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a b s t r a c t

Biodiesel, monoalkyl esters of long-chain fatty acids with short-chain alcohols derived from triacylglyc-
erols (TAGs), can be produced from renewable biomass sources. Recently, there has been interest in
producing microbial oils from oleaginous microorganisms. Rhodococcus opacus PD630 is known to accu-
mulate large amounts of TAGs. Following on these earlier works we demonstrate that R. opacus PD630
has the uncommon capacity to grow in defined media supplemented with glucose at a concentration of
300 g l−1 during batch-culture fermentations. We found that we could significantly increase concentra-
tions of both glucose and (NH4)2SO4 in the production medium resulting in a dramatic increase in fatty
AG
iodiesel
riacylglycerol
lucose

acid production when pH was controlled. We describe the experimental design protocol used to achieve
the culture conditions necessary to obtain both high-cell-density and TAG accumulation; specifically, we
describe the importance of the C/N ratio of the medium composition. Our bioprocess results demonstrate
that R. opacus PD630 grown in batch-culture with an optimal production medium containing 240 g l−1

glucose and 13.45 g l−1 (NH4)2SO4 (C/N of 17.8) yields 77.6 g l−1 of cell dry weight composed of approxi-
ng th
stock
mately 38% TAGs indicati
on starchy cellulosic feed

. Introduction

Biodiesel, monoalkyl esters of long-chain fatty acids with
hort-chain alcohols derived from triacylglycerols (TAGs), can be
roduced from renewable biomass sources (Canakci and Sanli,
008; Du et al., 2008; Vasudevan and Briggs, 2008). The height-
ned awareness of the need for high-energy molecules derived
rom renewable resources has motivated the search for oleagi-
ous microorganisms that produce microbial oils (Li et al., 2008;
lvarez and Steinbüchel, 2002; Antoni et al., 2007; Hu et al., 2008).
acteria belonging to the actinomycetes group – Streptomyces,
ocardia, Rhodococcus, Mycobacterium – are able to accumulate
AGs under nitrogen-limiting conditions (Alvarez and Steinbüchel,
002). The genus Rhodococcus is important for both environmen-

al and biotechnological applications because of its extraordinary
apacity for metabolizing recalcitrant organic compounds (Bell et
l., 1998; Larkin et al., 2005). Steinbüchel and coworkers (Alvarez
t al., 1996; Wältermann et al., 2000) demonstrated that Rhodococ-

∗ Corresponding author at: Department of Biology, Engineering Systems Division
nd Health Sciences and Technology, Massachusetts Institute of Technology, 77 Mas-
achusetts Ave., Room 68-370A, Cambridge, MA 02139, United States.
el.: +1 617 253 6721; fax: +1 617 253 8550.

E-mail address: asinskey@mit.edu (A.J. Sinskey).
1 All authors contributed equally to the research and manuscript.

168-1656/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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at this strain holds great potential as a future source of industrial biodiesel
s that are glucose polymers.

© 2010 Elsevier B.V. All rights reserved.

cus opacus DSMZ 44193 (PD630) grown on gluconate medium is
capable of accumulating TAGs accounting for up to 76% of the
cell dry weight (CDW). It has been reported that R. opacus PD630
grown in fed-batch conditions on a medium containing sugar beet
molasses and sucrose as carbon sources reached a cell density of
37.4 g CDW l−1 with a fatty acid content of 51.9% of the CDW (Voss
and Steinbüchel, 2001). These findings suggest that R. opacus PD630
can be cultivated on low cost carbon sources derived from agricul-
tural crops for the production of biodiesel.

