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Abstract Olive mill wastewater (OMW) characteristics
make it a suitable resource to be used as a microbial culture
media to produce value-added compounds, such as
enzymes. In this work, the ability of the novel species
Aspergillus ibericus to discolor OMW and produce lipase
was studied. An initial screening on plates containing an
OMW-based agar medium and an emulsified olive oil/
rhodamine-B agar medium was employed to select the
strain A. ibericus MUM 03.49. Then, experiments in con-
ical flasks with liquid OMW-based media showed that the
fungus could growth on undiluted OMW, with a chemical
oxygen demand (COD) of 97 &+ 2 g/L, and to produce up
t0 2,927 + 54 U/L of lipase. When pure OMW was used in
the media, the maximum COD and color reduction
achieved were 45 and 97 %, respectively. When OMW
diluted to 10 % was used, A. ibericus was able to reduce
phenolic and aromatic compounds by 37 and 39 %,
respectively. Additionally, lipase production was found to
be promoted by the addition of mineral nutrients. When the
fermentations were scaled up to a 2-L bioreactor, A. ibe-
ricus produced up to 8,319 & 33 U/L of lipase, and the
maximum COD and color reduction were 57 and 24 %,
respectively.
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Introduction

Olive oil is a traditional agricultural product that is origi-
nally from the Mediterranean basin; the majority (approx.
75 %) of the world’s olive oil comes from southern Euro-
pean countries [1, 2]. According to the 2010 FAO data, the
10 most relevant producers of olive oil are Spain (with an
annual production of 1.5 x 10° tons), Italy, Greece, Syria,
Tunisia, Turkey, Morocco, Algeria, Portugal and Argentina
[1]. In Portugal, approximately 71,800 tons of olive oil was
produced in 2011/2012 campaign, which represents
approximately 2 % of the world’s production [2].

Olive oil is extracted from olives by physical methods.
Olive crushing, malaxation of the resulting paste and oil
phase separation are the most important stages of the
extraction process. Currently, these steps are performed by
three different methods: (i) the traditional discontinuous
pressing process that is still used in many small olive mills,
(ii) the continuous process with three-phase horizontal cen-
trifuge systems that separate the olive pulp into oil, liquid
waste and solid residue, and (iii) the continuous process with
two-phase horizontal centrifuge systems that separate the
olive pulp into oil and wet solid residue [3]. The first two
processes require the addition of hot water, producing large
amounts of liquid waste known as olive mill wastewater
(OMW), which is a significant source of agro-industrial
pollutants [4]. OMW characteristics are variable and depend
on the properties of the olives processed and the kind of
extraction method used. The discontinuous process produces
alower amount of more concentrated OMW, while the three-
phase system generates approximately twice the volume of
less-concentrated OMW. Typical volumes produced range
from 0.4 to 1.2 m?> per ton of olives processed [3]. In general,
OMW has a dark brown color, is acidic and has a high content
of organic matter. The main compounds found in OMW are
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simple and complex sugars, residual oil (lipids), proteins,
organic acids, mineral elements and recalcitrant compounds,
such as tannins, lignins and phenols [5]. During the last
decade, many olive mills have converted their production
process to two-phase systems in order to improve presum-
ably their environmental performances since the two-phase
process is considered to be more eco-friendly because it
consumes considerably less fresh water and produces only a
wet solid residue (pomace). The shift in processes occurred
mainly in Spain, where 98 % of the olive oil mills are
equipped with the two-phase technology [6]. However, in
other European countries, this conversion did not proceed as
rapidly. Specifically, in 2003, 40 % of the olive mills were
still using the traditional discontinuous process, 48 % were
using the three-phase technology and only 11 % were using
the two-phase process [7]. Currently in Portugal, 33 % of the
olive mills use the two-phase process, 23 % use the three-
phase process and 44 % still use the traditional discontinu-
ous process [8]. OMW remains, therefore, an important
effluent that needs to be properly treated before disposal.

