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Abstract

In this work, we isolated and selected oleaginous yeasts from rock field soils from two National Parks in Brazil (Caparaé and
Serra dos Orgdos) with the potential to accumulate oil from xylose, the main pentose sugar found in lignocellulosic biomass.
From the 126 isolates, two were selected based on their lipid contents. They were taxonomically identified as Papiliotrema
laurentii (UFV-1 and UFV-2). Of the two, P. laurentii UFV-1 was selected as the best lipid producer. Under unoptimized
conditions, lipid production by P. laurentii UFV-1 was higher in glucose than in xylose. To improve its lipid production from
xylose, we applied response surface methodology (RSM) with a face-centered central composite design (CCF). We evalu-
ated the effects of agitation rate, initial cell biomass (ODyj), carbon/nitrogen ratio (C/N ratio) and pH on lipid production.
P. laurentii UFV-1 recorded the highest lipid content, 63.5% (w/w) of the cell dry mass, under the following conditions: C/N
ratio=100:1, pH value =7.0, initial ODg,,=0.8 and agitation =300 rpm. Under these optimized conditions, biomass, lipid
titer and volumetric lipid productivity were 9.31 g/L, 5.90 g/L and 0.082 g/L.h, respectively. Additionally, we determined the
fatty acid composition of P. laurentii UFV-1 as follows: C14:0 (0.5%), C16:0 (28.4-29.4%), C16:1 (0.2%), C18:0 (9.5-11%),
C18:1 (58.6-60.5%), and C20:0 (0.7-0.8%). Based on this composition, the predicted properties of biodiesel showed that
P. laurentii UFV-1 oil is suitable for use as feedstock in biodiesel production.
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Introduction

Concern about global warming has grown over recent years
due to increases in the emission of greenhouse gases pro-
duced by the burning of fossil fuels. The report presented
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in 2016 by Bloomberg New Energy Finance (BNEF), an
organization that provides services to assist in the evalua-
tion of investments in the renewable energy market, pointed
out that the peak of fossil fuel consumption will be reached
in 2025 (MacDonald 2016). Based on this proposition, the
majority of nations have committed to reducing the emission
of greenhouse gases at the Conference of the Parties, Paris,
France (COP21). This has given encouragement to the idea
of producing biofuels as an alternative to fossil fuels.

As one of the biofuels on the market, ethanol has been
produced on a large scale and can be used as an alterna-
tive to gasoline or added to it as an additive. Biodiesel is
another important biofuel that stands out as an alternative
to diesel fuel. Currently, its production is based on a trans-
esterification reaction between vegetable oils and methanol
derived from natural gas. Nevertheless, it presents two main
drawbacks: the need for large areas of arable land and water
resources for edible plant cultivation (Li et al. 2007; Leung
et al. 2010; Christophe et al. 2012).

pisllase ol ay .
Ay &) Springer


http://orcid.org/0000-0001-7869-8144
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-020-02373-4&domain=pdf
https://doi.org/10.1007/s13205-020-02373-4

382 Page2of14

3 Biotech (2020) 10:382

On the other hand, microbial oil can be produced rap-
idly by cultivating microorganisms in bioreactors, thereby
avoiding the need for arable land. Moreover, considering the
entire biodiesel process including plant cultivation to yield
oil, the use of microbial oil has two further advantages over
edible oil: lower emission of greenhouse gases and a more
favorable energy balance for biodiesel production (Caspeta
and Nielsen 2013).

Microorganisms considered oleaginous can accumulate
over 20% of their cell mass as lipids. Of the 1800 known
yeast species, it is estimated that 5% are oleaginous (Sitepu
etal. 2014a; Vu et al. 2016; Kamineni and Shaw 2020). Yar-
rowia, Candida, Rhodotorula, Rhodosporidium, Cryptococ-
cus, Trichosporon and Lipomyces are typical genera (Ageitos
et al. 2011). Recently, new species and strains belonging
to the genera Scheffersomyces, Kurtzmaniella, Myxozyma,
Cuniculitrema, Filobasidium, Tremella, Prototheca, Han-
naella have been recognized as being oleaginous (Sitepu
et al. 2013).

The search for oleaginous yeasts which can be used as an
oil source for the production of biodiesel has been directed
to environments rich in lignocellulosic materials such as
soils, wastewaters, dairy products, flowers and other habi-
tats (Nakase et al. 1976; Olasupo et al. 2003; Oyamada et al.
2008; Pan et al. 2009). Over the last few years, production of
microbial oil from lignocellulosic biomass has been studied
to develop a lignocellulosic single cell oil (SCO) biorefinery.
For this purpose, the use of microorganisms able to assimi-
late glucose and xylose, sugars derived from cellulose and
hemicellulose, respectively, is desirable (Jin et al. 2015).
Current practice is to use the glucose released from the
enzymatic hydrolysis of cellulose in the production of etha-
nol; however, its production from xylose released from the
hydrolysis of hemicellulose has not been considered feasible
(Zhang et al. 2013; Komesu et al. 2020). In this context,
conversion of xylose into oil by yeasts can contribute to the
use of the whole lignocellulosic biomass in biorefineries.
Xylose-assimilating yeasts such as Rhodosporidium toru-
loides, Rhodotorula minuta, Rhodotorula glutinis, Cutane-
otrichosporon oleaginosus—formely known as Trichosporon
cutaneum and Cryptococcus curvatus (Bracharz et al. 2017;
Liu et al. 2015), Lipomyces starkeyi, Candida sojae, Can-
dida pseudointermedia and Meyerozyma caribbica have
been commonly isolated from xylose-rich soil and ligno-
cellulosic biomass (Ayadi et al. 2018; Masoud et al. 2004;
Nakase et al. 1976; Olasupo et al. 2003; Oyamada et al.
2008; Pan et al. 2009; Polburee et al. 2015). For instance,
most studies on lipid production from xylose have been con-
ducted on R. toruloides, R. glutinis, R. minuta, L. starkeyi
and C. oleaginosus (Awad et al. 2019; Lin et al. 2014; Pan
et al. 2009; Zhang et al. 2016).

Thus, the aims of this work were to: (1) isolate and
screen oleaginous yeasts from two National Parks in Brazil
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(Caparaé and Serra dos Orgdos) with the potential to pro-
duce lipid from xylose; (2) optimize the lipid production by
the best yeast lipid producer from culture media containing
xylose as the sole carbon source. To the best of our knowl-
edge, the biotechnological potential of yeast found in these
parks has not yet been addressed, opening perspectives of
isolating strains with metabolic features considered desirable
in bioprocesses. Herein, the best isolate in terms of lipid
production was physiologically characterized and its lipid
production from xylose optimized.

