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Abstract

Microbial oils can be used for biodiesel production and fumaric acid (FA) is widely used in the food and chemical indus-
tries. In this study, the production of lipids and FA by Aureobasidium pullulans var. aubasidani DH177 was investigated. A
high initial carbon/nitrogen ratio in the medium promoted the accumulation of lipids and FA. When the medium contained
12.0% glucose and 0.2% NH,NO;, the yeast strain DH177 accumulated 64.7% (w/w) oil in its cells, 22.4 g/ cell biomass
and 32.3 g/l FA in a 5-L batch fermentation. The maximum yields of oil and FA were 0.12 g/g and 0.27 g/g of consumed
sugar, respectively. The compositions of the produced fatty acids were C, ., (0.6%), C¢.o (24.9%), C 6.1 (4.4%), C5.0 (2.1%),
Ci5.1 (57.6%), and C 5., (10.2%). Biodiesel obtained from the extracted oil burned well. This study provides the pioneering
utilization of the yeast strain DH177 for the integrated production of oil and FA.
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Introduction

Single cell oils (SCOs) extracted from oleaginous yeasts,
similar to plant lipids, can be used as raw materials for bio-
diesel production [1-3]. Having the advantages of being
renewable, easily biodegradable, and free of sulfur com-
ponents, biodiesel has received considerable interest from
researchers [4, 5]. Biodiesel is typically produced by chemi-
cally reacting lipids with short-chain alcohols to produce
fatty acid esters. The composition of fatty acids significantly
affects the quality of biodiesel. Fatty acid compositions in
SCOs produced by oily yeasts generally satisfies the criteria
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required for biodiesel production, e.g., a particular chain
length and saturation degree [1]. Oleaginous microorgan-
isms can accumulate more than 20% of their biomass in
intracellular lipids [6]. Oleaginous yeasts typically belong to
multiple genera, including Candida, Cryptococcus, Lipomy-
ces, Rhodosporidium, Rhodotorula and Yarrowia [7]. How-
ever, only a minor proportion (3—-10%) of the 1600 known
yeast species have been proven to be oleaginous microorgan-
isms [1]. Screening novel oily yeast species for biodiesel
production is, therefore, very important.

In this study, a novel oleaginous yeast strain, DH177,
of Aureobasidium pullulans var. aubasidani was obtained.
Notably, the yeast strain DH177 also produced large amounts
of fumaric acid (FA) in the culture. FA or trans-butenedioic
acid is a naturally occurring organic acid involved in the
tricarboxylic acid (TCA) cycle [8]. With its unique struc-
ture (C,, dicarboxylic acid groups and a carbon—carbon
double bond), FA is considered a promising building-block
chemical in many applications such as those found in the
food, pharmaceutical, and chemical industries [9, 10]. FA
is produced petrochemically from maleic anhydride or by
microbial fermentation [8, 11]. With the advantages of
environment-friendly and sustainable development process,
an increasing number of researchers have paid close atten-
tion to FA production by fermentation. High levels of FA
have been produced by Rhizopus oryzae [12—-14], Rhizopus
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arrhizus [15], and Rhizopus delemar [16]. Although many
studies focus on exploiting the production of FA or SCOs by
microbial fermentation, the integrated production of lipids
and FA is rarely studied.

SCO tends to accumulate in microbial cells under such
stress conditions as high concentrations of carbon sources
and nitrogen deprivation [17-20], which are also typical
triggers of C,-dicarboxylic acid (FA and malate) accumula-
tion [9, 21-23]. The induction of SCOs and C,-dicarboxylic
acids by identical conditions provides substantial advantages
for the simultaneous production of SCOs and FA in the yeast
strain DH177.

The main objective of this study was, therefore, to inves-
tigate the simultaneous accumulation of SCOs and FA by
the yeast strain DH177 (Fig. 1). Our results revealed that
the yeast strain DH177 simultaneously could produce large
amounts of SCOs and FA from glucose when nitrogen was
limited in the medium. This study provides valuable insights
into the utilization of A. pullulans var. aubasidani DH177
for the integrated production of SCOs and FA.

