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ABSTRACT
The oleaginous yeast Lipomyces starkeyi is recognized for its remarkable lipid accumulation under nitrogen-limited conditions.
However, precise control of microbial lipid production in L. starkeyi remains challenging due to the complexity of nutrient media.
We developed a two-stage fed-batch fermentation process using a well-defined synthetic medium in a 5-L bioreactor. In the first
stage, the specific growth rate was maintained at a designated level by maximizing the cell density through optimizing the feeding
rate, molar carbon-to-nitrogen (C/N) ratio, and phosphate concentration in feedingmedia, achieving a high cell density of 213± 10
× 107 cells mL−1. In the second stage, we optimized the molar C/N ratio in the feeding medium for lipid production and achieved
high biomass (130 ± 5 g L−1), lipid titer (88 ± 6 g L−1), and lipid content (67% ± 2% of dry cellular weight). Our approach yielded
a high lipid titer, comparable to the highest reported value of 68 g L−1 achieved in a nutrient medium, by optimizing cultivation
conditions with a synthetic medium in L. starkeyi. This highlights the importance of well-established yet powerful bioprocess
approaches for the precise control of microbial cultivation.

1 Introduction

Triacylglycerols (TAG), a type of microbial lipids, are considered
sustainable alternatives for replacing non-renewable petroleum
and plant-derived oils in industries such as biofuels, food,
pharmaceuticals, and cosmetics [1–3]. Oleaginous yeasts have
garnered significant attention due to their outstanding lipid-
producing abilities under specific culture conditions [4]. One
such oleaginous yeast, Lipomyces starkeyi, has recently gained

substantial recognition for its remarkable oleaginicity, capable
of accumulating lipid content up to 85% of dry cellular weight
(DCW) [5]. Additionally, this yeast has exhibited good tolerance
to fermentation inhibitors, such as furfural and its derivatives,
and low-pH conditions [6, 7] and can also utilize a variety of low-
cost carbon sources, including lignocellulosic biomass, starchy
materials, and biodiesel-derived glycerol for lipid production
[8–11]. Recent advancements, including the publication and
establishment of the whole-genome sequence, metabolic mod-
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Summary
∙ A bioprocess for lipid production was established using a
synthetic medium.

∙ Cell growth and lipid accumulation could be separated by
controlling the C/N ratio.

∙ Depletion of phosphate and nitrogen triggers the lipid
accumulation.

∙ Supplement of nitrogen sustained cell number during lipid
production.

ules, and genemanipulationmethods, have further expanded the
possibilities for genetic manipulation aimed at enhancing lipid
production [8, 12–15]. Therefore, the remarkable lipid-producing
ability of L. starkeyi, coupled with the availability of cellular
information and molecular genetic tools, makes this yeast a
potential chassis for various industrial applications.

Nitrogen limitation is one of the well-studied inducing factors
that trigger lipid accumulation in oleaginous yeasts. When the
nitrogen source is depleted in the growthmedia, excessive carbon
sources are used for lipid synthesis [13]. Numerous attempts
have been made to increase lipid production in oleaginous L.
starkeyi by optimizing the molar carbon-to-nitrogen (C/N) ratio
in nutrient media [9, 15–18]. These nutrient media were often
supplemented with complex ingredients such as yeast extract
or peptone, which contain amino acids, vitamins, or nucleic
acid components [9, 15–18]. Lin et al. [17] found that the cell
propagation of L. starkeyi was almost completely inhibited, and
lipids accumulated in cells when nitrogen was deprived in the
glucose solution. Hence, Lin et al. [17] developed a two-stage
fermentation process for lipid production in L. starkeyi. The
group first cultured the L. starkeyi in 10 L of nutrient-rich YEPD
(yeast extract/peptone/glucose) medium in a 15-L bioreactor to
maximize cell density. Subsequently, all cells were harvested
and transferred into a 10-L bioreactor containing 4 L of 120
g L−1 glucose solution. By employing the two-stage fermentation
method, Lin et al. [17] successfully obtained a remarkable dry
cell weight (DCW) of 105 g L−1, a lipid titer of 68 g L−1, and
a lipid content of 65% of DCW in L. starkeyi. Although high
lipid titers and contents with nutrient media have been achieved,
precisely controlling lipid accumulation during cultivation by
the use of complex ingredients is difficult due to variability in
nutrient sources caused by the difference in the production area,
seasons, and processing methods of raw materials. Additionally,
the bioprocess of transferring biomass from one vessel to another
may lead to contamination and difficulties when scaling up to an
industrial level. To address these issues, developing a simple and
predictable lipid production strategy is important and urgent for
harnessing L. starkeyi for industrial applications.

