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Abstract To enhance the ε-poly-L-lysine (ε-PL) productivity
of Streptomyces sp. FEEL-1, a novel breeding strategy of at-
mospheric and room temperature plasma (ARTP)mutagenesis
with streptomycin resistance screening was developed. After
three rounds of recursive breeding, one strain designated AS3-
14 was selected with a ε-PL yield of 2.91 g/L in shake-flask
fermentation, which was elevated by 66.3 % compared to that
of the parent strain FEEL-1. Subsequent batch and fed-batch
fermentation was performed in a 5 L fermenter, and 8.2 g/L
and 41.2 g/L ε-PL productions were achieved, which were
49.1 % and 68.1 % higher, respectively, than those of the
parent strain. Analysis of enzyme activities indicated that
key enzymes, e.g., hexokinase, pyruvate kinase, citrate syn-
thase and aspartate kinase, were more active in the mutant
AS3-14 than in FEEL-1, which might explain the enhanced
ε-PL productivity. The results of amplified fragment length
polymorphism analysis indicated that the genomic DNA of
AS3-14 became more variable after ARTP mutagenesis.
Therefore, ARTP combined with streptomycin resistance is
an efficient breeding approach for the rapid evolution of ε-
PL-producing Streptomyces strains.

Keywords ε-Poly-L-lysine . Atmospheric and room
temperature plasma . Streptomycin resistance . Batch and
fed-batch fermentation . Enzyme activities analysis .
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Introduction

ε-Poly-L-lysine (ε-PL)—a natural homopolymer produced
mostly by Streptomyces—usually consists of 25–35 L-lysine
residues linked by α-carboxyl and ε-amino groups (Shima
and Sakai 1977, 1981a, b). ε-PL is well known for its antimi-
crobial activity towards bacteria, fungi, and some viruses, and
therefore has been used widely as a biological preservative in
Japan, Korea, and the United States (Hiraki 2000). Besides, ε-
PL is water soluble, biodegradable, edible, and non-toxic to-
wards humans and the environment. Thus, the fields of appli-
cation of ε-PL are expected to broaden in future (Shih et al.
2006; Ren et al. 2014).

However, wild ε-PL-producing strains have low ε-PL bio-
synthesis capability so it is difficult to meet industrial needs.
For example, production of ε-PL by Streptomyces albulus
Z-18, Streptomyces noursei NRRL 5126, and Streptomyces
griseofuscus H1 in shake flask fermentation yielded only
0.24, 0.42, and 0.7 g/L, respectively (Zhang et al. 2006;
Bankar and Singhal 2010). Despite fermentation of
Streptomyces noursei NRRL 5126 in optimized medium in
shake-flask culture, ε-PL production was still lower than
1 g/L (Li et al. 2011). Thus, it is necessary to improve the ε-
PL productivities of wild strains. Until now, several traditional
breeding methods have been undertaken for ε-PL production
enhancement. The most successful example was screening for
mutants with S-(2-aminoethyl)-L-cysteine (AEC) plus glycine
resistance after treatment of nitrosoguanidine (NTG) and ul-
traviolet (UV) mutagenesis. After 20 years of continuous
work for, this breeding strategy had succeeded in isolating a
mutant, Streptomyces albulus 11011A, with a maximum ε-PL
production of 2.11 g/L, nearly 10-fold higher than that of the
wild strain (Hiraki et al. 1998). With this strain, ε-PL produc-
tion as high as 48.3 g/L was obtained in a 5-L jar fermenter
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using a two-stage pH control strategy (Kahar et al. 2001),
and a ~1,000 t/a industrial scale was accomplished in
Chisso Corporation in Japan in 2001. Recently, Zong
et al. (2012) reported that they had improved the ε-PL
yield of Streptomyces albulus A-29 from an initial 0.4 g/
L to 1.59 g/L through atmospheric and room temperature
plasma (ARTP) mutagenesis combined with AEC and
glycine resistance screening. However, although an effi-
cient selective marker, AEC is very expensive at about
US $180 per gram. Wang et al. (2012) proposed a com-
bined resistance screening method with sulfaguanidine +
glycine + L-lysine + DL-3-hydroxynorvaline as selective
markers after ARTP mutagenesis. Finally, an improved
mutant Streptomyces diastatochromogenes L9 yielding
ε-PL production of 0.77 g/L was obtained, which was
15 % higher than that of original strain. It can be seen
that the primary principle of these latter approaches were
generally based on deleting or weakening the feedback
inhibition of target end products such as amino acids;
however, such strategies are laborious, time-consuming
and expensive.

