
J Ind Microbiol Biotechnol (2011) 38:627–632

DOI 10.1007/s10295-010-0808-4

ORIGINAL PAPER

Lipid production by Rhodosporidium toruloides Y4 using diVerent 
substrate feeding strategies

Xin Zhao · Cuimin Hu · Siguo Wu · Hongwei Shen · 
Zongbao K. Zhao 

Received: 29 June 2010 / Accepted: 4 August 2010 / Published online: 15 August 2010
© Society for Industrial Microbiology 2010

Abstract Microbial lipid is a potential alternative feed-
stock for the biodiesel industry. New culture strategies
remain to be developed to improve the economics of micro-
bial lipid technology. This work describes lipid production
by the oleaginous yeast Rhodosporidium toruloides Y4
using a 15-l bioreactor with diVerent substrate feeding strat-
egies. Among these strategies, the intermittent feeding
mode gave a lipid productivity of 0.36 g l¡1 h¡1, whereas
the constant glucose concentration II (CC-II) mode gave
the highest lipid productivity of 0.57 g l¡1 h¡1. The
repeated fed-batch mode according to the CC-II mode was
performed with a duration time of 358 h, and the overall
lipid productivity was 0.55 g l¡1 h¡1. Our results suggested
that substrate feeding modes had a great impact on lipid
productivity and that the repeated fed-batch process was the
most appealing method by which to enhance microbial lipid
production.
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Introduction

Some microorganisms found in bacteria, yeasts, molds and
algae can accumulate intracellular lipids over 20% of their
dry biomass [17]. When carbohydrates are applied as the
feedstock, the majority of these lipids are triacylglycerols
containing long-chain fatty acids [19]. These fatty acids
normally have linear chains with 14–20 carbon atoms.
Since microbial lipid can be produced using inexpensive
organic materials as the substrate, it has been considered as
a potential feedstock to support a sustainable biodiesel
industry [15, 27]. Thus, much attention has been paid to
microbial lipid production in recent years.

Production cost is the major limiting factor for a broader
use of microbial lipid. Thus, various natural or waste materi-
als such as Jerusalem artichoke [26], biomass hydrolysate
[7] and wastewater [23] have been explored as feedstocks to
lower production costs. At the same time, costs could also be
signiWcantly reduced by productivity improvement. For
microbial lipid production, diVerent cultivation modes,
including fed-batch and continuous modes, have been dem-
onstrated in the literature. The yeast Candida curvata D
growing on glucose and xylose in a continuous culture pro-
cess obtained a lipid productivity of 0.16 and 0.27 g l¡1 h¡1,
respectively [2]. The growth of Apiotrichum curvatum in a
continuous culture system on glucose reached a lipid
productivity of 0.42 g l¡1 h¡1 [5]. A lipid productivity of
0.59 g l¡1 h¡1 was obtained using fed-batch cultures of Lip-
omyces starkeyi on ethanol [24]. Yet, a lipid productivity of
0.88 g l¡1 h¡1 was reported in the fed-batch culture of Rho-
dotorula glutinis aerated with oxygen-enriched air [13].
However, there are few reports in terms of the inXuence of
glucose feeding strategies on lipid production.

Our previous work showed that the oleaginous yeast
Rhodosporidium toruloides Y4 is an excellent lipid
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producer. A fed-batch cultivation of this yeast in our labo-
ratory gave a cell density higher than 100 g l¡1, whereas
cellular lipid content was over 60% [10]. The present paper
reports our work on lipid production by R. toruloides Y4
under low organic nitrogen conditions with diVerent glu-
cose feeding strategies. Our results indicated that substrate
feeding modes had a great impact on lipid productivity, and
that a repeated fed-batch culture was the most appealing
method by which to enhance microbial lipid production.

Materials and methods

Strain and media

The yeast R. toruloides Y4 was a cornstalk hydrolysate
domesticated strain of R. toruloides AS 2.1389, originally
from China General Microbiological Culture Collection
Center [9]. It was maintained at 4°C on yeast peptone dex-
trose (YPD) agar slants (glucose 20 g l¡1, peptone 10 g l¡1,
yeast extract 10 g l¡1, agar 20 g l¡1, pH 6.0) and sub-cul-
tured twice a month. The seed culture medium contained
(g l¡1): glucose 20, peptone 10, yeast extract 10, pH 6.0.
The initial media for fed-batch and repeated fed-batch
experiments contained (g l¡1): glucose 55, yeast extract 10,
KH2PO4 1, MgSO4·7H2O 1, (NH4)2SO4 10, pH 5.6. A solu-
tion of 1,000 g l¡1 glucose was used as the feeding material
in the fed-batch and repeated fed-batch processes.

