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Abstract The lignin-modifying enzymes (LMEs) play an
important role in decomposition of agricultural residues,
which contain a certain amount of lignin. In this study, the
production of LMEs by three co-cultivated combinations of
Phlebia radiata, Dichomitus squalens and Ceriporiopsis
subvermispora and the respective monocultures was com-
paratively investigated. Laccase and manganese peroxi-
dases (MnP) were significantly promoted in the co-culture
of P. radiata and D. squalens, and corncob was verified to
be beneficial for laccase and MnP production. Moreover,
laccase production by co-culture of P. radiata and
D. squalens with high ratio of glucose to nitrogen was higher
than low ratio under carbon- and nitrogen-meager condi-
tions. New laccase isoenzymes measured by Native-PAGE
were stimulated by co-cultured P. radiata with D. squalens
or C. subvermispora, respectively, growing in the defined
medium containing corncob, but the expression of laccase
was greatly restrained by the co-culturing of D. squalens
with C. subvermispora. This study showed that the syner-
gistic and depressing effects of co-cultivation of P. radiata,
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Abbreviations

LMEs Lignin-modifying enzymes

MnP Manganese peroxidases

LiP Lignin peroxidase

VP Versatile peroxidase

ABTS 2,2’-Azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) diammonium salt

VA Veratryl alcohol

PR Phlebia radiata

DS Dichomitus squalens

CS Ceriporiopsis subvermispora

PDA Potato dextrose agar

DNS 3,5-Dinitrosalicylic acid

Native-PAGE Native polyacrylamide gel electrophoresis

Introduction

Lignin, after cellulose and hemicellulose, is the third most
abundant terrestrial biopolymer, which is expected to be used
as raw material for the world’s bio-based economy for the
production of bioproducts and biofuels. In addition to wood,
many agricultural residues, such as wheat straw, corn stalk,
corncob and rice stalk, contain a large number of cellulose,
hemicelluloses and lignin. The overall worldwide produc-
tion of cereal straw is estimated to exceed 2,900 million tons
each year [1]. However, most of these residues are burned in
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rural areas of China, thereby losing energy and causing
significant pollution. The demand for paper has risen sig-
nificantly in recent years, which means massive deforesta-
tion. Using agricultural residues as raw materials for
papermaking can be a good solution. Unfortunately, lignin is
a great barrier, because its heterogeneous structure imparts
plants with structural rigidity and also serves to protect cel-
lulose and hemicelluloses from degradation [2].

The white-rot fungi are by far the most active lignin-
olytic organisms, which are able to depolymerize and
even mineralize all the components of wood, primarily
cellulose, hemicelluloses and lignin [3] with a remarkable
ability to decompose the colored, aromatic, heterogeneous
and persistent lignin phenylpropanoid units [4]. There are
mainly four types of reactions in lignin, including oxi-
dation, demethylation, side-chain oxidation at C,, and
propyl side-chain cleavage between C, and Cp [5].
Decomposition of lignin is possible due to the fungal
production of particular extracellular lignin-modifying
enzymes (LMEs), which are mainly laccase (EC 1.10.3.2),
lignin peroxidase (LiP, EC 1.11.1.7), manganese peroxi-
dase (MnP, EC 1.11.1.7) and versatile peroxidase (VP, EC
1.11.1.16) [6]. Also several H,0O,-generating enzymes
such as aryl alcohol oxidase and glyoxal oxidase are
regarded as members of white-rot fungal lignin-degrading
machinery [3, 7]. Decomposition of lignin by white-rot
fungi and their lignin-degrading enzymes is essential for
cycling of organic carbon and releasing more easily
degradable plant polysaccharides available for other
microbes [8].

