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Abstract Low-energy ion implantation was employed to

breed laccase producing strain Paecilomyces sp. WSH-L07

and a mutant S152 that exhibited an activity of more than

three times over the wild strain was obtained. The optimum

substrate of both the wild and mutant laccases was

2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonate), and

followed by guaiacol with optimal pH at 3.4 and 5.0,

respectively, while the mutant laccase exhibited a broader

active pH range. The mutant laccase had a higher optimal

catalytic temperature (60–65 �C) than the wild one (55 �C),

and the wild laccase deactivated rapidly when temperature

increased above 55 �C. Furthermore, the mutant laccase

was more stable under neutral and alkaline conditions. A

thermostability experiment revealed that the mutant laccase

was superior to the wild laccase. Both laccases were stable

in the presence of metal ions, mildly inhibited by SDS

(0.5 mM), EDTA (1 mM) and 1,4-dithiothreitol (0.5 mM),

and almost completely inhibited by 0.1 mM NaN3.
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Introduction

Laccases (benzenediol: oxygen oxidoreductase; EC

1.10.3.2) belong to the multicopper oxidase family, which

catalyze one-electron transfer from a wide variety of

organic and inorganic substrates, including the substituted

phenols, aromatic amines, lignin, some inorganic ions, and

several other substrates [1, 2]. Their wide substrates

spectrum allows laccases to be extensively used in various

areas such as pulp delignification, dye decoloration, envi-

ronmental pollutant detoxification, biopolymer modifica-

tion, biotransformation, and food dechlorination [1, 3–7].

However, industrial applications of laccases are usually

hindered by their long fermentation period, low laccase

yield, as well as poor enzyme stability. In this case, this

study focuses on the mutation breeding and the mutant

strains with higher laccase productivity and better enzyme

properties.

Low-energy ions exist widely in nature and are gener-

ated in the laboratory through acceleration, mass selection,

transfer of energetic ions to a reaction chamber, and

interaction with ion-target [8]. Besides modifying semi-

conductor surfaces, low-energy ions modify the genes of

plants and microorganisms and represent a novel and

effective method for genetic modification in recent decades

[8, 9]. Although there is no consensus on the lethality rate

of different low-energy ions (N?, Ar?, H? and He?) in

breeding plants and microbes, it is clear that N? induces

higher mutation rate and has been applied to breeding.

Several remarkable mutants have been obtained by nitro-

gen ions implantation, and some of them have been used in

industrial applications [8, 10–12]. Low-energy ion irradi-

ation of recombinant laccase-producer Pichia pastoris

yielded mutants with higher laccase production (7.7 mg/L,

a 92.5% increase), slightly improved catalytic ability and

superior thermal stability compared with non-irradiated

control [13].

Compared to other genetic modification methods, such

as site-directed mutagenesis, which requires both extended

Z. Liu � D. Zhang � Z. Hua � J. Li � G. Du (&) � J. Chen (&)

Key Laboratory of Industrial Biotechnology, School

of Biotechnology, Ministry of Education, Jiangnan University,

1800 Lihu Road, 214122 Wuxi, Jiangsu, China

e-mail: gcdu@jiangnan.edu.cn; jnbio09@gmail.com

J. Chen

e-mail: jchen@jiangnan.edu.cn

123

Bioprocess Biosyst Eng (2010) 33:639–646

DOI 10.1007/s00449-009-0389-7



knowledge derived from crystallographic studies of the

active site and sensitive assay systems that ideally combine

phenotypic and genotypic characterization in vitro and in

vivo, low-energy ion implantation is particularly suited

for an enzyme when the understanding about its structure

and active site is lacking [14]. Low-energy ion implanta-

tion presents a novel and nonpolluting approach for

genetic modification that is as effective as site-directed

mutagenesis.

The microorganism used in this work was isolated from

soil and identified as Paecilomyces sp., which exhibited a

much higher level of laccase synthesis with an average

activity of 820 U/L on the eighth day, compared with other

strains of Paecilomyces species [15–17]. As a thermophilic

microorganism [15, 18], Paecilomyces sp. is a potential

laccase-producer with better enzyme stability. However,

the low laccase productivity of the wild strain was

unsuitable for large scale application. A suitable process of

laccase synthesis by Paecilomyces sp. needs to be devel-

oped, and the enzyme properties need to be elucidated and

improved. The objective of this study was to breed a

Paecilomyces sp. WSH-L07 mutant with improved laccase

production and superior enzyme properties by low-energy

ion implantation.

