human immunodeficiency virus
(HIV)-infected patients [20]. Efforts have been made by laboratories worldwide to understand the
fundamentals of its pathogenic progress and its virulence determinants. Considering the fact that
knowledge about circRNA molecules is limited, it may be necessary to define the potential role of
circRNA in C. neoformans. Unfortunately, circRNAs have not been reported in this fungus, nor in the
whole group of basidiomycetes. Thus, here we attempted to identify circRNAs from C. neoformans,
and subsequently analyzed the features and conducted functional annotation of those circRNAs.
We identified in this study 73 unique circRNAs in this basidiomycetous yeast. Interestingly, we also
found the existence of small guanosine triphosphatase (GTPase)-encoding genes, which are conserved
circRNA-host genes in yeasts and some other eukaryotic organisms. Finally, we demonstrate the
influence of an RNA debranching enzyme, Dbr1, on the expression of circRNAs.

2. Materials and Methods

2.1. Strains and Media

The strain C. neoformans var. neoformans JEC21 (serotype D, MATα) was used for circRNA analysis
in this study. Yeast extract–peptone–dextrose (YPD) medium (2% glucose, 2% peptone, 1% yeast
extract, pH 6.0) was used for routine growth of C. neoformans.

2.2. RNA Isolation and Quality Control

JEC21 was cultured in 5 mL liquid YPD medium for 18 h at 30 ◦C. Fresh yeast cells were
collected by centrifugation, and approximately 0.1 g of yeast cells was washed by wash buffer (0.1 M
ethylenediaminetetraacetic acid (EDTA), 0.5 M sodium chloride) three times at 4 ◦C. Fungal capsule
was broken by Bullet Blender Storm 24 (Next Advance, Troy, NY, USA) for 2 min. Total RNA was
extracted using the RNAiso (Takara, Shiga, Japan) according to the protocol supplied with the reagent.
RNA concentration was measured by POLARstar Omega (BMG Labtech, Offenburg, Germany),
and RNA quality was tested by Agilent 2100 (Agilent Technologies, Santa Clara, CA, USA). The quality
control threshold was set as follows: A260/A280 ratio > 1.8, A260/A230 ratio > 1.8, RNA integrity
number value > 7.0.

2.3. Deep RNA Sequencing and In Silico Discovery of Circular RNAs

Construction of a RNA library, as well as deep RNA sequencing, was accomplished by a
commercial service (Genewiz, Suzhou, China). Briefly, RibominusTM transcriptome isolation kit
(Thermo Fisher Scientific, Waltham, MA, USA) was used to remove ribosome RNA in the total RNA.
RNase R (Takara) treatment was performed according to the manufacturer’s protocol to remove
linear RNA in the RNA samples. KAPA Stranded mRNA-seq Kit (Kapa Biosystems, Wilmington,
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MA, USA) was utilized for the generation of RNA-sequencing (RNA-seq) libraries according to the
manufacturer’s protocol. Next-generation sequencing was then conducted on a HighSeqTM 2500
system (Illumina, San Diego, CA, USA). To remove the low-quality reads in the raw paired-end data,
such as the primer/adaptor sequences and non-ATGC reads, IlluQC_PRLL.pl v 2.3.3 software [21]
was used to perform quality check with the parameter set as 20. The reads with more than or equal
to the specified quality score (20 in this study) are filtered as high-quality reads. Subsequently, clean
data were aligned to the C. neoformans JEC21 genome (Cryptococcus_neoformans.GCA_000091045.1.
dna.toplevel.fa, release 37) using Burrows–Wheeler aligner (BWA) (version 0.6) software with default
settings [22]. The 19Mb genome sequence of C. neoformans JEC21 consists of 14 chromosomes with
different lengths changing from 762 kilobase (kb) pairs to 2.3 megabase (Mb) pairs.

The CIRI algorithm (version 1.2) was the tool to identify circRNAs in C. neoformans JEC21 [9].
CIRI was performed with default options, with the computer command: CIRI_v1.2.pl -I input.sam -O
output_circRNAs.txt –F genome.fa -P -A Ensembl_Cn37.gtf. Counts of identified circRNA reads were
normalized by read length, and the number of reads mapping (spliced reads per billion mapping) was
determined after CIRI prediction [23].

2.4. Gene Ontology Category and Kyoto Encyclopedia of Genes and Genomes Pathway Analysis

The circRNA host genes were functionally analyzed according to gene ontology (GO) by the
database for annotation, visualization, and integrated discovery (DAVID) 6.7 web server (https:
//david.ncifcrf.gov) with the default options [24]. The KOBAS 2.0 web server was used to uncover the
Kyoto Encyclopedia of Genes and Genomes (KEGG) biological pathways of circRNA host genes with
the default settings [25].

2.5. Validation of Circular RNAs

To confirm the existence of certain circRNAs of interest, e.g., circCNYPT5, we adopted an
approach of outward polymerase chain reaction (PCR) with a pair of primers designed for outward
amplification. Briefly, total RNA was extracted with RNAiso reagent (Takara) as descripted in
Section 2.2. complementary DNA (cDNA) synthesis was performed with the FastQuant RT Kit with
genomic DNase (gDNase) (Tiangen Biotech, Beijing, China). The 50 μL amplification reaction system
contained 0.5 μL Takara Ex Taq, 5 μL 10× Ex Taq Buffer, 4 μL deoxyribonucleotide triphosphates
(dNTPs), 2 μL/2 μL forward/reverse primers, and 36.5 μL double distilled water (ddH2O). The PCR
program was set as follows: 98 ◦C for 2 min, 32 cycles at 98 ◦C for 10 s, 55 ◦C for 20 s, and 72 ◦C
for 30 s; the final elongation step was run at 72 ◦C for 5 min. PCR products with expected length
(~250 base pairs (bp)) were separated by 0.8% agarose gel electrophoresis and purified with TIANgel
midi purification kit (Tiangen Biotech) according to the manufacturer’s instruction. Sanger sequencing
was employed to confirm the existence of the back-splicing junction sites (Genewiz).

2.6. Other Online Database and Software

The annotation and nomenclature of C. neoformans JEC21 genes in this article were referred to
the Ensemble Fungi database (http://fungi.ensembl.org). The multiple alignments of amino acid
sequences were conducted by the Clustal Omega web server [26] with default settings.

2.7. Construction of DBR1 Gene Overexpression Vector

To investigate the regulation of circRNAs by DBR1, we overexpressed the gene in the wild-type
JEC21 strain. The whole DBR1 gene, including an 800-bp flanking sequence, was obtained by PCR
with the protocol described in Section 2.5, except the elongation time for each cycle was 2 min.
The pBS-HYG plasmid was linearized with the restriction enzyme Hind III. Then the In-Fusion® HD
cloning kit (Takara) was employed to ligate the linearized plasmid and DBR1 fragment. Subsequently,
recombinant plasmid pBS-HYG-DBR1 was linearized by Xba I enzyme and transformed into the
wild-type C. neoformans JEC21 cells. To select positive transformants, cells were screened on YPD plates
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containing 100 μg/mL hygromycin. Genomic DNA of two randomly selected clones, OE-1 and OE-2,
was extracted and used in subsequent experiments. PCR was performed to confirm the existence
of pBS-HYG-DBR1 in the genome of selected transformants using the same protocol as described in
Section 2.5.

2.8. Quantitative and Semiquantitative Reverse Transcription Polymerase Chain Reaction

Total RNA of JEC21, OE-1, and OE-2 was extracted as described in Section 2.2. Reverse
transcription (RT) of total RNA was conducted by Fast Quant RT kit with gDNase (Tiangen Biotech).
Briefly, 1 μL total RNA, 2 μL 5× g DNA buffer, and 7 μL ddH2O were incubated at 42 ◦C for 10 min,
then 2 μL 10× Fast RT Buffer, 1 μL RT enzyme mix, 2 μL Fast Quant RT primer mix, and 5 RNase-Free
ddH2O were added to previous tubes and incubated at 42 ◦C for 15 min. The reaction was stopped by
incubating at 95 ◦C for 10 s. For DBR1 mRNA quantification, LightCycler 480 II and corresponding
LC 480 SYBR Green I Master (Roche, Basel, Switzerland) were employed. The PCR reaction system
included 10 μL 2× Master Mix, 1 μL forward/reverse primers (10 μm), 1 μL cDNA, and 7 μL ddH2O.
Each reaction was performed in triplicate. Non-RT RNA was used as a template in negative control
and actin mRNA served as reference. Specificity of primers was validated by checking the melting
curves. The 2−ΔΔCt method was employed to calculate expression levels of target genes in this study.
Semiquantitative reverse transcription PCR was performed using the PCR protocol described in
Section 2.5, except only 25 circles were applied.

3. Results

3.1. Genomewide Identification of Circular RNAs

To investigate circRNAs on a genome-wide level, we isolated total RNAs from the C. neoformans
JEC21 strain. After eliminating ribosome RNAs (rRNAs) and treating with RNase R, the total RNA
was utilized to construct libraries for deep sequencing by the Illumina HighSeq 2500 platform.
The sequencing data reached 6.26 Giga nucleotides (Gnt) raw bases in total, covering 41.70 million
paired-end individual reads sized above 150 nt. After trimming adaptors and filtering low-quality
reads, we obtained 39.28 million clean reads (Table 1).

Table 1. RNA-sequencing data of Cryptococcus neoformans JEC1.

Sample Name Raw Reads Filtered Reads Raw Base Filtered Base Q20 (%) 1

Cn JEC21 41,703,834 39,280,024 6.26 Gnt 6.16 Gnt 98.52
1 Q20 refers to the percentage of nucleotides with Phred quality score > 20, which means base accuracy is 99%.
Gnt: Giga nucleotides.

Clean reads were then mapped to the C. neoformans JEC21 genome by BWA software. The mapped
reads were input to CIRI, a published circRNA identifier, to identify the candidates of circRNAs.
To reduce false-positive candidates, the circRNAs that had more than one back-splicing junction
read were considered. After a two-step filtration, 73 individual circRNAs containing high-confident
back-splicing junctions were obtained. The number of reads for the 73 unique circRNAs was counted
to 820. Only 20 of the 73 circRNAs (27.4%) had more than four back-splicing junction reads. The 10
with the highest junction reads are listed (Table 2) and detailed information on all predicted circRNAs
is available (Supplementary Table S2). The above data show that the absolute number of unique
cryptococcal circRNAs is low compared to that of circRNAs in higher eukaryotes, such as animals
or plants. Specifically, researchers have detected 3001 circRNAs from human cells [27] and 5372
circRNAs from soybeans [28]. However, when referring to the relative expression levels using the
ratio of circRNAs number to genome size (Mb), the results changed in which the relative expression
of C. neoformans circRNAs (~3.74) is much higher than that of human (~1.00), but a little lower than
soybean (~4.88).
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Table 2. Detailed information on the 10 circRNAs with the highest back-splicing reads.

circRNA ID Chr RNA Size circRNA Start Loci CircRNA End Loci Junction Reads 1

12:174494-175325 12 831 174494 175325 410
13:359406-359654 13 248 359406 359654 67
7:1027082-1027487 7 405 1027082 1027487 29
13:603431-604144 13 713 603431 604144 28
4:1303545-1304160 4 615 1303545 1304160 24
12:174265-175325 12 1060 174265 175325 23
12:174461-175325 12 864 174461 175325 22
11:62574-63095 11 521 62574 63095 11
13:89597-90783 13 1186 89597 90783 8
2:661847-663003 2 1156 661847 663003 7

1 Junction reads means counts of back-splicing reads. Chr: Chromosome.

We sorted the unique circRNAs into three groups according to the positioning of their two ends on
chromosomes (exonic, intronic, and intergenic regions). Among them, 54 (73.97%) of the 73 circRNAs
were generated from exons of protein-coding open reading frames (ORFs) and 15 (20.55%) were
intergenic circRNAs. Only four (5.48%) had intronic junctions. Besides unique circRNAs, we also
calculated the total reads of each type of circRNA. Our data show that 38.17, 1.46, and 60.37% of the
total 820 reads were distributed to exonic, intronic, and intergenic circRNAs, respectively (Figure 1).
However, exons, introns and intergenic sequences occupy 54.14, 11.97, and 33.89%, respectively, of the
whole C. neoformans genome [20]. Thus, these results reveal that intergenic circRNAs have higher mean
reads than exonic circRNAs, although the latter consists of the majority of unique circRNAs.

Figure 1. Percentages of three groups of circular RNAs. The circRNAs were classified as exonic, intronic,
and intergenic according to the back-splicing junction position on chromosomes. Total circRNAs,
calculated as back-splicing junction reads, are shown in the left panel, while unique circRNAs are
shown in the right panel.

3.2. Properties of Cryptococcal Circular RNAs

In order to determine the properties of cryptococcal circRNAs, we performed a set of counting
calculations for unique and total circRNAs respectively. Firstly, chromosomal distribution for unique
and total circRNAs was examined. According to our analysis, 461 total reads were located on
chromosome 12. The reason is simple: the highest-expressed circRNA, circ12:174494-175325 (410 reads),
was found on Chr12. Correspondingly, chromosome 8 contains the least amount of total back-splicing
junction reads, which is only four (Figure 2a, upper panel). The distribution of unique circRNAs
among the 14 chromosomes is also displayed in Figure 2a, bottom panel. We found that chromosome 8
contains the least amount of unique circRNAs, two, and chromosomes 1 and 4 contain 10 each.

Secondly, we examined the size distribution of cryptococcal circRNAs. For unique circRNAs,
the length was mostly (72.60%) between 201 and 800 nt (Figure 2b). Only a few unique circRNAs
were <200 nt (1.37%) or >1400 nt (6.85%). As for total reads, the length concentrated on 801–1000 nt
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as the size of circ12:174494-175325, which possesses the most reads, is 831 nt. Also, only two reads
in total circRNAs were found <200 nt (0.24%, totally) and 17 were >1400 nt (2.07%, totally). Finally,
we normalized the expression of each unique circRNA to spliced reads per billion mapping (SRPBM),
in order to analyze their expressional features. SRPBM of most circRNAs (63.01%) was <50, while only
two circRNAs (2.74%) had SRPBM >500 (Figure 2c).

(a) (b)

(c)

Figure 2. Counting calculations of circRNAs in C. neoformans. (a) Chromosome distribution of unique
circRNAs (bottom panel) and total reads (upper panel). (b) Size distribution of unique circRNAs
(bottom panel) and total reads (upper panel). (c) Expression level distribution of unique circRNAs.
SRPBM: spliced reads per billion mapping.

3.3. Functional Analysis of circRNA Host Genes

To investigate the function of circRNA host genes, we performed GO analysis and KEGG
pathway analysis. GO analysis suggested that circRNA host genes mainly encode proteins of the large
ribosomal subunit, cell surface proteins, and plasma membrane proteins (p-value < 0.05). For GO
molecular function analysis, circRNA host genes were associated with beta-glucosidase activity and
structural constituents of ribosome (p-value < 0.05). For the GO biological process, those genes were
enriched in translation, glucan catabolic process, arginine transport, and fungal cell wall organization
(p-value < 0.05) (Figure 3). As for distribution in KEGG pathways, the results show that circRNA host
genes were significantly (p-value < 0.05) enriched in two pathways: The ribosome biogenesis and
starch-sucrose metabolism pathways (Table 3).
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-log10 (p-value) 
 

Figure 3. Gene Ontology (GO) category analysis of circRNA host genes in C. neoformans. GO terms
with the threshold of p-value < 0.05 are listed. GO terms were classified in three categories: Biological
process (BP), cellular component (CC), and molecular function (MF).

Table 3. Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis of circRNA-host
genes in C. neoformans.

Pathway ID 1 Description Gene Count p-Value

cne03010 Ribosome 6 0.023
cne00500 Starch and sucrose metabolism 3 0.031

1 Pathway with the threshold of p-value < 0.05 is listed.

3.4. Small Guanosine Triphosphatase-Encoding Orthologs Are Conserved circRNA Hosts

In order to validate the existence of circRNAs, we performed verification by PCR amplification
with a pair of outward-designed primers and a cDNA template. In total, primers and PCR
reaction systems for six potential circRNAs were designed, including the circ13:359406-359654 whose
expression was the highest among all exonic circRNAs (Supplementary Table S1). Consequently,
only two specific bands were obtained, respectively, for circ13:359406-359654 and circ7:1027082-1027487.
To further confirm the results, we successfully got the PCR band with expected length (248 bp) for
circ13:359406-359654 (Figure 4a). Not surprisingly, we failed to observe a corresponding band at the
exact level in the control reaction, in which genomic DNA was used as a template. Subsequent Sanger
sequencing confirmed that it contained the predicted back-splicing junction site (Figure 4b).

According to genomic distribution data, circ13:359406-359654 was derived from the 5′ end of
the gene CNM01190 (National Center for Biotechnology Information [NCBI] ID: 3255052). By virtue
of splicing information stored in the Ensemble Fungi database, we found that the gene CNM01190
has two splice variants, which encode either a short version (174 aminoacides (aa)) or a long version
(252 aa) of protein (Figure 4c). Through a conserved domain basic local alignment search tool (BLAST)
search [29], we found that the long variant product encoded by CNM01190 belongs to the Rab-related
GTPase family, which is exemplified by YPT5 in Schizosaccharomyces pombe. Given this, we named the
cryptococcal circRNA circCNYPT5. We then used Clustal Omega to compare amino acid sequences of
YPT5 and CNM01190 long version and found that their identity rate was as high as 57.62% (Figure 4d).
Surprisingly, YPT5 has also been reported to generate circRNAs in S. pombe, residing at the exonic
regions instead of the 5′-untranslated region (5’-UTR) [17,30]. Therefore, we also performed DNA
sequence alignments between the two homologous genes with the BLAST algorithm available at the

11



Genes 2018, 9, 118

NCBI website, but no significant similarity was found. In general, our data suggest a conservation of
circRNA host genes in yeasts.

(c)

(d)

     

(a) (b)

Figure 4. Small GTPase-encoding genes are conserved in circRNA origination among yeasts. (a) The
upper panel shows that circCNYPT5 can be amplified using outward polymerase chain reactions
(PCRs). By contrast, PCR using a genomic DNA template was unable to produce a corresponding
band at the same level. Primers in the amplification (black arrows) are shown in the bottom panel.
(b) Sanger sequencing confirmed the back-splicing junction in PCR products. The 5′ (yellow arrow)
and 3′ (purple arrow) were found connected according to sequencing data. (c) circCNYPT5 is derived
from the 5′ region of CNM01190, which has two splice variants. (d) Multiple alignments of amino
acid sequences showed a high identity between proteins encoded by CNM01190 in C. neoformans and
YPT5 in Schizosaccharomyces pombe. Identical amino acids between the two proteins are highlighted in
dark blue.

3.5. DBR1 Expression Level Is Negatively Associated with circDPEPS but Not circCNYPT5

According to the lariat-driven model, circRNAs are derived from exon-containing lariat precursors.
Inhibiting Dbr1 protein, which degrades lariat, could lead to increased circRMA levels. The expression
level of global circRNAs in the DBR1Δ mutant strain increased by three- to four-fold over the level in the
wild-type (WT) S. pombe [31]. To investigate the function of DBR1 in circRNA regulation in C. neoformans,
we tried to knock out the counterpart DBR1 gene in C. neoformans JEC21 with the latest clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas9 editing system [32,33]. Unfortunately, we failed
to get any DBR1 knockout strain, which implies that the DBR1 gene might be essential in serotype
D strains. As a solution, we overexpressed the DBR1 gene in JEC21. The overexpression (OE) vector
pBS-HYG-DBR1 was detected in transformants OE-1 and OE-2, but not WT, through amplification
of a hygromycin-resistant fragment (Figure 5a). Quantitative reverse-transcription (RT) PCR showed
that DBR1 mRNA increased up to 4.89- and 3.76-fold in OE-1 and OE-2, respectively, compared to WT
(Figure 5b).
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We speculated that overexpression of DBR1 could reduce circRNA levels in C. neoformans. Thus,
we analyzed the expression levels of circCNYPT5 in OE-1, OE-2, and WT by semiquantitative RT-PCR.
To our surprise, no significant difference in circCNYPT5 expression level was found between WT and
overexpression strains according to the electrophoretogram (Olympus, Tokyo, Japan). On the other
hand, another highly expressed circular RNA, circDPEPS, which is derived from the whole sequence of
gene CNG03660 (putatively encoding DNA polymerase epsilon p12 subunit, gene ID: 3258898), showed
a dramatically decreased level in both overexpression strains (Figure 5c). One possible explanation
for these divergent results is that circDPEPS might be processed through an exon-containing lariat
precursor, while the generation of circCNYPT5 might rely on a lariat-independent mechanism. On the
other hand, these two circRNAs might both be regulated by the DBR1 gene which plays an important
role upstream, but the different downstream action elements may contribute to the wildly different
results, which requires further investigation.

 
(a) 

(b) 
(c) 

Figure 5. Overexpression (OE) of DBR1 has a diverse influence on circDPEPS and circCNYPT5. (a) PCR
was performed to confirm that DBR1 overexpression of plasmid pBS-HYG-DBR1 was transformed into
two transformants, OE-1 and OE-2 (lane 2 and lane 3). JEC21 (wild-type, WT) was used as control.
(b) Quantitative reverse-transcription (RT) PCR analysis showed that DBR1 expression level increased
up to 4.89- and 3.76-fold in OE-1 and OE-2 compared to WT. Error bars show standard error of the
mean. (c) Semiquantitative RT-PCR analysis shows that the circDPEPS level declined significantly in
the OE strains, while circCNYPT5 remained at a similar level in all three strains. Actin-encoding gene
ACT1 mRNA was used as an internal control.

4. Discussion

In the present study, we report the results of a genomewide screening for circRNAs in the
basidiomycetous yeast C. neoformans serotype D JEC21 using RNA-seq with bioinformatics analysis.
A total of 73 unique circRNAs—including 54 exonic, 4 intronic, and 15 intergenic circRNAs—were
identified by the CIRI algorithm. Considering the number of exonic circRNAs and intronic circRNAs,
we got 58 predicted circRNA host genes, which was near the number obtained from S. pombe
(42 genes) [30], but notably less than higher eukaryotes [27,28,34]. The reason might be that different
biosynthesis paths are adopted in various organisms. For instance, neural circular RNAs were
generated in a spliceosome-dependent manner [35], whereas lariat precursors, which are byproducts
in an exon-skipping event, are required for the production of circRNAs in S. pombe [17].

Furthermore, we conducted an analysis of the functions of circRNA host genes by GO and
KEGG pathways. According to the top-rank rule in GO annotation, we found that circRNA host
genes are enriched in encoding structural proteins of the ribosome, plasma membrane, and cell wall,
all of which are important in routine growth of the yeast. In addition, we found that the ribosome
and starch–sucrose metabolism pathways are the most enriched pathways in the KEGG analysis.
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However, the relationship between circRNAs and their host genes still remains elusive due to the
limitations of the mutagenesis strategy in the study of circRNAs. CircRNA biosynthesis can compete
with pre-mRNA splicing in some cases [36]. On the other hand, some circular intronic RNAs (ciRNAs),
such as Ci-ankrd52, are able to promote the transcription of corresponding genes [37]. Additionally,
circRNAs in plants like rice and tomato usually exhibit developmental specificity [38,39], while soybean
circRNAs show mainly tissue specificity [28].

Interestingly, we found that Rab GTPase-encoding orthologs are conserved circRNA hosts in
C. neoformans and S. pombe. In fact, previous studies reported GTPase-derived circRNAs in protists [30]
and humans [40]. Given the low occurrence of unique circRNAs in yeasts, these results may have
meaningful implication as to their biogenesis and the function of circRNAs. In our yeast, the host
gene, CNM01190 (NCBI ID: 3255052), has two alternative splicing products that putatively encode
174-aa and 252-aa proteins separately. The circCNYPT5 was derived from the 5′-UTR region of the
gene and the first exon in the longer variant. Whether the formation of circCNYPT5 is associated with
the alternative splicing process is an intriguing question. The long version of CNM01190 encodes a
member of the small GTPase family. Many of the members of the family have been shown to play vital
roles in pathogenesis, thermotolerance, mating, and septin localization in C. neoformans [41–43]. Thus,
circCNYPT5 that originated from the 5′-UTR region of the gene could presumably act as a profound
regulator of the transcription of the YPT5 gene. Biogenesis of circRNAs within the conserved host
ortholog genes across the eukaryotic domain of life raises a question for further investigation.

Finally, we showed that the RNA lariat debranching enzyme (DBR1) has variable influence on
different circRNA expression in C. neoformans. DBR1 was demonstrated to play key roles in circRNA
biogenesis by the lariat-driven pathway in fission yeast [17]. Whether cryptococcal DBR1 mediates
circRNAs biosynthesis in a fission yeast style is still unknown. We failed to knock out DBR1 in the
C. neoformans JEC21 serotype D strain, although it could be deleted in the serotype A H99 strain [44].
This phenomenon suggests diverse functions of this gene. Overexpression of DBR1 in the JEC21 strain
decreased circDPEPS levels but had no effect on circCNYPT5 levels. We also attempted to detect other
potential circRNAs with PCR amplification but failed, maybe due to the background disturbance
from rRNA and linear RNA which were removed from the RNA samples in the RNA-seq. Our data
indicate that circCNYPT5 is not processed through an exon-containing lariat precursor. As to the
biogenesis of circCNYPT5, the intron-driven model may not be applicable in this case, as no intronic
secondary structure was predictable by Mfold software [45]. Whether circCNYPT5 is produced through
a spliceosome-dependent path or a protein factors-associated path needs to be investigated. Consistent
with our research, a recent RNA-seq study revealed an approximately three- to four-fold increase in
circRNAs when DBR1 was mutated in S. pombe [31]. However, researchers also found that the effect of
DBR1 deletion on particular genes seems to have statistical significance [17]. As for circDPEPS, it might
be produced through a classic lariat-precursor pathway. However, there is still the possibility that this
circRNA derives from other pathways. For instance, the DBR1 gene may have an indirect influence
on circDPEPS expression due to the multiple functions of DBR1. It is noteworthy that, according
to recent work on C. neoformans serotype A H99, DBR1 is indispensable in the biosynthesis of some
transposon-derived small interference RNAs (siRNAs) [44]. In sum, the exact cryptococcal circRNA
biosynthesis pathway, along with the comprehensive function of DBR1 in C. neoformans, may need
further investigation.

5. Conclusions

In the present study, we identified 73 unique circular RNAs from basidiomycetous yeast
C. neoformans using RNA-seq and bioinformatics tools such as CIRI. The function of circRNA host genes
enriches in primary metabolism, especially translation and carbohydrate metabolism. In addition,
we found that the small GTPase ortholog genes are conserved hosts of circRNAs among eukaryotic
organisms. Primary analysis revealed that the cryptococcal DBR1 gene has a differential impact on
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the generation of different circRNAs. Our study on the identification of circRNAs opens an avenue to
understanding their biological function in the pathogenesis of this pathogen.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/3/118/s1.
Table S1: Primers used in this study. Table S2: List of all predicted circRNAs in C. neoformans JEC21.
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Abstract: (1) Background: Candida glabrata is one of the most significant Candida species associated
with severe cases of candidiasis. Biofilm formation is an important feature, closely associated with
antifungal resistance, involving alterations of gene expression or mutations, which can result in the
failure of antifungal treatments. Hence, the main goal of this work was to evaluate the role of a set
of genes, associated with matrix production, in the resistance of C. glabrata biofilms to antifungal
drugs. (2) Methods: the determination of the expression of BGL2, XOG1, FKS1, FKS2, GAS2, KNH1,
UGP1, and MNN2 genes in 48-h biofilm’s cells of three C. glabrata strains was performed through
quantitative real-time PCR (RT-qPCR), after contact with Fluconazole (Flu), Amphotericin B (AmB),
Caspofungin (Csf), or Micafungin (Mcf). (3) Results: Mcf induced a general overexpression of the
selected genes. It was verified that the genes related to the production of β-1,3-glucans (BGL2,
XOG1, GAS2) had the highest expressions. (4) Conclusion: though β-1,6-glucans and mannans are
an essential part of the cell and biofilm matrix, C. glabrata biofilm cells seem to contribute more to the
replacement of β-1,3-glucans. Thus, these biopolymers seem to have a greater impact on the biofilm
matrix composition and, consequently, a role in the biofilm resistance to antifungal drugs.

Keywords: Candida; biofilms; matrix; drug resistance; gene expression; Candida glabrata

1. Introduction

Fungal infections continue to increase worldwide, particularly among immunosuppressed
patients, individuals under prolonged hospitalization, catheterization, or continued antimicrobial
treatments [1–3]. Candida spp. are the commonest fungal species involved in these diseases.
Candida albicans is the most isolated species, but Candida glabrata and Candida parapsilosis are the
second most isolated species in the United States of America and Europe, respectively [1,4,5].
Though C. glabrata does not have the capacity to form hyphae and pseudohyphae or to secret
proteases, this species has other virulence factors, such as the ability to secrete phospholipases,
lipases, and haemolysins and, importantly, the capacity to form biofilms [6–8]. These factors highly
contribute to a high aggressiveness, resulting in a low therapeutic response and severe cases of recurrent
candidiasis [8,9]. Biofilms are communities of microorganisms that colonize tissues and indwelling
medical devices, embedded in an extracellular matrix [10,11]. These heterogeneous structures provide
high resistance to antifungal therapy and strong host immune responses [7,8,12]. C. glabrata has
shown to form a compact biofilm structure in different multilayers [6,7], with proteins, carbohydrates,
and ergosterol into their matrices [6,7,13].

Various reports have shown the presence of β-1,3 glucans in the biofilm matrices of C. albicans [14–17].
Interestingly, it has been demonstrated that an increase in cell wall glucan was associated with biofilm
growth [14] and, more recently, β-1,3 glucans were shown to be also present in the matrices of C. glabrata
biofilms [13,18,19]. This specific carbohydrate has been associated with a general increase of extracellular
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matrix delivery, which is critical for securing biofilm cells to a surface and crucial to develop an antifungal drug
resistance phenotype [14,19–23]. Several genes are involved in the delivery and accumulation of extracellular
matrix. It is recognized that, in C. albicans, the major β-1,3 glucan synthases are encoded mainly by FKS1
but also by FKS2 [24]. The BGL2 and XOG1 genes also have important roles in glucan matrix delivery by
encoding glucanosyltransferases and β-1,3 exoglucanase, respectively [25,26]. These genes play an important
part in cell wall remodeling, however, the influence of the corresponding enzymes in matrix glucan delivery
does not appear to affect cell wall ultrastructure or β-1,3 glucan concentration, suggesting that these enzymes
function specifically for matrix delivery [17,19,26–28]. Identical to Saccharomyces cerevisiae, in C. glabrata, the
GAS gene family is a regulator of the production of β-1,3 glucan [29]. Gas2, a glycosylphosphatidylinositol
(GPI)-anchored cell surface protein [30,31], is a putative carbohydrate-active enzyme that may change cell
wall polysaccharides [29,32].

Another carbohydrate of C. glabrata cell wall is β-1,6-glucan, present as a polymer covalently
attached to glycoproteins [33–36], β-1,3-glucan, and chitin [37]. Nagahashi et al. [36] reported the
isolation of KNH1 homologs (genes encoding cell surface O-glycoproteins), suggesting the evolutionary
conservation of these molecules as essential components of β-1,6-glucan synthesis in C. glabrata,
which was also discussed before [35,38]. Additionally, the UGP1 gene is a putative uridine diphosphate
(UDP)-glucose pyrophosphorylase related to the general β-1,6-D-glucan biosynthetic process [39,40].
During stress conditions, several S. cerevisiae orthologous genes are induced in C. glabrata. In glucose
starvation stress, UGP1 is induced [39].

The external layer cell wall of Candida spp. also consists of highly glycosylated mannoproteins [41–43],
which play a major role in host recognition, adhesion, and cell wall integrity [44–56]. These proteins
have both N- and O-linked sugars, predominantly mannans, which are also known to be present in the
biofilm matrices of C. albicans [57–59]. The MNN2 gene is one putative element of N-linked glycosylation,
directly responsible for mannans production for both cell and biofilm matrices of C. glabrata [57–59].

The goal of this work was to determine the expression profile of selected genes (Tables 1 and 2)
related to the production of biofilm matrix components in response to stress caused by drugs from
the most important antifungal classes: azoles (Fluconazole, Flu), polyenes (Amphotericin B, AmB),
and echinocandins (Caspofungin, Csf, and Micafungin, Mcf).

2. Materials and Methods

2.1. Organisms

Three strains of C. glabrata were used in the course of this study: One reference strain (C. glabrata
ATCC 2001) from the American Type Culture Collection (Manassas, VA, USA), one strain recovered
from the urinary tract (C. glabrata 562123) of a patient, and one strain recovered from the vaginal tract
of a patient (C. glabrata 534784) in the Hospital Escala, Braga, Portugal. The identity of all isolates
was confirmed using CHROMagarTM Candida (CHROMagarTM, Paris, France) and by PCR-based
sequencing using specific primers (ITS1 and ITS4) against the 5.8 s subunit gene reference [60]. The PCR
products were sequenced using the ABI-PRISM Big Dye terminator cycle sequencing kit (Perkin Elmer,
Applied Biosystems, Warrington, UK).

2.2. Growth Conditions

For each experiment, C. glabrata ATCC2001, C. glabrata 534784, and C. glabrata 562123 strains
were subcultured on Sabouraud dextrose agar (SDA) (Merck, Darmstadt, Germany) for 24 h at 37 ◦C.
The cells were then inoculated in Sabouraud dextrose broth (SDB) (Merck) and incubated for 18 h
at 37 ◦C under agitation at 120 rpm. After incubation, the cells were harvested by centrifugation at
3000× g (Thermo Scientific, CL10, Hampton, NH, USA) for 10 min at 4 ◦C and washed twice with
phosphate buffered saline (PBS, pH = 7.5). The cell pellets were then suspended in Roswell Park
memorial institute (RPMI), and the cellular density was adjusted to 1 × 105 cells/mL, using a Neubauer
counting chamber.
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2.3. Antifungal Drugs

Flu, Csf, and Mcf were kindly provided by Pfizer® (New York, NY, USA), MSD® (Kenilworth,
NJ, USA) and Astellas Pharma, Ltd., (Tokyo, Japan), respectively, in their pure form. AmB was purchased
from Sigma® (Sigma-Aldrich, Buffalo, NY, USA). Aliquots of 5000 mg/L were prepared using dimethyl
sulfoxide (DMSO). The final concentrations used were prepared in RPMI-1640 (Sigma-Aldrich).

2.4. Biofilm Formation

The minimum biofilm eradicatory concentration (MBEC) values were previously determined by
the group, according to the European committee on antimicrobial susceptibility testing (EUCAST)
guidelines [61,62]. For biofilm formation, standardized cell suspensions (1000 μL) were placed into
selected wells of 24-wells polystyrene microtiter plates (Orange Scientific, Braine-l’Alleud, Belgium).
At 24 h, 500 μL of RPMI-1640 was removed, and an equal volume of fresh RPMI-1640 plus the
antifungal solution was added, on the basis of the MBEC values determined and indicated in bold
in Table 1 (2× concentrated). The plates were incubated at 37 ◦C for additional 24 h at 120 rpm.
RPMI-1640 containing only the antifungal agent was used as a negative control. As a positive control,
cell suspensions were tested in the absence of the antifungal agent [18].

Table 1. Minimum biofilm eradicatory concentrations (MBEC) for the Candida glabrata strains of
fluconazole (Flu), amphotericin B (AmB), caspofungin (Csf), and micafungin (Mcf) (mg/L).

Origin Strain Flu AmB Csf Mcf

Reference (Wild Type) ATCC2001 >1250 4 2.5–3 16–17
Urinary Tract 562123 625 2 0.5–1 16–17
Vaginal Tract 534784 >1250 2 2.5–3 5.5–6

Bold: concentrations applied to the pre-formed biofilms.

2.5. Gene Expression Analysis

2.5.1. Gene Selection and Primer Design for Quantitative Real-Time PCR

Genes related to the production of biofilm matrix components (β-1,3, β-1,6 glucans,
and mannans)—BGL2, FKS1, FKS2, GAS2, KNH1, UGP1, XOG1 and MNN2—were selected for this
study. The gene sequences of interest were obtained from Candida Genome Database [63] and the
primers for quantitative real-time PCR (RT-qPCR) were designed using Primer 3 [64] web-based
software and are listed in Table 2. ACT1 was chosen as a housekeeping gene. In order to verify the
specificity of each primer pair for its corresponding target gene, the PCR products were first amplified
from C. glabrata ATCC2001.

2.5.2. Preparation of Biofilm Cells for RNA Extraction

After biofilm formation, the medium was eliminated, and the wells were washed with sterile
water to remove non-adherent cells. The biofilms were scraped from the wells with 1 mL of sterile
water and sonicated (Ultrasonic Processor, Cole-Parmer, IL, USA) for 30 s at 30 W to separate the cells
from the biofilm matrix. The cells were harvested by centrifugation at 8000× g for 5 min at 4 ◦C [18].

2.5.3. RNA Extraction

RNA extraction was performed using PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA, USA).
Prior to RNA extraction, a lysis buffer from PureLink RNA Mini kit was prepared by adding 1% of
ß-mercaptoethanol to the supplied buffer solution. Then, 500 μL of lysis buffer containing glass beads
(0.5 mm diameter) was added to each pellet. The cell suspensions were homogenized twice for 30 s
using a Mini-Bead-Beater-8 (Stratech Scientific, Soham, UK). After cell disruption, the PureLink RNA
Mini Kit (Invitrogen) was used for total RNA extraction according to the manufacturer’s recommended
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protocol. To avoid potential DNA contamination, the samples were treated with RNase-Free DNase I
(Invitrogen) [18].

Table 2. Primers, targets used, and specific function of the genes used for the expression analysis.

Sequence (5′ → 3′) Primer Target Properties and Proposed Function a

5′-GGC AAG AAA CTG GAC AGA GC-3′ F
BGL2

β-1,3-glucanosyltransferase activity;
glucan endo-β-1,3-D-glucosidase activity5′-GGA AAA CTT GGG TCC TGC TG-3′ R

5′-GTC CTA ACC TTG CAC ACC AG-3′ F
FKS1 β-1,3-D-glucan synthase activity

5′-CTA CGC CCA AAC ATC AGC-3′ R

5′-GGG TCA CTG TGA AAT GTT-3 F
FKS2 β-1,3-D-glucan synthase activity

5′-GTA GAC GGG TTC GGA TT-3 R

5′-ACC AGT CGT ACC ATT ACC GG-3′ F
GAS2 β-1,3-glucanosyltransferase activity

5′-CCT GCC CAA CTT CTA ACA GC-3′ R

5′-CGG TGC CAA CGG TTA CTA-3′ F
KNH1 β-1,6-D-glucan biosynthetic process

5′-GTG ACA CGG GTT TCA GGA-3′ R

5′-AAT CGC ACA AGG CAG AGA-3′ F
UGP1 β-1,6-D-glucan biosynthetic process

5′-ACT TGG GCG ACT TCC AAT-3′ R

5′-GGT GAG TTG CAA CGT GAC AT-3′ F
XOG1

Glucan endo-β-1,6 and 1,3-glucosidase
activity5′-ATT CGG TTA AAG CGG CAC TC-3′ R

5′-GAA GCC TGA TGG TGG TGA-3′ F
MNN2

α-mannosyltransferase biosynthetic
process5′-ATT GGG CGA TGA CCT TCT-3′ R

5′-GTT GAC CGA GGC TCC AAT GA-3′ F
ACT1 Housekeeping gene

5′-CAC CGT CAC CAG AGT CCA AA-3′ R
a CGD: Candida Genome Database [63]; F: forward; R: reverse.

2.5.4. Synthesis of Complementary DNA

To synthesize complementary DNA (cDNA), the iScript cDNA Synthesis Kit (Bio-Rad, Hercules,
CA, USA) was used according to the manufacturer’s instructions. For each sample, 10 μL of the
extracted RNA was used in a final reaction volume of 50 μL. cDNA synthesis was performed firstly at
70 ◦C for 5 min and then at 42 ◦C for 1 h. The reaction was stopped by heating for 5 min at 95 ◦C [18].

2.5.5. Quantitative Real-Time PCR

RT-qPCR (CFX96 Real-Time PCR System, Bio-Rad) was performed to determine the relative
levels of all genes mRNA transcripts in the RNA samples, with ACT1 used as a reference Candida
housekeeping gene. Each reaction mixture consisted of a working concentration of SoFast EvaGreen
Supermix (Bio-Rad), 50 μM forward and reverse primers, and 4 μL cDNA, in a final reaction volume of
20 μL. Negative controls (water) as well as non-transcriptase reverse controls (NRT) were included in
each run [18]. The relative quantification of gene expression was performed by the 2−ΔCT method [65].
Each reaction was performed in triplicate, and mean values of relative expression were determined for
each gene. The results are presented after calculation of 2−ΔCT .

2.6. Statistical Analysis

All experiments were repeated three times in independent assays. The results were compared
using one-way analysis of variance (ANOVA), Dunnett’s multiple comparisons tests, using GraphPadTM

PrismTM 7 software (GraphPad Software, San Diego, CA, USA). All tests were performed with a confidence
level of 95%. In order to determine the similarity of the strains’ gene profiles, the Pearson Correlation
Coefficient (r) was also applied.

3. Results and Discussion

Candidaemia related to C. glabrata has been increasing in the last years in parallel with its high
drug resistance, particularly to the azole antifungal class [1,20,66]. Biofilms of C. glabrata are highly
recalcitrant to treatments with antifungal agents as a consequence of multiple resistance mechanisms,
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such as those linked to the presence of a strong net of exopolysaccharydes and other biopolymers that
protect the cells and hinder the diffusion of the drugs [1,15,67–69]. In order to stress C. glabrata biofilm
cells, four antifungals were applied (at concentrations based on MBECs values, Table 1) in pre-formed
biofilms, and then an evaluation of biofilms’ matrix gene expression was performed and compared
with the expression of a housekeeping gene.

Figure 1 shows the heatmap with the results of the RT-qPCR expression profiling of biofilm
cells of C. glabrata ATCC2001 (A), C. glabrata 562123 (B), and C. glabrata 534784 (C) in the presence of
antifungal drugs. The final data are presented in fold-change (FC) in comparison to the expression of
the housekeeping gene (2−ΔCT ) [70].

Figure 1. Real-time PCR expression profiling of BGL2, XOG1, GAS2, FKS1, FKS2, KNH1, UGP1,
and MNN2 genes in biofilm cells of Candida glabrata ATCC2001 (reference strain, in bold) (a), C. glabrata
562123 (b), and C. glabrata 534784 (c) in the presence of antifungal drugs. The heatmap was generated
by a log transformation of the RT-qPCR data and the fold-change (FC) expression determined through
2−ΔCT . The numerical scale on the right represents the FC. (Control: non-treated cells).

Generally, BGL2, FKS1, FKS2, GAS2, and XOG1 displayed higher expression levels in biofilm
cells in response to the drugs and, by contrast, KNH1, UPG1, and MNN2 displayed minor expression
changes (Figure 1 and Table 3).

BGL2 showed similar expression in the control groups, and its FC expression decreased in the
reference strain when Flu and Csf were present (FC: 1.40 and 2.00 respectively) and in the urinary
strain when AmB was present (FC: 1.71). In all the other cases, BGL2 FC expression increased,
particularly when the biofilms were treated with Mcf (FC: C. glabrata ATCC2001: 5.13; C. glabrata 562123:
10.58; C. glabrata 534784: 13.49). All changes in BGL2 expression were statistically significant compared
to the untreated cells (p < 0.0001). Compared to the controls, XOG1 gene revealed a statistically
significant downregulation after contact with AmB (FC: C. glabrata ATCC2001 0.37; C. glabrata 562123
0.10; C. glabrata 534784: 0.27) and overexpression in the presence of all the other antifungals, in all
strains. For this gene, the most noteworthy overexpression was observed in Flu-treated C. glabrata
534784 (FC: 2.35, p < 0.0001), Csf-treated C. glabrata 562123 and C. glabrata 534784 (FC: 1.42 and 5.45,
p < 0.0001, respectively), and in all strains after contact with Mcf (FC: C. glabrata ATCC2001: 6.54,
C. glabrata 562123: 7.89, C. glabrata 534784: 12.38, all p < 0.0001).
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Table 3. Real-time PCR expression profiling of BGL2, FKS1, FKS2, GAS2, KNH1, UGP1, XOG1,
and MNN2 genes in biofilm cells of C. glabrata ATCC2001, C. glabrata 562123, C. glabrata 534784 with
and without antifungal treatment (FC: 2−ΔCT ). The significance of the FC results was determined by
comparing the treated groups with the non-treated ones (controls) (* p < 0.05; ** p < 0.001; *** p < 0.0005;
**** p < 0.0001).

Gene
Candida glabrata ATCC2001 Candida glabrata 562123 Candida glabrata 534784

Fold-Change

BGL2

Non treated 2.23 2.77 1.90
Flu 1.41 **** 4.01 **** 3.66 ****

AmB 2.04 **** 1.71 **** 3.85 ****
Csf 2.00 **** 3.82 **** 5.98 ****
Mcf 5.13 **** 10.58 **** 13.49 ****

XOG1

Non treated 0.57 0.15 0.46
Flu 0.96 **** 0.54 **** 2.35 ****

AmB 0.37 **** 0.10 *** 0.27 ****
Csf 1.08 **** 1.42 **** 5.45 ****
Mcf 6.54 **** 7.89 **** 12.38 ****

GAS2

Non treated 5.34 1.67 1.39
Flu 0.76 **** 2.73 **** 2.26 ****

AmB 3.02 **** 1.56 **** 1.95 ****
Csf 5.72 **** 2.08 **** 3.39 ****
Mcf 3.99 **** 7.43 **** 8.18 ****

FKS1

Non treated 0.11 0.11 0.17
Flu 0.22 **** 0.65 **** 1.07 ****

AmB 0.16 **** 0.08 **** 0.19 (ns)
Csf 0.07 *** 0.20 **** 1.27 ****
Mcf 0.49 **** 0.94 **** 3.55 ****

FKS2

Non treated 0.14 0.20 0.27
Flu 0.61 **** 0.64 **** 1.77 ****

AmB 0.06 *** 0.19 * 1.05 ****
Csf 0.28 **** 0.55 **** 1.66 ****
Mcf 0.43 **** 2.29 **** 7.50 ****

KNH1

Non treated 0.06 0.20 0.22
Flu 0.50 **** 0.41 **** 2.08 ****

AmB 0.51 **** 0.87 **** 0.94 ***
Csf 0.24 **** 0.21 (ns) 0.72 ****
Mcf 0.45 **** 1.33 **** 1.43 ****

UGP1

Non treated 0.002 0.07 0.20
Flu 0.10 **** 0.15 **** 0.55 ****

AmB 0.17 **** 0.05 **** 0.46 ****
Csf 0.01 (ns) 0.06 ** 0.33 ****
Mcf 0.04 ** 0.21 **** 3.17 ****

MNN2

Non treated 0.02 0.18 0.13
Flu 0.19 **** 0.34 **** 1.17 ****

AmB 0.13 **** 0.24 **** 0.71 ****
Csf 0.18 **** 0.13 *** 1.40 ****
Mcf 0.31 **** 1.21 **** 7.03 ****

(ns, non-significant; Non-treated, controls).

In an important report, Taff et al. [19] concluded that mutants of C. albicans unable to produce
Bgl2 and Xog1 enzymes did not show perturbations in the cell wall glucan composition of
biofilm cells, and that these enzymes were not necessary for filamentation or biofilm formation.
However, the biofilms had a reduced matrix glucan content, reduced total matrix biomass
accumulation, and improved susceptibility to antifungal drug therapy [19]. Similarly, Li et al. [71]
showed that, in C. albicans’ persister cells (frequent in biofilms [72,73]), there was an increased
expression of cell wall integrity proteins such as Xog1 and Bgl2. These studies recognized
a biofilm-specific pathway involving Bgl2 and Xog1 (and Phr1) enzymes and affecting matrix delivery,
by which these enzymes release and modify cell wall glucan for deposition in the extracellular space;
however, an alternative explanation is that these enzymes act in the extracellular space, being crucial
for mature matrix organization and function [19]. These enzymes have been localized in the cell wall,
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supporting the hypothesis of their activity in the cell wall, but have also secretion sequences that
support an extracellular function. As seen earlier, BGL2 is one of the glucan modifying genes for glucan
delivery, and XOG1 is a glucanase [19], necessary for modification and delivery of carbohydrates to
the mature biofilm matrix. Without delivery and accumulation of matrix glucan, the biofilms exhibit
enhanced susceptibility to antifungal drugs [19]. The change in the regulation of BGL2 and XOG1 in
the biofilm cells of C. glabrata after drug treatment that we observed is interpreted as a response of the
biofilm cells to the reduction of biofilm matrix, specifically of β-1,3-glucans, and it has been described
before [7,13,18].

The GAS gene family is also a regulator in the production of β-1,3-glucan, and Gas2 is
a glycosylphosphatidylinositol (GPI)-anchored cell surface protein [31] involved in the production of
β-1,3-glucan in C. glabrata [29,30]. Gas2 is a documented putative carbohydrate-active enzyme and
consequently it can alter the cell wall polysaccharides in order to build and remodel the cell wall glycan
network during growth in C. glabrata [29]. In C. glabrata ATCC2001, GAS2 was highly expressed in the
non-treated group and after Csf contact (FC: 5.72), while Flu, AmB, and Mcf led to its downregulation.
The clinical isolates upregulated the gene in all conditions, except for AmB treatment of C. glabrata
562123 (Figure 1 and Table 3, all p < 0.0001). Hence, when analyzing the results of C. glabrata 562123
and C. glabrata 534784, the GAS2 network seems to be activated also after glycan’s loss following drug
treatment, in order to replace the lack of 1,3-β-glucans and re-establish biofilm cells’ homeostasis.
All results compared with those from untreated cells (controls) were statistically significant (p < 0.0001).

The resistance to echinocandins increased from 4.9% to 12.3% between 2001 and 2010 [74] with
a rapid development of FKS mutations in Candida spp., especially in C. glabrata [75,76]. The amino acid
substitutions occurring in FKS1 [30,77–79] and FKS2 [30,80] are directly related to the resistance to
this class of drugs: acquired FKS mutations [81] are reported to confer low β-(1,3)-D-glucan synthase
sensitivity and to increase the minimum inhibitory concentration (MIC) values, which are related to
clinical failure [82]; intrinsic FKS mutations, also lead to elevated MIC levels but have a weaker effect
on the reduction of β-(1,3)-D-glucan synthase sensitivity [82–85]. Generally, in the C. glabrata strains,
a 24 h contact with both echinocandins upregulated FKS1 and FKS2 genes and, in the reference strain,
the presence of Mcf upregulated FKS1. More specifically, the results showed that all strains upregulated
the expression of FKS1 after drug exposure (statistically significant), with the exception of Csf in
C. glabrata ATCC2001 (FC: 0.07 p < 0.001) and Csf in C. glabrata 562123 (FC: 0.08; p < 0.0001). For FKS2,
its overexpression was observed for almost all treatments in the three strains, excluding following
AmB treatment in C. glabrata ATCC2001 (FC: 0.28; p < 0.001) and C. glabrata 562123 (FC: 0.55; p < 0.05).
C. glabrata 534784 revealed, again, to have the highest capacity to overexpress both genes in response
to drug stress. These differences among the strains may be related to the described Candida spp.
intra-strains variations [62]. Bizerra et al. [76] reported the occurrence of a mutation associated with
the resistance phenotype against echinocandins in C. glabrata isolated from a single cancer patient
with candidemia exposed to antifungal prophylaxis with Mcf. Arendrup et al. [86] revealed that Mcf
MICs of C. glabrata FKS hot spot mutant isolates were less raised than those obtained for the other
echinocandins, showing that the efficacy of Mcf could be differentially dependent on specific FKS
genes mutations. These reports mention singularities regarding the FKS gene and Mcf, which can
also be observed in our results (Figure 1 and Table 3). Interestingly, up and downregulations of FKS1
and FKS2 were similar in the clinical isolates and parallel to those observed for BGL2, which makes
sense, since this gene has shown to perform, with XOG1 (and PHR1), in a complementary manner in
order to distribute the matrix downstream of the primary β-1,3 glucan synthase encoded by FKS1 [19].
Previous investigations also found elevated transcript levels of FKS1, BGL2, and XOG1 during in vivo
C. albicans biofilm growth when compared to planktonic growth, which is consistent with our results
and with a role in a biofilm-specific function, such as matrix formation [87,88].

The overexpressed values obtained for BGL1, XOG1, FKS1, FKS2, and GAS2 after the stress
conditions induced by most antifungals endorse the impact of β-1,3-glucans in the maintenance of the
cell and biofilm matrix structure.
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Sequencing studies have shown that C. glabrata is more closely related to S. cerevisiae than
to C. albicans [89], with some genes functionally interchangeable among the two species [90,91].
An important component of the cell wall and the biofilm matrix is β-1,6-glucan, which is regulated
by several genes, such as KNH1. Preceding studies have demonstrated that the KNH1 homologs are
essential components of β-1,6-glucan synthesis in C. glabrata [35,36,38]. In S. cerevisiae, many genes
involved in β-1,6-glucan synthesis were isolated through mutations (kre [killer resistant] mutations)
that are responsible for the resistance to the K1 killer toxin, which kills sensitive yeast cells after
binding to β-1,6-glucan [35,38,92]. Dijkgraaf and colleagues [35] reported that the disruption of both
KRE9 and KNH1 was synthetically lethal for C. glabrata, demonstrating the importance of these genes
in the maintenance of cell structure. In the present study, after a drug stress, all C. glabrata strains
upregulated this gene (Figure 1 and Table 3), indicating an effort to replace these β-1,6-glucans after
losses due to the aggression of the antifungals, confirming also a certain degree of relevance of these
elements in the cell wall and biofilm matrix of C. glabrata [35,36,38]. C. glabrata ATCC2001 showed
to upregulate the KNH1 gene in the presence of antifungal drugs, and C. glabrata 562123 indicated
an identical pattern by marginally increasing KNH1 gene expression in these conditions. Compared
to the other two strains, with the exception of Flu treatment (FC: 2.08; p < 0.0001), KNH1 showed
a different regulation in the vaginal tract strain (Figure 1 and Table 3). C. glabrata 534784 demonstrated
to have the highest upregulation capacity, presenting overexpression almost for all genes (Figure 1 and
Table 3).

During glucose starvation, a set of genes orthologous to S. cerevisiae is induced in C. glabrata,
including UGP1, related to the β-1,6-D-glucan biosynthetic process [39,40], which shows that the
environmental stress response is conserved between S. cerevisiae and C. glabrata [39]. UPG1 showed
to have the lowest expression, compared with other genes and controls. Nonetheless, except for one
condition and strain, in the presence of antifungal drugs, several overexpression states were observed
(Figure 1 and Table 3). The reference strain displayed overexpression in all conditions, with the highest
gene upregulation occurring in the presence of AmB (FC: 0.17; p < 0.0001) and the lowest in the presence
of Csf (FC: 0.01; non-significant); the urinary tract strain also revealed limited gene upregulation in
the presence of Csf and AmB and the highest expression in the presence of Mcf (0.15; p < 0.0001).
Generally, C. glabrata 534784 demonstrated the highest FC expression in all conditions. The lowest
gene upregulation was observed in biofilm cells stressed by Csf (FC: 0.33; p < 0.0001). Srikantha and
colleagues [91] identified a set of genes that are upregulated by the transcription factor Bcr1, involved in
impermeability, impenetrability, and drug resistance of C. albicans’ biofilms. The authors concluded that
the induction of Bcr1 overexpression in weak biofilms of C. albicans conferred those three characteristics
and, in these cases, UGP1 gene was downregulated [91]. This result supports the FC expression we
obtained: since C. glabrata biofilms were weakened by the drugs, UGP1 expression was increased
in order to balance this defect (as seen with KNH1). The overexpression values we obtained for
both KNH1 and UPG1 point to the relevance of β-1,6-glucans in the maintenance of a good cell and
matrix structure.

Regarding mannans regulation, all strains showed a low or moderate expression of MNN2 in
the controls (non-treated cells), but relevant expression changes arose in the presence of all drugs,
particularly when Mcf was added (Figure 1 and Table 3). C. glabrata ATCC2001 demonstrated the lowest
expression in the control group, among all strains (Figure 1 and Table 3). The urinary strain presented
the lowest gene expression, when compared to the untreated group (Figure 1 and Table 3). Flu and Mcf
induced the highest MNN2 values (FC: 0.34 and 1.21, respectively, both p < 0.0001), while AmB and Csf
were associated with the lowest expressions (FC: 0.24, p < 0.0001 and 0.13, p < 0.0005). For C. glabrata
ATCC2001 and C. glabrata 534784, the weakest effects were associated with the biofilm cells that were
stressed by AmB (FC: 0.13 and 0.71 respectively, both p < 0.0001). When Mcf was applied, the biofilm
cells of the vaginal strain showed a strong response to the stress, compared to the other two strains
(FC: 7.03; p < 0.0001). Our team has also found that C. glabrata ATCC2001 increased the amounts
of mannans on its cell walls in the presence of these drugs (data not shown), revealing a possible
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adaptation of the cells to the stress caused by the antifungal drugs. Other studies reported analogous
adjustments of the cell walls after environmental drug stress, which has been related to high antifungal
resistance events [1,2,19,92–94], supporting these results.

Interestingly, and when compared to the rest of the genes, the present results demonstrate
that KNH1, UGP1, and MNN2 had the lowest values of FC expression. This seems to indicate that,
although β-1,6-glucans are an important part of the cell and biofilm matrix, the cells appear to invest
more in replacing the lost β-1,3-glucans, leading to consider that these components have a greater
significance in the maintenance of the homeostasis of the biofilm matrix and the biofilm cells. In fact,
in studies developed in our group [13,18], the total polysaccharides and β-1,3-glucans concentrations
increased significantly in C. glabrata biofilm matrices after Flu, AmB, and Mcf contact. These higher
concentrations in β-1,3 glucans content might explain part of the main biofilm resistance to the drugs
that was formerly described [7,95–97].

Finally, downregulation of most genes and strains happened in the presence of AmB whereas,
in opposition, Mcf induced the main overexpression alterations (Figure 1 and Table 3). AmB is
a fungicidal drug and the most important antifungal polyene used for the treatment of systemic fungal
infections [98,99]. This drug binds to the ergosterol of the cell membrane but also induces oxidative
stress. This explains the existence of a still low reported rate of resistance and the good effectiveness
of AmB [1,13,100–104]. Also, this low resistance may be associated with the lower gene expression
effects that we detected after AmB exposure in C. glabrata (Figure 1 and Table 3). In opposition,
the most acute upregulations occurred in the presence of echinocandins and, particularly, when Mcf
was applied. This class of antifungals act by inhibiting β-1,3-glucan synthesis [1,100,105], which affects
cell wall and matrix composition. By overexpressing the genes related to β-1,3-glucan synthesis (BGL2,
FKS1, FKS2, GAS2, XOG1), the cells were attempting to compensate and replace the β-1,3-glucan
losses in their matrices induced by the drugs and, thus, protect and decrease their susceptibility to
the antifungals [19]. This general increase in total carbohydrates and specifically in β-1,3-glucans in
Candida spp. biofilm matrices has already been described [7,13,18].

Regarding the correlation between the gene expression profiles in C. glabrata, the results based on
the r are displayed in Table 4.

Table 4. Pearson Correlation Coefficient (r) determined for the expression profiles of BGL2, FKS1, FKS2,
GAS2, KNH1, UGP1, XOG1, and MNN2 genes in biofilm cells of C. glabrata ATCC2001, C. glabrata
562123, C. glabrata 534784, in the presence or absence of antifungal drugs.

Gene ATCC2001 vs. 562123 ATCC2001 vs. 534784 562123 vs. 534784

BGL2 0.9100 0.9145 0.946
XOG1 0.9965 0.9459 0.9646
FKS1 0.8947 0.8723 0.8778
FKS2 0.5074 0.4481 0.9937
GAS2 −0.0514 0.1091 0.9663
KNH1 0.6427 0.8107 0.3697
UGP1 −0.1091 -0.1122 0.8519
MNN2 0.7924 0.8618 0.9728

The results showed a strong positive correlation (r near 1) between the response profiles of BGL2,
XOG1, FKS1, and MNN2 gene expression in the three strains, which means that up and downregulation
had a high tendency to occur similarly in all strains. The scores of the r for the profile of the FKS2 gene
revealed a moderate positive correlation between the reference strain (C. glabrata ATCC2001) and the
isolates (C. glabrata 562123 and C. glabrata 534784). This indicates that, although the correlation was
positive, it was weak, and the profiles of the gene response were variable in the three strains. On the
other hand, the clinical isolates showed strong positive correlation between the expression profiles of
this gene. C. glabrata ATCC2001 demonstrated a moderate positive correlation between the expression
profiles of the GAS2 gene. C. glabrata 562123 and C. glabrata 534784 had a strong positive correlation
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between the expression profiles of the GAS2 gene. KNH1 gene was the most variable and difficult gene
to correlate between the strains. The reference and the 562123 strain showed a moderate correlation,
whereas the reference and the 534784 strain showed a strong correlation, and the clinical isolates
showed the only weak correlation detected in this study. As for the UPG1 gene, although there was
a negative correlation, the association between its expression in ATCC2001 and in the clinical isolates
can be considered weak. Between the isolates, it was determined that UPG1 up and downregulation
had a high tendency to occur similarly in all strains (thus showing strong correlation). In summary,
BGL2, XOG1, FKS1, and MNN2 appeared to be the genes presenting the most similar responses to
antifungal drugs within the transcriptome of the three strains; also, the clinical isolates appeared to
be nearer each other than to the reference strain. Once more, β-1,3-glucan synthesis was identified as
important in C. glabrata (three of the four genes affected are responsible for β-1,3-glucan production).
These similarities among the two clinical strains may be due to the fact that both were derived from
a hospital environment, and it is probable that they had already been challenged by several drugs,
so their responses were prompter compared to the reference strain that is a wild type strain.