Materials and methods
Yeast strains and maintenance

The yeasts used in this work were isolated from soil samples
from two National Parks in Brazil: Caparao, located on the
border of the States of Minas Gerais and Espirito Santo; and
Serra dos Orgdos, located in the State of Rio de Janeiro.
For long-term conservation, the yeast isolates were stored in
yeast peptone (YP) culture medium [1% (w/v) yeast extract,
1% (w/v) peptone] with 50% (v/v) glycerol at — 80 °C. These
isolates belong to the culture collection of Microbial Physi-
ology Laboratory of the Department of Microbiology at the
Federal University of Vicosa (UFV).

Culture media, growth conditions and inoculum
preparation

SS2 culture medium described by Tanimura et al. (2014),
which consists of (g/L): (NH,),SO, 0.7, MgSO, 0.5, NaCl
0.1, CaCl, 0.1, yeast extract 0.1, was used in the steps of
inoculum preparation, screening of isolates, evaluation of
biomass concentration, lipid accumulation, consumption of
sugars and ammonia, optimization of lipid production and
analysis of fatty acid profile. SS2 medium was supplemented
with different carbon sources: glucose, xylose and a mixture
of both, being referred to as SS2G, SS2X, SS2GX, respec-
tively (Table 1).

For inoculum preparation, the culture stock was trans-
ferred to 125-mL Erlenmeyer flasks containing 30 mL of
SS2 supplemented with 30 g/L glucose—SS2G medium.
The yeast cultures were incubated at 30 °C at 200 rpm for
18 h in a G25 rotary shaker (New Brunswick, Edison, Nova
Jersey, USA). Subsequently, the yeast culture was centri-
fuged at 12,000 % g at 4 °C for 10 min (Sorval RC5C, Mar-
shall Scientific, Hampton, New Hampshire, USA) and then,
the pellet was washed twice with 0.1% (w/v) peptone water.
Next, the wet pellet was resuspended in 0.1% (w/v) peptone
water and then it was used to adjust the initial inoculum
concentration.
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Table 1 Composition of SS2 culture media for the batch cultivation
of the P. laurentti UFV-1 yeast. SS2G, SS2X and SS2GX correspond
to the SS2 culture media containing glucose; xylose and glucose—
xylose mixture as carbon sources, respectively. Concentrations of
each component are represented in g/L. In these SS2 culture media
the C/N ratio was equal to 48

Component SS2 culture media

SS2G SS2X SS2GX
Glucose 30 - 21.42
Xylose - 30.62 9.19
(NH,),SO, 0.7 0.7 0.7
NaCl 0.1 0.1 0.1
CaCl, 0.1 0.1 0.1
MgSO, 0.5 0.5 0.5
Yeast Extract 1 1 1

Pre-culture for yeast isolation was performed in glycerol-
enriched culture medium as described by Pan et al. (2009)
containing (in g/L): glycerol 100, (NH,),SO, 1, KH,PO,
1, MgS0O,-7TH,0 0.5, and yeast extract 0.2. Glycerol was
used as carbon source in the pre-culture step, because we
intend, in a future study, to evaluate the capability of the
yeast isolates to accumulate lipids in culture media con-
taining glycerol as the sole carbon source. Pre-cultivations
were performed in a 250-mL Erlenmeyer flask containing
50 mL of this culture medium, at 30 °C, with a stirring rate
of 200 rpm for 24 h.

The isolation step was performed on agar culture medium
containing (in g/L): xylose 20, (NH,),SO, 5, KH,PO, 1,
MgSO,-7H,0 0.5, yeast extract 0.5, streptomycin (Sigma-
Aldrich, San Luis, Missouri, USA) 0.05 and agar 20.

In the screening step, yeasts were cultivated in 1,000-mL
Erlenmeyer flasks filled with 100 mL of the SS2G culture
medium at 30 °C, with a stirring rate of 200 rpm for 120 h.
The 1:9 ratio between media:head space of the flask was
used to ensure better aeration in Erlenmeyer flasks.

To evaluate biomass concentration, lipid production,
consumption of sugars and ammonia, P. laurentii UFV-1
was cultured in SS2G, SS2X and SS2GX culture media
(Table 1). Batch cultures were performed in 1,000-mL
Erlenmeyer flasks containing 100 mL of these culture media,
at 30 °C, with a stirring rate of 200 rpm for 96 h. Accord-
ing to Papanikolaou and Aggelis (2011), an initial C/N ratio
greater than 20 is sufficient for lipid accumulation by oleagi-
nous microorganisms. Thus, the composition of the afore-
mentioned culture media was defined to ensure a moderated
C/N ratio of 48 (Table 1), to observe if, even under this
condition, the yeast could display the oleaginous phenotype.
The C/N ratio was calculated based on the mass fraction
of C in glucose and xylose, and the mass fraction of N in
(NH,),S0O, and yeast extract [total nitrogen equivalent to
10% (w/w) — product code: RM027, HiMedia Laboratories,

Vadhani Industrial Estate, Lal Bahadur Shastri Marg, Mum-
bai, India].

Papiliotrema laurentii UFV-1 was cultivated in SS2G,
SS2X and SS2GX culture media (Table 1) to evaluate its
fatty acid profile. Batch cultures were performed in 1000-mL
Erlenmeyer flasks containing 100 mL of these culture media
at 30 °C for 48 h and 200 rpm.

Cultivations for the optimization of lipid production by
P. laurentii UFV-1 were carried out in SS2 culture media
containing xylose as the sole carbon source with different
C/N ratios. For a detailed description of culture media, see
the optimization of the lipid production section.