Materials and methods
Yeast strain and cultivation media

A. pullulans var. aubasidani DH177 isolated from the leaves
of Weigela florida at Ya-Shan national forest park in Shan-
dong Province of China was used in this study and was main-
tained at 4 °C on YPD slants composed of (%, w/v) yeast
extract 1.0, peptone 2.0, and dextrose 2.0 or on PDA slants
composed of (%, w/v) potato 20, dextrose 2.0 and agar 2.0.
The medium for the evaluation of lipid-accumulating ability

(EL medium) contained (%, w/v) glucose 4.0, KH,PO,
0.7, Na,HPO, 0.25, MgSO,-7H,0 0.15, yeast extract
0.05, (NH,),SO, 0.1, FeCl;-7H,0 0.015, CaCl, 0.015, and
ZnS0,-7H,0 0.002, pH 6.0 [18]. The medium for both SCO
and FA production (SF medium) contained (%, w/v) glucose
12.0, NH,NO; 0.2, KH,PO, 0.01, MgSO,-7H,0 0.01, and
KC1 0.05 and CaCOj;, Na,CO; or NaOH was used as a pH
buffer.

Yeast isolation

The leaves, fruits, and flowers from 23 species of plants
were collected from Ya-Shan national forest park (longitude
120°83’, latitude 37°28") in Shandong Province of China.
Five grams of the leaves, fruits, and flowers form differ-
ent plants were suspended in YPD medium (40.0 ml) sup-
plemented with 0.04% chloramphenicol in 250-ml shaking
flasks, followed by cultivation at 28 °C and 180 rpm for
3 days. The cell cultures were then diluted with sterilized
water, and the diluted mixture was plated onto YPD plates
and incubated at 28 °C for 3 days. Yeast colonies from the
plates were maintained at 4 °C.

Lipid determination and observation of lipid
particles in the yeast cells

Lipid accumulations by the yeast strains isolated above
were assessed in flasks containing EL medium (50 ml) after
inoculating with 2.5 milliliters of the seed culture (2.0 x 108
cells/ml). The culture was incubated at 28 °C in a rotary
shaker at 180 rpm for 3 days. The cells were then harvested
and washed three times by centrifugation at 5000g and
4 °C with distilled water. The cell biomass was calculated
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Fig.1 An overview of experimental procedures used in this study
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gravimetrically after drying at 80 °C. Total intracellular
lipids were extracted from the cells [24], and oil content
was calculated as the number of grams of oil per 100 g of
dry cell weight [19]. Nile Red dye (0.5 mg/l in DMSO) was
employed to stain intracellular lipid particles [2, 18]. Lipid
particles were then observed using a fluorescence micro-
scope (Olympus BX51, Japan).

Yeast identification and phylogenetic analysis

The yeast strain DH177 was identified at the molecular level
using the D1/D2 26S rDNA region as a marker. For DNA
extraction, the cell wall of the yeast strain DH177 was first
digested using lyticase (Sigma). The resulting yeast proto-
plast pellet was disrupted, and the genomic DNA was iso-
lated using a Yeast Genomic DNA Kit (Tiangen, China).
The DNA obtained above was used as a template for the
amplification of D1/D2 26S rDNA region using the primers
NL1 (forward 5'-GCATATCAATAAGCGGAGGAAAAG
-3") and NL4 (reverse 5'-GGTCCGTGTTTCAAGACGG-3).
The generated sequence was analyzed using the BLASTN
(http://www.ncbi.nlm.nih.gov/BLAST.cgi). ClustalX soft-
ware was used for multiple alignments, and a dendrogram
was constructed using MEGA 5.0.

