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Abstract

The activities of enzymes such as cellulase, pectinase, proteinase, chitinase and acid phosphatase pro-

duced in vitro by T. terrestris and H. crustuliniforme, as well as the activity of B-glucosidase in roots of inoc-

ulated Scots pine seedlings, were studied. In pure cultures an isolate of 7. terrestris produced nine of ten

enzymes, whereas an isolate of H. crustuliniforme produced only five enzymes. The activity of enzymes was

higher in T. terrestris cultures than in H. crustuliniforme, the only exception being neutral proteinase. It was

observed that in roots of seedlings inoculated with 7. ferrestris levels of B-glucosidase was about 107 per cent

higher activity than in roots of non-inoculated seedlings. The enzyme level in roots inoculated with H. crus-

tuliniforme was 44 per cent lower than in those inoculated with 7. ferrestris.

Keywords: ectomycorrhizal fungi, enzymatic activity, Scots pine

Introduction

Studies of Scots pine seedlings in bare root nurseries
have shown that high nitrogen content in soils can limit the
development of mycorrhizae [1]. In many cases nursery
soils are high in mineral and organic nutrients due to exces-
sive fertilizer application. In such nurseries species of
Thelephora are dominant on roots of seedlings, particular-
ly T. terrestris [1-3]. This fungus thrives in soils that are rich
in minerals as well as high moisture [4-6].

T terrestris tolerates a relatively wide range of pH and
different soil types [3]. These features have stimulated
numerous studies aimed at widening the use of this species.
This work is of both scientific and practical importance,
especially in Poland, where former arable agricultural fields

are to be afforested using of mycorrhiza-inoculated con-
tainerized seedlings [7]. In some cases it has been con-
firmed within a few years of seedling outplanting that
inoculated fungi were replaced by 7. terrestris [8], this
being a fungus that can thrive on roots for many years.
There is a poor understanding of the inter-relationship
between this widespread and common mycorrhizal fungus
and its host plants. Amongst the unknown factors, the
important role played by hydrolytic and oxidative extra-
cellular enzymes on ectomycorrhizal development was
studied [9]. The essential enzymes, acid phosphatase and
proteinase are particularly relevant with respect to P and N
cycles [10]. In ectomycorrhizal development important
roles are played by hydrolytic and oxidative extracellular
enzymes [9].
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Table 1. Activities of extracellular enzymes (exocellulase, endocellulase, PG, PGL, PL, acid and neutral proteinases, chitinase) and
cellular extractracts (B-glucosidase and acid phosphatase) of Thelephora terrestris and Hebeloma crustuliniforme grown in pure cul-
tures; average values + SD (n=06) 0 - no enzymatic activity at given experiment parameters; Values in rows that are followed by a dif-

ferent letter indicate significant differences, t-test, P<0.05.

Fungi
Enzyme-specific activity (U)
Thelephora terrestris Hebeloma crustuliniforme
Exocellulase 0 0
Cellulase Endocellulase 23.01+0.52b Oa
B-glucosidase 64.75+2.63b Oa
PG 27176 £ 6.15b 42770 +3.58a
Pectinase PGL 0.77+0.07 b Oa
PL 60.17+3.74 b Oa
Chitinase 1291+040b 7.63+£0.18 a
acid 0.68+0.14b 0.40+0.08 a
Proteinase
neutral 0.14+0.02a 486+ 1.11b
Acid phosphatase 095+0.08b 043+£0.04a

Courty et al. [11] found that some ectomycorrhizal
fungi have shown very low enzymatic activity, while others
were able to produce at least one specific enzyme. In
Poland H. crustuliniforme is commonly used to inoculate
Scots pine seedlings for outplanting on post-agricultural
lands [12]. Ectomycorrhizas of the fungus are within a few
years replaced by other fungi, among which T ferrrestis
ectomycorrhizas are numerous [6]. The hypothesis is that
persistence and abundance of some fungi on roots may
reflect partly on their high enzymatic activity.
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Fig. 1. B-glucosidase activity in Scots pine seedling roots: con-
trol- non-inoculated seedlings, T.t.-seedlings inoculated with
mycelium of 7. terrestris, H.c.- seedlings inoculated with
mycelium of H. crustuliniforme, n=5, p=0.000001. Differences
are significant at p< 0.05.

