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Abstract In a water-organic solvent, two-phase conversion
system, CoQ;o could be produced directly from solanesol
and para-hydroxybenzoic acid (PHB) by free cells of
Sphingomonas sp. ZUTEO03 and CoQ;, concentration in
the organic solvent phase was significantly higher than that
in the cell. CoQ;o yield reached a maximal value of
60.8 mg 1! in the organic phase and 40.6 mg g '-DCW
after 8 h. CoQ;g also could be produced by gel-entrapped
cells in the two-phase conversion system. Soybean oil and
hexane were found to be key substances for CoQq
production by gel-entrapped cells of Sphingomonas sp.
ZUTEO03. Soybean oil might improve the release of CoQ10
from the gel-entrapped cells while hexane was the suitable
solvent to extract CoQ, from the mixed phase of aqueous
and organic. The gel-entrapped cells could be re-used to
produce CoQ;q by a repeated-batch culture. After 15
repeats, the yield of CoQ;o kept at a high level of more
than 40 mg 1"'. After 8 h conversion under optimized
precursor’s concentration, CoQ; yield of gel-trapped cells
reached 52.2 mg I"! with a molar conversion rate of 91%
and 89.6% (on PHB and solanesol, respectively). This is
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Introduction

Coenzyme Q¢ (also known as ubiquinone-10) has been
used successfully as an orally administrated prophylaxis
and therapy for various diseases such as cardiovascular
disease and mitochondrial respiratory-chain diseases (Choi
et al. 2005), because of its inert toxicity and minimal side
effects. It could also be used as an antioxidant in cosmetics
and pharmaceuticals due to its role in protecting membrane
phospholipids, lipoproteins and DNA from free radical-
induced oxidative damage (Szkopinska 2000). In addition,
Coenzyme Qg (CoQjg) is usually recommended as a
supplement to 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors (statins), which are common drugs for
patients with severe heart failure (Choi et al. 2005; Folkers
et al. 1990; Mortensen et al. 1997; Overvad et al. 1999).
The use of CoQ;¢ as a complementary therapy in heart
failure will increase in proportion to the growth of the
ageing population and the expansion in statins consump-
tion. Economical production of CoQ;( using biological
processes will become more important due to the growing
demands of the pharmaceutical industry (Choi et al. 2005).

CoQq can be produced by chemical synthesis (Negishi
et al. 2002), semi-chemical synthesis (Lipshutz et al. 2002),
and microbial conversion. Wild-type strains and chemical

@ Springer



294

Appl Microbiol Biotechnol (2011) 89:293-302

mutants of various microorganisms, including bacteria (e.
g., Agrobacterium, Rhodobacter, and Paracoccus) and
yeasts (e.g., Candida, Rhodotorula, and Saitoella) have
been reported as CoQ producers. Further strain develop-
ment and optimization of fermentation strategies and
environmental parameters has resulted in yield improve-
ment of CoQ( in mutant strains (Gu et al. 2006a; Sakato et
al. 1992; Wu et al. 2003; Yen and Chiu 2007). Recombi-
nant cells of various microorganism containing the key
genes involved in CoQq biosynthesis (Lee et al. 2004; Park
et al. 2005; Zhang et al. 2007a; Zhang et al. 2007b; Zhang
et al. 2007c; Cheng et al. 2010) and metabolic modification
of microorganism also improved CoQ;, yields (Choi et al.
2009; Lee et al. 2008; Matthews and Wurtzel 2000; Wu et
al. 2005; Zahiri et al. 2006).