Culture conditions

All fed-batch and repeated fed-batch cultures were carried
out at 30°C in a 15-l stirred-tank bioreactor (FUS-15-l (A),
Shanghai Guoqiang Bioengineering Equipment Co. Ltd.,
Shanghai, China) with an initial volume of 9 l. The inocu-
lum culture was prepared in a shake Xask at 30°C, 200 rpm
for 36 h, and was inoculated into the bioreactor at a volume
ratio of 10%. The pH was held constant at 5.6 by automatic
addition of 10 M NaOH or 2 M HCl. The gas Xow rate was
maintained at 0.8 vvm. The dissolved oxygen was main-
tained at 40–50% of air saturation by automatically tuning
the agitation speed. Samples were withdrawn at diVerent
time intervals and stored at ¡70°C for further analysis.

Culture process setting

All fed-batch cultures were started with an initial glucose
concentration of 55 g l¡1 and the feeding substrates were
fed into the bioreactor using a computer-coupled peristaltic
pump. To determine an appropriate substrate feeding strat-
egy, three diVerent modes were examined. The intermittent
feeding (IF) mode added concentrated glucose solution into
the bioreactor to let the residual glucose concentration

increase to 50 g l¡1 immediately after the residual glucose
concentration was dropped to 0–5 g l¡1. In a typical experi-
ment, glucose solution was fed for 5 times in a batch.

The constant concentration I (CC-I) and the constant
concentration II (CC-II) mode cultures held the residual
glucose concentration at 30 and 5 g l¡1, respectively, by
continuously pumping concentrated glucose solution into
the bioreactor.

The repeated fed-batch culture was performed following
the CC-II mode but with multiple cycles. Upon removal of
the majority of the mature culture at the end of each cycle,
900 ml of the culture was held in the bioreactor. Fresh ini-
tial media were then added and a new cultivation cycle was
resumed by the carryover culture.

Analytical methods

Cell biomass, expressed as dry cell weight (DCW), was
obtained from cell pellets in 30 ml of culture broth, and
dried in an oven at 105°C to a constant weight. Glucose
concentration was monitored with an SBA-50B glucose
analyzer (Shandong Academy of Sciences, China).

Total lipid was extracted with a mixture of chloroform
and methanol [11]. Lipid content was expressed as gram
lipid per gram DCW. The fatty acid composition analysis
was carried out on a 7890F gas chromatography instrument
according to the published procedure [9].

Results and discussion

EVects of diVerent glucose feeding strategies 
on lipid production

Substrate feeding is one of the most powerful strategies to
control microbial cultures in large-scale biochemical pro-
cesses [16, 19, 21, 25]. To evaluate the eVect of glucose
feeding strategies on the lipid production course by R. toru-
loides Y4, we performed diVerent cultivation experiments.

The time courses of DCW, lipid and residual glucose
concentration during the IF mode are shown in Fig. 1a. After
the initial glucose was exhausted, concentrated glucose solu-
tion (1,000 g l¡1) was supplemented to hold the media glu-
cose concentration at 50 g l¡1. After 146.7 h of cultivation
with 5 feedings, the DCW, lipid and lipid productivity were
89.0 g l¡1, 52.2 g l¡1and 0.36 g l¡1 h¡1, respectively. Lipid
content for the cell biomass sample reached 58.6%. The
ammonium-N concentration in the media dropped from
0.194 to 0.009 mol l¡1. This observation was in good accord
with a nitrogen-deWcient associated lipid accumulation
mechanism by the yeast R. toruloides [3].

To further improve lipid productivity, we decided to
control the glucose concentration. There were examples in
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the literature indicating that productivity may be improved
by controlling the substrate concentration in the production
of insecticide [1] and poly (3-hydroxybytyrate) [20]. The
CC-I mode experiment maintained the glucose concentra-
tion at 30 g l¡1 through feeding glucose solution immedi-
ately after the media glucose concentration dropped below
30 g l¡1. After 143.5 h of cultivation, DCW, lipid and lipid
productivity were 92.5 g l¡1, 56.2 g l¡1 and 0.39 g l¡1 h¡1,
respectively (Fig. 1b). It was clear that the overall lipid pro-
ductivity was increased by 8.3% compared to that of the IF
mode culture, indicating that the CC-I mode culture was

