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ABSTRACT: Lipid production by Yarrowia lipolytica W29 in fed-batch mode was investigated by using low-
cost substitutable defatted silkworm pupae hydrolysate (DSWPH) as a feedstock. Based on the optimized lipid 
fermentation conditions, three media (yeast extract, DSWPH, yeast extract-DSWPH as N sources) were 
investigated in a batch fermentation process. The DSWPH medium displayed the optimal lipid accumulation 
ability with a lipid yield raised by 16.13%, a ratio of unsaturated fatty acids vs. saturated fatty acids inproved by 
0.96-fold, and a ratio of unsaturated fatty acids in total fatty acids increased to 87.23%. The mathematical 
equations based on experimental data provided a good description of temporal variations such as dry cell weight, 
glucose consumption, and product formation in lipid fermentation. The results showed that the Luedeking–Piret 
type equation successfully described glucose consumption and lipid accumulation in the batch culture process. A 
fed-batch fermentation system was designed based on the model prediction. In the lag phase, rapid biomass 
growth and lipid accumulation were sequentially achieved with the adjustment of temperature, pH, and dissolved 
oxygen. Finally, the maximum biomass and lipid productivity were 24.01 g/L and 2.76 g/L/d, respectively.  
KEY WORDS: Yarrowia lipolytica, defatted silkworm pupae, microwave, unsaturated fatty acids, kinetics, fed-
batch.  
 
Introduction 

Microbial oils, also called single cell oils (SCOs), have been considered as potential feedstock for oil 
sources due to relatively high unicellular growth rate and rapid lipid accumulation ability [1]. SCOs have been 
expected as alternative oil sources which are rarely found in plant or animal (i.e. lipids containing rare 
polyunsaturated fatty acids or cocoa butter equivalents). Another attractive perspective is to use SCOs as the 
material for the production of bio-diesel. The lipid productivity and quality of microorganism are pivotal factors 
in making microbial edible oil economically viable. However, industrial scale implementations are presently 
prohibitive due to the high cost of the process, especially the cost of the medium components. Most researchers 
focused on seeking low cost raw materials instead of glucose as carbon source for the heterotrophic fermentation, 
including raw glycerol [2], volatile fatty acids[3], cassava starch hydrolysate [4], sugar beet molasses [5], wheat 
straw hydrolysate [6], olive mill wastewater [7], sweet sorghum juice [8], Jerusalem artichoke [9], etc.. However, 
organic nitrogen sources, such as yeast extracts or peptone, are at least 5-fold more expensive than conventional 
carbon sources (i.e. glucose) [10]. Therefore, a cost-effective and efficient nitrogen source is critical to 
economically enhance lipid accumulation in microorganism. For example, corn steep liquid (CSL) is a kind of 
nitrogen source substitution to replace yeast extract in Clostridium fermentation, which enhanced butanol 
production by seven-fold compared to yeast extract in bottle fermentations [11].  

 The defatted silkworm pupae (DSWP), an agro-industry byproduct derived from silk reeling process, 
contains necessary nutrients for microbial growth. This unique waste biomass was considered as a new nitrogen 
source substitution. As we all know, silkworm pupae is the largest by-product in silk industry. In China, 650,000 
tons of silkworm pupae is generated every year. Some of them were utilized to extract oil, which could be used 
for structural lipids formation. It's worth mentioning that the DSWP residue contains 85.2% protein. In our 
previous study, conversion of DSWP to microbial lipids by the oleaginous yeast Yarrowia lipolytica was studied, 
and several methods of DSWP hydrolyzation were compared. After pretreatment, DSWP proteins were 
converted to soluble polypeptide in the DSWP hydrolysate (DSWPH), making it easier to be used by 
microorganism. The prior results demonstrated the feasibility of using DSWP as an alternative nitrogen source 
by achieving 13.64 g L-1 dry cell weight (DCW) and 3.71 g L-1 lipid production.  

Oleaginous yeasts, especially Y. lipolytica, have shown to be excellent SCOs producers in terms of its 
unique physiological characteristics and GRAS (generally recognizes as safe). It has been a model organism for 
lipid production and claimed having a great potential in industrial application [12]. Although these previous 
studies have extensively investigated and discussed the effect of fermentation conditions on lipid yield, to pursue 
a high productivity and low cost bio-product, it is vital to develop a suitable cultivation method to investigate 
and evaluate the potential growth rate and lipid production of Y. lipolytica by using DSWPH. Fermentation 
models can provide useful information for the description, prediction and evaluation of a fermentation process 
without complexity [13]. Inherence mechanism of microbial fermentation processes are very complex, and 
fermentation model could be critical for process investigation, control, and optimization in practical applications 
[14]. Hence, developing mathematical models of fermentation kinetics is a useful tool for fermentation system.  
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This study presented the application of DSWPH as organic nitrogen source for enhancing oil accumulation 
by Y. lipolytica W29. Microwave assisted enzymatic pretreatment was investigated to hydrolyze DSWP because 
multiple reactions and processes, including enzymatic digestion of proteins, can be accelerated under microwave 
irradiation [15]. To pursue the optimization of fed-batch condition, several parameters were studied to determine 
their effects on cell growth and lipid accumulation of Y. lipolytica W29. An efficient feed strategy for producing 
the maximum lipid and high unsaturated fatty acids (UFAs) yield was developed in fed-batch mode fermentation 
by investigating kinetic model and culture condition. The long-term stability of the strain cultivated on fed-batch 
mode was detected. The overall goal is to demonstrate the feasibility and potential of utilizing agricultural and 
forestry waste as nitrogen source for fermentation to produce lipid and biodiesel. 
 
Materials and Methods 
Microwave assisted enzymatic hydrolysis of DSWP 

Dried silkworm pupae (Sericultural Research Institute, Chinese Academy of Agricultural Sciences) was 
mechanically milled to fine powder (about 50-100 in diameter) and defatted. In the enzymatic hydrolysis stage, a 
mixture of 5 g DSWP, 45 mL water (corresponding to a 10% (w/w) solid loading) and 3% (kg kg-1 DSWP) 
neutrase (Nantong Feiyu Biological Technology Co. Ltd., Nantong, China) was conducted at 55 °C, pH 7.0 for 
30 min under microwave irradiation (CEM, MARS5, USA). During the process, neutrase was applied to degrade 
the protein of DSWP. After hydrolyzing, the mixture was centrifuged at 7000 rpm for 10 min to remove 
insoluble substance. The residual obtained was washed by pure water three times and collected together.  

