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Abstract

The present study investigated the ability of the non-pathogenic fungus Fusarium lateritium to either degrade or

modify aromatic substances in olive-mill dry residue (DOR) and to reduce its phytotoxicity. The 80% reduction of

ethylacetate extractable phenols in DOR colonized by the fungus for 20 weeks appeared to be due to polymerization

reactions of phenol molecules as suggested by mass-balance ultrafiltration and size-exclusion chromatography experi-

ments. Several lignin-modifying oxidases, including laccase, Mn-peroxidase and Mn-inhibited peroxidase were detected

in F. lateritium solid-state cultures. Tests performed with tomato seedlings in soils containing 6% (w/w) sterilized non-

inoculated DOR showed that the waste was highly phytotoxic. By contract, F. lateritium growth on DOR for 20 weeks

led to a complete removal of the waste toxicity and to a higher shoot dry weight of tomato plants than that obtained in

the absence of DOR.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of two-phase olive oil extraction is extended

increasingly because it reduces considerably the produc-

tion of waste water. This system generates oil along with

a wet residue, generally termed ‘‘alpeorujo’’, which is

then dried and extracted with solvents to obtain an extra

yield of oil and a dry residue. This olive-mill dry residue

(DOR) has a firm, stackable consistency, contains olive–

almond residues and a great amount of lignin, cellulose,

hemicellulose and phenolic compounds (Alburquerque

et al., 2004).

DOR contains phytotoxic components capable of

inhibiting the growth of microorganisms (Ramos-Cor-

menzana et al., 1996) and plants (Martı́n et al., 2002).

Phenolic compounds seems to be the main determinants

of the phytotoxic effect of olive residues (D�Annibale

et al., 2004). Though other components, such as high-

molecular-mass polyphenols, organic acid, lipids, oligo-

saccharides and glycoproteins can contribute to the

phytotoxic potential of the waste (Takijima, 1964; Bucheli

et al., 1990; Capasso et al., 2002; Linares et al., 2003).

The problem of DOR disposal has not been resolved

and research into new technological procedures that
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permit its profitable use is needed. One possibility is to

use DOR as soil organic fertilizer and amendant pro-

vided that its phytotoxic effects be removed. Although

contamination of soils with DOR can be a serious prob-

lem, their remediation may be possible using biological

methods such as bioremediation with saprobe fungi

(Sampedro et al., 2004).

Saprobe fungi of the genus Fusarium are common

and cosmopolitan species that occur in association with

many plants and soils (Botth, 1971). They are highly

competitive against pathogenic fungi (Domsch et al.,

1980), can contribute to the best use of the nutrient by

the plant (Dix and Webster, 1995) and some of them

produce substances that promote the growth of plant

beneficial microorganisms such as arbuscular mycorrhi-

zal fungi (Fracchia et al., 2000).

Fungi belonging to the aforementioned genus and

isolated from olive oil wastewater or other polluted sub-

strates have been shown to be able to degrade and trans-

form lignin and lignin-derived components in soil

(Regalado et al., 1997; Saparrat et al., 2000). The lignin-

olytic capability of these soil saprobe fungi could be,

therefore, successfully exploited for several purposes,

including soil bioremediation and phenolic wastes

detoxification.

The aim of the present study was to assess the ability

of F. lateritium to reduce DOR phytotoxicity in order to

allow the use of this waste as a soil amendant for agricul-

tural purposes. A particular attention was devoted to the

determination of the effect of F. lateritium on the mono-

meric and polymeric aromatic fractions of DOR both

from a qualitative and quantitative viewpoint.

2. Materials and methods

2.1. Sample preparation

Dry olive-mill residue was collected from an olive oil

manufacturer (Sierra Sur S.A., Granada, Spain). The

initial moisture content of the solid residue was 10–

15%, and it was increased with added distilled water

up to 25% prior to the incubation assays.

The saprobe fungus F. lateritium Nees BAFC Cult.