In order for these “Second Generation Biofuel Technologies” to
be produced in a sustainable manner and to avoid the food-fuel
conflict, lignocellulosic biomass, waste streams, or underutilized
non-food carbon sources must be developed as feedstocks for high-
energy chemicals (Stein, 2007; Tollefson, 2008). Lignocellulosic
biomass includes cellulose, a glucose polymer. Bacteria belonging
to the genera Rhodococcus, Streptomyces and Mycobacterium were
screened for TAG production. These bacteria are capable of growing
to high cell-densities when cultivated on glucose as a single car-
bon source. We found that R. opacus PD630 has the rare capability
of accumulating large amounts of TAGs in batch-culture contain-
ing high concentrations of glucose at a critical carbon to nitrogen

ratio (C/N). In this paper, we describe the fermentative production
of TAGs by R. opacus PD630 on media with high glucose concen-
trations. An experimental design protocol was used to define the
culture conditions leading to maximum TAG accumulation by R.
opacus PD630. We have established the importance of the C/N ratios

http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
mailto:asinskey@mit.edu
dx.doi.org/10.1016/j.jbiotec.2010.04.003
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Table 1
Central composite experimental design matrix defining glucose and (NH4)2SO4

concentration.

Run Real values Coded values Fatty acid
production (g l−1)

X1 X2 X1 X2

1 35.1 12.8 −1 1 2.3
2 35.1 2.2 −1 −1 4.9
3 120.0 7.5 0 0 18.6
4 240.0 7.5 1.41 0 17.8
5 0.0 7.5 −1.41 0 0.0
6 120.0 7.5 0 0 14.0
7 204.9 12.8 1 1 24.7
8 120.0 0.0 0 −1.41 0.0
9 120.0 15.0 0 1.41 8.2
K. Kurosawa et al. / Journal of

f the medium composition in order to achieve high yields of TAGs
rom glucose.

. Materials and methods

.1. Strain and media

R. opacus PD630 (DSM 44193) was obtained from the Deutsche
ammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ,
ermany). The culture media used were lysogeny broth (LB)

Bertani, 1951) and a phosphate-buffered defined medium,
hich contained per liter: 40 g glucose, 1.4 g (NH4)2SO4, 1.0 g
gSO4·7H2O, 0.015 g CaCl2·2H2O, 1.0 ml trace element solution,

.0 ml stock A solution, and 35.2 ml 1.0 M phosphate buffer. The
race element solution, stock A solution, and phosphate buffer were
he same as those described by Chartrain et al. (1998). Glucose,

gSO4·7H2O and CaCl2·2H2O were dissolved in deionized water
nd sterilized by autoclaving, and then stock A, trace elements, and
NH4)2SO4 were added to the cooled medium as filter sterilized
tock solutions. Modifications of the defined medium for optimiza-
ion of TAG production are stated below in the text. The strain
as routinely maintained on LB agar medium (2%, w/v) at 4 ◦C and
reserved in 20% (v/v) glycerol at −80 ◦C.

.2. Preparation of seed culture

A loopful of cells from a single colony grown on an LB agar plate
t 30 ◦C for 3 days was used to inoculate 50 ml of defined medium in
250-ml baffled flask. The culture was then incubated on a rotary

haker (250 rpm) at 30 ◦C for 2 days until it reached an optical den-
ity of approximately 10 ODu (optical density units) at 660 nm, as
etermined by a Spectronic 20 Genesys spectrophotometer (Spec-
ronic Instruments Inc., Rochester, NY).

.3. Culture conditions

Shake flask experiments were carried out in triplicate using 500-
l baffled flasks containing 100 ml of defined medium incubated

n a rotary shaker (250 rpm) at 30 ◦C. Unless otherwise stated,
ultures were inoculated with a seed culture to reach an initial
D660 of about 0.03 (7.5 × 106 cfu ml−1). Fermentor experiments
ere performed with a Sixfors bioreactor system (Infors AG CH-

103, Bottmingen, Switzerland) at 30 ◦C. Cultures were cultivated
n 500 ml fermentor vessels containing 300 ml working volume of
efined medium inoculated with a seed culture to an initial OD660
f about 0.3. The pH of the medium was maintained at 6.9 ± 0.1 by
he addition of 2 M NaOH. Dissolved oxygen was measured with
n Ingold polarographic probe and maintained at above 80% O2
aturation by automatically adjusting the mixture of air and pure
xygen flow via flow controllers while maintaining air gas flow
t 0.1 VVM and by manually adjusting the agitation speed from
00 rpm up to 1200 rpm. When necessary to prevent foam forma-
ion, polypropylene glycol P 2’000 (Fluka) was manually added to
ach vessel.

