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Abstract

A total of ten marine yeast strains isolated from Bohai Sea, Northern China were identified to be members of three
genera Rhodosporidium, Rhodotorula, and Cryptococcus. Two representative strains Rhodosporidium TJUWZ4 and
Cryptococcus TJUWZAT11 with high lipid content based on Nile red staining method were further characterized. A wide
range of culture conditions (C and N sources, pH, temperature, salinity and C/N ratio) were tested to characterize the
biomass and lipid production (yield and productivity) of these strains. Results indicated that Rhodosporidium TIUWZ4
was capable of achieving lipid yield up to 44% and 0.09 g/I-h productivity on glucose and peptone medium at pH 4,
20 °C, 30% salinity, and C/N 80. Three fatty acids, namely oleic acid (18:1), palmitic acid (C16:0) and linoleic acid (18:2)

production from renewable feedstocks.

were the major intracellular fatty acids, which accounted for 90% of total lipids. With promising features for intracel-
lular lipid accumulation, Rhodosporidium TIJUWZ4 is a robust strain with great potentials for application in biodiesel
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Introduction

Over last several decades, terrestrial yeasts have been
widely studied for various applications in food, pharma-
ceutical, cosmetic and chemical industries (Kutty and
Philip 2008). However, investigations on marine yeasts
are comparatively few. Recent research revealed that
marine yeasts own unique and promising features over
their terrestrial counterparts, for example, higher osmo-
sis tolerance, higher special chemical productivity and
production of industrial enzymes (Zaky et al. 2014).
Besides, oleaginous yeast have numerous advantages
which make them promising sources of oil for biodiesel
production (Ageitos et al. 2011). The wide features of

*Correspondence: gywang@tju.edu.cn

fQiuzhen Wang and Yan Cui contributed equally to this work

! Center for Marine Environmental Ecology, School of Environmental
Science and Engineering, Tianjin University, Tianjin 300072, China
Full list of author information is available at the end of the article

@ Springer Open

and indicate if changes were made.

oleaginous yeast make them a potent source of oil for
sustainable development of bioenergy technology espe-
cially in the coastal regions around the globe.

Unlike other oil-producing microorganisms, such as
microalgae, oleaginous yeast do not require long fer-
mentation period and their resulting lipid profiles could
be simply manipulated by varying the fermentation con-
ditions (Dias et al. 2015; Sitepu et al. 2014). In addition,
oleaginous yeast can grow on various substrates, even
inexpensive materials such as organic wastes, thus mak-
ing the lipid production more efficient from low-cost raw
materials (Deeba et al. 2016; Ghanavati et al. 2015; Pol-
buree et al. 2015; Slininger et al. 2016; Xiong et al. 2015;
Zhang et al. 2016). The lipids accumulated by oleaginous
yeast are mainly composed of long-chain fatty acids,
including oleic acid (C18:1), palmitic acid (C16:0), lin-
oleic acid (C18:2) and stearic acid (C18:0), which are sim-
ilar to the composition of plant oils and can be converted
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into biodiesel by enzymatic or inorganic catalysis (Gha-
navati et al. 2014; Spier et al. 2015; Tanimura et al. 2014a;
Wang and Ren 2014). Thus, much attention have been
paid to various oleaginous yeasts for biodiesel production
(Areesirisuk et al. 2015; Deeba et al. 2016; Poli et al. 2014;
Seo et al. 2014; Sitepu et al. 2014; Spier et al. 2015; Tani-
mura et al. 20144, b; Yang et al. 2014).

Both yeast strains and culture conditions have great
impacts on lipid accumulation and fatty acid profiles
(Rakicka et al. 2015; Sitepu et al. 2013). Total lipids and
fatty acid profiles vary significantly between species, to
some extent among strains of the same species, also for
the same strain grown under different culture conditions
such as carbon source, nitrogen source, temperature, pH,
salt concentration and C/N ratio (Béligon et al. 2015;
Braunwald et al. 2013; Cescut et al. 2014). Sugar-based
media such as glucose, xylose, fructose, lactose, starch,
and lignocellulosic hydrolyzates have been studied for
lipid production, but glucose was found to be more easily
metabolized compared to other substrates (Papanikolaou
and Aggelis 2011). Glucose and glucose containing sub-
strates are thus the most common carbon sources used
for growth and lipid production by oleaginous yeast.