4. Conclusions

The in vitro high-dose paradox associated with Candida spp. isolates is being increasingly reported
and connected to slightly elevated MICs, potentially contributing to clinical resistance and failure of
antifungal treatments. These drug tolerance and adaptive mechanisms are highly related to Candida
spp. biofilm forms. C. glabrata extracellular matrix is crucial for mature biofilm formation, not only
contributing to the adhesive nature of the biofilm cells, but also protecting the cells from antifungal
agents and from the host immune system. Understanding the production of the biofilm matrix
components and the associated delivery processes is important for the development of effective biofilm
therapies. All stakeholders in this process represent potentially attractive targets for detection of and
therapeutic interventions against candidiasis.
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Abstract: One of the most important features that enables Aspergillus fumigatus to grow within
a susceptible individual and to cause disease is its ability to obtain Zn2+ ions from the extremely
zinc-limited environment provided by host tissues. Zinc uptake from this source in A. fumigatus
relies on ZIP transporters encoded by the zrfA, zrfB and zrfC genes. The expression of these genes is
tightly regulated by the ZafA transcription factor that regulates zinc homeostasis and is essential for
A. fumigatus virulence. We combined the use of microarrays, Electrophoretic Mobility Shift Assays
(EMSA) analyses, DNase I footprinting assays and in silico tools to better understand the regulation
of the homeostatic and adaptive response of A. fumigatus to zinc starvation. We found that under
zinc-limiting conditions, ZafA functions mainly as a transcriptional activator through binding to
a zinc response sequence located in the regulatory regions of its target genes, although it could also
function as a repressor of a limited number of genes. In addition to genes involved in the homeostatic
response to zinc deficiency, ZafA also influenced, either directly or indirectly, the expression of many
other genes. It is remarkable that the expression of many genes involved in iron uptake and ergosterol
biosynthesis is strongly reduced under zinc starvation, even though only the expression of some of
these genes appeared to be influenced directly or indirectly by ZafA. In addition, it appears to exist
in A. fumigatus a zinc/iron cross-homeostatic network to allow the adaptation of the fungus to grow
in media containing unbalanced Zn:Fe ratios. The adaptive response to oxidative stress typically
linked to zinc starvation was also mediated by ZafA, as was the strong induction of genes involved
in gliotoxin biosynthesis and self-protection against endogenous gliotoxin. This study has expanded
our knowledge about the regulatory and metabolic changes displayed by A. fumigatus in response
to zinc starvation and has helped us to pinpoint new ZafA target genes that could be important for
fungal pathogens to survive and grow within host tissues and, hence, for virulence.

Keywords: Aspergillus fumigatus; zinc; transcription; regulation

1. Introduction

Zinc is an essential nutrient element that plays a critical role in many different biological processes
as a structural and/or as a catalytic component of many different enzymes [1,2]. Indeed, zinc is
required, in both pathogens and their hosts, for the normal functioning of hundreds of enzymes and
regulatory proteins in all cells. For this reason, zinc uptake and distribution are subjected to a strict
homeostatic control. This is critical to ensure an appropriate steady supply of zinc and to prevent the
noxious effects that both excess and deficiency of zinc may have on cell growth and differentiation.

Genes 2018, 9, 318; doi:10.3390/genes9070318 www.mdpi.com/journal/genes34
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Free-living, mutualist and commensal microorganisms obtain zinc from non-living matter such as
water, soil or organic compounds present in their surrounding environment. In contrast, microbial
pathogens have to obtain zinc from the tissues of the host they parasitize. However, zinc in living
tissues is subjected to a strict homeostatic control that restricts the access of pathogens to it. Indeed,
intracellular eukaryotic zinc proteins bind zinc tightly with pKd stability constants (i.e., −logKd) of
10–12 [3]. As a consequence, although the concentration of total zinc within most eukaryotic cells is in
the micromolar range (100–500 μM) [4,5], the amount of intracellular free Zn2+ ions is commensurately
about six to seven orders of magnitude lower than the overall cellular zinc concentration. It has been
estimated that the concentration of free Zn2+ ions in different types of mammalian cells and tissues
range from tens to hundreds of picomoles per liter [6]. For instance, the concentration of free Zn2+

ions reported in human red blood cells is 24 pM [7], which indicates that a single red blood cell (90 fL
volume) should have 1–2 atoms of free Zn2+ ions [8].

Aspergillus fumigatus is a saprophyte filamentous fungus that usually grows on organic decaying
matter. However, it is also able to grow as a parasite in the lungs of immunosuppressed individuals
and cause invasive pulmonary aspergillosis (IPA), which is one of the fungal infectious diseases with
the highest mortality rate among immunosuppressed patients [9]. One of the most important features
that enables A. fumigatus to grow within a susceptible host and causes disease is its ability to obtain
Zn2+ ions from the hostile environment provided by host tissues [10]. A. fumigatus zinc uptake from
host tissues relies on transporters of the ZIP family encoded by the zrfA, zrfB and zrfC genes [11,12].
The ZrfC transporter seems to be well adapted to function under the alkaline zinc-limiting conditions
of mammals’ bodies and plays a major role in zinc uptake from host tissues. Interestingly, the ZrfA
and ZrfB zinc transporters, despite their expression are higher in acidic than in alkaline zinc-limiting
media, also play a relevant role in virulence. Thus, the virulence of a ΔzrfAΔzrfBΔzrfC mutant is fully
abrogated in a murine model of invasive pulmonary aspergillosis [13], as is that of a ΔzafA mutant [14],
which lacks the gene encoding the zinc-responsiveness transcriptional factor ZafA that regulates zinc
homeostasis in A. fumigatus. Hence, the ZafA-mediated induction of the zinc uptake system under
zinc-limiting conditions is a key homeostatic function required for optimal fungal growth within
host tissues.

The most investigated ZafA orthologue is the Zap1 transcription factor of Saccharomyces
cerevisiae [15]. Several genome-wide transcriptional profiling studies in S. cerevisiae have shown
that Zap1 influences the expression of many genes required to implement properly the adaptive and
homeostatic responses to zinc deficiency [16–18]. Similar studies on Zap1-regulated genes have been
also performed in the pathogenic yeasts Candida albicans and Cryptococcus gattii [19,20]. These Zap1-like
yeast transcription factors have 3–4 canonical zinc fingers domains (ZFDs) of the C2H2-type and four
ZFDs of the CWCH2-type. The latter are typically clustered in pairs forming two tandem motifs
(tCWCH2) [21] (Figure 1). Interestingly, in transcription factors carrying tCWCH2 motifs, only the
CWCH2 zinc finger of the tCWCH2 motif closer to a canonical C2H2 zinc finger interacts with the
DNA backbone, whereas its partner CWCH2 zinc finger is dedicated to protein-protein interactions
and does not interact with the DNA [22–24]. Actually, it has been proposed that the tCWCH2 motifs
are involved in inter-ZFD interactions and influence both the recognition and binding capacities of
their neighboring canonical C2H2 domains to DNA [21]. Since the activity of the transcription factors
having tCWCH2 motifs appear to be largely influenced by this type of ZFDs, it is very likely that the
transcriptional profile under zinc starvation in yeast carrying Zap1-like factors with two tCWCH2
motifs differs to a certain extent from that observed in A. fumigatus and other filamentous fungi carrying
ZafA-like factors with a unique tCWCH2 motif [14] (Figure 1). To discover new ZafA target genes
essential for fungal virulence other than those encoding ZIP transporters, we performed a genome-wide
transcription profiling in A. fumigatus grown in vitro under alkaline zinc-limiting conditions to mimic
those found by the fungus in the lungs of a susceptible host. In addition, we analyzed the promoter
regions of the genes that exhibited the highest differential expression levels between zinc-replete and
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zinc-limiting conditions. To this purpose, we used a combination of in vitro and in silico procedures to
identify the consensus DNA zinc response motif to which ZafA binds under zinc-limiting conditions.

Figure 1. Schematic representation of the transcriptional regulators of zinc homeostasis from Aspergillus
fumigatus (ZafA), Cryptococcus gattii (CgZap1), Candida albicans (CaZap1) and Saccharomyces cerevisiae
(ScZap1). Green boxes indicate canonical zinc finger (ZF) domains of the C2H2-type. Blue and orange
boxes indicate ZFs of the CWCH2-type. These ZFs are typically arranged in pairs forming tandem
CWCH2 motifs (tCWCH2). The ZF of the CWCH2-type that is presumably able to bind DNA is
indicated as an orange box. Protein sequences were aligned taking as reference the ZF of the C2H2-type
located towards the N-terminus in ZafA (i.e., ZF3).

2. Materials and Methods

2.1. Strains and Culture Media

The A. fumigatus strains used in this study are listed in Table 1. These fungal strains were
routinely grown in either the PDA complex medium (20 g/L potato dextrose agar, 20 g/L sucrose,
2.5 g/L MgSO4-7H2O) or in the liquid synthetic dextrose nitrate zinc-limiting medium (SDN–Zn,
pH 7.2) (1.7 g/L YNB without amino acids, without ammonium sulphate and without zinc [CYN2401,
Formedium], 20 g/L Dextrose, 3 g/L NaNO3, 12 μM FeSO4-7 H2O, 6 μM CuSO4-5 H2O, 10 μM
Na2MoO4-2 H2O), which was supplemented with zinc as specified using a sterile stock solution of
1 mM ZnSO4-7H2O in ultrapure water.

Table 1. Aspergillus fumigatus strains used in this study. Genes in brackets were reintroduced into the
A. fumigatus genome by targeting them at the intergenic region between the AFUA_2G08360 (pyrG)
and AFUA_2G08350 genes.

Strain Detailed Genotype Reference

CEA17 pyrG1 (auxotrophic PyrG–) [11]
AF14 Wild-type (isogenic to CEA17) [12]
AF171 ΔzafA::hisG (isogenic to CEA17) [14]
AFZR0 Wild-type [luc ← PzrfCwt → gfp] (isogenic to CEA17) This study
AFZR1 Wild-type [luc ← PzrfCZR123 → gfp] (isogenic to CEA17) This study

2.2. Culture of Aspergillus fumigatus for RNA Isolation

To obtain RNA under zinc-limiting culture conditions to be used for both microarray analyses
and Real Time quantitative PCR (RT-qPCR) experiments, the wild-type and ΔzafA mutant strain were
inoculated to a density of 1.5 × 106 spores/mL in 200 mL of the SDN–Zn zinc limiting medium and
incubated at 37 ◦C with shaking at 200 rpm for 20 h. Similarly, to obtain RNA under zinc-replete
culture conditions, the wild-type strain was inoculated and incubated as described previously in the
SDN–Zn zinc limiting medium supplemented with 100 μM zinc. In all cases, spores grown in PDA
were used as inoculum.

The mycelia were harvested by filtration on filter paper, washed twice with sterile water and
snap-frozen in liquid nitrogen. After grinding the mycelia in the presence of liquid nitrogen, the RNA
was extracted using the RNeasy Plant Mini Kit (74904, QIAGEN, Hilden, Germany) according to
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manufacturer’s instructions. RNA was eluted in 50 μL of RNase-free water. The concentration and
quality of RNA was determined by UV spectrometry (Nanodrop ND1000 spectrophotometer, Thermo
Fisher Scientific, Waltham, MA, USA) and checked on 0.8% agarose gels stained with ethidium bromide.
RNA samples were stored at −80 ◦C until use.

2.3. Microarray Experiments

The A. fumigatus Af293 DNA microarray slides (version 4) with 2× replicate 70-mer oligonucleotide
printings used in this study were obtained (April 2010) through the Pathogen Functional Genomics
Resource Center of the National Institute of the Allergy and Infectious Diseases/National Institute of
Health (NIAID/NIH), managed and funded by the Division of Microbiology and Infectious Diseases
(DMID) and operated by the J. Craig Venter Institute.

Total RNA was treated with RNase DNase-free and 2 μg of total RNA DNA-free was used for
cDNA synthesis, which was performed using SuperScript III RT and a dNTP/5-(3-aminoallyl)-dUTP
labelling mix. Upon elimination of unincorporated aa-dUTP, either the Cy5 or Cy3 dye was coupled to
the aminoallyl-labelled cDNA by incubation for 1 h at room temperature in 0.1 M sodium carbonate
(pH 9.3). Free dyes were removed using the QIAGEN PCR purification kit and were calculated for
the total picomoles of dyes incorporation and the pmol cDNA/pmol Cy dye ratios upon measuring
spectrophotometrically the cDNA concentration, OD650 nm for Cy5 and OD550 nm for Cy3. Microarray
experiments were performed in duplicate with dye labels reversed. Each slide was hybridized with
1:1 mix of two differentially labeled probes Cy3 and Cy5 (1100 pmoles of each one) in a HS 4800
Pro™ Hybridization Station (Tecan Group Ltd., Männedorf, Switzerland) and scanned using the
Axon GenePix 4000B microarray scanner. The TIFF images generated were analyzed using Spotfinder
321a to obtain relative transcript levels. Data were normalized with MIDAS using LOWESS (Locally
Weighted Scatterplot Smoothing) and the dye-swap procedure (all softwares were developed by
the J. Craig Venter Institute to be used for DNA microarray slides provided by the NIAID/NIH).
The resulting data were averaged from duplicated genes on each array and from duplicate flip-dye
arrays for each experiment, taking a total of four intensity data points for each gene. A volcano-plot
algorithm was used to identify genes that exhibited statistical significance (p < 0.05) with a change
in expression levels ≥ 1.5-fold. Differentially expressed genes at the 95% confidence level were
determined using T-test implemented in the MEV program of the TM4 microarray software suite
(http://www.tm4.org). The microarray data have been deposited in the GEO database under accession
number GSE109389.

2.4. RT-qPCR

The concentration of total RNA in all samples were brought to a final concentration of 150 ng/μL.
To remove genomic DNA, 1.5 μg of total RNA were treated with RQ1 DNase I (M610, Promega,
Madison, WI, USA) and checked by conventional PCR for the complete absence of gDNA. Next, 1 μg of
DNase-treated RNA was reversed transcribed using the SuperScript II Reverse Transcriptase (18064-014,
Invitrogen, ThermoFisher Scientific) and oligo (dT)15 (C1101, Promega) or random hexamers (SO142,
ThermoFisher Scientific) as primers. Prior to the qPCR reactions, the cDNA samples were diluted 1:3 in
water (except for reactions against the 18S rRNA that were diluted 1:1200 in water). Quantitative real
time PCR (qPCR) reactions were performed in a BioRad CFX96 equipment. A typical qPCR reaction
mixture (10 μL) contained 13.5 ng cDNA (32 pg when the qPCR was for 18S rRNA), a specific pair of
primers (150 nM final concentration) and the SYBR Premix ExTaq (Tli RNaseH Plus) (RR420A, Takara).
The amount of cDNA used per reaction was calculated on the basis that all RNA had been reversed
transcribed into cDNA, including the rRNAs. Primers used for qPCR are listed in Table S1. PCRs were
carried out for 40 cycles, denaturation at 95 ◦C for 10 s, annealing at 59 ◦C for 20 s and extension at
72 ◦C for 20 s. The relative expression level with respect to 18S rRNA (REL/18S) was calculated by
the 2−ΔCt method. The relative expression ratio (rER) was calculated by the 2−ΔΔCt method using the
expression level of the 18S rRNA as internal reference.
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2.5. Expression and Purification of the Recombinant ZafA Protein

An EcoRI-flanked DNA fragment (482 bp) carrying the coding sequence for the C-terminal 140
amino acids of ZafA (residues 434–570) was obtained by high-fidelity PCR using as template the
plasmid pZAF14, which carried the complete cDNA for the ZafA coding sequence [14], and the pair
of oligonucleotides JA181/JA182 (Table S2). This fragment was digested with EcoRI and ligated
to the EcoRI site of the pGEX-5X-3 plasmid (GE Healthcare, Little Chalfont, UK) to generate the
pGEX-5X-ZafA plasmid. The ZafA coding sequence inserted into the pGEX-5X-ZafA plasmid was
confirmed by sequencing. The pGEX-5X-ZafA plasmid was used to transform Escherichia coli BL21-DE3.
The resulting strain was able to synthesize high amounts of the four C-terminal zinc fingers of
ZafA (ZF3-6) fused to the C-terminus of GST upon induction with IPTG (0.25 mM). Although the
GST-ZafAZF3-6 protein aggregated into inclusion bodies, it was easily solubilized using a slightly
acidic lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 100 mM ZnCl2, 0.1% Triton X-100, 5 mM DTT
[pH 6.7]), instead of the most standard lysis buffer at pH 7.5. The GST-ZafAZF3-6 protein was purified
using Glutathione Sepharose 4B (GE Healthcare, Cat. 17075601) and eluted with elution buffer
(50 mM Tris-ClH [pH 8.0], 150 mM NaCl, 0.1% Triton X-100, 10 mM reduced glutathione). The eluted
GST-ZafAZF3-6 protein was concentrated with an Amicon Ultra-15 3K device (Millipore, Burlington,
MA, USA) and dialyzed in a D-Tube Dialyzer Maxi unit (MWCO 3.5 kDa) (Merck-Millipore, Novagen,
Temecula, CA, USA) against the factor Xa buffer (20 mM Tris-Cl, pH 6.5, 50 mM NaCl, 1 mM CaCl2).
Upon optimizing the cleavage conditions of the GST-ZafAZF3-6 protein with factor Xa, the purified
GST-ZafAZF3-6 protein was treated with 25 ng factor Xa (NEB, P8010, Ipswich, MA, USA) per 260 ng of
protein for 6 h at room temperature to achieve 100% cleavage of GST-ZafAZF3-6 protein, as judged in
SDS-PAGE gels stained with coomassie blue. The factor Xa was removed from the cleavage reaction
with Xarrest™ Agarose (Merck-Millipore, cat. 69038). Following the capture of Factor Xa, the agarose
was removed by spin-filtration. The cleavage reaction without factor Xa, which contained equimolar
amounts of GST and ZafAZF3-6, was dialyzed against binding buffer (25 mM Tris-HCl, pH 8.0, 50 mM
KCl, 10 μM ZnCl2, 1 mM MgCl2, 1 mM DTT). Proteins were stored at −20 ◦C until use.

The GST protein that was used as control was expressed from plasmid pGEX-5X-3, purified,
digested with factor Xa and dialyzed as described for the GST-ZafAZF3-6 protein.

Protein concentrations were estimated by measuring A280 nm in a NanoDrop spectrophotometer
(ThermoFisher) and taking into consideration that the extinction molar coefficients for the GST and
ZafAZF3-6 moieties of the GST-ZafAZF3-6 protein were 1.632 and 0.1811 mg−1 × mL × cm−1, respectively.

2.6. Construction of Plasmids to Obtain Probes for Electrophoretic Mobility Shift Assays and DNase I
Footprinting Experiments

Two overlapping DNA fragments of the zafA promoter (PzafA) of 397 bp and 233 bp were obtained
by PCR using as template gDNA from the wild-type AF14 strain and the pair of oligonucleotides
JA204/JA394 and JA375/JA204, respectively (Table S2). The PCR products were ligated to the pGEM-T
vector (Promega, cat. A1360) to generate the pZAF151 and pZAF91 plasmids.

The complete sequence of the bidirectional promoter Paspf2-zrfC that drives the expression of the
aspf2 and zrfC genes (abbreviated as PzrfC, 884 bp) was amplified by PCR using as template gDNA
from the wild-type AF14 strain and the pair of oligonucleotides JA194/JA196. The PCR product was
ligated to the pGEM-T easy vector (A1360, Promega) to generate the pASFP2-ZRF31 plasmid. Similarly,
a 215-bp DNA fragment of PzrfC right next to the zrfC coding sequence was amplified using the pair of
oligonucleotides JA376/JA377 and the PCR product was ligated to the pGEM-T vector to generate
the pASFP2-ZRF311 plasmid. Finally, 539 bp of PzrfC right next to the zrfC coding sequence were
excised from the pASFP2-ZRF31 plasmid following an EcoRV/MscI digestion-religation to generate the
pASFP2-ZRF312 plasmid, which only carried 349 bp of PzrfC right next to the aspf2 coding sequence.

A 222-bp DNA fragment of the zrfA promoter (PzrfA) was amplified by PCR using as template
gDNA from the wild-type AF14 strain and the pair of oligonucleotides JA378/JA379. The PCR product
was ligated to the pGEM-T vector to generate the pZRF10 plasmid.
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A 256-bp DNA fragment of the zrfB promoter (PzrfB) was amplified by PCR using as template
gDNA from the wild-type AF14 strain and the pair of oligonucleotides JA380/JA381. The PCR product
was ligated to the pGEM-T vector to generate the pZRF261 plasmid.

A 191 bp-DNA fragment of the alcA promoter of Aspergillus nidulans (PalcA) was amplified
by high-fidelity PCR using the pair of oligonucleotides JA261/JA388 and as template gDNA from
the A. nidulans strain G1059 [25]. The PCR product was ligated to the pGEM-T vector to generate
plasmid pALC3.

All subcloned PCR products were sequenced to verify the absence of any mutation that could
have been introduced during PCR.

2.7. Preparation of Probes for Electrophoretic Mobility Shift Assays

DNA probes for different promoters (PzafA, PzrfC, PzrfA, PzrfB and PalcA) were amplified
by high-fidelity PCR using Pfu polymerase and purified using the QIAquick PCR Purification Kit
(QIAGEN). The oligonucleotides used as primers (Table S2) and plasmids used as templates for DNA
amplification by PCR were the following: For PzafA EMSA assays we used a 233-bp DNA fragment
amplified by PCR using a dilution of the pZAF91 plasmid as template and the pair of oligonucleotides
JA375/JA204 as primers; For PzrfC EMSA assays we used a 221-bp DNA fragment amplified by
PCR using a dilution of the pASFP2-ZRF311 plasmid as template and the pair of oligonucleotides
JA376/JA377; For PzrfA EMSA assays we used a 222-bp DNA fragment amplified by PCR using
a dilution of the pZRF10 plasmid as template and the pair of oligonucleotides JA378/JA379 as primers;
For PzrfB EMSA assays we used a 256-bp DNA fragment amplified by PCR using a dilution of the
pZRF261 plasmid as template and the pair of oligonucleotides JA380/JA381 as primers; For PalcA
EMSA assays we used a 213-bp DNA fragment amplified by PCR using a dilution of the pALC3
plasmid as template and the pair of oligonucleotides JA261/JA388 as primers.

2.8. Preparation of Probes for DNase I Footprinting Assays

6-FAM-5′-labelled DNA probes for different promoters (PzafA, PzrfC, PzrfA, PzrfB and PalcA)
were amplified by high-fidelity PCR using Pfu polymerase and purified using the QIAquick PCR
Purification Kit (QIAGEN). The oligonucleotides used as primers (Table S2) and plasmids used as
templates in DNA amplification by PCR are described next.

Four different probes were used for the PzafA DNase I footprinting assays: (i) Two 432 bp DNA
fragments amplified by PCR using the pZAF91 plasmid as template and the pair of oligonucleotides
FAM-Rv/Fw and Rv/FAM-Fw as primers to get them labelled in 5′-ends of the sense and antisense
strands respectively (these probes carried 229 bp of PzafA plus two flanking sequences corresponding
to the MCS of the vector); (ii) A536 bp DNA fragment amplified by PCR using the pZAF151 plasmid
as template and the pair of oligonucleotides FAM-Rv/JA204 as primers to get it labelled in the 5′-end
of the sense strand (this probe carried 396 bp of PzafA plus one flanking sequence corresponding to the
MCS of the vector); (iii) A 435 bp DNA fragment amplified by PCR using the pZAF151 plasmid as
template and the pair of oligonucleotides Rv/FAM-JA439 as primers to get it labelled in the 5′-end of
the antisense strand (this probe carried 295 bp of PzafA).

Four different probes were used for the PzrfC DNase I footprinting assays: (i) A 322 bp
DNA fragment amplified by PCR using the pASPF2-ZRF311 plasmid as template and the pair of
oligonucleotides FAM-Fw/JA377 as primers to get it labelled in the 5′-end of the sense strand for zrfC
(this probe carried 215 bp of PzrfC plus one flanking sequence corresponding to the MCS of the vector);
(ii) A 347 bp DNA fragment amplified by PCR using the pASFP2-ZRF311 plasmid as a template and
the pair of oligonucleotides JA376/FAM-Rv as primers to get it labelled in the 5′-end of the antisense
strand for zrfC (this probe carried 215 bp of PzrfC plus one flanking sequence corresponding to the
MCS of the vector); (iii) A 393 bp DNA fragment amplified by PCR using the pASPF2-ZRF312 plasmid
as template and the pair of oligonucleotides FAM-Fw/JA7 as primers to get it labelled in the 5′-end of
the sense strand for zrfC (this probe carried 349 bp of PzrfC plus one flanking sequence corresponding
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to the MCS of the vector); (iv) A 504 bp DNA fragment amplified by PCR using the pASPF2-ZRF312
plasmid as template and the pair of oligonucleotides JA194/FAM-Rv as primers to get it labelled in the
5′-end of the antisense strand for zrfC (this probe carried 349 bp of PzrfC plus one flanking sequence
corresponding to the MCS of the vector).

Two different probes were used for the PzrfB DNase I footprinting assays: (i) A 456 bp DNA
fragment amplified by PCR using the pZRF261 plasmid as template and the pair of oligonucleotides
FAM-Fw/Rv as primers to get it labelled in the 5′-end of the sense strand; (ii) A 456 bp DNA fragment
amplified by PCR using the pZRF261 plasmid as template and the pair of oligonucleotides Fw/FAM-Rv
as primers to get it labelled in the 5′-end of the antisense strand. Both probes carried 256 bp of PzrfB
plus two flanking sequences corresponding to the MCS of the vector.

One probe was used for the PzrfA DNase I footprinting assays. A 350 bp DNA fragment amplified
by PCR using the pZRF10 as template and the pair of oligonucleotides JA378/FAM-Rv as primers to
get it labelled in the 5′-end of the antisense strand (this probe carried 217 bp of PzrfA plus one flanking
sequence corresponding to the MCS of the vector).

One probe was used for the PalcA DNase I footprinting assays. A 413 bp DNA fragment of the
pALC3 plasmid carrying 213 bp of PalcA plus two flanking sequences corresponding to the MCS
of the vector were amplified by high-fidelity PCR and the pair of oligonucleotides FAM-Fw/Rv or
Fw/FAM-Rv.

2.9. Electrophoretic Mobility Shift Assays and DNase I Footprinting Assays Reactions and Analyses

Reactions for EMSA experiments (20 μL) were assembled in 0.5-mL microtubes and carried
out in EMSA buffer (25 mM Tris-HCl [pH 8], 50 mM KCl, 1 mM MgCl2, 12.5% glycerol, 1 mM
DTT), containing 1 μL BSA (0.2 mg/mL), 0.25–0.75 pmoles of the target DNA and the amount of the
equimolar mixture of GST and ZafAZF3-6 required to add 0.125–24 pmoles ZafAZF3-6. Reactions were
incubated for 1 h at 30 ◦C before adding 4 μL of loading buffer (20% sucrose, 0.002% bromophenol
blue). Reactions were loaded in a polyacrylamide 5% EMSA gel that had been pre-run in TBE 1× for
10 min at 4 ◦C in a cold room. Gels were run at 100 V for approximately 75 min, stained with a solution
of ethidium bromide (5 μg/mL) for 20 min at room temperature, washed for 10 min with distilled
water and photographed on a UV transilluminator in a gel documentation system.

Reactions for footprinting assays (60 μL) were assembled in 0.5-mL microtubes and carried out in
an EMSA buffer containing 3 μL BSA (0.2 mg/mL), 0.5 pmoles of the desired 6-carboxyfluorescein
(6-FAM)-labeled DNA fragment and 12 pmoles of ZafAZF3-6. Control reactions were assembled
identically but omitting ZafAZF3-6. All DNA fragments used for footprinting assays were obtained
by high-fidelity PCR using as primers both a 6-FAM-5′-labelled oligonucleotide and a non-labeled
oligonucleotide, as described above. After incubating the footprinting reactions for 45 min at 30 ◦C,
DNA was partially digested with 0.01 U of DNase I by adding 4 μL of a DNase I stock solution
(0.0025 U/μL) per reaction and incubated at 25 ◦C for 1 min. The reaction was stopped immediately
by adding 340 μL of stop buffer (9 mM Tris-HCl [pH 8], 40 mM EDTA). DNA was extracted with one
volume of phenol:chloroform:isoamyl alcohol (25:24:1) followed by an extraction with one volume
of chloroform:isoamyl alcohol (24:1). DNA in the aqueous phase was precipitated with 0.1 volumes
of a non-buffered 3.0 M AcNa solution plus 2.5 volumes of ethanol. Precipitation of DNA was
left to stand to proceed overnight at −20 ◦C. After centrifugation, the DNA pellet was washed
twice with 70% ethanol, allowed to air dry at room temperature, suspended in 10 μL of Hi-Di
formamide, denatured at 95 ◦C for 3 min and cooled on ice. All DNase I footprinting reactions
were analyzed electrophoretically on an automated capillary DNA sequencer using the GeneScanTM

500 LIZ (Thermofisher) dye Size Standard as a calibrator. Each footprinting reaction was performed
in parallel to four dideoxynucleotide-based sequencing reactions of the corresponding DNA probe,
using as a primer the same 6-FAM 5′-labelled oligonucleotides utilized to amplify each DNA fragment
by PCR.
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2.10. Construction of Plasmids Used for Aspergillus fumigatus Transformation

The strains AFZR0 and AFZR1 of A. fumigatus used in this study were able to express the coding
sequences of both the firefly luciferase (luc; as a reporter of aspf2 expression) and the green fluorescent
protein (gfp; as a reporter of zrfC expression) under control of either a wild-type version of the
bidirectional aspf2-zrfC promoter (PzrfCwt) or a mutant version of this promoter whose ZR motifs had
been inactivated by site directed mutagenesis (PzrfCZR123).

The CEA17 uridine-uracil-auxotrophic pyrG1 strain was transformed with two different
EcoRI-EcoRI DNA fragments of 7286 bp, excised respectively from plasmids pPYRGQ191 and
pPYRGQ193 to generate respectively the AFZR0 and AFZR1 strains (Figure S1).

The plasmids pPYRGQ191 and pPYRGQ193 were generated by ligating XbaI-FspI DNA fragments
(4105 bp), which carried respectively the [luc ← PzrfCwt → gfp] and [luc ← PzrfCZR123 → gfp] constructs,
to the pPYRGQ31 plasmid digested with XbaI/SmaI. The pPYRGQ31 plasmid was an improved version
of the pPYRGQ3 plasmid that had been designed previously in our laboratory to revert specifically the
pyrG1 mutation (C756T) in the A. fumigatus CEA17 or in any PyrG– CEA17 derivative strain and select
PyrG+ prototrophic strains bearing the DNA fragment of interest inserted between its AFUA_2G08360
(pyrG) and AFUA_2G08350 loci [11].

The plasmids used to transform A. fumigatus were linearized by digestion with EcoRI, extracted
with phenol:chloroform:IAA, precipitated with acetate/isopropanol, washed in 70% ethanol, dissolved
in 50% (v/v) of KC solution (0.6 M KCl, 50 mM CaCl; pH 6.0–6.5) and used for transformation as
described below.

2.11. Generation of Protoplasts and Transformation of Aspergillus fumigatus

Protoplasts of A. fumigatus were prepared using a new protocol developed in our laboratory
to obtain high-quality protoplasts that were very susceptible to transformation. In brief, to obtain
protoplasts of the CEA17 PyrG– strain we inoculated 5 × 108 conidia of this strain in the SDN medium
supplemented with 0.05% (w/v) uracil, 0.12% (w/v) uridine and 20% (v/v) of a sterile conditioned
medium that was produced by ourselves and contained a highly active α-glucanase. The culture was
incubated at 37 ◦C for 14 h. Germlings were collected by filtration through a cell strainer unit (40 μm),
suspended in 10 mL of protoplasting buffer (0.2 g VinoTaste, 0.75 M KCl, 25 mM citrate/phosphate;
pH 5.8) (it had been previously sterilized by filtration through a 0.22 μm filter unit) and incubated at
35 ◦C with shaking at 120 rpm for 2 h. The protoplasting suspension was filtered through a miracloth
(Merck-Millipore, Calbiochem Cat. 475855; 22–25 μm) and centrifuged at 1200× g for 10 min a 4 ◦C.
The protoplast pellet was washed in 15 mL of a cold KC solution (0.6 M KCl, 50 mM CaCl; pH 6.0–6.5)
by mixing gently and centrifuged at 1200× g for 10 min at 4 ◦C. The protoplast pellet was suspended
into 0.4 mL of KC solution and used for transformation.

Aliquots of 0.2 mL of protoplast suspension were dispensed in 15-mL conical tubes to which were
added sequentially the transforming DNA (~10 μg) and 0.5 mL of PEG buffer (30% PEG-6000 [w/v],
0.6 M KCl, 50 mM CaCl2, 10 mM Tris-HCl; pH 7.5). The protoplast-DNA-PEG mixture was incubated
on ice for 30 min and then at 25 ◦C for 30 min in a water bath. Next, 9.3 mL of KC solution was added
to each protoplast-DNA-PEG solution, mixed by inversion, centrifuged at 1200× g for 10 min at 4 ◦C,
suspended in 0.5 mL of KC solution, mixed with 6 mL of soft agar (AMM with 0.6 M KCl plus 0.4%
[w/v] agarose) and poured onto two selective AMM plates. Plates were incubated at 37 ◦C until PyrG+

fungal transformants had grown. Several independent transformants were isolated and re-isolated on
AMM agar plates. The transformants that had undergone homologous recombination at the expected
locus were confirmed by PCR. A sample of conidia scrapped with a cotton swab from a colony of each
isolated was inoculated into 1 mL of AMM and incubated overnight at 37 ◦C to obtain minipreps of
genomic DNA suitable for PCR analysis.
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2.12. Detection of SOD Activity on PAGE Gels

After 20 h of incubation of a wild-type strain in liquid SDN–Zn medium, mycelium was harvested
through filtration, washed with cold sterile water and snap-frozen on liquid N2. Mycelium was ground
in a mortar with a pestle in presence of liquid N2 until it became a fine dust, suspended into 0.4 mL of
native protein extraction buffer (36 mM KH2PO4/K2HPO4 [pH 7.8]; 1 mM EDTA; 0.1% Triton X-100;
5% [v/v] glycerol; 0.5% [v/v] Protease inhibitor cocktail-EDTA [Thermo Scientific, cat. 87785]) and
clarified by centrifugation at 14,000 × g for 10 min at 4 ◦C. Proteins were separated by native PAGE
(T = 8%) at 120 V at 4 ◦C and gels were washed twice with distilled water (10 min each). Gels were
incubated for 20 min in 50 mL of an Nitro Blue Tetrazolium Chloride (NBT) solution (2.45 mM
[N6876, Sigma-Aldrich, St. Louis, MO, USA] in 36 mM KH2PO4/K2HPO4 [pH 7.8]), transferred to
the developing solution (28 μM riboflavin, 28 mM TEMED in 36 mM KH2PO4/K2HPO4 [pH 7.8]) and
illuminated with white light until transparent bands were readily observed in a dark-blue background
due to formazan generated after reduction of NBT with O2

− formed by reduction of riboflavin in the
presence of O2.

3. Results

3.1. Under Zinc-Limiting Conditions ZafA Influences the Expression of Genes Related to Many Different
Metabolic and Biosynthetic Processes in Addition to Those Required to Maintain Zinc Homeostasis

When A. fumigatus grows under zinc-limiting conditions, a significant change in the transcription
level of the most direct ZafA-target genes is expected. In addition, other genes not targeted by ZafA
may also change their expression levels as a side effect of the adaptation to the zinc-limiting conditions
triggered by ZafA. To identify all the putative ZafA-target genes we designed an experimental approach
based in the following theoretical assumptions: (i) Some genes that changed their expression level
in a wild-type strain under zinc-limiting conditions would be regulated either directly or indirectly
by ZafA, whereas other genes would change their expression level in response to zinc starvation
in a ZafA-independent manner. We referred to the former genes as putative directly and indirectly
ZafA-regulated (DZR and IZR) genes, whereas the later ones were referred to as non-ZafA-regulated
(NZR) genes; (ii) The NZR genes could be either up-regulated or down-regulated both in the wild-type
strain and ΔzafA mutant grown under zinc-limiting with respect to zinc-replete conditions; (iii) The
expression level of the DZR genes in a ΔzafA strain should be similar under both zinc-limiting and
zinc-replete conditions; (iv) The intrinsic lack of the appropriate homeostatic and adaptive responses
to zinc starvation in the ΔzafA strain would result in a strain-specific adaptive response to relieve the
lack of zafA in this mutant that might involve changes in the expression level of many genes that in
a wild-type strain would not change under zinc starvation, and that we referred to as strain-specific
adaptive (SSA) genes.

Therefore, by keeping these assumptions in mind we performed two independent microarray
experiments (Exp#1 and Exp#2) (Figure 2). Exp#1 was aimed to determine genes expressed
differentially in a wild-type strain grown under zinc-limiting conditions versus zinc-replete conditions
(Results in Table S3). Exp#2 was aimed to determine the genes expressed differentially in a ΔzafA
strain with respect to a wild-type strain, both grown under zinc-limiting conditions (Table S4).
Upon comparing the differentially regulated genes detected in Exp#1 and Exp#2, 112 putative IZR
genes (19 up-regulated and 93 down-regulated in both the wild-type strain and ΔzafA mutant) and 153
putative DZR genes were identified (Figure 2). More specifically, 118 DZR genes that were up-regulated
in the wild-type strain according to Exp#1 emerged as down-regulated in the ΔzafA strain according to
Exp#2, whereas 35 DZR genes that were down-regulated in the wild-type strain according to Exp#1
emerged as up-regulated in the ΔzafA strain according to Exp#2 (Table S5). It would be expected that
the direct targets of ZafA were included among the DZR genes. It would be expected that the genes
targeted indirectly by ZafA were included among the IZR genes.
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Figure 2. Quantitative summary of different types of genes detected in microarray experiments. SSA:
strain-specific adapted (genes); DZR: directly ZafA regulated; IZR: indirectly ZafA regulated ; NZR:
non-ZafA regulated.

To validate the microarray analysis, we measured by RT-qPCR the relative expression ratio of
56 genes whose expression changed significantly in a wild-type strain grown under zinc-limiting
versus zinc-replete conditions. More precisely, we measured the relative expression of 10 IZR, 22
NZR and 24 DZR genes (Table 2). The expression levels of the zafA, zrfA, zrfB and zrfC genes, whose
expression profiles had been well defined previously [11,12,14], were measured as positive controls.
The expression of the actin gene (AFUA_6G04740/actA), whose expression did not change significantly
under zinc starvation neither in a wild-type nor in a ΔzafA mutant [11,14], was measured as a negative
control. In addition, the expression levels of six additional genes selected at random, whose expression
did not change also under zinc starvation neither in a wild-type nor in a ΔzafA mutant, were also
measured as negative controls (Table 2). The results obtained by both techniques were coincident
and the correlation between microarray data and those measured by RT-qPCR were highly significant
(Pearson’s r = 0.69, P < 0.0001) in spite of the high difference in sensitivity and accuracy between these
experimental procedures.

Table 2. Measurement by RT-qPCR of the expression levels of several genes of each group detected
in microarrays, both in a wild-type strain grown in zinc-limiting versus zinc-replete conditions (as in
Exp#1) and in a ΔzafA strain grown under zinc-limiting conditions with respect to a wild-type strain
grown in the same culture conditions (i.e., as in Exp#2). ZafA can be formally considered as an inductor
or repressor of the DZR genes, as indicated. The indicated genes (*) should be reallocated into the
specified group according to RT-qPCR data, provided that the genes were considered (arbitrarily) to be
expressed differentially when their transcription levels changed > 1.5-fold. Expression of genes in red

and blue show induction or repression respectively.

Gene ID
Group of

Genes
Gene
Name

wt − Zn/wt +
Zn rER ± SD

ΔzafA − Zn/wt
− Zn

rER ± SD

Predicted
Effect of ZafA

on Gene
Expression

Reallocating
Subgroup of

Genes *

AFUA_1G01550 DZR zrfA 231.3 ± 27.8 −207.7 ± 18.9 Induction
AFUA_1G02150 Control gfdA −1.25 ± 0.15 1.17 ± 0.11
AFUA_1G03150 DZR erg24A −49.9 ± 7.0 2.0 ± 0.2 Repression
AFUA_1G04620 IZR - −4.9 ± 0.4 −1.9 ± 0.2
AFUA_1G07480 NZR hem13 −6.0 ± 0.8 −1.6 ± 0.1 IZR
AFUA_1G10060 NZR - 3.1 ± 0.2 −1.2 ± 0.1
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Table 2. Cont.

Gene ID
Group of

Genes
Gene
Name

wt − Zn/wt +
Zn rER ± SD

ΔzafA − Zn/wt
− Zn

rER ± SD

Predicted
Effect of ZafA

on Gene
Expression

Reallocating
Subgroup of

Genes *

AFUA_1G10080 DZR zafA 31.5 ± 3.0 −21582 ± 4316 Induction
AFUA_1G10130 NZR sahA 1.9 ± 0.1 1.1 ± 0.1
AFUA_1G12830 IZR niaD −1.6 ± 0.1 −5.2 ± 0.7
AFUA_1G13510 NZR facB 4.6 ± 0.6 1.0 ± 0.1
AFUA_1G14550 DZR sodC/sod3 1698.7 ± 198.2 −1176.5 ± 142.4 Induction
AFUA_1G15590 NZR cybS/sdh4 2.9 ± 0.4 1.1 ± 0.1
AFUA_1G17190 NZR sidI −92.5 ± 8.7 1.1 ± 0.1
AFUA_2G00320 NZR erg3B −271.7 ± 31.7 −1.6 ± 0.2 IZR
AFUA_2G01260 DZR srbA −15.8 ± 2.1 2.1 ± 0.2 Repression
AFUA_2G03010 NZR - −1.7 ± 0.2 −1.0 ± 0.1
AFUA_2G03700 NZR hmg1 −2.6 ± 0.2 −1.1 ± 0.1
AFUA_2G03860 DZR zrfB 33.0 ± 2.7 −79.3 ± 7.7 Induction
AFUA_2G07680 IZR sidA −27.3 ± 3.3 −6.9 ± 0.6
AFUA_2G08740 DZR zrfF 24.8 ± 1.8 −16.0 ± 2.0 Induction
AFUA_2G11120 DZR gtmA 5.7 ± 0.7 −20.3 ± 1.8 Induction
AFUA_2G14570 NZR zrcC −2.1 ± 0.2 −1.1 ± 0.1
AFUA_2G15010 NZR - −1.5 ± 0.2 −1.2 ± 0.1
AFUA_2G15290 DZR - −26.0 ± 3.6 3.2 ± 0.3 Repression
AFUA_2G17550 IZR ayg1 −2.7 ± 0.4 −103.5 ± 10.8
AFUA_3G02270 DZR cat1 18.9 ± 1.8 −2.0± 0.2 Induction
AFUA_3G03640 IZR mirB −3225.8 ± 304.5 −10.0 ± 1.2
AFUA_3G14440 NZR - −3.5 ± 0.5 −1.3 ± 0.1
AFUA_4G03410 NZR fhpA −3.1 ± 0.3 −1.4 ± 0.2
AFUA_4G03460 IZR srbB −50.4 ± 5.9 −1.1 ± 0.1 NZR
AFUA_4G03930 DZR cysX 12786.9 ± 1492.2 −7751.9 ± 938.0 Induction
AFUA_4G06530 NZR metR −1.6 ± 0.2 1.2 ± 0.1
AFUA_4G09560 DZR zrfC 1270.1 ± 108.0 −5377.1 ± 424.8 Induction
AFUA_4G10730 Control rvb1 1.1 ± 0.2 −1.2 ± 0.1
AFUA_4G12840 IZR - −1.6 ± 0.2 −1.7 ± 0.1
AFUA_5G01030 DZR gpdB −1.2 ± 0.1 77.7 ± 7.5 SSA
AFUA_5G01970 NZR gpdA 1.8 ± 0.2 1.0 ± 0.1
AFUA_5G02180 NZR cysB −2.6 ± 0.2 1.1 ± 0.1
AFUA_5G03800 NZR ftrA −31.0 ± 2.2 1.4 ± 0.2
AFUA_5G03920 NZR hapX −12.2 ± 1.5 −1.2 ± 0.1
AFUA_5G04130 Control phoA 1.1 ± 0.1 −1.3 ± 0.2
AFUA_5G06240 DZR alcC −26.8 ± 1.9 3.8 ± 0.5 Repression
AFUA_5G06270 NZR hemA 1.8 ± 0.2 −1.0 ± 0.1
AFUA_5G08090 DZR pyroA 2.7 ± 0.3 −1.8 ± 0.2 Induction
AFUA_5G09240 DZR sodA/sod1 −4.7 ± 0.7 7.3 ± 0.8 Repression
AFUA_5G09360 Control calA 1.1 ± 0.1 1.1 ± 0.1
AFUA_5G09680 NZR carC/sdh3 3.9 ± 0.4 −1.0 ± 0.1
AFUA_5G10560 Control cox5A −1.2 ± 0.2 1.0 ± 0.1
AFUA_6G00690 DZR - −2.8 ± 0.3 5.2 ± 0.6 Repression
AFUA_6G04430 NZR - 2.0 ± 0.2 1.3 ± 0.2
AFUA_6G04740 Control actA −1.0 ± 0.1 1.2 ± 0.1
AFUA_6G05160 DZR azf1 1.9 ± 0.2 −23.9 ± 2.9 Induction
AFUA_6G07720 IZR acuF −2.2 ± 0.2 −1.7 ± 0.2
AFUA_6G09630 DZR gliZ 45.9 ± 6.0 −67.2 ± 5.3 Induction
AFUA_6G09710 DZR gliA 3548.5 ± 87.4 −3039.5 ± 294.8 Induction
AFUA_6G09740 DZR gliT 53.6 ± 3.9 −477.3 ± 59.7 Induction
AFUA_7G00250 IZR tubB2 −7.0 ± 0.5 −10.0 ± 1.2
AFUA_7G02560 Control dld1 −1.1 ± 0.1 1.0 ± 0.1
AFUA_7G04730 IZR enb1 −48.3 ± 5.8 −2.4 ± 0.2
AFUA_7G05070 NZR frdA −56.5 ± 7.4 1.9 ± 0.1 Repression DZR
AFUA_7G06570 DZR zrcA −5.9 ± 0.7 16.6 ± 1.5 Repression
AFUA_7G06790 DZR yct1 6039.9 ± 362.4 −5555.6 ± 577.8 Induction
AFUA_8G02450 DZR gzbA 84.8 ± 8.0 −275.5 ± 32.2 Induction
AFUA_8G02620 DZR mchC 1155.6 ± 134.9 −524.3 ± 63.4 Induction

SSA: strain-specific adapted (genes); DZR: directly ZafA regulated; IZR: indirectly ZafA regulated ; NZR:
non-ZafA regulated.
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3.2. Zinc Starvation Influences the Expression of Genes Related to Many Different Biological Processes

A functional categorization of the 512 down-regulated and 282 up-regulated genes in a wild-type
strain grown under zinc-limiting conditions was performed on the Aspergillus fumigatus AF293
(AspGD) genome using the gene ontology (GO) tool integrated in FungiFun2, which is an updated
and easy-to-use online resource for functional enrichment analysis of fungal genes [26]. The functional
categorization of the down-regulated genes revealed that 26.0% of the input genes were significantly
categorized (i.e., 133/512). These genes were related to ergosterol biosynthesis (p = 1.32 × 10−9),
cellular response to iron starvation (p = 1.49 × 10−9), fatty acid biosynthesis (p = 3.65 × 10−5),
α(1,3)-glucan biosynthesis (p = 0.00013), calcium transport (p = 0.00013) and cellular response to
hypoxia (p = 0.0005). The functional categorization of the up-regulated genes revealed that 18.8%
of the genes were significantly categorized (i.e., 53/282). These genes were related to ascospore
formation (p = 1.74 × 10−5), asexual development (conidia formation) (p = 2.08 × 10−4), mitochondrial
respiratory chain complex I (p = 8.5 × 10−5), zinc transport (p = 8.5 × 10−5), cellular hyperosmotic
response (p = 0.00021), and G1 cell cycle arrest in response to nitrogen starvation (p = 0.00078). Hence,
by using FungiFun2 the functional categorization of 186 genes could be described. In a more careful
manual revision we were able to functionally allocate 291 genes into 28 different biological processes
and outline the major homeostatic and adaptive responses displayed by the fungus to deal with zinc
starvation (Table S6) (see discussion). 247 genes encoded uncharacterized proteins that either were
similar to characterized proteins in other organisms or harbored at least one catalytic domain with
a predicted function, regardless of its putative subcellular location. Finally, there were also 256 genes
that encoded either uncharacterized protein orthologues in other organisms or hypothetical proteins.

Thus, it became apparent that many genes were down regulated under zinc-limiting conditions,
mainly those whose expression was induced under iron starvation or influenced by the intracellular
calcium levels, those required for fatty acid and phospholipid biosynthesis, and those encoding
enzymes involved in ergosterol biosynthesis and whose expression was also strongly co-regulated by
iron and hypoxia. Other down-regulated genes encoded proteins related to ethanol metabolism,
disulfide bond formation in the endoplasmatic reticulum (ER), enzymes of the citric acid cycle
and glycolytic pathway, and components of the mitochondrial electron transport chain (ETC)
(Table S6). On the other hand, it was overwhelming the predominance, under zinc-limiting
conditions, of up-regulated genes involved in sexual and asexual development, hyphal growth and
autophagy, ribosomal assembly and/or translation, response to hyperosmotic stress and regulating
and maintaining zinc homeostasis (Table S6). Zinc starvation also influenced, either positively or
negatively, the expression of genes that were typically regulated in response to hypoxia and oxidative
stress. In addition, the expression of genes involved in biosynthesis of the cell wall, growth factors
(riboflavin, thiamine and pyridoxin), heme group, detoxification of D-2-hydroxyglutarate coupled
to D-lactate formation, acetate utilization, cytoskeleton and chromatin remodeling and regulation
of the cell cycle were also influenced by zinc starvation. Finally, zinc starvation also noticeably
influenced the expression levels of genes involved in NAD, sulfur, spermidine and nitrogen metabolism,
and others involved in biosynthesis of some secondary metabolites (Table S6). In this regard, it was
remarkable that the expression of genes related to gliotoxin biosynthesis was strongly induced under
zinc-limiting conditions.

The analysis of the distribution of the 291 genes, categorized functionally based on the most likely
role of ZafA in regulating their expression, as defined by their assignation to either the DZR/IZR
or NZR group of genes (Table S6), indicated that ZafA influenced either directly or indirectly the
expression of ≥60% of the genes involved in the homeostatic response to zinc starvation, fungal
development, response to oxidative stress, nitrate assimilation, acetate utilization and in the functioning
of the tricarboxylic acid cycle and mitochondrial electron transport chain.
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3.3. The ZafA Transcription Factor Binds to Promoter Regions of Homeostatic Genes Whose Transcription Is
Induced under Zinc-Limiting Conditions

We assumed that the DZR genes should be the ones most directly targeted by ZafA, such that in
their promoter regions there would be at least a copy of a zinc responsive (ZR) consensus sequence to
which ZafA might bind. Hence, we used the MEME algorithm as a first approach to identify potential
regulatory elements and/or repeated patterns shared among the promoters of 67 genes that could be
the most direct ZafA target genes [27]. These genes were chosen on the basis of their fold changes in
Exp#1, such that the 54 genes more up-regulated and the 13 genes more down-regulated were selected
(Table S5). Thus, we found two motifs (M1 and M2) that were found significantly distributed among
the analyzed promoters (E-value for M1 = 3.6 × 10−37; E-value for M2 = 1.7 × 10−17) (Figure 3). The M1
motif showed two short CT-rich sequences flanking the 5′-CAAGGT-3′ core sequence and was present
in a number of 1 to 5 copies in the promoter regions of 28 genes (i.e., 42.4% of the analyzed genes).
The M2 motif corresponded to a relatively homogeneous long AG rich sequence and was present in
a number of 1 to 6 copies in the promoters of 36 genes (i.e., 54.5% of the analyzed genes). However,
a control MEME search for repeated patterns in the promoter regions of 71 genes (38 SSA genes
plus 33 genes whose expression was not influenced by zinc starvation that were selected at random)
(Table S7), also produced a M2-like AG-rich motif in 52.1% of the genes (E-value for the M2-like
motif = 3.9 × 10−59). Besides, the M2 motif was not detected in the promoter region of the genes zrfA
and zrfC, whose transcription had been shown to be strongly and directly up-regulated by ZafA under
zinc-limiting conditions [11,14]. In contrast, the M1 motif was found in a number of 3 to 5 copies in the
promoter regions of the zafA, zrfA, zrfB, zrfC and zrfF genes, that encoded the major components of the
zinc homeostatic system in A. fumigatus. Moreover, by using the RSAT algorithm [28], we found that
one motif nearly identical to M1 was widely distributed among promoters of all DZR genes, whereas
no motif detected among IZR genes showed any similarity with M1. Taken together, these findings
suggested that the M1 motif could be a genuine DNA regulatory sequence for binding ZafA.

Figure 3. Overrepresented motifs in the promoter regions of the most DZR genes. These motifs were
found using the MEME algorithm after analyzing DNA sequences expanding from −20 to −1000 bp
from the predicted translation start codons of the ORFs of 67 DZR genes (for numbering purposes,
we assigned position −1 to the nucleotide preceding the A of the ATG start codon).

To show whether ZafA was able to bind to the promoter regions of the homeostatic genes zafA,
zrfA, zrfB and zrfC, we analyzed by EMSA the ability of ZafA to bind to short DNA fragments
(210–260 bp) of these promoters harboring the previously identified M1 motif. All attempts to express
the full-length ZafA protein in E. coli were unsuccessful. However, we had success in expressing
a recombinant polypeptide corresponding to the C-terminal 140 amino acids of ZafA (residues 434–570
that included the four most C-terminal zinc fingers ZF3-6) fused to the C-terminus of GST. By using this
polypeptide we confirmed the binding and observed that the mobility of all DNA-protein complexes
in PAGE gels reduced stepwise as the ZafA:DNA ratio increased, which indicated that ZafAZF3-6 was
able to bind, with different affinities, to more than one ZafA binding site in all DNA fragment tested
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(Figure 4). Particularly, three steps were observed for the PzrfA DNA fragment (Figure 4A) and two for
the PzrfB, PzrfC and PzafA DNA fragments (Figure 4B and left panels of C and D), which matched the
number of M1-like motifs found in these promoters. Besides, given that at a ZafA:DNA molar ratio
of 6.0 both the PzrfC and PzafA fragments were almost completely shifted (Figure 4C,D, left panels),
we performed EMSAs assays at lower ZafA:DNA ratios (between 0.4 and 4.0, right panels). As shown,
in both cases, a ZafA:DNA ratio of four was sufficient to shift most of the DNA. This suggested that
in both fragments PzafA and PzrfC there were two ZR motifs to which two ZafA molecules would
bind with similar affinities but stronger than those used to bind to the ZR motifs in the PzrfA and
PzrfB fragments.

3.4. The ZafA Transcription Factor Binds Specifically to a 15-bp Zinc-Response Consensus Sequence

To identify the DNA sequence to which ZafA binds, we performed a fluorescent DNase I
footprinting analysis by using fluorescently 6-FAM-labeled primers in parallel to dideoxynucleotide
DNA sequencing. This procedure allows the accurate separation of 5′-end-labeled DNA fragments
using a capillary-based automated DNA sequencer and to identify the nucleotide sequence of sites
protected against DNase digestion [29]. To identify the DNA binding site for ZafA we used several
6-FAM-5′-labelled DNA probes carrying short fragments of the promoter regions from the homeostatic
genes zrfA, zrfB, zrfC and zafA (see material and methods section) that harbored 1–2 copies of the
M1 motif detected previously by MEME analyses. Thus, in the PzafA fragments used as probes, four
different regions protected by ZafA from its enzymatic digestion with DNase I were found, that were
called ZRR1-4 (for Zinc-Response motif located in the promoter region of gene encoding the Regulatory
protein ZafA) (Figure 5 and Figure S2). Similarly, in the PzrfA and PzrfC fragments used as probes,
three different ZafA-protected regions in each one were found, that were called ZRA1-3 and ZRC1-3
(for Zinc-Response motif located respectively in the promoter region of zrfA and zrfC). Besides, in
the PzrfB fragments, two different ZafA-protected regions were found, that were called ZRB1-2 (for
Zinc-Response motif located in the promoter region of zrfB) (Figure 5 and Figure S2). It is interesting
to recall that in nearly all cases, highly hypersensitive regions to DNase I digestion were observed,
that contrasted clearly with the adjacent ZafA-protected regions (Figure S2). The comparison of all
ZafA-protected regions brought the ZR consensus sequence 5′-DYYVYCARGGTVYYY-3′ (D = A or G
or T; V = A or G or C; R = A or G) (Figure 5), which strongly resembled the M1 motif detected after
MEME analysis (Figure 3).

3.5. The Highly Conserved 5′-CARGGT-3′ Core of the ZR Motif Is Essential for ZafA Binding

The ZR consensus motif showed a highly conserved 5′-CARGGT-3′ hexanucleotide core that
could be essential for ZafA to recognize and bind specifically to it, such that the replacement of
a purine by a pyrimidine, or vice-versa, could reduce or impair the binding of ZafA. We thought that
this hexanucleotide sequence, rather than the short CT-rich flanking sequences, was required for the
specific binding of ZafA. To confirm this, we searched in the Aspergillus genome database for a DNA
fragment corresponding to the promoter region of any gene with a relatively high number of short
CT-rich sequences (≥3 bp) and that contained just one ZR consensus motif, to be used as probe for
both EMSA and DNase I footprinting assays. Thus, we selected a 191-bp DNA fragment, the alcA gene
promoter from A. nidulans that met our requirements to be used as a probe. We confirmed by a DNase
I footprinting assay that ZafA only protected a region of this DNA fragment that contained the ZR
consensus motif (Figure 6A). To ascertain whether the 5′-CARGGT-3′ sequence was essential for ZafA
binding, we created a mutated version of this probe in which its 5′-CAAGGT-3′ core had been changed
to 5′-CTCAGT-3′. The binding of ZafA to the wild-type PalcA probe at ZafA:DNA ratios lower than 6.0
resulted in a retarded DNA:protein complex as shown by EMSA (Figure 6B). In contrast, ZafA did not
bind to the PalcA probe in which the ZR motif had been mutated. These results showed that ZafA was
able to bind to the ZR motif and that the 5′-CARGGT-3′ hexanucleotide core sequence was essential
for ZafA to recognize such motif.
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Figure 4. Analyses by Electrophoretic Mobility Shift Assays (EMSA) of the interaction of ZafAZF3-6

with different DNA fragments. (A) Interaction of ZafAZF3-6 with a DNA fragment from a promoter
region of zrfA (green box) that carried three putative ZafA binding motifs (red boxes); (B) interaction of
ZafAZF3-6 with a DNA fragment from a promoter region of zrfB (green box) that carried two putative
ZafA binding motifs (red boxes); (C) interaction of ZafAZF3-6 with a DNA fragment from a promoter
region of zrfC (green box) that carried two putative ZafA binding motifs (red boxes); (D) interaction of
ZafAZF3-6 with a DNA fragment from a promoter region of zafA (green box) that carried two putative
ZafA binding motifs (red boxes). In the right panel of (C) and (D), reactions were analyzed with lower
ZafAZF3-6:DNA ratios to gain resolution. All DNA fragments were also incubated without protein and
in the presence of both 150 pmoles of purified GST and 50 pmoles of the fusion protein GST-ZafAZF3-6

(as controls) to attain a GST:DNA ratio of 197 and a GST-ZafAZF3-6:DNA (G:Z) ratio 65. A 25-bp DNA
ladder was used as a reference.
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Figure 5. Alignment of DNA sequences protected against DNase I digestion from the DNA fragments
used for EMSA analyses. Protected sequences are in capital letters whereas the surrounding sequences
are indicated in gray lower case letters (D = A or G or T; V = A or G or C; R = A or G). ZR motifs
labelled with a prime symbol indicate that the DNA sequence shown in the picture corresponded to
that in the antiparallel strand.