Detection of metals concentration from DSWP by ICP-MS 
All reagents were made in water purified (>18.2 ΩWcm-1) using a Milli-Q (MQ) system (Millipore Corp., 

Billerica, USA) (Millipore). Optima grade nitric acid (Fisher Scientific, St. Louis, USA), and Fluka trace select 
grade hydrogen peroxide (Sigma-Aldrich, St. Louis, USA) were used in all sample preparation and dilution steps. 
The stock solutions (1g L-1) were obtained by dissolving appropriate amounts of corresponding salts in 1% (v v-1) 
diluted HNO3 and diluted to 100 mL high purity deionized water, respectively. The microwave digestion 
procedure for DSWP samples and operating parameters of ICP-MS were shown on Supporting Materials [16]. 

The DSWP and its residual were dried at 60 °C in vacuum overnight. The dried specimens were 
homogenized and then weighed precisely. The sample was digested with concentrated HNO3 in the microwave 
oven. Samples were analyzed using an ICP-MS (Thermo X Series2, Thermo Scientific, USA). Standard 
solutions (E. Merck, Darmstadt, Germany) were used to determine elemental concentrations.  

Culture and medium 
Y. lipolytica W29 (the American Type Culture Collection center, ATCC) was maintained at 4 °C. It was 

kept on YEPD agar plates (%, yeast extract 1, peptone 2, glucose 2, and agar 1.5). Every month, single colonies 
were transferred to a fresh plate, incubated for 4 days, and then maintained under refrigeration condition. 

The seed medium contained (per liter): 20 g glucose, 10 g yeast extract, and 10 g tryptone. The initial pH 
was nature (about 6.5~7.0). Baffled hybrid flasks (250 mL) containing 50 mL of culture medium were used for 
cultivation with rotary shaking (200 rpm) at 28 °C for 24 h. The growth medium using yeast extract as N source 
contained (per liter): 40.0 g glucose, 2.0 g ammonium tartrate, 1.5 g yeast extract, 7.0 g KH2PO4, 2.0 g Na2HPO4, 
1.5 g MgSO47H2O, 0.1 g CaCl22H2O. The growth medium using DSWPH contained (per liter): 40.0 g glucose, 
2.0 g ammonium tartrate, 30 mL DSWPH, 7.0 g KH2PO4, 2.0 g Na2HPO4, 1.5 g MgSO47H2O, 0.1 g CaCl22H2O. 

Parameters optimization for fed-batch fermentation 
Five factors including glucose concentration, inoculum dose, pH, temperature, and dissolved oxygen (DO) 

on lipid accumulation and distribution were investigated in batch experiments. The seed culture was inoculated 
at 5 % (by volume) into the 3 L bioreactor (BioFlo/CelliGen 115, New Brunswick Scientific, USA) containing 2 
L initial growth medium. The inoculated flasks were kept on a rotary shaker at 28 °C, 200 rpm for 72 h. 

Kinetics of the growth and lipid production 
The kinetic models for lipid batch fermentation including variables of biomass (X, DCW, g L-1), substrate 

(S, glycerol, g L-1), and product (P, Lipid, g L-1) were established. Microbial growth, lipid accumulation, and 
sugar utilization of Y. lipolytica W29 in batch fermentation process utilizing DSWPH, yeast extract, or the 
mixture were modeled according to mathematical models based on the Logistic and Luedekinge-Piret equations 
[17]. Values of the kinetic parameters and model simulations, were calculated using the methods described by 
Sattur [18] for the speculation of the fermentation data. 

Experimental data from batch fermentation in 3.0 L bioreactor was utilized to simulate the kinetic 
parameters in the proposed set of model equations [19]. Nonlinear curve was fitted and kinetic parameters were 
estimated. The fed-batch was conducted under the estimation of the model that established. 

The experiments were carried out in three replicates and results were presented as the average with standard 
deviation (SD) represented by error bars in graphs. Analysis of variance (ANOVA) procedure followed by 
Duncan’s test was applied to determine the significant difference (p<0.05) between treatment means [20]. 
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Batch and fed-batch fermentation 
The inoculum used was obtained from a two-stage progressive scale-up from 1 mL to 50 mL and finally to 

2 L. First one tube of cells was inoculated into 50 mL seed medium in a 250 mL flask and incubated at 28 °C, 
180 rpm on a reciprocal shaker until the optical density (OD) at 600 nm of seed culture reached 1.2±0.1. Then 
the seed broth was inoculated into the 3 L bioreactor containing 2.0 L initial growth medium. The inoculated 
flasks with culture medium were kept on a rotary shaker at 28 °C, 200 rpm for 72 h. 

After seed preparation, 5% of seed broth (400 mL) was transferred into a 3 L bioreactor containing 1.6 L 
initial growth medium pumped into the bioreactor. After 24 h of fermentation at the lipid accumulation stage, the 
stock solution containing growth medium supplemented with 160 g L-1 glucose and 40 mL L-1 DSWPH was 
added to maintain the concentrations of C and N at desired levels. The medium volume was maintained at 2 L. 

 The bioreactor was operated isothermally at 28±1 °C with a stirring rate of 200 rpm and an aeration rate of 
1.5 vvm. The pH of the medium was adjusted to 5.5 before sterilization. The DO was natural at the beginning 
but kept at 30% in the lipid accumulation stage. The pH-value was automatically controlled by adding 2 M 
H2SO4 and 2 M NaOH solutions during fermentation. Foam was controlled by the addition of 25 % organ silicon. 
Samples were taken at intervals for determination of DCW, glucose concentration and lipid concentration. 

Analytical methods 
DCW was determined by transferring 5 mL cell suspension to a pre-weighted centrifuge tube followed by 

centrifugation at 8000 × g for 5 min. The cell pellet was washed twice with distillated water and freeze-dried 
until constant (24 h). Glucose was determined by an SBA-40D biosensor analyzer (Institute of Biology of 
Shandong Province Academy of Sciences, Shandong, China). Before detection the supernatant containing 
residual glucose was diluted into a proper concentration [21]. 