For lipid accumulation, the crucial factor is the change
of intracellular concentration of certain metabolites due
to nitrogen limitation in culture medium. The influence
of carbon-to-nitrogen (C/N) ratio on lipid accumulation
by Rhodotorula glutinis was investigated, and showed
increased lipid production at higher C/N ratios (Braun-
wald et al. 2013). Another study with Lipomyces starkeyi
cultivated in a medium based on sewage sludge supple-
mented with glucose showed 68% lipid accumulation at
C/N ratio of 150, and a lipid content of 40% at C/N ratio
of 60 (Angerbauer et al. 2008). These reports signify
nitrogen limitation as an important criterion for higher
lipid accumulation. Besides C/N ratio, pH also strongly
influences lipid accumulation. In Rhodotorula glutinis,
notable difference in lipid yield (%) was observed at pH 3
(12%), pH 5 (48%) and pH 6 (44%) (Johnson et al. 1992).

From above studies it is evident that lipid yields are
influenced to a great extent by the media composition
(carbon source, nitrogen source, minerals etc.), pH and
temperature. In this study, marine yeast strains were
isolated from the coastal water of North China, and the
representative strains characterized for their ability to
produce lipids under different fermentation conditions
including carbon source, nitrogen source, temperature,
pH, salt concentration and C/N ratio.

Materials and methods

Sample collection and strain isolation

Seawater samples were collected from coastal waters of
Bohai Bay in North China and were then plated on M4 solid
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medium (glucose-H,O 10 g/l, peptone 1.5 g/], yeast extract
0.1 g/, and agar 20 g/l) at room temperature for 3-5 days
with regular observation for yeast growth. The obtained cell
colonies were then inoculated in M4 solid medium contain-
ing 0.05% ampicillin for axenic cultures. Pure isolates were
maintained at 28 °C on YEPD medium (glucose-H,O 20 g/l,
peptone 10 g/l, yeast extract 10 g/l, and agar 15 g/l) (Shen
et al. 2013) and sub-cultured every 20-30 days.

Identification of yeast strains

Yeast isolates were identified by sequence analysis of
18S rRNA gene. Total genomic DNA of yeast cells was
extracted using DNA extraction kit (Generay, China),
following the manufacturer’s instruction. The 18S rRNA
gene fragment was amplified by polymerase chain reac-
tion (PCR) in the S1000™ Thermal cycler (Bio-Rad, USA)
with the fungi universal primers, EF4 (5-GGAAGGG
(G/A) TGTATTTATTAG-3') and EF3 (5/-TCCT (A/C)
TAAATGACCAAGTTTG-3') (Smit et al. 1999). The PCR
reaction was carried out under the initial denaturation at
94 °C for 5 min, followed by 30 cycles of 30 s at 94 °C,
30 s at 51 °C and 90 s at 72 °C, and a final extension at
72 °C for 10 min. The PCR products were purified using
Gel DNA extraction kit (Generay, China). The result-
ing PCR products were sequenced at Beijing Genomics
Institute (China) and the final sequences were edited
using BioEdit and then compared with the National
Center for Biotechnology Information database. Phylo-
genetic analyses were carried out using distance setting
(Maximum likelihood) in MEGA 6 software with 1000
bootstrap replicates (Tamura et al. 2013). The 18S rRNA
gene sequences obtained for this study were submitted to
GenBank under the access number of KU317620-317626
and KT281890-281892.

Strain screening with Nile red method

The marine yeast strains were screened for lipid produc-
tion using the Nile red staining method (Li et al. 2014).
Yeast cells were pre-cultured in 100 ml flasks containing
50 ml basic broth medium-A on an incubator shaker at
200 rpm and 30 °C for 5 days. One liter of the medium-
A contained: glucose 120 g, CaCl, 0.1 g, NH,CI 05 g,
yeast extract 1.5 g, KH,PO, 7.0 g, Na,HPO,-2H,0 2.5 g,
MgS04-7H,O 1.5 g, FeCl;-6H,0 0.08 g, ZnSO,-7H,0
10.0 mg, MnSO,-H,0 0.07 mg, CuSO, 0.1 mg, Co(NO,),
0.063 mg (Sitepu et al. 2013). At 24 h intervals, an aliquot
of the culture was sampled and centrifuged at 4000 rpm
for 10 min. The resulting cell pellet was washed twice with
sterile seawater and then stained with 0.01% (w/v) Nile
Red in acetone. The intracellular lipids were examined by
using an Epifluorescence Microscope (Nikon DS-Ril) at
the wavelength of 540 nm. Strains with high lipid accu-
mulation exhibit high intensity of fluorescence. Based on
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this characteristic, lipid-producing strains were selected
for further investigation of lipid production and fermenta-
tion optimization. The promising strain Rhodosporidium
sp. TTUWZ4 has been deposited in China General Micro-
biological Culture Collection Center (CGMCC # 2.5689).

