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ABSTRACT: To evaluate effects of ligninolytic enzyme type on the mycelial response and ligninolytic enzyme production during
interspecific interactions among wood-rotting fungi, 4 fungal strains, Trichophyton rubrum LKY-7, Trichophyton rubrum LSK-27,
Pycnoporus cinnabarinus, and Trichoderma viride, were selected. Regarding ligninolytic enzyme production, LKY-7 secreted
laccase and manganese peroxidase (MnP), P. cinnabarinus secreted only laccase, and LSK-27 secreted only MnP in glucose-
peptone medium, while T. viride did not produce any ligninolytic enzymes. In the co-culture of LKY-7 with P. cinnabarinus, the
formation of aerial mycelium was observed and the enhancement of laccase activity owing to interspecific interaction appeared
to be very low. In the co-culture of LKY-7 and P. cinnabarinus with LSK-27, a hypha-free clear zone was observed, which resulted
in deadlock, and increased laccase or MnP activity was detected at the interaction zone. The interaction responses of LKY-7, P.
cinnabarinus, and LSK-27 with T. viride  were characterized by the formation of mycelial barrages along the interface. As mycelial
barrages were observed at the T. viride territory and no brownish pigment was observed in the mycelial barrages, it is suggested
that laccase and MnP are released as part of an offensive response, not as a defensive response. The co-culture of P. cinnabarinus
with T. viride lead to the highest enhancement in laccase activity,  yielding more than 14-fold increase in laccase activity with
respect to the mono-culture of P. cinnabarinus. MnP activities secreted by LKY-7 or LSK-27 was generally low in interspecific
interactions.
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Introduction

Various fungi inhabitating in natural ecosystem come

across the same or different species during their fungal

community development. These fungi may display

combative interaction for habitats and resources, which

are extremely common in natural ecosystem. Combative

fungal interactions lead to mycelial morphological

changes, production of antagonistic metabolites, and

secretion of extracellular enzymes, resulting in

enhancement of their ability to capture previously

colonized substrates or to defend their own substrate

(Baldrian, 2004; Hiscox et al, 2010; Ujor et al, 2012;

Ariebi et al, 2016). Noticeable outcomes of mycelial

morphological change in interspecific interaction are

replacement and deadlock. The former occurs when one

fungus gains the territory of another, the latter occurs

when neither fungus gains headway in confrontation.

Sometimes partial replacement will result where initially

one fungus gains headway but subsequently deadlock

ensues, or where both species make some ingress into

the territory held by the other (Boddy, 2000). 

Most fungi in interspecific interactions produce a wide

range of volatile organic compounds (VOCs) from short

chain alcohols and ketones to high molecular weight

aromatic compounds and terpenes (Wheatly and Hackett,

1997; Ewen et al, 2004). Certain VOC profiles have

both stimulating and inhibitory effects on target mycelial

extension rate and hyphal coverage (Ariebi et al, 2016).

And also, VOCs may funtion as infochemicals signaling
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the presence of a competitor, or a potential mate, or a

conspecific mycelium (Humphris, 2002). 

The enhancement of ligninolytic enzyme production,

such as laccase and manganese peroxidase (MnP), has

been observed during interspecific mycelial interactions

of wood-rotting fungi (White and Boddy, 1992; Savoie

and Mata, 1999; Iakovlev and Stenlid, 2000; Chi et al,

2007, Hiscox et al, 2010). Though laccase and MnP is

involved mainly in the degradation of lignin, it has

also known that these enzymes have various

physiological functions including the defence against

stressful conditions. As a defensive function, fungi

produce laccase and MnP in response to stress during

interactions. Laccases can act upon phenolic

compounds and convert them to free radicals such as

reactive quinone compounds (Rayner et al, 1994).

These free radicals are involved in polymerization with

cell surface components resulting in a change in the

hydrophobicity of the hyphal cell walls (Score et al,

1997). This leads to chemical cross linking of adjacent

hyphae and formation of hyphal aggregations such as

hyphal strands or barrages. Changes in hyphal

hydrophobicity could also help to protect the fungus

from hydrolytic enzymes of other organisms (Peiris et

al, 2008). These reactive quinone compounds can also

undergo polymerization to result in melanin and

melanin-like compounds which can act as physical

barriors for cell wall degrading enzymes of other

organisms (White and Boddy, 1992). Though

antagonistic fungal cultures is able to lead to higher

ligninolytic enzyme production through synergistic

interactions, the extent of increase in enzyme activity

seems to depend on the particular species combinations

or on the mode of interaction between species, on the

innate enzyme producing ability of species, and on the

microenvironmental or nutritional conditions of the

substrate in the colonization (Gutierrez-Correa and

Tengerdy, 1997; Iakovlev and Stenlid, 2000). 