A chemically defined synthetic medium allows for precise and
controllable formulation, ensuring comparable and repeatable
results during microbial cultivation [19]. Moreover, employing
a synthetic medium for microbial cultivations offers several
advantages, including cost savings on substrates, simplifica-
tion of downstream purification processes, and reduced risk of
contamination [20]. Attempts have been made to explore the

lipid-producing ability of L. starkeyi using synthetic media in
flask-scale trials, and high lipid contents has been achieved [5,
7, 21, 22]. However, the maximum lipid titers achieved using
synthetic media have not been on par with those attained using
nutrient-rich media [17]. For example, Juanssilfero et al. [5]
demonstrated that using a synthetic medium with xylose and
glucose as carbon sources yielded a high lipid content of 87%,
but the lipid titer reached only 22 g L−1. One reason for the
lower lipid titer using synthetic media could be attributed to
poor cell density. Fed-batch culture with constant feeding rates
or pulsed feeding strategies is a popular and well-established
feeding mode for cultivating various microorganisms [23–26].
However, both strategies can lead to substrate accumulation or
insufficient nutrient supply, which may curtail the growth phase
and limit cell density in the bioreactor [27]. To achieve efficient
and economically feasible lipid production, rapid cell propagation
at the highest growth rate is essential to shorten cultivation time
and reduce production costs. To address the issue of low cell
density when using synthetic media, we developed a two-stage
fed-batch fermentation process comprising a growth phase and a
lipid production phase (Figure 1). First, an exponential feeding
strategy was employed with nitrogen-rich synthetic media to
maximize the cell density. Second, a constant feeding strategy
was applied with nitrogen-limited synthetic media. Additionally,
we optimized nutrient consumption of feeding media during the
two phases of fed-batch fermentation. Eventually, we achieved
high lipid titers and contents, which are comparable to those
in previous studies using nutrient-rich media. Furthermore, the
fatty acid profiles of the obtained lipids closely resembled those of
plant-derived oils. This study presents a conventional yet strategi-
cally designed procedure that highlights the rational optimization
of cultivation conditions in a fermentation process utilizing a
controllable synthetic medium for the microbial production of
lipids and other valuable metabolites.

2 Materials andMethods

2.1 Yeast Strain, Culture Media, and Cultivation

The yeast strain L. starkeyi NBRC10381, obtained from the
National Bioresource Research Center, NITE (Chiba, Japan),
was used throughout this study. This strain was grown in yeast
extract/peptone/glucose broth (YPD) (20 g L−1 glucose, 10 g L−1

yeast extract, and 10 g L−1 peptone) at 30◦C for 48 h. The
culture was then mixed with the same volume of sterilized 300
g L−1 glycerol solution and stored at –80◦C as seed stock for
the following experiments. The pre-culture medium (30 g L−1

glucose, 5 g L−1 (NH4)2SO4, 1 g L−1 KH2PO4, 0.1 g L−1 NaCl, 1 g L−1

yeast extract, 0.5 g L−1 MgSO4⋅7H2O, and 0.1 g L−1 CaCl2⋅2H2O;
pH 5.5) [28] was used for the cell pre-culture. The pre-cultivation
was performed in a reciprocal shaker at 140 stoke per minute and
30◦C for 72 h.

In addition to providing carbon, nitrogen, vitamins and trace
elements are necessary for cell growth andmetabolite production
[21]. A synthetic medium was used as the basic fermentation
medium in this study [21]. The synthetic medium was prepared
by mixing sterile glucose solution (working concentration: 20
g L−1 glucose), a salt solution (working concentrations: 1.5 g L−1

KH2PO4, 1.5 g L−1 KCl, 0.5 g L−1 MgSO4⋅7H2O), vitamin mixtures
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FIGURE 1 Cultivation stages and feeding strategies in this study. The cultivation processes were separated into three parts. I. Batch culture phase.
II. Fed-batch with exponential feeding phase. III. Fed-batch with constant feeding phase. Due to the removal of culture during this phase, the feeding
rate was decreased accordingly to maintain the glucose concentration in the medium.

