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Abstract Two-phase olive mill waste (TPOMW) is a semi-
solid effluent that is rich in contaminating polyphenols and
is produced in large amounts by the industry of olive oil
production. Laboratory-scale bioreactors were used to
investigate the biodegradation of TPOMW by its indige-
nous microbiota. The effect of nutrient addition (inorganic
N and P) and aeration of the bioreactors was studied.
Microbial changes were investigated by PCR-temperature
time gradient electrophoresis (TTGE) and following the
dynamics of polar lipid fatty acids (PLFA). The greatest
decrease in the polyphenolic and organic matter contents of
bioreactors was concomitant with an increase in the PLFA
fungal/bacterial ratio. Amplicon sequences of nuclear
ribosomal internal transcribed spacer region (ITS) and16S
rDNA allowed identification of fungal and bacterial types,
respectively, by comparative DNA sequence analyses.
Predominant fungi identified included members of the
genera Penicillium, Candida, Geotrichum, Pichia, Clado-
sporium, and Aschochyta. A total of 14 bacterial genera

were detected, with a dominance of organisms that have
previously been associated with plant material. Overall, this
work highlights that indigenous microbiota within the
bioreactors through stimulation of the fungal fraction, is
able to degrade the polyphenolic content without the
inoculation of specific microorganisms.

Keywords Bioremediation .Microbial diversity .

Olive mill waste

Introduction

The olive oil industry generates large amounts of byproducts
that are harmful to the environment. Olive mill wastes
(OMWs) contain phytotoxic components capable of inhibiting
microbial growth (Capasso et al. 1995; Ramos-Cormenzana
et al. 1996) and the germination and vegetative growth of
plants (Linares et al. 2003). Traditionally, the disposal of
OMWs has become a great problem in Mediterranean
countries because of their polluting effects on soil and water
(Sierra et al. 2001; Piotrowska et al. 2006). The production of
olive oil is increasing worldwide, with a growth rate that is
expected to be between 3.5 and 4% per year, according to the
International Olive Oil Council (Anonymous 2004). More-
over, this production is no longer restricted to the Mediter-
ranean Basin, and new producers such as Australia, USA,
and South American countries will have to face the
environmental problems posed by OMWs.

At present, three systems are used worldwide for the
industrial-scale extraction of oil from olives, viz. the
traditional press-cake system, the three-phase decanter
system and the modern two-phase centrifugation system.
The present paper focuses on the two-phase centrifugation
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system, which was introduced in the 1990s as an ecological
approach for olive oil production, since it drastically
reduces water consumption during the process. The waste
stream of this system consists of a semi-solid waste: the
two-phase olive mill waste (TPOMW) or alpeorujo. The
resulting waste comprises about 800 kg per 1,000 kg of
the processed olives, and its production may exceed 4
million tons annually in Spain alone (Aragón and Palancar
2001; Alburquerque et al. 2004). The TPOMW consists of
a thick sludge that contains water and pieces of pit plus the
pulp of the olive fruit. This semi-solid effluent has a water
content of about 65% (Arjona et al. 1999), a slightly acidic
pH, and a very high content of organic matter, mainly
composed of lignin, hemicellulose and cellulose; it also has
a considerable proportion of fats, proteins, water-soluble
carbohydrates, and a small but active fraction of hydro-
soluble (poly)phenolic substances (Alburquerque et al.
2004).

The polyphenol content of olive residues consists of a
complex mixture of compounds and is considered to be the
most problematic fraction of OMWs, being associated with
the well-known antimicrobial and phytotoxic effects of
these residues (Ramos-Cormenzana et al. 1996). Bioreme-
diation is a valuable tool for the detoxification of TPOMW
by breaking down these phenolic compounds. Recent research
on TPOMW bioremediation has included different ap-
proaches, such as anaerobic digestion (Borja et al. 2005;
Rincón et al. 2006), natural biodegradation in evaporation
ponds (Buyer et al. 1999), removal of phenols by sapro-
phytic fungi (Sampedro et al. 2004), biodegradation by co-
composting with agricultural wastes (Paredes et al. 2002),
vermicomposting (Benitez et al. 2005), and the production of
metal-binding microbial exopolysaccharides (Morillo et al.
2006). Despite the importance of bioremediation as an
alternative to TPOMW detoxification and recycling, surpris-
ingly little information is available on the indigenous
microbiota of the residue and their potential for carrying
out biodegradation of the waste (Jones et al. 2000;
Giannoutsou et al. 2004; Ntougias et al. 2006). To our
knowledge, the only detailed molecular characterization of
the microbial communities of TPOMW is that of Rincón et al.
(2006), where the molecular identification of the microbial
species involved in a process of anaerobic treatment of
diluted TPOMW was performed by PCR-DGGE. The
Firmicutes (mainly represented by Clostridiales) were the
most abundant phylotype, followed by the Chloroflexi and
the Gammaproteobacteria (Pseudomonas species; Rincón
et al. 2006).

Thus, the aim of the present investigation was twofold:
first, to evaluate at laboratory scale the effect of nutrient
amendment and aeration on the bioremediation of
TPOMW, and second, to characterize the indigenous
microbial communities present in TPOMW (i.e., bacteria

and fungi) and to elucidate how they change in response to
nutrient amendment and aeration. The results of this study
establish the foundations of a systematic study to identify
optimal bioremediation conditions.

