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During pathogen interaction with the host, several mechanisms are used to favor or inhibit the infectious
process; one is called nutritional immunity, characterized by restriction of micronutrients to pathogens.
Several studies on fungi of the Paracoccidioides complex, have demonstrated that these pathogens
remodel their metabolic pathways to overcome the hostile condition imposed by the host. However,
molecular mechanisms that control the regulation of those metabolic changes are not fully understood.
Therefore, this work characterizes the expression profile of miRNAs during iron deprivation and de-
scribes metabolic pathways putatively regulated by those molecules. Through analysis of RNAseq, 45
miRNAs were identified and eight presented alterations in the expression profile during iron deprivation.
Among the differentially regulated miRNAs, five were more abundant in yeast cells during iron depri-
vation and interestingly, the analyses of genes potentially regulated by those five miRNAs, pointed to
metabolic pathways as oxidative phosphorylation, altered in response to iron deprivation. In addition,
miRNAs with more abundance in iron presence, have as target genes encoding transcriptional factors
related to iron homeostasis and uptake. Therefore, we suggest that miRNAs produced by Paracoccidioides
brasiliensis may contribute to the adaptive responses of this fungus in iron starvation environment.

Published by Elsevier Masson SAS on behalf of Institut Pasteur.
1. Introduction

The regulation of availability of metals by host directly influence
the development of the pathogen during the infectious process.
Metals are micronutrients that play important roles in the host and
pathogen and, during infection, both compete for them [1,2]. In this
way, the host can prevent access to these metals, requiring adap-
tation of the pathogen to survive and promote a successful infection
[3]. On the other hand, pathogens must keep metal homeostasis in
order to promote a successful infection [4]. Iron is a redox-active
metal and is essential as a cofactor in the form of heme and iron-
sulfur clusters in a variety of cellular processes such as respira-
tion, amino acid metabolism, peroxide detoxification, DNA repli-
cation, along with DNA and sterol biosynthesis [5,6]. For this
reason, the deprivation of this metal is a condition that requires the
use of alternative, non-iron dependent strategies for the mainte-
nance of metabolism [7].
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Members of the Paracoccidioides complex are the etiological
agents of paracoccidioidomycosis (PCM), a systemic granulomatous
mycosis, highly prevalent in Latin American countries [8]. Previous
works described that Paracoccidioides spp. harbor in their genomes
genes related to iron homeostasis [9]. Paracoccidioides lutzii, strain
01, survives to iron deprivation by inducing the expression of genes
involved in energy metabolism, amino acid catabolism, vacuolar
protein degradation, as well as increased pathways related to iron
acquisition [10]. During P. lutzii infection, high concentrations of
iron increase the host’s susceptibility to infection [10]. To maintain
iron levels, members of the Paracoccidioides genus depict mecha-
nisms for the iron uptake from siderophores [11] and from heme/
hemoglobin [12], as well as ferrous/ferric iron by non-classical
reductive iron assimilation (RIA), which includes ferric reductases
and Fe/Zn permeases [13].

Recent research has shown that members of the genus Para-
coccidioides possess two paralogous genes coding for dicers and
argonauts, important proteins in the processing of non-coding
RNAs which are involved in post-transcriptional gene silencing, in
the genus Paracoccidioides [14] as seen in other fungi. Non-coding
RNAs, a class that includes miRNAs (miRNAs) are molecules
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transcribed from the genome and not translated into polypeptides.
They function in regulating gene expression, both transcriptionally
and post-transcriptionally. As post-transcriptional regulators of
almost all biological processes, miRNAs are capable of regulating
hundreds of different genes by binding to complementary se-
quences in the messenger RNA (mRNA), resulting in inhibition in
the translation or degradation of the targetmRNA [15]. Studies have
shown that miRNAs influence different biological processes such as
cell proliferation, apoptosis, cell differentiation, innate adaptive
immune responses and the development of mycosis [16,17]. The
presence of miRNAs was previously predicted by in silico screening
in Paracoccidioides genomes [14] or by high performance
sequencing [18].

Evidence suggests that the nutritional status of iron also plays a
significant role in the function of miRNAs [19,20]. Iron and miRNAs
exhibit a bidirectional relationship: the amount of iron may affect
biogenesis and processing of miRNA, while miRNA contributes to
the control of iron metabolism [19]. In this way, the regulation of
iron homeostasis in prokaryotes is influenced by the expression of
microRNAs; for example the expression of the RyhB small RNA, in
Escherichia coli rapidly induces degradation of mRNAs, encoders of
the proteins NADH dehydrogenase, iron superoxide dismutase,
cytochromes, succinate dehydrogenase, among others [21]. MiRNAs
produced by Pseudomonas aeruginosa in iron deprivation negatively
regulate several targets involved with iron-dependent pathways,
such as TCA, biosynthesis of FeeS cluster proteins and sulfur
metabolism [22]. MiRNAs have also been described in the control of
iron metabolism in plant and animal [23]; however a similar role in
fungi has not yet been elucidated.