(working concentrations: 1 mg L−1 each of biotin, pyridoxine, thi-
amine, riboflavin, para-aminobenzoic acid, and nicotinic acid),
and a trace element solution (working concentrations: 2.25mgL−1

ZnSO4⋅7H2O, 11 mg L−1 H3BO3, 5 mg L−1 MnCl2⋅4H2O, 5 mg L−1

FeSO4⋅7H2O, 1.7 mg L−1 CoCl2⋅6H2O, 1.6 mg L−1 CuSO4⋅5H2O,
0.085 mg L−1 Na2MoO4⋅2H2O, and 5 mg L−1 Na4EDTA). The
desired molar C/N ratio of the medium was adjusted by mixing
the synthetic medium with a sterile NH4Cl solution.

2.2 Fermentation

The fermentation process was divided into two stages (cell
propagation and lipid production). For the cell propagation stage,
a batch culturewas performed to acquire primary biomass using a
synthetic medium. To start the batch cultivation, the pre-cultured
cells in nutrient medium were collected and washed once with
distilled water. The cells were then inoculated into the culture
medium in a 5-L stirred tank reactor (BML-05NP4) (ABLE and
Biott, Tokyo, Japan) to a cell density of 1 × 106 cells mL−1 to start
the cultivation. The initial volume of the culture was 2 L. The
temperature was controlled at 30◦C, and the pH was maintained
at 5.5 by the addition of 5NNaOHsolution.Agitation and aeration
were set at 100 rpm and 2 L mL−1, respectively, at the beginning
of fermentation. Afterward, the agitation was controlled from 100
to 1100 rpm to keep the dissolved oxygen (DO) at 50% (100%
of saturated oxygen levels at 30◦C) in the culture media using
an automatic control system (ABLE and Biott). The aeration
was manually changed from 2 to 4 L mL−1 when the maximum
agitation was reached to prevent the depletion of DO to 0%.
Antifoam LG109 (Adeka, Tokyo, Japan) was added as needed to
minimize foaming. After exhaustion of glucose, fed-batch culture
with an exponential feeding strategywas carried out tomaintain a
designated level of the specific growth rate (a μ-stat growth) of the
cells. A 0.5 L of feeding medium containing 500 g L−1 glucose in

the synthetic medium was used during the fed-batch culture. In
the exponential feeding strategy (with the same molar C/N ratio
of 7.1 in batch culture), the concentrations of KH2PO4 (3 g L−1),
MgSO4⋅7H2O (1 g L−1), and KCl (1 g L−1) were doubled in the
initial batch cultures and feeding media to prevent deficiencies
in essential nutrients such as phosphate, sulfate, and Mg2+ and
K+, which play crucial roles in cellular physiology [29, 30]. The
feeding mediumwas sterilized using a 0.22-µm filter before being
introduced into the fermenter.

For the lipid production stage, a fed-batch cultivation with a
constant feeding rate began once the glucose in the culture was
exhausted. A 3-L nitrogen-limited feeding medium (containing
500 g L−1 of glucose in the synthetic medium) was fed at a feeding
rate of 50 mL h−1 at the beginning and gradually decreased with
stepwise manner to maintain the residual glucose lower than 20
g L−1 in the culture. At approximately 3-L culture volume, 1.5 L of
culture was removed to prevent broth spillage by increasing tank
pressure (demonstrated in Supplementary Data 1).

2.3 Analytical Methods

At each sampling time point, 10 mL of culture was collected for
the measurement of various parameters, including cell density,
DCW, glucose concentration, nitrogen and phosphate levels,
lipid titer and content, and fatty acid composition. Cell density
was determined by counting the number of cells in a diluted
culture using a hemocytometer (117-112C; Watson, Hyogo, Japan)
under a bright-field microscope. The sampled cultures were
then centrifuged at 8000 × g for 5 min at 4◦C to separate the
supernatant from the cell pellets. The cell pellets were washed
once with distilled water and subsequently lyophilized until a
constant weight was achieved, allowing for gravimetric deter-
mination of DCW. The supernatants were preserved at –20◦C
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for further analysis. Glucose concentration in the supernatant
was determined using a biosensor BF-9 with a glucose electrode
(Oji Scientific Instruments, Hyogo, Japan). Inorganic nitrogen
(NH4-N) and phosphate (PO4-P) levels in the culture broth from
the samples were quantified using commercial kits: LabAssay
Ammonia (Fujifilm Wako Pure Chemicals, Osaka, Japan) for
nitrogen and theMalachite Green Phosphate Assay Kit (BioAssay
Systems, CA, USA) for phosphate.