Materials and methods

Microorganism, media, and culture conditions

The wild strain Paecilomyces sp. WSH-L07 was isolated

from crop soil and deposited in Lab of Biosystem and

Bioprocess Engineering, School of Biotechnology,

Jiangnan University, China [17]. Both the wild strain and

laccase active mutants were grown at 30 �C on potato

dextrose agar (PDA) slants for preservation, or cultivated

for 7 days in 250 mL flasks containing 100 mL modified

yeast extract peptone dextrose (YPD–Cu) medium at 30 �C

and 150 r/min. The PDA medium contained potato extract

200 g/L, glucose 20 g/L, and agar 20 g/L. The selective

plates (PDA–ABTS) used for preliminary screening were

supplemented with 0.5 g/L 2,20-azino-bis(3-ethylben-

zothiazoline-6- sulfonate) (ABTS) (Sigma Chemical Co.,

USA) in PDA medium before autoclaving [17]. The YPD–

Cu medium containing glucose 20 g/L, peptone 5 g/L,

yeast extract 2 g/L, and CuSO4 100 lM (initial pH 6.5)

was used for laccase production [17].

Spore suspensions (1 9 106–107 spores/mL) were pre-

pared from PDA slants cultured at 30 �C for 6 days and

2 mL of prepared suspensions were inoculated into 250 mL

Erlenmeyer flasks containing 100 mL YPD–Cu medium to

test laccase production in submerged cultivation.

Low-energy ion implantation

Low-energy ion implantation was carried out with the heavy

ion implantation facility at the Institute of Plasma Physics,

Chinese Academy of Sciences (Hefei, Anhui, China).

After incubated on PDA slants for 6 days, spores were

washed with sterilized physiological sodium chloride solu-

tion and diluted to a suspension with 1 9 106–107 spores/mL.

Prepared spore suspension (0.1 mL) was spread over steril-

ized dishes as single-cell layer and air-dried in an asepsis

room. Then, the dishes were implanted by nitrogen ions with

energy of 10 keV. Every two dishes were placed sequentially

in the target chamber. The upper one was exposed to ion

beam bombardment, while the lower one was unexposed as a

control. After implantation, the treated and control plates

were washed with 1 mL sterilized physiological sodium

chloride solution, and 100 lL samples were spread onto

PDA–ABTS plates and incubated at 30 �C. The number of

colonies was counted to determine the survival rate [10].

Experiments were done in triplicate.

Screening procedure

Laccase producing mutants could secrete laccase into agar

medium and oxidized ABTS to a green-colored compound.

Primary screening of laccase active mutants was visually

carried out based on the intensity of the dark-green dye

[17]. The mutants with obvious dark-green dye were

inoculated on PDA slants and incubated at 30 �C until

sporulation. Secondary screening was then developed by

incubating above selected strains into YPD–Cu media in

duplicate and the supernatants of YPD–Cu medium cul-

tured for 7 days were assayed for laccase activity. Mutants

with laccase activity increased by more than 5% over that

of the wild strain were classified as positive mutants, while

mutants with laccase activity decreased by more than 5%

were classified as negative mutants. The mutation rate was

calculated as the number of positive or negative mutants

divided by the total number of surviving colonies.

To investigate the stability of laccase production during

passage cultivations, mutants with obvious increment of

laccase production were continuous inoculated onto fresh

PDA slants and incubated at 30 �C for 6 days. Laccase

activity was assayed by each passage after incubating the

mutants into YPD–Cu medium.

Enzyme properties of laccases from the wild

and mutated strains

The substrate specificity of laccases from the wild and

mutated strains was carried out by testing the oxidation of

ABTS, guaiacol, catechol, p-anisidine, dimethylaniline,
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orcinol, and dimethyl phthalate. ABTS was purchased from

Sigma Chemical Co., USA, and the others were analytical

grade obtained from Sinopharm Chemical Reagent

(Shanghai, China).

