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�-Lactam antibiotics, such as cephalosporins, belong to one 
of the largest-selling classes of drugs worldwide, with an annual 
production of 2,500 tons (Schmitt et al., 2004). Today, �-lactam 
antibiotics, particularly penicillin and cephalosporins, repre-
sent a major biotechnology product with worldwide sales of 
15 billion U.S. dollars, which is 65% of the total world market 
for antibiotics (Elander, 2003).
  Cephalosporin C production by Acremonium chrysogenum 
on an industrial scale involves cultivating the fungus in complex 
medium containing glucose and soybean oil as the main carbon 
sources (Revin et al., 1991). However, the price of soybean oil 
in the U.S. averaged $1,376 per metric ton in 2008, which was 
more than double the average of $684 in 2007 (Biodiesel mag-
azine, 2008). Therefore, the development of efficient methods 
of producing cephalosporin C from low-priced carbon sources 
instead of soybean oil has received much attention (Brakhage 
et al., 2004).
  Biodiesel production in the U.S. has increased dramatically 
from 500,000 gallons in 1999 to 70 million gallons in 2005 
(National Biodiesel Board, 2008). The principal byproduct of 
biodiesel production is crude glycerol, which constitutes about 
10% of vegetable oil. Crude glycerol derived from biodiesel 
production is of very low value due to impurities. In previous 
work (Shin et al., 2010) it was confirmed that utilization of 
pure glycerol as a carbon source strongly stimulated differ-
entiation of A. chrysogenum M35, and led to enhancement 
of cephalosporin C production in shake-flask culture. Use of 
less expensive, low-grade crude glycerol could decrease the 
cost of cephalosporin C production in the growing global 
market.
  Methionine is a well-known inducer of cephalosporin pro-

duction by A. chrysogenum (Demain and Wolfe, 1987; Zhou 
et al., 1992). One of the limiting steps in cephalosporin C 
biosynthesis is the availability of cysteine formed from either 
sulfate by the autotrophic pathway (Döbeli and Nüesch, 1980) 
or methionine by the reverse trans-sulfuration pathway (Martin 
and Demain, 2002). Methionine is usually produced by chemi-
cal methods. The chemical processes involved in methionine 
production are generally expensive, use hazardous chemicals, 
and produce a racemic mixture of methionine that requires 
a separate resolution process (Araki and Ozeki, 1991; Geiger 
et al., 1998).
  The aim of the present study was to reduce the cost of 
cephalosporin C production by A. chrysogenum M35 by using 
crude glycerol as a carbon and cysteine source instead of plant 
oils and methionine. In addition, cysteine content and cysta-
thionine-�-lyase activity were investigated.

A. chrysogenum M35, a UV-induced mutant of A. chrysogenum 
(ATCC 20339) with increased cephalosporin C production capability, 
was cultured in basal seed medium consisting of 2.5% (w/v) sucrose, 
1.0% (w/v) glucose, 2.5% (v/v) corn steep liquor, and 0.4% (w/v) 
(NH4)2SO4. Addition of 3.0% (w/v) soy bean meal, and 1.0% (w/v) 
cotton seed flour to the basal seed medium improved morphological 
differentiation. Primary culture medium contained 2% (w/v) glucose, 
5% (v/v) corn steep liquor, 0.8% (w/v) (NH4)2SO4, 0.3% (w/v) 
KH2PO4, 0.5% (w/v) K2HPO4, 0.5% (w/v) DL-methionine, and 0.4% 
(w/v) trace element solution (Lee et al., 2010). Sugar and (NH4)2SO4 

were separately sterilized from other components. Before 0.5% (w/v) 
CaCO3 was added to the medium, the pH was adjusted to 7.0 using 
a 1 M solution of NaOH prior to sterilization. The effects of crude 
glycerol on cystathionine-�-lyase activity and cysteine content were 
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Effect of glucose (�), rice oil (�), and crude glycerol (�) 
on cephalosporin C production by A. chrysogenum M35 in shake- 
flask culture.