Optimization of culture conditions

Six different parameters were investigated for their indi-
vidual effect on cellular growth and lipid production of
the representative strains screened by Nile red method.
These variables included carbon source (glucose, sucrose,
fructose, lactose and starch), nitrogen source (yeast
extract, peptone, NH,Cl, (NH,),SO, and mixture of both
of them), C/N ratio (20C, 20 N, 80, 120C, 120 N), initial
pH of the medium (3.0, 4.0, 5.0, 6.0, and 7.0), temperature
(15, 20, 25, 30 and 35 °C) and salinity strength (30, 50, 80
and 100%, v/v). The six sets of single-factor experiments
were designed by varying the broth medium-A and each
subsequent experiment was based on previous optimal
results obtained. The experimental design and condi-
tions are shown in Additional file 1: Table S1. The first set
experiment was to determine the optimal carbon source
(sugar). Individual sugar was added to a concentration
of 120 g/l for each treatment to determine the best sugar
as the sole carbon source. Then optimal nitrogen source
and concentrations were evaluated with the best carbon
source. The best carbon and nitrogen source obtained
were applied to investigate the optimum pH value. The
pH was adjusted by using sulfuric acid and sodium
hydroxide solutions. Accordingly, the temperature, salin-
ity strength and C/N ratio were tested at the optimal pH
value. Salinity strength was defined by seawater concen-
tration adjusted by artificial sea salt in this study.

For all sets of experiment, the yeast isolates were cul-
tured in 100 ml Erlenmeyer flasks containing 50 ml broth
medium-A for 60 h at room temperature with shaking at
200 rpm. All experiments were conducted in triplicates,
and the results were expressed as means of the replicates
along with standard deviation (£SD).

Analytical methods

At the end of the experiment, yeast cells were harvested
by centrifugation at 4000 rpm for 10 min from 15 ml cul-
ture broth, washed twice with sterile distilled water and
lyophilized for 48 h using a freeze-drying system (Christ,
USA). The biomass concentration was expressed as dry
cell weight per liter. Lipid yield was calculated as g lipid
per g biomass, and productivity (g/l1-h) as lipid produc-
tion (g/1) over time of incubation (60 h).

Total lipids of yeast strains were extracted using the
direct transesterification method described elsewhere
(Lepage and Roy 1984). Freeze-dried cells (50-100 mg)
and 100 pl of 1.0 mg/ml internal standard (TAG 17:0
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(glyceryl trihepta-decanoate), catalogue no. T2151,
Sigma-Aldrich Co. LLC., USA) solution were dissolved
directly in two ml of 4% sulfuric acid in methanol, vor-
texed for 30 s, and were then methyl-esterified at 80 °C
for 1 h. To extract the FAMEs, one ml each of water and
hexane were added to the mixtures at room temperature.
After vortexing and centrifuging at 4000 rpm for 5 min,
the fatty acids converted into fatty acid methyl esters
(FAMES) in the hexane layer was analyzed using GC-MS
(Agilent 7890A-5975C, USA) equipped with a HP-5 ms
capillary column (30 m x 250 pm x 0.25 pm). Helium
was used as the carrier gas with a flow of 0.8 ml/min. A
volume of 1.0 pl sample was injected into GC-MS, using
a 10.0 pl syringe in splitless injection mode. The injection
port temperature was set to 240 °C. The initial column
temperature was maintained at 150 °C for 2 min followed
by programming at 4 °C/min to 230 °C and held for 5 min.

Results

Oleaginous yeast strain isolation and molecular
identification

Ten marine yeast strains were isolated from coastal water
of northern China. Colonies of all strains were observed
to be red except TTUWZA1l with white appearance.
Microscopy showed spherical to ovoid cells with the size
ranging from 2 to 8 pm. For molecular identification and
phylogenetic analyses, their 18S rRNA gene fragments
were amplified from the total genomic DNA using the
universal primers and subjected to sequencing analysis.
Maximum likelihood tree was built based on the evolu-
tionary distance of ten yeast strains with Candida albi-
cans and Thraustochytrium sp. as outgroups (Fig. 1).
Phylogenetic analyses indicated that these 10 vyeast
strains belonged to three genera of yeasts i.e., Rhodoto-
rula, Rhodosporidium and Cryptococcus.

