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Abstract e-Poly-L-lysine (e-PL) has been widely used as

food additive. However, the self-inhibition of e-PL on cell

growth limits the accumulation of e-PL in the wild-type

strain. Here, we screened e-PL-tolerant strain of Strepto-

myces sp. with higher e-PL productivity by genome shuf-

fling and studied the mechanism for the improvement. The

initial mutant library was constructed by diethyl sulfate

mutagenesis. After four rounds of protoplast fusion, a

shuffled strain F4-22 with 3.11 g/L e-PL productivity in

shake flask, 1.81-fold in comparison with that of parent

strain, was obtained. The higher aspartokinase activity was

induced in F4-22 whereas no obvious changes have been

found in e-PL synthetic and degrading enzymes which

indicated that the upstream reregulation of the precursor

lysine synthesis rather than lysine polymerization or e-PL
degradation in shuffled strain accounted for the higher

productivity. The activities of key enzymes in the central

metabolic pathway were also enhanced in F4-22 which

resulted in increased vigor of the strain and in delayed

strain lysis during fermentation. These improved properties

of shuffled strain led to the success of combining general

two-stage fermentation into one-stage one in 5-L bioreactor

with 32.7 % more e-PL production than that of parent

strain. The strategy used in this study provided a novel

strain breeding approach of producers which suffered from

e-PL-like self-inhibition of the metabolites.
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Introduction

e-Poly-L-lysine (e-PL) is a microbial metabolite of homo-

poly-amino acid where lysine is polymerized between e-
amino and a-carboxyl groups by e-PL synthetase (PLS) [1].

Its discovery can be traced back to 1977 when Shima and

Sakai isolated an alkaloid secretion strain of Streptomyces

albulus No. 346 [2]. The advantages of e-PL over the

chemical synthetic homo-poly-lysine (a-PL) have been

noted mainly in its broad spectrum of antimicrobial ac-

tivity, non-toxicity, and biodegradability [3–5]. Nowadays,

several countries including Japan, United States, China and

Korea have approved the application of e-PL as food

preservative, and the demand for e-PL has been increasing.

However, the productivity of e-PL in its microbial

producers, such as Streptomyces sp. [6, 7], Kitasatospora

sp. [8] and Bacillus subtilis [9], is low. The metabolic flux

towards e-PL is strictly regulated and e-PL-degrading en-

zymes (PLDs) are able to degrade e-PL rapidly to provide

self-protection of strain [10, 11]. Efforts have been made to

relieve the inhibition of the key enzyme in the e-PL syn-

thetic pathway by selection of S-(2-aminoethyl)-L-cysteine-

resistant mutant, immobilized cell, in situ e-PL removal

[12–14]. Since the self-inhibition on cell growth limits the

accumulation of e-PL in the wild-type strain, it is reason-

able to speculate that higher e-PL production would be

expected in e-PL-tolerant mutant which could survive un-

der high e-PL concentration. However, no reports have

been found to our knowledge to directly relate the e-PL
productivity and e-PL tolerance and its mechanism remains

to be uncovered.
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Mutant strains can be obtained with classical muta-

genesis which is usually laborious and time-consuming,

or with genetic modification which requires the knowl-

edge of genetic information of the concerned strain. In

2002, Zhang et al. [15] proposed an efficient technology

of genome shuffling, a recursive protoplast fusion, for

rapid evolution of strains toward desirable phenotypes

without genome sequence information. Up to now, gen-

ome shuffling has been applied to strain breeding in the

aspects of stress tolerance [16], phenotype and product

yield improvements [17–19]. In this study, we made our

effects to select e-PL-tolerant Streptomyces sp. with in-

creased e-PL productivity by genome shuffling. Properties

in fermentation behavior and e-PL synthetic pathway

between the parent strain and shuffled one were compared

to improve the e-PL fermentation level and to further

understand the mechanism of cell growth and e-PL syn-

thesis regulation.

Materials and methods

Microorganism

Streptomyces sp. M-Z18, isolated from soil as described by

Nishikawa and Ogawa [20] and followed by ultraviolet

(UV) and nitrosoguanidine mutagenesis as described by

Hiraki et al. [12], was used as the parent strain and cry-

opreserved in 30 % (v/v) glycerol at -80 �C. It was unable
to grow on the agar plates containing more than 0.42 g/L e-
PL and its production of e-PL in shake flask was

1.72 ± 0.03 g/L.

Media and culture conditions

Slant and plate media (BTN) contained (per liter): 10 g

glucose, 1 g yeast extract, 2 g peptone, and 20 g agar. The

pH value was adjusted to 7.5 with NaOH (1 N) before

sterilization.