No. 2317 from the fungal collection of the Facultad de

Ciencias Exactas y Naturales (Universidad de Buenos

Aires, Argentina) was isolated from rhizosphere soil

and roots of maize cultivated in the Province of Buenos

Aires by the particle washing method (Widden and Bis-

set, 1972). The fungal isolated was transferred to tubes

of potato dextrose agar (PDA) and 2% malt extract at

4 �C as stock cultures. An aqueous suspension of F. lat-

eritium in sterile distilled water, containing approxi-

mately 7.5 · 103 spores/ml was prepared from cultures

grown in PDA for one week at 28 �C. The incubation

process was carried out in glass jars containing 500 g

of DOR steam-sterilized three times, inoculated with

3 ml of fungal spore suspension. Static incubation was

performed at 28 �C for 0, 2 and 20 weeks. Appropriate

controls were prepared by incubating non-inoculated

sterilized DOR under the same conditions used for fun-

gal cultures. From hereafter, these controls will be re-

ferred to as incubation controls. Fungal cultures and

related incubation controls were performed in triplicate.

2.2. Analytical determinations

Water-soluble phenols (WSP) were extracted from 1 g

DOR with 10 ml acidified (pH 4.5) water for 4 h at 15 �C
and analysed according to the method of Swain and Hil-

lis (1959) using tyrosol as a standard. Acid-precipitable

polymeric lignin (APPL) was obtained by using the pro-

cedure described by Crawford and Pometto (1988).

2.3. Biochemical determinations

Extra-cellular enzymes were extracted from DOR at

5 �C for 1 h using a modified procedure described by

Criquet et al. (1999). Three grams of DOR were ex-

tracted with 30 ml 0.1 M acetate buffer pH 5.0 (buffer

A) containing 5 mM CaCl2, 0.05% Tween 80% and 3%

insoluble polyvinylpolypyrrolidone. The aqueous sus-

pension was centrifuged (11000 · g, 30 min) and the

resulting supernatant was dialy-filtrated with buffer A

and 20-fold concentrated on a stirred cell equipped with

PM 30 Diaflo membrane (Amicon, USA). The activity of

b-glucosidase was determined according to the method

of Hayano and Tubaki (1985). Pectinase, endo-b-1,
4-xylanase, endo-b-1,4-glucanase, cellobiohydrolase

activities were determined as described elsewhere (Gio-

vannozzi-Sermanni et al., 1997). Esterase and lipase

activities were determined spectrophotometrically at

35 �C using either b-naphtylacetate or b-naphtylmyri-

state, respectively, as substrates as described elsewhere

(Versaw et al., 1989). Tannin acyl hydrolase was assayed

as described elsewhere (Sharma et al., 2000). Mn-depen-

dent peroxidase, Mn-inhibited peroxidase, laccase and

aryl-alcohol oxidase activities were assayed according

to the method of Saparrat et al. (2000).

Appropriate controls were performed with heat-dena-

tured extracts. All enzyme activities where expressed

both as IU (mgprotein)�1 and as IU (gDOR)�1. One

IU was defined as the amount of enzyme produc-

ing 1 lmolproductmin�1 under the assay conditions.

Extra-cellular soluble protein was determined by the

Bradford�s method (1976) after trichloroacetic precipita-

tion and resuspension in 0.02 M NaOH.

2.4. Chromatographic analyses

High-performance size-exclusion chromatography

(HPSEC) of APPL was performed as previously de-
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scribed (D�Annibale et al., 2004). To determine the

monomeric composition of the phenolic fraction, the

aqueous extract containing WSP (15 ml) was acidified

to pH 2.0 with few drops of 6 N HCl and extracted with

ethyl acetate (15 ml · 3). Resorcinol (2 mg) was added as

an internal standard prior to extraction. The pooled or-

ganic phases were dehydrated with Na2SO4 and dried

under vacuum. Gas chromatographic–mass spectromet-

ric (GC–MS) analyses were performed on DOR ethyl

acetate residues derivatized with N,O-bis(trimethylsi-

lyl)trifluoroacetamide in pyridine. Mass spectra were re-

corded by the use of a QP-5050 (Shimadzu, Japan)

spectrometer equipped with an AT 20 capillary column

(0.25 mm i.d., 25 m) (Alltech, Deerfield) at 80–280 �C
with an isothermal program at 80 �C for 3 min, then

7 �Cmin�1 up to 280 �C and finally isothermal at

280 �C for 5 min. The identification of aromatic com-

pounds was based on comparison with retention times

and mass spectra of pure standards. To quantify the

degradation extent of the main DOR aromatic compo-

nents, the ethyl acetate residues were dissolved in 2 ml

of methanol and analyzed by reversed-phase high-per-

formance liquid chromatography (RP-HPLC), as de-

scribed by D�Annibale et al. (2004).