Materials and methods

Two-phase olive mill waste The TPOMW was obtained
from the factory “Aceites Jimena S.A.” (Granada, Spain),
collected in sterile plastic containers and stored at −20°C.
The sample was dark brown in color and had a smooth
dough-like consistency, with a high content of water (56%)
and organic matter (41.14%), slightly acidic pH (5.53) and
a high C/N ratio (40.77 mol/mol).

Experimental design and sampling Four experimental con-
ditions were tested in triplicate using 63 in-vessel glass
bioreactors (each 200 ml) at 25°C. For each bioreactor,
TPOMW, water, and wheat straw at a ratio of 15:18:2.4, by
weight basis was thoroughly mixed in a glass beaker
(500 ml), and then the mixture introduced into the reactor.
Initial moisture content (MC) of the mixture was measured,
and double distilled water (DDW) was added to reach 65%
MC (Antizar-Ladislao et al. 2006). Compost moisture
content was measured at intervals to ensure that it was
maintained at the required level and amended with DDW
when needed. The logistic approach to pinpoint the effect
of nutrient amendment and aeration on the bioremediation
of TPOMW and microbial community changes was to
investigate four different scenarios: non-aerated (OA), non-
aerated + nutrients (OAN), aerated (AA), and aerated +
nutrients (AAN). For the aerated treatments (AA and
AAN), the reactor units stood vertically with air flowing
continuously up through the mixture to avoid oxygen
limitation. The air was vented outdoors to avoid accumu-
lation of volatile compounds in the bioreactors. Airflow
through the mixture was achieved by means of a stainless
steel air-delivery tube inserted into the bottom of the
bioreactors attached by silicone tubing to a 100% oil-free
diaphragm pump (Model PXW-600-DIOV, VP1, 5 l min-1,
Fisher Scientific). The air inlet was bubbled through a
DDW reservoir to avoid excessive water evaporation during
aeration at 12 h intervals on and off. For the non-aerated
bioreactors (OA and OAN), the set-up was exactly the
same, except that the bioreactors were not aerated. For the
nutrient-amended bioreactors (AAN and OAN), the mixture
in each bioreactor was amended at the beginning of the
experiment with 1 g of nitrogen and 50 mg of phosphorus,
using NH4NO3 and KH2PO4, respectively. Destructive
sampling, in triplicate, for each bioreactor mixture was
done after 0, 7, 14, 21, 35, 55, and 77 days. The contents of
each bioreactor were thoroughly mixed in a 500-ml beaker,
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and different subsamples were collected. Moisture content,
ash content, and pH were analyzed on the same day of the
sampling. Subsamples for polyphenol content determina-
tions and microbial community analysis were kept frozen
(−20°C) in sterile containers.

Determination of moisture content and total organic
matter Total organic matter (TOM) was determined by
ashing using a loss-on-ignition procedure. Triplicate 2 g
samples were dried for 24 h at 110°C and reweighed to give
the moisture content. The dried samples were transferred to
a muffle furnace held at 550°C for 12 h. Ash content was
calculated from the ratio of pre-ignition and post-ignition
sample weights. The TOM losses were calculated as
described previously (Alburquerque et al. 2006).

Polyphenol analysis Extraction of polyphenolic substances
from the mixture was performed as follows. Approximately
1 g of sample was weighed and extracted with 20 ml of
methanol/water (20:80, v/v) using an orbital shaker
(150 rpm) for 2 h at 25°C. A modification of the Folin–
Ciocalteu reagent assay was used to determine the total
phenolic content (Maestro-Durán et al. 1991). All the
assays were performed in triplicate. Total amount of
phenolic compounds was calculated and expressed as
caffeic acid-equivalent, CAE (mg g−1).

Polar lipid fatty acid analysis of the microbial community Po-
lar lipids were extracted from mixture samples (1 g) using a
modified Bligh and Dyer method and their fatty acyl chains
converted to fatty acid methyl esters (FAMEs) by trans-
methylation using 2.5% (v/v) sulfuric acid in dry methanol
(Kates 1985). The FAMEs were analyzed by GC-MS using
a Hewlett Packard 6890 series gas chromatograph and a
7673 series auto-sampler and a 5973 series mass selective
detector, as previously described (Antizar-Ladislao et al.
2007). The sum of the following fatty acids was used to
represent total bacteria: i15:0, a15:0, i16:0, i17:0, cy17:0,
18:157c, and cy19:0 (Frostegård and Bååth 1996). Gram-
positive bacteria were represented by i15:0, a15:0, and
i17:0 (Buyer et al. 1999) and Gram-negative bacteria by
cy17:0, 18:157c, and cy19:0 (Klamer and Bååth 1998).
Thermophilic bacteria (largely thermotolerant bacilli) were
represented by i15:0 and i17:0 (Carpenter-Boggs et al.
1998). Fungi were represented by 18:256,9 (Frostegård and
Bååth 1996).

