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Abstract: Organic waste is generated worldwide, and its disposal and recycling are becoming a 
challenge. Due to its high carbon content, however, it may be converted into valuable products. 
Carbon neutrality is essential, and unstable international oil prices stress the increasing importance 
of biofuels significantly. Volatile fatty acids (VFA) derived from organic waste can be converted to 
microbial lipids by oleaginous yeast using it as a carbon source. When VFA is consumed by oleagi-
nous yeast, the pH of the medium rises; hence, acidic agents have to be added to the medium to 
maintain the broth’s pH. In this study, we enhanced microbial lipid productivity by automatic fed-
batch cultivation using VFA as an acidic agent, and the modified cultivation showed 48.9% and 
69.0% higher biomass and lipid productivity than manual multi-fed culture. At a VFA concentration 
of 5 g/L and pH 7.0, a lipid yield of 0.25 g/g alongside lipid productivity of 0.11 g/L/h was obtained 
from an automatic fed-batch system. Oleic acid accounted for the largest proportion of microbial 
lipids, and the fatty acid composition was suitable for biodiesel production. 
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1. Introduction 
Organic waste is one of the major concerns at present, and it has been increasing with 

the increase in population worldwide. According to the Food and Agriculture Organiza-
tion (FAO), approximately 1.3 billion tons of food are lost and wasted every year, costing 
the world economy 750 billion dollars [1]. Wasted food is currently landfilled or inciner-
ated, together with other combustible municipal wastes, for the generation of heat or en-
ergy in many countries [2]. However, both methods produce environmental stress and 
carbon emission [3]. Organic waste can also be utilized as a useful resource through vari-
ous fermentation processes due to its nutrients; therefore, research is underway for using 
organic waste as a feedstock for producing biofuels, such as biogas, hydrogen, ethanol, 
and biodiesel, as a final product [4,5]. 

Organic waste can be converted to valuable products via anaerobic digestion (AD) 
of its high carbohydrate content. AD involves four steps, namely hydrolysis, acidogenesis, 
acetogenesis, and methanogenesis (Figure 1) [6]. The first step of AD involves the hydrol-
ysis of organic matter, whereby organic material is broken down into smaller molecules. 
The next step of acidogenesis is the conversion of these small molecules to organic acids, 
carbon dioxide, and hydrogen. Acetic acid (AA), propionic acid (PA), butyric acid (BA), 
and ethanol are produced. Finally, methane and carbon dioxide are produced from ace-
tate, ethanol, and other intermediates during the methanogenesis step [5]. The final prod-
uct is methane, and the process is relatively slow for its high retention time. With the 
addition of methanogen inhibitors (chloroform, BES, iodoform, and β-cyclodextrin), vol-
atile fatty acids (VFA) concentration can be determined during acidogenesis and aceto-
genesis. VFA is a short-chain carboxylic acid with AA, PA, and BA as the main compo-
nents from AD. Each VFA has a number of industrial applications such as food additives, 
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solvents, chemical intermediates, etc. However, the separation of mixed VFA in media 
broth into single VFA is a challenge for its azeotrope distillation and economic problem. 
Therefore, the VFA conversion research is focus on these days. 

 
Figure 1. Product technology of VFAs and microbial lipid platforms. 

Considering VFA as an intermediate biofuel and biochemical, it is a versatile product 
that can play a crucial role in bioprocesses. VFA can be converted into mixed alcohols by 
the addition of hydrogen, ketone by thermal conversion, and hydrogen by VFA reform-
ing. It can also be used as a carbon source by many microorganisms. The disadvantage of 
VFA is that it can be utilized by only some microbial cells, while glucose can be utilized 
by almost all microbial cells. However, oleaginous yeast can utilize VFA as a carbon 
source and accumulate lipids over 20% of its cell mass [7–10]. 

Oleaginous yeast can accumulate lipids through the conversion of a given substrate 
by either de novo synthesis or ex novo synthesis [11]. Additionally, oleaginous yeasts can 
convert organic acids directly into acetyl-CoA through acetyl coenzyme A synthetase. Ac-
etyl-CoA is a building block of fatty acids used for lipid accumulation and ATP synthesis 
for biomass production in the TCA cycle. Furthermore, the microbial lipid is a potential 
platform chemical; it can be converted to biodiesel, linear alpha olefin, bio-naphtha, and 
jet fuel by further catalytic reaction (Figure 1) [12–15]. 

