
BIOTECHNOLOGICAL PRODUCTS AND PROCESS ENGINEERING

Development of a stepwise aeration control strategy for efficient
docosahexaenoic acid production by Schizochytrium sp.

Lu-Jing Ren & Xiao-Jun Ji & He Huang & Liang Qu &

Yun Feng & Qian-Qian Tong & Ping-Kai Ouyang

Received: 9 February 2010 /Revised: 19 April 2010 /Accepted: 20 April 2010 /Published online: 6 May 2010
# Springer-Verlag 2010

Abstract The effect of aeration on the performance of
docosahexaenoic acid (DHA) production by Schizochytrium
sp. was investigated in a 1,500-L bioreactor using fed-batch
fermentation. Six parameters, including specific growth rate,
specific glucose consumption rate, specific lipid accumula-
tion rate, cell yield coefficient, lipid yield coefficient, and
DHA yield coefficient, were used to understand the
relationship between aeration and the fermentation character-
istics. Based on the information obtained from the parame-
ters, a stepwise aeration control strategy was proposed. The
aeration rate was controlled at 0.4 volume of air per volume
of liquid per minute (vvm) for the first 24 h, then shifted to
0.6 vvm until 96 h, and then switched back to 0.4 vvm until
the end of the fermentation. High cell density (71 g/L), high
lipid content (35.75 g/L), and high DHA percentage
(48.95%) were achieved by using this strategy, and DHA
productivity reached 119 mg/L h, which was 11.21% over
the best results obtained by constant aeration rate.
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Introduction

Polyunsaturated fatty acids (PUFA), especially docosahex-
aenoic acid (DHA; 22:6, n−3), arachidonic acid (ARA;

20:4, n−6), and eicosapentaenoic acid (EPA; 22:5, n−3),
have received worldwide attention due to their beneficial
effects for humans (Gill and Valivety 1997). EPA has
beneficial effects on the cardiovascular system and has been
used specifically for treatment of atherosclerosis and
hyperlipemia, schizophrenia, and certain cancers (Ward
and Singh 2005). DHA and ARA are usually incorporated
into infant formula because of their promotion effect for
visual acuity and neural development (Gill and Valivety
1997). In addition, DHA also plays a key role in lowering
the incidence of certain cardiovascular diseases (Horrocks
and Yeo 1999). The traditional commercial source of DHA
is fish oil. However, DHA from fish oil contains undesir-
able fishy smell and inevitable contamination by marine
pollution (Sijtsma and de Swaaf 2004), which is incompat-
ible with the concept of healthy eating. During the past
20 years, DHA production by microorganism has been well
developed (Ganuza et al. 2008; Morita et al. 2006;
Nakahara et al. 1996; Rosa et al. 2010). Among numerous
strains, Schizochytrium sp. is noteworthy and often consid-
ered as a satisfactory alternative to fish oil due to the
advantages of fast growth rate and high productivity.

Industrial production of DHA usually requires two
prerequisites, low cost and high productivity. Use of cheap
raw materials, such as soymilk residue (Fan et al. 2001),
crude glycerol (Chi et al. 2007), coconut water (Unagul et
al. 2007), sweet sorghum juice (Liang et al. 2010), etc.,
have been considered in DHA production, which make the
cost reduction possible. High productivity can be achieved
only with high cell density and high DHA content. High
cell density was often realized by fed-batch cultivation,
which could supply sufficient carbon source without the
negative effect of substrate inhibition (Yamanè and Shimizu
1984). High DHA content can be accomplished by two-
stage fermentation. For two-stage fermentation, oxygen
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supply is one of the key factors limiting DHA content since
Schizochytrium species synthesize long chain PUFAs via a
polyunsaturated fatty acid synthase (Metz et al. 2001),
which is O2 independent. Jakobsen et al. (2008) studied the
effect of oxygen limitation on DHA-rich lipid accumulation
in Aurantiochytrium sp. T66, which was also a genus of
Schizochytrium. They found that the content of DHA
reached 52% in O2-limited cells while only reaching 25%
under nitrogen limitation conditions. However, cell dry
weight decreased to 25–27 from 90–100 g/L, showing the
contradiction between cell proliferation and lipid accumu-
lation. Subsequently, in order to avoid such a contradiction,
Chi et al. (2009) studied a two-stage growth of Schizochy-
trium limacinum SR21 with shifting dissolved oxygen level
in shake flask scale. Using this process, DHA content
increased from 3.65 to 6.56 g/L. Although these studies
showed that oxygen supply had an obvious effect on cell
growth and DHA synthesis, the overall fermentation
performance, such as the kinetics of cell growth and
substrate consumption, were not studied sufficiently to
reveal the relationship between oxygen supply and DHA
production. Further, these cultivation methods would not be
usable in the large-scale production.

