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Summary

A comparative study on the extracellular ligninolytic enzymatic activity of five strains of Fusarium solani in a
carbon-limited medium under shaking, revealed a differential production of these enzymes. Aryl alcohol oxidase
(AAO) activity was observed only in the supernatant of strain CLPS no. 568 with levels higher than 57 mU ml™".
Free extracellular laccase activity was detected in strains CLPS nos. 493, 568 and 570, strain no. 568 being the one
which showed the highest activity (over 8.6 mU ml™!). Free extracellular lignin peroxidase (LiP) activity was not
detected in any isolate tested, whereas low levels of manganese-dependent peroxidase (MnP) and manganese-
independent peroxidase (MIP) activities were detected in certain isolates used. The AAO activity of F. solani on
primary a-alcohols such as veratryl alcohol, is reported for the first time; this enzyme activity is hydrogen-peroxide

independent. This is also the first report for extracellular MnP and MIP activities of F. solani.

Introduction

The genus Fusarium produces wilt diseases in a wide
variety of plants and the ability of the pathogen to
cause wilt symptoms is correlated to its enzyme
production (Cooper 1984). Usually these fungi prefer-
entially degrade carbohydrates and pectin in wood;
different enzymes involved in cellulose, hemicellulose
and pectin degradation have been characterized previ-
ously (Alconada & Martinez 1994). However, these
fungi are also able to mineralize lignin (Norris 1980;
Regalado et al. 1997). Ligninolytic systems have been
mainly investigated in white-rot fungi (Szklarz et al.
1989; Pelaez et al. 1995; Heinzkill & Messner 1997).
These enzymatic systems include ligninolytic peroxid-
ases, lignin peroxidase (LiP), manganese-dependent
peroxidase (MnP) and manganese-independent peroxi-
dase (MIP), laccases and the enzymes responsible for
the production of H,O,, such as glyoxal oxidase or
aryl-alcohol oxidase (AAO) (Guillén ez al. 1992; Heinz-
kill & Messner 1997). These enzymes present a wide
substrate specificity (Hofrichter & Fritsche 1996) and
they are also involved in different aspects of fungal

physiology (breakdown of plant polymers, detoxifica-
tion of phenolic compounds, conidial pigmentation,
morphogenesis and pathogenesis) (Binz & Canevascini
1996; Heinzkill & Messner 1997). Due to the lack of
specificity of the system involved in the depolymeriza-
tion and mineralization of lignin, fungi are important
organisms to be taken into account in biorremediation
processes (Field et al. 1993).

Fusarium solani is able to mineralize '*C-labelled
milled wood lignin from wheat straw, degrading about
25% of carbohydrates and lignin (Rodriguez et al.
1996). There have also been reports on the capacity of
F. solani to oxidize o,f-unsaturated alcohols, such as
coniferyl alcohol, to the corresponding aldehyde, as well
as the non-etherified side chain of dehydroconiferyl
alcohol (Iwahara et al. 1980). In other species of
Fusarium a laccase-type intracellular enzyme was isolat-
ed capable of oxidizing guaiacol (Janshekar & Fiechter
1983); molecular evidence of a lignin peroxidase has
been reported in F. oxysporum (Monkemann et al.
1996).

The aim of the present work was to get a better insight
into the ability of five strains of F. solani, isolated from
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different substrata and growning in C-limited medium,
to produce free extracellular ligninolytic enzymes: AAO,
laccase, LiP, MnP and MIP.

Materials and Methods
Fungal strains

The strains of F. solani used for this work were isolated
from different substrata and habitats; they belong to the
culture collection of the Spegazzini Institute (CLPS).
Stock cultures were maintained on agar slants (Table 1)
at 4 °C until used.

Medium and culture conditions

Fungal strains were cultivated in 250 ml Erlenmeyer
flasks containing 50 ml of the modified Czapek Dox
medium (Pelaez et al. 1995). The flasks were incubated
at 25°C in a rotary shaker at 150 rev min~'. The
cultures were performed in quadruplicate.