Cloning and sequencing of the gene encoding
fumarase

The genomic DNA of the yeast strain DH177 was isolated
as described above. The primers for cloning of the fumar-
ase gene in the yeast strain DH177 were designed accord-
ing to the fumarase genes from R. oryzae (accession no.
HM130701), Aureobasidium subglaciale (accession no.
XM_013484505), Aureobasidium namibiae (accession no.
XM_013571509), and Saccharomyces cerevisiae (acces-
sion no. J02802.1). The forward primer was 5'-ATGTTSA-
GAASCGGATCGGCAGCYGT-3' and the reverse primer
was 5'- TTAMTYCTTSTCCTTGGGRGCAAGC-3'. The
parameters for the PCR amplification were as follows: an
initial denaturation at 95 °C for 15 min, followed by 32
cycles of denaturation at 95 °C for 50 s, annealing at 55 °C
for 40 s, extension at 72 °C for 1.5 min, and a final extension
at 72 °C for 10 min. The amplified fragments by PCR were
cloned into pMD18-T Simple Vector and sequenced. The
amino acid sequence of the gene cloned above was deduced.
The protein sequences obtained were aligned using software
DNAMAN 6.0.

Determination of the intracellular fumarase activity
The yeast cells grown on EL medium for 48 h were sus-

pended in 10.0 ml of sodium phosphate buffer (0.05 M, pH
7.3) and were disrupted as described [25]. The cells debrises

were removed by centrifugation at 12,000g and 4 °C for
20 min. The supernatant obtained was used as the intracel-
lular crude enzyme. The reaction mixture containing 0.1 ml
of the crude enzyme and 0.9 ml of sodium phosphate buffer
(0.05 M, pH 7.3) containing 0.05 M L-malate was incubated
at 28 °C for 10 min [26]. The reaction was inactivated imme-
diately at 100 °C for 10 min. The amount of fumarate in the
reaction mixture was determined by high-performance liquid
chromatography (HPLC) as described below. One fumarase
unit was defined as the amount of enzyme that produced one
micromole of fumarate per minute under the assay condi-
tions used in this study. Total protein concentration in the
supernatant was measured using Coomassie brilliant blue
assay [27].

Optimization of the medium for lipid and FA
production

The effects of different glucose concentrations and neutral-
izing agents (CaCO;, Na,CO; and NaOH) on cell growth
and lipid and FA production by the yeast strain DH177 were
assessed by incubating the culture in SF medium supple-
mented with different concentrations of glucose and different
kinds of neutralizing agents. A total of 2.5 ml of the seed
described above was transferred to 50 ml of the medium.
The flasks were then incubated at 28 °C in a rotary shaker at
180 rpm for 5 days. The biomass, oil production, oil content
and FA production of the cultures were analyzed.

Batch fermentation in a bioreactor

A total of 175 ml of the seed culture described above was
transferred to 3500 ml of SF medium supplemented with
5.0 g/100 ml calcium carbonate in a 5-L fermenter (5BG-
7000A-Baoxing Bio-Equipment Co., Ltd., China). Fermen-
tation was performed at 28 °C, 250 rpm, and 480 1/h aeration
for 8 days. A subset of 50 ml of the culture was collected at
regular intervals for the analysis of cell growth and oil, FA,
and residual sugar content. The amount of residual sugar in
the culture was assayed with the Nelson-Somogyi method
[28].

Fatty acid compositions determination, biodiesel
preparation and estimation of biodiesel properties

To determine fatty acid composition, the extracted lipids
were first transmethylated, and gas chromatography (GC)
(Agilent 5890-II, USA) was then to used to analyze the fatty
acid methyl esters according to a previously described proce-
dure [29]. Lipids extracted from the yeast strain DH177 were
transformed into biodiesel by a previously described method
[18, 29]. In brief, 40.0 ml of extracted lipids was mixed with
500 ml of H,SO, solution (0.1 M in methanol). The mixture
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was then incubated at 75 °C on a magnetic stirrer for 30 min
to complete transmethylation. After being separated by cen-
trifugation, the resulting lower organic phase was heated at
90 °C for 1.5 h. The remaining organic compounds obtained
above were then used as biodiesel. Six parameters, iodine
value, cetane number, higher heating value (HHV), viscos-
ity, cloud point and specific gravity, were calculated in previ-
ously described manners to estimate the biodiesel properties
[19, 30, 31].