Among reported CoQo-producing microorganism,
Agrobacterium tumefaciens exhibited the highest CoQ10
yield in a fed-batch fermentation process (Gu et al. 2006b;
Ha et al. 2007a; Ha et al. 2007b; Ha et al. 2008). The
CoQ, yield of A. tumefaciens reached 526 mg 17" after
96 h fed-batch fermentation in a 2.8 1 bioreactor, and
increased to 626.5 mg 1! CoQ;, at a pilot scale (300 1) in a
pH-stat fed-batch system. Among mutant strains for high
CoQ production, Rhodopseudomonas spheroids KY8598
exhibited the highest CoQ, yield up to 770 mg 1" (Cluis et
al. 2007). However, lower cost and higher yield of CoQ;¢
remains a major research aim of biochemical engineering
for the industrial production of CoQ;, using biological
processes (Jeya et al. 2010). Process simplification and
integration is one favorable pathway towards economical
production of valuable metabolites by microbes. For
example, the process of simultaneous extraction and
fermentation has been applied successfully in lactic acid
fermentation (Kwon et al. 1996). It is well known that the
accumulation of primary metabolites can result in feedback
inhibition in cells (Lin et al. 1997; Shiio and Miyajima
1969). As a kind of primary metabolite within the cell, the
gradual accumulation of CoQ;y would cause the inhibition
of the bioconversion of CoQ;q. Prompt removal of the
CoQ;( out of the cell might conduce to maintain continual
synthesis of CoQo.

Furthermore, in situ extraction of CoQ;o by a non-
aqueous phase contributes to the simplification of down-
stream processing and cost decrease. Thus, we previously
designed a coupled fermentation—extraction process and
succeeded to improve CoQ;q yield by Sphingomonas sp.
ZUTEO3 (Zhong et al. 2009). However, other metabolites
or residual component in medium might be extracted by
hexane from the mixed phase of fermentation broth, which
might result in the cost increase of CoQ; purification.
Biotransformation has many advantages over chemical
synthesis (Wang et al. 2002) and fermentation in a complex
medium. A biotransformation process of CoQ;, directly
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from precursors in a water-organic solvent, two-phase
system might decrease the cost of downstream purification,
because fewer metabolites would be extracted into organic
phase. Meanwhile, such system is also equal to conversion—
extraction couple process, which might contribute to
enhance the production of CoQ;o. Therefore, a conversion
process for CoQ;q production by Sphingomonas sp.
ZUTEO3 was evaluated in this study. To our knowledge,
this is the first report on production of CoQ, directly from
precursors in a two-phase conversion system.

Materials and methods
Chemicals

CoQo (purity above 99.9%) was purchased from Wako
Pure Chemical Industries (Osaka, Japan). Solansol was
purchase from Sangiang Biotech Co. Ltd. (Weifang,
China). Other chemicals were purchased locally.

Strain and culture conditions

Sphingomonas sp. ZUTEOQ3, which exhibited greater ability
of CoQ( production, was isolated from soil from the banks
of the Qiantang River, Zhejiang Province, China. The strain
has been deposited at China Center for Type Culture
Collection (CCTCC) under the accession number CCTCC
M207084.

The seed medium contained 20 g I"' glucose, 10 g 1!
peptone, 10 g 1! yeast extract, and 5 g I"' NaCl. The initial
pH of the above medium was adjusted to 7.0 with 2 M
NaOH. The prepared medium was then transferred into 250
or 500 ml Erlenmeyer flasks and autoclaved at 115°C for
30 min. All experimental cultures were incubated at
180 rpm and 28°C.

CoQ;( production in a two-phase conversion system
containing solanesol and PHB

A bioconversion system for CoQ, production was batch-
type cultivation and designed as follows. One loop of strain
ZUTEO3 from a slant was inoculated into 100 ml seed
medium in a 250 ml flask. After 24 h incubation at 180 rpm
and 28°C, cells were harvested by centrifugation at
4,000 rpm and 4°C for 10 min, and then suspended in the
40 ml aqueous phase, phosphate-buffer saline (PBS, 0.1 M,
pH=5), mixed with the 10 ml isopropyl alcohol (as the
organic phase) for the consequential bioconversion at 28°C
and 180 rpm for 12 h.

