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Abstract: The yeast Yarrowia lipolytica degrades petroleum compounds, including alkanes, via the
monoterminal oxidation pathway, the hydrophobic carbon substrate assimilation is mediated by
biosurfactants, and extracellular amphiphilic molecules are produced by the yeast cell. This study
focuses on the ability of the strain Y. lipolytica CMGB32 to degrade n-hexadecane by producing
biosurfactants with high potential for bioremediation. The hydrocarbon-degrading potential of the
yeast strain was observed via a 2,6-dichlorophenolindophenol (DCPIP) test in Bushnell–Hass medium
with 1% n-hexadecane, and cell hydrophobicity was expressed as microbial adhesion to hydrocarbons
(MATH). Biosurfactant production on yeast peptone (YP) with 1% n-hexadecane was estimated
after 72 h using the emulsification index (E24%) against toluene. Crude biosurfactant (cell-free
broth) stability tests were performed at different temperatures (4 ◦C, 70 ◦C) and NaCl concentrations
(2–10%). The effects of a biosurfactant on synthetic wastewater remediation comprised the growth
curves (OD measurements) of natural heavy metal degrader Rhodotorula mucilaginosa, determination
of nutrients (spectrophotometrically), physico-chemical parameters, and removal capacity of lead
and cadmium ions (via inductively coupled plasma mass spectrometry—ICP-MS). The antimicrobial
and anti-adherence activities of 20 mg/mL and 40 mg/mL of the biosurfactant against pathogenic
Candida krusei strains involved growth observations and the crystal violet microtiter method. The
DCPIP decolorization occurred after six days, corresponding to the maximum growth phase of
the Y. lipolytica culture. After 72 h, the cells presented high hydrophobicity (82.61% MATH) and
stable biosurfactant production (E24% 47%). The crude biosurfactant (5%) increased the growth of R.
mucilaginosa strains cultivated on synthetic wastewater cultures contaminated with Pb2+ and Cd2+,
increased the conductivity and COD (86%) of the samples, and determined Pb2+ (66%) and Cd2+ (42%)
ions reduction. The concentrated biosurfactant inhibited C. krusei growth (70%) and biofilm adherence.
In conclusion, Y. lipolytica CMGB32 shows important potential for development of biosurfactant-based
technologies for the remediation of heavy-metal- and emerging pathogen-contaminated wastewaters.

Keywords: Yarrowia lipolytica; n-hexadecane; wastewater; lead; cadmium; biosurfactant; antimicro-
bial activity

1. Introduction

n-alkanes are components of crude oil (petroleum) and diesel oil that are rising high
concerns regarding environmental preservation and protection in the context of the massive
contamination of soil and water due to accidental oil spills, industrial development, and
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the extension of population habitats. Oil spills can affect the entire ecosystem in a certain
geographic region and directly impair the quality of human life. When reaching agricul-
tural soil, it affects its texture and its mineral/heavy metal composition, and determines
the inhibition of the crop plant root development [1], affects chlorophyll synthesis, and
reduces the light reaction efficiency of photosynthesis [2,3]. In case of short time exposure
of humans/animals to petroleum hydrocarbons by direct contact through breathing, skin
contact, or consumption of contaminated foods, it causes nasal discharge, burning in the
eye area, respiratory problems, vomiting, nausea, confusion, chronic fatigue, and dizziness.
Long time exposure is associated with severe hemocytotoxicity, cytotoxicity, neurotoxicity,
and immunotoxicity [4]. Among the most studied hydrocarbons, the hexadecane (C16H34),
a medium carbon-chain alkane, is frequently used as a model carbon substrate for evalua-
tion of biodegradation abilities of various microorganisms [5,6]. The effect of hexadecane
exposure of animal and human organisms ranges from primary skin and mild eye and
mucous membrane irritations to persistent intoxications of the pancreas during the weeks
after exposure [7].

Many microorganisms, such as bacteria (e.g., Pseudomonas Sphingomonas, Mycobacterium,
Bacillus, Rhodococcus, Burkholderia, Stenotrophomonas genera [8–10]), filamentous fungi
(e.g., Aspergillus, Penicillium, Mucor, Cephalosporium [11–13]), and yeast species
(e.g., Candida maltosa, Candida tropicalis, Rhodotorula sp., Starmerella bombicola, Candida antarctica,
Meyerozima guilliermondii, Rhodorosporidium toruloides, Wickerhamomyces anomalus,
Sporobolomyces salmonicolor [14–17]), present strains able to degrade a wide range of alka-
nes. Among these, Yarrowia lipolytica is one of the most versatile species, comprising strains
isolated from natural and industrial habitats, with a wide range of practical applications
in industry, bioremediation, and biomedicine [18]. The scientific interest for this species is
still growing, especially due to its ability to assimilate non-conventional carbon substrates
including crude oil and oil derivatives by converting them into beneficial biocompounds
(e.g., lipases, lipids, and single-cell oils). The morphology, genetics, and metabolism of
Y. lipolytica has been extensively studied over the years [19,20]. Also, the knowledge concern-
ing the main genes involved in the monoterminal oxidation pathway, particularly of medium
and high carbon-chain alkanes, has been completed by genome sequencing and genome-scale
metabolic studies [21,22].

Numerous Y. lipolytica strains, including some isolated from aquatic environments,
have been described as having high aliphatic and aromatic hydrocarbon degrading abilities,
with rates of hexadecane degradation ranging from 39.9% to 78% over a maximum of
7 days of incubation [20,23]. Furthermore, the alkanes, including hexadecane, can be used
as the sole carbon substrate for the production of biosurfactants in Y. lipolytica cells.

Biosurfactants are surfactants produced and excreted by numerous microorganisms
(bacteria, yeasts, and fungi). Due to their amphiphilic structure comprising a hydropho-
bic moiety (consisting of long-chain fatty acids) and a hydrophilic moiety (represented
mainly by carbohydrates, alcohols, and proteins), biosurfactants can decrease the surface
tension between the hydrophobic (hydrocarbons) and hydrophilic (microbial cells) phases.
This process determines the formation of hydrophobic micro-droplets, which are easily
assimilated into the microbial cell via specific cell wall structures [19]. Moreover, the high
biodegrability, specificity, and stability of biosurfactants make them one of the most promis-
ing strategies that are developed for the bioremediation of polluted soil and water. This
includes the removal of heavy metals by trapping them within micelles, from which they
are recovered via precipitation or membrane separation [24]. Different Y. lipolytica strains
synthesize lipoproteic biosurfactants in the presence of alkanes, which are able to emulsify
plant oils (Liposan) or aromatic hydrocarbons (Yasan) [20]. Also, the crude biosurfactant
produced by Candida lipolytica UCP 0988 was used for removing 96% of Zn and Cu and
reducing the concentration of Pb, Cd, and Fe from barrier silty soil [25], and for removing
about 30–40% of Pb and Cu from sand samples [26], respectively.