2.5. Ultra-filtration experiments

Extracts containing WSP from either DOR colonized

by the fungus or its related incubation control were sub-

jected to ultra-filtration on a stirred cell equipped with a

100 kDa PTHMK flat membrane (Waters Millipore,

USA) operated in a dialy-filtration mode and the con-

centration of WSP was determined both in the permeate

and in the retentate fractions.

2.6. Phytotoxicity experiments

The soil used was a grey loam obtained from the field

of the Estación Experimental del Zaidı́n (Granada,

Spain). The soil had a pH of 8.1 in a 1:1 soil:water ratio.

The P, N, K, Fe, Mn, Cu and Zn were determined by

methods of Lachica et al. (1965). NaHCO3-extractable

P was 6.2 mgkg�1, N was 2.5 mgkg�1, K was 132 mg

kg�1, Fe was 9.6 gkg�1, Mn was 110 mgkg�1, Cu was

5.8 mgkg�1 and Zn was 5.7 mgkg�1. The soil texture

was 358 gkg�1 sand, 436 gkg�1 silt, 205 gkg�1 clay

and 18 gkg�1 organic matter.

After 2- and 20-weeks incubation with F. lateritum,

DOR was sterilized and added to soil pots at concentra-

tions of 0 and 60 gkg�1 soil. Non-inoculated sterilized

DOR was used as a control.

The experiments were carried out in 0.3 l pots of soil

containing steam-sterilized soil and quartz sand mixed in

a 1:1 ratio (v/v). Tomato (Lycopersicum esculentum L.)

pre-germinated seeds were selected for uniformity prior

to planting. Plants were grown in a greenhouse with nat-

ural light supplemented by Sylvania incandescent

and cool-white lamps giving 400 nmolm�2 s�1 at 400–

700 nm; there was a 16–8 h light–dark cycle at 25–

19 �C and 50% relative humidity. Plants were watered

from below, and fed with a nutrient solution at 10 ml

per week (Hewitt, 1952). Plants were harvested after

four weeks and dry matter weight was determined.

2.7. Statistical treatment of data

Data obtained were subjected to ANOVA and multi-

ple pair-wise comparisons were performed by the Tukey

test.

3. Results

3.1. Effect of F. lateritium on the aromatic fraction of

DOR

Table 1 shows that the WSP content in 2-weeks incu-

bation controls in DOR was 18.4 mg(gDOR)�1dry -

weight. The ethyl acetate-extractable phenols fraction,

mainly containing monocyclic components, amounted

to 40.2% of the total WSP content. In addition, a

mass-balance performed by ultra-filtration showed that

Table 1

Water-soluble phenols contents expressed in mg(gDOR)�1 in the whole aqueous extract, in the F1 (MW > 100 kDa), F2

(MW < 100 kDa) fractions and in ethyl acetate extracts of DOR incubation controls (2 weeks) and DOR colonized by Fusarium

lateritium for 2 and 20 weeks

Sample Aqueous

extract

F1

fraction

F2

fraction

Ethyl acetate

extract

Incubation control 18.4 5.4 13.0 7.4n.s.

F. lateritium (2 weeks) 18.6n.s. 4.3* 14.3* 7.8n.s.

F. lateritium (20 weeks) 14.1* 7.9** 6.2** 1.4***

Data are the mean of three experiments and standard deviations of data were less than 7%. Significant levels for the differences from

the incubation control were assessed by the Tukey test and are indicated by the following notations: n.s., not significant; * P < 0.05;
** P < 0.01; *** P < 0.001.
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the WSP contents in MW (molecular weight) fractions