Soil sampling and yeast isolation

Samples were collected from four locations at different alti-
tudes from Caparao Park [1273 m (20° 25.2" 91”7 S 41°
51.2"08” W); 1971 m (20° 24.5'95” S 0.41° 50.2' 05" W);
2372 m (20° 25.2' 26” S 0.41° 48.6' 21” W) and 2,857 m
(20° 26’ 0.60" S 0.41° 47.7' 80" W)] and Serra dos Orgdos
Park [404 m (22° 29" 43.6” S 43° 00’ 03.7” W); 1016 m
(22° 26' 52.4" S 42° 59' 08.8” W); 1658 m (22° 27' 01.2'
S 43° 00" 52.7" W) and 2124 m (22° 27’ 33.1" S 43° 01’
40.0” W)]. Table S1 depicts the pictures of the harvest sites
and the description of the vegetation of these sites. For each
compost sample, three simple samples were collected from
the rhizosphere (0-20 cm deep) to form a composite sample.
The pre-culture preparation was carried out as described by
Pan et al. (2009): 1 g of each soil sample was added to a 250-
mL Erlenmeyer flask containing 50 mL of glycerol-enriched
culture medium. One mL pre-cultured yeast was used to per-
form tenfold serial dilutions. Aliquots of 0.1 mL from each
serial dilution ranging from 107! to 107> were spread onto
agar culture medium and incubated at 30 °C for 2—4 days.
Isolated colonies were streaked and restreaked on fresh agar
culture medium to obtain pure cultures.

Screening of oleaginous yeasts

The isolated yeasts were screened for their lipid-producing
ability by a relative quantification analysis using the Nile
Red Fluorometric method (Sitepu et al. 2012). As described
in the “Culture media, growth conditions and inoculum
preparation” section, yeast isolates were grown in SS2G
culture medium and then, the inoculum concentration
was adjusted in a fresh SS2G medium to optical density at
600 nm (ODy,) equal to 1.0, using a DU 640 UV-visible
spectrophotometer (Beckman Coulter Life Sciences, Indi-
anapolis, USA). For each isolate, 250 pL. was transferred
to a 96-well black microplate in triplicate. Subsequently,
25 pL of dimethyl sulfoxide (DMSO):SS2 (1:1, v/v) was
added to each well. Initial fluorescence was measured in
a SpectraMax M5 spectrofluorometer (Molecular Devices,
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San Jose, California, USA), and the excitation and emission
wavelengths were set at 488 and 585 nm, respectively. Next,
25 pL of 0.05-mg/mL Nile Red solution (5-pg/mL Nile red)
was mixed into the culture for the second fluorescence meas-
urement after 10 min of reaction (Sitepu et al. 2012).

Identification of oleaginous yeasts

Taxonomic identification of the selected yeasts in the step
screening was determined by sequencing the D1/D2 domains
of the gene encoding subunit 26S of ribosomal DNA. Total
DNA was extracted according to the rapid isolation of the
yeast DNA protocol (Sambrook and Russel 2001). The
universal primers NL-1 (5'-GCATATCAATAAGCGGAG
GAAAAG-3') and NL-4 (5'-GGTCCGTGTTTCAAGACG
G-3") were used for D1/D2 amplification (Lachance et al.
2003). Sequencing reactions were generated using the Big
Dye Kit version 3.1 (Applied Biosystems, Foster City, Cali-
fornia, USA) in combination with the ABI 3730 automated
sequencing system (Applied Biosystems). The nucleotide
sequences obtained were analyzed and compared with the
sequences deposited in the National Center for Biotechnol-
ogy Information (NCBI), using the Basic Local Alignment
Search Tool (BLASTn). The yeast strain selected was subse-
quently referred to as Papiliotrema laurentii UFV-1.

Profiles of biomass concentration, lipid
accumulation, consumption of sugars and ammonia
of Papiliotrema laurentii UFV-1

Papiliotrema laurentii UFV-1, the best yeast lipid producer,
was cultivated in SS2G, SS2X and SS2GX as described pre-
viously. Cell growth was monitored by measuring ODgj.
The lipid accumulation profile was estimated by fluores-
cence (RFU/OD unit), whilst the lipid contents were deter-
mined by gravimetric analysis. Consumption of glucose
and xylose were analyzed in the culture supernatants by
determining the concentration of these sugars by high-per-
formance liquid chromatography (HPLC). Consumption of
ammonia was also analyzed in the culture supernatants. The
method proposed by Chaney and Marbach (1962) was used
to determine the ammonical nitrogen concentration during
cultivation. This experiment was performed in triplicate.

Optimization of lipid production

Response surface methodology (RSM) with a face-cen-
tered central composite design (CCF) was applied to opti-
mize the effect of the four independent factors (agitation,
initial biomass concentration, C/N ratio and pH), listed
in Table 2, with reference to the lipid content (dependent
variable). These independent factors were selected based
on previous studies that showed their relevance to lipid
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Table 2 Levels of the independent variables used for CCF design

Independent variable Code level

-1 0 +1
Agitation Rate (rpm) 150 225 300
Initial Cell Biomass (ODgj) 0.2 0.5 0.8
C/N ratio 40:1 55:1 70:1
pH 5.0 6.0 7.0

accumulation in oleaginous yeasts (Jiru et al. 2017; Li
et al. 2008; Papanikolaou and Aggelis 2011). Tempera-
ture was not used as an independent factor as previous
experiments showed that in temperatures above 30 °C
the formation of biomass is drastically reduced, making
directing displacement towards the optimal regions dif-
ficult. This study adopted CCF because it allows the con-
sideration of results from a factorial design and includes
extreme levels of all the evaluated factors. The experimen-
tal design consisted of 24 units corresponding to combi-
nations of the encoded levels + 1 and — 1, plus central
point with three repetitions, making 27 assays in total
(Table 2 and Table S2). Batch cultures were carried out
using SS2 medium containing xylose 40 g/L as the sole
carbon source, and different concentrations of (NH,),SO,
to obtain the C/N ratios determined by the levels of the
independent variables (Table 2).

The effects of agitation (150, 225 and 300 rpm), initial
biomass concentration (ODg, 0.2, 0.5 and 0.8), C/N ratio
(40:1, 55:1 and 70:1) and pH (5.0, 6.0 and 7.0) on lipid pro-
duction were identified by culturing in 500-mL Erlenmeyer
flasks, using cotton plugs as flask caps, containing 100 mL
of medium. The cultures were incubated in a G25 rotary
shaker (New Brunswick) at 30 °C. After 72 h of growth, the
cells were harvested by centrifugation and lyophilized for
24 h (LioTop L101, Liobras, Sao Carlos, Sao Paulo, Brazil).
The lipid extractions were carried out following the absolute
lipid quantification approach.