Screening of oleaginous yeast strains with Nile red method
Nile red is a lipid-soluble dye and has been widely
employed to determine the cellular lipid content in
qualitative analysis (Kimura et al. 2004). Among all the
strains tested, Rhodosporidium TJUWZ4 and Crypto-
coccus TTUWZA11 showed a significant amount of lipid
accumulation in shake flasks by exhibiting positive Nile
red staining. The intensity of fluorescence for stained
intracellular lipids increased with the ages of cultiva-
tion, reaching maximum on the 2nd day of cultures with
golden yellow fluorescence as shown in Fig. 2. Since both
strains exhibited highest fluorescence on the second day
of cultivation, the subsequent optimization of cultivation
conditions for lipid production and analysis were done
at 60 h. The specific growth rates determined from the
growth curves of Rhodosporidium TJUWZ4 and Crypto-
coccus TTUWZA11 were 0.026 and 0.035 h™?, repectively.
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Fig. 1 Phylogenetic tree of marine yeast strains isolated from Bohai Bay of North China. Maximum likelihood tree was built using Mega 6 based
on 18S rRNA genes from 10 marine yeast strains with sequences from Candida albicans and Thraustochytrium sp. as outgroups. Numbers above or

Effect of carbon and nitrogen sources on biomass flasks. As shown in Table 1, for a given initial sugar con-

production and lipid yield

centration of 120 g/, lipid accumulation was found in

Two monosaccharides (glucose and fructose), two disac-  almost all carbon sources except for the very low lipid
charides (sucrose and lactose) and one polysaccharide content (0.039 g/l) in Rhodosporidium TJUWZ4 grown
(starch) were used to investigate the influence of car- on starch. Glucose was shown to be the best substrate
bon source on cellular growth and lipid production in  with maximum lipid concentration of 0.73 and 0.62 g/I



Wang et al. AMB Expr (2017) 7:30

Page 5 of 13

Day 1 Day 2 Day 3

at different stages of growth

“

Day 4
Fig. 2 Epifluorescence microscopy of the Nile Red stained isolate Rhodosporidium TIUWZ4 (top panel) and Cryptococcus TIJUWZAT1 (bottom panel)

Day 5

for Rhodosporidium TJUWZ4 and Cryptococcus TJU-
WZA11, respectively. The biomass was slightly higher
on sucrose as compared to other carbon sources for both
strains. The maximum lipid yield (0.17 g/g and 0.09 g/g
for TTUWZ4 and TJUWZA11, respectively) and produc-
tivity (0.012 g/l-h and 0.01 g/l-h for TJTUWZ4 and TJU-
WZAL11, respectively) were found on glucose (Fig. 3a, b).

The experimental results indicated that Cryptococ-
cus TJUWZAI11 could utilize all carbon sources while
Rhodosporidium TJUWZ4 could not accumulate lipids
in the starchy medium. Previous report on Cryptococ-
cus terricola also showed accumulation of high lipid
content up to 61.96% on medium with 5% starch after a
10-day growth period (Tanimura et al. 2014a). To grow
on starchy medium, Cryptococcus terricola could degrade
starch to oligosaccharides by using their own extracel-
lular amylases. It was therefore suggested that starch
was not assimilated directly by most yeast and required
extracellular enzymes. In the present study the biomass
content of the two strains grown on starch could not be
determined owing to the infeasibility of removing the
residual starch in the culture after fermentation.

The influence of four different nitrogen sources, namely
yeast extract, peptone, NH,Cl and (NH,),SO,, on biomass
and lipid production is shown in Table 1. Results indicated
that all nitrogen sources were able to support growth but
the biomass and lipid concentration showed great differ-
ences. When organic nitrogen (peptone or yeast extract)
was used as the sole nitrogen source for yeast growth,
the lipid concentration was 1.37 and 0.75 g/l in peptone,
or 1.19 and 0.66 g/l in yeast extract, for stain TJUWZ4
and TJUWZALL respectively, which were much higher
than the values obtained in inorganic sources. The bio-
mass concentration was highest (7.65 g/l) on yeast extract
for TJUWZ4, but for TJTUWZA1l a combination of
(NH,),SO, and yeast extract was required to achieve the