Physical, chemical and biological technologies have
been studied for the treatment of OMW [4]. Among these,
the technologies that combine the treatment with the pro-
duction of valuable byproducts have received particular
attention. Several recent reviews on the subject have been
written [5, 9, 10]. In particular, OMW is suitable for the
production of enzymes, such as laccases [11], lignin per-
oxidases [12], Mn-dependent peroxidases [11], pectinases
[13] and tannases [14]. Moreover, OMW is suitable for the
production of lipases because it contains residual quantities
of olive oil that induce lipase production [15, 16]. Many
organisms, such as Candida cylindracea [15, 17], Yarrowia
lipolytica [17, 18], Geotrichum candidum [19], Penicillium
citrinum [20] and other fungi [15], have performed well in
the production of lipase from OMW.

Aspergillus ibericus is a new species isolated from wine
grapes [21] that it is not known to produce any relevant
mycotoxins [22], which makes it safe for biotechnological
applications. The aim of this study was to assess the ability
of this new species to grow on OMW media and to produce
lipase from it, contributing to the remediation and valori-
zation of this effluent.

Materials and methods

OMW characteristics

The OMW samples used in the experiments were collected
from a three-phase olive mill from the northern region of
Portugal. On the same day of collection, the samples were

mixed to obtain a standardized OMW that was stored
at —20 °C and used throughout the study. The standardized
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OMW was characterized for pH, chemical oxygen demand
(COD), total nitrogen (TN), total organic carbon (TOC),
total solids (TS), total volatile solids (TVS), total sus-
pended solids (TSS), reducing sugars, phenols and lipids.
Analyses were performed in triplicate as described below
in the analytical methods section.

Biological material

A. ibericus MUM 03.49 (MUM culture collection, Braga,
Portugal) was revived on malt extract agar (MEA) plates
(2 % malt extract, 2 % glucose, 0.1 % peptone and 2 %
agar) from a preserved glycerol stock that had been stored
at —80 °C. The culture was incubated in the dark at 25 °C for
7 days and subcultured on MEA slants that were incubated
under the same conditions. The spore suspensions were
prepared by vortex mixing 7-day-old culture slants with
4 mL of peptone solution (0.1 % peptone and 0.001 %
Tween 80). The inoculum spore concentration was adjusted
to 10° spores/mL using a Neubauer counting chamber.
During the experimental period, the strain was preserved at
4 °C and was cultured monthly on fresh MEA slants.

Evaluation of OMW discoloration and lipase
production

To determine the ability to decolorize OMW, A. ibericus was
grown on agar plates that contained an OMW-based agar
medium prepared with 100 % OMW supplemented with
Triton X-100 (0.1 g/L), agar (20 g/L), and mineral nutrients:
NaNO; (@3 g/L), K,HPO, (1 g/L), KCI (0.5 g/L),
MgS0,-7H,0 (0.5 g/L), FeSO,4-7H,0 (0.017 g/L), peptone
(0.1 g/L), yeastextract (0.01 g/L),ZnSO,4-7H,0 (0.001 g/L)
and CuS0O,4-5H,0 (0.005 g/L). To evaluate the strain lipase
activity, A. ibericus was grown on agar plates containing an
emulsified oil medium composed of commercial olive oil
(25 g/L), thodamine-B (0.01 g/L), Triton X-100 (0.1 g/L),
agar (20 g/L), and the mineral nutrients previously men-
tioned as adapted from Peterson et al. [23]. The culture plates
were inoculated at their centers in triplicate with 10 pL of a
spore suspension prepared as mentioned above. The plates
were incubated at 25 °C for 5 days. The diameters of the
colonies and the diameter of the clearing zone (halo) around
the colonies were measured daily. The lipase activity was
detected with UV irradiation (366 nm) to illuminate the
orange-red fluorescent halos that are typical of rhodamine-B
complexes containing free fatty acids.

