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Abstract

As a potential feedstock for biofuel production, a high-cell-density continuous culture for the lipid production by Crypto-
coccus albidus was investigated in this study. The influences of dilution rates in the single-stage continuous cultures were
explored first. To reach a high-cell-density culture, a single-stage continuous culture coupled with a membrane cell recycling
system was carried out at a constant dilution rate of 0.36/h with varied bleeding ratios. The maximum lipid productivity of
0.69 g/L/h was achieved with the highest bleeding ratio of 0.4. To reach a better lipid yield and content, a two-stage continu-
ous cultivation was performed by adjusting the C/N ratio in two different stages. Finally, a lipid yield of 0.32 g/g and lipid
content of 56.4% were obtained. This two-stage continuous cultivation, which provided a higher lipid production perfor-
mance, shows a great potential for an industrial-scale biotechnological production of microbial lipids and biofuel production.
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Introduction

Decreasing petroleum resources and increasing environmen-
tal consequences from extracting and burning petroleum
have gained tremendous attention to the exposing of sus-
tainable renewable fuels. Major efforts on this matter have
focused on the production of high-energy-density biofuels.
During recent years, microbially produced lipid has been
proved to be a promising alternative feedstock for the pro-
duction of biodiesel, which has advantages in terms of fuel
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economy, compatibility with engines and current fuel deliv-
ery infrastructure and motor engine, and lower greenhouse
gas emissions [33]. Oleaginous yeasts (e.g., Cryptococcus
albidus) have been shown to accumulate significant amounts
of lipids [9]. Compared to traditional agricultural feedstocks
(oilseed plants), the production of microbial lipids offers
many benefits, such as shorter life cycle, less labor demand,
flexibility with location, season and climate as well as easier
to scale-up [20].

With the advent of biotechnology, bioprocesses have
been used to produce various value-added commodi-
ties. One of the objectives of biotechnology research is
to improve productivity. For increasing volumetric pro-
ductivity, design and operation of bioprocesses should be
optimized. Increasing the concentration of lipids for bio-
fuel production will be one of the most obvious methods
of increasing productivity, which has been the objective
of such techniques as two-stage cultivation, cell recy-
cling, and novel bioreactor design [3, 8]. With regard to
the production of the lipid, the ideal process would be
the continuous culture process, which is the most efficient
and cheapest means of microbial cultures for industrial
applications [4]. The relatively low cell density in the
culture system can limit the productivity of conventional
bioconversion processes. High-cell-density continuous
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culture can provide much higher volumetric productiv-
ity than other suspension systems, such as batch and fed-
batch cultivation [3]. To significantly improve the lipid
productivity, it is necessary to boost enough cell density
and control the concentration of nitrogen source to achieve
a nutrient-limited condition [6].

Most studies of microbial lipid production were con-
ducted in batch and fed-batch cultures that are able to pro-
vide a relatively higher cell density, but the lipid produc-
tivity is relatively low [10, 29, 31]. Although conventional
continuous culture could provide a higher productivity, it
is limited by the relatively low dilution rate causing a low
cell density. Therefore, a membrane cell recycling (MCR)
system has been developed to improve both cell density and
productivity. Compared with sedimentation and filtration,
this MCR bioprocess allows total recycling of cells. Hol-
low micro-channel filter membranes were first used for the
ethanol production by recycling Zymomonas mobilis [17].
Since then, MCR has become an efficient technique for high-
cell-density culture (HCDC) in general laboratory and pilot
plant. HCDC always relies on the presence of sufficient oxy-
gen supply in the aerobic cultivation by providing pure oxy-
gen. Nevertheless, HCDC has been achieved in bioreactors
with recycling cells using air only [16, 30, 32]. In addition
to improving productivity, the MCR-based HCDC has the
benefit of improving the average cell age in the bioreactors
and being useful in the biosynthesis of desired products.
However, to date, a very limited research has been reported
on the effect of dilution rate and bleeding rate on lipid pro-
duction under total cell recycling and partial cell recycling
modes in high-cell-density cultivation.

Lipid production by oleaginous microorganisms starts
when the cells exhaust the nitrogen source in the culture
medium, but the excess of the carbon source is still supplied
to be converted into lipids [22, 26]. In our previous report,
a lipid content of 55% (w/w) was obtained in a two-stage
fed-batch culture of C. albidus, presenting a 120% enhance-
ment in lipid content [8]. Therefore, a two-stage continuous
culture can ensure higher lipid content and productivity: in
the first stage, cells grow in the nitrogen-excess medium
for boosting cell mass with few lipids accumulated; in the
second stage, however, the supply of nitrogen is restricted to
ensure that all the carbon flux towards to lipid production.