Currently, some studies have identified the importance of
miRNAs in members of the Paracoccidioides complex. We have
demonstrated by RNAseq microRNAs regulating genes related to
cell wall reorganization and energy production in mycelium and
yeast forms, probably contributing to the establishment of the
infection [18]. Although those descriptions the role of microRNAs in
the fungus response to iron deprivation is not available, so far.
Therefore, we investigated miRNAs of Paracoccidioides brasiliensis,
expressed during in vitro iron deprivation, condition faced by this
fungus in host. In this sense, to develop this work, libraries of small
RNAs were obtained, and cDNAs were sequenced. By using bioin-
formatics tools, cDNAs with differential expression in yeast cells
facing iron deprivationwere obtained. Our results demonstrate that
iron deprivation induces the expression of miRNAs, putatively
controlling the expression of proteins involved with oxidative
phosphorylation, response to oxidative stress and synthesis of
chitin. Additionally, miRNAs with higher abundance in the iron
presencemay regulate transcriptional factors related to iron uptake
systems. In this way, we suggest that miRNAs may contribute to the
control of iron homeostasis P. brasiliensis.

2. Materials and methods

2.1. Microorganisms and cultures conditions

P. brasiliensis (ATCC 32069) in the yeast phase, was cultivated
and maintained in Fava Netto solid medium [24], at 36 �C. After
three days in solid medium, the cells were inoculated in Fava
Netto’s liquid medium [24] at 36 �C, under agitation (150 rpm), for
72 h. After, the cells were collected by centrifugation at 12,000�g
for 10 min at 4 �C and the pellet was washed with phosphate-
buffered saline (PBS 1 X). A total of 106 cells/mL were inoculated
in modified Mc Veigh & Morton minimal liquid medium (MMcM)
[25] containing: 4% (w/v) glucose, 0.15% (w/v) KH2PO4, 0.05% (w/v)
MgSO4.7H20, 0.015% (w/v) CaCl2.2H20, 0.2% (w/v) (NH4)2SO4, 0.2%
(w/v) L-asparagine, 0.02 (w/v) L-cystine, 1% (v/v) of vitamin
2

supplement [0.006% (w/v) thiamine, 0.006% (w/v) niacin B3,
0.006% (w/v) Caþ2 pantothenate, 0.001% (w/v) inositol B7, 0.0001%
(w/v) biotin B8, 0.001% (w/v) riboflavin, 0.01% (w/v) folic acid B9,
0.01% (w/v) choline chloride, 0.01% (w/v) pyridoxine] and 0.1% (v/v)
of trace elements supplement [0.0057% (w/v) boric acid H3BO3,
0.0081% (w/v) MnSO4 14 H2O, 0.0036% (w/v) (NH4)6 MO7O24. 4
H2O, 0.0157% (w/v) CuSO4.H2O, 0.1404 (w/v) pH 7.2. MMcM me-
dium supplemented with 3.5 mM Fe (NH4)2(SO4)2, was used as
control. Iron deprivation was achieved in MMcM medium supple-
mented with 50 mM of bifophenanthroline bisulphonic acid (BPS)
[10]. The cultureswere grown under agitation at 150 rpm for 24 h at
36 �C. After, cells cultivated in iron presence or deprivation were
centrifuged at 12,000�g, for 10 min; the supernatants were dis-
carded and RNAs were obtained by using TRIzol (TRI Reagent,
SigmaeAldrich, St. Louis, MO), according to the manufacturer’s
instructions. The RNA samples from 24 h of cultivation in presence
or iron deprivation were employed for real-time PCR and for next-
generation sequencing experiments; the RNA samples were ob-
tained in experimental triplicate.
2.2. Analysis of the integrity of RNAs, construction of small cDNA
libraries, next-generation sequencing (NGS)

The integrity and quality of the extracted RNA samples were
evaluated as following: 1% agarose gel electrophoresis to evaluate
RNA degradation and possible contamination; Nanodrop (Life
Technologies) to verify the purity of RNA (OD260/OD280); Qubit®
2.0 (Life Technologies) for quantification and the 2100 BioAnalyzer
(Agilent) system for determination of RNA integrity (data not
show). Subsequently the RNAs were stored in a chemically inert
matrix GenTegra™ RNA (supplied by GenOne Biotechnologies) and
sent for sequencing. The cDNAs were sequenced with the Illumina
HiSeq 2500 platform. The sequences in FASTQ format were ob-
tained from GenOne (http://www.genone.com.br/). Sequencing
data has been deposited in BioProject (NCBI) database (http://
www.ncbi.nlm.nih.gov/bioproject/632590) with accession num-
ber PRJNA632590.
2.3. Bioinformatics analyses for identification of miRNAs