2.4 Specific Growth Rate and Yield Calculation

The specific growth rate (μ, h−1) and biomass yield (YX/S, g g−1)
were calculated using the DCW (XDCW, g) and glucose (S, g)
of samples withdrawn at different time points, according to the
following Equations (1) and (2):

𝜇 =
(

1

𝑋DCW

)(
𝑑𝑋DCW

𝑑𝑡

)
=
𝑑 (ln𝑋DCW)

𝑑𝑡
(1)

𝑌𝑋∕𝑆 =
Δ (𝑋DCW)

Δ (𝑠)
(2)

where t represents the time of each sampling point (h).

2.5 Exponential Feeding Profile

An exponential feeding strategy was applied for the µ-stat fed-
batch cultivation to achieve a µ-stat growth of the cells using
glucose as a restriction substrate. A 0.5-L feeding medium
containing 500 g L−1 glucosewas fed from the end of batch culture
(see Figure 1) with gradually increased exponential feeding rates
(F) calculated according to the following Equation (3) [31]:

𝐹 =
𝜇set𝑉0𝑋0 exp (𝜇set𝑡)

𝑌𝑋∕𝑆(set)𝑆𝐹
(3)

where µset is the target µ (h−1), YX/S(set) is the target YX/S (g g−1),
V0 and X0 are the initial volumes of medium in fermenter (L)
and DCW (g L−1) at the starting time 0 h, respectively, SF is the
concentration of glucose in feeding medium, and t is the time
difference between the feeding point and the feeding starting
point. The predetermined µset and YX/S(set) were set to determine
the feeding rate.

2.6 TAG Quantification and Fatty Acid Analysis

Amethod for quantifying lipids (TAG) was modified and adapted
to determine the lipid content [28]. In brief, dried yeast pellets
(10–50 mg) were suspended in distilled water and homogenized
with 1 g of 0.5-mm glass beads (YGB05, Oji Scientific Instru-
ments). The lipid content was quantified using a commercial
kit, LabAssay Triglyceride (Fujifilm Wako Pure Chemicals).
Fatty acid profiles were determined through gas chromatography
analysis. Lipids were extracted and subsequently converted into
fatty acid methyl esters (FAME) using the same commercial kit,
the Fatty Acid Methylation Kit (Nacalai Tesque, Kyoto, Japan),
for gas chromatography analysis. Lipid samples are taken at the
end of cultivation time for each different condition (Nitrogen-
free = 192 h, C/N ratio 200 = 168 h, C/N ratio 400 = 168 h).

Heptadecanoic acid (C17) was added to the samples during
lipid extraction and used as an internal standard for FAME
quantification. The FAME samples were analyzed using a GC-
2014 gas chromatograph (Shimadzu, Kyoto, Japan) equippedwith
a flame ionization detector (FID) and a capillary column DB-
FATWAX UI (Agilent Technologies, CA, USA). Nitrogen gas was
employed as the carrier gas with a constant linear velocity of
50 cm s−1. The column temperature was programmed to start at
120◦C and maintained for 1 min, and then increased to 180◦C
at a rate of 20◦C min−1, and held for 10 min. Subsequently,
the temperature was raised to 220◦C at a rate of 5◦C min−1

and held for 5 min. Individual FAMEs were identified by
comparing sample retention times with a commercial FAME
standard, Supelco 37 Component FAME Mix (Sigma-Aldrich,
MO, USA), and quantified by comparison with the internal
standard.

2.7 Lipid Yield Calculation

To determine the final lipid yield of the fed-batch culture, total
lipid amount (P), including removed culture and consumed
glucose (S) throughout the cultivation process, was measured.
Lipid yield (YL/S, lipid-g/glucose-g) was calculated according to
Equation (4):

𝑌𝐿∕𝑆 =
Δ (𝑃)

Δ (𝑆)
(4)

where Δ(P) and Δ(S) indicate differences in the produced lipid
and consumed glucose, respectively, at the sampling point and
the starting point of cultivation.

2.8 Statistical Analysis

Statistical analysis was performed using R software, version 3.4.1,
with one-way analysis of variance (ANOVA) and Tukey’s post hoc
test. We performed the analysis to examine the significance of
differences in data from different time points and treatments, as
shown in Figures 2–6. We do not show the significant difference
on figures because of toomany data points; hence, we highlighted
the significance in Section 3.