Seed medium contained (per liter): 50 g glucose, 10 g

(NH4)2SO4, 5 g yeast extract, 1.72 g K2HPO4�2H2O, 0.8 g

KH2PO4, 0.5 g MgSO4�7H2O, 0.04 g ZnSO4�7H2O, and

0.03 g FeSO4�7H2O. The pH value was adjusted to 6.8 with

NaOH (1 N) before sterilization.

Fermentationmedium contained (per liter): 60 g glycerol,

10 g (NH4)2SO4, 10 g beef extract, 4 g KH2PO4, 0.8 g

MgSO4�7H2O, and 0.05 g FeSO4�7H2O. The pH value was

adjusted to 6.8 with NaOH (1 N) before sterilization.

Regeneration medium (RM) consisted (per liter): 103 g

sucrose, 15 g glucose, 4 g peptone, 10 g MgCl2�6H2O, 3 g

yeast extract, 0.4 g CaCl2�7H2O, 0.25 g KH2PO4, 2 mL

trace element solution [21], and 10 mL TES buffer (0.8 g/L

Tris, 0.25 g/L EDTA, 0.05 g/L SDS, pH 7.2 adjusted with

HCl). The pH value was adjusted to 7.0 with NaOH (1 N)

before sterilization.

Both slant and plate cultures were incubated for 8–12 days

at the temperature of 30 �C. Two loops full of spores were

inoculated in 40 mL seed medium in a 250-mL shake flask.

After incubation at 30 �C for 24 h in a rotary shaker at

200 rpm, a 3 mL portion of the seed culture was transferred

into 40 mL of fermentation medium in a 250-mL flask. After

72 h of incubation, concentration of e-PL was measured.

Mutagenesis and selection

Streptomyces sp. M-Z18 was treated with diethyl sulfate

(DES) to obtain the startingmutant library as follows: spores

(1 9 108–5 9 108) were treated with 2 % (v/v) DES for

30 min at 30 �C. Na2S2O3 was added to stop the reaction.

Sporeswere then diluted and spread onto theBTNagar plates

containing different concentrations of e-PL. The fast-grown
colonies were picked out for e-PL production analysis in

shake flask and those with higher e-PL production were used

as the starting strains for genome shuffling (Fig. 1).

Genome shuffling

The preparation and fusion of protoplasts were performed

as described by Li et al. [22] with modification. Two loops

full of spores of the above starting strains were inoculated

40 mL of seed medium in 250-mL shake flask, respec-

tively. After incubation, mycelia were harvested by cen-

trifugation at 40009g for 5 min at 4 �C, washed twice with

10 mL of PB buffer (20 mM Tris–HCl buffer, pH 7.5,

103 g/L sucrose, 2 g/L MgCl2) and treated with 5 mg/mL

lysozyme for 2 h at 30 �C. After observation of protoplasts

formation under a compound light microscope (DM 1000,

Leica Microsystems, Wetzlar, Germany), protoplasts from

different populations were mixed and then divided equally

into two parts. One part was inactivated with UV irra-

diation for 90 min at a distance of 15 cm from a UV lamp

with wavelength of 254 nm and power of 15 W, and the

other was heat treated at 70 �C for 50 min. The survival

frequency of protoplasts in these two parts was zero.

Subsequently, the inactivated protoplasts were mixed in a

cell ratio of 1:1, centrifuged at 40009g for 1 min at 4 �C,
and resuspended in 1 mL PB buffer. The protoplast was

fused in 5 mL of PB buffer, containing 40 % PEG 6000

and 10 mM CaCl2 for 15 min at 37 �C. After regeneration
in liquid RM containing 0.66 g/L e-PL, the fusant solution
was divided equally into two parts, one part was used to

obtain colonies on solid RM agar at 28 �C for 7–10 days

for further e-PL productivity assay, the other part was

subcultured in liquid RM containing increased 1 g/L e-PL
at 30 �C on a rotary shaker at 100 rpm for 6–8 days. The

mycelia collected were used for subsequent rounds of
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genome shuffling. Four successive rounds of protoplast

fusion were performed by the same methods with the in-

creased e-PL concentration of 2, 4, and 6 g/L in the second,

third, and fourth round, respectively (Fig. 1).

e-PL fermentation of the shuffled strain and parent

strain in shake flask

Two loops full of slant cultures of the shuffled strain with

the highest e-PL productivity and the parent strain Strep-

tomyces sp. M-Z18 were transferred into a 250-mL shake

flask containing 40 mL seed medium, respectively. After

incubation at 30 �C for 24 h on a rotary shaker at 200 rpm,

a 3 mL portion of the seed culture was inoculated into

40 mL of fermentation medium in a 250-mL shake flask.