Initially, the quality of the sequences was evaluated with the
FastQC program, as previously described [18]. After the removal of
the low-quality sequences with Trimmomatic program was per-
formed [26]. The processed sequences were then mapped to the
reference genome of P. brasiliensis present in NCBI (https://www.
ncbi.nlm.nih.gov/genome/334?genome_assembly_id¼212342)
with the mapper.pl script of the mirDeep2 program [27]. The
output mapping file was analyzed by the miRDeep2.pl script to
search for pre-miRNA structures in the P. brasiliensis genome. With
pre-microRNAs predicted, mirDeep2 outputs their sequences,
including the predictedmature and star sequences in FASTA format.
The FASTA file obtained through the mirDeep database was
analyzed against the RNA fold database (http://rna.tbi.univie.ac.at/
cgi-bin/RNAWebSuite/RNAfold.cgi) [28] in order to identify char-
acteristics of pre-miRNAs such as hairpin, stem-loop and low values
of minimum free energy (MFE). Through measurement of MFE it is
possible to assess how robust is interaction of nitrogenous bases
from pre-miRNA and consequently evaluate its base complemen-
tarity. These values are also used in the analysis of miRNA/target
interaction. A good miRNA: mRNA binding is reflected by a small
free energy, suggesting that the predicted binding is stable and true
hybridization is likely to occur [28]. The threshold for acceptable
MFE values varies, and here we adopt �20 kcal/mol [29].

http://www.genone.com.br/
http://www.ncbi.nlm.nih.gov/bioproject/632590
http://www.ncbi.nlm.nih.gov/bioproject/632590
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2.4. MiRNA differential expression analysis by RNA-Seq and
prediction of target genes in P. brasiliensis

The expression of each miRNA in each sample was obtained by
counting the number of reads mapped to each miRNA using the
script quantifier.pl from miRDeep2, as previously described. The
result was a counting matrix with each miRNA as rows and each
library sample (iron-deprivation and control, with replicates) as
columns. This count matrix was used for statistical tests of differ-
ential expression using a Negative Binomial GLM (Generalized
Linear Model) with the R package DESeq2 [30], as previously
described [18]. The miRNAs differential expression showed (p-
value < 0.05 and False Discovery Rate (FDR) < 0.16).

To analyze potential gene targets of differentially expressed
miRNA, we retrieved the 30 UTR and 50 UTR sequences from all the
transcripts of P. brasiliensis downloaded from the NCBI database
(https://www.ncbi.nlm.nih.gov/genome/334?genome_assembly_
id ¼ 212342). The 30 UTR and 50 UTR sequences were obtained with
a custom Perl script as the first and last 200 bp sequences from
the entire transcripts. The RNAhybrid [31] was used to predict
P. brasiliensis genes potentially targeted by the differentially
expressed miRNA. The functional classification of the targets was
performed through the Blast2GO and Funcat2 programs [32].

2.5. Analysis of the expression of transcripts by quantitative real-
time PCR (RT-qPCR) the expression of some targets of miRNAs was
analyzed by RT-qPCR

The selected targets in P. brasiliensis include the glucose
repression regulatory protein TUP1 (GenBankXP_010761638) and
pH-response transcription factor pacC/RIM101 (GenBankXP_
XP_010756067.1). Total RNA obtained from cells of P. brasiliensis
cultivated in presence or iron deprivation during 24 h, were incu-
bated with DNAse (RQ1 RNase-free DNase, Promega) and subse-
quently subjected to in vitro reverse transcription (SuperScript III
First-Strand Synthesis SuperMix; Invitrogen, Life Technologies),
using Oligo (dT) for the annealing of the template-primer. Syn-
thesized cDNAs were used in the RT-qPCR reaction using Quant-
Studio Real-Time PCR (ThermoFisher scientific) with a mixture of
SYBR green PCR master mix (Applied Biosystems, Foster City, CA).
The choice of gene for normalization was performed with
NormeFinder test [33] and the transcript coding for enolase
(GenBankXP_010759701.1) was selected as the normalizer
(Supplementary Table 1). For the experiment, standard curves were
generated by a dilution of 1/5 of the cDNA and the relative
expression levels of the transcripts were calculated using the
standard curve method for relative quantification [34]. Statistical
comparisons were performed using the Student’s t-test and
p � 0.05 values were considered statistically significant.

2.6. Mitochondrial activity and dosage of chitin in yeast cells

For labeling experiments, P. brasiliensis yeast cells cultivated in
iron content and iron deprivation were collected at density of
106 cells/mL. To evaluate the effect of iron deprivation in mito-
chondria, cells were incubated with 400 mM of MitoTracker Green
FM (SigmaeAldrich), and 2.4 mM of Rhodamine 123 (Sigma-
eAldrich) for 45 min at 37 �C in order to evaluate mitochondrial
integrity and functionality, respectively. Levels of chitin were
assessed after staining yeast cells with Calcoflour White (CFW,
Sigma Biochemical) (100 mg/mL in PBS) for 30 min and washing
with PBS 1 X, twice. Posteriorly yeast cells were analyzed in a
fluorescence microscope (Zeiss Axiocam MRc e Scope A1). The
calculation of fluorescence intensity for both experiments was
performed using the AxioVision Software (Carl Zeiss). Fifty cells in
3

each microscope slide, in triplicates were used. This software pro-
vides the intensity fluorescence in (pixels) and the standard error of
each analysis. For statistical analysis Student’s t-test was used and
p-values � 0.05 were considered statistically significant.

