
ORIGINAL PAPER

Culture medium containing glucose and glycerol as a mixed
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Abstract To improve the efficiency of e-poly-L-lysine

(e-PL) production by Streptomyces sp. M-Z18, batch and fed-

batch fermentations with glucose and glycerol (co-fermen-

tations) were performed. The batch fermentations showed

that the initial ratio of glucose to glycerol plays an important

role in glucose/glycerol co-fermentation. The optimal

glucose/glycerol weight ratio was 30/30; this resulted in a

maximum e-PL productivity of 5.26 g/L/d. Glucose and

glycerol were consumed synergistically during the co-fer-

mentation process, and the length of time during which the

substrate was exhausted was significantly shortened com-

pared with the single carbon source fermentation. Under

optimized conditions, fed-batch fermentations with glucose

and glycerol as a mixed carbon source achieved maximum

e-PL concentration and productivity values of 35.14 g/L and

4.85 g/L/d, respectively. These values were respectively

1.43- and 1.39-, and 1.17- and 1.16-folds higher than those

obtained from fermentations with glucose and glycerol as

single carbon sources. The present study is the first to suggest

that glucose/glycerol co-fermentation may be an efficient

strategy for e-PL production by Streptomyces sp. M-Z18.
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Introduction

e-Poly-L-lysine (e-PL), a naturally occurring homopolymer

of Streptomyces or Kitasatosporia, consists of several

residues of L-lysine with an isopeptide linkage between the

a-carboxyl and e-amino groups. e-PL has recently attracted

significant attention due to its wide antimicrobial spectrum

and high safety. e-PL shows a strong antimicrobial activity

against Gram-positive and Gram-negative bacteria, fungi,

and some viruses [1, 2]. Moreover, the safety of e-PL has

been demonstrated in experiments using rats; thus, the use

of e-PL in cooked or sushi rice was approved in 2004 by

the US Food and Drug Administration (FDA) [3, 4]. e-PL is

widely used as a natural food preservative in a number of

countries, including Japan, the United States, and Korea

[5, 6]. There has been a great interest in the medical

applications of e-PL and its derivatives, among others.

Furthermore, e-PL has been applied as an emulsifying

agent, disinfectant, drug delivery carrier, endotoxin

remover, and biosensor [7].

Fermentation is almost the sole known method for e-PL

production. Many studies on e-PL biosynthesis have

focused on the use of glucose as a carbon source. M3G, the

common medium for e-PL production in the flask- or fer-

menter-scale, consists of 5% glucose as a sole carbon

source [8–12]. In a combined two-stage pH control strategy

for feeding 1% glucose fermentation technology, Strepto-

myces albulus S410 achieved the highest e-PL concentra-

tion at 48.3 g/L; this record remains up to the present [10].

The same strategy was successfully applied in S. albulus
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IFO 14147 and S. albulus TUST2 [11, 13]. Zhang et al.

[12] recently performed repeated fed-batch experiments

with immobilized cells of Kitasatospora sp. MY 5-36 in

loofah sponge using glucose as a carbon source. Glycerol

and glucose were proven to be the best carbon sources by

Shima and Sakai [14] through medium composition opti-

mization experiments in 1981. The positive effect of

glycerol as a carbon source in e-PL production was also

observed by Bankar and Singhal [15]. However, glycerol as

a carbon source for e-PL production has only been used in

flask experiments, probably because glycerol as a raw

material is more expensive than glucose. Today, glycerol is

co-produced at a weight ratio of about 10% of the biodiesel

[16]. Therefore, e-PL has the economic feasibility of fer-

mentation from glycerol, and the production of e-PL from

glycerol is beneficial to the production of low molecular

weight e-PL [17, 18]. e-PL with fewer lysine residues

(larger than ten) was found to exhibit a more pleasant taste

when used as food preservative [19]. Recently, we deter-

mined industrial glycerol to be a carbon source for e-PL

production by medium optimization technology using

Streptomyces sp. M-Z18 [20]. We also developed a novel

two-stage pH control strategy, and improved e-PL pro-

duction from glycerol based on the analysis of kinetic

parameters [21].