Analytical methods

The fungal cultures were harvested at days 7, 14 and
21 of incubation. Each sample was centrifuged
(10,000 x g for 30 min) at 4 °C and filtered through
tared Whatman no. 1 filter paper. The mycelial pellet
was used to estimate fungal biomass, and the dry
weight was determined at 60 °C. The supernatant of
the liquid culture was collected for the determination
of reducing sugars, proteins, pH and for enzymatic
assays. The reducing sugars were determined by the
Somogyi and Nelson method (Somogyi 1945). The
extracellular proteins were determined by the Lowry
method. The pH was determined using a Beckman 50
pH-meter.

Table 1. Fungal isolates used in this study.

CLPS CLPS culture Year  Substrate of isolate

strain medium of of

no. maintenance isolate

256" m 1993 Organic matter floating in freshwater®

273"  m 1993  Organic matter floating in freshwater®

493"  m 1995  Crude-oil polluted soil®

568" h 1995  Non hydrocarbon polluted
agricultural soil®

570° m 1997  Eustoma grandiflora (host), with

symptom of base rot®

@ Saprotrophic (saprophytic) strain.

® Phytopathogen strain.

Collection source

¢ Santiago river (Province of Buenos Aires), Argentina.

4 Ensenada (Province of Buenos Aires), Argentina.

¢ La Plata city (Province of Buenos Aires), Argentina.

Culture media strain type: m: 2% (w v_') malt-agar; h: Czapek with
1% (v v7') crude oil.
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Enzyme assays

AAO activity was estimated by following veratraldehyde
formation spectrophotometrically (¢39;: 9,300 M™' cm™
from 5 mM veratryl alcohol (Fluka) in 100 mM phos-
phate buffer at pH 6.0 (Guillén et al. 1992). Laccase
activity was measured spectrophotometrically with 5 mM
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) (Sigma) in 100 mM acetate buffer at pH 5.5
(e43¢ of the ABTS cation radical: 29,300 M~ em™!
(Pelaez et al. 1995). The LiP activity was determined by
H>0,-dependent veratraldehyde formation from 2 mM
veratryl alcohol (Fluka) in 100 mM sodium tartrate
buffer at pH 3.0, with H,O, 0.4 mM (Tien & Kirk 1988),
and Azure B oxidation was determined spectrophoto-
metrically by utilizing 32 uM Azure B, in 100 mM Na
tartrate (pH 4.5) and H,O, 0.4 mM (&g5; of Azure B:
48,800 M~' em™") (Archibald 1992). Total phenol-red
(PR)-determined peroxidase activity was estimated un-
der conditions described by Paszcynsky et al. (1988)
using 0.01% of this phenolic substrate (Sigma) in
presence of 0.1 mM H»O, and 1 mM MnSO4 in
100 mM Na tartrate (pH 5.0). MIP activity was simi-
larly assayed as described above except the final assay
contents contained 1 mM EDTA and MnSO, was
excluded. MnP activity was calculated by subtracting
the MIP activity from the total PR peroxidase activity.
Oxidative enzyme activities were determined on aliqu-
ots of the supernatant. The enzyme reactions were
carried out in duplicate, and control assays were
performed without the addition of the enzyme or
hydrogen peroxide for oxidase and peroxidase assays,
respectively. Based on preliminary studies, optimal
assay times were known to fall in the linear range of
enzyme kinetics. All oxidation rates were determined at
25 °C using a Beckman DU 640 u.v.-visible spectro-
photometer. 1 U of enzymatic activity was defined
as the amount of enzyme that transforms 1 umol

substrate min~".

Results

Table 2 shows fungal biomass from five strains of
F. solani grown in modified Czapek Dox medium, at
days 7, 14 and 21 of incubation. The strain CLPS no.
273 reached the highest biomass value (over 400 mg
100 mI™! of culture medium) at the seventh day
of incubation, decreasing at days 14 and 21. A
similar pattern was observed in the rest of the strains
tested.

The reducing sugars were already undetectable in the
supernatant at the seventh day of incubation. Under
these conditions, and referring to the values of fungal
biomass, the cultures were found in idiophase or
stationary phase of growth under carbon-limited condi-
tions, restricting the trophophase to the first days.