According to the result of our previous study, 164.4 mg
1! para-hydroxybenzoic acid (PHB), 750 mg 1" solanesol,
and the mixture, were dissolved in 10 ml isopropyl alcohol
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respectively, and then mixed with 40 ml cells suspension in
a 250 ml flask as a bioconversion system. After 12 h
incubation at 28°C and 180 rpm, CoQ;, yield in the cells
was determined to evaluate the effect of precursors or
precursor combination on the CoQ;, production by bio-
conversion process.

To select a suitable organic solvent for the bioconversion
process, isopropyl alcohol, hexane, and ethanol were added
as the 10 ml organic component in the 50 ml bioconversion
system to evaluate their effect on intracellular CoQ, yield.

After the optimal organic solvent was selected, yields of
CoQ;p in the organic solvent and inside the cells were
measured, respectively. The results suggested a couple
conversion—extraction process was feasible. Therefore, a
conversion system for the coupled process was designed
again, which contained 30 ml aqueous phase (0.1 M, pH 5,
PBS containing 164.4 mg 1”' PHB) and 20 ml organic
phase (i.e., extraction solvent containing 750 mg 1™ sol-
anesol) in a 250 ml flask. Based on a previous report
(Benga et al. 1984) and our previous results (Zhong et al.
2009), 2% soybean oil, was selected as the cell membrane
permeability accelerant in this experiment. Then, the time
course of CoQ;o production by free cells was measured in
the same bioconversion system.

CoQ production by gel-entrapped cells in a two-phase
conversion system

One loop of strain ZUTEO3 from a slant was inoculated
into 100 ml seed medium in a 250 ml flask. After 24 h
incubation at 180 rpm and 28°C, cells were harvested by
centrifugation at 4,000 rpm and 4°C for 10 min, and then
suspended in saline solution. Then, 4 ml of suspension
containing the same quantity of cells (adjusted to same
ODggp) was mixed with 40 ml 2% sodium alginate, and
dripped down to 40 ml 4% calcium chloride in a 250 ml
flask to form gel-entrapped cells.

In a 250 ml flask, about 600 particles of cell-entrapped
gel was mixed with 50 ml bioconversion system containing
2% soybean oil. The aqueous phase PBS was replaced by
acetate buffer because PBS caused the break of gels, when
in repeated batch. The volume of organic phase was
increased to 25 ml hexane (containing 100 mg "' solane-
sol) with 25 ml 0.2 M acetate buffer (pH 4.6, containing
50 mg "' PHB). The extract solvent was collected from the
upper layer of the broth as the analytical sample for CoQ
yield at an interval of 4 h.

Extraction and measurement of CoQq
For the residual broth of simple bioconversion process,

cells were harvested by centrifugation at 15,000 rpm and
4°C for 15 min with a centrifuge (Sanyo, Japan). After

washing the cell pellet twice with distilled water, 2 g cell
pellet was transferred into a fresh round-bottom flask
(150 ml) and mixed with 0.35 g pyrogallic acid, 1.25 g
KOH, 9.5 ml methanol and 3.5 ml distilled water. The
mixture was kept in reflux state at a 90°C water bath for
30 min before cooling rapidly with tap water, and then
transferred to a separating funnel where it was mixed with
40 ml hexane. After vortexing vigorously for 5 min, the
upper organic phase was collected in a fresh tube. The
extraction procedure was repeated twice and the extracted
solvent was collected together followed by a concentration
process in a rotary vacuum evaporator. After overnight
storage at 4°C, impurities such as cholesterol would be
precipitated. After removal of impurities by filtration, the
solvent quantity was adjusted accurately to 50 ml with
hexane before CoQ;q assay.

For the residual broth from the coupled conversion—
extraction process, the upper layer of the non-aqueous
phase was recovered by a separating funnel. The non-
aqueous phase was then concentrated in a rotary vacuum
evaporator. After overnight storage at 4°C, impurities such
as cholesterol would be precipitated. After removal of
impurities by filtration, the solvent quantity was adjusted
accurately to 50 ml with hexane before CoQ;, assay.