3.6. ZafA Induces Gene Expression in vivo through Binding to the ZR Motifs

Although mutations within the 5′-CARGGT-3′ hexanucleotide core prevented the binding of the
recombinant ZafAZF3-6 protein to the ZR motifs in vitro, it could be possible that in vivo the wild-type
ZafA protein binds to a DNA sequence different from the ZR motif determined in vitro. Hence, to
ascertain whether ZafA truly bound to the ZR motifs in the fungus growing in zinc-limiting media,
we analyzed in vivo the effect of the inactivation of the three ZR motifs (ZR1, ZR2 and ZR3) present in
the divergent promoter that drives the transcription of both aspf2 and zrfC (PzrfC) on the transcription
of these genes [11]. To test this, we introduced, at the pyrG locus of a uridine-uracil-auxotrophic
strain (CEA17), the coding sequences of both the luciferase (luc) and green fluorescent protein (gfp)
arranged divergently and separated by a PzrfC mutant version (PzrfCZR123) whose three ZR motifs had
been inactivated by replacing each 5′-CAAGGT-3′ hexanucleotide core by the mutated 5′-ACATGT-3′

sequence (Figure S1). It must be noted that, in this construction, the ORF of aspf2 and zrfC had been
replaced respectively by that of luc and gfp. Hence, this construction was devised in such a way
that the transcription level of luc and gfp would indicate the functionality of the mutant promoter
(PzrfCZR123) in a wild-type genetic background, while the expression levels of the endogenous aspf2
and zrfC genes could be used as internal controls of the transcriptional promoter activity of PzrfCwt.
We expected that if these ZR motifs were truly recognized by ZafA in vivo, the mutation of their
conserved hexanucleotide cores should prevent the binding of ZafA to PzrfCZR and the expression of
both luc and gfp. As shown, the transcription of both reporter genes driven by PzrfCZR123 in the AFZR1
strain grown under zinc-limiting conditions collapsed as if the fungus was growing in zinc-replete
conditions (Figure 7). More precisely, the relative expression ratio (rER) of the luc and gfp transcripts in
AFZR1 was reduced respectively by 523- and 611-fold as measured by RT-qPCR, whereas the relative
expression ratios (rERs) of asfp2 and zrfC, which were used as endogenous controls, were identical
to that in the control AFZR0 strain that carried the PzrfCwt. These results undoubtedly showed that
ZafA has to bind to the ZR motifs in vivo to induce gene expression under physiological conditions of
zinc starvation.
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Figure 6. Effect of mutations in the conserved hexanucleotide core of the ZR consensus motif on
ZafA binding in vitro. (A) Binding of ZafAZF3-6 to a DNA fragment carrying a single ZR consensus
motif in a CT-rich context as shown by a DNase I protection assay. The purple chromatogram was
obtained upon incubating the DNA fragment in the absence of ZafAZF3-6, such that the DNA remained
naked and, hence, unprotected from DNase I digestion. The yellow chromatogram was obtained
upon incubating the DNA in the presence of ZafAZF3-6. ZafA bound to DNA prevented its digestion
with DNase I resulting in a stretch of yellow peaks lower in high than purple peaks. A short stretch
of high yellow peaks at the right side of the chromatogram indicated a hypersensitive region to
DNase I digestion. The protected region is delimited by a bracket. Below the chromatogram is shown
a schematic representation of the whole intergenic region of the alcA gene with the beginning of the
ORF located at the right side (green arrow). The sequence of the DNA fragment corresponding to the
PalcA used in the assay is located in the scheme as a black rectangle with the ZR consensus motif in
red. The protected region has been squared in the scheme and sequence. The yellow star indicates the
end 6-FAM labeled strand detected by the capillary-based automated DNA sequencer; (B) Analysis
by EMSA of binding of ZafAZF3-6 to a DNA fragment in which the 5′-CAAGGT-3′ hexanucleotide
core of its only ZR motif (left panel) had been mutated to 5′-CTCAGT-3′ (right panel). The DNA
fragments were also incubated without protein and in the presence of both 150 pmoles of purified GST
and 50 pmoles of the fusion protein GST-ZafAZF3-6 (as controls) to attain a GST:DNA ratio of 197 and
a GST-ZafAZF3-6:DNA (G:Z) ratio 65. A 25-bp DNA ladder was used as a reference.
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Figure 7. Effect of mutations in the conserved hexanucleotide core of the ZR consensus motif on
ZafA binding in vivo. (Upper panel) Relative expression levels (REL) of endogenous aspf2 and zrfC
genes and their corresponding reporter genes (luc and gfp) driven by a wild-type (in the AFZR0
strain) and mutant version (in the AFZR1 strain) or the divergent aspf2-zrfC promoter (abbreviated as
PzrfC). In the mutant version of this promoter the three ZR motifs present in it (PzrfCZR123) had been
inactivated by site-directed mutagenesis. Both strains were cultured under zinc-limiting conditions in
SDN–Zn for 20 h at 37 ◦C. The AFZR1 strain was also grown under zinc-replete conditions in SDN
+ 100 μM Zn to be used as a control of the effect of zinc on the transcriptional activity of ZafA on
PzrfCwt. (Lower panel) Relative expression ratio (rER) of data represented in the upper panel after
their normalization with respect to the expression level in the AFZR0 strain grown under zinc-limiting
conditions. The expression level of the actin gene was also measured by RT-qPCR as an additional
control. The 18S rRNA was used as an internal reference for all relative quantifications.

3.7. The ZR Motifs Appear to Function as Transcriptional Regulatory Sequences When Located within 1.2 Kb
Upstream from the Predicted Translation Start Codon of the ORFs Whose Expression Is Influenced by Zinc

Although the highly conserved 5′-CARGGT-3′ core of the ZR motif was essential for ZafA
binding, it exhibited a relatively high degree of variability in the 5′ and 3′-end sequences that flanked
the conserved core. This fact could influence the affinity of ZafA binding to the different ZR motifs
in the DNA. In addition, it would not be unexpected that ZafA was able to bind also to ZR motifs
harboring a certain degree of sequence degeneration. Thus, it could be possible that microarray data
under the tested culture conditions had not revealed all ZafA potential targets if the expression of
an unknown number of genes were influenced, in addition to zinc starvation, by other environmental
signals. Hence, to obtain further evidence on the role of the ZR motif as a regulatory sequence of
gene expression under zinc-limiting conditions, we performed a genome-scale search for ZR motifs
in the A. fumigatus genome by utilizing the RSAT web server [28]. To perform this search, we used
as a query pattern the ZR consensus sequence or ZR0 motif, while admitting one substitution out
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of the conserved hexanucleotide core. Hence, nine additional different degenerated ZR-like motifs
(ZR1-9) were possible (Table S8). Since there is one gene every 2938 bp in the genome of A. fumigatus
and the mean gene length is 1431 bp [30], it can be deducted that the average intergenic sequence is
1482 bp. In order to identify most of the genes harboring ZR-like motifs in their promoter regions,
the search for them was extended up to −3000 bp upstream of the predicted translation start codon
(TSC) of the open reading frames (ORFs) (i.e., about 2× the size of an average intergenic sequence).
By enabling and disabling the overlapping with upstream coding sequences we differentiated two sets
of ZR motifs: (1) Non-overlapping ZRs, which were located in the intergenic sequences corresponding
to the promoter regions of genes regulated presumably by ZafA; and (2) Overlapping ZRs, which were
located either within an upstream ORF or in an intergenic sequence that would correspond to the
promoter region of an upstream gene.

A detailed analysis of the non-overlapped ZRs at a genome-scale indicated that there were 545
different ZR motifs distributed among 499 different intergenic sequences harboring the promoter
regions that drive the expression of 671 different coding sequences (since 51.3% of such coding
sequences were arranged as divergent pairs of genes in the genome). About 91.4% of all genes,
including both non-divergent and divergent arranged genes, had in their upstream intergenic regions
only one ZR motif, 7.4% had 2 ZRs and 1.2% showed ≥3 ZRs. The most abundant ZR motifs in
promoter regions were ZR0, ZR7 and ZR9 (103.3 ± 3.2 per ZR motif). The next most abundant ZR
motifs in the promoter regions were ZR2, ZR3, ZR5 and ZR8 (83.5 ± 6.9 per ZR motif). The less
abundant ZR motifs were ZR1, ZR4 and ZR6 (31.7 ± 6.7 per ZR motif), as would be expected for the
ZR motifs with the lowest variability. Upon analyzing the distribution in the intergenic regions of
the most abundant ZRs depending on both the type of ZR and their distance to their correspondent
ORFs, it was determined that the overall distribution of the most abundant ZR motifs was influenced
very significantly by their distance to the TSC of the ORFs (2-way ANOVA, p < 0.0001) but not by
the type of ZR motif (2-way ANOVA, p = 0.322). Similarly, the overall distribution in the intergenic
regions of the less abundant ZR motifs (ZR1, ZR4 and ZR6) was also influenced significantly by their
distance to the TSC of the ORFs (2-way ANOVA, p = 0.0021) but not by the type of ZR motif (2-way
ANOVA, p = 0.36). Taken together, these findings suggested that the distance of the ZR motifs to the
TSC of the ORFs appeared to be an important factor that determined their distribution in the intergenic
promoter regions.

We then analyzed the distribution of all ZR motifs (i.e., non-overlapped plus overlapped ZRs) with
respect to their distance to the ORFs. The results revealed that, as expected for a random distribution
of ZRs along the DNA, the percentage of ZR motifs within each 200 bp DNA fraction, in which was
arbitrarily divided the DNA sequences of 3000 bp located upstream the ORFs, maintained constant
between 5.8–7.7% (Figure 8A; blue symbols). Accordingly, the cumulative percent of all ZR motifs
(i.e., including both non-overlapped and overlapped ZR motifs) increased directly proportional to
the distance to the ORFs (R2 = 0.999), as would be expected for a random distribution (Figure 8B;
blue symbols). However, when the distribution of both non-overlapped and overlapped ZR motifs
were analyzed separately, they showed opposite distribution patterns. Thus, within each 200 bp DNA
fraction, the percent of non-overlapped ZR motifs (Figure 8A; black symbols) reduced exponentially
(R2 = 0.963) from 15.3% to 2.2%, whereas that of the overlapped ZR motifs (Figure 8A; red symbols)
increased exponentially (R2 = 0.955) as their distance to the ORFs increased from 0.3% to 11.0%.
Accordingly, the increase of the cumulative percent of non-overlapped ZR motifs reduced gradually
with the distance to the ORFs at a rate that was proportional to the amount of the remaining ZR motifs,
i.e., according to an exponential one phase decay relationship (R2 = 0.999) (Figure 8B; black symbols),
as would be expected if the ZR motifs were required to be located in a relatively close proximity to the
ORFs for them to function as regulatory motifs. In contrast, within the analyzed range (i.e., between −1
to −3000 bp upstream of the ORFs) the increase in the cumulative percent of the overlapped ZR motifs
increased with the distance to the ORFs according to a third order polynomial relationship (R2 = 0.999)
(Figure 8B; red symbols). Interestingly, the graphical representation of this function showed two phases:
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An initial exponential increase of the cumulative percent of the overlapped ZR motifs (until is reached
1200 bp upstream the ORFs) followed by an increase in the cumulative percent of overlapped ZR motifs
that was directly proportional to the distance to the ORFs. The exponential part of this representation
reflected the distribution of regulatory ZRs located in the intergenic promoter sequences of upstream
genes with very short ORFs that were located in the near vicinity of the reference gene; whereas
the arithmetic part of the representation reflected the random distribution of the ZR motifs 1200 bp
upstream the TSCs. Besides, this distance matched perfectly the average size of the upstream distance
to ORFs that was defined by the highest difference between the cumulative percent of overlapped and
non-overlapped ZRs located within the 3000 bp upstream the ORFs (Figure 8B).

Figure 8. Distribution of ZR motifs at a genome scale in the upstream regions of the predicted open
reading frames (ORFs). (A) Representation of the percentage of ZR motifs (overlapped, non-overlapped
and all together) with respect to their distance to the predicted translation start codons (TSC) of the
ORFs; (B) representation of the cumulative percent of ZR motifs with respect to their distance to the
predicted translation start codons of the ORFs. The dotted line indicates the average size of the DNA
sequence that is located upstream of the predicted TSCs containing the ZR motifs with the highest
probability of being involved in regulating gene expression (i.e., the functionally relevant ZR motifs).
In both graphs, the distance of the ZR motifs to the ORFs represented on the x-axes was divided into 15
fractions of 200 bp each.

Interestingly, the same tendency was observed for pairs of genes arranged divergently whose
intergenic regions contained ZR motifs. Thus, the gene having most of the ZR motifs located at
less than 1200 bp from the predicted TSC had a higher probability of being regulated by ZafA than
the gene that had the ZR motifs at a distance >1200 bp of its TSC. For instance, in the intergenic
region of the divergent pair of genes AFUA_1G01560/AFUA_1G01550 there were three motifs located
respectively at −75, −105 and −157 bp from the TSC of AFUA_1G01550 (zrfA) and at −1784, −1754
and −1702 bp from the TSC of AFUA_1G01560. However, only the AFUA_1G01550 gene (zrfA) was
induced by ZafA. In contrast, those genes arranged divergently and separated by intergenic sequences
< 1200 bp are co-regulated simultaneously by ZafA (e.g., gene pairs AFUA_4G09560/AFUA_4G09580,
AFUA_4G03920/AFUA_4G03930 or AFUA_8G02450/AFUA_8G02460). These results suggest that the
ZR motifs located within 1200 bp upstream of the TSC of an ORF appear to be functionally relevant in
the ZafA-mediated regulation of gene expression under zinc-limiting conditions.

Finally, a comparison of genes detected by microarrays in a wild-type strain as differentially
regulated under zinc starvation with that found in silico harboring, non-overlapping ZR motifs in
their promoter regions revealed that 31 DZR genes (i.e., 20.3% of the 153 DZR genes) and 55 non-DZR
genes (i.e., 8.6% of 641 non-DZR genes) had ZR motifs in their promoters. Interestingly, 150 SSA
genes (i.e., 7.0% of 2130 SSA genes) also had non-overlapping ZR motifs in their promoter regions.
In addition, 30 DZR genes had their ZR motifs located within 1200 bp from their predicted TSC
(i.e., 96.8% of all DZR genes with ZRs). In contrast, the weighted average percent of the non-DZR genes
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with ZR motifs located within 1200 bp from their predicted TSC was 71.2%. Taken together, these
results indicated that ZR motifs predicted to be functionally relevant were located in the promoters of
19.6% of the DZR genes but only in 5.4% of genes not regulated directly by ZafA.

3.8. Putative Role of ZafA as a Repressor under Zinc-Limiting Conditions and Identification of the Most Likely
Direct Target Genes of ZafA

The data obtained from the microarray experiments showed that, of all genes from a wild-type
strain of A. fumigatus whose transcription level was influenced under zinc-limiting conditions, 64.5%
were down-regulated whereas 35.5% were up-regulated (Figure 2). In contrast, 22.9% of the DZR genes
were down-regulated whereas 77.1% were up-regulated. These results suggested that ZafA functioned
mainly as a transcriptional activator rather than as a repressor.

In the microarray version used in this study, the AFUA_7G06570 gene (zrcA) had not been
included. However, this gene encodes an important putative vacuolar zinc transporter of the CDF
family likely involved in the homeostatic response to zinc excess [10]. Besides, it harbors one copy of
the ZR consensus motif in its promoter region. Thus, we investigated whether the zrcA transcription
was also influenced by ZafA under zinc-limiting conditions. It was shown by RT-qPCR that the
expression level of zrcA reduced by about 6-fold in a wild-type strain grown in a zinc-limiting versus
a zinc-replete medium, while it increased by 16-fold in a ΔzafA mutant grown in a zinc-limiting medium
compared to a wild-type strain grown in the same conditions, i.e., ZafA was formally a repressor
of zrcA under zinc-limiting conditions (Table 2). Hence, it would be theoretically possible that ZafA
also down-regulated the expression of other DZR genes. In this regard, we confirmed by RT-qPCR
that ZafA could also be formally considered as a repressor of the genes AFUA_2G01260/srbA [ZR3],
AFUA_2G15290 [ZR5], AFUA_5G06240/alcC [ZR8] and AFUA_6G00690 [ZR5] under zinc-limiting
conditions (Table 2). Importantly, all of these genes carried ZR motifs with one substitution in their
promoter regions.

On the other hand, it was shown previously through a combination of in vitro and in silico
analyses that at least 30 DZR genes with ZR motifs located within 1200 bp from their predicted TSC
were putative direct ZafA targets. However, we also observed under zinc-limiting conditions, that
some induced (e.g., gtmA, pyroA, azf1, gliA, gliT) and repressed genes (e.g., sod1, erg24A) (Table 2),
which according to their expression profiles should be formally considered as direct ZafA targets, did
not have obvious ZR motifs in their promoter sequences. However, after a search for non-overlapping
ZR motifs with two substitutions in the promoter regions (until 1200 bp upstream of the predicted
TSCs) using the RSAT software and the ZR consensus motif (ZR0) as a query sequence, 18 additional
DZR genes harboring ZR degenerated motifs were found. Interestingly, among these genes were
AFUA_6G09310 and AFUA_5G09240/sodA, which were ZafA-repressed genes, and gliA, which was
one of the most strongly induced genes under zinc-limiting conditions. More importantly, this research
also allowed us to detect additional ZR motifs in the promoter regions of genes encoding both important
zinc homeostatic proteins (e.g., one additional site was detected in zrfA and zafA thus bringing the
total number of ZRs in the promoters of these genes to 3 and 4 respectively) and other genes of
unknown function but whose expression was also strongly induced by ZafA under zinc-limiting
conditions (e.g., one additional ZR motif was detected in the AFUA_7G06810/sarA promoter and
the AFUA_8G02460-AFUA_8G02450/gzbA divergent promoter; two additional ZR motifs were
detected in the AFUA_8G02620/mchC promoter and the AFUA_4G03920-AFUA_4G03930/cysX
divergent promoter).

Finally, it is interesting to recall that unlike the expression level of genes encoding zinc-independent
enzymes typically involved in defense against reactive oxygen species (ROS), such as cat1, cat2 and
sodC; increases under zinc-limiting conditions, the expression level of sodA, which encodes a cytosolic
Zn/Cu-superoxide dismutase, is reduced most likely as a mechanism to reduce the biosynthesis of the
enzyme, since its functionality is strongly reduced under zinc-limiting conditions (Figure 9).
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Figure 9. Detection of superoxide activity onto PAGE gels. Total extracts of native proteins were
obtained from a wild-type strain of A. fumigatus grown under zinc-limiting (SDN–Zn) and zinc-replete
conditions (SDN + 100 μM Zn), separated in a PAGE gel (T = 8%) and stained as described in the
materials and methods section. Sod1/SodA is a cytosolic Cu/Zn-dependent superoxide dismutase
whereas Sod2/SodD is a mitochondrial Mn-dependent superoxide dismutase.

In summary, these results supported the notion that the ZR consensus motif and other ZR motifs
with different degeneration degrees out of the 5′-CARGGT-3′ hexanucleotide core, could function as
regulatory sequences to which ZafA would bind under zinc-limiting conditions, and be brought to
49, the total number of DZR genes with ZR motifs (i.e., 31.8% of DZR genes) whose expression was
regulated directly by ZafA, including 20 confirmed and 29 predicted genes (Table 3).

Table 3. Genes regulated or that were predicted to be regulated by ZafA. The expression of genes in
red and blue was shown to be induced and repressed respectively by ZafA, as confirmed by RT-qPCR
and/or northern-blot. The expression of genes in black and green was predicted to be induced and
repressed respectively by ZafA. Start and end positions of the ZR motifs were numbered taking as
reference that the base preceding the A nucleotide of the ATG translation start codon is at position −1.
Motifs labeled with an asterisk (*) had two substitutions with respect to the ZR consensus motif out of
the hexanucleotide core sequence 5′-CARGGC-3′ (ZR0*).

Gene ID Gene Name Strand Start End Sequence ZR Motif Type of ZR Motif

AFUA_1G01550 zrfA D −75 −61 GACCTCAAGGTACCC ZR2
R −105 −91 ACTGCCAAGGTCCTT ZR0
D −157 −143 GCTCACAAGGTGTGT ZR0*

AFUA_1G05900 - D −393 −379 TTCGTCAAGGTTGTT ZR0*
AFUA_1G09810 - R −168 −154 ACTCCCAGGGTACTT ZR0
AFUA_1G10080 zafA D −361 −347 GCTCCCAAGGTCCTC ZR0

D −448 −434 CCCCTCAGGGTATTA ZR0*
D −624 −610 GCTCGCAGGGTCCTC ZR5
D −657 −643 TCCCCCAGGGTCCTC ZR0

AFUA_1G12170 - R −364 −350 ATTACCAAGGTGATA ZR0*
AFUA_1G12850 crnA R −500 −486 TGTCCCAGGGTGTAC ZR0*
AFUA_1G14550 sodC/sod3 R −123 −109 AGCATCAAGGTCCTC ZR2

D −160 −146 GATCCCAAGGTCCCC ZR2
AFUA_1G14560 msdS D −664 −650 TCTACCAGGGTATAT ZR8

D −928 −914 ATCGCCAGGGTCTTA ZR9
AFUA_1G14700 - R −181 −167 GCACACAAGGTACTC ZR0*
AFUA_2G01260 srbA D −886 −872 TTGGTCAAGGTCCTT ZR3
AFUA_2G01610 - D −841 −827 GTCAGCAGGGTCATC ZR0*
AFUA_2G02950 - D −160 −146 GTCTCCAAGGTCTCC ZR4
AFUA_2G03860 zrfB R −359 −345 ATCCTCAAGGTCCCT ZR0

D −496 −482 GCCACCAAGGTCCTT ZR0
D −794 −780 TCTCCCAAGGTCCCC ZR0
D −893 −879 ACTCCCAAGGTCCTC ZR0

AFUA_2G06140 - R −461 −447 GTTCCCAAGGTCTCC ZR0
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Table 3. Cont.

Gene ID Gene Name Strand Start End Sequence ZR Motif Type of ZR Motif

AFUA_2G07810 - D −756 −742 GTAGGCAAGGTGCCT ZR0*
AFUA_2G08280 maeA R −910 −896 TTCACCAGGGTAGAC ZR0*
AFUA_2G08740 zrfF R −329 −315 TCTCCCAAGGTCCGC ZR8

R −616 −602 ATAGCCAAGGTAGCT ZR0*
AFUA_2G15290 - R −68 −54 GTCAACAGGGTGCTC ZR5
AFUA_3G02270 cat1 D −1052 −1038 TTGACCAGGGTCTCT ZR3
AFUA_3G10680 - R −179 −165 GATCCCAAGGTCCTT ZR2

D −233 −219 TCCCCCAGGGTCCCC ZR0
AFUA_3G13100 - D −581 −567 TTCGTCAAGGTTTCA ZR0*
AFUA_3G13940 - D −1073 −1059 TTTTCCAAGGTGTTG ZR0 *
AFUA_4G03920 - R −307 −293 CTCACCAAGGTCCCC ZR1

D −438 −424 ACCTCCAAGGTCCTG ZR0*
R −576 −562 TCTATCAAGGTAATT ZR7
R −605 −591 GCCTCCAAGGTAGTC ZR0*

AFUA_4G03930 cysX D −272 −258 GCCTCCAAGGTAGTC ZR0*
D −301 −287 TCTATCAAGGTAATT ZR1
R −439 −425 ACCTCCAAGGTCCTG ZR0*
D −570 −556 CTCACCAAGGTCCCC ZR7

AFUA_4G09560 zrfC R −196 −182 ACTCCCAAGGTATCT ZR0
R −313 −299 GCTCTCAAGGTCCTC ZR0
R −637 −623 GCTACCAAGGTGTCC ZR0
D −749 −735 GCCATCAGGGTAGAC ZR0*

AFUA_4G09580 aspf2 R −149 −135 GCCATCAGGGTAGAC ZR0*
D −261 −247 GCTACCAAGGTGTCC ZR0
D −585 −571 GCTCTCAAGGTCCTC ZR0
D −702 −688 ACTCCCAAGGTATCT ZR0

AFUA_4G10460 hcsA R −538 −524 ATCGGCAAGGTACAT ZR0*
AFUA_5G02010 - D −122 −108 TTCTCCAGGGTCTTA ZR0*
AFUA_5G03060 - R −807 −793 GCGCGCAAGGTACTT ZR0*
AFUA_5G05710 - R −100 −86 TTCACCAAGGTTTTG ZR0*
AFUA_5G06240 alcC D −595 −581 TCCCCCAGGGTACAT ZR8
AFUA_5G09240 sodA/sod1 R −198 −184 ATTCACAGGGTATTA ZR0*
AFUA_5G12780 - D −99 −85 ACTCCCAAGGTACTC ZR0
AFUA_5G13940 - R −231 −217 TCTGTCAGGGTCTGT ZR8
AFUA_6G00690 - D −77 −63 GTCCACAAGGTCTTC ZR5
AFUA_6G08580 fkbp4 D −134 −120 GCCCTCAAGGTTCCT ZR6
AFUA_6G09310 - D −1068 −1054 AGTGACAAGGTATTC ZR0*
AFUA_6G09630 gliZ D −790 −776 TCTAACAAGGTCCTC ZR5

D −836 −822 GCCCCCAAGGTGCCT ZR0
AFUA_6G09710 gliA R −469 −455 GTTTGCAAGGTACTC ZR0*

R −522 −508 TCCCCCAAGGTCACA ZR0*
AFUA_6G10260 akr1 D −180 −166 GTCGTCAAGGTTCCC ZR6
AFUA_7G02360 - R −323 −309 TCGATCAAGGTGCTT ZR3
AFUA_7G03970 - D −396 −382 TGTACCAAGGTATGT ZR0*
AFUA_7G06570 zrcA D −915 −901 GTCCCCAAGGTACTC ZR0
AFUA_7G06790 yct1 D −224 −210 GTTCACAAGGTTCTT ZR0*

D −305 −291 TCTACCAAGGTCCTT ZR0
AFUA_7G06810 sarA R −187 −173 TCCAACAAGGTACCT ZR5

R −276 −262 CCTCCCAGGGTTCTC ZR0*
AFUA_8G01930 - R −603 −589 GCCATCAAGGTCGAT ZR0*
AFUA_8G02450 gzbA R −165 −151 GTCTTCAAGGTTCTC ZR0*

D −401 −387 GTCCCCAAGGTTCTC ZR6
AFUA_8G02460 - R −617 −603 GTCCCCAAGGTTCTC ZR6

D −853 −839 GTCTTCAAGGTTCTC ZR0*
AFUA_8G02620 mchC R −65 −51 ACCCCCAAGGTTCGC ZR0*

R −172 −158 ACTCCCAAGGTACCT ZR0
R −192 −178 GGGCTCAAGGTCCTC ZR0*

56



Genes 2018, 9, 318

4. Discussion

The effect of zinc-deficiency on the regulation of gene expression and the homeostatic and
adaptive response to zinc starvation has been extensively analyzed at a genome-wide scale in the
yeast Saccharomyces cerevisiae [16–18]. In this yeast, the regulatory response to zinc starvation at
the transcriptional level relies on the Zap1 transcription factor [31]. We described for the first time
that regulation of zinc homeostasis in a fungal pathogen is essential for virulence [13,14]. Similar
studies, conducted later in different Candida and Cryptococcus species, Histoplasma capsulatum and
Blastomyces dermatitidis, have also highlighted the importance of maintaining zinc homeostasis for the
virulence of these pathogenic yeast [19,20,32–36]. In this paper, we report the transcriptional profiling
of A. fumigatus under zinc starvation and show that ZafA regulates the expression of its most direct
target genes through binding to one or more ZR consensus motifs located in their promoter regions.

In both S. cerevisiae and the pathogenic fungi studied thus far, the genes more strongly induced
by the ZafA/Zap1 orthologues encode membrane transporters of the ZIP family, involved in zinc
uptake from zinc-limiting media. Besides, it has been observed that zinc-deficiency increases ROS
production [20,33,37] while it reduces sulfate assimilation as a putative mechanism to alleviate
oxidative stress under zinc-limiting conditions [38]. In this regard, the adaptive response to zinc
deficiency is well mirrored at the transcriptional level by changes in the expression of genes encoding
proteins involved in ROS detoxification and assimilation of inorganic sulfur both in S. cerevisiae [18]
and in all pathogenic yeasts [19,20]. Similarly, in A. fumigatus grown under zinc-limiting conditions,
genes encoding zinc-independent proteins involved in ROS detoxification (e.g., cat1, cat2 and sodC)
are up-regulated, while metR [39], which is the major regulator of inorganic sulfur assimilation,
is down-regulated (Table 2 and Table S6). There are, however, some remarkable differences between
species regarding specific aspects. Among the most noteworthy are those related to iron metabolism,
ergosterol biosynthesis and protection against oxidative stress, which appears to be linked to the
production of certain secondary metabolites.

The major difference between A. fumigatus and the yeasts S. cerevisiae, C. albicans and C. gatti
regarding iron metabolism is that only A. fumigatus is able to synthesize and secrete siderophores for
iron uptake under iron-limiting conditions [40]. The only gene related to iron homeostasis that has
been reported to be induced by Zap1 in S. cerevisiae under zinc-limiting conditions is FET4 [16,18],
which encodes a low-affinity Zn2+/Fe2+/Cu+ transporter [41]. In C. albicans grown under zinc-limiting
conditions, the expression of some genes encoding proteins of the reductive pathway (e.g., FRE2
and FET34) is up-regulated, whereas the expression of others is down-regulated (e.g., FRE5, FRE7,
FRE10, FET3 and FTH1). In C. gatti grown under zinc-limiting conditions, the expression of the genes
CNBG_3602 and CNBG_2036 is down-regulated [20]. They encode proteins similar to FtrA and MirB
of A. fumigatus that function respectively in the reductive and non-reductive/siderophore-mediated
iron uptake system. In A. fumigatus are down-regulated, under zinc-limiting conditions, several
genes encoding proteins that are involved in iron uptake, including the FetC/FrtA oxidase/permease
complex of the reductive iron uptake system and several non-reductive siderophore transporters
of A. fumigatus (Table 2 and Table S6). In addition, genes encoding regulators of iron homeostasis
(e.g., hapX and srbA) and siderophore biosynthesis are also down-regulated in A. fumigatus under
zinc starvation (Table 2 and Table S6). Therefore, provided that all transcriptional profiling studies
performed thus far in fungal pathogens have been done under non-iron-limiting conditions, it is
concluded that the expression of genes encoding proteins required for iron uptake appear to be reduced
under zinc-limiting conditions, which indicates that a reduction of iron intake from non-iron-limiting
media appears to be an adaptive response to zinc deficiency. Whether Zap1 plays a direct or
indirect role in regulating the expression of genes involved in iron homeostasis in yeast has not
been reported [19]. However, it appears that in A. fumigatus growing under zinc-limiting conditions,
only the expression of some genes related to iron homeostasis is directly or indirectly regulated by ZafA
(e.g., srbA, enb1, mirB and sidA), whereas most of them appear to be regulated in a ZafA-independent
manner (Table 2 and Table S6). On the other hand, the transcriptional profiling of A. fumigatus grown
in zinc-replete media following a shift from iron-limiting to iron-replete conditions has revealed that
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the expression of genes typically involved in the homeostatic response to zinc deficiency (e.g., zafA,
zrfA and zrfB) is up-regulated whereas that of genes involved in the homeostatic response to zinc
excess is down-regulated (e.g., zrcA) [42]. The expression profile of these ZafA-regulated genes in the
referred conditions has been interpreted as a homeostatic mechanism to prevent zinc excess and zinc
toxicity under iron starvation [43]. In addition, in a wild-type strain growing in zinc-replete media
under iron-replete conditions HapX mediates both the up-regulation of genes typically involved in
the homeostatic response to zinc deficiency (e.g., zafA and zrfB) and the down-regulation of genes
involved in the homeostatic response to zinc excess (e.g., zrcA and zrcC) [44]. However, it is known
that the expression of hapX is reduced dramatically under iron-replete conditions [44], which indicates
that the predicted action of HapX on the expression of the aforementioned genes must be exerted by
the low basal amount of HapX that is synthesized under iron-replete conditions [45]. It is difficult
to understand that the HapX-mediated increase of the transcription level of zafA, which encodes the
key major regulator of zinc homeostasis, only reflects changes in the expression level of zrfB and
zrcA (of all putative direct targets of ZafA). Nevertheless, this could be explained upon considering
that zrfB is the zinc homeostatic gene with the highest number of ZR motifs in its promoter, whereas
zrcA is one of the few genes whose expression is strongly repressed by ZafA that harbors one ZR
consensus motif in its promoter region (Table 3). Hence, it could be possible that the low increase in the
expression level of zafA detected in a wild-type strain versus a ΔhapX strain (about 1.8-fold) [44], allows
synthesizing a little (although sufficient) amount of ZafA. This regulator could bind preferentially to
the promoters of zrfB and zrcA to induce the former and repress the later. The zrcC gene does not have
ZR motifs in its promoter region and most likely its repression under zinc-limiting conditions is not
directly mediated by ZafA. The HapX-mediated co-regulation of the zrfB, zrcA and zrcC expression
in A. fumigatus might have evolved as an adaptive response to iron excess caused by a sudden iron
supplement under zinc-replete conditions. This response would prevent the rapid storage into the
vacuole (mediated by ZrcA and ZrcC) of the zinc taken up by ZrfB. The most likely reason would
be that a concentration of cytosolic zinc higher than usual is required to prevent iron toxicity during
a transient iron excess. This adaptive response recalls the proactive mechanism that operates in
S. cerevisiae to protect cells against a sudden high increase of zinc concentration in the medium or
“zinc shock” [46]. This mechanism relies on the function of ZRC1 that is the orthologue of the zrcA
gene of A. fumigatus. ZRC1 is up-regulated by Zap1 to enhance the storage into the vacuole of zinc
that is incorporated by Zrt1 under zinc-limiting conditions [46,47]. Provided that these studies have
been performed in media containing a relatively low amount of iron such as that present in the yeast
nitrogen base (i.e., 0.74 μM) used to make the yeast synthetic minimum medium, it could be possible
that zinc storage following a “zinc shock” is intended to prevent zinc toxicity due to iron insufficiency.
In summary, a mutual relationship between regulation of homeostasis of zinc and iron appears to
exist. This zinc/iron cross-homeostasis could be essential for fungal growth in zinc-replete media. It
would not only prevent the excessive zinc uptake and zinc toxicity under iron starvation, as proposed
previously [43], but also it might increase the cytosolic concentration of zinc to prevent iron toxicity
under iron-replete conditions and/or prevent an excessive iron uptake from non-iron-limiting media
and iron toxicity under zinc starvation. Consequently, the zinc/iron cross-homeostasis would allow
the fungus to grow well in media containing unbalanced Zn:Fe ratios.

Some NZR genes are down-regulated, both in zinc-limiting media under iron-replete conditions
and in zinc-replete media after a shift from iron-limiting to iron-replete conditions, such as hmg1,
which encodes the enzyme of the committed step in ergosterol biosynthesis, and several genes related
to siderophore biosynthesis (e.g., sidC, sidF, sidG, amcA) [44]. This finding suggests that the reduction
of both iron uptake and ergosterol biosynthesis might also have co-evolved as part of the fungal
adaptive response both to zinc starvation under non-iron-limiting conditions, and to iron excess
under non-zinc-limiting conditions. In addition, a relatively high number of genes whose expression is
regulated by the sterol-response element binding proteins (SREPBs), SrbA and SrbB, are also influenced
by zinc starvation [48,49]. For instance, several genes involved in ergosterol biosynthesis (i.e., erg1,
erg3A/B, erg5, erg13B, erg24A/B, erg25A/B and hmg1), ethanol catabolism (alcC), heme biosynthesis
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(hem13 and hem14) and nitrate assimilation (niiA and niaD), are up-regulated by SREPBs in hypoxia
and down-regulated under (normoxic) zinc-limiting conditions (Table 2). Similarly, the own expression
of srbA and srbB is strongly reduced under (normoxic) zinc-limiting conditions (Table 2). On the
other hand, it is known that the transcription of srbB is autoinduced by SrbB and starts earlier (and
is stronger) than that of srbA, which is autoinduced by SrbA [49]. Besides, the RNAseq data for the
wild-type, ΔsrbA and ΔsrbB strains, after 2 h in hypoxia, revealed that the expression level of srbB in
the ΔsrbA mutant is lower than in the wild-type strain; whereas the expression level of srbA in the
ΔsrbB mutant is higher than in the wild-type strain, i.e., SrbA is formally an inductor of srbB whereas
SrbB is a repressor of srbA [49]. Since srbA can be formally considered as a direct ZafA target (Table 2),
it could be possible that srbA repression initiated by ZafA, under normoxic zinc-limiting conditions,
triggers a cascade of transcriptional events that ultimately results in the strong down-regulation of srbA
and srbB (and that of their target genes) under sustained zinc-limiting conditions. However, the same
RNAseq experiment also indicated that SrbA and SrbB are formally positive regulators of zrfA, zrfB
and zrfC but negative regulators of zafA [49]. In addition, SrbA is a positive regulator of zrcA and
zrcC whereas SrbB is a negative regulator of these genes [49]. Hence, provided that these studies have
been performed in zinc-replete media, the positive regulation of zrfA, zrfB and zrfC by SrbA and SrbB,
along with the early negative regulation of zrcA and zrcC by SrbB, this suggests that a cytoplasmic
zinc concentration higher than usual may be beneficial for fungal growth in hypoxia. Of note, this
regulatory mechanism for the adaptive response to hypoxia resembles the one involved in preventing
iron toxicity during iron excess under zinc-replete conditions. In addition, it has been reported that
the fungal zinc content is about 3-fold higher in mycelium grown in hypoxia than in normoxia [50].
However, the SREPB-mediated down-regulation of zafA by SrbA and SrbB under hypoxic zinc-replete
conditions suggests that the expression zrfA, zrfB and zrfC should be induced directly by these factors
instead of being induced by ZafA.

S. cerevisiae and C. albicans lack SREPBs orthologues and appear to have evolved different
regulatory mechanism [51]. In either case, under hypoxic (zinc-replete) conditions the expression
of the ERG genes is down-regulated in S. cerevisiae [52], but up-regulated in C. albicans [53] and
A. fumigatus [48]. This suggests that the sterol content in S. cerevisiae under hypoxic conditions is
largely sufficient to sustain growth whereas in C. albicans and A. fumigatus it is largely insufficient, thus
requiring the increase of the expression of the ergosterol biosynthetic genes encoding enzymes that
catalyze oxygen-dependent reactions (Erg1, Erg11, Erg25 and Erg3). However, it has been reported
that the expression of the ERG genes is down-regulated in a S. cerevisiae Δzap1 mutant [16], which
indicates the ScZap1 is formally a positive regulator of the ERG genes. In contrast, in a C. albicans
Δzap1 mutant the expression of the ERG genes is up-regulated [19], which indicates the CaZap1 is
formally a negative regulator of the ERG genes. However, the ERG genes in S. cereviasie and C. albicans
lack Zap1 binding motifs in their promoter regions, which suggests that both ScZap1 and CaZap1
regulate indirectly the expression of these genes [19]. Similarly, the erg genes of A. fumigatus lack ZR
motifs in their promoters and, under zinc-limiting conditions, only a few erg genes (e.g., erg5, erg13B,
erg24A, erg24B and erg3B) are likely repressed either directly or indirectly by ZafA, whereas it is likely
that the expression of other genes (e.g., hmg1, erg1, erg3A, erg25A and erg25B) are down-regulated in
a ZafA-independent manner (Table 2 and Table S6). In either case, one possibility is that the repression
of the erg genes under normoxic zinc-limiting conditions is an indirect consequence of srbA repression
by ZafA.

Zinc starvation increases the expression level of genes encoding components of the electron
acceptor complexes I-III of the mitochondrial electron transport chain (ETC) (e.g., sdh3 and sdh4 that
encode the inner-membrane-anchored subunits of the succinate deshydrogenase), while it reduces
the encoding of the mitochondrial fumarate reductase (FrdA) and some genes encoding components
of complex IV of the ETC (e.g., AFUA_2G03010 and AFUA_3G14440). The frdA gene, which is one
of the most strongly induced genes during hypoxia in A. fumigatus [54], encodes a FAD-dependent
enzyme similar to the yeast Frd1 enzyme that couples the reduction [fumarate → succinate] to the
oxidation [ubiquinol → ubiquinone] (i.e., the reverse reaction that is catalyzed by the succinate
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deshydrogenase) [55]. The complexes I and III are considered as major sites of ROS generation in
mitochondria [56]. Thus, it is tempting to speculate that the imbalance between the expression of
genes encoding components of the electron acceptor complexes I/II and electron donor complex IV
under zinc-limiting conditions may disturb the normal electron flux through the ETC in normoxia.
In this scenario, not all electrons that enter the ETC are finally used for O2 reduction, at the same
time that the intracellular partial pressure of O2 in the fungus growing under zinc-limiting conditions
becomes relatively higher than in the fungus growing in zinc-replete media. As a consequence,
the intracellular O2 may reach a slightly hyperbaric concentration while it increases the probability
of adventitious reactions of reduced flavins with O2 leading to the formation of (ROS) [57]. It is
known that enzymes of the succinate/fumarate oxidoreductase family, which include the succinate
dehydrogenases and fumarate reductases, are prone to react adventitiously with O2 and autoxidation
resulting in the formation of superoxide anion and/or H2O2 (because they contain flavins that appear
to be the primary site of electron transfer to O2) [57,58]. For instance, the E. coli NadB flavoprotein,
which is structurally and evolutionary related to succinate/fumarate oxidoreductases, accounts for
about 25% of all H2O2 generated endogenously during aerobic growth [59]. Thus, the reduction of the
expression level of frdA could be interpreted as a mechanism to prevent an excess of ROS formation
under zinc-limiting conditions.

Interestingly, the adaptive response against oxidative stress displayed by A. fumigatus appears
to differ significantly from that displayed by the yeast S. cerevisiae, in which only two gene-encoding
enzymes for protection against ROS, SOD1 and TSA1, appear to be critical for growth in low
zinc [37,60]. The expression level of SOD1 in S. cerevisiae, which encodes the orthologue to the
A. fumigatus SodA Cu/Zn-superoxide dismutase, is similar under both zinc-replete and zinc-limiting
conditions [60]. In contrast, in A. fumigatus the expression level of sodA reduced significantly under
zinc-limiting conditions, most likely as a mechanism to reduce the biosynthesis of the Cu/Zn-SOD
whose functionality is strongly reduced under zinc-limiting conditions (Figure 9). Besides, A. fumigatus
lacks an obvious orthologous of TSA1, which encodes a protein with a dual peroxiredoxin-chaperone
function that enables yeast cells to adapt both oxidative stress and deficient folding caused by
zinc starvation [37,61]. In summary, the adaptive response against oxidative stress in A. fumigatus
under zinc-limiting conditions might rely on a dual regulatory mechanism that involves both the
down-regulation of genes encoding ROS generating enzymes and the up-regulation of genes encoding
ROS detoxifying, zinc-independent enzymes.

Unlike pathogenic yeast, A. fumigatus has at least 26 biosynthetic gene clusters (named as BGC1-26)
that enables it to produce a great diversity of secondary metabolites and mycotoxins [62]. Interestingly,
the expression level of 17 genes belonging to 11 different BGCs are differentially regulated under
zinc-limiting conditions (Table S6). The BGC-20 dedicated to gliotoxin (GT) biosynthesis appear to be
the most largely influenced by zinc starvation, as revealed by the high expression level of gliZ, gliT,
gliA and gtmA. GliT catalyzes disulfide formation during GT biosynthesis, whereas GliA is involved in
GT efflux and both proteins provide self-protection against exogenous and endogenous GT [63–65].
The enzyme GtmA catalyzes the conversion of both the endogenous dithiol-GT (GT-[H2S]) and the
exogenous GT into bisdethiobis(metylthio)gliotoxin (BmGT), which is a negative modulator of GT
biosynthesis, using S-adenosylmethionine (SAM) as a methyl donor [66]. Hence, the transcriptional
profile of gliZ, gliT and gliA strongly suggests that either a much higher amount of GT is synthesized
in zinc-limiting media than in zinc-replete conditions, or GT is far more noxious for fungal growth in
zinc-limiting than in zinc-replete media. Besides, the GtmA-mediated bis-thiomethylation of GT is
a SAM-dependent reaction that produces as a by-product S-adenosyl-homocysteine (SAH). SAH is then
presumably hydrolyzed to homocysteine (Hcy) by the putative S-adenosyl-homocysteinase encoded by
AFUA_1G10130/sahA, whose expression is also slightly up-regulated under zinc-limiting conditions
(Table 2). It has been proposed that GliT, GliA and GtmA work in concert in A. fumigatus to resist the
effect of exogenous GT in zinc-replete conditions [67], and that GliT and GtmA are up-synthesized in
the presence of both GT and GT plus H2O2 under zinc-replete conditions [68]. In addition, GT inhibits
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H2O2-induced oxidative stress [68,69] because most likely GT is able to replace the function of 2-Cys
peroxiredoxins as an electron acceptor in the thioredoxin-peroxiredoxin system [70], which is consistent
with the lack of a Tsa1-like protein in A. fumigatus. Hence, it is very likely that the concerted action of
the GliT, GliA, GtmA and SahA proteins has evolved in A. fumigatus as part of the adaptive response
against oxidative stress caused by zinc starvation. However, the success of the GT-based strategy
to reinforce the ROS detoxification capability of A. fumigatus relies on an efficient self-protection
mechanism against the toxic effect of an excessive amount of GT. At the same time, a relatively high
SAM:SAH ratio must be kept to prevent the competitive inhibition of specific methyltransferases
by SAH.

The comparison of genes whose expression levels change in a wild-type strain in zinc-limiting
versus zinc-replete conditions with those whose expression levels change in a ΔzafA mutant versus
a wild-type strain when both are grown under in zinc-limiting conditions, produced a group of genes
that was expected to be enriched in the most direct ZafA targets. Thus, we identified 153 putative
ZafA target genes (35 down-regulated and 118 up-regulated) that represented about 1.56% of the 9824
predicted ORFs in A. fumigatus. Following a similar approach for the characterization of the Zap1
zinc-responsive regulon in S. cerevisiae, 111 genes were found to be putatively up-regulated by Zap1 [16],
which represent about 1.82% of the 6091 biologically significant ORFs of S. cerevisiae [71]. In addition,
by using a combination of in vitro and in silico approaches, it was determined that most of the 111
putative Zap1 target genes carried, at their promoter regions, at least one zinc response (ZR) consensus
sequence 5′-ACCYYNAAGGT-3′ (or a degenerated version of it) to which Zap1 may bind [18,72]. Thus,
it was concluded that a total of 81 genes in the yeast genome were direct targets of Zap1 [18]. Using
a similar experimental approach, we have found 49 direct targets of ZafA, including 29 potential and 20
confirmed ZafA targets (Table 3). However, several DZR genes (erg24A, gtmA, pyroA, azf1, gliT and frdA)
(Table 2), formally considered as direct targets of ZafA, lack obvious ZR motifs. This suggests that ZafA
could be able to bind to ZR motifs with a relatively high degeneration degree. In this regard, it must
be aware that, unlike Zap1 of S. cerevisiae, which binds to a 11-nucleotide sequence with a relatively
low degeneration degree (5′-ACCYYNAAGGT-3′; with 16 [22 × 4] different possible ZR sequences),
the ZafA transcription factor of A. fumigatus binds to a 15-nucleotide zinc response sequence with
a higher degeneration degree (5′-DYYVYCARGGTVYYY-3′; with 3456 [33 × 27] different possible ZR
sequences), even without considering that additional substitutions are possible out of the conserved
core (5′-CARGGT-3′) of the ZR motif. Unlike this hexanucleotide sequence that is essential for ZafA to
bind specifically to the ZR motifs, the high variability of both ends of the ZR motif could be intended
to determine the affinity of ZafA binding to the ZRs. In either case, it appears that the diversity of ZR
sequences to which ZafA can bind in A. fumigatus is noticeably higher than those recognized by Zap1
in S. cerevisiae. This fact complicates the identification of functionally relevant ZR motifs in many genes
of A. fumigatus, including some of the most strongly expressed DZR genes, such as gtmA and gliT.

It is clear that ZafA plays a role in A. fumigatus similar to that of Zap1 in S. cerevisiae and in the
pathogenic yeast C. albicans and C. gattii, although the only significant identity among these proteins is
restricted to the C-terminal DNA binding domain. However, unlike ScZap1 that has four zinc-fingers
for DNA binding (one of the CWCH2-type plus three of the C2H2-type), CgZap1 and CaZap1, similar
to ZafA, have five (one of the CWCH2-type plus four of the C2H2-type) (Figure 1). Interestingly,
given that a zinc-finger binds typically to a 3-nucleotide sequence [73], it may explain that ZafA binds
to a 15-nucleotide ZR motif whereas ScZap1 binds to a 11-nucleotide ZR motif. It is interesting as
well to note that the high hypersensitivity of the DNA fragments from the zafA, zrfA, zrfB and zrfC
promoters to DNase I digestion, observed after performing the in vitro footprinting assays, could be
an indication that binding of ZafA to the referred promoters causes DNA bending in vivo as part of
the transcriptional regulatory mechanism mediated by ZafA, as reported for other regulators [74].

Finally, it is noticeable that most of the DZR genes that harbored ZR motifs in their promoters
are up-regulated, which strongly suggests that ZafA mainly functions as an activator rather than as
a repressor. Nevertheless, there are also some down-regulated genes that appear to be directly repressed
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by ZafA (e.g., zrcA, srbA, alcC, sodA and others without obvious ZR motifs in their promoters, such as
frdA and erg24A) (Table 3). Similarly, Zap1 of S. cerevisiae appears to function nearly exclusively as
a transcriptional activator since all 81 proposed Zap1 target genes appear to be induced by Zap1 [16,18],
although it has been reported that Zap1 also functions paradoxically as a repressor of ZRT2 in low
zinc [75]. In addition, Zap1 under zinc deficiency represses the expression of the genes ADH1 and
ADH3, which encode zinc-dependent alcohol dehydrogenases, most likely as a mechanism to prevent
their synthesis under zinc-limiting conditions [76]. Interestingly, a similar rationale could also be
applied to explain the repression by ZafA of zinc-dependent enzymes of A. fumigatus such as alcC
and sodA.

5. Conclusions

The analysis of the transcriptional profile of the ZafA regulon of A. fumigatus, under zinc-limiting
conditions, confirmed that ZafA is the major regulator of the zinc homeostatic response to zinc
starvation. It also indicated that ZafA, along with other regulators, was involved in a zinc/iron
cross-homeostatic controlling network that allows the fungus to grow in media containing unbalanced
Zn:Fe ratios. This study suggested as well that reduction of iron uptake and ergosterol biosynthesis
might have co-evolved as part of the fungal adaptive response to iron excess under non-zinc-limiting
conditions and to zinc starvation under non-iron-limiting conditions, even though this regulation
appeared to be exerted only in part and indirectly by ZafA. In agreement with previous reports by
other investigators, these results also suggested an increase in ROS production under zinc starvation
that A. fumigatus counteracted by reducing the expression of genes encoding enzymes involved in ROS
production and increasing the expression of genes encoding ROS-detoxifying enzymes and gliotoxin
production, along with a self-protection mechanism against endogenous gliotoxin. Finally, it was
shown that although ZafA appeared to function mainly as an inductor of gene expression under
zinc-limiting conditions, it could also function as a repressor of a limited number of genes. Importantly,
ZafA would exert its function as a transcriptional activator through binding to a well-defined zinc
response consensus motif (5′-DYYVYCARGGTVYYY-3′) present in the promoters of its most direct
target genes. However, ZafA could also bind to ZR motifs with a relatively high degeneration degree
in nucleotides out of the conserved hexanucleotide core (5′-CARGGT-3′) and that could be present in
the promoter regions of secondary target genes of ZafA.
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Abstract: Fungal infections caused by Candida, Aspergillus, and Cryptococcus species are an increasing
problem worldwide, associated with very high mortality rates. The successful prevalence of
these human pathogens is due to their ability to thrive in stressful host niche colonization sites,
to tolerate host immune system-induced stress, and to resist antifungal drugs. This review focuses
on the key role played by multidrug resistance (MDR) transporters, belonging to the ATP-binding
cassette (ABC), and the major facilitator superfamilies (MFS), in mediating fungal resistance to
pathogenesis-related stresses. These clearly include the extrusion of antifungal drugs, with C. albicans
CDR1 and MDR1 genes, and corresponding homologs in other fungal pathogens, playing a key
role in this phenomenon. More recently, however, clues on the transcriptional regulation and
physiological roles of MDR transporters, including the transport of lipids, ions, and small metabolites,
have emerged, linking these transporters to important pathogenesis features, such as resistance to
host niche environments, biofilm formation, immune system evasion, and virulence. The wider view
of the activity of MDR transporters provided in this review highlights their relevance beyond drug
resistance and the need to develop therapeutic strategies that successfully face the challenges posed
by the pleiotropic nature of these transporters.

Keywords: fungal pathogens; multidrug transporters; host-pathogen interaction; virulence

1. Introduction

Species belonging to the Aspergillus, Cryptococcus, and Candida genera constitute the most
relevant human fungal pathogens. Infections caused by these pathogens are especially severe in
immunocompromised patients, particularly HIV-infected patients, cancer patients, and transplant
recipients [1–3]. Candida albicans and Candida glabrata are the most prevalent of the pathogenic Candida
species, being responsible for more than 400,000 life-threatening infections worldwide every year [4],
as well as persistent mucosal infections [5,6]. Aspergillus fumigatus is the most frequent pathogenic
species of the Aspergillus genus found to cause life-threatening pulmonary disease [7]. Central nervous
system manifestations of meningitis or meningoencephalitis are recurrent manifestations associated
with Cryptococcus neoformans infections [8].

One very resourceful feature of pathogenic fungi is the expression of multidrug resistance (MDR)
transporters, which allow the development of antifungal drug resistance, being responsible for
many cases of therapeutic failure [9,10]. MDR transporters belong mainly to two superfamilies,
the ATP-binding cassette (ABC) and the major facilitator superfamilies (MFS). The ABC transporters
have two main domains, each including a transmembrane domain (TMD) with six trans-membrane
segments and a nucleotide-binding domain (NBD). This structure usually allows the transport of
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different molecules against an electrochemical gradient at the direct expense of ATP hydrolysis [11–13].
On the other hand, the transport performed by MFS transporters is driven by a proton-motive force.
The MFS-MDR transporters are clustered into two families in fungi, the drug:H+ antiporter 1 (DHA1),
including 12 transmembrane segment proteins, and the drug:H+ antiporter 2 (DHA2), including 14
transmembrane segment proteins [14]. Numerous molecules are proposed to be transported
by MDR transporters of both superfamilies, including steroids, lipids, anti-cancer molecules,
antifungals, herbicides, antibiotics, fluorescent dyes, carbohydrates, metabolites, neurotransmitters,
nucleosides, amino acids, peptides, organic and inorganic anions, cations, and various Kreb’s cycle
intermediates [15,16], strongly suggesting either a promiscuous nature for MDR transporters or that
they may indirectly affect the accumulation of these very diverse compounds, as a consequence of the
transport of their physiological substrates.

The best-studied families of fungal drug efflux pumps are those from the model yeast
Saccharomyces cerevisiae [17], in part, because it was the first eukaryote to have its genome sequenced [18].
In this model eukaryote, the ABC transporters have been classified into three main subfamilies, namely,
the pleiotropic drug resistance (PDR), MDR, and multidrug resistance-associated protein (MRP),
composing a total of 21 ABC drug resistance-related transporters [17,19]. Additionally, a total of
22 MFS drug transporters were reported in the genome of S. cerevisiae [20].

Genome sequencing has revealed that there is a wide repertoire of predicted ABC drug efflux
pumps among pathogenic fungal species. However, only a few of these proteins have been functionally
characterised, including those reported to be involved in multidrug resistance in human pathogens,
such as Candida albicans [21–23], Candida glabrata [24–27], A. fumigatus [28,29], and C. neoformans [30,31].
Gaur et al. [32] constructed a complete inventory of ABC proteins in the genome of C. albicans, based on
sequence similarities with ABC systems in other living organisms, and they found that C. albicans
possesses 28 putative ABC proteins. The genome of the second most prevalent Candida species,
C. glabrata, is predicted to have approximately two-thirds the number of ABC transporters predicted
for C. albicans (18) [33]. Otherwise, much larger numbers of ABC proteins are predicted in the genomes
of A. fumigatus and C. neoformans. The A. fumigatus genome is predicted to encode 49 ABC transporters,
35 of which are predicted to be multidrug efflux pumps [7,34]. C. neoformans is predicted to encode
54 ABC transporters [35].

The MFS transporters constitute the largest group of secondary active transporters, functioning
as uniporters, symporters, or antiporters [16]. A subset of these transporters is involved in drug
efflux [36]. Costa et al. [20] listed the DHA-MFS transporters found to occur, based on phylogenetic
analysis with the model yeast S. cerevisiae, in the pathogenic yeasts of the Candida genus and also in
C. neoformans, and A. fumigatus. Within the DHA1-MFS family, it was found 18, 10, 9, and 54 predicted
transporters in the genome of C. albicans, C. glabrata, C. neoformans, and A. fumigatus, respectively.
Regarding the DHA2-MFS family, 8, 5, 7, and 32 were found as predicted transporters in the genome
of C. albicans, C. glabrata, C. neoformans, and A. fumigatus, respectively.

Although the main studied function of MDR transporters in fungi is related to the efflux
of antifungal drugs, whose importance in azole resistance is reviewed herein, these transporters
have different physiological roles that are also determinant for the survival of fungal pathogens in
the human host. In this review, a collection of the identified physiological functions of the MDR
transporters is compiled, highlighting how certain roles are necessary for the adaptation of fungi to
the host niches, as well as in the fight against stresses imposed by the immune response of the host.
Clues on the function of MDR transporters are also extracted from the gathered information on their
transcription regulators.

2. MDR Transporters in Fungal Pathogens: Mediators of Azole Drug Resistance

Efflux-mediated drug resistance appears to be the most widespread mechanism of azole drug
resistance among pathogenic fungal species [37–39]. The ABC drug efflux pumps have, in general,
been linked to greater clinical significance [40]. However, and unlike what has been observed for ABC
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drug efflux pumps, which are widespread from bacteria to man, the MFS-MDR family appears to be
strictly conserved within bacteria and fungi, turning these proteins into interesting candidates for
targets for the development of new antifungal drugs [20].

The ABC transporters implicated in azole drug resistance in C. albicans are described as
Candida Drug Resistance (CDR) genes , with CaCDR1 encoding the best characterised multidrug
transporter [41]. Together with CaCDR1, CaCDR2 also contributes to azole resistance mediated
by increased drug efflux [23,42]. In the non-albicans Candida species, the CDR genes have also
been shown to play a role in azole resistance. In Candida dubliniensis, CdCDR1 is overexpressed
in the fluconazole-resistant strains [43]. In addition, CDR1 is also induced in azole resistant
Candida parapsilosis and Candida tropicalis clinical isolates [44–46]. In turn, the expression of the
ABC transporters CgCdr1 and CgCdr2 in C. glabrata is related with the frequent azole resistance
observed in this species [47]. Additionally, the ABC transporters CgSnq2 and CgYor1 have also been
implicated in azole stress response in C. glabrata [26,48]. Candida krusei, which displays intrinsic azole
resistance, harbors two ABC drug efflux pumps (CkAbc1 and CkAbc2) that are upregulated during
azole stress [49]. Candida krusei CkAbc1 is involved in intrinsic fluconazole resistance [50] and confers
fluconazole resistance through drug efflux upon overexpression in S. cerevisiae [51]. CkABC2 expression
was correlated with itraconazole resistance [52].

In A. fumigatus, the mechanisms of antifungal resistance have deserved more intensive
investigations in the past ten years. Alteration of the azole target cyp51A is a major mechanism
in clinical and environmental isolates. However, there are now also several non-cyp51A-mediated
azole-resistant isolates in which the underlying mechanisms remain partially unsolved [53].
The reduced intracellular accumulation of drugs has also been correlated with the overexpression
of MDR efflux transporter genes in this pathogen [38]. In contrast to the extensive number of genes
predicted to encode transporters in A. fumigatus [54], there are very few studies characterizing these
transporters and their relationship with multidrug resistance. However, decreased intracellular
accumulation of itraconazole was verified in A. fumigatus, hinting for a possible participation of
efflux pumps in azole resistance in this fungus. Slaven et al. [29] and Nascimento et al. [55] have
characterised AfuAtrF and AfuMdr4, respectively, as ABC transporters, and correlated them with
itraconazole resistance. Additionally, genes encoding the set of transporters AfuAbcA-E, AtrF, and AtrI
are induced during voriconazole stress [53,56].

In C. neoformans, the reduced intracellular accumulation of drugs has been correlated with the
overexpression of MDR efflux transporter genes [39]. The genome of this pathogen is predicted to
encode nearly 86 DHA-MFS transporters and 54 ABC transporters. Nevertheless, only three efflux
pumps have been related with drug extrusion, CnAfr1, CnAfr2, and CnMdr1 [30,57,58]. A recent study
by Chang et al. [57] demonstrated that CnAfr1 is a crucial for azole efflux and is important for handling
other xenobiotics, including cycloheximide, nocodazole, and trichostatin A. The overexpression of
the C. neoformans ABC transporter CnAfr1 is known to underlie clinical fluconazole resistance [31],
while CnMdr1 confers itraconazole resistance upon overexpression in S. cerevisiae [51]. However,
these three efflux pumps appeared to play no clear role in susceptibility towards amphotericin B
and 5-fluorocytosine.