(A)

(B)

Cystathionine-�-lyase activity (A) and level of cysteine (B) 
in extracts of A. chrysogenum M35 grown without (�) or with (�) 
crude glycerol. *P<0.05 Student’s t-test, **P<0.01 Student’s t-test.

evaluated by addition of 4% (v/v) crude glycerol (DanSuk Industry 
corporation) to the primary culture medium. The cultures were in-
cubated in 500 ml Erlenmeyer flasks containing 50 ml of medium, 
at 300 rpm, and at 27°C, for 5 days.

Suspended cells from slants were added to the initial inoculum flask 
(2,000 ml) containing 300 ml of basal seed medium. The seed culture 
was incubated at 27°C for 60 h, on a rotary shaker at 300 rpm. The 
main cultures were grown in a 5 L stirred tank bioreactor filled with 
3 L of primary culture medium containing 4% crude glycerol, at 27°C, 
for 120 h. The primary culture medium was without methionine. The 
aeration rate and agitation rate were 1.2 vvm and 300 rpm, res-
pectively. Samples were withdrawn every 24 h during cultivation.
  The glycerol from the main culture is consumed; 40 ml/L crude 
glycerol and 4 ml/L trace element solution were fed to the fed-batch 
culture at 120 ml/h to enhance cephalosporin C biosynthesis.

�
Frozen mycelia (1.0 g) collected every 24 h were ground in a mortar 
containing liquid nitrogen. The ground mycelia were then resuspended 
in 100 mmol/L sodium phosphate buffer (pH 7.3) containing 1 mmol/L 
EDTA and 0.1 mmol/L pyridoxal 5�-phosphate. Cell debris was re-
moved by centrifugation at 15,000×g for 20 min at 4°C. Cystathione-  
-lyase activity was analyzed by determining the conversion rate of 
L-cystathionine into L-cysteine and �-ketobutylate. The reaction mix-
ture was composed of 4 mmol/L L-cystathione, 5.5×10-2 mmol/L pyri-
doxal 5�-phosphate, 7 mmol/L EDTA, 2 mmol/L dithiothreitol, and 
0.1 mg of protein in a final volume of 0.5 ml. The reaction mixtures 
were incubated for 30 min at 30°C. The reactions were then stopped 
by the addition of 1 ml of Gaitonde’s reagent and boiled for 5 min. 
The precipitated proteins were removed by centrifugation, after which 
the amount of cysteine in 1 ml of supernatant was determined by 
acid ninhydrin assay (Gaitonde, 1967). Total protein content was 
measured by the Bradford method with bovine serum albumin as 
a standard.

A reaction mixture containing 100 mg of protein from A. chrys-
ogenum M35 was made with 0.5 ml of acetic acid and 0.5 ml of acid 
ninhydrin reagent. The tubes were covered with aluminum caps or 
glass marbles and then heated in a boiling water bath for 10 min. 
Tubes were then rapidly cooled in tap water, and the contents of 
the tubes were diluted to 5 or 10 ml with 95% ethanol. The amount 
of cysteine was calculated according to a calibration curve at an ex-
tinction of 560 nm (Gaitonde, 1967).

Cephalosporin C was measured by high-performance liquid chroma-
tography (HPLC) using a 	-Bondapak C-18 reverse-phase column 
and a 254 nm UV detector. The mobile phase consisted of 98% (v/v) 
phosphate buffer (pH 7.0) and 2% (v/v) acetonitrile applied at a 
flow rate of 0.9 ml/min. Cephalosporin C zinc salt (Sigma, USA) 
was used as a standard.
  Dry cell weight of the mycelium was measured as follows: 10 ml 
of culture broth was filtered through a Whatman GF/C filter, filters 
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Production of cephalosporin C by crude glycerol without methionine in batch (�) and fed-batch (�) A. chrysogenum M35 cultures. 
Glucose was used as a control (�). (A) Consumption of glycerol, (B) dry cell weight of A. chrysogenum M35, and (C) production of cephalosporin 
C during fermentation. Culture was carried out in a 5 L stirred tank bioreactor (27°C, 300 rpm, and 1.2 vvm). Feeding of crude glycerol 
(120 ml/h) was performed at 48 h in fed-batch culture.

with captured solids were washed twice with deionized water, and 
dried at 80°C for 24 h, then weighed.
  Concentrations of crude glycerol were measured by high-perform-
ance liquid chromatography (HPLC) using an Aminex HPX-87H col-
umn (300×7.8 mm, Bio-Rad, Inc., USA) and a refractive index de-
tector (Shimadzu, Japan). Temperature of the column and detector 
was maintained at 55°C. Mobile phase was 0.0025 mol/L H2SO4 at 
a flow rate of 0.8 ml/min. Pure glycerol (Daejung Chem., Korea) 
was used as a standard.