Molecular characterization of the microbial community
1. DNA isolation and 16S rRNA gene (bacterial) and ITS2
(fungal) PCR amplification. Total DNA was isolated from
the samples employing the PowerSoilTM DNA isolation kit
(MoBio Laboratories) following the manufacturer’s instruc-
tions. Following electrophoresis on a 1% agarose gel

containing ethidium bromide, the integrity of bands was
assessed visually and the concentration of nucleic acids
measured spectrophotometrically. Primers U968-GC (5′-
CGC CCG GGG CGC GGC CCG GGC GGG GCG GGG
GCA CGG GGG GAA CGC GAA GAA CCT TAC) and
L1401 (5′-GCG TGT GTA CAA GAC CC) were used to
amplify the V6–V8 region of the bacterial 16S rRNA gene,
giving a product of 450 bp. The ITS2 region of fungal
genomic DNAwas amplified with the primer pair ITS3-GC
(5′-CGC CCG GGG CGC GGC CCG GGC GGG GCG
GGG GCA CGG GGC ATC GAT GAA GAA CGC AGC)
and ITS4 (5′-TCC TCC GCT TAT TGATAT GC), resulting
in 370 bp product (Nikolcheva et al. 2005; White et al.
1990). PCR was performed using Hot Star Taq DNA
polymerase (QIAGEN, Courtaboeuf, France). PCR mix-
tures (25 μl) contained the following: 1×PCR buffer,
1.5 mM MgCl2, 0.1 mM of each dNTP, 0.5 μM of primers,
2.5 U of Hot Star Taq polymerase, and approximately 1 ng
of DNA. The DNA fragments were amplified using a
GeneAmp PCR System 2700 (Applied Biosystem, Singa-
pore). The following program was used with the primers
U968-GC and L-1401: 95°C for 15 min; 30 cycles of 94°C
for 1 min, 56°C for 1 min, and 72°C for 1 min 30 s, and
finally 72°C for 15 min. Amplification of genomic DNA
with the primers ITS3-GC and ITS4 was performed with
the following program: 94°C for 15min; 35 cycles of 94°C for
30 s, 47°C for 1 min, and 72°C for 1 min, and finally 72°C for
10 min. Negative (without DNA) controls were used in every
series of reaction. Amplicons were analyzed by electrophore-
sis on a 1.5% agarose gel containing ethidium bromide to
check the correct size and concentration.
2. TTGE analysis of PCR amplicons. The Dcode Universal
Mutation Detection System (Bio-Rad, Paris, France) was used
for sequence-specific separation of PCR products. Electro-
phoresis was performed through a 1-mm-thick, 16×16 cm
polyacrylamide gel [8% (w/v) acrylamide–bisacrylamide,
7 M urea, 1.25×Tris–acetate–EDTA (TAE), 55 and 550 μl
of Temed, and 10% ammonium persulfate] using 7 l of
1.25×TAE as electrophoresis buffer. Electrophoresis was
performed at a fixed voltage of 65 V for 969 min with
an initial temperature of 66°C and a ramp rate of 0.2°C
per hour. For better resolution, the voltage was fixed at
20 V for 5 min at the beginning of electrophoresis.
Each well was loaded with 100 to 200 ng of amplified
DNA plus an equal volume of 2×gel loading dye
(0.05% bromophenol blue, 0.05% xylene cyanol, and
70% glycerol). After completion of electrophoresis, the
gel was stained in a SYBR Green I solution (Sigma-
Aldrich, St. Quentin Fallavier, France), and destained in
1.25×TAE. Gels were visualized under UV illumination
using a gel image system (Kodak Gel Logic 100).
Predominant bands were excised and treated for further
analysis.
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3. Comparison of TTGE patterns. The digital images of the
acrylamide gels were analyzed as previously described (Marie
et al. 2006) using the Cross-Checker software (available from
http://www.dpw.wau.nl/pv/pub/CrossCheck/).
4. Sequence analysis. To perform sequence-based phyloge-
netic identification, specific bands were cut from the
polyacrylamide gel. Gel fragments were washed once in
200 μl of PCR water and kept in 100 μl of PCR water
overnight at 4°C for diffusion. Both bacterial 16S rRNA
and fungal ITS2 gene fragments were then amplified from
the dialysate. The PCRs were performed in the same
conditions as described above. The amplicons were purified
using the GFX PCR DNA Purification Kit (Amershan
Biosciences), and the size and concentration of the ampli-
cons were evaluated on 1.5% agarose gels containing
ethidium bromide. PCR products were sequenced with an
Applied Biosystems 373A DNA sequencer by automated
Sanger method. Similarity searches with sequences in the
GenBank database were performed by using Blast algorithm.
5. Nucleotide sequence accession numbers. The ITS-2
region gene (fungal) and 16S region rRNA gene (bacterial)
amplicon sequences identified in each treatment have been
submitted to GenBank and the accession numbers are
shown in Tables 1 and 2.

Statistical analysis The effect of different treatments on
polyphenols biodegradation was investigated using a post
hoc Tukey test. All the statistical tests were performed with
StatistiXL Version 1.8.