CoQ;o concentrations in all the liquid samples were
analyzed by high-performance liquid chromatography
(HPLC; SPD-10AVP, SHIMADZU, Japan) equipped with
Agilent SB-C18 (4.6 x150 mm). A mixture of methanol and
hexane (83:17 by volume) was used as the mobile phase at
a flow rate of 0.6 ml min', UV detector wavelength
275 nm, and a sampling quantity of 20 ul

Measurement of solanesol and PHB

After removal of impurities by filtration through a 0.45 um
microfiltration membrane, solanesol concentrations in all
the liquid samples were analyzed by HPLC (Agilent 1100,
USA) equipped with Agilent ZORBAX SB-C18 (5 um,
4.6x150 mm). HPLC-grade ethanol was used as the mobile
phase at a flow rate of 1 ml min~', UV detector wavelength
215 nm, and a sampling quantity of 20 pl.

After removal of impurities by filtration through a 0.45 pm
microfiltration membrane, PHB concentrations in all the
liquid samples were also analyzed by HPLC (Agilent 1100,
USA) equipped with Agilent ZORBAX SB-C18 (5 um, 4.6 x
150 mm). A methanol solution (60% by volume) was used as
the mobile phase at a flow rate of 1 ml min~', UV detector
wavelength 254 nm, and a sampling quantity of 10 ul.

Analysis of cell mass

Biomass was calculated according to a standard curve of
the relationship between optical density of cells and dry cell
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Fig. 1 Effect of different precursors on the yield of coenzyme Qiq
(CoQy) in the cells at 28°C and 180 rpm for 12 h

weight (DCW) of Sphingomonas sp. ZUTEO3. Cells were
harvested by centrifugation (12,000 rpm, 10 min, 4°C) from
5 ml liquid culture each time. The optical density of cells
was determined at 550 nm using a spectrophotometer (752,
Shanghai, China) after the cells were washed three times
with 5 ml 50 mM potassium phosphate buffer (pH 7.0).

Statistical analysis methodology

Each sample in the experiment was in triplicate. Software
Origin 8.0 was used to draw the figures with error bars.
Results

CoQ;( conversion by free Sphingomonas sp. ZUTE03
in a two-phase conversion system

After 12 h incubation with precursors, the cells of
Sphingomonas sp. ZUTEO3 were harvested from the
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conversion system by centrifuge and the CoQ, yield inside
cells was measured. The result was shown in Fig. 1. It
indicated that the addition of precursor could improve the
CoQ;( yield. However, the combination of solanesol and
PHB was most effective. It coincided with the pathway of
CoQ)( biosynthesis, in which both solanesol and PHB were
the key precursors and should be supplied simultaneously
(Cluis et al., 2007). In addition, it was also approved that
the conversion system was feasible for the CoQ;, conver-
sion directly from precursors.

Because the precursor solanesol is not soluble in the
aqueous phase, one kind of organic solvent should be added
in the conversion system to increase the solubility of
precursor in reaction system and reduce the mass transfer
resistance. In addition, the organic solvent might be able to
extract the product CoQ,( simultaneously. However, the
organic solvent might be harmful to the cells and result in
the activity decrease of enzymes in the cell. Therefore, the
most suitable organic solvent should be selected for the
optimal conversion system. In this study, isopropyl alcohol,
alcohol, and hexane were chosen as the potential organic
phase in the conversion system to evaluate their effect on
the CoQ yield in the cells.