This study focuses, on the one hand, on the ability of the strain Y. lipolytica CMGB32
to assimilate n-hexadecane for the production of stable biosurfactants and, on the other
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hand, on the complex characterization of the produced biosurfactants as potential highly
efficient agents for removing heavy metals (Pb and Cd) and combating emerging pathogenic
microbial strains from wastewaters.

2. Materials and Methods
2.1. Yeast Strains

The yeast strains Yarrowia lipolytica CMGB32, Rhodotorula mucilaginosa CMGB188,
Rhodotorula mucilaginosa CMGB-G1, Candida krusei CMGB94, and C. krusei CMGB-Y8 (the
Collection of Microorganisms of the Department of Genetics, Faculty of Biology, University
of Bucharest, Bucharest, Romania) were maintained at −70 ◦C, on yeast peptone glucose
(YPG) medium (g/L: yeast extract 5, peptone 10, glucose 2) supplemented with 20%
glycerol, and grown for 20 h on YPGA (YPG with 1% agar-agar) before each experiment.

2.2. n-Hexadecane Biodegradability Assay Using 2,6-Dichlorophenolindophenol (DCPIP)

The biodegradability of n-hexadecane was assessed using the redox indicator
2,6-dichlorophenolindophenol (DCPIP) [27]. In yeast cells, C15-C36 hydrocarbons (in-
cluding the n-hexadecane) are first hydroxylated to fatty alcohols by cytochrome P450
monooxygenase (based on nicotinamide adenine dinucleotide phosphate—NADPH and
flavin adenine dinucleotide—FAD system). Fatty alcohols are further oxidized to cor-
responding fatty aldehydes and fatty acids in the endoplasmic reticulum, thus forming
triacylglycerols or, in the peroxisomes, forming acetyl coenzyme A (Ac-CoA) molecules,
which enter the glyoxylate and citrate cycles. The process comprises redox reactions and
electron transfer to acceptors (O2, nitrates or sulphates) [19]. The DCPIP added to a mineral
medium, in which a hydrocarbon (i.e., n-hexadecane) represents the sole carbon substrate,
acts as an electron receptor during the oxidation process, changing from the oxidized form
(blue) to the reduced form (colorless) [28].

The strain Y. lipolytica CMGB32 was cultivated for 72 h at 28 ◦C, 150 rpm in two flasks:
on a YP medium supplemented with 1% n-hexadecane (FLUKA) and on a YPG medium,
respectively. The inoculum of Y. lipolytica CMGB32 (0.3 × 108 cells/mL, determined
using the Thoma chamber) obtained from each flask was used in a total volume of 10 mL
Bushnell–Hass (BS) mineral medium (g/L: MgSO4 · 7H2O 0.2, CaCl2 · 2 H2O 0.02, KH2PO4
1.0, K2HPO4 1.0, NH4NO3 1.0, FeCl3 0.05) (pH 7.0 ± 0.2) with 1% n-hexadecane and
30 µg/mL DCPIP. The test tubes (duplicates) were incubated for 9 days at 120 rpm and
28 ◦C ± 1 ◦C and observed every day. The substrate control tubes did not contain inoculum,
and the inoculum controls did not contain n-hexadecane.

2.3. Assessment of Microbial Adhesion to n-Hexadecane

The hydrophobicity of Y. lipolytica CMGB32 cells to n-hexadecane was assessed us-
ing the microbial adhesion to hydrocarbons (MATH) [29]. The yeast culture (starting
from approximately 0.5 McFarland inoculum) was grown for three days on yeast peptone
(YP) medium (g/L: Yeast extract 10, peptone 10) supplemented with 1% n-hexadecane.
Then, 1.5 mL culture (with cell density equivalent to 3 McFarland) was centrifuged for
10 min at 10.000 rpm and 4 ◦C, and the cell pellet (containing both cells with a normal cell
wall and cells with a cell wall whose degree of hydrophobicity is increased as a result of
the changes induced by cultivation in the presence of non-conventional carbon sources)
was washed three times with 1.5 mL phosphate-urea-magnesium buffer (PUM buffer)
(g/L: KH2PO4 7.26; K2HPO4 19.7; urea 1.8; Mg2SO4 · 7H2O 0.2; pH 7.0) and then diluted in
order to obtain an OD570nm of approximately 1 (A0). A volume of 1.5 mL of cell suspension
was mixed with 120 µL n-hexadecane, vortexed, and incubated for 15 min at room temper-
ature. Moreover, the OD was determined using 200 µL of the lower phase (represented by
cell suspension in the PUM buffer containing only cells with no modification of the cell wall
hydrophobicity degree and which did not attach to the n-hexadecane layer after vortexing)
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(A1). All the samples were performed in duplicates. The MATH value was obtained using
the mean of the two values calculated using the following equation:

MATH% = [(A0 − A1)/A0] × 100 (1)

2.4. Interactions between Yeast Cells and n-Hexadecane

The interactions between Y. lipolytica CMGB32 cells and n-hexadecane droplets were
observed using an optic microscope (40×) (MICROS, St. Veit an der Glan, Austria) after
three days of incubation at 28 ◦C, 150 rpm, in YP medium with 1% n-hexadecane.

2.5. Biosurfactant Production and Characterization
2.5.1. Determination of the Emulsification Index

The strain Y. lipolytica CMGB32 was grown on YP medium (1% yeast extract, 1%
peptone) supplemented with 1% n-hexadecane (Sigma-Aldrich, St. Louis, MO, USA), for
72 h at 150 rpm. The cell-free broth was mixed (3:2 v:v) with toluene, vortexed for 2 min at
2500 rpm, and maintained at room temperature (~22 ◦C) for 24 h, and the production of
the biosurfactant was evaluated using the emulsification index (E24%) [30].

2.5.2. Stability Tests on Emulsifying Properties of the Biosurfactants

The effects of temperature and sodium chloride (NaCl) variations on biosurfactant
stability were determined by calculating the emulsification index (E24%) of cell-free broth
towards toluene after 24 h of incubation at room temperature (22 ◦C). The effect of tem-
perature was determined during two parallel experiments. In the first experiment, the
cell-free broth (crude biosurfactant) was incubated at 4 ◦C for 20 min, brought to room
temperature, and then mixed with toluene for the determination of E24%, as described
before (Section 2.5.1). The second experiment followed the same protocol after the incu-
bation of the crude biosurfactant at 70 ◦C. The effect of salinity was assayed during five
parallel experiments (NaCl—crude biosurfactant mixtures) using NaCl solution in final
concentrations of 2%, 4%, 6%, 8%, and 10%, under the same condition as Section 2.5.1. The
results were compared to those obtained from Section 2.5.1.