The pH dependence of laccase activity was measured in

0.1 M citrate buffer (pH 2.6–7.2) at 30 �C, and the tem-

perature dependence of laccase activity was determined in

0.1 M citrate buffer (pH 3.4) in the range from 25 to 70 �C.

The pH stability of laccase was studied by incubating

enzyme solutions in 0.1 M citrate buffer (pH 2.6–6.0),

0.1 M phosphate buffer (pH 6.0–8.0) and 0.1 M Tris–HCl

buffer (pH 7.2–8.8) at room temperature. For determination

of enzyme thermostability, enzyme solutions were incu-

bated in 0.1 M citrate buffer (pH 3.4 or pH 5.0) at 45 and

55 �C for 10–90 min.

The effects of metal ions (Al3?, Mn2?, Cu2?, Co2?,

Ca2?, Mg2?, Ni2?, Zn2? and Hg2?) and several potential

inhibitors (SDS, EDTA, 1,4-dithiothreitol, NaN3 and

b-mercaptoethanol) on laccase activity were tested. The

assay mixture of a total volume of 1 mL contained 0.1 mL

enzyme solutions, 0.1 mL above-mentioned agents at var-

ious concentrations and 1 mM ABTS in 100 mM citrate

buffer (pH 3.4). The reaction mixture with the absence of

ions and inhibitors was used as control.

The assayed solutions of the wild strain and mutant

S152 were concentrated to a similar activity level in a

vacuum drying oven at 4 �C. All the values are the means

of duplicate experiments and the deviation was below 5%.

Enzyme assay

Laccase activity was assayed spectrophotometrically by

measuring the oxidation of ABTS at 420 nm described by

Rajan with some modifications [7]. The assay mixture in a

total volume of 1 mL contained 0.1 mL cell-free super-

natants at various dilutions and 1 mM ABTS in 100 mM

citrate buffer (pH 3.4). One unit of enzyme activity was

defined as the amount of enzyme required to oxidize

1 lmol ABTS per minute at 30 �C. Laccase activity on

other substrates was measured similarly at their wavelength

of maximum absorbance. Enzyme activity was measured

using ABTS as a substrate unless otherwise stated.

Native PAGE and active staining

The methods of native PAGE and active staining were

similar to Palmieri [19]. Native PAGE was carried out under

non-denaturating conditions where separating and stacking

gels were 10 and 5% polyacrylamide, respectively, and

buffer solutions were 1 M Tris buffer (pH 8.8) for separating

gel, 1 M Tris buffer (pH 6.8) for stacking gel and 25 mM

Tris buffer (pH 8.8) with 190 mM glycine as the electrode

reservoir solution. The loading volume of enzyme solutions

from the wild and mutated strains was adjusted to the same

laccase activity level. After native PAGE, proteins were

actively stained in 0.2 mM ABTS in 0.1 M citrate buffer (pH

3.4) or in 0.2 mM guaiacol in 0.1 M citrate buffer (pH 5.0).

Results and discussion

Determination of dosage in N? implantation

Spores of wild Paecilomyces sp. WSH-L07 strain were

exposed to various doses of N? with fixed energy at 10 keV.

As shown in Fig. 1, the survival rate exhibited a characteristic

‘‘saddle shape’’ with increasing doses of nitrogen ions. At first,

the survival rate decreased, then increased at 609 1014 ions/cm2

and reached a maximum at 100 9 1014 ions/cm2. When the

dose of N? exceeded 100 9 1014 ions/cm2, the survival rate

decreased again. Such saddle shape of survival rate was quite

different from the results of other traditional irradiation, such

as UV, X-ray or c-ray. This phenomenon could be explained

by a reasonable mechanism based on the energy and

momentum deposition effect at lower doses and by the

charge stimulating effect at higher doses [20].

The positive and negative mutation appeared to corre-

late with the doses of low-energy ions (Fig. 2). The highest

positive rate and the lowest negative rate were obtained

when the dose of nitrogen ions was kept at 40 9 1014 and

60 9 1014 ions/cm2. Both positive and negative rate were

above 30% at a dose of 40 9 1014 and 60 9 1014 ions/cm2,

respectively, which indicated a broad mutation spectrum

and would thus be favorable for breeding mutants with

novel genetic characters.