more eYcient for lipid production. If the residual glucose
was maintained during the feeding stage at a lower concen-
tration of 5 g l¡1 (the CC-II mode), DCW, lipid production
and lipid productivity were 127.5 g l¡1, 78.8 g l¡1 and
0.57 g l¡1 h¡1, respectively, after 138.5 h (Fig. 1c). Com-
pared to that of the CC-I mode, the CC-II mode increased
lipid productivity, DCW and cellular lipid content by 48,
37.8 and 1.0%, respectively. Thus, the increment in lipid
productivity was ascribed to the improvement of DCW.
These results suggested that substrate concentration had a
major eVect on DCW and lipid production. A lower sub-
strate concentration was favorable for DCW and lipid pro-
duction using the fed-batch process, because higher glucose
concentration may exhibit inhibitory eVects on cell growth
and regulatory eVects on cellular metabolism [1, 9, 14].
Similarly, lower residual glucose concentration was also
found beneWcial for the production of polyhydroxybutyrate
with a fed-batch process [22].

Repeated fed-batch culture

The repeated fed-batch process is known to enhance the
productivity of microbial cultures, because it extends the
production phase by replacing a large portion of the mature
culture with fresh media. It saves time due to its reduced
need for cleaning, sterilization and inoculation processes.
For example, a repeated fed-batch process has been applied
in the biochemical production of amino acids [6] and
erythritol [8].

Results of a repeated fed-batch culture of R. toruloides
Y4 based on the CC-II mode are shown in Fig. 2. After the
Wrst cycle was completed at 133.8 h with a DCW of
127.5 g l¡1, the bioreactor was discharged and 900 ml of
cell culture was left over to serve as the inoculum. The sec-
ond cycle started by supplementing 8.1l of fresh lipid pro-
duction media. Similarly, the third cycle was initiated at
239 h. Overall, the repeated fed-batch experiment lasted for
358 h. Lipid concentrations for the Wrst, the second and the
third cycles were 78.7, 55.3 and 54.7 g l¡1, respectively.
Although lipid concentrations for the second and the third
cycle were clearly lower than that of the Wrst one, it was
interesting to note that these two cycles gave very close
results. On the other hand, the lipid productivity decreased
progressively after each cycle. The lipid productivity in the
three cycles was 0.57, 0.55 and 0.51 g l¡1 h¡1, respectively,
whereas the overall lipid productivity for this process was
0.55 g l¡1 h¡1. Therefore, it was inferred that the cell activ-
ity decreased slowly in the repeated fed-batch process.

It should be noted that no nitrogen or additional nutri-
ents, except a concentrated glucose solution, was supple-
mented for fed-batch cultures with the IF mode, the CC-I
mode and the CC-II mode. During the late stage of the fed-
batch process, i.e., after 80 h of cultivation in most cases,

Fig. 1 Time courses of DCW, glucose and lipid concentration during
the IF (a), CC-I (b) and CC-II (c) mode process
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cell biomass production was reduced. This was mainly due
to the fact that nitrogen sources were exhausted, and the
carbon Xux was channeled into lipid biosynthesis. How-
ever, for the repeated fed-batch culture process, fresh
medium with nitrogen sources can be applied to restart an
exponential cell propagation process.

Comparison

Cultivation of oleaginous microorganisms on glucose with
diVerent feeding strategies has been done to obtain a higher
lipid productivity (Table 1). In those continuous culture
process, product titer, productivity and cellular lipid con-
tent were relatively low (Table 1, entries 1 and 2). In con-
trast, fed-batch modes gave signiWcantly higher product
titer and cellular lipid content was also higher. An early
work with R. glutinis obtained a lipid productivity of
0.88 g l¡1 h¡1 (Table 1, entry 3); however, it was aerated
with oxygen-enriched air, which could be expensive for a
large-scale operation. Our previous work achieved a lipid
productivity of 0.54 g l¡1 h¡1 when R. toruloides Y4 was
cultured according to the fed-batch mode (Table 1, entry 4),

but the initial concentration of organic nitrogen sources was
31.4 g l¡1. Because yeast extract and peptone were rela-
tively expensive, the present study applied yeast extract at
10 g l¡1, and the remaining nitrogen sources were supple-
mented with ammonia sulfate. In this way, the costs for
nitrogen sources were substantially reduced. In the CC-II
mode culture, a high lipid content of 61.8% and a higher
lipid titer of 78.8 g l¡1 were reached (Table 1, entry 7). The
lipid productivity of 0.57 g l¡1 h¡1 in the CC-II mode cul-
ture was higher than that of our previous study, indicating
that the lipid production could be improved by optimizing
control of the substrate feeding process. Thus, further study
should focus on carefully managing glucose concentration
in the bioreactor using advanced techniques.