2.6. Biosurfactant Effect on Removal of Some Pollutants from Synthetic Wastewater
2.6.1. Growth Curves in Contaminated and Uncontaminated Synthetic Wastewater

The biosurfactant was obtained using a protocol described previously by Nicula et al. [31].
The cell-free broth obtained after filtering the supernatant was further used as a crude
biosurfactant [32,33].

The growth curve of the yeast strains (Rhodotorula mucilaginosa CMGB-G1 and
R. mucilaginosa CMGB 188—previously isolated from oil polluted environments and in-
cluded in the CMGB collection of microbial strains) was determined in synthetic wastewater
contaminated and uncontaminated with Pb2+ and Cd2+ ions, both in the presence or ab-
sence of a biosurfactant. This was achieved using 96-well plates containing 400 µL of
sample inoculated with 1% of each yeast strain with an initial concentration of 2 McFarland
(for Sw, Pb and Cd with P1, and P2, respectively) supplemented with 5% (v/v) biosurfactant
(for Bio Y, BioY + Pb, Bio Y + Cd). The experiments were conducted for 24 h at a temper-
ature of 28 ± 1 ◦C (i.e., controlled conditions), and optical density values were recorded
hour by hour at 570 nm using a Synergy HTX Multimode reader (BioTEK, Winooski, VT,
USA). Optical density (OD) measurements were also used to determine the degree of yeast
development during the 120 h of the experiment (i.e., experimental conditions).

Synthetic wastewater was prepared by adapting the formulations outlined by [31,34]
comprising the following components: 200 mg/L D-glucose, 200 mg/L sucrose, 70 mg/L
yeast extract, 66.73 mg/L (NH4)2SO4, 10.91 mg/L NH4Cl, 4.43 mg/L KH2PO4, 21 mg/L
MgSO4·7H2O, 2.68 mg/L MnSO4·H2O, 30 mg/L NaHCO3, 19.74 mg/L CaCl2, 0.14 mg/L
FeCl3·6H2O, 330 mg/L NaNO3, and 390 mg/L NaNO2. For experiments regarding the
removal efficiency of heavy metal ions, synthetic wastewater was contaminated with
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Pb2+ (32 mg/L, (CH3COO)2Pb) and Cd2+ (30 mg/L, Cd(NO3)2) ions. The presented heavy
metal ion concentrations were determined using ICP-MS analysis.

The coding of the samples used in this paper is shown in Table 1.

Table 1. Sample coding and description.

Sample Code Description

P1 Rhodotorula mucilaginosa CMGB-G1
P2 Rhodotorula mucilaginosa CMGB 188
Sw Synthetic wastewater
Pb Synthetic wastewater + Pb2+

Cd Synthetic wastewater + Cd2+

Bio Y Synthetic wastewater + Biosurfactant obtained from Yarrowia lipolytica CMGM32
Bio Y + Pb Synthetic wastewater + Biosurfactant obtained from Yarrowia lipolytica CMGM32 + Pb2+

Bio Y + Cd Synthetic wastewater + Biosurfactant obtained from Yarrowia lipolytica CMGM32 + Cd2+

2.6.2. Determination of Physico-Chemical Parameters of Synthetic Municipal Wastewater

The physico-chemical parameters of the inoculated synthetic wastewater were deter-
mined initially and after 24, 48, 96, and 120 h by evaluating the temperature, pH (using a
pH meter HI10832, Hanna Instruments, Inc., Woonsocket, RI, USA), conductivity (using
a Multiparameter HI2020-01 Edge, Hanna Instruments, Inc., Woonsocket, RI, USA), and
dissolved oxygen (Multiparameter Oxi340i, Weiheim, Germany).

2.6.3. Removal of Pollutants

For the experiments, 450 mL concentrations of uncontaminated and contaminated
synthetic wastewater with Pb2+ and Cd2+, respectively, were inoculated with 1% of each
yeast strain having an initial concentration of 2 McFarland. To prepare the samples with a
biosurfactant, 5% (v/v) biosurfactant was introduced in inoculated synthetic wastewater.
Subsequently, all synthetic wastewater samples were incubated at 28 ± 2 ◦C for 120 h. The
removal efficiency of nutrients and heavy metals was determined initially and at the end of
the experiments.

The capacity to remove organic substances was evaluated by determining the chemical
oxygen demand (COD), according to the ISO 6060 standard [35], using the Gerhardt Chem-
ical Oxygen Analyzer equipment (C. Gerhardt GmbH & Co., Königswinter, Germany).

The ability to remove nitrate, nitrite, ammonium, phosphate, and sulfate ions was evaluated
spectrophotometrically by using specific methods and reagents [36], and using the Hanna
HI83300 Multiparameter Photometer (Hanna Instruments, Inc., Woonsocket, RI, USA).

ELAN DRC-e ICP-MS (PerkinElmer, Waltham, MA, USA) equipment was employed
to assess the efficiency of removing Pb2+ and Cd2+ ions. A quantitative evaluation was
conducted for each element individually using the calibration curve method.

2.6.4. Determination of the Biomass Amount

The amount of obtained yeast biomass was determined gravimetrically, at the end of
the experiment, by filtering the samples in a vacuum tube through filter paper with pores
of 0.45 µm, followed by drying at room temperature [31].

2.7. Antimicrobial and Anti-Adhesion Activity of the Biosurfactant
2.7.1. Growth Inhibition Assays

Aliquots of 20 mL crude biosurfactant were placed on watch glass and incubated in a
lab oven at 40 ◦C until total evaporation of the liquid. The dried biosurfactant was recovered
in sterile Eppendorf tubes and used for obtaining 20 mg/mL and 40 mg/mL concentrated
biosurfactants in sterile distilled water, which were then sterilized via filtration using
0.24 µm syringe filters.

Standard suspensions of Candida krusei strains, CMGB94 and CMGB-Y8, respec-
tively, were prepared using fresh cultures grown for 18 h on YPGA medium at 37 ◦C,
which were dissolved in sterile distilled water. A volume of 10 µL of the suspensions
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(0.3 × 107 cells/mL determined using a Thoma chamber) was mixed with 100 µL of con-
centrated biosurfactants (final concentrations of 20 mg/mL and 40 mg/mL, prepared in
YPG broth) and then placed in microtiter wells, resulting in a final volume of 110 µL. The
mixtures were then incubated at 37 ◦C. Cell growth was assessed hourly up to 21 h by
measuring the OD at 570 nm using an automatic plate reader (Multi-mode reader Synergy
HTX, BioTek) [21,22]. The positive control for growth consisted of strains cultivated in the
presence of YPG broth, while sterility control consisted of YPG broth supplemented with
20 mg/mL or 40 mg/mL of concentrated biosurfactant.