It was found that CoQ;( yield was the highest with
hexane and lowest with isopropyl alcohol as organic phase
(data not shown). Additionally, hexane is not mutual
soluble with the aqueous phase while isopropyl alcohol
and alcohol are. Under static condition, the hexane phase
could be separated easily from the aqueous phase. Under
shaking condition, the hexane phase could partially mix
with aqueous phase and might result in the substrate-cell
contact and the better conversion in the cells. So hexane
was chosen as the organic phase for the following study.
Additionally, after 48 h cultivation with hexane, more than
86% cells kept alive (plate counting method).
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Fig. 2 Distribution (a) and time course (b) of CoQ;q in organic phase by free cell of Sphingomonas sp. ZUTEO3 in a two-phase conversion

system at 28°C and 180 rpm for 12 h
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Fig. 3 Time course of CoQIl0 production in a batch culture by
calcium alginate gel-entrapped cells in a two-phase conversion system
at 28°C and 180 rpm

The distribution of CoQ inside and outside of cells was
measured when hexane was employed as the organic phase
in the conversion system and 2% soybean oil was added
as cell membrane permeability accelerator. The result
(Fig. 2 a) showed that the CoQ;, concentration in hexane
was significantly higher than that inside the cells during the
conversion time ranged from 12 to 20 h. In this study, more
than 30 times higher CoQ;( yield was achieved in the
hexane than inside cells. It suggested that the hexane could
extract the CoQq continuously from the cells and result in
the high CoQ;o concentration in hexane phase due to the
removing of product inhibition inside the cells. In addition,
the hexane phase was easy to be separated from the
aqueous phase. Therefore, it would be helpful to the

Fig. 4 Time course of CoQq 60

downstream purification and analysis. Additionally, CoQ;¢
yield reach a maximal value of 60.8 mg 1" and
40.6 mg g '-DCW after 8 h and kept at a high level until
20 h (Fig. 2 b). The achievement of the maximal CoQq
yield in such a short time would be favorable for industrial
application. Thus, we chose 8 h for the following coupled
conversion—extraction process experiment in the two-phase
system.

CoQ production by gel-entrapped cells in a two-phase
conversion system

Before evaluating the CoQ;( production by gel-entrapped
cells with a coupled conversion—extraction process, the
permeability of CoQ( in the alginate gel was measured. It
was found that more than 91% of CoQq released from the
gel and transferred into the organic phase after 4 h
indicating that the CoQ;q could be released from the
alginate gel. In addition, CoQ;o concentration in the
organic phase could keep at the same level for at least
12 h. However, CoQ;q concentration decreased after 16 h,
suggesting that it should better extract the final product
from the organic phase as soon as possible after it reached
the maximal yield.

According to our previous study results (Zhong et al.
2009), propendiol, Tween-80, and soybean oil might be the
candidates as cell membrane permeability accelerators on
the CoQ;q production with the coupled process of conver-
sion—extraction in the two-phase system. Therefore, the
effect of propendiol, Tween-80, and soybean oil on the
CoQ;o production by the gel-trapped cells was also
evaluated. It was found that the cell-entrapped alginate gels
broke after 8 h reaction with Tween-80 which meant
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with PBS in conversion system, while cell-entrapped gels
kept well without any significant influence on the

found the cell-entrapped gels broke in repeat-batch culture
production of CoQ;q or conversion when using acetate
buffer as buffer system. Thus, acetic acid buffer (pH 4.6)

8 h in the conversion system using conversion—extraction
alginate gel-entrapped cells was also evaluated. It was

coupled process.
CoQ;( production by a repeated-batch culture

of gel-entrapped cells
CoQ production by a repeated

soybean oil was selected as the cell membrane

a

Tween-80 was not suitable for the calcium alginate gel-
entrapped cells. When propendiol and soybean oil were
employed as cell membrane permeability accelerators, the
gels did not break. However, the CoQq yield with soybean
oil as cell membrane permeability accelerator was signifi-
cantly higher than that with propendiol as cell membrane
permeability accelerator (P<0.01; data not shown). There-
permeability accelerator for the following experiments.
The results (Fig. 3) indicated that the CoQ;q yield with
soybean oil was significantly higher than that without
soybean oil (P<0.01), and that CoQ;, yield could reach a
high level (51.6 mg I"' and 38.5 mg g '-DCW) only after
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Table 1 Orthogonal test Lo (3)° of precursor concentration