Fungi secrete a wide range of enzymes to decompose

nutrient substrates. It has known that some fungi like

white-rot fungi produce ligninolytic enzymes, such as

laccase and MnP, and others like brown-rot fungi do not

produce such enzymes. From this point of view, these

ligninolytic enzymes such as laccase and MnP may have

some role to play in the offence and defence of fungi

during interspecific interactions. Also, the response of

interspecific interaction between wood-rot fungi could

be varied depending on ligninolytic enzyme type

secreted by each fungus. Thus, we selected 4 strains of

wood-rotting fungi secreted the different type of

ligninolytic enzyme, focusing on laccase and MnP. And

we evaluated the effect of ligninolytic enzyme type

secreted by each strain on mycelial response and

ligninolytic enzyme production in interspecific

interactions of wood-rotting fungi.

 Materials and Methods

Fungal strains and culture conditions
The fungal strains used in this study were

Trychophyton rubrum LKY-7 (LKY-7), Trychophyton

rubrum LSK-27 (LSK-27), Pycnoporus cinnabarinus (P.

cinnabarinus), and Trichoderma viride (T. viride). The

LKY-7 and LSK-27 were isolated from decayed

hardwood chip pile in the vicinity of Kwangyang,

Chonnam (Jung et al, 2002; Bermek et al, 2004). P.

cinnabarinus were kindly supplied by Prof. Kaichang Li

(Oregon State University, USA). T. viride (ATCC

36316) was obtained from KCCM (Korea Culture

Center of Microorganisms). These fungi were maintained

on potato dextrose agar (PDA) slants and stored at 4
o
C.

Interspecific interaction and ligninolytic enzyme production

were studied on glucose-peptone agar medium (GPA)

(30 g glucose; 10 g Bacto-peptone; 1.5 g KH2PO4; 0.5 g

MgSO4; 20 mg CuSO4; 12 mg MnSO4; 2 mg

thiamine-HCl; Agar 20 g, per liter) at pH 5.

Interspecific interactions on agar plates
Interspecific interactions of 4 fungal strains were

performed on GPA plates with pairing in all possible

combinations, focusing ligninolytic enzyme type (such

as laccase and MnP) secreted by each fungal strain. The

inoculum of each strain was placed 30 mm apart at

opposite side of the plate to allow confrontation of the

strains at the middle of the Petri dish. As the growth of

T. viride is faster than that of other strains, LKY-7,

LSK-27, and P. cinnabarinus were inoculated first, and

T. viride was inoculated 3 days later. The inoculum, a 6

mm diameter mycelial plug, was cut out from actively

growing mycelial edge on PDA. Mono-culturings

(self-pairing interactions) of wood-rotting fungi were

used for evaluating the types and the activities of

ligninolytic enzyme secreted by wood-rotting fungi, and

also used as control. Three replicate plates were used

for each experiment. All cultures were incubated in

darkness at 28
o
C for designated times. 
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As a laccase inhibitor, 20 mM sodium thioglycolate

and 20 mM L-cysteine were added to GPA respectively,

and the effect of laccase inhibition during interspecific

interaction was assessed visually on GPA added 0.5 mM

ABTS, which is oxidized to have purple color. 

Sampling and enzyme extraction 
For the assay of laccase and MnP activity in

co-culturing of wood-rotting fungi, one mycelial plug (6

mm diameter) was aseptically harvested from each

region of the interaction zone (IZ) and non-interaction

zone (NIZ) of each strain at day 3 and 8 of cultivation

after mycelial contact, as shown in Fig. 1. In case of

mono-culturing of each strain, plugs were removed

periodically from the interaction zone for 8 days

cultivation after initial contact. Each plug, agar plus

mycelium, was pre-weighed, and then transferred to 1.5

ml Eppendorf tube, to which 200 ul of 50 mM sodium

tartrate buffer (pH 4.5) was added. Agar plus mycelium

in tube was homogenized thoroughly with glass rod,

and additional 800 ul of sodium tartrate buffer was

added to homogenate. Tubes were shaken gently for 30

min, and then centrifuged for 30 min with 12,000 × g

at 4
o
C. The supernatant was transferred into a 1.5 ml

Eppendorf tube, and enzyme activity assay performed

immediately. 