Determination of FA content by HPLC

FA content was estimated by HPLC (Agilent 1100, USA).
Briefly, the culture broth that had been obtained above was
diluted with distilled water to dissolve potential calcium
fumarate precipitate, and the excess carbonate in the cul-
ture broth was then removed by the addition of HCI (1 M)
[16]. The processed fermentation broth was centrifuged at
5000g and 4 °C for 10 min. The exopolysaccharide (EPS) in
10 ml of the supernatant was first precipitated with 5 ml of
methanol (supernatant-to-methanol ratio (v/v), 1:0.5) [32].
After the sample was centrifuged at 4 °C for 20 min, the EPS
material was discarded. The resulting supernatant was sepa-
rated on a ZORBAX SB-AQ C18 column (4.6 X250 mm,
5 um, Agilent, USA) by elution with 0.01 M (NH,),HPO,
(pH 2.7) in 10.0% methanol at a flow rate of 0.5 ml/min,
column temperature of 30 °C, sample volume of 20.0 pl and
detection wavelength of 210 nm.

Results and discussion

Screening of oleaginous yeast strains for their
ability to produce high levels of lipids and FA

More than 100 yeast strains were isolated at the first stage
and purified from a variety of samples, including leaves,
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Fig.2 Biomass, oil content, FA production and oil bodies of the yeast
strain DH177. a Biomass, oil and FA production. Data are given as
the mean+SD, n=3. b Oil particle images were taken under an opti-
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fruits, and flowers (data not shown). After lipid production
by the different yeast strains was determined, a candidate
labeled “DH177” was proven to produce the most oil. As
shown in Fig. 2a, the yeast strain DH177 could produce
11.9 g/l dry cell mass and accumulate 61.1% (w/w) intra-
cellular oil in its cells. The FA production by the yeast strain
DH177 was also investigated. As shown in Fig. 2a, 7.7 g/l of
FA was obtained when the yeast strain DH177 was grown in
the EL medium for 3 days.

The intracellular lipid bodies produced by the yeast strain
DH177 were stained with Nile Red and observed according
to the methods described above. The results showed that
more than ten lipid bodies were produced in each cell of the
yeast strain DH177 and that even whole cells of the yeast
strain DH177 were filled with oil bodies (Fig. 2b, c), dem-
onstrating that the yeast strain DH177 produced high level
of lipid. Triacylglycerols (TAGs) and steryl esters (SEs)
stored in the hydrophobic core of oil bodies in oleaginous
yeast cells can be dyed by the lipophilic Nile Red [33]. A
phospholipid monolayer typically surrounds the neutral lipid
cores of oil particles [34]. The average diameter of lipid
particles in S. cerevisiae was between 0.3 and 0.4 um [35],
while the average diameter of lipid particles formed by the
yeast strain DH177 was between 2.0 and 3.0 um (Fig. 2b,
¢). The number of lipid particles in each oleaginous yeast
cell, e.g., Pichia guilliermondii [18], Papiliotrema laurentii
[19] and Yarrowia lipolytica [2, 36] cells, ranged from one
to three. However, the reason why the yeast strain DH177
accumulated many more lipid particles than P. guilliermon-
dii, Pa. laurentii and Y. lipolytica is unknown.