Compared to the fed-batch strategies, the repeated fed-
batch had some advantages. The repeated mode diVered
from the traditional fed-batch process as a small portion of
the culture containing lipid-rich cells were directly carried
over from the previous batch to seed the new one. Our cul-
ture experiment for 358 h gave an average lipid productiv-
ity of 0.55 g l¡1 h¡1, which was very close to that obtained
in the CC-II mode culture. Process optimization on parame-
ters such as media composition (low-cost substrate),
medium replacement ratio and time of replacement should
further lead to advancement in lipid productivity. Nitrogen
feeding should be taken into consideration, because the
molecular ratio of carbon-to-nitrogen (C/N) was important
for lipid accumulation [9, 18]. Usually, a C/N ratio of 70
was suYcient to ensure the lipid production process, and a
higher C/N ratio gave a higher lipid content. However, lipid
productivity could be reduced when nitrogen sources were
extremely scarce. In the repeated fed-batch culture, the C/N
ratio should have a little diVerence for each cycle. In the
future, nitrogen sources should be optimized and controlled
more carefully.

Lipid coeYcient, i.e., gram lipid per gram substrate, is
one of the most important parameters for microbial lipid

Fig. 2 Time courses of DCW, glucose and lipid concentration during
the repeated fed-batch process
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Table 1 Comparison of lipid production by various oleaginous microorganisms with glucose as the sole carbon source using diVerent cultivation
modes

a  The lipid content, lipid and lipid productivity in the repeated fed-batch were the average of the three cycles of the fed-batch

Entry Culture mode Microbe Lipid 
content (%)

Lipid 
(g l¡1)

Lipid productivity 
(g l¡1 h¡1)

Lipid 
coeYcient (g g¡1)

Reference

1 Continuous C. curvatus 29.0 3.9 0.16 0.13 [2]

2 Continuous A. curvatum 31.9 3.4 0.42 0.22 [5]

3 Fed-batch R. glutinis 40.0 74.0 0.88 – [13]

4 Fed-batch R. toruloides Y4 67.5 71.9 0.54 0.23 [10]

5 Fed-batch IF R. toruloides Y4 58.6 52.2 0.36 0.20 This study

6 Fed-batch CC-I R. toruloides Y4 60.8 56.2 0.39 0.21 This study

7 Fed-batch CC-II R. toruloides Y4 61.8 78.7 0.57 0.23 This study

8 Repeated fed-batcha R. toruloides Y4 60.4 61.4 0.55 0.24 This study
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technology. The theoretical lipid coeYcient was estimated
as 0.32 g lipid g¡1 glucose [18]. We should point out that
our experiments gave a very high lipid coeYcient of over
0.20 g lipid g¡1 glucose (Table 1, entries 5–8). In the case
of the repeated fed-batch culture, the lipid coeYcient was
0.24 g lipid g¡1 glucose. These results suggest that
improvement of lipid productivity using diVerent substrate
feeding strategies did not compromise the lipid yield.

Fatty acid compositional analysis

Lipid samples produced by diVerent processes were trans-
methylated and analyzed by gas chromatography. The fatty
acid composition showed little change regardless of culture
conditions (Table 2). Overall, four major constituent fatty
acids were oleic acid (18:1), palmitic acid (16:0), stearic
acid (18:0) and linoleic acid (18:2). The sum of palmitic
acid and oleic acid contents was over 80%. We also deter-
mined the contents of neutral lipids, glycolipids, sphingoli-
pids, phospholipids and other polar lipids in the lipid
samples [4]. The majority were the neutral lipids, which
took over 85% (w/w) in all samples (data not shown). The
fatty acid compositional proWle and the content of neutral
lipids were quite similar to those of soybean oil and
rapeseed oil, indicating that lipid produced by R. toruloides
Y4 has great potential as a feedstock for biodiesel
production [12].

Conclusions

This paper presented comparative experimental results of
lipid production by R. toruloides Y4 under diVerent sub-
strate feeding strategies. It demonstrated that the repeated
fed-batch process was of great potential for a large-scale
lipid production. Our results also indicated that the yeast
R. toruloides Y4 was a robust strain suitable for further
development in terms of biotechnological production of lipid.
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