During the fermentation, mycelium of each strain was

collected for biomass and enzymatic activity analysis.

e-PL fermentation of the shuffled strain in 5-L

fermenter

Two loops full of slant culture of the shuffled strain with

the highest e-PL yield were inoculated into 80 mL of seed

medium in a 500-mL shake flask. After incubated at 30 �C
and 200 rpm for 24 h, 240 mL of seed culture was trans-

ferred into 3.26-L sterilized fermentation medium in a 5-L

fermenter (Baoxing Corp., Shanghai, China) with a work-

ing volume of 3.5 L at an initial pH of 6.8. 50 % (v/v)

NH4OH was supplemented automatically to adjust pH at

the desired levels. A sterilized pure glycerol solution was

pulsed fed by peristaltic pump to maintain the residual

glycerol at about 10 g/L and a sterilized 400 g/L (NH4)2SO4

solution was added to fermentation culture with the same

manner of glycerol to maintain the residual NH4
?–N at

about 1 g/L in fed-batch fermentation.

Analytical method

The concentration of glycerol was determined by high-

performance liquid chromatography (HPLC) as described

by Chen et al. [23]. NH4
?–N was analyzed by a colori-

metric method. The sample solution was mixed with so-

lution A (0.4 g/L sodium nitroprusside, 35 g/L phenol) and

solution B (3.0 g/L NaClO, 18 g/L NaOH) in a ratio of

1:5:5. After reaction for 35 min at 37 �C, absorbance of the
resulting solution was measured at 625 nm. The NH4

?–N

Fig. 1 A scheme of improving resistance and yield of e-PL by genome shuffling
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content was calculated according to the standard curve of

ammonium sulfate. The e-PL concentration was deter-

mined according to the procedure described by Kahar et al.

[24]. The biomass was determined as dry cell weight

(DCW) by filtering culture sample, washing the mycelia

twice with distilled water, and drying at 105 �C until

constant weight. Enzyme activities of glucose-6-phosphate

dehydrogenase (G6PDH), citrate synthetase (CS), aspar-

tokinase (ASK), PLS of the shuffled and parent strains

were measured according to Zeng et al. [25] and PLD was

measured according to Kito et al. [11].

Results and discussion

Screening of starting strains for genome shuffling

A diverse mutant population with desired phenotype is the

starting point for the genome shuffling which imitates the

natural evolution process by genetic recombination through

recursive protoplast fusion [15]. Since the self-inhibition

limits e-PL accumulation, the target phenotype here was

the e-PL-tolerant mutant with higher e-PL. DES was used

as mutagen and increasing concentration of e-PL was used

as selective pressure (Fig. 1). Since Streptomyces sp.

M-Z18 cannot grow on agar plates containing e-PL more

than 0.42 g/L, the initial concentration for mutant selection

was determined at 0.48 g/L e-PL. After three rounds of

mutagenesis and selection, the concentration of e-PL
reached 0.6 g/L and four mutants (D3-81, D3-90, D3-239,

D3-347) were isolated. The e-PL productivity of these four

mutants in shake flask from triplicate experiments was

2.05 ± 0.04, 2.02 ± 0.02, 2.06 ± 0.02, 1.98 ± 0.04 g/L,

respectively. However, when selection of mutants after

fourth DES treatment on agar plates containing 0.66 g/L e-
PL was performed, no colony appeared indicating the

limitation of mutagenesis on obtaining higher e-PL-tolerant
mutants. Further genome shuffling is necessary and the

mutants D3-81, D3-90, D3-239, D3-347 were used as

starting strains.

Genome shuffling to improve e-PL tolerance

Genome shuffling allows the genetic exchange on entire

genome level through the successive protoplast fusion of

several starting strains. Product-tolerant strains such as

ethanol-, lactic acid- and pristinamycin-tolerant stains have

been successfully obtained by genome shuffling [16, 26,

27]. In this study, the protoplasts of starting strains were

obtained successfully and the protoplast fusion was ob-

served under microscope according to the established

genome shuffling methods in our laboratory [22]. However,

it takes a long time, 13–15 days, for the fusants to

regenerate on the agar plate. Therefore, the regeneration

was modified according to the method of Imada et al. [28]

prior to the next round of shuffling. As a result, the re-

generation time was shortened to 7–9 days. After the first,

second, third and fourth round of genome shuffling, 152,

111, 59 and 28 colonies appeared on the agar plates con-

taining 1, 2, 4, and 6 g/L e-PL, respectively. The e-PL
tolerant ability is much higher than that of the starting

mutants. However, no fusant growth appeared when the e-
PL concentration increased to 8 g/L after the fifth round of

genome shuffling. As a control, the fusant of the first round

of shuffling was subcultured with increased e-PL 2, 4, and

6 g/L e-PL to determine whether acclimatization effect

could result in adaptive growth of e-PL tolerance. In con-

trast to the shuffled strains, no colonies appeared under the

same culture condition.