Although transporter-mediated azole resistance has been initially associated with ABC drug
efflux pumps, further insights have shown that MFS-MDR transporters also play a relevant role in
this phenomenon. In fact, several transporters from the MFS-MDR family are also relevant players
in clinical azole resistance phenotypes, as is the case with the C. albicans CaMdr1. Considered a
major mediator of azole resistance, it is overexpressed in some resistant clinical isolates, underlying
fluconazole resistance [59]. A similar case was also identified in Candida dubliniensis, with increased
CdMDR1 transcript levels associated with clinical resistance phenotypes to fluconazole, but not
to ketoconazole [43,60]. Moreover, C. parapsilosis azole resistant clinical isolates overexpress
CpMdr1 [44,45], and such a response is also observed during the in vitro induction of azole
resistance [61]. Resistant clinical isolates of C. tropicalis were found to overexpress the CtMdr1
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transporter [46,62]. The C. albicans MFS transporter CaFlu1 confers fluconazole resistance in S. cerevisiae,
but it plays a secondary role in C. albicans [63,64].

A relevant role of MFS efflux pumps in azole response is also observed in C. glabrata, translated by
the increased expression of CgAqr1, CgQdr2, CgTpo1_1, and CgTpo3, found to mediate clotrimazole
resistance in clinical isolates [10]. These transporters were previously found to mediate azole
resistance in laboratory strains as well [24,25,27,65]. Interestingly, the level of correlation between the
increased expression of these transporters and the azole drug resistance was similar to that observed
for the CgCDR2 gene, thus highlighting the importance of MFS-MDR transporters in the clinical
setting [10]. More recently, the MFS-MDR transporters CgTpo1_2, CgFlr1, and CgFlr2, were also
found to confer azole resistance, by mediating the decreased intracellular accumulation of these
drugs [65,66]. In A. fumigatus, the MFS transporters can potentially have a relevant role in azole
resistance, since AfuMdr3 displays an increased expression in itraconazole-resistant mutants [55].
In addition, three transporters (AfuMfsA–C) are highly expressed during voriconazole stress [56].

Within the MFS-MDR transporters, only eight (CaMdr1, CaFlu1, CaNag3, CaNag4, CaNag6,
CaQdr1, CaQdr2, and CaQdr3), seven (CgAqr1, CgFlr1, CgFlr2, CgTpo1_1, CgTpo1_2, CgTpo3,
CgQdr2), three (CNA07070, CNC03290, and CND00440/aflT), and six (gliA, mfs56, Mdr3, and MfsA–C),
were already characterised in C. albicans, C. glabrata, C. neoformans, and A. fumigatus, respectively [20].

Not only is there a wide variety of MDR transporters involved in azole resistance in several fungal
pathogens, but the regulation of their expression is also diverse. The most prominent mechanism of
azole resistance acquisition involves increased drug efflux pumps gene expression, which is mediated
by master regulators of azole resistance. They include Tac1 and Mrr1 in C. albicans and related
species; and CgPdr1 in C. glabrata. These transcription factors are subjected to gain-of-function (GOF)
mutations in their protein sequence, which result in hyperactive forms, responsible for constitutive
increased transcription of their target genes [44,61,67–72]. Additionally, each transcription factor
regulates its own expression, increasing their own transcript levels in response to azole stress [67,73–75].
ABC transporters in particular have been first described as targets of CaTac1 and CgPdr1 [26,48,76–78],
but several MFS transporters are also activated by CaMrr1 and CgPdr1 [65,66,71,72], thus reinforcing
the role of multiple transporters in azole resistance pathways.

Other than mutations in transcriptional regulators, another regulatory mechanism mediating
azole resistance is chromosomal abnormalities. These can include loss of heterozygosity (LOH),
chromosomal aneuploidies, or increased gene copy number. Development of azole resistance by LOH
events is known to occur in C. albicans, namely in the genomic regions containing CaTAC1 or CaMRR1.
Mutations in MRR1 followed by the loss of heterozygosity, contribute to the overexpression of this
gene [72]. This phenomenon also occurs to give rise to CaTAC1 homozygous mutations because of the loss
of heterozygosity in chromosome 5 [70]. Chromosomal rearrangements also contribute to the amplification
of the CaTAC1 gene [79]. In C. glabrata, the existence of differential chromosome configurations and
segmental aneuploidies was observed in azole-resistant strains [80]. Alterations in chromosome copy
number is related with C. neoformans resistance to azoles. In particular, CnAfr1 overexpression due to
chromosome 1 duplication results in resistant populations in response to selection [81].

Although the transcriptional regulation of MDR transporters in A. fumigatus and C. neoformans
have not yet been deeply studied, Hagiwara and colleagues [82] reported a novel Zn2–Cys6

transcription factor, AfuAtrR, as playing a key role in an azole resistance mechanism of A. fumigatus,
by regulating the drug target AfuCyp51A (14-α sterol demethylase) and the putative drug efflux pump
AfuCdr1B (AfuAbcC) expression. Additionally, through the screening of a library of transcription factor
mutants, different transcription factors regulating the expression of efflux pumps genes in response to
fluconazole exposure were identified in C. neoformans. These include CnCRZ1 and CnYAP1, which had
been previously characterised as transcription factors functioning in response to environmental stress,
including thermal, hypoxic, and fluconazole, as well as oxidative stress in C. neoformans [83,84].
Chang and co-workers [57] determined that CnAfr1 expression was positively regulated by CnCrz1
and CnYap1 in response to fluconazole.
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3. MDR Transporters in Fungal Pathogens: Mediating the Transport of Physiological Substrates
as a Way to Adapt to Host Niches

Fungal pathogens have different strategies to colonize, survive, and infect the human host.
Each species has preferential niches, developing specific mechanisms that allow adaptation to each
microenvironment and evasion from the immune system. For instance, C. albicans exhibits different
morphologies to better adapt to each niche, for example switching from the hyphal morphology used
to penetrate host epithelial cells to the yeast shape to circulate in the bloodstream [85]. The preferential
niches for C. albicans and other Candida species include the oral cavity, the skin, the urogenital,
and gastrointestinal tracts, whose infection might lead to disseminated disease [85,86]. In the case of
the Cryptococcus species, the preferable niches of the human host include the pulmonary tissue and
the central nervous system. The establishment of a Cryptococcus invasive disease often starts with
infection of the lung tissue, followed by invasion of the bloodstream, and subsequent dissemination of
Cryptococcus cells to the central nervous system [87,88]. Likewise, A. fumigatus infects primarily the
lungs, disseminating from there to any possible organ [89].

In each specific niche, different stresses like heat shock, osmotic, oxidative and nitrosative stresses,
pH variations, and hypoxia might be encountered, forcing the development of stress resistance
mechanisms by fungal pathogens [90]. Given the different stresses and different nutrient availability,
fungal pathogens must have increased flexibility to adapt and respond to the environment. This wide
capacity of metabolic adaptation and resistance to stress also promotes virulence in fungal pathogens,
as it lessens their vulnerability to the surrounding environment [86].

In the oral cavity, different factors protect the host from the presence of fungal pathogens.
First of all, different cell types are ready to identify them, including polymorphonuclear leukocytes,
monocytes/macrophages, non-major histocompatibility complex (MHC)-restricted CD8+ T cells,
and oral epithelial cells [91]. Upon the presence of Candida cells, the epithelial cells from the oral mucosa
induce expression of a nitric oxide synthase, which leads to increased levels of nitric oxide believed
to have a candidacidal activity, helping in the resistance to mucosal candidiasis [91]. These cells are
also able to secrete different antimicrobial peptides, including members of the β-defensin family [92].
Additionally, the saliva has powerful antimicrobial peptides, such as histatins. These are known to
promote cell cycle disturbance, increased intracellular reactive oxygen species (ROS), and loss of cell
volume in C. albicans, ultimately leading to the apoptosis of yeast cells. Histatin-1, -3, and -5 are
produced by acinar cells present in human salivary glands [93].

The lungs constitute the first site for Cryptococcus infection. This niche also has its strategies
of protection against invasion. As a first defense mechanism of the innate immune system is the
presence of bronchial and alveolar Type I and Type II epithelial cells that, besides forming a physical
barrier, also release several cytokines and chemokines to activate an immunologic response [94].
Also important for this response is the presence in the lung tissue of inflammatory monocytes,
alveolar macrophages, dendritic cells, and neutrophils [95,96]. M1 macrophages produce ROS and
reactive nitrogen species (RNS), including nitric oxide, known to have anti-cryptococcal properties [96].
Aspergillus fumigatus also enters the host by inhalation, facing the action of alveolar macrophages,
neutrophils, and dendritic cells [97,98].

In turn, the vaginal mucosa is a low pH environment with the presence of weak acids, like acetic
and lactic acids [99,100], protected by Candida-specific cell-mediated immunity. This immunity is
mediated by T helper (Th) 1-type responses [101]. Additionally, the established microbiome present in
this niche is also responsible for its protection. A good example is the role of Lactobacillus crispatus in
this context, found to mediate the immune response of vaginal epithelial cells deployed in the presence
of C. albicans [102].

Although generally associated to multidrug resistance, some MDR transporters have been found
to contribute to the adaptation of fungal pathogens to human host niches. This role of MDR transporters
seems to be linked to a general function of cellular detoxification, given their ability to catalyse the efflux
of antifungal drugs, but also other toxic metabolites present mainly in the stationary phase of cellular

71



Genes 2018, 9, 332

growth [103]. Interestingly, the ability to control the concentration of some of these physiological
substrates is likely to confer a selective advantage when growing, both as commensals and pathogens
in human host niches.

For example, the C. albicans ABC transporter Cdr1 was found to transport steroids. Accumulation
assays with radiolabelled β-estradiol and corticosterone have demonstrated the ability of CaCdr1,
expressed in the AD1234568 (AD)-CDR1 S. cerevisiae strain, to enhance the efflux of these
human steroids, that appear to compete with drugs such as cycloheximide, O-phenanthroline,
chloramphenicol, fluconazole, or rhodamine 123 as Cdr1 substrates [104]. However, the transport
of [3H]-β-estradiol was not affected by the truncation of domain 12 of CaCdr1, a mutation that
affects drug transport, suggesting that Cdr1 displays different binding sites for these different
substrates [105]. Interestingly, increased incidence of vulvovaginal candidiasis has been linked to
the presence of elevated estrogen levels during pregnancy or to the presence of exogenous estrogens
from oral contraceptives [106–109]. The effect of β-estradiol or ethynyl estradiol, but not α-estradiol
or estriol, on the formation of germ tubes has been reported, revealing the specificity of such an
induction [110,111]. Candida albicans strain SC5314 and the vaginal isolate GC15 in Roswell Park
Memorial Institute (RPMI)-free supplemented with supraphysiological (10−5 M) or physiological
(10−10 M) concentrations of 17-β-estradiol and estradiol, respectively, during different time points,
exhibit the upregulation of CaCDR1 and CaCDR2. When both genes were disrupted, the C. albicans
cells exposed to 17-β-estradiol had a decreased germ tube formation [111]. These evidences point out
the importance that MDR efflux pump-mediated resistance to chemical compounds present in human
body niches have in the success of fungal infections.

In S. cerevisiae, sterol uptake requires the involvement of the ABC transporters Pdr11 and
Aus1. These are necessary for the nonvesicular movement, from the plasma membrane to the
endoplasmatic reticulum, a movement needed for the sterol ester synthesis required for sterol
uptake [112]. The S. cerevisiae Upc2 transcription factor is known to induce the AUS1 and PDR11
expression under anaerobiosis conditions, when the sterol uptake is essential. The absence of these
two genes leads to defects in sterol uptake [113]. Although, in S. cerevisiae, no connection to MDR
has been observed for these transporters; in Cryptococcus gattii, Pdr11 was found to be necessary for
fluconazole resistance in the VGII clinical strain [114]; and C. glabrata Aus1 has been linked to sterol
transport associated with the presence of azole drugs, being upregulated in anaerobic conditions [115].
In fact, sterol uptake was found to be used by C. glabrata strains defective in ergosterol [116] and
in C. glabrata clinical isolates [117]. In fact, upon the use of azoles, which affect the production of
ergosterol, the sterol uptake response is activated as a resistance mechanism that allows C. glabrata
cells to survive ergosterol defects with host sterols, like cholesterol [118]. Sterol uptake might also be
necessary for C. glabrata virulence, as Aus1 is necessary in a mice model of disseminated infection,
being significantly upregulated in such conditions [115]. Therefore, sterol uptake is an important
strategy developed by C. glabrata to survive in the human host, ensuring its virulence and antifungal
resistance in mucosal niches.

Major facilitator superfamilies multidrug transporters have also been found to contribute to
lipid homeostasis in C. albicans and C. glabrata. The MFS-MDR transporters Qdr1, Qdr2, and Qdr3
of C. albicans were found to be localized in the plasma membrane, with preferential localization of
Qdr1 and Qdr2 in lipid rafts. These transporters do not participate in the resistance to any type of
known antifungals [119], although their homologs in C. glabrata and in S. cerevisiae are recognized
drug transporters [25,120–122]. Nevertheless, they seem to have other important functions for the
survival of C. albicans. When absent, CaQDR1, CaQDR2, or CaQDR3 lead to the accumulation of
phosphatidylinositol and phosphatidylserine, as well as of sphingolipids, thus indicating a role of
these transporters in lipid homeostasis [119]. On the other hand, the C. glabrata Tpo1_2 MFS-MDR
transporter has also been linked to fatty acid and sterol homeostasis, especially during biofilm formation.
The absence of CgTPO1_2 upon biofilm formation leads to a decrease of very long fatty acids. Moreover,
ergosterol content in the Δcgtpo1_2 deletion mutant was found to be 30% higher than in its parental
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strain [123]. This physiological function of lipid transportation in C. glabrata seems to be important for
to the adaptation to low pH environments with organic acids, as alterations in the membrane lipid
composition have been described as a mechanism to surpass the stress on such environment [124].

The CgTpo1_2 homolog, CgTpo1_1, is also an MFS drug transporter with an interesting proposed
role in the survival of C. glabrata in the oral cavity. One of the mechanisms used by the host to resist
candidiasis is the release of the antimicrobial peptide histatin-5 in the saliva [93], as described above.
Interestingly, the CgTpo1_1 transporter was found to be necessary for the resistance of C. glabrata to
this antimicrobial peptide [123]. Another similar player in histatin-5 resistance is the C. albicans Flu1
MFS transporter involved in the resistance towards fluconazole, ketoconazole, and itraconazole [63].
In fact, the absence of CaFLU1 significantly defects cellular growth and biofilm formation upon the
exposure to this antimicrobial peptide [125]. Both studies give evidence of the role of MDR transporters’
action against antimicrobial peptides, a usually effective weapon of the human immune system against
microbial infections.

The roles of the Ste6 ABC transporter of S. cerevisiae are also different and interesting.
This transporter was found to be responsible for the secretion of a lipopeptide mating pheromone,
designated a-factor, but also for the resistance of this species to valinomycin, an antibiotic peptide [126].
Interestingly, C. albicans homolog of Ste6, designated Hst6, was found to be able to complement the role
of S. cerevisiae Ste6 in a Δscste6 deletion mutant [127]. Nevertheless, its specific function in C. albicans
remains to be discovered, as this species is not known to secrete mating pheromones. On the other
hand, the Ste6 homolog in C. neoformans has been shown to be involved in the mating process of this
pathogen [128]. In turn, A. fumigatus Afu3g03430, which is also similar to S. cerevisiae Ste6, has been
indicated as being involved in iron uptake [129–131]. Iron uptake is an important function for the
survival of any fungal pathogen, as this cofactor is necessary for several enzymatic reactions and is
withheld in the human host as a protective mechanism against microbial infections [132].

Another example of the importance of MDR transporters in the adaptation to human niches
is their role in polyamine resistance. Polyamines like spermine, spermidine, and putrescine are
essential organic polycations, which are usually involved in the regulation of nucleic acid and protein
synthesis, as well as cell growth [14]. The plasma membrane MFS-MDR transporters, Tpo1–4 and Qdr3,
were the first identified as important players in the resistance to polyamines in S. cerevisiae [133–135].
In C. glabrata, MFS-MDR transporters have also been found to contribute to the resistance to polyamines,
which may become toxic above certain concentrations, such as those found in the human urogenital
tract [136]. The prevalence of Candida species in this niche is likely facilitated by two homologs of
ScTpo1 in C. glabrata, CgTpo1_1 and CgTpo1_2, which have been identified as determinants in spermine
resistance [65]. In turn, the CgTpo3 transporter, known to be involved in C. glabrata azole resistance,
presents the same physiological role as its S. cerevisiae homolog, Tpo3, in polyamine resistance [24].

Since the vaginal tract is characterised by an acidic pH of about 4, as well as the presence of
weak acids, like acetic and lactic acids [99,100], the ability to tolerate the stress induced by weak
acids is crucial for Candida colonization and successful infection. Interestingly, S. cerevisiae MFS-MDR
transporters, like Aqr1 and Qdr1, are important determinants in short-chain monocarboxylic acid
resistance [120,137]. S. cerevisiae Aqr1 has also been implicated in the excretion of homoserine,
threonine, alanine, glutamate, and aspartate, probably through vesicles, releasing the amino acids to
the extracellular environment through exocytosis [138]. The homolog of S. cerevisiae Aqr1 in C. glabrata,
CgAqr1, has been linked to flucytosine and clotrimazole resistance, as well as resistance against acetic
acid [27]. Such a role in the resistance to acetic acid is also performed by the MFS-MDR CgDtr1 and
CgTpo3 transporters [139,140], being the later controlled by the CgHaa1 transcription factor, known to
regulate the response of C. glabrata to acetic acid [140]. These different roles of MFS transporters [14,20]
point out their importance for the survival of such pathogens in acidic human microenvironments.
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4. MDR Transporters in Fungal Pathogens: Playing a Role in Virulence, Biofilm Formation,
and Phagocytosis Evasion

To persist in the human host, fungal pathogens need to survive in the first site of infection,
and disseminate to other niches of the host. To achieve this goal, several barriers imposed by the
niches need to be surpassed, as well as the ones imposed by the immune response (Figure 1). To face
and resist such offenses, fungal pathogens develop strategies of survival, including biofilm formation,
macrophage evasion mechanisms, and virulence factors, where the role of given MDR transporters
becomes important.

For example, similarly to the S. cerevisiae Pdr5 and Yor1 ABC transporters [17], C. albicans CaCdr1,
CaCdr2, and CaCdr3 have been shown to play a role in phospholipid translocation when expressed in
S. cerevisiae. CaCdr1 and CaCdr2 conduct an in-to-out movement of phospholipids through the plasma
membrane bilayer in an energy-dependent manner, while CaCdr3, which is not involved in antifungal
drug resistance, produces the opposite movement, from the outer to the inner leaflet of the plasma
membrane [141]. The transport of phospholipids by Cdr1 may be extremely important for C. albicans
evasion to the host immune system, as some phospholipids have been identified as lipid antigens and
precursors of lysophospholipids, also known to be lipid antigens recognized by human natural killer T
lymphocytes [142,143]. For instance, to avoid identification by the host immune response, C. albicans
relies on CaQdr2 and CaQdr3 transporters, given that they are necessary for the maintenance of
phosphatidylinositol, which is a lipid antigen recognized by the CD1 antigen-presenting cells from
the host [144]. Interestingly, the absence of CaQDR2 and CaQDR3 genes have shown to attenuated
C. albicans virulence in a murine model of hematogenously disseminated candidiasis [119].

When fungal evasion is not effective, pathogens are phagocyted and a new environment is set
upon them, to which they have to adapt to survive. Different host cells are able to perform phagocytosis,
including monocytes/macrophages, neutrophils, and dendritic cells [145,146]. All these lead to the
formation of phagolysosomes that attempt to kill pathogens by producing ROS and RNS, activating the
action of proteases and decreasing the pH, resorting to K+ fluxes [146]. Candida species display an
activation of oxidative stress response in this environment, as well as other survival mechanisms [147].
In particular, C. glabrata cells are known to be able to resist and proliferate inside mammalian
macrophages for a very long time [148]. Together with other more specific mechanisms, C. glabrata
is known to count with two transporters from the MFS-MDR family, CgAqr1 and CgDtr1, which are
responsible for the resistance to weak acids and oxidative stress [27,139]. CgAqr1 was found to confer
resistance to acetic acid [27], like its homolog in S. cerevisiae [137], and CgDtr1 was identified as an acetic
acid exporter, allowing the resistance to this acid and oxidative stress [139]. It is likely that the role of
CgDtr1 in weak acid and oxidative stress resistance underlies its contribution to the survival of C. glabrata
in the macrophages and, indirectly, to increase virulence. Indeed, the CgDTR1 expression is upregulated
in cells phagocytozed by Galleria mellonella, hemocytes and the overexpression of this gene leads to an
increase in the survival of C. glabrata cells in G. mellonella hemocytes. Furthermore, CgDtr1 was found
to be necessary for the full virulence of C. glabrata in the infection model G. mellonella [139].

Cryptococcus neoformans survival in phagocytic cells also depends on its reaction to the new
environment with low pH, ROS, and nitric oxide [96]. Upon C. neoformans phagocytosis by
macrophages in vitro, the overexpression of the CnAFR1 gene takes place [39]. The Afr1 ABC
transporter is known for the in vitro and in vivo resistance to fluconazole [31,39,58], but has also
been linked to the virulence of C. neoformans, in intravenous and in inhalation mouse models [39].
Although not helping to avoid phagocytosis, CnAfr1 delays the maturation of the phagolysosome,
which exhibits less acid vacuoles. CnAfr1 seems to interfere with the pathway of phagolysosome
maturation, as the early endosome marker Rab5 and late marker Rab7 are less detected upon
the overexpression of the CnAFR1 gene [149]. Moreover, Goulart and colleagues have reported
the upregulation of other ABC transporters in C. neoformans cells phagocyted by peritoneal
macrophages [150], highlighting the importance these transporters within the study of the Cryptococcus
species survival in the host.
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Figure 1. The role of multidrug resistance (MDR) transporters in the survival of Candida, Cryptococcus,
and Aspergillus species upon infection in the human host. (1) MDR transporters involved in multiple
azole resistance; (2) MDR transporters necessary for biofilm formation; (3) MDR transporters involved
in Cryptococcus species virulence in the central nervous system (CNS); (4) MDR transporters involved
in the efflux of histatin-5 in the oral cavity; (5) MDR transporters involved in Cryptococcus species
virulence in the lungs; (6) Candida glabrata MDR transporters involved in polyamine or acetic acid
export for the survival in the vaginal tract; (7) MDR transporters involved in the fight against the
immune response of the host; and (8) MDR transporters known to be essential for normal virulence
of fungal pathogens. The central picture summarizes the niches of infection in which the referred
fungal pathogens are found. ATP-binding cassette (ABC) transporters are highlighted in red and major
facilitator superfamilies (MFS) transporters are highlighted in green.

Cryptococcus gattii seems to count with drug transporters for its full virulence in the brain and
the pulmonary tissue, like the MFS Mdr1 and the ABC Pdr11 transporters, determinants of C. gattii
MDR [58,114]. The MDR1 gene was found to be upregulated in cells recovered from the brain and lungs
of infected mice, while PDR11 was overexpressed in cells recovered from the lungs of infected mice [151].
Both Mdr1 and Pdr11 were proposed to play an additional role C. gattii virulence and adaptation to the
host environment, although the exact mechanism underlying this observation is unclear.

Likewise, A. fumigatus infects primarily the lungs disseminating to any possible organ [89].
Such infections are believed to make use of the 49 ABC-like genes and 278 MFS-like genes present in
this species [54], which, given their elevated number, indicate a major role in A. fumigatus. From all
these, some have been identified as antifungal resistant players [28,29,55,56], but having additional
roles in expelling toxic molecules [54]. abcA and abcB are two A. fumigatus transporters, with a high
similarity to the S. cerevisiae Pdr5 drug efflux pump. abcB is necessary for full virulence of A. fumigatus
in the G. mellonella model of infection and the overexpression of the abcA gene leads to an augmentation
of virulence in the presence of voriconazole, in the same infection model [152].

The C. albicans Mdr1 MFS transporter is well known for its role in MDR [9,153,154]. Nevertheless,
this transporter has been identified as necessary for full virulence in C. albicans in immunocompetent
and immunocompromised mice models [155], although its specific functions in virulence have not yet
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been assessed. Moreover, the CaNag3, CaNag4, and CaNag6 MFS transporters are necessary for the
full virulence of C. albicans in a mouse model [156].

Several MDR transporters have also been shown to have roles in biofilm formation, an important
feature that allows the persistence of fungal pathogens in the host [157]. One specific case is the activity
displayed by CaQdr2 and CaQdr3 in the architecture of C. albicans biofilm, which, although not
contributing for the total biomass produced, help to shape the structure of the biofilm [119].
In C. glabrata, the CgTpo1_2 has been highlighted as an important player in biofilm formation,
being necessary for the normal expression of CgALS1, CgEAP1, and CgEPA1 genes encoding adhesins.
Its role in biofilm formation seems to be linked to its importance in fatty acids homeostasis, as it affects
the incorporation of very long chain fatty acids, which are usually found in C. glabrata biofilms [123].
In turn, A. fumigatus Mdr4 transporter has been identified as upregulated upon voriconazole exposure
and biofilm formation conditions [129,158], indicating a possible role in the development of biofilm.
Interestingly, GOF mutations in the multidrug resistance transcription factor Pdr1 were also found
to be required for increased virulence and biofilm formation, by controlling the expression of the
adhesion encoding gene EPA1 [159,160].

5. Hints on the Function of MDR Transporters Based on Transcription Regulation

Recently, clues on the physiological roles of MDR transporters, including the transport of
lipids, ions, and small metabolites, have emerged from transcriptional regulation data, linking these
transporters to important pathogenesis features such as resistance to host niche environments,
biofilm formation, immune system evasion, and virulence. In this section, all available information
on the transcriptional regulation of ABC/MFS-MDR transporter genes in the human pathogens
C. albicans and C. glabrata is reviewed. Although a similar analysis would be very interesting for
A. fumigatus and C. neoformans, the available information is very limited and scattered. On the contrary,
information on C. albicans and C. glabrata has been recently gathered in the PathoYeastract database
(www.pathoyeastract.org) [161], enabling the analysis of MDR transporter regulation, not only in the
multidrug resistance context, but also within the perspective of their physiological roles and their
implication in other pathogenesis-related phenotypes.

Besides the expected role of the MDR transcription factors, transcription factors controlling
stress response, cell cycle, cell wall dynamics, biofilm formation, lipid and carbohydrate metabolism,
and nutrient availability have been found to regulate the expression of the MDR transporter encoding
genes in C. albicans. In fact, the number of regulatory associations with MDR transporter genes
involving transcription factors virtually not related to MDR is much higher than that involving
recognized MDR transcription factors. Surprisingly, with regards to multidrug resistance, only 36%
(12 out of 33) of the MDR-related transporters in C. albicans are reported to be regulated by at least
one MDR-related transcription factor, more specifically, 57% (8 out of 14) of the ABC transporters and
nearly 21% (4 out of 19) of the MFS-MDR transporters (Figure 2A). Expectably, the transcription
factor CaMrr1, a multidrug resistance regulator in C. albicans, was found to regulate 11 out of
the 12 MDR transporters reported to be regulated by at least one MDR-related transcription factor,
including the MFS-MDR transporter, CaMdr1, a key player in the acquisition of azole resistance in
clinical isolates [71]. Transporters that have been clearly linked to resistance of a wider range of drugs
are indeed those that are regulated by a higher number of MDR transcription factors. This is the case for
CaCDR1 and CaCDR2, which are the main ABC transporter genes responsible for azole drug resistance
in C. albicans. CaCDR1 is regulated by CaFcr1, CaMrr1, CaMrr2, and CaTac1, whereas CaCDR2 is
reported to be regulated by CaMrr1 and CaTac1. In particular, the CaCDR1 regulation appears to be
highly complex, being controlled by at least 19 transcription factors not only related to MDR, but also
with biofilm formation, stress response, cell-wall dynamics, carbohydrate metabolism, cell-cycle,
and lipid metabolism. Besides CaMrr1, C. albicans carries yet another major regulator of multidrug
resistance transporters, CaTac1, which is described as the major factor needed for the regulation of
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CaCDR1 and CaCDR2 [76]. Nevertheless, contrasting with CaMrr1, CaTac1 appears to regulate no
other MDR transporter genes besides CaCDR1 and CaCDR2 (Figure 2A).

 

 

 

Figure 2. Cont.
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Figure 2. Transcriptional regulatory networks that control the expression of MDR transporter
genes in C. albicans, considering the subgroups of transcription factors known to be involved in
multidrug resistance (A); in stress response (B); biofilm formation (C); cell-cycle/morphology (D);
cell-wall dynamics (E); and lipid (F). The displayed regulatory associations are according to the data
present in the Pathoyeastract database (http://pathoyeastract.org/) [161]. The ABC transporters are
highlighted by the yellow colour and the MFS transporters are highlighted by the orange colour.
Arrows indicate the experimental basis of the documented regulatory associations, either expression
evidence (dashed line) or DNA-binding evidence (filled line). Green, red, blue, or black arrows indicate
a positive, negative, positive and negative, or unspecified association, respectively.

It is surprising the number of stress-related transcription factors reported to regulate MDR
transporters in C. albicans. Nearly 67% (22 out of 33) of the C. albicans MDR transporters have been
found to be regulated by at least one stress-related transcription factor, with the transcription factors
CaCap1 and CaSko1 regulating the highest number of transporters (eight and nine, respectively)
(Figure 2B). These two transcription factors are known to be required for oxidative stress tolerance
in C. albicans [162,163], which is a vital process for this pathogen to survive in healthy hosts,
especially during phagocytosis. Additionally, the transcription factor CaRim101 was found to regulate
the expression of a considerable number of MDR transporter genes (7). This regulator plays a crucial
role in pH-response [164], and the Rim101 pathway is required for host-pathogen interactions, as it
regulates the expression of genes that stimulate host cell damage [165]. Among other stress-related
transcription factors that were found to control MDR transporter genes are CaCta8, an essential
transcription factor that mediates heat shock response [166]; CaRpn4 and CaHac1, key regulators of
unfolded protein response (UPR), which is a crucial phenomenon for cellular protein homeostasis
maintenance, which is often lost when cells are under stress such as that induced by antifungals [167];
and Cas5, a zinc finger transcription factor that controls the response to cell wall stress, including those
induced by echinocandins [168], but also the response to membrane stress exerted by the azole
antifungal drugs [169].
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Transcription factors related to biofilm formation were also found to regulate a significant
number of MDR transporters in C. albicans (nearly 52%, 17 out of 33) (Figure 2C). Nobile et al. [170]
described and analysed the transcriptional network controlling the biofilm formation in C. albicans,
whose biofilms are a major source of medical device-associated infections. They demonstrated that
CaBcr1, CaTec1, CaEfg1, CaNdt80, CaRob1, and CaBrg1 are the major players in the transcriptional
network controlling the biofilm development in this human pathogen, including many MDR
transporters. In fact, genes encoding for drug efflux pumps had been previously been reported in
biofilms to be differentially regulated during development, as well as upon exposure to antimicrobial
agents, including CaCDR1, CaCDR2, CaMDR1, CaNAG3, and CaNAG4 [171–173]. CaRob1 and CaNdt80
were found to regulate the highest number of MDR transporters (nearly 65%, 11 out of 17 each),
whereas CaTec1 was found to regulate a smaller portion of those (approximately 12%, 2 out of 17).
These associations corroborate the observation that efflux pump-mediated multidrug resistance is an
important trait of biofilm cells [174].

In C. albicans, the ability to undergo morphological switching from yeast cells to hyphae,
in response to various environmental signals, is an important virulence factor that contributes to biofilm
formation, invasion and dissemination of Candida in host tissues, and resistance to macrophage and
neutrophil engulfment [171,175,176]. Interestingly, cell-cycle/morphology related transcription factors
were found to regulate the highest portion of MDR transporters, 72% (24 out of 33), including the CDR
genes and MDR1 (Figure 2D). In fact, despite the fact that cell-cycle related transcriptional regulators
have never been demonstrated to be crucial for efflux pump expression, a positive correlation between
the level of antifungal drug resistance and the ability to form hyphae in the presence of azole drugs has
been identified [176]. For instance, Mcm1, which is an essential transcription factor in C. albicans crucial
for morphogenesis [177], was found to regulate the expression of several MDR transporters (10 out
of 24), including CaCDR1 and CaMDR1. CaMcm1 was previously demonstrated to be dispensable
for CaMDR1 upregulation in response to H2O2 , but was required for full CaMDR1 induction by
benomyl [177]. The transcription factors CaSfl1 and CaSfl2, two homologous heat shock factor-type
transcriptional regulators that antagonistically control morphogenesis in C. albicans, while being
required for full pathogenesis and virulence [178], were also found to regulate a number of MDR
transporters (11 and 9, respectively). Finally, CaWor1 and CaWor2 are transcriptional regulators of
C. albicans opaque cell formation, and were also found to regulate MDR transporters.

Also, cell-wall dynamics related transcription factors regulate MDR transporters in C. albicans
(9), including the CDR gene family and CaMDR1 (Figure 2E). The Try transcription factors and Taf14,
Ahr1, Uga33, and Zcf39 are all reported regulators of C. albicans yeast form adherence, and they were
found to regulate at least one MDR transporter.

Additionally, CaUpc2, the master regulator of the ergosterol biosynthesis (ERG) genes [179],
and CaHmo1, which was also shown to bind promoters of ergosterol metabolism genes [180],
regulate the expression of 13 MDR transporters (Figure 2F). The regulation of ABC drug efflux pumps
by the lipid metabolism related transcription factor, is likely to be due to the activity of some of these
MDR transporters in phospholipid translocation or ergosterol transport. It is not likely that all drug
pumps involved in multidrug resistance are phospholipid translocators. For instance, CaMDR1 shows
no detectable phospholipid exchange activity [181]. However, the observation that these transcription
factors also control the expression of MDR-MFS transporters, suggest that they may also play a role in
this lipid metabolism. This hypothesis is consistent with the observation that the deletion of MFS-MDR
genes CaQDR1, CaQDR2, and CaQDR3 [119], or CgTPO1_2 [123], does affect lipid composition.

In the case of C. glabrata, only a few regulators of MDR transporter genes have yet been unveiled,
reflecting the fact that the study of transcriptional regulation in this yeast is still in its infancy,
especially in biological processes beyond drug resistance. The transcription factor CgPdr1 is described
as the master regulator of multidrug resistance in this organism, regulating the expression of several
MDR transporter genes [48]. CgPdr1 is thought to form a heterodimer with CgStb5, as it happens in
the closely related S. cerevisiae. The overexpression of CgSTB5 in C. glabrata represses azole resistance,
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while its deletion produces a shy intensification in resistance. Expression analysis assays established
that CgStb5p shares many transcriptional targets with CgPdr1, but, unlike the second, it is a negative
regulator of pleiotropic drug resistance [68,182]. These two MDR-related transcription factors were
found to regulate a total of 12 MDR transporters (seven ABC and five MFS) (Figure 3A).

Besides the expected role of MDR transcription factors, stress response transcription factors have
been found to regulate the MDR transporter encoding genes in C. glabrata. Five stress-responsive
transcription factors are reported to regulate the expression of at least one MDR transporter gene
(Figure 3B). CgYap1 is the major regulator of oxidative stress response genes in C. glabrata [183], and it
was also demonstrated to induce the expression of multidrug transporters [184]. As antifungals induce
the endogenous production of ROS, thus inducing oxidative stress response mediated by CgYap1,
it is likely that CgYap1 targets the MDR transporters that play a role in the extrusion of oxidative
stress generating molecules from the cells. Otherwise, CgYap7 is a transcriptional repressor of nitric
oxide oxidase and also regulates the iron–sulfur cluster biogenesis [185]. The remaining transcription
factors present in this group were not yet characterised. However, they are thought to be involved in
salt tolerance (CgHal9 and CgYap6) and weak acid response (CgWar1), based on the function of their
S. cerevisiae homologs. It is interesting to note that the ABC transporter encoding ORF CAGL0M07293g,
although uncharacterised, is reported to be regulated by CgYap7, CgYap6, CgHal9, and CgWar1
transcription factors. This is in accordance with its predicted function as a weak-acid-inducible
multidrug transporter required for weak organic acid resistance, based on the function of its closest
S. cerevisiae homolog ScPdr12.

Figure 3. Transcriptional regulatory networks that control the expression of MDR transporter genes
in C. glabrata, considering the subgroups of transcription factors known to be involved in multidrug
resistance (A) and in stress response (B). The displayed regulatory associations are according to the
data present in the Pathoyeastract database (http://pathoyeastract.org/) [161]. ABC transporters
are highlighted by the yellow colour and MFS transporters are highlighted by the orange colour.
Arrows indicate the experimental basis of the documented regulatory associations, either expression
evidence (dashed line) or DNA-binding evidence (filled line). Green, red, blue, or black arrows indicate
a positive, negative, positive and negative, or unspecified association, respectively.
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6. Conclusions and Perspectives.

MDR transporters are undoubtedly necessary players for the successful survival of fungal
pathogens in the human host (Tables 2 and 2). As reviewed herein, their prominent role in MDR has
a real impact in the clinical acquisition of drug resistance, allowing these pathogens to persist even
upon treatment with different antifungal agents. Indeed, within the characterised MDR transporters,
88.5% and 71.4% of the ABC and MFS, respectively, have been shown to contribute to drug resistance,
suggesting that this is their most relevant feature.

This review, however, highlights the observation that both ABC and MFS-MDR transporters
contribute to the ability of fungal pathogens to colonize the host and evade host induced defenses,
by executing other functions not directly connected with MDR. The study of the transcriptional
networks controlling the expression of drug transporters in C. albicans and C. glabrata points towards
possible links between MDR transporters and several cellular processes, including stress response,
morphological switching, cell wall, and lipid homeostasis. Indeed, mounting evidence suggests that
the function of MDR transporters goes well beyond their traditional role in drug resistance. Clues on
what may be the physiological role of these transporters, suggest that their natural activity is not
linked to the transport of chemical compounds that are not found in nature, but rather the transport of
metabolites that can be found in the natural ecosystems where pathogenic fungi thrive. Among the
characterised ABC and MFS transporters, 19.2% and 42.8%, respectively have been associated to the
transport of such biomolecules. Significantly, MDR transporter roles associated to phospholipid and
ergosterol incorporation, as well as in the excretion of metabolites that reach toxic concentrations in
host niches, such as polyamines and weak acids, establish a strong link between the MDR transporters
and the survival of fungal pathogens in several human microenvironments. Additionally, a few
MDR transporters have been linked to the resistance to stress imposed by the host immune system,
including phagocytosis and antimicrobial peptides, such as histatin-5. Not surprisingly, a high
proportion of the characterised ABC (43.5%) and MFS (39.3%)-MDR transporters were found to be
required for full virulence in infection models, several of which, however, for unknown reasons. It will
be interesting to ascertain the precise function of these transporters in the context of virulence.

Despite their crucial role in several aspects of pathogenesis, there is still a striking lack of
knowledge about the function of the majority of the MDR transporters. Indeed, among the
241 predicted ABC drug transporters in the fungal pathogens approached in this review, only 10.8%,
that is 26, have been characterised. In the case of the predicted MFS-MDR transporters, only 5.8%
(28 out of 479), have been functionally analysed. This observation highlights the pressing need to invest
in the study of these two families of drug transporters, with special emphasis on less studied organisms,
which in this context includes A. fumigatus, for which only 2.1% of the MFS-MDR transporters have been
characterised, or C. tropicalis, for which only 4.5% of the ABC drug efflux pumps have been studied.

Overall, this review gathers evidence of the multitasking capacity of MDR transporters in fungal
pathogens, while highlighting their key role in the successful colonization, persistence, and virulence
in the human host. The truly pleiotropic activity of the ABC and MFS-MDR transporters underlines
their importance in fungal pathogenesis, and highlights them as very promising drug targets for the
development of new antifungals.
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Abstract: The United Nations’ One Health initiative advocates the collaboration of multiple sectors
within the global and local health authorities toward the goal of better public health management
outcomes. The emerging global health threat posed by Aspergillus species is an example of a
management challenge that would benefit from the One Health approach. In this paper, we explore
the potential role of molecular epidemiology in Aspergillus threat management and strengthening
of the One Health initiative. Effective management of Aspergillus at a public health level requires
the development of rapid and accurate diagnostic tools to not only identify the infecting pathogen
to species level, but also to the level of individual genotype, including drug susceptibility patterns.
While a variety of molecular methods have been developed for Aspergillus diagnosis, their use at
below-species level in clinical settings has been very limited, especially in resource-poor countries
and regions. Here we provide a framework for Aspergillus threat management and describe how
molecular epidemiology and experimental evolution methods could be used for predicting resistance
through drug exposure. Our analyses highlight the need for standardization of loci and methods
used for molecular diagnostics, and surveillance across Aspergillus species and geographic regions.
Such standardization will enable comparisons at national and global levels and through the One
Health approach, strengthen Aspergillus threat management efforts.

Keywords: molecular epidemiology; One Health; Aspergillus fumigatus; invasive fungal diseases;
threat management

1. The Genus Aspergillus

Fungal infections affect over a billion people and cause approximately 1.5 million deaths each year
worldwide [1]. Regrettably, due to increases in the number of at-risk populations, fungal infections
are projected to rise [1,2]. It is estimated that death can be averted in over 80% of fungal disease
patients through improved diagnostics, treatment surveillance, and effective antifungal therapies [1].
However, to achieve such success, an inter-disciplinary approach is needed. An emerging example of
the inter-disciplinary approach is the One Health initiative. The World Health Organization defines
One Health as ‘an approach to designing and implementing programs, polices, legislation, and research
in which multiple sectors communicate and work together to achieve better public health outcomes’.

Species in the ascomycete genus Aspergillus have emerged as key agents of the fungal infections
around the world [3–19]. For example, Aspergilli are the leading cause of chronic severe and allergic fungal
infections, and the second leading cause of acute invasive fungal infections [1]. The genus Aspergillus
was first described at the end of the 18th century by a Catholic priest and botanist named Pier Antonio
Micheli. Viewing the microscopic spore-bearing structure of Aspergillus, Micheli was reminded of a holy
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water sprinkler—an aspergillum [20–22]. Since then, the number of species in genus Aspergillus has grown
to encompass eight subgenera and over 250 species [23,24]. Of these species, approximately 15% are of
known clinical importance [25,26]. DNA sequence-based methods are revealing an increasing number
of cryptic species of Aspergillus associated with human diseases [27–30]. For example, surveys carried
out in the United States, Brazil, and Spain revealed the percentage of phylogenetically divergent lineages
representing cryptic Aspergilli species among clinical samples to be between 11–19%, a percentage which is
notably higher than those seen in other clinically important filamentous fungi, including those belonging
to the orders Mucorales, Microascales, and Hypocreales [31–33]. This is particularly important given
that, in addition to being pathogenic, up to 40% of these cryptic Aspergilli can be resistant to antifungal
drugs [30,32]. Of greater importance is the fact that some of these cryptic Aspergilli are resistant to multiple
antifungals which can exacerbate infections caused by these species. Indeed, fungal infections, including
those caused by Aspergilli, have become a menace to global public health.

Aspergilli cause a wide range of infections, commonly referred to as aspergillosis. Allergic
bronchopulmonary, chronic pulmonary, and invasive aspergillosis (IA) are the three most common
types of Aspergillus infections. Allergic bronchopulmonary and chronic pulmonary aspergillosis
results from immune hypersensitivity and scarring due to an Aspergillus respiratory tract infection.
On the other hand, IA can affect a wider range of body organs belonging to the urinary, digestive,
and nervous systems. A significant proportion of Aspergillus infections are asymptomatic. However,
in patients with symptomatic infections, most symptoms are non-specific, and include low-grade fevers,
generalized malaise, wheezing, headaches, and haemoptysis [34,35]. Approximately eight million
people world-wide are estimated to have aspergillosis [1]. Invasive aspergillosis is the most lethal
type of aspergillosis and is estimated to affect >300,000 people globally every year, with a mortality
rate as high as 90% in at-risk populations [1,36]. Allergic bronchopulmonary and chronic pulmonary
aspergillosis affect approximately 4.8 and 3 million people annually, respectively [1].

Although aspergillosis cases are predominantly sporadic, outbreaks are not uncommon. Specifically,
there have been at least 75 documented aspergillosis outbreaks between January 1966 and December
2015 [37–45]. Interestingly, a recent study showed a non-construction-related outbreak that was associated
with high airborne spore concentrations in hospital areas with low efficiency air filters [44]. These results
highlight the threat posed if environmental spore concentrations reach critical levels within community or
home settings. Multiple Aspergillus species including A. fumigatus, A. flavus, A. terreus, A. niger, A. glaucus,
A. oryzae, and A. ustus are known to have caused outbreaks. Among these, A. fumigatus, and A. flavus are
the most frequently identified species [38], and are responsible for approximately 87% of all aspergillosis
case reports [26].

Changes in the antifungal susceptibility patterns of these two species have further increased
the threat posed by Aspergilli. Since its emergence in 1997, resistance to triazole in A. fumigatus has
steadily increased and is a current global health menace [46,47]. Furthermore, in A. fumigatus, there are
emerging reports of increased resistance to polyenes such as amphotericin B (AMB), an antifungal
to which very little resistance has been reported thus far [48,49]. For example, a recent study carried
out in Brazil showed that 27% of a clinical sample of A. fumigatus isolates was resistant to AMB
(minimum inhibitory concentration (MIC) > 2 mg/L) [48]. Similarly, our group also very recently
found that 96% of a combined environmental and clinical sample from Hamilton, Canada was resistant
to amphotericin. The recent emergence of voriconazole (VRC) resistance in A. flavus will likely cause
significant problems in the management of aspergillosis caused by A. flavus. Triazoles, especially
VRC, are first-line drugs used in the treatment of aspergillosis [50–53]. Although not yet reported,
multi-drug resistant aspergillosis outbreaks similar to those caused by Candida auris and Acinetobacter
baumannii will likely emerge in the near future [54–58].

With the increasing number of clinically important Aspergillus species and the changing antifungal
susceptibility patterns of key Aspergilli such A. fumigatus, and A. flavus, there is a pressing need to
develop novel and effective Aspergillus threat management strategies. Below, we propose a framework
that can be used in Aspergillus threat management. When put in context, this framework can also
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be used in the management of Candida and other clinically relevant fungi. We encourage essential
stakeholders to engage in discussions aimed at Aspergillus threat management.

2. Molecular Epidemiology in Aspergillus Threat Management

A variety of host, pathogen, host-pathogen interaction, and environmental factors have been identified
as contributors to the increased threat caused by Aspergilli. Of interest among pathogen-related factors is
the recent global rise in resistance to antifungal drugs. Triazole resistance in A. fumigatus has now been
reported in every continent but Antarctica [47]. Generally speaking, pathogen threat management has
three interdependent components: preparedness, response, and prevention. In Figure 1, we suggest a
non-exclusive framework that could be used in the management of Aspergillus threats, including those
caused by resistant strains. This review however only focuses on the molecular epidemiology components
of preparedness and prevention; specifically, on molecular diagnostics and surveillance (Figure 1).

2.1. The Usefulness of Molecular Epidemiology in Aspergillus Surveillance

In epidemiology, surveillance is defined as the collection and analysis of data necessary to
develop, implement, and evaluate preventative health measures. Over the last two decades, molecular
epidemiology has emerged as a very important tool in the surveillance of diverse human pathogens [59,60].
This burgeoning branch of epidemiology merges traditional epidemiology and molecular biology in order
to better characterize virulence, pathogen transmission patterns, and outbreak incidence. In molecular
epidemiology, marker genes are used to elucidate the genotypes and the relationship between strains
and populations. In addition, some of these marker genes are becoming indispensable for understanding
virulence determinants and the distribution of aspergillosis.

Over the years, a wide range of molecular markers has been used to study the molecular epidemiology
of Aspergilli. These markers include multilocus sequences, microsatellites, PCR-restriction fragment
length polymorphisms, Southern hybridization of restriction enzyme-digested DNA, randomly amplified
polymorphic DNA, and mating type genes [61,62]. For instance, using microsatellite markers, Guinea and
colleagues investigated an aspergillosis outbreak in a major heart surgery unit of a hospital in Spain and
showed that such markers were a valuable tool in IA outbreak source investigation [41]. It is however,
important to note that aspergillosis outbreaks most often do not have a single source and can consist of a
series of unrelated events. As such, pinpointing the source of aspergillosis outbreaks can be difficult [63].
In contrast, molecular markers have been used with more success in determining the sources of infections
in non-outbreak cases. For example, a recent study highlighted that the home environment can be an
important source of infection for isolated cases of triazole-resistant A. fumigatus [64].

In addition to its value in infection source investigation, molecular epidemiology can be used to
track Aspergilli transmission patterns. For example, using microsatellite markers, a recent global study
showed that resistant populations of A. fumigatus are significantly differentiated geographically [65].
This result suggests that it may be possible to track triazole resistant A. fumigatus strains across national
and regional borders. However, significant caution should be applied here. Compared to the large
global population of Aspergilli, relatively few isolates and genotypes have been analyzed to date,
and our current understanding of the molecular variation between and within these populations
may not be representative of the true global diversity. In regard to tracking Aspergilli, geographic
sub-structuring can vary by country and region, hence tracking transmission patterns of clinically
relevant Aspergilli within or between certain countries might prove to be easier than in others [39,66].
For example, little to no geographic population structuring has been reported in A. fumigatus samples
from India and Netherlands, whereas Cameroonian A. fumigatus samples show significant evidence
for geographic sub-structuring [66]. As a result, tracking clinically relevant A. fumigatus strains would
be a more feasible task in Cameroon than it would be in India or Netherlands.
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Aside from transmission pattern tracking and outbreak incidence investigation, molecular
markers can also be used in virulence and antifungal drug-resistance characterization. Mating type
loci genotyping has been successfully used to characterize the degree of disease severity caused by
A. fumigatus strains [67–69], making it possible for these markers to be used in mapping the distribution
of hyper-virulent strains. Similarly, certain mutations in the cyp51A gene are known to cause triazole
drug resistance. Being able to map the distribution of hyper-virulent and drug resistant Aspergilli is
essential for emergency preparedness and infection control efforts.

With reference to the wide range of markers used in genotyping Aspergilli, whilst molecular
epidemiology holds promise for Aspergilli surveillance, there are still two pertinent issues that need
to be addressed in order for the surveillance data to be fully implemented at the global scale. Firstly,
we need a consensus on which markers should be used for the surveillance of Aspergilli of public
health importance. Secondly, we need to establish and curate a reliable genotype database on the
consensus gene markers to which similar information on new isolates can be added and compared.
At present, there is a multilocus sequence type database for A. fumigatus based on seven loci (https:
//pubmlst.org/afumigatus/) [70]. However, such a database is not available for other Aspergillus
species. In addition, while the current multilocus sequence typing (MLST) method for A. fumigatus
is highly reproducible and can distinguish strains at the genus and species levels, it has a relatively
low discriminatory power among strains within the same species [70]. Instead, due to their high
polymorphism and greater discrimination power, a group of nine microsatellite markers is more
commonly used for genotyping A. fumigatus, making the MLST database of A. fumigatus of limited
use in epidemiological and population genetic investigations [71]. However, a shared database for
strain genotypes based on the microsatellite markers is not available. In the short/medium term,
we recommend that future work should use the seven consensus MLST loci for genotyping all Aspergilli
strains, and for A. fumigatus, the additional nine microsatellite loci should be used for genotyping.
Furthermore, a publicly available database should be set up to include both types of genetic data.
Ultimately, with increasing availability and affordability of next-generation sequencing, whole-genome
sequencing (WGS) should be considered for epidemiological monitoring for the long term. Data
from WGS will not only be highly discriminatory and commonly archived, but also can help identify
genetic polymorphisms associated with virulence and antifungal drug susceptibility. Such data will
significantly strengthen national and global Aspergillus threat management efforts.

Despite the rather successful use of molecular epidemiology in characterizing hyper-virulence,
pathogen transmission patterns, and outbreak incidences of Aspergilli, very little has been done in
leveraging molecular epidemiological methods in predicting drug resistance in endemic wild-type
genotypes. For example, wild-type genotypes that are strongly associated with the emergence of
resistance have been shown in the human immunodeficiency virus type 1 (HIV-1) [72]. This is
particularly important, as infections with wild-type genotypes with higher propensities to become
drug resistant could result in inappropriate antifungal therapy, and ultimately lead to treatment failure.
In Figure 2, we suggest an in-vitro experimental evolutionary model that can be used in predicting
drug resistance likelihood through drug exposure. The above experiment is aimed at measuring two
primary outcomes: the likelihood of becoming resistant and the time it takes to attain resistance
breakpoint or epidemiological cutoff (resistance time). Data from such experiments can be used to
develop statistical learning models that can predict the likelihood of resistance and resistance time in a
matter of minutes on a laptop. For example, supposing that acquiring resistance is through a stochastic
process related to spontaneous mutation(s), then the likelihood of a genotype becoming resistant can
be obtained using the following function L(G/O) = P(O/G), where O is the observed outcome, G is
the parameter set (genotype) that define the stochastic process, L is likelihood, and P is probability.
Information on a wild-type genotype’s propensity to become resistant and resistance time can be very
useful in determining a treatment course and formulating disease control strategies. Similarly, given
the role of sexual reproduction in the emergence of genotypes of clinical importance [63], developing
tools capable of predicting highly fit and super mating genotypes is critical, as such genotypes can
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easily spread resistance genes through sexual reproduction and rapidly expanding their distribution
across geographic areas. Indeed, a highly fit multi-triazole resistant A. fumigatus genotype which very
likely acquired resistance through sexual reproduction has expanded across thousands of kilometers
in India [73,74].

In conclusion, from a practical perspective, researchers involved in Aspergillus surveillance should
monitor the following: (i) genetic structure of the local, regional, national, and global populations of
human pathogenic Aspergillus; (ii) the distribution and overall prevalence of hyper-virulent strains;
(iii) the distribution and overall prevalence of antifungal drug resistant strains including those with a
higher propensity to become resistant; and (iv) the transmission patterns of the latter two categories of
genotypes. Furthermore, given current increases in non-fumigatus aspergillosis, significant attention
should be paid to monitoring non-fumigatus Aspergilli, especially cryptic species.

2.2. The Usefulness of Molecular Epidemiology in Threat Preparedness

Recent increases in globalization have led to more frequent movement of goods and people than
ever before in human history. The constant movement of people and goods across geographic scales
has significant implications for the spread of clinically important pathogens like Aspergilli. Indeed,
both anthropogenic and non-anthropogenic activities have impacted the spread of clinically important
Aspergilli across geographic boarders [65,76]. Such impacts highlight the need for preparedness even
in countries with low aspergillosis incidences. There is an age-old adage that says “Luck favors the
prepared mind”. Threat preparedness in the context of this review implies being able to effectively
anticipate and take the right steps to manage threats caused by Aspergilli. Among other things,
this entails being able to accurately and rapidly diagnose Aspergilli, especially drug-resistant Aspergilli.
Thus far, multiple diagnostic methods—including electrospray ionization and matrix-assisted laser
desorption ionization mass spectrometry, nucleic acid sequence-based amplification, polymerase chain
reactions (real-time, multiplex and nested), microsphere-based Luminex, loop-mediated isothermal
amplification, and enzyme linked immunosorbent assays—have been used to identify Aspergilli in a
wide range of specimens including whole blood, serum, plasma, bronchoalveolar lavages, and exhale
breath condensate [77–81]. These methods, including their respective advantages and disadvantages,
have been extensively reviewed and are not discussed in detail here. Instead, our focus is on providing
suggestions necessary for leveraging molecular diagnostics in preparedness against the threat caused
by Aspergilli.

Specifically, we would like to highlight two critical issues that need to be addressed by many countries
in their efforts to manage the threat caused by Aspergilli. Firstly, we note that more research needs to be
done in developing rapid diagnostic molecular markers for clinically important non-fumigatus Aspergilli,
including the divergent lineages/cryptic species. This is particularly important because although some
of these species represent only a small proportion of clinically diagnosed Aspergilli, they form significant
proportions of drug-resistant Aspergilli. For example, although A. lentulus accounted for only ~3% (3/86)
of a set of 86 Aspergillus isolates obtained from Italy and Netherlands, they represented approximately
21% (3/14) of all (≥ 2 mg/L) voriconazole-resistant strains [82]. Another important example to note
is A. calidoustus, an emerging pathogen in lung transplants which can also colonize water distribution
systems, including those in health care settings [83,84]. Thus, the need for accurate and rapid diagnosis of
non-fumigatus Aspergilli and cryptic species is becoming increasingly important.
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Secondly, we highlight the need for standardization of molecular diagnostic procedures and
markers at country and regional levels. Generally speaking, of all molecular diagnostic platforms,
PCR platforms seem to show the best potential as they are able to identify Aspergilli to the species level
while also being able to help identify antifungal susceptibility patterns. Thus far, plasma samples have
resulted in the highest sensitivity (91%), while whole blood produced the highest specificity (96%) [85].
The highest diagnostic sensitivity and specificity in bronchoalveolar lavages samples thus far were 91%
and 92%, respectively [86]. In cerebrospinal fluid, an Aspergillus-specific nested PCR assay showed
sensitivity and specificity values of 100% and 93%, respectively [87]. Despite the great potential of PCR
platforms, the specificity and sensitivity of PCR can be notably affected by two key factors: (i) method
of DNA extraction; and (ii) specimen type. It was recently shown that factors including bead beating,
white cell lysis, elution, and specimen volume can notably affect the quality and quantity of extracted
DNA, and consequently PCR sensitivity [88]. In spite of the significant progress made by the European
Aspergillus PCR initiative in quelling variation associated with DNA extraction from whole blood [89],
the blood fraction best suited for PCR assays is still disputed. Furthermore, PCR performance is still
to be evaluated in a wide range of patients, with other types of immunosuppressive conditions as
most specimens used for PCR assays this far were performed on samples from hematology-oncology
patients. Similarly, the differences in bronchoalveolar lavage procedures between patients and medical
centers can affect PCR interpretation [90]. Indeed, there is room for improvements in all molecular
diagnostic platforms.

Regardless of these shortfalls, molecular diagnostic platforms such as PCR can still be leveraged
in the management of Aspergilli threats in two key ways. Firstly, molecular diagnostic platforms
can be used in combinations to obtain optimal results. For example, a recent study showed that
combining a lateral flow device with PCR yielded 100% diagnostic sensitivity and specificity [91].
Similarly, an earlier diagnosis and a lower incidence of IA were associated with a combination of
galactomannan (GM) and PCR-based Aspergillus detection [92]. Secondly, PCR and similar molecular
diagnostic platforms can be preemptively used in the surveillance of high risk patients in order to
provide rapid usable results if needed. For instance, an improved 30-day survival rate was observed in
a group that received PCR-guided prophylactic treatment compared to that for those treated on the
basis of symptoms alone [93]. Similarly, combined surveillance of serum GM and PCR was shown
to help decrease the incidence of IA in at-risk populations [92]. Surveillance of at-risk populations,
health care facilities and adjacent environmental areas using molecular diagnostic platforms depicts
how interdependent components of pathogen threat management can be. However, combining
different platforms for diagnosis, prevention, and treatment requires standardization of procedures
across different immunosuppressed populations and the mastery of diverse mycological procedures.
Similarly, routine molecular diagnostic surveillance in high risk populations will require a significant
amount of human resources. In the context of Aspergillus threat management, more specifically
preparedness, standard operating procedures for the rapid and accurate diagnosis of both common
and uncommon clinically important Aspergilli still need to be developed and adopted in many countries.
Furthermore, the necessary human resources, cost effectiveness, and research capacity required to
achieve the latter should be considered in most clinical microbiology laboratories.

Within individual Aspergillus species, having a good understanding of the molecular epidemiology
is vital in formulating integrative molecular diagnostic plans. For instance, given that almost all
multi-triazole resistant A. fumigatus strains in India belonged to a single microsatellite genotype
(14/20/9/31/9/10/8/10/28) [74], screening for this genotype in addition to the common A. fumigatus
species-level gene markers discussed here could diagnose an A. fumigatus isolate to a below-species
level, including whether it is multi-triazole resistant. Such a plan could also be used in other geographic
areas if one or a few genotypes dominate the drug-resistant population.
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3. Conclusions

In this paper, we highlight the importance of surveillance and molecular diagnostics in Aspergillus
threat preparedness and prevention. Given how interconnected that the world has become, standardization
of loci and methods used for molecular diagnostics and surveillance is critically important for managing
the current global Aspergillus threat. Although not discussed in detail here, combination therapy
recommendations and vaccine research are two other key Aspergillus threat preparedness and prevention
components worth mentioning.