maximum value of 7.45 g/l. Among all nitrogen sources
used, peptone alone showed maximum lipid yield (0.254
and 0.117 g/g) and productivity (0.023 and 0.013 g/l-h)
for TTUWZ4 and TJUWZAI11 respectively (Figs. 3a, 4b).
In cases of organic source mixed with inorganic nitro-
gen source (NH,CI + yeast extract, NH,Cl + peptone,
(NH,),SO, + yeast extract, (NH,),SO, + peptone), the
lipid yield and productivity were lower than in sole organic
source, but higher than in sole inorganic source. A previ-
ous study suggested that the vitamins and amino acids
contained in organic sources could facilitate the growth
of yeast cells thus increasing the lipid yield (Kitcha and
Cheirsilp 2013). These results indicate that organic nitro-
gen sources are more beneficial for lipid production by
marine yeast when compared with inorganic sources.

Effect of pH, temperature and salinity of medium on lipid
yield

While the effects of carbon source, nitrogen source and
their ratios on lipid production have been extensively
examined, other factors such as pH, temperature and
salinity have not been well studied to optimize the pro-
cess parameters. In our study, both strains were capable
of accumulating lipid in the broths with the initial pH
range of 3-7 (Table 2), exhibiting acid tolerance prop-
erty. The lipid concentration ranged from 0.84 to 1.02 g/l
for TTUWZ4, and from 0.42 to 0.66 g/l for TTUWZA11
within the experimental pH range. At pH 4 the lipid yield
and productivity reached maximum level (Fig. 5). The
highest lipid yield for TJTUWZ4 and TJUWZA11 strains
were 0.155 and 0.127 g/g with productivity of 0.017 and
0.011 g/l-h, respectively (Fig. 5). The ability of these two
strains to accumulate high lipids at low pH makes them
ideal candidates for continuous and semi-continuous
pilot scale operations, as low pH discourages growth of
contaminating bacteria.
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Table 1 Effect of carbon and nitrogen sources on biomass and lipid production in newly isolated marine oleaginous

yeast strains

Treatment Rhodosporidium Cryptococcus TIJUWZA11
TJUWZ4
Biomass Lipid Biomass Lipid
(9/L) (g/L) (g/L) (g/L)
Carbon source
Glucose 429 +£0.08 0.73£0.04 6.57 £0.15 0.62£0.02
Sucrose 470 £0.11 0.60 £ 0.11 6.944+0.13 049 + 0.07
Fructose 230+0.14 035+ 0.04 630+0.16 0.52 £0.03
Lactose 366 +0.27 0.56 £ 0.05 5.04 + 0.04 0.30 £ 0.01
Starch ND 0.039 £ 0.00 ND 041 £0.02
Nitrogen source
Peptone 5394049 137 +£007 6.42 +0.08 0.75+0.02
Yeast extract 7.65 £ 0.07 1.19+£027 6.73+£0.13 0.66 £+ 0.02
NH,CI 6.1£032 0.88 +0.08 425+ 0.15 045+ 0.01
(NH4),S0, 471 +£0.04 0.75 £ 0.06 414 +£011 038 £0.01
(NH4),S0, + yeast extract 6.92 + 034 121£014 745 4 0.09 0.74 £0.08
(NH4),S0, + peptone 525+0.18 0.90 £ 0.02 6.00£0.19 060 £0.1
NH,Cl + yeast extract 500+ 0.34 0.64 £ 0.09 562 +0.02 0.45+£0.08
NH,Cl +peptone 542 +£0.57 090 £ 0.11 5304035 0.38 +0.05
Yeast extract + peptone 735+ 042 1.52+£0.08 7.36 £ 0.06 0.69 £ 0.07

ND not determined

The effect of temperature on biomass and lipid produc-
tion of the two newly isolated oleaginous yeast strains
is shown in Table 2. An increase in temperature from
30 to 35 °C led to a drop in biomass and lipid produc-
tion for both strains. At 35 °C, there was a sharp decrease
in the growth of Cryptococcus TJUWZA11 unlike Rho-
dosporidium TJUWZ4. Similarly there was a decline in
biomass and lipid production when strains were grown at
temperature below 20 °C. However, the drop in biomass
and lipid production in Cryptococcus TTUWZA11 was of
greater magnitude than Rhodosporidium TJUWZ4. The
lipid productivity were maximum at temperature range
of 20-25 °C with 0.025 and 0.013 g/1-h for Rhodosporid-
ium TJUWZ4 and Cryptococcus TJUWZA11, respec-
tively (Fig. 5). The lipid yield was highest at 30 °C for
Rhodosporidium TJUWZ4 (0.19 g/g) and 20 °C for Cryp-
tococcus TTUWZA11 (0.12 g/g) (Fig. 5). Rhodosporidium
TJUWZ4 exhibited wide range of temperature (20-30 °C)
tolerance with high lipid yield (0.185-0.189 g/g) whereas
Cryptococcus TJTUWZA11 was found to be temperature
sensitive and gave highest lipid yield (0.121 g/g) at 20 °C.