Screening for high laccase secreting mutant

More than 200 mutants with obvious oxidized dye

were isolated from PDA–ABTS plates and inoculated into

Fig. 1 Effect of different N? implantation doses on survival rate of

Paecilomyces sp. WSH-L07 exposed to 10 keV nitrogen ions
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YPD–Cu medium. Among all the mutants tested, six strains

exhibited more than 30% increase in laccase activity

compared to that of the wild strain. Specifically, the mutant

S151 and S152 exhibited about 3–4-fold increase in

secreted laccase (Table 1).

The genetic stability of laccase producing strains was

determined by continuous passage experiment (Fig. 3). All

of the above six mutants were stable during five continuous

passages. The mutant S152 exhibited better passage sta-

bility and the highest laccase activity of 3,300 U/L after

7 days of incubation, which is 4.6 times of that of the wild

strain. Thus, the mutant S152 was selected as a preferable

laccase-producer for further studies.

Enzyme properties of laccases from wild

and mutant strains

Effect of pH and temperature on laccase activity

Higher catalytic performance was detected by ABTS and

guaiacol as the substrates (data not shown), and the pH

dependence of laccase in oxidizing ABTS and guaiacol

was shown in Fig. 4. With ABTS as the substrate, laccases

from both the wild strain and mutant S152 were the most

active at pH 3.4, and inactivated rapidly at extreme acid

conditions (pH \ 3.0). Different active pH ranges between

laccases from the wild strain and mutant S152 was

observed. The activity of laccase from the wild strain

decreased when pH above 4.6, dropping to 48% of its

maximum value at pH 6.0, whereas the activity of laccase

from mutant S152 remained more than 83% of its maxi-

mum value at pH 3.0–6.0. Similarly, laccases from both the

wild strain and mutant S152 were the most active on

guaiacol at pH 5.0, while the activity of mutant S152 lac-

case declined more slowly than that of the wild strain with

the increasing of pH, retaining 70% of its maximum value

at pH 6.8. In general, fungi laccases exhibited a narrow

active pH range with optimal catalytic performance at the

range of pH from 3.0 to 6.0 depending on the type of

substrate [3, 21–24]. The optimal pH of laccase from

Fig. 2 Positive (open columns) and negative (closed columns)

mutation rates of Paecilomyces sp. WSH-L07 exposed to various

doses of 10 keV nitrogen ions

Table 1 Mutants with more than 30% increase of laccase activity

compared with the wild Paecilomyces sp. WSH-L07

Strains Dose

(91014 ions/cm2)

Enzyme

activity (U/l)

Relative enzyme

activity (%)

S88 20 1085 ± 54 133

S141 20 1540 ± 160 188

S151 40 2612 ± 125 319

S152 40 3595 ± 155 449

S153 60 1161 ± 34 145

S134 100 2023 ± 62 253

Wild strain 0 816 ± 15 100

Fig. 3 Continuous passage stability of mutants S88 (closed squares),

S141 (closed triangles), S151 (closed circles), S152 (open squares),

S153 (open triangles) and S134 (open circles)

Fig. 4 pH dependence of laccase produced by Paecilomyces sp.
WSH-L07 (closed) and mutant S152 (open). Enzyme assays were

performed with ABTS (squares) and guaiacol (triangles) as the

substrate in 0.1 M citrate buffer at 30 �C
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Trichoderma harzianum WL1 was observed at pH 4.5

using ABTS as a substrate and inactivated at higher pH,

with about 50% residual activity at pH 6.0 [22]. Moreover,

free and immobilized Trametes versicolor laccases were

detected different optimal pH at pH 5.5 and 5.0, respec-

tively, with syringaldazine as the substrate, and free

enzyme lose its activity rapidly when pH value above 5.5

while the immobilized laccase displayed improved pH

stability [3]. A wider active pH range of laccase from

mutant S152 was obtained in this study by the ions

implantation, which would be more applicable for indus-

trial application.

Temperature dependence of laccase from the wild strain

and mutant S152 was shown in Fig. 5. With ABTS as the

substrate, laccase activity of the wild strain increased with

increasing temperature from 25 to 55 �C, and decreased

sharply when temperature rose above 55 �C, while laccase

from the mutant S152 had an optimal temperature range at

60–65 �C and retained 74% of its maximum activity at

70 �C. Most laccases kept their activities in the range of

30–50 �C [3, 22, 23]. The laccase from T. harzianum was

found to be active in a temperature range from 30 to 50 �C,

with the maximum activity at 35 �C [22]. The optimal

temperature for the Trametes sp. laccase to catalyze the

oxidation of guaiacol was 50 �C [23]. Compared with other

reported laccases [3, 22, 23], laccase from Paecilomyces

sp. in this study was found to be more active at higher

temperature, especially for the mutant laccase, although it

was lower than laccase from Trametes hirsute [24].

