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a b s t r a c t

Rhodotorula glutinis is an oleaginous microorganism, which is being able to accumulate great amounts of total

lipid. To achieve high cell density cultivation, the fed-batch operation was adopted. The effects of three feeding

strategies on the growth of R. glutinis in a pilot scale of 50 L airlift bioreactor were examined. Results indicate

that operation in a 50 L airlift bioreactor had superior performance on the growth of R. glutinis than that of

the 15 L agitation tank. The fed-batch operation could provide sufficient carbon source—crude glycerol while

avoiding inhibition resulting from the accumulation of high crude glycerol. Therefore, fed-batch operation

appears to promote a higher cell density as compared to that of batch operation. Among the feeding criteria,

the exponential feeding criteria could ease the observed growth-lag phase by avoiding peaks in crude glycerol

concentration. As such, it led to the highest obtained cell growth rate. Nevertheless, the conventional pulse

feeding criteria could achieve the highest total lipid and β-carotene productivity. Consequently, if collecting

the maximum total lipids for biodiesel production is the goal, the fed-batch operation by pulse feeding is

suggested as a suitable criterion for the cultivation of R. glutinis with crude glycerol as the carbon source.

© 2014 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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. Introduction

A lipid content of microorganisms in excess of 20% (g/g) classifies

hem as oleaginous species [1]. Some yeast strains can accumulate

ntracellular lipids, comprising as high as 70% of their biomass dry

eight. The majority of those lipids are triacylglycerol (TAG) con-

aining long-chain fatty acids that are comparable to those of con-

entional vegetable oils, and can be further used as the feedstock

or biodiesel production. The biological production of single cell oils

SCO) from oleaginous microorganisms had attracted much attention

ecently due to the advantageous characteristics of a short life cycle

nd varied carbon source choices; which in turn has raised research

nterest as a potential non-food feedstock for biodiesel production.

umerous oleaginous yeasts and microalgae have been reported to

e capable of accumulating great amounts of lipids. More specifically,

he characteristics of rapid growth and the ability to utilize a range of

arbon sources mean that Rhodotorula glutinis is an attractive candi-

ate for microbial oil production [2–5]. It was reported that the fatty

cids from R. glutinis were mainly composed of palmitic acid (C16:0),

almitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1) and
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inolenic acid (C18:2) [5,6]. The total of palmitic acid and oleic acid

ould be over 80% of total fatty acid, which made microbial oils de-

ived from R. glutinis being suitable for biodiesel production.

Successful biotechnological processes for producing biodiesel

eedstock should be supported by the utilization of cheap substrates

o make the commercialization of SCO possible; and for this rea-

on, crude glycerol is a particularly appealing material. About 10%

w/w) crude glycerol is the main byproduct produced in the biodiesel

anufacture process [7]. Since the global production of biodiesel is

ncreasing, the amount of crude glycerol production has also greatly

ncreased, and consequently its market price has reduced leading

o crude glycerol being a very promising potential substrate for the

ultivation of oleaginous microorganisms [3,8,9]. In addition to the

ubstrate’s falling cost, the operating cost for the accumulation of

icrobial oils is also a major concern for the commercial viability

f microbial oils. An airlift bioreactor has the advantages of sim-

le operation and low energy consumption, and thus can be used

or the growth of oleaginous microorganisms in a relatively inex-

ensive manner, facilitating the commercial production of microbial

ils. The feasibility of using an airlift bioreactor instead of conven-

ional agitation tank for the cultivation of R. glutinis has been reported

reviously [10].

Besides using the low operation cost of an airlift bioreactor for

he cultivation of oleaginous microorganisms, the achievement of a
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high cell density could further reduce the process cost. The fed-batch

operation strategy is generally adopted for achieving a high cell den-

sity production process. The reason for using fed-batch operation is

to ensure the substrate concentration does not exceed an inhibitory

level. Various feeding strategies such as conventional pulse feeding,

constant rate feeding and exponential feeding have been explored

in the literature for different fermentation products including the

conventional pulse feeding, constant rate feeding and exponential

feeding [11–13]. Pulse feeding is mostly adopted in fed-batch oper-

ations; nevertheless, pulse feeding can lead to an unstable environ-

ment, which could potentially yield an unstable growing situation.

Therefore, a fed-batch operation with constant feeding and exponen-

tial feeding probably better fits the requirement of cell growth by

avoiding sudden nutrient accumulation [12].