2.7.2. Anti-Adhesion Activity Tests

To determine the influence of the tested biosurfactant on the microbial adherence to
inert substratum (96-well plate, untreated polystyrene), the crystal violet microtiter method
was used. C. krusei CMGB94 and C. krusei CMGB-Y8 were cultured in the presence of
20 mg/mL and 40 mg/mL biosurfactants using a protocol similar to the one described
above. After 24 h of incubation at 37 ◦C, the unattached cells were removed using sterile
distilled water. After stabilization of the adherent cells to the well using 110 µL methanol
solution (99%), the wells were emptied and dried at room temperature for the fixation
step. The number of attached cells was determined using 110 µL crystal violet solution
(1%) added to each well, followed by incubation for 15 min. The plates were washed with
running tap water to remove the excess stain, and the adherent cells were solubilized using
110 µL of 33% acetic acid (v/v), followed by absorbance reading (OD = 595 nm) [37,38]. All
the samples were tested in triplicate, and the control wells contained only YPG broth (with
no inhibitory compound added).

The microbial adherence inhibition percentages (PICA%) in the presence of concen-
trated biosurfactants were calculated using Equation (2), as described by [37,38].

PICA% = (As/Ac) × 100 (2)

where As is the absorbance of the sample (adherence in the presence of biosurfactants), and
Ac is the absorbance of the control well (adherence in absence of any inhibitory compound).

2.8. Statistical Analysis

The experiments regarding synthetic wastewater treatment were conducted in triplicates,
and the results were expressed as the mean ± standard deviation (SD) derived from three
replicates. Statistical significance was assessed using Student’s t-test, considering a significance
level of p < 0.05. Statistical analysis was carried out using Microsoft Excel 2021 software.

For the antimicrobial properties of the biosurfactant triplicates, data were expressed as
mean ± SD, and statistical analysis was performed using GraphPad Prism v9. Data were
analyzed using ordinary two-way ANOVA using post hoc tests (Tukey’s correction for the
growth inhibition percentage and Dunnett’s test for the PICA%) for multiple comparisons,
with individual variances calculated for a comparison between the biological activities of
the biosurfactant and the control strain. The significance level was set at p < 0.05.

3. Results and Discussion
3.1. n-Hexadecane Assimilation

Previous studies showed that the strain Y. lipolytica CMGB32 has high ability to
assimilate n-hexadecane when grown on a minimal BS medium, with a plateau between
the 6th and the 10th day of growth [39]. This period corresponds to the time required
for the DCPIP color change observed on the 6th and 9th days of the experiment using
the YPG- and YP-grown inoculum, respectively. The longer period needed for DCPIP
decolorization by the YP-hexadecane-grown inoculum can be related to a slower cell
metabolism caused by the changes induced in the expression of genes associated with
the assimilation of hydrophobic substrates, compared to the cells growing on glucose, in
the case of YPG medium inoculum. Although the expression of genes associated with
non-conventional carbon sources (such as n-alkanes) is essential for the n-hexadecane
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assimilation of the metabolic shift, in the case of yeasts, it is time dependent and requires
prolonged exposure to support an exponential growth in the first hours of cultivation.
Meanwhile, no decolorization was observed for the inoculum and substrate control tubes.

The information on the DCPIP method used for biodegradability tests on yeasts
is rather poor. However, ref. [40] described a DCPIP decolorization time ranging from
8 to 29 h for a Candida vishwanathii strain able to degrade various biodiesel blends. Also,
ref. [41] reported two strains—Rhodotorula aurantiaca UFPEDA 845 and Candida ernobii
UFPEDA 862—as inducing a positive response in the presence of DCPIP and diesel oil
within 16 and 24 h, respectively. The shorted DCPIP decolorization periods mentioned in
the cited literature can be most probably related to the composition of the carbon substrate,
which is more accessible for the yeast cells compared to our experiment, where the sole
carbon source is represented by the n-hexadecane.

The MATH value (82.61%) determined after three days in the presence of n-hexadecane
revealed the high hydrophobicity of the Y. lipolytica CMGB32 cells. The result corresponds
to other studies [29] in which Y. lipolytica cells showed 76.5–80.2% hydrophobicity when
grown on a mixture of C12-C16 alkanes, but after seven days of incubation. Our results
suggest a higher ability of Y. lipolytica CMGB32 cells to adapt to hydrocarbons substrates,
such as n-hexadecane. The ability of yeast cells to attach to the alkane droplets was also
evaluated using an optic microscope. Yeast cells and large pseudohyphae corresponding to
morphological modifications related to the adaptation to hydrocarbons substrate adhere to
n-hexadecane droplets (Figure 1).
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3.2. Stability of the Emulsifying Properties of the Biosurfactant

Biosurfactant production was evaluated using the emulsification index (E24%), and the
value obtained against toluene was 47% (Figure S1). The biosurfactant showed high thermal
stability (50% at 4 ◦C and 41% at 70 ◦C), with the E24% values being also stable at NaCl
concentrations between 2 and 6% (53% for NaCl 2% and 4%, 47% for NaCl 6%), decreasing
for higher 8% and 10% concentrations (31% and 28%, respectively). In our previous study, it
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was shown that the biosurfactant produced by the Y. lipolytica CMGB 32 strain is essentially
a lipoprotein composed of a high amount of aromatic amino acids [31]. The aromatic
amino acid residues, such as tyrosine and tryptophan, are involved in establishing energeti-
cally favorable interactions with molecules from the surrounding environment (interaction
strongly influenced by temperature and ionic strength) [42,43]. Thus, the stability of the
biosurfactant at the tested temperature and the NaCl concentrations might indicate that
the sequences of aromatic amino acids interfere in a limited way in the stabilization of the
lipoprotein biosurfactant’s functional structure. Moreover, the applicability of microbial bio-
surfactants in several fields is strongly dependent on their stability at different temperatures
and salinity values. The high thermostability suggests that the biosurfactant produced by
Y. lipolytica CMGB32 can be used in food, pharmaceutical, and cosmetic industries, where
heating is an important step in the manufacture process [44]. Additionally, it can be used in
the bioremediation of habitats within a wide range of temperatures. Also, stability at high
salinity concentrations is an important parameter when determining the applicability of bio-
surfactants in the bioremediation of spills in marine water [45]. As recorded previously [39],
the biosurfactant produced by Y. lipolytica CMGB32 in the presence of n-hexadecane had an
E24% of 52% against petroleum. In addition, we showed that the strain Y. lipolytica CMGB32
was able to synthesize stable biosurfactants also on a YP medium supplemented with 1%
petroleum, with an E24% value of 52% against toluene [32]. Meanwhile, ref. [46] described
the strain Y. lipolytica IMUFRJ 50682 as producing biosurfactants with an emulsification
index against hexadecane that reached a maximum of only 17.5% after 100 h of incubation
on crude oil as a sole carbon substrate. Other studies reported an E24% of 62.4% for toluene
emulsification using the bacterial strain Streptomyces sp. MOE6 [47], and reported values
ranging between 33.3 ± 0.0 and 75.0 ± 1.7 for various strains belonging to Marinobacter
genus [48].