Enzyme assays
Laccase activity was determined spectrophotometrically

by measuring the oxidation of 2,2'azinobis(3-

ethylbenzothiazoline-6-sulfonnic acid) (ABTS) in a

sodium tartrate buffer (50 mM, pH 4.5) at 420 nm (εmax

= 3.6 × 10
4
 M

-1
 cm

-1
). One unit (U) of laccase activity

was defined as 1.0 umol of product formed per ml of

supernatant per minute under the assay conditions

(Eggert et al, 1996). 

 MnP acitivity was measured spectrophotometrically

by monitoring the increase in Mn
3-
tartrate formation at

238 nm (εmax = 6,500 M
-1
cm

-1
). Assay mixtures contained

0.1 mM sodium tartrate buffer (pH 4.5), 1 mM MnSO4,

0.1 mM H2O2, and MnP sample. One unit of MnP was

defined as 1 umol of product formed per ml of

supernatant per minute (Martínez et al, 1996).

 Enzyme activities were normalized to the wet weight

(g) of agar plus mycelium for each sample. 

 Results and Discussion

Mono-culturing of wood-rotting fungi on agar plate
The ligninolytic enzyme activities were measured

periodically during each mono-culturing of LKY-7, P.

cinnabarinus, LSK-27, and T. viride on GPA plate. As

shown in Fig. 2A, LKY-7 and P. cinnabarinus produced

relatively high level of laccase activities for short

cultivation time when grown on GPA plate, whereas

LSK-27 and T. viride did not produce laccase. Laccase

activities of LKY-7 and P. cinnabarinus peaked (about

4.3 Ug
-1
 and 3.3 Ug

-1
, respectively) at day 2 and at day

1 of cultivation after mycelial contact, and thereafter

decreased gradually. 

MnP was detected during mono-culturing of LSK-27

and LKY-7, as shown in Fig. 2B. Maximal MnP activity

by LSK-27, approximately 0.75 Ug
-1
, were obtained at

day 5 of cultivation after mycelial contact, after which

MnP activity started to decline gradually. However, MnP

activities secreted by LKY-7 appeared to be very low

during the whole cultivation period, compared to that of

LSK-27. 

No MnP activities were detected during  mono-culturing

of P. cinnabarinus or T. viride. Of the ligninolytic

enzymes, laccase was secreted by LKY-7 and P.

cinnabarinus, and MnP was secreted by LKY-7 and

LSK-27. On the other hand, T. viride did not produce

any ligninolytic enzymes on GPA plate, though some

reports have shown the laccase production by

Trichoderma sp. including T. viride (Holker et al, 2004;

Velazquez-Cedeiio et al, 2004; Gochev et al, 2007). No

lignin peroxidase was detected in any mono-culturing of

wood-rotting fungi used for experiments (data not

shown). 

Fig. 1. Sampling regions for enzyme extraction during
interspecific interaction. IZ; interaction zone, NIZ;
non-interaction zone. 



171 Kab-Yeon Lee, Seur-Kee Park, In-Hyeop Park, Joon-Sun Kim, Moon-Su Park, and Hyun-Chae Jung

Interspecific interactions of wood-rotting fungi on

agar plates 

Six pairings of 4 fungal species based on ligninolytic

enzyme type were grown on GPA plates. Combinations

of 4 fungal strains were as follows : co-culturing of

LKY-7 with P. cinnabarinus (laccase and MnP with

laccase), LKY-7 with LSK-27 (laccase and MnP with

MnP), LKY-7 with T. viride (laccase and MnP with

none-ligninolytic enzyme), P. cinnabarinus with LSK-27

(laccase with MnP), P. cinnabarinus with T. viride

(laccase with none), and LSK-27 with T. viride (MnP

with none). 