Based on the above-mentioned discussion, e-PL pro-

duction has been performed using glucose and glycerol as

individual carbon sources. However, only a few reports

regarding the influence of glucose and glycerol as a mixed

carbon source on e-PL production have been published. In

the current study, we attempt to develop a glucose/glycerol

co-fermentation strategy for enhancing e-PL concentration

and productivity by Streptomyces sp. M-Z18.

Materials and methods

Microorganism

Streptomyces sp. M-Z18 was isolated from the soil as

described by Nishikawa and Ogawa [22], preserved in our

lab, and subjected to ultraviolet and nitrosoguanidine

mutagenesis as described by Hiraki et al. [8].

Media and culture conditions

The agar slant medium contained the following (g/L):

glucose, 10; yeast extract, 5; beef extract, 5; MgSO4�7H2O,

0.5; K2HPO4, 1; agar, 20. The pH was adjusted to 7.0. The

pre-culture medium, M3G, consisted of the following (g/L):

glucose, 50; yeast extract, 5; (NH4)2SO4, 10; KH2PO4, 1.36;

K2HPO4, 0.8; MgSO4�7H2O, 0.5; ZnSO4�7H2O, 0.04;

FeSO4�7H2O, 0.03. The initial pH of the medium was

adjusted to 6.8 with 2 M NaOH and/or 1 M H2SO4. The

fermentation medium consisted of the following (g/L):

industrial glycerol (Kerry Oleochemical Industrial (Shanghai)

Co., Ltd.), 60; (NH4)2SO4, 5; beef extract, 10; KH2PO4, 4;

MgSO4�7H2O, 0.8; FeSO4�7H2O, 0.05. The media were

sterilized in an autoclave for 20 min at 121 �C. Mixed carbon

source fermentations were performed with the fermentation

medium described above, except that glycerol was replaced

with 60 g/L of the mixed carbon source (glucose ? glycerol).

To prevent Maillard reactions from occurring, the glucose in the

agar slant and the M3G medium were separately autoclaved.

The strain maintained on the agar slants was incubated

at 30 �C for 5–7 days. After growth and sporulation, two

loopfuls of Streptomyces sp. M-Z18 spores were trans-

ferred to 80 mL of the M3G medium in a 500-mL flask and

incubated at 30 �C and 200 rpm for 24 h on a rotary

shaker. This culture was used as the seed in subsequent

experiments.

Batch and fed-batch fermentations were performed in a

5-L jar-fermenter (Baoxing Corp., Shanghai, China) with a

working volume of 3.5 L. About 300 mL of the pre-cul-

tured seed was inoculated into 3.2 L of the sterilized fer-

mentation medium at an initial pH of 6.8. Two Rushton

turbines provided agitation, which varied from 200 to

900 rpm, to control dissolved oxygen (DO) to 10–30%, as

monitored by a DO electrode (Mettler Toledo). Aeration

was provided by a ring sparger with a range of

0.5 - 3.0 vvm. The pH change was detected by a pH

electrode (Mettler Toledo) during cultivation. The fer-

mentation temperature was maintained using a re-circu-

lating water bath at 30 �C.

Glucose and glycerol co-fermentation of e-PL

in batch cultures

To investigate the effect of glucose and glycerol as a mixed

carbon source on e-PL production, three weight ratios of

glucose to glycerol were chosen (i.e., 40/20, 30/30, and

20/40). In these three combinations, the total volume of

carbon sources was 60 g/L. To prevent Maillard reactions

from occurring, glucose was added separately after sterili-

zation. During the cultivation, when the pH naturally

dropped from 6.8 to 3.8, 12.5% (v/v) NH4OH solution was

added to the culture broth to maintain the pH at 3.8 until

cultivation was completed.