Characterization of the yeast strain DH177
To identify the yeast strain DH177, the morphological
characterizations and the phylogenetic relationships were

investigated. The results showed that arachnoid mycelia
in the marginal areas of colonies were observed (Fig. 3a,
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Fig. 3 Morphology of colonies and phylogenetic analysis. a Colonies of the yeast strain DH177 grown on a YPD plate. b Colonies of the yeast
strain DH177 grown on a PDA plate. ¢ Phylogenetic analysis of the yeast strain DH177. Bootstrap values (1000 pseudoreplications) were >79%

b). After 10 days of incubation, pigmentation was formed
by the yeast strain DH177 grown in PDA plates (Fig. 3b).
These culture characteristics were similar to those of A.
pullulans var. aubasidani [37]. The sequence of D1/D2
26S rDNA from the yeast strain DH177 was investigated
and deposited in GenBank (accession no. MG209839).
Many phylogenetically related yeast species were found
when this sequence was compared against the NCBI data-
base using the BLASTN program. A dendrogram was con-
structed to study the phylogenetic relationship between
these yeast strains. Consistent with the morphological
characteristics (Fig. 3a, b), the yeast strain DH177 was
clustered in one branch with A. pullulans var. aubasidani
(Fig. 3c). In recent years, oleaginous yeasts such as Rho-
dosporidium toruloides [5], Rhodotorula glutinis [38, 39],
Sporidiobolus pararoseus [20], Lipomyces starkeyi [40]
and Y. lipolytica [41], have been deeply investigated to use
the lipids that they produce as a source of biodiesel. How-
ever, only approximately 30 of 1600 known yeast species
can accumulate over 25% (w/w) SCOs in the cells [7]. The
identification of the yeast strain DH177 as A. pullulans
var. aubasidani is, therefore, concordant with the lipid-
accumulating ability of this strain.

Cloning of the fumarase gene and intracellular
fumarase activity in the yeast strain DH177

As shown in Fig. 2a, the yeast strain DH177 could produce a
large amount of FA in the culture. In order to know whether
the yeast strain DH177 genome contains the gene encod-
ing fumarase, the fumarase gene was cloned as described
above. After the fumarase gene was sequenced, the results
indicated that the fumarase gene from the yeast strain
DH177 was found to have 1597 bp and an intron (acces-
sion no. MH568696, Supplementary Fig. S1). The amino
acids from the fumarase gene obtained were deduced and
a multiple alignments of the deduced amino acid sequence
with fumarases from other fungi was performed. It was
found that the fumarase gene from the yeast strain DH177
encoded 509 amino acid residues, which exhibited high sim-
ilarity with other fumarases (Fig. 4). This confirmed that
the yeast strain DH177 genome indeed had the gene encod-
ing fumarase. After determination fumarase activity in the
yeast strain DH177, the results showed that the fumarase
activity was 1.85 umol min~! (mg protein)~' when the yeast
strain DH177 was grown in the EL medium for 48 h (data
not shown). A previous study showed that 1.44-3.00 pmol
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Fig.4 Multiple alignments of the deduced amino acid sequence of the cloned fumarase gene with fumarases from different microorganisms

using DNAMAN 6.0

min~! (mg protein)~! of fumarase activities were detected
in R. oryzae NRRL 1526 that could produce large amounts
of fumaric acid [42]. Therefore, high fumarase activity may
enhance FA production in this oleaginous yeast.

Simultaneous production of SCOs and FA
by the yeast strain DH177 in flasks

Nitrogen starvation (a high initial carbon/nitrogen ratio in
the medium) is required for C,-dicarboxylic acid biosynthe-
sis [21, 43] and is also a typical trigger of oil accumulation
in oleaginous yeasts [17, 20]. Based on these observations,
we hypothesized that increasing the carbon/nitrogen ratio
would simultaneously boost FA and lipid production. The
effects of different glucose concentrations (from 6 to 14%)
in the SF medium using Na,COj; as a neutralizing agent were

@ Springer

investigated. The results showed that when the nitrogen level
remained constant, increasing the amount of glucose in the
medium could significantly increase the production of oil
and FA (Fig. 5). Large amounts of lipids (51.1-63.4%, w/w)
were accumulated in the yeast strain DH177 cells when the
initial glucose concentration exceeded 60 g per liter (Fig. 5).
As shown in Fig. 5, the biosynthesis of FA by the yeast
strain DH177 required a higher carbon nitrogen ratio than
SCO accumulation. The results showed that FA production
peaked at 27.8 g/l when the medium contained 120.0 g/l
glucose (Fig. 5).