The extracellular protein levels varied in the different
strains used (Table 3). The highest levels of extracellular
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Table 2. Estimation of fungal biomass (mg 100 ml™") of different
strains of F. solani®.
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Table 5. Free extracellular MnP (MIP) activity (mU ml™") in different
strains of F. solani®.

Fungal Day 7 Day 14 Day 21 Fungal Day 7 Day 14 Day 21
strain no. strain no.
256 382.2 + 3.3 363.4 £ 6.6 3739 £ 23 256 0.3 + 0.1 o° 0
273 405.3 + 22.5 370.1 £+ 10.0 360.7 £ 2.9 273 0 0 0
493 365.6 £ 6.9 333 £ 7.5 3553 £ 6.3 493 0.5 + 0.1 0 0
568 261.9 + 259 190.9 + 46.6 169.7 + 354 568 04 £ 0.1 0.7 £ 0.2 0.4 + 0.1
570 388.8 = 12.2 380.7 £ 5.2 364.1 £ 6.8 (0.7 £ 0.5)
570 0 0 0

& All values are reported as mean + SD for four replicate cultures.

Table 3. Production of extracellular proteins (ug ml™") of different
strains of F. solani®.

Fungal Day 7 Day 14 Day 21

strain no.

256 267.0 + 22.0 520.6 + 5.1 363.2 + 175.1
273 8459 + 122.7 3352 £ 76.7 471.2 £ 111.0
493 287.7 + 25.5 376.2 + 224 407.2 + 164

568 506.8 £ 53.6 416.6 = 56.2 381.3 £ 91.2

570 629.4 + 101.1 599.5 + 54.5 3422 + 74.1

@ All values are reported as mean £ SD for four replicate cultures.

proteins correspond to the culture of strain no. 273 at
7 days of incubation.

pH measurements revealed an increase of more than
two units in the supernatant of the cultures of the
different strains after the first 7 days of incubation.
Values close to neutrality were also detected on days 14
and 21, which corresponded to the optimal pH for
in vitro growth (7.8).

The AAO activity was only detected in the superna-
tant of isolate no. 568 at all the incubation times tested,
attaining the highest level at day 21 of incubation
(>57 mU ml™") (Table 4).

Free extracellular laccase activity (Table 4) was de-
tected in the cultures of strains nos. 493, 568 and 570
with the strain no. 568 showing the highest activity (over
8.6 mU ml™"). In the strain no. 493, laccase activity was
detected only on day 21 of incubation. However, strains
nos. 568 and 570 showed laccase activity at three
incubation times, reaching the highest levels on days 21
and 14 of incubation, respectively.

@ All values are reported as mean £ SD for four replicate cultures.
® No activity.

The LiP activity, assayed by two different methods
(the oxidation of veratryl alcohol and the oxidation of
Azure B) was not detected in any of the strains tested;
whereas low levels of MnP activity (Table 5) were
detected in the cultures of strains nos. 256, 493 and 568;
this latter strain showed the highest activity
(0.7 mU ml™") of MIP.

Discussion

Lignin is a recalcitrant heteropolymer of phenyl-prop-
anoid units present in woody plant tissues (Higuchi
1990). Lignin biodegradation is a natural process
developed mainly by basidiomycetous fungi (Kirk &
Farrell 1987). However, other microorganisms such as
Ascomycetes and Deuteromycetes are involved in the
lignin decay process (Drews & Kadam 1978; Ferraz
et al. 1991). Fusarium solani and other Fusarium sp. are
able to colonize, modify and degrade lignin (Norris
1980; Rodriguez et al. 1996), as well as model com-
pounds of this polymer (Ohta et al. 1979; Nazareth &
Mavinkurve 1986). The physiological variability of
F. solani (Domsch et al. 1993), led us to examine
the production of different extracellular ligninolytic
enzymes by strains isolated from different sources.