In order to know if this is true we investigated:

1. the activity of cellulase, pectinase, proteinase, chitinase
and acid phosphatase in in vitro in cultures of T. fer-
restris and Hebeloma crustuliniforme,

2. the activity of B-glucosidase in roots of seedlings that
were inoculated with mycelium of both those fungi.
The results obtained were considered likely to be help-

ful in inoculation process of seedlings, when using inocu-

lum which consists of two or more fungi may have a better
effect on performance of seedlings, particularly those plant-
ed on post-agricultural lands.

Material and Methods

Fungi

Thelephora terrestris (Erhr.) Fr, (isolate of IBL/ZFL/2)
and Hebeloma crustuliniforme (Bull.) Quel., (isolate of
IBL/ZFL/3) from the pure culture collection of the Polish
Forest Research Institute (Department of Forest
Phytopathology) were used in this study.

Culture Conditions for Enzymatic Activity

To study the cellulolytic, pectinolytic, proteolytic and
chintinolytic activities, fungi were grown in MMN medium
modified by Kottke et al. [13] supplemented respectively
with 5g I carboxymethylcellulose (CMC, Sigma), 5g 1" cit-
rus pectin (Sigma), 5g I yeast extract (Difco) or 3g I'' col-
loidal chitin (Sigma) for the induction of enzymes. To study
the acid phosphatase activity, fungi were cultured in basal
medium supplemented with 5g ' glucose without malt
extract and reduced quantities of phosphates (down to 50
mM (NH,),HPO, and 50 mM KH,PO,).
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Aliquots (100 ml) of medium dispensed into 300 ml
Erlenmeyer flasks were inoculated with 1 ml of washings
prepared in 5 ml H,Odest from 14-day-old fungal cultures
grown on PDA slants at 24°C. Three replicate flasks of each
combination were used (static cultures).

Subsequently after 14 days of growth at 24°C in the
media, cultures were centrifuged at 15,000 rpm. for 10 min
at 4°C and the enzyme activities (cellulolytic, pectolytic,
proteolytic and chitynolytic) were estimated in supernatant.
B-glucosidase and acid phosphatase activities in mycelium
extracts.

Activity of Endo-1,4-$-glucanase (EC 3.2.1.4.),
Exo-1,4-B-glucanase (EC 3.2.1.91) and
B-glucosidase (EC 3.2.1.21)

Endo- and exogluconase activities were studied by esti-
mation of free-reducing sugars in incubation mixture con-
sisting of: 0.5 ml of post-culture supernatant, 1.7 ml 0.01 M
acetate buffer (pH 5.5) and 0.8 ml 2% carboxymethylcellu-
lose (Sigma) (for endo-1.4-f-glucanase) or 1% Avicel
(Cellulose microcrystalline 0.1 mm, Serva for exo-1.4--
glucanase). These samples were incubated at 50°C for 50
min. and later the reducing sugars were estimated colomet-
rically using the Somogyi [14] and Nelson [15] method.

The endocellulase- and exocellulase-specific activity
units correspond to the amounts of enzyme which released
Ipumol glucose from the substrates per 1 min. per mg of
protein in the post-culture liquid during the experiment.

B-glucosidase activities were estimated in mycelium
homogenates. B-glucosidase was determined by measuring
the amount of p-nitrophenol released in the reaction mix-
tures consisting of: 0.9 ml of 0.01 M acetate buffer (pH
5.5), 50 pl of 40 mM p-nitrophenyl-3-D-glucopyranoside
(Sigma) and 50 pl of the seedling root extract. The mixture
was maintained at 40°C for 30 min. and after the addition
of 3 ml of 1 M Na,CO,, the released p-nitrophenol was
measured spectrophotometrically at 400 nm.

The activity unit of B-glucosidase was defined as the
amount of enzyme which released 1pumol p-nitrophenol per
min” under the experimental conditions.

