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HIGHLIGHTS
e A strain of Penicillium citreosulfuratum was isolated from corroded metal.
e The fungus formed biofilm on the surface of aluminum wire.
e This strain grew in the presence of 50 mM AI** in liquid medium.

e Thyme, oregano, and melaleuca essential oils inhibited this strain growth.

Abstract: A Penicillium sp. strain was isolated from corroded parts in the Coaracy Nunes hydroelectric power
plant in Amapa State, Brazil. Morphological and molecular techniques identified this strain as Penicillium
citreosulfuratum Biourge, whose 5.8S-ITS rDNA sequence grouped well in a phylogenetic tree with other
Exilicaulis section species of the Penicillium genus. The obtained strain of P. citreosulfuratum ability to form
biofilm on the surface of aluminum wires was confirmed by optical and scanning electron microscopy. In
plates containing PDA or T&K media, the P. citreosulfuratum strain growth was inhibited around a paper disk
containing a highly concentrated solution of copper, iron, or nickel. However, there was no inhibition halo
around the paper disk containing aluminum and there was a faint halo around the paper disk containing zinc.
This fungus was able to grow in a modified T&K liquid medium containing 50 mM of A** and less efficiently
in the same medium but containing 50 mM Zn?*. The essential oils of melaleuca, mint, thyme, and oregano
at 100% inhibited the fungus growth. Oregano essential oil inhibited the P. citreosulfuratum strain growth in
concentrations as low as 10%. In conclusion, the results show that the obtained strain of P. citreosulfurarum
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can form a biofilm on aluminum wires, it grows in the presence of a high concentrations of aluminum and
zinc, and essential oils can control its growth.

Keywords: Penicillium citreosulfuratum; Biofilm; Metal ions; Essential oils.

INTRODUCTION

Corrosion is a metal deterioration resulting from chemical reactions between it and the surrounding
environment. Itis a natural process that converts a refined metal into a chemically stable form, such as oxide,
hydroxide, or sulfide. It occurs by chemical and or electrochemical oxidation of the metal (anodic reaction) in
reaction with an oxidant, such as oxygen or sulfates (cathodic reaction). Therefore, corrosion is a genuine
concern, with an economic cost reaching annual values of approximately US$2.5 trillion of direct costs, which
corresponds to 3.4% of global gross domestic product (GDP), and about US$875 billion annually to prevent
damage and services [1-3].

Biocorrosion, or Microbiologically Influenced Corrosion (MIC), designates microorganisms’ involvement
in the corrosion process, which may accelerate, induce, or even inhibit it [1-8]. These organisms are generally
microscopic, and the involvement occurs by a chemical or electrochemical mechanism. In the biocorrosion
process, the metabolic microorganisms’ activities supply insoluble products that can accept electrons from
the base metal. This biotic and abiotic reactions sequence produces a kinetically preferred pathway of
electron flow from the metal anode to the universal electron acceptor, oxygen [2, 8]. Thus, microorganisms
might accelerate corrosion by a chemical mechanism using their potentially surface-aggressive metabolites.

MIC can be associated with biofilm, a microorganism community or consortium that adheres to abiotic
surfaces [1, 5]. Among the diverse organisms that may influence corrosion, we can cite bacteria, such as
sulfur-oxidizing and iron-reducing bacteria, fungi, and algae in a lower number [2-5, 7]. Fungi are well-known
organic acid producers and can contribute to MIC [1, 5]. In addition, much of the published work on aluminum
biocorrosion and its alloys has implicated fungal contaminants, such as Cladosporium, Aspergillus spp.,
Penicillium spp., and Fusarium spp. [2, 4].

Biocorrosion is also economically significant. It may affect nuclear plants, oil, gas, and other industries
[6, 9-11], and 10-20% of the total corrosion damages are microbiologically influenced [4, 6]. For example,
hydroelectric plants, the water from a dam runs through tapering pipes, thus rotating the turbines and creating
electricity. In principle, the potential energy held in the dam converts into kinetic energy when it flows through
the pipes. In these facilities, corrosion can mainly affect waterwheels, turbines, and associated piping
systems [2, 6].