In regards to the ligninolytic enzymatic activities
studied in this work, it is necessary to comment that LiP
activity has not been detected in the five strains of F.
solani in the culture conditions used. Evidence of LiP in
F. oxysporum has been detected by Northern blot

Table 4. Free extracellular AAO and laccase activities in different strains of F. solani®.

Fungal Enzymatic activity (mU ml™")
strain no.

AAO Laccase

Day 7 Day 14 Day 21 Day 7 Day 14 Day 21
256 0° 0 0 0 0 0
273 0 0 0 0 0 0
493 0 0 0 0 0 04 + 0.1
568 51.6 £ 11.2 519 £ 7.6 575 £ 17.1 22 + 1.1 52+ 1.2 8.7 £ 32
570 0 0 0 1.0 £ 04 40 + 1.7 1.4 +£ 03

# All values are reported as mean + SD for four replicate cultures.

® No activity.
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analysis (Monkemann et al. 1996). The AAO, laccase,
MnP and MIP activities have only been detected in
certain isolates. These results are in accordance with
those reported on the variability of ligninolytic enzymes
in the different fungal species, and their production
depends on the composition and conditions of the
culture (Rogalski et al. 1991; Schoemaker et al. 1991).
Likewise, and according to Hammer & Schauer (1997),
the oxidative enzyme system is a strain-specific charac-
teristic and not a species-dependent feature. The differ-
ential production and the inability to secrete
extracellular oxidases and peroxidases by certain strains
of F. solani, could be due to the maintenance of the
strains in culture for long periods (Szklarz et al. 1989).
In this sense, the total absence of enzymatic activity in
the supernatant of non-producer cultures does not
indicate the lack of capacity to produce them. Enzyme
systems can be inhibited by different factors that
interfere with their expression (Bollag & Leonowicz
1984; Deshpande et al. 1992).

According to Iwahara et al. (1980), the AAO of
F. solani is able to oxidize «,f-unsaturated alcohols such
as coniferyl alcohol, the non-etherified side chain of
dehydroconiferyl alcohol and different treated lignins,
but shows no activity on veratryl alcohol. However, in
spite of this latter activity not being detected in the
supernatant of the strains nos. 256, 273, 493 and 570 of
F. solani, it was found in the supernatant of isolate no.
568; the veratryl alcohol was oxidized to veratraldehyde.
This reaction was independent of hydrogen peroxide.
Therefore, this oxidase activity detected in F. solani
strain no. 568 was different to those reported for this
species by Iwahara et al. (1980). The lack of LiP activity
in the supernatant of this latter strain, not detected by
any of techniques used, confirms the extracellular
oxidase activity of F. solani on veratryl alcohol. This is
the first report of AAO activity of F. solani on primary
a-alcohols, enlarging the spectrum of substrates for this
oxidase.

The levels of MnP and MIP estimated were compar-
atively lower than AAO and laccase activities, as has
been reported for ligninolytic systems of different white-
rot fungi (Pelaez et al. 1995). As far as we know, this is
the first report of extracellular MnP and MIP activities
in F. solani.

The AAO activity detected in strain no. 568 of
F. solani assayed in this work is higher than that found
in strains isolated from different white wood-rot Basidio-
mycetes assayed under the same conditions (Pelaez et al.
1995). Many ligninolytic Basidiomycetous fungi only
secrete oxidative lytic enzymes under some nutrient-
limited conditions (Faison & Kirk 1985; Pelaez et al.
1995). These strains generally require long incubation
times, 15-20 days or even more, to complete their
growth and reach the idiophase (Pal et al. 1980). The
high growth rate and plasticity of F. solani (Domsch
et al. 1993), may make this species useful in biotechnol-
ogy related to lignin biodegradation and biorremedia-
tion process.

M.C.N. Saparrat et al.

Variations among strains represent a crucial problem
in the study of the oxidative enzymology of this species
with such a broad physiological heterogeneity (Domsch
et al. 1993; Hammer & Schauer 1997). In this respect, it
is worth emphasizing the importance of working with
accurately identified strains, deposited in a culture
collection. Under such in-vitro culture conditions, each
isolate could be maintained for long periods of time, and
the effect of different metabolites studied.