Microbial lipid is an intracellular product, and high cell density with high lipid pro-
duction is important for the reduction of further downstream process costs. For high cell 
density culture, substrate feeding control would be essential to avoid substrate inhibition 
and increase cell mass and microbial lipid during cultivation [16]. Some studies have been 
published regarding the online measurement of in situ VFA concentration by mid-infra-
red spectroscopy [17,18]. Nevertheless, accurate analysis remains a challenge, and some 
indirect feedback methods for feeding strategies in fed-batch culture, including pH-stat, 
dissolved oxygen (DO)-stat, and exponential feeding, are known to exist [19]. Research on 
several feeding strategies for oleaginous yeast cultivation has been conducted using glu-
cose, lingo-cellulosic biomass hydrolysate, and glycerol as carbon sources [20–24]. How-
ever, very few studies have shown VFA feeding strategies for microbial lipid production. 

The current study aimed to develop a new feeding strategy for VFA as a sole carbon 
source. It is based on the fact that pH rises due to the consumption of VFA. The oleaginous 
yeast, Cryptococcus curvatus (currently named Cutaneotrichosporon oleaginosus), was culti-
vated for microbial lipid production at an acidogenesis stage pH environment (pH 5.5 and 
7.0) and for automatic fed-batch cultivation with VFA solution for high cell density cul-
ture. 
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2. Materials and Methods 
2.1. Microorganism 

Cryptococcus curvatus (ATCC 20509, KCTC 7225) was obtained from the Korea Bio-
logical Resource Center (Daejeon, Republic of Korea). The strain was maintained by 
monthly subculture on potato dextrose agar (0.4% potato infusion, 2% dextrose, and 1.5% 
agar). Seed culture was cultivated for 1 day on 50 mL of liquid YPD medium (2% peptone, 
1% yeast extract, and 2% dextrose) in a 250 mL flask at 25 °C. 

2.2. Flask Culture Condition 
Flask culture experiments were performed using a minimal medium (pH 5.5) con-

taining the following (per liter of distilled water): 2.7 g KH2PO4, 0.95 g Na2HPO4, 0.2 g 
MgSO4·7H2O, 0.5 g yeast extract, and 0.1 g EDTA. The culture was supplemented with a 
10 mL stock solution containing (per liter) 4 g CaCl2·2H2O, 0.55 g FeSO4·7H2O, 0.52 g citric 
acid·H2O, 0.10 g ZnSO4·7H2O, 0.076 g MnSO4·H2O, and 100 μL 18 M H2SO4. Glucose (30 
g/L) was used as a carbon source, and NaNO3 or NH4Cl was added as a nitrogen source 
for a C/N ratio of 40. The cultivation conditions were 25 °C and 180 revolutions per minute 
(RPM) 

2.3. Fed-Batch Cultivation in 5 L Fermenter 
A 5 L fermenter (CNS, Republic of Korea), fitted with pH (FermProbe, Broadley 

James, Irvine, CA, USA) and DO electrodes (InPro 6820, Mettler toledo, Switzerland), was 
used for yeast cultivation. Two types of fed-batch culture experiments were conducted. 
One was a normal repeated fed-batch by manual feeding of VFA. pH was automatically 
controlled in manual fed-batch by adding 5 N HCl and 5 N NaOH and in automatic fed-
batch by adding synthetic VFA solution and 5 N NaOH. VFA solution ratio was 6:1:3 
(AA:PA:BA), which is typical of that fermented from food waste [5,25]. The medium com-
position was the same as that of the flask culture without carbon and nitrogen sources. 
NaNO3 was used as a nitrogen source and added at C/N of 5. VFA consumption was de-
termined by weighing the difference using a balance. The vessel was sterilized by auto-
claving at 121 °C for 15 min; 10% inoculum was transferred to the fermenter, and the 
working volume was 3 L. Cultures were grown at 25 °C with an aeration rate of 1 volume 
of air/volume of medium per minute (VVM) and DO concentration was maintained above 
30% air saturation for increasing RPM. 