Most bioconversions in nature take place by the
combination of metabolic pathways from different
microorganisms, and many instances show that the co-
cultures can lead to a higher enzyme production than
monocultures through synergistic interactions [5, 9]. Hu
et al. [10] reported that high activities of S-glucosidase,
a-cellobiohydrolase, f-galactosidase and laccase were
produced by A. oryzae in combination with other fungi,
in particular with P. chrysosporium. Laccase was sig-
nificantly stimulated in the co-culture of P. ostreatus
with C. subvermispora, and MnP was stimulated in a co-
culture of P. ostreatus with C. subvermispora or P. riv-
ulosus [11]. The study by Chen et al. [12] showed that
laccase was significantly stimulated in the co-culture of
P. radiata with D. squalens under submerged cultivation,
and the improved productions of MnP and LiP were
simultaneously observed in the co-culture of P. ostreatus
and P. radiata. Moreover, new laccase isozymes were
induced in co-cultures of P. ostreatus with T. longibr-
achiatum [13] and Trametes sp. AH28-2 with Tricho-
derma sp. [14]. The co-cultures appeared to be
advantageous over monocultures because of the potential
for synergistic interactions, but the final result mainly
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depended on the particular microbe’s combination,
interactions between species, and the micro-environ-
mental or nutritional conditions in the substrate under
colonization [15]. Koroleva et al. [16] reported that the
co-cultivation of C. hirsutus (laccase is the predominant
enzyme) and C. maxima (MnP the key enzyme) resulted
in little or no increases in the production of LMEs.

At present, no reports focus on investigating the
effects on lignin-degrading abilities of selectively lignin-
degrading white-rot fungi in mixed submerged cultures
by different agricultural residues. Lignin degradation
mechanisms involve relatively more in several white-rot
fungi when cultivated as pure cultures either in liquid
cultures or on solid media, but little is known about the
biochemistry and enzymology of mixed fungal cultures
[11], especially using different agricultural residues for
fermentation substrates.

In this study, based on the previous investigation for
screening of co-growth examinations, three white-rot fungi,
P. radiata, D. squalens and C. subvermispora, which have
good co-culturing property, were selected to decompose
four agricultural residues, and to investigate the co-cultured
production phenotypes of three main LMEs under the
submerged co-cultivation. The production phenotypes of
laccase and peroxidase by three co-cultivated white-rot
fungi in submerged cultures were compared with mono-
cultures, and then the synergistic effect on co-cultivation
degrading each raw material was confirmed, which pro-
vided more knowledge for lignin degradation mechanism
under the co-fungal cultivation.

Materials and methods
Materials and chemicals

All chemicals used as buffers or substrates were commer-
cial products of at least analytical reagent, unless otherwise
indicated. ABTS [2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) diammonium salt] and veratryl alcohol (VA)
were obtained from Sigma Aldrich (St. Louis, MO, USA).
Bradford protein quantitative kit was obtained from Tian-
gen Biotech Co., Ltd. (Beijing, China). NativePAGETM
4-16% Bis—Tris Gels were bought from Invitrogen (Cali-
fornia, USA). Ultraviolet—visible absorption spectroscopy
was performed on a thermo spectronic photometer (TU-
1810) bought from Beijing Purkinje General Instrument
Co., Ltd.

Agricultural residues, including corn stalk, corncob,
wheat straw and rice stalk, were obtained from Northern
Anhui Plains and Zhejiang. Before adding to the culture
media, they were dried to constant weight and powdered
(60 meshes).
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Fungal strains

Phlebia radiata (DSM 5111) and Dichomitus squalens
(DSM 9615) were bought from the Deutsche Sammulung
von Microorganismen und Zellkulturen (DSMZ), Braun-
schweig. Ceriporiopsis subvermispora (ACCC 31513) was
obtained from Agricultural Culture Collection of China.
These fungi were maintained on PDA slants and stored at
4 °C. Before use, the stored fungi were inoculated onto the
newly prepared PDA plates and grew for 7 days at 28 °C.