In the fed-batch cultivation of R. glutinis, Pan et al. obtained a

high cell density of 185 g/L with the aid of oxygen-enriched air [14].

Yamauchi et al. obtained a cell density of 153 g/L and a lipid content of

54% (w/w) by using fed-batch cultures of Lipomyces starkeyi for 140 h

[15]. Further, Li et al. indicated that by using pilot-scale fed-batch

cultivation of Rhodosporidium toruloides with discontinuous feeding

in a 15-L stirred-tank fermenter resulted in dry biomass, lipid con-

tent and lipid productivity of 106.5 g/L, 67.5% (w/w) and 0.54 g/L h,

respectively [16]. These three studies provide evidence that fed-batch

operation could successfully enhance cell growth to a relatively high

density.

Consequently, the present study attempted to compare three feed-

ing strategies on the growth of R. glutinis in a pilot scale 50 L air-

lift bioreactor by using crude glycerol as the sole source of carbon

and energy. The feeding strategies’ effects on the total lipids and on

β-carotene accumulation were also examined. Ultimately, a fed-batch

operation process is proposed for the cultivation of oleaginous yeast—

R. glutinis at a high cell density.

2. Materials and methods

2.1. Microorganism and medium

Freeze-dried R. glutinis BCRC 21418 was obtained from the Biore-

source Collection and Research Center, Taiwan (BCRC). The seed

medium composition and the cultivation methods followed the sug-

gestions provided by the BCRC. The fermentation medium (per liter)

comprised defined amounts of crude glycerol, 2 g of yeast extract, 2 g

of (NH4)2SO4, 1 g of KH2PO4, 0.5 g of MgSO4·7H2O, 0.1 g of CaCl2 and

0.1 g of NaCl [17]. The solution of 1.0 N NaOH or 1.0 N HCl was used

to adjust the pH. The crude glycerol was provided by a local biodiesel

manufacture company, with crude glycerol being the by-product of

the conventional base catalyst transesterification process. The glyc-

erol content of crude glycerol was 47 ± 8% (w/w) of glycerol content,

which the content depended on the biodiesel production batch.

2.2. Fed-batch fermentation in 50 L airlift

Fermentation was carried out in a 50 L airlift bioreactor (working

volume 40 L) with inner draft-tube and in a 15 L conventional stan-

dard agitation tank (with two sets of turbine impeller). The working

volume in the 15 L agitation tank is 10 L. Specifications of the air-

lift bioreactor are as follows: an outer diameter of 26 cm, inner tube

diameter of 18 cm, outer height of 115 cm and inner tube height of

53 cm. The 15 L conventional agitation tank was obtained from Biotop

Company, Taiwan, with two sets of turbine impeller. All the experi-

ments were performed at 24 °C and at pH 5.5 controlled by 1 N NaOH

solution. The aeration rates would be 1 vvm in both operations of

agitation and airlift bioreactor. To avoid the high shear force leading

to the damage of cells, the agitation rate would be limited to less than

300 rpm in the operation of agitation tank.
.3. The operation of fed-batch

According to the previous batch results, feeding was performed at

he 48th hour to enhance cell growth. As aforementioned, three differ-

nt feeding criteria were examined, namely pulse feeding, continuous

eeding at a constant rate and exponential feeding. The feeding solu-

ion consisted of 3.5 L of solution with 2.4 kg of crude glycerol for all

perations. Feeding occurred according to the following criteria:

1) Pulse feeding was performed by feeding the 3.5 L solution within

a short period (about 10 min).

2) Constant feeding was performed by continuously feeding the 3.5 L

solution at a rate of 0.3 L/h for 12 h.

3) Modified exponential feeding was performed by adjusting the

feeding rate according to the following equations [12]:

The mass balance for cells in fed-batch cultivation can be ex-

ressed as:

d(XV)

dt
= μXV (1)

here X is the cell concentration, V the culture volume, t the time,

nd μ the specific growth rate. If the fed-batch is operated under the

onditions that the substrate feed rate is equal to its consumption

ate, then the mass balance for limiting the substrate is expressed by;

S0 − μXV

YX/S
= 0 (2)

here F is the volumetric feed rate, S0 the feeding concentration of the

imiting substrate, and YX/S the yield coefficient (assumed constant).

n addition, the rate of increase in culture volume is

dV

dt
= F (3)

rom Eqs. (1) and (2) with μ = constant, we have

S0 = μX0V0eμt

YX/S
(4)

here X0 and V0 are the cell concentration and the culture volume

t the beginning of the fed-batch operation, respectively. It should be

oted that for the cells to grow at a predetermined μ, the substrate

oncentration S in the fermenter must be zero at the fed-batch phase.

evertheless, such kind of steady-state condition would not be easily

chievable.