It is well known that drug-resistance can significantly en-
hance the production of secondary metabolites in
Streptomyces mutants. For example, a streptomycin resistant
mutant Streptomyces chattanoogensis can produce
fredericamycin in amounts 5-fold greater than the parent strain
(Hu and Ochi 2001). Moreover, the mutants gained not only
streptomycin resistance, but also could grow well under
higher concentrations of other antibiotics (Hosoya et al.
1998; Ochi et al. 2004). ε-PL—a secondary metabolite in
Streptomyces—may be enhanced through increasing the tol-
erance to antibiotics of the producing strains. Furthermore,
antibiotics could also be an effective selective marker for the
screening of high-producing mutants.

In our previous studies (Li et al. 2012), genome shuf-
fling was adopted to enhance ε-PL production of wild-type
strains through improving tolerance to high concentrations
of carbon sources such as glucose, sulfaguanidine and
succinic acid. Although this approach proved effective,
the ε-PL titer in the shuffled strains remained low. Thus,
a further breeding strategy was applied, i.e., interspecific
hybridization involving stochastic protoplast fusion within
the shuffled strains. As a result, a hybrid designated
Streptomyces sp. FEEL-1 was constructed, which had a
higher ε-PL production of 1.12 g/L in shake-flask fermen-
tation (Li et al. 2013). However, genome shuffling and
protoplast fusion are time-consuming and laborious due
to the lack of an effective selective marker, thus a new
breeding method that is brief and effective is urgently
needed. In this study, a breeding method combining
ARTP mutagenesis with streptomycin resistance has been
developed to improve the ε-PL production of Streptomyces

sp. FEEL-1. The highest ε-PL production mutant found
was then evaluated in batch and fed-batch fermentations.
Finally, differences in key enzymes and genomic DNA
polymorphism between parent and mutant strains were
investigated.

Materials and methods

Strain and medium

Streptomyces sp. FEEL-1, with a ε-PL yield of 1.75 g/L in
shake-flask fermentation, is a hybrid obtained by inter-
specific hybridization among Streptomyces in our previ-
ous study (Li et al. 2013). It was unable to grow on
agar plates containing more than 3 μg/mL streptomycin.
BTN medium was used in solid culture, and M3G was
employed as seed medium (Li et al. 2012; Hiraki et al.
1998). Fermentation medium was composed of glycerol
60 g, yeast extract 8 g, (NH4)2SO4 5 g, MgSO4·7H2O
2 g, KH2PO4 2 g, ZnSO4 0.03 g and FeSO4 0.04 g per
liter; and its pH was adjusted to 6.8 using 2 mol/L
NaOH before sterilization at 121 °C for 20 min.

Strain mutagenesis by ARTP

In each ARTP mutagenesis, a loop of starting strain was inoc-
ulated in a BTN agar plate and incubated for 7 days. Spores
were washed with 10 mL sterilized phosphate buffer (2 M)
and diluted to 106–107 CFU/mL. Then, 10 μL spore suspen-
sion was poured into a sterilized sample plate and exposed to
the plasma jet downstream of the plasma torch nozzle exit at
2 mm distance. The operating parameters were as follows:
radio-frequency power input of 120 W, gas flow at 8 L/min
(Hua et al. 2010), pretreatment time of 400 s with 87.3 %
lethality rate. The detailed ARTP mutagenesis procedure is
shown in Fig. 1a.