Culture conditions and experimental design

P. radiata, D. squalens, C. subvermispora and the
responding co-culturing combinations were inoculated into
250-ml Erlenmeyer flasks containing 30 ml of medium
under 140 rpm shaking speed and at 28 °C. The original
culture medium (PG medium, modified from Chen et al.
[12]) had the following composition (g/L): 1.0 glu-
cose, 0.03 peptone, 0.060 KH,PO,, 0.0001 ZnSO,, 0.04
K,HPO,, 0.00005 FeSOy,, 0.005 MnSO,4 and 0.050 MgSOy,.
To the PG medium 2% (w/v) corn stalk, corncob, wheat
straw and rice stalk (designated as PGA1, PGA2, PGA3,
PGA4 medium, respectively) were added before sterilization.
The fungi were pre-grown on potato dextrose agar (PDA)
plates for 7 days. Four inoculum plugs (10 x 10 mm)
were placed on each 30-ml medium. After inoculation, the
cultivation was carried out in a dark chamber under 140 rpm
shaking speed at 28 °C. Atdifferent times of cultivation, 2 ml
of the culture broth was removed and determined for laccase,
MnP and LiP, reducing sugar, protein concentration and
Native-PAGE as described below. Before determination,
the samples were centrifuged at a speed of 12000 r/min for
5 min at 4 °C.

The influences of different C/N ratios on the LME
production phenotype were investigated; two different
ratios of C/N in the modified PG medium, namely the ratio
of 1.0:0.03 (designated as PGA) and 0.1:0.03 (designated
as PGB), were designed in this study. Other media com-
positions did not change, apart from those specifically
pointed out.

Assays of LMEs

Laccase and peroxidases activities were both assayed in a
1-ml reaction system using an extracellular medium of the
fungal cultures after low temperature centrifugation. Laccase
activity was determined by monitoring the oxidation pro-
ducts of 04 mM ABTS (molar extinction coefficient
36,000 M~ cmfl), buffered with 100 mM of sodium tartrate
(pH 5.0) at 420 nm [17]. Lignin peroxidase (LiP) was assayed
by oxidation of 2.0 mM veratryl alcohol to veratraldehyde
(molar extinction coefficient 9,300 M™! cm_l)in 100 mM of

sodium tartrate (pH 3.0) at 310 nm [18]. MnP activity was
measured by following the formation of Mn®-tartrate com-
plex (molar extinction coefficient 6,500 M™! cmfl), buf-
fered with 100 mM sodium tartrate (pH 4.5) in the presence of
0.4 mM MnSO, at 238 nm [19]. Peroxidase reactions were
started by the addition of 0.1 mM H,0,, and enzyme activity
was expressed as units per mL (107¢ mol min~' mL™").
Laccase activity was expressed in units defined as 1 umol
ABTS oxidized per minute per milliliter.

Determination of protein and reducing sugar
concentration

The Bradford protein quantitative kit is a colorimetric
method for protein concentration, which is similar to the
well-documented Lowry assay [20], but with the following
modifications. The reaction reached 90% of its maximum
color development within 15 min. The detailed microplate
assay protocol followed the manufacturer’s instructions
with bovine serum albumin as the standard. The amount of
samples and reagents was decreased in proportion. The
reducing sugar concentration in the supernatant was mea-
sured by the 3,5-dinitrosalicylic acid (DNS) method [21].

Native polyacrylamide gel electrophoresis
(Native-PAGE)

To analyze the relative composition and activity of laccase,
two types of PAGE gel were employed: NativePAGETM
4-16% Bis—Tris Gels from Invitrogen Company and 10%
native polyacrylamide gel prepared by us. Native-PAGE
(10%) was performed under non-denaturing conditions.
The separating and stacking gels contained 10 and 5%
acrylamide, respectively. The buffer solution used for the
separating gel contained 375 mM Tris—HCI (pH 8.8), and
the stacking gel buffer contained 125 mM Tris—HCIl (pH
6.8). The electrode reservoir solution contained 25 mM
Tris and 192 mM glycine (pH 8.8). The crude enzyme was
mixed with sample buffer in the proportion (4:1), and the
buffer contained 310 mM Tris—HCI (pH 6.8), 50% (w/v)
glycerol and 0.05% (w/v) bromophenol blue. As much as
30 pl of each mixed sample was deposited per lane. After
pre-electrophoresis for about 30 min at 20 mA, the sample
reached the dividing line and then separated at 15 °C for
1.5 h with constant intensity (40 mA). The separated lac-
case bands were visualized by the reaction with 1.0 mM
ABTS in 0.1 M sodium tartrate buffer (pH 5.0) at room
temperature.