Toluene is one of the hydrocarbons found in crude oil’s composition and represents
one of the main industrial solvents used for paints, glues, cleaning products, etc. Long
exposure to accidental oil spills and work conditions in the presence of toluene leads to renal
and hepatocellular injuries, rhabdomyolysis, and altered nervous system functions [49].
Moreover, toluene contamination can occur also in the presence of heavy metals, influencing
the efficiency of bioremediation technologies and the composition of microbial communities
with biodegrading abilities [50]. Therefore, the good ability of the Y. lipolytica CMGB32
biosurfactant to emulsify toluene, and its high stability, might be considered as a solid base
for its use as an additive for toluene removal from contaminated areas.

3.3. Growth Curves of Yeast Strains

The yeast R. mucilaginosa has been described as one of the species present in municipal
wastewater treatment plants polluted with Cr, Cd, and nitrates [51]; in olive mill wastewater,
where is able to assimilate and degrade phenolic compounds [52]; or in textile wastewater,
having the ability to remove Cu2+, Ni2+, and Cr6+ ions with an efficiency of 30.6%, 38%,
and 94.5%, respectively [53]. Grujić et al. [54] reported that R. mucilaginosa planktonic cells
were resistant to cadmium concentrations up to 10 mM and nickel concentrations up to
3.200 mg/L. Also, two R. mucilaginosa strains isolated from wetlands from Ventanilla
(Callao, Peru) showed intensive growth in the presence of 10 mg/L of Pb2+ at pH 5.0 and
pH 6.0, and an ability to tolerate up to 1 g/L Pb2+ at pH 6.0 [55].

In our study, the growth of the strains R. mucilaginosa CMGB-G1 (P1) and R. mucilaginosa
CMGB188 (P2) was monitored and recorded through optical density measurements, both in
controlled (24 h, Figure 2) and experimental conditions (120 h, Figure 3). Under controlled
conditions, the development of yeasts was observed for a shorter duration of 24 h in order
to understand their normal growth pattern without any external variables (i.e., temperature,
day/night alternation).
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The data from Figure 2a,b reveal that all the tested samples showed the same devel-
opment pattern over the 24 h test period, with only the lag and exponential development
phases being visible. Both yeast strains showed a lag period between 9 and 14 h for most
tested synthetic wastewaters, with the order of growth being generally in the direction of
Pb < Sw < Bio Y + Pb ≤ Bio Y. This trend demonstrates the positive influence of a biosur-
factant on the faster growth of R. mucilaginosa cultures. However, a particular case was
observed regarding the water contaminated with cadmium ions, where the lag period was
22 h, which was probably due to the more pronounced toxic effect of Cd2+ ions on the
tested strains [31].

On the other hand, under experimental conditions (Figure 3a,b), the yeast strains
were subjected to a more extended observation period of 120 h. This allowed the examina-
tion of the long-term growth behavior of the yeast strains and their responses to specific
experimental variables.

The data reflect a steady increase in OD values throughout the experiment. In the
case of the biosurfactant-supplemented sample (Bio Y), a maximum OD was observed
for both yeast strains within the 48–96 h period of the experiment. At the end of the
120 h experiment, it becoma evident that the water samples enriched with the biosurfactant
yielded the highest optical density (OD) values for both types of yeast strains. Notably,
there existed a discernible decreasing trend in OD values, with the samples treated with
BioY + Pb exhibiting the highest values, followed by BioY and then by BioY + Cd samples. In
contrast, samples with Cd2+, Pb2+, and initial synthetic wastewater, as well as those without
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the biosurfactant, showed lower OD values. These findings underline the effectiveness of a
biosurfactant in stimulating yeast cell growth, highlighting its importance in the context of
the experiment.

3.4. Wastewater Physico-Chemical Parameters

The efficiency of wastewater treatment with yeast cultures and biosurfactants could
be influenced by several parameters, such as temperature, pH, conductivity, dissolved
oxygen, etc. [56–59]. Temperature is an important parameter which affects the metabolic
processes of yeast, while pH could influence heavy metal solubility and yeast cell surface
charge, thereby impacting the biosorption capacity of the yeast cells. Additionally, the
conductivity, reflecting the ionic content of the wastewater, can influence the treatment
efficiency by indicating potential competition between the ions and the heavy metals for
the yeast binding sites. On the other hand, yeasts use dissolved oxygen to effectively
metabolize and reduce heavy metals in wastewater.

Table 2 presents the evolution of pH and conductivity of synthetic wastewater during
the experiments. Temperature was kept quasi-constant at about 26 ± 1 ◦C. The samples
were aerated daily using a wood air diffuser for about 15 min in order to increase the
amount of dissolved oxygen at about 5 mg/L (the initial amount of dissolved oxygen was
7.5 ± 0.5 mg/L).

Table 2. Variations in the physico-chemical parameters of inoculated synthetic wastewater.