3. Results

3.1. Construction of miRNA libraries and identification of miRNAs

Libraries of miRNAs were constructed and the cDNAs were
sequenced through the Ilumina Hiseq2500 platform, with biolog-
ical triplicates. The number of raw sequences ranged from 44, 257,
309 to 53,170,959 in the libraries. The sequence number data are
depicted in (Supplementary Table 2). The total of sequences
alignment from libraries in P. brasiliensis is demonstrated in
Supplementary Table 2. In general, 100% of the reads were mapped
to the reference genome.

After mapping in the genome of P. brasiliensis, the sequences
were analyzed using the miRDeep2 program, to evaluate potential
precursors andmaturemiRNAs; after this analysis, 45miRNAswere
identified among the analyzed libraries as shown in Table 1. Of
special note, eight miRNAs were differentially expressed regarding
the studied conditions. Five miRNAs were more abundant in iron
deprivation (Fig. 1AeE) and three miRNAs demonstrated reduced
abundance during iron deprivation (Fig. 1FeH). The value of the
differentially expression was calculated using p-value < 0.05 and
FDR <0.16 (Supplementary Table 3). The predicted structure of the
sequences of eight miRNAs differentially expressed presented
characteristics of staples, with minimum values of folding free
energy (MFE) similar to miRNAs described in other microorganisms
[35,36] as shown in Fig. 2.

3.2. Oxidative phosphorylation and response to oxidative stress are
potentially regulated by miRNAs with increased abundance during
iron deprivation

Due to the sequence complementarity in regions 30 and 50 UTR,
it was possible to identify target genes of miRNA regulated during
iron deprivation. Several metabolic processes can be regulated by
differentially expressed miRNAs during iron deprivation, as
following: general metabolism, biogenesis of cell wall components,
transport of micronutrients, cells rescue, defense, and virulence
(Supplementary Fig. 1). Among miRNAs with increased abundance
in iron deprivation PbFe-miR 6, PbFe-miR 33 and PbFe-miR 42,
probable regulate proteins involved with oxidative phosphoryla-
tion and oxidative stress response (Supplementary Table 4). To
assess whether in fact the activity of the electron transport chain
was compromised by iron deprivation for 24 h, yeast cells were
stained with Rhodamine and analyzed by fluorescence microscopy,
as shown in Fig. 3 A and C. Iron deprivation significantly reduced
themitochondrial activity. However, the integrity of mitochondrion
is not affected by iron deprivation, as showed by staining with
Mitotracker (Fig. 3A, B). In this work, proteins involved with cell
rescue, defense and virulence such as Glutaredoxin (PADG_00140),
Superoxide dismutase Sod5 (PADG_01954) were also targets of
miRNAs increased during iron deprivation (Supplementary
Table 4). Therefore, we suggest that these pathways may be influ-
enced by post-transcriptional regulation mediated by miRNAs.

3.3. Regulation of chitin synthesis and protein glycosylation by
miRNAs

Metal deprivation imposed by the host, remodels various pro-
cesses in fungi, including cell wall and glycosylation of proteins
[37,38]. In this way, proteins involved with O and N-glycosylation

https://www.ncbi.nlm.nih.gov/genome/


Table 1
MiRNAs present in the libraries derived of small RNAs in yeast cells of P. brasiliensis in iron deprivation.

miRNAs Mature Sequence Star sequence Precursor sequence Genomic location

PbFe_miR1 TAAGACGCGAACTGTTTGAGGT TATCCAACGGTTCCCATTTGGCGT TAAGACGCGAACTGTTTGAGGTTTCGTAGAATTATCCAACGGTTCCCATTTGGCGT Supercontig_2.8_29838
PbFe_miR2 TGCTTTGGCTTCAAGATCTGC TTGTACTTGCTGCCTGTGCTGC TTGTACTTGCTGCCTGTGCTGCAGCTGCTTTGGCTTCAAGATCTGC Supercontig_2.5_20412
PbFe_miR3 TGAATGCTGTCATGAACTTGTC CAGTTCAGTATCAGATTCAC CAGTTCAGTATCAGATTCACTTGCTGCTTGTGTTCTTTGAGAGTTCTGCTGTAGATTAGAAGA

TCATCTATGAATGCTGTCATGAACTTGTC
Supercontig_2.16_40497

PbFe_miR4 TGAATGCTGTCATGAACTTGTC TAATCAGTCCAGTATCAGA TAATCAGTCCAGTATCAGATTCACTTCCTGCTTGTATTCTTTGAGAGTCATGCTGTAGATTAG
AAGATCATCTATGAATGCTGTCATGAACTTGTC