Statistical analysis

All the experiments were done in triplicate; the average of
triplicate determinations was used to represent the result.
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Trends were considered as significant when mean values of
compared sets were different at P < 0.05.

Results and discussion

Screening of co-cultured fungi and raw substrates based
on laccase production

Cereal straw is a major agricultural by-product that can be
upgraded successfully by microbial treatment. Investiga-
tions on straw biodelignification mostly have implied
treatments with white-rot fungi to obtain carbohydrate-
enriched substrates for animal feeding, or production of
sugars and ethanol by using further enzymatic transfor-
mations [22, 23]. In this study, co-cultivation of different
fungi under the submerged condition was preliminarily
compared by using four agricultural residue substrates.
The production of laccase was evaluated at different cul-
turing times. As in the results presented in Fig. la—d,
laccase production was significantly enhanced by using
corncob as the substrate when compared with other sub-
strates except rice stalk, which had a higher laccase
activity (>100 U/ml) than corncob. The co-cultivation of
P. radiata with D. squalens or C. subvermispora showed
significantly more production of laccase than their
respective monocultures. Interestingly, Chen et al. [12]
had a similar discovery with submerged co-cultures of the
white-rot fungi for decomposing pure lignin. The
improvement of laccase was greatly induced by the
co-cultivation of P. radiata with D. squalens or C. sub-
vermispora, especially for maintaining stable maximal
production. On the contrary, the co-cultivation of C. sub-
vermispora and D. squalens did not stimulate enzyme
production, and this combination showed a dramatically
lower laccase activity than the monoculture of D. squalens,
which indicated that C. subvermispora would inhibit the
expression of laccase when co-cultivated with D. squalens.
Nevertheless, there was no such inhibitory effect in the co-
cultured P. radiata and C. subvermispora, demonstrating
that the suppression was species specific.

The selection of appropriate plant residue adequate for
fungus growth and target enzymes synthesis played an
important role in the development of an efficient technol-
ogy of enzyme production. In this study, corncob was
regarded as the suitable agricultural substrate for laccase
production. Table 1 shows that the lignocellulose content
of four raw agricultural substrates, which indicate ligno-
cellulose composition, has a regulatory influence on lac-
case production. Lignin was a great barrier for the
degradation of lignocellulose, so less lignin was helpful for
the degradation. Because corncob had the least lignin
(9-15%) and the most amounts of lignocellulose
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(88-95%), the production of laccase continued for a longer
time. Besides, it was observed that at the culture time of 6
or 9 days, the enzyme activity in many cases was down
compared to previous and later culture times (Fig. 2),
especially in the case of high enzyme production, which
might imply that fungus growth and target enzymes syn-
thesis reached the peak at day 6 or day 9, but the lack of
limited and available nutriment in the culture medium
resulted in declining production of laccase in the following
days. This phenomenon could also be observed in the study
of Chen et al. [12]; the exact kinetic profile and the
abnormal phenomenon in the case of using rice straw as the
substrate would be analyzed in further research.

Comparison of various co-cultured combinations
on MnP activity using different substrates

Chi et al. [11] claimed that MnP was stimulated in co-
cultures of P. ostreatus with C. subvermispora or P. rivu-
losus. Similarly, the improved productions of MnP and LiP
were observed in the co-culture of P. ostreatus and P.
radiata (MnP = 800 nkat L~! after 4 days of incubation;
LiP = 60 nkat L™' after 7 days of incubation) in the sub-
merged culture containing 0.1% (w/v) lignin [12]. In this
study, MnP was evaluated with different agricultural sub-
strates. As presented in Fig. 2, the comparative results of
MnP activity showed that corncob was beneficial for MnP
expression in contrast to other raw substrates during the
postponed cultivation period. Clearly, the co-cultured
P. radiata and D. squalens exhibited the best production
of MnP than many other fungal cultures after 9 days
(Fig. 2b), whereas there was no determinate suppression or
synergy phenomenon in other culture broths. Corn stalk
was the most unsuitable substrate for MnP production,
whether by monocultures or co-cultures. The compositions
of different agricultural substrates certainly determined the
utilization of lignin-containing materials and LMEs pro-
duction [14]. Moreover, the highest MnP activity emerged
in monoculture of D. squalens using wheat straw as the
substrate after 9 days. The exact origin has not been
understood, which is abnormal and needs further research.