The DH, which was defined as the percentage of the ratio of the number of peptide bonds cleaved (h) to the 
total number of bonds per unit weight (htot.), was determined using the ninhydrin reaction and calculated with the 
following equation. The htot. of silkworm pupae protein was 7.8 mmol g-1. 

                                                           (1)    

A two-step methylation process was applied for the determination of fatty acid (FA) composition in Y. 
lipolytica W29 [22]. The amount of fatty acid methyl esters (FAMEs) in the samples was determined by the gas 
chromatography (GC) equipped with a flame ionization detector (FID) (Model 6820 GC system, Agilent 
Technologies, USA) and a fused silica capillary column HP-Innowax (Thickness 0.25 lm, I.D. 0.25 mm, Length 
30 m, Agilent Technologies, USA). The oven was initially set at 80 °C for 1 min, heated to 200 °C at a rate of 
15 °C min-1 and then to 250 °C at a rate of 2 °C min-1 and maintained for 6 min. Highly pure N2 (99.99 % purity) 
was the carrier gas (1.0 mL/min), and the stigma pressure was 0.07 Mpa. The split ratio was 50:1. All samples 
were assayed in triplicate. Based on these response factors, the FAs in samples were quantified by comparing 
their peak area with the internal standard (C 17:0) and corrections were applied based on their response factors.  

Total lipid extractions were obtained from 100 mg samples. The freeze-dried yeast cells were suspended in 
a 2:1 chloroform/methanol solution by glass beads for 20 min. The organic phase was collected and washed with 
pure water before being dried at 60 °C and weighed to quantify lipid production [23]. 

 
Results and discussion 

Characteristics of DSWPH 
The DSWP used in the study contained 85.2% (w w-1) protein and 3.4% oil. The protein was converted into 

fermentable micro-molecular substrates after the microwave-assisted enzymatic hydrolysis, and the final 
concentration of total N is about 5.9 g L-1. Considering that the total N in yeast extract is 10.0-12.5 (wt %), per 
gram of yeast extract should be replaced by ca. 20 mL hydrolysate with a N content ranged in 5-6.25 mg mL-1.  

Table 1 shows slightly difference in metal contents of the DSWP when using different pretreatment. The 
microwave showed a slight increase of the heavy ions solubilizing, such as Cu, Fe, and Zn. After microwave 
assisted enzymatic hydrolysis, only 15.03% biomass was left. However, the value was 40.53% when DSWP 
went through enzymatic hydrolysis. According to the weight loss of biomass and metal content before and after 
the pretreatment, the metal concentration in hydrolysate could be calculated. In the medium using DSWPH as N 
source, the metals concentration were 0.03 Cu, 0.31 Zn, 0.11 Fe, 0.01 Mn, 14.00 Mg, 33.63 K, 3.26 Ca (mg L-1) 
after enzymatic hydrolysis while the metals concentration were 0.04 Cu, 0.48 Zn, 0.18 Fe, 0.02 Mn, 18.96 Mg, 
50.37 K 5.06 Ca (mg L-1) after microwave assisted enzymatic hydrolysis.  

The metabolic pathways for de-novo lipid synthesis in Y. lipolytica are normally made of tricarboxylic acid 
(TCA) cycle and Kennedy pathway [24]. Acyl-CoA is the precursor to form phosphatidic acid (PA) [25]. In 
addition, the ATP citratelyase (ACL)-mediated cleavage of citrate via the citrate shuttle yielding acetyl-CoA and 
oxaloacetate (OAA). Then, acetyl-CoA was transported from the mitochondria to the cytosol [26]. The key 
enzyme of lipid accumulation in oleaginous microorganisms, ATP-citrate lyase (ACL), is metal ion-dependent 
enzyme [27]. Likely, the Fe3+, Cu2+, and the other metals also could enhance lipid accumulation [28, 29].  

.

Number of peptide bonds cleaved ( )
Degree of hydrolysis (DH)= 100 %

Total number of peptide bonds ( )tot

h

h




 

Table 1 A

Metal 

65 Cu 
66 Zn 
56 Fe 
55 Mn 
24 Mg 
39 K 
40 Ca 
60 Ni 
a Condition
b Conditio
Enzymatic
c Condition
polypropy
weight los

Comparis
Fig. 

organic n
with DSW
the highe
Accordin
consumpt
the strain
DSWPH 
factor, am
amounts 
of the lip
also show

Fig. 1. Co
lipid produ

At t
were obse
phase, th
short true
size of th
being obs
growth cu
the grow
mycelia a
showed t
most of th
only yeas
phases w
cells, whi

Tabl
C18:1 pr
predomin
(C18:2) a

Analytical result
Co
(μg
14
172
65
10
603
167
177
0.3

n: the material 
on: 5 g of DSW
c hydrolysis. An
n: 5 g of DSW

ylene tubes of 
ss was at 84.97%

son of differen
1 shows that 

nitrogen sourc
WPH, the DCW
est lipid produ
ngly, at the la
tion rate. This

n was transferr
contains abou

mino acids ha
of oils remain

pase was activ
ws that the yea

omparisons amo
uction in batch 

the end of exp
erved by a Le
e yeast went 

e mycelia and 
he cells, only u
served. It indi
urve at Fig.1.

wth stage after
and pseudo-m
the comprehen
he cells look 
st cells appear
as notably ref
ich could have
le 2 shows FA
roportions inc
nant FA regard
acids were al

ts of metals in d
ontrol a 
g/g) 
.64±0.19 
2.45±3.03 
.71±0.51 
.38±0.11 
31.31±48.51 
741.72±72.38 
74.40±12.18 
33±0.01 
was just defatte

WP were mixed
nd the weight lo

WP were mixed
the microwave

%. 