Shake-flask experiments
The batch fermentations were performed in cotton-plugged

500-mL Erlenmeyer flasks that contained 250 mL of culture
media. Liquid OMW-based culture media was prepared at
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concentrations of 10, 50 and 100 % (v/v, in distilled water)
for experiments A1, A2 and A3, respectively. They were also
supplemented with the mineral nutrients previously men-
tioned. A control experiment with non-supplemented OMW
at 100 % was also prepared (experiment A4). The final pH of
the media was adjusted to 5.5 with 1 M KOH before it was
autoclaved at 121 °C for 15 min. After the media had cooled
to room temperature, the flasks were inoculated in triplicate
with 1 mL of aninoculum suspension from A. ibericus MUM
03.49 and incubated at 27 °C in an orbital shaker incubator at
200 rpm for 7 days. Throughout the 7-day incubation per-
iod, 5-mL samples were collected daily under aseptic con-
ditions and centrifuged (10,000xg, 15 min at 4 °C). The
supernatants were preserved at —20 °C until analysis. At the
end of the fermentation run, the culture broths were filtered
through a 1.6-um glass microfiber filter (904-AH, What-
man), and the fungal biomass was lyophilized and weighed.

Bioreactor experiments

Lipase production by A. ibericus MUM 03.49 with OMW
was scaled up to a 2-L fermenter (Biolab, B. Braun). To
evaluate two different strategies of inoculation, two
experiments were conducted with 1.5 L of OMW (supple-
mented with the mineral nutrients). In the first experiment
(B1), the medium was inoculated with 5 mL of the fungus
spore suspension, and in the second experiment (B2), the
inoculation was performed with active mycelium that was
obtained by growing the fungus in 250 mL of YPD medium
(2 % glucose, 1 % yeast extract and 1 % peptone). Both
fermentation runs were conducted for 7 days at 27 °C with
a stirring speed of 200 rpm and an aeration rate of 1 L/min.
The pH was maintained at 5.5 with 2 N KOH and 2 N HCI.
When the 7-day fermentation cycle was complete, an
additional 0.5 L of fresh OMW (supplemented with the
mineral nutrients) was added to the bioreactor inoculated
with active mycelium, and the fermentation time was
extended for an additional 9 days. The results of this second
fermentation cycle are presented below as experiment B3.
The samples were collected daily under aseptic conditions
and centrifuged (10,000x g, 15 min at 4 °C). The superna-
tants were preserved at —20 °C until analysis. The experi-
ments were conducted in triplicate.

Analytical methods

COD, TN and TOC were determined using the Hach Lange
kits LCKO14, LCK338 and LCK387, respectively. TS,
TVS and TSS were determined with standard methods
[24]. The concentration of the reducing sugars was deter-
mined with a DNS-adapted method [25]. The amounts of
the phenols were determined with the Folin—Ciocalteu
method with tyrosol as the standard [26]. The lipids were

extracted from the lyophilized samples with diethyl ether in
a Tecator Soxtec system (model: HT2 with 1045 extraction
unit and 1046 service unit) and weighed. Changes in the
concentrations of the aromatic compounds were deter-
mined by absorbance readings at 254 nm [27], and changes
in color were determined with absorbance readings at
390 nm [28]. Using a modified method [29], the activity of
the extracellular lipase was assessed using p-nitrophenyl
butyrate (p-NPB) as a substrate. One unit of lipase activity
(U) was expressed as the amount of enzyme that produced
1 umol of p-nitrophenol per minute under the assay con-
ditions. All the analyses were performed in triplicate.

Results and discussion
OMW characteristics

The standardized OMW possessed the following character-
istics (mean values + SD; n = 3): pH, 4.9 + 0.05; COD,
97 £ 2 g/L; TN, 3.4 £ 0.1 mg/L; TOC, 15.3 £ 3.4 g/L;
TS, 58 £ 1 g/L; TVS, 46 & 3 g/L; TSS, 31 £ 0.4 g/L;
reducing sugars, 11.5 & 5.1 g/L; phenols, 2.7 £ 0.2 g/L;
and lipids, 3.5 £ 0.6 g/L. Those values are in accordance
with OMW characteristics reported elsewhere [5, 9].