However, LiP was not spectrometrically measured in the
culture broths of the four substrates degraded by the
designed fungi and co-cultured combinations, although it
was found to be secreted by P. radiata [12, 30]. The
expression level of LiP was probably too low to be deter-
mined, or LiP was not expressed in these cultures.

The present data verified the type of lignocellulosic
substrate that appeared to determine the types and amounts
of LMEs produced by the white-rot fungi; furthermore, the
stimulating effect of fungal interaction on enzyme pro-
duction was likely species specific. Though the exact
mechanism of this stimulation has not been understood, the
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co-cultured fungi on laccase 140 - ——PR 140 - —o-PR
production using four raw 120 s aps
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Time (d) Time (d)
Table 1 ngno?ellulose content Raw agricultural substrates Cellulose (%) Hemicellulose (%) Lignin (%) Reference
of four raw agricultural
substrates Corn stalk 23-39 20-43 16-22 [24, 25]
Corncob 38-45 3541 9-15 [26, 27]
Wheat straw 29-35 26-32 16-21 [28, 29]
Rice stalk 32.1 24 18 [27, 29]

interspecific interaction has shown a promising strategy to
efficiently improve ligninolytic enzyme production [31].

Effects of glucose concentrations on laccase
and MnP production

Previous research has revealed that low nitrogen was sig-
nificantly favorable for laccase production with the mixed
culture of P. radiata and D. squalens, but laccase pro-
duction was distinctly suppressed in the carbon-meager
media under nitrogen-limitation condition, in contrast to
MnP expression [12]. To determine the effect of different
glucose concentrations on LMEs production by the co-
cultures of all paired combinations under poor nutrition
conditions, different concentrations of glucose in the
nitrogen-meager medium containing corncob were
designed. As shown in Fig. 3, the comparison results
indicated that higher glucose concentration in the carbon-

and nitrogen-meager medium was helpful for the stable and
maximal production of laccase by the co-cultivated
P. radiata and D. squalens, though it might have a higher
laccase activity under extreme conditions. The co-cultiva-
tion of P. radiata and D. squalens was beneficial for
laccase production in comparison to the single fungus
(P. radiata or D. squalens) under two designed C/N culture
media before 9 days. Especially, the production of laccase
was highly affected by levels of nutrient carbon from the
mixed culture of P. radiata and C. subvermispora, and the
significant promoted laccase production appeared in higher
glucose nutritional condition. The reduced laccase pro-
duction in the co-cultures and monocultures after 9 days
was likely due to the decreasing available carbon nutrients,
and stable enzyme activity might stem from a balance of
production and consumption.

Meanwhile, MnP was also compared using two designed
C/N culture media. The results presented in Fig. 4
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Fig. 2 Effects of different (a) (b)
co-cultured fungi on MnP 30 - PR 80 7 PR
production using four raw -8-Ds 70 - izi
agricultural substrates under - 701 —A-CS - —=PR4DS
submerged cultivation. a Corn 2 601 —X=PR+DS 2 601 —¥-PR4CS
stalk; b corncob; ¢ wheat straw; =) TRPRACS 2 504 —6-CS+DS
. . 50 A —6—CS+DS -
d rice stalk; PR P. radiata, z z
DS D. squalens; % 40 | % 40 4
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= Z
10
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Time (d)
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Time (d) Time (d)
Fig. 3 Eff.ect‘of dlffereflt (a) (b) 10 - opr
concentrations of glucose on 140 - o PR 8-S
laccase production by -B-Ds 120 4 i;ﬁ DS
submerged co-cultures and ~ 120 1 = -
— —A-CS El —¥—PR+CS
monocultures. a 0.1% glucose; £ 1004 5 100 1 ~o—CS+DS
b 0.01% glucose. The basal S TR PReDS <
medium (g/L) contained 20 2 80 Horrics B 80 -
corncob powder, 0.03 peptone, % -6-Cs+Ds § 60 |
0.060 KH,PO,, 0.0001 ZnSOs, s 607 9
0.04 K,HPO,, 0.00005 FeSO,, g 401 g 40 -
0.005 MnSO, and 0.050 c;é 3
MgSO.. PR P. radiata, 20 - 20 1
DS D. squalens, 0 ‘ 0 ‘
CS C. subvermispora 0 15 0 15