Many methods used to control biocorrosion are harmful to the environment, for instance, biocides and
antibiotics. Those compounds are a common choice when controlling organisms involved in biocorrosion
becomes necessary. However, knowing the preponderant species is essential for the best effectiveness of
growth control [1, 4, 5]. Thus, environmentally friendly measures have been proposed, and natural products
have gained prominence because some do not present corrosive action, are biodegradable, and effectively
control microorganisms’ growth. Essential oils, which have been generally recognized as safe (GRAS) and
are innocuous for humans and plants, have been described as helpful in controlling biocorrosion [12, 13].

In this work, a Penicillium citreosulfuratum strain was obtained from corroded metallic structures of the
Coaracy Nunes hydroelectric plant in Amapa State, Brazil. This strain biofilm formation capacity was
characterized, and growth in metal presence was analyzed. In addition, some plant essential oils’ ability to
control this strain growth was tested.

MATERIAL AND METHODS

Sample collection

Corroded fragments of pipelines, valves, heat exchangers, and refrigeration systems were obtained in
2007 from the Coaracy Nunes Hydroelectric power plant, located on the Araguari River course, in Ferreira
Gomes city, Amapa state, in the Brazilian Amazon region, at coordinates 00°54’10”N, 51°15'35”W. The
crusts were removed with a porcelain instrument and stored in sterile 15 mL falcon tubes containing 0.3 g
sterile vermiculite. In order to obtain fungi, 0.2-0.5 g of the collected samples, including the vermiculite, were
inoculated in 10 mL of sterile T&K modified liquid medium [0.625 g/L (NH.)2S0O4; 0.625 g/L K;HPO4; 0.625
g/L MgS047H,0; 15 g/L glucose; 1 g/L yeast extract] [14]. The inoculated T&K medium was incubated under
stationary condition at 30 °C for 24 hours. After this incubation, aliquots of this 10-mL culture were transferred
and spread with a sterile loop onto Sabouraud agar and Dextrose & Mycosel agar plates, which were
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incubated for 10 days at 25 °C. Finally, the obtained fungi colonies were transferred to Potato Dextrose Agar
(PDA) slants, cultured at 25 °C for 7 days, and kept at room temperature.

The microorganism morphological and molecular characterization

A fungal colony (sample 6) was submitted to monosporic isolation [15]. The monosporic isolate was
cultured in Potato Dextrose Agar (PDA) at 25 and 37 °C for 5 days, and macro- and micro-morphological
characteristics were used in traditional classification keys [16]. This microorganism is being kept in PDA
slants with transfers every four months and in PDA slants under mineral oil.

The monosporic isolate was also identified by DNA barcoding as follows. Mycelia were obtained from a
culture performed in potato dextrose liquid medium for DNA extraction. The inoculum was prepared with a 1
cm? fragment from a PDA slant monosporic culture, which was smashed and shaken in 50 mL of distilled
water. An aliquot of 2 mL of the obtained suspension (5.1 x 10° spores) was used as inoculum in 125 mL
Erlenmeyer flasks containing 25 mL of liquid potato dextrose medium. The flask was incubated for 5 days
without shaking at 25 °C, with a photoperiod of 12 h. The mycelium was collected by filtration in sterile gauze
and macerated in a mortar with liquid nitrogen. The genomic DNA was extracted from the macerated
mycelium using the protocol described by Koenig and coauthors [17]. The DNA was quantified in a
spectrophotometer at 260 nm and by fluorometry using the Qubit Quantitation Fluorometer and the Quant-
it™ dsDNA HS Assay Kit (Thermo Fisher Scientific, USA). The DNA final concentration was adjusted to 100
ng/uL in TE buffer, and the DNA was kept frozen at -20 °C.

The amplification of the 5.8S-1TS rDNA region was performed in athermocycler Techne TC-312 (Techne,
Cambridge, UK) in a PCR tube containing 50 uL of the following reaction mixture: 1x enzyme buffer (20 mM
Tris-HCI, pH 8.4, 50mM KCI); 1.5 mM MgClz, 3.0 U of Platinum Tag DNA polymerase (Thermo Fisher
Scientific, USA); 0.2 mM of each dNTP; 50 pmol of each ITS4 and ITS5 primers [18], and 400 ng of the DNA
sample. The PCR reaction consisted of 25 cycles of 1 min and 30 s at 94 °C, 1 min and 30 s at 50 °C, and 2
min at 72 °C. Before cycling, samples were heated for 5 min at 94 °C, and after cycling, samples were
incubated for 10 min at 72 °C and frozen at -20 °C until use. Ten microliters of the PCR reaction were
analyzed in a 1.5% agarose gel containing ethidium bromide (0.25 ug/mL). An amplicon of approximately
500 bp was obtained. The rest of the PCR reaction was purified with the PureLink™ PCR purification kit
(Thermo Fisher Scientific, USA).