2.4. Analysis 
Optical density (OD) was measured at 600 nm using a UV spectrophotometer (UV-

2600, Shimadzu, Kyoto, Japan). The yeast biomass concentration was determined by dry-
cell weight (DCW) measurement [26]. DCW was then determined by harvesting and 
transferring the culture samples to a pre-weighed centrifuge tube after centrifugation. 
Subsequent to washing with distilled water, the centrifuge tubes were dried at 85 °C over-
night to attain a constant weight. The liquid samples were analyzed by high-performance 
liquid chromatography (Agilent 1260 Infinity II LC system, Agilent Technologies, Santa 
Clara, CA, USA) with a refractive index detector and Aminex HPX-87H column (Bio-Rad 
Laboratories, Hercules, CA, USA). The temperature was 65 °C, and 5 mM of H2SO4 was 
used as the mobile phase at a flow rate of 0.6 mL/min. The fatty acid composition was 
estimated according to the fatty acid methyl ester (FAME) measurement by gas chroma-
tography (Agilent 7890A GC System, Agilent Technologies) analysis through direct trans-
esterification [26]. Lipid extraction was conducted using the Folch method with minor 
modifications. Briefly, 10 mg of dry biomass (after lyophilization) was mixed with 2 mL 
Folch solvent (2:1 v/v chloroform and methanol); this mixture was then sonicated for 30 
min to break the cell walls. For FAME analysis, 1 mL methanol, 300 μL sulfuric acid 
(H2SO4), and 1 mL chloroform containing lauric acid (C12:0) were used as the internal 
standard. This mixture was then incubated at 100 °C for 10 min using a heating block for 
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the trans-esterification reaction. A reaction tube supplemented with 1 mL distilled water 
and the lipid extract fraction in the bottom layer was filtered through a 0.2 μm PTFE sy-
ringe filter and analyzed using a capillary HP-INNOWAX column (30 mm × 0.32 mm × 
0.5 μm, Agilent Technologies) with a flame ionization detector (FID). 

3. Results and Discussion 
3.1. Effect of Nitrogen Source on pH of the Medium in Flask Culture 

Ideal automatic fed-batch requires the weight of VFA supplied to be equal to the 
weight of VFA consumed in order to maintain the VFA concentration in broth. If the sup-
ply of VFA as an acidic agent and VFA consumption is different, the VFA concentration 
will not be maintained in the broth. If the VFA supplied as an acid agent exceeds the VFA 
consumption of oleaginous yeast, the VFA concentration of the broth would increase. Fur-
thermore, if the VFA consumption were higher than that provided by VFA as an acid 
agent, the VFA concentration would decrease. Hence, the pH of the medium minimizes 
change from the consumption of nutrients except for VFA. Yeast cultivation used two ni-
trogen sources (NH4Cl and NaNO3) to find the pH drop effect without a carbon source. 
The OD values were 26.5 and 22.0 when using NH4Cl and NaNO3 as nitrogen sources, 
respectively. Hence, cell growth using NaNO3 as a nitrogen source showed 20% higher 
optical density than that using NH4Cl, and the final pH of the medium with NaNO3 or 
NH4Cl as the nitrogen source was 4.91 or 2.71, respectively (Figure 2). 

 
Figure 2. Effects of cell growth and pH change on the different nitrogen sources. Glucose (30 g/L) 
was used as the sole carbon source at a C/N of 40 in flask culture. Initial pH and rotation speed were 
5.5 and 180 rpm, respectively. 

The pH of the medium is decreased by the production of hydrogen ions as a result of 
the consumption of ammonium ions [27]. A similar trend was observed when 20 g/L of 
glucose was used as the sole carbon source, and Chlorella sp. cultivation from 10 g/L of 
glucose was used [26,27]. Although it had slightly lower than the initial pH, NaNO3 as a 
nitrogen source was relatively more acceptable for automatic fed-batch cultivation to 
maintain substrate concentration. Hence, NaNO3 was used as a nitrogen source in subse-
quent studies. 
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3.2. Yeast Cultivation with Manual and Automatic Fed-Batch in 5 L Fermenter 
An automatic fed-batch uses the acidic agent for VFA solution when the broth of pH 

increases by consuming yeast as a carbon source. In order to maintain the broth pH and 
prevent VFA depletion, acidic agents, including VFA, were added to the fermenter. Two 
fed-batch (manual and automatic) cultivation modes were used, and the DCW of auto-
matic fed-batch cultivation was 49% higher than that of manual fed-batch at 120 h. Manual 
and automatic fed-batch had similar biomass yields; however, the reason underlying the 
DCW difference was that automatic fed-batch had a 41.6% higher addition of VFA than 
manual fed-batch (Figure 3A). Automatic fed-batch maintained VFA concentration over 
4.4 g/L throughout the whole cultivation, and VFA was constantly added to the broth for 
pH-stat (Figure 3B). 