nt nitrogen so
biomass, tota

ce. The result
W appears at 
uction. Howe
ag phase, the
s is because t
red to a new m
ut 18 kinds o
ave significan
ned in the DSW
vated. The resi
ast cultivated o

ong yeast extra
cultures by Y. l

ponential grow
eica microscop
through abou
pseudo-myce

utilize DSWPH
icated that the
 Comparing t
r 2 days culti

mycelia. After 
nsive ability o
like typical ye

red in the cultu
flected on the 
e been effecte

As composition
reased to 62%
dless the med
lso found in 

different DSWP

ed, dried and w
d with 45 mL w
oss was at 59.14
d with 45 mL 
e accelerated re

urce for yeast
l lipid and res
ts indicated th
the highest le

ever, the med
e yeast grew 
he organic nit
medium, it ne
f amino acids

nt effect on c
WPH. When t
idual oil was d
on the medium

act, DSWPH, y
lipolytica W29.

wth phase, the
pe (GmbH, Gö
ut two stages. 
elia. While at 
H as the nitrog
 whole cell ha

the Figs. 2a an
vation since 
cultivated for 
of lipid accum
east. Lipid sto
ure, while the 
cell size. Lipo

ed by using the
n of the variou

% and 67% in
dium used. Pal

significant qu

4 

P samples. 
EH b 
(μg/g) 
11.86±0.21
183.16±3.4
73.56±2.03
14.01±0.11
4369.23±62
15332.52±4
1812.81±18
0.35±0.01

washed by ultrap
water. The neut
4%. 
water. The neu
eaction system

t culture 
sidual glucose
hat DSWPH a
evel in the stat
dium with DS

on the med
trogen source
eeded time to 
s. As a type o
cell growth an
the glucose co
digested and c
m with DSWP

yeast extract-DS
. (a. yeast-extra

e strain began
öttingen, Germ
At the prolif
the lipogenic 
gen source, w
as the ability t
nd 2c, the cel
the morpholo

r 2 days, only 
mulation (Fig
orage stage m
 different perc
ogenic phase 
e medium. 
us lipid fractio
n both media
lmitic (C16:0)
uantities in th

 
44 
3 
 
2.53 
45.22 
8.21 

pure water. And
trase was autoc

utrase was auto
m. MWEH: Mic

e time profiles
accelerated th
tionary phase

SWPH holds t
dium with ye
e applied in se

adjust to the 
of high quality
nd lipid accum
oncentration w
converted into

PH grown fast

SWPH as organ
act; b. DSWPH;

n to accumula
many) at 1000

feration stage, 
phase, the ye

were larger than
to accumulate
lls cultured on
ogy of Y. lipo
the strain cult
. 2b). In the m
ight have alm
centage of lipi
as significant

ons when the 
containing D

), palmitoleic 
he lipid struc

MWE
(μg/g
11.46
199.7
78.25
19.36
3635
1383
1927
0.37±

d the weight los
claved at 55 °C

oclaved at 55 °
crowave-enzym

 of Y. lipolytic
he degradation
. Meanwhile, 
the longer lag
ast extract ha
eed medium w
growing envi

y nitrogen sou
mulation. Bes
was at low lev
o the nutrition
ter than the oth

nic nitrogen so
 c. yeast extract

ate large amou
0× (Fig. 2). Du

most of the c
east-like cells 
n the other. Th

e lipid, which 
n the media w
olytica was st
tivated on the
medium with 

most been done
id accumulate
quantities of 

strain grown o
DSWPH. Oleic

(C16:1), stear
ctures, which 

EH c 
g) 
6±0.13 
75±4.35 
5±0.80 
6±0.42 

5.89±72.38 
35.84±30.01 
7.78±17.71 
±0.01 
ss was at 12.36%
C, pH 7.0 for 30

°C, pH 7.0 for
matic hydrolysi

ca when using
n of lipid. Fo
this condition

g phase than 
as the highes
was yeast extr
ironment. How
urce and virtu
sides, there w
vel, the enzym
n for cell grow
her two media

ources for cell g
ct-DSWPH.) 

unts of lipids.
During the who

cells were sh
were predom
here were lipi
was consisten

with yeast extr
till shown as 
e medium with

yeast extract
e. As growth p
ed in the vario
f lipid were sto

on three kinds
c acid (C18:1

aric (C18:0) an
are different

%. 
0 min. EH: 

r 30 min in 
is. And the 

g different 
or medium 
n achieved 
the other. 

st glucose 
ract, when 
wever, the 
ual growth 
were small 
me activity 
wth. Fig. 1 
a. 

 
growth and 

 The cells 
ole growth 
own to be 
inant. The 
id droplets 
nt with the 
ract still at 
short true 

h DSWPH 
-DSWPH, 
proceeded 

ous growth 
ored in the 

s of media. 
1) was the 
nd linoleic 
t with the 



 

previous 
saturated 
changing 
slight am
reaction 
DSWPH 
assumptio
growth an

Fig. 2. Mo
cultivated 
was cultiv
the end of 

Table 2 E

Fatty acid 

C16:0 
C16:1 
C18:0 
C18:1 
C18:2 
C18:3 
UFAs/SFA
UFAs/TFA
a, b, c The m
0.05). UFA
main UFA

Effects of
Fig.3

respective

Fig. 3. Gr
glucose co
temperatur
DO was na

investigation 
fatty acids (S

 the culture m
mount of α-lino

and UFAs ac
reached at 6

on growth fa
nd UFAs accu

orphologies of 
on (a) medium

vated on medium
f 2 d cultivation

ffects of nitrog

(relative %, w/

As 
As 
mean values in 
As: unsaturated

As are C16:1, C

f culture cond
3a shows that
ely, when the 

rowth and lipid
oncentration; (b
re was 28 °C, p
ature; (c) the gl

[30]. The me
SFAs). In oth
medium. Inter
olenic acid (C
ccumulation. 
6.81. The va
ctors, like ion

umulation. Mo

the Y. lipolytic
m containing yea

m mixed yeast 
. Conditions: in

en source on lip

/w) 
Nitrogen
Yeast ext
a 12.51±0
a 10.45±0
a 9.82±0.
c 51.74±1
a 16.48±0
c 0.00±0.
3.48 
78.67 

the same row f
d fatty acids; S
18:1, C18:2 and

ditions on cell 
t the DCW an
initial glucos

d accumulation
b) inoculum do
pH and DO wa
lucose concentr

dia containing
her word, the 
restingly, only
18:3). Obviou
The cells gre

alue has incre
ns, free amin
oreover, the FA

ca W29 grown 
ast extract; (b) t
extract with DS

nitial glucose co

pid profile and U
n source 
tract 

0.86 
0.37 
46 
1.06 
0.75 
.00 

for Y. lipolytica
SFAs: saturated
d C18:3, main U

growth and lip
nd lipid conte
e concentratio

n of Y. lipolyti
se; (c) pH; (d) 