higher than 100 kDa (F1) and lower than 100 kDa

(F2) were 5.4 and 13 mg(gDOR)�1, respectively (Table

1). Therefore, the percent abundance of F1 and F2 frac-

tions was about 29% and 71%, respectively. The total

content of WSP of DOR was not affected in 2-weeks-

old F. lateritium solid-state cultures, while it was reduced

by 23% after 20-weeks incubation. Nevertheless, the

contents of ethyl acetate extractable phenols in 20-

weeks-old cultures was remarkably reduced by 81.6%

while a shift in the relative abundance of WSP in F1

and F2 fractions was evident. In particular, WSP con-

tent in the F1 fraction increased from 29% (incubation

control) to 56%. APPL content in incubation control

was as low as 20 mg(gDOR)�1 and accumulated along

the fungal incubation [27 and 75 mg(gDOR�1) after 2-

and 20-weeks, respectively]. SEC-HPLC analysis of

APPL showed that the main fraction in incubation con-

trol was polymerized, as shown in Fig. 1. In fact, APPL

from DOR incubation control showed a main MW frac-

tion with Kav 0.226 and apparent MW of 69 kDa,

respectively (Fig. 1(a)). This MW fraction was shifted

towards a lower Kav value (0.206) and higher apparent

MW (84 kDa) in APPL from DOR colonized for 2

weeks by F. lateritium. The highest modifications in

the MW distribution of APPL was observed in DOR

colonized by the fungus for 20 weeks. In fact, the elution

profile of this sample showed the occurrence of a novel

MW fraction being eluted in the close proximity of the

void volume (Kav = 0.013; apparent MW = 165 kDa)

and the presence of a further MW fraction (Kav =

0.172, apparent MW = 92 kDa).

GC–MS analysis of ethyl acetate extracts from DOR

incubation control led to the identification of nine

aromatic compounds, two of which, including 3,4-

dimethoxycinnamic and 4-methoxycinnamic acids, were

non-phenolics (Fig. 2). Their quantitation was per-

formed by RP-HPLC analyses and showed that the

most abundant components in DOR incubation control

were hydroxytyrosol, tyrosol and catechol, the concen-

trations of which were 2333, 640 and 367 lg(gDOR)�1

(Table 2). The incubation by F. lateritium for 2 weeks

resulted in the significant reduction of some monocyclic

phenols, such as catechol, 4-methylcatechol and feru-

lic acid. In contrast, the concentration of some com-

pounds such as hydroxytyrosol and tyrosol appeared

to increase by 9.2% and 14.5%, respectively. In 20-

weeks-old DOR samples colonized by the fungus,

hydroxytyrosol, catechol, vanillic and 3,4-dimethoxy-

cinnamic acids were totally depleted, the most

recalcitrant compounds being tyrosol, ferulic acid and

4-methylcatechol (Table 2).

Fig. 1. High performance size-exclusion liquid chromatography of acid-precipitable polymeric lignin extracted from sterilized DOR

uninoculated (a) and colonized by F. lateritium for 2 weeks (b) and 20 weeks (c). Ten microlitre samples were injected in a PWXL TSK

G-3000 (Supelco, Bellefont USA) column (300 · 7.8 mm i.d.) using 50 mM sodium nitrate and 0.1 M LiCl at pH 7.0 (flow rate

1 mlmin�1) and the elution profile was monitored at 282 nm. The column was calibrated with the following standards: blue dextran

(>250 kDa, RT = 6.06 min); ovotransferrin (77 kDa, RT = 8.15); carbonic anhydrase (30 kDa, RT = 8.39 min); cytochrome c (12.4 kDa,

RT = 9.22 min) and aprotinin (RT = 14.22 min, 6 kDa).
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3.2. Extra-cellular enzyme production on DOR by

F. lateritium

Table 3 shows the extra-cellular enzyme composition

in 2- and 20-weeks-old F. lateritium solid-state cultures

on DOR. Several hydrolytic activities involved in the

depolymerization of plant cell wall polysaccharides were

detected. With regard to these polysaccharidases, the

highest activities were observed in 20-weeks-old solid-

state cultures for pectinase, endo-b-1,4-xylanase and

endo-b-1,4-glucanase which were found to be 9.3, 7.6

and 5.6 IU (gDOR)�1. Lipase activity was not detected

in 2-weeks-old cultures and reached 0.2 IU (gDOR)�1

after 20-weeks incubation. Similarly, both tannin acyl

hydrolase and esterase activity increased with the incu-

bation time, reaching 6.9 · 10�3 and 0.3 IU (gDOR)�1,

respectively, after 20 weeks.