Acknowledgments

The authors are indebted to Lic. A.M.M. Bucsinszky
(Fac. Ciencias Naturales UNLP) who is in charge of the
culture collection at the Spegazzini Institute, for her
excellent technical assistance, and to Lic. C. Modnaco
(Fac. Ciencias Agrarias y Forestales UNLP) for kindly
providing culture no. 570. M.C.N. Saparrat is a recip-
ient of a scholarship from CONICET. M.N. Cabello is a
researcher from the CIC. A.M. Arambarri is a research-
er from CONICET. H.A. Tournier is a CIC technician.
This research was supported by Grants from CONICET
and CIC, Argentina.

References

Alconada, M.T. & Martinez, M.J. 1994 Purification and characteriza-
tion of an extracellular endo-1,4-f-xylanase from Fusarium oxy-
sporum f.sp. melonis. FEM'S Microbiology Letters 118, 305-310.

Archibald, F.S. 1992 A new assay for lignin-type peroxidases
employing the dye Azure-B. Applied and Environmental Micro-
biology 58, 3110-3116.

Binz, T. & Canevascini, G. 1996 Differential production of extracel-
lular laccase in the Dutch elm disease pathogens Ophiostoma ulmi
and O. novo-ulmi. Mycological Research 100, 1060—-1064.

Bollag, J.M. & Leonowicz, A. 1984 Comparative studies of extracel-
lular fungal laccases. Applied and Environmental Microbiology 48,
849-854.

Cooper, R.M. 1984 The role of cell wall degrading enzymes in
infection and damage. In Plant Diseases: Infection, Damage and
Loss, eds. Wood, R.K.S. & Jellis, G.J., pp. 13-20. Oxford:
Blackwell Scientific Publications. ISBN 0-63201126-2.

Deshpande, M.S., Vinay, B.R. & Lynch, J.M. 1992 Aureobasidium
pullulans in applied microbiology: A status report. Enzyme and
Microbial Technology 14, 514-527.

Domsch, K.H., Gams, W. & Anderson, T.H. 1993 Compendium of Soil
Fungi, vol. 1. pp. 859. Berlin: IHW-Verlag. ISBN: 3-9803083-8-3.

Drews, W. & Kadam, L. 1978 Lignin metabolism by Aspergillus
fumigatus and white-rot fungi. Developments in Industrial Micro-
biology 20, 153-161.

Faison, B.D. & Kirk, T.K. 1985 Factors involved in the regulation of a
ligninase activity in Phanerochaete chrysosporium. Applied and
Environmental Microbiology 49, 299-304.

Ferraz, A., Baeza, J. & Duran, N. 1991 Softwood biodegradation by
an ascomycete Chrysonilia sitophila (TFB 27441-Strain). Letters in
Applied Microbiology 13, 82-86.

Field, J.A., de Jong, E., Feijoo-Costa, G. & de Bont, J.A.M. 1993
Screening for ligninolytic fungi applicable to the biodegradation of
xenobiotics. Trends in Biotechnology 11, 44-49.

Guillén, F., Martinez, A.T. & Martinez, M.J. 1992 Substrate specificity
and properties of the aryl-alcohol oxidase from the ligninolytic
fungus Pleurotus eryngii. European Journal of Biochemistry 209,
603-611.



Ligninolytic enzymes from F. solani

Hammer, E. & Schauer, F. 1997 Fungal hydroxylation of dibenzofu-
ran. Mycological Research 101, 433-436.

Heinzkill, M. & Messner, K. 1997 The ligninolytic system of fungi. In
Fungal Biotechnology, ed. Anke, T., pp. 213-227. Weinheim:
Chapman & Hall. ISBN: 3-8261-0090-5.

Higuchi, T. 1990 Lignin biochemistry. Biosynthesis and biodegrada-
tion. Wood Science and Technology 24, 23-63.

Hofrichter, M. & Fritsche, W. 1996 Depolymerization of low-rank
coal by extracellular fungal enzyme systems. I. Screening for
low-rank-coal-depolymerizing activities. Applied Microbiology and
Biotechnology 46, 220-225.