Glucose and glycerol co-fermentation of e-PL

in fed-batch cultures

To enhance the production of e-PL, fed-batch fermentation

was carried out via glucose/glycerol co-fermentation at a

weight ratio of 30/30. When the concentrations of both

glucose and glycerol were below 5 g/L, sterilized pure
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glycerol and 800 g/L of glucose were added to the culture

broth using a peristaltic pump at set rates, to maintain

glucose or glycerol levels at about 5 g/L, and maintain the

amount of the total carbon source at about 10 g/L. Residual

ammonia nitrogen (NH3-N) was also maintained at about

1 g/L by feeding (NH4)2SO4 solution during the fed-batch

fermentation. The pH control strategy was similar to that

used during batch fermentation.

Analyses of cell mass, e-PL, glucose,

glycerol, and NH3-N

The samples were withdrawn from the fermenter for

analysis at regular intervals. The broth was centrifuged

(4,5009g, 10 min), and the precipitate was collected,

washed twice with distilled water, and then dried at 105 �C

to a constant weight to determine the biomass of the cul-

ture. The supernatant was used to determine the e-PL

concentration according to the procedure described by

Kahar et al. [10]. The concentrations of glucose and

glycerol were determined using an HPLC system

(DIONEX, U-3000, US) with a refractive index detector

(Shodex RI-101, Japan) and an ion exchange column

(Aminex HPX-87H, 300 9 7.8 mm, Hercules, CA). The

column was eluted with 5 mM H2SO4 at a temperature of

60 �C and a flow rate of 0.6 mL/min. NH3-N was analyzed

by a calorimetric method using Nessler reagent [23].

Results and discussion

Effect of single carbon sources (glucose or glycerol)

on e-poly-L-lysine fermentation by Streptomyces sp.

M-Z18

To evaluate the effect of glucose and glycerol on e-PL

production, batch cultures performed with Streptomyces sp.

M-Z18 were carried out on 60 g/L of glucose or glycerol.

The maximum concentrations of e-PL in the fermentation

broth using glycerol and glucose as single carbon sources

were 7.22 and 5.0 g/L, respectively (Fig. 1). e-PL pro-

ductivity and yield were 2.86 g/L/d and 0.083 g/g,

respectively, when glucose was used as a carbon source.

With glycerol, both values were higher (3.89 g/L/d and

0.117 g/g, respectively) (Table 1). Glycerol appears to be

superior to glucose for e-PL fermentation. However, when

the substrate exhaustion time and the time at which the pH

dropped from 6.8 to 3.8 were considered, glucose was the

preferred carbon source. When glucose was used, the

substrate exhaustion time and the time at which the pH

dropped were 42 and 11.28 h, respectively, shorter by 1.50

and 3.27 h, respectively, than when glycerol was used

(Table 1). e-PL production was promoted when the pH

naturally dropped to the optimal value at the soonest

possible time, which mainly resulted from the degradation

of NH4
? [20]. Furthermore, Streptomyces sp. M-Z18 cells

grew slightly better on glucose than on glycerol during

fermentation (Fig. 1). Thus, investigating the effects of

glycerol and glucose mixtures on e-PL production by

Streptomyces sp. M-Z18 is logical.

Considering e-PL concentration, productivity, and yield,

glycerol appeared to be a better carbon source than

glucose. Several investigations indicate that glycerol is a

more efficient carbon source than glucose for the produc-

tion of some microbial products, such as propionic acid and

lycopene [24, 25]. However, the specific reasons behind

why glycerol is better than glucose as a carbon source for

e-PL production have yet to be completely elucidated.