Neutralizing agents in FA and lipid production

The pH must be neutralized when FA is produced by fer-
mentation [14, 44]. Two neutralizing agents, CaCO; and
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Fig.5 Cell mass, oil content and FA production of the yeast strain
DH177 grown with various initial glucose concentrations. The neu-
tralizing agent in the medium was sodium carbonate, and sterile
Na,CO; (2 M) was added to maintain the pH at 6.0. Data are given as
the mean+SD, n=3

Na,CO;, have been most commonly used in FA fermentation
[8]. The effects of different neutralizing agents on FA fer-
mentation by the yeast strain DH177 are shown in Table 1.
The highest FA concentration (31.4 g/l) was measured when
CaCO; was used as a neutralizer, while FA production only
reached 17.5 g/l when NaOH was used as a neutralizer
(Table 1). The highest oil yield (0.12 g/g of consumed glu-
cose) was also obtained when calcium carbonate was used
as a neutralizer (Table 1). The yields of FA were 0.27 g/g,
0.23 g/g, and 0.15 g/g of consumed glucose when CaCOs,
Na,CO;, and NaOH were used as neutralizers (Table 1),
respectively.

It has been well documented that carbonate can be used
as a source of carbon dioxide when pyruvate carboxylase
catalyzes pyruvic carboxylation in FA fermentation [8]. The
resulting oxaloacetic acid (OAA) is catalytically reduced to
malic acid by NAD-malate dehydrogenase [45]. Finally,
fumarase catalyzes the dehydration of malate to fumarate.
In oleaginous yeast cells, the formation of OAA from citrate
cleavage by ATP-citrate lyase (ACL) is important for lipid
synthesis. Nitrogen limitation results in rapid reduction of
AMP, which is catalyzed by AMP deaminase. The resulting

ammonia ions constitute a supplemental nitrogen source for
cell metabolism [18]. The activity of isocitrate dehydroge-
nase (ICDH) is then lost, resulting in the accumulation of
isocitric and citric acids in the mitochondria. Finally, non-
metabolized citrate is transported to the cytoplasm and then
cleaved into OAA and acetyl-CoA by ACL [19]. The result-
ing acetyl-CoA is the main precursor for fatty acid biosyn-
thesis [17]. In addition, the resulting OAA is a feedstock
for FA synthesis. In our previous study, carboxylation of
pyruvate also played an important role in lipid accumulation,
and the carbonate-buffered medium increased oil biosyn-
thesis by an engineered Y. lipolytica strain [41]. The yeast
strain DH177 could, therefore, simultaneously produce high
amounts of oils and FA in media with high initial carbon/
nitrogen ratios and the presence of carbonate.

SCO and FA production by 5-L fermentation

Five-liter fermentations were performed to scale up SCO and
FA production. As shown in Fig. 6, cell mass and lipid and
FA production steadily increased with the consumption of
glucose. The dry cell mass peaked at 22.4 g/l after 132 h of
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Fig.6 Time course of oil production, cell growth, FA production, and
sugar change during 5-L fermentation. The neutralizing agent in the
medium was calcium carbonate. Data are given as the mean+SD,
n=3