Growth on solid media

The colony and halo diameters obtained with A. ibericus
MUM 03.49 on both types of media are shown in Fig. 1.
The fungus grew well in the 100 % OMW agar medium
with the colony reaching 8.5 cm in diameter after the 5-day
incubation period. Additionally, the discolored halo
reached the same diameter on day 4, indicating an active
reduction in OMW-colored compounds. In contrast, the
fungus growth on the emulsified olive oil/rhodamine-B
medium was not as prolific; the colony size reached only
6.0 cm during the same time period. Nevertheless, an
orange-red fluorescent halo was detected after 2 days of
incubation, reaching a diameter of 6.6 cm around the col-
ony at the end of the 5 days, which indicated the produc-
tion of lipases.

Shake-flask experiments

Aspergillus ibericus was able to grow in all of the liquid
OMW-based media tested. The characteristics of the fer-
mentation runs at the end of the 7-day incubation period are
presented in Table 1. The final biomass concentration
increased with the increase in the OMW content in the
media, which was the only source of carbon-containing
nutrients. The maximum concentration (28 g/L) was
obtained in trial A3 (prepared with undiluted OMW and the
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Fig. 1 a Aspergillus ibericus A

cultivated on plates with 100 %
OMW agar medium: (filled
squares) colony diameter over
time, (open squares) diameter of
discolored halo over time.

b A. ibericus cultivated on
plates with emulsified olive
oil/rhodamine-B agar medium:
(filled circles) colony diameter
over time; (open circles)
orange-red fluorescent halo
diameter over time. Values are
the averages of three

Diameter (cm)

Diameter (cm)
O =2 N W s 0 3~ o0 W

independent experiments = SD 0 . 1 ‘ 2 . 3

Time (days)

mineral nutrients), and the minimum (4.6 g/L.) was
obtained in trial Al (prepared with 10 % OMW and the
mineral nutrients). Following the increase in biomass, there
was an increase in reducing sugars consumption that
reached a maximum of 98 % in trial A3. The mineral
nutrients added to media did not contribute much to the
fungal growth because the final biomass concentration
obtained in trial A4 (prepared without mineral nutrients)
was nearly identical to that of trial A3 (prepared with
mineral nutrients). However, mineral addition substantially
changed the fermentation pH. As shown in Table 1, the pH
of trial A3 increased to 6.2, while the pH of trial A4
dropped to 2.9.

In these experiments, the highest lipase activity
(2,927 + 54 U/L) was obtained in trial A3, and the lowest
activity was obtained in trial Al (Table 2). An increase in
the lipase activity was observed with the increase of the
OMW content in the media, correlating biomass concen-
tration with lipase activity. In addition, the lipase produc-
tion was stimulated by the addition of mineral nutrients to
media; the lipase activity increased approximately fivefold

T t . t . t

4 5 0 1 2 3 4

o+

Time (days)

in trial A3 (2,927 &+ 54 U/L) compared to trial A4
(600 £ 43 U/L).

The highest lipase activity obtained in these experiments
was similar to lipase activities that have been obtained with
other microorganisms in studies where fermentation with
undiluted OMW was performed. For example, the results are in
accordance with the lipase activities obtained with C. cylindr-
acea (2,200 U/L) [17] and with P. citrinum (1,272 U/L) [20].

In the shake-flask experiments, A. ibericus could also
effectively degrade the effluent; reductions in the OMW
COD (39-58 %) and color (47-97 %) were obtained with
all of the media tested after the 7-day incubation period.
However, its capacity to reduce the levels of phenols and
aromatic compounds was dependent on the organic load of
the media; the reduction was only effective in the fer-
mentations conducted with diluted OMW (Table 1). The
reduction in phenols was 37 % in trial Al and 28 % in trial
A2. The reduction in aromatic compounds was 39 % in
trial Al and 25 % in trial A2.