As shown in Table 2, both strains were able to grow and
produce lipids at all levels of tested salinity (ranging from
30 to 100% of natural seawater). For Cryptococcus TJU-
WZA11, the optimal seawater concentration was 80%,
under which the obtained lipid concentration and yield
were 1.2 g/l and 0.17 g/g respectively. It was also found

that the salinity strength had little effect on the biomass
and lipid production (Table 2) and also on the lipid yield
(Fig. 5) of Rhodosporidium TJUWZ4.

Effect of carbon-to-nitrogen ratio on improving lipid yield

It is well known that in a medium with high C/N ratio
oleaginous yeast exhibit high yield since after the exhaus-
tion of nitrogen present in the medium the excess car-
bon is converted to lipid droplets and stored within the
yeast cell. In this study, the best carbon and nitrogen
sources for high lipid yield and productivity were glu-
cose and peptone respectively for both strains. The C/N
ratios used in the experiments were obtained by vary-
ing the concentration of added carbon source (glucose)
and nitrogen source (peptone and yeast extract) in the
medium as listed in Table 3. For the calculation of C/N
ratios of 20 C and 120 C, the amount of nitrogen source
was kept constant and the carbon source was varied and
vice versa for C/N ratios of 20 N and 120 N. At differ-
ent levels of initial glucose (Fig. 6a, c), yeast cells accu-
mulated more lipid when the C/N ratio was raised from
20 C to 80. However, a further increase to C/N 120 C
did not lead to higher lipid yields for both strains. On
the other hand when C/N ratio was increased through
nitrogen limitation (Fig. 6b, d), the isolates behaved dif-
ferently. In Rhodosporidium TJUWZ4 the lipid produc-
tion increased up to 5.4 g/l at C/N of 80 and with further
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Fig. 3 Effect of various carbon sources on lipid yield of a Rhodosporidium TJUWZ4 and b Cryptococcus TJUWZA11
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Table 2 Effect of pH, temperature and salinity on biomass
and lipid production of newly isolated oleaginous yeast
strains

Treatment Rhodosporidium TJUWZ4  Cryptococcus TJUWZA11
Biomass Lipid Biomass Lipid
(g/l) (a/l (/) (a/)
pH
3 6.49 £ 0.31 084+0.10 466+0.18 0424002
4 656+021 1.02+£011 5184+026 066+£003
5 6.004+£007 0904012 612+£007 063+£006
6 650+025 090+£012 7584029 059+005
7 6.73£005 094+£002 602+£012 055+004
Temperature
15 642+028 1.05+£009 460+023 029+£002
20 7.96 £0.58 147 £005 642021 0.78 £ 0.03
25 8.03 £ 0.64 147 +£004 682+£004 076£006
30 588+118 111000 752+£056 067+007
35 355+023 0634+002 0764+022 001=£000
Salinity
0 714£032 083+£001 745+0.18 1.17 £0.01
30 710£026 088+005 778+£045 0.66=+004
50 6.10£034 077+£009 684+£022 096+0.14
80 591 +£0.21 0.79 £ 0.03 7.00 £+ 0.26 1.20 £ 0.05
100 598+049 080007 635+£006 1.05+£0.10

increase in C/N to 120 the lipid yield dropped to 3.86 g/1.
However, Cryptococcus TTUWZA11 showed increase in
lipid production (1.54 g/l) with higher nitrogen limita-
tion up to C/N 120 N. The maximum lipid yield and pro-
ductivity were achieved at C/N 80 for Rhodosporidium
TJUWZ4 whereas for Cryptococcus TTUWZAI11 it was
120 N (Table 3). Among the two strains the highest lipid
yield achieved was 0.44 g/g (44%) with productivity of
0.09 g/1-h by Rhodosporidium TJTUW Z4.