Time (d)

demonstrated that MnP was greatly improved in the culture
medium containing 0.1% (w/v) glucose compared to 0.01%
glucose. Among the comparison of different designed
fungi or co-cultures, it was clear that the co-culturing of
P. radiata and D. squalens produced more MnP than other
fungi or combinations. But the measured MnP of C. sub-
vermispora with P. radiata or D. squalens showed lower
activities than their monocultures, respectively, regardless
of change of glucose concentration, suggesting that
C. subvermispora might have an inhibitory action on
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MnP production when co-cultured with P. radiata and
D. squalens.

As in the enzymatic data determined above, laccase and
MnP were the important enzymes produced by the co-
cultured combination of P. radiata and D. squalens.
However, glucose consumption remains to be understood.
Table 2 shows that the reduced glucose consumption at
high C/N ratio in the culture medium is faster than that at
low ratio of C/N. The strain-specific effects were not
observed in the two designed media. Three combinations of
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Fig. 4 Effect of different
concentrations of glucose on (@) 80 - z;‘; (®)
MnP production by submerged 70 4 —-Cs 80 zg‘;
co-cultures and monocultures. —X—PR+DS 70 A CS
a 0.1% glucose; b 0.01% g 60 X‘;‘::IC)Z = PR+DS
glucose. The basal medium 5 ) £ 001 TROPRACS
(g/L) contained 20 corncob 30 2 504 oS
powder, 0.03 peptone, 0.060 E 40 | ‘E’
KH,PO,, 0.0001 ZnSO,, 0.04 g g 4
K,HPO,, 0.00005 FeSO,, 0.005 = 30 4 o 30 4
MnSO,, and 0.050 MgSO,. PR = s
P. radiata, DS D. squalens, CS 204 201
C. subvermispora 10 10 4

0 1 0 1

0 15 0 15

Time (d)

Time (d)

Table 2 Effect of different culture media on glucose consumption in submerged co-cultivation of P. radiata, D. squalens and C. subvermispora,

and respective monoculture

C/N Time (days) Reducing sugar concentration (g/L)

PR DS CS PR + DS PR + CS CS + DS
PGA 3 0.888 £ 0.088 0.984 £+ 0.104 0.058 £+ 0.010 0.668 £ 0.061 0.057 £ 0.010 0.064 £+ 0.012
0.371 £ 0.051 0.278 £ 0.047 0.041 £ 0.007 0.036 & 0.004 0.039 & 0.004 0.039 £ 0.005
0.050 £ 0.009 0.081 £+ 0.010 0.048 £ 0.008 0.048 £ 0.008 0.050 £ 0.007 0.050 £ 0.007
12 0.041 £ 0.008 0.044 £ 0.007 0.043 £ 0.006 0.048 £ 0.008 0.043 £ 0.008 0.044 £ 0.006
PGB 0.692 £ 0.072 0.048 £ 0.008 0.432 £ 0.060 0.537 £ 0.051 0.065 £ 0.011 0.044 £ 0.008
0.256 £ 0.042 0.060 £+ 0.011 0.044 £ 0.007 0.048 £ 0.008 0.046 £ 0.008 0.051 £ 0.007
9 0.044 £ 0.008 0.051 £ 0.008 0.050 £ 0.006 0.046 £ 0.007 0.048 £ 0.009 0.048 £ 0.008
12 0.053 £ 0.007 0.051 £ 0.008 0.044 £ 0.007 0.044 £ 0.006 0.055 £+ 0.010 0.050 £+ 0.010