Successive mutagenesis and mutant screening

After ARTP mutagenesis, the treated spores were spread
on BTN agar plates containing 3 μg/mL streptomycin and
cultivated for 7 days at 30 °C. A library of mutants with
rapid growth was constructed, and the corresponding
round of mutagenesis was described as AS1. Spores of
each colony in AS1 were picked out and mixed together,
being used as starters for the next round of ARTP muta-
genesis (AS2). Four successive rounds of ARTP mutagen-
esis were performed by the same method, and in rounds
AS2, AS3, and AS4, the concentrations of streptomycin on
BTN agar plates were raised to 6, 12, and 24 μg/mL strep-
tomycin, respectively. The detailed procedures of rounds
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AS1–AS4 are illustrated in Fig. 1b. No colonies appeared
on the plates of AS4, which indicated the end of the mu-
tagenesis. After each round of ARTP treatment, 100 mu-
tants were isolated randomly to carry out fermentation tests
in shake-flask culture, with the purposes of (1) examining
the relationship between ε-PL production and streptomy-
cin resistance (Table 2) and (2) calculating the mutation
rate and positive mutation rate (Table 3).

Two control assays were carried out, control A (A1-3) and
control B (S1-2); the detailed procedure of the two controls is
illustrated in Fig. 1b. In control A, the spore suspension of
FEEL-1 was treated by three successive rounds of ARTP mu-
tagenesis. After each round, it was spread on BTN agar plates
without streptomycin to determine whether the improved ε-
PL production could be achieved without the addition of
streptomycin. In control B, the spore suspension of FEEL-1
was spread on agar plates containing different concentrations
of streptomycin, from 3 μg/mL to 12 μg/mL, without ARTP
mutagenesis. No colonies appeared on medium containing
streptomycin beyond 6 μg/mL, indicating the end of the assay.
The ε-PL production of the potential strains in this study
allowed 5 % random error, i.e., only those strains with more
than a 5 % increase in ε-PL yield were considered as positive
mutants.

Evaluation efficiency of mutagenesis to Streptomyces sp.
FEEL-1 by ARTP

The positive mutation rate and the mutation rate were calcu-
lated based on the following equations:

RM ¼ M=Tð Þ � 100%
RP ¼ P=Mð Þ � 100%

Where RM and RP are the mutation rate and the positive
mutation rate, respectively.M is the total CFU of the mutants,
andP is the CFU of the mutants whose yield of ε-PL increased
at least 5 % over than that of the starting strains selected from
the previous round. The corresponding data are shown in
Table 3.

Shake-flask and 5-L fermenter fermentation conditions

For the primary screening, three loops of aerial spores were
transferred into a 250-mL shake flask containing 40 mL fer-
mentation medium and incubated at 30 °C, 200 rpm on a
rotating shaker (HYL-C, Qiang Le Laboratory Equipment
Co., Taicang, China) for a 96-h cultivation. For secondary

Fig. 1 a Successive atmospheric
and room temperature plasma
(ARTP) treatment. b Mutant
screening procedure
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screening, the mutants with the highest ε-PL production in
each round were selected out through subcultivation and in-
cubated in three independent shake flasks; the results were
expressed as mean values±standard deviation (Table 2).

To evaluate the potential advantage of mutant AS3-14 in ε-
PL production, batch and fed-batch fermentations were per-
formed in a 5-L jar-fermenter (Baoxing, Shanghai, China) and
compared with the parent FEEL-1. The 5-L fermenter contain-
ing 3.2 L sterilized fermentation medium was inoculated with
320 mL 24-h seed culture from a 500-mL shake flask cultiva-
tion. The initial pH of the culture broth was adjusted to 6.8
using NH3·H2O solution (12.5 % v/v). When the initial pH
was decreased to the optimal pH of 3.8, NH3·H2O solution
was added automatically to maintain this pH until fermenta-
tion finished. The pH decrease was due to (NH4)2SO4 con-
sumption and some uncertain organic acid production.
Dissolved oxygen was maintained at about 30 % of air satu-
ration, and adjusted by varying the agitation speed from 200 to
800 rpm. The residual glycerol during fermentation was main-
tained at about 10 g/L by supplementing the broth with sterile
glycerol via automatic pulses using a peristaltic pump.
Similarly, the concentration of NH3-N was maintained at
about 1 g/L in the same way as the feeding of glycerol by
adding a sterile 600 g/L (NH4)2SO4 solution.