.4. Response surface methodology experimental design and
tatistical analysis

The critical operational C/N ratio of the defined medium for max-
mum production of fatty acids was optimized using a response
urface methodology based on the Box–Wilson Central Composi-

ion Design (CCD) (Sudarjanto et al., 2006). The design matrix of
he experimental conditions was subjected to regression analy-
is by using the software StatGraphics (StatPoint Inc., USA). The
esign class chosen to perform the experiments was a response
urface with 11 proofs and a triplicate central point. The range and
10 120.0 7.5 0 0 16.2
11 204.9 2.2 1 −1 3.1

X1, glucose concentration (g l−1); X2, (NH4)2SO4 concentration (g l−1).

concentrations of glucose and (NH4)2SO4 levels of the variables
investigated are shown in Table 1. The defined medium utilized
was the same as described above.

2.5. Analytical procedures

Cell growth was estimated by measuring optical density at
660 nm or the cell dry weight (CDW). The CDW was determined
after lyophilizing culture biomass by centrifuging approximately
10 ml of culture broth at 6000 × g for 15 min and washing the
cell pellet twice in deionized water. The lyophilized cell pellet
was also used to analyze the fatty acid concentrations. The super-
natants of the culture broth were used for analyses of residual
glucose and (NH4)2SO4 after filtration through a 0.2-�m-pore-size
filter. The residual glucose concentrations were measured by high-
performance liquid chromatography (HPLC, Agilent 1100 system)
fitted with an Aminex HPX-87H column (300 mm × 7.8 mm, BIO-
RAD) coupled to a refractive index (RI) detector. The column was
eluted with 5 mM H2SO4 as mobile phase at 40 ◦C and a flow rate
of 0.6 ml/min. Residual ammonia concentrations were determined
by the Ammonia Assay kit (Sigma) according to the manufacturer’s
instructions.

For the identification of lipids, cultures were harvested by
centrifugation at 6000 × g for 15 min. The resulting cell pellet
was resuspended in water and lyophilized overnight. Lyophilized
cell pellets were resuspended in chloroform and methanol (1:1,
v/v) and incubated at 25 ◦C for 1 h with gentle agitation. Sam-
ples were filtered and spotted on silica gel 60 plates (EMD),
and resolved using a hexane/diethyl ether/acetic acid (70:30:1)
solvent system. In some experiments, a double solvent system,
chloroform/methanol/water (60:35:5) followed by hexane/diethyl
ether/acetic acid (70:30:1) was used. Resolved lipids were visual-
ized by charring. Plates were sprayed with a 0.2% cupric acetate
solution followed by incubation at 200 ◦C for 5 min. To determine
the fatty acid content of the cells and the composition of lipids, fatty
acids were converted to methyl esters by methanolysis followed
by gas chromatography (GC) (Brandl et al., 1988; Wältermann et
al., 2000). An average of 10 mg of lyophilized cells or the triacyl-
glycerol fraction obtained from preparative TLC was resuspended
in 1 ml of methanol containing 15% (v/v) H2SO4 and 1 ml of chloro-
form. Methanolysis was carried out at 100 ◦C for 2.5 h. After cooling
to room temperature and then on ice, 0.5 ml of deionized water
was added to the solution, which was then vortexed for 1 min. The

organic phase containing fatty acid methyl esters (FAMEs) was ana-
lyzed by using an Agilent 6850 series II GC system equipped with an
Agilent DB-Wax column (30 m by 0.32 mm, 0.5 �m thick film) with
hydrogen as the carrier gas. A 2 �l portion of the organic phase was
injected with a 30:1 split ratio using the autosampler. The inlet
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ig. 1. Growth kinetics of R. opacus PD630 on high glucose concentrations in flas
quares), 250 g l−1 (closed circles), and 300 g l−1 (open triangles). Initial inoculum de
.3 (C), and OD660 1.0 (D). The error bars represent the standard deviation of three s

as maintained at 250 ◦C. The oven was held at 80 ◦C for 5 min,
eated to 220 ◦C at 20 ◦C/min, and then held at 220 ◦C for 5 min.
eak detection was performed by a flame ionization detector, which
as maintained at 300 ◦C. The fatty acids were identified and quan-

ified by comparison to standard FAMEs (Sigma). Fatty acid content
as defined as the percentage of the ratio of fatty acids to cell dry
eight (% CDW).