In a similar study, D’ Annibale et al. [15] reported that
C. cylindracea produced a reduction in the COD by

Table 1 Characteristics of the shake-flask experiments at the end of the fermentation run

Trial OMW-based media Final values

Reduction amount (%)

Biomass (g/L) pH Reducing COD Color Total phenols Aromatic
sugars compounds
Al 10 % OMW* 4.6 £0.5 4.0 £ 0.01 60 £+ 0.7 39 £ 2.1 55 £ 04 37 £29 39+ 1.7
A2 50 % OMW* 120 £ 1.0 5.1 +£0.7 50 £5.8 58 £ 1.6 47 £ 1.1 28 £ 04 25 £42
A3 100 % OMW* 281 £ 12 6.2 +£0.03 98 + 1.1 45 £ 09 97 £ 04 0 0
A4 100 % OMW" 27.3 £ 0.7 29 +£0.1 85+ 38 41 £ 2.5 58 £ 0.6 0 0

Values are the averages of three independent experiments + SD
COD chemical oxygen demand
# Media supplemented with the mineral nutrients

® Media not supplemented with the mineral nutrients
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Table 2 Extracellular lipase produced by A. ibericus in the different experiments conducted

Shake-flask experiments

2-L bioreactor experiments

Trial OMW-based Lipase activity Lipase productivity Trial OMW-based Lipase activity Lipase productivity
media (U/L) (U/L/h) media (U/L) (U/L/h)

Al 10 % OMW?* 291 £+ 31 1.7+£0.2 B1 100 % OMW* 2,108 £ 46 125 £03

A2 50 % OMW* 1,517 £ 73 9.0 £ 04 B2 100 % OMW* 5,391 £ 18 321 £0.1

A3 100 % OMW" 2,927 + 54 17.4 £ 0.3 B3 100 % OMW* 8,319 £ 33 21.7 £ 0.1

A4 100 % OMW" 600 + 43 3.6 £03 - - - -

Values are the averages of three independent experiments = SD

B1 fermentation inoculated with spore suspension, B2 fermentation inoculated with active mycelia, B3 extension of the fermentation B2 after the

addition of fresh OMW
? Media supplemented with the mineral nutrients

° Media not supplemented with the mineral nutrients

48 % and a reduction in phenolic compounds of 36 %.
Gongalves et al. [17] corroborated these data and reported
similar results for the same yeast with a COD reduction
between 46 and 70 % and a reduction in phenolic com-
pounds by 27 %. Similar reductions in COD were also
achieved with other microorganisms. For example,
G. candidum produced a reduction in COD of 62 % [19],
P. citrinum a reduction of 68 % and Y. lipolytica a
reduction of 41 % [30].

These preliminary data confirmed that A. ibericus was
able to grow on undiluted OMW, produce lipase and
reduce the levels of some of the pollutants in the effluent.
Based on these encouraging results, the fermentations were
then scaled up to bioreactor volumes.

Bioreactor experiments

Two fermentation trials were performed using a 2-L fer-
menter. In one trial, the OMW medium was inoculated
with a spore suspension of the fungus (B1), and in the other
trial, active mycelia was used for the inoculation (B2). The
consumption of reducing sugars and the production of
lipase during the fermentation runs are shown in Fig. 2.
After the first 7 days of fermentation, a lipase activity of
2,108 £+ 46 U/L was detected in fermentation B1, and an
activity of 5,391 £ 18 U/L was obtained in fermentation
B2, representing a 2.6-fold increase in lipase production
(Table 2). This increase in production may be due to a
shorter lag phase in B2 because the spore inoculum usually
requires a germination period that extends the lag phase,
and the active mycelium can better adapt to a new envi-
ronment and initiate more quickly the synthesis of the
enzymes required for substrate utilization and growth [31].
Moreover, the production of lipase in B2 was further
increased, reaching an activity of 8,319 £ 33 U/L, with the
extension of the fermentation time and addition of fresh

Lipase activity (U/ml)
Reducing sugars (g/l)

0 96 192 288 384
Time (h)

Fig. 2 Time course of reducing sugar consumption (open symbols)
and extracellular lipase activity (closed symbols) obtained in the
experiments conducted in the 2-L fermenter. Fermentation B1 started
with the addition of the spore suspension (circles); and fermentation
B2 started with active mycelium (squares). Values are the averages of
three independent experiments + SD

OMW for a second batch cycle (fermentation B3). How-
ever, it can be observed that the increase in the fermenta-
tion time resulted in the reduction in the productivity per
volume from 32.1 & 0.1 U/L/h at 168 h to 21.7 £+ 0.1
U/L/h at the end of the experiment (Table 2).