Results

Chemical changes The changes in concentration of poly-
phenols are shown in Fig. 1a. Generally, there was greater
biodegradation of polyphenols during the first few days of
the experiment (depending on the treatment), and thereafter,
their loss was slow. The greatest amount of biodegradation
was in aerated bioreactors nutrient amended, in which there
was 36% and 54% losses after 7 and 55 days, respectively.
The biodegradation in aerated and not aerated bioreactors that
were not amended with nutrients was not significant (p>0.1).
The addition of nutrients stimulated the biodegradation of
polyphenols during the first 7 days of treatment under both
aerated and non-aerated conditions (p<0.005; Fig. 1a);
however, after 55 days, this stimulation was only apparent
in the aerated bioreactors, and after 77 days, the biodegra-
dation curves reached a plateau (data not shown). Following
55 days of continuous treatment in non-aerated bioreactors,
approximately 22% of polyphenols were lost, irrespective of
whether they were amended with nutrients.

The bulk (about 95%) of the bioreactor material was
organic matter, measured as total organic matter (TOM),
and the losses over a 55-day incubation period are shown in
Fig. 1b. Both aeration and nutrient addition influenced the
rate of TOM losses. The addition of nutrient stimulated
TOM loss in aerated bioreactors but decreased TOM loss in
non-aerated bioreactors. In all bioreactors, the rate of loss of
TOM was faster during the initial 14 days of incubation.
Thereafter, the rate of loss was slow. Following 55 days of

Table 1 Bacteria identified by PCR-TTGE analysis in TPOMW bioreactors according to their similarity to 16S rRNA gene sequences in the
GenBank nucleotide sequence database

Band no. Treatment Closest match (accession no.) Percent similarity Accession no.

Gamma proteobacteria
OAN15 Non-aerated + nutrients Stenotrophomonas maltophilia (AM261992) 94 EU450807
OAN18 Non-aerated + nutrients Erwinia persicina (AJ937837) 97 EU540808
AA1 Aerated Luteibacter sp. (DQ986460) 99 EU450809
AA3 Aerated Stenotrophomonas maltophilia (AM262002) 99 EU4508010
Actinobacteria
OA7 Non-aerated Rhodococcus fascians (AY730713) 98 EU4508011
OAN8 Non-aerated + nutrients Clavibacter michiganensis (L43096) 97 EU4508012
OAN10 Non-aerated + nutrients Frigoribacteirum sp.(AY439250) 97 EU4508013
OAN9 Non-aerated + nutrients Curtobacterium albidum (AM042692) 95 EU4508014
Firmicutes
AA6 Aerated Clostridium saccharolyticum (AY604565) 98 EU4508015
AA7 Aerated Clostridium xylanolyticum (X71855) 98 EU4508016
AA8 Aerated Clostridium sp.(AB114227) 97 EU4508017
OA3 Non-aerated Clostridium tyrobutyricum (L08062) 93 EU4508018
OA6 Non-aerated Uncultured Clostridium sp. (DQ168846) 98 EU4508019
OA2 Non-aerated Lactobacillus vaccinostercus (AB218801) 99 EU4508020
OA4 Non-aerated Leuconostoc mesenteroides (EF068254) 98 EU4508021
OA5 Non-aerated Leuconostoc mesenteroides (EF068254) 99 EU4508022
D10 Initial mixture Bacillus aquimaris (DQ923229) 97 EU4508023
OA1 Non-aerated Sporolactobacillus inulinus (D16283) 98 EU4508024
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incubation, the loss of TOM was in the range of 10–25% in
all bioreactors, and greatest losses were observed in nutrient
amended aerated bioreactors (Fig. 1b).

Microbial community structure

1. Phospholipid fatty acid (PLFA) analysis. The changes
in relative amounts of fungal and bacterial biomass in
the bioreactors during 55 days incubation are shown in
Fig. 2. The addition of nutrients increased the fungal/
bacterial PLFA index (F/B index) in both aerated and

non-aerated bioreactors, the greatest changes occurring
during the initial 14 days of incubation, and generally
being slow or static thereafter. The increase in F/B
index was greater in the nutrient amended aerated
bioreactors, in which the presence of fungal biomass
was sufficient to be seen as white mycelium by simple
visual observation: this was not seen in any other
bioreactor conditions, even in the nutrient amended
non-aerated bioreactors, which also displayed a steady
rise in the F/B index throughout the 55 days incubation
period (Fig. 2). In contrast, in both aerated and non-
aerated bioreactors without nutrient amendment, there
was a decrease in the F/B index. However, the kinetics
of the decrease differed: in the aerated bioreactors, the
decrease occurred during the initial 7 days of incuba-
tion, in comparison with the non-aerated bioreactors in
which it occurred during the latter half of the
incubation period (Fig. 2).
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Fig. 1 Polyphenol biodegradation (a) and organic matter losses (b).
The data points are mean values of samplings from triplicate reactors
(bars correspond to ± standard deviation) on the days shown. Symbols
refer to the different treatments: aerated (AA), aerated + nutrients
(AAN), non-aerated (OA) and non-aerated + nutrients (OAN)

Table 2 Fungi identified by PCR-TTGE analysis in TPOMW bioreactors according to their similarity to ITS2 region sequences in the GenBank
nucleotide sequence database

Band no. Treatment Closest match (accession no.) Percent similarity Accession no.