The fatty acid compositions of the lipid accumulated
by both strains cultivated with different C/N ratios
were similar with only minor variations in concentra-
tion (Table 4; Fig. 6). The main fatty acids were oleic acid
(C18:1), which ranged from 59.9 to 76.5% of the total
fatty acids, followed by palmitic acid (C16:0), stearic
acid (18:0) and linoleic acid (18:2). Myristic acid (14:0)
and palmitoleic acid (16:1) were only detected in trace
amounts. Fatty acids with 16 and 18 carbon atoms com-
prised over 90% of the total fatty acids. The obtained
fatty acid profiles were quite similar to previously pub-
lished reports (Meesters et al. 1996) and also to those of
plant oils, for instance, sunflower and canola oils (Agei-
tos et al. 2011). Sixty-nine strains representing 17 gen-
era and 50 species were surveyed and it was found that
the dominant fatty acids of the tested yeast strains were
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oleic (18:1), palmitic (16:0), stearic (18:0), and linoleic
(18:2) acids (Sitepu et al. 2013). Minor fatty acids were
lignoceric acid (24:0), palmitoleic acid (16:1), behenic
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Table 3 C/N ratios and their effects on biomass, lipid production, yield and productivity of newly isolated oleaginous

yeast strains

Treatment Glucose Peptone Yeast extract Biomass Lipid Yield Productivity
g/l (g/l) (g/l) (g/l) (a/ (9/9) (9/1-h)
Rhodosporidium TIJUWZ4
20C° 12.05 0.5 15 822+ 0.64 160+ 041 0.19 0.027
20NP 48 2 6 11834022 286+022 024 0.048
80 48 0.5 15 124 £078 540 £ 142 044 0.090
120C° 723 0.50 15 11.54 £ 0.54 3524056 0.31 0.059
120N° 48 033 0.99 13324+ 1.19 3.86£0.05 029 0.064
Cryptococcus TJUWZAT1
20C® 14 2 0 892+073 091+£025 0.10 0.015
20NP 56 8 0 82+£043 0.75£0.02 0.09 0.013
80 56 2 0 9.64 + 041 1.19£0.11 0.12 0.020
120C° 84 2 0 9.38 £ 0.81 1.02£0.18 0.11 0.017
120N° 56 133 0 10.16 £0.78 154+£043 0.15 0.026

C/N calculation formula: C/N = [Glu] x 0.4(g — C/g — Glu)/ {([Pep] x 0.14(g — N/g — Pep)) + ([YE] x 0.114(g wt. N in YE)) }
2 Cmeans that altering C/N ratio by changing carbon source contents at a constant concentration of nitrogen source

b N means that altering C/N ratio by changing nitrogen source contents at a constant concentration of carbon source

acid (22:0), myristic acid (14:0), linolenic acid (18:3) and
arachidic acid (22:0). In another work, twelve different
yeast strains were evaluated for their lipid content and
fatty acid profiles, and the data demonstrated that the
predominant fatty acids are long chain fatty acids with
16-18 carbon atoms, including palmitic acid, oleic acid,
linoleic acid and linolenic acid (Spier et al. 2015).

Discussion

Oleaginous yeast are known to accumulate lipids up
to 20% of their biomass (Ageitos et al. 2011), thus both
strains isolated in our study are oleaginous by this defi-
nition. Only 3-10% of the 1600 known yeast species are
oleaginous, and the identified genera include Yarrowia,
Candida, Rhodotorula, Rhodosporidium, Cryptococcus,
Trichosporon and Lipomyces (Sitepu et al. 2014). Based
on the 18S rRNA analysis, the isolated strains TJUWZ4
and TJUWZA11 belonged to Rhodosporidium and Cryp-
tococcus genera, respectively, and their ability for lipid
accumulation has been demonstrated to be consistent
with previous published results (Meesters et al. 1996;
Sitepu et al. 2013, 2014).

Oleaginous yeast capable of producing high lipid titers
and yield is crucial to the bioprocess for conversion of
lignocellulosic waste to lipids, which can further be con-
verted to biodiesel (Slininger et al. 2016). A robust strain
exhibiting a wide range of adaptability and tolerance to
the growth conditions would be an ideal candidate for
development of such bioprocess. In the present study
one of the isolates Rhodosporidium TJUWZ4 was found
to exhibit such desired properties. It exhibited acid,

temperature and salinity tolerance and gave highest lipid
yield up to 44% (0.4 g/g) of cellular dry weight at C/N
80. It is noteworthy that only 5% of reported oleaginous
yeasts can accumulate more than 25% of lipids (Ageitos
et al. 2011), and our results of Rhodosporidium TJUWZ4
has shown much higher than 25% placing it among the
highest lipid accumulating oleaginous yeast.