In this study, the feeding concentration of S0 was constant at

85.7 g/L, which represents 2400 g of crude glycerol dissolved in

.5 L water. The volumetric rate F was calculated according to the

alues of μ, X0 and YX/S obtained at the end of the batch operation

Eq. (4)). Every 2 h, the volumetric feeding rate (F) was re-calculated

o obtain a new feeding rate for the next 2 h operation. Accordingly,

e can obtain the function as follows:

× 685.7 = 0.0898 × 25.4 × 40 × e0.0898×t

0.294
(5)

.4. Analytical methods

An infrared balance (Denver Instrument, IR 35) was adopted to

apidly measure the biomass concentration. Five milliliters of broth

as centrifuged at 7000 rpm for 10 min. After removing the su-

ernatant, about an equal volume of distilled water was added to

liminate impurities. This washing procedure was performed several

imes, and the final liquor was dried using the infrared balance at

50 °C to evaporate the water content.

The total lipid analysis was based on a modification of the proce-

ure used by Bligh and Dyer [18]. The dry biomass was ground into

fine powder; then, 0.05 g of the powder was blended with 5 ml

hloroform/methanol (2:1), and subsequently agitated for 20 min at
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Fig. 1. The effect of different reactor systems on biomass and total lipids production

at 60 g/L of crude glycerol at 24 °C and at pH 5.5.
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Table 1

Comprehensive values of different rector systems for the batch

operation at 24 °C and at pH 5.5.

Agitation Airlift

Maximum biomass (g/L) 20.6 24

Average growth rate (g/L h) 0.191 0.5

Maximum total lipid content (g/g) 0.456 0.555

Maximum β-carotene content (mg/g) 0.166 0.582
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Fig. 2. The effect of batch and fed-batch operations in 50 L airlift bioreactor at 24 °C
and at pH 5.5.

Table 2

Comprehensive values of batch and fed-batch operations in a 50 L

airlift bioreactor at 24 °C and at pH 5.5.

Batch Fed-batch

Maximum biomass (g/L) 24.0 46.4

Average growth rate (g/L h) 0.5 0.387

Maximum total lipid content (g/g) 0.555 0.622

Maximum β-carotene content (mg/g) 1.163 1.417
oom temperature in an orbital shaker. The solvent phase was re-

overed by centrifugation at 7000 rpm for 10 min. The same process

as repeated twice, and the whole solvent was evaporated and dried

nder vacuum conditions.

The glycerol concentration was measured by HPLC (Agilent series

100, Agilent Technologies, Santa Clara, CA) with a refractive index

etector, while the analysis was performed in a C-18 column (Ver-

opak N5ODS, 250 mm × 4.6 mm, Taiwan). The mobile phase was

omposed of 0.01 N H2SO4 with a flow rate of 0.4 ml/min [19].

The measurement of β-carotene was performed as following:

0 mg of cells, after freeze-drying, were mixed with a 2 ml solu-

ion consisting of acetonitrile, isopropyl alcohol and ethyl acetate

40:40:20, v/v/v), followed by ultrasonication (125 W, reaction time

min for the frequency of 20 s action and 20 s resting) to crush the

ells for pigment extraction. The extract was centrifuged at 7000 rpm

or 10 min, and the supernatant filtered through a 0.45-μm mem-

rane filter and subjected to HPLC analyses, which were performed

n a reversed-phase C18 analytical column (N5 ODS (C-18) 4.6 mm

.d. × 250 mm). The mobile phase was composed of acetonitrile, iso-

ropanol and ethyl acetate (40:40:20, v/v/v) and had a flow rate of

.7 ml/min. The column thermostat was set at 25 °C, while the detec-

or was operated at a wavelength of 457 nm [20]. The standard was

urchased from M.P. Biomedical Company, USA.