Table 1 The effects of different

.. Neutralizing agents CaCOj;* Na,CO,® NaOH°®

neutralizing agents on cell

growth and lipid and FA Biomass (g/1) 232404 20.8+0.7 213406

gﬁ%‘ﬁ‘o“ by the yeast strain 0il content (w/w, %) 62.9+0.5 634413 587412
FA production (g/1) 314+1.1 27.6+0.6 17.5+1.0
Consumed sugar (g/1) 118.6+0.8 119.3+0.5 118.2+0.4
Biomass produced per sugar (g/g) 0.20+0.003 0.17+0.006 0.18+0.005
Lipid produced per sugar (g/g) 0.12+0.002 0.11+0.003 0.10+0.003
FA produced per sugar (g/g) 0.27£0.009 0.23£0.005 0.15+£0.008

4The medium was buffered by the addition of 5% CaCO;
®Na,CO, (2 M) was added to the culture to maintain the pH at 6.0
“NaOH (1 M) was added to the culture to maintain the pH at 6.0. Data are given as the mean+SD, n=3
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Table 2 Properties of biodiesel from oily yeasts, canola and sunflower oils

Iodine no.  Cetane Viscosity (mm?s) HHV (MJ/kg) Specific gravity ~Cloud point (°C)  References
value
(min)
DH177 73.99 57.38 4.69 39.97 0.8771 8.99 This study
Pa. laurentii AM113 81.39 65.63 4.62 40.18 0.8777 7.49 [19]
Cryptococcus sp. 24506 68.03 57.92 4.74 39.84 0.8767 10.06 [30]
Canola 108.8 53.7 4.38 41.3 0.883 -2 [46]
Sunflower 128.7 51.1 4.42 40.6 0.878 2 [46]
US biodiesel ASTM D6751  — 47 1.9-6.0 - - - [31]
EU biodiesel EN 14,214 120 max 51 3.5-5.0 - 0.86-0.9 - [31]

fermentation (Fig. 6). Lipid accumulation and the biosynthe-
sis of FA lagged behind biomass growth (Fig. 6). The results
in Fig. 6 indicated that 64.7% (w/w) of oil was accumulated
in its cell after 156 h of fermentation and that FA production
in the fermented medium peaked at 32.3 g/ after 180 h of
fermentation. At the end of the fermentation, 0.1% (w/v) of
glucose was detected in the medium (Fig. 6), indicating that
most of the glucose that had been added was transformed
into FA, microbial lipids and cell biomass. The yields of bio-
mass, lipids and FA were calculated. The maximum yields of
biomass, lipids and FA were 0.19 g/g, 0.12 g/g, and 0.27 g/g
of consumed glucose, respectively (data not shown). In a
7-L stirred-tank bioreactor, 35.42 g FA was produced per
liter of culture by R. delemar NRRL1526 over 3 days of
fermentation [16]. Culturing R. oryzae ATCC20344 for 36 h
in the CaCO;-buffered medium resulted in the maximum
FA concentration of 37.2 g/l [14]. In another study, adding
citrate to the culture medium could increase FA production
by R. oryzae ATCC20344 and the final FA titer was 21.9 g/l
after 96 h of fermentation [13]. In our previous study, P.
guilliermondii Pcla22 accumulated 60.6% (w/w) intracel-
lular oil, and 20.4 g/l biomass in a 2-L fermentation [18].
The biomass and oil content of L. starkeyi DSM 70296
in a fed-batch cultivation were 94.5 g/l and 37.4% (w/w),
respectively [3]. The fermentation of glucose by A. pullulans
var. melanogenum P10 resulted in 66.3% (w/w) of cell dry
weight in lipid content [29]. The maximum oil production of
51 g/l and the intracellular oil content of 60% were obtained
by the strain S. pararoseus CCTCCM 2010326 [20]. Cultur-
ing R. toruloides AS 2.1389 for 196 h in sugarcane bagasse
hydrolysate medium resulted in a cell mass and lipid content
of 23.5 g/l and 52.5%, respectively [5]. In another study, the
yeast strain BCRC 21418 of R. glutinis could accumulate
11.7 g/l of biomass and 55 +4% of oil content from crude
glycerol in an airlift bioreactor [39]. Pa. laurentii AM113
produced 54.6% (w/w) intracellular lipid and 18.2 g/ bio-
mass within 108 h [19]. The yeast strain DH177 used in this
study can clearly produce much more FA and SCOs than
most other yeast strains.