AAN1 Aerated + nutrients Penicillium roquefortii (DQ148947) 99 EU450825
AAN4 Aerated + nutrients Penicillium roquefortii (AY373929) 99 EU450826
AAN6 Aerated + nutrients Penicillium roquefortii (AY373929) 97 EU450827
AAN7 Aerated + nutrients Candida norvegica (DQ249194) 92 EU450828
AAN10 Aerated + nutrients Geotrichum sp. (AY787702) 100 EU450829
OAN12 Non-aerated + nutrients Pichia membranifaciens (DQ104713) 99 EU450830
OAN15 Non-aerated + nutrients Cladosporium herbarum (AY251078) 100 EU450831
OAN17 Non-aerated + nutrients Ascochyta sp. (AY305377) 100 EU450832
OAN19 Non-aerated + nutrients Geotrichum sp. (AY787702) 99 EU450833
OAN20 Non-aerated + nutrients Geotrichum sp. (AY787702) 99 EU450834
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Fig. 2 Time course of the change in fungal/bacterial PLFA index. The
index was calculated as the ratio between fungal (18:2ω6.9) and
bacterial (i15:0, a15:0, i16:0, i17:0, cy17:0, 18:1ω7c and cy19:0)
fingerprints abundances. Each data point corresponds to the mean
value for triplicate reactors (bars correspond to ± standard deviation).
Symbols refer to the different treatments: aerated (AA), aerated +
nutrients (AAN), non-aerated (OA) and non-aerated + nutrients (OAN)
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2. TTGE analysis. Overall, the results of the comparative
TTGE analyses revealed significant differences in
bacterial and fungal communities when varying nutrient
addition and aeration to the bioreactors (Figs. 3 and 4).
These differences between the treatments were clear
from the first week of the experiment (day 7), i.e., there
was rapid establishment of the different microbial
communities under all the conditions of nutrient status
and aeration. Thereafter, the communities were stable,
since their individual TTGE profiles did not change
during the remaining 48 days of the experiment.

The greatest bacterial diversity, in terms of number of
discrete bands, was detectable in OAN bioreactors (14–17
bands per sample), followed by AA (6–15 bands), AAN
(6–10 bands) and finally by OAN (4–5 bands). The TTGE
profiles showed that the greatest fungal diversity was
detected in OAN bioreactors (14–17 bands), followed by
AAN (10–13 bands) and AA (7–9 bands). Thus, the
complexity of the microbial communities did not seem to
be linked with the degradation of polyphenols. For
instance, the maximal polyphenol degradation was detected
in AAN bioreactors, but the most complex communities, in
terms of number of TTGE bands, was found in OAN
bioreactors. Therefore, these results show that only a few
specific microorganisms, which were stimulated with
nutrients and oxygen supply, were responsible for the
greatest degradation of polyphenols.

As expected, in both bacterial and fungal TTGE
analyses, samples from the same treatment clustered
together (Fig. 5). No PCR product was obtained from any
of the OA samples using fungi primers. In the cluster
analysis of bacterial TTGE, two major groups could be
observed, one corresponding to the AAN bioreactors and
the other to the rest of the samples. In contrast, in the fungal
TTGE analyses, profiles from the OAN treatment clustered

apart from profiles of aerated bioreactors. Moreover, TTGE
profiles seemed to be independent of the incubation time. It
is important to note that, despite the high similarity of
profiles that belonged to the same treatment (for bacteria
and fungi analysis), each lane of the TTGE gels was
obtained from DNA isolated from a different (independent)
bioreactor.

To perform sequence-based phylogenetic identification,
a sequence analysis of specific bands was performed.
Twenty newly determined sequences were compared
directly with those in GenBank using BlastN. Database
similarity is shown in Table 1. A total of 14 different genera
of bacteria were detected, belonging to Gammaproteobac-
teria (5), Actinobacteria (4), and Firmicultes (5). Only two
sequences were obtained from the samples of the initial
mixture (day 0), both corresponding to the genus Bacillus.
In fungal TTGE gels, a total of 14 sequences were
successfully obtained (Table 2). BLAST analysis confirmed
the specificity of the primers used, as all sequences could
be affiliated to fungal genera in more than 97% similarity.
In total, 6 genera were identified, all of then belonging to
Ascomycota, namely Penicillium, Candida, Geotrichum,
Pichia, Cladosporium, and Aschochyta.

Discussion

The majority of previous studies dealing with the biodeg-
radation of olive wastes have involved sterilization of the
residues before inoculation of a specific microorganism or
consortium. However, not only does autoclaving kill the
indigenous microbiota, but also the high temperature causes
significant physico-chemical modifications such as the
oxidation of aromatic compounds present in the olive
wastes (Aggelis et al. 2003). A simple, unmodified system
was selected in this study since a major aim was to provide
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fundamental information that is relevant to the development
of a robust biotechnological application for eventual
optimized scale-up to industrial scale. Therefore, in the
work presented here, the TPOMW was not sterilized or
manipulated in any other way before preparing the (bio)
degradation mixture, adding only double distilled water and
wheat straw to improve the porosity of the material and
thus enabling bioremediation to occur. Wheat straw may
have contributed to the mixture with some microbial
activity, but given the organic richness of the TPOMW, it
is most likely that the bulk of the microbiota were derived
from the original olive waste. Therefore, it was assumed
that the genetic potential of the indigenous microbiota of
the waste (olive waste plus wheat straw) is able under
favourable conditions to metabolize polyphenolic com-
pounds present in the mixture. It is here suggested that
the stimulation of this indigenous microbiota is a promising
alternative bioremediation approach. Compared with the
inoculation of a single strain (or consortium) approach,
indigenous microorganisms have a range of different
biodegrading activities that could act simultaneously or
sequentially.