The amplified DNA was sequenced in the Human Genome and Stem-Cell Research Center (HUG-CELL)
at the University of Sdo Paulo (USP), Brazil, using the ITS4 and ITS5 primers [18] in order to sequence both
strands. After trimming the 5 and 3" extremities, the resulting sequences were compared with sequences
deposited in data banks using pairwise analysis. The rDNA gene partial sequence was deposited in GenBank
(AN MZ540436).

For the phylogenetic analysis, 5.8S-ITS rDNA sequences of other Penicillium spp. were retrieved from
databanks. All sequences were first aligned using Clustal Omega and trimmed at the 5’and 3"ends to have
identical initial and final sequences and similar sizes in base pair numbers. Next, a phylogenetic tree was
built in the MEGA11 program [19], using the Neighbor-Joining method [20] and checking the confidence limits
of the branching with the Bootstrap analyses with 1000 replications [21]. Finally, the Maximum Composite
Likelihood method [22] was used to compute the evolutionary distances, with the number of base
substitutions per site serving as units.

Biofilm formation

In order to analyze the monosporic isolate’s ability to grow on metals’ surfaces, a 1 cm?® fragment of a
PDA slant monosporic culture was smashed and shaken in 20 mL of distilled water. An aliquot of 500 L of
the obtained suspension containing 3.2 x 10° spores was used as inoculum to 25 mL of the sterile modified
T&K medium in 125 mL Erlenmeyer flasks. Each flask contained a 3-mm diameter and 3-cm long aluminum
or copper wire piece. The control flasks contained the T&K medium with the wire pieces but were not
inoculated with the fungi. After 40 days at 25 °C, with a photoperiod of 12 hours, without agitation, the wire
pieces were analyzed by optical microscopy. Those that presented mycelium growth were further evaluated
by scanning electron microscopy.

Scanning electron microscopy

The metal wires incubated or not with the P. citreosulfuratum strain were frozen in liquid nitrogen and
lyophilized at -55 °C in a freeze dryer (Martin Christ, Germany) for 6 h to preserve any biological material
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morphologic characteristics. After that, the material received a gold cover. Micrographs were obtained in a
Shimadzu scanning electronic microscope, model SS-550 Superscan, at 12 keV.

Metal ion resistance

The monosporic isolate’s ability to withstand high concentrations of copper, zinc, aluminum, iron, or
nickel, was tested in 9-cm diameter PDA or solid T&K media plates. For this purpose, 100 pL of a spore
solution containing 2.55 x 10° spores were spread with a Drigalski spatula on the media’s surfaces, and 1.6
cm diameter Whatman® Grade 1 paper disks were placed on the plate’s center (Figure 1A). Then, sterile 50-
pL aliquots of 1.0 M CuSO45H20, ZnSO47H,0, Al2(SO4)316H20, FeCls, or NiCl>'6H20 solution were applied
to the paper disks. The plates were incubated at 25 °C with a 12 h photoperiod. The PDA and T&K plates
were photographed after 2 and 7 days and 3 and 6 days of culture, respectively. Water in the paper discs
was used as a control. This analysis was done in only one dish for each treatment.

A test was carried out to assess the isolate’s growth in 25 mL of liquid T&K modified medium in 125 mL
Erlenmeyer flasks added of 50 mM of CuSO45H,0, ZnS047H-0, Alx(S0O4)316H,0, FeCls, or NiCl,6H20. The
ions solutions were prepared separately in more concentrated solutions, autoclaved or 0.22 pum filter-
sterilized (FeCls only), and added to the sterile basal medium to reach the 50 mM concentration. Control
flasks contained the basal medium, with no extra ion addition. The inoculum consisted of 500 pL of sterile
deionized water containing 1.28 x 10° spores. After 12 days of stationary culture, at 25 °C, with a photoperiod
of 12 hours, the mycelium was collected by vacuum filtration on filter paper and dried overnight at 45 °C. The
mycelia dry weight was used to evaluate the fungus growth. This essay was carried out in three culture flasks.