Mycelial responses 
When 6 pairings of 4 fungal species were co-

cultivated on GPA plate, as shown in Fig. 3, three

identifiable mycelial responses developed at the

interfaces between the confronted strains. During

co-culturing of LKY-7 with P. cinnabarinus (Fig. 3A),

each mycelium gradually intermingled in the interaction

zone after mycelial contact, showing the formation of

aerial mycelium. As time goes on, the border between

the two mycelia became hardly recognizable. White and

Boddy (1992) indicated that aerial mycelium was often

produced at the interface between the confronted

isolates, associated with an intense region of enzyme

activity. Iakovlev and Stenlid (2000) also suggested that

enhancement of phenoloxidase activity could be

associated with the production of emergent mycelial

structures during interspecific interactions. However, no

relationship was found between emergence of aerial

mycelium and laccase activity in this experiment,

because low level of laccase activity was detected at IZ

of two strains in co-culturing of LKY-7 with P.

cinnabarinus (see Table 1, 2). Especially, outcomes of

interspecific fungal interaction are not always the same,

even under apparently identical conditions (Boddy,

2000). Also in preliminary experiments, when LKY-7

was confronted with Coriolus versicolor which secreted

laccase and MnP too, no aerial mycelium was observed.

Instead, deadlock was found at the interface between

two strains. 

On the other hand, when LKY-7 or P. cinnabarinus

were co-cultured with LSK-27 on a plate, they stopped

growing into the territory of one another in a boundary

of interaction zone, and clear zone (free of hyphae) was

formed between the two mycelia, resulted in a deadlock

(Fig. 3B and 3C). This mutual inhibition state lasted by

day 8 of cultivation. And there was no evidence of

pigment production in the interface after mycelial

contact. This behavior may be caused by unilateral

action or by mutual interaction, due to the excretion and

diffusion of inhibitory substances (Esser and Blaich,

1994). Phenoloxidases are thought to play a defence role

during interspecific interaction by oxidizing phenolic

compounds into hypha-sealing polymers (Rayner et al,

1994; Boddy, 2000). These results might suggest that

when the strains (LKY-7 and P. cinnabarinus) secreted

laccase were confronted with other one (LSK-27)

secreted MnP on a plate, each strain suppressed the

mycelial extention of competitor with secreted laccase

or MnP. Consequently, in this experiment, it was

Fig. 2. Ligninolitic enzyme production in mono-culturing of wood-rotting fungi. LKY-7; Trichophyton rubrum LKY-7,
LSK-27; Trichophyton rubrum LSK-27, P.c; P. cinnabarinus, T.vi; T. viride. 

A; laccase activity, B; MnP activity
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thought that interspecific interaction of strains which

secreted ligninolytic enzyme could lead to clear zone

formation by the action of laccase and MnP, in which

neither strain gained headway in confrontation, resulted

in deadlock. 

The interaction responses of LKY-7, P. cinnabarinus,

LSK-27 with T. viride were characterized by formation

of mycelial barrages along the interface (Fig. 3D, 3E,

3F). Interestingly, the mycelial barrages in the

co-culturing of each 3 fungal strain with T. viride were

observed at mycelial territory of T. viride which does

not produce laccase or MnP, and no brownish pigment

was observed in mycelial barrages. Laccase and MnP in

interspecific interaction are thought to be involved in the

formation of pigments, which may indicate the

formation of melanin compounds that could protect

hyphal structures from hydrolytic enzymes and

antagonistic organisms (White and Boddy, 1992), and

the formation of hyphal aggregations such as hyphal

strands or defensive barrages (Peiris et al, 2008). Also,

according to the previous works (Score et al, 1997;

Boddy, 2000), obviously mycelial barrages in response

to competition are formed at the region of wood-rotting

fungi which secreted laccase or MnP. In contrast, Savoie

et al. (2001) reported that the relationship between

laccase activity and reaction to attack by a competitor

could not be uniformly attributed to white-rotting fungi,

and the several species, such as A. bisporus, produced

high laccase levels but produced neither pigments during

confrontation with T. harzianum nor reacted by forming

emergent mycelia. 

Also he suggested that the absolute level of

extracellular laccase activity was not related to the

defensive strategy and laccase was one of the elements

of the system. Likewise, it could be that laccase or MnP

released by these 3 strains, LKY-7, P. cinnabarinus, and

LSK-27, are involved in the reaction of invasive

mycelial cords as part of offensive response against T.

viride. It may also be possible that T. viride was thought

to form the barrages against mycelial invasion or

ligninolytic enzymes (laccase and MnP) secreted by

other wood-rotting fungi. As these behavior disagreed

with the results found in previous literatures, it needs

further study later on the exact role of ligninolytic

enzymes in interspecific fungal interaction. 