Sample Solanesol PHB Solanesol/ CoQo Molar Molar Residual Residual
(mg 1'! (mg 1! PHB?* (mg I'' (A)) conversion conversion PHB solanesol
(level)) (level)) (level) rate? (CoQ, ¢/ rate (CoQ, ¢/ (mg 1!, (D)) (mg 1", (E))

PHB, %, (B)) Sol, %, (C))

1 65 (1) 30 (1) (€)) 46.4 86.7 85.2 21.6 20.9

2 65 (1) 35(2) ) 49.0 88.7 87.7 26.1 19.4

3 65 (1) 40 (3) 3) 50.3 89.5 88.6 30.9 18.9

4 70 (2) 30 (1) ?2) 48.4 88.6 87.3 214 25.4

5 70 (2) 35(2) 3) 52.2 91.0 89.6 25.8 23.3

6 70 (2) 40 (3) 1) 52.5 90.5 89.3 30.6 22.8

7 75 (3) 30 (1) 3) 48.0 88.4 87.2 21.5 30.7

8 75 (3) 35(2) 1) 52.0 90.5 89.4 25.8 27.8

9 75 (3) 40 (3) ?2) 52.6 90.1 88.9 30.5 27.2

#Molar conversion rate: CoQ;, quantity (calculated as molar number)/reduced

was selected as a substitute aqueous phase, in which no gel
broke again. The result (Fig. 4) indicated that the gel-entrapped
cells could repeat CoQy( production by coupled conversion—
extraction process. After 15 times repeats of 8 h batch culture,
CoQ yield kept at higher level of more than 40 mg 1.
CoQ)q yield was also found to reach the highest level only
after 8 h in the conversion system using coupled conversion—
extraction process. To reach the maximal yield in such a short
time meant the lowering of cost especially for the large scale
production, which suggested that the coupled process was
favorable to its industrial application.

Optimization of precursor concentration for CoQq
production by gel-entrapped cells

Among the above results, the maximal molar conversion rate of
CoQ;o from PHB was only 80%. It suggested that the
optimization of precursor concentration played key role in the
improvement of the molar conversion rate. Both single-factor
test and orthogonal test were carried out to evaluate the effect
of precursor additional concentration on the CoQ;q yield,

quantity of precursor (calculated as molar number)

conversion rate and residual concentration of precursors. The
results of single-factor test (Fig. 5 a, b) showed that both higher
CoQp yield and the highest conversion rate were achieved
when 40 mg I"' PHB was added with 100 mg I"' solanesol.
When PHB concentration increased to 50 and 60 mg 1™, no
significant improvement of CoQ;q yield and conversion rate
was observed while the residual PHB increased. Both higher
CoQp yield and the highest conversion rate were achieved
when 70 mg 1" soalnesol was added with 40 mg I"' PHB
(Fig. 5 ¢, d). When solanesol concentration increased to 80, 90,
or 100 mg I"", no significant improvement of CoQ, yield and
conversion rate occurred while the residual solanesol increased.
Thus, the optimal concentration of precursors seemed to be
40 mg 1" PHB with 70 mg I"' solanesol. However, further
optimization of precursor concentration is necessary. Thus, a
double-factor orthogonal experiment using Lo (3)° was
designed to optimize precursor concentration and evaluate the
effect of the reciprocal effect between solanesol and PHB on
the CoQ, yield. The results demonstrated that solanesol and
PHB had stronger effect on CoQ;q yield and conversion rate
(larger margin, R4 p ¢ of solanesol=2.4, 2.2, 1.6, R4 5 ¢ of