Fungus’
inoculum

Figure 1. Inoculum methodology for metal resistance and essential oil growth inhibition analysis. A) The fungus spore’s
solution was spread on the top of the media, and a sterile paper disk was placed in the center. The PDA or modified
T&K medium was used for metal resistance analysis, and the metal solution at 1.0 M (50 pL) was added to the top of
the paper. Water was added to the control plate paper. The PDA medium was used for the diluted essential oil analysis,
and 20 pL of the diluted essential oil was added to the paper’s top. The control plate contained Vaseline in the paper
disk. B) The essential oil growth inhibition analysis. A T&K medium plate was divided in the middle with an imaginary
line. The paper disk was placed on one side of the plate and had 20 pL of the non-diluted essential oil added to its top.
The fungus was inoculated on the other plate’s side. The colony diameter was measured after culture.

Growth inhibition by essential oil

Essential oils from sucupira (Pterodon emarginatus), copaiba (Copaifera langsdorffii Desf.), clove
(Eugenia caryophillata Thunb.), oregano (Oregum vulgare L.), thyme (Thymus vulgaris L.), lemon (Citrus
limon L.), mint (Mentha piperita L.), melaleuca (Melaleuca alternifolia Maiden & Betche), and rosemary
(Rosmarinus officinalis L.), obtained from local markets, were evaluated regarding their ability to inhibit the
fungus growth. For this purpose, 9-cm diameter plates containing solid T&K medium were used. A line was
drawn in the middle of each plate. On a side, 1.6 cm diameter Whatman® Grade 1 paper disks were placed
and soaked with 20 pL of each sterilized and pure essential oil (Figure 1B). Liquid Vaseline was used as a
control. On the opposite plate side, the monosporic isolate was inoculated by a touch of a sterile wood stick
covered with viable spores. After 7 days of culture at 25 °C, with a photoperiod of 12 h, each colony diameter
was measured with a ruler. This analysis was carried out in triplicates. The growth inhibition determination
was achieved employing the method described by Edgington and coauthors [23], in which the following
formula determines the percentage of growth inhibition (PGlI):
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(1)

In order to determine the essential oil minimum concentration able to retard the isolate’s growth, a
different approach was used. A 100 pL-aliquot of a solution containing 2.55 x 10° spores was spread on 9
cm diameter plates containing PDA. On the center of the plates, 1.6 cm diameter Whatman® Grade 1 paper
disks were placed. A 20 puL-aliquot of the best growth inhibitor diluted essential oils (1, 5, 10, and 20%, v/v in
Vaseline) was applied to the disks (Figure 1A). Pure liquid Vaseline was used as a control. After 4 days of
cultivation at 25 °C, with a photoperiod of 12 hours, the plates were photographed and compared with the
control. This analysis was done in only one dish for each treatment.

Average control colony (cm)-Average treatment colony (cm
pG|= [Averag y (em) 9 y ™l 100
Average control colony (cm)

Statistical analysis

Statistical analyses were carried out by calculating the means and standard deviations of the results.
Data were submitted to an ANOVA and compared using the Tukey test (a = 0.01) using the program SASM
- Agri [24].

RESULTS

The microorganism morphological and molecular characterization

The monosporic isolate’s cultural and morphologic characteristics (Figures 2A, B, and C) showed it
belongs to the Penicillium genus, with a characteristic yellow-colored reverse colony (Figure 2B) and a
monoverticillated conidiophore (Figure 2D). Furthermore, the DNA barcoding identification, using the 5.8S-
ITS rDNA region sequence, showed 100% of sequence identity and coverage with 5.8S-ITS rDNA sequences
of Penicillium citreonigrum and Penicillium citreosulfuratum. These two species are very related, and both
belong to the Penicillium genus section Exilicaulis, but they can be easily distinguished because only the P.
citreosulfuratum grows at 37 °C [25]. Therefore, as our isolate grew well when cultured in BDA at 37 °C, it
was considered a P. citreosulfuratum isolate, and its 5.8S-ITS rDNA sequence was deposited in GenBank
with the accession number MZ540436.