Effectively managing the current threat caused by Aspergilli will require the significant incorporation of
the molecular epidemiology component into Aspergillus threat preparedness and prevention. From a public
health policy perspective, incorporation of genetic information into Aspergillus threat management is
still a relatively new concept. For example, the European Organization for Research and Treatment of
Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious
Diseases Mycoses Study Group (EORTC/MSG) only recently suggested the inclusion of molecular
diagnostics for the case definition of IA [94]. However, the recommended diagnosis can only identify the
infecting pathogen to species level. A recent study identified that different genetic populations within
A. fumigatus have different rates of triazole resistance [65]. Thus, identifying infecting pathogens to the
genotype level will have significant treatment value. Furthermore, molecular markers targeting drug
resistance mutations are being developed. The adoption by clinical microbiology labs around the globe of
these fine-scale molecular methods will lead to better-targeted treatments and improved patient outcome
at the population level.
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Abstract: The dermatophyte Trichophyton rubrum is the major fungal pathogen of skin, hair, and nails
that uses keratinized substrates as the primary nutrients during infection. Few strategies are available
that permit a better understanding of the molecular mechanisms involved in the interaction of
T. rubrum with the host because of the limitations of models mimicking this interaction. Dual RNA-seq
is a powerful tool to unravel this complex interaction since it enables simultaneous evaluation of the
transcriptome of two organisms. Using this technology in an in vitro model of co-culture, this study
evaluated the transcriptional profile of genes involved in fungus-host interactions in 24 h. Our data
demonstrated the induction of glyoxylate cycle genes, ERG6 and TERG_00916, which encodes a
carboxylic acid transporter that may improve the assimilation of nutrients and fungal survival in the
host. Furthermore, genes encoding keratinolytic proteases were also induced. In human keratinocytes
(HaCat) cells, the SLC11A1, RNASE7, and CSF2 genes were induced and the products of these genes
are known to have antimicrobial activity. In addition, the FLG and KRT1 genes involved in the
epithelial barrier integrity were inhibited. This analysis showed the modulation of important genes
involved in T. rubrum–host interaction, which could represent potential antifungal targets for the
treatment of dermatophytoses.

Keywords: dermatophytes; ERG6; epithelial barrier; glyoxylate cycle; fungal-host interaction

1. Introduction

Dermatophytoses are superficial infections of keratinized tissues caused by a group of filamentous
fungi called dermatophytes [1]. Although these infections are restricted to the superficial layers of the
epidermis, they can become invasive and can lead to severe diseases in immunocompromised [2] and
diabetic patients [3]. Data from the World Health Organization estimate that approximately 25% of the
world’s population have skin infections caused by fungi.

Most human dermatophytoses are caused by anthropophilic dermatophytes. Among these species,
Trichophyton rubrum is the main cause of dermatophytoses in the world [4,5]. It is estimated that T. rubrum
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is the etiological agent of 69.5% of all cases of dermatophytosis caused by species of the genus Trichophyton,
followed by Trichophyton interdigitale, Trichophyton verrucosum and Trichophyton tonsurans [6].

Despite the importance of these infections in clinical practice, knowledge of the molecular
mechanisms involved in the dermatophyte-host interaction is limited, possibly because of the technical
difficulties of the models mimicking this interaction, as well as the lack of genetic tools that allow
for a more in-depth study of these organisms [7]. However, this scenario has been changing with
the sequencing of mixed transcriptomes, also called dual RNA-seq, an approach widely used for the
study of the complex interaction that exists between the host and pathogen [8] including bacteria [9],
viruses [10], and fungi [11,12].

With the advent of this technology and the published sequence of the T. rubrum genome,
the present study evaluated the transcriptional profile of T. rubrum co-cultured with human
keratinocytes (HaCat) for 24 h by dual RNA-seq to identify important genes involved in the host
defense and fungal pathogenicity in order to increase our understanding of the molecular aspects of
this interaction. After 24 h of co-culture, we observed the induction of specific genes of the glyoxylate
cycle and of a carboxylic acid transporter in T. rubrum, which may contribute to metabolic flexibility in
nutrient-limited host niches, as well as of the ERG6 gene involved in plasma membrane permeability,
which may favor the assimilation of nutrients and fungal survival in the host. In addition, we found
that the modulation of the LAP2 and DPPV genes involved in the production of keratinolytic proteases
that are important for the virulence of this dermatophyte. In contrast, in keratinocytes, genes involved
in the repair of the epithelial barrier, in the increase of cell migration and the RNASE7, SLC11A1 and
CSF2 genes (whose gene products have potential antimicrobial activity) were induced. Furthermore,
the inhibition of FLG and KRT1 genes whose products are directly involved in the maintenance of skin
barrier integrity was observed.

2. Materials and Methods

2.1. Strains, Media and Growth Conditions

The T. rubrum strain CBS 118892 (CBS-KNAW Fungal Biodiversity Center, Utrech, The Netherlands)
sequenced by the Broad Institute (Cambridge, MA, USA) was cultured on Sabouraud dextrose agar
(Oxoid, Hampshire, UK) for 15 days at 28 ◦C.

2.2. Keratinocytes, Media and Growth Conditions

The immortalized human keratinocytes cell line HaCat was purchased from Cell Lines Service
GmbH (Eppelheim, Germany). The cells were cultured in an RPMI medium (Sigma Aldrich, St. Louis,
MO, USA) supplemented with 10% fetal bovine serum at 37 ◦C in a humidified atmosphere containing
5% CO2. Antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin) were added to the medium
to prevent bacterial contamination.

2.3. Co-Culture Assay and Conditions

For co-culture assay, a ratio of 2.5 × 105 cells/mL of keratinocytes to 1 × 107 conidia/mL of
T. rubrum solution was used, and the co-culture was performed as described in [13]. The assays
were carried out in three independent experiments performed in triplicate. Cultured keratinocytes
and T. rubrum conidia were used as controls and were cultured similarly to the co-infection in RPMI
Medium (Sigma Aldrich). Scanning electron microscopy was performed with a JEOL JEM 100CXII
electron microscope at the Multiuser Electron Microscopy Laboratory of the Department of Cell
and Molecular Biology (Ribeirão Preto Medical School, São Paulo, Brazil) to determine whether the
penetration of fungal hyphae into keratinocytes occurred within 24 h of co-culture. The cell viability
of HaCat keratinocytes prior to T. rubrum inoculation and after 24 h of co-culture was determined by
measuring the release of the enzyme lactate dehydrogenase (LDH) (TOX7 kit from Sigma-Aldrich) in
the RPMI Medium (Sigma Aldrich) according to the manufacturer’s instructions and described in [14].
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The absorbance was read in a microplate reader (Elx 800 UV Bio-Tek Instruments, Inc., Winooski, VT,
USA) at 490 nm.

2.4. RNA Isolation and Integrity Analysis

After 24 h of incubation, fungi and human cells were recovered by scraping and centrifuging at
1730× g for 10 min. For the disruption of the fungal cell wall, the samples (co-culture and controls)
were treated with lysis solution (20 mg/mL of lysing enzymes from Trichoderma harzianum purchased
from Sigma-Aldrich; 0.7 M KCl and 1 M MgSO4, pH 6.8) for 1 h at 28 ◦C under gentle shaking, followed
by centrifugation at 1000× g for 10 min, as described in [13]. Total RNA was extracted using the Illustra
RNAspin Mini RNA Isolation Kit (GE Healthcare, Chicago, IL, USA) according to the manufacturer’s
instructions. After extraction, the absence of proteins and phenol in the RNA was analyzed in a MidSci
Nanophotometer (Midwest Scientific, St. Louis, MO, USA) and the RNA integrity was assessed by
microfluidic electrophoresis in an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). Only RNA with an RNA integrity number (RIN) >7.0 was used. These RNAs were quantified in
a Quantus™ Fluorometer (Promega Corporation, Madison, WI, USA) to verify if they had the adequate
concentration for library construction.

2.5. Library Construction and Sequencing

The cDNA libraries for RNA sequencing were constructed in triplicate for each condition (cultured
keratinocytes and T. rubrum conidia as control and co-culture). The libraries were constructed
using the TrueSeq® RNA Sample Preparation Kit v2 (Illumina, San Diego, CA, USA) according
to manufacturer’s instructions and the libraries were validated according to the Library quantitative
PCR (qPCR) Quantification Guide (Illumina). A pool of 11 pM of each library was distributed on
the flowcell lanes and cluster amplification was performed in a cBot (Illumina) according to the
manufacturer’s instructions.

Single read and paired-end sequencing were performed in a Genome Analyzer IIx and Hiseq 2000
(Illumina), respectively, according to the manufacturer’s instructions. The RNA-seq data are deposited
in the GEO (Gene Expression Omnibus) database [15] under the accession number GSE110073

2.6. Sequence Data Analysis

The reads generated for each library were filtered using the FastQC software (https://www.
bioinformatics.babraham.ac.uk/index.html) for removal of Illumina adapters and poor-quality reads.
Only those with a Phred score > 20 were considered high-quality reads.

The high-quality reads were aligned to the T. rubrum reference genome of the Broad Institute’s
Dermatophyte Comparative Database and to the Homo sapiens reference genome HG19 [16].

After alignment, the triplicate of each library was normalized according to each library size
and the number of reads was calculated using the summarize Overlaps function in the Genomic
Ranges Bioconductor package, obtaining the expression levels of the transcripts in the samples.
For statistical evaluation of the gene expression data between the samples, the false discovery rate
(FDR) procedure was applied using the DEseq package [17] implemented in the R/Bioconductor
software. Genes exhibiting statistical significance <0.05 and a log2 fold change ratio ≥1 or ≤−1 were
defined as differentially expressed genes (DEGs). The functional categorization of T. rubrum and
keratinocyte DEGs in co-culture was performed according to Gene Ontology [18] using the Blast2GO
algorithm [19] for T. rubrum and the website http://www.geneontology.org/ for human keratinocyte
DEGs. For functional enrichment, the BayGO algorithm [20] and Enrichr enrichment tool [21,22],
were used for the T. rubrum and keratinocyte DEGs, respectively. A p-value < 0.05 indicated the
over-represented categories.
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2.7. qPCR Validation

A set of 14 genes, including the T. rubrum and keratinocyte genes, were selected for
validation by qPCR. For the reaction, 1 μg of the total RNA used for sequencing was treated
with DNAse 1 Amplification Grade® (Sigma Aldrich) to remove any genomic DNA contamination.
The High-Capacity cDNA Reverse Transcription® Kit (Applied Biosystems, Foster city, CA, USA)
was used for cDNA conversion according to the manufacturer’s instructions. Quantitative Real Time
(RT)-PCR experiments were performed in triplicate using the SYBR Taq Ready Mix Kit (Sigma Aldrich)
in a Mx3300 qPCR System (Stratagene, San Diego, CA, USA). The cycling conditions were initial
denaturation at 94 ◦C for 10 min, followed by 40 cycles at 94 ◦C for 2 min, at 60 ◦C for 60 s and
at 72 ◦C for 1 min. A dissociation curve was constructed at the end of each PCR cycle to verify
single product amplification. Gene expression levels were calculated using the 2−ΔΔC

T comparative
method. GAPDH [23] and β-actin [24] were used as normalizer genes for keratinocytes and 18S [25]
and β-tubulin [26] as normalizer genes for T. rubrum. The results are reported as the mean ± standard
deviation of three experiments. Pearson’s correlation test was used to evaluate the correlation between
the qPCR and RNA-seq techniques. The primers used for qPCR validation are available in Table S4.

3. Results

3.1. Electron Microscopy of T. rubrum and HaCat Co-Culture

Figure 1B shows the penetration of a T. rubrum hypha into a HaCat cell after 24 h of co-culture. Thus,
the period of co-culture was considered appropriate for the evaluation of the fungal-host interaction.

 

Figure 1. The transmission electron microscopy of the Trichophyton rubrum-HaCat co-culture after 24 h.
(A) Human keratinocytes (HaCat) keratinocyte as the control (14kx); (B) Co-culture (14kx). The arrow
indicates a fragment of T. rubrum hyphae inside the HaCat cells.
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We performed the LDH assay with 24 h of co-culture to evaluate the keratinocyte cell viability.
The percentage of LDH release was 18%. This LDH release may be due to the penetration of some
fungal hyphae into keratinocyte cells (as observed in Figure 1B). LDH release was also evaluated at
0 h to assess cell viability prior to the addition of the fungus. The LDH release rate at 0 h was 1%.
As a positive control, Triton X-100 (1%) was used in which 100% of the LDH release was obtained.
Considering that we used 2.5 × 105 cells/mL prior to inoculation of the fungus and that the percentage
of LDH was 18%, we can estimate that approximately 2 × 105 cells/mL are still viable in 24 h
of co-cultivation.

3.2. Dual RNA-Seq Analysis of the Fungal-Host Interaction

Sequencing resulted in an average of 40, 34 and 47 million raw reads corresponding to the libraries
of T. rubrum conidia, co-culture, and keratinocytes, respectively. Low-quality reads were then removed,
and the resulting reads were aligned to the references genomes of T. rubrum and Homo sapiens HG19
(UCSC Genome Bioinformatics site, Santa Cruz, CA, USA). On average, 85% and 5% of the quality
reads of the T. rubrum conidia and co-culture libraries, respectively, aligned to the T. rubrum reference
genome (CBS 118892). These percentages were 84% and 85%, respectively, when the quality reads of
the co-culture and keratinocyte cell line were aligned to the HG19 reference genome. The total number
of filtered and aligned reads of each library is shown in Table S1.

3.3. Transcriptional Profile Analysis of Differentially Expressed Genes in the T. rubrum-Keratinocyte
Co-Culture System

Tables 1 and 2 show the genes that are up-regulated and down-regulated in keratinocytes and
T. rubrum, respectively. According to the distribution of the genes, those showing a p-value < 0.05 and
log2 fold change ≥1 or ≥−1 in each condition were considered differentially expressed (Figure S1).
A total of 353 HaCat genes and 70 T. rubrum genes were differentially expressed during 24 h of
co-culture (Tables S2 and S3).

Table 1. The major up- and down-regulated genes in HaCat cells after 24 h of co-culture.

ID Gene Product Name Log2 Fold Change

SLC9A2 Sodium/hydrogen exchanger 2 5.01
ANGPTL4 Angiopoietin-related protein 4 4.71
DES Desmin 4.53
C4orf47 UPF0602 protein C4orf47 4.51
KISS1R KiSS-1 receptor 4.49
NSA2 Ribosome biogenesis protein NSA2 homolog 4.35
HIST1H3C Histone cluster 1 H3 family member c 4.04
SEC11C Signal peptidase complex catalytic subunit 3.87
KPNA7 Importin subunit alpha-8 3.83
CASP14 Caspase 14 3.74
SLC2A3 Facilitated glucose transporter member 3 3.73
ALDOC Fructose-bisphosphate aldolase C 3.70
MT1B Metallothionein-1B 3.62
SERPINE1 Plasminogen activator inhibitor 1 3.55
MAF Transcription factor Maf 3.54
CA9 Carbonic anhydrase 9 3.36
TGM2 Transglutaminase 2 3.35
PADI1 Protein-arginine deiminase type-1 3.29
STC1 Stanniocalcin 1 3.14
BNIP3 BCL2 interacting protein 3 3.08
LSS Lanosterol synthase 3.06
MT1H Metallothionein 1H 3.05
MT1X Metallothionein 1X 2.97
PLA2G2F Group IIF secretory phospholipase A2 2.96
CALB1 Calbindin 1 2.93
POTEM Putative POTE ankyrin domain family member M −5.31
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Table 1. Cont.

ID Gene Product Name Log2 Fold Change

SNORA51 Small nucleolar RNA. H/ACA box −4.90
ANP32A-IT1 ANP32A intronic transcript 1 −4.64
UCKL1 Uridine-cytidine kinase 1 like 1 −4.50
FNDC3B Fibronectin type III domain containing −4.37
KRT1 Keratin 1 −4.02
MMP12 Matrix metallopeptidase 12 −3.22
NSD1 Nuclear receptor binding SET domain −3.06
CYCSP52 Cytochrome c. somatic pseudogene −3.02
EME2 Essential meiotic structure-specific endonuclease subunit 2 −3.00
COL12A1 Collagen type XII alpha 1 chain −2.88
SNORD45A Small nucleolar RNA. C/D box −2.82
FBXL19-AS1 FBXL19 antisense RNA 1 (head to head) −2.80
TRIM26 Tripartite motif containing 26 −2.76
IARS Isoleucyl-tRNA synthetase −2.76
KIF14 Kinesin family member 14 −2.74
MEGF8 Multiple EGF like domains 8 −2.67
HNRNPL Heterogeneous nuclear ribonucleoprotein −2.66

Table 2. The major up- and down-regulated genes in T. rubrum after 24 h of co-culture.

ID Gene Product Name Log2 Fold Change

TERG_12606 Dipeptidyl peptidase V (DPPV) 2.16
TERG_01280 Hypothetical protein 2.06
TERG_03102 Sterol 24-C-methyltransferase- ERG6 2.05
TERG_08104 Potassium/sodium efflux P-type ATPase 1.98
TERG_01281 Malate synthase 1.72
TERG_04399 Phthalate transporter 1.62
TERG_00215 MFS peptide transporter 1.47
TERG_00348 Galactose-proton symporter 1.47
TERG_02811 Hypothetical protein 1.42
TERG_12645 Hypothetical protein 1.40
TERG_07017 Oxidoreductase 1.35
TERG_08333 1-pyrroline-5-carboxylate dehydrogenase 1.34
TERG_02671 Hypothetical protein 1.34
TERG_02023 Extracellular matrix protein 1.32
TERG_08405 Leucine aminopeptidase 2 1.30
TERG_00916 Carboxylic acid transporter 1.29
TERG_11638 Isocitrate lyase 1.28
TERG_04952 ABC transporter 1.26
TERG_01406 Hypothetical protein −2.91
TERG_07726 Hypothetical protein −2.25
TERG_03174 MFS siderochrome iron transporter −1.99
TERG_06355 Hypothetical protein −1.90
TERG_07035 Hypothetical protein −1.85
TERG_04156 Hypothetical protein −1.77
TERG_05655 AN1 zinc finger protein −1.73
TERG_01622 Hypothetical protein −1.63
TERG_07477 Hypothetical protein −1.57
TERG_06186 Protein disulfide-isomerase domain-containing protein −1.57
TERG_03708 Hypothetical protein −1.53
TERG_03855 Hypothetical protein −1.50
TERG_00499 Hypothetical protein −1.45
TERG_03175 Hypothetical protein −1.45
TERG_04073 Glutathione synthetase −1.41
TERG_12563 Hypothetical protein −1.37
TERG_08139 NAD dependent epimerase/dehydratase −1.34
TERG_06963 Hsp90-like protein −1.33
TERG_01731 Hypothetical protein −1.32
TERG_04006 Rho guanyl nucleotide exchange factor −1.32
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3.4. Functional Categorization of Differentially Expressed Genes

To evaluate the molecular and biological mechanisms involved in the fungal-host interaction,
the DEGs were categorized according to biological processes and molecular functions. The most
enriched categories considering a p < 0.05 are shown in Figure 2.

Most of the up-regulated T. rubrum genes (Figure 2A) belong to categories related to metabolic
processes, membrane proteins, and substance transport, while the down-regulated genes are mainly
involved in ATP binding. However, categories important to the fungus-host relationship, such as
those including genes involved in the glyoxylate cycle and pathogenicity, should also be highlighted.
Table 3 shows some functional categories that are important for the interaction of T. rubrum with HaCat
keratinocytes. Within these categories, we selected some genes considered to play a fundamental role
in the attack mechanisms and survival of the fungus when in contact with the host for validation and
discussion: genes involved in protease secretion (TERG_12606; TERG_08405), metabolic flexibility for
nutrient assimilation (TERG_01281; TERG_11638; TERG_11639; TERG_00916), and plasma membrane
permeability (TERG_03102). On the other hand, up-regulated genes in keratinocytes (Figure 2B) are
mainly found in the categories related to RNA binding, translation, and rRNA processing, while most
of the down-regulated genes belong to the RNA binding category. Furthermore, Table 4 shows some
functional categories that are important for the cell defense mechanisms of human keratinocytes during
co-culture with T. rubrum, such as the genes involved in the innate immune response, epidermal cell
differentiation, regulation of cell migration, and establishment of the skin barrier.

Figure 2. The gene Ontology-based functional categorization of differentially expressed genes.
The main representative functional categories (p < 0.05) of genes differentially expressed in T. rubrum
(A) and HaCat (B).
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Table 3. Some functional categories and related genes important for the pathogenesis of T. rubrum.

ID Gene Product Name Log2 Fold Change

Metabolic process
TERG_03102 Sterol 24-C-methyltransferase 2.05
TERG_08104 Sodium transport ATPase 1.98
TERG_02811 Hypothetical protein 1.40
TERG_08333 Delta 1-pyrroline-5-carboxylate dehydrogenase 1.34
TERG_11638 Isocitrate lyase 1.26
TERG_01270 AMP-dependent ligase 1.13
TERG_07691 Nonspecific lipid-transfer protein 1.13
TERG_07222 Carbonic anhydrase 1.05

Transmembrane transport
TERG_04399 Phthalate transporter (MFS transporter) 1.62
TERG_00348 Galactose-proton symporter (MFS transporter) 1.42
TERG_00916 Carboxylic acid transporter (MFS transporter) 1.28
TERG_04952 ABC transporter 1.25
TERG_04356 Amino acid permease 1.06

Pathogenesis
TERG_12606 Dipeptidyl peptidase V 2.16
TERG_08405 Leucine Aminopeptidase 2 1.29

Glyoxylate cycle
TERG_01281 Malate synthase 1.72
TERG_11638 Isocitrate lyase 1.26
TERG_11639 Isocitrate lyase 1.13

Table 4. Some functional categories and related genes important for human host defense.

ID Gene Product Name Log2 Fold Change

Positive regulation of cell migration
TCAF2 TRPM8 channel-associated factor 2 2.11
MMP9 Matrix metalloproteinase-9 2.06
LAMC2 Laminin subunit gamma-2 1.97
HBEGF Proheparin-binding EGF-like growth factor 1.84
HAS2 Hyaluronan synthase 2 1.46

MAPK cascade involved in the innate immune response
CSF2 Granulocyte-macrophage colony-stimulating factor 2.86

HBEGF Proheparin-binding EGF-like growth factor 1.84
DUSP5 Dual specificity protein phosphatase 5 1.57
PSMB3 Proteasome subunit beta type-3 1.46
PPP5C Serine/threonine-protein phosphatase 5 1.37
PSMB2 Proteasome subunit beta type-2 1.28

UBB Polyubiquitin-B 1.24

Antimicrobial humoral immune response
SERPINE1 Plasminogen activator inhibitor 1 3.55
SLC11A1 Natural resistance-associated macrophage protein 1 2.28
RNASE7 Ribonuclease 7 2.27

RPS19 40S ribosomal protein S19 1.66
RPL30 60S ribosomal protein L30 1.41

Epidermal cell differentiation
CASP14 Caspase-14 3.74
ALDOC Fructose-bisphosphate aldolase C 3.70
AKR1C1 Aldo-keto reductase family 2.80
LAMC2 Laminin subunit gamma-2 1.97
PGK1 Phosphoglycerate kinase 1 1.62

Establishment of the skin barrier
KRT1 Keratin type II cytoskeletal 1 −4.02
FLG Filaggrin −1.86
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3.5. Validation by qPCR

Pearson’s correlation test was used to evaluate the correlation between dual RNA-seq and qPCR.
For this purpose, 14 genes were chosen for validation, including 6 T. rubrum genes (TERG_11638;
TERG_01281; TERG_08405; TERG_12606; TERG_00916; TERG_03102) and 8 HaCat genes (HAS2; CSF2;
SLC11A1; RNASE7; CASP14; MMP9; KRT1; FLG). Figure 3 shows the comparison of the log2 fold
change values obtained with the two techniques. The gene expression results obtained by RNA-seq
showed a strong correlation (r = 0.80, p < 0.001) with the gene modulation values obtained by qPCR.
This finding suggests that sequencing provided reliable results, demonstrating the reproducibility and
accuracy of the technique.

Figure 3. The comparison of gene modulation obtained by RNA-seq and quantitative PCR (qPCR).
The error bars represent the standard error of three independent replicates. Pearson’s test indicated a
strong correlation between the two techniques (r = 0.80; p < 0.01).

4. Discussion

Through the analysis of mixed transcriptomes, this is the first study to sequence by dual RNA-seq
the dermatophyte T. rubrum with a HaCat cells in an in vitro model of co-culture for 24 h.

Based on the sequencing data generated, only about 5% of the quality reads of the co-culture
could be aligned to the T. rubrum reference genome (CBS 118892), indicating a predominance of human
reads in this library. Indeed, a major challenge encountered in the sequencing of mixed transcriptomes
is the difference in the amount of RNA between different cell types. Whereas a human cell contains
about 20–25 pg RNA, a fungal cell contains 0.5–1 pg [8,27], a fact that may explain the smaller number
of reads generated for T. rubrum compared to human keratinocytes. This obstacle was also observed in
dual RNA-seq analysis of a Magnaporthe oryzae and Oryza sativa co-culture, in which the percentage
of alignment of fungal reads to the M. oryzae reference genome ranged from 0.1–0.2% [28]. As the
latest example, in [12] also obtained a low percentage (~1%) of reads corresponding to the pathogen
Phytophthora cinnamomi in dual RNAseq with Eucalyptus nitens. In that study, the authors obtained
283 genes of Phytophthora cinnamomi in a genome comprising approximately 58.38 Mb (National Center
for Biotechnology). Comparing these data with our study, we obtained about 5% of read alignment
and 70 modulated T. rubrum genes considering a fold change ≥1 or ≤−1 within a genome of 22.5 Mb.

However, we reached coverage of 90.7% of the 8.616 annotated genes in the T. rubrum genome
considering the genes with at least one count read.
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Seventy DEGs of T. rubrum were identified after 24 h of co-culture, which could be allocated
to different categories according to biological function. Categories that were relevant for the
understanding of the attack mechanisms of T. rubrum against keratinocytes included those containing
TERG_12606 and TERG_08405 which encode important proteases for tissue invasion by the fungus,
TERG_03102 or the ERG6 gene which is considered a promising target for the development of new
antifungal agents [29], and TERG_01281, TERG_11638 and TERG_ 00916 which may be involved in the
metabolic flexibility of T. rubrum, improving the adaptation and development in the host.

Regarding the functional categories containing the 353 HaCat DEGs, we highlight the following
genes as important for the host defense mechanisms: SLC11A1, RNASE7 and CSF2 involved in innate
immune response signaling; MMP9 and HAS2 involved in the regulation of epithelial cell migration;
KRT1 and FLG involved in maintaining skin barrier integrity, and CASP14 involved in epidermal
cells differentiation.

4.1. Genes Involved in Protease Secretion Are Important for the Pathogenicity of T. rubrum

During the course of infection, dermatophytes such as T. rubrum secrete endo- and exoproteases
that degrade the keratin of the host tissue into oligopeptides and amino acids [30]. These compounds
are used as a source of carbon, nitrogen, phosphorus, and sulfur for nutrition of the fungus [31].

The results of dual RNA-seq showed the induction of TERG_12606 (log2 fold change: 2.16)
and TERG_08405 (log2 fold change: 1.29) (functional category: pathogenicity), which encode
exoproteases (dipeptidyl peptidase V and leucine aminopeptidase 2, respectively). These findings
corroborate the results of Reference [32] which evaluated gene expression by microarray in T. rubrum
grown in a keratin-containing medium, and in [33] which evaluated the secretion of exoproteases,
including dipeptidyl peptidase V, by T. rubrum in a keratin-containing medium. The secretion of endo-
and exo-proteases by dermatophytes is one of the best-characterized virulence factors [32,33] and is of
fundamental importance for invasion and dissemination of the fungus through the stratum corneum
of the host [34].

4.2. The ERG6 Gene Is a Promising Target for Developing a New Antifungal Agent Against T. rubrum

In addition to the need of effective degradation of skin protein components for penetration of the
fungus into tissue, the maintenance of fungal plasma membrane permeability and fluidity is essential
for the correct assimilation of nutrients and the consequent growth and survival of T. rubrum in the host.
In the present study, we observed the induction of TERG_03102 (log2 fold change: 2.05) (functional
category: metabolic process), which corresponds to the ERG6 gene. This gene encodes the enzyme
24-C-methyltransferase, which participates in ergosterol biosynthesis [35]. Ergosterol is known to be
responsible for fungal plasma membrane fluidity and permeability and it is important for the adequate
function of membrane-anchored proteins [36].

The ergosterol biosynthesis pathway, which is absent in mammals, is the target of antifungal
agents such as terbinafine. However, new genes of this pathway should be explored as potential targets
because of reports of resistance of T. rubrum to this commercial antifungal drug [37]. One example
of a promising potential target of new antifungals is the ERG6 gene whose expression was found to
be modulated in this study. Altered expression of this gene results in plasma membrane changes,
impairing the transport of nutrients into the fungal cell [38]. The importance of this gene as
a new therapeutic strategy has also been reported in [29]. In a comparative genomics study,
these authors identified this gene in important human fungal pathogens such as Candida albicans
and Aspergillus fumigatus.

4.3. Glyoxylate Cycle Genes and a Carboxylic Acid Transporter May Be Associated with Mechanisms of
Metabolic Flexibility in the T. rubrum-Host Relationship

Additionally, regarding the importance of nutrient assimilation by the fungus for its development
during infection, the metabolic flexibility of some pathogenic fungi is worth noting. This flexibility
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enables the fungus to obtain nutrients through the assimilation of alternative carbon sources in
nutrient-limited host niches [39,40]. Knowledge of the genes that are induced to favor this metabolic
flexibility is still limited. Thus, these genes are interesting targets for the development of more
selective antifungals since the induction of alternative metabolic pathways is an exclusive property of
pathogenic fungi [41].

In the present study, genes involved in metabolic flexibility were modulated: TERG_01281 (log2

fold change: 1.72), TERG_11638 (log2 fold change: 1.26) and TERG_11639 (log2 fold change: 1.13)
(functional category: glyoxylate cycle), which encode malate synthase and isocitrate lyases, respectively,
are enzymes that participate in the glyoxylate cycle. In other clinical fungi, the activation of this cycle
permits cell survival in low-glucose environments through the synthesis of glucose from lipids and
other carbon sources [41]. We suggest this strategy could favor the growth and persistence of T. rubrum
in the host since the fungus infects tissues rich in keratin and lipids. Furthermore, this cycle provides
pathogenicity and virulence to other pathogens such as C. albicans, since the alternative assimilation of
nutrients in nutrient-limited host niches favors pathogen survival and adaptation to the host [39].

The role of the glyoxylate cycle in the pathogenicity of T. rubrum is still not well established
considering that this fungus causes superficial infections. However, we also showed the induction of
genes encoding isocitrate lyase and malate synthase during the co-culture of HaCat keratinocytes with
T. rubrum. The same genes were repressed in the presence of antifungal compounds licochalcone and
caffeic acid in the co-culture for 24 h [42]. We also highlight the induction of TERG_00916 (log2 fold
change: 1.28), which encodes a carboxylic acid transporter (functional category: transport), and suggest
that the fungus can use this transporter to facilitate the assimilation of carboxylic acids as an alternative
carbon source during infection. The expression of two short-chain carboxylic acid transporters has
been demonstrated in C. albicans when glucose availability in the host is low. These findings indicate
the importance of these transporters in the early stages of infection, contributing to the virulence of the
pathogen [43].

4.4. The Modulation of Genes Involved in the Maintenance of the Skin Barrier, Cell Migration, and
Differentiation May Be Associated with the Defense Strategies of Human Keratinocytes

The degradation of keratin present in the epidermis through the secretion of proteases such as
those modulated in this study (TERG_12606 and TERG_08405) causes marked changes in the function
and structure of the epithelial barrier [44]. Repression of the FLG (log2 fold change: −1.86) and KRT1
(log2 fold change: −4.02) genes that encode filaggrin and keratin 1, respectively, was observed during
the 24 h of co-culture of T. rubrum with HaCat cells. We suggest the repression of the FLG and KRT1
genes to be related to the loss of skin barrier integrity, favoring the installation and tissue invasion by
the fungus since the proteins encoded by these genes act together during the transition of keratinocytes
to corneocytes that will compose the epithelial barrier [45,46]. These results corroborate the findings
reported in [47] which identified the reduced expression of filaggrin in cases of tinea corporis caused
by T. rubrum, and in [48] which observed the loss of skin barrier integrity in KRT1-deficient mice.

In the case of damage to the skin barrier, creating a portal of entry for exogenous microorganisms,
epithelial cells respond rapidly to close the wound by increasing cell proliferation. In addition,
the remodeling of affected tissue occurs and the migration of epithelial and immunocompetent cells to
the site of infection is facilitated [49,50].

Among the genes allocated to the functional category of epidermal cell differentiation, the most
modulated gene was CASP14 (log2 fold change: 3.74), which encodes caspase 14 (Table 4). This is the
only caspase not involved in apoptotic pathways [51,52] and an increase in its expression is associated
with the differentiation of keratinocytes into corneocytes [53,54], demonstrating a low accumulation of
filaggrin fragments in the stratum corneum and increased epithelial water loss in caspase 14-deficient
mice. Thus, the induction of CASP14 expression might be related to the increased differentiation of
keratinocytes into corneocytes in an attempt to strengthen the epithelial barrier. Another possibility is
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that the increased expression of the CASP14 gene is involved in the repair of damage caused by the
repression of the FLG and KRT1 genes as a host defense response during infection with T. rubrum.

Regarding the functional category containing genes involved in the regulation of cell migration,
the induction of the MMP9 gene (log2 fold change: 1.46), which encodes matrix metalloproteinase 9,
should be highlighted (Table 4). In addition to the role of matrix metalloproteinases in the remodeling
of damaged tissues through the degradation of extracellular matrix, studies have shown that matrix
metalloproteinase 9 is necessary for the migration of inflammatory cells to the epidermis [55].
Considering the data available so far, the induction of this gene may indicate an important role in the
regulation of the flow of immunocompetent cells through the epidermal compartment in infections
caused by T. rubrum. Since this protein is produced in its inactive form [56], the present results do not
permit to establish whether the matrix metalloproteinase 9 becomes active in keratinocytes during
dermatophyte infections. Furthermore, the increased expression of this enzyme in its active form may
be associated with an increase in inflammation and the occurrence of ulcers in some diseases such as
ocular herpes [57] and leishmaniasis [58], in addition to facilitating the dissemination of the pathogen
through tissues by excessive cleavage of collagen IV present in the basement membrane [59].

With respect to other genes involved in the regulation of cell migration, the induction of the
HAS2 gene was observed (log2 fold change: 1.46), which encodes hyaluronan synthase 2, an enzyme
that participates in the synthesis of hyaluronic acid. This acid is one of the main components of the
extracellular matrix and plays an important role in the repair of damaged tissues, contributing to
the activation of inflammatory cells and the stimulation of chemokines and cytokines through its
interaction with Toll-like receptors [60]. Studies also indicate a potential antifungal effect of hyaluronic
acid, which inhibits the growth of C. albicans in vitro [61].

4.5. The Induction of Genes Involved in the Immune Response of Human Keratinocytes that Encode Compounds
with Antimicrobial Activity

Among the functional categories studied, the most important to be evaluated during the
fungal-host interaction are those containing the set of genes involved in the human cellular defense.
These genes participate not only in the signaling and recruitment of immune system cells, but also
in the production of compounds by the host that have a potential antimicrobial effect. These include
genes allocated to the MAPK cascade involved in the innate immune response and antimicrobial
humoral immune response categories (Table 4).

As an innate cellular defense mechanism, keratinocytes produce peptides with antimicrobial
activity, such as cathelicidins, defensins, and ribonucleases [62]. We observed the induction of the
RNASE7 gene (log2 fold change: 2.27) that encodes ribonuclease 7. This ribonuclease is known for
its marked antimicrobial activity against Gram-positive and -negative bacteria, C. albicans [63] and
dermatophytes [64], suggesting its use as a new antifungal agent.

Compounds that can be used as new approaches to the treatment of fungal diseases are
increasingly being explored because of the growing resistance of pathogenic fungi to conventional
antifungal agents [65]. In addition to the RNASE7 gene, we highlight the induction of the CSF2 gene
(log2 fold change: 2.86), which encodes the cytokine granulocyte-macrophage colony-stimulating
factor (GM-CSF). Studies indicate the clinical use of this cytokine as an immunological adjuvant
for the treatment of fungal diseases. GM-CSF has already been used to treat neutropenic patients
undergoing chemotherapy, HIV-infected patients, and bone marrow transplant recipients [66,67].
The effects of this cytokine have been evaluated in species of the genera Candida [68] and Aspergillus [69],
administered alone or in combination with other commercial antifungals.

The induction of the CSF2 and RNASE7 genes during co-culture of human keratinocytes with
T. rubrum may indicate an important cellular defense response of the host when in contact with this
fungus since both genes encode compounds with antimicrobial activity. Furthermore, the production
of these compounds favors the recruitment of immunocompetent cells to the affected sites that are
important for the host’s innate immune mechanisms [63,70,71]
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Another gene that was found to be induced in this study and that is also known for its
antimicrobial activity is SLC11A1. This gene encodes an integral membrane protein [72] that mediates
the transport of divalent ions, activating macrophages and exerting other pleiotropic effects on the
innate immune system [73]. The available data indicate that this protein protects the host against
intracellular pathogens such as Salmonella by controlling iron homeostasis inside macrophages,
limiting the access of the pathogen to this essential element inside the host, and by concomitantly
promoting an increase in the production of antimicrobial effector molecules [72].

Although more elucidated in macrophages, the increased expression of this gene was also
observed in keratinocytes of patients with severe burns, suggesting that this gene participates in
the innate immune response in the presence of tissue injury [74]. Tissue damage also occurs in
dermatophytoses as a result of the secretion of keratinolytic proteases by the fungus. We, therefore,
suggest that the induction of this gene during co-culture of keratinocytes with T. rubrum may be
associated with a defense mechanism of the host, since the SLC11A1 gene can also exert some signaling
effects on the immune system such as macrophage activation, the regulation of interleukin 1-β, and the
induction of iNOS, major histocompatibility (MHC) class II molecules, and tumor necrosis factor α
(TNFα), among others [75,76]. However, more in-depth studies are necessary to elucidate this possible
mechanism of defense

In summary, within the complex interaction between the fungus and host, we highlight the
importance of the modulation of expression of T. rubrum genes that contribute to the acquisition and
assimilation of nutrients. In this respect, genes responsible for the secretion of keratinolytic proteases
(TERG_12606; TERG_08405) and metabolic adaptation (TERG_01281; TERG_11638; TERG_11639;
TERG_00916) were found to be induced, as well as the ERG6 gene that is responsible for maintaining
the integrity and permeability of the plasma membrane. In contrast, in the presence of keratinocytes,
genes encoding proteins with antimicrobial activity (RNASE7; SLC11A1; CSF2) and genes involved in
the maintenance of the skin barrier (MMP9; HAS2; CASP14) are induced, while two genes essential for
the stability and integrity of the skin barrier (FLG; KRT1) are repressed (Figure 4). Considering the
limited knowledge, the use of dual RNA-seq allowed for a better understanding of some of the
molecular mechanisms involved in the T. rubrum-host relationship.

Figure 4. The schematic overview of the T. rubrum-keratinocyte interaction. The genes differentially
expressed (DEGs) during host-pathogen interaction discussed in this paper are shown.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/7/362/s1,
Figure S1: The distribution of differentially expressed genes after 24 h of co-culture. The red points indicate
differentially expressed genes. Table S1: The general features of dual RNA-seq sequences against reference
genomes. CBS I, CBS II, CBS III: T. rubrum libraries; CO I, CO II, CO III: co-culture libraries; H I, H II, H III: human
keratinocyte libraries. The libraries were constructed in triplicate, with I, II and III corresponding to the sample
number of each condition. PE: paired-end sequence; SR: single read sequence. Table S2: The complete list of genes
differentially expressed in keratinocytes after 24 h of co-culture. Table S3: The complete list of genes differentially
expressed in T. rubrum after 24 h of co-culture. Table S4: The primers used for qPCR analysis.
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Abstract: Aspergillus fumigatus is a ubiquitous saprophytic mold and a major pathogen in
immunocompromised patients. The effectiveness of triazole compounds, the A. fumigatus first line
treatment, is being threatened by a rapid and global emergence of azole resistance. Whole genome
sequencing (WGS) has emerged as an invaluable tool for the analysis of genetic differences between
A. fumigatus strains, their genetic background, and antifungal resistance development. Although WGS
analyses can provide a valuable amount of novel information, there are some limitations that should
be considered. These analyses, based on genome-wide comparative data and single nucleotide
variant (SNV) calling, are dependent on the quality of sequencing, assembling, the variant calling
criteria, as well as on the suitable selection of the reference genome, which must be genetically close to
the genomes included in the analysis. In this study, 28 A. fumigatus genomes sequenced in-house and
73 available in public data bases have been analyzed. All genomes were distributed in four clusters
and showed a variable number of SNVs depending on the genome used as reference (Af293 or A1163).
Each reference genome belonged to a different cluster. The results highlighted the importance of
choosing the most suitable A. fumigatus reference genome to avoid misleading conclusions.
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1. Introduction

Aspergillus fumigatus is a saprophytic filamentous fungus and the principal causative agent of
human aspergillosis [1,2]. There are many types of diseases caused by A. fumigatus and their symptoms
vary according to the site of infection and host health condition. Predominantly, this species causes
invasive infections, such as invasive pulmonary aspergillosis (IPA), with high mortality rates in
immunocompromised or immunosuppressed patients [3–5]. Currently, the treatment options are
limited to three classes of antifungal drugs (azoles, echinocandins and polyenes) and azoles are drugs
of first line for treating Aspergillus-caused diseases. However, azole drug efficacy is threatened by the
worldwide spreading of resistance [6].

Despite all the technological improvements developed in recent years, many basic aspects about
the biology of this opportunistic pathogen remained largely unknown. Genomics and whole genome
sequencing (WGS) have emerged as useful tools to greatly enhance knowledge and understanding of
infectious diseases and clinical microbiology [7–10]. In this context, genome-wide sequencing using
high throughput sequencing (HTS) together with alignment comparison analysis has been described as
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a good approach to identify single nucleotide variants (SNVs) or polymorphisms (SNPs) for the analysis
of genetic differences between A. fumigatus strains [11]. The genetic diversity between isolates can be
used to explain many different aspects such as the strain background lineage, strain specific virulence
phenotypes, the potential factors involved in antifungal resistant development, and more commonly,
determining the genetic strain relatedness in epidemiological surveillance and outbreak studies [12–14].

Although WGS studies provide a valuable amount of novel data, there are some considerations
that should be taken into account. To date, most WGS analyses are based on identifying SNVs in a set of
strains in comparison to a reference genome, and consequently the results will be completely dependent
on the chosen reference. Therefore, the identified SNVs will have a different significance depending
on how genetically close the reference genome will be from the strains included in the analysis.
Classically, most advances have been focused on unravelling the genomics of two different A. fumigatus
reference strains [15], Af293 (AAHF00000000.1) and A1163 (ABDB00000000.1), or their derivatives.
First, the Af293 strain was fully sequenced in 2005 [16], and soon after, the A1163 strain was the second
A. fumigatus genome sequenced by the J. Craig Venter Institute [17]. This strain was a derivative of
another clinical isolate, the CBS144-89/CEA10. The first genome comparison between both strains
showed that despite high synteny and identity in most of the regions of their genomes, there were
some hundreds of genes unique from each strain and not present in the other [18]. This heterogeneity
could potentially lead to confusion, so care must be taken in drawing conclusions on different aspects
from a single genetic background [15]. A recent study carried out in our laboratory [19] showed
that the Af293 reference genome belonged to a specific lineage of A. fumigatus strains which harbors
five polymorphisms (F46Y, M172V, N248T, D255E, E427K) in cyp51A gene which codes for the azole
target. Based on these phylogenetic studies from whole genome sequencing, the other classic reference
genome, the A1163 strain, belonged to a different and distant phylogenetic lineage, which implies
that both genomes are significantly different. Also, and apart from the relevance of choosing the most
suitable reference genome, the quality of sequencing and assembling will be of great importance for
getting reliable results.

In this work, we describe the in-house genome sequencing and comparative analysis of 28
A. fumigatus genomes, including the A. fumigatus genomes of six strains routinely used in Aspergillus
basic research laboratories. All these genomes were distributed in four separate clusters, corresponding
to very different lineages. In addition, 73 A. fumigatus genomes, including azole susceptible and
resistant strains from a worldwide distribution, were included in the study. The whole sequence
analysis of these 101 A. fumigatus genomes provided information that led to an increase in the
knowledge of A. fumigatus genetic background and the development of azole resistance.

2. Materials and Methods

2.1. Aspergillus fumigatus Isolates

A total of 169 genomes were evaluated including in-house sequenced Aspergillus fumigatus isolates
and genomes downloaded from NCBI Sequence Read Archive (SRA) public database (www.ncbi.
nlm.nih.gov/sra). The genomic samples were selected following this criteria: (i) all genomes had to
be sequenced with Illumina platform; and (ii) had to be paired-end. After quality control filtering
(>85% mapping rate against Af293 reference genome and >95% of genome coverage at more than
10× depth of coverage), a total of 101 A. fumigatus strain genome sequences representing 8 different
geographical locations were selected for further analysis. Among them, 28 A. fumigatus strains were
from the Mycology Reference Laboratory Collection (Table 1). Most of them were clinical azole
susceptible strains. Some of them had specific cyp51A modifications: 12 strains harbored three changes
(F46Y, M172V, and E427K) and 3 strains had five (F46Y, M172V, N248T, D255E and E427K) [19].
Af293 was included in the latter group of five cyp51A modifications and sequenced again in-house
(named as AF293). Another group of A. fumigatus azole susceptible strains were isolates that have
been classically used as reference or control strains in most Aspergillus laboratories. This set of strains
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included the A1163 (also known as CEA10, CBS144.89, FGSC A1163 or AF10), AF237 (called CM237),
ATCC204305, akuBKU80 (FGSC A1160) [20], and ATCC46645. Two azole resistant strains without
modifications in cyp51A were also included and sequenced in this work (CM7510 and CM7555).

Table 1. Aspergillus fumigatus strains whole genome sequenced in our laboratory. The assigned lineage
was based on the phylogenetic study.

Samples Origin cyp51A Modifications AZL SC Mating Type Source Lineage

AF293 SP 5SNPs S M1.2 CL 3
akuBKU80 SP WT S M1.1 CL 1.1

ATCC204305 SP I242V S M1.1 CL 1.2
ATCC46645 SP WT S M1.1 CL 2.1

CEA10 SP WT S M1.1 CL 1.1
CM2141 SP WT S M1.1 CL 2.2
CM237 SP WT S M1.1 CL 1.1
CM2495 SP 3SNPs S M1.1 CL 4
CM2730 SP 3SNPs S M1.2 CL 4
CM2733 SP 3SNPs S M1.1 CL 4
CM3248 SP N248K S M1.1 CL 1.1
CM3249 SP 3SNPs S M1.1 CL 4

CM3249b SP 3SNPs S M1.1 CL 4
CM3262 SP 3SNPs S M1.1 CL 4
CM3720 SP 3SNPs S M1.1 CL 4
CM4602 SP 3SNPs S M1.2 CL 4
CM4946 SP 3SNPs S M1.2 CL 4
CM5419 SP WT S M1.2 CL 2.2
CM5757 SP WT S M1.2 CL 1.1
CM6126 SP WT S M1.2 CL 1.1
CM6458 SP WT S M1.2 CL 1.3
CM7510 SP WT R M1.1 CL 1.1
CM7555 SP WT R M1.2 CL 1.3
CM7560 SP 3SNPs S M1.1 CL 4
CM7570 SP 3SNPs S M1.1 CL 4
CM7632 SP 5SNPs S M1.1 CL 3

TP12 SP 5SNPs S M1.2 CL 3
TP32 SP 3SNPs S M1.1 CL 4

SP (Spain), SNPS (single nucleotide polymorphisms), 3SNPs cyp51A modifications (F46Y, M172V, E427K) and 5SNPs
cyp51A modifications (F46Y, M172V, N248T, D255E, E427K), AZL susceptibility (azole susceptibility), S (susceptible),
R (resistant), CL (clinical).

The remaining 73 strain genomes were obtained from public data bases and belonged
to strains from the United Kingdom, the Netherlands, Portugal, Denmark, India, Japan and
Canada [13,21,22] (NCBI SRA public database) (Table 2). Some of the isolates from The Netherlands
and India came from clinical samples (n = 8) and others from environmental soil sources (n = 8). Strains
from Japan, UK and Canada were all from clinical origin while the Portuguese strains had an unknown
origin (Table 2).

Table 2. Aspergillus fumigatus genomes from public data bases included in this study. The assigned
lineage is based on the phylogenetic study.

Samples Origin cyp51A Modifications AZL SC Mating Type Source Lineage Ref.

08-12-12-13 NT TR34/L98H, S297T, F495I R M1.1 CL 2.2 [13]
08-19-02-10 NT TR34/L98H R M1.2 ENV 2.2 [13]
08-19-02-30 NT WT S M1.1 ENV 1.3 [13]
08-19-02-46 NT TR34/L98H R M1.1 ENV 2.2 [13]
08-19-02-61 NT TR34/L98H R M1.1 ENV 2.2 [13]
08-31-08-91 NT TR34/L98H R M1.1 CL 2.2 [13]
08-36-03-25 NT TR34/L98H, S297T, F495I R Unclear CL 2.2 [13]
09-7500806 UK WT S M1.2 CL 1.3 [13]
10-01-02-27 NT TR34/L98H R M1.2 CL 2.2 [13]
12-7504462 UK WT S M1.2 CL 1.3 [13]
12-7504652 UK WT S M1.1 CL 2.1 [13]
12-7505054 UK WT S M1.1 CL 2.1 [13]
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Table 2. Cont.

Samples Origin cyp51A Modifications AZL SC Mating Type Source Lineage Ref.

12-7505220 UK TR34/L98H R M1.1 CL 2.2 [13]
12-7505446 UK TR34/L98H R M1.2 CL 2.2 [13]

Af293 UK 5SNPs S M1.2 CL 3 [13]
AF41 UK WT S M1.2 CL 1.1 [13]
Af65 UK WT S M1.2 CL 2.1 [13]
AF72 UK G54E R M1.2 CL 1.1 [13]
AF90 UK M220V R M1.1 CL 1.1 [13]

Afu1042-09 IN TR34/L98H R M1.1 CL 2.2 [13]
Afu124-E11 IN TR34/L98H R M1.1 ENV 2.2 [13]
Afu166-E11 IN TR34/L98H R M1.1 ENV 2.2 [13]
Afu218-E11 IN TR34/L98H R M1.1 ENV 2.2 [13]
Afu257-E11 IN TR34/L98H R M1.1 ENV 2.2 [13]
Afu343-P-11 IN TR34/L98H R Unclear CL 2.2 [13]
Afu591-12 IN TR34/L98H R M1.1 CL 2.2 [13]
Afu942-09 IN TR34/L98H R M1.1 CL 2.2 [13]

F12041 UK G138C R M1.2 CL 2.1 [21] *
F12219 UK G54R R M1.2 CL 1.1 [21] *
F12636 UK G54E R M1.1 CL 2.1 [21] *
F13535 UK G138C R M1.2 CL 2.1 [21] *
F13619 UK H147Y, G448S R M1.1 CL 2.1 [21] *
F13952 UK G138C R M1.2 CL 2.1 [21] *
F14403 UK G54R R M1.1 CL 1.1 [21] *

F14513G UK G138C R M1.2 CL 2.1 [21] *
F14532 UK M220T R M1.1 CL 2.1 [21] *

F14946G UK WT S M1.2 CL 1.1 [21] *
F15390 UK M220T R M1.1 CL 2.1 [21] *
F15927 CN 3SNPs S M1.1 CL 4 [21] *
F16134 DN M220K R M1.2 CL 1.1 [21] *
F16216 UK TR34/L98H R M1.2 CL 2.1 [21] *
F16311 UK WT S M1.1 CL 1.1 [21] *
F17582 UK WT S M1.2 CL 2.1 [21] *
F17729 UK WT S M1.2 CL 1.1 [21] *

F17729W UK WT S M1.2 CL 1.1 [21] *
F17764 CN WT S M1.1 CL 1.1 [21] *
F18085 UK WT S M1.1 CL 1.1 [21] *
F5211G UK WT S M1.1 CL 2.1 [21] *
F7763 UK 5SNPs S M1.1 CL 3 [21] *

IFM55369 JP WT S M1.1 CL 1.2 [22]
IFM58026 JP N248K S M1.2 CL 1.1 [22]
IFM58029 JP WT S M1.2 CL 1.2 [22]
IFM58401 JP WT S M1.2 CL 1.1 [22]
IFM59056 JP WT S M1.1 CL 1.1 [22]
IFM59073 JP WT S M1.2 CL 1.2 [22]
IFM59359 JP WT S Unclear CL 1.2 [22]
IFM59361 JP WT S M1.1 CL 1.3 [22]
IFM59365 JP WT S M1.2 CL 1.1 [22]
IFM59777 JP WT S M1.1 CL 1.2 [22]
IFM60514 JP WT S M1.2 CL 1.1 [22]
IFM61118 JP N248K S M1.1 CL 1.1 [22]
IFM61407 JP WT S Unclear CL 1.1 [22]
IFM61578 JP P216L S M1.2 CL 1.1 [22]
IFM61610 JP WT S M1.2 CL 1.1 [22]
IFM62516 JP P329P S M1.1 CL 1.2 [22]
SL143435 PT N248K S M1.2 UNK 1.1 *
SL143436 PT WT S M1.2 UNK 1.1 *
SL143437 PT WT S M1.1 UNK 1.3 *
SL143438 PT N248K S M1.2 UNK 1.1 *
SL143439 PT WT S M1.1 UNK 1.3 *
SL143440 PT 3SNPs S M1.1 UNK 4 *
SL143441 PT WT S M1.1 UNK 1.1 *
SL146112 PT N248K S M1.2 UNK 1.1 *

NT (the Netherlands), UK (the United Kingdom), IN (India), CN (Canada), JP (Japan), PT (Portugal). SNPs (single
nucleotide polymorphisms), 3SNPs cyp51A modifications (F46Y, M172V, E427K) and 5SNPs cyp51A modifications
(F46Y, M172V, N248T, D255E, E427K), AZL SC (azole susceptibility), S (susceptible), R (resistant), CL (clinical),
ENV (environmental), UNK (unknown), * NCBI SRA.
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2.2. DNA Extraction and Aspergillus fumigatus Identification

First, conidia from each selected strain were cultured in 3 mL of glucose-yeast extract-peptone
(GYEP) broth (2% glucose, 0.3% yeast extract, 1% peptone; OXOID LTD, Basingstoke, Hampshire,
England) and grown overnight at 37 ◦C, after which mycelium mats were harvested and DNA was
extracted [23]. The A. fumigatus Spanish isolates included in this work were identified to the species
level on the basis of PCR amplification and sequencing of the internal transcribed spacer (ITS) region
and the partial amplification of the β-tubulin gene [24].

2.3. DNA Quality and Quantity Assessment

The DNA quality and quantity was assessed using a spectrophotometer (Thermo Scientific
NanoDrop One Spectrophotometer, Waltham, MA, USA). Since genomic DNA (gDNA) must be clean
and pure for preparing WGS libraries, when the 260/280 or 260/230 rates were lower than 1.8 or
higher than 2.2, the DNA was rejected. The strain was extracted again from a new mycelium mat and
its quality was assessed. Genomic DNA (gDNAs) were stored at −20 ◦C until further use.

2.4. Screening of cyp51A Changes: PCR Amplification and Sequence Analysis

The full coding sequences of cyp51A including its promoter, were amplified and sequenced using
the PCR conditions described before [25]. To exclude the possibility that any change identified in the
sequences was due to PCR-induced errors, each isolate was independently analyzed twice. Isolates
were screened for the presence of tandem repeat insertions in the cyp51A promoter region, as well as
for the presence of other cyp51A modifications. All the nucleotide sequences were analyzed using the
DNASTAR Lasergene package (DNASTAR Inc., Madison, WI, USA).

2.5. DNA Library Preparation and Illumina Whole-Genome Sequencing

Genomic DNA was extracted as previously described. Genomic DNA were quantified afterwards
using the QuantiFluor ® dsDNA System and the QuantiFluor ® ST Fluorometer (Promega, Madison,
WI, USA) and their quality was determined with the Agilent 2100 Bioanalyzer (Agilent Technologies,
Inc., Santa Clara, CA, USA). The preparation of fragmented gDNA libraries was performed using
Nextera ® XT Library Prep Kit (Illumina Inc., San Diego, CA, USA), according to the manufacturer’s
protocols. The mean fragment length of the libraries ranged from 800 to 1800 bp. Sequencing was
conducted in paired-end 2 × 150 bp on a NextSeq 500 system, according to the manufacturer’s
protocols (Illumina Inc., San Diego, CA, USA).

2.6. Whole-Genome Sequencing Alignment

The Illumina reads were trimmed using Trimmomatic (version 0.32) [26]. The sequencing adapters
and sequences with low quality scores on 3′ ends (Phred score [Q], <20) were trimmed. Raw Illumina
WGS reads were quality checked performing a quality control with FastQC (version 0.11.3;
Babraham Institute). Data sets were analyzed against two different A. fumigatus reference genomes,
the Af293 (GenBank accession number AAHF00000000.1) and the A1163 (GenBank accession
number ABDB00000000.1) using WGS-outbreaker v1.0 (Instituto de Salud Carlos III, Madrid, Spain)
(https://github.com/BU-ISCIII/WGS-Outbreaker) with default parameters. The pipeline comprised
all steps needed for SNV analysis using whole genome sequencing data. Mapping against genome
reference was performed with bwa mem (version 0.7.12-r1039) [27], duplicated reads removed using
Picard (version 1.140) (http://broadinstitute.github.io/picard), and the bedtools coverage v2.26
program [28] was used to perform further quality controls. Hereafter, in order to identify genetic
variations among strains, single nucleotide variant (SNV) detection (variant calling) and SNV matrix
generation were performed using GATK version 3.8.0 [29] with best practices parameters. ENSEMBL
variant effect predictor script (version 88) was used for variant annotation. The whole genome
sequencing project has been deposited in NCBI SRA (project accession number SRP151231).
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2.7. Phylogenetic Analysis and Single Nucleotide Variant Comparison

Final step of WGS-Outbreaker pipeline comprised Maximum-likelihood trees construction using
RaxML software (version 8.2.9) [30] with GTRCAT model and 100 bootstrap replicates. Phylogenetic
trees were visualized and annotated using ggtree R package [31]. SNV comparisons were performed
using a custom R script, mapping all genomes to Af293 and A1163 reference genomes.

2.8. Analysis of Genetic Diversity

Genetic diversity was calculated using the Molecular Evolutionary Genetics Analysis software
(MEGA, version 7) [32]. The A. fumigatus population was analyzed according to the formed groups
(clusters and subclusters) from the previous phylogenic studies. In MEGA, evolutionary distances
between sequences can be estimated by computing the number or proportion of nucleotide differences
between sequences using the FASTA alignment against each reference genome [33]. Two different
models have been used in this work, the p-distance model and another based on the number of
differences; (i) the p-distance model calculates the distance as the proportion of different nucleotide
sites compared. It is obtained by dividing the number of nucleotide differences (transitions and
transversions) by the total number of nucleotides compared. As recommended [34], when the genetic
distance was estimated, the complete-deletion option was used, since it normalizes the number of
differences based on the number of valid sites compared, not taking into account the alignment gaps
and missing data that sequences could contain. However, this model does not make any correction
for multiple substitutions at the same site, substitution rate biases (for example, differences in the
transitional and transversional rates), or differences in evolutionary rates among sites; (ii) The second
model, based on the number of differences, estimates the genetic distances according to the number
of sites at which the compared sequences differ (transitions and transversions). In this model,
the complete-deletion option was also used.

2.9. Determining Modifications in Genes of Interest

In order to see if the population structure could be based on particular genomic modifications,
some genes that have already been described as important in A. fumigatus biology were analyzed
in depth in each of the A. fumigatus population clusters formed from the SNV comparisons. One of
the genes was the cyp51A gene including its promoter (AFUA_4G06890 in Af293, and AFUB_063960
in A1163). This region was used to determine the azole resistant phenotype based on the resistance
mechanism. Since both reference genomes, Af293 and A1163, have opposite mating types, the mating
locus genes were included in the analysis: Mat1.1.1 (AFUB_042900), Mat1.2.1 (AFUA_3G06170),
and Mat1.2.4 (AFUA_3G06160). The presence or absence of these loci was also tested in all genomes
using srst2 software (version 0.1.8) [35]. Every gene of interest was analyzed independently in
all genomes.

2.10. Visualization of Depth of Coverage

An exploratory approach using Circos (v 0.69.3) [36], a tool to represent visual data, was used
to plot the depth of coverage of 20 whole-sequenced genomes selected to represent each cluster and
subcluster in comparison to the Af293 reference genome. Mean coverage data in 10,000 length bins was
calculated from bam files with bedtools (version 2.2.17) (http://bedtools.readthedocs.io/en/latest/).

2.11. Mating Type Analysis

A mapping approach was used in order to identify genes associated with each mating type.
Since Af293 was Mat1.2 and A1163 was Mat1.1, all samples were mapped against both references
using the workflow displayed in Figure S1: (i) samples that had been determined with srst2 as
Mat1.2 and mapped against A1163 were selected, and unmapped reads were retained in this step;
(ii) the unmapped reads were then mapped against Af293. Statistics of coverage and depth of coverage
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were calculated for all genes annotated in A1163 reference genome using the bam generated in this
step; (iii) genes with at least 70% of coverage were selected; (iv) to discard genes that may be found
due to the lack of presence in the A1163 assembly, the same procedure was performed for Mat1.1
samples; (v) finally, genes in common among all Mat1.2 samples minus one but not present in any
Mat1.1 sample were exported as a result (Figure S1A). The reverse procedure was performed starting
with Mat1.1 samples determining the genes only present in Mat1.1 samples (Figure S1B).