Pectolytic Activity

Polygalacturonase (EC 3.2.1.15; PG), pectate lyase (EC
3.1.1.11; PGL)) and pectin lyase (EC 4.2.2.10; PL) activity
was estimated by the tyobarbituric acid (TBA) test [16].
The reaction mixture consisted of 2ml of 1% citrus pectin
(Sigma) (for PL) or sodium polypectate (polygalacturonic
acid, Sigma) (for PGL and PG) in 0.05M buffer pH 5.0
(PG) or 0.05M Tris-HCl buffer pH 8.0 (PL and PGL), 0.5ml
of 0.01M CaCl, (PL and PGL) and 2 ml of post-culture lig-
uid. After 3-hour incubation at 30°C the reaction was
stopped by adding to each test tube 3 ml of 9% ZnSO, x
7H,0 as well as 0.3 ml of 0.5M NaOH. Then the samples
were centrifuged for 10 min. at 14,000 rpm. Subsequently,
to 1 ml of supernatant 0.6 ml 0.04 M thiobarbituric acid,
0.1 ml of distilled H,O and 0.3 ml of 1 M HCI were added.

Test tubes with the above content were placed in a boiling
water bath for 30 min. After cooling down, spectrophoto-
metric measurements were taken using Shimadzu UV VIS-
1202 at 515 nm wavelength for PG and at 548 nm for PL
and PGL.

The pectolytic enzyme-specific activity unit corre-
sponds to the amount of enzyme which released 1pmol of
galacturonic acid from substrate per 1 min per mg of pro-
tein in the post-culture liquid during the experiment.

Proteolytic Activity

Estimation of acid activity (EC 3.4.23.18) and neutral
(EC 3.4.24.31) proteinase was performed by the method
reported by Hazen et al. [17]. The reaction mixture consist-
ed of 750 pl of post-culture liquid and 750 pl of 2% azoca-
seine (Sulfanilamide Azocasein, Sigma) in 0.2 M acetate
buffer pH 4.5 (for acid proteinase) or 0.2 M Tris-HCl buffer
pH 7.5 (for neutral proteinase). The mixture was main-
tained at 37°C for 4 hours. The reaction was stopped by
adding 1.6 ml 7% HCIO,. Subsequently, the mixtures were
centrifuged at 10,000 rpm and 4 ml aliquot of the super-
natant was added to 450 ul of 10M NaOH. Proteolitic activ-
ity was measured colorimetrically at 440 nm wavelength.

The proteinase-specific activity unit corresponds to the
amount of enzyme which released 1umol of tyrosine from
substrate per 1 min. per mg of protein during the experi-
ment.

Chitinases

Chitinase (EC 3.2.1.14) activity was studied. The activ-
ity of these enzymes was estimated on the basis of the
amount of the final product of N-acetyl-D-glucosamine
(NAG) released during the reaction. The mixture consisted
of: 0.6 ml of fungal filtrate and 1 ml of 1% colloidal chitin
in 0.1 M acetate buffer (pH 5.5). After 3-hour incubation at
37°C the amounts of N-acetyl-D-glucosamine released
were evaluated by the Miller method [18]. The amounts of
the released product were estimated spectrophotometrically
at 530 nm wavelength.

The chitinase-specific activity unit corresponds to the
amount of enzyme which released 1pumol of N-acethyl-D-
glucosamine from substrate per 1 min per mg of protein
during the experiment.

Acid Phosphatase Activity

Acid phosphatase activity was studied using the method
of Kieliszewska-Rokicka et al. [19]. To obtain enzymatic
samples, mycelium was centrifuged and rinsed in distilled
H,O and then in 0.01 M acetate buffer (pH 4.8), following
centrifuging at 14,000 rpm for 10 min. at 4°C. Then the
mycelium was homogenized in a glass homogenizer with
0.01 M acetate buffer (pH 4.8) containing: 0.01 EDTA,
0.01% Triton X 100 and 2.5% insoluble Polyclar (PVP), in
the proportion of 1 ml buffer per 100 mg fresh mycelium
mass. Crushed mycelium was centrifuged at 14,000 rpm. for
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10 min. at 4°C. Supernatant was used to estimate acid phos-
phatase. A mixture of 3 ingredients (acetate buffer, p-nitro-
phenyl phosphorate and enzyme sample) was incubated at
37°C in darkness for 1 hour. The reaction was stopped by
adding to each test tube 5 cm? 0.2 M Na,CO;. The amounts
of p-nitrophenol were evaluated using a digital spectropho-
tometer (Shimadzu UV-VIS 1202) at 400 nm wavelength.
The acid phosphatase specific activity unit corresponds
to the amount of enzyme which released 1 umol of p-nitro-
phenol perl min per mg of protein during the experiment.