 

Ligninolytic enzyme production
Agar cultures have been used qualitatively to stain for

laccase activity and to quantify laccase acitivity during

interspecific interactions (White and Boddy, 1992;

Ikovlev and Stenlid, 2000). Qualitative ligninolytic

enzyme productions during interspecific interaction of

wood-rotting fungi were evaluated by co-culturing them

on GPA plates. 

Fig. 3. Mycelial response patterns in interactions of wood-rot fungi on GPA plates at day 8 of cutivation after mycelial contact.
A; interaction of LKY-7 with P. cinnabarinus, B; LKY-7 with LSK-27, C; P. cinnabarinus with LSK-27, D; LKY-7 with T. viride,
E; P. cinnabarinus with T. viride, F; LSK-27 with T. viride. The fungus mentioned first was inoculated on the left side of the
plate and that mentioned second on the right side. 
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The ligninolytic enzyme activities secreted by

LKY-7 in co-culturing with other wood-rotting fungi

were summarized in Table 1. The enhancement of

laccase activity by LKY-7 was much higher at day 8

than at day 3 of cultivation in co-culturing of LKY-7

with LSK-27 or T. viride. On the other hand, in

mono-culturing of LKY-7 or in co-culturing with P.

cinnabarinus, laccase activities decreased significantly

at day 8 of cultivation. Also, laccase activities

secreted by LKY-7 at IZ were higher than at NIZ in

co-culturing of LKY-7 with LSK-27 or T. viride,

although at day 8 of cultivation laccase activities were

distributed homogeneously to some extent at IZ and

NIZ as compared with initial day of interaction (at

day 3). This is in agreement with the results of White

and Boddy (1992), who found that zone lines of

interacting wood-decaying fungi have higher

phenoloxidase and peroxidase activities than adjacent

parts of the mycelium. However, in mono-culturing of

LKY-7 or co-culturing with P.c, laccase activities by

LKY-7 at IZ were relatively lower than at NIZ.

Several reports have shown that the extracellular

laccase activities secreted by many white-rot fungi

were enhanced when they were co-cultivated with

Trichoderma or bacteria (Savoie et al, 2001; Baldrian,

2004; Velázquez-Cedeño et al, 2004; Zhang et al,

2006). The highest enhancement in laccase activity

occurred when LKY-7 was co-cultured with T. viride

which resulted in formation of mycelial barrage,

yielding more than 8-fold increase in laccase activity

with respect to mono-culturing of LKY-7. And also in

co-culturing of LKY-7 with LSK-27 which resulted in

deadlock, the enhancement of laccase activity was

detected, yielding more than 4-fold increase in laccase

activity. These increases in laccase activity were likely

due to LKY-7 because LSK-27 and T. viride was

unable to produce laccase on GPA. In contrast, in

co-culturing of LKY-7 with P. cinnabarinus which

resulted in formation of aerial mycelium, laccase

activities secreted by LKY-7 showed to be low level,

similar with that of mono-culturing of LKY-7. 

Throughout all interaction of LKY-7 with

wood-rotting fungi, the levels of MnP activity secreted

by LKY-7 appeared to be trace or very low, as

maximum activity of MnP below 0.3 U/g could be

measured at day 8 of cultivation in co-culturing with P.

cinnabarinus. 

The ligninolytic enzyme activities secreted by P.

cinnabarinus when P. cinnabarinus was co-cultured with

other wood-rotting fungi were shown in Table 2. In

co-culturing of P. cinnabarinus with LKY-7, laccase

activities secreted by P. cinnabarinus generally were a

low level, similar with that of mono-culturing of P.

cinnabarinus. And laccase activities by P. cinnabarinus

at IZ were relatively lower than at NIZ in mono-culturing

of P. cinnabarinus or in co-culturing with LKY-7. These

results suggest that laccase itself secreted by P.

cinnabarinus and LKY-7 suppressed the secretion of

laccase each other as a defensive or an offensive

response, as was the case in LKY-7. Also in the

Table 1. Ligninolytic enzyme activities by LKY-7 during co-culturing 

Daysa Enzy-meb Zonec Ligninolytic enzyme activity (U/g, wet weightd)
Mono-culturing LKY-7 with P.ce LKY-7 with LSK-27 LKY-7 with T.vif