. Results and discussion

.1. Batch operation of 50 L airlift compared to 15 L agitation tank

In general, conventional agitation tanks are mostly adopted for the

ultivation of aerobic microorganisms, such as R. glutinis. However,

ow operation cost has made the airlift bioreactor very attractive for

he cultivation of oleaginous R. glutinis. A comparison of the batch

peration in a 15 L agitation tank and a 50 L airlift bioreactor for

iomass and lipid production is shown in Fig. 1. Biomass production

n the airlift bioreactor was obviously higher than that of the agitation

ank. Besides the higher biomass concentration obtained, the airlift

ioreactor promoted a faster biomass growth rate as compared to that

f the agitation tank, which were 0.5 and 0.191 g/L h, respectively

as seen in Table 1). However, the reasons for the higher biomass

nd the faster growth rate in the airlift bioreactor are not clear. In

eneral, the operation of an airlift bioreactor is characterized by its

ow shear force, which might be one reason leading to the increase

f cell growth. High shear force exerted in the agitation tank often

esulted in the broth foaming occurred, especially for the growth of
igh cells density. The results obtained in this study are similar to

revious findings conducted in a 5 L lab-scale airlift bioreactor, which

evealed that the increase of aeration rate over 1.5 vvm could produce

higher cell growth rate than that of an agitation tank [10]. Besides

he higher growth rate in the 50 L pilot scale airlift bioreactor, a higher

otal lipid and β-carotene content could also be obtained as compared

o that of the agitation tank. All these findings suggest that an airlift

ioreactor is a superior choice for the cultivation of R. glutinis.

.2. Comparison of batch and fed-batch operation in a 50 L pilot scale

irlift bioreactor

As shown in the previous section, the 50 L airlift bioreactor had

uperior cell growth performance than the 15 L agitation tank. It sug-

ested that the airlift type was a suitable bioreactor for the growth

f R. glutinis. The comparison of batch and fed-batch operation in the

0 L airlift bioreactor is further examined in this section. The pulse

eeding of crude glycerol was performed at the 48th hour after in-

culation, which raised the glycerol concentration of the medium to

he initial concentration of 60 g/L. The fed-batch operation by adding

rude glycerol could greatly enhance the growth of R. glutinis to the

aximum biomass concentration of 46.4 g/L, as compared to only

4.0 g/L achieved in the batch operation (Fig. 2). A comprehensive

omparison of several kinetic parameters in both the batch and fed-

atch operations is shown in Table 2, which also suggests that the
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Fig. 3. (a) Effects of feeding criteria on the biomass and glycerol concentration in

the 50 L airlift bioreactor. (b) Effects of feeding criteria on total lipid and β-carotene

concentration in the 50 L airlift bioreactor.

Fig. 4. Effects of feeding criteria on total lipid and β-carotene yield in the 50 L airlift

bioreactor.
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fed-batch operation could be a good fermentation criterion for in-

creasing biomass concentration, and without serious negative impact

on the total lipid and β-carotene content. However, a slight delay

of cell growth after crude glycerol addition was observed from the

biomass curve of Fig. 2. Crude glycerol was a complex material, which

were consisting of many transesterification process derivatives and

chemicals. Venkataramanan and his colleagues indicated that salt and

methanol found in crude glycerol were found to have no negative ef-

fects on the growth and metabolism of the bacteria. However, the fatty

acid with a higher degree of unsaturation, linoleic acid, was found to

have strong inhibitory effect on the utilization of glycerol by the bac-

teria [21]. The cell growth delay might lead to a lower average cell

growth rate measured in the fed-batch operation as compared to that

of the batch operation, which were 0.387 and 0.5 g/L h respectively

(as shown in Table 2). The pulse feeding performed in the fed-batch

operation might result in the accumulation of crude glycerol, which

led to the growth lag phase observed in the fed-batch operation. In

the cultivation of oleaginous yeast—Cryptococcus curvatus using crude

glycerol as the carbon source, the fed-batch operation could achieve

a far higher obtained biomass than that of the batch operation. A one-

stage fed-batch process would have a final obtained biomass density

and lipid content of 31.2 g/L and 44.2%, respectively, as compared to

less than 6 g/L of biomass in the batch operation [22]. In order to get a
igher biomass concentration without reducing the cell growth rate,

he effects of three feeding criteria on the growth are also examined.