Evaluation of B-glucosidase Activity in Seedling
Roots Inoculated with Mycelium T. terrestris
and H. crustuliniforme

Scots pine seedlings were grown in large test tubes of
35 (lenght) x 3.5 (@) cm. Ingestad mineral medium (10-fold
diluted) with 0.7% agar was used for culturing. For each
treatment there were five replicates. Seeds of Scots pine
were taken from a gene bank in Kostrzyca, Poland. To
obtain aseptic seedlings pine seeds were surface-sterilized
in 30% hydrogen peroxide for 20 min, and rinsed several
times in sterile distilled water. The seeds were placed in
Petri dishes containing 0.1% pepton and 1.5% agar medi-
um, and were incubated at constant illumination. After 4 to
7 days, germinated sterile seeds were aseptically transferred
to test tubes containing Ingestad medium. Seedlings were
grown in a growth chamber with a day/night rhythm of 16/8
h and 20/18°C. Two-month-old seedlings were inoculated
with a fungal suspension of Thelephora terrestris or
Hebeloma crustuliniforme grown in Melin-Norkrans liquid
medium modified by Kottke, Guttenberger, Hampp, and
Oberwinkler [13]. The seedlings were inoculated two
months after sowing with blended mycelium of 7. terrestris
and H. crustuliniforme, each seedling receiving 5 ml of
mycelium suspended in distilled water (0.025g of myceli-
um per plant). Two months after seedling inoculation with
the fungi, evaluation of B-glucosidase activity in seedling
roots was carried out in 5 replicates per treatment (inocu-
lated and non-inoculated controls). Seedling roots were
homogenized in a glass mortar and the macerate added to 5
ml of 0.01 M acetate buffer pH 5.5. The supernatant served
as an enzymatic sample. B-glucosidase activity was esti-
mated using the same method as in the case of pure mycor-
rhizal fungi cultures.

The B-glucosidase-specific activity unit corresponds to
the amount of enzyme which released 1pmol of p-nitro-
phenol from substrate per 1 min during the experiment.

Protein Estimation in Post-Culture Liquids

Estimation of protein was performed using Lowry et al.
[20] with bovine albumin as a standard.

Mycorrhizal Development

Total numbers of vital mycorrhizal root tips per
seedling were counted, the tips being counted and distin-
guished using available identification manuals [21, 22].

Statistics

Data were analyzed using analysis of variance in the
Statistica 7.1. package (StatSoft). Differences between
means were evaluated with the t-test (Table 1) and LSD test
(Fig. 1) at p<0.05.

Results

The analyses of enzymes found in post-culture liquids
as well as in fungal homogenates of 7. terrestris and H.
crustuliniforme were qualitatively and quantitatively differ-
ent (Table 1). In the case of H. crustuliniforme no pectate or
pectin lyase activity has been found (PGL and PL). In post-
culture liquids of 7. terrestris the level of polygalacturanase
(PG) was found to be several times (and significantly) high-
er than in post-culture liquids of H. crustuliniforme. In T.
terrestris cultures significantly higher (almost twofold) lev-
els of chitinase were observed, although the level of acid
phosphatase was not significantly different. In contrast, H.
crustuliniforme produced significantly higher amounts of
neutral proteinase than 7. terrestris. In H. crustuliniforme
cultures no cellulase activity has been found, whereas T.
terrestris produced endocellulase and B-glucosidase.

In seedling roots inoculated by mycelium of H. crus-
tuliniforme, B-glucosidase activity was 46% higher com-
pared to non-inoculated seedlings (control) (Fig.1) and the
differences were statistically significant. Seedling roots
inoculated with T. ferrestris showed significantly higher p-
glucosidase activity that was about 107% in comparison
with non-inoculated seedlings. At the same time the activi-
ty of enzymes was found to be (44%) lower in roots inocu-
lated with H. crustuliniforme than in those inoculated with
T. terrestris.