In this study, various continuous cultivation systems for
lipid production were developed and explored to accomplish
a better lipid production performance in terms of lipid con-
tent, yield, and productivity. The aim of this study is also to
evaluate the effects of operational variables, such as dilution
rates and bleeding ratios. For higher cell density and lipid
productivity, the membrane cell recycling approach was
used and investigated in this high-cell-density culture. A
two-stage continuous culture was also developed to achieve
higher lipid content and productivity.
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Materials and methods
Microorganism, media and chemicals

Cryptococcus albidus (ATCC 10,672) obtained from the
Korea Biological Resource Center (Republic of Korea) was
used in this study. The seed culture was performed using the
minimal medium (pH 6.0) containing the following per liter
distilled water: KH,PO, 3 g, MgSO,.7H,0 1 g, FeCl;.6H,O
15 mg and ZnSO,.7H,0 7.5 mg. The concentrations of glu-
cose and ammonium are specified in the following section.
Unless otherwise stated, all chemicals were purchased from
Sigma-Aldrich Co. LLC (St. Louis, MO).

Single-stage continuous cultivation

A 2.5-L fermentor, fitted with pH and dissolved oxygen
(DO) electrodes, was used. All continuous cultures were
carried out in duplicates. The pH was controlled at pH 6.0
using 4 M NaOH automatically. DO concentration was
maintained above 20% by increasing the agitation rate up to
1200 rpm and/or supplying pure oxygen automatically via
the fermentor control system. The details of the setup for
single-stage fermentor have been described in our previous
work [16]. The fermentor was sterilized by autoclaving at
121 °C for 30 min. A 10% inoculum was added and grown
as a batch culture for 24 h before commencing continuous
culture. Cultures were grown at 25 °C with the air flow-
rate of 1 vvm (volume of air/volume of medium per min).
The steady-stage conditions were obtained after at least five
changes of the medium occurred before samples were taken
on two consecutive days. It was considered that steady states
were reached when the changes of DCW/OD and glucose
concentrations were less than 5% in 12 h.

Membrane cell recycling (MCR) continuous
cultivation

Figure 1 shows a schematic diagram of the MCR system
used in this study. This process was set up as described pre-
viously [16]. Briefly, a hollow fiber membrane was coupled
to a 1-L working volume fermentor (Bioflo model C30, New
Brunswick Scientific Co.). Cell broth was pumped back to
the fermentor by a peristaltic pump (Cole-Parmer Co, IL,
USA). Fresh culture medium was continuously pumped into
the fermentor. Meanwhile, the cell-free broth was removed
through the hollow-fiber membrane system. Part of the cell
broth was continuously removed through the effluent port
to control cell density in the fermentor. Both the cell broth
bled from the bleed effluent and the cell-free broth from
the hollow-fiber membrane system were transferred into a
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Fig.1 Schematic diagram of the membrane cell recycling system. S
substrate concentration, F flow rate, P product titer, X cell density, B
bleeding ratio. Total cell recycling occurs when B=0 and perfusion
cell recycling when 0<B< 1

harvesting container. The total influent flow rate was con-
trolled to be exactly equal to the total effluent flow rate to
achieve and maintain a steady state in continuous cultiva-
tion. When the steady state in MCR is maintained by con-
trolling the bleed ratio, the material balances in MCR can
be expressed by following equations [18]:

dx

i (u — BD)X(= Oat steady state ), €h)
dpr
e vX — DP(= Oat steady state ). 2)

The hollow-fiber membrane used in this study was obtained
from Bergh and Co. (Tiibingen, Germany) and was asym-
metric, with outer and inner diameters of 1.5 and 1.3 mm,
respectively. The hollow-fiber membrane system was pre-
pared in the authors’ laboratory by potting hollow-fiber bun-
dles with polyurethane as described in previous studies [16,
21]. Before connecting the hollow-fiber membrane with the
fermentor, the hollow-fiber membrane was first sterilized
with 75% ethanol and then washed with sterilized distilled
water. A batch culture was carried out before the MCR
continuous culture with an initial glucose concentration
of 35 g/L. The MCR continuous culture was performance
at 40 h and culture medium was modified with glucose at
75 g/ and NH,Cl at 15 g/L to give a C/N ratio of 8 mol/mol.