In this study, the effect of different oxygen supply level,
which was implemented by setting different aeration rate,
was investigated in a 1,500-L bioreactor using fed-batch
fermentation. The kinetic parameters of cell growth,
substrate consumption, and product accumulation were
used to understand the relationship between oxygen supply
and lipid accumulation. Based on the analysis, a stepwise
aeration control strategy was proposed and successfully
employed in the fed-batch fermentation, which would
provide guidance for DHA industrial production and the
other single cell oil production.

Materials and methods

Microorganism

Schizochytrium sp. CCTCC M209059, preserved in the
China Centre for Type Culture Collection (CCTCC), was
used in the present study.

Culture conditions

The seed culture medium and the conditions were the same
as those used in our previous study (Ren et al. 2009). The
culture preserved in the glycerin tube was inoculated into a
250-mL flask with 50 mL medium and cultivated for 24 h.
After three generations of cultivation, the preculture was
inoculated into a 150-L seed fermentor with an inoculum
size of 1% (v/v) and cultivated for 24 h. The seed culture

(10%, v/v) was then transferred to a 1,500-L fermentor with
a working volume of 1,000 L. The impeller speed was set at
100 rpm. The aeration was controlled at 24 and 36 m3/h to
achieve the aeration rate of 0.4 (00Experiment I) and 0.6
(experiment II) volume of air per volume of liquid per
minute (vvm), respectively. Experiment III was carried out
according to our proposed stepwise aeration control
strategy. During the fermentation process, in addition to
adding glucose at the initial fermentation stage, intermittent
glucose feeding was also supplied to keep its concentration
above 15 g/L.

Cell dry weight, total lipids, and fatty acid analysis

Broth (50 mL) was used to determine cell dry weight by
gravimetric method. The methods of lipid extraction and
fatty acid methyl esters (FAMEs) preparation were the same
as those used in our previous study (Ren et al. 2009). The
FAME samples were analyzed by GC system (GC-2010,
Shimadzu, Japan). The GC was equipped with a capillary
column (DB-23, 60 m×0.22 mm) and flame ionization
detector (FID). Nitrogen was used as the carrier gas. The
injector was maintained at 250°C with an inject volume of
1 μL. The column was raised from 100°C to 200°C at
25°C/min and then increased to 230°C at 4°C/min, keeping
this temperature for 9 min. The FID detector temperature
was set at 280°C. Fatty acids were identified through
comparison with related external standards (Sigma, USA).
The quantities of individual FAMEs and squalene were
estimated from the peak areas on the chromatogram using
nonadecanoic acid (C19:0) as the internal standard.

Performance analysis of fermentation broth

Glucose and glutamate were measured enzymatically using a
bioanalyzer simultaneously (SBA-40C, Institute of Biology,
Shandong Academy of Sciences, China). Nitrogen concen-
tration in the broth was determined using alkaline potassium
persulfate digestion and UV spectrophotometry according to
the China Standard GB 11894-89 method. The phosphate
concentration was determined by molybdenum blue colori-
metric method (Murphy and Riley 1962). pH was deter-
mined every 4 h by using a pH meter.

Calculation of kinetic parameters

The specific cell growth rate (μ, h−1), specific glucose
consumption rate (qs, h

−1), and specific lipid accumulation
rate (qp, h

−1) were estimated from experimental data of cell
growth (x, g/L), residual glucose concentration (s, g/L), and
lipid accumulation (p, g/L) according to the method
mentioned in our previous study (Ji et al. 2009). Cell yield
coefficient (Yx/s, %), lipid yield coefficient (Yp/s, %), and
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DHA yield coefficient (YDHA/s, %) were calculated from
experimental data by Eqs. 1–3, respectively.

Yx=s ¼ $x

$s
ð1Þ

Yp=s ¼ $p

$s
ð2Þ

YDHA=s ¼ $DHA

$s
ð3Þ

Results

Fermentation disparity in response to different
aeration conditions

To study the physiological responses and the fermentation
disparity to different oxygen supply conditions, Schizochy-
trium sp. CCTCC M209059 was cultivated in a 1,500-L
bioreactor with different aeration rate. Representative data
were shown in Figs. 1, 2, 3, and 4.