Effect of pH and temperature on enzyme stability

Enzyme inactivation during catalysis is a great obstacle

that limits industrial application, but could be resolved by

exploiting enzymes with better pH and thermal stability

through genetic modification.

Laccases from the wild strain and mutant S152 showed

similar pH stability when kept in different buffers for

30 min; both of them were stable over the pH range

3.4–8.8, but inactivated drastically at a lower pH (Fig. 6).

After incubating for 12 h in 0.1 M phosphate buffer,

laccase activity of the wild strain decreased sharply in

acid conditions, but relatively stable under neutral and

alkaline conditions which retained 83% of its maximum

at pH 6.6, while laccase from the mutant S152 retained

more than 93% of its maximum activity over the pH

range 6.0–8.8 (Fig. 6) even after incubation for 24 h (data

not shown).

As described above, the half-time of laccase from the

mutant S152 was as long as 12 h at room temperature

over the pH range 3.0–4.2, but decreased rapidly at 45

and 55 �C after incubation in 0.1 M citrate buffer (pH 3.4).

Although laccases from the wild and mutant strains were

unstable at pH 3.4 and high temperature, improved

thermal stability for both enzymes at pH 5.0 was detected.

As temperature rose to 55 �C, the laccase activity of

mutant S152 decreased more slowly, retaining 70% of

enzyme activity after heat treatment for 90 min, whereas

laccase activity of the wild strain remained only 58%

(Fig. 7).

With improved pH stability and thermal stability,

laccase from the mutant S152 would be more suitable for

biotechnological and environmental applications, such as

decoloration of waste water from textile (under neutral

or alkaline pH conditions), pulp delignification, and

biotransformation [3, 5].

Fig. 5 Temperature dependence of laccase produced by Paecilomy-
ces sp. WSH-L07 (closed squares) and mutant S152 (open squares).

All assays were performed with ABTS as the substrate in 0.1 M

citrate buffer (pH 3.4)

Fig. 6 pH stability of laccase produced by wild Paecilomyces sp.

WSH-L07 (closed) and mutant S152 (open) in 0.1 M citrate buffer

(squares), 0.1 M phosphate buffer (triangles) and 0.1 M Tris–HCl

buffer (circulars) for 30 min (solid lines) and 12 h (dot lines). All

these assays were performed with ABTS as the substrate in 0.1 M

citrate buffer (pH 3.4) and measured at 30 �C
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Effect of metal ions and inhibitors on laccase activity

The activities of laccases from the wild and mutant strains

were tested in the presence of several metal ions including

Al3?, Mn2?, Cu2?, Co2?, Ca2?, Mg2?, Ni2?, Zn2? and

Hg2?, and the results were summarized in Table 2. Laccases

from the wild and mutant strains exhibited similar resistance

to metal ions, which remained stable in the presence of

1 mM metal ions tested, even at 10 mM (\20% inhibition).

Besides, the sensitivity of laccases from the wild and

mutant strains to several potential inhibitors was also tested

(Table 2). Both enzymes were almost completely inhibited

by NaN3 at a concentration of 0.1 mM, which may be due

to the binding of NaN3 to the types 2 and 3 copper sites

affecting internal electron transfer, and inhibiting enzymes

activities [25]. Other agents exhibited obvious inhibition at

higher concentrations. The activities were strongly inhib-

ited by DTT and b-mercaptoethanol at a concentration of

1 mM, whereas enzyme activities were mildly inhibited by

SDS, with 33% and 48% residual activities at a concen-

tration of 1 mM for laccases from the wild and mutant

strains, respectively, and slightly inhibited by 1 mM EDTA

(\20 inhibition). A strong inhibition of laccase activities by

addition of 5 mM SDS or EDTA was observed.