Discussion

Acid phosphatase found in 7. terrestris is the enzyme
responsible among others for release of non-organic phos-
phorus [23] or B-glucosidase. The higher content found in
Scots pine seedling root inoculated with mycelium of 7' fer-
restris than in seedlings inoculated with mycelium of H.
crustuliniforme may indicate better use of nutrients where
mycorrhizal T terrestris fungi dominate on the roots. This
hypothesis may be supported by the observation that f-glu-
cosidase belonging to exoglucosidases is the enzyme
involved in hydrolysis of phenol compounds with -
anomers of glucose [24]. The high activity of that enzyme
can be essential for organic forms of phosphorus uptake as
well as for utilization of nitrogen contained in proteins and
chitin [11]. A difference in enzyme activity between pure
cultures and mycorrhizal roots seems to be the result of dif-
ferent myceliums’ quantities [25]. The roots were investi-
gated a short time after inoculation.

Extracellulular chitinase activity enables the plant to
obtain readily available sources of carbon and nitrogen
[26]. Chitinases, 1.3- B-glucanases and proteinases [27, 28]
are involved in the process of decomposition of the main
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compounds of fungal cell walls. Studies of Mucha et al.
[28] indicated chitinolytic activity of A. muscaria and L.
laccata in the presence of chitinase inductors, such as col-
loidal chitine and mycelium of Trichoderma. However,
Hodge et al. [26] studied production of those enzymes by
mycorrhizal fungi Boletinus cavipes, Paxillus involutus,
Suillus variegatus, Pisolithus tinctorius and two pathogen-
ic fungi: Phytophthora cinnamomi and Armillaria mellea.
Among mycorrhizal fungi the largest amounts of chitinase
were produced by Boletinus cavipes, albeit the amounts
were much smaller in comparison with those observed in
cultures of pathogenic fungi. Significant differences in
chitinolytic activity between 4 mycorrhizal fungal species
in mycorrhizal association with tree roots were also shown
by Pritsch et al. [25]. Our studies on chitinolytic activity
have shown higher activity in 7. terrestris than in H. crus-
tuliniforme cultures, and point to the use of mycorrhizal
fungi of a universal, ubiquitous type [29] like T terrestris
rather than the more specialized H. crustuliniforme for
inoculation of pine seedlings. On post-agricultural lands,
which are commonly rich in N, the establishment and per-
formance of tree seedlings seems to be better when the
mycorrhizas are created by fungi insensitive to higher doses
of nitrogen, such as T terrestris [8].

There are steadily increasing data in the literature on the
ability of ectomycorrhizal fungi to synthesize cellulitic and
pectolitic enzymes. These enzymes hydrolyze compounds
that build cell walls of plants [10, 30, 31]. The formation of
the Hartig net is possible due to the process of shifting mid-
dle lamella in the cortex of initial root bark [32], following
either mechanical or enzymatic effect [32]. Studies con-
ducted by Dahm et al. [33] on the cellulytic and pectolytic
activities of ectomycorrhizal fungi Amanita muscaria,
Suillus  hirtellus, Suillus Iluteus, Suillus bovinus,
Rhizopogon luteolus, have shown that only the latter did not
produce any of the enzymes in question. Later studies by
Dahm and Strzelczyk [34] indicated synthesis of cellulase
and pectinase by Hebeloma crustuliniforme, Laccaria lac-
cata and Pisolithus tinctorius. Among the cellulolytic
enzymes, exocellulase production by these fungi was
observed most often. The selected isolates of H. crustulini-
forme did not show any cellulolytic activity, whereas those
of T. terrestris produced endocellulase and B-glucosidase.
In Scots pine seedlings inoculated with 7. terrestris, B-glu-
cosidase is more active than in those treated with H. crus-
tuniliforme. Colpaert and Laere [29] described a high activ-
ity of constitutive B-glucosidase in vitro and its ability to
amplify the defence mechanisms of the host plant.
Production of proteinase by the pioneering species as 7. fer-
restris has turned out to be high. Proteinases play a key role
in transporting nutrients to fungi and to the symbiont plant
[35].

Investigated isolates of fungi were taken from mycor-
rhizas of seedlings growing on post agricultural lands and
the DNA sequences show that the isolates represent the
same strains [8]. However, given the variability of mycor-
rhizal isolates [10, 28, 29], there is need to conduct further
studies on the enzymatic activity of T terrestris, as well as
on several other mycorrhizal symbionts and strains

recommended for inoculation of Scots pine. Since in
Poland the aim of the afforestation plan is reforesing about
1 million ha of soils not cultivated by farmers [7], it is of
great importance to select isolates or strains of mycorrhizal
fungi that can provide nutritional benefits on non-forest
soils at the initial phase of seedling growth.
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