as nature; (b) th
ration was 60 g/

5 

g half or whol
percentages o

y the strain u
usly, the fracti
ew on yeast 
eased by abo

no acids, and 
A compositio

on media mad
the strain was c
SWPH at the s
oncentration 40

UFAs/SFAs of

Yea
b 11
b 8.9
b 5.8
b 62
b 10
b 1.7
5.05
83.8

a oil TFAs cult
d fatty acids; TF
UFAs are C16:0

ipid accumula
ent climbed to
on was 60 g L

ica W29 under
temperature; (

he glucose con
/L, inoculum do

le DSWPH bo
of unsaturated

utilizing DSW
ions in hydroly
extract reach

out 0.96-fold.
the other com
n was quite si

de of different o
cultivated on m
ame nitrogen c

0 g/L; DO 30%;

f Y. lipolytica W

ast extract and D

.12±0.35 
96±0.09 
82±0.33 

2.42±0.42 
0.69±0.41 
79±0.31 
5 
86
turing on differe
FAs: total fatty
0 and C18:0.

ation 
o the highest 

L-1.  

r different cult
(e) DO. Reactio
centration was 
ose was 5%, cu

oth contained 
d fatty acids (

WPH has the a
ysate have pro

hed UFAs/SFA
. The result 
mponents, are
imilar to that o

organic nitroge
medium containi

oncentration. T
 pH 5.5; incuba

W29 in the batch

DSWPH 

ent media are s
y acids. For the

level of 13.6

ivation conditi
on conditions: (
60 g/L, temper

ulture temperatu

reduced perc
(UFAs) have 
ability of acc
omoted the de
As ratio at 3
was verified

e conducive t
of vegetable o

 
en sources. The
ing DSWPH; (c
The image was 
ation temperatu

h fermentation. 

DSWPH 
b 10.68±0.
b 8.76±0.3
c 2.12±0.0
a 67.30±0.
c 7.68±0.4
a 3.46±0.0
6.81 
87.20 

significantly dif
e yeast Y. lipoly

62 g L-1 and 0

 
ions by batch 
(a) the inoculum
rature was 28 °

ure was 28 °C. 

entages of 
raised by 

umulating 
esaturation 
3.48 while 
d with the 
to the cell 
oil [31]. 

e strain was 
c) the strain 
captured at 

ure 28 °C. 

23 
5 

03 
96 

42 
2 

fferent (p < 
lytica W29, 

0.28 g g-1, 

 

culture. (a) 
m was 5%, 
°C, pH and 



 

A si
1. The eff
the cell li
strain has
was confi
very wel
sterilizati

Fig. 
did not sh
inoculum
the activi

The 
Fig. 3c, w
However
increased

As F
increased
reduced w

DO 
value mai
The oleag
oxygen w
concentra

Effects of
To 

determine
culture co
C18:1 ma
C18:2 an
which co
60 g L-1, 

nitrogen s

Fig. 4. Lip
dose; (c) p
was nature
g/L, inocu
nature; (e)

From
the signif
the cell g

gnificant incr
fect of carbon
ife activities, a
s inadequate c
firmed with th
ll when the g
ion inhibited t
3b shows tha
how significa

m dose might r
ity and becom
 initial pH wa

when pH was 
r, lipid content
d from 5.5 to n
Fig. 3d shown

d the productio
with the increa
value in the 

intained at 30
ginous yeast 

was deficient, 
ation (60 g L-1

f culture cond
study the eff
ed in harvest
onditions. Fig
aintained from

nd C18:3 and 
uld make the 
the growth ra
source (with a

pid profiles of 
pH; (d) temper
e; (b) the gluco
ulum dose 5%, c
) the glucose co

m Fig. 4b, the
ficant variatio
growth and lip

ease of DCW
n source for m
and carbon fr

carbon for cell
e fact that low
glucose abov
the mass trans
at DCW and L
ant difference 
rapidly decrea

me the barrier f
as critical for 
4.5, DCW run
t reached its h
neutral.   
n, although th
on cost and s
ased temperat
media directl

0 % at stable p
possessed a P
the synthesis 

1), inoculum d

ditions on the F
ffect of cultu
ed biomass. T

g. 4 showed th
m 50 % to 65 

other FAs. T
content of UF

ate will be red
a low C/N rati

Y. lipolytica W
ature; (e) DO. 
se concentratio
culture tempera

oncentration 60 

e inoculum do
n of each fatty
pid profiles. F

was observed
microbial grow
ame of synthe
l proliferation

wer C/N went 
ve 60 g L-1. 
fer and cell gr

Lipid content w
due to the co

ase the lag ph
for the yeast to

yeast growth
ns to the highe
highest value w

he lower temp
lowed down t

tures [34]. The
ly affects the 
phase showed 
PUFA synthas
of TAG will 

dose (5 %), pH

FA compositio
re condition 
The distributi

hat the C18:1 w
%. Fig. 4a sh

The improved 
FAs at slightl
duced which 
io) enhanced t

W29 cultivated
Reaction condi
n 60 g/L, tempe

ature 28 °C; (d) 
g/L, inoculum 

ose has a little
y acid. Obvio
From the resu

6 

d at the glucos
wth metabolism
etic products. 
n. Accordingly
against lipid a
The thick fe

rowth. 
were highest w
ompensation b
hase, however
o accumulate 

h and had a di
est. When pH
when pH was 

perature led t
the cell grow
erefore, 28 °C
accumulated 
a well growth
se complex m
be inhibited. 