3. Results

3.1. Species Identification

The isolates were identified at the species level and also the azole resistance mechanism was
analyzed by PCR amplification and sequencing of the cyp51A gene and its promoter as explained in
Materials and Methods section. All the strains were identified as A. fumigatus sensu stricto. The azole
susceptibility profile of most of the strains sequenced in the laboratory is described elsewhere [19].
For the remaining strains, the azole susceptibility profile was determined based on the known
cyp51A modifications detected by WGS analysis. According to the azole resistance mechanism,
the A. fumigatus strains included in this study harbored the following cyp51A modifications: (i) strains
with cyp51A single point mutations (G54E/R, M220V/T/K, and G138C) or double point mutations
(G448S together with H147Y) in the minority of cases (only one strain); or (ii) strains with tandem
integrations and cyp51A modifications (TR34/L98H, TR34/L98H/S297T/F495I). Two azole resistant
cyp51A wild type (WT) strains were also included. All these strain features (cyp51A modifications and
azole susceptibility profile, as well as the geographical origin and mating type), were described in
Tables 1 and 2. Afterwards, the DNAs were further analyzed using WGS.

3.2. Whole-Genome Sequencing Analysis

All genome sequences mapped to a range of 85–99% genome coverage with at least 10x of depth
of coverage and a mapping rate > 94% against Af293 reference genome. Similarly, sequences were
mapped to a range of 84–99% genome coverage with at least 10× of depth of coverage against A1163
reference with a mapping rate > 88% (Table S1). The Af293 and the A1163 strains were resequenced
in our laboratory (and named hereafter AF293 and CEA10) and had a total of 313 and 1009 SNVs,
respectively, compared to their respective reference genomes.

3.3. Phylogenetic Analysis

Phylogenetic analysis using SNV data of Spanish genomes (Table 1) clearly showed that our strains
were divided into four clusters independently of the genome used as reference (Figure 1, with Af293 as
reference genome and Figure 2, with A1163 as reference genome). In this previous analysis, the different
wild type reference strains used, akuBKU80 and CEA10 as derivative strains of A1163, AF293, CM237,
ATCC204305 and ATCC46645 were located in separated clusters (Figures 1 and 2). Those clusters
were further confirmed when the remaining 73 A. fumigatus genomes available from other countries
were included.

Therefore, based on phylogenetic analysis, the complete A. fumigatus population was divided
into four well defined clusters (I, II, III, and IV). Two of them could be further subdivided into
subclusters: cluster I split in 3 subclusters (I.1, I.2, I.3), and cluster II in 2 (II.1, II.2). Clusters III and IV
remained undivided, because any subcluster was identified. Each subcluster was considered as an
independent population group, and was used to compare itself against each reference genome (Table 3).
The two reference genomes used were distributed in different clusters when compared against the
other: A1163 in cluster I and Af293 in cluster III. The number of clusters and the tree topology was
maintained regardless of the reference genome chosen.
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Figure 1. Whole genome phylogenetic analysis of 101 Aspergillus fumigatus genomes included in the
study. Dendrogram was performed using Af293 as reference genome.

Table 3. Mean of single nucleotide variants (SNVs). Variants within clusters and subclusters compared
to both reference genomes.

Phylogenetic Groups SNVs vs. A1163 Reference Genome SNVs vs. Af293 Reference Genome

Subcluster I.1 34,544 75,653
Subcluster I.2 40,124 65,121
Subcluster I.3 46,811 79,899
Subcluster II.1 81,478 98,423
Subcluster II.2 80,994 97,749

Cluster III 82,235 35,268
Cluster IV 158,154 159,742
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Figure 2. Whole genome phylogenetic analysis of 101 Aspergillus fumigatus genomes included in the
study. Dendrogram was performed using A1163 as reference genome.

Based on cyp51A modifications, azole susceptible cyp51A-WT strains together with azole resistant
cyp51A single point mutation strains were grouped together in cluster I. In cluster II, there were azole
susceptible and resistant strains, with both cyp51A single point mutations and TR34/L98H mechanisms.
In cluster III, a set of strains with five cyp51A modifications (F46Y, M172V, N248T, D255E, E427K)
grouped together. While in cluster IV strains with three cyp51A modifications (F46Y, M172V, E427K)
also grouped together [19]. The Netherlands, Portugal and Canada genomes were distributed in
two clusters. The United Kingdom genomes were distributed in three, while Japanese genomes
(cyp51A-WT) were only in cluster I and Indian genomes (cyp51A-TR34) in cluster II. Except for the
tightly clustered isolates from India in cluster II.2, there was no relationship between the geographical
origin of the isolates and the cluster where they grouped.
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3.4. Single Nucleotide Variant Analysis against Both References

To explore the genomic differences between the clusters formed from phylogenetic studies,
total SNVs between populations were determined. There were a total of 93,609 and 71,844 SNV
positions identified against the reference genomes, Af293 and A1163, respectively. No noticeable
differences were found in the SNV ranges when all strains were mapped against Af293 (313–165,788)
or A1163 (1043–163,367). However, the number of specific SNVs identified in each strain was notably
different depending on the genome that was used as reference (Table 4). In fact, some particular
SNVs previously detected in our laboratory by PCR (L98H, F46Y, M172V, N248T, D255E, E427K)
were specifically searched for in both reference whole genomes. The L98H variant was found in
all genomes that harbored this mutation since none of the reference genomes had this change in
its own genome. However, the remaining 5 SNVs (F46Y, M172V, N248T, D255E, E427K) were only
detected when the reference genome chosen was the A1163 genome, as Af293 specifically harbored
these 5 same polymorphisms.

Table 4. Single nucleotide variant differences compared to both reference genomes. Variants of each
A. fumigatus genome included in this study.

Samples A1163 Af293 Samples A1163 Af293 Samples A1163 Af293

08-12-12-13 80,791 91,956 CM2495 151,089 148,524 F17582 79,598 97,024
08-19-02-10 75,401 89,762 CM2730 157,505 159,177 F17729 44,054 79,106
08-19-02-30 42,487 87,831 CM2733 154,361 160,494 F17729W 43,663 78,416
08-19-02-46 78,449 96,243 CM3248 22,834 74,568 F17764 25,812 70,013
08-19-02-61 80,244 96,416 CM3249 157,242 159,900 F18085 51,241 78,553
08-31-08-91 88,972 98,911 CM3249b 154,510 157,780 F5211G 82,091 99,726
08-36-03-25 83,921 102,006 CM3262 161,695 160,926 F7763 84,764 55,332
09-7500806 45,286 74,134 CM3720 156,600 158,781 IFM55369 42,849 64,003
10-01-02-27 72,487 93,299 CM4602 155,381 161,767 IFM58026 22,186 68,777
12-7504462 48,927 75,301 CM4946 158,692 161,082 IFM58029 36,521 63,106
12-7504652 80,203 93,323 CM5419 89,354 99,771 IFM58401 26,669 63,489
12-7505054 86,952 101,471 CM5757 36,027 74,420 IFM59056 30,841 61,481
12-7505220 75,479 100,229 CM6126 55,871 86,902 IFM59073 43,230 68,775
12-7505446 86,194 100,736 CM6458 42,482 71,670 IFM59359 39,309 67,118

Af293 83,486 313 CM7510 33,559 79,283 IFM59361 42,795 73,228
AF293 78,045 659 CM7555 51,657 77,679 IFM59365 21,830 74,248
AF41 34,879 72,914 CM7560 158,657 153,769 IFM59777 40,117 65,300
Af65 90,143 103,614 CM7570 160,908 162,292 IFM60514 39,629 75,765
AF72 35,271 73,632 CM7632 81,519 25,490 IFM61118 21,905 70,230
AF90 40,262 73,395 F12041 78,812 93,712 IFM61407 32,025 76,034

Afu1042-09 80,346 96,348 F12219 35,440 73,872 IFM61578 26,201 67,946
Afu124-E11 81,115 97,509 F12636 80,359 98,501 IFM61610 41,690 74,102
Afu166-E11 80,948 97,350 F13535 78,741 93,777 IFM62516 41,229 67,364
Afu218-E11 80,571 96,955 F13619 85,412 107,985 SL143435 22,037 81,031
Afu257-E11 80,499 97,008 F13952 78,466 93,926 SL143436 52,604 84,188
Afu343-P11 73,797 101,305 F14403 27,476 74,454 SL143437 61,289 91,394
Afu591-12 80,781 97,039 F14513G 78,647 94,213 SL143438 22,676 81,649
Afu942-09 80,827 97,149 F14532 79,931 102,436 SL143439 39,562 87,955
akuBKU80 1043 78,152 F14946G 44,442 79,719 SL143440 162,993 165,788

ATCC 204305 37,614 60,180 F15390 79,743 101,967 SL143441 38,498 72,994
ATCC 46645 84,994 103,941 F15927 161,157 164,076 SL146112 21,782 81,137

CEA10 1009 75,854 F16134 19,660 77,718 TP12 83,363 24,982
CM2141 88,704 107,238 F16216 78,073 90,736 TP32 163,367 162,032
CM237 48,402 83,874 F16311 51,387 78,630 F17582 79,598 97,024

Although the tree topology was maintained regardless of the reference genome chosen,
the number of SNVs within clusters changed significantly when comparing each reference against each
cluster, showing that both reference genomes were genetically very different (Table 3). The number of
SNVs of clusters II and IV were similar against both references, while remarkable differences in SNVs
were present in clusters I (closer to A1163) and III (closer to Af293) (Table 3). Considering subclusters,
the number of SNVs in subclusters I.1, I.2 and I.3 were almost half when the reference genome was the
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A1163, than the SNVs obtained using Af293 as reference genome. Another remarkable result was the
small number of SNVs found in cluster III when compared to Af293 genome. The SNV differences
found against both references were slighter but also considerable in cluster II, higher when compared
to A1163. Cluster IV had the greatest number of SNVs, independent of the reference genome used.

Moreover, in order to explore any genomic differences between clusters and subclusters,
some features of the SNVs found in each population were determined (Table 5). This table shows that
all populations had a similar amount of SNVs, excluding cluster IV, which had much more variants,
specifically missense and synonymous, compared to the other clusters.

Table 5. Types of SNVs and features. Variants found within each cluster compared to both genomes.

Variants
A1163 Reference Genome Af293 Reference Genome

I II III IV I II III IV

Frameshift variants 256 512 477 828 446 587 133 819
Inframe deletions 149 278 264 511 246 330 94 527
Inframe insertions 191 369 291 561 325 447 91 556
Intergenic variants 6405 11,107 12,819 6730 13,428 16,394 3,785 8792

Intron variants 1568 3668 3418 9066 3120 4322 960 8670
Missense variants 4342 10,251 10,008 23,107 8766 11,973 2562 22,746

Protein altering 8 19 12 18 16 22 4 21
Start lost 9 16 23 57 21 24 6 57

Stop gained 95 230 264 298 141 218 43 288
Stop lost 13 27 32 61 25 33 9 61

Stop retained 10 22 21 52 17 24 5 52
Synonymous variants 3675 9026 9005 26,080 8189 11,058 2365 25,418

3.5. Genetic Diversity

Evolutionary distances were estimated by computing the mean proportion or number of
nucleotide differences between each subcluster and each reference genome using two different models
provided by MEGA: the p-model and the number of differences model.

The pairwise distance matrices referred to the distance between each genome and the others
in pairs and was calculated and expressed in proportion and number of differences (Tables S2–S5).
The matrices obtained from the mean distance between groups in which each subcluster was compared
to each other, were indicated also as the proportion and number of differences of all these comparisons
(Tables S6 and S7). Cluster IV was identified as the most distant cluster, according to phylogenetic
results, with 123,259, 118,271 and 114,815 differences in SNVs against cluster I, II and III, respectively.
Moreover, while cluster III was more similar to cluster II with 36,031 differences, cluster I was closer
to cluster II than to III with 38,197 and 50,040 differences, respectively. These data were calculated
using Af293 genome as reference. Data using A1163 were not shown since no significant differences
were found.

Homogeneity within a group or cluster could be inferred through the analysis of the mean
distance within groups (Tables S8 and S9). Cluster IV was the most homogeneous since the number of
differences was lower than in the remaining groups, followed by subcluster II.1, independently of the
genome that was chosen as reference.

3.6. Genome-Wide Visualization of Depth of Coverage

The depth of coverage from a selected group of whole-sequenced genomes was plotted in a Circos
image to make an exploratory analysis, and to visualize similarities and differences in genome structure
(Figure 3). None of the 20 A. fumigatus genomes included in this study displayed chromosomal or
copy number variations. However, small deletions were observed in multiple chromosomes: regions
smaller than 100 kbp seemed to be deleted in chromosomes 3, 4, 5, 6, 7 and 8. Also, what seemed to
be large-scale deletions (bigger than 300 kbp) were detected in the edges of chromosomes 1 and 7 in
genomes of cluster I and II. It is noteworthy that there was a huge red region in chromosome 4 present
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in all genomes marked as an expected deletion, even in the two different Af293 genomes downloaded
and sequenced in-house although the reference genome used was the same Af293 strain genome.

Figure 3. Circos representation of whole-genome depth of coverage of 20 A. fumigatus genomes,
averaged over 10,000-bp bins. Red marks showed null coverage, black marks a range of coverage
between 1–500, and green marks showed a coverage higher than 500. Color legend shows the selected
genomes of each cluster: I (blue), II (pink), III (orange) and IV (green).

3.7. Genome Comparisons Based on Their Mating Type

There were no differences in the strain genetic background between genomes harboring the
mating type 1 or 2. In fact, strain genomes of both mating types were present in all clusters. In order
to detect if there was any differential presence or absence of certain genes based on their particular
mating type, all genomes were divided according to their mating type and mapped to both reference
genomes (Af293, Mat1.2 and A1163, Mat1.1). No differences in the presence of genes were found in
Mat1.1 strain genomes other than those encoded by the Mat1.2 locus itself (Mat1.2.1 and Mat1.2.4).
The same situation was found within strains with Mat1.2 genomes; there were no differences in genes
other than the gene Mat1.1.1 itself encoded by the Mat1.1 locus.

4. Discussion

Different typing techniques have demonstrated remarkable genomic diversity among strains
of A. fumigatus [13,37]. Aspergillus fumigatus is found in multiple environmental niches which
contribute to its genotypic and phenotypic heterogeneity among isolates [38]. Therefore, understanding
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the association between genomic diversity and different biological and phenotypic features,
such as the spectrum of pathogenicity and antifungal resistance, among others, is a challenge for
multiple Aspergillus laboratories. In this context, WGS is emerging as a promising tool for strain
characterization [18,39]. Since WGS considers the entire genetic material of every isolate, it provides
the highest discriminatory power that any technique can reach, allowing for the differentiation of
closely related strains [39]. In addition, WGS could emerge as a useful tool for gene detection and other
sequence-based investigations [9]. This source of an unprecedented amount of novel and comparative
data could aid in the development of a huge database which would contain information about the
biological differences between A. fumigatus strains, such as their origin, diversity and population
structure. Previous WGS studies with a suitable depth of coverage had shown variation in genome
structure with small-scale insertions and deletions, and recombination events among A. fumigatus
isolates [40]. However, due to the complexity of biological systems, some difficulties need to be
overcome in order to correlate complex biological traits with genomic features.

To date, most of the WGS studies are based on genome-scale comparisons in which the number of
SNVs of each strain are obtained comparing its genome to a previously selected reference genome.
In this work, we have made all comparison independently using two A. fumigatus reference genomes,
Af293 and A1163. The differential grouping of the A. fumigatus population in four clusters is driven
by the different SNVs found. In fact, the number of SNVs in each cluster and subcluster differed
depending on the reference genome used to determine the number of variants. Particularly, the small
number of SNVs found in cluster III when it was compared to Af293 reference genome is due to the
fact that the genomes included in this cluster were more similar to Af293 and had twice the SNVs
obtained with A1163 as a reference. Because cluster III was the smallest, formed by only five genomes,
the WGS analysis would be improved by the addition of more genomes when available. In addition,
it is important to highlight that the specific five SNVs in cyp51A present in all genomes belonging to
cluster III (F46Y, M172V, N248T, D255E, and E427K) would have not been detected when Af293 genome
was used as reference since those changes are also found in its genome. Other important changes
could have been missed during the analysis depending on which genome was used as a reference,
highlighting the importance of choosing an appropriate reference genome for each case.

The highest number of SNVs was found in cluster IV, which means that was the furthest and most
different population compared to both references (Table 3). In fact, this result was in agreement with
those computed using MEGA. Cluster IV was the most distant (in number of differences as well as
in proportion) from all the subclusters (Tables S6 and S7). When the differences within subclusters
were analyzed (Tables S8 and S9), this cluster had the greatest homogeneity. In conclusion, cluster IV
is the most different A. fumigatus population compared to the others but also the most homogeneously
composed. The results obtained by MEGA to study the evolutionary distances among genomes were
in line with the results obtained from WGS phylogenetic studies, since the evolutionary distances
supported the formed clusters and subclusters (Figures 1 and 2, Tables S6 and S7).

Regarding the Circos visual representation of the depth of coverage (Figure 3), it is noteworthy
that the described large-scale deletions were detected in the edges of chromosomes 1 and 7, so these
possible deletion events could be confined to telomeric or subtelomeric regions. Notably, all cluster
III genomes did not have these deletions, as well as the reference genome used, which belonged
to this same cluster. Remarkably, a huge deletion in chromosome 4 was present in all genomes.
This might be due to a misassembly or to sequencing errors since two different Af293 genomes
(downloaded and sequenced in-house) were included in the analysis and also had this deletion in
spite of being the same strain that the genome used as reference. Similar results have been found
by other authors although no comments were made about it, probably because it was difficult to
realize without sequencing in-house the Af293 [13]. Areas with higher depth of coverage might be
a consequence of possible duplication events, pseudogene presence or artefacts. However, since these
regions appeared specifically in chromosomes 2, 4 and 6 in most of the genomes of cluster II, it would
be worthy to explore them further. A specific mapping approach should be developed to analyze all
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these regions and to determine if there are real duplications and also if they represent a hallmark for
cluster characterization. Further research is in progress to clarify which genes are in these differential
regions and which are their biological processes or functions in which they are involved.

Experimental investigations on A. fumigatus biology and virulence have historically used only
a few particular strains, of which Af293 and A1163 are the most used. More than in any other
comparisons, the genetic background must be highly considered in the genomes used as references,
since it can be responsible for the variability in many biological aspects between isolates and thus
responsible for different phenotypes. The first genome comparison study between Af293 and
A1163 was accomplished in 2007, showing that both genomes were highly syntenic in most regions,
having core genes highly conserved and with levels of identity of 99.8% at the genome level [18].
These results were confirmed later by Fedorova et al. [17]. Specifically, the Af293 genome contained
143 [17] to 208 unique genes [18], while the A1163, 218 [17] to 320 [18]. In both cases, more than
60% of the strain-specific genes were related to cellular metabolism, secondary metabolism, signaling
and transcriptional regulation [17,18]. These sequence divergences could explain the phenotypic
differences described by other authors who reported a high heterogeneity among these two isolates
regarding abiotic stimuli physiological responses, levels of growth, and virulence [15,38,41], as well
as in immunogenic responses [42]. The variability in the total amount of unique genes in each
genome could be due to sequencing errors or, less probably, to new mutations generated during the
repeated subculture [13]. These results are in agreement with our study, in which the Af293 and
the A1163 reference genomes belonged to different phylogenetic clusters which means that there
are considerable differences between both genomes. Therefore, the appropriate election of the most
suitable reference genome in each context will ultimately result in a more appropriate comparison and
lead to solid conclusions.

Apart from the differences already discussed between Af293 and A1163, comparative analyses
of the mating loci showed that both strains belonged to opposite mating types [40,43]. Mating type
genes are not true idiomorphs, as they occupy adjacent positions on the chromosome. Mat1.1 strains
have only one gene in this locus that encodes a transcriptional factor with an alpha box domain
(AFUB_042900, Mat1.1.), while Mat1.2 strains contain a truncated copy of the high mobility group
(HMG) box (Afu3g06170, Mat1.2.1) and another gene (Afu3g06160, Mat1.2.4) needed for heterokaryon
formation as part of the mating process [44–46]. In this study we also checked if there were gene
differences (presence or absence) other than those responsible for the mating type (Mat1.1, Mat1.2.1 and
Mat1.2.4) among both groups of A. fumigatus genomes using an innovative approach (Figure S1).
No gene absences were found in Mat1.1 strain genomes other than those encoded by the Mat1.2 locus
itself (Mat1.2.1 and Mat1.2.4). Some previous works have reported differential gene presence between
strains that coincidentally had different mating types [17,18]. However, the differences found must be
due to their own different genetic background and not because of their opposite mating type.

One of the main concerns of invasive aspergillosis treatment is the global emergence of azole
resistance. Regarding azole resistance mechanisms, Cyp51A protein is the target of these drugs and
the cyp51A gene is a hotspot for mutations that confer azole resistance. The most common cyp51A
modifications could be grouped into two categories: A. fumigatus strains that harbor cyp51A single
point mutations (G54, G138, M220, or G448) [47–50], and isolates with specific point mutations in
cyp51A gene together with various size tandem repeat (TR) integrations in the promoter of the gene
(TR34/L98H, TR34/L98H/S297T/F495I, TR46/Y121F/T289A, or TR53) [24,51–53]. Moreover, all these
cyp51A modifications have been described to evolve from two different azole resistance acquisition
routes: the first set of strains come from the clinical setting as a consequence of the in-host drug
adaptation after azole exposure in the patient [54], while the second set of isolates with TR insertions
are hypothesized to develop from the azole exposure in the environmental setting [13,37,55–58].
Thanks to the high amount of isolates harboring different azole resistance mechanisms included
in the study, a clear tendency in terms of grouping can be observed. In agreement with previous
studies [13,37,55,56,58–60], all genomes included in our work that harbor a TR integration with single
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point mutations in cyp51A gene were grouped in cluster II, while isolates with punctual modifications
in this gene were spread across clusters I and II. The same happened with cyp51A-WT strains that
were distributed across those clusters. Therefore, our study supported the idea that isolates with
punctual modifications in cyp51A (G54, G138, M220, or G448) and also cyp51A-WT strains have
a greater genetic diversity than TR azole resistant isolates (TR34/L98H, TR34/L98H/S297T/F495I),
which reinforces the previously suggested idea that TR resistance mechanisms have developed from
a reduced set of clonally related strains with shorter genetic distances among them [59,60]. In this
study, only genomes from strains which harbor the TR34/L98H resistance mechanism (with or without
the S297T and F495I modifications) have been included. It would be most interesting to include isolates
harboring TR46/Y121F/T289A, and TR53 azole resistance mechanisms. Furthermore, it is noteworthy
that cluster III and IV were formed specifically by particular isolates that harbor 3 or 5 cyp51A
modifications (F46Y, M172V, E427K and F46Y, M172V, N248T, D255E, E427K, respectively). This result
was in agreement with previous studies developed in our group [19]. Further characterization of
clado-specific genes would enhance our understanding of antifungal resistance mechanisms and help
to unravel the environmental route resistance development.

Despite all these known azole resistance mechanisms, there is an increasing number of A. fumigatus
azole resistant isolates for which the underlying mechanism remains unknown [61,62] or which are
independent of cyp51A modifications [63]. The availability of A. fumigatus genomes to compare closely
related strains but with differences in their azole susceptibility phenotype will increase the chance of
finding genetic differences that could explain the phenotypic variations.

In conclusion, a great amount of novel and useful information can be derived from WGS studies.
Here we particularly demonstrated that the selection of strains and reference genomes is crucial
for comparative analysis at genomic and phenotypic level. Further compilation of A. fumigatus data
generated by WGS studies could greatly enhance the understanding of molecular mechanisms involved
in antifungal drug resistance and its development, as well as in many other biological functions that
remain unknown. As the number of A. fumigatus genomes have increasingly been publically available,
researchers will be able to increase the possibilities for data analysis which will ultimately allow them
to come up with possible conclusions about an infinite number of hypotheses.
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Abstract: Golgi reassembly and stacking protein (GRASP) is required for polysaccharide secretion
and virulence in Cryptococcus neoformans. In fungal species, extracellular vesicles (EVs) participate
in the export of polysaccharides, proteins and RNA. In the present work, we investigated if
EV-mediated RNA export is functionally connected with GRASP in C. neoformans using a graspΔ
mutant. Since GRASP-mediated unconventional secretion involves autophagosome formation
in yeast, we included the atg7Δ mutant with defective autophagic mechanisms in our analysis.
All fungal strains exported EVs but deletion of GRASP or ATG7 profoundly affected vesicular
dimensions. The mRNA content of the graspΔ EVs differed substantially from that of the other two
strains. The transcripts associated to the endoplasmic reticulum were highly abundant transcripts
in graspΔ EVs. Among non-coding RNAs (ncRNAs), tRNA fragments were the most abundant in
both mutant EVs but graspΔ EVs alone concentrated 22 exclusive sequences. In general, our results
showed that the EV RNA content from atg7Δ and WT were more related than the RNA content of
graspΔ, suggesting that GRASP, but not the autophagy regulator Atg7, is involved in the EV export
of RNA. This is a previously unknown function for a key regulator of unconventional secretion in
eukaryotic cells.

Keywords: Cryptococus neoformans; RNA; extracellular vesicles; GRASP; Atg7; unconventional
secretory pathway
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1. Introduction

Extracellular vesicle (EV) formation and release constitute a ubiquitous export mechanism of
proteins, DNA and RNA [1,2]. EVs play key roles in processes of cell communication, homeostasis,
immunopathogenesis and microbial virulence [1,2]. EV formation is a conserved mechanism in both
prokaryotic and eukaryotic cells [3]. In fungi, EVs participate in the transport of macromolecules
across the cell wall [4–6]. Fungal EVs transport a variety of macromolecules including proteins, lipids,
glycans, pigments and, as more recently described, RNA [4,6–9].

EV biogenesis in fungi is still poorly understood. It has been hypothesized that EV biogenesis in
eukaryotes is a complex process that is regulated at multiple levels [10,11]. EV formation is part of
the unconventional secretion machinery in eukaryotes and general regulators of unconventional
secretion have been identified. GRASP (Golgi reassembly and stacking protein) is a secretion
regulator originally characterized in human cells as part of the Golgi cisternae stacking and ribbon
formation [12,13]. During stress, GRASP is required for protein delivery to the plasma membrane or to
the extracellular space by an unconventional pathway that involves autophagosome-like structures [14].
In mammalian cells, GRASP is also involved in the delivery of a mutant form of cystic fibrosis
transmembrane conductance regulator to the plasma membrane in a Golgi-independent manner [15].
In Drosophila melanogaster, GRASP participates in the delivery of integrins from the ER directly to the
plasma membrane, thus bypassing the Golgi [16]. In the amoeba Dictyostelium discoideum, a GRASP
orthologue (GrpA) was necessary for acyl-coenzyme A-binding protein (AcbA) secretion during spore
differentiation [17]. In the yeast species Saccharomyces cerevisiae and Pichia pastoris, another GRASP
orthologous (Ghr1) was also required for starvation-induced secretion of AcbA [18,19].

In the yeast-like neuropathogen Cryptococcus neoformans, GRASP was required for polysaccharide
export to the extracellular space. Polysaccharide secretion is fundamental for virulence in
C. neoformans [20] and, in fact, a graspΔ mutant was hypovirulent in mice [20]. Polysaccharide
export in C. neoformans is mediated by EVs but connections between GRASP functions and EV cargo
remain uncharacterized.

Autophagy is a self-degradative process conserved in eukaryotes, presenting a housekeeping role
by degrading dysfunctional components such as organelles and misfolded proteins [21]. The Atg7 is
an autophagy regulator protein member of the ubiquitin-activating enzyme (E1) family involved in
this process [22]. The Atg proteins have non-canonical roles in distinct cellular pathways. For example,
Toxoplasma gondii Atg8 localizes to the apicoplast and is essential for organelle homeostasis and survival
of the tachyzoite stage of the parasite [23]. Atg7 non-autophagic roles include cathepsin K secretion
in bone osteoclasts [24], IFNγ-mediated antiviral activity against virus replication [25], adipogenesis
in mice [26] and cell cycle regulation via p53 interaction and expression of p21 in mouse embryonic
fibroblasts [27].

Autophagy regulators play key roles in cryptococcal physiology and, in fact, we have recently
demonstrated that the putative autophagy regulator Atg7 affects both physiological and pathogenic
mechanisms in C. neoformans [28]. In D. discoideum, GRASP-mediated unconventional secretion is
mediated by autophagosomes, showing that there is a connection between these processes [18,29].

The role of unconventional secretion regulators in vesicular export of RNA is unknown but the
functional connections between GRASP and Atg7 led us to evaluate whether these proteins affected
extracellular RNA export in C. neoformans. Our results suggest that GRASP, but not Atg7, is a key
regulator of vesicular export of RNA in C. neoformans.

2. Material and Methods

2.1. Fungal Strains and Growth Conditions

The C. neoformans strains used in this study included the parental isolate H99 and the
mutant strains atg7Δ and graspΔ, which were generated in previous studies by our group [20,28].
Fungal cultures were maintained at 30 ◦C in Sabouraud dextrose plates (1% dextrose, 4% peptone).
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Cells recovered from the stationary cultures were used to inoculate minimal medium composed of
dextrose (15 mM), MgSO4 (10 mM), KH2PO4 (29.4 mM), glycine (13 mM) and thiamine-HCl (3 μM)
for further cultivation for three days at 30 ◦C, with shaking. All protocols adhered to the biosecurity
demands of the Carlos Chagas Institute of Fiocruz (Curitiba, Brazil).

2.2. Extracellular Vesicle Isolation and Diameter Determination

EVs were isolated from fungal culture supernatants as previously described [4]. Briefly, cell-free
culture supernatants were recovered by centrifugation at 4000× g for 15 min at 4 ◦C and the resulting
supernatants were pelleted at 15,000× g for 30 min to remove small debris. The final supernatants
were concentrated by a factor of 20 in an Amicon ultrafiltration system (100-kDa cutoff, Millipore,
Burlington, VT, USA). Concentrated supernatants were centrifuged at 15,000× g for 30 min to ensure
the removal of aggregates and the resulting supernatant was then ultracentrifuged at 100,000× g for
1 h to precipitate vesicles. Vesicle pellets were washed once in phosphate-buffered saline (PBS) and
the final pellets were suspended in PBS. For analysis of EV dimensions, nanoparticle tracking analysis
(NTA) was performed on a LM10 Nanoparticle Analysis System, coupled with a 488 nm laser and
equipped with a SCMOS camera and a syringe pump (Malvern Panalytical, Malvern, UK). The data
was acquired and analyzed using the NTA 3.0 Software (Malvern Panalytical). EVs from all samples
were diluted 1:30 in filtered PBS (0.22 μM) and measured within the optimal dilution range previously
described by Maas and colleagues (9 × 107–2.9 × 109 particles/mL) [30]. Polystyrene microspheres
(100 nm) were used for equipment calibration. Samples were injected using a syringe pump speed
of 50 and three videos of 60 s were captured per sample, with the camera level set to 15, gain set to
3 and viscosity set to water (0.954–0.955 cP). For data analysis, the gain was set to 10 and detection
threshold was set to 5 for all samples. Levels of blur and max jump distance were automatically set.
Particle detection values were normalized to the total number of cells in cultures from which each
sample was obtained.

2.3. Small RNA Isolation

Small RNA (sRNA)-enriched fractions were isolated with the miRNeasy mini kit (Qiagen, Hilden,
Germany) and then treated with the RNeasy MinElute Cleanup Kit (Qiagen), according to the
manufacturer’s protocol, to obtain small RNA-enriched fractions. The success of the sRNA extraction
was assessed in representative EV preparations that were treated with 30 U DNase I (Qiagen) and
characterized in an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). To confirm
that the RNA was confined within the EVs, vesicle samples were treated with 0.4 μg μl−1 RNase
(Promega, Madison, WY, USA) for 10 min at 37 ◦C before RNA extraction, as previously described [9].

2.4. RNA Sequencing

One hundred ng of purified sRNA were used for RNA-seq analysis from two independent
biological replicates. The RNA-seq was performed in a SOLiD 3 plus platform using the RNA-Seq kit
(Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s recommendations.

2.5. Cellular RNA Isolation and Quantitative PCR

Yeast cells were grown in minimal medium for 72 h, pelleted by 1 min centrifugation at
14.000× g, washed in PBS, suspended in the lysis buffer provided in miRCURY™ RNA Isolation
Kit–Cell & Plant (Exiqon, Vedbaek, Danmark) and vortexed 5 times in acid washed glass beads
(425–600 micron, Sigma-Aldrich, St. Louis, MO, USA). The lysate was centrifuged for 2 min at
14.000× g and the supernatants were collected for RNA isolation with the mirCURY™ kit, following
the manufacturer’s instructions. The RNAs were eluted in ultrapure water and treated with RQ1
RNase-Free Dnase (Promega) following the manufacturer’s instructions. Reverse transcription
reactions with the DNAse-treated RNAs were performed with a random primer and the ImProm-II™
Reverse Transcription System (Promega), following the manufacturer’s instructions. Real time PCR
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reactions were performed using SYBR® Select Master Mix and run and analyzed using the LightCycler®

96 System (Roche, Basel, Switzerland). The primers corresponded to CNAG_03103 Cullin3 Forward
GCCATACGGGAGATACAGAAC, Reverse GAGGTGTTGGACGATGAGAG, CNAG_07590 V_typeH
Forward TCATGCTCAACGAAGTCAGG, Reverse GGAAGCAGTGGTTGTGAATG, CNAG_03337
hypothetic Forward CGGTCTTTATCGCTGCTGTAT, Reverse ATTGAAGAGTGGATGTCGTGG and
CNAG_00483 Actin Forward CCACACTGTCCCCATTTACGA, Reverse CAGCAAGATCGATACGG
AGGAT Each reaction was performed using 10 ng of cDNA. The experiment was performed in
triplicates and the expression levels relative to actin were calculated according to Pfaffl’s method using
t-test for the statistical analysis [31].

2.6. In Silico Data Analysis

The sequencing data were analyzed using the version 9.1 of CLC Genomics Workbench©.
The reads were trimmed on the basis of quality, with a threshold Phred score of 15. The reference
genomes used for mapping were obtained from the NCBI database (C. neoformans-GCA_000149245.3).
The alignment was performed as follows: additional 100-base upstream and downstream sequences;
10 minimum number of reads; 2 maximum number of mismatches; −2 nonspecific match limit and
minimum fraction length of 0.9 for the genome mapping or 1.0 for the RNA mapping. The minimum
reads similarity mapped on the reference genome was 80%. Only uniquely mapped reads were
considered in the analysis. The libraries were normalized per million and the expression values for
the transcripts were recorded in RPKM (reads per kilobase per million), we also analyzed the other
expression values-TPM (transcripts per million) and CPM (counts per million).

2.7. Data Access

The data is deposited to the Sequence Read Archive (SRA) database of NCBI (Bethesda, MA,
USA) under study accession number (SRA: SRX2793565 to 67).

3. Results

3.1. Lack of GRASP Results in Changes in the RNA Content of Cryptococcus neoformans Extracellular Vesicles

Our experimental model included wild type (WT) and two mutant strains of C. neoformans.
WT cells corresponded to strain H99, a standard and widely investigated clinical isolate. Knockout
mutant strains (KO) lacked expression of two regulators of cryptococcal pathogenicity, GRASP and
ATG7 [20,28].

We first asked whether the lack of either GRASP (graspΔ) or ATG7 (atg7Δ) expression would
affect the EVs composition. The analysis of diameter distribution of wild type EVs by nanoparticle
tracking analysis (Figure 1) revealed a major population of cryptococcal vesicles in the 50–250 nm
range. Peaks of EVs corresponding to approximately 300, 410, 500 and 630 nm were also observed.
Although the dimensions of cryptococcal EVs have been traditionally determined by dynamic light
scattering and/or electron microscopy, the results obtained by nanoparticle tracking analysis were
consistent with the previous literature [32]. Deletion of GRASP or ATG7 produced a clear impact on the
size distribution of cryptococcal EVs. In comparison to WT cells, peaks corresponding to sizes higher
than 300 nm were no longer observed. A minor peak at 225 nm and major, sharp peaks at 100 and
140 nm were observed in EVs produced by both mutants. Complementation of mutant cells resulted in
EV fractions enriched in the 100–300 nm range, but the minor peaks at 415, 500 and 600 nm observed
in WT cells were still not detectable. Although deletion of GRASP or ATG7 resulted in modified
EV detection, no statistical differences were observed between the different samples. In summary,
the nanoparticle tracking analysis revealed that deletion of GRASP and ATG7 affected EV properties
in C. neoformans. We then asked whether the differences in EV diameters correlated with the RNA
content in C. neoformans EVs.
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Figure 1. Nanoparticle tracking analysis of Cryptococcus neoformans extracellular vesicles (EVs)
comparing wild type (WT), mutant (graspΔ and atg7Δ) and complemented (graspΔ::GRASP and
atg7Δ::ATG7) cells. Results are representative of two independent biological replicates producing
similar profiles. Particles were quantified in EV samples suspended in 150 mL phosphate-buffered
saline (PBS). Particle detection values shown in the upper, right panel were normalized to the total
number of cells in the cultures from which each sample was obtained.

Total RNA was isolated from fungal EVs and two independent biological replicates were subjected
to RNA-seq (Figure S1). In order to compare the EV-RNA composition between the knockout (atg7Δ
and graspΔ) and the WT strains we first aligned the RNA-seq reads with the C. neoformans H99 genome
(GCA_000149245.3) sequences. We used the raw data available for isolate H99 from our previous
work [9] and compared them with the atg7Δ and graspΔ EV RNA (Table 1). For all C. neoformans strains
about 85% of the EV-RNA reads mapped to intronic regions, while less than 10% mapped to exons.
A similar profile was observed for the C. neoformans WT strain (H99) in our previous work [9].

Analysis of EV-mRNAs showed that the correlation between WT and atg7Δ (r 0.71) sequences
was greater than that for WT and graspΔ (r 0.22) (Figure 2A,B). This result indicates that the mRNA
content in WT EVs was closer to that of atg7Δ vesicles than to the content of graspΔ EVs.
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Table 1. RNA-seq mapping statistics. The values refer to the average of the replicates.

C. neoformans

WT atg7Δ graspΔ

Uniquely
Mapped

% of Total
Mapped

Uniquely
Mapped

% of Total
Mapped

Uniquely
Mapped

% of Total
Mapped

Exon 5030 0.4 60,683 9.2 59,425 7.5
Exon-exon 10,664 0.6 1458 0.2 2350 0.3
Total exon 113,655 9.7 62,141 9.4 61,774 7.8

Total intron 1,003,971 90.3 568,003 84.9 758,109 86.9
Total gene 1,117,625 100 667,288 100.0 861,092 100.0

Figure 2. Correlation between the EV-mRNA sequences of graspΔ vs. WT samples (A) and atg7Δ vs.
WT preparations (B). The transformed mean read values for WT EVs are in the X-axis, while those
obtained from mutant vesicles are in the y-axis.

We next performed paired comparisons (WT versus graspΔ and WT versus atg7Δ) and applied the
statistical negative binomial test [33] and the filters RPKM ≥ 50, log2 ≥ 2 and false discovery rate (FDR)
≤ 0.01. From the WT versus graspΔ analysis, 266 mRNAs were identified as enriched in the EVs from
the graspΔ mutant (Table S1). From these transcripts, we observed enrichment in cellular components
(p ≤ 0.03) such as membrane and endoplasmic reticulum (Figure 3). For biological processes (p ≤ 0.03),
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the enriched terms included organelle organization, cell cycle and gene expression (Figure 3). For the
WT versus atg7Δ analysis, 74 mRNAs were found enriched in the atg7Δ compared to the WT strain
(Table S2). The most abundant cellular components mRNAs (n = 75) in atg7Δ EVs were the nucleus
and the mitochondrion (Figure 4). Biological processes were associated to transcription, transcription
regulation and RNA processing (Figure 4). However, the score values for some terms did not meet the
statistics criteria (p ≤ 0.03).

Figure 3. Krona chart representing the gene ontology of mRNA sequences enriched in EVs isolated
from the C. neoformans graspΔ mutant. The percentage refers to the relative enrichment for the Gene
Ontology (GO) terms. The colors represent the p-value for each term plotted in the chart.
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Figure 4. Krona chart representing the gene ontology of mRNA sequences enriched in EVs isolated
from the C. neoformans atg7Δ mutant. The percentage refers to the relative enrichment for the GO terms.
The colors represent the p-value for each term plotted in the chart.

Noteworthy, the second and third most abundant transcripts exclusively identified in graspΔ EVs were
those for the ER lumen protein retaining receptor and the regulator of vesicle transport through interaction
with t-SNAREs 1 (Table S1). The former determines specificity of the luminal ER protein retention system
and is required for normal vesicular traffic through the Golgi. The latter is involved in multiple transport
pathways [34,35]. In addition, most of the transcripts were associated to organelles, such as the nucleus, the
mitochondrion and the endoplasmic reticulum, suggesting that somehow the GRASP knockout resulted in
altered population of transcripts composing the EVs. This enrichment profile was not observed in the ATG7
knockout (Table S2), thus validating the differences observed in the graspΔ mutant EVs.

As we observed this alteration in the EV-RNA composition for the graspΔ mutant we asked
if this difference was due to a general alteration in the cell transcriptome caused by the GRASP
knockout. We then selected three of the most enriched transcripts found in the graspΔ mutant EVs
and assessed their expression value by qPCR in WT, mutant (graspΔ and atg7Δ) and complemented
(graspΔ::GRASP and atg7Δ::ATG7) strains (Figure 5). The expression values of cullin 3, hypothetical
protein CNAG_03337 and the V-type H transporting ATPase subunit C transcripts were similar in WT
and graspΔ mutant strains, despite the mRNA alteration in the EVs obtained from these two strains.
The atg7Δ mutant showed the highest expression levels of these mRNAs when compared to the WT
and graspΔ strains (Figure 5). In addition, these transcripts had very low identification or were not
detected in EVs from the atg7Δ strain (Table S2). Therefore, despite of the fact that atg7Δ mutant
showed high expression levels, this variation did not correlate with the presence of these transcripts in
EV fractions. Analysis of the complemented strains demonstrated a partial restoration of the wild-type
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phenotype in the atg7Δ system (Figure 5). Altogether, these results reinforce the notion that the GRASP
deletion lead to a shift in the RNA composition of cryptococcal EVs.

Figure 5. Analysis of the cellular transcription levels of three vesicular RNA sequences.
Transcript levels for (A) Cullin 3; (B) hypothetical protein CNAG_03337 and (C) V-type H+-transporting
ATPase subunit C were normalized to the levels of actin transcripts. The X-axis corresponds to each
strain analyzed (WT, graspΔ, graspΔ::GRASP, atg7Δ and atg7Δ::ATG7). The y-axis corresponds to the
relative expression level of the mRNAs in the cell. Each bar represents the mean and standard error of
triplicate samples. * p < 0.05; ** p < 0.01; *** p < 0.001.

155



Genes 2018, 9, 400

3.2. Comparison of Cellular RNA Versus Extracellular Vesicle RNA Composition

The differences in the RNA composition of EVs produced by the graspΔ strain led us to question
whether the mRNAs in the EVs correspond to those highly expressed in the cell, likely resulting
from random incorporation into vesicular carriers [36]. To address this hypothesis, we compared
the C. neoformans transcriptome (H99 strain) with the vesicular RNA sequences [9,37] (Table S3).
After applying the differential gene expression analysis (DGE) we observed that, for several transcripts,
there was an inversion between the expression patterns in the cell and the RNA abundance in the
EVs (Figure 6 and Table 2). For example, one of the most enriched transcripts in the EVs presented
low levels of expression in the cell (CNAG_06651 amidohydrolase). On the other hand, CNAG_03012
(encoding a quorum sensing-like molecule) had an RPKM value greater than 20,000 in the cell but
showed low abundance in the EVs (average RPKM value of 36; Table 3 and Table S3). This observation
indicates a lack of correlation between the most expressed cellular mRNAs and EV cargo, therefore
reinforcing the supposition that RNA loading into WT or mutant EVs is not random.

Figure 6. Heat map illustration of the comparison between cellular and EV RNAs. The expression
levels are visualized using a gradient color scheme, where the red color is used for high expression
levels and the blue color is used for low expression levels. Each line corresponds to a gene of the C.
neoformans H99 strain.
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3.3. Intronic Reads

We have previously observed that a great number of C. neoformans EV-RNA reads mapped to
intronic regions of the genome [9], which is in agreement with our current findings with the knockout
strains. To analyze intronic reads in mRNAs and exclude non-coding RNAs (ncRNAs), such as
ribosomal RNA (rRNA) or transfer RNA (tRNAs), we used the presence of exons as a criterion to
ensure ncRNAs were excluded (Table 3). We observed two types of patterns, including reads mapping
to both exons and introns in variable proportions and those that mapped only to introns in the
messenger RNAs. The intronic mapping shared by the EV RNAs from the WT and mutant strains of C.
neoformans were associated to translation and also to transmembrane proteins (Table 3). From the 32
mRNAs with intronic reads found in the EV samples, 12 have previously been described as transcripts
with intron retention [38]. It has already been reported that 59% of the genes from C. neoformans use
alternative splicing (AS) that varies depending on the growth conditions. The intron retention (IR) is
the prevalent AS mechanism in this fungus [38]. We also observed differences in abundance between
the cell mRNAs compared to those in the EVs (Table 3). For example, the mRNA CNAG_07982 that
codes for a hypothetical protein is 10 times more abundant in the EV than in the cell. A similar profile
was observed for sequence CNAG_01820, which encodes a pyruvate kinase (Table 3). It has been
speculated that the mRNAs that present IR are not the most expressed in cells based on a negative
correlation between the highly expressed transcripts and the presence of IR [38]. However, our present
data show that most of the reads that were considered as aligned in introns, are in fact the rRNAs 25S,
18S and 5.8S (data not shown). Nevertheless, we obtained highly abundant transcripts that are likely
to be intron-retaining mRNAs (Table 3), suggesting that somehow these IR mRNAs might be directed
to the EVs. The function of these transcripts needs to be further investigated.

3.4. Non-Coding RNAs

The EV-RNA sequences obtained in this work also mapped to ncRNAs. The most abundant
molecules were the 25S, 18S and 5.8S rRNAs, accounting for more than 90% of the ncRNA and intronic
reads (data not shown). As described for the mRNA analysis, we performed paired comparisons (WT
versus graspΔ and WT vs. atg7Δ) and applied the statistical negative binomial test [33] and the filters
RPKM ≥ 50, log2 ≥ 2 and FDR ≤ 0.01. For the WT versus graspΔ we observed 43 ncRNAs enriched
in graspΔ (Table S4). For WT versus atg7Δ 30 ncRNAs were enriched in the atg7Δ strain (Table S5).
From these results, it was possible to observe that the tRNA-derived fragments (tRFs) were enriched
in both knockouts (Table S4 and S5). tRFs have been identified in EVs from organisms in all kingdoms,
including archaea, bacteria and eukaryotes, where they play different biological roles [39].

4. Discussion

Fungal extracellular vesicles might correspond to structures that randomly incorporate cytosolic
molecules that are released extracellularly or in the cell wall [11]. Our current results, however, suggest
that EV RNA cargo can be finely regulated. Our model consisted of an investigation of the role of
C. neoformans proteins GRASP and Atg

7 in the vesicular export of RNA. Although these proteins are functionally connected in other
systems [12,17,26,27], our findings suggest that GRASP, but not Atg7, has a fundamental role in
addressing RNA to cryptococcal EVs. The Atg proteins, which are primarily linked to autophagy
processes, have non-canonical roles in distinct cellular pathways. It seems clear, however, that despite
the variety of functions played by Atg7 and the significant alterations that its gene deletion causes in
C. neoformans, the RNA populations transported by EVs were not greatly affected by the atg7 knockout
in C. neoformans. The phenotypic characteristics of this mutant included more efficient melanization,
larger cell size, autophagic bodies formation and virulence attenuation [28].

Remarkably, phenotypic traits including EV dimensions were only partially recovered in
complemented strains. This observation is likely related to methodological particularities intrinsic to
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the genetic manipulation of C. neoformans. For instance, biolistic transformation usually results in large
chromosomic alterations but most importantly, gene complementation results in random insertion
of ATG7- or GRASP-containing cassettes in multiple chromosome loci. Under these conditions,
many phenotypic traits can be unpredictably affected and complemented genes can have their
expression altered. In the specific case of GRASP, complementation of the graspD strain used in this
study resulted in GRASP overexpression [20,28], which might be related to the unique phenotypic
properties of the complemented strain.

Sequencing analysis of vesicular RNA obtained from mutant strains suggested that important
biological functions are associated with nucleic acid-containing fungal vesicles. For example,
the tRF-3’end derived (or CCA) uses the canonical miRNA machinery to downregulate replication
of protein A1 mRNA and other transcripts in B cell lymphoma [40]. Regulation of translation is also
a potential process where tRFs participate. It was demonstrated that tRF derived from tRNA-Val in
the archaebacteria Haloferax volcanii binds to the small ribosomal subunit, consequently repressing
translation by preventing a peptidyl transferase activity [41]. tRFs are also associated to the regulation
of cell viability, RNA turnover and RNA stability [42–45]. The roles of GRASP and Atg7 in these
processes have not been established but the enrichment of specific classes of RNA in mutant EVs
suggests the existence of robust connections between EV traffic and tRFs. In Trypanosoma cruzi,
the causing agent of Chagas disease, tRF-containing EVs can be transferred to other parasites and/or
to host cells to modulate gene expression or facilitate infection [46,47]. In EVs from dendritic and
T cells there are different populations of tRFs indicating selective loading of these molecules into
the vesicles [48]. Human semen EVs are enriched with tRFs that hypothetically act as translational
repressors [49]. It is unknown whether fungal vesicles can be transferred to other cells and consequently
regulate metabolism and gene expression but it is tempting to speculate this hypothesis based on the
findings mentioned above.

The mRNA population from graspΔ EVs had low correlation with WT vesicles. In addition,
ncRNA populations were also clearly distinct in EVs from WT and graspΔ cells, where snoRNA
predominated in the WT and tRNA/tRFs in the KOs.

The distinct RNA cargo in the mutants analyzed in this study is in agreement with a key and
general role of GRASP in unconventional secretion in C. neoformans and a minor participation of Atg7.
Polysaccharides, which lack secretory tags, require GRASP for efficient secretion in C. neoformans [20].
Deletion of ATG7, however, did not affect polysaccharide export in this fungus [28]. Multivesicular
body formation and consequent exosome release involve a number of cellular regulators whose
functions directly affect EVs [50,51]. In fungi, a number of regulators affect biogenesis of exosome-like
EVs, including the ESCRT machinery, flippases and GRASP [52]. It has been hypothesized that GRASP
(Grh1) could participate in this process by acting as a chaperone and directly influencing the cargo of
EVs [53]. This GRASP chaperone function could be linked to our current results since RNA cargo was
deeply affected in the graspΔ mutant. Altogether, these results strongly indicate a novel function for
the GRASP family in eukaryotes that could directly affect cell communication, gene expression and
host-pathogen interactions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/8/400/s1,
Table S1: List of transcripts enriched in graspΔ compared to the wild type strain (H99), Table S2: List of transcripts
enriched in atg7Δ compared to the wild type strain (H99), Table S3: List of transcripts enriched in the EVs
compared to the cell in the wild type strain H99, Table S4: List of ncRNAs enriched in graspΔ compared to the wild
type strain (H99), Table S5: List of ncRNAs enriched in atg7Δ compared to the wild type strain (H99), Figure S1:
Electropherograms of the small-RNA content of EVs from the WT, graspΔ and atg7Δ strains of C. neoformans.
The size in nucleotides (nt) and the fluorescence intensity (FU) are indicated on the corresponding axes of the
graphs generated from the profiles shown on the left.
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Abstract: Caenorhabditis elegans is a valuable tool as an infection model toward the study of Candida
species. In this work, we endeavored to develop a C. elegans-Candida parapsilosis infection model
by using the fungi as a food source. Three species of the C. parapsilosis complex (C. parapsilosis
(sensu stricto), Candida orthopsilosis and Candida metapsilosis) caused infection resulting in C. elegans
killing. All three strains that comprised the complex significantly diminished the nematode lifespan,
indicating the virulence of the pathogens against the host. The infection process included invasion
of the intestine and vulva which resulted in organ protrusion and hyphae formation. Importantly,
hyphae formation at the vulva opening was not previously reported in C. elegans-Candida infections.
Fungal infected worms in the liquid assay were susceptible to fluconazole and caspofungin and could
be found to mount an immune response mediated through increased expression of cnc-4, cnc-7, and
fipr-22/23. Overall, the C. elegans-C. parapsilosis infection model can be used to model C. parapsilosis
host-pathogen interactions.

Keywords: Candida parapsilosis; Caenorhabditis elegans; hyphae; invertebrate infection model;
host-pathogen interaction

1. Introduction

Candida parapsilosis is a common human opportunistic pathogen able to cause superficial
and invasive diseases. Most notably, it causes bloodstream infections (BSIs) in very low
birth weight neonates and in patients with catheter-associated candidemia and/or intravenous
hyperalimentation [1–3]. In 2005, the genetically heterogeneous taxon C. parapsilosis was reclassified
into three species: C. parapsilosis (sensu stricto), Candida orthopsilosis, and Candida metapsilosis [4]. As of
yet, it is unclear if there are putative differences between virulence traits among species within the
C. parapsilosis complex [5–7]. C. parapsilosis (sensu lato) is the most common non-albicans Candida species
(NAC) isolated from BSIs in Spain, Italy, many countries in Latin America, while being described as
prevalent in U.S. medical centers [8–11].

Over the past decade, invertebrate models have become increasingly valuable to facilitate the
study of fungal pathogenesis [12]. Several factors triggered the development of these models, including
ethical issues, costs, and physiological simplicity. Moreover, the innate immune mechanisms between
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invertebrates and mammals share evolutionary conservation, which provides insight into common
virulence factors involved in fungal pathogenesis of different types of hosts [13–17].

In particular, Caenorhabditis elegans has been used successfully as a candidiasis infection model [18],
and its utility has been demonstrated in the assessment of fungal virulence traits and identification
of new anti-fungal compounds [18–20]. Nematodes consume fungal pathogens, substituting for the
normal laboratory diet, Escherichia coli. The ingested fungi establish an infection within the worm gut
that can be characterized by the accumulation of yeast and distention of the intestine. The infected
nematodes can be followed with either solid or liquid media assay conditions. In liquid medium
assays, yeast form hyphae that protrude through the worm cuticle [18,21]. Both Candida albicans and
non-albicans species have been found to cause lethal infections in C. elegans [18].

Although C. elegans has proven to be a valuable host to study C. albicans and a limited number of
non-albicans species, there are still limited evaluations applied to the study of C. parapsilosis species
complex infections [22]. In this study, we developed a C. parapsilosis (sensu lato)-C. elegans infection
model and demonstrated the utility of this model to study virulence traits of this pathogenic yeast.
Furthermore, our endeavors provide insight into the host’s defense mechanisms involved against
C. parapsilosis infection. We describe the reduced lifespan of worms that ingest C. parapsilosis and the
host symptoms that follow, which differ from those involved in C. albicans-C. elegans infection.

2. Materials and Methods

2.1. Strains and Media

The Candida strains used in these experiments were obtained from the American Type Culture
Collection (ATCC) and included: C. parapsilosis (sensu stricto) ATCC 22019, C. orthopsilosis ATCC 96141,
and C. metapsilosis ATCC 96143. The C. elegans strains described in this study were: N2 bristol [23],
glp-4; sek-1 [24] and pmk-1 [24] (Table 1). The C. elegans strains were maintained at 25 ◦C (N2 and pmk-1)
and 15 ◦C (glp-4; sek-1) and propagated on Nematode Growth Medium (NGM) agar plates seeded
with the E. coli strain HB101 using established procedures [23]. Yeast cultures were grown in yeast
extract, peptone, dextrose (YPD) medium at 30 ◦C. E. coli (HB101) was grown in Luria Broth (LB, Sigma
Aldrich, Saint Louis, MO, USA) at 37 ◦C.

Table 1. Candida parapslosis complex and Caenorhabditis elegans strains used in this study.

Strain Description Purpose Reference

Candida species

C. parapsilosis (sensu stricto)
ATCC 22019 WT a All experiments ATCC

Candida orthopsilosis ATCC 96141 WT All experiments ATCC

Candida metapsilosis ATCC 93143 WT All experiments ATCC
C. elegans

N2 WT Immunity response [23]

glp-4; sek-1 glp-4(bn2) I; sek-1(km4) Killing assay, treatment with antifungal
drugs, microscopic studies [24]

pmk-1 pmk-1(km25) Immunity response [24]
a Wild-type.

2.2. Caenorhabditis elegans Liquid Medium Killing Assays

The infection assay was performed as previously described [14]. In brief, worms grown on NGM
plates were washed with M9 buffer and placed on 24 h old C. parapsilosis species complex lawns (on
brain heart infusion (BHI) agar plates) for 4 h. After this, the worms were washed off the plates and
transferred to wells (n = 30 per well) in a twelve-well plate that contained 2 mL of liquid medium
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(20% BHI, 80% M9, 45 μg/mL Kan). The plates were incubated at 25 ◦C and nematode survival was
examined at 24 h intervals for the subsequent 144 h.

2.3. Antifungal Drug Treatments

To study the efficacy of antifungal agents against the C. parapsilosis complex in this model,
fluconazole (Sigma Aldrich) and caspofungin (Merck, Kenilworth, NJ, USA) were dissolved in dimethyl
sulphoxide (DMSO) and added to the liquid assay. The exposure was relative to the minimum
inhibitory concentration (MIC) (Table 2): 1×MIC, 2×MIC, and 0.5×MIC. Therefore, for fluconazole,
the following concentrations were tested: 1.0 μg/mL (1×), 2.0 μg/mL (2×) and 0.5 μg/mL (0.5×).
For caspofungin, the concentrations tested were: 0.5 μg/mL (1×), 1 μg/mL (2×) and 0.25 μg/mL
(0.5×) (Table 2). Worms were incubated at 25 ◦C and survival was monitored daily [18]. Worms were
considered dead when they failed to respond to the touch of a platinum wire pick [14].

Table 2. In vitro activity against C. parapsilosis species complex reference strains.

MIC (μg/mL)

Strain Fluconazole Caspofungin

ATCC 22019 1.0 0.5
ATCC 96141 1.0 0.5
ATCC 96143 1.0 0.5

MIC: minimum inhibitory concentration.

2.4. Microscopic Studies

To study C. parapsilosis colonization in C. elegans, glp-4, sek-1 nematodes were pre-infected with
C. parapsilosis reference strains for 4 h at 25 ◦C [14]. Then, the worms were washed three times in M9
buffer and transferred to fresh BHI:M9 medium and incubated at 25 ◦C for 20 and 48 h. The worms
were paralyzed with 1 mM sodium azide solution and placed on 2% agarose pads to capture images at
20 and 48 h post infection [25]. A confocal laser microscope was used for observation (Carl Zeiss M1,
Oberkochen, Germany).

2.5. Quantitative RT-PCR Analyses of Candida parapsilosis Infected Nematodes

Following infection, N2 worms were treated and RNA was extracted as previously described [26].
The sample quality was assessed through RNA concentration and the 260/280 or 260/230 ratios using
a Nanovue spectrophotometer (GE LifeSciences, Piscataway, NJ, USA).

RNA was reverse transcribed to cDNA using the Verso cDNA Synthesis Kit (Thermo Scientific,
Waltham, MA, USA). cDNA was analyzed by quantitative real-time (qRT-PCR) using iTaq Universal
SYBR Green Supermix® (Bio-Rad, Hercules, CA, USA) at CFX1000 machine (Bio-Rad) and specific
primers to the following targets: Fipr22/23, abf -1, abf -2, cnc-4, and cnc-7 (Table 3). All values were
normalized against the reference gene act-1 [19,27–30]. The thermal cycling conditions were comprised
of an initial step at 95 ◦C for 30 s, followed by thirty-five cycles involving denaturation at 95 ◦C for 5 s,
annealing at 58 ◦C for 15 s and extension at 72 ◦C for 1 min. The 2−ΔΔCt was calculated for relative
quantification of gene expression.
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Table 3. Oligonucleotide sequences used in this study.

Oligonucleotide a Sequence 5′ to 3′ Reference

ABF-1/Fw CTGCCTTCTCCTTGTTCTCCTACT [19]
ABF-1/Rv CCTCTGCATTACCGGAACATC [19]
ABF-2/Fw TTTCCTTGCACTTCTCCTGG This study b

ABF-2/Rv CGGTTCCACAGTTTTGCATAC This study
CNC-4/Fw ACAATGGGGCTACGGTCCATAT This study
CNC-4/Rv ACTTTCCAATGAGCATTCCGAGGA This study
CNC-7/Fw CAGGTTCAATGCAGTATGGCTATGG This study
CNC-7/Rv GGACGGTACATTCCCATACC This study

FIPR-22/23 Fw GCTGAAGCTCCACACATCC [19]
FIPR-22/23 Rv TATCCCATTCCTCCGTATCC [19]

a The letters Fw and Rv in the primers names describe the orientation of the primers 5′ to 3′: F for forward (sense)
and R for reverse (antisense); b the efficiency of primers was evaluated based on the slope of the standard curve
constructed by a 10 fold-dilution series using the cDNA.