Supercontig_2.20_42583

PbFe_miR5 TATGCTTGATCGGATTGAAGA TAGATGTCATGAAGGCAAAAGGC TATGCTTGATCGGATTGAAGAAGACCTAGATGTCATGAAGGCAAAAGGC Supercontig_2.10_34794
PbFe_miR6* TCAATTGAGGTGGCTGT AGACACTATCAATCTTCCATG AGACACTATCAATCTTCCATGGTAGAGCAACATATTATTCTTCATTGTATAGGGGCTATTCT

CCTCTCCTACTTGCTGCTGCAGGGGCTCAATTGAGGTGGCTGT
Supercontig_2.12_38013

PbFe_miR7 TGGACTTGATATTGCAGTTTGT TGAGTTCTCATCAAATCCCTTT TGAGTTCTCATCAAATCCCTTTCAGTGGACTTGATATTGCAGTTTGT Supercontig_2.12_38022
PbFe_miR8 TATGGTAGAGGATTTTGTG ACAGGGTGTTTTGCTTGAAGA TATGGTAGAGGATTTTGTGACTGAGGTGCTGTGGGAAGTTTGACTGTCAGAGACCCACA

GGGTGTTTTGCTTGAAGA
Supercontig_2.9_33411

PbFe_miR9e TAGACAGATGTGTGGTATAGA TATCCCATCAGCATGACT TATCCCATCAGCATGACTGGACATTCTAGACAGATGTGTGGTATAGA Supercontig_2.12_37087
PbFe_miR10e TAGACAGACATGTGGTATAGA TATTAGAGTGTCTCACTAGC TAGACAGACATGTGGTATAGAGTTGAGTGATAGCTACTTTATTAGAGTGTCTCACTAGC Supercontig_2.10_34411
PbFe_miR11 TATGTGCAGCATGTGGA TGCATGAGCATGGATTTGTGA TATGTGCAGCATGTGGATGTTCTGGTTTTCTGCCCAGAGATCAGAGACTGCATGAGCAT

GGATTTGTGA
Supercontig_2.5_20505

PbFe_miR12 TAGGCCTAATCGGGCGCCGAGC TCGGTCGCGCGCTGAGCCTA TAGGCCTAATCGGGCGCCGAGCCTAATCCGACGTCGAGTCTAATTAGGCGCCGGGCCTC
GGTCGGGCTCGGTCGCGCGCTGAGCCTA

Supercontig_2.2_7137

PbFe_miR13 TTTCCCGTTTCTATTTTG AAAAAGAGGAAGGGTGATGAGGCGATC AAAAAGAGGAAGGGTGATGAGGCGATCAAAGAACAAACATGTTTGTTTCCCGTTTCTA
TTTTG

Supercontig_2.6_26586

PbFe_miR14 TGAGACTGGGATTTCACAT TGAGAGACACCATAGGCCT TGAGACTGGGATTTCACATATGGAATGCCTCTATGTAGTTGATTAAATAGAGTGGCATGA
GAGACACCATAGGCCT

Supercontig_2.9_33031

PbFe_miR15 TGAGACTGGGATTTCACAT TGAGAGACACCATAGGCCT TGAGACTGGGATTTCACATATGGAATGCCTCTATGTAGTTGATTAAATAGAGTGGCATG
AGAGACACCATAGGCCT

Supercontig_2.9_33019

PbFe_miR16 TATCTCGTTCTCTGAAT TGGCCTGCAGAGGTAGTTCGG TATCTCGTTCTCTGAATCATTGGCCTGCAGAGGTAGTTCGG Supercontig_2.6_24194
PbFe_miR17 TGTGGGGCGAGGCAGTAATTGT TCAGCCAAGCTCTATAACAGT TGTGGGGCGAGGCAGTAATTGTGGTGACTGAAATGCTTAATCTTATACCAACATCAGCC

AAGCTCTATAACAGT
Supercontig_2.25_44345

PbFe_miR18 TATCTGGTGGAATATGAAGA TGACTGATTCTAAGGGTGGTATCT TATCTGGTGGAATATGAAGATTTGACAGCCGTGAACTAGGTTCTAGAGGAAGAAATTTG
ACTGATTCTAAGGGTGGTATCT

Supercontig_2.17_41190

PbFe_miR19 TATGATAGAGAATTTTGTGGC TGAGAAGTTTGACTGTCAGA TATGATAGAGAATTTTGTGGCTGAGATGCAGTGAGAAGTTTGACTGTCAGA Supercontig_2.27_44987
PbFe_miR20 GTCAGTGAAAGGATATGTATAGATT ATTTACACACGACTTCCTGACT GTCAGTGAAAGGATATGTATAGATTGAAATGTATTTACACACGACTTCCTGACT Supercontig_2.14_39334
PbFe_miR21 ATAGGCCTCTGGGCCCTAAGATTAC CCTCTATATGAACCAGGGAATA ATAGGCCTCTGGGCCCTAAGATTACATCTCGGATGAGCACAAAGCGCACCCTAGGCA