H (5.5), tempe

on of yeast oil
on lipid com

ion of intrace
was the predo
howed that th
glucose conc

ly higher leve
also inhibit U

the biomass gr

on DSWPH in
itions: (a) the i
erature 28 °C, p
 the glucose co
dose 5%, pH 5

e effect on lip
ously, the pH, 
ults on Fig. 4

se concentrati
m mainly pro
When the glu

y, the lipid con
accumulation 
ermentation b

when the inocu
between lipid
r, the initial h
lipid. 
irect impact o

H continued to 
5.5, then the l

to the higher 
th. This indic

C would be the
lipid content 

h of cell and a
mode which re
Based on the 

erature (28 °C)

l 
mpositions, th
ellular FAs de
ominate fatty 
he glucose con
centration to 6
l. But when th

UFAs accumu
rowth, but imp

n batch culture. 
inoculum was 5
pH and DO was

oncentration 60 
.5, culture temp

id distribution
temperature, 

4c, pH mainta

on increased f
vided cells ca

ucose concentr
ntent was still
[32]. Howeve

broth and tox

ulum dose wa
d content and 
igh nutrient c

on the kinetics
increase, DCW

lipid content d

lipid content,
ated that the 

e best culture t
[35]. Accord

ccumulated th
equired abund
above results

), and DO (30

he total cellu
epended on th
acid in the tot
ncentration ha
60 g L-1 led t
he glucose co

ulation. In add
peded the lipi

(a) glucose co
5%, temperatur
s nature; (c) the
g/L, inoculum 

perature 28 °C. 

n. The change
and DO have

ained at 4.5, t

from 20 g L-1 
arbon frame, e
tration was 20
l at the low le
er, the cell did
xic substance 

as 5%. Lipid p
ultimate DCW

conditions mig

s and yields [
CW decreased 

decreased rap

, the lower te
desaturase ac
temperature.  

ding to Fig. 3
he highest leve
dant oxygen. 
s, the optimize
0 %) were veri

ular lipid con
he nitrogen s
tal lipid. The 
ad slightly inf
to the higher 

oncentration h
dition, the hig
ids accumulati

 
oncentration; (b
re was 28 °C, p
e glucose conce
dose 5%, pH 5

ed inoculum d
e prominently 
the UFAs ach

to 40 g L-

energy for 
0 g L-1, the 
evel which 
d not grow 

after the 

production 
W. Higher 
ght inhibit 

33]. From 
gradually. 
idly as pH 

mperature 
ctivity was 

e, the DO 
el of lipid. 
When the 

ed glucose 
ified. 

ntent was 
ource and 
content of 
fluence on 
C/N ratio 
igher than 

gh level of 
ion [36].  

b) inoculum 
pH and DO 
entration 60 
.5, DO was 

dose led to 
effects on 

hieved the 



 

highest le
the pH w
growth w

Tem
a low tem
proportio
profiles h
The conte

Kinetic m
The 

16 h was
did not ac
and gluco
cultivatio
yeast pro
maintaine
and DCW

Beca
model. T
used to m
formula, 

Table 3 E
Item 

Microbial 

Lipid prod

Glucose co

X: non lip
maximum 
parameter 
(g/L) at tim
(g/g), 0.11

Here
values. T
(0.19 h-1)
of confirm

Fig. 5. Kin
DSWPH m
was 30% o

Fig.
Piret equ
Combinin
Considere
cell grow

X 

evel. It was o
was set at 4.5, 
were also not c
mperature is on
mperature, the

on of UFAs in
have shown an
ent of C18:1 a

model for lipid
fermentation 

s the lag phase
ccumulate lipi
ose was utiliz

on entered the
oduced. After 
ed at 13.81 g 

W were both re
ause of the “S

The results we
model growth 
and the relatio

quations used t

growth rate (Eq

duction rate (Eq

onsumption rat

pid biomass co
carrying capac
(g/g), 0.141; β

me t (h), S0=39
18; m: maintena

e, X0=0.106 g
This maximal g
) [33] and Y lip
matory factor 

netics of (a) DC
medium with ti
of saturation; pH

1 shows a del
uation was ad
ng the integra
ed the first 8 h

wth and lipid a

0.1911.464

13.715 0.106

te

e

bvious that th
ratio of UFA

consistent as te
ne of the main
e ratio of UF

n Y. lipolytica 
n apparent inc
and the other U

d fermentation
cycle was 72

e. At this stag
id at the first 
zed at the sho
e stage of lipi

56 h, the fer
L-1, but lipid c
etained at the 
S” like shape 
ell reflected th
of Y. lipolytic
onship betwee

to model growth

q.2) 

q.3) 

e (Eq.4) 

oncentration (g
city (g/L), 13.8
β: non growth-a
9.183; YX/S: non 
ance constant, 0

              
g/L, Xm=13.82
growth rate w
polytica grow
analysis fitted

CW, (b) lipid co
me-corrected L
H 5.5; incubatio

lay of lipids a
dopted to ana
ated form of 
h, rare lipid w
ccumulation w

0.191te

he content of 
As was high bu
emperature ch
n factors that i
FAs/SFAs wil

was found to
rease at the lo
UFAs were im

 
h when cells 

ge, yeasts grow
16 h. From 16
ort time. At 2
id formation. 
rmentation en
concentration
stable value. 
of the growth

he cell growth
ca W29 was sh
en X and t was

h of Y. lipolytic

g/L) at time t (
821; P: lipid co
ssociated lipid 
lipid biomass y

0.010. 

                      
1 g/L, μm=0.1

was very simila
wn on glucose 
d well.  

oncentration, an
Luedeking-Piret
on temperature 

accumulation w
alyze the rela
Eq.3 with Eq

was produced. 
were ignored (

7 

C18:0 decrea
ut cells not gr
hanged.  
influence the
ll be increase

o be higher at 
ower temperat
mproved on th

grow on the m
w slowly and
6 h to 56 h, th
24 h, the cells

During this 
ntered the sta

n still rise. At t

h curve, Logi
h when Y. lipo
hown in Tabl
s shown as:

ca W29 on gluc
Kinet

(h), X0=0.106; 
oncentration (g/
production par
yield coefficien

                     
91 h-1. From F
ar to those rep
(0.27 h-1) [38]

nd (c) residual s
t models. Cultu
28 °C. 

was found com
ationship betw
q.2 and Eq.5,
 The producti
(Fig. 5b).  

dX

dt


dP

dt


dS

dt


ased sharply u
rew very well

FAs produced
ed, as well as

lower temper
ture with a les

he highest leve

medium made
d consumed nu
e exponential 
s start accumu
stage, the lon

able stage. Th
the end of 72 

stics equation
olytica accum
le 3. The expe

ose and DSWP
tic equation 

 

μm: maximum
/L) at time t (h
rameter (g/g/h),
nt (g/g), 0.345; 

                     
Fig.5a, the sim
ported for Cryp
]. In addition, 

sugar in batch c
ure conditions: 

mpared to the
ween cell gro
 the model o
ion of lipid wa

m
m

(1 )
X

X
X

 

Xd
X

dt
  

/

1

X S

dX

dt Y Y
 

under the cont
l. Similarly, th

d by yeasts. W
membrane f

ratures [37]. T
ss significant d
el when the DO

e by DSWPH.
utrition for ce
phase, abund

ulating the lip
nger cultivatio
he DCW almo

h cultivation,

n was applied 
mulated the lip
erimental valu

PH. 