Time (h)
Rhodotorula mucilaginosa CMGB-G1 (P1)

Parameters Sw Pb Cd Bio Y Bio Y + Pb Bio Y + Cd

0
Conductivity (µS·cm−1) 1078 1040 1075 1264 1262 1180

pH 7.23 7.12 7.11 7.34 7.34 7.32

24
Conductivity (µS·cm−1) 1094 1070 1115 1286 1280 1270

pH 6.86 6.44 6.68 6.34 6.49 7.06

48
Conductivity (µS·cm−1) 1855 1900 1889 2234 2205 2265

pH 6.31 6.26 6.95 6.60 6.34 6.95

96
Conductivity (µS·cm−1) 1866 1899 1720 2266 2273 2099

pH 6.84 6.14 7.31 7.21 7.41 7.36

120
Conductivity (µS·cm−1) 1906 1961 1746 2135 2177 2019

pH 7.35 6.91 7.49 7.83 7.95 7.84

Rhodotorula mucilaginosa CMGB188 (P2)

0
Conductivity (µS·cm−1) 1072 1076 1072 1260 1261 1237

pH 7.19 7.11 7.11 7.34 7.34 7.33

24
Conductivity (µS·cm−1) 1090 1086 1100 1286 1280 1282

pH 6.75 6.5 6.77 6.43 6.43 7.24

48
Conductivity (µS·cm−1) 1868 1858 1864 2230 2220 2267

pH 6.26 6.22 6.79 6.45 6.37 7.01

96
Conductivity (µS·cm−1) 1879 1877 1832 2267 2280 2179

pH 6.31 6.12 7.38 7.32 7.44 7.3

120
Conductivity (µS·cm−1) 1936 1926 1750 2156 2197 2145

pH 7.07 6.96 7.39 7.82 7.92 7.7

A general increase in the conductivity of the samples was observed during the exper-
iments for both yeast strains, with the maximum conductivity values being observed in
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the case of samples with biosurfactants and heavy metals. The growth of yeasts involves
the release of ions, such as ammonium ions derived from the assimilation of nitrogen,
which contribute to the increase in the ionic strength of the water and, consequently, to the
overall conductivity of the water [60,61]. Also, the pH values showed a decrease in the first
96 h of the experiment, followed by a slight increase until 120 h, regardless of the tested
sample, with the lowest pH values being observed in the case of synthetic wastewater with
Pb2+ at 96 h from the beginning of the experiment for both R. mucilaginosa CMGB-G1 (P1,
pH = 6.12) and R. mucilaginosa CMGB188 (P2, pH = 6.14) strains. The decrease in pH during
yeast development in the presence of Pb2+ and Cd2+ can be influenced by various factors,
including the release of ions and the metabolic activity of the yeast strains, with the optimal
pH for yeast growth being in the range of 4.0–8.5 [62].

These results are consistent with those reported by our group in a previous study [31].
While not the primary focus of this paper, it is essential to acknowledge several poten-
tial factors that could impact the removal efficiency of cadmium and lead ions by yeast
strains [63]. However, it is important to note that the removal mechanism is very complex.
It involves intricate interactions between the yeast cells and the metal ions, including
adsorption, ion exchange, surface attachment, and intracellular sequestration. Additionally,
factors such as cell wall composition, metabolic activity, and genetic variability among
yeast strains can further influence the removal process [64]. For example, variations in
the pH of wastewater solutions could significantly affect the adsorption capacity of heavy
metals via yeasts. At lower pH levels, the abundance of H+ ions prevails, overpowering
the adsorption sites restricting the access of cations to these sites [65]. This phenomenon
is particularly notable for Cd2+ ions, indicating a greater susceptibility to pH fluctuations
compared to Pb2+ [66,67]. Moreover, the toxicity of cadmium and lead ions can significantly
impact the efficacy of yeast strains in removing them from wastewater. Our results suggest
that the toxicity of cadmium on yeast strains tends to be higher than that of lead, as evi-
denced by the observations of growth rate inhibition in yeast exposed to these metal ions
(Figure 2). These results are consistent with those reported in other studies, which have also
highlighted the higher toxicity of cadmium compared to lead on yeast strains [31,68,69].

3.5. Removal Efficiency of Micropollutants from Water
3.5.1. Chemical Oxygen Demand (COD)

COD is a measure of the amount of oxygen required to break down organic matter in
water and is an important parameter in water quality analysis because it can be a measure
of the wastewater treatment efficiency [35].

The results obtained in this study (Figure 4) show a significant reduction in COD
by up to 86% compared to the reference (508 ± 9.6 mg O2/L) value. It is important to
emphasize that the synthetic wastewater samples containing a biosurfactant showed COD
values comparable to or even higher than the synthetic wastewater without Pb2+ and Cd2+

ions. In the presence of metal ions, without biosurfactants, COD reduction ranged from
42% for Cd2+ to 57% for Pb2+. It is interesting to note that R. mucilaginosa CMGB 188 (P2)
showed, on average, a higher COD reduction capacity than R. mucilaginosa CMGB-G1 (P1),
considering all types of samples tested. Moreover, the results obtained in this study are
comparable with a previous study [31] conducted by our group, where the efficiency of
removing COD from synthetic wastewater was tested using five different yeast strains:
Kluyveromyces marxianus CMGBP16, Saccharomyces cerevisiae S228C, Saccharomyces cerevisiae
CM6B70, Saccharomyces cerevisiae CMGB234, and Pichia anomala CMGB88. The results
showed a COD removal efficiency of up to 70%. In a different investigation, a reduction
in COD ranging from 50% (Candida krusei) to 71.6% (Candida albicans) was observed when
using a 1% (v/v) inoculum rate, but after 25 days of the experiment [70].
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The capacity for COD removal appears to be affected by the quantity of yeast biomass
obtained at the end of the 120 h experiment (Figure 5). This is contingent upon the
experimental conditions, including the presence or absence of heavy metal ions and the
biosurfactant in the water sample. By analyzing Figure 5, it is evident that changing the
biomass amount leads to a similar behavior as in the COD analysis. Consequently, the
maximum biomass (66–76 mg/L) was observed in the case of synthetic wastewater with
biosurfactants. It is noteworthy to mention that slightly elevated values of the biomass
amount were obtained in the case of R. mucilaginosa CMGB-G1 (P1).
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Figure 5. Yeasts biomass amount at the end of the experiment.

In wastewater samples without biosurfactants, the amount of biomass decreased from
ca. 70 mg/L (synthetic wastewater (Sw)) to 52 mg/L (R. mucilaginosa CMGB188 (P2))
and 58 mg/L (R. mucilaginosa CMGB-G1(P1)) in the presence of Pb2+, respectively, and to
42 mg/L (R. mucilaginosa CMGB-G1 (P1)) and 44 mg/L (R. mucilaginosa CMGB188(P2)) in
the presence of Cd2+, respectively. In the combined presence of metal ions and biosurfac-
tants in wastewater, the highest amount of biomass of about 62 mg/L was obtained in the
presence of Pb2+ for the R. mucilaginosa CMGB-G1 (P1) strain, followed by 58 mg/L for the
R. mucilaginosa CMGB188 (P2) strain. The lowest values in the presence of biosurfactants
were obtained for Cd2+ (between 47 and 52 mg/L), and the highest values were obtained
for the R. mucilaginosa CMGB188 (P2) strain.