Table 2 Results analysis of orthogonal test Lo (3)° of precursor concentration

Solanesol PHB Solanesol/PHB
A B C D E A B C D E A B C D E
K1 1457 263.7 261.4 78.7 592 1428 2649 2597 645 77.0 1509 267.7 263.8 780 714
K2 153.0 270.1 266.2 777 71.5 1532 270.0 266.7 777 704 150.0 267.3 263.9 78.0 72.0
K3 1526 270.1 265.5 77.8 85.6 1554 269.0 2668 920 68.8 150.5 2689 265.4 782 729
kl 48.6 87.9 87.1 262 19.7 47.6 88.3 86.6 21.5 257 50.3 89.2 87.9 26.0 24.0
k2 51.0 90.1 88.7 259 238 51.1 90.0 899 259 235 50.0 89.1 88.0 26.0 24.0
k3 50.9 90.0 88.5 259 285 51.8 89.7 88.9 30.7 229 50.2 89.6 88.5 26.1 243
R 2.4 2.2 1.6 0.3 8.8 4.2 1.7 2.3 9.2 2.8 0.3 0.4 0.6 0.1 0.3

K sum of A, B, C, D, and E of different factors at the same level, k the average of K, R the difference between the maximum and minimum & value
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PHB=4.2, 1.7, 2.3) than the reciprocal effect between
solanesol and PHB (smaller margin, R, 5 ~=0.3, 0.4, 0.6).
Thus, the optimal additional concentrations could be deter-
mined by the & values of solanesol and PHB, which were 70
and 35 mg 1!, respectively (Tables 1 and 2). Under this
optimal concentration, the maximal CoQ,q yield was up to
52.2 mg I, while the conversion rate on PHB and solanesol
reached 91% and 89.6%, respectively.

Discussion

It is well known that the addition of precursors could
improve the yield of CoQ;q in fermentation system. For
example, Li et al. (2005) reported that the addition of some
pure precursors, like PHB, isoprene and beta-carotene,
significantly improved CoQ;q yield by a bacterial strain
CPU0402. Bule and Singhal (2009) reported natural
precursors, such as carrot juice and tomato juice, enhanced

production of CoQ;q by Pseudomonas diminuta NCIM
2865. However, there exist few reports on CoQ;, produc-
tion directly from the precursors by microbes. In this study,
we found that CoQ;( could be produced directly from the
precursors, solanesol and PHB, by free cells of Sphingo-
monas sp. ZUTEOQ3 in a two-phase conversion system. The
most excited findings were that higher CoQ;q yield in
organic phase was achieved and the mechanism might
attribute to that a coupled conversion—extraction process
improved CoQq yield of free cells. CoQ;( could also be
produced directly from PHB and solanesol by gel-
entrapped cells of Sphingomonas sp. ZUTEO3 with a
coupled conversion—extraction process in the two-phase
system, which could be improved by the addition of
soybean oil and hexane. Soybean oil might improve the
release of CoQ( from the gel-entrapped cells while hexane
was the most suitable solvent to extract CoQ;q from the
aqueous-organic mixture. CoQ, could also be produced by
a repeated-batch culture of calcium alginate gel-entrapped

Table 3 Coenzyme Qo (CoQ;() production by various microorganisms with different process