Besides hydrolases, several lignin-modifying oxidase

activities were detected and included Mn-dependent

Fig. 2. GC–MS chromatogram (total ion current) of ethyl acetate extract from dry olive-mill residue derivatized with N,O-

bis(trimethylsilyl)trifluoroacetamide in pyridine. The following identified compounds have been numbered according to their

increasing retention times: catechol (1), 4-methylcatechol (2), tyrosol (3), hydroxytyrosol (4), vanillic acid (5), para-coumaric acid (6),

4-methoxycinnamic acid (7), 3,4-dimethoxycinnamic (8), ferulic acid (9).

Table 2

Concentration of monocyclic aromatic compounds expressed in

lg (gDOR)�1 in incubation control (2 weeks) and after 2 and

20-weeks incubation by Fusarium lateritium

Compound Incubation

control

2 weeks 20 weeks

Hydroxytyrosol 2333 2548* N.d.***

Catechol 367 176** N.d.***

Tyrosol 640 733* 74***

Vanillic acid 13.6 15.2n.s. N.d.**

4-Methylcatechol 124 48.4** 9.3***

p-Coumaric acid 22.4 5.52** 0.8***

Ferulic acid 120 25.6** 28**

3,4-Dimethoxy-

cinnamic acid

108 38.8** N.d.***

4-Methoxycin-

namic acid

50 65.6n.s. 25.2*

Data are the mean of three chromatographic runs. Standard

deviation of data was67%. N.d., not detected. Significant levels

for the differences from the incubation control were assessed by

the Tukey test and are indicated by the following notations:

n.s., not significant; * P < 0.05; ** P < 0.01; *** P < 0.001.

Table 3

Extra-cellular enzyme activities produced by Fusarium lateri-

tium after 2- and 20-weeks incubation on dry olive-mill residue

Enzyme Enzyme activity

IU (gDOR)�1

2 weeks 20 weeks

Pectinase 5.7 9.3

endo-b-1,4-Xylanase 3.6 7.6

endo-b-1,4-Glucanase 4.2 5.6

Cellobiohydrolase 2.8 2.8

b-Glucosidase 0.07 0.06

Lipase N.d. 0.2

Esterase 0.06 0.3

Tannin acyl-hydrolase 3.5 · 10�3 6.9 · 10�3

Mn-peroxidase 0.04 0.04

Mn-inhibited peroxidase N.d. 3.6 · 10�3

Laccase 0.02 0.04

Aryl-alcohol oxidase N.d. N.d.

Data are the means of three determinations. Standard deviation

of data was less than 7%. N.d.: not detected.
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peroxidase, Mn-inhibited peroxidase and laccase while

aryl-alcohol oxidase activity was not detected. Mn-

peroxidase activity maintained a constant level along

with the incubation time, while laccase activity increased

slightly from 2- to 20-weeks incubation [0.02 vs 0.04 IU

(gDOR)�1, respectively]. Mn-inhibited peroxidase acti-

vity was not detected after 2-weeks incubation but after

20-weeks incubation reached 3.6 · 10�3 IU (gDOR)�1.

3.3. Effect of F. lateritium on DOR phytotoxicity

Non-inoculated control DOR, added at a rate of 60 g

(kg soil)�1, proved to be highly phytotoxic towards to-

mato seedlings. In fact, plant biomass production in

the presence of DOR was markedly lower than that ob-

served in the absence of the waste (Table 4). In addition,

the extent of phytotoxicity did not significantly decrease

throughout the incubation period (Table 4). In parti-

cular, root and shoot dry weights of tomato grown in

presence of 20-weeks-old DOR�s incubation control

were reduced by about 88% and 94% respect to plants

grown in soil without DOR. F. lateritum did not reduce

DOR phytotoxicity after 2-weeks incubation. Thereaf-

ter, reduction of toxicity was evident after 20-weeks of

incubation. In particular, shoots dry weight of plants

grown in 20-weeks-colonized DOR were significantly

higher than those of plants grown in the control soil

(196.3 vs 139.3 mg, respectively).