@ Springer

Fatty acid composition

The fatty acid profile of the oils extracted from the yeast
strain DH177 was investigated by GC. The results showed
that the fatty acid profile in the yeast strain DH177 consisted
of 0.6% myristic (C4.o), 24.9% palmitic (C,4.q), 4.4% pal-
mitoleic (Cyg4.1), 2.1% stearic (C,g.q), 57.6% oleic (Cs.;) and
10.2% linoleic (C4.,) acids (data not shown). Most fatty acids
from oleaginous yeasts are C;,—C,¢ fatty acids [7]. The fatty
acid profile of the yeast strain DH177 is very similar to that
of oils from plants, e.g., corn, canola, palm and rapeseed [31,
46]. Biodiesel making requires long chain fatty acids such as
C,—C,5 fatty acids. The lipids extracted from the yeast strain
DHI177 are, therefore, ideal feedstocks for making biodiesel.

Biodiesel production and the estimation
of biodiesel properties

Oils extracted from the yeast strain DH177 were trans-
formed into biodiesel as described above. In total, 80.9%
of the oils were converted into biodiesel under the condi-
tions used in this study, and the biodiesel that was prepared
burned well (data not shown). Biodiesel properties were esti-
mated according to predictive equations [30, 31]. The results
showed that the viscosity, cetane value and specific gravity
for all biodiesel derived from yeasts and plants met the US
biodiese]l ASTM-D6751 and EU biodiesel EN-14214 stand-
ards (Table 2). The high content of unsaturated components
in oil can lead to lower iodine values and a higher cloud
point [46]. HHVs are related to the energy content of the fuel,
and high HHVs indicate better energy performance [19]. As
shown in Table 2, HHVs varied within the narrow range of
39.84-43.1 MJ/kg for all 5 biodiesel types. “First generation”
biodiesel is generally derived from vegetable oils, whereas
“second generation” biodiesel is derived from microbial oils
[17]. The results of this study reinforce the notion that SCOs
accumulated in the cells of A. pullulans var. aubasidani
DH177 may serve as raw materials for biodiesel production.



Bioprocess and Biosystems Engineering (2018) 41:1707-1716

1715

FA analysis by HPLC

After the fermentation broth was centrifuged, HPLC was
employed to analyze the products in the supernatant. As
shown in Fig. 7a, the major component in the superna-
tant was FA. A. pullulans can also produce poly(p-malic
acid) (PMLA) [21, 32]. A strong acid (1 M sulfuric acid at
85-90 °C) can break the ester bonds in PMLA, releasing
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Fig.7 HPLC chromatograms. a HPLC analysis of the fermentation
product. b Elution profiles of hydrolysate of the fermentation product.
¢ Elution profile of fumaric acid standard. d Elution profile of malic
acid standard

much malic acid [32, 47]. However, after the supernatants
of cultures were mixed with an equal volume of 2 M sulfuric
acid and incubated at 90 °C for 10 h, only a small amount of
malic acid was detected (Fig. 7b), indicating that the yeast
strain DH177 produced little PMLA. These observations
further confirmed that A. pullulans var. aubasidani DH177
could serve as a potential FA producer.

Conclusions

A. pullulans var. aubasidani DH177 was capable of accu-
mulating large amounts of intracellular lipids and FA simul-
taneously. When the yeast strain DH177 was grown in a
5-L stirred-tank bioreactor in a medium containing 120.0 g/l
glucose for 180 h, its biomass reached 22.4 g/1, the intracel-
lular oil reached 64.7% (w/w) and the FA titer peaked at
32.3 g/l. Most of the fatty acids isolated from the yeast strain
DH177 were C,4—C,5 fatty acids. This newly isolated yeast
strain DH177 may serve as a promising candidate for FA
and lipid production.
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