The data of lipid content [% (w/w)] obtained from RSM
were subjected to analysis of variance (ANOVA). The
experimental results of RSM were fitted to a response sur-
face regression procedure, using the following second-order
polynomial described in the ensuing Eq. 1:

y =P+ Zﬂm"*‘ Zﬁéxi+ Zﬂijxixj’ ()

where y represents the response variable, Xi and Xj, the inde-
pendent variables as described in Table 2 and f, f;, and 3,
the estimate coefficients. The polynomial accuracy model
was evaluated as measured by the coefficient of determina-
tion (R%). Data were analyzed using the Minitab®17 soft-
ware package (Minitab Inc., State College, Pennsylvania,
USA).
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Specific growth rate and determination of dry
weight

Cell growth was monitored by measuring the ODg,. The
specific growth rate () was determined by linear regression
between In values of ODg, and time (h) using the R 3.2.5
software program (https://www.r-project.org). To determine
the dry weight of biomass, a calibration curve of the dry cell
weight (DCW) versus optical density was constructed. The
yeast was transferred to 10 mL of SS2G culture medium
and incubated at 30 °C at 200 rpm for 18 h. Subsequently,
the yeast culture was centrifuged at 12,000 x g at 4 °C for
10 min and the wet pellet was resuspended in 6 mL of dis-
tilled water. Four 1-mL aliquots were harvested and dried
at 105 °C for 24 h. In parallel, 1-mL aliquot of the cell sus-
pensions was diluted (1x 1072, 3% 1072, 4x 1072, 5% 1072,
and 1x 107") and the ODg,, measured. The DCW was calcu-
lated from the equation obtained from the linear regression
of the plot ODg, versus DCW (mg/mL). At an ODg, of 1,
the concentration was 0.04 g/L of weight (DCW).

Analytical methods
Lipid absolute quantification

Polar and non-polar lipids were quantified following the
method described by Bligh and Dyer (1959). Fifty mg of
lyophilized biomass were used to extract the lipid fraction,
to which 1 mL of a methanol:chloroform solution (2:1, v/v)
was added. The suspension was homogenized using Tis-
suelyser II equipment (Qiagen, Hidden, North Rhine-West-
phalia, Germany) with a vibrating frequency of 30 shakes
per second for 5 min. Following this procedure, the solution
was centrifuged 3 times at 14,000 X g for 5 min to ensure
total extraction of lipids from the initial biomass. The super-
natants were collected and stored in 15-mL centrifuge glass
tubes. Next, 3 mL of 100% chloroform were added and the
mixture homogenized. Two mL of a 1% (w/v) saline solu-
tion was added and the system was homogenized to obtain
a two-phase liquid system. The phases were separated by
centrifugation at 1464 X g for 20 min. The lower phase was
transferred to previously weighed microtubes. The samples
were then evaporated in a Concentrator plus (Eppendorf AG,
Hamburg, Germany) at 60 °C for 24 h, and the lipid content
was determined gravimetrically.

Glucose and xylose quantifications

Glucose and xylose concentrations were quantified by
HPLC, in a TA-20 Shimadzu chromatograph (Shimadzu
Co. Nakagyo-ku, Kyoto, Japan). The culture supernatant was
passed through a 0.13-mm syringe filter (0.45 pm, Merck

Milipore Co., Darmstadt, Germany) prior to injection into
the HPLC. Twenty microliters of sample were injected and
passed through an Aminex ion exchange column (HPX-87H
300x 7.8 mm, 9 um, Bio-Rad, Munich, Germany) with
5 mM H,SO, as eluent at 0.7 mL/min, at 40 °C, and detected
by a refractive index detector (RID-20A, Shimadzu). Quan-
tification of all sugars was performed by calibration and
verification with external standards p-glucose and p-xylose
purchase from Sigma-Aldrich.

Ammoniacal nitrogen consumption

Nitrogen consumption during cultivation was determined
by the method proposed by Chaney and Marbach (1962).
Five pL of culture supernatant (previously diluted in deion-
ized water, when it was necessary) was mixed with 100
pL of solution A [phenol 5% (w/v) and sodium nitroprus-
side 0.025% (w/v)] and 100 pL of solution B [NaOH 2.5%
(w/v) and NaOCl 1% (w/v)]. This solution was incubated
at 39 °C for 20 min and ammoniacal nitrogen was quanti-
fied by absorbance measured at 630 nm on the Multiskan
GO plate reader (ThermoScientific, Wilmington, Delaware,
USA). The standard curve was prepared using solutions with
ammonium chloride (Sigma-Aldrich) concentrations ranging
from O to 12 mM. This experiment was performed with three
technical replicates.

Determination of fermentation parameters

The following parameters were determined: biomass con-
centration [DCW (g/L)] and lipid content [% (w/w), g/100 g
of DCW] based on gravimetric method, lipid titer (g/L), and
volumetric lipid productivity (g/L h).

Fatty acids methyl ester profile

Samples of P. laurentii UFV-1 cultured in SS2G, SS2X
and SS2GX were harvested at 48 h of cultivation (maxi-
mum lipid accumulation estimated by fluorescence). The
pellet obtained by centrifugation at 12,000 X g at 4 °C for
10 min was lyophilized. The lipids in the yeast cell samples
(4-5 mg of dry weight) were saponified, methylated, and the
fatty acid methyl esters (FAMES) were extracted following
instructions in the Sherlock Microbial Identification System
Operating Manual, version 6.0 (Microbial ID, Inc., New-
ark, Delaware, USA). The resulting methyl ester mixtures
were separated using an Agilent 7890A gas chromatograph
(Agilent Technologies, Santa Clara, California, USA), with
a crosslinked 5% phenyl methyl silicone fused silica capil-
lary column and a flame ionization detector following the
default configuration of the Sherlock MIDI system. FAMES
were identified using the MIDI identification system and the
RTSBAG library (Microbial ID, Inc.).
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Data and statistical analysis

Graphical representations were constructed using SigmaPlot
version 12.0 from Systat Software, Inc. (San Jose California
USA, https://www.systatsoftware.com), and a statistical anal-
ysis was carried out using the R software program (https://
www.r-project.org). The significance level used in the statisti-
cal tests was 5%.

Prediction of fatty acid quality for biodiesel
production

From the fatty acid profiles determined in this work, the fol-
lowing biodiesel features were estimated: cetane number (NC),
iodine value, cloud point (°C) higher heating value (MJ/kg),
kinematic viscosity (mm?*/s) and density (g/cm?) according to
Sergeeva et al. (2017).