.6. Chemicals

All chemicals used were reagent-grade and obtained from
igma–Aldrich (St. Louis, MO) unless otherwise noted. All medium
omponents were purchased from BD Diagnostic Systems (Difco,
parks, MD).

. Results

.1. Flask cultures with high glucose concentrations

To investigate lipid accumulation in R. opacus PD630 grown with
lucose as the sole carbon source, we first tested the growth kinet-
cs of this organism in flask cultures on defined medium with initial
lucose concentrations of 200, 250 and 300 g l−1 for 96 h. Addition-
lly, we tested inoculum sizes corresponding to an initial OD660 of
.03, 0.1, 0.3, or 1.0. As shown in Fig. 1, we observed that there
as a direct correlation between inoculum density and the ability

o grow on high concentrations of glucose. At the lowest inocu-
um, an OD660 of approximately 0.03, growth was observed solely

n medium supplemented with 200 g l−1 glucose. However, when
he inoculum size was increased to an OD660 of 0.1 or 0.3, the bac-
erium grew in defined medium containing up to 250 g l−1 glucose.
inally, with an initial OD660 of approximately 1.0, the strain grew
n media containing up to 300 g l−1 of glucose, reaching stationary
ures. Glucose concentrations of the defined medium tested were 200 g l−1 (open
s were adjusted photometrically to obtain an OD660 of 0.03 (A), OD660 0.1 (B), OD660

te replicates of each experiment.

phase after 48 h on 200 g l−1, 72 h on 250 g l−1 and 96 h on 300 g l−1

of cultivation, respectively.

3.2. Effect of nitrogen concentration on lipid production

Previous reports have demonstrated that carbon storage in a
myriad of organisms is heavily influenced by the ratio of carbon
to nitrogen (C/N) (Riesenberg and Guthke, 1999). Accordingly, we
sought to test the effects of altering the C/N ratio on lipid pro-
duction in R. opacus PD630. To this end, we varied the amount of
(NH4)2SO4 in the medium from 0.35 to 2.8 g l−1 maintaining a fixed
initial glucose concentration of 40 g l−1, which yielded the maxi-
mum lipid production in flask cultures. As shown in Fig. 2, when
the (NH4)2SO4 concentration was increased from 0.35 to 1.4 g l−1,
the CDW and fatty acid content increased from 3.1 to 9.6 g l−1 and
from 1.3 to 4.8 g l−1, respectively, corresponding to a fatty acid con-
tent of ∼50% CDW. However, when the (NH4)2SO4 concentration of
the medium was increased further, to 1.75 g l−1, the CDW and the
fatty acid content decreased by 40% and 60%, respectively, resulting
in a 75% drop in fatty acid production. When we measured the final
pH of this culture, it was clear that increasing (NH4)2SO4 concen-
trations corresponded to lower final pH. The culture supernatants
of R. opacus PD630 grown in defined medium containing 1.75 g l−1

of (NH4)2SO4 had a final pH value of 4.3.
To investigate whether we could increase cell yield and

TAG production, we performed batch-culture fermentations in
defined media containing 1.4 or 2.1 g l−1 of (NH4)2SO4 with
and without a pH control. As shown in Fig. 3, a clear dif-

ference was observed between controlled and non-controlled
fermentations. In defined medium supplemented with 1.4 g l−1

(NH4)2SO4 we observed similar lipid compositions in the con-
trolled and non-controlled fermentations, approximately 4.0 g l−1

total fatty acids representing about 40% of CDW (w/w). When
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experimental data. The values of Y based on the range of X1 and X2
were calculated for all fermentations and illustrated in a response
surface plot in Fig. 4.
ig. 2. Effect of (NH4)2SO4 concentrations on lipid production by R. opacus PD630
n flask cultures. The strain was grown in defined media with different (NH4)2SO4

oncentrations for 4 days. The error bars represent the standard deviation of three
eparate replicates of each experiment.