To better analyze the process of cell growth and lipid
accumulation and understand the effect of dissolved oxygen
on DHA production, the fermentation process was divided
into the following three stages according to the cell growth
characteristics. Stage 1 represents the process from the
beginning till nitrogen exhaustion, stage 2 refers to the
phase of lipid accumulation, and stage 3 was the stationary
phase with slight cell dry weight increase.

In stage 1 (from 0 to 44 h) of experiment I, glucose was
consumed to below 20 g/L after feeding once. Monosodium

glutamate (MSG) was exhausted at 40 h. With affluent
nitrogen and carbon source, the cell dry weight increased
sharply at this stage from 7 to 35 g/L. In stage 2 (from 44 to
108 h), total lipid concentration increased from 8.5 to
23.7 g/L after nitrogen exhaustion, which indicated that
cell metabolisms shift to lipid accumulation from cell
growth. Meanwhile, a slight increase of cell dry weight
was also noticed at this stage, which could be explained
by the lipid accumulation or diauxic growth of CCTCC
M209059. In stage 3 (from 108 to 152 h), cell dry weight
reached the maximum and maintained at a constant level,
indicating the coming of stationary phase. Lipids increase
at this stage was only 3.49 g/L. However, consumed
glucose was 30 g/L, which might be explained by the
consumption of cell maintenance.

Fig. 1 Time course of cell growth, glucose consumption, MSG
consumption, and total lipid production during fed-batch cultivation of
Schizochytrium sp. CCTCC M209059 at the aeration rate of 0.4 vvm

Fig. 2 Time course of cell growth, glucose consumption, MSG
consumption, and total lipid production during fed-batch cultivation of
Schizochytrium sp. CCTCC M209059 at the aeration rate of 0.6 vvm

Fig. 3 Comparison of pH at different aeration rate of 0.4 and 0.6 vvm
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When cell was cultivated at high aeration (as shown in
Fig. 2), glucose consumption rate increased greatly, and
MSG exhausted at 32 h with cell dry weight reaching 25 g/L
at that time. Compared with experiment I, cells consumed
equal amounts of glucose and MSG but produced less
biomass. The main increase in cell dry weight was
concentrated on stage 2 (from 32 to 92 h) at which point
biomass reached 58 from 25 g/L. At this stage, glucose
consumption rate was so fast that glucose needed to be fed
every 8 h. Lipids also increased sharply with the increase of
cell dry weight. Glucose consumption rate began to decline
at 92 h. After the eighth batch of glucose feeding, cells
started autolysis, and the cultivation was ended immediately.

The time course of pH in these two experiments
showed a similar tendency, i.e., first increasing, then
keeping a constant level (Fig. 3).The metabolism of
nitrogen source containing amino group might contribute
to the alkalinization of the medium and thus increasing the
broth pH. The carbon source consumption could induce
Schizochytrium sp. to secrete some acids including malic
acid, citric acid, pyruvic acid, succinic acid, and fumaric
acid, decreasing the broth pH (Wu et al. 2005). In addition,
the pH at high aeration condition was much higher

compared to than that in low aeration conditions, indicat-
ing that low aeration might induce the production of acids
at higher concentration.

Intracellular product disparity in response to different
aeration conditions

Lipids were extracted from the sample every 8 h after the
glucose fed for the first time and subsequently esterified for
GC analysis. Variations of the main production of FAMEs and
squalene were shown in Fig. 4. During the fermentation
stages, squalene content decreased from 3.37 to 0.83 g/100 g
lipids in experiment II and from 2.5 to 0.81 g/100 g lipids in
experiment I. The squalene content in experiment II was
much higher than that in experiment I, indicating that high
aeration condition was beneficial to squalene synthesis. The
final DHA and DPA content in low aeration were slightly
higher than that in high aeration. The disparity in saturated
fatty acids content between these two experiments was not so
pronounced.

Kinetic parameters disparity in response to different
aeration conditions

To analyze the kinetic characteristics of the above two
processes, six kinetic parameters, including μ, qs, qp, Yx/s,
Yp/s, and YDHA/s, were calculated and shown in Fig. 5 and
Table 1. The value of μ, qs, and qp all fluctuated with time
because of glucose feeding. μ, qs, and qp in high aeration
were much higher than that in low aeration condition at the
early fermentation stage. This indicates that high aeration
rate was beneficial to cell growth and glucose consumption.
From 70 to 100 h, the value of qp in low aeration showed
an increase, indicating that high lipid accumulation rate at
the middle–late stage could be maintained at low aeration
condition. After 100 h, qp in both experiments was
relatively low; qp at high aeration condition was slightly
higher than that at low aeration condition. Considering the
phenomenon of cell autolysis in high aeration condition,
lower aeration at the late stage might be more favorable for
the whole cell activity.