3
Lac.

IZ 3.94±0.40 4.96±0.84 15.07±2.34 23.12±2.37
NIZ 5.73±0.19 5.54±0.29  6.12±1.02  6.27±1.65

MnP
IZ

Traceg Trace Trace
0.25±0.08

NIZ 0.16±0.03

8
Lac.

IZ 0.71±0.15 0.74±0.14 7.15±0.73 33.99±3.02
NIZ 1.34±0.08 1.52±0.17 4.72±0.51 22.27±2.83

MnP
IZ

Trace Trace Trace
 0.32±0.10

NIZ  0.18±0.03
 

a
 Cultivation days after initial contact of mycelia

 b
 Lac.; laccase, MnP; manganese peroxidase

 
c
 IZ; interaction zone, NCZ; non-interaction zone

 
d
 wet weight of agar plus mycelium

 
e
 P. cinnabarinus

 
f
 T. viride

 
g
 below 0.1 U
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preliminary experiment, it showed that when Coriolus

versicolor which secreted laccase on GPA was

co-cultured with LKY-7, laccase activity by Coriolus

versicolor decreased significantly (data not shown). The

highest enhancement of laccase activity was obtained

when P. cinnabarinus was co-cultured with T. viride,

yielding more than 14-fold increase in laccase activity at

day 8 of cultivation with respect to mono-culturing of P.

cinnabarinus. No MnP activity was observed in the

interaction of P. cinnabarinus with wood-rotting fungi. 

Some reports have shown that MnP activity increased

in interactions of white rot fungi, although not the same

extent as laccase activity (Koroleva et al, 2002;

Baldrian, 2004; Chi et al, 2007). MnP activities were

detected with low level both in mono-culturing and in

co-culturing of LSK-27 with wood-rotting fungi, as

shown in Table 3. Only in co-culturing of LSK-27 with

T. viride, MnP activity secreted by LSK-27 showed a

little increase at day 8 of cultivation, while levels of

MnP activity in co-culturing with other fungi were

similar with that of mono-culturing of LSK-27, not

showing the enhancement of MnP activity caused by

interaction. Mn
2+

 is known to regulate MnP in

white-rotting fungi. Hiscox et al. (2010) observed that

growth on Mn
2+-

enriched medium stimulated MnP

activity in T. versicolor self-pairing, and during

interaction, the pattern of MnP activity at the IZ was

similar to the pattern of laccase activity. However, in

this study, as Mn
2+

 was added to GPA with a basal

level of 12 ppm, MnP activity seemed to be relatively

low and the stimulation effect of MnP activity was not

pronounced even in co-culturing of LSK-27 with T.

viride. No laccase activities were observed both in

mono-culturing of LSK-27 and in co-culturing with

wood-rotting fungi. 

Although T. viride was unable to produce laccase and

MnP on GPA, some laccase activities were detected at

IZ of T. viride during the co-culturing with LKY-7 and

P. cinnabarinus (data not shown). But these laccase

activities were thought to be that laccase secreted by

LKY-7 or P. cinnabarinus penetrated into IZ of T. viride

territory during interaction (see Fig. 4). 

Table 2. Ligninolytic enzyme activities by P. cinnabarinus during co-culturing 

Days Enzy-me Zone
Ligninolytic enzyme activity (U/g, wet weight) 

Mono-culturing P.c with LKY-7 P.c with LSK-27 P.c with T.vi

3
Lac.

IZ 2.1±0.26 2.29±0.33 8.04±0.61 20.86±2.47
3.3±0.38 3.60±0.51 3.08±0.30 7.75±0.38NIZ

MnP
IZ

N.Da N.D N.D N.D
NIZ

8
Lac.

IZ 0.47±0.08 0.60±0.06 8.76±1.58 42.88±3.35
NIZ 1.65±0.05 2.14±0.29 5.44±0.62 29.90±2.20

MnP
IZ

N.D N.D N.D N.D
NIZ

 
a
 not detected

Table 3. Ligninolytic enzyme activities by LSK-27 during co-culturing 

Days Enzy-me Zone
Ligninolytic enzyme activity (U/g, wet weight)