2.6. Statistics

Killing curves were plotted and the estimation of differences in survival (log-rank and Wilcoxon
tests) was performed by the Kaplan-Meier method using GraphPad Prism 5 (GraphPad Software,
La Jolla, CA, USA). A p-value of <0.05 was considered significant. Relative gene expression was
compared using Bonferroni’s Method with GraphPad Prism 5 (GraphPad Software). Each experiment
was repeated at least three times, and each independent experiment gave similar results.

3. Results

3.1. Killing Caenorhabditis elegans by Candida parapsilosis Species Complex

First, we assessed the ability of different species within the C. parapsilosis complex to cause
infection. The results showed that all three species (C. parapsilosis (sensu stricto), C. orthopsilosis and
C. metapsilosis) were able to kill C. elegans. More specifically, in triplicate experiments, we found that
C. parapsilosis (sensu stricto) 22019, C. orthopsilosis 96141 and C. metapsilosis 96143 killed C. elegans with the
time to 50% mortality ranging from four to six days for C. parapsilosis (sensu stricto), C. orthopsilosis and
C. metapsilosis. In all cases, mortality was higher than the E. coli (HB101) control group (p-value = 0.003
for C. parapsilosis (sensu stricto); p-value = 0.009 for C. orthopsilosis and m for C. metapsilosis). Interestingly,
there was no significant difference between the C. parapsilosis species complex infection groups.

3.2. Hyphal Formation of Candida parapsilosis Species Complex within Caenorhabditis elegans

Candida albicans directed killing of C. elegans host is characterized by the formation of filaments
that pierce the worm cuticle in a liquid media assay [18]. We investigated whether filaments could
be observed in the C. parapsilosis-C. elegans infection model. Nematode morphology of the infected
worms was observed at 20 h and 48 h post-infection with the reference strains ATCC22019, ATCC96141,
and ATCC96143. Worms that consumed E. coli appeared in good health (Figure 1A). As shown in
Figure 1, the progress of infection and death of C. elegans was similar when they were infected by
C. parapsilosis (sensu stricto) (Figure 1B), C. orthopsilosis (Figure 1C) or C. metapsilosis (Figure 1D). The
intestine was distended after ingesting fungal cells (Figure 1B–D), and hyphae start to accumulate
within the intestines of live animals 20 h after infection. Filaments were observed breaching the worm
at the vulva by 48 h and were observed fully protruding only in lethally infected nematodes.
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Figure 1. C. elegans physiological effects after C. parapsilosis exposure. (A) Escherichia coli exposure
shows no adverse effects. The vulva region is highlighted in red; (B) C. parapsilosis (sensu stricto);
(C) C. orthopsilosis; (D) C. metapsilosis. Scale Bar-20 μm.

3.3. Treatment with Antifungal Drugs

To investigate if compounds could inhibit the fungal infection, C. elegans were challenged with
C. parapsilosis (sensu stricto), C. orthopsilosis, or C. metapsilosis by ingesting the three investigational
strains individually on solid media and were then transferred to liquid media, where they were treated
with fluconazole and caspofungin. As demonstrated in Figure 2, we observed a dose dependent
prolonged survival in response to caspofungin or fluconazole, so that the wells containing antifungal
at a concentration below the effective dose (0.5×MIC) resulted in dead worms, similar to those
observed in wells that contained no antifungal. On the other hand, a statistically significant increase in
survival (p < 0.001) was detected when the worms were treated with caspofungin and fluconazole in
concentrations at 1×MIC and 2×MIC. In fact, on average, after administration for 144 days, 1×MIC
and 2×MIC of fluconazole allowed for, at least, 57% of the nematodes to survive, while 0.5×MIC of
this azole resulted in only 38% of the worms being alive. Similarly, caspofungin treatment at 0.5×MIC
resulted in 31% nematode survival, whereas at a dose of 1×MIC and 2×MIC, this increased to 69%
and 74%, respectively.
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Figure 2. Efficacy of fluconazole (FLU) and caspofungin (CAS) during C. elegans infection with
C. parapsilosis (sensu stricto), C. orthopsilosis and C. metapsilosis reference strains. (A) C. parapsilosis
ATCC 22019, FLU treatment. p < 0.05 to FLU_1×MIC. (B) C. parapsilosis ATCC 22019, CAS treatment.
p = 0.0004 to CAS_1×MIC. (C) C. orthopsilosis ATCC 96141, FLU treatment. p < 0.007 to FLU_1×MIC.
(D) C. orthopsilosis ATCC 96141, CAS treatment. p = 0.0001 to CAS_1×MIC. (E) C. metapsilosis ATCC
96143, FLU treatment. p < 0.05 to FLU_1×MIC. (D) C. metapsilosis ATCC 96143, CAS treatment.
p < 0.0001 to CAS_1×MIC.

3.4. Caenorhabditis elegans Immune Response to Candida parapsilosis Complex Infection

In order to understand the defense mechanisms involved against C. parapsilosis infection, we
focused our attention on five antimicrobial peptides (AMP), which are postulated to have antifungal
activity in vivo [19,31]. As shown in Figure 3, 4 h after exposure to C. parapsilosis (sensu stricto),
C. orthopsilosis, and C. metapsilosis, the expression of the AMP’s cnc-4, cnc-7, and fipr22/23 increased
significantly in response to the presence of the fungal pathogens compared to an E. coli control group.
The expression of abf-1 increased only when C. elegans was challenged with C. orthopsilosis and the abf-2
expression was unchanged for any of the species involved. Corroborating these findings, we found
that C. elegans pmk-1 (km25) mutants were hyper-susceptible to infection with C. parapsilosis complex
(p < 0.05). The PMK-1 mitogen-activated protein (MAP) kinase, orthologous to the mammalian p38
MAPK, in C. elegans immunity, is a central regulator of nematode defenses and is required for the basal
and pathogen-induced expression of three antifungal immune effectors (cnc-4, cnc-7 and fipr22/23), but
not abf-2 (Figure 4).
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Figure 3. Relative expression of antimicrobial peptides after infection with C. parapsilosis (sensu
stricto) (ATCC 22019), C. orthopsilosis (ATCC 96141), C. metapsilosis (ATCC 96143), and in non-infected
worms (NI). Data are presented as the average of three biological replicates each normalized to a
control gene. The error bars represent the standard errors of the mean for three independent biological
replicates. * p < 0.005.

Figure 4. Infection assay with C. elegans wild-type (N2) and pmk-1 animals shows that pmk-1 was more
susceptible to (A) C. parapsilosis (sensu stricto) (ATCC 22019), (B) C. orthopsilosis (ATCC 96141) and
(C) C. metapsilosis (ATCC 96143) infection (p < 0.05).

4. Discussion

In this study, the C. elegans invertebrate infection model emerges as a valuable tool for the study
of C. parapsilosis. Using reference strains, we revealed that C. parapsilosis species complex cells, ingested
by C. elegans, infect and kill the nematode. These data corroborate previous studies showing that
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C. orthopsilosis and C. metapsilosis are capable of causing invasive infection in mouse models and in
humans [8,32,33].

Although the pathogenic potential of the three C. parapsilosis complex species is characterized,
little is known about the putative differences of their virulence. Previous studies have reported that
C. metapsilosis seems to be the least virulent member of the C. parapsilosis complex in both in vitro
and in vivo assays [17,34–36]. However, there is still some controversy within the topic. In a study
by Treviño-Rangel et al. (2014), the authors suggest that the three species of the C. parapsilosis group
possess a similar pathogenic potential in disseminated candidiasis [32]. Corroborating these data,
we found that, in C. elegans infection model, C. metapsilosis had similar mortality rates to that of
C. parapsilosis (sensu stricto) and C. orthopsilosis.

Candida hyphal formation is a key virulence determinant that allows cells to invade host tissues
and escape phagocytic destruction [37,38]. Pukkila-Worley et al. (2009) demonstrated that the switching
from budding yeast to a filamentous (hyphal) form results in aggressive tissue destruction and death
of the nematode [21]. In this context, we investigated if this change also took place during infection by
C. parapsilosis. As expected, all three C. parapsilosis strains produced filaments and this phenomenon
seems to be associated with C. elegans killing. The C. elegans-C. albicans infection model revealed that
C. albicans infections within this host begin to accumulate hyphae at the upper part of the gut at the
initial stages of the infection process that then spread to consume the entire worm [21]. By contrast,
in C. elegans infected with C. parapsilosis species complex filaments initiated at the vulva rather than
the gut, indicating differences in the C. elegans-C. albicans versus C. elegans-C. parapsilosis infection
processes and host-pathogen interactions.

Although the pathogenicity process may be altered between the two host-pathogen infection
models, a response to drug treatment remains conserved. Different studies have demonstrated the
utility of invertebrate infection models, including C. elegans, as a screening method for potential
antifungal compounds [18,25]. In this study, we found a correlation between the in vivo efficacy of
antifungals during C. parapsilosis (sensu stricto), C. orthopsilosis, and C. metapsilosis infection and their
in vitro susceptibility profiles for the standard care therapeutic agents, fluconazole and caspofungin,
in a dose dependent manner. By demonstrating that both therapeutic agents have a protective effect
during infection in the C. elegans model, we gave evidence that drug discovery assays applied to other
Candida spp.-C. elegans models are potentially applicable.

As a whole organism, the model also yields the ability to investigate host immune responses
to the pathogen. The nematode C. elegans is able to specifically recognize and defend itself against
bacterial and fungal pathogens due the presence of complex, inducible, antimicrobial, innate immune
responses, which involve the activation of antifungal effectors and core immune genes [19,31,39–42].
Pukkila-Worley et al. (2011) showed that exposure to C. albicans stimulated a rapid host response
involving approximately 1.6% of the genome, with the majority of the genes encoding antimicrobial,
secreted, or detoxification proteins [19]. We therefore used qPCR to check the expression of five AMP
genes (abf-1, abf-2, cnc-4, cnc-7, and fipr22/23) and two transcriptional factors (zip-2 and atf-7). The abf-1
and abf-2 genes belong to a family of six genes encoding antibacterial factors (ABFs) in C. elegans and
their antimicrobial action were previously described [19,31,43,44]. Expression of these two ABFs seems
to be species-specific [41,45]. We found induction of abf-1 only after C. orthopsilosis infection. Regarding
abf-2, no expression was observed for any of the species.

The second family of AMP we evaluated was the caenacins (CNCs), which are expressed in the
C. elegans epidermis and, therefore, play a direct role against pathogens that infect worms via the
intestinal lumen or cuticle [41,46–48]. Induction of cnc-4 and cnc-7 after C. albicans has been previously
described [41]. Accordingly, we found that the expression of both genes increases significantly in
worms fed with any of the three C. parapsilosis species, when compared to an E. coli control.

In 2008, Pujol et al. described a group of uncharacterized genes that seem to be specifically
induced upon fungal infection and could potentially encode AMPs [47]. These genes were called
fungus-induced peptide related (fipr). During infection with C. albicans, the expression of fipr22/23
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is up-regulated [19]. In our study, we also observed induction of the fipr22/23 gene by the three
species belonging to the C. parapsilosis complex, suggesting that the FIPRs are involved in the defense
mechanisms against C. parapsilosis infection. Taken together, our data demonstrated that C. elegans
mounts a specific defense response against the three different species of C. parapsilosis complex.

5. Conclusions

In summary, we demonstrated that C. elegans can be used as an appropriate infection model to
study the pathogenicity of C. parapsilosis (sensu stricto), C. orthopsilosis and C. metapsilosis, not only
for evaluating the virulence traits of these species, but also to screen antifungal agents, and study
mechanisms of innate immune response against these yeasts. Future studies should expand the model
described here to yield more insights about the pathogenicity of these species, especially C. orthopsilosis
and C. metapsilosis.
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Abstract: Candida albicans mutants deficient in homologous recombination (HR) are extremely
sensitive to the alkylating agent methyl-methane-sulfonate (MMS). Here, we have investigated
the role of HR genes in the protection and repair of C. albicans chromosomes by taking advantage of
the heat-labile property (55 ◦C) of MMS-induced base damage. Acute MMS treatments of cycling
cells caused chromosome fragmentation in vitro (55 ◦C) due to the generation of heat-dependent
breaks (HDBs), but not in vivo (30 ◦C). Following removal of MMS wild type, cells regained the
chromosome ladder regardless of whether they were transferred to yeast extract/peptone/dextrose
(YPD) or to phosphate buffer saline (PBS); however, repair of HDB/chromosome restitution was
faster in YPD, suggesting that it was accelerated by metabolic energy and further fueled by the
subsequent overgrowth of survivors. Compared to wild type CAI4, chromosome restitution in YPD
was not altered in a Carad59 isogenic derivative, whereas it was significantly delayed in Carad51
and Carad52 counterparts. However, when post-MMS incubation took place in PBS, chromosome
restitution in wild type and HR mutants occurred with similar kinetics, suggesting that the exquisite
sensitivity of Carad51 and Carad52 mutants to MMS is due to defective fork restart. Overall, our results
demonstrate that repair of HDBs by resting cells of C. albicans is rather independent of CaRad51,
CaRad52, and CaRad59, suggesting that it occurs mainly by base excision repair (BER).

Keywords: homologous recombination; Candida albicans; alkylation damage; repair

1. Introduction

Methyl-methane-sulfonate (MMS) is used for the analysis of pathways involved in
repair/tolerance to methylation [1]. Methyl-methane-sulfonate generates methylated bases on
dsDNA whose repair can cause nicks, gaps, and, indirectly, double-strand breaks (DSBs) that can
engage in homologous recombination (HR) directly or cause fork stalling during the next replication
round [2–4]. Although methylated bases can be directly removed by DNA-methyl-transferases,
the major repair pathway consists of a step-wise process known as base excision repair (BER) [1,5].
In Saccharomyces cerevisiae, BER is initiated by specific DNA-N-glycosylases that remove the damaged
bases. The apurinic/apyrimidic (AP) sites generated are removed by redundant AP endonucleases
Apn1 and Apn2, which cleave 5′ the AP-site to form nicks with a 5′ desoxyribose phosphate (5′dRP).
Removal of 5′dRP is carried out by the coordinated action of DNA polymerase (δ or ε) and the flap
endonuclease Rad27/Fen1, followed by ligation. Alternatively, AP-sites can be processed by unspecific
Ntg1, Ntg2, or Ogg1 lyases to generate 3′AP sites (3′-dRP), which are then removed by the 3′-diesterase
activity of Apn1/Apn2 or as part of an oligonucleotide generated by the endonuclease Rad1–Rad10.
Finally, the gap is filled by DNA Pol and the backbone sealed by DNA ligase [1,4,6]. It is likely that
similar enzymes and reactions account for BER in other fungi. However, only one APN endonuclease
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(APN1) and one NTG lyase (NTG1), in addition to an OGG1 homolog, have been so far identified and
partially characterized in Candida albicans [7]. Importantly, null mutants in each of these C. albicans
genes as well as the triple mutant exhibited wild type sensitivities to MMS suggesting the presence of
redundant enzymes involved in repair of the methylated bases [7].

Importantly, in methylated DNA, AP-sites can arise from elimination of methylated bases by
the action of glycosylase Mag1 [6] or, non-enzymatically, through the spontaneous depurination
of methylated N3 and N7 purines, a process that is accelerated by heat [8]. It is well known that
AP-sites are heat labile [9,10] and can be converted into single-strand breaks (SSBs) at 55 ◦C (referred
to as HDB, for heat dependent breaks), a temperature generally used to prepare plugs for pulse-filed
gel electrophoresis (PFGE) [11]. In fact, in S. cerevisiae stationary, or G1-arrested cells, DSBs and
chromosome degradation was observed when methylated DNA or DNA carrying AP-sites was
incubated at 55 ◦C [4,6,11]. Methyl-methane-sulfonate treatment can also cause opposed closely-spaced
nicks in vivo (referred to as heat independent breaks (HIB) because they are detected when the same
DNA samples are incubated at 30 ◦C), which can also result in secondary DSBs, and therefore in
chromosome fragmentation [4,6,11]. For S. cerevisiae wild type, typical MMS treatments generate
a large amount of HDBs and a low amount of HIB [12]. However, the latter are substantially increased
in some BER-deficient cells as in apn1/apn2 double mutants [4,6,12].

Rad51 and Rad52 are evolutionary conserved proteins that play crucial roles in HR. In yeast,
recombinase Rad51 is required for recombination pathways involving strand invasion. These pathways
also require Rad52, which is thought to mediate the Rad51-ssDNA nucleofilament assembly.
In addition, Rad52 participates in all recombination processes that require single strand annealing.
For this reason, the rad52 mutation is epistatic to deletion of any other gene of the RAD52 epistasis
group. Rad59 is a yeast paralog of Rad52 that exhibits strand annealing activity but lacks the ability of
loading Rad51 onto ssDNA (for reviews see References [3,13]). Several studies have indicated that,
although rad51 and rad52 mutants are extremely sensitive to MMS, HR does not play any role in the
repair of MMS-born HIB of haploid S. cerevisiae G1 stationary cells which do not have a partner for
engaging in HR, and the same was true for diploid G2-arrested cells which do [4,6,11,14]. However,
Rad52 was crucial for that repair of HIB in G2-arrested cells in the absence of Anp1 and Anp2
endonucleases, suggesting that HR acts as a backup to repair lesions produced by AP-lyases Ntg1/2
and Ogg1 in the absence of Anp1,2 [6]. Besides, Rad51 and Rad52 are required for replication of
methylated DNA [15–17] as well as for repair of the gaps generated in the process when cells reach
the G2 phase [17]. Methyl-methane-sulfonate lesions and BER intermediates that are not repaired
before they encounter the replication fork may cause replication fork stalling and collapse, unless
stalled forks are bypassed by translation synthesis (stalled forks) causing increased mutagenesis or
faithfully repaired by HR (both stalled and collapsed forks) [6,16,17]. The importance of HR in repair
of methylated DNA extends to C. albicans where mutants affected in either HR (Carad52) or resection
of DSBs (Carad50, Camre11) were significantly more sensitive to MMS than single mutants in BER
genes [7,18].

In addition to MMS, a number of both endogenous and environmental agents including
anticancer drugs (i.e., 4-methyl-5-oxo-2,3,4,6,8-pentazabicyclo[4.3.0]nona-2,7,9-triene-9-carboxamide
temozolomide) can cause methylation damage [8,19,20], and therefore may affect viability and
virulence of commensal opportunistic pathogens such as C. albicans. We previously reported that
Carad52-ΔΔ, and to a lesser extent Carad51-ΔΔ cells from C. albicans, exhibit increased sensitivity
to MMS [21,22]. In the current study, we have determined methylation base damage and recovery
in C. albicans, taking advantage of the secondary DSBs and subsequent chromosome fragmentation
generated during preparation of samples for pulse-field gel electrophoresis (PFGE) at 55 ◦C. We also
show that resting cells of C. albicans can repair HDBs in the absence of HR, whereas repair of HDBs
(and other BER intermediates) by cycling cell was mostly dependent on efficient HR.
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2. Materials and Methods

2.1. Strains

The C. albicans and S. cerevisiae strains used in this study are shown in Table 1. Strain CAF2-1
derives from reference strain SC5314 by deletion of one copy of URA3 whereas CAI4 is the Uri−

auxotrophic derivative of CAF2-1. All three strains are wild type for DNA recombination and
repair. They were routinely grown in either yeast extract/peptone/dextrose (YPD) medium or
synthetic complete (SC) medium supplemented with 33 mM uridine when necessary (i.e., Uri−

strains) [23]. The haploid S. cerevisiae strain LSY0695-7D (Table 1) is a W303 derivative kindly provided
by Lorraine Symington, from Columbia University [24]. Diploid W303 was obtained by standard
genetic crosses [25].

Table 1. Strains used in this study.

Strains (Old Name) Genotype Parental Reference

Candida albicans

SC5314 Wild type Gillum et al., 1984 [26]

CAF2-1 Δura3::imm434/URA3 SC5314 Fonzi and Irwin, 1993 [27]

CAI4 Δura3::imm434/Δura3::imm434 CAF2-1 Fonzi and Irwin, 1993 [27]

CAGL4 (TCR2.1) Δura3::imm434/Δura3::imm434
rad52::hisG/Δrad52::hisG-URA3-hisG CAI4 Ciudad et al., 2004 [28]

CAGL4.1 (TCR2.1.1) Δura3::imm434/Δura3::imm434
Δrad52::hisG/Δrad52::hisG CAGL4 Ciudad et al., 2004 [28]

CAGL17 (BNC1.1) Δura3::imm434/Δura3::imm434
Δrad59::hisG/Δrad59::hisG-URA3-hisG CAI4 García-Prieto et al., 2010 [21]

CAGL17.1 (BNC23.1) Δura3::imm434/Δura3::imm434
Δrad59::hisG/Δrad59::hisG CAGL17 Bellido et al., 2015 [22]

CAGL19 (JGR5) Δura3::imm434/Δura3::imm434
Δrad51::hisG/Δrad51::hisG-URA3-hisG CAI4 García-Prieto et al., 2010 [21]

CAGL19.1 (JGR5A) Δura3::imm434/Δura3::imm434
Δrad51::hisG/Δrad51::hisG CAGL19 García-Prieto et al., 2010 [21]

S. cerevisiae

LSY0695-7D W303
haploid

MATa; ADE2 RAD5 met17-s ade2-1 trp1-1
his3-11,15 can1-100 ura3-1 leu2-3,112 Bärtsch et al., 2000 [24]

W303 diploid

MATa/α; ADE2 RAD5 met17-s/met17-s
ade2-1/ade2-1 trp1-1/trp1-1 his3-11,15/his3-11,15

can1-100/can1-100 ura3-1/ura3-1
leu2-3,112/leu2-3,112

Bellido et al., 2015 [22]

2.2. DNA Extraction and Analysis and Cell Transformation

The DNA preparation for PFGE, as well as resolution of the samples, was carried out as reported
before [29,30] using a Bio-Rad Chef Dry III. Gels were stained with ethidium bromide (0.5 μg/mL) for
2–4 h and imaged using a Molecular Imager (Bio-Rad Laboratories, Madrid, Spain). C. albicans cells
were transformed using the lithium acetate method [31]. C. albicans chromosome fragments generated
during incubation of methylated DNA with proteinase K at 55 ◦C were sized by using S. cerevisiae
chromosomes as molecular weight (MW) markers (316–1091 kb) (see below).

A functional copy of the C. albicans URA3 marker was obtained by digestion of pLUBP plasmid
with Pst1-BglII [32]. The resulting 4.9 kb fragment containing the URA3 gene was used to transform
the Uri− strains CAI4 and its derivatives rad59-ΔΔ and rad51-ΔΔ. Uri+ transformants were selected on
minimal SC medium minus uridine and correct integration was verified by PCR using oligonucleotide
URA3 left flank and URA3 right flank [32].
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2.3. Sensitivity to DNA-Damaging Agents

For determination of survival following an acute short-term MMS treatment, about 5 × 105

exponentially growing cells suspended in 1 mL YPD were incubated with MMS (0.05%, final
concentration) for 30 min. Incubation mixtures were diluted 103-fold with PBS, and 50 μL (containing
300–400 colony forming units (CFU) before treatment) were plated on YPD plates for 48 h to determine
the number of colonies. All the assays were done in duplicate and repeated four or more times.

2.4. Generation of MMS-Induced Heat Labile Breaks

Alkylation was induced as described by Lundin et al. [11]. Briefly, the indicated yeast strain was
grown overnight in YPD until OD600 ≈ 5–7. MMS was added to a final concentration of 0.05% and
cell suspensions were shaken at 30 ◦C for 15–30 min. The MMS was neutralized with 5% sodium
thiosulfate by mixing 1:1 (v/v) ratio with 10% Na2S2O3 and washed twice with phosphate buffer saline
(PBS). An aliquot was processed for PFGE (t = 0) and the rest was incubated in MMS-free YPD medium
at 30 ◦C. At regular intervals (1, 2, 4, 8 and 24 h) samples were taken for determination of OD600, CFU,
morphology, and repair of DNA damage (PFGE). Plugs for PFGE were prepared as described above
and subsequently treated for 24 h with proteinase K (1 mg/mL) at 55 ◦C for analysis of HDBs or at
30 ◦C for analysis of HIBs as reported [4,6]. When indicated, thiosulfate neutralized cells were allowed
to stand in PBS (resting cells) and samples were taken at the indicated times [4,6,11].

2.5. Calculations of Chromosome Fragments Sizes from Closely Spaced Single-Strand Breaks

Our calculations are based on the assumptions that SSBs (or heat-labile sites, in our assay) are
distributed evenly between two DNA strands of a chromosome and that for a given SSB to form a DSB,
a second SSB must appear on the opposite strand within an interval ≤S [6]. For further calculations
of the number of DSBs, Ma et al. [6] used a circularized ChrIII, which only enters the gel following
induction of a single DSB, to quantitatively determine the ratio ChrII to ChrIII using Southern blotting
with a probe that hybridizes to both chromosomes. Since C. albicans does not maintain circular
plasmids [28], we determined the range of sizes of the smear produced by the MMS treatment (0.05%
MMS, 30 min) using the S. cerevisiae chromosomes as size markers. For S. cerevisiae diploid W303
strain (24 Mb), chromosome fragment sizes generated by MMS treatment ranged between 250 and
666 Kb, whose mean is 455 kb. Generation of uniform fragments of this size would require an average
of 52 DSB per diploid genome or 26 DSB per haploid genome. For C. albicans (32 Mb), chromosome
fragments sizes ranged between 316 and 1091 kb. By analogy, for a mean of 700kb we calculated
46 DSB per diploid genome or 23 DSB per haploid genome. Importantly, these values are not far from
the range of 30 and 40 DSB per S. cerevisae haploid genome previously reported [6] for acute (30 min)
0.1% MMS treatments taking into account that we have used half MMS concentration (0.05% MMS)
(Figure S1).

To quantify the extent of chromosome restitution during the post-MMS incubation, we estimated
the intensities associated to Chr2, Chr5 bands (the same area for each chromosome) and smear from
pulsed-field gels stained with ethidium bromide using the ImageJ software. Then, the ratio of the
intensities Chr/smear at each time point was graphed versus the post-incubation time using Microsoft
Excel. Data obtained with this approach agreed well with visual inspections of the gels. Chr2 and
Chr5 were chosen as indicators of chromosome restitution because both are well resolved in PFGE and
differ widely in size (2.23 Mb for Chr2 and 1.19 Mb for Chr5).

3. Results

3.1. The Role of HR Genes in Growth Polarization in Response to MMS

Genotoxic stress, including hydroxyurea and MMS treatments, triggers growth polarization
of wild type C. albicans SC5314 and derivatives CAF2-1 (URA3/ura3) and CAI4 (ura3/ura3) (Table 1)
generating elongated cells [33,34]. We have recently shown that the Uri− strain CAI4 and its derivatives
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carrying additional auxotrophies (RM10, RM1000, BWP37 and SN strains) exhibit an enhanced growth
polarization and susceptibility to 0.02% MMS compared to parental CAF2-1 [35]. This differential
behavior is due to a spontaneous loss of heterozygosity (LOH) event during the generation of CAI4
on the right arm of chromosome 3 (Chr3R) that homozygosed MBP1a, which regulates expression of
DNA repair genes at G1/S phase of the cell cycle [35]. To investigate if MMS-induced filamentation
was further affected by HR mutations, we subjected wild type and mutant strains to 0.02% MMS for
16 h at 30 ◦C in liquid YPD (Figure 1). As expected, CAF2-1 displayed chains of elongated cells but
no filaments, whereas its Uri− derivative CAI4 showed long filaments. Reintegration of one copy of
URA3 in its own locus improved growth rate but did not affect filamentation of the CAI4 strain [35].
All three Carad59-ΔΔ strains filamented as CAI4, regardless of whether they were Uri+ or Uri−, or if
one copy of URA3 had been reintegrated into its own locus in the Uri− version of the mutant (Figure 1).
The same was true for Carad51-ΔΔ strains in its Uri−, Uri+, or URA3-reintegrated versions (Figure 1).
For Carad52-ΔΔ, Uri+ and Uri− versions behaved also similarly (Figure 1); however, as described [28],
it was not possible to reintegrate URA3 into its own locus in rad52-ΔΔ strains. Importantly, in addition
to the typical filamentous cells, Carad51-ΔΔ and Carad52-ΔΔ cultures also contain yeast cells [23].
In response to MMS, yeast cells also formed “germinative tubes” whose form and length were similar
to their counterparts from Carad59-ΔΔ or CAI4 strains. We conclude that recombination mutants retain
the ability to filament in response to MMS. It should be, finally, noted that cell elongation was a specific
trait of C. albicans since it was not observed when diploid S. cerevisiae W303 or its Scrad52 derivative
were incubated in MMS or during their post-MMS incubation in either PBS or YPD (not shown).

Figure 1. Methyl-methane-sulfonate (MMS) induces constitutive filamentous growth in wild type
and HR mutants of Candida albicans. A yeast extract/peptone/dextrose (YPD) overnight culture
of exponentially growing cells from the indicated strains was refreshed and adjusted to OD600 = 1.
Following a further incubation for 2 h at 30 ◦C with shaking, one half was suspended in YPD
supplemented or not (control) with 0.02% MMS. After 12 h at 30 ◦C, with gentle shaking, samples were
photographed using a Nikon Eclipse 600 microscope with a 60× DIC objective. A CC-12 digital camera
interfaced with Soft Imaging System software was used for imaging (Izasa Scientific, Alcobendas,
Madrid, Spain). Each bar corresponds to 5 μm.
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3.2. Generation and Repair of MMS-Induced Heat Labile Lesions on Growing C. albicans Wild Type Cells

Although MMS treatment of S. cerevisiae and human cells in vivo does not cause DSBs, methylated
bases and AP-sites have been shown to be heat labile and converted into single strand breaks (SSBs)
during the 55 ◦C proteinase K treatment used for preparation of PFGE plugs [6,9,11]. Furthermore,
closely spaced SSBs located in opposite DNA strands may result in DSBs, and therefore chromosome
fragmentation [6,9,11]. With these premises in mind, we investigated the extent to which MMS causes
HDBs and HIBs in DNA from C. albicans.

Parental CAF2-1 strain exhibits the standard C. albicans karyotype. However, when medium-to-late
exponentially growing cells (OD600 = 9; of note, when grown in YPD, C. albicans reaches OD600

up to 18) were subjected to an acute MMS treatment (0.05%, 15–30 min in YPD) and chromosome
preparation for PFGE (which includes incubation with protease K) was conducted at 55 ◦C there was
complete loss of chromosomal bands, which migrated now below Chr7 as a smear, indicating the
presence of DSBs (Figure 2). Furthermore, the average size of the pool of degraded chromosomes
obtained at 55 ◦C decreased with the incubation time in MMS, suggesting progressive chromosome
fragmentation (Figure S2, lanes 1–5). By contrast, when following the acute MMS treatment (0.05%,
15–30 min in YPD) proteinase K incubation was conducted at 30 ◦C, strain CAF2-1 displayed the
standard PFGE karyotype, and chromosome degradation was negligible (Figure S3, CAF2-1, lanes 1
and 2). Under these conditions, extension of the acute MMS treatment up to 120 min did not lead
to a significant increase in chromosomal degradation (Figure S3, lanes 3–5). Some smear was likely
due to the generation of a few closely opposed SSBs during manipulation of the samples, since it also
was occasionally shown by preparations of untreated wild type cells incubated at 55 ◦C; however,
the induction of small amounts of HIBs by MMS cannot be ruled out. As expected from previous
reports [11,12], MMS-treated late-exponential phase cells of S. cerevisiae W303 subjected to the same
process (i.e., preparation of samples for PFGE at 55 ◦C) displayed also chromosome fragmentation
(Figure S1). These results indicate that almost all DSBs were generated during the incubation of
C. albicans plugs with proteinase K at 55 ◦C and not in vivo, and accordingly provide an assessment of
the overall number of HDBs [6]. Consistent with this interpretation, incubation of plugs at a lower
temperature (50 ◦C) resulted in a reduced migration of the PFGE smear accompanied by the presence
of vestiges of intact chromosomal bands (Figure S4, compare panels A and B, CAF2-1 lanes).

Figure 2. Determination of chromosome breaks (HDBs) following acute MMS treatments. Cells from
wild type CAF2-1 and the several HR mutant derivatives were treated with 0.05% MMS for 15 and
30 min, followed by immediate DNA purification and pulse-field gel electrophoresis (PFGE). Proteinase
K digestion was carried out at 55 ◦C to detect heat dependent breaks (HDBs). Chromosomes were
visualized with ethidium bromide staining (see also Figure S2).
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In S. cerevisiae, in vivo repair of the MMS-induced HDB prevented chromosome degradation in
the subsequent 55 ◦C incubation with proteinase K [6]. In order to determine the time window required
for repair of HDB in C. albicans, MMS-treated wild type CAF2-1 cells were post-incubated in either YPD
or PBS lacking MMS and analyzed for chromosome restoration in time course experiments. Following
a standard MMS treatment (0.05% MMS for 30 min in YPD and 55 ◦C incubations), no vestige of the
chromosome ladder was apparent (Figure 3A, lanes 1 and 2). Traces of chromosomal bands were first
seen after 2 h of recovery in YPD (Figure 3A, lane 4) and full restoration was accomplished by 4 h
(Figure 3A, lane 5), with no significant changes being detected at later times (8–24 h) (Figure 3A, lanes 6
and 7). A similar conclusion was reached by quantification of Chr2 and Chr5 repair kinetics (Figure 3B).
As expected from a true repair process, restoration of the chromosome ladder was paralleled by
a significant reduction in the intensity of the smear (Figure 3A, compare lanes 2 to 7). It is worthy to
mention that when PFGE samples were incubated at 50 ◦C “restitution” of the chromosomal ladder
took only one hour (Figure S4A,B, lanes 1 to 3), as one could expect from the lower amount of SSBs
generated at that temperature. Importantly, restitution of chromosomes was accelerated by the supply
of metabolic energy (YPD) since it was significantly delayed when post-MMS incubation of CAF2-1
cells was carried out in PBS instead YPD (Figure 3A, lanes 8–12 and Figure 3B,C).

Figure 3. Induction and repair of HDBs by C. albicans cycling and resting wild type cells. C. albicans
wild type (CAF2-1) was subjected to an acute MMS treatment (0.05% MMS for 30 min). Then cells were
treated with 5% sodium thiosulphate, by mixing 1:1 (v/v) ratio with 10% Na2S2O3, washed with PBS,
and transferred to MMS-free YPD (cycling cells) or PBS (resting cells) at 30 ◦C. Samples were taken
at the indicated times to determine PFGE profiles (A), to quantify Chr2 and Chr5 (B) and to calculate
CFU and OD600 (C). For PFGE profiles, DNA plugs were incubated with proteinase K at 55 ◦C. Of note,
in panels B and C, initial time (0) corresponds to samples before MMS treatment. Arrows in panel B
shows the MMS-treated sample.
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The CFU number of strain CAF2-1, that had been slightly reduced (4%) by the MMS-treatment,
increased significantly throughout the post-MMS incubation in YPD (2–8 h) (Figure 3C). Importantly,
by 4 h elongated cells carried apical and lateral buds further suggesting that they had undergone
mitosis; later on, elongated branched cells steadily returned to the typical yeast form which became
predominant by 24 h (Figure 4). In agreement with CFUs, the OD600 value steadily increased
throughout the post-MMS incubation, including the first hour (Figure 3C), when few 55 ◦C -HDB
had been repaired as indicated by the absence of chromosome “restitution” (see Figure 3A and
Figure S4). It is likely that the initial increase in OD600 was mostly due to the formation of elongated
cells (a retarded effect of the acute MMS treatment (Figure 1)), which reached maximal length by
2–4 h (Figure 4) whereas the late increase was due to cell division. Importantly, in contrast to the
significant increase in cell number in YPD, neither cell division (Figure 3C) nor cell elongation (Figure 4)
were detected when MMS-treated populations were transferred to PBS. Considering that under
these conditions repair of HDB was significantly delayed, we conclude that overgrowth of survivors
contributed significantly to the fast restitution of chromosomes during the post-MMS incubation in
YPD (see Section 4, Discussion).

Figure 4. Cell morphology of MMS-treated exponentially growing cells from wild type and the
indicated HR mutants during recovery in MMS-free YPD medium or PBS. For experimental conditions,
see legend of Figure 3.

Because generation of CAI-4 from CAF2-1 resulted in increased sensitivity to low doses of
MMS [35] (see above) and HR mutants (see below) were derived from CAI4, we compared chromosome
recovery in MMS-treated CAF2-1 and CAI4 strains. As expected, CAI4 exhibited a small delay
compared to CAF2-1 since no traces of chromosome bands could be detected in the former after 2 h of
incubation in YPD. However, after 4 h both strains showed a full chromosome ladder (Figure S5).
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3.3. Role of HR on the Repair of HDB

We have previously reported that C. albicans single mutants Carad51-ΔΔ, Carad52-ΔΔ,
and Carad59-ΔΔ retained wild type PFGE karyotype profiles [21,22] (see also Figure 2 and Figure S3).
When subjected to a standard acute MMS treatment and PFGE samples were incubated at 55 ◦C, all
the mutants generated a smear similar to that shown by CAF2-1 cells (Figure 2). The average size
of the pool of degraded chromosomes also decreased with the incubation time in MMS, suggesting
a progressive accumulation of HDBs (Figure 2 and Figure S2). Besides, for each time-point (0–120 min
in 0.05% MMS), the extent of chromosomal fragmentation was slightly higher for Carad51-ΔΔ and,
to a larger extent, Carad52-ΔΔ strains compared to wild type suggesting that during the acute MMS
treatment some repair in wild type is slowed down or blocked in Carad51-ΔΔ and Carad52-ΔΔ mutants
(Figure S2). Finally, similarly to wild type, chromosomal fragmentation required in vitro incubations
at high temperature since MMS-treated HR mutants also displayed standard chromosomal ladder
when PFGE samples were incubated at 30 ◦C with proteinase K. Besides, prolongation of the MMS
treatment up to 120 min did not result a significant increase in chromosomal degradation (Figure S3).
We conclude that, as shown for wild type strain CAF2-1, treatment of HR mutants with MMS caused
little or no induction of direct DSBs (HIBs).

Next, we examined the role of HR proteins in repair of HDBs during the post-MMS incubation
at 30 ◦C in either YPD or PBS. In YPD, the Carad59-ΔΔ mutant showed a delay (4 h) in the repair of
HDB/“restitution” of chromosomal bands (incubations of plugs conducted at 55 ◦C), compared to the
wild type CAF2-1 control (2 h) (Figure S4). This delay was also detected in a parallel experiment in
which samples were incubated at 50 ◦C but, under these conditions, repair of HDBs by Carad59-ΔΔ and
wild type took only two and one hours respectively (Figure S4). However, no noticeable differences
between CAI4-URA3 and Carad59-ΔΔ strains were detected regardless the post-MMS incubation
took place in YPD or PBS (Figure 5A,B), suggesting that MBP1a homozygosis in Carad59-ΔΔ and
not the absence of Rad59 itself could be responsible for the delay in chromosome restitution in YPD
when compared to CAF2-1 (MBP1a/MBP1b). Importantly, as shown above for CAF2-1 (Figure 3),
chromosome restitution in CAI4-URA3 and Carad59-ΔΔ was accelerated in YPD (Figures 5 and 6).
In order to circumvent unwanted effects derived from the zygotic status of MBP1, CAI4-URA3 instead
CAF2-1 was also used as a wild type control to investigate chromosome restitution in Carad51-ΔΔ and
Carad52-ΔΔ mutants.

When post-incubated in YPD, MMS-treated Carad51-ΔΔ cultures exhibited a significant delay in
chromosome restitution compared to CAI4-URA3 counterparts. As shown in Figures 5C and 6C,
Carad51-ΔΔ exhibited a progressive increase in the average size of the smear followed by the
appearance of some faint bands by 8 h and distinct clear chromosomal bands by 24 h (Figure 5C, lanes
3–7 and Figure 6C). A similar restitution pattern was shown by the Carad52-ΔΔ mutant (Figure 5D,
lanes 3–7 and Figure 6D). However, when the post-MMS incubation took place in PBS chromosome
restitution in both mutants occurred with kinetics similar to those of wild type and Carad59-ΔΔ
(Figures 5 and 6). It is likely that replication of the few Carad51-ΔΔ and Carad52-ΔΔ survivors left by
the MMS-treatment (12% and 7%, respectively) when transferred to YPD accounts by these differences.
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Figure 5. Induction and repair of HDBs by cycling and resting wild type and HR mutants cells of
C. albicans. C. albicans wild type (CAI4-URA3) (A) and the indicated HR mutants (rad59 –B-, rad51 –C-
and rad52 –D-) were subjected to an acute MMS treatment (0.05% MMS for 30 min). Then cells were
treated with 5% sodium thiosulphate, by mixing 1:1 (v/v) ratio with 10% Na2S2O3, washed with PBS,
and resuspended in MMS-free YPD (cycling cells) or PBS (resting cells) at 30 ◦C. Samples were taken at
the indicated times to calculate OD600, CFU (see Figure 7), and to determine PFGE profiles. For PFGE
profiles, DNA plugs were incubated with proteinase K at 55 ◦C.

Figure 6. Quantification of Chr2 and Chr5 intensities during the MMS-treatment and the post-MMS
incubation of wild type CAI4-URA3 (A) and HR Uri+ mutants Carad59 (B), Carad51 (C) and Carad52
(D). Post-MMS incubation was carried out in YPD (cycling cells) or PBS (resting cells). PFGE gels
shown in Figure 5 were quantified as described in Materials and Methods. Initial time (0) corresponds
to samples before MMS treatment. Arrows within each panel shows the MMS-treated sample.
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3.4. Effect of the MMS Treatment on Cell Number and Morphology during the Post-Incubation Recovery of
Mutants Populations

Null Carad59-ΔΔ showed CFU and OD600 values similar to those of wild type CAF2-1 throughout
the MMS-treatment and post-MMS incubation (Figure 7), but, as shown for CAI4 (Figure 1), mutant
cells displayed a more elongated morphology due to the MBP1a homozygosis (Figure 4). As expected,
the MMS treatment strongly reduced Carad51-ΔΔ and Carad52-ΔΔ survival to 12% and 7%, respectively,
in terms of CFUs (Figure 7A). For both mutants, CFUs and OD600 continuously increased during the
post-MMS recovery in YPD indicating replication of survivors (Figure 7B,C). It is worthy to notice the
exacerbated elongation of Carad51-ΔΔ and Carad52-ΔΔ cells throughout the first 8 h of post-recovery as
well as their stickiness and subsequent tendency to form aggregates (Figure 4). Importantly, as shown
for wild type strains, no changes in morphology and a gentle decrease in OD600 were observed during
the post-MMS incubation of CAF2-1, Carad59-ΔΔ, Carad51-ΔΔ and Carad52-ΔΔ cells in PBS (Figures
4 and 7E). However, in contrast to wild type and Carad59-ΔΔ, Carad51-ΔΔ and Carad52-ΔΔ CFUs
increased significantly throughout post-MMS incubation in PBS despite the absence of cell replication
(Figure 7D). It is likely that in the absence of nutrients damaged cells do not advance in the cell
cycle and may repair HDBs by BER before being plated in YPD. Therefore, an increasing fraction
of Carad51-ΔΔ and Carad52-ΔΔ cells can enter the S-phase with a repaired genome and give rise to
healthy colonies on solid YPD.

Figure 7. Changes in CFU and OD600 from wild type and HR mutants during MMS treatment and
recovery. (A) Cell survival after the acute MMS-treatment. Survivability in terms of CFU was 95% for
wild type (CAI4-URA3) and Carad59-ΔΔ, 12% for Carad51-ΔΔ, and 5% for Carad52-ΔΔ. (B,C) Variation
of CFUs and OD600, respectively, during recovery of MMS-treated cells in YPD. (D,E) Variation in CFU
and OD600, respectively during recovery in PBS.
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4. Discussion

4.1. Role of HR in Repair of HDB by Proliferating C. Albicans Cells

In this study, we have analyzed the generation of HDBs by MMS in the genome of C. albicans as
well as the role of HR genes CaRAD51, CaRAD52, and CaRAD59 in their repair. Importantly, we have
used MMS concentrations reported not to cause direct DSBs in S. cerevisiae [9,12,36,37]. This was further
confirmed by the absence of significant chromosome fragmentation in PFGE gels of MMS-treated
C. albicans cells when incubation of plugs was conducted at 30 ◦C to detect exclusively HIB (Figure S3).
As previously described [6], chromosome fragmentation was due to transformation of HDBs into SSBs
at high temperature (55 ◦C). When close enough in opposite strands, SSBs are converted into secondary
DSBs, which are manifested as genome shattering in PFGE gels. Our results are consistent with the
observation that depurination of methylated DNA is a function of temperature [8]. When temperature
dropped from 55 ◦C to 50 ◦C less HDBs/DSB were generated in vitro; this was reflected by the lower
degree of chromosome fragmentation.

In S. cerevisiae repair of methylated bases by BER is constant and requires the action of the Mag1
glycosylase, which removes methylated bases leaving apurinic heat-sensitive sites throughout all the
stages of the cell cycle [4,12,15]. However, Rad51 and Rad52 were also required for DNA replication in
the presence of MMS [11,15,16] (see below). We found that for replicating cells of C. albicans, survival
of an acute MMS-treatment was strongly dependent on HR proteins CaRad51 and, to a larger extent,
CaRad52. In S. cerevisiae, the requirement of ScRad51 and ScRad52 for survival and further growth of
survivors could be attributed to the role of both proteins in facilitating fork bypass through methylated
DNA and subsequent repair of the resulting ssDNA gaps in G2/M [17]. It is likely that both functions
are conserved in C. albicans where they are responsible for the rescue of >90% of damaged cells. In this
scenario, the severe drop in survivability observed for cycling Carad51-ΔΔ and Carad52-ΔΔ cells is
likely due to defective fork restart of damaged DNA. This S-phase block can potentially be bypassed
by translesion synthesis which causes error-prone repair [38] and generates highly mutagenized
survivors. In contrast to the high vulnerability of cells that transit S-phase, G1- or G2-cells present in
our asynchronic cultures can potentially repair HDBs faithfully using BER and NER enzymes or other
pathways before entering the S phase, thus providing additional non-mutagenized survivors [14,39].
In fact, the increase in CFU shown by Carad51-ΔΔ and Carad52-ΔΔ MMS-treated populations when
incubated in YPD suggests that survivors have undergone at least one replication round (Figure 7),
contributing in this way to restitution of the chromosome ladder. Consistent with this possibility,
the relative amount of smear detected in PFGE gels by 8 and 24 h was significantly reduced.

4.2. Role of HR in Repair of HDB by Resting C. albicans Cells

Importantly, not only chromosomes were restituted, albeit with a lower kinetic, during the
post-MMS incubation in PBS, but noticeable differences in repair kinetics between wild type and
HR mutants Carad51-ΔΔ, Carad52-ΔΔ and Carad59-ΔΔ were not observed. Under these conditions,
no cell proliferation was detected in wild type and Carad59-ΔΔ, but CFU increased in Carad51-ΔΔ
and Carad52-ΔΔ mutants, indicating that HDBs are being repaired using pathways other than HR.
Consistent with the absence of cell proliferation, OD600 did not increased (in fact some decrease was
observed for all strains, likely as a consequence of cell lysis) and reduction of the smear throughout
the post-MMS incubations was negligible compared to that observed in YPD. We conclude that in
the absence of cell proliferation repair of HDBs caused by an acute MMS-treatment is independent of
CaRad51, CaRad52, and CaRad59.

In S. cerevisiae, HR was shown to be crucial for the repair of alkylation damage by G2/M cells
in the absence of Anp1 and Anp2 endonucleases, but not in its presence, suggesting that HR acts as
a backup to repair lesions caused by unspecific Ntg1, Ntg2, and Ogg1 lyases [4]. Nothing is known on
BER regulation in C. albicans. In this organism, only one ANP endonuclease (APN1) and one NTG lyase
(NTG1), in addition to one OGG1 lyase, have been reported. Furthermore, single (anp1, ntg1, ogg1) and
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double (anp1 ntg1 and ogg1 ntg1) BER deletion mutants exhibited wild type sensitivity to MMS, while
HR mutants were exquisitely sensitive, suggesting the existence of additional BER activities or that
BER may be less important for repair of MMS damage in C. albicans compared to S. cerevisiae [7,18].
According to the present results, the single ANP endonuclease present in C. albicans seems to be able
to repair methylation damage by resting cells whereas HR is mainly, if not exclusively, needed to
allow replication of methylated DNA and further repair of the subsequent lesions when cells reach the
G2/M phase. Work is in progress to determine if HR is needed for repair of methylation damage by
G2/M-arrested C. albicans cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/9/447/s1.
Figure S1. Determination of chromosome breaks (HDBs) following a MMS treatment. Figure S2. Kinetics
of chromosome breaks (HDBs) throughout a prolonged MMS treatment. Figure S3. Determination of heat
independent breaks (HIBs) following a prolonged MMS treatment. Figure S4. Effect of temperature on the
induction and repair of HDBs by C. albicans cycling cells. C. albicans wild type (CAF2-1) and Carad59-mutant were
subjected to an acute MMS treatment (0.05% MMS for 30 min). Figure S5. Influence of the MBP1 homozygosis on
the repair of HDBs by C. albicans cycling cells.
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Abstract: Candida albicans is an opportunistic fungal pathogen, which causes a plethora of superficial,
as well as invasive, infections in humans. The ability of this fungus in switching from commensalism
to active infection is attributed to its many virulence traits. Biofilm formation is a key process,
which allows the fungus to adhere to and proliferate on medically implanted devices as well
as host tissue and cause serious life-threatening infections. Biofilms are complex communities of
filamentous and yeast cells surrounded by an extracellular matrix that confers an enhanced degree of
resistance to antifungal drugs. Moreover, the extensive plasticity of the C. albicans genome has given
this versatile fungus the added advantage of microevolution and adaptation to thrive within the
unique environmental niches within the host. To combat these challenges in dealing with C. albicans
infections, it is imperative that we target specifically the molecular pathways involved in biofilm
formation as well as drug resistance. With the advent of the -omics era and whole genome sequencing
platforms, novel pathways and genes involved in the pathogenesis of the fungus have been unraveled.
Researchers have used a myriad of strategies including transcriptome analysis for C. albicans cells
grown in different environments, whole genome sequencing of different strains, functional genomics
approaches to identify critical regulatory genes, as well as comparative genomics analysis between
C. albicans and its closely related, much less virulent relative, C. dubliniensis, in the quest to increase
our understanding of the mechanisms underlying the success of C. albicans as a major fungal pathogen.
This review attempts to summarize the most recent advancements in the field of biofilm and antifungal
resistance research and offers suggestions for future directions in therapeutics development.

Keywords: Candida albicans; biofilm; antifungal resistance; transcriptomics

1. Introduction

Candida albicans is the leading etiological agent for fungemia and disseminated candidiasis, which
are associated with high mortality rates. According to statistics provided by the Centre for Disease
Control, C. albicans is the third most commonly isolated microbe from bloodstream infections among
hospitalized patients in the US [1]. The success of this eukaryotic microbe in causing a myriad range of
human infections from superficial skin and nail infections, oral and vaginal candidiasis, to the more
serious invasive candidemia and deep organ infections, is in part due to its arsenal of virulence factors
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and its morphology switching capability. Unlike most other fungi, C. albicans is able to exist in yeast,
pseudohyphal as well as hyphal forms depending on the in vivo surrounding environment or in vitro
culture conditions.

This versatile fungus is able to grow in biofilms on medical devices such as intravenous catheters,
urinary catheters, heart pacers and other equipment that is in contact with biological fluids or organs.
A huge problem encountered by clinicians treating invasive candidiasis is the enhanced antifungal
drug resistance displayed by Candida sp. biofilms. Indeed, C. albicans biofilm cells have been reported
in multiple studies to display up to 1000-fold greater drug resistance than planktonic, non-biofilm
cells [2–4]. Globally, the impact of medical device-related candidiasis is undeniably serious considering
the high mortality and morbidity rates ascribed to these infections that are often recalcitrant to routine
antifungal therapies.

In this review, we summarize the switch from commensalism to colonization and active infection
for C. albicans in host cells and discuss the various stages, biochemical processes and molecular changes
that are essential for biofilm development and pathogenesis. The intricate transcription regulatory
networks that play a critical part in biofilm formation are discussed. Next, drug resistance associated
with biofilm growth of C. albicans will be dissected. A section will be dedicated to the chief genomic
differences observed between C. albicans and its relatively less virulent close relative, C. dubliniensis.
This is in line with our efforts to understand the inherent genetic factors that contribute to the success
of C. albicans as a human pathogen. Recent studies, which report the transcriptomic analysis of genes
and metagenomic profiling of antifungal drug resistance related to biofilms, are also highlighted.
The final section of this review focuses on the strategies for future research on targeted therapeutics
that could combat C. albicans biofilm formation.

2. Morphology Switching and Pathogenesis of Biofilm Formation

Owing to its dimorphic switching property, C. albicans is able to switch from a yeast to a hyphal
form thereby exiting the “harmless” commensal stage to become a pathogen. In addition, the fungus
possesses the trait of biofilm development; another major contributor to its pathogenesis. Normally,
in healthy hosts, C. albicans is a commensal microbe that inhabits mucosal surfaces especially in the
intestines and is almost ubiquitous in the human microbiome. Factors such as the normal microbial
flora, innate immunity and also epithelial barriers prevent C. albicans from overgrowing or invading
the deeper layers of skin or penetrating the intestinal barrier. Constant interaction between the fungus
and the host immune system is believed to take place during this commensal stage [5].

During the transition from commensalism to pathogenesis, three distinct yet dynamic stages are
seen, namely (i) adhesion, (ii) invasion, and (iii) damage [6]. Wächtler and colleagues were the first to
show that the three stages are mediated by distinct factors. In the adhesion stage, factors that play a
crucial role include the adhesins from the Als family and the cell wall components Hwp1 and Als3 [6].
The adhesion factor Eap1 was separately shown by another study to be involved in adhesion [7].
Several of these adhesins are linked to the cell membrane whereas others are linked to the cell wall
via glycosylphosphatidylinositol moieties. In a study by Wächtler, a C. albicans microarray from
Eurogentec (Belgium) was used for transcriptional profiling of genes during the adhesion, invasion
and damage stages in interactions with oral epithelial cells. Many hyphal associated genes including
ALS3, HWP1, ECE1, SOD5, PHR1, PRA1, and RBT1 were found to be upregulated when in contact
with the oral epithelial cells [6].

The Hwp1 and also the Als3 proteins are produced predominantly during hypha formation,
to allow for the adhesion of the fungal cells either to the host cells or to a substrate surface [8]. In the
invasion stage, a different set of genes are expressed; although the common involvement of Als3,
a multifunctional adhesin and invasin protein, is also present. The proteases such as secreted aspartyl
proteinases (Saps) and phospholipases have long been known to be crucial players in the hyphal
invasion of host cells. On the other hand, the onset of host cell damage is a key feature of pathogenesis.
Tissue damage occurs when C. albicans hyphae penetrate deep into or through the epithelial layer
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(interepithelial layer), a process facilitated by secreted hydrolases [9]. A previous study by Wächtler [6]
suggested that Icl1, Sod5 and Yhb1 are involved in the active infection of epithelial cells in particular
during epithelial damage. In a recent study, Allert and coworkers screened libraries of C. albicans
deletion mutants in a quest to delineate genes involved in host epithelial damage and translocation
through the intestine barrier. They found that candidalysin, a peptide toxin of C. albicans, is crucial for
this process [10].

Biofilms are complex three-dimensional structures that are composed of a core microbial cell
community (either a single species or a mixed species) attached to host tissue or abiotic surfaces
surrounded by an extracellular matrix (ECM) of polysaccharides that provide a shield or scaffold for
the microbes beneath [11,12]. Not surprisingly, a biofilm provides protection against antimicrobials
for the microbes associated with it, and thus biofilm-associated infections are notoriously difficult to
treat. Among the clinical isolates of Candida species and even across different species, there is great
heterogeneity in terms of the biofilm forming capability. The ability of clinical Candida isolates to form
a biofilm has been shown by many studies to correlate with a higher virulence and hence an increased
mortality [13–15].

In C. albicans biofilm formation, several stages are distinguishable: (i) adhesion, (ii) initiation,
(iii) maturation, (iv) dispersal; which typically progress in sequence over a period of 24–48 h [16,17].
In the adhesion step, single C. albicans yeast cells adhere to the substrate to form a basal layer of
yeast cells. The cell proliferation phase ensues followed by filamentation whereby the yeast cells
begin to elongate and develop into filamentous hyphae. This is the initiation step whereby the
cells change their morphology and invade either the host mucosal site or plastic or other polymer
surfaces in inert medical devices. An arsenal of hydrolytic enzymes such as proteinases, haemolysins,
and phospholipase are secreted by C. albicans, which enables the fungus to invade host tissue or other
solid substrates. The secreted aspartyl proteinases (Saps), comprising a family of ten genes (SAP1–10),
are the most well studied among the many secreted enzymes [16,17].

In the maturation step, the production of hyphae is a key feature accompanied by the secretion of
ECM of polysaccharides. The biofilm ECM of C. albicans is complex, where the major polysaccharides
include α-mannan, β-1,6 glucan and β-1,3 glucan [18]. Among these, although β-1,3 glucan is a minor
constituent, it is the chief matrix polysaccharide linked to biofilm resistance to antifungals as it could
block drug diffusion [19]. The hyphal invasion into tissues is driven by physical hydrostatic forces
(turgor), which drive the cytoplasmic forces. The cells could communicate with other cells through
quorum sensing mechanisms and one of the most studied quorum sensing molecules that could
regulate biofilm formation is farnesol [20].

Finally, in the dispersal stage, lateral yeast cells are released from the matured biofilm and are
then able to disseminate to distant sites to initiate a new cycle of biofilm formation. The dispersal stage
of biofilm is of immense clinical relevance, as the newly released cells from the mature biofilm located
in either indwelling catheter or an infectious nidus are able to not only initiate new rounds of biofilm
formation but also enter into the bloodstream to establish a distant focus of infection. This is the reason
why biofilm formation is closely associated with candidemia and disseminated invasive candidiasis
clinically [21]. Importantly, a previous study had shown that the dispersed cells are predominantly
yeast cells, with associated enhanced adherence, filamentation capacity, biofilm formation, increased
resistance to azole drugs, and are more pathogenic than their planktonic counterparts [22]. Interestingly,
in the latest study by Uppuluri and colleagues, they demonstrated that a portion (~33%) of dispersed
yeast cells express the hypha-specific hyphal wall protein HWP1 gene, whereas the yeast wall protein
YWP1 gene was expressed in ~64% of the dispersal yeast cells [23]. It is intriguing that up to a
third of the lateral yeast cells express HWP1 and although the underlying cause is still yet unknown,
we postulate that this may be a clever strategy for the fungus so that these HWP1-expressing cells
are “primed” and ready to colonize and invade the host cells as soon as they land on another site.
The same authors also found that PES1, which is essential for yeast cell growth, had upregulated
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expression in dispersal yeast cells compared to biofilm, presumably as an inducer for generating more
lateral yeast cells for dispersal [23].

In previous studies, differential expression analysis of the genes involved in various stages
of biofilm production in C. albicans was mostly assessed via qualitative reverse transcription PCR
(RT-PCR) or sometimes quantitative real-time RT-PCR systems. More recent transcriptomic and
genomic approaches for studying regulatory networks involved in biofilm formation and the associated
antifungal drug mechanisms are discussed in a later section in this review.

3. Transcription Regulatory Network of Biofilm Formation

As discussed in the above section, there are still many unanswered questions pertaining to biofilm
formation by C. albicans in terms of the pathogenesis and the virulence mechanism. In this section,
we will further dissect C. albicans biofilm formation in the context of the transcriptional regulatory
network involved in this phenomenon.

Based on earlier literature, a master transcriptional regulatory network that consists of six major
transcription regulators Efg1, Bcr1, Brg1, Ndt80, Tec1 and Rob1 are involved in controlling the normal
process of biofilm formation. These regulators were discovered via screening a mutant library and
in vivo studies in animal models [24,25]. Efg1 and Tec1 are involved in cell morphology regulation
while Ndt80 is involved in biofilm formation. Meanwhile, Brg1 and Rob1 are present only in a species
closely linked with C. albicans whereas, for Bcr1, its functions are yet to be fully characterized. Nobile
et al deduced that transcription regulators form a complex and interconnected network with more
than one thousand genes in controlling biofilm formation [25], where most of the target genes were
bound by at least two or more transcriptional regulators. The same authors also surmised that the
complexity in the biofilm network could be due to a number of factors including environmental
influences and formation of cell memory to coordinate the cooperation between cells in order to
maintain the dynamism and stability of the biofilm over generations. The authors also postulate
that the complexity in the architecture of regulatory network helps to control the gene expression
more precisely. On the other hand, evolutionary analysis suggests that transcriptional circuitry for
the biofilm network in C. albicans has just evolved recently, where broad changes in the cis-regulatory
sequence and regulators such as Brg1 and Rob1 are necessary for this modernized biofilm circuit [25].