The experimental data were expressed with the mean value + SD
PR, P. radiata; DS, D. squalens; CS, C. subvermispora

P. radiata, D. squalens and C. subvermispora were more
sensitive to the addition of glucose in comparison to the
single fungus. Mycelia growth was the first step before
degrading agricultural substrates. The activity variations
of laccase and MnP productions coincided with the con-
sumption of reduced glucose, which also testified to the
analysis above. Hatakka reported that white-rot fungi
typically produce multiple isoforms of oxidative enzymes,
which are differentially regulated by nutrient limitation
[7]. High glucose contributed to fungal growth and high
laccase and MnP production [32]. Therefore, after inoc-
ulation, P. radiata and D. squalens grew first, with higher
glucose possibly resulting in faster fungal growth, and
then larger amounts of laccase and MnP were possibly
produced unless restrained by a repressor. The present
results provide more evidence for understanding the reg-
ulatory mechanism of glucose concentration on LMEs
production characteristics in co-cultures under starvation
conditions.

Laccase characterization under different raw substrates
through Native-PAGE

To verify the possible presence of laccase isoforms and
their differential responses under co-culture and the
monoculture conditions, Native-PAGE analyses with
ABTS as the substrate were carried out. As shown in
Fig. 5, Native-PAGE by NativePAGETM 4-16% Bis—Tris
Gels showed a clear increment of laccase bands for the co-
cultured P. radiata with D. squalens or C. subvermispora
culturing in corn stalk and corncob, and the bands were
also more evident than in other pure cultures. Furthermore,
two different isoforms of laccase were observed in the
co-culturing broth of corncob compared with the corre-
sponding pure culture of P. radiata and D. squalens, and
the production of one isozyme was improved dramatically
(Fig. 6). Given the data above, it revealed different laccase
production owing to the interaction between P. radiata and
D. squalens. Chi et al. [11] also found the clear increment
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Fig. 5 Native-PAGE analysis

by NativePAGETM 4-16% PR DS CS PRDS PRCS CSDS S PR DS CS PRDS DPRCS CSDS S
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Fig. 6 A 10% Native-PAGE analysis of laccase production by
different co-cultured combinations and pure fungal cultures under
different concentrations of glucose at the culturing time of 9 days.
PGA: 0.1% glucose; PGB: 0.01% glucose; the basal medium (g/L)
contained 20 corncob powder, 0.03 peptone, 0.060 KH,PO,, 0.0001
ZnS0,, 0.04 K,HPO,, 0.00005 FeSO,4 0.005 MnSO,4, and 0.050
MgSO,. S: standard protein markers. 1: 170 kDa; 2: 130 kDa; 3:
100 kDa; 4: 70 kDa; 5: 55 kDa; 6: 40 kDa; 7: 35 kDa; 8: 25 kDa; 9:
15 kDa. PR P. radiata, DS D. squalens, CS C. subvermispora
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of laccase for the co-cultured groups evaluated by Western
blotting strategy. As wheat straw was used as fermentation
substrate, it was not observed whether the significant
increment of laccase was produced by three co-cultured
fungal combinations (Fig. 5d). The bands were not clearly
present in the combined group of C. subvermispora and
D. squalens in contrast to the respective monocultures.
Though laccase produced by the co-culture of C. subver-
mispora and D. squalens showed the measured and visual
activity (Figs. 1, 5), it was probable that low activity of
laccase did not result in clear bands on PAGE at the culture
time of 9 days.

Native-PAGE and enzyme activity data both revealed
the presence of different molecular weight isoenzymes.
The increase of enzymatic activity was attributed to an
increase of constitutive and inducible enzyme levels in the
combination of P. radiata with D. squalens or C. subver-
mispora. Some authors reported the existence of laccase
isoenzymes in several white-rot fungi with molecular
weights ranging from 60 to 80 kDa [33-35]. In this study,
new laccase formation for P. radiata, D. squalens and
C. subvermispora was found. Moreover, there were dif-
ferent isoforms of laccase in co-cultured P. radiata and
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D. squalens that differed from the respective pure culture
of P. radiata or D. squalens. The production phenotype and
level of laccase were both regulated by the species used
during the submerged co-cultivation process.