Based on the above-mentioned results, as well as summa-

rized literature data, glycerol appears to be superior to

glucose for e-PL production because of the following

possible effects: glycerol and L-lysine essentially have the

same redox state (reductance degree, 4.67), and can thus

maintain a redox balance without the production of another

compensating metabolite [26]. In contrast, L-lysine pro-

duction from glucose (reductance degree, 4) necessarily

leads to the formation of a more oxidized co-metabolite to

achieve the redox balance. Thus, a portion of the carbon

flow is directed towards co-metabolite formation from

glucose, resulting in lower e-PL yields. This hypothesis is

consistent with our experimental results, which show that

the e-PL yield from glycerol was enhanced by 41% com-

pared with that from glucose (0.117 vs. 0.083 g/g)

(Table 1).

Fig. 1 Comparison between glucose and glycerol as carbon sources

for cell growth and e-PL production in a 5-L fermenter by

Streptomyces sp. M-Z18. Filled symbols and solid lines are used for

the glucose medium: glucose (filled squares), cell growth (filled
triangles), e-PL production (filled circles), and pH (solid lines). Empty
symbols and dashed lines are used for the glycerol medium: glycerol

(empty squares), cell growth (empty triangles), e-PL production

(empty circles), and pH (dotted lines)
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Effect of the ratio of glucose to glycerol in mixed

carbon source fermentation on e-PL production

during batch fermentation

To evaluate the effect of the ratio of glucose to glycerol on

e-PL production, batch cultivations with initial weight

ratios of glucose to glycerol of 40/20, 30/30, and 20/40 (w/w)

were conducted. The results of the experiment indicated

that the initial glucose/glycerol weight ratio plays an

important role in glucose/glycerol co-fermentation (Fig. 2).

As shown in Fig. 2a, the times at which the pH dropped

from 6.8 to 3.8 in the mixed carbon source fermentations

were all shortened to about 12 h. In particular, at 30/30

glucose/glycerol, the pH dropped fastest. To monitor the

consumption of carbon sources by Streptomyces sp.

M-Z18, the total amount of carbon sources was used as an

indicator. The results showed that the time of carbon

source depletion was 33.5 h when the initial glucose/

glycerol was set to 30/30, much shorter than the depletion

times at ratios of 40/20 (39 h) and 20/40 (37.5 h) (Fig. 2b).

Table 1 Analysis of parameters at different weight ratios of glucose to glycerol for e-PL production during batch fermentation by Streptomyces
sp. M-Z18

Parameters Glucose Glucose/glycerol

= 40/20

Glucose/glycerol

= 30/30

Glucose/glycerol

= 20/40

Glycerol

Dry cell weight (g/L) 16.58 15.84 15.95 17.14 16.37

e-PL production (g/L) 5.0 6.29 7.34 6.44 7.22

e-PL productivity (g/L/d) 2.86 3.87 5.26 4.13 3.89

e-PL yield (g/g) 0.083 0.105 0.106 0.107 0.117

Time at which pH dropped

from 6.8 to 3.8 (h)

11.28 12.21 11.28 11.54 14.55

Substrate exhaustion time (h) 42.0 39.0 33.5 37.5 44.5

Fig. 2 Effects of the ratio of glucose to glycerol on a pH, b total

carbon source, c cell growth, and d e-PL production by Streptomyces
sp. M-Z18 in batch cultures using glucose and glycerol as mixed

carbon sources. Glucose/glycerol = 40/20 (dotted lines and filled
triangles), glucose/glycerol = 30/30 (solid lines and filled squares),

and glucose/glycerol = 20/40 (dashed lines and filled circles)
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Although the highest e-PL concentration of 7.34 g/L was

attained when the glucose/glycerol was 30/30 (Fig. 2c),

statistical analysis showed that cell growth did not exhibit

significant differences when the ratio of glucose to glycerol

was varied (Fig. 2d). We thus conclude that the optimal

weight ratio of glucose/glycerol is 30/30 for e-PL produc-

tion using glucose/glycerol co-fermentation by Streptomy-

ces sp. M-Z18.