Improvement of e-PL production in e-PL-tolerant
shuffled strains

During the four rounds of genome shuffling, the colonies

formed on solid RM plate were picked out for e-PL pro-

duction assay. It can be seen that the e-PL production in-

creased gradually after each round of genome shuffling

(Fig. 2) and the highest production was found using shuf-

fled strain F4-22 obtained in the fourth round of shuffling

Fig. 2 Enhancement of e-PL production by genome shuffling. DES

mutagenesis of Streptomyces sp. M-Z18 was used to obtain starting

strains and four rounds of genome shuffling were carried out. Dotted

line the production level of Streptomyces sp. M-Z18 and error bars

standard deviations
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(Fig. 2). The productivity of F4-22 was 3.11 ± 0.03 g/L in

shake flask fermentation, 50.97 and 80.81 % higher than

that of the best DES mutant (D-239) and the parent strain

M-Z18, respectively. In addition, with the increasing of e-
PL during the successive shuffling, less resistant colonies

appeared, however, the ratio of the shuffled strains with

higher productivity increased in the population (Table 1).

In general, random genome shuffling makes the screening

laborious. An effective selection method can help to obtain

the desired phenotype conveniently. In this study, the e-PL
was used as selective pressure for obtaining e-PL-tolerant
strain with high productivity efficiently.

The genetic instability leads to the retrogression of the

high-producing mutants that originated from various

treatments of mutation or recombination. To investigate the

genetic stability of high e-PL-producing shuffled strain, F4-

Table 1 Strain screening during four rounds of genome shuffling

Rounds of

shuffling

Concentration of e-PL
(g/L)

Frequency of shuffled strains with higher e-PL
productivity (%)a

Mean production

(g/L)b
The highest productivity

(g/L)c

1st round 1 13.16 (20/152) 2.12 ± 0.06 2.3 ± 0.02

2nd round 2 21.62 (24/111) 2.24 ± 0.1 2.24 ± 0.01

3rd round 4 27.62 (16/59) 2.43 ± 0.31 2.99 ± 0.02

4th round 6 35.14 (10/28) 2.65 ± 0.45 3.11 ± 0.02

a Numbers in parentheses mean the number of shuffled strains producing more e-PL than the highest starting strain D-239 and the number of

colonies screened, respectively
b Mean production shows the mean value of yield of shuffled strains, which can produce more e-PL than that of D-239. Data represent the

mean ± standard deviations
c The highest production is the production value of the shuffled strain, which can produce the highest e-PL. Data represent the mean ± standard

deviations

Fig. 3 Comparison of the key

enzymes between parent

Streptomyces sp. M-Z18 (filled

circle) and shuffled

Streptomyces sp. F4-22 (filled

triangle) at different time in

shake flask. Error bars standard

deviations
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22 was subcultured for successive five generations. The

level of e-PL production ranged from 2.98 ± 0.03 to

3.17 ± 0.02 g/L indicating the genetic stability of F4-22.

Comparison of enzymatic activities and cell vigor

between M-Z18 and F4-22

To reveal the mechanisms behind the significant im-

provement of e-PL productivity and resistance of F4-22,

the enzyme activities of G6PDH, CS, ASK, PLS and PLD,

which are supposed to be the key enzymes in glycolytic

and e-PL synthetic pathway [25], were monitored at 16, 24,

28, 32, 48 and 56 h in a 250-mL shake flask, respectively

(Fig. 3). In the meantime, the morphologies of these two

strains were observed during the fermentation (Fig. 4). It

can be seen that the activities of G6PDH, CS were higher

in F4-22 than those in M-Z18 during the investigated pe-

riod. The highest activities of G6PDH, CS were found at

28 h in both strains, whereas in the e-PL-tolerant F4-22
those activities were 36.4, 42.6 % higher than the parent

strain M-Z18, respectively. The higher G6PDH and CS

indicated that the pentose phosphate pathway and tricar-

boxylic acid (TCA) circle were enhanced in F4-22 which

might lead to the increased vigor of e-PL-tolerant strain.
This was also verified by morphological changes of M-Z18

and F4-22 during fermentation (Fig. 4). As shown in

Fig. 4, the mycelium pellet autolysis of M-Z18 emerged at

48 h and became obviously at 72 h. However, this phe-

nomenon did not occur to F4-22 until 72 h.