Two-stage continuous cultivation

For growth in two-stage continuous cultures, the first and
second fermentors were as previously specified in single-
stage culture and contained 1 L. of medium. The units were
connected so that the entire output of fermentor one was
pumped directly into fermentor two. The holdup time of
yeast cells in the connecting tubing was less than 1 min. The

composition of the medium for the first stage was nitrogen
excess, i.e., with the above medium modified with NH,CI
at 4 g/L and glucose at 20 g/L (C/N ratio of 8§ mol/mol).
Glucose of 35 g/L along with NH,Cl of 1 g/LL (C/N ratio of
61 mol/mol) was fed into the second stage which then caused
nitrogen limited. Temperature, initial pH, and aeration rates
for both fermentors were as above except when otherwise
stated. The dilution rate was 0.05/h for this two-stage con-
tinuous culture.

Analyses

The cell density was determined with dry cell weight (DCW)
as described before [8] The concentrations of glucose were
analyzed by high-performance liquid chromatography
[19]. Lipid extraction was performed according to the Sox-
hlet extractor method [9]. All the analytic measurements
were performed in duplicates and data are expressed as a
mean =+ standard deviation. Significance level P was carried
out using SPSS package (SPSS Inc., Chicago, IL, USA).

Results and discussion

The influence of dilution rates on lipid production
in single-stage continuous culture

The effect of dilution rates on cell growth and lipid produc-
tion was investigated by increasing the dilution rate from
0.02 to 0.13/h. In Fig. 2, the relation between the dilution
rate and lipid accumulation is shown. The DCW gradually
reduced with increasing dilution rate and at the dilution rate
0.13/h, the lipid titer reduced to 0.87 g/L from 7.95 g/L (at
a dilution rate of 0.02/h). The effects of dilution rates on
lipid productivity and yield in the continuous cultivation
of C. albidus are summarized in Table 1. The lipid yield
decreased with increasing the dilution rate, which may be
due to the inefficient sugar utilization caused by the reduced
retention time. It is interesting that the lipid productivity
was increased with increasing the dilution rate from 0.01 to
0.05/h. However, the productivity started decreasing with
increasing the dilution rate further. Similar findings were
reported in the continuous cultures of R. toruloides [28] and
C. curvata [2], indicating the dilution rate affected the lipid
production in terms of lipid content, yield, and productivity.
Finally, the highest productivity of 0.19 g/L/h was achieved
in the intermediate dilution rate of 0.05/h, which was 1.7-
folds higher than that at 0.13/h.

@ Springer



1048 Journal of Industrial Microbiology & Biotechnology (2018) 45:1045-1051
Fig.2 Effects of dilution rate on 18 60%
cell growth and lipid production
in continuous culture at steady 16 - “DCW
state. Data points are the aver- —_ Slipid Ti 50%
age of duplicate cultures. There %0 14 Lipid Titer
was less than 5% variation - <Lipid Content —_
between each data point L 1 40% E
= 3
-5 =
5w g
S 30% 9
% e :
< o
2 6 20% 2
= =
(@}
A 4
10%
2
0 : : 0%
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Table 1 Effects of dilution rate (D) on sugar consumption rate, lipid
yield (Y;/5) and productivity (P;) in continuous culture of C. albidus

D (1/h) Sugar consumption Y, (g/g) P, (g/L/h)
(%)

0.02 100 0.23 0.16

0.03 90 0.19 0.18

0.05 82 0.13 0.19

0.10 50 0.10 0.17

0.13 36 0.07 0.11

Data points are the average of duplicate cultures. There was less than
5% variation between each data point

Enhanced lipid production in high-cell-density
continuous culture with MCR

After a 40-h batch culture, a total cell recycling continuous
culture was performed first without bleeding any cells. As
shown in Fig. 3, the dilution rate was increased from 0.1/h
to the highest 0.36/h in 88 h. By adding culture medium
with 75 g/L glucose and 15 g/ NH,CI during this period,
both cell density (DCW) and lipid production increased
concomitantly. Finally, a lipid content of 55% and high
cell density of 70 g/L were achieved at the end of this total
cell recycling culture. Figure 3 shows the effects of dilu-
tion rate on DCW and lipid content in the total cell recycle
culture. It was calculated that the enhanced productivi-
ties of biomass and lipid were directly proportional to the
increase of the dilution rate during total cell recycling
continuous culture. The highest DCW of 68.6 g/L along
with a lipid titer of 38.5 g/ was achieved with at the dilu-
tion rate of 0.36/h, which was determined by calculating
lipid titer increased over the time interval from 72 to 84 h
(Fig. 3). This lipid titer is nearly fivefold higher than that

@ Springer

Dilution Rate (h%)

in single-stage continuous cultures (Table 1). However,
a bleed was finally applied to achieve a steady state for
maintaining a cell density suitable for operation especially
when the fermentor becomes inoperable due to the high
cell density [16].