To analyze the consumption of carbon sources during

co-fermentation, a comparison of the glucose and/or

glycerol depletion between single carbon source fermen-

tation and co-fermentation is shown in Fig. 3. Glucose and

glycerol were consumed almost simultaneously during

mixed carbon source fermentation, similar to the reported

glucose and glycerol co-fermentation of propionic acid by

Propionibacterium acidipropionici [24]. When the weight

ratio of glucose to glycerol was either 40/20 or 20/40, the

carbon source of low proportion was depleted first. How-

ever, at 30/30 glucose/glycerol, both glucose and glycerol

were consumed completely within about 33.5 h (Fig. 3a, b).

The carbon sources in the co-fermentation were easier to

consume than single carbon sources when the total weights

of the individual carbon sources of co-fermentation were

equal (Fig. 3c). This finding proves that the utilization of

glucose and glycerol produced a synergistic effect during

the glucose/glycerol co-fermentation of e-PL by Strepto-

myces sp. M-Z18. This effect was also found during

lycopene production using glycerol–glucose/L-arabinose as

mixed carbon sources [27].

As shown in Table 1, compared with single carbon

source fermentation, the synergistic effect of glucose and

glycerol during co-fermentation resulted in a significant

decrease in the substrate exhaustion time and the time at

which the pH dropped from 6.8 to 3.8. The substrate

exhaustion time was shortened from 42 and 44.5 h under

single carbon source fermentations with glucose and

glycerol, respectively, to 33.5 h in 30/30 glucose/glycerol.

Enhancing e-PL productivity by shortening the substrate

exhaustion time appears to be beneficial to the glucose/

glycerol co-fermentation process. Furthermore, the time at

which the pH dropped from 6.8 to 3.8 was also reduced

from 14.5 h in glycerol to 11.28 h in 30/30 glucose/glyc-

erol, similar to that found when glucose was used as a

carbon source (11.28 h). Thus, starting e-PL synthesis in

advance also appears to be helpful to the fermentation.

Meanwhile, compared with glucose and glycerol single

carbon source fermentations, the productivity of e-PL

increased by 83.9 and 35.2%, respectively, when co-fer-

mentation was performed with 30/30 glucose/glycerol.

Therefore, the increase in e-PL concentration and the

decrease in substrate exhaustion time during 30/30 glucose/

glycerol co-fermentation led to the enhancement of e-PL

productivity.

Fig. 3 Comparison of glucose or/and glycerol depletion between

single and mixed carbon source fermentation by Streptomyces sp.

M-Z18 in batch cultures. a Glucose; b glycerol; c total carbon source.

Single carbon source: glucose (filled squares), glycerol (empty
squares); mixed carbon source: glucose/glycerol = 40/20 [glucose

(filled diamond), glycerol (empty diamond), glucose ? glycerol (half-
filled diamond)], glucose/glycerol = 30/30 [glucose (filled circles),

glycerol (empty circles), glucose ? glycerol (half-filled circles)],

glucose/glycerol = 20/40 [glucose (filled triangles), glycerol (empty
triangles), glucose ? glycerol (half-filled triangles)]
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Effect of 30/30 glucose/glycerol co-fermentation

on e-PL production by Streptomyces sp. M-Z18

during fed-batch fermentation

To further improve the e-PL production via 30/30 glucose/

glycerol co-fermentation by Streptomyces sp. M-Z18, a

fed-batch fermentation strategy was investigated. The time

course is shown in Fig. 4. When both glucose and glycerol

concentrations were below 5 g/L, a feeding technology was

applied to ensure that they were maintained at a level of

about 5 g/L. After 174 h of fermentation, a e-PL concen-

tration and productivity of 35.14 g/L and 4.85 g/L/d,

respectively, were attained (Fig. 4). Compared with glu-

cose and glycerol as sole carbon sources for e-PL pro-

duction by Streptomyces sp. M-Z18 during fed-batch

fermentation, the concentration of e-PL during co-fer-

mentation increased by 43.2 and 16.7%, respectively

(Table 2), and the productivity of e-PL increased by 38.6

and 16.0%, respectively. The significant improvement in

these parameters proved the effectiveness of the glucose/

glycerol co-fermentation strategy on e-PL fermentation by

Streptomyces sp. M-Z18. Although the concentration and

productivity of e-PL obtained from glucose/glycerol co-

fermentation were less than those of S. albulus S410 and

Kitasatospora sp. MY 5-36 from glucose, in comparison,

the biomass of Streptomyces sp. M-Z18 was 1.54- and

1.81-fold higher, respectively (Table 2). Obviously, e-PL

productivity could be further improved through enhance-

ment of the capacity of the biomass for e-PL synthesis.