 
Figure 3. Two fed-batch cultivation modes with C. curvatus: (A) Dry cell weight and addition of 
VFA amount; (B) VFA concentration in broth. pH-stat for manual feeding used 5 N HCl as an acidic 
agent, and VFA solution was added ten times for fed-batch. The red arrows indicate when a VFA 
was added. Automatic feeding used 500 g/L VFA solution to obtain a pH of 7.0. The initial VFA 
concentration was 5 g/L. 

In the manual fed-batch mode, VFA was added to the broth to maintain a 5 g/L con-
centration, and the pH was adjusted to 7.0 with NaOH. However, manual fed-batch 
showed depletion of VFA even with two or three feeding times per day. VFA solution was 
added ten times to reduce VFA concentration across 120 h. This meant that the sampling 
cycle number had to be increased further. That depletion caused the inhibition of growth 
and lipid accumulation. The lipid content of automatic fed-batch was higher than that of 
manual fed-batch, and the lipid produced in automatic fed-batch was 69% higher than 
that in manual fed-batch during 120 h of cultivation. Lipid yield was 0.21 g/g for the man-
ual fed-batch and 0.25 g/g for the automatic fed-batch. The summarized results are shown 
in Table 1. 

Table 1. Comparison of manual and automatic fed-batch cultivation. 

Category Manual Fed-Batch Automatic Fed-Batch 
DCW (g/L) 13.40 19.95 
Biomass yield (g/g) 0.35 0.37 
Lipid content (%) 59 67 
Lipid (g/L) * 7.91 13.37 
VFA consumption rate (g/L/h) 0.32 0.45 
* Lipid means amount of lipid in yeast cells per 1 L broth. Hence, lipid = DCW × lipid content. 
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To prevent carbon source depletion in manual fed-batch cultivation, increasing the 
frequency of manual feeding might enhance lipid production. However, it would lead to 
extra labor and analysis costs and is an uncomfortable process. Moreover, there was no 
need to control pH, with HCl as an acidic agent, for pH-stat in automatic fed-batch culti-
vation. It reduced the process cost of accumulation of Cl- ions for long-term operation. As 
per our strategy, Shin et al. used formic acid as an acid agent for hydrogen production. In 
this pH stat, fed-batch cultivation was 1.4-fold higher than that in batch culture [28]. Chi 
et al. used potassium acetate as the sole carbon source for oleaginous yeast [29]. It is chal-
lenging to control the fed-batch manually for different optimized feed concentrations and 
periods. Thus, the feeding system was changed to automatic using a VFA solution as the 
acidic agent. 

3.3. Effects of VFA Concentration and Initial pH on 5 L Automatic Fed-Batch 
Oleaginous yeast has an optimal culture pH range between 5.0 and 6.0 during lipid 

production from glucose and glycerol [30]. However, a pH of 7.0 resulted in a higher DCW 
and lipid than a pH of 5.5 at a VFA concentration of 5 g/L (Figure 4A,B). Moreover, 5 g/L 
VFA and pH 5.5 represented 24% of the biomass productivity by 5 g/L VFA and pH 7.0 
and had a long lag time due to substrate inhibition. The pKa values of AA, PA, and BA 
are 4.75, 4.88, and 4.82, respectively, and from the Henderson–Hasselbalch equation, ace-
tic acid (undissociated acid) accounts for 15.1% and 0.6% at pH 5.5 and 7.0, respectively. 
The undissociated form of the acid molecule leads to intracellular acidification, which in-
hibits cell proliferation [31,32]. Furthermore, C. curvatus did not grow at over 7 g/L AA, 
4 g/L PA, or 4 g/L BA at pH 5.5 [26]. At pH 7.0, 5 g/L of VFA resulted in a higher DCW 
and increased lipids from relatively sufficient carbon and nitrogen sources than those ob-
tained by 2 g/L VFA. The final DCW was almost the same at pH 5.5 and 7.0 from 2 g/L 
VFA. At pH 5.5 and 2 g/L VFA, the volume of VFA consumed was lower than that con-
sumed at pH 7.0 and 2 g/L VFA until 48 h, after which the opposite trend was observed 
(Figure 4C,D). At pH 5.5, VFA concentration was difficult to maintain, and required ad-
ditional manual feeding to avoid VFA depletion. (Figure 4D). 