The bleeding started at 90 h and continued to about 100 h
of culture time, with a stepwise increase of the bleed ratio
from 0.05 to 0.4. A steady state was established after 12 h
when the DCW and residual glucose were kept constant. It
can be observed that a steady state was reached at 120 h,
before increasing the bleeding ratio (Fig. 3). It was found
that the concentrations of both cell density and lipid content
decreased significantly with the increase of bleed ratio until
the end of this culture. Accordingly, the residual glucose
kept increasing to 40 g/L with a bleeding ratio of 0.4 at
192 h. As shown in Table 2, when the bleeding ratio was 0.4,
the lipid productivity reached the maximum of 0.69 g/L/h.
It is clear that lower bleeding ratio results in higher lipid
titer and lipid yield indicating that the bleed ratio is criti-
cal in maintaining the desired cell density for lipid pro-
duction. Our results suggest that high cell density culture
can be achieved by regulating both dilution rate and bleed
ratio together. The lipid productivity can also be improved
dramatically by increasing the dilution rate without cell
washout as long as the dilution rate X bleeding ratio does
not exceed the maximum specific cell growth rate (Eq. 1).
These characteristics of MCR continuous culture would be
advantageous for high cell density and lipid production.
Limitations of the performance of MCR culture, however,
are only system problems, such as the filter capacity and suf-
ficient oxygen supply. Although aforementioned problems
can be resolved in pilot-scale demonstrations, some techni-
cal and economic issues observed in industrial scale in terms
of membrane life, long-term operation, the final selling price
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Fig.3 Time course of membrane cell recycling continuous culture of
C. albidus. Culture condition: total cell recycling continuous culture
was carried out from 40 to 88 h under non-steady state by increas-
ing the dilution rate without bleeding cells; perfusion cell recycling
continuous culture was performed from 88 to 192 h by adjusting the

Table 2 Effects of bleeding ratio (B) on lipid production, lipid yield
(Yy,¢) and productivity (P;) in membrane cell recycle culture of C.
albidus with a dilution rate of 0.36/h at steady state

B Lipid (¢/L) Yys (gle) Py (g/Lih)
0.05 22.8 0.31 0.41
0.10 12.3 0.24 0.44
0.20 8.84 0.21 0.63
0.40 4.85 0.14 0.69

Data points are the average of duplicate cultures. There was less than
5% variation between each data point

of desired products are still the obstacles for the application
of MCR system economically [5, 23]. It is clear that these
issues still have impacts on both capital cost and operating
cost in large-scale. Nevertheless, this MCR-HCDC sys-
tem can be beneficial for the production of organic acids in
the intracellular-based products [3, 11, 14, 15]. It has been
reported that a multi-stage continuous culture system is able
to provide better cell density and productivity in the man-
ner of industrial applications [3, 25]. Therefore, a two-stage
continuous culture system was developed and explored for
better fermentation performance in lipid production in the
following study.

bleeding ratio. During perfusion cell recycling continuous culture,
DCW, lipid titer, and residual glucose were measured after reaching
a steady state. Data points are the average of duplicate cultures. There
was less than 5% variation between each data point

Enhanced lipid production in two-stage continuous
culture under nutrient limitation

Although a high lipid productivity was achieved in MCR
continuous cultures using a high level bleeding ratio of 0.4
(Table 2), the lipid content and titer reduced significantly at
192 h (Fig. 3). It has been known that a nutrient-imbalance
culture condition (e.g., nitrogen depletion) would result in

Table 3 Lipid production in a two-stage continuous culture with the
dilution rate of 0.05/h at steady state (n=2)

First stage Second stage
Glucose (g/L) 20.0 35.0
NH,CI (g/L) 4.0 1.0
DCW (g/L) 9.5 20.1
Lipid titer (g/L) 2.8 11.3
Lipid content (%, w/w) 28.3 56.4
Yy (g/2) 0.48 0.57
Pr iomass (&/L/h) 0.48 1.00
Y, s (g/2) 0.14 0.32
Pr jipiq (&/L/0) 0.14 0.57

Data points are the average of duplicate cultures. There was less than
5% variation between each data point