For the purpose of this study, a temperature of 25°C was
selected, rather than a higher value, as being one that could

be readily achieved in an industrial scale development
without the necessity for expensive energy input. Break-
down of polyphenols occurred mainly during the first
7 days of incubation, and organic matter losses occurred
mainly during the first 14 days (Fig. 1). Thus, during the
initial 1–2 weeks incubation period, a microbial community
with the capacity to metabolize polyphenolic compounds
present in TPOMW was established in all bioreactors,
except the aerated non-amended ones. Increases in poly-
phenol concentration (mg g−1 dry matter) during treatment
were occasionally observed in the reactors (Fig. 1a). The
experimental variation of moisture content or flow rate
during the treatment would potentially affect the polyphe-
nol biodegradation extent and rate in the mixtures, although
they would not explain an increase in polyphenol con-
centration. Thus, an occasional increase in polyphenol
concentration might be the consequence of a selective
biodegradation of organic matter within the TPOMW and
straw mixture, changing the ratio of TPOMW to wheat
straw in the mixture and therefore in the calculation of the
concentration of polyphenols in the mixture as previously
observed (Antizar-Ladislao et al. 2005).

Although PLFA analysis detected changes in the relative
proportions of bacteria and fungi, and of Gram-positive and
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Gram-negative bacteria, TTGE profiles showed that micro-
bial community structures were established rapidly, within
7 days, and that thereafter, the predominant microbial
species in the bioreactors were stable throughout the
incubation period, i.e., not only during the initial phases
of maximum polyphenol biodegradation and TOM de-
crease, but also during the later stages when less biodeg-
radation occurred. Partial rDNA bacterial and fungal
sequence comparisons with sequences in the database gave
values that ranged from 84 to 99% and from 92 to 100%,
respectively, although most values were higher than 97%.
One should notice that these values could differ if complete
sequences were compared. Most of the bacteria, as
identified by TTGE, which are most likely to comprise
the predominant members of the microbial community in
TPOMW-wheat straw mixtures, are phylogenetically asso-
ciated with bacteria, such as Luteibacter sp., that have
previously been isolated from plant material (Johansen et al.
2005). Additionally, some have been described as plant
pathogens or at least associated with plant diseases, such as
Rhodococcus fascians and Clavibacter michiganensis,
present in the bioreactors and known to be plant pathogens
(Young et al. 1996). Furthermore, Stenotrophomonas
maltophila is another plant pathogen that is able to degrade
polyphenolic compounds (Franco et al. 2005). Actino-
mycetes belonging to the genus Curtobacterium have also
been isolated from plant material (Postma et al. 2005).
Clostridium saccharolyticum, which was isolated from
sewage sludge (Murray et al. 1982), and C. xylanolyticum
(Rogers and Baecker 1991) are both able to biodegrade
polymers that could have a role in the bioremediation of
TPOMW. The finding of anaerobes such as clostridia in
aerated bioreactors could be regarded as an anomaly, but as
the material in the bioreactors is very heterogeneous, it is
possible that there were local anaerobic “pockets” within
the organic material that could harbor clostridia which are
able to tolerate the intermittent presence of oxygen.

The greatest biodegradation of polyphenols occurred in
those bioreactors that were both nutrient amended and
aerated. These reactors presented higher fungal to bacterial
biomass ratios, as indicated by PLFA analyses. Fungi have
previously been studied for their capacity to remove
polyphenols from olive residues by the release of extracel-
lular enzymes, particularly lignin peroxidases, Mn-depen-
dent peroxidases and laccases, which not only biodegrade
polyphenols but also decolorize olive-waste residues (Assas
et al. 2000; Linares et al. 2003). Yet, the rate and extent of
the removal of polyphenols depends on the particular fungi
present and also on the nature of the polyphenols
(Sampedro et al. 2004). This study reports for the first time
a molecular biological investigation of fungal communities
involved in the process of olive mill waste bioremediation.

Strains belonging to Penicillium, Geotrichum, Pichia, and
Candida were the major fungi detected by TTGE. These
genera have previously been isolated from different OMWs
including TPOMW (Assas et al. 2000; Ettayebi et al. 2003;
Millan et al. 2000), demonstrating that they are likely to be
part of the natural microbiota of these residues. Some of
these fungi show a promising range of biotechnological
applications in connection with the treatment of OMWs
(D’Annibale et al. 2005; Ayed et al. 2005).

In conclusion, this study highlights that probably a
relatively small number of strains within the indigenous
microbiota of the TPOMW is able to biodegrade the
polyphenolic content of the waste without the inoculation
of specific microorganisms. The results presented here
indicate that the fungal community should be stimulated by
the addition of nutrients and air for improved polyphenol
biodegradation. However, the contribution of the bacteria
able to grow in this waste should be considered. Further
research is necessary to optimize the conditions for
improved bioremediation of olive waste, and different
biotechnological applications could be coupled to the
process.