Mono-culturing LSK-27 with LKY-7 LSK-27 with P.c LSK-27 with T.vi

3
Lac.

IZ
N.D N.D N.D N.D

NIZ

MnP
IZ 0.45±0.07 0.70±0.13 0.88±0.15 1.06±0.20

0.61±0.03 0.34±0.07 0.65±0.11 0.63±0.12NIZ

8
Lac.

IZ
N.D N.D N.D N.D

NIZ

MnP
IZ 0.69±0.17 0.30±0.13 0.72±0.12 1.58±0.44

NIZ 0.89±0.10 0.43±0.09 0.93±0.30 0.78±0.13
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Effect of laccase inhibitor on interspecific
interaction 

Larkshmanan and Sadasivan (2016) suggested that

laccase secretion may be a requisite for T. viride to

compete with other antagonistic microbe as a results of

laccase inhibitor addition in the antagonistic pairing

experiments. To confirm the possibility of the laccase

role in conferring defense against antagonism of

microorganisms, 20 mM sodium thioglycolate and 20

mM L-cysteine as a laccase inhibitor were added to

GPA, respectively, and to visualize the location of

laccase activity, 0.5 mM ABTS was added to GPA, on

which P. cinnabarinus was co-cultured with T. viride.

However, although excess inhibitor of 20 mM was

added to GPA, the activities of laccase by P.

cinnabarinus during co-culturing with T. viride were

inhibited to the level of about 35% in addition of

sodium thioglycolate and 55% in addition of L-cysteine,

with respect to the laccase activity of non-addition of

inhibitor (data not shown). Larkshmanan and Sadasivan

(2016) reported that when laccase activity by T. viride

was inhibited by the addition of laccase inhibitor (10

mM sodium thioglycolate), the growth of T. viride was

significantly reduced in co-culturing of T. viride with

Bacillus sp. In contrast with that, as shown at the front

of plate in Fig 4, there were no clear differences in

growth pattern of P. cinnabarinus between addition of

laccase inhibitor and non-addition of inhibitor during

co-culturing with T. viride. 

At the back of plate, developing purple coloration

with the addition ABTS was observed at only the

territory of P. cinnabarinus, which indicated the

localization of extracellular laccase activity during the

interaction of P. cinnabarinus with T. viride. And it

showed that this purple color gradually penetrated into

the territory of T. viride with cultivation time, although

the concentration of purple color became faint according

to the addition of laccase inhibitor. From these results, it

may also be confirmed that when LKY-7, P.

cinnabarinus, and LSK-27 were confronted with T.

viride, these strains released laccase or MnP as part of

an offensive response against T. viride, not as a

defensive response, and T. viride formed the mycelial

barrages against mycelial invasion or ligninolytic

enzymes. 

 

 Conclusion 

To evaluate mycelial response and ligninolytic enzyme

production in interspecific interaction, 4 strains of

wood-rotting fungi were paired and co-cultured in

accordance with ligninolytic enzyme type secreted by

each strain. In co-culturing of LKY-7 with P.

cinnabarinus, the formation of aerial mycelium was

observed, and the enhancement of laccase activity by

interspecific interaction appeared to be very low. When

LKY-7 and P. cinnabarinus were co-cultured with

LSK-27, clear zone (free of hyphae) was observed,

Fig. 4. Growth patterns of P. cinnabarinus during co-culturing of P. cinnabarinus with T. viride on GPA added 20 mM
L-cysteine as a laccase inhibitor. Laccase activities were visualized with the addition 0.5 mM ABTS. A~D; the front of plate,
a~d; the back of plate, A, a and C, c; non-addition of laccase inhibitor, B, b and D, d; addition of 20 mM L-cysteine.
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resulted in deadlock. And the increases of laccase or

MnP activity were detected at the interaction zone. The

interaction responses of LKY-7, P. cinnabarinus, and

LSK-27 with T. viride were characterized by the

formation of mycelial barrages along the interface. The

mycelial barrages were observed at mycelial territory of

T. viride which does not produce laccase or MnP, and

no brownish pigment was observed in mycelial barrages.

These results suggested that laccase and MnP could be

released as part of an offensive response. The highest

enhancement of laccase activity was obtained in

co-culturing of P. cinnabarinus with T. viride, yielding

more than 14-fold increase in laccase activity with

respect to mono-culturing of P. cinnabarinus. MnP

activities by LKY-7 or LSK-27 were generally low level

in interspecific interactions, and the stimulation effect of

MnP activity was not pronounced even in  co-culturing

of LSK-27 with T. viride. There were no clear

differences in growth pattern of P. cinnabarinus between

addition of laccase inhibitor and non-addition of

inhibitor during co-culturing with T. viride. 
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