Results

Isolation, screening, and taxonomic identification
of oleaginous yeasts

A total of 126 yeasts were isolated from soil samples from two
Brazilian National Parks: Caparaé (CA) and Serra dos Orgdos
(SO). In the screening step, we evaluated their ability to accu-
mulate lipids using a method based on Nile red fluorescence
(Table S3). From this group, isolates SO91 and SO19 stood
out as being the best lipid producers after 120 h of cultivation
in SS2 medium.

The sequencing of the D1/D2 region of the large subunit of
the ribosomal gene allowed us to identify these two promising
isolates as P. laurentii, previously classified as Cryptococcus
laurentii (Liu et al. 2015) (Table 3).

Lipid accumulation by these yeasts, which were cultivated
in glucose and/or xylose as a carbon source, was determined
by the gravimetric method. It is of particular interest that the
P. laurentii strains UFV-1 and UFV-2 accumulated 43 and
40% of their dry weight as lipids, respectively, at 48 h of cul-
tivation in culture medium containing glucose as the sole car-
bon source. In culture medium containing xylose as the sole
carbon source, the maximum lipid content achieved was 30
and 21% (w/w), for UFV-1 and UFV-2, respectively. Since
the lipid accumulation of the UFV-1 strain was superior to that
obtained for UFV-2, further studies were carried out on the

UFV-1 strain to evaluate its potential for use as an oil source
for fatty acid-derived biofuels.

Physiological characterization and evaluation lipid
production by P. laurentii UFV-1

We evaluated the P. laurentii UFV-1 growth and lipid
accumulation in SS2 culture medium with a carbon-nitro-
gen ratio of 48:1 over the 96 h of cultivation. Notably, this
yeast triggered the lipid accumulation process during the
late exponential growth phase (Fig. 1). It should be noted
that the ammonia was completely consumed at 48 h in the
three-growth media. Furthermore, we observed that the
fluorescence decreased after 72 h of growth, indicating that
there was degradation of accumulated neutral lipids (Fig. 1).
Consistent with this, the lipid content decreased after 72 h
in all growth media. We observed in the SS2GX culture
medium that the consumption of both glucose and xylose
started at 6 h of growth; however, glucose was consumed
faster than xylose (Fig. 1c). After the depletion of glucose,
the consumption of xylose increased, indicating that glucose
repressed the genes involved in xylose metabolism. Indeed,
the growth of P. laurentii UFV-1 was impaired on agar
medium containing xylose and 2-deoxy-D-glucose (data not
shown), confirming the repression effect exerted by glucose
on xylose metabolism.

Under unoptimized conditions, the maximum lipid con-
tent [43% (w/w)] was obtained in the culture medium con-
taining glucose as the sole carbon source. In the presence of
xylose and a mixture of glucose and xylose, the lipid con-
tents were 30 and 37.4% (w/w), respectively. According to
the fluorescence results, we observed, using the gravimetric
method, the lipid content of P. laurentii UFV-1 decreased at
96 h for all carbon sources (Fig. 1d).

Optimization of lipid production by P. laurentii
UFV-1 from xylose

To improve the lipid content (dependent variable) in P. lau-
rentii UFV-1, we evaluated the effects of the agitation rate,
initial cell biomass, C/N ratio, and pH (independent vari-
ables). We used an RSM considering a CCF fitted to a sec-
ond-order polynomial regression. The values of the regres-
sion coefficients were calculated and the model for lipid
content was fitted (p value=0.05), in which the cofactors

Table 3 Taxonomic

. . : . Collection code Species Strain CBS reference  Access number Identity

identification of the oleaginous number

yeasts that stood out as the best

lipid producers S091 P. laurentii UFV-1 CBS 139 AF075469.1 579/581 (99%)
SO19 P. laurentii UFV-2 CBS 139 AF075469.1 561/562 (99%)
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Fig.1 Profiles of sugar consumption (g/L); ammoniacal nitrogen
consumption (mM); biomass concentration (g/L), and lipid accumula-
tion, estimated through fluorescence (RFU/OD unit), of P. laurentii
UFV-1 cultured in SS2 culture medium containing as carbon sources:
a glucose (SS2G), b xylose (SS2X), and ¢ a mixture of glucose and
xylose (70:30, % G:X) (SS2GX); at 30 °C and 200 rpm for 96 h. The

agitation rate and biomass displayed quadratic coefficients
(Eq. 2):

Lipid content = 0.261 + 0.021;¢/y; + 0.006,gi(a5i0n]
+ 0'023[pH] + 0~017[biomass]
+ 0-038[agitalion x agitation]

+ 0.041 [biomass X biomass]
+ O-OIS[agi[a[ion X biomass]* (2)

According to the ANOVA F test (Table S4), the model
obtained was significant, i. e, the coefficients of the linear
cofactors (C/N ratio, pH, agitation, and initial biomass)
were significant (p value <0.05). With reference to the
quadratic effects of the agitation and biomass cofactors, we
observed that the interaction terms were also significant (p
value < 0.05). Despite the lack of fit (p value =0.026), the
model presented high quality, expressed by the coefficient
of determination (R?), which was 0.75 (Eq. 2). To evaluate
the effects and interactions of the independent and depend-
ent variables, we fitted a predicted response surface from
the model (Fig. 2).

We observed that the interaction between agitation
and initial biomass presented a positive effect, i.e., lipid
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C/N ratio of these media was equal to 48. d Lipid contents of P. lau-
rentii UFV-1 measured at 48 and 96 h of growth in SS2G, SS2X and
SS2GX. Equal capital letters for the same culture medium and lower-
case letters for the same time of cultivation do not differ significantly
from each other by Tukey’s multiple comparison test (p value > 0.05).
Error bars in the a—d represent the standard deviation

accumulation rises with increases in these variables
(Fig. 2c). The best levels of the initial biomass and agita-
tion that favor lipid accumulation were ODg¢y,=0.8 and
300 rpm, respectively. As regards this agitation and biomass,
we observed an increase in lipid accumulation of high values
for both factors (Fig. 2c).