@ Springer



1050

Journal of Industrial Microbiology & Biotechnology (2018) 45:1045-1051

Table 4 Comparison of

o . . Culture mode  Strains Biomass (g/L) Lipid (g/L) Content Y, (g/g) P, (g/L/h) References

lipid productlpn by various (%, wiw)

oleaginous microorganisms

with gll.Jcos.e as the 501? carbon Single stage Y. lipolytica 9 3 33 0.14 0.10 [1]

e different continuous Single stage  C. curvarus 13 4 29 013 016 (7]
Single stage  A. curvatum 11 3 32 0.22 0.42 [12]
Single stage  C. albidus 14.2 7.9 55.9 0.23 0.16 This study
Single stage  C. albidus 8.9 3.7 41.6 0.13 0.19 This study
MCR* C. albidus 49.2 22.7 46.3 0.30 0.41 This study
MCR! C. albidus 24.8 8.8 35.5 0.21 0.63 This study
Two-stage C. albidus 20.1 11.3 56.4 0.32 0.57 This study

#Achieved at the dilution rate of 0.02/h

®Achieved at the dilution rate of 0.05/h

Achieved at the dilution rate of 0.36/h with a bleeding ratio of 0.05
dAchieved at the dilution rate of 0.36/h with a bleeding ratio of 0.2
¢Achieved in the second stage at a dilution rate of 0.05/h

higher lipid content because the excess carbon source is
assimilated continuously to produce storage lipids [27]. To
obtain both high lipid productivity and content, a two-stage
continuous culture was carried out by adjusting the concen-
tration of glucose and ammonia in different stages. The C/N
ratio in the second stage was seven times higher than that
in the first stage, whereas the nitrogen concentration was
reduced by 75% in the second stage. As shown in Table 3,
the lipid titer increased significantly up to 11.3 g/L in the
second stage with a threefold enhancement from 2.8 g/L in
the first stage. However, the non-lipid cell mass obtained in
the first stage (6.7 g/L) and the second stage (8.8 g/L) only
showed slight difference and the increased amount of cells
in the second stage may account for the increased non-lipid
cell mass. It is obvious that the carbon source was mainly
used for cell proliferation rather than lipid production with
the excess nitrogen source in the first stage. These results
suggest that the growth of cells was fully achieved with sup-
plying sufficient both carbon and nitrogen sources in the first
stage and the increase of cell mass (DCW) in the second
stage was primarily due to the lipid accumulation by limit-
ing the nitrogen source. This result is in agreement with our
previous study, in which a two-stage fed-batch cultivation
improved the lipid production significantly by limiting the
nitrogen supply [8].Therefore, by developing this two-stage
culture system, both high lipid productivity (0.57 g/L/h) and
high lipid content (57%) were achieved in our continuous
cultivation (Table 3).

In conclusion, the better performance of lipid produc-
tion in terms of lipid content and productivity as well as the
sugar utilization efficiency makes this two-stage continu-
ous culture system sufficiently attractive for an industrial
evaluation, compared with other different continuous cul-
tures (Table 4). The two-stage continuous cultivation that
provided a similar productivity with the MCR continuous

@ Springer

culture (bleeding ratio of 0.2 in Table 2) has advantages in
terms of lipid content (57%) and an overall better fermen-
tation system practice on design, operation and industrial
scale-up [3, 24]. Moreover, the highest lipid yield (0.32 g/g)
achieved from the two-stage continuous culture provides
nearly 90% of the theoretical lipid yield (0.36 g/g [13]).
From the standpoint of lipid production and the considera-
tion of commercialization, therefore, a two-stage continu-
ous culture is a promising approach for lipid production in
industrial scale. Moreover, microbial lipid-derived biofuel
produced from a two-stage HCDC using low-cost substrates
derived from food waste or lignocellulosic feedstock also
has the potential to become competitive with fossil-based
diesel fuels [25].

Conclusion

As demonstrated in this work, MCR continuous culture has
shown to be an effective culture mode for high cell density
and lipid titer, even though it was relatively hard to operate
under total cell recycling. For the routine industrial applica-
tion of this technique, the introduction of cell perfusion is
necessary to practically maintain HCDC lipid production.
By controlling the C/N ratio in a two-stage continuous culti-
vation, the maximum lipid content (56.4%), yield (0.32 g/g)
and productivity (0.57 g/L/h) were obtained. In this regard,
a two-stage continuous cultivation was of great potential for
the industrial-scale biotechnological production of microbial
lipids and biofuel production.
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