Industrial waste effluents usually contain various metal

ions, and chelators such as EDTA, in the textile industry

during dyeing process. The resistance of laccase from

mutant S152 to various metal ions and low concentration of

EDTA indicated the potential of the enzyme in the treat-

ment of industrial waster effluents, particularly in the

dyeing degradation.

Zymogram analysis of laccases from the wild strain and

mutant S152

Native PAGE and active staining are commonly used to

identify and distinguish laccase isoenzymes from other

Fig. 7 Temperature stability of laccase produced by wild Paecilo-
myces sp. WSH-L07 (closed) and mutant S152 (open) incubated at

45 �C (squares) and 55 �C (triangles) in 0.1 M citrate buffer at pH

3.4 (solid lines) and pH 5.0 (dot lines). All assays were performed

with ABTS as the substrate in 0.1 M citrate buffer (pH 3.4) and

measured at 30 �C

Table 2 Effect of metal ions and inhibitors on laccase activity

Metal ion Final concentration

(mM)

Residual activity (%) Inhibitor Final concentration

(mM)

Residual activity (%)

Wild Mutant Wild Mutant

Al3? 1 96 105 SDS 0.1 102 100

10 87 89 0.5 61 73

Mn2? 1 97 101 1 33 48

10 92 95 5 2 6

Cu2? 1 97 103 EDTA 0.1 107 102

10 86 83 0.5 101 101

Co2? 1 97 107 1 89 82

10 86 90 5 16 12

Ca2? 1 93 108 1,4-Dithiothreitol (DTT) 0.1 89 93

10 85 99 0.5 74 80

Mg2? 1 100 109 1 2 10

10 89 80 NaN3 0.1 7 19

Ni2? 1 101 104 0.5 0 0

10 90 87 Mercaptoethanol 0.1 73 75

Zn2? 1 102 104 0.5 65 69

10 89 97 1 18 10

Hg2? 1 96 92 Control 0 100 100

10 91 87
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proteins. The zymogram analysis (Fig. 8) of laccase from

the mutant S152 indicates that the activity profiles

obtained were similar to that from the wild strain with at

least three ABTS-active bands (Lac 1, Lac 2 and Lac 3)

but only two guaiacol-active bands (Lac 1 and Lac 3).

The prominent ABTS-active bands Lac 1 and Lac 3

were more intense than the obvious guaiacol-active band

Lac 3 which was agreed with the results of substrate

specificity.

There is no discernable difference in the intensity of

the prominent active bands between the wild strain and

mutant S152. This indicated that, at the same laccase

activity level, the amount of laccase proteins in the con-

centrated enzyme solutions from the wild strain was

basically equal to that from the mutant S152. In other

words, the catalytic activities per enzyme molecule from

the both strains were at equal level, irrespective of lac-

case’s source strain.

Although the mechanisms by which ion implantation

manifest its radiobiological effects remain unclear, several

researchers have suggested that it may involve not only

energy absorption, but also mass deposition and charge

exchange that are more complex than those caused by other

traditional irradiation, such as UV, X-ray, and c-ray. Some

ions reach within microbes and interact with critical

intracellular molecules resulting in fragmentation of bio-

logical building blocks, disruption of DNA, and induction

of mutation effects [9, 11, 26]. Liu et al. [27] analyzed the

types of transglutaminase gene mutation and found that

nitrogen ion implantation could induce in all of the four

nucleotides mutations, including transition, transversion,

and deletion of DNA base. The same reasoning may offer a

reasonable explanation of its broad mutation spectrum and

remarkable mutation effect such as enhanced enzyme

production and improved enzyme properties.

Conclusions

Low-energy ion implantation was used to mutate and breed

a newly isolated laccase producing strain Paecilomyces sp.

WSH-L07, and a genetically stable mutant S152 was

obtained with four times laccase activity compared with

that of the wild strain. The properties of laccases from the

wild and mutant strains were investigated. The mutant

laccase was active over a wider pH range, a wider tem-

perature range, and more stable under neural and alkaline

conditions than that from the wild strain, although their

thermal stability was similar. Both the wild and mutant

laccases were almost not affected by the tested metal ions,

and mildly inhibited by SDS (0.5 mM), EDTA (1 mM) and

DTT (0.5 mM). The activities were almost completely

inhibited by 0.1 mM NaN3. The laccase from the mutant

S152 with improved production and enzyme properties has

the potential for biotechnology and industrial application.
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