N\ /«‘g

>

5 e et _ D) * 't‘:;‘%
3| “
e o 2,

Figure 2. The P. citreosulfuratum morphologic characteristics. A) A colony of the fungus in PDA, after 5 days of culture
at 25 °C, with a photoperiod of 12 h. B) The yellow reverse of a colony grown in the same conditions in PDA. C) The
fungus is seen under a stereoscopic microscope. Numerous hyphae and conidiophores can be seen. D) The fungus is
seen at optical microscopy showing the characteristic monoverticillated conidiophore of this species.

The obtained phylogenetic tree shows the grouping of the 5.8S-ITS rDNA sequence of the P.
citreosulfuratum isolated in this work with other Exilicaulis section species sequences (Figure 3). The identity
percentages of the sequences used to build the phylogenetic tree with the P. citreosulfuratum strain 5.8S-
ITS rDNA sequence obtained in this work were higher than 88%.
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Figure 3. A phylogenetic tree with the 5.8S-ITS rDNA sequences. The obtained sequence of the P. citreosulfuratum
studied in this work was compared with sequences retrieved from GenBank of other Penicillium spp. The replicate trees
percentage in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the
branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used
to infer the phylogenetic tree. This analysis involved 27 nucleotide sequences. All ambiguous positions were removed
for each sequence pair (pairwise deletion option). There was a total of 482 positions in the final dataset. The species
names and GenBank access numbers are colored according to the Penicillium genus sections [26]. Species that have
no attributed section were not colored.

Biofilm formation

The P. citreosulfuratum ability to form biofilm on aluminum and copper wires was verified in culture in
T&K medium, for 40 days, in the presence of the 3-mm wide and 3-cm long wire pieces. The P.
citreosulfuratum strain hyphae growth was observed on the aluminum wire under optical microscopy (Figure
4B) but not on the copper wire. The fungus growth on the aluminum wire was confirmed by scanning electron
microscopy (Figure 4D).
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Figure 4. Optical and scanning electron microscopy of the aluminum wire that was incubated with the obtained isolate
of P. citreosulfuratum. A) The aluminum wire that was not incubated with the fungus, i.e., the negative control, was
observed under optical microscopy. An insert shows the aluminon wires with a naked-eye view. B) The aluminum wire
that was incubated with the fungus was observed under optical microscopy. C) Scanning electron microscopy of the
aluminum wire that was not incubated with the fungus, i.e., the negative control. The scale bar is at 10 uM. D) Scanning
electron microscopy of the aluminum wire incubated with the fungus but with increased magnification (scale bar is at 5
pM). In B) and D), note the metallic structure surrounded by the fungus hypha.

Metal ion resistance

When the obtained strain of P. citreosulfuratum was cultivated on PDA medium plates containing paper
disks soaked with 1.0 M CuS0O45H,0, ZnSO47H,0, Al(S04)316H20, FeCls, or NiCl,6H,0 at the center, a
visible inhibition halo was observed with copper, iron, and nickel, but not with aluminum after 2 and 7 days
of culture (Figure 5A). Zinc has caused an inhibition halo after 2 days of growth (Figure 5A). Similar results
were obtained when T&K media plates were used (data not shown). Aluminum at 50 mM in T&K liquid
medium also did not inhibit, and zinc partially inhibited the P. citreosulfuratum strain growth after 12 days of
culture (Figure 5B). Copper, iron, and nickel at 50 mM in the T&K liquid medium inhibited P. citreosulfuratum
strain growth (Figure 5B).