While lipid content and yield can vary greatly among
species, overall fatty acid profiles have been shown to
be quite consistent under all conditions. As shown in
Table 4, the major fatty acids of two tested strains were
oleic acid (ca. 60% in TJUWZ4 and ca. 42% in TJU-
WZA11), palmitic acid (24.3% in TJUWZ4 and 30.4% in
TJUWZA11), and linoleic acid (ca. 11% in TJUWZ4 and
23% in TTUWZA11). Minor fatty acids were stearic acid
(18:0), myristic acid (14:0) and palmitoleic acid (16:1).
These are consistent with the range of lipids generally
found in other oleaginous yeast species (Dias et al. 2015;
Sitepu et al. 2013).

Fatty acid composition has significant impacts on per-
formance of biodiesel. Major properties of any biodiesel
that are directly influenced by the FAME composition
include: cetane number (CN), melting point, oxidative
stability, kinematic viscosity and heat of combustion,
which should be modified to comply with official stand-
ards ASTM D6751 and EN 14214 (Kaneko et al. 1976).
Based on the fatty acid profiles observed in our study,
it can be suggested that lipids from either yeast could
be ideal candidates for biodiesel production purposes.
However, owing to the robust nature of Rhodsporidium
TJUWZ4, to changes in culture conditions, it could be a
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Table 4 Fatty acid composition produced by cultures
of two newly isolated oleaginous yeast strains

Fatty acid Rhodosporidium Cryptococcus
TJUWZ4 (%) TJUWZA11 (%)

Myristic acid C14:0 0.7 04

Palmitic acid C16:0 243 304

Palmitoleic acid C16:1 1.2 0.7

Stearic acid C18:0 3.1 37

Oleic acid C18:1 59.8 418

Linoleic acid C18:2 109 230

Total 100 100

potential oleaginous yeast strain for biodiesel production
in pilot scale oil production under batch as well as semi-
continuous mode.

Lipid accumulation normally takes places when nitro-
gen source is depleted from the medium while carbon

source is still present in high amounts (Gao et al. 2014;
Granger et al. 1993). Under this condition, the excess
carbon source is channeled into lipid bodies to form tri-
glycerides (TAGs). From this, it can be deduced that a
high C/N ratio of the media would be favorable for lipid
accumulation. Accordingly, the lipid yield was increased
through the nitrogen limitation. Our results also implied
that at a certain level of nitrogen source, an increase of
carbon loadings (glucose in the case) from 48 g/l (C/N
80) to 72.3 g/1 (C/N 120C) was not beneficial for the lipid
production. There existed an optimum initial C/N ratio,
and when the value of C/N ratio was higher or lower
than the optimal one, lipid accumulation decreased.
Therefore, utilization of carbon sources should be con-
trolled in the batch fermentation since carbon accounts
for a large amount of the total production cost, and any
potential saving in carbon utilization will help to reduce
the processing cost and realize the economic industrial
application.
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In conclusion, ten marine yeast strains were isolated
from Bohai Sea of northern China. Sequence analy-
ses indicated that they belonged to three genera: Rho-
dosporidium, Rhodotorula, and Cryptococcus. Lipid
production analyses identified two high lipid-producing
strains, namely Rhodosporidium TJUWZ4 and Crypto-
coccus TJUWZA11. Further characterization of these
two strains for their ability to accumulate lipid under
various culture conditions revealed that Rhodosporidium
TJUWZ4 (44% yield on glucose and peptone with C/N
80) is among the 5% reported oleaginous yeast able to
accumulate above 25% lipid. Moreover, Rhodosporidium
TJUWZ4 showed tolerance to a wide range of pH, tem-
perature and salinity. The predominant fatty acid profiles
were oleic acid (18:1), palmitic acid (C16:0) and linoleic
acid (18:2) accounting to 90% of total fatty acids, highly
desirable for better biodiesel properties. Thus, Rho-
dosporidium TJUWZ4 has great potentials for applica-
tion in microbial based biodiesel production, and is an
important step towards the development of a cost-effec-
tive and high-yielding process for biodiesel production
from lignocellulosic waste.
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