Laccase electrophoresis characterization under different
glucose concentrations

The effect of different glucose concentrations on laccase
phenotype was further contrasted under nutrition-limited
condition by 10% Native-PAGE. According to Fig. 6, the
co-cultures of P. radiata with D. squalens or C. subver-
mispora exhibit the best synergistic effect on laccase pro-
duction compared with the corresponding monocultures.
Moreover, four bands (58, 51, 44, 40 kDa) appeared in the
co-culture of P. radiata and D. squalens under different
glucose concentrations, and the two laccase bands (40,
44 kDa) clearly differed from the pure culture of P. radiata
or D. squalens. However, the band at 58 kDa was not clear
in Fig. 6, and the band at 40 kDa was somewhat fuzzy in
PGA of Fig. 6, but clear in PGB. The band at 51 kDa
showed an obvious increment in the production of one
isozyme. Two laccase bands observed in the co-culture of
P. radiata and C. subvermispora (41 and 38 kDa) were
clearly different from the monoculture of P. radiata or
C. subvermispora. No obvious formation of laccase was
found at the co-cultured C. subvermispora and D. squalens,
though the pure culture of D. squalens formed three laccase
bands at culture time of 9 days under two designed culture
media, which provided more evidence for the depressing
effect of C. subvermispora on laccase production with
D. squalens.

Native-PAGE bands were compared between PGA and
PGB (Fig. 6). Laccase production in PGA culture medium
was evidently higher than in PGB. Notably, the co-culture
of P. radiata with D. squalens or C. subvermispora pro-
duced more significant increment of laccase in the PGA
than PGB. More interestingly, the bands of laccase in
the PGA medium by the co-culturing of P. radiata and
D. squalens or P. radiata and C. subvermispora were
inconsistent with that of PGB. The present results herein
suggested that higher concentration of glucose added under
starvation conditions led to a beneficial effect on laccase
production, which further confirmed the previous analysis.
In summary, nutritional condition could regulate the phe-
notype and level of laccase production.

In the preliminary study, Native-PAGE using ABTS and
guaiacol in sodium tartrate buffer as the substrate was
evaluated by means of colorization, but guaiacol was not
able to show clear PAGE bands, and that excess substrate
would lead to excessive coloration. Modest ABTS could
show clear bands of laccase, but was limited by the way in
which substrate coloration occurred on Native-PAGE, in

which enzymes remained alive and could be colored by the
chromogenic reaction with substrates. This reaction was a
dynamic process. There were several clear bands at the
beginning after the addition of the substrate solution; then,
the color was enhanced and thickened and more bands
emerged. Finally, the thick bands became fuzzy and dis-
persive when almost all the bands appeared, because the
laccase that were alive in the native polyacrylamide gels
under non-denaturing conditions diffused. Therefore, if all
required bands were to appear, waiting was essential. An
increased amount of substrate should have contributed to
improve resolution, but the optimum concentration was
difficult to determine, probably because the difference in
laccase activity was so significant that we were not able to
obtain satisfactory photographs of Native-PAGE (shown in
Figs. 5, 6). Though the differences were actually presented
based on Native-PAGE pictures, obtaining better photo-
graphs should be considered in future research through
other efficient PAGE methods.

Conclusions

Agricultural substrates containing high lignocellulose and
low lignin favored laccase and MnP production. Corncob
showed the most beneficial effect on laccase and MnP
production with the designed fungi or combinations. The
synergistic effects on LMEs production were as well
observed in the co-culturing broth of P. radiata and
D. squalens. Co-cultivation of P. radiata with C. subvermis-
pora resulted in significant increase of laccase but decrease
of MnP, whereas C. subvermispora showed an inhibitory
effect on LMEs production with D. squalens. Native-
PAGE analyses showed similar results, indicating that new
isoenzymes of laccase highlighted in co-cultivation of
P. radiata with D. squalens or C. subvermispora differed
from their monocultures.
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