Determination of hexokinase, pyruvate kinase, citrate
synthase and aspartokinase activities

Spores of strains were inoculated into fermentation medium at
30 °C, 200 rpm on a rotating shaker. After 30 h incubation,
mycelium of each strain in 150 mL culture broth was prepared
for analysis of cell-free crude enzymes (Chen and Mao 2013).
Enzyme activities of hexokinase (HK), pyruvate kinase (PK),
citrate synthase (CS) and aspartokinase (AsK) were deter-
mined according to methods previously published by
Teichgraber et al. (1972), Morris et al. (1984), Zeng et al.
(2014) and Chen and Mao (2013), respectively. All assays of
enzyme activities in two strains were performed in triplicate
and the results were expressed as mean values±standard de-
viation (Table 4). Protein concentrations were measured as
described by Bradford (1976). All chemicals, including sub-
strates, coenzymes and buffers were obtained from Sigma-
Aldrich (St. Louis, MO).

Amplified fragment length polymorphism analysis

Amplified fragment length polymorphism (AFLP) analysis
was conducted as described by Jin et al. (2008) with a little
modification. The genomic DNAwas obtained by 20-mg/mL
lysozyme treatment and extraction using a nucleic acid puri-
fication kit (Dongsheng Biotech Co., Guangzhou, China), and
then 0.5 μg genomic DNA was digested with Pst I/Sac II
(Takara Biotechnology Co., Dalian, China). The restriction

sites in the digested DNA were ligated to Pst I- and Sac II-
adapters (Table 1) by adding T4 DNA ligase for 4 h at 16 °C.
Next, the ligated DNA sample was used as a template for
preamplification polymerase chain reaction (PCR). The
preamplification PCR was conducted by adding Taq polymer-
ase, Pst I and Sac II preamplification primers in a
Mastercycler pro PCR thermal cycler (Eppendorf, Hamburg,
Germany) for 20 cycles of 30 s at 94 °C, 1 min at 56 °C and
1 min at 72 °C. After the preamplification PCR, the product
obtained was diluted 50-fold and used as the template for the
following selective amplification PCR. As each of the four
selective primers consists of one selective nucleotide
(Table 1), the restriction enzyme combination of PstI/SacII
has 16 unique primer pairs for each strain in the assay. The
selective amplification PCR was conducted by adding Taq
polymerase, Pst I and Sac II selective primers in a
Mastercycler pro PCR thermal cycler with the following pro-
gram: (1) 1 cycle of 1 min at 94 °C, (2) 12 cycles of denatur-
ation for 30 s at 94 °C, annealing with a decreasing rate at
[65 − (n − 0.5)]°C for 30 s (here n is the cycle number), and
extension for 60 s at 72 °C, and (3) 22 cycles of denaturation
for 30 s at 94 °C, annealing for 30 s at 56 °C, and extension at
72 °C for 60 s. The processes of electrophoresis and silver
staining were conducted as described by Jin et al. (2008).