Taking the C/N ratio and pH effects into account, the
increase in the level of these factors suggests an increase in
the response (Fig. 2e). C/N ratio and pH coefficients showed
the most important effects in relation to the accumulation of
lipids by the P. laurentii UFV-1 yeast. The predicted model
indicated that values of pH higher than 7.0 maximize the
response variable; however, it was not possible to work with
higher values under our experimental conditions because of
precipitate formation in the culture medium. This precipita-
tion was the result of the formation of insoluble calcium and
magnesium salts in the presence of HPO,>~ ions from the
buffer used (citrate—phosphate). These salts present low sol-
ubility constant in aqueous medium. In addition, C/N ratio
values above 70 favor an increase in the lipid content. As
such, an additional experiment in displacement of the C/N
was performed under optimized conditions (30 °C, 300 rpm,
ODg(,=0.8 and pH 7.0). We observed that maximum lipid
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content [63.5% (w/w)] was obtained at a C/N ratio of 100:1,
in which the biomass, lipid titer and volumetric lipid produc-
tivity were 9.31 g/L, 5.90 g/L and 0.082 g/L h, respectively
(Table 4).

The effect of the C/N ratio on lipid production under
the conditions previously optimized (30 °C, 300 rpm,
OD600=0.8 and pH 7.0 for 72 h) was evaluated and the
new data were represented by a second-order polynomial
regression (Eq. 3), whose R? was 0.92. This model allowed
us to estimate the best conditions for maximum lipid accu-
mulation (Table S6).

y = —0.024x + 4.687x — 167.06. 3)

Thus, the best C/N ratio that confers the greatest theo-
retical accumulation of lipids is 97.64:1, which predicted
an accumulation of 62% (w/w), when the pH value, initial
biomass and agitation were 7.0, ODg,,=0.8 and 300 rpm,
respectively.

Fatty acid profile of P. laurentti UFV-1 and prediction
of biodiesel properties

We evaluated the P. laurentii UFV-1 fatty acid profile to
investigate whether it was appropriate to biodiesel produc-
tion. The most abundant fatty acids found in P. laurentii
UFV-1 were oleic, palmitic and stearic. Importantly, high
proportions of oleic acid (approximately 59%), and palmitic
acid (around 28%) were found in the fatty acid profiles of
P. laurentii UFV-1 regardless of the growth media used
(Table 5).

With reference to the predictive equations reported previ-
ously by Sergeeva et al. (2017), we predicted the physical
properties of biodiesel from P. laurentii UFV-1 (Table 6).
Iodine value (IV), cetane number (CN), higher heating value
(HHV), viscosity, and density were similar between FAME
obtained from cultivation in SS2G, SS2X and SS2GX, and
showed the ability to adequately meet biodiesel quality
standards from Europe (standard EN 14214), USA (standard
ASTM D 6751), and Brazil (RANP 45).

Table 5 Fatty acid profile of P. laurentii UFV-1 grown in the SS2
culture media containing glucose (SS2G), xylose (SS2X), and mix-
ture of glucose—xylose (SS2GX) as carbon sources

Fatty acid Fatty acid profile [% (w/w)]
SS2G SS2X SS2GX

Myristic acid (14:0) 0.5+0.0 0.5+0.0 0.5+0.0
Palmitic acid (16:0) 294+0.7  28.8+0.02  28.4+0.3
Stearic acid (18:0) 9.8+0.9 11+0.8 9.5+14
Arachidic acid (20:0) 0.8+0.0 0.7+0.0 0.7+0.1
Palmitoleyl alcohol/cis- 0.2+0.0 0.2+0.0 0.2+0.0

10-palmitoleic acid

(16:1)
Oleic acid (18:1) 59.3+0.7 58.6+0.8 60.5+1.5

The profile was determined at the time of maximum lipid accumula-
tion (48 h) from cultivation at 30 °C and 200 rpm

Discussion

Several studies have explored the microbial community
found in soil to isolate oleaginous yeasts (Slavikova and Vad-
kertiova 2003; Pan et al. 2009; Kitcha and Cheirsilp 2011;
Chandran and Das 2012; Takashima et al. 2012; Schulze
et al. 2014). However, there are no reports on the isolation
of oleaginous yeasts from soil samples from Caparaé and
Serra dos Orgc’ios, the two Brazilian National Parks featured
in our study. These parks are located in the Atlantic Rainfor-
est in Brazil, one of the largest rainforests in the Americas,
extending along the Brazilian coast. This biome, considered
a hotspot region (Myers et al. 2000; Morais et al. 2013),
favors a high degree of biodiversity, endemism and a wide
diversity of species that still require scientific description.
Even though we isolated 126 yeasts from these parks, their
diversity was not assessed because our aim was to character-
ize only the best yeast lipid producer selected at the screen-
ing stage. Research should be undertaken in the future to
evaluate whether other isolates are taxonomically related,
providing insights into yeast diversity in these parks.

It has been reported that oleaginous yeasts usually initi-
ate the lipid accumulation process in the late exponential

Table 4 Average of lipid

i ! . CI/N ratio Accumulated lipids ~ Biomass concentra-  Lipid titer (g/L) Volumetric lipid
contents [% (wiw)], b.10.ma.ss [% (wiw)] tion (g/L) productivity
concentration (g/L), lipid titer (e/L.h)

(g/L) and volumetric lipid i

prodllmtivity (;g/L h) achieved by 701 42.0+0.49 9.42+0.41 4.00+0.24 0.056 +0.0034

Papiliotrema laurentii UFV-1 .

cultivated in different C/N ratios 85:1 60.7+£2.17 8.94+0.23 5.42+0.14 0.075+£0.0019

under agitation of 300 rpm, at 100:1 63.5+1.05 9.31+£0.33 5.90+£0.28 0.082+£0.0039

30 °C, pH equal to 7.0 for 72 h 115:1 50.2+1.87 9.44+0.16 4.74+0.35 0.066 £0.0049
130:1 39.2+1.99 9.25+0.48 3.63+0.36 0.050£0.0050
145:1 40.2+1.30 9.30+£0.67 3.74+£0.27 0.052+£0.0038

&ﬁ#ﬁﬁﬁ @ Springer
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Table 6 Predicted properties

. . Biodiesel properties Treatments Standards
of biodiesel from the fatty acid
profile of Papiliotrema laurentii SS2G  SS2X  SS2GX  Europe (EN  USA (ASTM  Brazil
UFV-1 and quality standards of 14214:2012) D 6751-07b) (RANP
biodiesel production in Europe, 45-2014)
USA and Brazil
Iodine value (IV) 50.989 50.390 52.017 <120 <120 -
Cetane Number (CN) 67.568 67.590 67.388  >51 >47 >42
Higher heating value (MJ/kg) 39.844 39.769 39.846  >35% - -
Kinematic viscosity (mm?/s) 4.626 4.622 4.624 3.5-5.0 1.9-6.0 3.0-6.0
Density (g/cm?) 0.870 0.868  0.870  0.86-0.90 0.86-0.91 0.85-0.90