TCCTCTATATGAACCAGGGAATA
Supercontig_2.11_35831

PbFe_miR22 TTCCTGGCTGTATGAGAGATGA ATCTTTCTCAGCTCTAGTGATCA TTCCTGGCTGTATGAGAGATGACTTATTATCTTTCTCAGCTCTAGTGATCA Supercontig_2.1_948
PbFe_miR23 TGATGCTGTGCTCAATGCTGTGT TGTTGAGTGTTGCATTAGATGT TGTTGAGTGTTGCATTAGATGTTGAGTTAGACATCATGTCTAATTCTGTATCTGATGCT

GTGCTCAATGCTGTGT
Supercontig_2.19_41939

PbFe_miR24 TGATGCTGTGCTCAATGCTGTGT TGTTGAGTGTTGCATTAGATGT TGTTGAGTGTTGCATTAGATGTTGAGTTAGACATCATGTCTAATTCTGTATCTGATGCT
GTGCTCAATGCTGTGT

Supercontig_2.19_42152

PbFe_miR25 CCAGTCAGGGCTGAATGCGAGG TCGTGCGCAGCCCAAAAGCTGACG TCGTGCGCAGCCCAAAAGCTGACGGGAAGACTTTGAGTCCTTGTTGGACTCGCGCCA
GTCAGGGCTGAATGCGAGG

Supercontig_2.7_27255

PbFe_miR26 TAATCCGACGTCGAGTCTAACCGG TCAGTCGGGCGCTGAGCCTA TAATCCGACGTCGAGTCTAACCGGGCACTGAGCCTCGGTCGGGCTCAGTCGGGCGCTG
AGCCTA

Supercontig_2.22_43403

PbFe_miR27e CTGGACGTCGGATTAAGCTCGT GAGCCCGACCGAGGCCCCCGGTT GAGCCCGACCGAGGCCCCCGGTTAAGACTGGACGTCGGATTAAGCTCGT Supercontig_2.19_42075
PbFe_miR28 TAGTTAGGTTAGTTAGTTA ACTAAGTTAGTTAACAGTTAAC ACTAAGTTAGTTAACAGTTAACTAACTAGTTATTTAGTTAACTAGTTAGTTAGTTAGGTT

AGTTAGTTA
Supercontig_2.4_17303

PbFe_miR29 TTCTTTATGAACAGTGGCTGGT CAGTCATTCATTGAGAATT CAGTCATTCATTGAGAATTTCTCAAGCAGGTTCTTTATGAACAGTGGCTGGT Supercontig_2.2_8400
PbFe_miR30* TAGGAGCTCTTGCATCATTTGC TTGCTAGTGTTTTTGTTGCA TTGCTAGTGTTTTTGTTGCATTGATGCTGTCTGCAGCTGTCTTTGCATAGATAGGAGCT

CTTGCATCATTTGC
Supercontig_2.9_32563

PbFe_miR31 TAATGCTGTGCCTGATGCT TGCATTAGATGTTGGGTTGG TGCATTAGATGTTGGGTTGGACATCATGTCTAATGCTGTGCCTGATGCT Supercontig_2.19_42259
PbFe_miR32 TTGTGGAGATCTAGAGTTCTT TCTCTTTTTCTACATTGACTT TCTCTTTTTCTACATTGACTTGCATAATCTGCAAGAATTGTGGAGATCTAGAGTTCTT Supercontig_2.9_33308
PbFe_miR33* TGAGATTTCTGTGCCTCAGT TGCTAGTCATCAGATCATG TGAGATTTCTGTGCCTCAGTCTCATGGGCAGCTAGGAGATTGCTAGTCATCAGATCATG Supercontig_2.21_43052
PbFe_miR34 TGCCAGAGTCAGAGTGTGGTGA ATTGTGCAGGCTGACTTGGCCACA TGCCAGAGTCAGAGTGTGGTGAGTGCATTTCATTGTGCAGGCTGACTTGGCCACA Supercontig_2.9_33531
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such as oligosaccharyltransferases (PADG_07841,
PADG_05028), N-glycosyl-transferase (PADG_04497), dolichyl-
diphosphooligosaccharide (PADG_03106) or involved with the GPI
anchor synthesis as TED1 (PADG_04448) were putative targets of
miRNAs increased during iron deprivation. In addition, proteins
involved with chitin synthesis such as chitin synthase activator
(PADG_05937), chitin synthase (PADG_02079), were also regulated
by miRNAs increased in iron deprivation (Supplementary Table 5).
The dosage of chitin at 24 h of iron deprivation (Fig. 4A, B), indicates
the reduction of this polymer.

3.4. MiRNAs downregulated during iron deprivation potentially
control the expression of transcriptional factors related to iron
homeostasis

In this work, several miRNAs had as targets, transcriptional
factors. MiRNAs with increased abundance in presence of iron such
as PbFe-miR10 and PbFe-miR27, had as predicted targets the tran-
scriptional factors Tup1 and pacC/Rim101, respectively
(Supplementary Table 6). Interestingly, these genes/transcription
factors regulate the expression of various proteins involved with
iron uptake [39,40]. For evaluation of the expression of these two
genes RT-qPCRwas performed. After 24 h of deprivation both genes
depicted increased expression in iron deprivation (Fig. 5).