3 Results and Discussion

3.1 C/N Ratio of 7.1 Gives Highest Cell Growth in
Batch Cultivation

To date, no studies that applied synthetic media for lipid pro-
duction in L. starkeyi have succeeded in achieving lipid titers
comparable to those achieved with nutrient media, primarily
due to low cell densities [8, 17]. To establish a platform for high
lipid titer production using a synthetic medium, we attempted
to employ a two-stage fed-batch fermentation strategy consisting
of a cell growth phase and a lipid accumulation phase. In the
growth phase, we aimed to maximize cell density using an
exponential feeding strategy to maintain a high growth rate. To
optimize the molar C/N ratio for cell growth and determine
the suitable ranges of specific growth rate (µ, h−1) and biomass
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FIGURE 2 Effect of different molar C/N ratios on the biomass concentration. Batch cultures with various C/N ratios in the culture media were
performed. The glucose concentration in the culture media was 20 g L−1. The cultures were monitored for 72 h. Dry biomass (A), residual ammonia
(NH4-N) (B), and glucose (C) in the culture media were measured at each time point. All experiments were carried out in parallel triplicates. Data are
presented as mean ± standard deviation.

yield (YX/S, g g−1) for calculation in exponential feeding rate in
Equation (3), we cultivated yeast cells in the synthetic media with
various molar C/N ratios by adjusting the amount of nitrogen
(NH4Cl) in media containing 20 g L−1 of glucose. The growth
and substrate consumption kinetics of batch cultivations are
presented in Figure 2. The results indicate that a low molar
C/N ratio (3.6), which contained the highest nitrogen among
the assessed conditions, led to a lower growth rate (Figure 2A).
In contrast, a high molar C/N ratio (26.8), which contained

the lowest nitrogen among the assessed conditions, resulted in
the lowest biomass due to insufficient residual ammonia in the
culture broth (Figure 2B). These data suggest that the ammonia
concentration inmedia affected cell growth. In addition, although
the glucose concentrations were at the same levels at the starting
time of each cultivation, different C/N ratios in the media also
affected the glucose consumption for cell growth (Figure 2C).
Although final concentration of biomass converged at a similar
level in tested conditions, the highest dry cells weight (11 g L−1)
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FIGURE 3 Optimization of feeding rate in the fed-batch culture with exponential feeding mode. Feeding patterns (µset: 0.075, 0.125, and 0.150 h;
YX/S(set): 0.45 g g−1) were predetermined according to Equation (3) (Section 2.4). Exponential feeding with various feeding patterns began at 52 h and
continued until 0.5 L of feeding media were consumed. The glucose concentration in the feeding media was 500 g L−1. The gray areas in the figure
indicate the feeding periods. The cultures were monitored for 72 h, and measurements included cell number (A), DCW (B), residual glucose (C), and
ammonia (NH4-N) (D) in the culture media at each time point. All experiments were conducted in triplicate, and the data are presented as mean ±
standard deviation.

was achieved with C/N ratio of 7.1 in the shortest cultivation
time of 56 h (ANOVA, Tukey’s honestly significant difference,
p < 0.05; Figure 2A). During the log phase of molar C/N ratio
equal to 7.1, the specific growth rate (µ, h−1) and biomass yield
(YX/S, g g−1) ranged from 0.10 to 0.14 h and from 0.45 to 0.58,
respectively. Therefore, the ranges of specific growth rate and
yield coefficients were used to calculate the exponential feeding
rate for exponential feeding strategies.

3.2 C/N Ratio of 16 and 6 g L−1 Phosphate in
Exponential Feeding Conditions Give Highest Cell
Density

To achieve a high cell density of L. starkeyi during the growth
phase, we applied an exponential feeding method (Section 2.4).
Based on the data in Figure 2, the yield (YX/S, g g−1) during the
log phase ranged from 0.45 to 0.58 g g−1, and the growth rate (µ)
ranged from 0.10 to 0.14 h. Accordingly, fed-batch cultivations
were performed with three predetermined exponential feeding
patterns (µset: 0.075, 0.125, and 0.150 h) while YX/S(set) was fixed

at 0.45 g g−1, which would generate low (µset: 0.075 h), middle
(µset: 0.125 h), and high (µset: 0.150 h) feeding conditions for cell
propagation.