4. Discussion

F. lateritium was able to grow on dry olive-mill res-

idue under solid-state static conditions in the absence of

external supplements and forced aeration. Total WSP

content of DOR was not significantly affected by F. lat-

eritium after 2-weeks incubation, albeit a shift in the rel-

ative abundance of MW fractions of WSP was evident.

The reduction of some monocyclic aromatic com-

pounds in these samples determined by RP-HPLC

was counterbalanced by an increase in hydroxytyrosol

and tyrosol contents. This could be explained taking

into account that these compounds are often present

in olive-mill wastes also as glucosides (Maestro-Duràn

et al., 1994; Romero et al., 2002). Therefore, their in-

creased concentration could be due to the hydrolysis

of the glycosidic bond of these compounds, catalysed

by b-glucosidase whose activity was also detected in

2-weeks-old cultures.

The impact of fungal growth on DOR�s aromatic

fraction was evident after 20-weeks incubation. The

80% reduction of ethyl acetate-extractable phenols,

recovered from fungal cultures, appeared to be due to

their polymerisation rather than to ring cleavage reac-

tions. This could be suggested by the dramatic increase

in the relative abundance of the phenolic MW fraction

above 100 kDa (fraction F1) with respect to the related

incubation control (56.2 vs 20.9, respectively). The in-

crease in APPL content in this sample with respect to

control and 2-weeks-colonized DOR and the change of

the MW distribution of APPL could be attributed either

to a partial fragmentation of lignin or to the formation

of oligomers through oxidative coupling of phenolic

compounds (Giovannozzi Sermanni et al., 1991).

Though, it should be borne in mind that APPL, being

a plant cell wall degradation intermediate, is a lignin–

carbohydrate complex rather than lignin alone (Craw-

ford and Pometto, 1988; Giovannozzi Sermanni et al.,

1991). Therefore, the above mentioned increased in

the APPL content might be due to a concerted action

of both polysaccharidases and lignin-modifying

enzymes.

The activities of several lignin-modifying oxidases,

acting via radical mechanisms, were detected in solid-

state cultures of F. lateritium on DOR (present study).

It is widely known that these enzyme act on phenolic

substrates by abstracting an hydrogen atom from the

hydroxyl group generating aryloxyradicals which can

undergo non-enzymatic coupling reaction leading to

the formation of oligomers. It is worth mentioning that

the occurrence of these enzymes in cultures of Fusarium

spp. is not a novel finding (Curir et al., 1997; Regalado

et al., 1997; Saparrat et al., 2000). The bioconversion of

DOR monomeric phenols into polymeric products in 20-

weeks samples might be the basis for the observed

phytotoxicity reduction towards tomato plants. In fact,

Table 4

Shoot and root dry weights (mg) of tomato (Lycopersicum esculentum L.) cultivated in the presence of either non-inoculated or fungal-

treated DOR [60 gwaste (kgsoil)�1]

Plant part/treatment Pots minus

DOR

Incubation time of DOR (weeks)

0 2 20

Shoot/control 139.3b 8.1a 8.3a 8.0a

Shoot/F. lateritium 135.9b 8.8a 16.5a 175.6c

Root/control 57b 2.7a 2.9a 6.6a

Root/F. lateritium 57.5b 2.8a 3.6a 53.3b

Data are the means of three determinations. Standard deviation of data was less than 7%. Row values followed by the same letter are

not significantly different as determined by Tukey multiple range test (P = 0.05).
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it has been suggested that the enhanced degree of poly-

merisation of phenoloxidases reaction products with re-

spect to their parent compounds might lead to a

decreased accessibility via the plant cell membrane (Casa

et al., 2003). However, other mechanisms of phytotoxic-

ity reduction of this waste involving hydrolytic enzymes

has been recently suggested (Aranda et al., 2004). It is

worth pointing out that 20-weeks-colonized DOR used

as an amendant led to a highly significant stimulatory ef-

fect on biomass production by L. esculentum L. seed-

lings, as it can be inferred from Table 4. Significant

reductions of DOR�s phytotoxicity were also obtained

with other test plants such as soybean (Glycine maximum

L.) and water-cress (Lepidium sativum L.) (data not

shown). This suggests that DOR treatment with F. lat-

eritium could be a promising approach prior to its use

for agricultural purposes, thus opening the door to its

upgrading.
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