Acknowledgement This study was possible thanks to the project
REN 2000-1502 and the FPI fellowship program financed by the
Ministerio de Educación y Ciencia (Spain). We also wish to thank
Katerina Spanova (Imperial College London) for her help with the
PLFA analysis, and Dr Belén Rodelas and Raquel Ferrer (University
of Granada) for their assistance in the PCR-TTGE analysis. We should
also like to mention the contribution of Dr Angus Beck (Imperial
College London), without whom this study could not have been
possible.

References

Aggelis G, Iconomou D, Christou M, Bokas D, Kotzailias S, Christou
G, Tsagou V, Papanikolaou S (2003) Phenolic removal in a
model olive mill wastewater using Pleurotus ostreatus in
biobioreactor cultures and biological evaluation of the process.
Water Res 37:3897–3904

Alburquerque JA, Gonzálvez J, García D, Cegarra J (2004) Agro-
chemical characterisation of “alpeorujo”, a solid by-product of
the two-phase centrifugation method for olive extraction. Biores
Technol 91:195–200

Alburquerque JA, Gonzálvez J, García D, Cegarra J (2006) Compost-
ing of a solid olive-mill by-product (“alperujo”) and the potential
of the resulting compost for cultivating pepper under commercial
conditions. Waste Manag 26:620–626

Anonymous. International Olive Oil Council, http://www.internatio
naloliveoil.org. [last access on 22.11.2004]

Antizar-Ladislao B, Lopez-Real J, Beck AJ (2005) Laboratory studies
of the remediation of polycyclic aromatic hydrocarbon contam-
inated soil by in-vessel composting. Waste Manag 25:281–289

Antizar-Ladislao B, Lopez-Real J, Beck AJ (2006) Degradation of
polycyclic aromatic hydrocarbons (PAHs) in an aged coal-tar
contaminated soil under in-vessel composting conditions. Envi-
ron Pollut 141:459–468

316 Appl Microbiol Biotechnol (2008) 79:309–317

http://www.internationaloliveoil.org
http://www.internationaloliveoil.org


Antizar-Ladislao B, Spanova K, Beck AJ, Russell NJ (2007)
Microbial community structure changes during bioremediation
of PAHs in an aged coal-tar contaminated soil by in-vessel
composting. Int Biodet Biodeg (in press) DOI 10.1016/j.
ibiod.2007.10.002

Aragón JM, Palancar MC (2001) Improlive 2000. Present and future
of alperujo. Editorial Complutense Press Madrid, Spain

Arjona R, García A, Ollero P (1999) The drying of alpeorujo, a
waste product of the olive oil mill industry. J Food Eng 41:
229–234

Assas N, Marouani L, Hamdi M (2000) Scale down and optimization
of olive mill wastewaters decolourisation by Geotrichum candi-
dum. Biochem Eng 22:503–507

Ayed L, Assas N, Sayadi S, Hamdi M (2005) Involvement of lignin
peroxidase in the decolourization of black olive mill wastewaters
by Geotrichum candidum. Lett Appl Microbiol 40:7–11

Benitez E, Sainz H, Nogales R (2005) Hydrolytic enzyme activities of
extracted humic substances during the vermicomposting of a
lignocellulosic olive waste. Biores Technol 96:785–790

Borja R, Sánchez E, Rincón B, Raposo F, Martín MA, Martín A
(2005) Study and optimisation of the anaerobic acidogenic
fermentation of two-phase olive pomace. Process Biochem
40:281–291

Buyer JS, Roberts DP, Russek-Cohen E (1999) Microbial community
structure and function in the spermosphere as affected by soil and
seed type. Can J Microbiol 45:138–144

Carpenter-Boggs L, Kennedy AC, Reganold JP (1998) Use of
phospholipid fatty acids and carbon source utilization patterns
to track microbial community succession in developing compost.
Appl Environ Microbiol 64:4062–4064

Capasso R, Evidente A, Schivo L, Orru G, Marcialis MA, Cristinzio G
(1995) Antibacterial polyphenols from olive oil mill waste
waters. J Appl Bacteriol 79:393–398

D’Annibale A, Ricci M, Leonardi V, Quaratino D, Mincione E,
Petruccioli M (2005) Degradation of aromatic hydrocarbons by
white-rot fungi in a historically contaminated soil. Biotechnol
Bioeng 90:723–731

Ettayebi K, Errachidi F, Jamai L, Tahri-Jouti MA, Sendide K, Ettayebi
M (2003) Biodegradation of polyphenols with immobilized
Candida tropicalis under metabolic induction. FEMS Microbiol
Lett 223:215–219

Franco AR, Calheiros CSC, Pacheco CC, De Marco P, Manaia CM,
Castro PML (2005) Isolation and characterization of polymeric
galloyl-ester-degrading bacteria from a tannery discharge place.
Microb Ecol 50:550–556

Frostegård A, Bååth E (1996) The use of phospholipid fatty acid
analysis to estimate bacterial and fungal biomass in soil. Biol
Fertil Soils 22:59–65

Giannoutsou EP, Meintanis C, Karagouni AD (2004) Identification of
yeast strains isolated from a two-phase decanter system olive oil
waste and investigation of their ability for its fermentation.
Biores Technol 93:301–306