Analysis of dry cell weight, ε-PL concentration and glycerol
concentration

The fermentation broth was sampled every 6 h and centri-
fuged at 4,500 g for 10 min. The resulting precipitate was
washed twice with sterile water and dried to a constant weight
at 105 °C tomeasure the dry cell weight (DCW) of the culture,
and the supernatant was used to determine the concentration
of ε-PL and glycerol. ε-PL concentration in various solutions
was determined according to the method described by Itzhaki
(1972). The concentration of glycerol was detected by an

Table 1 Adapter and primer oligonucleotides applied in the process of
amplified fragment length polymorphism (AFLP) reaction

Oligonucleotide Sequence (5′-3′)

Adapters

Pst I CTCGTAGACTGCGTACATGCA

TGTACGCAGTCTAC

Sac II TCGTAGACTGCGTACACGC

GTGTACGCAGTCTAC

Preamplification primers

Pst I GACTGCGTACATGCAG

Sac II GACTGCGTACACGCGG

Selective primers (Preamplification primers+1 bp)

Pst I-A (T, C, G) GACTGCGTACATGCAGA (or T, C, G)

Sac II-A (T, C, G) GACTGCGTACACGCGGA (or T, C, G)

2012 Ann Microbiol (2015) 65:2009–2017



HPLC system (Dionex U-3000, Thermo Fisher Scientific,
Sunnyvale, CA) with an ion exchange column (Aminex
HPX-87H, Bio-Rad, Hercules, CA) and a refraction index
detector (Shodex RI-101, Tokyo, Japan). The elution of the
ion exchange column was performed at 60 °C with 5 mM
H2SO4, and a flow rate of 0.6 mL/min.

Results and discussion

Mutagenesis and selection of mutants with improved ε-PL
productivity

After three rounds of streptomycin-aided ARTP mutagen-
esis, strain AS3-14 was obtained, which has a ε-PL yield
of 2.91 g/L—66.3 % higher than the original strain
FEEL-1 (Table 2). Statistical analysis on round AS1-3
revealed high mutation rates were obtained with 26.1–
33.0 %, while the rates of UV mutagenesis and chemical
mutagenesis in our previous work were only 7.6 % and
15.0 %, respectively (data not shown). One of the possi-
ble reasons for the high mutation rate in Table 3 is that
the ARTP system produces atmospheric-pressure helium
plasma, which consists mainly of different chemically
active species upon irradiated of the stainless steel plate
during mutagenesis (Zhang et al. 2014). The plasma jet
temperature was kept below 40 °C to make sure that the
damage to the spores was caused by active species rather
than by high temperature. According to recent studies,
variation in the plasma dosage in ARTP mutagenesis
may contribute to a diverse pattern of breakage of plas-
mid DNA and oligonucleotides, and the mechanism of
action differs significantly from UV and chemical muta-
genesis as analyzed by the umu test (Oda et al. 1985).
Besides, another key parameter, positive mutation rate,
was 37 %–44.4 %, which, although expected, was a very
large value. Therefore, selection of streptomycin-
resistance mutants after ARTP treatment proved to be

an effective approach for breeding of higher ε-PL-
producing strains.

The result of control A showed that the highest ε-PL pro-
duction of A3-29 was only 2.24 g/L, which means ARTP
mutagenesis without addition of streptomycin can also en-
hance the ε-PL production. In recent publications, ARTP mu-
tagenesis has been reported to improve the production of
avermectin in Streptomyces avermitilis, and cellulase in
Trichoderma viride. Avermectin production in Streptomyces
avermitilis increased from 6,100 mg/L to 8,540 mg/L, and
cellulase production in Trichoderma viride showed a 2.61-
fold improvement compared to the parent strain (Wang et al.
2010; Xu et al. 2011). According to the data in Table 2, al-
though the average RM of A1-3 was a little higher than that of
AS1-3, the average Rp was much lower than that of AS1-3.
Therefore, ARTP seemed to increase the mutation rate a great
deal, whereas monitoring streptomycin-resistance resulted in
the efficient screening of high-yield strains. In control B, the
result showed that no colonies appeared on medium contain-
ing streptomycin beyond 6 μg/mL, indicating that enhanced
streptomycin-resistance could be obtained efficiently only by
successive rounds of ARTP mutagenesis. Furthermore, the
highest production of strain S2-2 was 2.15 g/L, which means
resistance to streptomycin can also lead to the enhancement of
ε-PL production. As stated above, although the sole use of
ARTP mutagenesis or streptomycin-resistance can improve
the yield to some extent, the difference in ε-PL production
between the control and AS3-14 was still large. This study
demonstrated that the combination of ARTP and
streptomycin-resistance contributed to the improvement of