. opacus PD630 was grown in minimal medium supplemented
ith 2.1 g l−1 (NH4)2SO4, lipid production in cells cultivated in

he non-controlled fermentation decreased to 1.7 g l−1 total fatty
cid (13% of CDW), whereas in the controlled fermentation,
ipid production increased dramatically to 7.0 g l−1 of total fatty
cids (44% of CDW). These data demonstrated that the afore-
entioned pH drop in the culture supernatants resulted in a

ignificant decrease in cell yield and TAG production. Thus, opti-
ization studies were performed under controlled environmental

onditions.

.3. Optimization of lipid production by response surface
ethodology

The preliminary results discussed above indicated that the
/N ratio of glucose and (NH4)2SO4 in the defined medium and
he inoculum size were the most important factors for increased
ipid production, while altering factors such as trace elements and
hosphates resulted in statistically insignificant effects (data not
hown). Since previous experiments demonstrated that maximal
ipid production was achieved when cultures were inoculated to an
D660 of 1.0 (Fig. 1), we selected glucose and (NH4)2SO4 concentra-

ions of the medium as independent variables for our experimental

esign model in an attempt to optimize cell density and maximize

ipid yield in our system. Accordingly, R. opacus PD630 was culti-
ated in a modified defined medium with varied amounts of glucose
nd (NH4)2SO4 concentrations. The central composite design soft-
are StatGraphics was used to calculate the optimum C/N ratio
Fig. 3. Lipid production of R. opacus PD630 in batch-culture fermentations with
(black bars) or without (white bars) pH and oxygen control. Cells were grown in
defined media containing 1.4 g l−1 (A) or 2.1 g l−1 (B) (NH4)2SO4 for 4 days.

to obtain the maximum production of fatty acids. The software
derived model equation was:

Y = −2.38 + 0.0706X1 + 2.05X2 − 0.000435X2
1

+ 0.0135X1X2 − 0.196X2
2

where Y is the fatty acid production (g l−1); and X1 and X2 are the
uncoded values of glucose and (NH4)2SO4 concentrations (g l−1),
respectively. The experimental design model determined nine
combinations of glucose and (NH4)2SO4 concentrations with a
central point (120 g l−1 glucose, 7.5 g l−1 (NH4)2SO4) to be run in
triplicate for a total of 11 fermentations (Table 1). Results of these 11
fermentations were used to determine the optimal medium com-
position for maximum lipid accumulation. In addition to these 11
fermentations, we ran preliminary fermentations to determine the
minimum and maximum concentrations of glucose and (NH4)2SO4
to enter in the experimental design model, and also ran a tripli-
cate set of independent fermentations of the theoretical optimal
glucose to (NH4)2SO4 ratio predicted by the model for a total of 25
fermentations (Table 2). Data analysis utilizing StatGraphics soft-
ware showed a high regression coefficient (R2 = 0.959) suggesting
that the quadratic equation was able to appropriately model the
Fig. 4. Response surface plot of the effect of glucose and (NH4)2SO4 concentra-
tions on lipid production by R. opacus PD630 in batch-culture fermentations (points:
experimental data; curves: calculated values).
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Table 2
Glucose, (NH4)2SO4 and carbon to nitrogen ratio (C/N, w/w) of the defined medium tested for fermentations for bioprocess production of triacylglycerols.

Glucose (g l−1) (NH4)2SO4 (g l−1) C/N ratio (g/g) CDWa (g l−1) tFAb (g l−1) FA (% CDW) Yglu
c

0 7.5 0.0 0.00 0.00 0.00 0.00
15.3 12.8 1.2 6.77 2.08 30.80 0.14
35.2 2.2 16.0 9.69 4.93 50.90 0.14
35.2 12.8 2.8 12.06 2.28 18.87 0.14