Johansen JE, Binnerup SJ, Kroer N, Molbak L (2005) Luteibacter
rhizovicinus gen. nov., sp. nov., a yellow-pigmented gammapro-
teobacterium isolated from the rhizosphere of barley (Hordeum
vulgare L.). Int J Syst Evol Microbiol 55:2285–2291

Jones CE, Murphy PJ, Russell NJ (2000) Diversity and osmoregulatory
responses of bacteria isolated from two-phase olive oil extraction
waste products. World J Microbiol Biotechnol 16:555–561

Kates M (1985) Techniques of lipidology. Amsterdam, Elsevier
Klamer M, Bååth E (1998) Microbial community dynamics during

composting of straw material studied using phospholipid fatty
acid analysis. FEMS Microbiol Lett 27:9–20

Linares A, Caba JM, Ligero F, de la Rubia T, Martínez J (2003)
Detoxification of semisolid olive-mill wastes and pine-chip
mixtures using Phanerochaete flavido-alba. Chemosphere
51:887–891

Maestro-Durán R, Borja R, Martín A, Fiestas JA, Alba J (1991)
Biodegradación de los compuestos fenólicos presentes en el
alpechín. Grasas y Aceites 42:271–276

Marie D, Fei Z, Balagué V, Ras J, Vaulot D (2006) Eukaryotic
picoplankton communities of the Mediterranean Sea in summer
assessed by molecular approaches (DGGE, TTGE, QPCR).
FEMS Microbiol Lett 55:403–415

Millan B, Lucas R, Robles A, Garcia T, De Cienfuegos GA, Galvez A
(2000) A study on the microbiota from olive-mill wastewater
(OMW) disposal lagoons, with emphasis on filamentous fungi
and their biodegradative potential. Microbiol Res 155:143–147

Morillo JA, Aguilera M, Ramos-Cormenzana A, Monteoliva-Sánchez
M (2006) Production of a metal binding exopolysaccharide by
Paenibacillus jamilae using two-phase olive-mill waste as
fermentation substrate. Curr Microbiol 53:189–193

Murray WD, Khan AW, Van den Berg L (1982) Clostridium
saccharolyticum sp. nov., a saccharolytic species from sewage
sludge. Int J Syst Bacteriol 32:132–135

Nikolcheva LG, Bärlocher F (2005) Seasonal and substrate prefer-
ences of fungi colonizing leaves in streams: traditional versus
molecular evidence. Environ Microbiol 7:270–280

Ntougias S, Zervakis GI, Ehaliotis C, Kavroulakis N, Papadopoulou
KK (2006) Ecophysiology and molecular phylogeny of bacteria
isolated from alkaline two-phase olive mill wastes. Res Microbiol
157:376–385

Paredes C, Bernal MP, Cegarra J, Roig A (2002) Bio-degradation of
olive mill wastewater sludge by its co-composting with agricul-
tural wastes. Biores Technol 85:1–8

Piotrowska A, Iamarino G, Rao MA, Gianfreda L (2006) Short-term
effects of olive mill waste water (OMW) on chemical and
biochemical properties of a semiarid Mediterranean soil. Soil
Biol Biochem 38:600–610

Postma J, Geraats BPJ, Pastoor R, Van Elsas JD (2005) Characteriza-
tion of the microbial community involved in the suppression of
Pythium aphanidermatum in cucumber grown on rockwool.
Phytopathology 95:808–818

Ramos-Cormenzana A, Juárez-Jiménez B, García-Pareja MP (1996)
Antimicrobial activity of olive mill waste-waters (Alpechin) and
biotransformed olive oil mill wastewater. Int Biodet Biodeg
38:283–290

Rincón B, Raposo F, Borja R, Gonzalez JM, PortilloMC, Saiz-Jimenez C
(2006) Performance and microbial communities of a continuous
stirred tank anaerobic bioreactor treating two-phases olive mill solid
wastes at low organic loading rates. J Biotechnol 121:534–543

Rogers GM, Baecker AAW (1991) Clostridium xylanolyticum sp.
nov., an anaerobic xylanolytic bacterium from decayed Pinus
patula wood chips. Int J Syst Bacteriol 41:140–143

Sampedro I, Romero C, Ocampo JA, Brenes M, García I (2004)
Removal of monomeric phenols in dry mill olive residue by
saprobic fungi. J Agr Food Chem 52:4487–4492

Sierra J, Marti E, Montserrat G, Cruanas R, Garau MA (2001)
Characterisation and evolution of a soil affected by olive oil mill
wastewater disposal. Sci Total Environ 279:207–214

White TJ, Bruns T, Lee S, Taylor JW (1990) Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics.
PCR Protocols: A Guide to Methods and Applications 315–322

Young JM, Saddler GS, Takikawa Y, de Boer SH, Vauterin L, Gardan
L, Gvozdyak RI, Stead DE (1996) Names of plant pathogenic
bacteria 1864–1995. Rev Plant Pathol 75:721–763

Appl Microbiol Biotechnol (2008) 79:309–317 317

http://dx.doi.org/10.1016/j.ibiod.2007.10.002
http://dx.doi.org/10.1016/j.ibiod.2007.10.002

	Molecular...
	Abstract
	Introduction
	Materials and methods
	Results
	Microbial community structure

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