3.5.2. Nutrient Removal

The removal of excess nutrients, particularly nitrogen compounds (nitrate, nitrite, and
ammonium) and phosphate ions, from wastewater is important to prevent eutrophication.
Eutrophication is the excessive growth of algae and other aquatic plants that is fueled by
these nutrients. This growth can lead to oxygen depletion, causing significant harm to



Appl. Sci. 2024, 14, 3048 13 of 21

aquatic life [71]. The removal of these nutrients from wastewater can be achieved through
various methods, including active metal reduction, electrochemical catalytic reduction,
chemical precipitation, adsorption, and biological treatment [31,72–75].

In Figure 6, the results obtained for the determination of the reduction efficiency
of nitrate, nitrite, ammonium, phosphate, and sulfate ions by the two yeast strains are
presented based on the type of sample tested. The key factors that influenced the removal
capacity of these ions were the yeast strain used and the type of heavy metal.
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For nitrate ions (Figure 6a), a reduction ranging from 80 to 95% was observed. Also,
no clear trend was observed in the behavior of the two yeast strains in the presence of
nitrate ions, each having a higher or lower removal efficiency depending on the type of
wastewater tested. When the biosurfactant was absent, R. mucilaginosa CMGB-G1 (P1)
exhibited the highest reduction efficiencies (94–95%) for nitrate ions in the presence of Pb
and Cd ions, compared to 87% in synthetic wastewater (Sw). R. mucilaginosa CMGB188 (P2)
also displayed a reduction efficiency ranging from 85% (Pb) to 94% (Sw). In the presence
of the biosurfactant, notably lower efficiencies were observed, generally falling between
80 and 89%, with a peak of 94% for R. mucilaginosa CMGB188 (P2) in the absence of metal
ions. Regarding nitrite ions (Figure 6b), the greatest reduction of 89% was observed for the
same yeast strain, but in the presence of synthetic wastewater contaminated with Cd2+ ions.
The strain of R. mucilaginosa CMGB188 (P2) exhibited reduction efficiencies of up to 85%
for synthetic wastewater and water containing Bio Y, as well as for water contaminated
with Pb2+ and Cd2+. Similar behaviors were observed in the reduction of phosphate ions
(Figure 6d) (between 43 and 66%, generally higher values for R. mucilaginosa CMGB188 (P2)
and sulfate ions (between 59 and 86% but for R. mucilaginosa CMGB-G1 (P1).

A particular case was observed in the reduction of ammonium ions (Figure 6c), where
the majority of tested samples exhibited an increase in their ion concentrations throughout
the experiment. Reductions of up to 51% were observed in synthetic wastewater with Cd2+

(R. mucilaginosa CMGB-G1 (P1) and synthetic wastewater Bio Y (R. mucilaginosa CMGB188
(P2). Smaller reductions were noted for R. mucilaginosa CMGB-G1 (P1) in the presence
of Pb2+ (29%) and in the presence of Pb2+ and Bio Y (5%). R. mucilaginosa CMGB188 (P2)
exhibited similar reductions, but in water contaminated with Cd2+ and Pb2+. All the
other samples showed increases in ammonium ion concentrations ranging from +35%
(R. mucilaginosa CMGB-G1 (P1) in Sw) up to + 145 and + 168% for the rest of the samples.
A possible explanation for the accumulation of ammonium ions could be that during the
development of yeast strains, nitrogen is metabolized and transformed into ammonium
ions, which correlates with an increase in conductivity (see Table 2) [60].

3.5.3. Removal of Pb2+ and Cd2+

A comparison of the efficiency of Pb and Cd ions for all tested samples, after 120 h
(Figure 7), suggested that the sample type influenced the removal efficiency. Thus, both
R. mucilaginosa strains presented higher Pb2+ removal efficiencies compared to the samples
without biosurfactants: R. mucilaginosa CMGB-G1 (P1)—66% in Bio Y vs. 61%, respectively;
R. mucilaginosa CMGB188 (P2) 59% vs. 58%, respectively. In the case of synthetic wastewater
with Cd2+, the removal efficiency was lower compared to Pb2+, ranging between 41 and
42% for all the samples.
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In our previous study [31], we determined the removal efficiency of heavy metals
form wastewater in the presence of a crude biosurfactant from Y. lipolytica CMGB32, but
using different yeast strains. The results showed a maximum reduction of 99% in Pb2+

with the Saccharomyces cerevisiae CMGB234 strain, and a reduction of 56% in Cd2+ ions
with Kluyveromyces marxianus CMGBP16, being a proof that the removal efficiency is also
dependent on the yeast strain used.

3.6. Antimicrobial Activity against Candida Strains

Biosurfactants have multiple roles in the biotechnological field, being able to be used
both for the bioremediation of polluted environments and in the food, cosmetic, textile,
chemical, and biomedical industries. Different types of biosurfactants were already tested
for their ability to inhibit the growth of pathogenic and potential pathogenic yeast and
bacterial strains. They have demonstrated fungicidal, bactericidal, and antiviral properties,
along with the potential to serve as anti-adhesive inhibitors [24]. In this study, we tested
the antimicrobial activity of a biosurfactant secreted by Y. lipolytica against two C. krusei
strains: the C. krusei CMGB94 lab strain and C. krusei CMGB-Y8 isolated from vulvo-vaginal
infections [76]. C. krusei is one of the main Candida species present in wastewaters and
sewage sludges [77,78].