.3. Effects of feeding criteria on the growth of R. glutinis in a 50 L pilot

cale airlift bioreactor

The effects of crude glycerol feeding on the cell growth with three

eeding criteria were examined in this study, including conventional

ulse feeding, constant feeding rate and exponential feeding. All fed-

atch operations were initialized at the 48th hour. Conventional pulse

eeding was performed by feeding 3.5 L of crude glycerol at one time,

hile constant feeding was executed by feeding 3.5 L of crude glycerol

olution at a constant rate of 0.3 L/h until all the substrate was pumped

n. Exponential feeding was performed according to the equation de-

cribed in Section 2.3. The conventional crude glycerol was provided

or all fed-batch operations. Results and the comprehensive compar-

son values are shown in Figs. 3 and 4 and in Table 3. Fig. 3 expresses

he profiles of biomass and residual glycerol for the fed-batch op-

rations with different feeding criteria. As seen in the figure, pulse

eeding seems to have a slightly lower growth curve than that of

ther two fed-batch operations. It seems there is a lag phase ob-

erved in the fed-batch operation with pulse feeding after the feeding

as performed at the 48th hour. It is clear that pulse feeding led

o the highest glycerol content measured at the 60th hour after the

eeding. To avoid the accumulation of high glycerol concentration

s observed in the pulse-feeding, the same amount of glycerol so-

ution was pumped into the fermenter within 12 h in the fed-batch

peration with the constant feeding (as described in Section 2.3). Con-

rary to pulse feeding and constant feeding, the exponential feeding

ad the lowest glycerol profile measured at the fed-batch stage since

he exponential feeding criteria only gradually increased the feeding

ate. Therefore, a longer adaption period is required for cells to ac-

ommodate the high glycerol concentration. Crude glycerol derived

rom the biodiesel production process probably contains several po-

entially toxic compounds, which would be inhibitive to cell growth

hen using high concentration feeding [23]. Similar to exponential

eeding by varying the feeding rate, a novel modified fed-batch culti-

ation method was developed for the cultivation of Aurantiochytrium

p., in which nitrogen and carbon sources were supplied at different

ime intervals [24]. This method increased biomass, palmitic acid, and

HA production 2- to 4-fold and utilized carbon and nitrogen sources

ore efficiently compared with the yields obtained using batch and

on-modified fed-batch methods. Conclusively, the avoidance of high

lycerol accumulation by the exponential feeding could prevent cell

rowth delay.
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Table 3

Comprehensive values for the fed-batch operations with different feeding criteria in a 50 L airlft

bioreactor at 24 °C and at pH 5.5.

Pulse Constant Exponential

Maximum biomass (g/L) 46.4 44.8 39.2

Average growth rate (g/L h) 0.387 0.467 0.470

Maximum total lipid content (g/g) 0.622 0.621 0.433

Maximum total lipid production rate (g/L/day) 10.9 10.8 5.55

Maximum β-carotene concentration (mg/L) 62.1 51.8 41.6

Maximum β-carotene content (mg/g) 1.417 1.158 1.060

Maximum β-carotene production rate (mg/L/day) 19.73 18.23 10.26
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It seems that the feeding criteria would slightly affect the cell

rowth due to the potential toxicity of high glycerol concentration

ccumulation. However, the effects of feeding criteria on the accu-

ulation of total lipids were not obvious (Fig. 3). However, a high

-carotene concentration of 62.1 mg/L was observed in the operation

ith pulse feeding, which was almost three times that in the opera-

ions of constant and exponential feeding. Fig. 4 clearly indicates that

ulse feeding results in more β-carotene yield. This implies that even

igh crude glycerol content could slightly retard the cell growth; how-

ver, it might be beneficial for the accumulation of β-carotene. The

peration with exponential feeding resulted in the low glycerol mea-

ured for each time point, which had the low C/N ratio and led to the

ow total lipids content measured. Several kinetic parameters among

ll operations with different feeding criteria are shown in Table 3. The

peration with exponential feeding had the highest cell growth rate,

ut had the lowest total lipids productivity and the lowest β-carotene

roductivity. Therefore, from the perspective of enhancing total lipids

ccumulation as the biodiesel feedstock, conventional pulse feeding

ight be the preferred feeding criteria for the cultivation of R. glutinis

n a pilot scale 50 L airlift bioreactor using crude glycerol as the carbon

ource.

. Conclusions

The airlift bioreactor had superior performance on the growth of

. glutinis as compared to the agitation tank. Furthermore, the opera-

ion of fed-batch by feeding crude glycerol could enhance cell growth

s compared to simple batch cultivation. The exponential feeding

riteria could avoid the high concentration of crude glycerol accumu-

ated, and led to the enhancement of cell growth rate. Nevertheless,

he conventional simple pulse feeding criteria achieved the highest

otal lipids and β-carotene productivity. Therefore, from the perspec-

ive of collecting the maximum total lipids for biodiesel production,

he fed-batch operation by pulse feeding is suggested as a suitable

riterion for the cultivation of R. glutinis with crude glycerol as the

arbon source.
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