4. Discussion

In this workmicroRNA libraries, were obtained during growth of
P. brasiliensis yeast cells in the presence and absence of iron. Bio-
informatics analysis allowed an average of 45,309,202 reads map-
ped to the P. brasiliensis genome. The number of reads obtained and
mapped to the P. brasiliensis genome is within the range found in
other studies focusing on the characterization of miRNAs in fungi.
For obtaining targets regulated by differentially expressed miRNAs
during iron deprivation, analysis was performed in 30 and 50 UTRs.
Several studies have already demonstrated the interaction of the
miRNAs with both regions of mRNA [41]. In this way, this analysis
allowed a better approach to the potential biological processes
regulated by miRNAs in response the iron deprivation.

Metal deprivation is a mechanism developed by host, to
decrease the growth of pathogenicmicroorganism during infection,
and in contrast pathogens developed mechanisms of iron, zinc and
copper uptake from the host to support growth in micronutrients
scarcity. [42]. P. brasiliensis presented microRNAs presumed to
regulate oxidative phosphorylation during iron limitation as shown
in Supplementary Table 4. Several members of the electron trans-
port chain and of the ATP synthesis were here presumed to be
down regulated bymicroRNAs during iron deprivation. This finding
is remarkably interesting since analysis of proteomic responses of
members of the Paracoccidioides genus during iron deprivation,
revealed reprogrammedmetabolic pathways, possible enabling the
fungus to adapt an environment with limited metal [10]. Of the
adaptive processes include the repression of oxidative phosphor-
ylation [42].

Many proteins belonging to this metabolic pathway are
dependent on iron and, under the limitation of this micronutrient,
pathways such as glycolysis are preferably used to obtain energy
during the limitation of this metal [10]. Similar results were
described for Cryptococcus neoformans [43], E. coli [21] and
P. aeruginosa [22], in which the iron deprivation reduced the ac-
tivity of that metabolic pathway. In this way it is noteworthy the
description of proteins related to oxidative phosphorylation and
ATP synthesis regulated by microRNAS (Supplementary Table 4).

Data of decreased mitochondrial respiratory activity, as
demonstrated by immunofluorescence (Fig. 3), reinforced



Figure 1. Expression profile of differentially regulated miRNAs during iron deprivation. (AeE). MiRNAs with increased abundance during iron deprivation. (FeH) MiRNAs with
reduced expression during iron deprivation. The R package DESeq2 was used for differential expression analysis.
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transcriptional analysis. Additionally, the decrease of oxidative
phosphorylation, reduces the amount of reactive oxygen species
within the cell [10] and therefore proteins involved in this
response, were putatively down-regulated by microRNAs during
iron deprivation (Supplementary Table 4).

During the development of fungal infections the cell wall is the
first structure that interacts with host cells; proteins as well as
carbohydrates present in this structure are essential for the
development of infection as well as to elicit the host’s immune
responses [44]. Paracoccidioides spp. during infection in
6

macrophages [45] or in conditions of metal deprivation [38,46]
change the constitution of the polymers present in the cell wall, as
an adaptive response to colonization in different cells or tissues of
the host. Proteins involved in chitin synthesis were here described
as miRNA targets. Chitin synthase activator and chitin synthase
involved in the production of this polymer were targets of miRNAs
with higher abundance in iron deprivation. In complex fungi the
amount of chitin and glucans are altered in yeast cells during
colonization of the host where beta glucan is replaced by alpha
glucan, a less immunogenic molecule [44]. During zinc deprivation



Figure 2. Structure of mi RNAs differentially expressed in iron deprivation. (AeH) Structure of the 8 miRNAs differentially regulated by iron deprivation. The mature miRNA
portion is highlighted in black bar. The structures were generated using the Rfold program. The structures are colored according to the base pairing probabilities. The number 1 on
the scale represents the probability of pairing between bases within the molecule. For example, PbFe_miR6 and miR9 have 63% and 68% probability, respectively of pairing between
complementary bases. Red color denotes high probability pairing as seen in the bar scale.
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in P. brasiliensis chitin synthesis is reduced [38]. Iron limitation in
Candida albicans also reduces the amount of polymers in the cell
wall, as demonstrated by fluorescent micrographs [37]. In this way,
we suggest that miRNAs could respond to iron deprivation, acting
on the cell wall polymer biosynthesis pathways (Supplementary
Table 5 and Fig. 4), contributing to the adaptive responses of this
fungus during micronutrient limitation.