Growth inhibition by essential oils

The plant’s essential oils growth effect was tested on the P. citreosulfuratum strain in T&K medium agar
plates (Figure 6A). After 7 days of cultivation, it was observed that the essential oils of thyme, oregano, mint,
and melaleuca inhibited the P. citreosulfuratum growth (a = 0.01) in 97, 90.3, 86, and 75.9%, respectively
(Table 1). These essential oils’ impact at lower concentrations on inhibiting the P. citreosulfuratum growth in
PDA agar plates was evaluated after 4 days of cultivation. Only oregano and thyme essential oils could visibly
retard the P. citreosulfuratum growth at concentrations as low as 10% and 20%, respectively (Figure 6B).
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Figure 5. The metal resistance analysis in solid and liquid medium. A) Growth of the P. citreosulfuratum strain in PDA
plates with 50 pL of 1 M ions solutions in the paper disk, after 2 and 7 days of culture at 25 °C, with a photoperiod of
12h. The control plate had water in the paper disk. B) The metal resistance analysis in a liqguid medium. Growth of the
P. citreosulfuratum strain in T&K medium in the presence of 50 mM of different ions after 12 days of stationary culture
at 25 °C, with a photoperiod of 12h. The control had no ion addition in the medium. The data represent the average and
standard deviation of triplicates. Different letters indicate different averages with statistical significance in the Tukey test
(a =0.01).

Table 1. P. citreosulfuratum growth in the presence of different essential oils.

Essential oil Colony size (cm)* PIG (%)*
Control 2.37 £0.112 -
Lemon 2.43 £0.09° 0.0
Rosemary 2.33+£0.222 1.7
Copaiba 2.23+0.162 5.9
Clove 2.30 £ 0.202 2.9
Sucupira 2.27 £ 0.092 4.2
Melaleuca 0.57 £ 0.36° 75.9
Mint 0.33 £ 0.04° 86.0
Oregano 0.23 + 0.09p 90.3
Thyme 0.07 + 0.09P 97.0

*The data is the average and the standard deviation of the results obtained in three T&K medium culture plates.
Averages followed by the same letter are not statistically different by the Tukey test (a = 0.01)
#Percentage of growth inhibition
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A) Control
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=

Sucupira Melaleuca

Oregano

Figure 6. The essential oil inhibition of fungus growth. A) Representative dishes of the P. citreosulfuratum strain in
modified T&K medium with sucupira, copaiba, clove, oregano, thyme, lemon, mint, melaleuca, and rosemary oils in the
paper disk, after 7 days at 25 °C. The control plate has pure Vaseline in the paper disk. B) Dilution of oregano and
thyme essential oils. Plates of PDA medium with the P. citreosulfuratum strain with a paper disk containing oregano and
thyme diluted essential oils (1, 5, 10, and 20%) in Vaseline, after 4 days at 25 °C, with a photoperiod of 12h. The control
plate has pure Vaseline in the paper disk.

DISCUSSION

The genus Penicillium is one of the most common fungi in various environments [16]. Its species have a
universal distribution and a significant economic influence on human life and play essential roles in the food
industry, as antibiotic producers, and in biomass decomposition [16]. P. citreosulfuratum is considered the
correct name for Penicillium toxicarium [25]. This fungus was closely associated with cork bark (Quercus
suber L.) in Portugal [27], and although not considered a health concern, it may contribute to moldy flavors
in wine. Other species of the Penicillium genus Exilicaulis section, such as P. citreonigrum, are considered
good producers of citreoviridin [28], a mycotoxin linked to yellow rice disease or acute cardiac beriberi [29].
However, it is still being determined whether the ex-type culture of P. citreosulfuratum (IMI 92228) produces
citreoviridin [25].

Of the 25 described sections of the Penicillium genus [26], 11 were present in the generated phylogenetic
tree (Figure 3). Penicillium in section Exilicaulis is characterized by non-vesiculate monoverticillate and
biverticillate stipes. Species in this section are commonly found in terrestrial environments, such as air, sail,
plants, and insects [25, 26]. However, it was also isolated from sea sand in Korea [30].