 

 

m specific grow
h); α: growth-as

0.004; S: resid
YP/S: lipid yield

                     
mulated dates 
ptococcus cur
the R2=0.997

cultures of Y. lip
initial glucose 

e cell growth. 
wth and lipid
f lipid produc
as described a

)

/

1

P S

dP
mX

Y dt


trolled pH val
he lipid profil

When the yeas
fluidity. Previ
Total fatty acid
decrease of U
O raise up to 3

. Fig. 1 showe
ell growth. Th
dant cells were
pid. Clearly, 
on time, the m
ost had no ch
, the lipid con

to fit the stra
pid (Fig. 5a). 
ues fitted with

wth rate (1/h), 
ssociated lipid 
dual glucose co
d coefficients, r

                     
were close to 
rvatus grown 
7 verified that 

ipoltytica W29 
concentration 4

Hence, the L
d accumulatio

uction were es
as Eq.6. At th

lue. When 
le and cell 

t grown at 
iously, the 
ds (TFAs) 
FAs level. 
30%. 

ed the first 
herefore, it 
e collected 
after 24 h 
more lipid 
hange and 
ncentration 

ain growth 
Equations 

h nonlinear 

0.191; Xm: 
production 

oncentration 
respectively 

 (5) 
the actual 
on acetate 
the model 

 
cultured on 
40 g/L; DO 

Luedeking-
on (Eq.3). 
stablished. 
e first 8 h, 



 

The 

Base
simulatio
confirmat

Duri
integrated

The 

On t
experime

Model ap
The 

which pro
If lipid pr
stability o

In fe
of Y. lipo
From 24 
and the fi
volume w
accumula
curve wa
and cell g
accumula

Fig. 6. Tim
cultivated 
mL/L DSW

At t
accumula
respective
lipid con
extended 

The 
was used
this study
CoA, wh
process a
41]. The 
of Y. lipo
improvem
to determ

P 

P 

S 

3S 

experimental 

ed on the mod
on were corre
tory factor an
ing the ferme
d formula on t

experimental 

the Eq.9, S0 =
ental glucose c

pplication in fe
kinetic param

ovide an insig
roduction is a
of the metabol
fed-batch cultu
olytica. Fig. 6
h to 27 h, sto
inal glucose c
was 2.0 L, an
ation, and lipi
as similar with
growth entered
ated. After add

me course of fe
in the 3.0 L fer

WPH. The feed

the second sta
ating lipid sta
ely. The temp

ncentration of 
24 h, and the 
 results of this

d and higher li
y (38.3 g L-1).
hich is a centr
achieved highe
results also in

olytica. Thus, 
ment than befo

mine the specif

0

0

m
m

m

X X e

X X X




 

0.190.208

13.715 0.106

e



0
/

1
(

X S P
S

Y Y
 

5
39.183

13.715


values fitted 

del, the value
esponding wit
alysis fitted w

entation stage,
the relation be

values were f

=39.183 g/L, Y
consumption d

fed-batch culti
meters obtaine
ght on the oper
able to be cont
lic state. This 
ure, feeding fl
6 showed the 
ock solution (1
concentration w
nd the added 
id distribution
h the batch cu
d exponential
ding the feedin

fed-batch ferme
rmentor with a 

ding time was be

age, from 27 
ably. During t
perature chang

11.03 g L-1 w
 DCW and lip
s experiment w
ipid content w
. Because olea
ral intermedia
er volumetric 
ndicate the fed

the lipid pro
ore. Further re
fic mechanism

0
ln

m

m

t
m

t
m

X

X e 




1

0.191
0.289

6

t

te


0

/ 0
)(

m

P S m

X X

Y X X


 

0.191

0.191

.999

5 0.106

t

t

e

e




the nonlinear 

 of α and β w
th the actual 

well. 
, the glucose 
etween S and t

fitted with non

Yx/s=0.345 g/g
data well with

ivation 
ed via the batc
rational proto
trolled, regula
stability can b

lows are moni
fed-batch ferm
160 g L-1 gluc
was around 74
solution volu

n, the feeding
ulture curve d
 phase. The y
ng medium, a

ntation on resid
2.0 L DSWPH

egan at 24 h and

h to 36 h, th
the whole stag
ged to 24 °C j
were achieve

pid concentrat
were compare

were achieved 
aginous micro
ate in the lipi
lipid producti
d-batch is a m

oductivity obta
esearch, includ

m of DSWPH i

0
n(

m

m

X X X

X

 

13.715 0.1
ln(

13.82



0
)

m

m

t
m m

t
m

e X

X e



 




13.71
2.566 ln

8 

           

formula, the r

      

were calculate
values. In ad

was mainly c
t, which was b

nlinear formu

g, Yp/s=0.118 g
h a high R2 of 

ch experiment
col that may b

ation of the en
be achieved th
itored to cont
mentation kin
cose and 40 m
4.20 g L-1. Di
ume was 0.4 
g strategy wa
discussed befo
yeast has the s
a large number

dual glucose, D
H medium. The 
nd end at 27 h.

he curve of D
ge, after 24 h
just after 72 h
d after 96 h. 

tion increased
ed to other rep
d with 43%, bi
oorganism has
id biosynthesi
ivity, but ferm

more effective 
ained in this 
ding the expre
in enhancing b

0
)

mtX e

0.191106
)

21

te

/
( m) ln

m

P S

X

Y




0.1915 0.106

13.821

te

                     (

relationship b

                     

d (α=0.141, β
ddition, the R

consumed in c
based on the E

la, the relation

                    

g/g, m=0.01. T
0.996. 

ts were used t
be implemente
nvironmental v
hrough the pre
rol the specifi

netics with con
mL L-1 DSWP

lution rate wa
L. According

as preliminary
ore. At 24 h, t
ign of lipid ac
r of cells were

DCW, and lipid
feeding medium

DCW climbed
h, DO and pH
h cultivation. 
Compared to

.  
ported studies 
iomass obtain
s an ability to
is [39]. It wa

mentation time
method than 
study is enco
ession and reg
biomass of Y.