Several proteins involved in glycosylation events were predicted
targets of miRNAs with higher abundance during iron deprivation
(Supplementary Table 5). In P. lutzii zinc deprivation reduces pro-
tein glycosylation [38]. In C. albicans the activity of a-1,2-
mannosyltransferase is dependent on the concentration of iron
[47], since oligosaccharyl transferases involved in glycosylation at
early stages in the endoplasmic reticulum, present metals as Mn2þ

and Fe2þ, as cofactors [48].
7

In fungi of the genus Paracoccidioides the acquisition of iron
occurs through production of siderophores, reductive iron acqui-
sition and heme uptake [11,12,49]. In fungi, the control of the
expression of iron uptake systems involves the expression of
transcriptional factors that act by positively or negatively regu-
lating the expression of genes according to the availability of metal
[2,40]. Transcriptional factors have also been characterized as tar-
gets for miRNAs in several studies [50] including studies on fungi
for example, in Trichophyton rubrum differentially expressed miR-
NAs during the mycelium and conidial stages, presented as targets
the bZIP transcription factor, C6 transcription factor and TFIIIB
transcription factor [36]. In this work, the pH-response transcrip-
tion factor pacC/Rim101 was described as target of PbFe_miR27. In
C. albicans the expression of the ferric reductases Fre2p and Frp1p,
is controlled by Rim 101, in response to alkaline pH, and iron



Figure 3. Mitochondrial activity of cells of P. brasiliensis under iron deprivation. (A) Yeast cells grown in 3.5 mM of Fe (NH4)2(SO4)2 (control), or 50 mM of BPS (deprivation) for
24 h, were stained with MitoTracker and Rhodamine 123. Digital images acquired using Axio-Scope A1 microscope. All images from light and fluorescence microscopy were
obtained in magnification of 400�. (B). The MitoTracher fluorescence intensity. (C) The Rhodamine 123 fluorescence intensity. The fluorescence intensity was measured using the
AxioVision software (Carl Zeiss, Germany). The values of fluorescence intensity (in pixels) and the standard deviation of each analysis were used to plot the graph. Data expressed as
mean ± standard deviation (error bars) of the minimum of 50 cells for each microscope slide, in triplicate, for each condition. ‘*’ indicates significant difference between the two
conditions, the p-value � 0.05. The fluorescence intensity of the MitoTracker analysis was not significant between conditions.

Figure 4. Dosage of chitin in P. brasiliensis cell wall in iron deprivation. (A) The yeast cells were incubated in the presence (3.5 mM of Fe (NH4)2(SO4)2) or iron deprivation (50 mM
of BPS), during 24 h, and cell wall was stained with Calcofluor white (CFW). Digital images acquired using Axio-Scope A1 microscope. All images from light and fluorescence
microscopy were obtained in magnification of 400. (B). The fluorescence intensity was measured using the AxioVision software (Carl Zeiss, Germany). The values of fluorescence
intensity (in pixels) and the standard deviation of each analysis were used to plot the graph. Data expressed as mean ± standard deviation (error bars) of the minimum of 50 cells for
each microscope slide, in triplicate, for each condition. ‘*’ indicates significant difference between the two conditions, the p-value � 0.05.
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deprivation [40]. As demonstrated by gene expression analysis,
pacC/Rim 101 is induced in iron deprivation and in contrast the
PbFe_miR27 is down-regulated in the same condition; therefore
the increase of expression of pacC/Rim 101, could be due to
8

decreased expression of this miRNA, that potentially regulate post-
transcriptionally this gene.

Another transcriptional factor involved in response to iron
deprivation is called Tup1; in C. neoformans this transcriptional



Figure 5. Expression of potential targets of miRNAs regulated in iron deprivation.
Experiments performed by real-time RT- PCR in yeast cells of Paracoccidioides brasi-
liensis, incubated in presence of 3.5 mM ferrous sulphate or in iron deprivation by
addition of 50 mM BPS. Expression of Tup1 (GenBankXP_010761638) and pH-response
transcription factor pacC/RIM101 (GenBankXP_ XP_010756067.1) after 24 h of iron
deprivation. Data were normalized with the transcript encoding the enolase protein
(GenBankXP_010759701.1). The Student’s t-test was used for statistical comparisons.
Error bars represent the standard deviation of three biological replicates. (*) p � 0.05
and (***) p � 0.0005.
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factor controls several processes such as melanin synthesis and
metal uptake. In this fungus, knockout mutant strains for Tup1, in
iron deprivation, present a decrease in the expression of genes
involved in high-affinity iron and copper uptake systems [39].
Therefore, in an environment where iron is available, the expres-
sion of this factor is not necessary, since this gene controls proteins
involved in the high affinity iron uptake pathway, and in this sense
the expression of Tup1 is repressed in the presence of iron, and
potentially PbFe_miR10, acts during this regulation.
9

In general, we demonstrated that miRNAs produced by
P. brasiliensis are regulated by the availability of iron and such
molecules may regulate metabolic pathways that contribute to the
fungus’ adaptation to a limited iron environment. In this sense,
miRNA with higher abundance during iron deprivation, may act on
oxidative phosphorylation, synthesis of cell wall polymers and in
protein glycosylation events. In contrast, miRNAs with higher
abundance in the presence of iron may regulate transcription fac-
tors that regulate the expression of genes involved in high affinity
iron uptake pathways.
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