Yx/s, Yp/s, and YDHA/s at different stages were also
compared in Table 1. At stage 1, low aeration rate could
ensure higher Yx/s than high aeration rates. At stage 2, Yx/s,
Yp/s, and YDHA/s in experiment II were all higher than in
experiment I, indicating that higher aeration could not only
improve cell growth and glucose consumption but could
also accelerate the conversion of glucose to biomass and
lipids. At stage 3, although Yx/s at high aeration rate
condition (13.04%) was 48.7% higher than that at low
aeration rate condition, YDHA/s was 2.7 times lower than
that at low aeration rate. This further confirmed the
importance of reducing oxygen supply in the later period.

Fig. 4 Comparison of fatty acid composition and squalene (%, w/w)
at different aeration rate of 0.4 and 0.6 vvm

1652 Appl Microbiol Biotechnol (2010) 87:1649–1656



Fig. 5 Comparison of kinetic
parameters in DHA fermentation
by Schizochytrium sp. CCTCC
M209059 at the aeration rate of
0.4 and 0.6 vvm: specific cell
growth rate (μ), specific glucose
consumption rate (qs), and spe-
cific lipid accumulation rate (qp)

Table 1 Comparison of kinetic parameters at different fermentation stages in DHA fermentation by Schizochytrium sp. CCTCC M209059 at the
aeration rate of 0.4 and 0.6 vvm: cell yield coefficient (Yx/s), lipids yield coefficient (Yp/s), and DHA yield coefficient (YDHA/s)

Experiment I Experiment II

Stage 1 (0–40h) Stage 2 (40–108h) Stage 3 (108–156h) Stage 1 (0–32h) Stage 2 (32–96h) Stage 3 (96–128h)

Yx/s (%) 58.17 18.64 8.77 45.70 23.06 13.04

Yp/s (%) 18.09 11.34 15.17 20.48 16.61 13.05

YDHA/s (%) 6.93 4.96 15.35 7.99 7.92 4.15
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A stepwise aeration control strategy for efficient DHA
production

Based on the above analysis, a stepwise aeration control
strategy was proposed. In this strategy, the aeration rate was
controlled at 0.4 vvm during the first 24 h to ensure high Yx/s.
It was then shifted to 0.6 vvm until 96 h to maintain high
cell growth rate and glucose consumption rate. Finally, it
was switched back to 0.4 vvm again to avoid cell autolysis
and obtain high YDHA/s and PUFAs percentage.

Time course of cell growth, glucose consumption, MSG
consumption, and total lipid production at the stepwise
aeration control strategy were shown in Fig. 6. Table 2
summarized the main parameters of constant aeration and
stepwise aeration control strategy. It was observed that the
DHA content and DHA productivity reached 15.76 g/L and
119 mg/L h, which were 15.04% and 11.21% higher than
the best results of constant aeration conditions, respectively.
DHA content in total fatty acids (TFA) was 48.95%, which
was a little lower than 51.48% at low aeration condition.

However, the fermentation time was shortened to 132 h
from 156 h. In conclusion, the DHA content and DHA
productivity were both improved by using this aeration
control strategy. The proposed stepwise aeration control
strategy was therefore proved to be successful for efficient
DHA production.

Discussion

In this paper, the effect of aeration on cell growth, lipid
accumulation, and DHA production were investigated
systemically, and a stepwise aeration control strategy was
proposed to achieve high cell density, high lipid accumu-
lation rate, and high PUFAs percentage. The final cell dry
weight, total lipids, and DHA percentage reached 71 g/L,
35.17 g/L, and 48.95%, respectively. The highest DHA
productivity obtained in this study was 119 mg/L h, which
was achieved by the developed stepwise aeration control
strategy. It is close to the highest published value of
134 mg/L h by Schizochytrium sp. SR21 (Yaguchi et al.
1997) and is much higher than 93 mg/L h by using
Aurantiochytrium sp. T66. (Jakobsen et al. 2008).

High cell density is the first premise for high production
of intracellular products. In terms of aeration effect on
aerobic fermentation, it was obvious that high aeration was
beneficial to cell growth by increasing cell growth rate
(Alfenore et al. 2004; Dosoretz et al. 1990). Our study also
showed this positive effect, but with a slight reduction of
Yx/s at stage 1 (Table 1). This might be explained by the fact
that high aeration rate intensified cell respiration and energy
metabolism, which would trigger more carbon flux flow to
tricarboxylic acid cycle. Therefore, appropriate aeration
adjustment should be adopted to promote the efficiency of
substrate utilization efficiency in pilot scale production.