0 0m

m

X X X e

X

 

(6) 

etween P and 

   (7)              

β=0.004). From
R2=0.996 veri

cell growth (F
Eq.4 and Eq.6

                

nship between

  (9) 

The model des

o simulate dif
ed to obtain th
variables is re
ecise control o
ic growth rate
ncentrated DS
H) was added

as 0.13 h-1 belo
g to the the y
y determined. 
the residual g
ccumulation, t
e generated. 

 
d concentration 
m was containin

d quickly. Me
H were mainta

Finally, the D
o the batch cu

in Table 4. V
ned (3.5 g L-1)
 transform or
s also noted t

e were too long
batch to inve

ouraging, and 
gulation of key

lipolytica. 

mt

 t was shown 

                     

m Fig.5a, the 
ified that the 

Fig. 5c). Here
6. 

(8) 

n P and t was 

scribed on Fig

fferent feeding
he high lipid p
equired to max
of culture con
e for lipid acc
SWPH as the 
d to the cultur
ow the μm, ful
yeast cell gro
 At the first 

glucose was 1
though barely

n of the Y. lipol
ng 160g/L gluc

eanwhile, the 
ained at 30 %
DCW of 38.3
ulture, the cu

Volatile fattyac
) was lower th
rganic acids in
that despite c
g (168 h and 4

estigate lipid p
presented a s

y enzymes, is 

as: 

                 

data from 
model of 

e we have 

shown as: 

g. 5 fit the 

g policies, 
production. 
ximize the 
ditions. 
umulation 
substrate. 

re medium 
ll working 

owth, lipid 
stage, the 
2.91 g L-1 

y lipid was 

ltytica W29 
cose and 40 

cells start 
% and 4.5, 
 g L-1 and 

ulture time 

cids fats [3] 
han that in 
nto acetyl-
continuous 
450 h) [40, 
production 
significant 
necessary 



9 
 

Table 4 Applications of Y. lipolytica W29 use different waste sources as inexpensive alternative substrates. 

Y. 
lipolytica 

Medium 
Mode 
culture 

DCW 
(g/L) 

Lipid content 
(%, w/w) 

Fermentation 
time (h) 

Lipid productivity 
(mg/L/d) 

Refs

JMY4086 
Molasses and crude 
glycerol 

Continuous 60 31 450 430 [41]a

LGAM 
S(7)1 

Industrial glycerol Continuous 8.14 43 168 120 [40]b

MUCL 
28849 

Volatile fatty acids 
Two-stage 
fed-batch 

31 40 60 206 [3]c 

W29 
Glucose and olive 
mill wastewater-
based media 

Flask 6.8 27.9 72 26 [7] 

- 
Non-detoxified 
liquid wheat straw 
hydrolysate 

Flask 7.8 4.6 144 2 [6] 

W29 
Glucose and 
DSWPH 

Batch 13.9 34.6 72 67 [42] 

W29 
Glucose and 
DSWPH 

Fed-batch 38.3 28.8 96 115 
This 
study

a The strain was cultured for 450 h in a chemostat containing a nitrogen-limited medium (dilution rate of 0.01 h−1, 250 g/L 
crude glycerol), and volumetric lipid productivity was 0.43 g/L/h and biomass yield was 60 g CDW/L. 
b This was produced in highly aeracted continuous. Lipid production was favoured at low specific dilution rate whilst fat-free 
material yield increased over the whole range of specific dilution rate. 
c The strain was initially grown on glucose or glycerol as carbon source, then sequential additions of acetic acid under 
nitrogen limiting conditions were performed after glucose or glycerol exhaustion. 
 
Conclusions 

This work showed that the lipid content and the fatty acid profile of Y. lipolytica W29 can be manipulated 
by changing the growth conditions. Based on the ANOVA test, the pH, DO, and temperature have significant 
effect on lipid accumulation and distribution. In the fed-batch, culture conditions were optimized for lipid 
accumulation with 38.3 g L-1 DCW, 11.03 g L-1 lipid, and 87.23% ratio of UFAs in TFAs achieved after 96 h. 
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Table S1 The microwave digestion procedure for the determined silkworm pupa samples. 
Step Power (W) Temperature (°C) Heating time (min) Holding time (min) 

1 800 120 2 2 
2 800 160 8 8 
3 800 185 10 10 
4 800 190 10 20 

 
Table S2 The optimized operating parameters of ICP-MS. 

Parameter Set value 
RF power 1250W 

Outer gas flow rate 13.0 Lmin-1 
Intermediate gas flow rate 0.8 Lmin-1 

Nebulizer gas flow rate 0.93 Lmin-1
 

Oxide percentage <3 
Focus voltage 11.4 V 

Voltage of the detector 3000 V 
Repeated sampling times 3 

 
Table S3 Linearity ranges standard curve equations and correlation coefficients of measured metal elements. 

Metal element Linearity range (μg/L) Standard curve equation Correlation coefficient 
65 Cu 0.16~102 y = 314x+ 5834 0. 9997 
66 Zn 19.13~105 y = 549x+ 34218 0. 9999 
56 Fe 61.03~105 y = 2329x+ 69045 0. 9999 

55 Mn 0.26~102 y = 25135x+ 6332 0. 9999 
24 Mg 66.41~105 y = 502x+ 30172 0.9998 
39 K 61.07~105 y = 1056x+ 102906 0.9997 

40 Ca 12.03~105 y = 1546x+ 2756212 0.9997 
60 Ni 0.29~102 y = 2046x+ 4123 0.9998 

 
 