Table 2 Strain screening during AS1–3, control A and control B. ε-PL ε-poly-L-lysine

ASb Control Ac Control Bd

FEEL-1a AS1-24 AS2-68 AS3-14 A1-33 A2-57 A3-29 S1-4 S2-2
Streptomycin (μg/mL) 3 6 12 3 6

ε-PL production (g/L) 1.75±0.09 2.12±0.05 2.62±0.11 2.91±0.15 1.85±0.13 1.99±0.11 2.24±0.12 1.89±0.06 2.15±0.12

a Initial strain
b Highest ε-PL-producing mutants in group ASn (n=1-3), respectively
c Highest ε-PL-producing mutants in corresponding rounds of control A (ARTP mutagenesis only)
d Highest ε-PL-producing mutants in corresponding rounds of control B

Table 3 Comparison of mutation rate (RM) and the positive mutation
rate (RP) in AS1–3 and control A

AS1 AS2 AS3 ASa A1 A2 A3 Aa

RM (%) 26.0 29.0 33.0 29.3 30.0 34.0 29.0 31.0

RP (%) 38.4 44.8 42.4 41.9 23.3 20.5 20.6 21.5

a Average value
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ε-PL production; however, ARTP mutagenesis or streptomy-
cin resistance alone has no significant effect.

During three rounds of ARTP mutagenesis, more than
900 colonies were observed in culture. Growth rate and
morphology was seen to vary among the colonies. The

morphology of mutants with the highest ε-PL produc-
tion in each round of mutagenesis is illustrated in
Fig. 2: the parent strain FEEL-1 appeared hoary, flat
and glabrate with a few filamentous mycelia. However,
mutants obtained from AS1–AS3 were rugous and rich
in filamentous mycelia. In addition, the color of the
spores of some mutants from AS1 and AS2 changed
to green after cultivating for 4 days, whereas spores of
FEEL-1 are gray. Therefore, the various morphologies
observed in AS1 to AS3 proved that ARTP mutagenesis
can change mutant morphology. The variety of morphol-
ogy in the actinomycetes can reflect gene diversity and
alternative products, thus morphological change is usu-
ally considered an indicator for gene mutation of a
strain. Some explanation of the underlying reasons can
be found in a report on Streptomyces avermitilis, whose
entire genome has been reported, which states that many
key regulatory steps involved in morphological differen-
tiation and secondary metabolism of this organism share
common genes (Wang et al. 2010). Mutants with differ-
ent morphologies produced ε-PL at different levels. The
production of stain F, which looks similar to FEEL-1,
proved to be the same as FEEL-1. Thus the diversified
morphology reduced the difficulties in screening for
hyper-yield strains.

Fig. 2 Typical images of colonies with the highest ε-PL production at
each round of mutagenesis. FEEL-1 Parent strain, F a strain morpholog-
ically similar to FEEL-1 in the assays; S1-4, S2-2 mutants obtained in
streptomycin mutagenesis (control B); A1-33, A2-57, A3-29 mutants de-
veloped from treated spores in corresponding rounds of ARTP mutagen-
esis (control A); AS1-24, AS2-68, AS3-14mutants selected in correspond-
ing rounds of ASn (n=1–3); All pictures were obtained after the plate had
been cultivated for 5 days at 30 °C

Fig. 3 Time courses of ε-PL production by mutant strain AS3-14 and the parent strain FEEL-1 in batch fermentation at pH 3.8. Filled squaresOriginal
strain FEEL-1, open squares improved strain AS3-14. Error bars standard deviation
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Performance of mutant AS3-14 in batch and fed-batch
bioreactor fermentation