The results are expressed as mean ± standard error of the mean 
(SE), and p<0.05 was statistically signi cant. The significance of 
measured differences in the levels of cystathione-�-lyase activity and 
of cysteine was determined using t-tests (Sigmaplot software).

The optimal concentration of pure glycerol for cephalosporin 
C production by A. chrysogenum M35 in shake-flask culture 
was found to be 4% in previous work (Shin et al., 2010). 
Therefore, 4% crude glycerol was selected for the current tests.
  The effects of crude glycerol as a carbon source during 
cephalosporin C production by A. chrysogenum M35 were in-
vestigated in shake-flask cultures incubated for 5 days. The 
addition of 3% rice oil to the primary culture medium as 
a positive control enhanced cephalosporin C production. 
When 4% crude glycerol was added to the primary culture 
medium, cephalosporin C production increased from 0.72 to 
4.92 g/L (Fig. 1). Therefore, crude glycerol could be used as 
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Comparison of morphological differentiation of A. chrysogenum M35 between batch and fed-batch culture without methionine. (A-C) 
and (D-F) were time courses of batch culture containing glucose and crude glycerol, respectively. (G-I) were time courses of the fed-batch 
culture.

an alternative carbon source for cephalosporin C production 
by A. chrysogenum M35.

�

The level of cysteine was increased in A. chrysogenum M35 
by pure glycerol in shake-flask cultures (Shin et al., 2011). 
Crude glycerol contained potassium, chloride, sodium, ash, 
and MONG (Matter of Organic Non Glycerin). These com-
ponents could affect cystathionine-�-lyase activity and cysteine 
level during cephalosporin C production. Therefore, cys-
tathionine-�-lyase activity and cysteine level in the presence 
of crude glycerol were measured especially since these may 
be linked to the production of �-lactam antibiotics by A. 
chrysogenum. Figure 2 shows the cystathionine-�-lyase activity 
of A. chrysogenum M35 in cultures with or without crude 
glycerol.
  The addition of crude glycerol did not result in increased 
cystathionine-�-lyase activity during 24-96 h of cultivation 
(Fig. 2A), whereas the cysteine level of A. chrysogenum M35 
was increased (Fig. 2B). Thus, crude glycerol was converted 
into cysteine or cysteine intermediates.

Utilization of crude glycerol during cephalosporin C produc-
tion was investigated in fed-batch cultures of A. chrysogenum 
M35 without methionine, since cysteine content was increased 
in crude glycerol-fed media. Crude glycerol was consumed 

more slowly than glucose and led to less catabolic repression 
in A. chrysogenum M35 during cephalosporin synthesis (Fig. 
3A). The dry cell weight of crude glycerol in the culture without 
methionine was higher than that of glucose in the culture 
with methionine (Fig. 3B). In addition, cephalosporin C pro-
duction from crude glycerol in the culture without methionine 
was about 6-fold greater than that from glucose in the culture 
containing methionine (Fig. 3C). These results suggest that 
crude glycerol as a carbon and cysteine source contributed 
to cephalosporin C production either directly or indirectly.

A. chrysogenum cultures show various morphological forms: 
hyphae, conidia, arthrospores, and germlings (Hoff et al., 2005). 
Morphological differentiation of A. chrysogenum M35 grown 
in a shake-flask culture containing crude glycerol without me-
thionine was observed for cephalosporin C production. Figure 
4 shows a comparison of the differentiation of A. chrysogenum 
M35 between batch and fed-batch culture containing crude 
glycerol. The level of arthrospores increased during 72-120 h 
of cultivation, when crude glycerol was added to the medium 
(Figs. 4D-F and G-I), while many hyphal fragments were ob-
served in the glucose-fed cultures (Figs. 1A-C). The filaments 
were wide, swollen, and highly vacuolated after 72 h (Fig. 
4G-I), in fed-batch culture containing crude glycerol without 
methionine. A. chrysogenum M35 was more obviously differ-
entiated into arthrospores after addition of crude glycerol to 
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the medium in a fed-batch culture, compared with a batch 
culture (Figs. 4D-F).