When comparing the present results with the literature,
we observed that the maximum lipase activity achieved in
this study is greater than the lipase activity reported by
Gongalves et al. [17] when using the non-conventional yeast
C. cylindracea, which produced up to 3,511 U/L in a bio-
reactor; or greater than the activity reported by D’ Annibale
et al. [20] with P. citrinum, which produced a maximum of
735 U/L. Additionally, it is important to note that A. ibe-
ricus lipase production was not negatively affected by high
COD contents like what was observed with P. citrinum,
which showed to produce more lipase when cultivated on
OMW with high organic loads [20]. On the other hand, the
results obtained also show that the production of lipase by
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Table 3 Characteristics of 2-L bioreactor experiments at the end of the fermentations run

Trial  Final values Reduction amount (%)

Biomass (g/L) pH Reducing sugars  Lipids COD TOC Color TN TS TVS
Bl 739+ 13 52+0.1 59 + 3.0 34+57 57T+43 494+23 24+£06 31+17 14+£05 26+3.0
B2 86.1 £ 2.5 53+£005 67+04 82+£31 3019 49+12 0 17+£13 18+£27 44+12
B3 102 £ 2.7 54+£003 65+05 97 +45 33+£23 48+06 0 18+15 18+14 23+20

Values are the averages of three independent experiments = SD

BI fermentation inoculated with spore suspension, B2 fermentation inoculated with active mycelia, B3 extension of the fermentation B2 after the
addition of fresh OMW, COD chemical oxygen demand, TOC total organic carbon, TN total nitrogen, 7S total solids, TVS total volatile solids

A. ibericus was not repressed by the sugar content of the
fermentation media because only 59-67 % of the initial
sugar content had been consumed. So, lipase expression in
A. ibericus may not be repressed by glucose as in other
microorganisms such as C. rugosa [16].

The reduction in the levels of OMW pollutants obtained
with these fermentation trials is shown in Table 3. The
extent of COD reduction varied from 30 to 57 %, while the
amount of TOC reduction reached nearly 50 % in all fer-
mentations. In contrast, a reduction in the levels of the
phenolic and aromatic compounds was not detected in any
of the bioreactor fermentations, similarly to what was
observed in the flask fermentations conducted with undi-
luted OMW. Regarding this aspect, the involved A. iberi-
cus enzymatic system appears to be repressed when the
organic load is high and easily degradable compounds are
more available. This behavior was similarly reported for
other filamentous fungi by Aissam et al. [32]. According to
the authors, the degradation of phenols can be adversely
affected by media containing more than 20-25 % OMW.
A color reduction of 24 % was only obtained in the fer-
mentation trial (B1) that was inoculated with the spores.
Therefore, in contrast with lipase production, the biore-
mediation of OMW was not positively affected by the
inoculation with active mycelium.

In the available literature, white rot fungi appear to be
more effective in achieving a reduction in the OMW pol-
lution characteristics [33]. Nevertheless, Aspergillus niger,
a closely related species to A. ibericus, has also already
showed its good suitability to treat OMW [14, 34-36], to
degrade phenolic compounds [33], and even, to produce
several extracellular laccases from the multicopper oxi-
dases group [37]. Therefore, it can be expected that the
observed reductions in OMW pollution characteristics may
be due to an enzymatic complex similar to A. niger.

Conclusions

The present study shows that A. ibericus is a suitable
microorganism to produce lipase using undiluted OMW as
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substrate, since it simultaneously contributes to reduce the
COD and TOC in OMW. It was also shown that lipase
production was promoted by the addition of mineral
nutrients to OMW, indicating that some essential nutrients
for lipase synthesis are missing in the effluent. Moreover,
the lipase production by A. ibericus was successfully
conducted in a 2-L bioreactor and a maximum lipase
activity of 8,319 + 33 U/L was obtained.

It is important to note that in many olive oil producing
countries, OMW is still one of the most important types of
waste generated by this industry. Therefore, this work leads
to new perspectives in the valorization of OMW through
fermentation with A. ibericus.
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