120 0 120.0 0.00 0.00 0.00 0.00
120d 7.5 16.0 33.19 16.21 48.84 0.14
120d 7.5 16.0 37.36 18.59 49.76 0.15
120d 7.5 16.0 39.66 14.04 35.41 0.12
120d 7.5 16.0 41.74 21.63 51.83 0.18
120 10 12.0 36.20 17.32 47.83 0.14
120 15 8.0 29.58 8.18 27.66 0.07
120 20 6.0 23.61 7.86 33.30 0.07
160 7.5 21.3 41.75 20.82 49.88 0.13
200 7.5 26.7 42.88 21.69 50.58 0.11
200 15 13.3 71.78 16.51 23.00 0.08
200 20 10.0 69.02 15.46 22.40 0.08
200 30 6.7 64.47 12.57 19.50 0.06
205 2.2 93.2 10.77 3.11 28.88 0.02
205 7.5 27.3 30.78 16.58 53.86 0.08
205 12.8 16.0 51.34 24.73 48.16 0.12
240 2.2 109.1 6.58 2.77 42.12 0.01
240 7.5 32.0 42.63 17.76 41.70 0.07
240e 13.45 17.8 72.42 26.45 36.53 0.11
240e 13.45 17.8 67.30 20.81 30.92 0.09
240e 13.45 17.8 62.66 28.26 45.10 0.12

a Cell dry weight.
b Total fatty acids.
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c Yield, g of fatty acids per gram of glucose consumed.
d CCD central point quadruplicate independent fermentations.
e CCD optimal medium composition triplicate independent fermentations.

.4. Time course kinetics of lipid production

The experimental design we adopted predicted that in our fer-
entor system, growing R. opacus PD630 in a defined medium
ith a C/N (w/w) ratio of 17.8 containing 240.0 g l−1 glucose and

3.45 g l−1 (NH4)2SO4 we would obtain a maximal production of
atty acids of 25.1 g l−1 (Fig. 4).

To confirm this predicted optimum, we ran a triplicate set of con-
rolled and independent batch-culture fermentations. Fatty acid
roduction kinetics, CDW, fatty acid content as percent of CDW,
nd residual glucose and (NH4)2SO4 present in the culture super-
atants are shown in Fig. 5. After 48 h of cultivation, cell growth

ncreased rapidly with a generation time of 11.9 (±2.0) h and
eached a stationary state at 77.6 (±7.3) g l−1 CDW. As predicted,
atty acid accumulation increased dramatically after (NH4)2SO4
as depleted. Moreover, fatty acid accumulation increased further
uring the stationary growth phase after 93 h of cultivation. Maxi-
um fatty acid accumulation of 25.2 (±3.9) g l−1 corresponding to

8.4 (±5.6)% of the cell dry weight occurred after 147 h of cultiva-
ion, at which point the residual glucose was essentially consumed.
nder these growth conditions, the yield of total fatty acids per
ram of glucose consumed was 0.1 (±0.02) g. TLC analysis of the
rude organic extracts and GC analysis of the TAG fraction obtained
rom preparative TLC demonstrated that the majority of the lipids
ere TAGs and that the TAG fraction accounted for about 90% (w/w)

f the total extractable lipids isolated from early through late pro-
uction phase cultures (data not shown). GC analysis of samples
arvested at 147 h post-inoculation showed that the accumulated

atty acids consisted primarily of palmitic acid (27.7 ± 0.9 0%), oleic
cid (24.7 ± 0.70%) and cis-10-heptadecenoic acid (15.9 ± 1.02%)

Table 3).

The maximum yield of 0.15 (±0.03) g of total fatty acids per gram
f glucose consumed was obtained by growing bacteria on a defined
edium with a C/N balance of 16 (120.0 g l−1 glucose and 7.5 g l−1

NH4)2SO4) (Table 2). Growth kinetics of R. opacus PD630 grow-

Fig. 5. Time course of fatty acid production by R. opacus PD630 carried out under
the optimized growth conditions in batch-cultures fermentations. The strain was
grown in a modified defined medium containing 240 g l−1 glucose and 13.4 g l−1

(NH4)2SO4. Total fatty acids (filled circles), CDW (open diamonds), residual glucose
(filled squares), residual (NH4)2SO4 (open triangles). The error bars represent the
standard deviation of three independent replicates.
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Table 3
Fatty acid composition profile as % of total fatty acids (g/g) of R. opacus PD630 grow-
ing in optimal defined media for maximal production (240 g l−1 glucose, 13.45 g l−1

(NH4)2SO4 g l−1; n = 3) and yield (120 g l−1 glucose, 7.5 g l−1 (NH4)2SO4 g l−1; n = 4) of
fatty acids.