High content of lipids in cell dry weight is the second
premise for efficient DHA production. Many studies
showed that nitrogen limitation, phosphorus limitation, or
oxygen limitation all could enhance lipids accumulation
(Jakobsen et al. 2008), but had negative effect on cell

Fig. 6 Time course of cell growth, glucose consumption, MSG
consumption, and total lipid production during fed-batch cultivation of
Schizochytrium sp. CCTCC M209059 at the stepwise aeration control
strategy

Parameters Experiment Increasea (%)

I II III

Cell dry weight (g/L) 57 67 71 5.97

Total lipids (g/L) 27.19 32.57 35.17 7.98

DHA/TFA (%) 51.48 44.52 48.95 –

DHA/total lipids (%) 49.43 42.04 44.82 –

DHA content (g/L) 13.44 13.70 15.76 15.04

Fermentation time (h) 156 128 132 –

DHA productivity (mg/L h) 86 107 119 11.21

Table 2 Comparison of param-
eters in DHA fermentation of by
Schizochytrium sp. CCTCC
M209059 at different aeration
control strategies

TFA total fatty acids
a Compared with the best result in
experiments I and II
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growth. Pursuing high lipid accumulation blindly while
ignoring low biomass was not practical, especially in large-
scale production. Under the conditions of nitrogen limitation,
the intracellular AMP level could be reduced by activating
AMP deaminase, which catalyzed the deamination of AMP to
inosine 5′-monophosphate and ammonia. Low AMP level
could inhibit isocitrate dehydrogenase that causes citrate to
accumulate in the mitochondria. The accumulated citrate
could be cleavaged to acetyl-CoA for fatty acid synthesis
(Ratledge 2004). Phosphorus limitation might have a similar
mechanism. In this study, the residual phosphorus in the
broth were 0.2 and 0.1 g/L for low and high aeration
experiments, respectively. Residual nitrogen were 0.2 and
0.4 g/L. In this paper, nitrogen and phosphorus limitation
could be achieved automatically after 40 h when nitrogen
and phosphorus were nearly exhausted with the C/N ratio
above 50:1. This might be the reason for high lipid
accumulation rate.

High DHA percentage in TFA is the premise for high oil
quality. Low aeration was more favorable for efficient DHA
synthesis (Chi et al. 2009; Jakobsen et al. 2008). It was
reported by Lippmeier et al. (2009) that the PUFA synthase
was the sole system responsible for de novo biosynthesis of
PUFAs in Schizochytrium even though this microorganism
owns several other fatty acid desaturase and elongase
activities. Apart from PUFAs, C14:0 and C16:0 were the
main saturated fatty acids synthesized by fatty acid
synthetase (FAS). The reduction of saturated fatty acids
content is the key for high DHA yield. Our results showed
that oxygen limitation was an effective method to achieve
high DHA content. This is similar to the observation of
Jakobsen et al. (2008). Apart from oxygen limitation, other
strategies, such as adding cerulenin (Morita et al. 2005), the
inhibitor of FAS, to the broth, were also effective to reduce
the percentage of saturated fatty acids. However, it is too
expensive, and using antibiotics in the process of infant
food additive production is always questioned.

This work provided an analytical method, which could
detect squalene and fatty acids simultaneously using gas
chromatogram equipped with a DB-23 capillary column.
Squalene is an important intermediate in the cholesterol
biosynthetic pathway and an essential natural antioxidant to
protect the cells from free radicals and reactive oxygen
species (Chang et al. 2008). Jiang et al. (2004) had reported
that fatty acids and squalene could be produced simulta-
neously by Schizochytrium mangrovei. The strain used in
this study could also produce this bioactive compound with
the content of 0.8 g/100 g lipids. The existence of squalene
makes the oil more stable and of particularity.

In conclusion, this study systematically examined the
effect of aeration on DHA production by Schizochytrium
sp. CCTCC M209059 and proposed a stepwise aeration
control strategy to achieve high cell growth rate, high lipid

accumulation rate, and high PUFA percentage. This
strategy was applied in a 1,500-L bioreactor for DHA
production. In addition, the idea of controlling different
environmental conditions at different culture stages based
on the kinetic characteristics of different processes could be
applied for the production of other useful metabolites,
especially other intracellular products.
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