A few years later, by screening the expanded library for biofilm formation at four different time
points (immediately after adherence, at 8, 24 and 48 h), Fox and his coworkers [26] have identified
three new transcriptional regulators involved in the biofilm circuit. These new regulators include Rfx2,
Gal4 and Flo8, which are imperative and have specific roles in the development of the biofilm over
time. The authors suggest that Flo8 is the most critical regulator identified in addition to the six master
regulators identified earlier by Nobile [25], as double deletion mutants of Flo8 had severe disruption of
biofilm formation at all time-points and the biofilm formed was similar to those formed by strains that
resulted from deletions of any one of the previously discovered master regulators. Additionally, Flo8
is speculated to be a biofilm-specific regulator, as the upregulation of its expression was not affected by
the form of reference cells (either yeast or filamentous form). Meanwhile, the authors reported that Rfx2
and Gal4 are involved in the biofilms formed at intermediate time points. Additionally, the authors
hypothesized that Rfx2 and Gal4 are negative regulators for biofilms, where the enhancement of
biofilm formation was observed in both rfx2Δ/Δ and gal4Δ/Δ mutant strains. Furthermore, through
chromatin immunoprecipitation studies, the authors reported that FLO8 is bound by Efg1, Brg1 and
Ndt80 while RFX2 and GAL4 are bound by Ndt80. These findings further prove that Rfx2, Gal4 and
Flo8 are well integrated into the existing C. albicans transcriptional biofilm regulatory network [26].

The pathogenesis of a biofilm often begins with adherence and colonization of C. albicans on the
cell surface. Thus, analyzing the regulatory processes that occur during C. albicans adherence could
provide a new paradigm to further understand the initial stage of biofilm formation. Finkel et al first
reported that adherence of C. albicans on a silicone surface is under the control of 29 transcription
factors [27]. Amongst these transcription factors, only mutants for Ace2p, Arg81p, Bcr1p, and Snf5p
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exhibit the anti-adherence properties in vitro. Meanwhile, the deletion of Zcf28p, Zfu2p and Crz2p
is only able to disrupt biofilm formation on catheters in animal models [27]. Lee et al adopted a
functional genomic analysis approach to screen for a library consisting of 1481 double barcoded
doxycycline-repressible conditional gene expression strains which encompass approximately 25% of
the C. albicans genome [28]. The authors have identified five important adherence regulators namely
ARC18, PMT1, MNN9, SPT7, and orf19.831 where transcriptional repression of these genes impaired the
adherence of C. albicans. Of all, transcriptional repression of ARC18 results in the strongest adherence
defect and cell wall physiology changes in C. albicans. Arc18 is one of the putative members of the
Arp2/3 complex. The authors demonstrated that perturbation of the Arp2/3 complex reduces biofilm
formation, impairs the adherence process, and increases the cell surface hydrophobicity. Additionally,
the disruption of the Arp2/3 complex also leads to hyperactivation of small G-protein Rho1-mediated
cell wall related stress pathways, where extensive fungal cell wall remodeling is taking place. Taken
together, in this study, the authors have identified a novel molecular mechanism between Arp2/3
complex and Rho1 in regulating C. albicans adhesion and biofilm formation [28].

Previous findings from Nobile [25], which used genome-wide approaches, have revealed that the
transcription regulatory network of biofilm formation is highly integrated. Nevertheless, the functional
consequences of this integration and the interactions between transcriptional regulators in this
transcriptional circuitry remain obscure. Additionally, the study by Nobile and other studies on
transcriptional circuitry for biofilm formation usually employed double homozygous deletion mutants
of particular transcriptional regulator genes to study its effect on biofilm formation [24–26]. This genetic
analysis approach will eventually limit the potential to discover novel genes that contribute towards
alterations in biofilm formation, particularly for a single homozygous strain. To address this limitation,
Glazier and his workers [29] have adopted a simple haploinsufficiency genetic analysis approach
to analyze the transcription regulatory network of biofilm formation. The authors generated and
analyzed the interaction between all possible double heterozygous mutants of the transcriptional
regulators (Efg1, Bcr1, Brg1, Ndt80, Tec 1 and Rob1). From the study, the authors reported that the
biofilm network is remarkably susceptible to genetic perturbation where all of the six transcriptional
regulator mutants showed changes in biofilm formation. Additionally, the double heterozygous
mutants showed a comparable or more severe disruption in biofilm development than the double
homozygous mutants. In this study, the authors also shed light on the functions and involvement of
individual transcriptional regulators. The authors revealed that TEC1 expression is highly sensitive to
small disruptions by other transcriptional regulators while NDT80 expression is under the influence of
TEC1. Meanwhile, ROB1 expression was found to be dependent on the cooperative interaction among
transcriptional regulators and auto-regulation mechanism [29]. Figure 1 summarizes and highlights
the involvement of different transcription factors, master regulators and effectors in the complex
biofilm regulatory circuitry according to the distinct stages of biofilm development in C. albicans.

4. Drug Resistance in Candida albicans Biofilm

The five major groups of antifungal agents that are used in the treatment of C. albicans infections
are azoles, allylamines, echinocandins, polyenes and nucleoside analogues. The azoles and allylamines
inhibit the ergosterol synthesis by blocking different enzymes respectively, whereas echinocandins
disrupt the cell wall integrity by inhibiting the enzyme β-1,3-glucan synthase. Polyenes bind to sterols
and cause intracellular leakage, whereas nucleoside analogues perturb DNA/RNA synthesis thus
inhibiting cell growth [30].

Treatment of Candida biofilm was shown to be effective with amphotericin B and echinochandins
in some previous studies [31–37]. However, antifungal drug resistance in biofilms of C. albicans has
been reported in the past few years. Furthermore, the pyrimidine analogs, allylamines and classic
formulations of polyenes are not effective against biofilms of C. albicans [3,38–40]. Factors contributing
to antifungal resistance in C. albicans have been described. One of the more prominent factors is the
ability of this species to effectively pump out drugs via its efflux pumps mechanism [41]. Besides
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the drug efflux pumps mechanism, the biofilm architecture, which is a thick layer of matrix and its
constituents such as the polysaccharide β-1,3-glucan, has the ability to bind to the antifungal agents,
preventing them from reaching their targets, which eventually increases the resistance of C. albicans
towards these drugs [41,42].

Figure 1. Schematic diagram depicting the stages of biofilm formation in Candida albicans and the
transcription regulatory network involved in the process. The information on the “master regulators”
originated from Nobile [25], Fox [26] and Glazier [29].

Persister cells that exist within the biofilms as metabolically inactive cells are also known to
be resistant to many antifungal drugs such as amphotericin B [16,40]. Due to the dormancy of
these persister cells, it is difficult for antifungal drugs to evoke an effect as these drugs normally
target actively metabolizing cells. In this case, where persister cells exist within the biofilm matrix,
much higher minimum inhibitory concentrations (MICs) of the drugs may be required to achieve
the intended therapeutic goal. The acquisition of drug resistance in C. albicans has been studied
using transcriptomes. The RNAseq analyses have been shown to be more accurate and sensitive
when compared to microarray and, thus, provide a better platform to unravel the complexity of
drug resistance genes in C. albicans [43,44]. Using RNA seq, more than 50 genes were found to be
overexpressed in drug-resistant C. albicans [45]. The transcriptional factor encoded by the CZF1 gene
that is associated with hyphal transition and white/opaque switching was upregulated along with
the CDR1 and CDR2 genes. This gene is also known to negatively control the expression of one of the
three genes which encode β-1,3-glucan synthase, i.e., GSL1. Besides these genes, several other genes
regulating adherence (ALS1), carbon metabolism (CIT1, HGT10, GAL7, GUT1, FUM12 and GDH3), cell
wall maintenance (MNN4 and CHR11), drug transport (YOR1) and morphogenesis (WHI1, ADAEC,
SFL2, SCH9, CZF1, ECE1, DLD1, GPR1 and SRR1) of C. albicans were overexpressed. The study also
revealed a few other genes that were repressed such as gene regulating adherence (ALS2), carbon
metabolism (HGT12, MAL2 and MAE1), copper and iron homeostasis (HEM13, CRP1 and SMF3),
drug transport (CDR4 and MFS), extracellular proteins (PLB1, ALS2 and MAL2), morphogenesis
(NAT4 and PHHB) and steroid binding (EBP1 and CBP1). A new transcribed region was identified
upstream of the TAC1 gene, which encodes the major CDR transcriptional regulator, which is yet to be
characterized [45].

5. Comparative Studies on C. albicans vs. “Avirulent” C. dubliniensis

C. albicans is the most commonly found opportunistic yeast that can exist as a normal microflora
in healthy individuals or as an etiological agent in human candidiasis. C. dubliniensis, first identified in
1995, is a pathogenic species that is phylogenetically close to C. albicans [46,47]. Similar to C. albicans,
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C. dubliniensis is able to form a chlamydospore and germ tube and to cause oral candidiasis, particularly
in human immunodeficiency virus (HIV)-infected patients [48]. Despite the phylogenetic similarities
between C. dubliniensis and C. albicans, the former exhibits a poorer virulence and lower prevalence
rate due to the reduced capability to colonize the host and to form filaments [48–50]. Previous studies
have focused on elucidating the phenotypical differences between these two closely related species
to understand the fungal virulence mechanism. Some of the prominent findings from these studies
indicate that C. dubliniensis exhibits impaired growth kinetics at 42 ◦C [51], has no β-glucosidase
activity [52] and fails to produce true hyphae under N-acetylglucosamine stimulation or a nutrient-rich
environment [46,53]. However, it shows a higher extracellular proteinase expression, adheres more
strongly to buccal epithelial cells and is less susceptible to 5-flucytosine compared to C. albicans [54].

Using an in vivo animal infection model, Vilela demonstrated that mice intravenously infected
with C. dubliniensis show higher survival rates than those infected with C. albicans and this is likely
due to a more effective host inflammatory immune response to C. dubliniensis [48]. This is supported
by in vitro culture experiment whereby C. dubliniensis had a lower survival rate in the presence of
human polymorphonuclear leukocytes [55]. Furthermore, in an immunosuppressed mouse model,
Stoke demonstrated that C. dubliniensis poses a weaker degree of expansion and dissemination to
internal organs than C. albicans [50]. When co-cultured with oral reconstituted human epithelial cells,
C. dubliniensis appears predominantly in yeast form that renders minimal effect to the cells; whereas
C. albicans forms abundant hyphae that damage the epithelial cells in vitro [50].

Given that C. albicans and C. dubliniensis share a close phylogenetic relationship, the puzzle
remains as to how these two species are varied in terms of virulence. Studies have used genomics
and transcriptomics approaches to gain further insights into the different morphogenesis pathways
in both species [53,55–57]. Moran has a utilized comparative genomic hybridization (CGH) method
by co-hybridizing C. albicans microarrays with fluorescently labelled C. albicans and C. dubliniensis
genomic DNA to assess the cross species genomic homology [55]. The outcome from this experiment
shows a high genome similarity between the two species. Up to 95.6% of C. dubliniensis genomic
DNA is homologous to, and hybridizes with, nucleotides from the C. albicans genome; while only a
small proportion (4.4%, 247 genes) shows sequence divergence. The divergent genes include those
encoding the hypha-specific human transglutaminase substrate HWP1P, which are important for
hyphae formation. It is also noted that two of the C. albicans virulence factors implicated in invasion,
the secreted aspartyl proteinase-encoding genes (SAP5, and either one of the SAP4 or SAP6), are missing
in the C. dubliniensis genome. Further, Jackson and coworkers sequenced the 14.6-megabase genome
of C. dubliniensis and compared it to that of C. albicans using whole-genome shotgun sequencing
at 11-fold average coverage [56]. Similar to results from Moran [55], that utilize the CGH method,
a highly conserved sequence and synteny are shown throughout the genome of both species and
only a total of 168 species-specific genes are identified. The absence of SAP4 and SAP5 genes in
C. dubliniensis genome is reconfirmed in this study. Other genes reported in this study include the
proposed invasin ALS3 and a group of 115 pseudogenes that are orthologs of filamentous growth
regulator (FGR) genes with predicted functions in fungal pathogenesis. A study by Butler compared
eight Candida species (without C. dubliniensis) and shows some genes involved in mating and meiosis
pathways are missing throughout evolution in certain species [58]. This suggests that distinct Candida
species may have modified their genomes during evolutionary adaptation, which may contribute to
the different virulence levels of each species. Figure 2 provides a summary of the differences between
C. albicans and C. dubliniensis in different aspects, which contribute to the differences in virulence.

Compared to the genomic data, transcriptomic analysis provides more vital information of
transactive genes under different stimuli or conditions. Transcriptomic analysis has been used to
analyze the cross species gene expression between Candida versus other fungal species [57,59–61].
In 2013, Grumaz [57] used RNA-sequencing (RNA-Seq) on the Illumina (San Diego, CA, USA) next
generation sequencing platform to compare the transcriptional landscapes between C. dubliniensis
and C. albicans in both hyphal and yeast stages. A comparison of the differentially expressed
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orthologs was quantitatively determined. Recently, an RNA-Seq approach has also been used to
compare the transcriptome of C. albicans versus C. africana, a biovariant with a low degree of
virulence and inability to produce chlamydospores; which unveiled two novel transcriptionally
active regions in both species [61]. A recent study by Caplice [53] uses a microarray meta-analysis
to compare the transcriptional response of C. dubliniensis and C. albicans to different stimuli such as
pH and temperature [53]. Interestingly, C. dubliniensis displays no or minimal expression of several
Efg1-regulated, hypha-induced genes, such as the extent of cell elongation 1 (ECE1) and HWP1 in
response to 37 ◦C incubation. Other genes that are induced in C. albicans but not C. dubliniensis include
those involved in the cell cycle, cytoskeleton organization, and the maintenance of hyphal growth
and DNA replication. Hence, -omics approaches to compare between a less virulent and less versatile
pathogen C. dubliniensis (or C. africana) to the highly virulent C. albicans provide important clues for the
intricate gene regulatory network of the virulence process.

 
Figure 2. Comparative differences in the virulence determinants between C. albicans and C. dubliniensis.
Differences in (i) host colonization, invasion, and dissemination; (ii) morphology; (iii) host immune
response; and (iv) virulence genes are highlighted.

6. Exploitation of Transcriptomic and Genomic Technologies for Dissecting C. albicans Biofilm
Formation and Drug Resistance

The C. albicans genome was sequenced and annotated via the efforts of the Stanford Genome
Technology Centre as well as the European Galar Fungail network. The CandidaDB genome database
for C. albicans pathogenomics was first launched in January 2002. Later, the release of CandidaDB
launched in June 2004 represented an up-to-date annotation of Assembly 19 of the C.albicans genome
sequence [62]. The genome database provided a strong impetus for and an indispensable base, which
spurred numerous whole-genome related transcriptomics and proteomic studies. Table 1 below is a
summary of the key publications within the last decade, which helped to advance our knowledge in
C. albicans biofilm formation and drug resistance, particularly through those that describe the use of
new -omics platforms. The list is in no way exhaustive but merely a snapshot of the studies that have
contributed to this field.
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7. Future Directions of Research on New Antifungal Drugs Targeted at Candida Biofilm

Undoubtedly, biofilm formation by C. albicans is a complicated process leading to life-threatening
infections, which are difficult to eradicate. Additionally, current antifungal therapies have minimal
effects on biofilm formation and there is no effective solution to solve this problem. Moreover,
the development of resistance and toxicity further hindered the efficacy of antifungal drugs.
Nonetheless, there are some promising strategies that could be carried out to tackle biofilm formation.
These strategies include lock therapies for an infected catheter, catheter coatings, natural products and
synthetic products screening, photodynamic inactivation, and targeting of the molecular pathways
related to C. albicans biofilm formation.

The “lock therapy” is where high concentrations of antifungal drugs are directly administered
into the catheter lumen for a period of time, such as several hours to days, prior to contact with patients.
This approach allows the antifungal agent to eliminate biofilm formation in the catheter and also to
avoid undesirable systemic toxicity build-up in patients as the high dosage of the antifungal agent
only acts in the catheter [67]. This therapy has been tested on silicone catheters infected with different
C. glabrata and C. albicans strains, using caspofungin, micafungin and posaconazole as antifungal
agents. The outcomes were positive where all antifungal agents used in the study have successfully
reduced biofilm formation, with micafungin showing the most promising result [68]. Meanwhile,
another lock therapy using amphotericin B lipid formulation (L-AMB) was not effective to eradicate
Candida biofilms [69]. There are several concerns when considering lock therapy in catheter-related
candidemia including (1) the higher failure rate for biofilm infection on the outer surface or on the
catheter tip; (2) the possibility of the development of antifungal drug resistance and (3) concomitant
systemic antifungal treatment may need to be considered for disseminated infection. To counter these
concerns, the choice of non-antifungal agents or antiseptics such as ethanol, EDTA or a high dose of
minocycline are more preferable in the lock therapy against C. albicans and non-albicans biofilms [70].

Another alternative to counter C. albicans biofilm formation is through the modification
of the catheter coating. A study has shown that the modification of the catheter coating with
chlorhexidine, minocycline-rifampin or silver sulfadiazine could reduce the incidence of bloodstream
infections caused by central venous catheters in the intensive care unit [71]. Meanwhile, a novel
silane system coated on the implant surfaces of titanium and zirconia has been shown to inhibit
C. albicans biofilm formation [72]. On the other hand, Karlsson fabricated and coated antifungal
β-peptide-containing multilayered polymer films onto surfaces and demonstrated a profound
inhibition of the antifungal-containing polymer films on the growth and proliferation of C. albicans.
The authors suggest that this approach could be used to suppress the biofilm formation caused by
C. albicans on film-coated surfaces, which could be further applied onto the surface of medical devices to
inhibit C. albicans biofilm in clinical settings [73]. Hoque also demonstrated that by coating the surface
of medical devices with water-insoluble and organo-soluble polymeric materials inhibition on the
growth and proliferation for a number of bacteria and fungi including C. albicans was remarkable [74].

Exploiting the efficacy and synergistic effect of combinations of antifungal therapies with other
drug classes could be another strategy for new antifungal development against C. albicans biofilm
formation. For example, synergistic effects between cyclosporine A with fluconazole, caspofungin,
voriconazole, nystatin and amphotericin B against C. albicans biofilm formation were observed [75].
Additionally, our previous work also demonstrated that allicin, a pure compound from garlic extract,
when combined with fluconazole reduced the C. albicans biofilm formation and altered the expression
of biofilm-related genes in vitro [76]. Besides that, the combination of Hsp90 inhibitors and the
non-steroidal anti-inflammatory drugs (NSAIDs) with antifungal drugs also showed a promising
synergistic activity against C. albicans biofilm formation [77,78]. The additive effects of different drugs
such as that between fluconazole and doxycycline were also effective against C. albicans biofilms [79].
Nevertheless, the possibility of the development of cell toxicity has to be considered when adopting
such an approach.
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On the other hand, formulation of new drugs based on existing antifungal drugs could be another
approach against C. albicans biofilm formation. Hitherto, several new formulated drugs, including
an amphotericin B lipid complex and liposomal amphotericin B, showed efficacy against C. albicans
biofilm in a bioprosthetic model [32]. Caspofungin, echinocandin, and micafungin also showed similar
effects against C. parapsilosis and C. albicans biofilms in the same model [32]. Recent studies also
documented the efficacy of amphotericin B lipid and echinocandin against Candida biofilm formation
both in vitro (34) and in vivo (35,37). Meanwhile, aspirin was shown to inhibit C. albicans filamentation
and biofilm formed by C. albicans, C. parapsilosis and C. glabrata [80]. Taken together, future work on
the discovery of new antifungal drugs through in silico modeling or structural modification of existing
antifungal drugs can help us in reducing the emergence of antifungal drug resistance.

Targeting the biofilm-related pathways in C. albicans could serve as a promising strategy in
combating C. albicans biofilm formation. One instance is targeting the quorum-sensing pathway.
Farnesol is a quorum-sensing molecule involved in facilitating the communication between Candida
cells during cell proliferation. Previous studies have shown that farnesol is able to inhibit C. albicans
biofilm formation and augment the efficacy of azoles [22,81–83]. Further evaluation of the efficacy
of farnesol in vivo and the discovery of more quorum sensing molecules could shed light on the
possibility of targeting the quorum-sensing pathway for C. albicans biofilm treatment. Meanwhile,
targeting the biofilm ECM of C. albicans, such as β-1,3 glucan and extracellular DNA (eDNA) could
be another potential approach for anti-biofilm therapy. As such, studies have shown fluconazole
activity is enhanced upon digestion of β-1,3 glucan while amphotericin B activity is enhanced by the
degradation of eDNA [11,42,84]. More studies identifying potential inhibitors for targeting the biofilm
matrix and pathways could help us in designing better antifungal drugs for anti-biofilm therapy.

On-going and intense research has explored natural products or synthetic peptides against
C. albicans biofilm formation. Compounds under investigation include terpenoids, polyphenols
and phenylpropanoids from plant and tea extracts [85,86] and also phenazines produced by
P. aeruginosa [87]. These compounds can suppress C. albicans biofilm formation and inhibit
yeast-to-hyphal transition. Additionally, some synthetic peptides, such as KSL-W have significant
effects on biofilm formation, growth and yeast-to-hypha transition of C. albicans [88]. On the
other hand, several high-throughput screenings aimed at identifying small-molecule inhibitors
against C. albicans filamentation and biofilm formation have been conducted. Siles screened for
1200 off-patent drugs approved by the Food and Drug Administration within the Prestwick
Chemical Library and identified 38 bioactive compounds with ability in suppressing C. albicans
biofilm [89]. Subsequently, Wong screened for 50,240 small molecules from a library and identified
SM21 as a potent inhibitor for C. albicans yeast-to-hypha transition [90]. Pierce identified a series
of diazaspiro-decane structural analogs which inhibit the filamentation and biofilm formation of
C. albicans from a chemical library (NOVACore™) of 20,000 small molecules [91]. Meanwhile, Romo
screened for 30,000 small-molecules within ChemBridge’s DIVERSet chemical library and identified
N-[3-(allyloxy)-phenyl]-4-methoxybenzamide as the leading compound for preventing C. albicans
filamentation and biofilm formation [92].

Another potential approach to eliminate C. albicans biofilm is through photodynamic inactivation.
This technique adopts the use of a nontoxic dye (photosensitizer) and visible light to produce
reactive oxygen species, which are able to destroy the DNA, cell membrane or proteins of microbial
cells and subsequently kill them. Several photosensitizers have been tested on Candida biofilm
formation including methylene blue and toluidine blue [93,94]. A study has shown that toluidine
blue (0.1 mg/mL) is able to reduce C. albicans biofilm at up to 60% [93]. In addition to that, when
combined with chitosan, a greater reducing effect on C albicans biofilm formation was observed [95].
This non-toxic and yet cost-effective technique will definitely serve as a future expansion field in
reducing biofilm formation of Candida spp.

In recent years, nanoparticles with antifungal properties have been described. There is rife interest
on the anti-biofilm properties of silver (Ag) nanoparticles, which have been shown to damage the
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cell wall and membrane of C. albicans biofilm cells and inhibit filamentation [96]. A recent study also
showed that Ag nanoparticles have altered multiple cellular targets including ergosterol content, fatty
acid composition, cell membrane integrity and ultrastructure [97]. Another biopolymer with promising
anti-biofilm property is chitosan nanoparticles, which were demonstrated by a recent study to be
effective in C. albicans biofilm inhibition on a resin denture surface [98]. Moreover, the efficacy of other
nanoparticles namely gold nanoparticles [99], silica nanoparticles [100] and selenium nanoparticles
either alone or as a carrier for antifungal drugs has also been explored [101].

Vaccination is another potential strategy in preventing invasive fungal infections, particularly
on high-risk groups with identifiable risk factors [102,103]. The key protection lies in the ability of
vaccines to boost host immunity, including pro-inflammatory, cell-mediated, Th1 or Th17 responses to
enhance phagocytic killing of the fungus [103]. Dedicated studies have been conducted by researchers
in recent years to develop safe and effective fungal vaccines [104,105]. Though no specific vaccine
has been developed to prevent Candida biofilms, however, two promising fungal vaccines against
invasive candidiasis have been developed and they are currently under clinical trials. The first Candida
vaccine containing the rAls3p-N antigen is presently under a phase IIa clinical trial whereby the results
indicated that this vaccine hinders fungal adhesion and invasion in immunized subjects [105,106].
The second Candida vaccine is a virosome-based vaccine comprising of Sap2 antigen/truncated
recombinant Sap2 antigen, which confers protection for both systemic and mucosal candidiasis [107].
Concerted efforts should be given to unravel new compounds and molecules that can be applied in
the prophylaxis and treatment of Candida infections.

In conclusion, the majority of the data generated on C. albicans biofilms has mainly relied on
in vitro models, which pose limitations in translating the findings from bench to bedside. Each in vitro
biofilm model could be limited by the species/strains used, the specific environmental conditions
and the choices of biotic interphase. It is important to take into consideration the clinical relevance
of the adopted model as well. The lack of in vivo studies also warrants the development of reliable
and novel in vitro biofilm models that resemble the conditions in vivo, which can be utilized for
long-term anti-biofilm and antimicrobial activity prediction. On the other hand, from the accumulated
data derived from transcriptome expression profiles of C. albicans biofilm, various key regulators of
biofilm development have been identified. Dispersal cells, in particular, should be targeted as they are
programmed to survive in nutrient-starved niches and to infect new sites in the host. Using the latest
molecular docking and in silico modeling software to screen libraries of small molecules and peptides
for candidates that could bind to and inactivate selected CSTARs targets and key regulators such as
PES1, YWP1, HWP1 and the Arp2/3 complex, we might be able to identify potential anti-C. albicans
molecules that could become the next marketed antifungal drugs.
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Abstract: Invasive fungal infections caused by Mucorales (mucormycosis) have increased worldwide.
These life-threatening infections affect mainly, but not exclusively, immunocompromised patients,
and are characterized by rapid progression, severe tissue damage and an unacceptably high rate of
mortality. Still, little is known about this disease and its successful therapy. New tools to understand
mucormycosis and a screening method for novel antimycotics are required. Bioluminescent imaging
is a powerful tool for in vitro and in vivo approaches. Hence, the objective of this work was
to generate and functionally analyze bioluminescent reporter strains of Mucor circinelloides, one
mucormycosis-causing pathogen. Reporter strains were constructed by targeted integration of the
firefly luciferase gene under control of the M. circinelloides promoter Pzrt1. The luciferase gene
was sufficiently expressed, and light emission was detected under several conditions. Phenotypic
characteristics, virulence potential and antifungal susceptibility were indifferent to the wild-type
strains. Light intensity was dependent on growth conditions and biomass, being suitable to determine
antifungal efficacy in vitro. This work describes for the first time the generation of reporter strains
in a basal fungus that will allow real-time, non-invasive infection monitoring in insect and murine
models, and the testing of antifungal efficacy by means other than survival.
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1. Introduction

Mucor circinelloides, a member of the Mucoromycota, is ubiquitously found in the environment. It is
thermotolerant, able to grow on a wide range of organic substrates and sporulates fast and abundantly [1,2].
It can cause mucormycosis—a severe animal and human disease. In recent decades, the incidence of
mucormycosis has increased all over the world, becoming the second most common fungal disease in
patients with haematological malignancies and transplant recipients [3–5]. Infections with mucormycetes
are highly aggressive and destructive, resulting in tissue necrosis, invasion of blood vessels and subsequent
thrombosis. The rapid progression, linked with shortcomings in diagnosis and therapy, results in high
mortality rates which are estimated to range between 40–>90%, depending on the site of infection, the
condition of the host and the therapeutic interventions [3,5–7]. The different types of mucormycosis are
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classified according to the anatomic site of infection, such as rhino-orbital-cerebral, pulmonary, cutaneous,
gastrointestinal and disseminated infections [8]. Antifungal therapy is complicated by the limited treatment
options that comprise lipid amphotericin B (AMB) as first-line therapeutic and posaconazole (POS) or
isavuconazole (ISA) as salvage treatment [9,10].

The most common genera associated with human disease next to Mucor are Rhizopus, and
Lichtheimia (formerly Absidia) and infections are associated with severe graft-versus-host disease,
treatment with steroids, neutropenia, iron overload, diabetes and malnutrition [10]. M. circinelloides
isolates have been associated with outbreaks of mucormycosis in the US, the UK and Europe and it
poses a threat to public health by contaminating food and producing 3-nitropropionic acid [11–15].

Despite the growing relevance of mucormycetes in public health, little is known about the
physiology and virulence factors associated with this group of fungi. The heterogeneity of this
group and the difficulties in genetic manipulation are reasons thereof. However, M. circinelloides
stands out among the rest of basal fungi offering the opportunity to carry out genetic manipulation
by the development of an increasing number of molecular tools [16,17]. The intrinsic resistance of
mucormycetes to drugs used as resistant markers in other fungi, leaves only the use of auxotrophic
markers [18,19].

Bioluminescence imaging is a very useful technique to track microorganisms in living animals
and has provided novel insights into the onset and progression of disease. The great advantage
is the real-time monitoring of infection in one individual organism over time. Different enzymes
exist in living organisms, which use different substrates and different cofactors to emit light.
The most prominently used are the firefly (Photinus pyralis) and the copepod (Gaussia princeps)
luciferase [20]. Both have already been successfully transformed into opportunistic fungal pathogens
e.g., Candida albicans [21,22], Aspergillus fumigatus [23–25] and A. terreus [26]. Bioluminescence imaging
with these strains has significantly enhanced our understanding of fungal infection. It revealed
unexpected host sites in disseminated candidiasis, showing persistence of Candida cells in the
gallbladder, even after antifungal treatment. Studies comparing A. fumigatus and A. terreus revealed
delayed onset of disease in A. terreus infected mice and survival in 50% of A. terreus infected mice,
although progression of disease was similar to those that died.

In this study, we generated bioluminescent strains in the opportunistic human pathogen
M. circinelloides based on the expression of firefly luciferase and controlled under a highly expressed
M. circinelloides promoter, for the first time. Light emission was correlated to fungal growth and
concentration of the substrate luciferin. Phenotypic analysis and virulence potential in the alternative
host Galleria mellonella revealed no differences to parental strains. Antifungal efficacy was determined
successfully by the use of the obtained reporter strains. The strains generated in this study will be a
useful tool to test novel antifungal agents both in vitro and in murine and insect models, in addition to
shed light on the onset and progression of mucormycosis in animal models.

2. Material and Methods

2.1. Fungal Strains, Plasmids, Media and Growth Conditions

The strains and plasmids used in this study are listed in Table 1. All fungal strains used were
M. circinelloides f. lusitanicus, referred to in this work as M. circinelloides for simplicity. To obtain spores,
strains were grown on YPG (yeast peptone glucose agar; 3 g/L yeast extract, 10 g/L peptone, 20 g/L
glucose, pH 4.5) medium at 26 ◦C in the light for 4–5 days. Spores were collected by scraping the plates
with sterile spore solution buffer (0.9% NaCl, 0.01% Tween 80) and spore concentration was determined
by hemocytometer. Media and growth conditions for the individual assays are given below, for most
assays YNB (yeast nitrogen base; 1.5 g/L ammonium sulfate, 1.5 g/L glutamic acid, 0.5 g/L yeast
nitrogen base (w/o ammonium sulfate and amino acids, Sigma-Aldrich, Steinheim, Germany, cat. no.
Y1251), 10 g/L glucose, thiamine 1 μg/mL and niacin 1 μg/mL) was used [16]. All chemicals used
were purchased from Sigma-Aldrich, Germany, unless otherwise stated.
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Table 1. List of strains and plasmids used in this study.

Name Genotypes/Characteristics Reference

Mucor circinelloides

R7B leuA1 (mutant alelle of leuA gene) Roncero et al., 1984 [27]
R7B_luc carRP::leu Obtained in this study
R7B_luc1 carRP::leu Obtained in this study
MU402 leuA1, pyrG− Nicolas et al., 2007 [18]

MU402_luc pyrG−, carRP::leuA Obtained in this study
MU402_luc1 pyrG−, carRP::leuA Obtained in this study

DH5α ampicillin resistance Thermo Fisher (Germering, Germany)

Escherichia coli
pMAT1477 Pzrt1, leuA Rodriguez-Frometa et al., 2013 [19]

pGL3 basic vector firefly luciferase reporter vector Commercially available, Promega
(Fitchburg, WI, USA)

Plasmids pMAT1903 pMAT1477 + luciferase Obtained in this study

Escherichia coli DH5α was used as a host for plasmid propagation and grown in lysogeny broth
(LB) medium, supplemented with 0.1 mg/mL ampicillin if needed. Bacterial cultures were incubated
at 37 ◦C overnight.

2.2. Cloning Procedures

2.2.1. Amplification of the Firefly Luciferase Gene

The plasmid pGL3 basic vector (Promega, Fitchburg, WI, USA) served as a template to amplify
firefly luciferase by PCR using primers luc-FOWXhoI (AAACTCGAGATGGAAGACGCCAAAAAC
ATAAAGAAAGG), luc-REVSacII (CGCCCCGCGGCTAGAATTACACGGCGATCTTTCC) and Herculase
II fusion DNA polymerase (Agilent, Santa Clara, CA, UAS). This luciferase is an optimized version
for the use in mammalian cells and does not contain the peroxisomal target sequence of the native
firefly luciferase.

2.2.2. Plasmid Construction

The pMAT1477 plasmid carries the strong promoter of the M. circinelloides zrt1 gene (Pzrt1) and
a functional leuA gene as a selective marker [19]. Amplified luciferase gene was digested by XhoI
and SacII and ligated into pMAT1477 to obtain pMAT1903 (Figure S1). By the targeted integration of
the whole construct in the M. circinelloides carRP gene, which is involved in carotenoid biosynthesis,
identification of clones with integrated gene was facilitated, as they formed albino colonies, while
those without integration had a yellow phenotype [28].

2.3. Transformation of Mucor circinelloides and Initial Screening

Strain R7B (leuA−) and MU402 (leuA−, pyrG−) were chosen as recipient strains. MU402 is derived
from R7B. Transformation of M. circinelloides was performed by electroporation of protoplasts as
described previously [16]. In brief, freshly harvested spores were incubated in YPG media (pH 4.5) for
2–4 h until spores were germinated and then transferred to a fresh tube for digestion of the cell wall by
lysing enzymes (L-1412, Sigma-Aldrich, St. Louis, MO, USA) and chitosanase (C-0794, Sigma-Aldrich).
Linearized DNA (5 μg) was used in each transformation reaction. Protoplasts were incubated on
YNBS agar (pH 3.2; containing 0.2 g/L uridine for MU402 strains) and checked daily for colonies [16].
Colonies formed by protoplasts with correct gene targeting appeared white, because of disruption of
the carRP gene by targeted integration. Albino colonies were repeatedly transferred to fresh selective
agar plates (3–4 cycles) to obtain homokaryons. Several clones in each background were then chosen
and tested for light emission. Therefore, spores were incubated in YPG in 6-well plates (Nunc GmbH,
Langenselbold, Germany) overnight, then D-luciferin (10 mM, Synchem, Felsberg, Germany) was
added to the cultures and light emission detected by a monochrome scientific grade CCD camera
(BIO-Vision 3000 imaging system, Golden, CA, USA (Figure S3)). Clones that showed highest light
emission were chosen for further experiments.
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2.4. Genomic DNA Extraction and Southern Analysis

For the preparation of genomic DNA, lyophilized mycelia were ground to powder using a
tungsten carbide ball in a Retsch MixerMill 400 and resuspended in 1 mL of DNA isolation buffer
(50 mM Tris-HCl, 250 mM NaCl, 100 mM EDTA (Ethylenediaminetetraacetic acid), 1% (w/v) SDS
(Sodium dodecyl sulfate), pH 8.0 at 25 ◦C) and 300 μL of PCI (Phenyl-Chloroform-Isoamylalcohol;
Carl Roth, Karlsruhe, Germany). After incubation at room temperature for 5 min, the mixture was
centrifuged for 10 min at 20,000× g and 4 ◦C. RNase A (10 μL; 10 mg/mL) were added to the
supernatant and incubated for 10 min at 65 ◦C and further 30 min at 37 ◦C. After RNase digestion,
DNA was extracted by addition of 1/3 volume of PCI, centrifuged and the resulting supernatant was
precipitated by addition of 1 volume of isopropanol. The DNA pellet was washed with 180 μL of 70%
ethanol, briefly air-dried and solubilized in 50 μL of a.d. Concentration and quality were determined
by agarose gel electrophoresis. 2 μg of genomic DNA were digested overnight with 10–20 units
of either BglII or PstI and separated on 0.8% agarose gels. DIG-labeled marker VII (Roche, Basel,
Switzerland) served as a marker for fragment size estimation. Capillary transfer of DNA onto nylon
membrane was performed overnight. Membranes were hybridized with a probe for the luciferase
coding sequence. Probe labeling with DIG-dUTP was performed by PCR amplification using primers
luc1f (5′-TCGCATGCCAGAGATCCT) and luc1r (5′-CGCCCGGTTTATCATCCC).

2.5. Luciferase Activity

Luciferase activity was tested in vitro by measuring light emission of bioluminescent
M. circinelloides strains in dependency of inoculum density and growth conditions by luminometer
Tecan infinite 200 PRO plate reader (Tecan Group AG, Männedorf, Switzerland). First, two
transformants of each background were chosen, grown in YNB (2 × 105 spores/mL) in 24-well
microtiter plates (Nunc) for 24 h, 100 μL of luciferin (Roche, Luciferase Reporter Gene Assay) were
added to the cultures and light emission was detected immediately (2 min after addition of luciferase),
or 30 min after addition of substrate to check for stability of light emission.

To determine correlation to inoculum size and subsequent fungal growth/biomass, different
spore concentrations were incubated (2 × 102–2 × 106/mL) and light emission was detected as
previously described.

A dilution series of substrate luciferin (Roche)—undiluted, 1:2, 1:5 and 1:10—was tested to check
for the optimal concentration needed for further experiments.

To determine if light emission is dependent upon growth conditions, strains (2 × 105 spores/mL)
were pre-grown in YNB to the same amount of biomass overnight, before the medium was replaced by
fresh YNB, YPG or RPMI1640 (Sigma-Aldrich, Spittal/Drau, Austria), respectively. Substrate addition
and measurement of emitted light were carried out as described above.

2.6. Phenotypic Analysis in Different Growth Conditions

Growth on different media of the recipient strains and the resulting luciferase expressing clone
was compared on different media (YNB, YPG, RPMI1640 and supplemented minimal agar, SUP [29];
with supplements added when necessary). 104 spores of the individual strains were dotted onto the
respective agar plates and incubated at 30 ◦C and 37 ◦C, respectively. After 24 h colony diameters
were measured and growth documented visually. Experiments were carried out with 3 parallels and
repeated twice. For growth assays in hypoxic conditions cultures were grown at 1% O2 (Biospherix,
C-Chamber & Pro-Ox controller, Parish, NY, USA).

2.7. Antifungal Susceptibility Testing

Minimum inhibitory concentration (MIC) of AMB, POS, ISA, and itraconazole (ITRA) were
determined for all strains according to the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) guidelines 9.2 [30]. MIC was defined as the lowest concentration that completely
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inhibited growth. Additionally, MICs were also determined in YNB medium, as this was used for
luciferin activity assays.

To determine antifungal drug efficacy by correlation of fungal growth with light emission, R7B_luc
was grown in YNB overnight in the presence of AMB (0.25 μg/mL and 1 μg/mL) or POS (2, 16 and
32 μg/mL), respectively, in 96 well plates. To test the growth inhibiting activity of AMB and POS
on M. circinelloides hyphae, cultures were pre-grown in YNB overnight before antifungal drugs were
added. After 4 h of drug exposure, luciferin was added and light emission detected as described above.
All experiments were carried out in parallels and repeated twice.

2.8. Virulence Assay in Galleria mellonella

Sixth instar larvae of G. mellonella (SAGIP, Bagnacavallo, Italy), weighing 0.3–0.4 g, were selected
for experimental use. Larvae, in groups of twenty, were injected through the last pro-leg into the
hemocoel with 1 × 106 spores in a volume of 20 μL as described previously and incubated at 30 ◦C
in the dark [29,31,32]. Untouched larvae and larvae injected with sterile insect physiological saline
(IPS) served as controls. Survival was determined every 24 h over a period of 144 h. Experiments
were repeated three times and the average survival rate was calculated. Significance was determined
with log-rank (Mantel-Cox) test, utilizing GraphPad Prism 7 software (GraphPad Software, San Diego,
CA, USA). Differences were considered significant at p-values < 0.05.

2.9. Histology of Larvae

Specimen were fixed in formalin for at least 15 days before being embedded in paraffin.
Longitudinal tissue sections were carried out with a microtome at 3.0 μm thickness and stained
with Grocott for histological validation. Slides were digitalized using a Pannoramic SCAN digital
slide scanner (3DHISTECH, Budapest, Hungary) with plan-apochromat objective (magnification: 20×,
Numerical aperture: 0.8). The histological evaluation and the scoring of the fungal infection were done
by using the Pannoramic Viewer software (3DHISTECH).

3. Results and Discussion

3.1. Generation of Firefly Luciferase-Producing Mucor circinelloides Strains Resulted in Detectable
Light Emission

For the generation of luciferase-producing M. circinelloides strains, we cloned the firefly (P. pyralis)
luciferase gene, optimized for use in mammalian cells, under the control of a strong M. circinelloides
zrt1 promoter into plasmid pMAT1477 that contained the leuA gene, which was used as a selective
marker in transformations. In the resulting plasmid, the luciferase gene and leuA are flanked by
sequences of the carRP locus to favor targeted integration of the whole construct. The plasmid was
linearized and then used to transform the leucine auxotroph strain R7B and the leucine and uridine
auxotroph strain MU402. The double auxotroph was chosen to facilitate subsequent disruption or
introduction of other genes in the bioluminescent strain. In both backgrounds, more than 50 colonies
were obtained on selective transformation plates. Integration in the carRP locus renders albino colonies,
hence fifteen independent transformants of each background with white appearance were selected.
Due to the multinucleated nature of the protoplasts, they were repeatedly inoculated on selective agar
until the transformants produced only white colonies, an indication that they were homokaryons.
Five of these transformants per background were randomly selected and checked for luciferase
production by observing light emission with the naked eye in the dark and visualization of light
production (Figure S3). Two strains in each background, showing high light emission, were selected
for Southern blot analysis using digoxigenin-labeled probes directed against the luciferase coding
region (Figure S2). Restriction with BglII or PstI confirmed correct insertion and single integration
of the luciferase gene. The same four strains were chosen for further luminescence detection by
microplate reader and CCD camera (Figure S3). As shown in Table 2, all transformants emitted more
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light than the parental strains, indicating that our approach of expressing firefly luciferase for the first
time in M. circinelloides was successful. Measurements taken 30 min after substrate addition indicated
that light emission was moderately stable and still significantly detectable after this time, which is
essential for further use of the reporter strains. Furthermore, luciferase-harboring strains were stable
over several generations because of the site- directed insertion and the selection for homokaryons.
Light signals were lower for transformants in the MU402 background, which correlates to slower
growth and less biomass of these strains compared to R7B. Therefore, mainly R7B_luc was used for
further experiments. Regarding the difficulties with genetic engineering of basal filamentous fungi
and in particular the opposition of mucormycetes to express foreign genes, this is an achievement
that will be advantageous for further experimental work (e.g., in optimizing luciferase expression in
M. circinelloides and other mucormycetes).

Table 2. Detection of luminescence signal by microplate reader. 105 spores/mL of the respective strains
were grown in YNB medium (containing supplements where needed) for 24 h. Light emission was
induced by the addition of D-luciferin (10 mM) and detected with a microplate reader (Tecan Group
AG, Männedorf, Switzerland). Ten seconds were set as integration time. Measurements were carried
out 2 min and 30 min after substrate addition. RLUs (relative light units) present the average of three
experiments; SD represents standard deviation.

Strains RLUs (2 min) SD RLUs (30 min) SD

R7B 14 4 15 1
R7B_luc 4167 112 1444 129

R7B_luc1 3117 73 1194 95
MU402 10 1 7 3

MU402_luc 174 50 185 0
MU402_luc1 20 2 15 1

3.2. In Vitro Characterization of Bioluminescent Mucor circinelloides Reporter Strains

3.2.1. Radial Growth Is Not Altered by Insertion of the Luciferase Gene

To check growth ability of luciferase containing strains compared to their recipient strains, radial
growth was determined on different media at 30 ◦C and 37 ◦C. Based on results shown in Table 2,
R7B_luc and MU402_luc were chosen for the radial growth assays, because they showed higher light
emission. R7B_luc is prototrophic, while MU402_luc is still auxotrophic for uridine. The aim to
generate a reporter strain in the MU402 background was to have a tool in hand that can be used
for further genetic manipulation, such as deletion of genes essential for virulence. Here, to rule out
phenotypes resulting from luciferase integration, also the MU402_luc strains were used for growth
characterization and light emission assays. However, these strains will not be used per se in future
animal models. None of the strains displayed an obvious abnormal growth phenotype. At both
temperatures, R7B_luc exhibits same growth and average colony diameter on each of the media tested
compared to the parental strain R7B (Figure 1, Table S1). MU402_luc exhibited significantly smaller
colony diameters on YNB (containing uridine) at both temperatures and on RPMI1640 at 37 ◦C, but
still, no differences were detected compared to the parental strain. As expected, colonies were smaller
at 37 ◦C at this early time point, indicating difficulties of M. circinelloides with adaptation to high
temperatures. Because oxygen levels are expected to be very low on site of infection in the human
and animal body [33], and we aim to use the luciferase containing strains in animal models, growth
was further evaluated in hypoxic conditions (1% oxygen). Even at this low oxygen concentration, all
strains were able to grow and form hyphae, a pre-requisite of tissue invasion. Growth was reduced
in all samples compared to normoxic conditions, especially on minimal media (YNB and RPMI).
Surprisingly, MU402 and MU402_luc seemed to adapt better to the combination of low oxygen and
elevated temperature than R7B_luc and its parental strain on SUP and YPG. At 48 h growth in hypoxia
was restored at 30 ◦C and partially at 37 ◦C (Figure S4), indicating that M. circinelloides spores showed
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delayed germination in hypoxic conditions, but are able to adapt to low oxygen. This ensures that the
luciferase strains will be suitable for use in infection models at a later time point.

Figure 1. Growth phenotypes of recipient and luciferase-expressing strains grown for 24 h on different
media at 30 ◦C (panels (A,B)), 37 ◦C (panels (C,D)) under normoxic (panels (A,C)) and hypoxic
conditions (panels (B,D)). Hypoxia was induced by reducing the oxygen concentration in the incubator
to 1%. SUP: supplemented minimal agar; YPG: yeast peptone glucose; YNB: yeast nitrogen base;
RPMI: RPMI1640.

3.2.2. Light Emission Correlates with Fungal Biomass and Amount of Available Luciferase Substrate

An important parameter for the use of bioluminescent reporter strains in animal infection is the
detection limit of emitted light, which was determined by cultivation of R7B_luc spores at different
inoculum densities and assessment of light emission after 24 h of growth. Light was detected in
cultures inoculated with as low as 2 × 103 spores/mL compared to the controls without luciferin and
increased with the number of spores used. Highest RLUs were observed at a spore concentration
of 2 × 105/mL (Figure 2A, upper panel), the spore concentration that also led to the highest density
of mycelia (Figure 2A, lower panel). All other spore concentrations led to significantly lower RLU
measurement (p < 0.05). The highest inoculum concentration used (2 × 106/mL) did not result in
highest light emission, which can be explained by lower growth rate and non-homogeneity of in the
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culture. Spores probably germinate but face a lack of nutrients at this high density. For all further
in vitro experiments, 2 × 105 spores were used.

Figure 2. (A) Light emission in dependency of inoculum density. YNB medium was inoculated with
different concentrations of R7B_luc spores, light emission was induced by addition of luciferin after 24 h
and detected by plate reader (upper panel). Relative light units (RLUs) represent the average of three
independent measurements. Error bars indicate standard deviation. The lower panel shows fungal
growth at the various spore concentrations after 24 h of incubation. (B) Light emission in dependency
of substrate concentration. 2 × 105 spores/mL were inoculated in YNB and light emission was induced
by addition of different concentrations (undiluted, 1:2, 1:5; 1:10) of luciferin dissolved according to the
manufacture’s protocol (Roche, Basel, Switzerland). Light was detected immediately (dark grey bars)
and 10 min after substrate addition (light grey bars). Error bars indicate standard deviation.

Different concentrations of the substrate luciferin were tested to evaluate the minimum amount
necessary for R7B_luc to emit detectable light. As expected, light emission clearly correlated with
amount of substrate added to the cultures (Figure 2B). As shown before, light emission decreased with
time, with significantly reduced light emission at the later time point (t-test, p < 0.05), but was still
detectable 10 min after substrate addition.

To evaluate the effect of growth media on luciferase expression, cultures were pre-grown in
YNB overnight and the medium was replaced by fresh YNB, YPG or RPMI1640 3 h before addition of
substrate and light detection. Measurement of RLUs revealed highest levels of emitted light in YNB
medium and lowest in YPG (Figure 3). One possible explanation is the nature of the Pzrt1 promoter
used for our construct. The gene zrt1 codes for a zinc transporter whose expression is induced by
reduced availability of zinc as is the case in minimal media such as YNB. In mammalian tissues such
as human lung or blood, the concentration of zinc is very low; therefore, expression of luciferase
driven by Pzrt1 should be high in vivo. Rich media, such as YPG contain higher concentrations of zinc,
hypothetically resulting in downregulation of luciferase expression.
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Figure 3. Light emission of R7B_luc in different growth media. YNB medium was inoculated with
2 × 105 spores/mL of R7B_luc, incubated for 16 h, and then replaced by fresh YNB, YPG, or RPMI,
respectively. Light emission was induced by addition of substrate (luciferin 1:5) 3 h after medium
exchange and detected by using a plate reader. RLUs were determined immediately after addition
of substrate (black bars), 10 min (light grey bars) and 30 min (dark grey bars) after the addition of
substrate. Error bars indicate standard deviation. RLUs emitted in each media were significantly
different from the other media tested (Two-way analysis of variance (ANOVA), p < 0.05).

3.3. Antifungal Susceptibility Testing

3.3.1. Genetic Manipulation Does Not Influence Antifungal Susceptibility Patterns of Mucor
circinelloides Strains

The expression of the luciferase gene does not affect the susceptibility patterns of M. circinelloides
to commonly used antifungal agents, since strains expressing the luciferase gene showed the same
susceptibility pattern as the recipient strains (Table 3). To better compare MIC results with results from
light emission studies, MICs were also determined in YNB in addition to RPMI1640 medium. All strains
showed moderate susceptibility to AMB, resulting in complete growth inhibition at concentrations
between 0.5 and 2 μg/mL in both media tested. This correlates well to other studies, and thus all
4 strains tested could be classified as susceptible to AMB according to the epidemiological cut-off value
determined for M. circinelloides [34]. Despite of reducing growth, the azole concentrations applied
were below the MIC in RPMI1640, nevertheless, in YNB a posaconazole MIC could be determined
for R7B and R7B_luc. Although POS is regarded as second-line treatment, it has been shown before
that M. circinelloides isolates very often also exhibited resistance to this azole [35,36]. The fact that
susceptibility patterns of luciferase-harboring and recipient strains were very similar, assures that the
luciferase-harboring strains are suitable for the assessment of antifungal drug efficacy in vitro and
in vivo.

Table 3. Minimal inhibitory concentrations (MICs; μg/mL) determined for amphotericin B (AMB) and
azoles (posaconozale: POS; itraconazole: ITRA; isavuconazole: ISA) according to European Committee
on Antimicrobial Susceptibility Testing (EUCAST) guidelines. MICs were determined after 24 h of
incubation at 37 ◦C, except for MU402 and MU402_luc, where MICs were read after 48 h of growth in
yeast nitrogen base (YNB).

MIC (μg/mL)

RPMI1640 YNB

Strains AMB POS ITRA ISA AMB POS ITRA ISA

R7B 2 >16 >8 >4 1 2 >8 >4
R7B_luc 1 >16 >8 >4 0.5 4 >8 >4
MU402 2 >16 >8 >4 1 >16 >8 >4

MU402_luc 2 >16 >8 >4 1 >16 >8 >4
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3.3.2. Bioluminescent Strains Can Be Used to Evaluate Efficacy of Antifungal Drugs

To test if the luciferase producing strain R7B_luc is suitable for monitoring the efficacy of
antifungal substances, we used AMB and POS in two different experimental setups. First, the respective
antifungal agent was added directly to spores of R7B_luc, mimicking the EUCAST protocol and light
emission was determined after 24h of incubation. No light was detected in wells containing either
AMB or POS; respectively (Figure 4A,B). Results obtained with 1 μg/mL AMB correlate well with
the MIC determined (Table 3). At this concentration no growth was evident in the presence of AMB
prior to germination and consequently no light is emitted. Although some spores could grow in the
presence of 0.25 μg/mL AMB, also at this concentration biomass was too little to produce sufficient
luciferase. Similarly, of all three POS concentrations tested, none resulted in the emission of detectable
light units. Regarding a MIC of 4 mg/mL determined in YNB medium—the same medium that was
used for the light emission assays—evidence of a correlation to standard MIC testing is observed. Even
at a concentration of 2 μg/mL, growth (or at least fungal metabolism) was inhibited sufficiently to
prevent production of luciferase and consequently, light.

Figure 4. Graphical analysis of drug efficacy by detection of light emission. Luminescence was
measured by a plate reader in wells containing 2 × 105 spores/mL of R7B_luc grown in YNB in
the presence of amphotericin B (AMB) (A) or posaconazole (POS) (B), and with AMB (C) or POS
(D) added to hyphae, respectively. Light emission was detected after 24 h of incubation (A,B) and
subsequent luciferin (1:5, Roche) addition. Pre-grown cultures (16 h) were further incubated for 4 h
once antifungals were added (C,D). Average values from three independent wells are given, error bars
represent standard deviation.

The second approach was to test to what extent the production of luciferase is affected by the
addition of antifungal agent, AMB and POS, to R7B_luc hyphae. AMB showed a tremendous effect
on luciferase activity, resulting in no light emission when hyphae were incubated in 1 μg/mL AMB
for 4 h, and only marginal light emission at 0.25 μg/mL (Figure 4C). This suggests a strong effect
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of AMB on hyphal metabolism, presumably resulting in decreased ATP levels within the hyphae,
which consequently leads to reduced activity of the ATP-dependent luciferase. Another possible
effect could be inhibition of substrate uptake due to AMB-induced metabolic changes or membrane
dysfunction. Hyphae confronted with POS for 4 h exhibited reduced light emission, but with only a
significant difference at 32 μg/mL compared to the untreated controls (Figure 4D). This correlated
to previous data that showed reduced effect of POS on hyphae compared to AMB [37]. Furthermore,
poor in vitro and in vivo POS efficacy against several M. circinelloides strains, due to a rather fungistatic
than a fungicidal activity of POS, was shown by Salas et al. [38]. The results obtained with the
luciferase-producing strains are in agreement with the MIC data shown before and studies undertaken
by others [34,35]. Therefore, we can conclude that screening for antifungal drug efficacy is possible
by using luciferase-expressing M. circinelloides strains and presents a valuable tool for testing novel
antifungal drugs. For M. circinelloides, or Mucorales in general, this is of great importance, because
many laboratories face difficulties applying and interpreting standard susceptibility test procedures,
such as microbroth dilutions methods (EUCAST or clinical and laboratory standards institute (CLSI))
and especially Etest®, with this group of fungi. Often, results obtained with different methods do not
correlate [39–41]; therefore, the use of bioluminescent strains will be an additional possibility to test
the efficacy of (novel) antifungal drugs or combinations thereof.

3.4. Luciferase-Harboring Strains Exhibit Similar Virulence Potential as Recipient Strains in the Alternative
Host Galleria mellonella

In order to test whether the integration of the luciferase gene influenced the virulence potential
of the M. circinelloides strains, infection studies in the invertebrate host model G. mellonella were
carried out. All strains were able to cause death to the larvae and no significant difference (p > 0.05)
was detected between the luciferase-containing strains and the recipient strains (Figure 5). Lower
mortality rates seen for MU402 and MU402_luc are most likely due to uridine auxotrophy, suggesting
limited availability of uridine or uracil in Galleria hemolymph. This correlated to data obtained with
A. fumigatus, that showed attenuated virulence potential of uridine or uracil auxotrophic strains
in murine models [42]. Ability to cause disease in Galleria larvae and similarities in survival rates
of luciferase-harboring and recipient strains confirms suitability of generated strains for future use
in in vivo models. Fungal elements were found in tissue sections of larvae infected with R7B_luc
(Figure S5), indicating larval killing by active fungal growth within the larval body. This is important
for further studies, in which we aim to use this model system for in vivo bioluminescent imaging.

Figure 5. Survival of larvae infected with M. circinelloides strains. Larvae were infected with 106 spores
of the respective strains and incubated at 30 ◦C. (A) represents Kaplan-Meier curves of larvae infected
with R7B or R7B_luc strain. (B) represents Kaplan-Meier curves of larvae infected with MU402 or
MU402_luc strain. Survival was monitored every 24 h up to 144 h. Untouched larvae and larvae
injected with IPS buffer served as controls. Results are expressed as the mean of three independent
experiments (60 larvae in total).

For other fungi, such as A. fumigatus and C. albicans, codon-optimized luciferase gene sequences
were used and resulted in increased light emission, successfully detected in murine models [22,23,43].
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Codon optimization of luciferase in M. circinelloides would probably increase luciferase expression and
result in higher levels of detectable light, which would specifically be important in murine models, as
light detection is quenched by tissue. Further, correlation between the copy number of luciferase and
light emission was shown in A. terreus and A. fumigatus strains [23,26]. Although M. circinelloides is
one of the few genetically tractable species among the basal fungi, it is not yet a robust genetic system,
such as A. nidulans or A. fumigatus, and knowledge of other native, strong promoters besides zrt1 is
scarce. Nevertheless, using alternative promoters and/or integration of additional luciferase gene
copies could further improve our model system.

4. Conclusions

The construction of bioluminescent reporter strains in the basal fungus M. circinelloides was
successful and resulted in the first M. circinelloides strains expressing firefly luciferase, evident by
detectable light emission. When comparing our newly generated reporter strains with their respective
recipients, we obtained similar results regarding growth, antifungal susceptibility patterns, and
virulence potential in the insect model G. mellonella. Further, luciferase-containing strains proved to be
suitable for the evaluation of antifungal agents. The reporter strains obtained in this study represent a
valuable tool for studies investigating the efficacy of novel antifungal agents and monitoring disease
in a spatial and temporal manner in animal models in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/12/613/s1,
Figure S1: Plasmid pMAT1903 containing luciferase gene without peroxisomal target sequence under the strong zrt1
promoter and functional leuA, Figure S2: Gene targeting strategy and confirmation of homologous recombination. (A)
Schematic presentation of gene targeting and Southern analysis strategy. For generation of the targeting cassette, a
leucine auxotrophic marker followed by the gene coding for firefly luciferase were cloned in between 1 kb each of the
5’ UTR and the 3’ UTR of carRP, which were used as flanks for homologous recombination after linearization of the
plasmid by Cfr9I (XmaI) digestion. Restriction sites (BglII, PstI) and the site for probe hybridization are shown. Expected
fragment length to be identified upon proper integration at the carRP locus are 4.6 kb and 5.3 kb. (B) Southern analysis.
Genomic DNA of individual transformants was digested with BglII and PstI, respectively, separated on a 0.8% agarose
gel (lower panels) and blotted onto nylon membranes. To determine fragment size, DIG-labelled marker VII (Roche;
M) was used; the length of selected marker bands is indicated, Figure S3: Visualisation of bioluminescence from M.
circinelloides cultures. The M. circinelloides transformants (2 per strain) and the respective parental strains are shown.
105 spores/ml were inoculated in YNB medium and grown for 24 h. Light emission was induced by the addition of
D-luciferin (10 mM) to the medium, and bioluminescence images of the cultures were acquired by a monochrome
scientific grade CCD camera (BIO-VISION 3000 imaging system, right panel), Figure S4: Growth phenotypes of
recipient and luciferase expressing strains grown for 48 h on different media at 30 ◦C (panels A and B) and 37 ◦C
(panels C and D) under normoxic (panels A and C) and hypoxic conditions (panels B and D) are shown. Hypoxia
was induced by reducing the oxygen concentration in the incubator to 1 %, Figure S5: Histological examination of
Mucor circinelloides infected Galleria mellonella larvae. Specimen were fixed in formalin 72 h after infection with 106
spores of R7B_luc and embedded in paraffin. Tissue sections were prepared at a thickness of 3.0 μm and stained with
Grocott silver stain to optimize visualisation of fungal elements, Table S1: Colony diameter of M. circinelloides strains
on various growth media. Colony diameter was determined in triplicates after 24 h of incubation at 30 ◦C and 37 ◦C.
Numbers given represent the average of two independent experiments. Significance was determined by calculating
standard deviation (SD).
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