Fatty acid species Glucose (g)

240 120

Myristic acid (C 14:0) 1.9 (±0.13) 2.0 (±0.07)
Pentadecanoic acid (C 15:0) 5.6 (±0.28) 7.4 (±1.29)
Palmitic acid (C 16:0) 27.7 (±0.90) 27.8 (±0.06)
Palmitoleic acid (C 16:l) 10.8 (±1.31) 10.7 (±0.04)
Heptadecanoic acid (C 17:0) 8.7 (±0.34) 10.2 (±0.04)
cis-10-Heptadecenoic acid (C 17:l) 15.9 (±1.02) 17.2 (±0.88)

i
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f
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t
P
t
(

F
d
a
(
i

Stearic acid (C 18:0) 4.8 (±0.79) 4.1 (±0.52)
Oleic acid (C 18:1) 24.7 (±0.70) 20.7 (±2.82)

ng under these conditions showed that the culture had a shorter
ag phase, probably due to lower glucose concentration, preced-
ng the exponential growth phase, 30 h with a doubling time of 5.9
±0.50) h—approximately half that observed with the conditions
or maximum total fatty acid production (Fig. 6). Growth kinetics
gain showed that lipid accumulation started when (NH4)2SO4 was
ear depletion and that maximum fatty acid accumulation of 17.6
±3.3) g l−1, representing 46.5 (±7.5)% of CDW, was obtained dur-
ng the stationary phase, 100 h post-inoculation, concomitant with
he complete consumption of the glucose in the medium. The iden-
ity of the lipids and the fatty acid composition profile of R. opacus
D630 grown under these conditions were very similar to those of

he same strain grown under the maximum production conditions
Table 3).

ig. 6. Time course of fatty acid production by R. opacus PD630 grown in a modified
efined medium containing 120 g l−1 glucose and 7.5 g l−1 (NH4)2SO4. Total fatty
cids (filled circles), CDW (open diamonds), residual glucose (filled squares), residual
NH4)2SO4 (open triangles). The error bars represent the standard deviation of three
ndependent replicates.
hnology 147 (2010) 212–218 217

4. Discussion

Recently, there has been an increased interest in the produc-
tion of microbial oils from oleaginous microorganisms (Li et al.,
2008; Hu et al., 2008). High-cell-density cultivation is a prerequisite
to maximizing volumetric productivity of microbial oil fermenta-
tion (Park, 2004; Riesenberg and Guthke, 1999). To the best of our
knowledge to date, only a few microorganisms have been cultivated
to cell-densities of 50 g l−1 or higher, even in fed-batch-culture sys-
tems for lipid production (Riesenberg and Guthke, 1999).

In the present study, we investigated the production of intra-
cellular TAGs by R. opacus PD630 grown with high glucose
concentrations. Our preliminary flask culture studies demonstrated
that the presence of high concentrations of (NH4)2SO4 in the
defined medium resulted in a concomitant decrease in the accu-
mulation of lipids in the cells. Conversely, during cultivation under
strict nitrogen-limiting conditions, storage lipids accumulated in
the cytoplasm. Additionally, we determined that R. opacus PD630
has the uncommon capacity to grow in defined media supple-
mented with glucose at concentrations of up to 300 g l−1 (Fig. 1).
We only observed growth in high concentrations of glucose when
a larger inoculum was used. Interestingly, during growth on high
concentrations of glucose, we observed that the bulk of the biomass
aggregated on the sides of the fermentation vessels above the
air–liquid interface, specifically during logarithmic growth. The
ability to grow on high concentrations of glucose following a pro-
nounced lag phase may be the result of diversification within the
population. It is tempting to speculate that an increased membrane
permeability and osmotic stress response may be responsible for
the aforementioned adaptation. These observations are in stark
contrast to what has been observed with other systems wherein
high initial concentrations of glucose often inhibit growth in micro-
bial fermentations (Riesenberg and Guthke, 1999). Thus, R. opacus
PD630 appears to be an ideal candidate for industrial fermentations
in which high concentrations of glucose are utilized.