“EN 14213:2003

phase and continue into the stationary phase (Beopoulos
et al. 2011). Consistent with this, our results show that lipid
accumulation in P. laurentii UFV-1 began during the late
exponential growth phase, at 12 h (Fig. 1). The maximum
lipid content achieved by P. laurentii UFV-1 was at 48 h
of growth, which is considered a short period. Overall, the
highest lipid contents displayed by other oleaginous yeasts
such as Yarrowia lipolytica ATCC 20460 (Tai and Stepha-
nopoulos 2013), L. starkeyi AS 2.1560 (Wang et al. 2016), T.
cutaneum 2.1374 (Liu et al. 2013), Trichosporon fermentans
CICC 1368 (Zhu et al. 2008), Rhodotorula toruloides CBS
14 (Tiukova et al. 2019) and Rhodotorula kratochvilovae
SY89 (Jiru et al. 2017) were reached in periods beyond 48 h
of growth.

At 96 h of growth, the lipid content of P. laurentii UFV-1
decreased, which is likely related to the depletion of both
carbon and nitrogen. Under this condition of starvation,
lipid degradation may have occurred through the -oxidation
pathway to generate energy for cell maintenance and homeo-
stasis (Kohlwein 2010). Recently, it has been demonstrated
in the P. laurentii RY1 strain cultivated under conditions of
nitrogen limitation that genes involved with the B-oxidation
pathway are up-regulated (Sarkar et al. 2018). These authors
claimed that this is a response aimed at generating the
energy amount required and carbon for yeast growth.

The majority of studies involving oleaginous yeasts are
carried out on Y. lipolytica. Despite its remarkable ability
to grow in hydrocarbons, it is not able to use xylose as the
sole carbon source (Rodriguez et al. 2016). Xylose is one of
the most abundant pentose sugars found in nature (Pan et al.
2009; Li et al. 2019). In the context of biofuels, the produc-
tion of ethanol from xylose is still economically unfeasi-
ble (Zhang et al. 2013; Komesu et al. 2020). As such, the
production of microbial oil from xylose is an option where
this pentose can be used in biorefinery. As mentioned previ-
ously, lipid production by P. laurentii UFV-1 from glucose
was superior to xylose. However, it should be noted that the
oleaginous phenotype was also observed in culture medium
containing xylose as the sole carbon source, even under
unoptimized conditions. This difference may be related to
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the requirement for NADPH in the xylose metabolism, as
the first reaction, which is catalyzed by xylose reductase,
requiring it to be a reducing agent (Tiukova et al. 2019).
Such an assumption is based on the fact that NADPH is the
reducing power source for fatty acid synthesis. It is notewor-
thy that three copies of the gene encoding this enzyme were
predicted in the P. laurentti UFV-1 genome (Fig. S1). Thus,
the growth in xylose requires higher availability of NADPH
than in glucose, likely impairing the synthesis of fatty acids.
The optimization of lipid production by the P. laurentti
UFV-1 strain from xylose increased the lipid content approx-
imately twofold, i.e., 63.5% (w/w) of the cell dry biomass,
highlighting its potential for use in oil production from
this sugar, which is a promising route in biorefinery. This
lipid content was higher than those obtained from xylose
by L. starkeyi AS 2.1560 (57%) (Gong et al. 2012), Rod-
hosporidium toruloides CBS14 (45%) (Wiebe et al. 2012),
Rhodotorula graminis (17%) (Galafassi et al. 2012), Crypto-
coccus albidus var. albidus CBS 4517 (33%) (Hansson and
Dostfilek 1986), and R. toruloides DMKU-RE16 (17.7%)
(Poontawee et al. 2017). Moreover, biomass accumulation
by P. laurentii UFV-1 using 40-g/L xylose as the sole carbon
source reached 9.31 g/L, close to values obtained from opti-
mized cultivations using high glucose concentrations, such
as R. toruloides DMKU3-TK16 (13.33 g/L) with 70-g/L glu-
cose (Kraisintu et al. 2010); Rhodosporidium paludigenum
DMKU-RE®61 (9.4 g/L) with 70-g/L glucose (Poontawee
et al. 2017), and Rhodosporidium fluviale DMKU-RK?253
(10.3 g/L) with 70-g/L glucose (Poontawee et al. 2017).
According to our study, several works have been able to
optimize the lipid production by oleaginous yeasts through
RSM (Awad et al. 2019; Dasgupta et al. 2017; El-Shall et al.
2018; Kim et al. 2019; Selvakumar and Sivashanmugam
2018). Awad et al. (2019) evaluated the effect of 12 nitrogen
and 10 carbon sources on lipid production by C. oleaginosus
employing RSM. The highest lipid content [49.74 +£5.16%
(w/w)] was achieved using lactose and yeast extract as car-
bon and nitrogen sources, respectively, at C/N ratio of 120:1.
Kim et al. (2019) also evaluated the effect of the medium
composition on biomass and lipid production by Ettlia sp.
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YCO001 using Plackett—Burman design (PBD) and RSM. The
best results, 43.88 +0.92-g/L. biomass and lipid content of
13.8%, respectively, were obtained using fructose and yeast
extract as of carbon and nitrogen source sources, respec-
tively, after 9 days of cultivation. The authors pointed out
that this high biomass value was related to water evaporation
due to the prolonged cultivation time. Dasgupta et al. (2017)
adopted RSM (Box—Behnken design) to optimize the lipid
production by Rhodotorula mucilaginosa 1IPL32. In this
work the effects of aeration rate, time and sugar concentra-
tion were evaluated. These authors used pentose-rich sug-
arcane bagasse hydrolysate as carbon source and recorded
8.6 g of lipid per 100 g of sugar consumed under optimized
conditions. El-Shall et al. (2018) employed two statistical
designs (PBD and RSM) to maximize the lipid production
by Drechslera sp. First, they evaluate *one variable at a time’
strategy to select the most significant factors that influenced
the lipid accumulation. Afterwards, the statistical designs
defined the optimal parameter values: incubation time 144 h,
FeSO, 0.015 g/L, pH 8.5 and yeast extract 2 g/L. Under
these conditions, the lipid content was 40.75% (w/w). Sel-
vakumar and Sivashanmugam (2018) evaluated the effects
of pH, temperature, agitation and carbon source concentra-
tion on lipid production by Naganishia liquefaciens NITTS2.
They adopted a CCD in a RSM methodology and optimized
the lipid content, which was 55.7% (w/w).