After three rounds mutagenesis, a mutant designated AS3-14
was selected with the highest ε-PL production of 2.91 g/L in
shake-flask fermentation. Subsequently, large-scale fermenta-
tion was carried out to verify whether advantage could be
taken of its high productivity to meet industrial needs. The
batch fermentation performance of AS3-14 was compared
with that of the parent strain FEEL-1 in a 5-L fermenter under
the same fermentation conditions. As shown in Fig. 3, time
profiles of those two strains exhibited the same tendency in
terms of pH decline, glycerol consumption, cell growth and ε-
PL production. With respect to pH, both pHs dropped natu-
rally within 16 h to pH 3.8–4.0, which is the optimal pH for ε-
PL production (Fig. 3a). However, AS3-14 exhibited a more
rapid glycerol consumption rate and consumed up 60 g/L in
50 h, i.e., 5 h shorter than required by FEEL-1 (Fig. 3b). In
terms of cell growth, both strains maintained the same growth
rate and achieved a maximum biomass of 19±0.5 g/L
(Fig. 3c). As anticipated, mutant AS3-14 accumulated a high
ε-PL level of 8.2 g/L, whichwas 49.1% higher than that of the
parent FEEL-1, indicating that ε-PL biosynthesis ability of
AS3-14 has been improved significantly by the mutagenesis
strategy used (Fig. 3d). As the fed-batch fermentation ap-
proach is widely employed for ε-PL production (Kahar et al.
2001; Ren et al. 2014; Chen and Mao 2013), AS3-14 was
further evaluated using this approach by feeding glycerol
and ammonium sulfate (Fig. 4). After a 192-h fed-batch fer-
mentation, ε-PL production reached 41.2 g/L, whereas 24.5 g/
L of ε-PL was realized with the parent strain FEEL-1 under
the same operational conditions in our previous study (Li et al.
2013). The above result showed that the mutant AS3-14 has
acquired enhanced ε-PL synthetic ability through ARTP mu-
tation combined with streptomycin resistance screening.

Analysis of key enzyme activities in mutant AS3-14
and the parent FEEL-1

To further explore the improved ε-PL synthetic ability of
AS3-14, key enzyme activities (i.e., HK, PK, CS and AK)
were investigated and compared with those of the parent strain
FEEL-1. As shown in Table 4, AS3-14 possessed clearly
higher activities of HK, with a 2.47-fold enhancement com-
pared to FEEL-1, which suggested that the Embden-
Meyerhof-Parnass (EMP) pathway in AS3-14 was more ac-
tive than that in FEEL-1. Furthermore, the elevated CS en-
zyme activity (1.84-fold enhancement) may direct more met-
abolic flux to the tricarboxylic acid (TCA) cycle, which can
then provide an abundance of oxaloacetic acid (OAA), the
precursor of the diaminopimelate (DAP) pathway. The
strengthened TCA cycle may also offer more ATP for ε-
PL synthesis. This finding is similar to that of a previous
report that adding citrate to the medium could facilitate the
ε-PL production of strain USE-51 (Hirohara et al. 2006). In
addition, the activity of AK–the first key enzyme in the
DAP pathway—was 160 % higher in AS3-14 than that in
FEEL-1. This improvement resulted in a large metabolic
flux through the DAP pathway, which can provide more
precursor lysine. The improved activities of these key en-
zymes may go some way to explaining the high ε-PL pro-
duction of the mutant.