As shown in Figure 3A,B, cell density and DCW reached the
highest values of 132 ± 4 × 107 cells mL−1 and 55 ± 2 g L−1,
respectively, when the feeding pattern was set with µset equal
to 0.125 and YX/S(set) equal to 0.45 g g−1. Although cell density
increased from 40 ± 6 × 107 cells mL−1 at 52 h to 132 ± 4
× 107 cells mL−1 at 72 h, cell proliferation ceased from 64 to
72 h during feeding. We confirmed that the dissolved oxygen
level remained sufficient (data not shown), while glucose and
nitrogen drastically accumulated at the end of exponential feed-
ing (Figure 3C,D), particularly when the feeding rates are 0.125
and 0.150 h. The glucose level of 0.075-h feeding rate was not
accumulated, probably due to the low feeding rate of glucose, at
which cell growth and glucose consumptionwere balanced. From
these observations, we considered cell growth was inhibited by
the accumulated substrates, particularlyNH4-N.According to our
previous results (Figure 2), high concentration of NH4-N up to 3.3
g L−1 inhibited the cell growth. Hence, we optimized the molar
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FIGURE 4 Optimization of the molar C/N ratio and phosphate concentration in feeding media on the fed-batch culture with exponential feeding.
Synthetic media with various molar C/N ratios (14, 16, and 18) and 3 or 6 g L−1 of KH2PO4 (denoted as P2X and P4X) were fed. The glucose concentration
in the feeding media was 500 g L−1. The feeding pattern (µset: 0.125 h; YX/S: 0.45 g g−1) was predetermined according to Equation (3) (Section 2.4).
Exponential feeding began from 52 to 68 h. Gray areas indicate the feeding periods. The cultures were monitored for 72 h. Cell number (A), DCW (B),
residual glucose (C), and ammonia (NH4-N) (D) in the culture media were measured at each time point. All experiments were carried out in triplicate.
Data are presented as mean ± standard deviation.

C/N ratio of feeding media by calculating new C/N ratio from
glucose and ammonia consumption during fermentation from
the previous data (Figure 3C, D, calculation not shown). Based
on this calculation, we got an average C/N ratio of 16, leading
to the predetermined C/N ratios of 14, 16, and 18 for the next
set of experiments. Using this new C/N ratios, the cell density
was increased from 132 ± 4 × 107 cells mL−1 (Figure 3A) to 179
± 10 × 107 cells mL−1 (Figure 4A) when the C/N ratio is 16 in
the feeding media. Previously, the inhibition of cell growth was
observed from 64 to 68 h (Figure 3A) along with a substrate
accumulation (Figure 3C,D). By increasing the C/N ratio to 16,
we were able to cease this inhibition (Figure 4A). Continuous
increase in DCW was also observed despite increasing the C/N
ratio to 16 or not (Figures 3B and 4B). Furthermore, cells with
intracellular lipid droplets were visible under the microscope
(data not shown), indicating cultivation phase was shifted from
the cell growth to lipid production phase, despite the presence
of high concentration of nitrogen. Previous studies have shown
that not only nitrogen starvation but also phosphate starvation
can induce lipid accumulation in oleaginous yeast [32]. Further-
more, phosphorus (P), mainly incorporated into nucleic acids,
phospholipids, and coenzymes, is one of the essential elements

for cell growth [32]. Therefore, we suspected that the cessation
of cell growth with visible lipid droplets in L. starkeyi cells might
result from an insufficient phosphorus supply from themedia. By
measuring the residual phosphate (PO4-P) concentration during
exponential feeding, we found that the phosphate concentration
gradually decreased to 0 g L−1 at 68 h when initially supplied at
3 g L−1 (Figure S2). With the condition of C/N ratio of 16 and
phosphate of 3 g L−1, we reached high cell density of 179.4 ± 10
× 107 cells mL−1 (Figure 4A). Therefore, we further increased
the concentration of KH2PO4 from 3 to 6 g L−1 in the feeding
media with the same C/N ratio of 16 to verify our hypothesis
that insufficient phosphorus supply hinders the cell growth. By
supplementing the phosphate source, the cell density further
increased to 213 ± 10 × 107 cells mL−1 (Figure 4A), which was
1.6 times higher than the previous density of 132 ± 4 × 107
cells mL−1 (Figure 3A) before optimization. In summary, based
on the data from Figure S2 and Figure 4, cell density could be
further elevated by reducing substrate accumulation and sup-
plementing phosphate concentration during exponential feeding.
The present data also highlight the importance of phosphate in
cell growth, as well as in the induction of lipid accumulation, in
L. starkeyi.
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FIGURE 5 Effects of different molar C/N ratios in feeding media on biomass concentration and lipid production in the fed-batch culture with
constant feeding. The syntheticmediumwithout nitrogen (A) and thosewithmolar C/N ratios of 200 (B) and 400 (C)were fed during the lipid production
phase. The glucose concentration in the feeding media was 500 g L−1. Three liters of nitrogen-limited media (nitrogen-free and C/N equal to 200 or 400)
were fed starting at 70 h after the exponential feeding phase. The feeding rate was set at 50 mL h−1 and gradually decreased to prevent the residual
glucose concentration from exceeding 20 g L−1. Light gray areas indicate the fed-batch I, while dark gray areas indicate the fed-batch II periods. The
cultures were monitored until 3 L of feeding medium was exhausted. To prevent spillage, 1.5 L of culture broth was removed twice when the culture
volume reached around 3 L. Red dashed lines indicate the time points of removing culture broths. The cultures were monitored until the 3-L feeding
media were depleted. Cell number, DCW, residual glucose, ammonia (NH4-N), and phosphate (PO4-P) in the culture media were measured at each time
point. All experiments were carried out in triplicate. Data are presented as mean ± standard deviation.