Various carbon sources such as glucose, sucrose, and plant oils 
have been adopted as the major carbon sources in industrial- 
scale fermentation (Revin et al., 1991). Previously, it was found 
that addition of 3% rice oil with methionine to a culture of 
A. chrysogenum M35 enhances cephalosporin C production 
by about 4.5 g/L (Kim et al., 2006). Alternative carbon sources, 
including soybean oil and rice oil, are used in commercial 
antibiotic production to minimize catabolic repression. Addition 
of a low solubility carbon source such as oil can also avoid 
carbon catabolic repression. However, it has been reported 
that the use of oils in media is restricted to environments 
in which there are higher residual oil levels and oxygen re-
quirements compared to use of carbohydrates (Bader et al., 
1984). Crude glycerol can be applied to cephalosporin C pro-
duction due to advantages such as production yield, and less 
expensive purification steps on an industrial scale. In addition, 
crude glycerol is widely available due to the increased pro-
duction of biodiesel in response to the need for renewable 
fuels. Since crude glycerol can be utilized as a carbon source 
in industrial microbiological processes, its availability as a by-
product of biodiesel production contributes to its competiti-
veness.
  A rate-limiting step in cephalosporin C biosynthesis is the 
availability of cysteine formed from methionine by the reverse 
transsulfuration pathway (Paszewski et al., 2000). The produc-
tion of cysteine by cystathionine hydrolysis is believed to be 
the main source of cysteine for cephalosporin biosynthesis 
(Nüesch et al., 1987). Therefore, cystathionine-�-lyase activity 
is required for high-level cephalosporin production in methio-
nine-supplemented medium. Crude glycerol is utilized in a 
similar metabolic pathway during the production of �-lactam 
antibiotics. Glycerol is readily metabolized into 3-phosphogly-
cerate through the glycolysis pathway (Liepins et al., 2006). 
Then, 3-phosphoglycerate and pyruvate are converted into 
cysteine by Penicillium chrysogenum (Usher et al., 1992). A 
glycerol derivative is directly changed to precursors of �-lac-
tam antibiotic as clavulanic acid by Streptomyces clavuligerus 
(Salowe et al., 1990). Therefore, it was expected that A. chrys-
ogenum M35 would convert crude glycerol into precursors of 
cephalosporin C and cysteine during cephalosporin C pro-
duction in this study.
  Recently, related research has shown that physiological dif-
ferentiation results from cultivation in the presence of methi-
onine, which stimulates the formation of arthrospores (Sándor 
et al., 2001). A. chrysogenum differentiates into arthrospores 
with a high rate of cephalosporin C biosynthesis (Nash and 
Huber, 1971; Bartoshevich et al., 1990). Arthrospores have 
more lipid-containing vacuoles than do hyphal fragments 
(Queener and Ellis, 1975). Additionally, the vacuoles may 
play an ancillary role in the supply of precursor amino acids, 
and in the storage of intermediates when cephalosporin C 
is synthesized from �-aminoadipate, cysteine, and valine 
(Kamp et al., 1999). Furthermore, lipid accumulation must 
affect the physicochemical properties of the cell during the 
fermentation, including membrane fluidity and nutrient trans-

port, since accumulation of cellular lipids is widely recognized 
as an important factor in membrane fluidity of A. chrysogenum 
(Keweloh et al., 1991).
  In conclusion, the effects of crude glycerol on cephalosporin 
C production by A. chrysogenum M35 were evaluated in me-
thionine-unsupplemented cultures. It was found that crude 
glycerol stimulated cephalosporin C production by increasing 
cysteine content in A. chrysogenum M35 cultured without 
methionine. Additionally, crude glycerol utilization led to sig-
nificantly higher cephalosporin C production compared to use 
of rice oil. Overall, these results indicate that crude glycerol 
was utilized as a carbon and cysteine source in cephalosporin 
C production by A. chrysogenum M35. Thus, the results pre-
sented here suggest that low-priced crude glycerol can be used 
as an alternative to plant oils and methionine for cephalosporin 
C biosynthesis on an industrial scale.
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