Fig. 4 Time course of ε-PL pro-
duction by mutant strain AS3-14
in fed-batch fermentation at
pH 3.8

Table 4 Key enzyme activities (U/mg) of AS3-14 and FEEL-1 after
cultivation in shake flask for 30 h. HK Hexokinase, PK pyruvate kinase,
CS citrate synthase, AsK aspartokinase

Strain HK PK CS AsK

FEEL-1 48.6±4.2 12.9±1.2 20.5±0.5 2.7±0.1

AS3-14 120.2±7.2 16.6±0.7 37.7±1.2 4.1±0.1
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Assessment of genomic variation analysis between parent
and mutant strains by AFLP analysis

AFLP analysis combined with restriction enzymes Pst I/Sac II
is an efficient method with which to distinguish genomic
DNA variation among parent strains and the mutants, the ε-

PL productivities of which were 1.75, 1.99, 2.62, and
2.91 g/L, respectively. Sixteen primer pairs were tested to
detect the most appropriate pairs of selective primers that
yielded the most informative and polymorphic AFLP
banding patterns. Results obtained with the six primer
pairs selected are illustrated in Fig. 5. The number of frag-
ments amplified and the polymorphism rate were calculat-
ed and are shown in Table 5. The data showed that the
average polymorphism rates reached were 1.9 %, 6.5 %,
and 13.4 % for parent FEEL-1, and mutants AS2-68 and
AS3-14, respectively, indicating an obvious increasing
polymorphism in mutants compared to the parent.
Moreover, this result also showed a positive relationship
between polymorphism rate and ε-PL yield. The results
presented in Fig. 5 show that the mutant AS2-68 had more
polymorphic bands than mutant A2-57, suggesting that ge-
nomic variation happened more easily and extensively
when streptomycin was added in the course of induced
mutagenesis. As a result, the strategy of ARTP mutagene-
sis combined with streptomycin-resistance resulted in
higher genomic variation of mutants and enhanced ε-PL
production.

Conclusion

In this study, a mutant Streptomyces sp. AS3-14 produc-
ing 2.91 g/L ε-PL was obtained through ARTP mutagen-
esis combined with streptomycin-resistance screening.
After a 192-h fed-batch fermentation, ε-PL production
of 41.2 g/L was realized by mutant AS3-14, suggesting
that the strain has potential for industrial application.
Further analyses showed that there are significant differ-
ences between the mutant AS3-14 and parent FEEL-1
strain in key enzymes and in genomic DNA polymor-
phism. The results demonstrate that the strategy of
ARTP mutagenesis combined with streptomycin-

Fig. 5 Amplified fragment length polymorphism (AFLP) banding pat-
terns of the mutants derived in the course of ARTP mutagenesis assays
and the ancestor FEEL-1. The examples demonstrated here were gener-
ated with the selective primer combination Pst I-A/Sac II-G. 1, 2 and 4
polymorphic bands (arrows) could be distinguished, respectively, from
the mutant A2-57 obtained from control A, and the mutants AS2-68 and
AS3-14 from rounds AS2 and AS3, respectively, which were absent in
the ancestor FEEL-1

Table 5 Selected primer pairs and polymorphism for the initial strain FEEL-1 and the mutants obtained by mutagenesis

Selective primer pair Total number of bands Number of polymorphic bands Polymorphism rate (%)

Pst I Sac II FEEL-1 A2-57 AS2-68 AS3-14 FEEL-1 A2-57 AS2-68 AS3-14 FEEL-1 A2-57 AS2-68 AS3-14

A T 23 23 25 26 0 0 2 3 0 0 8 11.5

A A 20 21 21 23 0 1 1 3 0 4.8 4.8 13

A G 19 19 20 22 2 2 3 4 10.5 10.5 15 18.2

C C 17 18 18 19 1 2 2 3 5.9 11.1 11.1 15.8

C A 21 21 21 22 0 0 0 1 0 0 0 4.5

C G 19 20 20 23 0 1 1 4 0 5 5 17.4

Total 119 122 125 135 3 6 9 18 16.4 31.4 43.9 80.4

Average 19.8 20.3 20.8 22.5 0.5 1 1.5 3 2.7 5.2 7.3 13.4

2016 Ann Microbiol (2015) 65:2009–2017



resistance screening provides a powerful approach for
obtaining enhanced ε-PL-producing strains.
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