FIGURE 6 Fatty acid profiles of produced lipids in Lipomyces starkeyiNBRC10381 culturedwith differentmolar C/N ratios. Samples were collected
at the end of the cultivations. Lipid and fatty acid ester mixtures were extracted and prepared as mentioned in Section 2.6. All experiments were carried
out in parallel triplicates. Data are presented as mean ± standard deviation.
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3.3 Two-Stage Continuous FeedingWith Limited
NitrogenMedia Gives High Lipid Titer

Nitrogen starvation is a well-studied method to induce lipid
accumulation in oleaginous yeasts. When the nitrogen source
is depleted in the growth media, excessive carbon sources are
used for lipid synthesis [13]. Studies [33, 34] have discussed
that an efficient way to maximize lipid productivity in whole
cell biocatalysts is separating the phases of cell propagation
and product production to perform multiple complex chemical
conversions in a single unit operation. Previous studies conducted
with L. starkeyi also demonstrated that harvesting cells after cell
propagation in nitrogen-rich media and transferring the cells
into nitrogen-free media for lipid production could effectively
achieve high lipid productivity and a high conversion rate of
carbon source to lipid. Therefore, our strategy is to separate the
cell propagation and lipid production phases to maximize the
lipid production (Figure 1). After maximizing cell number with
nitrogen-rich medium (0.5 L of feeding medium containing 500
g L−1 glucose with a C/N = 16) by the exponential feeding from
52 to 68 h, we performed a preliminary experiment to estimate
glucose consumption rate and lipid yield against glucose in the
lipid production phase by only feeding nitrogen-free synthetic
media. When 1 L of nitrogen-free synthetic media (no nitrogen
source) containing 500 g L−1 glucose was added after exponential
feeding, the glucose consumption rate and lipid yield were
determined to be 30 g h−1 and 0.14 g g−1, respectively (data not
shown). To achieve a lipid titer comparable to the highest value
of 68 g L−1 achieved in L. starkeyi using nutrient media [17], we
calculated the expected glucose amount needed for reaching the
previous value. Next, we determined to feed 3 L of feeding media
(500 g L−1) for lipid production. To prevent the overflow of culture
media in the fermenter, we removed 1.5 L of cultures twice during
lipid production (Figure 1 and Figure 5A). The residual glucose
concentration was controlled to be lower than 20 g L−1 during
lipid production in our study. The lipid titer and content reached
72 g L−1 and 61 % of DCW, respectively, by feeding nitrogen-free
media (Figure 5A and Table 1). Although the titer was comparable
to the reported data (68 g L−1) [17], the cell titer (DCW) remained
at a similar level from 127 to 195 h, with a decreasing cell density
from 297 ± 19 to 120 ± 21 × 107 cells mL−1 (Figure 5A). Therefore,
we considered that maintaining a sustained cell density during
lipid production could further increase the lipid titer. We hypoth-
esized that the addition of a trace amount of nitrogen would
help cells to maintain the proper intracellular physiology for cell
survival during lipid production phase. To confirm this concept,
we supplemented nitrogen in the feeding media (C/N = 200 and
400). The results showed that the cell densities of C/N equal to
200 and 400 at the end of feeding (232 ± 35 and 178 ± 32 × 107
cells mL−1) were higher than those of the nitrogen-free medium
(120± 21× 107 cells mL−1) (Table 1). In addition, the lipid titers (88
± 6 g L−1 for C/N equal to 200; 81 ± 5 g L−1 for C/N equal to 400)
were higher than those achieved with the nitrogen-free medium
(Table 1). As a result, the supplementation of a trace amount of
nitrogen source during the lipid production phase could increase
cell density and further elevate the lipid titer without ceasing
lipid accumulation by L. starkeyi. Furthermore, we observed that
the high cell density in the nitrogen-supplemented conditions
shortened the cultivation time by consuming more glucose,
leading to better lipid productivities and lipid yields in the whole
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fermentation process or lipid production phases than those fed
with nitrogen-free media (Table 2).