An important goal in bioprocesses is to increase volu-
metric productivity. Importantly, P. laurentii UFV-1, under
optimized conditions, achieved a volumetric lipid produc-
tivity of 0.082 g/L.h, which was higher than those obtained
by oleaginous yeasts such as Rhodotorula kratochvilovae
SY89—0.060 g/L.h, cultivated in culture medium contain-
ing glucose 50 g/L with a C/N ratio of 120:1 (Jiru et al.
2017); R. toruloides DMKU3-TK16—0.055 g/L.h, culti-
vated in culture medium containing glucose 70 g/L with
a C/N ratio of 140:1 (Kraisintu et al. 2010); R. toruloides
CBS14—0.04 g/L h, cultivated in culture medium contain-
ing xylose 30 g/L with a C/N ratio of 100:1 (Wiebe et al.
2012); and L. starkeyi AS 2.1560—0.076 g/L h, cultivated
in culture medium containing xylose 70 g/L with a C/N ratio
of 90:1 (Gong et al. 2012).

It should be noted that the highest lipid content was
reached when the C/N ratio was high (100:1), since the
limitation of nitrogen and high amounts of sugar are piv-
otal to ensuring a metabolic overflow to lipid syntheses
(Beopoulos et al. 2011). Similarly, high C/N ratios, above
100, also improved the lipid contents reached by the other
following oleaginous yeasts: Trichosporom fermentans
(Zhu et al. 2008), R. toruloides DMAKU3-TK16 (Krais-
intu et al. 2010) and Rhodotorula kratochvilovae (Jiru et al.
2017). The highest agitation ratio evaluated in this work
(300 rpm) favored lipid accumulation. In fact, the increase
in the agitation rate enhances the dissolved oxygen level

in the culture medium, which in turn improves lipid pro-
duction (Enshaeieh et al. 2013). Increases in pH values
improved lipid production by P. laurentii UFV-1 and the
highest lipid content level was achieved at pH 7. Contrary
to P. laurentii, the lowest lipid content achieved by R. kra-
tochvilovae was at pH 5.5 (Jiru et al. 2017). The size of
the inoculum has an important effect on lipid production
by oleaginous yeast (Kitcha and Cheirsilp 2011). In our
study, the highest initial inoculum evaluated (ODg,=0.8)
allowed for reaching the highest lipid content, and avoid-
ing a long lag phase.

The fatty acid profile used for biodiesel production plays
an important role in determining its quality, mainly in terms
of the length and degree of unsaturation of fatty acids. Over-
all, the presence of C,; and C, fatty acids is positive where
a low degree of unsaturation is desirable. Suitable composi-
tions of fatty acids for biodiesel production consist mainly
of palmitic (16:0), stearic (18:0), oleic (18:1), linoleic (18:2)
and linolenic (18:3) (Knothe 2009). Interestingly, the fatty
acid composition of P. laurentti UFV-1 is similar to the fol-
lowing vegetable oils used in the production of biodiesel:
soybean (Glycine max), palm (Elaeis guineenses), Madhuca
indica, Calophyllum inophyllum and Azadirachta indica,
(Ramos et al. 2009; Pinzi et al. 2009; Sajjadi et al. 2016).
It is important to point out that a high amount of olei acid,
(59%) was found in the fatty acid profile of this yeast. This is
a desirable feature since methyl oleate is the main constitu-
ent of biodiesel (Sitepu et al. 2014b). Moreover, oleic acid
and palmitoleic are important for ensuring oxidation stabil-
ity (Pinzi et al. 2009). Another important characteristic for
the oxidation stability of biodiesel is the presence of reduced
amounts of polyunsaturated acids (Deeba et al. 2016). Addi-
tionally, low levels of polyunsaturated acids in biodiesel are
desirable because the cetane number, which is an indica-
tor of combustion speed of fuel, increases as the number of
unsaturated bonds decreases (Knothe 2005). Notably, the
content of polyunsaturated fatty acids was low in P. laurentti
UFV-1 (Table 5). The prediction of biodiesel properties from
the fatty acid composition of P. laurentti UFV-1 showed
that viscosity, density, and HHV oil were similar to other
oleaginous yeasts, such as P. laurentii AM113 (Wang et al.
2018), L. starkeyi NBRC 10381 and R. toruloides NBRC
0559 (Tanimura et al. 2014) and to oils from soy, palm and
canola (Hoekman et al. 2012). With regard to iodine value,
P. laurentti UFV-1 displayed lower values compared to
microbial and plant oils (Hoekman et al. 2012; Tanimura
et al. 2014; Wang et al. 2018). The cetane number was simi-
lar to P. laurentii AM113 (Wang et al. 2018), and higher
than L. starkeyi NBRC 10381 and R. toruloides NBRC
0559 (Tanimura et al. 2014) and plant oils (Hoekman et al.
2012). Therefore, the predicted parameters are in agreement
with the quality standards of biodiesel production in Brazil,
Europe and USA. Taken together, our results indicate that
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the oil produced by P. laurentti UFV-1 can be used in the
biodiesel industry.

To conclude, in the present study, for the first time, ole-
aginous yeasts were isolated from soil samples from two
National Parks in Brazil (Caparaé and Serra dos Orgdos).
Under unoptimized conditions, the lipid production by P.
laurentii UFV-1, the best lipid-producing, was higher in glu-
cose than in xylose. The optimization strategy adopted in this
work allowed us to improve the lipid production from xylose,
achieving a lipid content of 63.5% (w/w). This improved lipid
content was obtained under the following conditions: carbon/
nitrogen ratio of 100:1, pH value=7.0, initial ODg,,=0.8
and agitation =300 rpm. Moreover, the prediction of the
properties of biodiesel based on the fatty acid profile of P.
laurentii UFV-1 underscores that P. laurentii’s oil is suitable
for producing high-quality biodiesel. Our study highlights the
potential for utilization of this yeast strain in the conversion
of xylose into oil in a lignocellulosic biorefinery.

Accession number AF075469.1—Cryptococcus laurentii
26S ribosomal RNA gene.
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