3.6.1. Growth Inhibition Properties of Y. lipolytica CMGB32 Biosurfactant

The antimicrobial activity of the biosurfactant was determined by monitoring the
growth dynamics of the two C. krusei strains in the presence of the biosurfactant in concen-
trations of 40 mg/mL and 20 mg/mL, followed by determining the percentage of microbial
growth at different key moments of the growth curve. According to Figure 8(a1,a2), the con-
centrated biosurfactant successfully inhibited the growth of the laboratory strain C. krusei
CMGB94 and had a limited effect on the pathogenic strain C. krusei CMGB-Y8. During the
logarithmic growth phase, the presence of the biosurfactant in the culture medium reduced
the microbial growth of C. krusei CMGB94 by more than 50%. Moreover, after 8 h of incuba-
tion, the percentage of microbial growth recorded for the two biosurfactant concentrations
was 30.14% and 36.41%, respectively, which indicates that the biosurfactant delays the entry
of yeast into the logarithmic phase of growth (Figure 8(b1)). During the 21 h of incubation,
the inhibitory effect of the biosurfactant was constant, but the upward trajectory of the
growth curve indicated that it most likely intervenes in the basal metabolism of the cells
without having an obvious fungicidal/fungistatic effect. In the case of the pathogenic
strain, the antimicrobial effect was not obvious; the biosurfactant had no significant effect
on the growth of the pathogenic strain regardless of the key moment analyzed. This result
is not surprising, considering that the pathogenic C. krusei strains are described as having
additional mechanisms for dealing with stress conditions, which most likely allows them
to quickly adapt to the stress represented by the presence of biosurfactants in low concen-
trations in the culture medium [79]. In general terms, it is considered that a biosurfactant
can destabilize microbial membranes or interfere with their cell cycles. Moreover, it seems
that its effect is directly linked to the chemical composition of the cell wall and membrane,
since many studies reported that Gram-positive bacteria and yeasts are more sensitive to
the biosurfactants than Gram-negative bacteria or filamentous fungi [80–82]. According to
a study conducted by Rufino et al. [25], the biosurfactant, rufisan, produced by C. lipolytica
UCP0988 (currently known as Y. lipolytica), was effective against a wide range of microbial
pathogens, including Streptococcus mutans, S. oralis, and S. sanguis, and it had a rather
limited effect on pathogenic C. albicans strains.
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Figure 8. The antimicrobial effect of the biosurfactant produced by Y. lipolytica CMGB32:
(a1)—the impact on C. krusei CMGB94 growth behavior; (a2)—the impact on C. krusei CMGB-Y8
growth behavior; (b1)—the growth inhibition percentage determined for C. krusei CMGB94 at specific
points of time; (b2)—the growth inhibition percentage determined for C. krusei CMGB-Y8 at specific
points of time (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) (Tukey’s method).

3.6.2. Anti-Adherence Properties of Y. lipolytica CMGB32 Biosurfactant

Microbial capacity of forming biofilms represents a difficult challenge for both the food
industry and biomedical field, since the biofilms are characterized by low permeability to
antimicrobial agents due to the matrix barriers containing viscous and compact exopolisac-
charide structures associated with highly negatively charged surfaces. Hence, developing
novel therapeutic strategies to prevent biofilm formation or to enhance biofilm penetra-
bility is crucial. Biofilm colony formation is a complex process involving, as a first step,
microbial adherence to the inert substratum [83,84]. Since C. krusei is a complex pathogen
with intrinsic resistance to azole antifungals and is currently described as the pathogenic
microorganism responsible for life-threatening infections in immunocompromised patients,
especially for those using prolonged azole prophylaxis [85,86], we evaluated the ability
of biosurfactants to inhibit C. krusei strains adherence to polypropylene substratum. Ac-
cording to Figure 9, the biosurfactant produced by Y. lipolytica CMGB32 is highly efficient
in preventing both C. krusei strains’ adherence to inert substratum. The efficiency of anti-
adherence properties of the biosurfactant is not directly linked to its concentration, but
rather depends on the characteristics of the microbial strains used in this study. The lab
strain C. krusei CMGB94′s ability to adhere to inert substratum is strongly inhibited in
the presence of the biosurfactant, with the PICA% values obtained being 52.37% for the
40 mg/mL concentration and 39.91% for the 20 mg/mL concentration, respectively. This
result can probably be explained by the fact that, at higher concentrations, the biosurfactant
has stronger antimicrobial activity, thus limiting the total number of cells that are able to
adhere. In the case of the pathogenic strain C. krusei CMGB-Y8, higher concentrations of
biosurfactants are required to inhibit adherence (PICA% 74.61%).
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CMGB94 and C. krusei CMGB-Y8 strains treated with different concentrations of the biosurfactant
produced by Y. lipolytica CMGB32 (* p < 0.05, *** p < 0.001, **** p < 0.0001) (Dunnett’s test).

Although many studies regarding biosurfactants have been conducted, their role as
anti-adherence agents and the mechanisms involved in the process are not well described in
the literature. The proposed mechanism of action relies on their amphiphilic characteristics,
and the adsorption of biosurfactants onto specific surface modifies their hydrophobicity,
thus altering the adhesion process [87,88]. Also, although unproved yet, biosurfactants
might modify the expression profile of specific Candida genes involved in genetic dimor-
phism or ones that are directly linked to microbial adherence. This hypothesis is supported
by a study conducted by [89], in which it was demonstrated that the biosurfactant produced
by Lactobacillus reuteri alters the expression profile of gtfB, gtfC, and ftf S. mutans genes,
which are involved in the initial adherence of cells to dental surfaces. Nevertheless, the
results published so far suggest that these molecules are a viable strategy for combating
microbial infections. Sophorolipids, which are one of the types of biosurfactants produced
by Starmerella bombicola strains, were investigated for their antimicrobial properties and
biofilm disruption against Cupriavidus necator, B. subtilis, and S. aureus reference strains [87].
Similarly, a mixture of biosurfactants produced by Y. lipolytica showed high efficiency in
preventing S. enterica biofilm development [90]. So far, there are no significant studies
concerning the applicability of biosurfactants produced by Y. lipolytica or other yeasts as
agents aimed to prevent the formation of polyspecific biofilms developed by multi-resistant
microbial strains, including both pathogenic bacteria and antifungal resistant Candida
strains. Thus, the results obtained in this study represent a promising basis for obtaining
active biocompounds for preventing polyspecific biofilm formation.

4. Conclusions

The extensive pollution caused by petroleum, heavy metals, and emerging pathogens
represents a growing threat to the ecological balance and health of different habitats. During
the recent four decades, the development of bioremediation technologies gained attention
as a promising ecological solution for the removal of a wide range of contaminants from
polluted environments. The yeast Y. lipolytica is able to produce eco-friendly biocompounds,
such as biosurfactants, by degrading petroleum and petroleum compounds (including
alkanes), and it is considered as one of the most versatile non-conventional yeast species
with a high biotechological potential. Our study showed that the strain Y. lipolytica CMGB32
has a high ability to assimilate n-hexadecane by producing stable biosurfactants. The
addition of a crude biosurfactant in synthetic wastewaters contaminated with Pb2+ and
Cd2+ promoted the growth of natural heavy metal degraders, such as R. mucilaginosa, and
enhanced their ability to remove heavy metals ions. Also, it positively influenced the
physico-chemical parameters of synthetic wastewater and determined the reduction of
lead and cadmium ions. Moreover, the concentrated biosurfactants inhibited cell growth
and biofilm formation with human pathogenic C. krusei strains. In conclusion, Y. lipolytica
CMGB32 can be considered a promising strain for the further development of biological
agents aimed to bioremediate heavy-metal- and emerging pathogen-polluted environments.



Appl. Sci. 2024, 14, 3048 18 of 21

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app14073048/s1, Figure S1: Emulsification capacity of
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