ASK is the first key enzyme in lysine, a member of

aspartate family amino acid, biosynthesis. As shown in

Fig. 3, the activity of ASK in F4-22 significantly increased,

143 and 281 % higher than M-Z18 at 28 and 32 h, re-

spectively, indicating there was a greater pool of precursor

lysine for e-PL biosynthesis. However, no obvious PLS

changes have been found during investigated fermentation

period (data not shown). Hamano et al. [29] reported that

lack of lysine precursor rather than PLS ability limited the

level of e-PL in S. albulus. Our result was consistent with

that of Hamano et al. [29]. The e-PL degradation by PLD

Fig. 4 Comparison of morphological changes between parent Streptomyces sp.M-Z18 (a1, a2) and shuffled Streptomyces sp. F4-22 (b1, b2) in
shake flask fermentation at 48 and 72 h, respectively
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might be one reason for e-PL tolerance. However, the ac-

tivity of PLD in the two strains expressed no obvious

difference (Fig. 3) and, therefore, the accumulation of e-PL
in F4-22 was reasonable. The above results indicated that

genome shuffling resulted in high yield by reregulation of

e-PL biosynthetic key enzymes and increasing cell vigor in

the e-PL-tolerant strain. The antimicrobial activity of e-PL
is supposed to disrupt membrane integrity and to arouse

oxidative stress by reactive oxygen species due to the ex-

pression of various genes [30]. Work is also underway to

find out whether the changes in membrane structure or

other genes’ expression are contributing to the e-PL tol-

erance in our lab.

Fermentation by shuffled F4-22 in 5-L fermenter

To verify the good characters of shuffled strain F4-22, 5-L

scale trial was carried out. Since pH is generally regarded

as the most important factor on e-PL fermentation, four

different pH values (3.5, 3.8, 4.0, 4.5) were selected to

investigate the performance of F4-22 according to our

previous study with parent strain M-Z18 [23]. As shown in

Fig. 5, the higher pH level, the more DCW and the more

rapid glycerol consumption were discovered. The fermen-

tation ended when the glycerol was completely consumed

(Fig. 5). However, the e-PL productivity was not positively

related to pH value. At pH 4.5, the DCW was maximum

(18.43 g/L), but e-PL production was minimum (5.34 g/L)

compared to other pH values (Fig. 5). These are in accor-

dance with the findings of Kahar et al. [24] that the optimal

pH value for cell growth was higher than 4.0 while the e-
PL production was low. Considering the parameters ob-

tained above, pH 4.0 was selected for the highest e-PL
production, relatively high level of biomass formation and

rapid glycerol consumption. The glycerol was added to

extend the fermentation time and to obtain more e-PL
production. Good effect was found using this strategy. The

strain F4-22 was able to grow well (37.74 g/L DCW) and

produce 32.7 % more e-PL (39.96 g/L) than that of M-Z18

(30.11 g/L) which was obtained under optimized two-stage

culture [23] at the final fermentation time of 173 h (Fig. 6).

Two-stage culture has been widely used in e-PL fermen-

tation due to the rapid pH decreasing at the initial stage of

fermentation when ammonium sulfate was used as nitrogen

source [23, 24, 31]. The low pH value inhibits the growth

of Streptomyces and consequent e-PL production. There-

fore, generally in the first stage, pH value was maintained

at higher than 5.0, and in the second stage, pH value was

kept at about 4.0 according to the producer used for e-PL
synthesis. In this study, due to the vigor of cell and more

Fig. 5 Time profiles of

Streptomyces sp. F4-22

fermentation under different pH

values. pH 3.5 (filled triangle),

pH 3.8 (filled circle), pH 4.0

(filled square), pH 4.5 (filled

star)
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metabolic flux directed to lysine synthesis as discussed

above, one-stage culture was sufficient to obtain enough

biomass and higher amount of e-PL which made the fer-

mentation control process simple.

Conclusion

In this study, an e-PL-tolerant strain with higher produc-

tivity was obtained by genome shuffling. The reregulation

of central metabolic and e-PL synthetic pathways by en-

hancing activities of enzymes in G6PDH, CS and ASK

contributed to good cell growth and higher e-PL produc-

tivity under simplified fermentation process. The results

suggested that selection of e-PL-tolerant strain by genome

shuffling facilitated the breeding of higher e-PL-producing
strain. The strategy used here might provide an effective

approach for the improvements of strains whose metabo-

lites exhibit self-inhibition due to their toxic effects. The

mechanism of F4-22 with higher e-PL production and

tolerance than those of M-Z18 is under investigation,

especially on aspect of genomic changes.
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