Table 2 shows a comparative summary of the results for each experimental condition 
of automatic fed-batch cultivation. DCW had a similar value at both pH 5.5 and pH 7.0 at 
2 g/L; however, pH 7.0 had a 19% higher biomass yield than pH 5.5. At a low pH, yeast 
cultivation increased the maintenance energy required to use ATP for energy maintenance 
[33]. To avoid substrate inhibition, Liu et al. carried out yeast cultivation under pH 7.0 
with mixed VFAs and varying concentrations of AA, PA, and BA 0-40 g/L [34]. In this 
study, the highest lipid productivity obtained was 0.11 g/L/h at pH 7.0 with a 5 g/L of VFA 
concentration. This was significantly higher than that found for oleaginous yeast cultiva-
tion using VFA. Furthermore, Xu et al. obtained 0.011 g/L/h of lipid productivity from 
microalgae fermentation derived through VFA by C. curvatus [35]. In addition, Fontanille 
et al. researched fed-batch cultivation with AA, PA, and BA. Lipid productivity was ob-
served to be 0.012, 0.006, and 0.006 g/L/h from AA, PA, and BA, respectively [36]. Moreo-
ver, Annamalai et al. produced VFA derived from waste paper with C.curvatus and sub-
sequently obtained a lipid productivity of 0.037 g/L/h [37]. 
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Figure 4. Effects of initial VFA concentration and pH on the growth of C. curvatus using the auto-
matic fed-batch mode cultivation: (A) dry cell weight, (B) lipid, (C) consumed VFA, and (D) VFA 
concentration in broth. The red arrow indicates when a VFA was added. 

Table 2. Comparison of different automatic fed-batch cultivation conditions. 

Category 
Cultivation Condition (VFA Concentration, pH) 

2 g/L, 
pH 5.5 

2 g/L, 
pH 7.0 

5 g/L, 
pH 5.5 

5 g/L, 
pH 7.0 

Biomass yield (g/g) 0.35 0.43 0.31 0.37 
Lipid yield (g/g) 0.23 0.23 0.18 0.25 
VFA consumption rate (g/L/h) 0.41 0.33 0.21 0.45 
Biomass productivity (g/L/h) 0.14 0.14 0.04 0.17 
Lipid productivity (g/L/h) 0.09 0.08 0.07 0.11 

Figure 5 shows the composition of VFA under each experimental condition. The ini-
tial VFA and fed-VFA composition ratio was 6:1:3 (AA:PA:BA); however, the final VFA 
composition ratios were 6.89: 2.61: 0.50 at pH 5.5 and VFA 2 g/L; 5.11: 3.32: 1.57 at pH 5.5 
and VFA 7.0 g/L; 6.47: 3.24: 0.30 at pH 7.0 and VFA 5.5 g/L; and 5.19: 3.68: 1.13 at pH 7.0 
and VFA 5 g/L. The proportion of BA decreased, and that of PA increased at 120 h. At pH 
5.5, the proportion of BA was less than 10% of the total VFA. At pH 5.5 and VFA 5/L, the 
VFA concentration was not maintained after 48 h and decreased to 3.36 g/L. At that time, 
butyrate consumption continued to increase after 48 h, with only 3% of butyrate remain-
ing after 120 h. In addition, the propionate ratio was increased compared with the initial 
ratio under all experimental conditions. Hence, the high butyrate and low propionate con-
tent of VFA could enhance both DCW and lipid productivity for its high consumption rate 
than others. The consumption ratio between 0 and 24 h was 6.44: 3.1: 32.5 of AA: PA: BA 
at pH 7.0 and VFA 5 g/L. Hence, the PA consumption rate was lowest during the initial 
period. Furthermore, the consumption ratio between 96 and 120 h was 6.01: 0.91: 3.08 of 
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AA: PA: BA with the same conditions. In automatic fed-batch cultivation, a 5 g/L VFA 
concentration at pH 7.0 was the optimum culture condition with a 6:1:3 ratio of VFA with 
0.25 g/g of lipid and 0.45 g/L/h VFA consumption rate. 