It is worth noting that despite similar levels of cell density
during the cultivations, we observed higher lipid production
(titer, content, yield, and productivity) when employing a molar
C/N ratio of 200 as compared to molar C/N ratio of 400
(Table 1). Several reasons were considered. First, we suspected
that the overshoot of glucose at 79 h may be the cause. A
previous study demonstrated that controlling the residual glucose
concentration to be lower than 5 g L−1 throughout the lipid
production phase could increase lipid titer up to 1.4 times higher
than that achievedwhilemaintaining glucose concentration at 30
g L−1 in Rhodosporidium toruloides [42]. The amount of nitrogen
used for the biosynthesis of microbial lipids may be another
cause. Although nitrogen depletion triggers lipid accumulation
in oleaginous yeasts, the cells still require a nitrogen source to
produce enzymes and cofactors necessary formaintaining the cell
survival [43]. One study showed that freshmediumwith nitrogen
sources can be applied to restart an exponential cell propagation
process and further boost lipid production in repeated fed-batch
cultures [42]. Therefore, we considered that the supplementation
of a trace amount of nitrogen could also help the cells retain the
intracellular physiology during lipid production.

Additionally, we observed that the residual phosphate concentra-
tion during the lipid production phase gradually accumulated in
the culture media as the cell density reached its highest levels
during the cultivation process. The lowest residual phosphate
concentration was reached when the maximum cell density was
achieved in all culture conditions (Figure 5). Subsequently, the
cell density gradually decreased with an increment of phosphate
accumulation. The data implied that the phosphate demand was
different for cell growth and lipid production. Wierzchowska
et al. [44] demonstrated that phosphate could increase biomass
for producing lipids in oleaginous yeast Yarrowia lipolytica. The
group suggested that determining the correlation between N/P
molar ratio, biomass growth, and efficient lipid accumulation
is crucial. Taken together, the phosphate demand in different
phases could further be investigated and optimized in the future
in L. starkeyi. Comparing our data with previous studies that
used sugar-based (glucose and xylose) nutrientmedia or synthetic
media for lipid production in oleaginous yeasts (Table 2), our
study achieved the highest biomass (130 g L−1) and lipid titer (88%
of DCW) among early studies.

3.4 L. starkeyiMicrobial Lipids Mainly
Composed of Oleic Acid and Palmitic Acid and Are
Not Affected by Different Nitrogen Content in the
Medium

The microbial lipids produced by L. starkeyi are known to mainly
contain 14–18 carbons and exhibit low degrees of unsaturation,
which are similar to palm oils [38]. To confirm the fatty acid
profiles of the lipids produced in this study, the lipids produced by
feeding media with different molar C/N ratios were transmethy-
lated and analyzed by gas chromatography. The fatty acid profiles
of the lipids mainly consist of palmitic acid (C16:0, comprising
28%–33% of total fatty acids) and oleic acid (C18:1, comprising
40%–42% of total fatty acids) (Figure 6), which is similar to other

reports [28]. Although fatty acid profiles can differ when culture
conditions change in oleaginous microbes [44], there were no
significant differences observed in the fatty acid profiles between
the different culture conditions (Figure 6). Taken together, the
lipids produced using the method we demonstrated have the
potential to serve as a palm oil–like feedstock for industrial
applications.

4 Conclusions

The present data have demonstrated a novel two-phase feeding
strategy with synthetic media that separates the high-cell-density
growth phase from the lipid production phase. By supplying
a trace concentration of nitrogen during the lipid production
phase, a high cell density could be sustained without ceasing
lipid production by the cells, enabling a non-engineered L.
starkeyi strain to achieve a comparable lipid titer (88 g L−1)
and a high biomass (130 ± 5 g L−1) as those in a nutrient
medium. To the best of our knowledge, this represents the highest
reported lipid titer and biomass among all L. starkeyi studies
to date. This observation highlights the importance of well-
established yet powerful biochemical engineering approaches for
the precise control of microbial cultivation, which is crucial for
chemical manufacturing. In addition, the data also demonstrate
the importance of phosphate in cell growth and the induction
of lipid production of L. starkeyi. We believe that this method is
not limited to just L. starkeyi but can also be applied in processes
aimed at converting inexpensive and renewable materials into
lipids and related products in the future.
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