Mixed carbon source fermentation is an effective strat-

egy for enhancing subject metabolic products, and it has

been widely applied in the fermentation industry. For

example, glycerol/glucose co-fermentation has been

employed to improve propionic acid [24] and 1,3-pro-

panediol production [28], glucose/glycerol/xylose

co-fermentation has been carried out to enhance p-hydroxy-

benzoate production [29], and a glucose–corn oil mixture

has been used as a mixed carbon source to increase the

gibberellic acid production [30]. Several explanations have

been made with respect to the mechanism of mixed carbon

sources for enhancing the microbial products: (1) They

supply different carbon sources for biomass formation and

product synthesis. Glucose provides reducing equivalents

and ATP for biomass formation, and glycerol is mainly used

for propionic acid and 1,3-propanediol production [24, 28].

(2) They provide a specific carbon source for the synthesis

of metabolic precursors. Xylose is easily metabolized

through the pentose phosphate pathway and produces

erythrose-4-phosphate, the key precursors of p-hydroxy-

benzoate. Therefore, p-hydroxybenzoate production from

mixed carbon sources containing glucose and xylose is

efficient [29]. Specific to the e-PL production from glucose/

glycerol co-fermentation, we speculate that glucose/glyc-

erol mixed carbon sources reduce the carbon catabolite

repression derived from glucose metabolism and regulate

the requirement of reductance degree for cell growth and

e-PL synthesis. Nevertheless, further research is necessary

to determine the true mechanism of glucose/glycerol

co-fermentation in enhancing e-PL production.

Conclusions

The current study showed that glucose/glycerol co-fer-

mentation can serve as an efficient strategy for e-PL

Fig. 4 A fed-batch culture of glucose/glycerol = 30/30 for e-PL

production by Streptomyces sp. M-Z18 keeping both glucose and

glycerol at about 5 g/L; NH3-N at about 1 g/L. Glucose (filled
squares), glycerol (empty squares), NH3-N (filled diamond), cell

growth (filled circles), e-PL production (filled triangles)

Table 2 Effect of different carbon sources on e-PL production during fed-batch cultures by different e-PL-producing strains

Strains Carbon sources Dry cell

weight

(g/L)

e-PL

production

(g/L)

e-PL

productivity

(g/L/d)

e-PL

yield

(g/g)

Substrate

exhaustion

time (h)

References

Streptomyces albulus S410 Glucose *27 48.3 6.04 0.186 192 [10]

Kitasatospora sp. MY 5-36 Glucose 22.98 34.11 9.34 – 87.6 [12]

Streptomyces sp. M-Z18 Glucose 24.53 24.54 3.51 0.086 168 Unpublished data

Glycerol 40.66 30.11 4.18 0.132 173 [21]

Glucose ? Glycerol 41.68 35.14 4.85 0.121 174 Present study
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production by Streptomyces sp. M-Z18. Co-fermentation

with glucose and glycerol stimulated the consumption of

the total carbon source compared with the single carbon

source during batch fermentations, resulting in the

improvement of e-PL productivity due to the substantial

reduction of the substrate exhaustion time. Fed-batch fer-

mentation with 30/30 glucose/glycerol as a mixed carbon

source achieved a maximum e-PL concentration and pro-

ductivity of 35.14 g/L and 4.85 g/L/d, respectively.

Therefore, glucose/glycerol co-fermentation could be an

alternative to conventional e-PL production.
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