Iwahara, S., Nishihira, T., Jomori, T., Kuwahara, M. & Higuchi, T.
1980 Enzymatic oxidation of o,f-unsaturated alcohols in the side
chains of lignin-related aromatic compounds. Journal of Fermen-
tation Technology 58, 183—-188.

Janshekar, H. & Fiechter, A. 1983 Lignin: biosynthesis, application,
and biodegradation. In Advances in Biochemical Engineering and
Biotechnology, eds. Fiechter, A. & Jeffries, T.W., pp. 119-178.
Berlin: Springer-Verlag.

Kirk, T.K. & Farrell, R.L. 1987 “Enzymatic combustion”: The
microbial degradation of lignin. Annual Review of Microbiology
41, 465-505.

Monkemann, H., Holker, U., Golubnitchaya-Labudova, O., Lichten-
berg-Frata, H. & Hofer, M. 1996 Molecular evidence of a lignin
peroxidase H8 homologue in Fusarium oxysporum. Folia Microbi-
ologica (Prague) 41, 445-448.

Nazareth, S. & Mavinkurve, S. 1986 Degradation of ferulic acid via 4-
vinylguaiacol by Fusarium solani (Mart.) Sacc. Canadian Journal of
Microbiology 32, 494-497.

Norris, D.M. 1980 Degradation of '*C-labeled lignins and '*C-labeled
aromatic acids by Fusarium solani. Applied and Environmental
Microbiology 40, 376-380.

Ohta, M., Higuchi, T. & Shojiro, 1. 1979 Microbial degradation of
dehydrodiconiferyl alcohol, a lignin substructure model. Archives
of Microbiology 121, 23-28.

803

Paszcynsky, A., Crawford, R.L. & Huynh, V.B. 1988 Manganese
peroxidase of Phanerochaete chrysosporium: Purification. Methods
in Enzymology 161, 264-270.

Pal, A., Roy, A. & Das, A. 1980 Production of amylase by Polyporus
ostreiformis. Mycologia 72, 1134-1140.

Pelaez, F., Martinez, M.J. & Martinez, A.T. 1995 Screening of 68
species of Basidiomycetes for enzymes involved in lignin degrada-
tion. Mycological Research 99, 37-42.

Regalado, V., Rodriguez, A., Perestelo, F., Carnicero, A., de la
Fuente, G. & Falcon, M.A. 1997 Lignin degradation and
modification by the soil-inhabiting fungus Fusarium proliferatum.
Applied and Environmental Microbiology 63, 3716-3718.

Rodriguez, A., Perestelo, F., Carnicero, A., Regalado, V., Pérez, R., de
la Fuente, G. & Falcon, M.A. 1996 Degradation of natural lignins
and lignocellulosic substrates by soil-inhabiting fungi imperfecti.
FEMS Microbiology Ecology 21, 213-219.

Rogalski, J., Lundell, T., Leonowics, A. & Hatakka, A. 1991
Production of laccase, lignin peroxidase and manganese-dependent
peroxidase by various strains of Trametes versicolor depending on
culture conditions. Acta Microbiologica Polonica 40, 221-234.

Schoemaker, H.E., Tuor, U., Muheim, A., Schmidt, HW.H. &
Leisola, M.S.A. 1991 White-rot degradation of lignin and xeno-
biotics. In Biodegradation: Natural and Synthetic Materials, ed.
Betts, W.B., pp. 157-174. Berlin: Springer—Verlag. ISBN: 3-540-
19705-2.

Somogyi, M. 1945 A new reagent for determination of sugars. Journal
of Biological Chemistry 160, 61-73.

Szklarz, G.D., Antibus, R.K., Sinsabaugh, R.L. & Linkins, A.E. 1989
Production of phenol oxidases and peroxidases by wood-rotting
fungi. Mycologia 81, 234-240.

Tien, M. & Kirk, T.K. 1988 Lignin peroxidase of Phanerochaete
chrysosporium. Methods in Enzymology 161, 238-249.