 
Figure 5. VFA composition under each condition (initial VFA composition was 60% AA, 10% PA, 
and 30% BA): (A) 2 g/L and pH 5.5, (B) 2 g/L and pH 7.0, (C) 5 g/L and pH 5.5, and (D) 5 g/L and 
pH 7.0. VFA solutions were fed manually after 63 h in order to maintain the concentration at 2 g/L 
and pH 5.5. 

Table 3 shows the fatty acid profile and consumption of each VFA on automatic fed-
batch cultivation. The major fatty acids were palmitic acid (C16:0), heptadecanoic acid 
(C17:0), heptadecenoic acid (C17:1), stearic acid (C18:0), oleic acid (C18:1), linoleic acid 
(C18:2) and, linolenic acid (C18:3). Fatty acid composition profiles were similar under all 
conditions, and the sum of C18:0 to C18:3 accounted for over 70%. Odd-number fatty acids 
concentrations were generally not higher than 5% of the total fatty acids in nature (animal 
or vegetable origin). Considering that propionic acid, odd numbers (C17:0 and C17:1) ex-
isted in 7–11% of total fatty acids and was converted to propionyl-CoA before entering 
the TCA cycle [26,38,39]. The BA consumption ratio was higher at 5 g/L VFA than 2 g/L 
VFA, whilst palmitic acid (C16:0) increased with the increasing BA consumption ratio. 
Zheng et al. obtained higher palmitic acid composition when using BA as the sole carbon 
source rather than PA and AA [38]. Additionally, Liu et al. also reported the lipid produc-
tion from mixed VFAs and each VFA individually [34]. The lowest biomass and lipid yield 
was observed with higher PA proportions. Furthermore, higher BA consumption caused 
an increase in C16:0 fatty acid in microbial lipids. The oleic acid (C18:1) represented the 
highest proportion of total fatty acids and is a suitable biodiesel due to its high oxidation 
stability [40]. However, although the instantaneous consumption varied for each organic 
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acid (Figure 5), the actual total amount of organic acid consumption was insignificant 
since the organic acid supplied remained at a constant ratio of 6:1:3. 

Table 3. Fatty acid profile and consumed VFA of C. curvatus from automatic fed-batch cultivation. 

Category 
Cultivation Condition (VFA Concentration, pH) 

2 g/L, pH 5.5 2 g/L, pH 7.0 5 g/L, pH 5.5 5 g/L, pH 7.0 

Fatty acid 
composition a (%) 

C16:0 11.08 11.56 15.34 14.96 
C17:0 6.32 8.68 6.65 7.09 
C17:1 1.23 2.19 1.62 1.50 
C18:0 14.18 11.71 11.21 14.80 
C18:1 53.64 49.88 50.17 47.67 
C18:2 7.81 9.72 9.39 8.40 
C18:3 2.62 3.29 2.36 2.84 

Consumed VFA (g) 
AA 88.37 72.58 44.69 98.63 
PA 14.47 10.87 5.50 12.63 
BA 45.24 36.88 25.79 51.77 

Consumed VFA 
ratio  59.7:9.8:30.6 60.3:9.0:30.6 58.8:7.2:34 60.5:7.7:31.8 

a Cell was harvested at 120 h, and each fatty acid composition was analyzed. 

4. Conclusions 
VFA is a promising feedstock derived from organic waste and can be the sole carbon 

source for oleaginous yeast. The strain, C. curvatus, requires a set pH control under opti-
mal VFA concentration in order to reduce inhibition due to undissociated acid. A lipid 
yield of 0.25 g/g alongside lipid productivity of 0.11 g/L/h was observed with an automatic 
feeding strategy under conditions of 5 g/L VFA and pH 7.0. Automatic fed-batch showed 
higher biomass productivity and lipid productivity along with better comfort than a man-
ual multi-feeding system and no need for an additional chemical acid agent for pH ad-
justment. Hence, automatic fed-batch culture is a potential method for utilizing VFA for 
long-term stable cultivation and obtaining high lipid productivity. As scale-up research 
progresses further, the VFA-based microbial lipid could be a useful production platform 
for biofuels and biochemicals. This bioprocess may contribute to carbon neutrality by re-
placing conventional petroleum-based fuels or chemicals. 
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