Process Microorganism (CoQyp yield)  (Specific CoQyq yield) ~ Working Volumetric References
volume (time)  productivity
(mgI''h™")
Fed-batch Agrobacterium 71.5 2.1 2L,9h 0.74 (Gu et al. 2006b)
tumefaciens
Batch A. tumefaciens 320 6.61 2.8L,9 h 3.33 (Ha et al. 2007b)
Fed-batch A. tumefaciens 458 8.54 2.8L,96h 4.77
446 8.24 250 L, 96 h 4.65
441 8.05 2800 L,96 h  4.59
Fed-batch A. tumefaciens 626.5 9.25 160 L, 120 h  5.22 (Ha et al. 2007a)
Fed-batch A. tumefaciens 562.3 9.1 2.8L,9 h 5.86 (Ha et al. 2008)
Fed-batch Recombinant 25.5 0.247 1L,38h 0.67 (Park et al. 2005)
Escherichia coli
Fed-batch Recombinant E. coli  99.4 1.41 33h 3.01 (Choi et al. 2009)
Fed-batch Recombinant 30.8 1.38 3L,180h 0.17 (Zhang et al. 2007a)
A. tumefaciens
Fed-batch Recombinant E. coli  50.3 0.59 32.5h 1.55 (Zhang et al. 2007b)
Fed-batch Recombinant 23 0.403 3L,9h 0.26 (Zhang et al. 2007¢c)
fission yeast
Fed-batch Rhodopseudomonas 770 14.5 30L, 150 h 5.13 (Sakato et al. 1992)
spheroides
Batch Sphingomonas sp. 1.14 0.48 0.15L,30h 0.04 (Zhong et al. 2009)
ZUTEO3
CFEP Sphingomonas sp. 432 32.5 0.15L,30h 1.44 (Zhong et al. 2009)
ZUTEO03
CITPS (free cell) Sphingomonas sp. 60.8 40.6 0.15L,8h 7.6 This study
ZUTEO03
CITPS (entrap cell)  Sphingomonas sp. 51.6 38.5 0.15L,8h 6.45 This study
ZUTEO03
CITPS (entrap cell,  Sphingomonas sp. >40 >23 0.15L,8h >5.00 This study
repeat batch) ZUTEO03

DCW dry cell weight
CFEP coupled fermentation-extraction process

CITPS conversion in two-phase system
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cells with conversion—extraction process in the two-phase
system. After 15 repeats, the CoQ yield still kept at a high
level of more than 40 mg 17"

Although the CoQ;q yield in two-phase system of
conversion—extraction coupled process was lower than that
of fed-batch process in previous reports (Cluis et al. 2007),
this study achieved the highest specific CoQ;q yield
(Table 3). For instance, R. spheroids (Cluis et al. 2007)
exhibited the highest levels of CoQq yield among all strains
for CoQ production. However, the specific CoQ yield of
R. spheroid was lower than that of this study, suggesting that
the coupled process we presented here might potentially be
used in combination with fed-batch process to further
improve CoQ;, production by R. spheroid. In the same
way, we need to increase the cell mass in the coupled process
to the same high level as that obtained in fed-batch process
to achieve high CoQ; yield by Sphingomonas sp. ZUTEO03.
Additionally, the comparison of the maximum volumetric
productivity (Table 3) indicated the maximum volumetric
productivity for the present study (7.6 mg I"' h™") was higher
than that for Sekato et al. (5.1 mg ™' h™") and for Ha et al.
(5.9 mg I"' h™"), suggesting that this process was superior to
fed-batch process.

In comparison to coupled fermentation—extraction process,
this study achieved higher CoQ,, yield in shorter time. In
addition, the purity of the product in organic phase was
higher with fewer impurity substances. Therefore, this kind
of coupled process would contribute to the simplification of
downstream processing and might result in decreased
production cost. However, the necessary research for us to
carry out in the future will be the optimization of conversion
conditions to improve the CoQ;q yield and the molar
conversion rate as well as reduce the residual concentration
of precursors.

It was also necessary to design a bioreactor suitable for
coupled conversion—extraction process before its applica-
tion in pilot scale. In this study, the hexane phase was
contacted with the aqueous phase by shaking (180 rpm) in a
small shake flask (250 ml). To scale up the present process,
the performance of contact between organic and aqueous
phase in a bioreactor should be taken into consideration. A
three-phase fluid bed bioreactor (Djye;=3.6 cm, H=46 cm)
has been constructed in our lab to evaluate the feasibility of
the scale up and application of this process. In the
bioreactor, it was proved that two phases could be mixed
well and high-level CoQ;q production was also achieved
(data not shown). Therefore, the process is potential and
feasible to be scaled up into a large scale and finally be
applied in industrial production of CoQo.
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