Studies of R. opacus PD630 grown under uncontrolled pH con-
ditions suggested that a decrease in pH inhibited growth and
consequently decreased lipid accumulation (Fig. 2). R. opacus
PD630 batch-culture fermentations under controlled pH conditions
allowed for an increase of glucose and (NH4)2SO4 in the production
medium, resulting in a dramatic increase in fatty acid production
(Fig. 3). These results also indicated that the carbon to nitrogen
ratio (C/N, w/w) of glucose and (NH4)2SO4 in the defined medium
was critical for high lipid production. We used an experimen-
tal design protocol to determine the optimal culture conditions
and the optimal C/N to maximize total fatty acid production with
our fermentor system. Based on the experimental design results
we obtained, the response surface method that we adopted pre-
dicted an optimal production medium with a C/N of 17.8 containing
240.0 g l−1 glucose and 13.45 g l−1 (NH4)2SO4 (Fig. 4). Growing R.
opacus PD630 in such a medium would result in the maximum pro-
duction of 25.1 g l−1 of fatty acids. These optimal growth conditions
were validated experimentally in a triplicate set of R. opacus PD630
batch-culture fermentations. In these cultures, we obtained a total
fatty acid production of 25.2 g l−1 thus confirming the validity of
the experimental design model we had adopted (Fig. 5). R. opacus
PD630 grown in this medium entered an exponential growth after a
lag phase of 48 h. The culture rapidly reached stationary phase with
a maximum CDW of 77.6 g l−1 after the initiation of the exponential
phase. TAG biosynthesis increased dramatically during the late lag
phase, triggered by the depletion of (NH4)2SO4. The CDW decreased

by about 20% upon exhaustion of (NH4)2SO4 whereas fatty acid con-
tent and fatty acid production continued to increase. The observed
decrease in cell dry weight could be the result of increased cell lysis
due to increased salt concentrations mediated by the addition of
large amounts of sodium hydroxide during the logarithmic growth
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hase. Indeed, growth of R. opacus PD630 is suppressed by con-
entrations of NaCl exceeding 20 g l−1 (data not shown). Further
upporting this hypothesis, a similar decrease in cell dry mass in
ermentations wherein lower concentrations of glucose and nitro-
en used was not observed (Fig. 6). R. opacus PD630 grown in half
he amount of 120 g l−1 glucose and 7.5 g l−1 (NH4)2SO4 with a C/N
alance of 16 had a shorter lag phase (about 30 h), most likely due
o the lower amount of glucose in the medium, and a better yield
f TAGs per gram of glucose used. These results indicate that this
ioprocess can be further improved by shortening the lag phase. To
horten the lag phase, the inoculum procedure could be optimized
r a fed-batch process could be used. These modifications might
lso result in a further increase in cell titer and TAG yield. Moreover,
he degradation of accumulated TAGs must be considered, although
t was not observed during growth using an optimum C/N ratio as
hown in Fig. 6. The catabolism of accumulated TAGs could severely
ounteract TAG accumulation and thus should be considered when
urther optimizing this process.

Following on pioneering work by Steinbüchel and colleagues
Alvarez et al., 1996, 2000, 2002, 2008; Wältermann et al., 2000;

ältermann and Steinbüchel, 2000; Voss and Steinbüchel, 2001)
e demonstrate that R. opacus PD630 grown in batch-culture with
high concentration of 240 g l−1 glucose yields 77.6 g l−1 of cell

ry weight composed of approximately 38% TAGs. The optimized
efined minimal medium used here lacks expensive ingredients,
uch as yeast extract, protein hydrolysates, and other organic nutri-
nts. This is the first report concerning high-cell-density cultivation
f R. opacus PD630 using high glucose concentrations for TAGs pro-
uction. In conclusion, R. opacus PD630 holds great potential as a
ource of industrial biodiesel derived from starchy cellulosic feed-
tocks that consist primarily of glucose polymers.
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