Biofilms consist of microorganism cells that stick to each other and surfaces. They are ubiquitous and
can be formed by bacteria, archaea, and almost every species of microorganism [4]. In biofilms, the
microorganism’s cells are frequently embedded within a self-produced extracellular polymeric substance
(EPS) matrix, such as lipids, polysaccharides, nucleic acids, and proteins, which causes adherence of cells
to each other and (or) to a surface [4, 31]. The biofilm formation depends on the affinity between the metallic
ions and the anionic groups of the extracellular polysaccharides (EPS) secreted by the microorganism [4,
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32]. When biofilms develop on metallic surfaces, they may have a dual role, as they can inhibit corrosion or
create microenvironments conducive to corrosion [32]. When causing corrosion, the probable mechanisms
are that they can cause oxidation of sulfur or iron to obtain energy, produce inorganic and organic acids
during their metabolism, and secrete degrading exoenzymes chelators, which will lead to corrosion [4]. The
results of biofilm formation by P. citreosulfuratum (Figure 4), showed that it could adhere to the surface of
aluminum wire. Considering that this microorganism was isolated from corroded material from a water energy
plant, it is probable that the formed biofilm would lead to corrosion. Although other Penicillium species, for
instance, Penicillium commune and Penicillium frequentans, have been responsible for MIC acceleration of
metals [33, 34], to the best of our knowledge, this is the first report of the P. citreosulfuratum species linked
to MIC.

However, biofilm formation did not occur on copper wires. This finding agrees with the growth inhibition
that occurred when P. citreosulfuratum was cultured with solid and liquid media containing copper (Figures
5A and B). In agreement with the biofilm formation on aluminum wires, aluminum did not inhibit the P.
citreosulfuratum strain growth in the solid and liqguid medium analysis (Figures 5A and B). The partial inhibition
of the fungus growth caused by zinc in the solid culture medium agrees with the results obtained in liquid
media, where a partial inhibition of the P. citreosulfuratum growth was observed (Figures 5A and B).

The pollution effects on the environment caused by human and industrial activities provoke heavy metal
accumulation into the water resources, threatening human health and the ecosystem. Biosorption is the
process of passive pollutants binding by living or dead biomass and represents a potentially low-cost way of
removing toxic heavy metals from industrial wastewater [35, 36]. Microorganisms are known to detoxify
metals by several mechanisms, including ion exchange, chelation, adsorption, crystallization, valence
transformation, extra and intracellular precipitation, and active uptake [37]. Among the microorganisms, fungi
are more metal tolerant and have a higher microorganism surface-to-volume ratio than bacteria or
actinomycetes [37]. Among fungi, the genus Penicillium has been described in metal biosorption analyses
[37—-42]. The P. citreosulfuratum growth in aluminum and zinc’s presence could also be significant for this
strain’s role in MIC and biosorption.

In plants, essential oils function as antifungals, insecticides, and antibacterials, besides their effect
against herbivores. Their components consist of 20-60 substances, some occurring in high amounts (20-
70%), which are generally responsible for the biological effect. The major constituents of essential oils, which
may be involved in the antifungal activity, are terpenes (e.g., pinene and limonene), terpenoids (e.g.,
geraniol), aromatic phenols (e.g., carvacrol, thymol, and eugenol), and cinnamaldehyde [13, 43]. Usually,
essential oils with phenols and aldehydes as significant components, such as carvacrol, eugenol, thymol,
and cinnamaldehyde, are the most effective, followed by those with terpene alcohols [44]. Accordingly, the
two most efficient essential oils against P. citreosulfuratum were thyme, which contains thymol, and oregano,
which contains thymol and carvacrol.

Essential oils have been shown to control other species of Penicillium, mainly in foodborne isolates [45—
48]. In agreement with our results, oregano and thyme essential oils have also inhibited the growth of
Penicillium verrucosum and Penicillium digitatum, respectively [45, 46]. However, in contrast to our results,
clove essential oil has inhibited the P. digitatum and Penicillium expansum growth, and rosemary essential
oil has inhibited the P. expansum growth [45, 47]. These contrasting results indicate that essential oils may
act differently in different species of Penicillium. The plant essential oil's main antifungal properties are cell
membrane disruption, cell wall formation alteration and inhibition, mitochondria dysfunction, and efflux pumps
inhibition [12, 13]. It is possible that all these processes somehow affected the P. citreosulfuratum strain
growth.

CONCLUSION

In conclusion, a P. citreosulfuratum strain has been isolated from corroded fragments of the Brazilian
hydroelectric power unit Coaracy Nunes. This strain was able to form biofilm on aluminum wires and
withstand high concentrations of aluminum and zinc in solid and liquid media. Furthermore, the thyme,
oregano, melaleuca, and mint essential oils have been shown to be very efficient in curtailing this fungus
growth, which could be helpful in its control.
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